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by sublimation at reduced pressure at 90 °C and stored in a
drybox.

GPC data were collected by using a Waters GPC system con-
sisting of a set of ultrastyragel columns of 100, 500, 10*, and 108
A that were standardized by using polystyrene and an ultraviolet
(254 nm) detector. The carrier solvent was tetrahydrofuran. Data
reduction was carried out with Perkin-Elmer/Nelson Analytical
GPC chromatography software on an IBM AT computer system.

All NMR data were collected on either a Varian XL-200 NMR
spectrometer or a Varian EMT-390 NMR spectrometer using
deuterated benzene as the solvent and tetramethylsilane as the
internal standard. The standard IR data were collected on a
Beckman 4240 infrared spectrometer. The mass spectra and GC
data were collected on a Hewlett-Packard 5790 GC/MS system
using a split column injector leading to two columns: one a 12.5-m
capillary column for flame ionization detection and the other a
25-m capillary column for mass detection. Standard injection
volumes of 0.02 uL. were used.

The GC/FT-IR analyses were carried out as follows. For each
analysis, 1.0 uL of the neat sample was injected into a Hew-
lett-Packard 5890A gas chromatograph coupled to a Hewlett-
Packard 5965A IRD, an FT-IR spectrometer dedicated for gas
chromatography. The chromatographic conditions for the sep-
arations were as follows: a 15 m X 0.32 mm i.d. 1.0 um film DB-5
column (J&W) Scientific) with a flow rate of 3 mL/min Helium,
operated at a 30/1 split ratio, temperature programmed from 150
t0 285 °C at 10 °C/min. To facilitate resolutions and/or elution
of high boiling components, one sample was also analyzed by using
a temperature program to 70-260 °C at 10 °C/min. The injection
temperature was 250 °C, and the temperature of the interface
and light pipe was 300 °C for all analyses. The HP 5965A IRD
utilized a 120 mm X 1 mm i.d. light pipe and a narrow band MCT
detector. FT-IR spectral data were recorded at 8 cm™ resolution.
A Gram-Schmidt reconstruction produced a total response
chromatogram for each run, and collected spectra were ratioed

(8) Hunter, W. E,; Hencir, D. C.; Vann Bynum, R.; Penttila, R. A;
Atwood, J. L. Organometallics 1983, 2, 750.

against background spectra to produce transmittance spectra from
4000 to 750 cm™! for each component.

Preparation of C.H SiH;. Although this material is known
in the literature, we believe that the following represents an
improved synthesis. A 1000-mL three-neck round-bottom flask
was equipped with a reflux condenser and a pressure equalizing
dropping funnel. The flask was charged with 300 mL of dry
diglyme, and 22.8 g (0.60 mol) of LiAlH,, and this mixture was
stirred under an Ar atmosphere while 152.3 g (0.79 mol) of n-
C,H,SiCl; was added over a period of 2 h. When the addition
was complete, stirring was continued for 1 h. Fractional distillation
directly from the reaction mixture gave the desired product n-
C,HySiHj;, 62.6 g (89.9% yield). Spectral analysis agreed with
literature values.®

Polymerization of n-C,HySiH;, The following is a repre-
sentative procedure used for the Cpp,ZrMe,-catalyzed polymeri-
zation of n-C,H,SiH;. In a 50-mL Schlenk tube was added 4.59
g (0.052 mol) of n-C;HgSiH; and 5.0 mL of dry toluene. This
solution was freeze-thaw degassed under reduced pressure and
allowed to warm to room temperature under an Ar atmosphere.
The above mixture was then stirred while 0.2 g (8.0 X 10~ mol,
1.5 mol %) of Cp,ZrMe, was added as a solution in 0.5 mL of dry
toluene. The reaction immediately turned light yellow, and after
5 min mild gas evolution had begun and the color had intensified.
After 1 h the gas evolution was strong, and the solution had turned
to a dark orange color. After 3 h the gas evolution began to slow.
After 24 h the reaction ceased. The mixture was analyzed by GC,
and then all volatile components were removed at reduced
pressure, and the nonvolatile materials were taken up in 10 mL
of hexane and exposed to air by bubbling air through the stirred
solution for 5 min. The yellow hexane mixture was then passed
through a Florosil column (10 cm X 2 em) to remove the Zr species
giving 2.52 g (56%) of a clear, water white oil.

(9) Spectral data including *H NMR and IR were consistent with
literature values. Doyle, M. P.; DeBruym, D. J.; Donnelly, S. J.; Kooistra,
D. A,; Oclubela, A. A.; West, C. T.; Zonnebelt, S. M. J. Org. Chem. 1974,
39(18), 2740.
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A series of new derivatives of heterodifunctional ligands have been synthesized starting from lithium
(diphenylphosphino)- or ((diphenylphosphino)ethyl)cyclopentadienide and from ((diphenylphosphino)-
cyclopentadienyl)- or ((dimethylphosphino)cyclopentadienyl)thallium. These are monometallic (1, 2, and
4) and heterobimetallic molybdenum(0), tungsten(0), rhodium(I), and iridium(I) complexes (3) together
with dissymmetric (5) and symmetric (6) homobimetallic rhodium(I) and iridium(I) complexes. They have
been fully characterized by their spectroscopic data (including phosphorus-rhodium and phosphorus—tungsten
coupling constant measurements) and by electron-impact mass spectroscopy. Interestingly, the synthesis
of the bimetallic compounds involves a novel pathway beginning with steps of coordination of the phosphorus
extremity of the bifunctional ligands. Of special interest are the compounds L,Rh(»n?-CsH,)Ph,PRhCI(PPhy)L
(5), which associate one 18-electron and one 16-electron site, and the compounds [M(75- C5H4)PR2(CO)]2
(M = Rh, Ir, R = Ph, Me) (6), which associate two 18-electron sites. Complex 6a (M = Rh; R = Ph)
crystalllzes in the triclinic space group P1 with one molecule in the unit cell of dimensions a = 9.475 1)
A b=9527T (1) 4, c=9145 (1) A, o = 99.80 (1)°, 8 = 109.86 (1)°, v = 90.36 (1)°, and V = 763.2 (3)
Least-squares refinement leads to & value of 0.032 for the conventional R index for 2938 reflections having
I > 36(I). The dinuclear molecule consists of two “Rh(CO)” moieties bridged by two (diphenyl-
phosphino)cyclopentadienyl ligands that are in a mutual head-to-tail arrangement, and the large Rh-Rh
separation, 4.3029 (6) A, precludes any metal-metal interaction.

Introduction studies.

The preparation of polymetallic complexes is a major
tool in the main fields of application of coordination
chemistry, namely, catalysis, materials, or biomimetic

0276-7333/89/2308-2618801.50/0

It enlightens the growing interest on accurate ligands,
leading to prefer, in a specific attempt to control synthetic
processes, heterodifunctional ligands rather than symme-
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Figure 1. The previously known routes to the heterobimetallic complexes of bidifunctional ligands containing tertiary phosphine
and cyclopentadienide (or -yl) functionalities: (a) from ref 3; (b) from ref 4a; (c) from ref 7 and 8; (d) from ref 9; (e) from ref 6a; (f)

from ref 6b.

tric difunctional ligands such as, for example, the widely
used bis(diphenylphosphino)methane.!

With this respect, the heterodifunctional ligands con-
taining a cyclopentadienide or cyclopentadienyl ring, di-
rectly linked either to a phosphine group as in lithium-
(diphenylphosphino)cyclopentadienide? or in (diphenyl-
phosphino)cyclopentadienyl)thallium?® or by a molecular
chain as in (dimethyl((diphenylphosphino)methyl)silyl)-
cyclopentadienide? and ((diphenylphosphino)ethyl)cyclo-
pentadienide® anions have received significant attention
in the last 10 years. Examples of their ability to join two
different metallic centers have been described.346®

(1) Chaudret, B.; Delavaux, B.; Poilblanc, R. Coord. Chem. Rev. 1988,
86, 191-244 and references therein.

(2) Mathey, F.; Lampin, J.-P. Tetrahedron 1975, 31, 2685-2690.

(3) Rausch, M. D.; Edwards, B. H.; Rogers, R. D.; Atwood, J. L. J. Am.
Chem. Soc. 1983, 105, 3882-3886.

(4) (a) Shore, N. E. J. Am. Chem. Soc. 1979, 101, 7410-7412. (b)
Shore, N. E.; Benner, L. S.; La Belle, B. Inorg. Chem. 1981, 20, 3200-3208.

(5) Charrier, C.; Mathey, F. J. Organomet. Chem. 1979, 170, C41-C43.

(6) (a) Casey, C. P.; Bullock, R. M.; Fultz, W. C.; Rheingold, A. L.
Organometallics 1982, 1, 1591-1596. (b) Casey, C. P.; Bullock, R. M,;
Nief, F. J. Am. Chem. Soc. 19883, 105, 7574-7580. (c) Casey, C. P.; Nief,
F. Organometallics 1985, 4, 1218-1220. (d) Bullock, R. M,; Casey, C. P.
Acc. Chem. Res. 1987, 20, 167-173.

(7) Leblanc, J.-C.; Moise, C.; Maisonnat, A.; Poilblanc, R.; Charrier,
C.; Mathey, F. J. Organomet. Chem. 1982, 231, C43-C48.

(8) Tikkanen, W.; Fujita, Y.; Petersen, J. L. Organometallics 1986, 5,
888-894. '

Taking advantage from the difference of reactivity be-
tween the two functionalities, the synthetic way adopted
so far has been to bind first the cyclopentadienide or cy-
clopentadienyl moiety to one “of the” transition metals,
thus producing metallo ligand derivatives which may then
act as a monodentate or chelating bidentate phosphorus
ligand (Figure 1).

This leads to three kinds of heterobimetallic complexes,
depending on the mode of association of the metallic
centers, namely: through a single heterodifunctional
bridging ligand (a and b), through two heterodifunctional
ligands, in a “head-to-head” relative disposition (¢ and d),
and through a single heterodifunctional bridging ligand
together with a single metal-metal bond (e and f).

In the course of our research program concerning the
use of the homo- and heterodimetallic species in activation
and homogeneous catalysis, we have developed two new
high-yield routes leading to new polymetallic complexes,
as shown on Figures 2 and 3.

In this paper, we report the synthesis and characteri-
zation of new heterobimetallic (3a—g), monometallic (4a—c),
dissymmetric homobimetallic (5a—¢), symmetric homo-
bimetallic (6a—¢), and trimetallic (7a) species. The ho-
mobimetallic complex 6a has been characterized by crystal

(9) Du Bois, D.-L.; Eigenbrot, Jr, C. W.; Miedaner, A.; Smart, J. C;
Haltiwanger, R. C. Organometallics 1986, 5, 1405-1411.
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Figure 2. The alternative synthetic method to heterobimetallic compounds, using prior coordination of the phosphorus atom ligands.
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Figure 3. Preparation of new simply or doubly bridged homo-
dimetallic d®-d® complexes.

structure determination. The formation mechanism of
type 6 complexes is discussed.

Experimental Section

General Remarks. All reactions and manipulations were
routinely performed under nitrogen or argon atmosphere in
Schlenk-type glassware. All solvents were appropriately dried
and deoxygenated prior to use. Tetrahydrofuran (THF), diethyl
ether, and toluene were purified before use by distillation from
sodium benzophenone. Microanalyses were performed by the
Service de Microanalyses du Laboratoire de Chimie de Coordi-
nation du CNRS. Mass spectra were recorded on a Varian MAT
311 A. Infrared spectra of hexane or dichloromethane solutions
were recorded by using a Perkin-Elmer Model 225 grating
spectrometer. The spectra were calibrated with water vapor lines
in the carbonyl stretching region. *H NMR spectra were obtained
at 90 MHz on a Bruker WH 90 FT instrument and/or at 250 MHz
on a Bruker WM 250 FT spectrometer. Chemical shifts were
referenced to internal tetramethylsilane. 3C NMR spectra were
obtained at 62.9 MHz on a Bruker WM 250 FT spectrometer. 5P
NMR spectra were obtained at 36.4 MHz on a Bruker WH 90
FT spectrometer and/or at 101.1 MHz on a Bruker WM 250 FT
spectrometer, and chemical shifts were referenced to external

Preparation of the Compounds. (Diphenylphosphino)-
cyclopentadiene,? ((diphenylphosphino)ethyl)cyclopentadiene,’
and ((diphenylphosphino)cyclopentadienyl)thallium® were pre-
pared according to published procedures.

The starting materials Mo(CO)s(THF) and W(CO);(THF) were
prepared from Mo(CO), and W(CO),, respectively, according to
a published procedure.’® Rh,Cly(CO),,!! RhyCly(CO)o(PPhy),,12
haClg(CgH4)4,13 Rthlg(CBle)z,“a Ir2C12(CgH12)2,“b and Vaska'’s

(10) Strohmeier, W.; Miiller, F. J. Chem. Ber. 1969, 102, 3686.

(11) Gallay, J.; de Montauzon, D.; Poilblanc, R. J. Organomet. Chem.
1972, 38, 179-197.

(12) Maisonnat, A.; Kalck, P.; Poilblane, R. Inorg. Chem. 1974, 13,
661-667.

(13) Cramer, R. D. Inorg. Chem. 1962, 1, 722-723.

complex trans-IrC1{CO)(PPh;),!® were routinely prepared ac-
cording to published procedures.

We prepared the ((dimethylphosphino)cyclopentadienyl)-
thallium compound by adapting the method described? for the
phenyl analogue.

W(CO);[Ph,P(C:;H;)] (1a). Into a nitrogen-purged 150-mL
Schlenk tube, equipped with a magnetic stirrer and mercury
overpressure valve, containing a suspension of thin sodium balls
(0.33 g) in tetrahydrofuran (15 mL) was slowly added freshly
distilled cyclopentadiene (1.2 mL, 14.5 mmol). This mixture was
stirred at room temperature until total consumption of sodium
(8 h). To the resulting colorless solution, previously cooled to
-78 °C, was added dropwise chlorodiphenylphosphine. Stirring
was maintained for an additional 30 min at room temperature.

The resulting solution was added to a solution of freshly
prepared W(CO)5(THF) (15 mmol) in tetrahydrofuran (450 mL).
The initial deep yellow solution turned immediately light yellow.
After 10 min of stirring, the solvent was removed under vacuum,
leading to a yellow crude solid. This solid was extracted by toluene
(30 mL), producing a yellow solution. The solvent was removed
under vacuum and the solid so obtained washed several times with
ethanol (3 X 10 mL) and dried, yielding 2.8 g (4.88 mmol, 32%)
of la. Anal. Caled for CyH,;0,PW: C, 47.87; H, 3.18. Found:
C, 47.71; H, 3.32. Electron-impact MS (70 eV), m/e 574 (M*)
plus fragment ions corresponding to successive loss of five CO
groups.

Mo(CO)s{Ph,P(CH,),(CsH;)] (1b). To a suspension of sodium
(0.67 g) in tetrahydrofuran (40 mL) was slowly added freshly
distilled cyclopentadienine (3.3 mL, 40 mmol). The resulting
mixture was stirred at room temperature for 3 h. To the resulting
colorless solution, previously cooled to —78 °C, was slowly added
(1-chloroethyl)diphenylphoshine (3.0 g, 12.07 mmol) in tetra-
hydrofuran (30 mL). Stirring was maintained for an additional
2 h at room temperature. The solvent then was removed under
vacuum, and the solid residue so obtained was extracted by 50
mL of petroleum ether. Removal of petroleum ether under
vacuum produced 2.14 g (7.70 mmol, 64%) of Ph,P(CH,)5(CsH;)
as a pale yellow oil.

To a deep yellow solution containing 4.64 mmol of freshly
prepared Mo(CO);(THF), in tetrahydrofuran (400 mL), was added
a solution containing a slight excess of Ph,P(CH,),(C;H;) (1.3 g,
4.68 mmol) in tetrahydrofuran (20 mL). The solution turned
immediately light yellow. The solvent was removed under vacuum,
producing a yellow crude solid. Yellow crystals of 1b were obtained
by crystallization upon slowly cooling an Et,0/CHz;0H (1/1)
solution of the crude solid. Anal. Caled for C;(H,g0sPMo: C,
56.05; H, 3.72. Found: C, 56.14; H, 3.98.

W(CO)s[Ph,P(CH,),(CsH;)] (1¢). This compound was pre-
pared by using the procedure described above for 1b, by addition
of a solution containing 0.79 g of Ph,P(CH,)4(C;H;) in tetra-
hydrofuran (15 mL) to an equimolar amount of W(CO);(THF)
in tetrahydrofuran, followed by evaporation of the solvent. le
was obtained as a pure solid by crystallization from an Et,0/
CH;O0H solution of the crude yellow product. Anal. Caled for

(14) (a) Chatt, J.; Venanzi, L. M. J. Chem. Soc. 1957, 4735-4742. (b)
Vinkhaus, G.; Singer, H. Chem. ber. 1966, 99, 3610-3618.
(15) Burk, M. J.; Crabtree, R. H. Inorg. Chem. 1986, 25, 931-932.
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Cy H,O;PW: C, 47.87; H, 3.18. Found: C, 47.71; H 3.32.

W(CO)s[Ph,P(n°-C;H,)Rh(CO),] (3a). To a solution of 1a
(0.574 g, 1 mmol) in tetrahydrofuran (20 mL) maintained at -78
°C was added dropwise 0.6 mL of butyllithium in hexane (106.3
mg L, 1.06 mmol). The solution turned orange-yellow, and, after
30 min of stirring, a solution of RhyCl,(CO), (0.184 g, 0.47 mmol)
in tetrahydrofuran (10 mL) was added. The resulting solution,
which immediately turned brown red, was slowly warmed to room
temperature. This solution was filtered through a column of
Celite. The solvents were then partially removed under vacuum
until a volume of 8 mL. Petroleum ether (25 mL) was gradually
added to precipitate the product 3a as a red-brown solid (600 mg,
0.82 mmol, 82%). Anal. Caled for Co H,,0,PRhW: C, 39.30; H,
1.90. Found: C, 39.62; H, 1.88. Electron-impact MS: m/e 732
(M*) plus fragment ions corresponding to successive loss of seven
CO groups.

W(CO)s[Ph,P(n°-CsH;)Ir(n*-CgH,5)] (8b). A pure form of
3b was obtained as a deep red solid by the procedure described
above for 3a, in similar yield, using Ir;Cly(*-CgH,,), as a source
of the Ir(y*-CgH,,) fragment. Anal. Caled for C3HyOPIr'W: C,
41.24; H, 2.99. Found: C, 40.90; H, 2.90. Electron-impact MS:
m/e 873 (M) plus fragment ions corresponding to the successive
loss of five CO groups. The parent ion M* exhibits a typical
pattern constituted of nine principal peaks from m/e 870 to m/e
879, consistent with the presence of one W atom (four isotopes
(natural abundance): 82W (26.4), 18W (14.4), 1%W (30.6), and
186W (28.4)) and one Ir atom (two isotopes: °r (37.4) and 1%Ir
(62.6)).

W(CO);[Ph,P(n°-C;H,)Rh(CO)(PPh,)] (3g). To a solution
of 3a (366 mg, 0.5 mmol) in toluene (10 mL) was added a solution
of triphenylphosphine (0.5 mmol) in toluene. The resulting
mixture was maintained at 70 °C overnight under stirring. A
red-orange precipitate slowly formed. This precipitate was allowed
to settle out and the mother liquor decanted. The red-orange
product was washed with toluene and dried under vacuum (300
mg, 0.31 mmol, 62%). Anal. Caled for C,HygOgP,RhW: C, 50.93;
H, 3.02. Found: C, 50.76; H, 2.96.

Ph,P(n°-C;H,)Rh(n*-CgH,,) (4a). To a solution of RhyCl,-
(CgH;5)s (200 mg, 0.41 mmol) in tetrahydrofuran (10 mL) was
added a large excess of Pho,P(C;H,)", Li* (800 mg, 3.12 mmol) in
tetrahydrofuran (10 mL). The resulting solution was stirred at
room temperature for 18 h. The solution then was filtered, and
the solvent was removed under vacuum. The resulting yellow
solid was washed successively with methanol and pentane and
dried under vacuum, yielding 200 mg (0.43 mmol, 53%) of 4a.
Anal. Caled for CosHogPRh: C, 65.23; H, 5.69. Found: C, 65.01;
H, 5.72.

RhCl(ﬂ"CaHm)[thP(n5'05H4)Rh(ﬂ‘-CsH12)] (5a). To a
suspension of RhyCly(CgH;s); (720 mg, 1.46 mmol) in toluene (20
mL) was added a slight excess of Ph,P(C;H,)",Li* (400 mg, 1.56
mmol) in tetrahydrofuran (10 mL). The mixture was stirred at
room temperature for 1.5 h and then filtered through a glass frit,
and the solvent was removed under vacuum. The resulting yellow
crude product was washed successively with ethanol (20 mL) and
pentane (4 X 50 mL) and dried under vacuum producing 412 mg
(0.58 mmol, 42%) of 5a. Anal. Calcd for CgsHzsCIPRhy: C, 56.07;
H, 53.42. Found: C, 56.04; H, 5.50. Electron-impact MS, m/e 707
(M%),

Formation and Identification in Solution of RhCI-
(CO)(PPh,)[Ph,P(n5-CsH,)Rh(CO),] (5b). To a solution of
Ph,P(CsH,)~Li* (120 mg, 0.47 mmol) in tetrahydrofuran (20 mL),
cooled to -78 °C, was added dropwise a solution of Rh,Cl,(CO),
(170 mg, 0.44 mmol) in tetrahydrofuran (10 mL). The mixture
was stirred at —78 °C for 10 min, and triphenylphosphine (115
mg, 0.44 mmol) in tétrahydrofuran (2 mL) then was added. The
resulting red-orange solution was slowly warmed to room tem-
perature. The *'P{'H} NMR spectrum of a sample of this solution
indicated the total consumption of the starting salt and the
quantitative formation of a new compound. This compound was
identified as the title product, 5b, by 3P{{H} NMR and IR (»(CO))
spectra (see text).

Formation and Identification in Solution of RhCI-
(C,H,) (PPhy)[Ph,P(n*-CsH,)Rh(C,H,),] (5¢). To a solution
of PhyP(C;H,)",Li*-(275 mg, 1.07-mmol) in tetrahydrofuran (15
mL) was added a suspension of RhyCl;,(C;H,), (425 mg, 1.09 mmol)
in tetrahydrofuran (10 mL) at ~78 °C. This solid rapidly dissolved,
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and the solution turned red-orange within a few minutes. Tri-
phenylphosphine 290 mg, 1.10 mmol) then was added, and the
solution was stirred for an additional 10 min at room temperature.
The solvent then was evaporated under vacuum, producing a
red-orange residue that was extracted with toluene (10 mL). The
addition of pentane (15 mL) to the red toluene solution led to
the formation of a red-orange precipitate. The precipitate was
allowed to settle out overnight at -78 °C, and the mother liquor
decanted. The red-orange product was washed with pentane and
dried under vacuum. It was identified as the title product, 5¢,
by 3P{!H} NMR (see text).

Ph,P (n°-C;H,)Rh(CO)(PPh;) (4b) and [Ph,P(»*-C;H,)Rh-
(CO)]; (6a). Method A. Ph,P(CgH,)~,Li* (153 mg, 0.60 mmol)
was added to a stirred suspension of RhyCly(CO),(PPhg), (200 mg,
0.47 mmol) in toluene (10 mL) at 0 °C. The resulting mixture
was progressively warmed to 80 °C. The suspension dissolved
within 10 min, and an orange precipitate slowly formed. After
10 h, the mixture was cooled to room temperature. The precipitate
was allowed to settle out, and the mother liquor decanted. The
orange product was washed several times with methanol (2 X 5
mL) and dried under vacuum, yielding 115 mg (0.15 mmol, 32%)
of 6a. Anal. Caled for CgsHyO.PRh,: C, 56.85; H, 3.71. Found:
C, 56.95; H, 4.10. Electron-impact MS: m/e 760 (M*) plus
fragment ions corresponding to successive loss of two CO groups.

In another experiment, using quite similar initial conditions,
the mixture or PhyP(CsH,)~,Li* and RhyCly(CO)o(PPhy), in toluene
was heated at 80 °C for 1 h only and then cooled to room tem-
perature. The orange precipitate so formed was separated and
treated as above, yielding 60 mg (17%) of pure 6a. The filtrate
was evaporated under vacuum leading to an orange crude solid.
IR (»(CO)), 3P{H} NMR, and MS experiments run on this ma-
terial indicated the presence of free triphenylphosphine and some
traces of 6a together with another compound identified as the
monometallic species 4b. Electron-impact MS: m/e 642 (M*)
plus fragment ion corresponding to the loss of one CO group.

Attempts to isolate a pure analytical sample of 4b failed.
Moreover, redissolution of the crude solid containing 4b in toluene,
followed by heating at 80 °C for an additional 10 h, led to the
quantitative transformation of the monometallic species 4b into
the bimetallic one 6a, which slowly precipitated as an orange-
yellow solid.

Method B. A mixture of Ph,P(C;H,)~,Li* (270 mg, 1.05 mmol)
and Rh,Cl,(CO), (200 mg, 0.52 mmol) in toluene (20 mL) was
heated at 80 °C. An orange-yellow precipitate slowly appeared,
and after 3 h, the mixture was cooled to room temperature. The
precipitate was collected upon filtration of the mother liquor,
washed with methanol, and dried under vacuum, yielding 250 mg
of pure 6a (0.32 mmol, 63%).

Method C. To a solution of RhyCl;,(CO), (112 mg, 0.29 mmol)
in tetrahydrofuran (20 mL) was added a slight excess of freshly
prepared Ph,P(CsH,)T1 (300 mg, 0.66 mmol). The resulting
solution immediately turned red while a pale yellow precipitate
of TICl appeared. The Ir (»(CO), CH,Cl,) spectrum of this red
solution exhibits three absorption bands at 2044 (s), 1980 (s), and
1946 (s) cm™!, indicating the total consumption of the starting
rhodium complex. During 10 h of magnetic stirring, the initial
red solution slowly turned orange. This is accompanied, on the
IR spectra, by the total disappearance of the »(CO) bands at 2044
and 1980 cm™! and formation of a single compound having a CO
absorption band at 1946 -cm™. The solution then was filtered,
and the solvent was removed under vacuum. The orange-yellow
residue so obtained was successively washed with toluene and
pentane and dried under vacuum, yielding 198 mg of pure 6a (0.26
mmol, 90%). Pure orange crystals of 6a could be obtained upon
slow cooling of a saturated toluene solution of 6a from 50 to —20
o

[Me,P(n®-C;H)RAh(CO)), (6b). A suspension of freshly
prepared (CHy),P(CsH)T1 (280 mg, 0.85 mmol) in tetrahydrofuran
(100 mL) was added to a yellow solution of Rhy,Cl,(CO), (145 mg,
0.37 mmol) in tetrahydrofuran (10 mL). The initial yellow solution
immediately turned red-orange. The IR spectrum (»(CO), hexane)
run on a sample of this solution indicated the total consumption
of the starting rhodium material and the formation of a compound
having two absorption bands of equal intensities at 2046 and 1980
cm™, This mixture was heated at 60 °C. Progressively, it
darkened while a brown precipitate appeared. Monitored by IR
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spectroscopy, this evolution is accompanied by the slow disap-
pearance of both bands at 2046 and 1980 cm™ and the concomitant
growing of a new one at 1954 cm™.. After a reaction time of 5 h,
the mixture was cooled to room temperature and the solvent was
removed under vacuum, producing a brown residue. This residue
was extracted with chloroform/hexane (1/10), yielding an or-
ange-yellow solution. Evaporation of the solvents produced 160
mg of 6b as an orange solid (67%). Analytical pure 6b was
obtained by chromatography through an alumina column which
was eluted by dichloromethane/hexane. Anal. Caled for
CleHzo02P2Rh2: C, 37.53; H, 3.94. Found: C, 37.38; H, 3.95.

Ph,P(n®-C;H,)Ir(CO)(PPh;) (4¢c), [PhyP(n*-C;H,)Ir(CO)],
(6¢), and IrCH{CO)[Ph,P(#5-C;H,)Ir(CO)(PPh;)], (7a). An
excess of freshly prepared Ph,P(C;H,)",Li* (240 mg, 0.94 mmol)
was added to a stirred suspension of trans-IrCl(CO)(PPhg), (600
mg, 0.77 mmol) in toluene (15 ml) at room temperature. The
suspension progressively dissolved, leading to an orange solution.
The orange solution was heated at 70 °C for 1 h. An orange
precipitate progressively formed. This precipitate was separated
from the orange mother liquor. It was washed several times with
methanol (2 X 5 mL) and with diethyl ether (56 mL) and dried
under vacuum, producing (89 mg, 0.095 mmol, 12.3%) of the
dimetallic compound 6c. Anal. Calcd for C3gHygPoQolry: C, 46.05;
H, 3.01. Found: C, 45.88; H, 2.62. Electron-impact MS: m/e,
three principal peaks at 936, 938, and 940 (M), consistent with
the presence of two natural isotopes for the iridium element, plus
fragment ions corresponding to the loss of two CO groups.

The orange filtrate was evaporated under vacuum leading to
a yellow solid that was analyzed as containing free tri-
phenylphoshine together with another iridium species. The pu-
rification from triphenylphosphine was performed by chroma-
tography on neutral Alumina III, the product being eluted by a
mixture 25/75 of dichloromethane~hexane. The solution was
evaporated, and the remaining pale yellow solid was then dried
under vacuum, yielding 395 mg of the monometallic species 4c
(0.50 mmol, 70%). Anal. Caled for PhyP(3%-CsH)Ir(CO)-
(PPhg):0.25CH,Cly (Cag 95Hag sOP,IrCly): C, 57.82; H, 3.95. Found:
C, 58.01; H, 4.02. Electron-impact MS: m/e, two principal peaks
at 730 and 732 (M*) plus fragment ion corresponding to the loss
of one CO group.

The distribution of both monometallic, 4¢, and bimetallic, 6¢,
species is independent of the reaction time. When the starting
orange solution was heated for 10 h instead of 1 h, similar
quantities of 4¢ and 6¢ were cropped. Moreover, the transfor-
mation of 4¢ into 6¢ was not observed even after a toluene solution
of 4¢ was heated for 10 h.

In another experiment, Ph,P(CsH,)~,Lit (173 mg, 0.68 mmol)
was added to a slight excess of trans-IrCl(CO)(PPhj), (600 mg,
0.77 mmol) in toluene (15 mL). As above, the mixture was heated
at 70 °C for 1 h, leading to the formation of an orange precipitate
of 6¢c. This compound was separated from the mother liquor,
affording 75 mg of pure 6¢ (0.08 mmol, 10%). Pentane (5 mL)
was added to the filtrate, producing a yellow precipitate. This
precipitate was allowed to settle out, and the mother liquor was
decanted. Spectrographic experiments indicated that the mother
liquor contained essentially free triphenylphosphine together with
6¢. The yellow precipitate was washed with petroleum ether and
dried under vacuum yielding 10 mg of a pure trimetallic species
7a (0006 mmol). Anal. Caled for C73H5BO3P4IT3: C, 52.08; H,
3.44. Found: C, 51.76; H, 3.71.

X-ray Structure Determination of 6a. Collection and
Reduction of X-ray Data. Crystals of 6a suitable for diffraction
measurements were obtained by slow cooling of a saturated hot
toluene solution (50 °C). The selected crystal, an orange plate,
was sealed on a glass fiber and mounted on an Enraf-Nonius CAD4
diffractometer. Crystals belong to the triclinic system, space group
Pi. Cell constants were obtained from a least-squares fit of the
setting angles of 25 reflections. A summary of crystal and intensity
collection data is given in Table I. A total of 3511 independent
reflections were recorded at a 26(Mo) maximum of 55° by pro-
cedures described elsewhere.!” Intensity standards, recorded

(16) Preliminary communication: He, X. D.; Maisonnat, A.; Dahan,
F.; Poilblanc, R. Organometallics 1987, 6, 678—680.

(17) Mosset, A.; Bonnet, J.-J.; Galy, J. Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem. 1977, B33, 2639-2644.
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Table I. Crystal Data and Details of Data Collection for 6a
Crystal Data

formula CseHgs0,P:Rhy
fw 760.4
cryst system triclinic
space group pPi
a, 9475 (1)
b, A 9.527 (1)
c, A 9.145 (1)
a, deg 99.80 (1)
8, deg 109.86 (1)
v, deg 90.36 (1)
Vv, A8 763.2 (3)
VA 1
F(000) 380
D(calcd), g cm™ 1.654
cryst size, mm 0.450 X 0.125 X 0.075
w(MoKa), cm™ 12.0

Data Collection

temp, °C 20
radiatn Mo Ka (A = 0.71073 A),

graphite monochromatized
#(min-max), deg 1.5-27.5
scan mode w—20
scan range, deg 0.80 + 0.35 tan ¢
scan speed, deg min™ 1.1-10.1
receiving aperture, mm 40X 4.0
takeoff angle, deg 3.5
collected reflctns 3511(xh,xk,0)

Table II. Fractional Atomic Coordinates with Estimated
Standard Deviations in Parentheses for 6a

atom x/a y/b z/c
Rh 0.53763 (4) 0.27708 (3) 0.45197 (4)
c 0.4369 (6) 0.1250 (5) 0.2990 (5)
0Q1) 0.3790 (5) 0.0264 (4) 0.2063 (4)
C(2) 0.7113 (4) 0.4722 (4) 0.5299 (4)
C(3) 0.7579 (5) 0.3630 (4) 0.4333 (5)
C4) 0.7850 (5) 0.2422 (5) 0.5077 (6)
C(5) 0.7610 (5) 0.2755 (5) 0.6547 (6)
C(6) 0.7074 (5) 0.4128 (4) 0.6655 (5)
P 0.3248 (1) 0.3448 (1) 0.4889 (1)
C(M) 0.3105 (5) 0.3326 (4) 0.6822 (5)
C(8) 0.1795 (5) 0.3654 (5) 0.7142 (5)
C(9) 0.1706 (6) 0.3542 (5) 0.8619 (6)
C(10) 0.2878 (6) 0.3080 (5) 0.9722 (6)
C(11) 0.4180 (7) 0.2734 (6) 0.9414 (6)
C(12) 0.4281 (6) 0.2852 (5) 0.7948 (5)
C(13) 0.1478 (5) 0.2471 (4) 0.3534 (5)
C(14) 0.0464 (5) 0.3028 (5) 0.2341 (5)
C(15) -0.0846 (6) 0.2223 (6) 0.1293 (6)
C(16) —-0.1074 (6) 0.0819 (6) 0.1488 (6)
cQamn -0.0084 (6) 0.0272 (5) 0.2682 (7)
C(18) 0.1212 (6) 0.1068 (5) 0.3712 (6)

periodically, showed only random, statistical fluctuations. Data
reduction then was performed,'® and absorption corrections’? were
made on 2938 reflections having I > 3¢(I) (1 = 12 cm™, calculated
transmission range 0.77-0.93).

Structure Solution and Refinement. The structure was
solved? by the heavy-atom method. Successive difference Fourier
maps and least-squares refinement cycles revealed the positions
of all non-hydrogen atoms that were refined anisotropically.
Hydrogen atoms were all located on a difference Fourier map.
They were included in calculations in constrained geometry (C-H
220.97 A), with a fixed isotropic temperature factor, Uy = 0.06

The atomic scattering factors used were those proposed by
Cromer and Waber?! with anomalous dispersion effects.?

(18) Frentz, B. A, S.D.P., Structure Determination Package; Enraf-
Nonius: Delft, Holland, 1982,

(19) Coppens, P.; Leiserowitz, L.; Rabinovitch, D. Acta Crystallogr.:
Struct. Crystallogr. Cryst. Chem. 1965, 18, 1035~1038.

(20) Sheldrick, G. M. Shelx 76, Program for crystal structure Deter-
mination; University of Cambridge: Cambridge, England, 1976.
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Table III. Infrared Data for Complexes 1-7¢

W(CO)s[Ph;P(C;Hp)] la 2070 m, 1946 sh, 1938 vs
Mo(CO)s{Ph,P(CH,),(CsHy)] 1b 2071 m, 1951 sh, 1943 vs
W(CO0)s(Phy,P(CHy),(CsHy)] 1c 2070 m, 1946 sh, 1936 vs
Mo(CO)s[PhyP(CH,)5(C;H,) Li*] 2b 2071 m, 1934 vs®
W(CO);[Ph,P(CH,);(CsH,)"Li*] 2¢ 2072 m, 1936 vs®
W(CO),[Ph,P(15-CsH,Rh(CO),] 3a 2072 m, 2057 m, 1999 m,

1945 sh, 1940 vs
W(CO)s[Ph,P(n5-CsHIr(n*-CgH;5)]  3b 2072 m, 1946 sh, 1938 vs
Mo(CO)s[PhyP(n5-CsH)Rh(CO),} 3¢ 2073 m, 2044 m, 1979 m,
1952 sh, 1944 vs
W(CO)5[Ph,P(CH,);(n5-CsH )Rh- 3d 2077 m, 2044 m, 1980 m,
(CO),) 1948 sh, 1935 vs
W(CO);[Ph,P(CHy)y(n5-CsH,)Rh(n*-  3e 2069 m, 1946 sh, 1986 vs

81112
W(CO)s[Ph,P(CHy)(n*-CsH)Rh-  3f 2071 m, 1946 sh, 1936 vs
(CH),)
W(CO)s[Ph,P(x5-CsH,)Rh(CO)- 38 2068 m, 1954 m, 1945 sh,
(PPhy)] 1938 vs
Ph,P(r5.C;H)Rh(CO)(PPh,) &b 1956
Ph,P(5%-C;H)Ir(CO)(PPh,) 4c 1948 (1928%)
RhCHCO)(PPhy){Ph,P(n5-C;H)Rh-  5b 2049 s, 1989 s, 1980 s
(CO)q) (2048 5, 1983 5, 1970 8%)
[Ph,P(75-CsH,Rh(CO)}, 6a 1946
[Me,P(r’-C,H,Rh(CO)], 6b 1954 (1940Y)
[thp(ﬂ5'05H‘)Ir(CO)]2 6c 1934"
IrCI(CO)[PhyP (15-C4H ) I (CO)- 7a 1952 m, 1929 sb
(PPhy)];

35(CO), em™! in hexane solutions. ?In dichloromethane solutions.

Scattering factors for the hydrogen atoms were taken from Stewart
et al.® The final full-matrix least-squares refinement converged
toR = Z}JFOI = |Fell/ ZIF| = 0.032 and Ry, = [Zw(|F,| - |F))?/
S w|F,J?]M/% = 0.036 with unit weights. The error in an observation
of unit weight was S = [Tw(|F,| - |F.))?/ (n - m)]/? = 0.99 with
n = 2938 observations and m = 190 variables.

An analysis of variance showed no unusual trends. In the last
cycle of refinement the shifts for all parameters were less than
0.15 (mean value 0.03¢). A final difference Fourier map showed
a residual electron density of 1 /A% near the Rh atom. The final
fractional atomic coordinates are listed in Table II.

Results

Infrared (CO stretching) and %P NMR data for the new
complexes are given in Tables III and IV,

Heterobimetallic d®-d® Complexes 3. As expected,
the phosphines Ph,P(CH,)5(C;H;)™ and Ph,P(C;H;)™ react
easily and quantitatively with Mo(CO);(THF) or W(C-
0);(THF) to yield the substitution products la~c. The
infrared spectra in the CO stretching vibration range of
these products are quite similar to those observed for
M(CO);(PPh;) (M = Mo,W)?* and are consistent with
molecular structures in which the local symmetry sur-
rounding the metal is C,,. Moreover, in the #P{{H} NMR
spectra of 1a and le, the occurrence of two satellite peaks
symmetrically disposed from the central singlet is an ob-
vious indication of direct P-W bonds® (:J(P-18W) = 210.3
Hz for la and 251.5 Hz for lc).

The reaction of 1a, 1b, and 1¢ with equimolar amounts
of butyllithium leads quantitatively to the cyclopentadienyl
derivatives 2a—c. These reactions do not affect the local
symmetry around the metals, as indicated by the similarity
between the IR spectra of the initial compounds and of
the products.

(21) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; Ibers, J. A., Hamilton, W, C., Eds.; Kynoch Press:
Birmingham, England, 1974; Vol. IV, Table 2.2.13, pp 99-101.

(22) Cromer, D. T. ref 21, Table 2.3.1, p 149.

(23) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175-3187.

(24) Poilblanc, R.; Bigorgne, M. Bull. Soc. Chim. Fr. 1962, 1301-1325.

(25) Nixon, J. F,; Pidcock, A. Annual Review of NMR Spectroscopy;
Mooney, E. F., Ed.; Academic Press: London, 1969; Vol. 2, p 345.
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The cyclopentadienyl derivative 2a may then act as a
metallo ligand species. Following the experimental
methods previously described for the syntheses of (»®
CH)MLL' (M =Rh,L=L'=C0O;% M =1Ir, LL’ =
n%-CgH, ), it reacts readily and quantitatively with half
amounts of chloro-bridged dinuclear rhodium or iridium
compiexes [M’'(u-Cl)LL’],, leading to the heterobimetallic
complexes W(CO);[Ph,P(CH,),(n*-C;H,)M’LL’] (3a and
3b). The new complexes 3a and 3b were isolated in the
solid state and identified and characterized by elemental
analyses, by mass spectra, and by IR (»(CO)) and $'P{H}
and 'H NMR spectroscopy. They are quite soluble in
common organic solvents. The electron-impact mass
spectrum of 3b exhibits, for the parent ion, a typical iso-
topic pattern constituted of nine principal peaks from m/e
870 to m/e 879, as expected for a compound containing
one tungsten (four main isotopes: 1&2W, 18W 18W and
18W) and one iridium (two isotopes: *Ir and *Ir) atoms.
Moreover, the mass spectrum of 3b exhibits five isotopic
patterns due to the successive loss of five CO groups. The
IR spectra of all these heterobimetallic commpounds ex-
hibit the characteristic three absorption »(CQO) bands due
to the Mo(CO); fragments. Moreover, superimposed
characteristic absorption bands, separated by ca. 60-65
cm?, due to the Rh(CO), fragment, are observed for 3a
and compare well with those reported for (y5-CsH;)Rh-
(CO)2.26“

The 3'P{HJNMR spectra of 3a and 3b are consistent
with the binding of the phosphorus extremity of the het-
erodifunctional ligand to the tungsten atoms, as in the
precursors 1a and le. They indeed exhibit in each case
a singlet with two satellite peaks due to the presence of
18W, the 1J(P-'¥W) coupling constants being in the range
240-250 Hz.

The H NMR spectrum of 3a consists of a seven-line and
a four-line pattern of equal intensity at 5.76 and 5.33 ppm
for the two sets of protons H, and Hy of the cyclo-
pentadienyl ligand (at 90 as well as at 250 MHz). The
problem of the multiplicity of these signals has been re-
solved by a combination of homo- and heteronuclear (*H-
{31P}) irradiation experiments. Selective irradiation of H,
signal at 5.33 ppm together with noise-decoupled 3'P
transforms the multiplet at 5.76 ppm into a doublet with
a spacing of 1.0 Hz whereas selective irradiation of H,
signal at 5.76 ppm together with noise-decoupled 3'P
transforms the quadruplet at 5.33 ppm into a singlet.

Hp

H, /Ph
(CO)2Rh P —W(CO)s
H AN
F Ph
Hp

1J(Ha=Hg) = 2.1 Hz, 3 (Hg=P) = 1.0 Hz, 2J (Hy-P) = 2.3 Hz, and
J (Hy=Rh) = 1.0 Hz.

The apparent equivalence of both H, protons and both
H,, protons is consistent with a plane of symmetry in the
molecule shown above.

We have shortly looked over the reaction of 3a with
triphenylphosphine. It leads quantitatively to 3g in which
the added triphenylphosphine is coordinated to the rho-
dium metal atom as shown by 3P NMR spectra (J(P-Rh)
= 197.1 Hz). Moreover, the phosphorus extremity of the
bridging ligand is bonded to the tungsten atom with a
coupling constant of 247.1 Hz, a value quite close to that
observed for the starting material 3a. Therefore, in this

(26) (a) Fischer, E. O.; Bittler, R. K. Z. Naturforsch., B 1961, 16, 225.
(b) King, R. B. Inorg. Chem. 1963, 3, 528.
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Table IV. 3P NMR Data for Complexes 1-6°
5(3P) J(P-183) J(P-Rh) J(P-P)
W(CO);[PhyoP(n%-C;H,)Rh(CO),] (3a) 251.5
W(CO)[PhyP(n5-CsH)Ir(n*-CgH,5)] (3b) 248.6
247.1

W(CO)s[Ph,P(n>-CsH,)Rh(CO)(PPh;)] (3g)

+51.44 (d) 197.1

-21.20 (s)
Ph,P(#%-CsH,)Rh(CO)(PPh,) (4b)

+52.28 (d) 198.0

~20.56 (s)
Ph,P(55-CsH)Ir(CO)(PPLy) (4c)

+16.08 (s)
Ph,P(#5-CsH)Rh(n*-CgH,,) (4a) -13.90 (s)
RhCl(5*-CgH ) [PhoP(n®-CsH,)Rh(n*-CsH;,y)] (5a) +16.80 151.5

+18.23 (dd) 123.5
RhCI(CO)(PPhg)[Ph,P(#%-CsH)Rh(CO),] (5b) 130

+27.83 (dd) 103.0

+21.46 (dd) 161.0
RhCI(CyH,){PPh,)[Ph,P(4*-C;H,)Rh(C,H,),] (5¢) 130

+34.07 (dd) 130.0
[Ph,P(n*-CsH,)Rh(CO)], (6a) +41.08 (AA'XX") 200.0
[MeP(#-CsH,)Rh(CO)], (6b) +4.24 (AAXX)) 183.3
(Ph,P(-CsH,)Ir(CO)]; (c) +4.54 (s)

aIn CD,Cly; values in ppm; J values in Hz.

reaction, the 18-electron rhodium site appears more re-
active toward substitution than the 18-electron tungsten
site.

The above synthetic procedure used for 3a and 3b may
be extended to the complexes of general formula M-
(CO)s[PhyP(CH,),(n>-C;H)M'LL/] (M = Mo or W) (3¢c-f)
(Figure 2) using RhyCl;(CgH;5), and Rh,CL(CoHy), as
sources for the fragments Rh(CO),, Rh(CgH,,), and Rh-
(C;H,),. They were identified by comparison of their IR
(v(CO)) spectra with those of 3a and 3b (Table III).

The Dissymmetrical Homobimetallic d®~d® Com-
plexes 5. The cyclopentadienide ligand Ph,P(C;H,)~,Li*
reacts quantitatively with an equivalent amount of the
dinuclear square-planar rhodium complex Rhy,Cl,(CgH; o),
to yield 5a. This product associates a 16e rhodium(I)
center, in a square-planar environment, to a 18e rhodium(I)
center via the phosphorus and the cyclopentadienyl ex-
tremities of the bridging difunctional ligand, respectively.
The binding of the phosphorus to the rhodium(I)
square-planar center is clearly demonstrated by a 1J(P-Rh)
coupling constant of 151.5 Hz on the 3P NMR spectrum
instead of, e.g., 200 Hz for a binding to a 18e rhodium(I)
center (vide supra).

Interestingly, when a large exess of lithium (diphenyl-
phosphino)cyclopentadienide is used, the monometallic
species 4a is obtained. The 3'P{!H} spectrum of 4a exhibits
a singlet at -13.90 ppm indicative of a noncoordinated
tertiary phosphine.

According to the experimental methods described, ad-
dition of Rh,Cl,(CO), or Rh,Cl,(C,H,), to an equimolar
amount of Ph,P(C;H,)",Li*, followed by the addition of
an equimolar amount of triphenylphosphine leads quan-
titatively to 5b or 5¢, respectively. As in the case of 5a,
the 3'P{*H} NMR spectra of these two compounds indicate
unambiguously the binding of the phosphorus extremity
of the difunctional ligand to square-planar rhodium(I)
centers, the }J(P-Rh) coupling constants being in the range
120-160 Hz. Moreover, in both cases, as indicated by a
2J(P-P) coupling constant of 130 Hz, triphenylphosphine
adds to the same rhodium(I) center in a relative trans
position to the phosphorus moiety of the ligand.

The Symmetrical Homobimetallic Complexes 6.
The symmetrical dirhodium complex 6a!® was obtained by

Figure 4. A perspective representation of 6a.

addition of lithium (diphenylphosphino)cyclopentadienide
or ((diphenylphosphino)cyclopentadienyl)thallium to half
the amount of the dinuclear complexes RhyCl,(CO),-
(PPh,), or RhyCl,(CO),. Similarly, 6b was obtained from
((dimethylphosphino)cyclopentadienyl)thallium. The
iridium analogue 6¢ was obtained by addition of lithium
(diphenylphosphino)cyclopentadienide to equimolar
amount of trans-IrC1(CO)(PPhs),.

These new complexes were fully characterized by mass
spectroscopy, IR(»(CO)), and *'P{'H}, 'H, and 3C{'H} NMR
spectroscopy and by X-ray crystal structure determination
of 6a.

Description of the Crystal and Molecular Struc-
ture of 6a. Figure 4 shows a perspective view of the
molecule with the atom numbering scheme. Selected in-
teratomic distances and angles are given in Table V. The
dinuclear molecule consists of two “Rh(CO)” moieties
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Table V. Bond Lengths (A) and Angles (deg) for 6a with
Estimated Standard Deviations in Parentheses
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Table VI. Least-Squares Planes of the Form Ax + By +
Cz + D=0 for 6a

Rh-C(1) 1.831 (4) C(1)-0(1) 1.144 (5)
Rh-C(2) 2.321 (4) Rh-C(5) 2.294 (4)
Rh-C(3) 2.307 (5) Rh-C(6) 2.248 (3)
Rh-C(4) 2.263 (5) Rh-P 2.237 (1)
Rh-C(1)-0(1) 177.0 (4) C(2)-Rh-P 109.7 (1)
C(1)-Rh-C(2) 148.0 (2) C(3)-Rh-C(4) 36.1 (2)
C(1)-Rh-C(3) 115.6 (2) C(3)-Rh-C(5) 60.2 (2)
C(1)-Rh-C(4) 105.7 (2) C(3)-Rh-C(6) 60.8 (2)
C(1)-Rh-C(5) 126.7 (2) C(3)-Rh-P 143.0 (1)
C(1)~Rh-C(6) 162.7 (2) C(4)-Rh-C(5) 36.4 (2)
C(1)-Rh-P 915 (2) C(4)-Rh-C(6) 60.7 (2)
C(2)-Rh-C(3) 35.7(1) C(4)-Rh-P 159.5 (1)
C(2)-Rh-C(4) 60.3 (1)  C(5)-Rh-C(6) 36.1 (2)
C(2)-Rh-C(5) 60.6 (2) C(5)-Rh-P 123.6 (1)
C(2)-Rh-C(6) 37.2(2) C(6)-Rh-P 100.0 (1)
C(2)-C(3) 1.420 (6) C(8)-C(2)-C(3) 106.4 (3)
C(3)-C(4) 1.417 (7) C(2)-C(3)-C(4) 108.5 (4)
C(4)-C(5) 1.422 (8) C(3)-C(4)-C(5) 108.9 (4)
C(5)-C(6) 1.406 (6) C(4)-C(5)-C(6) 107.5 (4)
C(8)-C(2) 1.460 (6) C(5)-C(6)-C(2) 108.6 (4)
Rh-C(2)-C(3) 716 (2) Rh-C(2)-C(6) 68.7 (2)
Rh-C(3)-C(4) 70.2 (3) Rh-C(3)-C(2) 72.7 (3)
Rh~C(4)~C(5) 73.0 (3) Rh-C(4)-C(3) 73.7 (3)
Rh-C(5)-C(8) 70.2 (2) Rh-C(5)-C(4) 70.6 (2)
Rh~C(8)~-C(2) 74.1(2) Rh-C(6)-C(5) 73.8 (2)
P-C(2y-C(@3y 130.5 (4) P-C(2)-C(6) 122.9 (3)
P-Cy 1.804 (4) P-C(7) 1.841 (5)
P-C(13) 1.841 (4)
Rh-P-C(2)’ 113.7 (2) C(@)y~-P-C(7) 103.8 (2)
Rh-P-C(7) 116.4 (1) C(2)~-P-C(13) 102.6 (2)
Rh~P-C(13) 117.3 (1) C(7)-P-C(13) 101.1 (2)
C(1)-C(8) 1.394 (7) C(13)-C(14) 1.374 (6)
C(8)-C(9) 1.404 (8) C(14)-C(15) 1.406 (6)
C(9)-C(10) 1.357 (7) C(15)-C(16) 1.404 (9)
C(10)-C(11) 1.385 (9) C(16)-C(17) 1.360 (8)
C(11)-C(12) 1.400 (8) C(17)-C(18) 1.389 (6)
C(12)-C(7) 1.375 (6) C(18)-C(13) 1.405 (7)
P-C(7)-C(8) 120.9 3) P-C(13)-C(14) 123.1 (3)
P-C(7)-C(12) 119.8 (4 P-C(13)-C(18) 117.1 (3)

C(12)-C(71)-C(8)
C(7-C(8)-C(9)

119.3 (4) C(18)-C(13)-C(14) 119.7 (4)
120.0 (4) C(13)-C(14)-C(15) 121.2 (5)
C(8)-C(9)-C(10) 120.1 (5) C(14)-C(15)-C(16) 117.9 (5)
C(9)-C(10)-C(11)  120.6 (5) C(15)-C(16)-C(17) 121.0 (4)
C(10)-C(11)-C(12) 119.7 (5) C(16)-C(17)-C(18) 121.0 (5)
C(11)-C(12)-C(7)  120.4 (5) C(17)-C(18)-C(13) 119.2 (4)

bridged by two (diphenylphosphino)cyclopentadienyl
groups which are in a mutual head-to-tail arrangement.
The large rhodium-rhodium separation of 4.3029 (6) A
precludes any metal-metal interaction.

The geometry around each rhodium atom strongly re-
sembles that around the iridium atom in (%-C;H;)Ir-
(CO)(PPhy).2" The cyclopentadienyl ring center Cp and
the atoms P and C(1) are in a planar triangular arrange-
ment around the central metal atom, and the C(1)-Rh-P
angle of 91.5 (2)° compares with the C{O)-Ir-P angle ob-
served in (»3-CsH;)Ir(CO)(PPh,), i.e. 89.2 (3)°.

As shown in Table VI, some pertinent planes may be
conveniently used to describe the overall geometry of 6a.
The geometry of the (diphenylphosphino)cyclopentadienyl
group in 6a is very similar to that mentioned in other
dinuclear complexes containing such a bridging ligand, e.g.
Fe[(7°-C;H,)PPh,],PdCly,?® Fe[(75-C;H,)PPhy],Rh(n*
C.H;),? (CO),Mo[(r5-C;H,)PPh,])ZrCl,,2 (CO),Mn-Mo-

(27) Benett, M. J,; Pratt, J.-L.; Tuggle, R. M. Inorg. Chem. 1974, 13,
2408-2413.

(28) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.;
Hirotsu, K. J. Am. Chem. Soc. 1984, 106, 158-163.

(29) Cullen, W. R.; Kim, T.-J.; Einstein, F. W. B,; Jones, T. Organo-
metallics 1983, 2, 714-719.

plane atoms A B ) D
1  C@2)CBICH)C(BIC- -0.8316 —0.2754 -0.4824 +7.3671
(6)

2  Rh, P, C(1), Cp* 0.1007 0.7254 -0.6810  0.8350
3 Rh,Rb, Cp, Cp’ 0.3918 0.2735 -0.8785 1.3908
4 RhP,Cp 0.4913 -0.0296 -0.8705 1.5793

Distances of Atoms from Planes, A

1 C(2), -0.015 (4); C(3), 0.002 (5); C(4), 0.020 (5); C(5), -0.033
(5); C(6), 0.025 (4); Rh, 1.9383 (4); P’, -0.182 (1)

2 Rh, 0.0006 (3); P, —-0.001 (1); C(1), -0.042 (5); Cp, —0.043 (4)

3 P,-0.951 (1)

4 P,-1.338(1)
Dihedral Angles
planes angle, deg planes angle, deg
1,2 874 2,3 33.3
1,3 88.7 3,4 184

3Cp is the center of the cyclopentadienyl ring.

Figure 5. A schematic view of 6a. The notations 2, 3, and 4 refer
to the traces of planes considered in Table VI.

(CO);[(n5-CsH)PPhy),%2 CI(CO)Ir-Mo(CO)4[(n*-CsH,)-
PPh,],% or in the trinuclear complex [Co[(5%-CsH,)-
PPh,},][Mo(CO);],.%°

The cyclopentadienyl ring is slightly distorted from the
corresponding least-squares plane [C(2),C(3),C(4),C(5),C-
(6)]. The rhodium atom distance to the cyclopentadienyl
ring least-squares plane is 1.9383 (4) A, and the rhodium-
carbon (cyclopentadienyl) distances lie in the range
2.248-2.321 A with a mean value of 2.287 (4) A. It is of

- interest to note that these values are somewhat larger than

those reported for monometallic rhodium cyclopentadienyl
systems.3! A relatively large deviation of the P’ atom out
of the cyclopentadienyl ring least-squares plane to which
it is attached is observed. The P’ atom is indeed bent up
by 0.182 A from this plane, toward the Rh’ atom.

The v(CO) abbsorption band of 6a and 6¢ compares well
with those of (7°-CsH;)Rh(CO)(PPh;) and (4°-C;H;)Ir-
(CO)(PPhy), i.e. 1957 and 1947 cm™! (hexane), respective-
ly.32 The 'P{!H} NMR spectra of complexes 6a~c reveal
equivalent phosphorus nuclei. Further, the typical AA’XX’
(X = X’ = Rh) resonance pattern observed for 6a and 6b
is consistent with a symmetrical molecular structure.

More significantly, the 1*C{'H} spectrum of 6a exhibits
three signals for the cyclopentadienyl ring carbons: two
doublets of equal intensities at 108.86 and 95.25 ppm with
respective doublet spacings of 53.0 and 10.2 Hz and one
singlet of half intensity at 87.80 ppm. Similarly, the 1H
NMR spectra of 6a—¢ exhibit, for the four hydrogen atoms
of the cyclopentadienyl ring, two signals that appeared in
each case as ill-resolved second-order multiplets (at 90
MHz as well as at 250 MHz) (centered at 5.68 and 5.56

(30) Du Bois, D.-L.; Eigenbrot, C. W.; Miedaner, A.; Smart, J. C,;
Haltiwanger, R. C. Organometallics 1986, 5, 1405-1411.

(81) Maitlis, P. M. Chem. Soc. Rev. 1981, 1-48,

(32) Hart-Davis, A. J.; Graham, W. A. G. Inorg. Chem. 1970, 9,
2658-2663.
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ppm for 6a, 5.56 and 5.45 ppm for 6b, and 5.75 and 5.49
ppm for 6¢).

As shown on Figure 5, the molecule 6a is, in the solid
state, centrosymmetric; however, these NMR data clearly
indicate that, at the NMR time scale, complexes 6 contain,
in addition to a center of symmetry, a plane of symmetry
and a 2-fold axis (Cy, group). This situation is quite
different to what is observed in the crystalline state and
should be interpreted in terms of intramolecular wagging
of the molecular geometry around a mean plane. In that
case, this interconversion should be of low activation en-
ergy, the 'H NMR spectra being unchanged in the tem-
perature range =70 to +30 °C (at 250 MHz).

Summary and Conclusion

The potentiality of the cyclopentadienyl (or cyclo-
pentadienide) phosphine as an assembling ligand is in-
terestingly exemplified by the above results.

Table I, which briefly reviews the literature, shows that
the synthesis of heterobimetallic derivatives of this type
of ligand starts in all the cases with a reaction of the cy-
clopentadienyl (or cyclopentadienide) extremity of the
phosphine. On the contrary (Figure 2), the synthesis of
the heterobimetallic d®-d® complexes 3 illustrates a new
alternative approach, involving as a first step the coordi-
nation of the phosphorus extremity.

Concerning the homobimetallic complexes, our syntheses
summed up in Figure 3 could suggest first steps involving
the coordination of the cyclopentadienide end of the lig-
and. Nevertheless, our preliminary observations'6 on the
reaction

LiCsH,PPh,
e
70 °C, ~LiCl

make doubtful this simple conclusion. Indeed, after 15 min
of reaction time, the *IP NMR spectra recorded at the
same temperature clearly show, following the total con-
sumption of the rhodium starting materials and of the
heterodifunctional ligand, the formation of five major in-
termediates together with free triphenylphosphine. For
all these intermediates, the values of the phosphorus—
rhodium coupling constants® are unambiguous indications
of the coordination of the phosphorus on a 16-electron
rhodium(I) atom in a square-planar configuration. Actu-
ally, a mixture of mono- and binuclear 16-electron rhodium
species is usually observed in such type of reaction of a
phosphine ligand with a chloro-bridged complex, [RhL,-
Cl1),.1! This leads us to consider that the series of inter-
mediates observed in the present study is similar to such
a mixture of species.

Therefore, it was assumed that the first step of (I)
consists of the coordination of the phosphorus end of the

%[RhCI(CO)(PPhy)], 4b + 6a + 2PPh; (1)

(33) Four of these intermediates were characterized by single doublets
centered at 35.6 (J(P-Rh) = 120 Hz), 33.3 (J(P-Rh) = 120 Hz), 31.2
(J(P-Rh) = 127 Hz), and 26.3 ppm (J(P-Rh) = 120 Hz). One interme-
diate is characterized by two doublets of doublets of equal intensity,
centered at 23.56 (J(P-Rh) = 120 Hz, J(P-P) = 55 Hz) and 23.14 ppm
(J(P-Rh) = 119 Hz, J(P-P) = 55 Hz), respectively. Owing to the thermal
sensitivity of the complicated mixture, the study of its conversion to 4b
and 6a has not been tackled.
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ligand and that it is followed, for each intermediate, by
a nucleophilic attack by the cyclopentadienide free ex-
tremity of the ligand with further elimination of chloride.
Therefore a more complete pathway can be proposed for
the preparation of the three compounds 6a—6c¢.

m{CsH4)P-R; + [MCI{CO)L],

li

[M(CsHa)R.PMCI(CO)L]
y-mm m\l—
[RzP(n°~CsHaM(CO)l; ReP(n°~CsHaM(COJL

6 4
m=Li, T; M=Rh

This hypothesis has now been confirmed by monitoring
by 3P NMR the reaction for M = Rh, L = CO, R = Me,
and m = T1. In that case, signals successively appear at
room temperature at 6 —-12.31 (J(P-Rh) = 117.6 Hz), -12.74
(J(P-Rh) = 119.8 Hz), and -14.35 ppm (J(P-Rh) = 121.3
Hz) attributed, with respect to the phosphorus-rhodium
coupling values, to 16-electron rhodium(I) species (pre-
sumably mononuclear RhCl(CO),[P(C;H,T1)Me,], dinu-
clear cis- and trans-[RhCI(CO)(P(C;H,T1)Me,],), and then
at 6 -5.46 (J(P-Rh) = 186.8 Hz) attributed to an uniden-
tified 18-electron intermediate. Finally, all the previous
compounds transform slowly to 6b.

Accurate details on reactions ii and iii are difficult to
reach owing to the heterogeneity of the reactional system.
We can nevertheless notice that in the case of the rhodium
compounds, 4b transforms easily into 6a while in the case
of the iridium compounds, 4¢ and 6¢ form simultaneously;
still, in contrast with the rhodium case, the transformation
of one of the complexes into the other is not observed.
Finally the isolation of a compound Ir(CO)CI1[PhyP(n*-
C;H)Ir(CO)(PPhy)], (7a),'® ascertains the possibility of
intermediate formation of 16-electron compounds in such
system.
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