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The monoolefin complex Rh(acac)(cyclooctene)(PCy3) (1) reacts with HGeEt3 to give
Rh(acac)H(GeEt3)(PCy3) (2). On treatment of 2 with methyl propiolate and phenylacety-
lene the complexes Rh(acac){η2-CH(GeEt3)dCHR}(PCy3) (R ) CO2Me (3), Ph (4)) are
obtained. The X-ray crystal structure analysis of 3 reveals that the coordination geometry
around the rhodium center is almost square-planar with the olefin disposed perpendicular
to the coordination plane of the rhodium atom. Complex 1 also reacts with HSnPh3. The
reaction leads to Rh(acac)H(SnPh3)(PCy3) (5). In the presence of methyl propiolate,
phenylacetylene, and (trimethylsilyl)acetylene complex 5 affords the alkenyl compounds Rh-
(acac){(E)-CHdCHR}(SnPh3)(PCy3) (R ) CO2Me (6), Ph (7), SiMe3 (8)). Similarly, the
reactions of 5 with diethyl acetylenedicarboxylate and diphenylacetylene yield Rh(acac)-
(CRdCHR)(SnPh3)(PCy3) (R ) CO2Et (9), Ph (10)). The addition of 1 equiv of 1-ethynyl-1-
cyclohexanol to a pentane suspension of 5 leads to the hydroxyalkenyl derivative Rh(acac)-

{(E)-CHdCHC(OH)(CH2)4CH2}(SnPh3)(PCy3) (11). The structure of 11 was determined by
X-ray analysis. The coordination geometry around the metal center can be rationalized as
a square pyramid with the stannyl ligand in the apical position. Although the hydroxyalkenyl
ligand of 11 is stable and does not dehydrate to give the corresponding R,â-unsaturated al-
kenyl compound, complexes of this type can be prepared from enynes. Thus, the reaction of
5 with 2-methyl-1-buten-3-yne leads to the R,â-unsaturated alkenyl complex Rh(acac){(E)-
CHdCHC(CH3)dCH2}(SnPh3)(PCy3) (12), whereas in the presence of 1,1-diphenyl-2-propyn-
1-ol complex 5 affords the allenyl derivative Rh(acac)(CHdCdCPh2)(SnPh3)(PCy3) (13).

Introduction

The hydrosilylation mechanistic proposals employ
conventional oxidative-addition, insertion, and reduc-
tive-elimination steps to explain the addition of silanes
to olefins and alkynes.1 In this respect, the study of
the oxidative addition of silanes to transition-metal
compounds and the reactions of the resulting hydrido
derivatives with olefins and alkynes are of great interest
and have received increasing attention in recent years.2

In general, the stereoselective formation of alk-
enylgermanes and alkenylstannanes by addition of
germanes and stannanes to alkynes requires the pres-
ence of transition-metal catalysts.3 Although from a
mechanistic point of view these reactions are less clear

cut than the hydrosilylation of alkynes, at first glance,
there should not be a great difference between them,
and one would expect mechanistic similarities. In this
context, the synthesis of hydrido-germyl and hydrido-
stannyl compounds by oxidative addition of germanes
and stannanes to transition-metal complexes and the
study of the reactivity of these derivatives toward
alkynes are also significant and are of general interest.
In the search for transition-metal complexes which

are catalytically active in the hydrogenation, hydrosi-
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lylation, and hydrostannation of unsaturated organic
substrates, we have previously reported the reactivity
of the (acetylacetonato)iridium compound Ir(acac)(cy-
clooctene)(PCy3), which is formed by ligand displace-
ment from Ir(acac)(cyclooctene)2 and tricyclohexyl-
phosphine.4 The complex Ir(acac)(cyclooctene)(PCy3)
reacts with dimethyl acetylenedicarboxylate to give
Ir(acac)(η2-MeO2CCtCCO2Me)(PCy3). The reaction of

this compound with H2SiPh2 leads to Ir(acac){C[CH-

(OCH3)OSiPh2]dCHCO2CH3}(PCy3), which is a result
of a transformation involving addition of one SisH bond
across the CdO bond and another across the alkyne
triple bond.4 The cyclooctene compound Ir(acac)(cy-
clooctene)(PCy3) also reacts with silanes HSiR3 to give
Ir(acac)H(SiR3)(PCy3) and with HSnPh3 to afford Ir-
(acac)H(SnPh3)(PCy3). Moreover, the five-coordinate
hydrido-silyl derivative Ir(acac)H(SiEt3)(PCy3) adds
one molecule of hydrogen to give the trihydride Ir(acac)-
H3(SiEt3)(PCy3) and is an active catalyst for the addition
of HSiEt3 to phenylacetylene.5
Recently, we have also observed that the reaction of

Rh(acac)(cyclooctene)2 with tricyclohexylphosphine, simi-
lar to that of the analogous iridium derivative, leads to
Rh(acac)(cyclooctene)(PCy3), which is a useful starting
material for the preparation of new organometallic
rhodium compounds, including π-alkynes, hydrido-
alkynyl species, and cationic five-coordinate alkenyl
derivatives.6 As a continuation of our work in this field,
we have now carried out the reactions of Rh(acac)-
(cyclooctene)(PCy3) with HGeEt3 and HSnPh3, which
afford Rh(acac)H(GeEt3)(PCy3) and Rh(acac)H(SnPh3)-
(PCy3), respectively. In this paper, we report the
synthesis of these compounds and their reactivity
toward alkynes.

Results and Discussion

1. Synthesis of Rh(acac)H(GeEt3)(PCy3) and Its
Reactions with Terminal Alkynes. The addition of
1 equiv of HGeEt3 to a toluene solution of the monoolefin
complex Rh(acac)(cyclooctene)(PCy3) (1) affords, after 2
h at room temperature, a yellow solution from which
the hydrido-germyl compound Rh(acac)H(GeEt3)(PCy3)
(2) can be isolated as a yellow solid in 43% yield, by
addition of acetone (eq 1).

The IR and 1H and 31P{1H} NMR spectra of 2 strongly
support the structure shown in eq 1, which is similar
to that found for the hydrido-silyl derivative Ir(acac)H-
(SiEt3)(PCy3) by X-ray diffraction analysis.5 The IR
spectrum in Nujol shows a ν(Rh-H) band at 2060 cm-1

and two strong ν(CO) absorptions at 1581 and 1522
cm-1, corresponding to the acetylacetonato ligand co-
ordinated in a η2-oxygen bonding mode.7 In the 1H

NMR spectrum in toluene-d8 the hydrido signal appears
as a double doublet with Rh-H and P-H coupling
constants of 28 and 22 Hz, respectively. The 31P{1H}
NMR spectrum shows a doublet at 59.2 ppm with a
Rh-P coupling constant of 162 Hz. The presence of only
one hydrido ligand in 2 was inferred from the 31P{1H}
NMR spectrum recorded under off-resonance conditions,
which contains a double doublet as a result of the Rh-P
and P-H couplings.
Although rhodium hydrido-germyl species have been

previously proposed as catalytic intermediates for the
hydrogermylation of alkynes and olefins in the presence
of rhodium compounds,3a,b,i as far as we know, com-
plexes of this type have not been previously isolated.
In agreement with their share in these reactions, we
have also observed that complex 2 reacts with methyl
propiolate and phenylacetylene to give the germane-
olefin complexes Rh(acac){η2-(E)-CH(GeEt3)dCHR}(PCy3)
(R ) -CO2Me (3), Ph(4)), which were isolated as orange
solids in 43% (3) and 45% (4) yield (eq 2).

Complexes 3 and 4 were characterized by elemental
analysis and IR and 1H, 13C{1H}, and 31P{1H} NMR
spectroscopy. Complex 3 was further characterized by
an X-ray crystallographic study. The structure has two
chemically equivalent but crystallographically indepen-
dent molecules of complex 3 in the asymmetric unit. A
drawing of one of them is shown in Figure 1. Selected
bond distances and angles for both molecules are listed
in Table 1.
The coordination geometry around the rhodium center

is almost square planar, with the olefin disposed
perpendicular to the coordination plane of the rhodium,
as should be expected according to the Dewar-Chatt
bonding scheme. The atoms O(1), O(2), P, and Rh are
all in one plane, while the midpoint of the carbon-
carbon double bond of the olefin (M) lies out of this
plane, by 0.0020(9) Å (molecule a) and 0.0089(10) Å

(4) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A.; Rodrı́guez,
L. Organometallics 1995, 14, 263.

(5) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A.; Rodrı́guez,
L. Organometallics 1996, 15, 823.

(6) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A.; Rodrı́guez,
L.; Steinert, P.; Werner, H. Organometallics, in press.

(7) Oro, L. A.; Carmona, D.; Esteruelas, M. A.; Foces-Foces, C.; Cano,
F. H. J. Organomet. Chem. 1986, 307, 83.

Figure 1. Molecular drawing for the complex Rh(acac)-
{(E)-CH(GeEt3)dCHCO2Me}(PCy3)‚0.25C6H6 (3).
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(molecule b), respectively. â-Diketonato bite angles
O(1)-Rh-O(2) of 88.1(3)° (a) and 88.2(3)° (b) are similar
to the values found in related chelated rhodium com-
plexes,8 whereas the P-Rh-M angles (102.3(3)° (a),
101.8(3)° (b)) strongly deviate from the ideal value of
90°, most probably as a result of the large steric
hindrance experienced by the phosphine and olefin
ligands, which are mutually cis disposed.
For the two molecules, the rhodium-olefin coordina-

tion exhibits statistically identical Rh-C distances (see
Table 1), which agree well with those found in other
rhodium-olefin complexes (mean values 2.102 Å).9
Similarly, the olefinic bond distances C(6)-C(7) (1.41-
(1) Å (a and b)) are in the range reported for this type
of complex (between 1.340 and 1.445 Å).9
It should be also mentioned that the Rh-O(2) bond

distances (O trans to olefin; 2.030(6) Å (a), 2.024(7) Å
(b)) are significantly shorter than the Rh-O(1) bond
lengths (O trans to PCy3; 2.067(5) Å (a), 2.068(7) Å (b)),
probably due to the different trans influences of the
olefin and phosphine ligands.
In agreement with the η2-oxygen bonding coordination

mode of the acetylacetonato ligand in 3, the IR spectrum
in Nujol shows two strong ν(CO) absorptions at 1581
and 1518 cm-1. In accord with the square-planar
geometry, the 1H NMR spectrum contains two singlets
at 1.79 and 1.65 ppm, corresponding to the methyl
protons of the â-diketonato ligand, while the olefinic
protons display two double doublets at 4.44 and 3.25
ppm, with a H-H coupling constant of 13 Hz and Rh-H
coupling constants of 1 and 5 Hz, respectively.
In the 13C{1H} NMR spectrum, the inequivalent

carbonyl groups of the acetylacetonato ligand give rise
to two singlets at 187.2 and 182.9 ppm, while the methyl
groups appear as a singlet at 28.0 ppm and a doublet
at 27.8 ppm with a P-C coupling constant of 3 Hz. The
vinylic carbon atoms of the olefin display doublets at
55.9 and 50.6 ppm, with a Rh-C coupling constant of

16 Hz for both resonances. The 31P{1H} NMR spectrum
shows a doublet at 43.4 ppm with a Rh-P coupling
constant of 173 Hz.
The spectroscopic data for complex 4 suggest that this

compound also has a square-planar geometry with the
â-diketonato ligand coordinating in a η2-oxygen bonding
mode. Thus, the IR spectrum in Nujol contains the
characteristic ν(CO) absorptions at 1574 and 1512 cm-1.
In the 1H NMR spectrum, the methyl protons of the
acetylacetonato ligand appear as two singlets at 1.85
and 1.63 ppm, while the vinyl protons of the olefin give
rise to a doublet at 5.71 ppm, with a H-H coupling con-
stant of 13 Hz, and a double doublet at 2.73 ppm, with
the same H-H coupling constant and a Rh-H coupling
constant of 5 Hz. The value of the H-H coupling
constant strongly supports the trans disposition of the
hydrogen atoms at the carbon-carbon double bond. In
the 13C{1H} NMR spectrum the carbonyl groups of the
â-diketonato ligand appear as two singlets at 186.4 and
183.2 ppm, while the carbon atoms of the methyl groups
of this ligand display a singlet at 27.2 ppm and a doublet
at 27.8 ppm with a P-C coupling constant of 6 Hz. The
carbon atoms of the coordinated carbon-carbon double
bond give rise to doublets at 77.9 and 41.7 ppm, with a
Rh-C coupling constant of 16 Hz for both resonances.
The 31P{1H} NMR spectrum shows a doublet at 43.2
ppm with a Rh-P coupling constant of 183 Hz.
2. Synthesis of Rh(acac)H(SnPh3)(PCy3) and Its

Reactions with Terminal and Internal Alkynes.
Similar to the reaction of 1 with HGeEt3 to give 2 and
cyclooctene, the treatment of a hexane solution of 1with
1 equiv of HSnPh3 leads, after 30 min at room temper-
ature, to the five-coordinate hydrido-stannyl complex
Rh(acac)H(SnPh3)(PCy3) (5), isolated as a yellow solid
in 55% yield (eq 3).

The IR and 1H, 31P{1H}, and 119Sn{1H} NMR spectra
of 5 strongly support the structure shown in eq 3. The
IR spectrum in Nujol contains two strong ν(CO) absorp-

(8) (a) Leipold, J. G.; Lamprecht, G. J.; Van Zyl, G. J. Inorg. Chim.
Acta 1985, 96, L31. (b) Van Zyl, G. J.; Lamprecht, G. J.; Leipoldt, J.
G. Inorg. Chim. Acta 1985, 102, L1. (c) Duan, Z.; Hampden-Smith, M.
J.; Duesler, E. N.; Rheingold, A. L. Polyhedron 1994, 13, 609.

(9) Allen, F. H.; Davies, J. E.; Galloy, J. J.; Johnson, O.; Kennard,
O.; Macrae, C. F.; Mitchell, E. M.; Mitchell, G. F.; Smith, J. M.; Watson,
D. G. J. Chem. Inf. Comput. Sci. 1991, 31, 187.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for the Complex
Rh(acac){η2-(E)-CH(GeEt3)dCHCO2Me}(PCy3)‚0.25C6H6 (3)

aa ba a b

Rh(1)-P(1) 2.247(2) 2.251(3) C(2)-C(4) 1.363(13) 1.355(18)
Rh(1)-O(1) 2.067(5) 2.068(7) C(2)-C(5) 1.517(14) 1.488(18)
Rh(1)-O(2) 2.030(6) 2.024(7) Ge(1)-C(6) 1.921(11) 1.943(9)
Rh(1)-C(6) 2.117(8) 2.105(9) C(6)-C(7) 1.406(14) 1.406(14)
Rh(1)-C(7) 2.108(8) 2.120(11) C(7)-C(8) 1.472(14) 1.457(13)
O(1)-C(1) 1.262(11) 1.259(13) O(3)-C(8) 1.341(12) 1.346(13)
C(1)-C(3) 1.492(13) 1.505(18) O(3)-C(9) 1.431(14) 1.431(14)
C(1)-C(4) 1.361(15) 1.364(18) O(4)-C(8) 1.184(10) 1.178(12)
O(2)-C(2) 1.270(11) 1.272(11)

P(1)-Rh(1)-O(1) 172.5(2) 173.0(2) Rh(1)-C(6)-Ge(1) 114.5(4) 112.8(5)
P(1)-Rh(1)-O(2) 84.6(2) 84.9(2) Rh(1)-C(6)-C(7) 70.2(5) 71.1(6)
P(1)-Rh(1)-M(1)b 102.3(3) 101.8(3) Rh(1)-C(7)-C(6) 70.9(5) 70.0(6)
O(1)-Rh(1)-O(2) 88.1(3) 88.2(3) Rh(1)-C(7)-C(8) 117.5(6) 119.6(7)
O(1)-Rh(1)-M(1)b 85.1(3) 85.2(4) Ge(1)-C(6)-C(7) 124.2(7) 125.8(7)
O(2)-Rh(1)-M(1)b 173.1(3) 172.2(2) C(6)-C(7)-C(8) 121.0(8) 119.4(9)
C(6)-Rh(1)-C(7) 38.9(3) 38.9(4) O(3)-C(8)-C(7) 109.2(8) 108.8(8)

O(4)-C(8)-C(7) 127.8(9) 129(1)
C(8)-O(3)-C(9) 116.5(7) 115.3(8)
O(3)-C(8)-O(4) 123.0(9) 121.7(9)

a Related bond lengths and angles for the two molecules in the asymmetric unit (a and b). b M(1) is the midpoint of the olefinic
C(6)-C(7) double bond.
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tions at 1563 and 1520 cm-1, proving the η2-oxygen
coordination bonding mode of the acetylacetonato ligand.
The 1H NMR spectrum shows in the high-field region a
double doublet at -18.20 ppm with Rh-H and P-H
coupling constants of 25 and 18 Hz, respectively. The
satellites due to the Sn isotopes are also observed near
this resonance. The value of the Sn-H coupling con-
stant, 18 Hz, is in agreement with a cis arrangement of
the triphenylstannyl group and the hydrido ligand. The
31P{1H} NMR spectrum shows a doublet at 57.6 ppm,
with a Rh-P coupling constant of 150 Hz. Similar to
the 1H NMR spectrum, satellites due to Sn isotopes are
also observed along with the doublet. The value of the
P-Sn coupling constant, 120 Hz, also agrees well with
the mutually cis disposition of the SnPh3 and PCy3
groups. The presence of only one hydrido ligand in 5
was inferred from the 31P{1H} NMR spectrum under off-
resonance conditions, which shows a double doublet as
a result of the Rh-P and P-H couplings. The 119Sn-
{1H} NMR spectrum shows a double doublet with Rh-
119Sn and P-119Sn coupling constants of 435 and 120
Hz, respectively.
Terminal alkynes such methyl propiolate, phenyl-

acetylene, and (trimethylsilyl)acetylene undergo an
insertion reaction into the Rh-H bond of 5 to afford
the five-coordinate alkenyl derivatives Rh(acac){(E)-
CHdCHR}(SnPh3)(PCy3) (R ) CO2Me (6), Ph (7), SiMe
(8); eq 4).

Complexes 6 and 7 were isolated as orange (6) and
red (7) solids in 71% (6) and 66% (9) yields, respectively,
while complex 8 was isolated as a yellow oil in 73%
yield. The presence in these compounds of an alkenyl
group with a E stereochemistry is strongly supported
by the resonances of the vinylic protons of the unsatur-
ated η1-carbon ligands in the 1H NMR spectra. The
value of the coupling constants between these protons
is between 16 and 18 Hz, which is characteristic for this
arrangement.10 The 31P{1H} and 119Sn{1H} spectra of
6-8 are fully consistent with the structure proposed
in eq 4. The 31P{1H} NMR spectra show a doublet at
about 41 ppm, with a Rh-P coupling constant between
153 and 162 Hz, along with the satellites due to the
Sn isotopes. The value of the Sn-P coupling constants
is between 104 and 121 Hz. The 119Sn{1H} NMR spec-
tra contain a double doublet between -108 and -130
ppm, with Rh-Sn coupling constants between 489 and
599 Hz.
The reactions of 2 with methyl propiolate and phen-

ylacetylene to afford the germane-olefin complexes 3
and 4 most probably involve germanyl-alkenyl inter-
mediates related to 6-8, which evolve by reductive
elimination into the corresponding germane olefins.
Attempts to detect these intermediates have been
unsuccessful, even at low temperatures. However, the
reactions shown in eq 4 are strong evidence in favor of
this proposal. The higher stability of the stannyl-
alkenyl complexes 6-8 compared with the related

germanyl-alkenyl derivatives is in agreement with the
decrease in bond strength along the series C-Si >
C-Ge > C-Sn.11
Thermochemical data for the series of transition-

metal silyl, germyl, and stannyl complexes are quite
limited. On the basis of appearance potential measure-
ments for Fe(η5-C5H5)(EMe3)(CO)2 (E ) Si, Sn),12
M(EMe3)(CO)3 (M ) Cr, Mo, W; E ) Ge, Sn),13 and Re-
(EMe3)(CO)5 (E ) Si, Ge, Sn),14 bond strengths appear
to follow the order M-Sn > M-Ge > M-Si. Thus, it is
reasonable to assume that a similar sequence is opera-
tive in our case. Therefore, the reactivity patterns
observed for 2 and 5 can be rationalized not only in
terms of differences in C-ER3 bond strengths but also
as a result of the higher stability of the Rh-Sn bond
compared with the Rh-Ge bond.
Complex 5 also reacts with internal alkynes. The

reactions with diethyl acetylenedicarboxylate and diphen-
ylacetylene afford the stannyl derivatives Rh(acac)-
(CRdCHR)(SnPh3)(PCy3) (R ) CO2Et (9), Ph (10)),
which were isolated as orange solids in 75% (9) and 50%
(10) yield (eq 5).

Characteristic spectroscopic features of the alkenyl
ligands of these compounds are a singlet in the 1H NMR
spectra at 6.14 (9) and 6.94 (10) ppm for the dCHR
proton and two resonances in the 13C{1H} NMR spectra
at 174.1 (s, Câ) and 151.6 [dd, J(Rh-C) ) 26 Hz, J(P-
C) ) 11 Hz, CR] (9) and at 151.6 [dd, J(Rh-C) ) 30 Hz,
J(P-C) ) 13 Hz, CR] and 142.1 (s, Câ) (10) ppm, for the
vinylic carbon atoms. As for 5-8, the 31P{1H} and
119Sn{1H} NMR spectra are in agreement with the
mutually cis disposition of the phosphine and stannyl
ligands. The 31P{1H} NMR spectra show doublets at
38.3 (9) and 39.0 (10) ppm, with Rh-P coupling con-
stants of 148 and 156 Hz, respectively, along with the
satellites due to the Sn isotopes. The 119Sn{1H} NMR
spectra contain double doublets at -121.2 (9) and
-157.7 (10) ppm, with Rh-Sn and P-Sn coupling
constants of 526 (9) and 625 (10) Hz and 111 (9) and
138 (10) Hz, respectively.
3. Reactions of Rh(acac)H(SnPh3)(PCy3) with

Alkynols and 2-Methyl-1-buten-3-yne. The insertion
reactions of alkynes into the metal-hydrido bonds are
of considerable interest in connection with homogeneous
catalysis,15 and the alkynols have been found to be
useful starting materials for the development of new
catalytic processes.16 However, the reactivity of the
transition-metal hydrido complexes toward alkynols has

(10) Werner, H.; Esteruelas, M. A.; Otto, H. Organometallics 1986,
5, 2295.

(11) Elschenbroich, Ch.; Salzer, A. Organometallics; VCH: Wein-
heim, Germany, 1989; p 94.

(12) Spalding, T. R. J. Organomet. Chem. 1978, 149, 371.
(13) Cardin, D. J.; Keppie, S. A.; Lappert, M. F.; Litzow, M. R.;

Spalding, T. R. J. Chem. Soc. A 1971, 2262.
(14) Burnham, R. A.; Stobart, S. R. J. Chem. Soc., Dalton Trans.

1977, 1489.
(15) (a) James, B. R. Homogeneous Hydrogenation; Wiley: New

York, 1973. (b) Parshall, G. W. Homogeneous Catalysis; Wiley: New
York, 1980. (c) Master, C. Homogeneous Transition-Metal Catalysis-A
Gentle Art; Chapman and Hall: New York, 1981. (d) Chaloner, P. A.;
Esteruelas, M. A.; Joó, F.; Oro, L. A. Homogeneous Hydrogenation;
Kluwer: Dordrecht, The Netherlands, 1994.

(16) Trost, B. M.; Livingston, R. C. J. Am. Chem. Soc. 1995, 117,
9586.
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been scarcely studied. Previously, we have reported
that the five-coordinate monohydrido complex OsHCl-
(CO)(PiPr3)2 reacts with HCtCC(OH)R1R2 to give
the hydroxyalkenyl derivatives Os{(E)-CHdCHC(OH)-
R1R2}Cl(CO)(PiPr3)2. In solution these compounds are
unstable and decompose into the vinylcarbenes OsCl2-
(dCHCHdCR1R2)(CO)(PiPr3)2. When R1 is hydrogen,

small amounts of the complexes OsCl{CHdCHC(O)-
R2}(CO)(PiPr3)2 are also formed.17 The related ruthe-
nium complex RuHCl(CO)(PiPr3)2 also reacts with
alkynols to give E hydroxy-alkenyl compounds. In
solution, the hydroxyalkenyl complexes derived from
2-propyn-1-ol, 1-phenyl-2-propyn-1-ol, and 1,1-diphenyl-
2-propyn-1-ol are stable and do not undergo a subse-
quent transformation. On the other hand, the hydroxy-

alkenyl ligand of the complex Ru{(E)-CHdCHC(OH)-

(CH2)4CH2}Cl(CO)(PiPr3)2 dehydrates in toluene at 60
°C to afford the R,â-unsaturated alkenyl compound Ru-

{(E)-CHdCHCdCH(CH2)3CH2}Cl(CO)(PiPr3)2.18
As for the five-coordinate monohydrido RuHCl(CO)-

(PiPr3)2, the hydrido-stannyl complex 5 reacts with
1-ethynyl-1-cyclohexanol by insertion of the carbon-
carbon triple bond of the alkynol into the Rh-H bond,
to afford the hydroxyalkenyl complex Rh(acac){(E)-

CHdCHC(OH)(CH2)4CH2}(SnPh3)(PCy3) (11; eq 6). How-

ever, the hydroxyalkenyl ligand of this complex is stable,
and dehydration to give the corresponding R,â-unsatur-
ated alkenyl derivative is not observed in toluene at
60 °C.
Complex 11 was isolated as a red solid in 76% yield

and characterized by elemental analysis, IR and 13C{1H},
31P{1H}, and 119Sn{1H} NMR spectroscopy, and an X-ray
crystallographic study. The molecular structure is
shown in Figure 2. Selected bond distances and angles
are listed in Table 2.
The most remarkable features of the structure are the

square-pyramidal coordination of the metal with the
stannyl group located at the apex and the trans disposi-
tion of the two substituents C6H10OH and Rh(acac)-
(SnPh3)(PCy3) at the CdC double bond. The four atoms
O(1), O(2), P(1), and C(1), forming the base of the
pyramid, are approximately in one plane, while the
rhodium atom is located approximately 0.22 Å above
this plane toward the apical position. Although we can
without a doubt say that the alkenyl group has an E
stereochemistry, it must be mentioned that this group
was found to be disordered. Thus, the alkenyl ligand
was modeled using two different moieties, refined with
complementary occupancy factors (see Experimental
Section). The presence in 11 of an alkenyl ligand with
an E stereochemistry is also supported by the 1H NMR
spectrum, which shows a H-H coupling constant be-
tween the vinyl protons of 16 Hz.

The â-diketonato ligand coordinates in a η2-oxygen
bonding mode. The bite angle O(1)-Rh-O(2) (88.1(1)°)
is statistically identical with the O-Rh-O angles of 3
(88.1(3) and 88.2(3)°). The separation between the
metallic center and the oxygen atom located trans to
the phosphine ligand (Rh-O(2) ) 2.063(3) Å) is also
statistically identical with the Rh-O distances found
in 3 for the Rh-O bond disposed trans to the phosphine
(2.067(5) and 2.068(7) Å) and is approximately 0.05 Å
shorter than the value of the other Rh-O bond length
in 11 (Rh-O(1) ) 2.113(3) Å). This possibly is due to
the different trans influences of the phosphine and
alkenyl ligands. In agreement with the η2-oxygen
coordination bonding mode of the acetylacetonato ligand
in 11, the IR spectrum in Nujol shows two strong
ν(CO) bands at 1585 and 1520 cm-1.
The P-Rh-Sn angle (109.10(4)°) strongly deviates

from the ideal value of 90°. The relatively large value
of this angle can be explained by the fact that the

(17) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A.; Zeier, B.
Organometallics 1994, 13, 1662.

(18) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A:; Zeier, B.
Organometallics 1994, 13, 4258.

Figure 2. Molecular drawing for the complex Rh(acac)-

{CHdCHC(OH)(CH2)4CH2}(PCy3)(SnPh3) (11).

Table 2. Selected Bond Lengths (Å) and Angles
(deg) for the Complex

Rh(acac){(E)-CHdCHC(OH)(CH2)4CH2}(SnPh3)(PCy3)
(11)

Rh-Sn 2.5460(6) O(2)-C(10) 1.282(6)
Rh-P 2.264(1) C(10)-C(12) 1.385(9)
Rh-O(1) 2.113(3) C(10)-C(13) 1.511(8)
Rh-O(2) 2.063(3) C(1a)-C(2a) 1.359(10)
Rh-C(1a) 1.985(9) C(2a)-C(3a) 1.532(12)
Rh-C(1b) 2.112(20) O(3a)-C(3a) 1.408(8)
O(1)-C(9) 1.268(6) C(1b)-C(2b) 1.381(16)
C(9)-C(11) 1.513(10) C(2b)-C(3b) 1.550(16)
C(9)-C(12) 1.378(8) O(3b)-C(3b) 1.403(11)

P-Rh-Sn 109.10(4) Rh-O(1)-C(9) 125.6(3)
P-Rh-O(1) 88.2(1) Rh-O(2)-C(10) 126.5(3)
P-Rh-O(2) 167.5(1) Rh-C(1a)-C(2a) 118.6(5)
P-Rh-C(1a) 93.8(2) Rh-C(1b)-C(2b) 118.8(9)
P-Rh-C(1b) 87.1(4) C(1a)-C(2a)-C(3a) 122.8(6)
Sn-Rh-O(1) 104.69(9) C(1b)-C(2b)-C(3b) 119(1)
Sn-Rh-O(2) 83.4(1) C(2a)-C(3a)-O(3a) 112.5(6)
Sn-Rh-C(1a) 81.1(3) C(2b)-C(3b)-O(3b) 109.2(9)
Sn-Rh-C(1b) 81.2(6) C(2a)-C(3a)-C(4a) 108.5(7)
O(1)-Rh-C(1a) 172.9(3) C(2b)-C(3b)-C(4b) 110.7(9)
O(1)-Rh-C(1b) 173.5(5) C(2a)-C(3a)-C(8a) 108.3(6)
O(2)-Rh-C(1a) 88.5(3) C(2b)-C(3b)-C(8b) 108.4(8)
O(2)-Rh-C(1b) 95.6(4)
O(1)-Rh-O(2) 88.1(1)
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ligands, cis disposed, experience a large steric hin-
drance, as a result of the large cone angle of the
tricyclohexylphosphine and triphenylstannyl groups.
Despite this, the Rh-P bond length (2.264(1) Å) is not
very different from the Rh-P distances in 3 (2.247(2)
and 2.251(3) Å), and the Rh-Sn distance (2.5460(6) Å)
is short. Although no other (trialkylstannyl)- and
(triarylstannyl)rhodium derivatives have been structur-
ally characterized, one can find examples of complexes
of the types Rh-SnCl3 and Rh-Sn(NR2)2Cl. The Rh-
SnX3 (X ) Cl, NR2) bond lengths reported are between
2.55 and 2.64 Å.19 Thus, the Rh-Sn bond length of 11
is the shortest known Rh-Sn single-bond distance. For
low-valent derivatives of the type M-ER3 (E ) Si, Ge,
Sn), the M-E bond strengths and bond lengths appear
to be significantly influenced by π-interactions between
the transition metal and the group 14 atoms. The
π-interaction increases in the sequence Si < Ge <
Sn.2c,3l,20
The 31P{1H} and 119Sn{1H} NMR spectra of 11 are

fully consistent with the mutually cis disposition of the
tricyclohexylphosphine and triphenylstannyl ligands.
The 31P{1H} NMR spectrum shows a doublet at 41.3
ppm, with a Rh-P coupling constant of 154 Hz, along
with the satellites due to the Sn isotopes. The value of
the Sn-P coupling constant is 122 Hz. The 119Sn{1H}
NMR spectrum contains a double doublet at -141.3
ppm, with a Rh-Sn coupling constant of 566 Hz.
Although the hydroxyalkenyl ligand of 11 does not

dehydrate to give the corresponding R,â-unsaturated
alkenyl compound, complexes of this type can be pre-
pared by reaction with enynes. Thus, the treatment of
a pentane suspension of 5 with 1 equiv of 2-methyl-1-
buten-3-yne leads to the R,â-unsaturated alkenyl de-
rivative Rh(acac){(E)-CHdCHC(CH3)dCH2}(SnPh3)-
(PCy3) (12; eq 7), which is a result of the selective

addition of the RhsH bond of 5 to the carbon-carbon
triple bond of the enyne. A similar behavior has been
previously found for the five-coordinate monohydrido
complexes MHCl(CO)(PiPr3)2 (M ) Os, Ru).21
The R,â-unsaturated alkenyl complex 12 was isolated

as a red solid in 81% yield. In agreement with the η2-
oxygen coordination bonding mode of the acetylaceto-
nato ligand, the IR spectrum of this compound in Nujol
contains two strong ν(CO) absorptions at 1580 and 1520
cm-1, along with two ν(CdC) bands at 1560 and 1595
cm-1, assigned to the R,â-unsaturated alkenyl ligand.
In the 1H NMR spectrum, this ligand exhibits reso-
nances at 7.95 [d, J(H-H) ) 17 Hz, dCHC], 7.32 [dd,
J(H-H) ) 17 Hz, J(Rh-H) ) 9 Hz, RhCHd], 5.34 and

5.10 (s, dCH2), and 2.24 (s, CH3) ppm. The trans
stereochemistry of the carbon-carbon double bond of
the group RhCHdCHR is strongly supported by the
H-H coupling constant of 17 Hz, which, as has been
previously mentioned, is a typical value for this ar-
rangement. In the 13C NMR spectrum the RhCHd
carbon atom appears at 136.7 ppm, as a double doublet
with Rh-C and P-C coupling constants of 29 and 12
Hz, respectively, while the dCHC carbon atom displays
a broad singlet at 138.0 ppm and the olefinic C(CH3)d
and dCH2 carbon atoms give rise to singlets at 145.3
and 143.8 ppm. The cis disposition of the phosphine
and stannyl groups is supported by the 31P{1H} and
119Sn{1H} NMR spectra. The 31P{1H} NMR spectrum
shows a doublet at 41.3 ppm, with a Rh-P coupling
constant of 155 Hz, along with the satellites due to Sn
isotopes, and the 119Sn{1H} NMR spectrum contains a
double doublet at -135.4 ppm, with Rh-Sn and P-Sn
coupling constants of 537 and 116 Hz, respectively.
Complex 5 also reacts with 1,1-diphenyl-2-propyn-1-

ol. However, in contrast to the reaction with 1-ethynyl-
1-cyclohexanol, we do not obtain a hydroxyalkenyl deriv-
ative but the allenyl complex Rh(acac)(CHdCdCPh2)-
(SnPh3)(PCy3) (13), which is most probably a result of
the spontaneous dehydration of a Rh{(E)-CHCHC(OH)-
Ph2} intermediate (eq 8).

Complex 13 was isolated as an orange solid in 70%
yield. The presence of an allenyl ligand in this com-
pound is supported by the CdCdC stretching frequency
in the IR spectrum at 1990 cm-1, and three resonances
in the APT 13C{1H} NMR spectrum at 148.9 [d, J(Rh-
C) ) 2 Hz], 128.2 (overlapped with C6D6), and 80.7 (s)
ppm for the Câ, CR, and Cγ allenyl carbon atoms,
respectively. The cis disposition of the tricyclohexyl-
phosphine and triphenylstannyl ligands is proposed
on the basis of the 31P{1H} and 119Sn{1H} spectra. The
31P{1H} NMR spectrum shows a doublet at 41.2 ppm,
along with the satellites due to the Sn isotopes, whereas
the 119Sn{1H} NMR spectrum contains a double doublet
at -129.6 ppm. The values of the Rh-P, P-Sn, and
Rh-Sn coupling constants are 153, 119, and 545 Hz,
respectively.
There is a variety of η1-allenyl transition-metal com-

pounds known, but most have been prepared by oxida-
tive addition of propargyl or allenyl halides to electron-
rich metal centers.22 Werner has observed that the
osmium alkynyl-hydrido complexes OsHCl{CtCC(OH)-
Ph2}(NO)(PR3)2 react with acidic alumina to afford the
allenylosmium(II) derivatives OsCl2(CHdCdCPh2)(NO)-
(PR3)2 (PR3 ) PiPr3, PPhiPr2).23 Fisher has also re-
ported that the allenylidene complex Cr(CO)5{CdCdC-
(C6H4NMe2-p)2} adds phosphine at the CR carbon atom

(19) (a) Hawkins, S. M.; Hitchcock, P. B.; Lappert, M. F. J. Chem.
Soc., Chem. Commun. 1985, 1592. (b) Balch, A. L.; Hope, H.; Wood, F.
E. J. Am. Chem. Soc. 1985, 107, 6936. (c) Bott, S. G.; Machell, J. C.;
Mingos, M. P.; Watson, M. J. J. Chem. Soc., Dalton Trans. 1991, 859.
(d) Garralda, M. A.; Pinilla, E.; Monge, M. A. J. Organomet. Chem.
1992, 427, 193.

(20) (a) Ho, Y.; Zuckerman, J. J. J. Organomet. Chem. 1973, 49, 1.
(b) Churchill, M. R.; Lin, K.-K. G. J. Am. Chem. Soc. 1974, 96, 76. (c)
Woo, H.-G.; Freeman, W. P.; Tilley, T. D. Organometallics 1992, 111,
2198. (d) Esteruelas, M. A.; Lahoz, F. J.; Oliván, M.; Oñate, E.; Oro,
L. A. Organometallics 1995, 14, 3486.

(21) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A.; Valero,
C.; Zeier, B. J. Am. Chem. Soc. 1995, 117, 7935.

(22) (a) Jacobs, T. L. The Chemistry of the Allenes; Landor, S. R.,
Ed.; Academic Press: London, 1982; Vol. 2, p 334. (b) Schuster, H. F.;
Coppola, G. M. Allenes in Organic Chemistry; Wiley-Interscience: New
York, 1984. (c) Wojcicki, A.; Shuchart, C. E. Coord. Chem. Rev. 1990,
105, 35. (d) Keng, R. S.; Lin, Y.-C. Organometallics 1990, 9, 289. (e)
Shuchart, C. E.; Willis, R. R.; Wojcicki, A. J. Organomet. Chem. 1992,
424, 185. (f) Wouters, J. M. A.; Klein, R. A.; Elsevier, C. J.; Häming,
L.; Stam, C. H. Organometallics 1994, 13, 4586.

(23) Werner, H.; Flügel, R.; Windmüller, B.; Michenfelder, A.; Wolf,
J. Organometallics 1995, 14, 612.
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to give Cr(CO)5{η1-C(PR3)dCdC(C6H4NMe2-p)2} (PR3 )
PMe3, PHPh2, PH2Me). At room temperature the
complex Cr(CO)5{η1-C(PHPh2)dCdC(C6H4NMe2-p)2} re-
arranges to Cr(CO)5{(PPh2)[CHdCdC(C6H4NMe2-P)2}.24
Recently, we have observed that the deprotonation of
R,â-unsaturated alkoxycarbene and 2-azaallenyl com-
plexes also yields allenyl derivatives.25 In this context,
it should be noted that the reaction shown in eq 8 is a
new pathway to prepare allenyl complexes.

Concluding Remarks

This study has revealed that the monoolefin complex
Rh(acac)(cyclooctene)(PCy3) reacts with HGeEt3 to give
Rh(acac)H(GeEt3)(PCy3) and with HSnPh3 to afford Rh-
(acac)H(SnPh3)(PCy3). In front of terminal alkynes, the
reactivity patterns of these monohydrido compounds can
be rationalized in terms of the differences in C-ER3 (E
) Ge, Sn) bond strengths (C-Ge > C-Sn) and as a
result of the higher stability of the Rh-Sn bond
compared with Rh-Ge bonds. Thus, while the hy-
drido-germyl complex reacts with methyl propiolate
and phenylacetylene to give square-planar rhodium(I)
complexes containing the corresponding germane-olefin
ligands, the related reactions with the hydrido-stannyl
compound lead to rhodium(III) alkenyl-stannyl deriva-
tives, which are stable and do not evolve by reductive
elimination of the stannaolefins.
The five-coordinate hydrido-stannyl complex Rh-

(acac)H(SnPh3)(PCy3) is also a useful starting material
to prepare hydroxyalkenyl, R,â-unsaturated alkenyl,
and allenyl derivatives. The reaction of this complex
with 1-ethynyl-1-cyclohexanol leads to the hydroxyal-

kenyl compound Rh(acac){(E)-CHdCHC(OH)(CH2)4CH2}-
(SnPh3)(PCy3), which has a square-pyramidal arrange-
ment of ligands around the rhodium atom with the
stannyl group in the apical position. The hydroxyal-
kenyl ligand is stable, and dehydration to give the
corresponding R,â-unsaturated alkenyl group is not
observed. However, R,â-unsaturated alkenyl complexes
can be prepared by starting from enynes. Thus, we have
observed that the Rh-H bond of Rh(acac)H(SnPh3)-
(PCy3) is selectively added to the carbon-carbon triple
bond of 2-methyl-1-buten-3-yne to afford Rh(acac){(E)-
CHdCHC(CH3)dCH2}(SnPh3)(PCy3). From 1,1-diphen-
yl-2-propyn-1-ol and Rh(acac)H(SnPh3)(PCy3), in con-
trast to the reaction with 1-ethynyl-1-cyclohexanol, the
allenyl derivative Rh(acac){CHdCdCPh2}(SnPh3)(PCy3)
is obtained. This reaction, which is a new pathway to
prepare allenyl complexes, probably proceeds by spon-
taneous dehydration of a Rh{(E)-CHdCHC(OH)Ph2}
intermediate.

Experimental Section

General Considerations. All reactions were carried out
under an argon atmosphere using Schlenk tube techniques.
Solvents were dried and purified by known procedures and
distilled under argon prior to use. The starting complex Rh-
(acac)(C8H14)(PCy3) (1) was prepared by a published method;4
HSn(Ph)3 (Aldrich Chemical Co.) and HGe(Et)3 (ABCR) were
used without further purification. Elemental analyses were
performed with a Perkin-Elmer 240 XL microanalyzer. NMR

spectra were recorded on Varian 200 XL or Varian Unity 300
instruments. Chemical shifts are expressed in parts per
million, upfield from Si(CH3)4 (13C{1H}, 1H) and 85% H3PO4

(31P{1H}). Infrared spectra were obtained from a Perkin-Elmer
783 instrument.
Preparation of Rh(acac)H(GeEt3)(PCy3) (2). A solution

of 1 (136 mg, 0.23 mmol) in 10 mL of toluene was treated with
HGeEt3 (77 mg, 0.22 mmol). After the mixture was stirred
for 2 h at room temperature, the solution was filtered through
Kieselguhr. The filtrate was concentrated to ca. 0.1 mL;
addition of acetone caused the precipitation of a yellow solid.
The solvent was decanted, and the solid was twice washed with
acetone and dried in vacuo; yield 71 mg (43%). Anal. Calcd
for C29H56GeO2PRh: C, 54.15; H, 8.78. Found: C, 53.89; H,
9.10. IR (Nujol, cm-1): ν(Rh-H) 2060; ν(acac) 1581, 1522. 1H
NMR (300 MHz, C6D6): 5.29 (s, 1 H, CH of acac); 2.10-1.00
(m, 48 H, C6H11 and GeEt3); 1.79 (s, 6 H, CH3 of acac); -19.32
(dd, 1 H, JRh-H ) 28 Hz, JP-H ) 22 Hz, Rh-H). 31P{1H} NMR
(121.45 MHz, C6D6): δ 59.2 (d, JRh-P ) 162 Hz).
Preparation of Rh(acac){η2-(E)-CH(GeEt3)dCHCO2Me}-

(PCy3) (3). A solution of 2 (150 mg, 0.23 mmol) in 10 mL of
pentane was treated with CH3O2CtCH (14 µL, 0.23 mmol). A
spontaneous color change from yellow to orange-red occurred.
After the mixture was stirred for 24 h at room temperature,
the solvent was removed, the oily residue was dissolved in 2-3
mL of pentane, and the solution was stored at -78 °C. Orange
crystals precipitated which were separated from the mother
liquor, washed with pentane, and dried in vacuo; yield 72 mg
(43%). Anal. Calcd for C33H60GeO4PRh: C, 54.50; H, 8.32.
Found: C, 54.75; H, 8.54. IR (Nujol, cm-1): ν(CdO) 1709;
ν(acac) 1581, 1518. 1H NMR (300 MHz, C6D6): 5.27 (s, 1 H,
CH of acac); 4.44 (dd, 1 H, JH-H ) 13 Hz, JP-H ) 1 Hz, dCH);
3.48 (s, 3 H, OCH3); 3.25 (dd, 1 H, JH-H ) 13 Hz, JP-H ) 5 Hz,
dCH); 2.10-1.00 (m, 48 H, C6H11 and GeEt3); 1.79 and 1.65
(both s, 6 H, CH3 of acac). 13C{1H} NMR (75.45 MHz, C6D6):
δ 187.2 and 182.9 (both s, CO of acac); 176.8 (s, COOCH3);
99.3 (s, CH of acac); 55.9 (d, JRh-C ) 16 Hz, CdC); 50.8 (s,
OCH3); 50.6 (d, JRh-C ) 16 Hz, CdC); 34.5 (d, JP-C ) 22 Hz,
P(Cy)3); 30.8, 29.8 (s, P(Cy)3); 28.1 (d, JP-C ) 10 Hz, P(Cy)3);
28.0 (s, CH3 of acac); 27.8 (d, JP-C ) 3 Hz, CH3 of acac); 26.5
(s, P(Cy)3); 9.7 and 6.3 (both s, GeCH2CH3). 31P{1H} NMR
(121.45 MHz, C6D6): δ 43.4 (d, JRh-P ) 173 Hz).
Preparation of Rh(acac){η2-(E)-CH(GeEt3)dCHPh}-

(PCy3) (4). The complex was prepared using the proce-
dure described for 3 by starting with 2 (100 mg, 0.12
mmol) and PhCtCH (13 µL, 0.12 mmol). Compound 4 was
isolated as an orange solid; yield 40 mg (45%). Anal. Calcd
for C37H62GeO2PRh: C, 59.62; H, 8.38. Found: C, 59.75; H,
8.41. IR (Nujol, cm-1): ν(acac) 1574, 1512. 1H NMR (300
MHz, C6D6): 8.20-7.00 (m, 5 H, Ph); 5.71 (d, 1 H, JH-H ) 13
Hz, dCH); 5.21 (s, 1 H, CH of acac); 2.73 (dd, 1 H, JH-H ) 13
Hz, JRh-H ) 5 Hz, dCH); 2.10-1.00 (m, 48 H, C6H11 and
GeEt3); 1.85 and 1.63 (both s, 6 H, CH3 of acac). 13C{1H} NMR
(75.45 MHz, C6D6): δ 186.4 and 183.2 (both s, CO of acac);
147.5, 126.6, and 125.4 (all Ph); 99.4 (s, CH of acac); 77.9 (d,
JRh-C ) 16 Hz, CdC); 41.7 (d, JRh-C ) 16 Hz, CdC); 32.5 (d,
JP-C ) 21 Hz, P(Cy)3); 30.0 (s, P(Cy)3); 28.4 (d, JP-C ) 10 Hz,
P(Cy)3); 27.8 (d, JP-C ) 6 Hz, CH3 of acac); 27.2 (s, CH3 of acac);
26.5 (s, P(Cy)3); 9.9 and 6.9 (both s, GeCH2CH3). 31P{1H} NMR
(121.45 MHz, C6D6): δ 43.2 (d, JRh-P ) 183 Hz).
Preparation of Rh(acac)H(SnPh3)(PCy3) (5). A solution

of 1 (130 mg, 0.22 mmol) in 10 mL of hexane was treated with
HSnPh3 (77 mg, 0.22 mmol). The resulting reaction mixture
was stirred for 30 min at room temperature. A bright yellow
precipitate was formed. The solvent was decanted, and the
solid was washed with hexane and then dried in vacuo; yield
100 mg (55%). Anal. Calcd for C41H56O2PRhSn: C, 59.08; H,
6.77. Found: C, 59.40; H, 7.02. IR (Nujol, cm-1): ν(Rh-H)
1990; ν(acac) 1563, 1520. 1H NMR (300 MHz, C6D6): δ 7.92-
7.15 (m, 15 H, Ph); 5.22 (s, 1 H, CH of acac); 2.20-1.00 (m, 33
H, C6H11); 2.08 (s, 6 H, CH3 of acac); -18.20 (dd, 1 H, JRh-H )
25 Hz, JP-H ) 18 Hz, with tin satellites JSn-H ) 19 Hz, Rh-
H). 31P{1H} NMR (121.45 MHz, C6D6): δ 57.6 (dd, JRh-P )

(24) Fisher, H.; Reindl, D.; Troll, C.; Leroux, F. J. Organomet. Chem.
1995, 490, 221.

(25) Esteruelas, M. A.; Gómez, A. V.; Lahoz, F. J.; López, A. M.;
Oñate, E.; Oro, L. A. Organometallics, in press.
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150 Hz, JSn-P ) 120 Hz). 119Sn{1H} NMR (111.9 MHz, C6D6):
δ -79.7 (dd, JRh-Sn ) 435 Hz, JP-Sn ) 120 Hz).
Preparation of Rh(acac){(E)-CHdCHCO2CH3}(SnPh3)-

(PCy3) (6). A suspension of 5 (100 mg, 0.12 mmol) in 10 mL
of pentane was treated with HCtCCO2CH3 (7 µL, 0.12 mmol).
A spontaneous color change from yellow to orange occurred,
and the mixture was stirred for 30 min at room temperature.
After an orange precipitate was formed, the solvent was
decanted, and the solid was washed with pentane and dried
in vacuo; yield 78 mg (71%). Anal. Calcd for C45H60O4-
PRhSn: C, 58.92; H, 6.59. Found: C, 58.48; H, 6.85. IR
(Nujol, cm-1): ν(CO) 1701, 1525; ν(acac) 1580, 1515. 1H NMR
(300 MHz, C6D6, 20 °C): δ 9.57 (dd, 1 H, JH-H ) 16 Hz, JRh-H

) 2 Hz, RhCHd); 7.80-7.15 (m, 15 H, Ph); 7.66 (d, 1 H, JH-H

) 16 Hz, dCHCO2CH3), 5.21 (s, 1 H, CH of acac); 3.69 (s, 3 H,
OCH3); 2.19-1.20 (m, 33 H, C6H11); 1.71 (s, 6 H, CH3 of acac).
13C{1H} NMR (75.45 MHz, C6D6): δ 187.1 (br, CO of acac);
169.4 (dd, JRh-C ) 28 Hz, JP-C ) 12 Hz, RhCHd); 164.0 (s,
COOCH3); 142.9, 137.9, 130.7 (all Ph); 100.8 (s, CH of acac);
50.5 (s, COOCH3); 34.5 (d, JP-C ) 22 Hz, P(Cy)3); 30.8, 29.8
(s, P(Cy)3); 34.5 (d, JP-C ) 11 Hz, P(Cy)3); 28.0 (s, CH3 of acac);
26.5 (s, P(Cy)3). 31P{1H} NMR (121.45 MHz, C6D6): δ 40.0 (d,
JRh-P ) 153 Hz, with tin satellites JSn-P ) 104 Hz). 119Sn-
{1H} NMR (111.86 MHz, C6D6): δ -108.0 (dd, JRh-Sn ) 489
Hz, JP-Sn ) 104 Hz).
Preparation of Rh(acac){(E)-CHdCHPh)(SnPh3)(PCy3)

(7). A suspension of 5 (105 mg, 0.13 mmol) in 10 mL of
pentane was treated with PhCtCH (15 µL, 0.13 mmol). A
spontaneous color change from yellow to red occurred, and the
mixture was stirred for 30 min at room temperature. After a
red precipitate was formed, the solvent was decanted, and the
solid was washed with pentane and dried in vacuo; yield 80
mg (66%). Anal. Calcd for C49H62O2PRhSn: C, 62.91; H, 6.68.
Found: C, 62.80; H, 6.10. IR (Nujol, cm-1): ν(acac) 1570, 1502.
1H NMR (300 MHz, C6D6): δ 8.13 (d, 1 H, JH-H ) 18 Hz,
dCHPh), 7.97 (dd, 1 H, JH-H ) 18 Hz, JRh-H ) 11 Hz, RhCHd),
7.95-7.15 (m, 20 H, Ph); 5.25 (s, 1 H, CH of acac); 2.20-1.00
(m, 33 H, C6H11); 1.86 (s, 6 H, CH3 of acac). 13C{1H} NMR
(75.45 MHz, C6D6): δ 187.1 (br, CO of acac); 143.5, 137.9,
128.2, 127.8, 125.7, 125.6 (all Ph); 141.6 and 140.2 (both br,
HCdCHPh); 99.8 (s, CH of acac); 34.3 (d, JP-C ) 22 Hz, P(Cy)3);
30.8 and 29.8 (both s, P(Cy)3); 28.1 (d, JP-C ) 10 Hz, P(Cy)3);
27.8 (s, CH3 of acac); 26.52 (s, P(Cy)3). 31P{1H} NMR (121.45
MHz, C6D6): δ 41.0 (d, JRh-P ) 154 Hz, with tin satellites JSn-P

) 114 Hz). 119Sn{1H} NMR (111.86 MHz, C6D6): δ -131.6
(dd, JRh-Sn ) 546 Hz, JP-Sn ) 114 Hz).
Preparation of Rh(acac){(E)-CHdCHSiMe3}(SnPh3)-

(PCy3) (8). A solution of 5 (105 mg, 0.13 mmol) in 10 mL of
pentane was treated with HCtCCSiMe3 (21 µL, 0.13 mmol),
and the mixture was stirred for 30 min at room temperature.
The solvent was removed in vacuo, and the oily residue was
dissolved in 5 mL of pentane. The solvent was again removed,
and this procedure was repeated three times. A yellow air-
sensitive oil was obtained; yield 85 mg (73%). 1H NMR (300
MHz, C6D6): δ 8.04 (dd, 1 H, JH-H ) 18 Hz, JRh-H ) 9 Hz,
RhCHd); 7.89 (d, 6 H, JH-H ) 6 Hz, Ph); 7.52 (d, 1 H, JH-H )
18 Hz, dCHSiMe3); 7.21 (m, 9 H, Ph); 5.20 (s, 1 H, CH of acac),
2.2-1.0 (m, 33 H, C6H11); 2.1 (s, 6 H, CH3 of acac); 0.3 (s, 9 H,
SiCH3). 13C{1H} NMR (75.45 MHz, C6D6): δ 187.0 (s, CO of
acac); 157.3 (dd, JRh-C ) 26 Hz, JP-C ) 11, RhCHd); 145.1 (d,
JRh-C ) 3 Hz, dCHSiCH3); 143.4, 138.4, 138.1, 137.8 (s, Ph);
100.8 (s, CH of acac); 34.5 (d, JP-C ) 21 Hz, P(Cy)3); 30.8 and
30.1 (both s, P(Cy)3); 28.1 (d, JP-C ) 10 Hz, P(Cy)3); 27.9 (s,
CH3 of acac); 26.5 (s, P(Cy)3); 0.5 (s, SiCH3). 31P{1H} NMR
(121.45 MHz, C6D6): δ 41.2 (d, JRh-P ) 162 Hz, with tin
satellites JSn-P ) 121 Hz). 119Sn{1H} NMR (111.86 MHz,
C6D6): δ -129.8 (dd, JRh-Sn ) 599 Hz, JP-Sn ) 121 Hz).
Preparation of Rh(acac){C(CO2Et)dCHCO2Et}(SnPh3)-

(PCy3) (9). The complex was prepared using the procedure
described for 6 by starting with 5 (100 mg, 0.12 mmol) and
EtO2CCtCCO2Et (21 µL, 0.12 mmol). Compound 9 was
isolated as an orange solid; yield 90 mg (75%). Anal. Calcd
for C49H66O6PRhSn: C, 58.64; H, 6.63. Found: C, 58.33; H,

6.74. IR (Nujol, cm-1): ν(acac) 1530, 1590. 1H NMR (300
MHz, C6D6): δ 7.98 (d, 6 H, JH-H ) 6 Hz, Ph); 7.20-7.00 (m,
9 H, Ph); 6.14 (s, 1 H, dCHCO2Et); 5.10 (s, 1 H, CH of acac);
4.41 (m, 2H, OCH2); 3.95 (m, 3H, CH2CH3); 2.40-0.80 (m, 33
H, C6H11); 1.80 (s, 6 H, CH3 of acac). 13C{1H} NMR (75.45
MHz, C6D6): δ 185.1 (br, CO of acac); 174.1 (s, dCHCO2Et);
151.6 (dd, JRh-C ) 26 Hz, JP-C ) 11 Hz, RhCd); 160.0 and
159.9 (both s, CO2Et); 141.8, 136.2, 131.2 (Ph); 100.0 (s, CH of
acac); 58.2 (s, OCH2); 57.9 (s, CH2CH3); 32.7 (d, JP-C ) 21.6
Hz, P(Cy)3); 30.9 and 30.7 (both s, P(Cy)3); 28.0 (both d, JP-C

) 11 Hz, P(Cy)3); 27.4 (s, CH3 of acac); 26.5 (s, P(Cy)3). 31P-
{1H} NMR (121.45 MHz, C6D6): δ 38.3 (d, JRh-P ) 148 Hz,
with tin satellites JSn-P ) 111 Hz). 119Sn{1H} NMR (111.86
MHz, C6D6): δ -121.2 (dd, JRh-Sn ) 526 Hz, JP-Sn ) 111 Hz).
Preparation of Rh(acac)(CPhdCHPh)(SnPh3)(PCy3)

(10). The complex was prepared using the procedure described
for 6 by starting with 5 (115 mg, 0.19 mmol) and PhCtCPh
(35 mg, 0.19 mmol). Compound 10 was isolated as an orange
solid; yield 98 mg (50%). Anal. Calcd for C55H66O2PRhSn: C,
65.30; H, 6.58. Found: C, 65.83; H, 6.50. IR (Nujol, cm-1):
ν(acac) 1585, 1525. 1H NMR (300 MHz, C6D6): δ 7.90-7.00
(m, 25 H, Ph); 6.94 (br, 1 H, dCHPh); 5.10 (s, 1 H, CH of acac);
2.29-0.75 (m, 33 H, C6H11); 1.80 (s, 6 H, CH3 of acac). 13C-
{1H} NMR (75.45 MHz, C6D6): δ 186.6 (br, CO of acac); 151.6
(dd, JRh-C ) 30 Hz, JP-C ) 13 Hz, RhCd); 147.1, 143.8 (both
Ph); 142.1 (s br, dCHPh); 139.8, 138.4, 130.0, 128.6, 128.5,
125.7, 124.8 (all Ph); 101.3 (s, CH of acac); 35.2 (d, JP-C ) 22
Hz, P(Cy)3); 30.9 and 30.7 (both s, P(Cy)3); 28.0 (both d,
JP-C ) 11 Hz, P(Cy)3); 27.4 (s, CH3 of acac); 26.5 (s, P(Cy)3).
31P{1H} NMR (121.45 MHz, C6D6): δ 39.0 (d, JRh-P ) 156
Hz, with tin satellites JSn-P ) 138 Hz). 119Sn{1H} NMR
(111.86 MHz, C6D6): δ -157.7 (dd, JRh-Sn ) 625 Hz, JP-Sn )
138 Hz).

Preparation of Rh(acac){(E)-CHdCHC(OH)(CH2)4CH2}-
(SnPh3)(PCy3) (11). The complex was prepared using the
procedure described for 6 by starting with 5 (110 mg, 0.13
mmol) and HCtCC6H10OH (17 mg, 0.13 mmol). Compound
11 was isolated as a red solid; yield 95 mg (76%). Anal. Calcd
for C49H68O3PRhSn: C, 61.46; H, 7.16. Found: C, 61.80; H,
7.10. IR (Nujol, cm-1): ν(acac) 1585, 1520. 1H NMR (300
MHz, C6D6): δ 7.85 (d, 6 H, JH-H ) 6 Hz, Ph); 7.10 (m, 10 H,
Ph and RhCHd); 6.9 (d, 1H, JH-H ) 16 Hz, dCHC6H10OH);
5.15 (s, 1 H, CH of acac); 2.20-1.00 (m, 43 H, C6H11 and C6H10);
1.86 (s, 6 H, CH3 of acac). 13C{1H} NMR (APT) (75.45 MHz,
C6D6): δ 186.8 (br, CO of acac); 149.2 (br, dCHC6H10OH);
143.6; 138.1; 128.2; 127.9 (all Ph); 127.6 (s, RhHCd); 100.8 (s,
CH of acac); 73.4 (s, OHCCH2); 39.3 and 39.0 (both s, CH2);
34.3 (d, JP-C ) 23 Hz, P(Cy)3); 30.8 and 30.0 (both s, CH2);
28.1 and 28.1 (both s, CH2); 27.9 (d, JP-C ) 10 Hz, P(Cy)3);
27.8 (s, CH3 of acac); 26.5 and 22.7 (both s, CH2). 31P{1H} NMR
(121.45 MHz, C6D6): δ 41.3 (d, JRh-P ) 154 Hz, with tin
satellites JSn-P ) 122 Hz). 119Sn{1H} NMR (111.86 MHz,
C6D6): δ -141.3 (dd, JRh-Sn ) 566 Hz, JP-Sn ) 122 Hz).
Preparation of Rh(acac){(E)-CHdCHC(CH3)dCH2}-

(SnPh3)(PCy3) (12). The complex was prepared using the
procedure described for 6 by starting with 5 (110 mg, 0.13
mmol) and HCtCC(CH3)dCH2 (11 µL, 0.13 mmol). Compound
12 was isolated as a red solid; yield 96 mg (81%). Anal. Calcd
for C46H62O2PRhSn: C, 61.42; H, 6.95. Found: C, 60.96; H,
6.94. IR (Nujol, cm-1): ν(CdC) 1560, 1595; ν(acac) 1580, 1520.
1H NMR (300 MHz, C6D6): δ 7.95 (d, 1 H, JH-H ) 17 Hz,
dCHC(CH3)dCH2), 7.87 (d, 6 H, JH-H ) 7 Hz, Ph); 7.32 (dd, 1
H, JH-H ) 17 Hz, JRh-H ) 9 Hz, RhCHd), 7.15 (m, 9 H, Ph);
5.34 (br s, 1 H, dCH2); 5.27 (s, 1 H, CH of acac); 5.10 (br s, 1
H, dCH2); 2.24 (s, 3 H, CH3); 2.20-1.00 (m, 33 H, C6H11); 1.91
(s, 6 H, CH3 of acac). 13C{1H} NMR (75.45 MHz, C6D6): δ 187.3
(br, CO of acac); 145.3 (s, CdCH2); 143.8 (s, CdCH2); 143.6,
138.0, 127.8, 110.8 (all Ph); 138.0 (br, dCHC(CH3)dCH2); 136.7
(dd, JRh-C ) 29 Hz, JP-C ) 12 Hz, RhCHd); 100.7 (s, CH of
acac); 34.3 (d, JP-C ) 22 Hz, P(Cy)3); 30.8, 29.9 (both s, P(Cy)3);
28.1 (d, JP-C ) 11 Hz, P(Cy)3); 27.9 (s, CH3 of acac); 27.7 (s,
CH3); 26.5 (s, P(Cy)3). 31P{1H} NMR (121.45 MHz, C6D6): δ
41.3 (d, JRh-P ) 155 Hz, with tin satellites JSn-P ) 116 Hz).
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119Sn{1H} NMR (111.86 MHz, C6D6): δ -135.4 (dd, JRh-Sn )
537 Hz, JP-Sn ) 116 Hz).
Preparation of Rh(acac)(CHdCdCPh2)(SnPh3)(PCy3)

(13). The complex was prepared using the procedure described
for 6 by starting with 5 (110 mg, 0.14 mmol) and HCtCC-
(OH)Ph2 (20 mg, 0.14 mmol). Compound 13 was isolated
as an orange solid: yield 99 mg (70%). Anal. Calcd for
C56H66O2PRhSn: C, 65.70; H, 6.50. Found: C, 65.48; H, 6.32.
IR (Nujol, cm-1): ν(CdCdC) 1990; ν(acac) 1576, 1497. 1H
NMR (300 MHz, C6D6): δ 7.98-7.00 (m, 26 H, Ph and
HCdCdCPh2); 5.20 (s, 1 H, CH of acac); 2.29-0.75 (m, 33 H,
C6H11); 1.84 (s, 6 H, CH3 of acac). 13C{1H} NMR (75.45 MHz,
C6D6): δ 187.0 (br, CO of acac); 148.9 (d, JRh-C ) 2 Hz,
CdCdC); 143.5, 143.2, 138.1, 127.9, 127.6, 126.8, 126.5, 126.3
(all Ph); 128.2 (overlaped with Ph signal, HCdCdCPh2); 100.8
(s, CH of acac); 80.7 (s, dCPh2); 34.2 (d, JP-C ) 22 Hz, P(Cy)3);
30.5 and 30.4 (both s, P(Cy)3); 27.8 and 27.7 (both d, JP-C )
10 Hz, P(Cy)3); 27.8 (s, CH3 of acac); 26.5 (s, P(Cy)3). 31P{1H}
NMR (121.45 MHz, C6D6): δ 41.2 (d, JRh-P ) 153 Hz, with tin
satellites JSn-P ) 119 Hz). 119Sn{1H} NMR (111.86 MHz,
C6D6): δ -129.6 (dd, JRh-Sn ) 545 Hz, JP-Sn ) 119 Hz).
X-ray Structure Analysis of the Complexes Rh(acac)-

{η2-CH(GeEt3)dCHCO2Me}(PCy3)‚0.25C6H6 (3) and Rh-

(acac){(E)-CHdCHC(OH)(CH2)4CH2}(PCy3)(SnPh3) (11).

A summary of crystal data and refinement parameters is
reported in Table 3. Data were collected on Siemens P4 (3)
or Siemens-Stoe AED-2 (11) diffractometers, with graphite-
monochromated Mo KR radiation (λ ) 0.710 73 Å) by the ω/2θ
scan method. Three standard reflections were monitored at
periodic intervals througout data collection; no significant
variations were observed. All data were corrected for absorp-
tion using a semiempirical method.26 All structures were
solved by Patterson (Rh atoms) and conventional Fourier
techniques and refined by full-matrix least squares on F 2

(SHELXL-93).27 Atomic scattering factors, corrected for anoma-
lous dispersion, were used as implemented in the refinement
program.
Data for 3. Crystals suitable for the X-ray diffraction study

were obtained from a saturated solution of 3 in benzene at
-20 °C. An orange prismatic block of approximate dimensions
0.49 × 0.11 × 0.12 mm was indexed to triclinic symmetry. A
group of 43 reflections in the range 20 e 2θ e 30° were
carefully centered and used to obtain by least-squares methods
the unit cell dimensions. The asymmetric unit was formed
by two crystallographically independent, but chemically analo-
gous, molecules of 3, and 1/2 molecule of solvent (benzene
related by a center of symmetry). The Ge(Et)3 groups of the
two molecules were observed to be disordered and refined with
two different moieties with complementary occupancy factors
and restrained geometry for each molecule. The hydrogen
atoms were calculated (C-H ) 0.96 Å) for all atoms not
disordered and refined riding on carbon atoms with a commun
isotropic thermal parameter. The refinement converged to R1
) 0.664 (F 2 > 2σ(F 2)) and wR2 ) 0.1731 (F 2 > 0), with
weighting parameters x ) 0.0938 and y ) 0.
Data for 11. Crystals suitable for the X-ray diffraction

study were obtained from a toluene-acetone solution. A red
prismatic block of approximate dimensions 0.53 × 0.28 × 0.26
mm was indexed to triclinic symmetry. A group of 64
reflections in the range 20 e 2θ e 45° were carefully centered
and used to obtain by least-squares methods the unit cell

dimensions. The CHdCHC(OH)(CH2)4CH2 ligand was ob-
served to be disordered and refined with two different moieties
with complementary occupancy factors and restrained geom-
etry. The hydrogen atoms were observed or calculated (C-H
) 0.96 Å) for all atoms not disordered and refined riding on
carbon atoms with a common isotropic thermal parameter. The
refinement converged to R1 ) 0.0307 (F 2 > 2σ(F 2)) and wR2
) 0.0806 (F 2 > 0), with weighting parameters x ) 0.0366 and
y ) 4.48.
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Table 3. Crystal Data and Details of the Data
Collection and Refinement for

Rh(acac){(E)-CH(GeEt3)dCHCO2Me}(PCy3)‚0.25C6H6

(3) and Rh(acac){(E)-CHdCHC(OH)(CH2)4CH2}
(SnPh3)(PCy3) (11)

3 11

Crystal Data
formula C33H60O4PGeRh‚

0.25C6H6

C49H68O2PRhSn

mol wt 746.83 941.64
color, habit orange, prismatic

block
red, prismatic
block

cryst size, mm 0.49 × 0.11 × 0.12 0.53 × 0.28 × 0.26
cryst syst triclinic triclinic
space group P1h (No. 2) P1h (No. 2)
a, Å 12.183(3) 11.382(2)
b, Å 18.120(4) 13.330(2)
c, Å 18.178(4) 15.598(3)
R, (deg) 73.979(9) 93.70(1)
â, (deg) 77.279(9) 100.89(1)
γ, (deg) 81.389(9) 101.96(1)
V, Å3; Z 3745(2); 4 2260.2(7); 2
D(calcd), g cm-3 1.324 1.384
temp, K 293 200

Data Collection and Refinement
diffractometer Siemens-P4 Siemens-STOE

AED-2
λ(Mo KR)
radiation, Å

0.710 73 0.710 73

technique bisecting geom
monochomator graphite oriented
µ, mm-1 1.32 0.99
scan type θ/2θ ω/2θ
2θ range, deg 2 e 2θ e 50 3 e 2θ e 45
no. of data
collected

14813 6268

no. of unique
data

12814 5910

no. of params
refined

740 489

R1a 0.0664 0.0307
wR2b 0.1731 0.0806
a R1(F) ) ∑||Fo| - |Fc||/∑|Fo|. b wR2(F 2) ) {∑[w(Fo2 - Fc2)2]/

∑[w(Fo2)2]}1/2.
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