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Summary

The syntheses of mononuclear cationic complexes of general formula
[Rh(COD)(OER:).]1ClO, and [Rh(COD)(OER;) (PPh,3)]ClO, (E =P, As) are
described. Carbonylation of complexes of the types [Rh(COD) (OER;),]CIO,
and [Rh(COD) (OPyR),]ClO,; (OPyR = substituted pyridine N-oxides), some-
times carried out in the presence of triphenylphosphine, leads to complexes of
the types [Rh(CO);(OER;),]ClO,, [RR(CO) (OER;3),(PPh;3)]Cl0O,4, [Rh(CO)-
(OER;) (PPh;),]1 ClO,, [Rh(CO)(OPyR),(PPh;)]ClO, and [Rh(CO)(OPyR.)-
(PPh3),]ClO,. Dinuclear complexes of the general formula [Rh,(u-OER;)»-
(C0O).(PPh3),1(Cl0,), are prepared from the solvate [Rh(CO) (PPh,)-
(Me,CO),1ClO, and the appropriate ligand. Related complexes of the type
[Rh,(1-OER;),(COD),1(ClO,), are similarly obtained.

Introduction

The coordination chemistry of phosphine oxides has been reviewed [1,2]. In
particular, a large number of coordination metal complexes of the first series
transition metals [3,4], lanthanides [5] and actinides [6,7] with phosphine
oxides as ligands have been described; but complexes with metals of the second
and third transition series have been less studied. On the other hand, phosphine
oxides have been used in selective extraction processes of platinum metals [8—
10] and as additives in some catalytic reactions [11—13]. These ligands are also
formed during the preparation [14] or decomposition [15] of some phosphine
rhodium(I) complexes. As far as we know, the only previously reported phos-
phine oxide rhodium(I) complex is RhCl(CO).(OPCy,) whose structure has
been determined by X-ray diffraction [16]. A few rhodium(III) complexes
of the type RhCl(ylid),(OPR;) [17] and [Rh(dimethylglyoximate),-
(OPPh,;)],0, [18] have been reported.

Following our earlier studies on rhodium(I) complexes with pyridine
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N-oxides as ligands [19], we describe below a family of rhodium(I) complexes
incorporating phosphine oxides.

Results and discussion

Complexes of the [RR(COD) (OER;),]ClO4 and [Rh(COD)(OER;)(PPh;)]-
ClO, types

Treatment of acetone solutions of the solvated species [Rh(COD)-
(Me,CO),]ClO, [20] with either triarylphosphine oxides or triphenylarsine
oxide gives yellow solutions from which complexes I—V can be isolated as
yellow crystalline solids (eq. 1).

[Rh(COD)(Me,CQ). 1CIO, + 2 OER,; -~ [Rh(COD)(OER,),]1ClO;, + x Me,CO (1)

(OER; = OP(p-CIC¢Ha,); (I), OPPh; (II), OP(p-MeCsH,); (1),
OP(p-MeOCgH;); (IV), OAsPh; (V))

Addition of stoichiometric amounts (1/1) of triphenylphosphine to dichloro-
methane solutions of the complexes I—V results in displacement of ocne mol of
OER; and formation of the mixed complexes [ Rh(COD) (OER;) (PPh;)]Cl10O,
(complexes VI—X). Alternatively, these complexes can be cbtained by succes-
sive additions of stoichiometric amounts of OER; and triphenylphosphine
(1/1) to the solvated species [Rh(COD) (Me,CO).]ClO, (eq. 2).

[Rh(COD)(Me,CO), 1C1O, + OER; + PPh; -~ [Rh(COD)(OER;)(PPh,)]ClO,
+ x Me,CO (2)

The ccmplexes VI—X were isolated as yellow crystalline solids. Table 1 lists the
analytical results, molar conductivities, yields and IR data for the complexes
I—X. Their spectroscopic data are in accordance with square-planar structures
around the rhodium atom. Thus, their IR spectra show »(PO) or v(AsO) of the
coordinated phosphine or arsine oxide [21] as an intense band in the 1170—
1140 region or at ca. 870 em™%, respectively, shifted towards lower wave-
numbers than those of the free ligands. In addition, the bands at ca. 1100 and
620 cm™! are characteristic of the uncoordinated anion ClO,~ [22]. Conse-
quently, the complexes are 1/1 electrolytes [23] in acetone. The 3'P NMR
spectrum of the complex II displays a singlet resonance at 39.7 ppm * from
two phosphorus nuclei in equivalent environments. On the other hand, the 3'P
NMR of the complex VII shows the expected two resonances from triphenyl-
phosphine oxide and triphenylphosphine at 39.5 ppm * (s) and 28.6 ppm (d,
1J(Rh—P) 155 Hz), respectively.

Complexes of the [Rh(CO),L.]CIlO, type

(i) L = Phosphine and arsine oxides. Bubbling of carbon monoxide at atmo-
spheric pressure through dichloromethane solutions of the complexes
[Rh(COD) (OER;).1Cl10O, (I—V) results in displacement of 1,5-cyclooctadiene
and formation in solution (eq. 3) of cis-dicarbonyl species, which were detected

(Continued on p. 210)

* The possible coupling 2J(Rh—P) was not observed.
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by IR spectroscopy.
[RR(COD)(OER;),1ClO; + 2 CO = [Rh(CO),(OER;),1C10, + COD (3)

By addition of a large volume of ether with carbon monoxide bubbling
through the solution, complexes X1 and X1I are precipitated as yellow crystal-
line solids (see Table 2). Solid mixtures of the dicarbonyl complexes and the
starting material are obtained in other cases, suggesting that the reaction in eq.
3 is an equilibrium. Confirming this, addition of 1,5-cyclooctadiene to com-
plexes XI and X1IIleads to [Rh(COD) (OER,;),]ClO, derivatives.

The dicarbonyl complexes XI—X1V can also be obtained by addition of the
appropriate phosphine or arsine oxide to acetone solutions of [Rh(CO),-
(Me,CO), JClO,; obtained by treating [ RhCl(CO),], with silver perchlorate.

The analytical results, molar conductivities, yields and IR data for the com-
plexes XI—X1V are given in Table 2. Their IR spectra exhibit two intense
#(CO) bands typical of cis-dicarbonyl! rhodium complexes [24], the v(PO) or
v(AsQO) band for the coordinated oxigen-donor ligand and the characteristic
absorptions of the uncoordinated perchlorate anion. In accord with the pro-
posed structure, the *'P NMR spectrum of complex XI shows a singlet signal at
47.1 ppm.

(ii) L = Pyridine N-oxides. Bubbling of carbon monoxide through dichloro-
methane solutions of the complex [Rh(COD) (OPyR),]ClO, [19] (OPYR =
4-NO,PyO, 4-MePyC, 4-MeOPyO) gives the cis-dicarbonyl complexes which dis-
play two intense v(CO) bands in the 2100—2000 ¢m™? region. However,
attempts to isolate them were unsuccesful, and the starting materials were
recovered.

Complexes of the [Rh(CO)L,(PPh3)]ClO, type

(i) L = Phosphine and arsineoxides. Treatment of dichloromethane solu-
tions of the complexes of the type [Rh(COD) (OER;).]ClO, (I—V) with carbon
monoxide and subsequent addition of the stoichiometric amount of triphenyl-
phosphine leads to the complexes of the type [Rh(CO) (OER;),(PPh3)]ClO,
(eq. 4).

[Rh(COD)(OER;).]Cl10,'+ CO + PPh; » [Rh(CO)(OER;).(PPh,)]ClO, + COD
(4)

The complexes XV and X VI are isolated from the solution as reasonably
pure yellow solids, whilst the analogous derivatives with ligands of the type
OP(p-RC¢H,); are contaminated with [Rh(CO) (OER;) (PPh;),]ClO, deriva-
tives. The latter are the result of repeated recrystallizations of the mixtures.

An alternative route for the preparation of the complexes XV and XVI
involves the addition of a stoichiometric amount of triphenylphosphine (1/1)
to dichloromethane solutions of complexes XI and XII. Their IR spectra show
a single band v(CO) along with v(PO) or v(AsO) of the oxygen-donor ligand and
the characteristic bands of the perchlorate ion. They are 1/1 electrolytes (see
Table 2). The 3'P NMR spectrum of complex XV consists of two resonances: a
doublet at 48.6 ppm (d, 'J(Rh—P) 182 Hz) from the triphenyl phosphine and a
broad band centered at 40.5 ppm from both oxygen-donor ligands, which are
apparently equivalent.
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(ii) L = Pyridine N-oxides. Carbonylation of the complexes of the type
[Rh(COD) (OPyR),]ClO, followed by careful addition of triphenylphosphine
similarly leads to the formation of the compounds [Rh(CO) (OPyR).{PPh;)]-
ClO,. The complexes XVII and XVIII are isolated from the solutions as yellow
crystalline solids (see Table 2). However, a mixture of [Rh(CO) (4-NO,PyO),-
(PPh;)]ClO,4 and [Rh(CO) (4-NO, PyO) (PPh;),]ClO, is obtained when the
pyridine ring bears an electron withdrawing substituent such as a nitro group.
Recrystallization of the mixture gives the laiter complex.

The IR spectra of the complexes XVII and XVIII shows a single ¥(CO) band
between 2000—1980 ecm™?! and an intense absorption ¥{NO) around 1200 cm™3,
characteristic of coordinated pyridine N-oxide [19], in accord with the pro-
posed formula.

Complexes of the [Rh(CO)L(PPh3),] ClO4 type

Carbonylation of the complexes of the type [Rh(COD)(OER;),1CIO,; (I—V)
and [Rh(COD) (OPyR),}1ClO, [19] (OPYR = 4-NO,PyO, 4-MePyO, 4-MeOPyO)
in dichloremethane at atmospheric pressure followed by addition of triphenyl-
phosphine in molar ratio 1/2 gives directly (eq. 5) the complexes of the type
[Rh(CO)L.(PPh,),]ClO,, which were isolated as yellow crystalline solids (com-
plexes XIX—XXVI, Table 2).

[Rh(COD)L,;]ClO, + CO + 2 PPh; > [Rh(CO)L(PPh;),]ClO,; + COD + L (5)

They can also be prepared by replacement of acetone in the complex
[Rh(CO) (Me,CO) (PPh;),]CiO,4 [25] by the oxygen-donor ligand L (eq. 6).

[Rh(CO)(Me,CO)(PPh;).]ClO, + L.-» [Rh(CO)L(PPh;),]ClO, + Me,CO (6)

The complexes XIX—XXVI are 1/1 electrolytes in acetone, and their spectra
support square-planar structures in which the two phosphine ligands are in posi-
tions trans. Thus, the 3'P NMR spectrum of complex XX shows a resonance at
38.5 ppm due to the phosphine oxide and a doublet signal at 28.0 ppm (d,
'J(Rh—P) 125 Hz) characteristic of trans-bisphosphine rhodium(I) complexes
[26]. All the complexes display in their IR spectra a single v(CO) band, »(PO),
v(AsO) or v(NO) bands of the coordinated oxygen-donor ligand, and bands of
the perchlorate anion (see Table 2).

The complexes [Rh(CO) (DMSO) (PPh;),]ClO, (XXVII) and [Rh(CO)(diox)-
(PPh;),]ClO, (XXVIII) were prepared similarly by carbonylation (DMSO =
dimethylsulfoxide and diox = dioxane). The related compounds with sulfur-
donor ligands [Rh(CO) (THT) (PPhs), ]ClO,; (XXIX), [Rh(CO)(SPPh;)-
(PPh;),]1ClO, (XXX) and [Rh(CO) (SEt,) (PPh;),1Cl0, (XXXI) (THT = tetra-
hydrothiophene; SPPh; = triphenylphosphine sulfide; SEt, = diethylthioether)
are similarly obtained.

Dinuclear complexes of the [Rh,(u-OER;),(CO ),(PPh3),] (ClO,), type
Bubbling of carbon monoxide through dichloromethane solutions of the
complexes of the type { Rh(COD) (OER;) (PPh,)]ClO, (VI—X) gives rise to
complex reactions. Two v(CO) bands characteristic of cis-dicarbony! rhodi-
um(I) complexes, among others, are detected in solution. These solutions yield
yellow solids which are a mixture of apparently monocarbonyl rhodium(I)
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complexes. Recrystallization of the crude solids gives complexes of the general
formula [Rh,(p-OER;),(CO).(PPh3),](ClO,), (complexes XXXIT—XXXVI,
Table 3) which were the main products.

These dinuclear complexes are obtained directly by reaction of the species
[Rh(CO) (PPh;) (Me,CO),]ClO, with the appropriate phosphine oxide or tri-
phenylarsine oxide (eq. 7), and are isolated as orange-yellow solids.

2 [ Rh(CO)(PPhs)(Me,CO), 1CIO, + 2 OER; >
[Rh;(-OER;)(CO).(PPh;),](ClO, ), + 2 x Me,CO (7)

Measurements of the equivalent conductivities in nitromethane or acetone
solutions of the complexes XXXIT—XXXVT at different concentrations give
plots of the Onsager equation (A, — A, = B\/C), for which B values are charac-
teristic of 2/1 electrolytes in these solvents [27,28] (see Table 3). Their IR
spectra show only one Y(CO) band in the region of terminal carbonyls, suggest-
ing a structure for the complex ion in which the ligands OER; act as bridges
between the two rhodium atoms and each carbonyl and triphenylphosphine
ligands is bonded to one rhodium atom. Structures with phosphine oxides
bridging two metal atoms have been previously proposed for complexes of the
type [M(OPPh;}4] (ClO4), M = Fe, Co, Ni [29]. Similar structures with pyridine
N-oxides of the type [Cu(u-OPy)ClL, 1, have been confirmed by X-ray diffrac-
tion studies [30]. For copper complexes with pyridine N-oxides there is not a
clearcut difference between the position of v(INO) for bridging and terminal
ligands. No substantial differences in the position of »(PO) and v(AsO) are
found between complexes XXXII—XXXVI and complexes in which the ligands
are terminal.

The 3'P NMR spectrum of the complex XXXIII consists of a band centered
at 41.1 ppm from the oxygen-donor ligands and a doublet resonance at 48.5
ppm (d, 'J(Rh—P) 177 Hz) due to both triphenylphosphine ligands in equiva-
lent environments. The data suggest the following structure:

B ;an3 -2
P
L o
Ph c
3P\Rh/ \Qh/
/
oC ~o \PPh3
i
P
|
- Pha _

In addition, complex XXXIII undergoes symmetrical bridge cleavage on
treatment with triphenylphosphine, giving [Rh(CO) (OPPh,) (PPh3),]ClO,.

Dinuclear complexes of the [Rh,(u-OER3),(COD),](ClO,), type

In analogy with the reactions represented in eq. 7, reaction of the solvate
[Rh(COD) (Me,CO0),]CI0, with a stoichiometric amount of ligands OER,
gives the complexes of the type [Rh,(u-OER;).(COD).] (ClO,)., which are iso-
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lated as hygroscopic yellow solids {complexes XXX VII—XLI). Their analyses,
molar conductivities, yields and IR data are collected in Table 3.

Measurements of equivalent conductivities of nitromethane solutions of the
complexes XXX VI—XL at various concentrations lead to values of coefficient
B in the Onsager equation between those corresponding to 1/1 and 1/2 elec-
trolytes. Evaporation of these solutions gives yellow solids different from the
starting materials, which contain nitromethane, and consequently the low B
values are not completely unexpected.

The *'P NMR spectra of the complexes XXX VIII and XL display a resonance
at 40.2 and 41.2 ppm, respectively, similar in position to the resonance of the
related complex [Rh,(u-OPPh;),(CO),(PPh;),] (ClO,),. On the other hand,
conductivity data for acetone solutions of [ Rh,(u-OAsPh;),(COD);1(ClO,).
(XLI) are compatible (B = 999) [28] with the proposed dinuclear structure.

Complexes XXX VI—XLI undergo symmetrical bridge cleavage with tri-
phenylphosphine, giving the mononuclear species [Rh(COD) (OER;) (PPh;)]-
ClO,.

Experimental

C, H and N analyses were carried out with a Perkin—Elmer 240 B micro-
analyzer. IR spectra were recorded on a Perkin—Elmer 577 spectrophotometer
(over the range 4000—200 cm™1) using Nujol mulls between polyethylene
sheets or dichloromethane solutions in cells with NaCl windows. Conductivities
were measured with a Philips PW 9501/01 conductimeter in ca. 5 X 10™* M
nitromethane or acetone solutions and, when stated, at various concentrations
in the range 5 X 1073—107% M. The 3'P NMR spectra were recorded on a Varian
FT-80A spectrometer using CDCl; solutions. Chemical shifts are given in ppm
relative to external 856% H;PO,, with a positive sign indicating a shift to lower
field.

[RhCI(COD)]. [31], [RhCI(CO)(PPh,)]. [32], [RhCI(CO).]. [33],
RhCI(CO) (PPh;), [34] and [Rh(COD)(OPyR),1ClO, [19] were prepared as
described elsewhere.

The triarylphosphine oxides were prepared by oxidizing the phosphines in
acetone with a slight excess of dilute hydrogen peroxide [35], purified by
vacuum-melting and recrystallized from acetone. Triphenylphosphine oxide
and triphenylarsine oxide were obtained from Fluka A.G. and recrystallized
from acetone. Pyridine iV-oxides were prepared by standard methods [36,37]
and vacuum-distilled or recrystallized before use. The solvents were distilled
before use. All the reactions were carried out at room temperature and atmos-
pheric pressure with 0.1—0.2 mmol of the reagents.

Preparation of complexes of the type [Rh(COD)(OER3),]CIO, (I—V)

The phosphine or arsine oxide (0.40 mmol) was added to a solution of
[Rh(COD)(IMe,CO). ]ClO, (obtained by treating [RhCl(COD)].(0.049 g, 0.10
mmol) with AgClO, (0.041 g, 0.20 mmol) in 10 m! of acetone and removing
the precipitated AgCl by filtration). Vacuum evaporation to dryness left yellow
solids which were suspended in hexane, filtered off, washed with hexane, and
air-dried.
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Preparation of complexes of the type [Rh(COD)}(OER;)(PPh3)]CIO, (VI—X)

(i) To an acetone solution of equimolecular amounts of PPh, and the respec-
tive phosphine or arsine oxide was added a stoichiometric amount of
[Rh(COD)(Me,CO).]1ClO,. The solutions were vacuum-concentrated to ca. 1
ml and slow addition of ether (VII and X) or hexane (VI, VIII and IX) gave
yellow crystalline solids, which were filtered off, washed thoroughly with
ether or hexane, and air-dried.

(ii) PPh; (1/1) was added to the above-described dichloromethane solutions
of complexes I—V, work-up was as in (i). This method gave higher yields for
complexes VII and X (see Table 1).

Preparation of complexes of the type [Rh(CO),(OER),]CIO4 (XI—XIV)

(i) Bubbling of carbon monoxide for 15 min through a very concentrated
dichloromethane/ether solution of [Rh(COD)(OPPh;),]ClO, led to formation
of a pale-yellow crystalline solid. Precipitation was completed by addition of
ether and bubbling of carbon monoxide for another 15 min. The resulting
crystals were filtered off, washed with ether and air-dried. Complex
[Rh(CO),(0OAsPh3),]Cl0,4 (XII) was synthesized in an analogous manner.

(ii) Addition of OP(p-CIC¢H,); (0.079 g, 0.21 mmol) to an acetone solution
of [Rh(CO),(Me,CO).]1ClO, (cbtained by treating [ RhCl(CO),], (0.020 g, 0.05
mmol) with AgClO, (0.021 g, 0.10 mmol) in the absence of light and under
argon) led to a yellow solution. The precipitated AgCl was filtered off and the
filtrate was concentrated to dryness to give an off-yellow oil. This was extracted
with ca. 50 ml of ether, and the extract was evaporated to dryness and the
resulting solid washed with hexane and vacuum-dried. Complex XIV was ob-
tained in a similar way.

Complexes XI and XII can be obtained by this method, but in lower yields.

Preparation of complexes of the type [Rh(CO)L.(PPh,)]ClO, (XV—XVIII)

A stoichiometric amount (1/1) of PPh; in dichloromethane was added to a
solution of [Rh(CO),L,]ClO, (obtained by 15 min bubbling of carbon
monoxide through a dichloromethane solution of complexes of the type
[Rh(COD)L,]ClO,, where L = OER; (complexes I—V) or L = OPyR [19].
After 30 min stirring the solution was concentrated under reduced pressure to
ca. 1 ml. The complexes were crystallized by slow addition of ether. The
yvellow solids were filtered off, washed with ether, and air-dried.

Complexes in which L was a substituted pyridine N-oxide gave oils which
were crystallized by prolonged stirring with ether.

Preparation of complexes of the type [Rh(CO)L(PPh,),]CIO,

Complexes XIX—XXVI. (i) Bubbling of carbon monoxide through a dichlo-
romethane solution of [Rh(COD) (OPPh,),]ClO,4 (0.052 g, 0.06 mmol) and sub-
sequent addition of PPh; (0.031 g, 0.12 mmol) gave a intense yellow solution.
After 30 min stirring, the solution was evaporated to dryness to give a yellow
solid, which was suspended in hexane, filtered off, washed with hexane and
vacuum-dried. The other complexes of this type were synthesized analogously
using the corresponding [Rh(COD)L,]* complexes as starting materials, but ether
was used as precipitating agent for complexes with substituted pyridine
N-oxides. .
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(ii) To an acetone solution of [Rh(CO)(Me,CO) (PPh;3),]ClO, (0.100 g, 0.12
mmol) was added a stoichiometric amount of the relevant ligand (0.12 mmol).
The solution was concenirated to ca. 1 ml, and slow addition of hexane (com-
plexes XIX—XXIII) or ether (complexes XXIV—XXVTI) yielded yellow crys-
talline solids, which were filtered off, washed with hexane or ether, and
vacuum-dried.

Complexes XX VII—XXXI. A stoichiometric amount of the corresponding O-
or S-donor ligand (0.10 mmoi) was added to an acetone solution of [ Rh(COD)-
{Me,CQO),. ]1C10, (0.10 mmol). Bubbling of carbon monoxide for 10 min
through this solution and addition of PPh; (0.052 g, 0.20 mmol) gave a yellow
solution which was stirred for 30 min and vacuum-evaporated to ca. 1 ml.
These complexes were precipitated by slow addition of ether as yellow solids,
which were filtered off, washed with ether and vacuurm-dried.

Preparation of complexes of the type [Rh,(u-OER,),(CO),(PPh,),] (CIO,),
(XXXII—XXXVI)

Complexes of this type were each made by two routes, which are illustrated
below.

(1) A solution of Ag(ClO,4 (0.025 g, 0.12 mmol) in 5 ml of acetone was
treated with an acetone solution of [RhCI(CO)(PPh;)], (0.052 g, 0.06 mmol)
in the absence of light and the mixture was stirred for 15 min. The precipitated
AgCl was filtered off and a solution of triphenylphosphine oxide (0.033 g, 0.12
mmol) in 10 ml of acetone was slowly added to the filtrate. The solution was
vacuum-evaporated to dryness and the resulting orange-yellow solid was washed
with hexane and vacuum-dried. Complexes XXXI, XXXIV—XXXVI were
prepared analogously. The preparations of these complexes, which are hygro-
scopic, were carried out under argon.

(ii) Bubbling of carbon monoxide for 15 min through dichloromethane solu-
tions of [Rh(COD)(OER,)(PPh;3)]ClO, (VI—X), followed by concentration
under reduced pressure to ca. 1 ml and addition of hexane gave orange-yellow
solids, which were filtered off, washed with hexane, and vacuum-dried. They
were recrystallized twice from dichloromethane solutions by slow addition of

hexane. The recrystallized complexes were washed with hexane and vacuum-
dried. )

Preparation of complexes of the type [Rh,(u-OER),(COD),](ClO,),
(XXXVII—XLI)

To an acetone solution of {Rh(COD){(Me,CO)..]ClO,4 under an argon atmos-
phere was slowly added the stoichiometric amount of an acetone solution of
the OER; ligand (Rh/OER;, 1/1). Evaporation to dryness gave dark-yellow oils
which were kept under vacuum for 1 h. Addition of dichloromethane gave
yellow solutions, which were vacuum-concentrated to dryness. The resulting
yellow solids were washed several times with hexane and vacuum-dried. These
complexes are hygroscopic, except for [ Rha(u-OAsPh3),(COD),}(ClO,),.
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