;
(B

LSEVIER

Journal of Organometallic Chemistry 526 (1996) 175-183
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Abstract

In the presence of a variety of small molecules the pseudo 14-electron rhodium complex CIRh(P ~ OXP 0) (1, PO = 720, P)-
chelated Cy,PCH,CH,OCH, ligand; P ~ O = %'(#)-coordinated) is shown to undergo a facile cleavage of its intramolecular ether
moiety. The reaction of 1 with ethene, diphenylacetylene and carbon disulfide results in the irreversible coordination of the corresponding
molecule to the metal yielding the complexes CIRWC,H XP ~ 0), (2). CIRh(PhC=CPhXP ~ 0), (3), CiRhCS,(P ~ 0), (4), and
CIRhCS(P ~ 0), (8). All compounds are obtained in excellent yields under very mild conditions. The structures of 4 and § were
determined by single-crystal X-ray diffraction. The oxidative addition of HCI to the starting material 1 leads 1o the monochelated
octahedrally coordinated complex Cl,Rh(HXP ~ OXP O) (6). Complex 6 exhibits fluxional behavicr on the *'P NMR time scale.
Line-shape analysis of variable temperature Yp{'H) NMR spectra of 6 affords the Eyring parameters AH ‘' = 42.3kImol™ ' and
ASt = ~63,7Jmol "' K", indicating an intramolecular exchange mechanism. The Rh-H bond in 6 is able to insert ethene w give the
ethylthodium(111) complex C1,RhC, Hy(P ~ Q), (7). Subsequently, there follows a fast /% rearrangement to the complex Cl,Rh(n?
C,H, XHXP ~ 0), (8) which undergoes a slow 7/o transformation to the monochelated product CLyRIC, H XP ~ OXP V) (9).

Keywords: Fluxionality; Oxidative addition; Phosphine; Rhodium; X-ray diffraction

1. Introduction

The tnterest in coordinatively unsaturated transition
metal complexes stems from the fact that they represent
highly reactive intermediates in catalytically operating
processes and that they are able to coordinate and to
activate a substrate molecule [1]). The introduction of
bifunctional ether-phosphines (O,P) instead of ‘classi-
cal’ tertiary phosphines has significantly affected the
isolation, and thus the examination, of coordinatively
unsaturated species [2]). These ligands are provided with
oxygen atoms incorporated in open-chain or cyclic ether
moieties which form a weak metal-oxygen contac
while the phosphorus atom is strongly coordinated to
the central atom, From these *hemilabile’ ligands, it has

" Dedicated 10 Professor Comelius Kreiser on the occasion of his
60th birthday.
* Corresponding author.

been reported (2] that the ether oxygen donor may be
regarded as an intramolecular solvent molecule stabiliz-
ing the vacant coordination site, hence making these
complexes much more stable than simple solvent
adducts. A range of (ether—phosphine)ruthenium and
-palladium complexes exhibit fluxional behavior at rates
slow enough to be studied by P NMR spectroscopy
[3.4]. Valuable thermodynamic data on the relative sta-
bility of metal-oxygen bonds could be obtained in this
way. Recently, we reported on the dynamic behavior
and the reactivity of the starting monochelated com-
pound CIRh(P ~ OXP O) (1) toward H,, O,, and CH,!
[5]. Tt should be mentioned that the iso-propyl deriva-
tive of this complex was first published by Wemer et al.
[6]. In this paper our investigations are focused on the
coordination and activation of small molecules with the
Wilkinson analogous complex CIRh(P ~ OXP O) (1)
(0P = (2-methoxyethyldicyclohexylphosphine). Ow-
ing to the weak Rh-O interaction we are able to present
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a reactive precursor having a vacant coordination site at
the rhodium center. A facile Rh-O cleavage takes place
if 1 is reacted with ethene, diphenylacetylene, and
carbon disulfide. An oxidative addition of the substrate
without cleavage of the Rh—O contact takes place if 1 is
aliowed to react with hydrogen chloride. All reactions
proceed under very mild conditions with high selectivi-
ties of the desired products.

2. Results and discussion

2.1. Reaction of CIRWP ~ OXP"0) (1) with ethene,
diphenylacetylene, and carbon disulfide

Recently we reported on the excellent catalytic activ-
ity of complex 1 in the hydrogenation of 1-hexene to
n-hexane [S]. Consequently, we investigated the reactiv-
ity of 1 toward ethene as a model for the coordination
of the olefin in a catalytic cycle. Treatment of 1 with
C,H, in dichloromethane at 273K leads to an instant
cleavage of the Rh=0 contact resulting in the quantita-
tive formation of the corresponding n*-ethene complex
2 (Scheme 1), The m°-coordination mode of the alkene
to the rhodium center was proved by spectroscopic
means. Its *'P('H} NMR spectrum displays a doublet
(Table 1), consistent with two equivalent trans phospho-
rus nuclei. This is confirmed by the appearance of
virtual couplings for the PCH,~ and PCH-carbon atoms
in the "C{'H} NMR spectrum of 2 [7]. In addition, the
“C{'HI NMR spectrum of 2 shows a doublet at
38.5ppm ('J(RhC) = 15, 7Hz) being attributed o the
carbon atoms of the ethene ligand. Compared with the
similar complex Rh(P{ p-tolyl}),(C,H,)CI this signal
is shifted 6ppm to higher field, indicating the high
electron density in 2 [8]. Accordingly, the analysis of
the A, part of an A, M, X-type 'H NMR spectrum for
the ethene protons at 2.6ppm affords the coupling
constants >J(RhH) = 1.8 Hz and *J(PH) = 4.0 Hz. These
values are well comparable with other n-ethene
rhodium(l) complexes [6). In contrast to the correspond-
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ing m*-ethene rhodium(I) complex Rh(PPh,),(C, H,)C),
2 does not climinate ethene, neither in the solid state
nor in solution [9],

The interaction of 1 with stoichiometric amounts of
diphenylacetylene in dichloromethane at 273K afforded
the n*-diphenylacetylene complex 3 (Scheme 1), which
is air-stable and readily soluble in polar organic sol-
vents, Its “'P('H) NMR spectrum shows a doublet for
the two cquivalent phosphorus atoms, indicating a
square-planur geometry with trans-positioned phosphine
ligands, ‘The absorption of medium intensity at
1858cm™" in the IR spectrum of 3 is assigned to the
C=C stretching frequency. Compared with noncoordi-
nated diphenylacetylene this band is shifted approxi-
mately 370em™" toward lower energy. This points to a
Fetal]lacyclopropene analogous coordination mode in 3
6,10},

Table 1
"'P{'H) NMR and selected “'C{'H) NMR (chemical shifts 8 ppm, coupling constants J Hz) and IR dawm {cm ')
Complex P NMR ¢ Honmr b IR*
8 J(RhP) 2J(PP) CH,0 OCH, 8 (C,0)
2 18.6 (W) 121.3 69.8 58.4 2103 (m)
3 16.7 (@) 108.8 9.0 58.4 1104 (m)
4 B2 1323 70.3 58.5 1110 (m)
§ 16.3(d) 115.8 67.0 8.5 1106 (m)
6 $9.4 (dd) ¢ 1269 242 N2 6159 1075 (m)
53.3(d) ¢ 146.3 4.2 68,0 ¢ 585" 1106 (m)
7 11.14d) 1043 63.8 58.5 1106 (m)
8 31.2() 972 70.4 59.7 107 (m)
9 46.9 (dd) 131.2 19.3 682 §9.2 1075 (m)
384 (d) 109.8 19.5 67.4 57.2 1105 (m)

* 101.25 MHz. C,D,. 295K. * 6290 MHz, C,Dy. 295K. © KBr. * CD,Cl,. 243K.
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Fig. 1. OrRTEP plot of the rhodium complex 4.

If the starting compound 1 is reacted with an excess
of carbon disulfide in dichloromethane at 233K the
solution becomes dark brown and the yellow 9*(C,$)-
carbon disulfide complex 4 is generated (Scheme 1).
The *'P{'H} NMR spectrum of this CS, adduct displays
a doublet (Table 1) which reveals two eq‘uivalem phos-
phorus atoms in trans position. In the “C{'H} NMR
spectrum the "C signal of the CS, group appears at
235.2ppm as a low intensity doublet of triplets with the
coupling constants 'J(RhC) = 23.1Hz and *J(PC) =
4.2 Hz respectively. Three IR absorptions at 1236, 1177,
and 606cm™" are observed for the coordinated carbon
disulfide. The position of these bands is well compara-
E)le]mth that of the similar complex Rh(PCy,},CS,Cl

1)

An ORTEP plot of the molecular structure of 4 is
shown in Fig. 1. A listing of selected bond distances
and angles is given in Table 2. As expected from the
chemical-physical characterization of the complex, the
metal is five-coordinated by the two phosphorus func-
tions of the phosphines, one chlorine atom, and by a
CS, molecule through a C=8 linkage.

The environment of the planar Rh-CS, fragment
resembles that found in other metal complexes, contain-
ing a terminally n’-bonded CS, group [12). In particu-
lar the C-S(1) and C-S(2) bond lengths are somewhat
longer than in carbon disulfide (1.554 A, average) [13].

Table 2 .

Selected interatomic distances (A) and angles (deg) for 4

Bond lengthy

Rh(1)-P(1) 2.3752011) R(1)-C(31) 1.951(4)
RW(D-P(2) 2.3534011) S()-CL31) 1.675(4)
Rh(1)-82) 2.3662(11) S(1)-C(31) 1.596(4)
RW(D-CK1) 2.3311011)

Bond angles

P(1)~-RWD-P(2)  168.2UD) CD-RHD-CI1Y 133.96(13)
CID-Ru(1)-P(D)  89.63(4) C(31)-Rh(1)-8(2)  44.35(13)
CHD)-RK1)-P(2)  86.91(4) P()-Rh(1)-$(2) 91.91(4)
COD-RK(ND-P(1)  9509(12)  S(1)-C(31)-8(2)  147.6(3)
CGD-RM(1)-K2) 9537(12)  S(2)-C(31)-RK1)  30.%2)

€25

Fig. 2. orTEP plot of the rhodium complex 5.

The lengthening of both the C-S(1) and C-S(2) dis-
tances with respect to this molecule suggests that the
n*(C,S)-coordination of CS, reduces the bond order of
both C-§ bonds. This may result either from a charge
transfer from the ligand to the metal or from an electron
transfer from the metal to antibonding orbitals of the
ligand. It is noteworthy that the S-C-S angle and the
averaged value of the C-S bond lengths are very similar
to the values found for carbon disulfide in the “A,
excited state (135° and 1.64A) [13].

The reaction of the n2-CS, rhodium complex 4 with
an excess of the OP ligand Cy,PCH,CH,0OCH; in
methanol at 273K affords the thiocarbonyl rhodium
complex 5 (Scheme 1). The *'P('H} NMR spectrum of
§ consists of an A, part of an A,X pattern which
reveals two equivalent phosphorus atoms in trans posi-
tion (Table 1). Accordingly, the analysis of the A part
of an AMX ,-type "'C{' H) NMR spectrum of the highly
shielded thiocarbonyl carbon atom at 274.3 ppm leads to
the coupling constants *J(PC) = 14.4Hz and 'J(RhC)
= §9.2Hz. In the thiocarbonyl region the IR spectrum
exhibits one strong band at 1285 cm ~', which is shifted
only 15¢m™' toward lower energy compared with the
related complex Rh(PPh,),(CS)C1 [14].

An ORTEP plot of the molecular structure of § is
shown in Fig. 2. A listing of selected bond distances
and angles is given in Table 3. As shown in Fig. 2, the
rhodium atom has the expected square-planar coordina-

Table 3

Selected interatomic distances (A) and angles (deg) for §

Bond lengths

Rh(1)-K(1) 2.3455(10) Rh(1)-C(31) 1.773(4)
Rh(1)-P(2) 2.3527(10) S(D-C(31) 1.561(4)
Rh(1)-CI(1) 2.3764010)

Bond angles

CO3N-RHD-CHHY 178.04013)
CN-RKD-P(D)  90.20(12)
S(D-C(3D-RW)  179.2(3)

POD-RI(D-P2)  170.51(3)
CI(1)-Rh(1)-P(1)  89.944)
CI{(i)-R1)-P(2) 90.67(3)




(¥ E. Lindner et al. / Journal of Organometallic Chemisrry 526 (1996} 175-183

tion. The thiocarbonyl ligand is nearly linear. Compared
with the uncoordinated CS, molecule, the carbon-sulfur
distance appears to be slightly longer. According to the
better w-acceptor and o-donor properties of the CS
ligand, the Rh—C distance is smaller than in the corre-
sponding carbonyl rhodium(I) complex [15].

2.2. Reaction of CIRWP ~ O)P 0) (1) with HCI

Upon treatment of an orange solution of 1 with
hydrogen chloride in diethy] ether at 273K the octahe-
drally configured dichloro(hydrido)rhodium complex 6
can be isolated as a pale yellow compound (Scheme 2).

The *'P{'H} NMR spectrum of 6 displays the AB part
of an ABX pattern for the two different phosphine
ligands at 243K. Owing to its incorporation into a
five-membered ring, the phosphorus atom of the chelated
ligand resonates at lower field [16]. The 2J(PP) coupling
constant was found to be in the typical range for a cis
arrangement of the two phosphorus nuclei, The hydnde
ligand shows the A part of an AMXY system in the 'H
NMR spectrum at —17.0ppm ('J{RhH) = 19,7 Hz,
2J(PH) = 12.2, 18.3Hz).

Complex 6 shows a nenrigid behavnor which was
demonstrated by variable-temperawre *'P{'H) NMR
spectroscopy (Fig. 3). The observed dynamic phenom-
ena are reversible. At low temperatures (below 253K in
toluene) the spectrum displays well-resolved doublets of
doublets, As the temperature is raised, the two phospho-
rus doublet-doublet resonances first become broad and
then slowly coalesce; ﬁnally. at 309K, the typucal A
part of an A, X spin system is observed. Thls averaging

of the magnetnc environmenis on the 'P NMR time
(Pix‘,".‘ o P“o
,Rh
H
T S
mmm.—-” (o _Rh
| “ 1 a
P-0 a
2 v 6
///éan.
P-0
a,
_Rh—CH,CH,
a” |
P-0
7
Scheme 2.

scale at this temperature indicates a rapid mutual ex-
change of two ether moieties. Both simulated and exper-
imental spectra are depicted in Fig. 3.

The analysis of the kinetic data with the Eyring
equation affords the thermodynamic parameters AH*,
AS*, AG? and AGi (see Table 4). AG* is regarded as
the difference between the ground and transition state.
The negative value of AS* is consistent with an ordered
transition state which indicates an intramolecular ex-
change [17,18). In view of the required rearrangement
of the ligands, which causes a retardation of the process
and a higher energy barrier for the exchange, it is not
surprising that the rate constants for the exchange pro-
cess are lower compared with those of the startmg
complex 1 (%,5, = 680s™') [S]. The value for AGiy; is
well comparable with that found for the nonrigid behav-
ior_of a monochelated trichlororhodium(Ill) species
{RhCl,{Ph,PCH,C(O)Ph}{{Fh, PCH,C(O)Ph}] with 5-
ketophosphines as hemilabile ligands [19].

2.3. Insertion of ethene into the Rh-H bond of
Cl,RhH(P ~ ~ OXP"0) (6)

When a solution of the monochelated rhodium com-
plex 6 in dichloromethane is stirred at room temperature
under 1.5 bar cthylene pressure, the color of the solution
turns from initial yellow to deep red within 2h and the
cthyl rhodium(IT) complex 7 is generated (Scheme 2).
The same complex is also accessible within a few
seconds and in higher yields by treating the n°-ethene
rthodium(l) complex 2 with a hydrogen chloride satu-
rated dicthy! cther solution at 273K (Scheme 2). Ac-
cording to the NMR spectra and to the literature (20},
complex 7 is five-coordinated with wans equw.ﬂem
phoaphma ligunds in axial positions, Thus a doublet in
the *'P{'H) NMR spectrum and a amgle st for the ether
oxygen adjucent carbon atoms in the “C{'H} NMR
spectrum are observed (Table l)

Owing to the CH, group the 'H NMR spectrum of 7
shows a triplet centered at 0.8ppm with a ‘J(HH)
coupling constant of 6.41{lz and an unresolved multiplet
for the CH, protons at 28 ppm. The “C{'H} NMR
spectrum dlspla s the resonances for the ethyl group at
16.6ppm (d, J(RhC)=453Hz. RhCH,CH,) and
13.9ppm (s, RhCH,CH,) (the assignment of the “c
NMR resonances was supported by "'C DEPT NMR
spectroscopy [21]). In solution, cven at low tempera-
tures, complex 7 is transformed with B-hydrogen elimi-
nation into the isomeric octahedral dichloro(n?-
ethene)hydndorhodmm(lll) complex 8 (Scheme 3).
Compound 8 is charactenzed by the appearance of a
new doublet in the "'P(*H} NMR spectrum due to the
two equivalent phosphoius ligands and a doublet of
triplets at = 24.5 ppm (‘J(RhH) = 19.3Hz, *J(PH) =
i3.5Hz) in the 'H NMR spectrum for the generated
hydride atom. A new doublet occurs in the “C{'H}
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Fig. 3. Experimental (left) and simulated (right) variable-temperature "P{'H) NMR spectra and rate constants &, for the muival exchange of two

ditferent ether moicties of complex 6.

NMR spectrum at 41.3ppm ('J(RhC) = 28.1 Hz) (the
assignment of the "C NMR resonances was supported
by "C DEPT NMR spectroscopy [21]) which is at-
tributed to the coordinated ethene in 8. This behavior in
solution was not observed by Wilkinson and coworkers
for the related PPh,-substituted ethyl rhodium(Ill) com-
plex, probably prevented by a reduced electron density
in this rhodium complex [20]). After 12h at room tem-
perature a new set of signals is observed in the *'P{'H)

Table 4

NMR spectrum, which is assigned to the monochelated
octahedral cis-ethyl rhodium(Ill) complex 9 (Scheme
3). This complex was characterized by its *'P('H} and
“C{'H} NMR spectra (Table 1). The “C{'H} NMR
spectrum shows the signals for the ethyl carbon atoms
at 16.6ppm (d, 'J(RhC) = 47.2Hz, RhCH,CH,) and
13.8ppm (s, RhCH,CH,) (the assignment of the ''C
NMR resonances was supported by "'C DEPT NMR
spectroscopy [21]).

Coalescence temperature and Eyring activation parameters for the fluxional process in 6

AG ¢ (KImol™ )
613424

AG PP (KImol ™ D)
61.5+ 3.4

AS P Jmol 'K
=037 4+ 8.1

7. (K) Al Y (kFmol™ )
423423

Complex
6 302

* Calculated at coalescence temperature 7, using a modified version of DNMRS and ACTPAR. ® Calculated at 7, usine the required law of
propagation of errors. © Calculated at 298 K using the required lav: of propagation of errors.
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Compound 9 seems to be the thermodynamic product
of the reactions between 6 and ethene, and 2 and
hydrogen chloride. The direct transformation of 7 into 9
was not observed. In most cases no chelation of trans
positioned ether—phosphines was observed. Obviously
the B-hydrogen elimination in 7 is preferred. The gener-
ation of monochelated 9 by a w/0 transformation in 8
followed by a cis-orientation of the phosphines seems to
be favored by the formation of a stable rhodium(IIl)-
oxygen bond.

3. Conclusion

The starting compound 1, which is closely related to
the well-known Wilkinson catalyst represents a complex
being stabilized by an intramolecular solvent, In view of
the very weak Rh=-0O bond, 1 is regarded as a highly
coordinatively unsaturated pseudo 14-electron complex.
Hence, it can be anticipated to be a reactive precursor
for the coordination of small molecules, which is an
impottant step for the activation of such substrates in a
thodium-catalyzed reaction. This is nicely reflected by
the reactions of 1 with hydrogen chloride and with
ethene, The complexes 6, 7. 8, and 9, resulting from the
eonsecutive sequence of oxidative addition of hydrogen
chloride to 1, und insertion of ethene into the Rh-H
bond of 6 followed by an isomerization of 7 via 8 to 9,
represent & more stable system compared with the simi-
lar complexes generated by the reaction of 1 with
dihydrogen and ethene. In this way the investigation of
the catalytically important, and otherwise not detectable
or even isolable, intermediates 6, 7, 8, and 9 is enabled.
These complexes can be regarded as models for a
catalytic cycle. An insight into the metal-oxygen bond
§ltrength in complex 6 has been gained by detailed
"P{'H} DNMR spectroscopic experiments.

4, Experimental section
4.1, General procedures
All manipulations were carried out under an atmo-

sphere of argon by use of standard Schlenk techniques.
Solvents were dried over appropriate reagents and stored

under argon. IR spectra were recorded on a Bruker IFS
48 FT-IR spectrometer. FD mass spectra were recorded
on a Finnigan MAT 711 A instrument (8 kV, 333K),
modified by AMD; FAB mass spectra were obtained on
a Finnigan MAT TSQ 70 (10kV, 323K). Elemental
analyses were performed with a Carlo Erba 1106 ana-
lyzer and Perkin—Elmer Model 4000 atomic absorption
spectrometer. Cl and S analyses were carried out ac-
cording to Schoniger [22] and analyzed as described by
Dirschel and Eme [23] and Wagner [24]. Rh was deter-
mined on a Perkin—Elmer Model 4000 atomic absorp-
tion spectrometer. 'H, *'P{'H), “C{'H} and ""*Rh NMR
spectra were measured with a Bruker DRX 250 spec-
trometer at 250.13, 101.25, 62.90, and 7.90MHz re-
spectively. 'H and “C chemical shifts were measured
relative to partially deuterated solvent peaks and to
deuterated solvent peaks respectively, which are re-
ported relative 10 TMS. *'P chemical shifts were mea-
sured relative to 85% H,PO, (&= 0). The '“*Rh NMR
resonances were measured using 2D (*'P, '“Rh){'H}
and 2D ('H, "“Rh){*'P} experiments [25]. Chemical
shift values are referred to Z(Rh) = 3.16 MHz [26).
(C¢H,,),PCH,CH,0CH, [27] and the complex 1 were
prepared as previously described [S].

4.2.°'P DNMR

P DNMR investigations were performed on a
Bruker AC 80 using a 10mm o.d. NMR sample tube.
The temperature was determined with a temperature
control unit (Bruker VT 100 instrument) and an external
thermocouple (PT 100). The NMR probe temperature
was calibrated by the method of van Geet [28] and is
considered accurate within + 1 K (about 20min was
required for the temperature equilibration of the NMR
sample). All exchange-broadened NMR spectra were
simulated by applying a modified version of bNMRS [29)
available from Quantum Chemistry Program Exchange
{QCMP No. 365). From the resulting rate constants the
pertinent thormodynamic parameters were calculated
with the nonlinear least squares program AcTpar [30).
Reported values are given with the standard deviations.

4.3. Chlorobisldicyclohexylimethoxyethyl)phosphine-
Pl(n*-ethenelrhodium(l) (2)

A solution of 1 (65mg, O.lmmol) in 2ml of
dichloromethane was stirred at 273K under an atmo-
sphere of ethene (1 bar). The orange color of the solu-
tion turned immediately to bright yellow. The pale
yellow solid was precipitated with 10ml of n-hexane by
cooling the solution to 203 K. The precipitate was col-
lected, washed with n-hexane and dried in vacuo to
yield 64mg (95%) of 2: m.p. 384K (dec); MS (FD,
308K) m/e 650 [M* — C,H,]. Anal. Found: C, 56.44;
H. 9.42; Cl, 5.67; Rh, 15.43. C,,H,ClO,P,Rh. Calc.:
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C, 56.5%; H, 9.20; Cl, 5.22; Rh, 15.15%. "C{'H) NMR
(62.90MHz, C,D;, 295K): 833.2 (v, N=2lHz,*
PCH), 30.6-25.0 (m, C¢H,,), 16,6 (vt, N=19Hz,*
PCH,). '“Rh NMR (7.90MHz, C,D;. 295K): 8 271.

4.4. Chlorobis{dicyclohexyl(methoxyethyl)phosphine-
Pl(n>-diphenylacetylene)rhodium(I) (3)

Addition of diphenylacetylene (18 mg, 0.1 mmol) to a
solution of 1 (65mg, 0.1 mmol) in Sml of
dichloromethane at 273 K gave a bright yellow solution.
An intensive yellow solid was precipitated with 10 ml of
n-hexane by cooling the solution to 203K. The solid
was dried in vacuo to yield 77mg (93%) of 3; m.p.
399K (dec.); MS (FD, 308K) m/e 828 [M*], Anal.
Found: C, 63.90. H, 8.43: Cl, 437, Rh, 12.87.
C“HGSCIOZP%Rh. Cale.: C, 63.72; H, 8.26; Cl, 4.27;
Rh, 12.41%. “C{'H} NMR (62.90 MHz, C,D;, 295K):
8 130.6-127.0 (m, C-Ph), 85.1 (d, 'J(RhC) = 16.1 Hz,
C=C) 344 (vt, N=22Hz,* PCH), 30.7-25.5 (m,
CH,)), 21.1 (vt, N=20Hz,? PCH,). '“Rh NMR
(7.90MHz, C,D,, 295K): 8 1120.

4.5. (Carbon disulfide-C.S)chlorobisldicyclohexyl-
(methoxyethyl)phosphine-Plrhodium(l) (4)

A solution of 1 (65mg, 0.1 mmol) in 4ini of
dichloromethane was treated with carbon disuliide at
233K. Instantaneously, the reaction mixture tumed to
dark brown. A yellow solid was precipitated at 203K
by treating the solution with 10ml of a-hexane. The
precipitate was washed with n-hexane and dried in
vacuo to yield 68 mg (94%) of 4; m.p. 357K (dec.); MS
(FD, 308K) m/¢ 694 [M* —~ S}. Anal. Found: C, 51.20;
H. 8.34; Cl, 5.10; Rh, 14.41: §, 8.87.
C H;, C10, P, RES,. Cale.: C, 51.20: H, 8.05; Cl, 4.88;
Rh, 14.15; S, 8.82%. “C('H} NMR (62.90 MHz, C, D,
295K): 8349 (vt, N=22Hz, ? PCH), 29.8-26.9 (m,
C,H, ). 174 (vt, N=21Hz,?> PCH,). "“Rh NMR
(790 MHz, C,D;. 295K): & 2135,

4.6. Chlorobisldicyclohexyl(methoxyethyl)phosphine-
Pl(thiocarbonylrhodium(l) (5)

A solution of 4 (73mg, 0.1 mmol) in 10ml of
methanol was reacted with 26 mg (0.1 mmol) of
(C4H,,),PCH,CH,OCH, at 273K. Almost immedi-
ately, the reaction mixture became dark green. After the
solution was stirred for 2h, the green color faded to
orange-brown. A pale yellow solid was precipitated by
cooling the solution to 203K. The solid was washed
with 5ml of n-hexane and dried in vacuo to yield 52mg

EN = o + ¥4l 311,

(75%) of §: wm.p. 399 K; MS (FD, 308K) m/e 694

IM*]. Anal. Found: C, 53.48; H, 8.44; Cl, 5.07; Rh,

14.48; S, 4.67. C,,H,ClO,P,RhS. Calc.; C, 53.56; H,

8.41; Cl, 5.10; Rh, 14.83; S, 4.61%. “C{'"H) NMR

(62.90 C,D,, 295K): 534.4 (vi, N=25Hz, > PCH),

30.3-265 (m, C¢H,,), 21.0 (vt, N =25Hz, * PCH,).
*Rh NMR (7.90MHz, C,D;, 295K): & 380.

4.7. Dichlorobisldicyclohexyl(methoxyethyl)phosphine-
P.O' P'|hydridorhodium(I1l) (6)

A saturated solution of hydrogen chloride in diethy!
ether (0.3ml) was added to a solution of 1 (65mg,
0.1 mmol) in S ml of diethyl ether at 273 K. The color of
the solution immediately turned from orange to yellow.
A pale yellow solid was precipitated by cooling the
solution to 203 K and it was washed with 5 ml of diethyl
ether., The solid was dried in vacuo to yield 64mg
(93%) of complex 7: m.p. 369K (dec.); MS (FD,
308K) m/e 687 [M*]. Anal. Found: C, 51.30; * H,
9.02; Ci, 10.23; Rh, 15.13. C; H,,Cl1,0,P,Rh. Calc.:
C, 52.41; H, 8.65; Cl, 10.31; Rh, 1497%. “C{'H}
NMR (62.90 MHz, CD,Cl,, 233K): 8 34.7 (m, PCH),
29.6-26.3 (m, CH,,), 25.5 (m, PCH,). '"“Rh NMR
(7.90MHz, CD,Cl,, 295K): & 1287.

8. Dichlorobisldicyclohexyl(methoxyethyl)phosphine-
Pl(ethylirbodium(1ll) (7)

4.8.1. Method A

A satrated solution of hydrogen chloride in diethyl
ether (0.3ml) is added to a solution of 2 (68 mg,
0.1 mmol) in 5 ml of dicthyl ether at 273 K. The color of
the solution immediately turned from yellow to red. A
pale yellow solid was precipitated by cooling the solu-
tion to 203K, and it was washed three times with Sml
of n-hexane. The precipitate was dried in vacuo to yield
45 mg (63%) of complex 7; m.p. 376K (dec.); MS (FD.I
308K) m/e 685 [M™* = C,H,). Anal. Found: C, 52.02;
H. 8.66; Cl, 10.06; Rh, 14.03. C,, HMCIZO%Pth‘ Cale.:
C. 53.71; H, 8.87; Cl, 9.91; Rh, 14.38%. "'C{'H} NMR
(62.90MHz, C,D,, 295K): 833.6 (vt, N=20Hz, *
PCH), 30.9-24.7 (m, C{H,,). 21.0 (v, N =20Hz,*
PCH,).

4.8.2. Method B

A solution of 6 (69Ymg, O.1mmol) in Sml of
dichloromethane was stirred at ambient temperature un-
der a pressure of 1.5bar ethene until a red solution was
obtained. The reaction takes approximately 2h. A pale

¥ Although high temperatures and V,0y (catalyst) were used for C.
H analyses, the carbon values remained low. This is probably due to
incomplete combustion, which inay be caused by rhodium [32].

4 See footnote 3.
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yellow solid was precipitated by treating the solution
with 10ml of n-hexane at 203K and it was washed
three times with Sml of n-hexane. The precipitate was
dried in vacuo to yield 42mg (59%) of 7. The com-
pound was characterized by its *'P{'H} NMR spectrum
(101.25 MHz, C,D,. 295K): & 11.1 (d, J(RhP)
104.3 H2).

4.9. Crystallographic analyses

Single crystals of 4 were grown from a n-hexane
solution at 243 K. Single crystals of § were obtained in
methanol at 243 K. Both crystals were mounted on a
glass fiber and transferred to a P4 Siemens diffractome-
ter. Rotation photographs were taken and a photo search
was performed to find a suitable reduced cell (graphite-
monochromated MoKa radiation). The lattice con-
stants were determined with 25 precisely centered
high-angle reflections and refined by least squares
methods. The final cell parameters and specific data
collection parameters for 4 and § are summarized in
Table 5. The atomic coordinates and equivalent isotropic
displacement parameters for 4 and 8§ are given in Tables
6 and 7. Intensities were collected with the w-scan
technique with scan speed varying from 8 to 30° min™'
in w. Scan ranges for 4 and 5 were 0.8° and 1°
respectively. An empirical absorption correction was
performed (y-scan maximal and minimal iransmission
0.502 and 0.459 (4) and 0.718 and 0.527 (8). All

Table §
Crystal data and collection parameters for 4 and 8

Compound 4:0.5n-hexane 8 methanol
Formula CQ‘HﬁSC'O;pthSS CQQHQQCHO)P;R"S
Fw 7710.28 727.18

Crystal size (mm”) 0.20x0.25%0.35  0.25%0.25x0.50
Crystal system moneclinic monoelinic

Space group /e C2/e

atd) 19.730(3) 23.840(3)

b (R) 14.250(2) 14.306(02)

¢(A) 27.629(4) 21,903(4)

B (eg) 93.11(2) 102.41C1)

VAY 775%2) 7296(2)

F 4 8 8

Cale. density (gem™") 1319 1.324

T(K) 173 173

F(000), e un 3088
u(MoKa)(mm ') 0.7 0.3

Scan range 28) (dep)  4-30 4-30

No. of uniue reflections 13660 12834

Obs. data (f 2 20(1)) 4517 4363

No. of parameters 380 352

Goodness of fit 1.330 1.410

R1? 0.038 0.035

wit2® 0.083 0.073

PRU= EHFI= IFA/EIFL ° wR2 = [E[w(F? -
ﬂ%)i]/{ﬁ“(pf)lnﬂ.s . N / ° L [ °

Table 6
Atomic coordinates (X 10*) of 4 with equivalent isotropic displace-
ment coefficients (A’ X 10%)

Atom X y z th

Rh(1) 42491 3647(1) - 1247(1) 23(1)
S(1) 2624(1) 3830(1) —148%(1) 47Q1)
82 3919(1) 3542(1) - 2082(1) 35
CKD) 4543(D 3795(1) —4221) 39(1)
PQ) 4489(1) 5258(1) - 1313(1) 25(D)
P 4252(1) 1988(1) - 1162(1) 24(1)
o) 3285(2) 332) —2028(1) 58(D)
o) 3476(2) 6621(2) =243K(1) 4am
o) 3310(3) 1831(4) = 464(2) 51
) 3135(4) 1592(4) $5(2) ()
«Q3) 3287(3) 586(4) 183(2) 5%2)
4 4016(3) 334(4) 8%2) 44(1)
C{5) 4178(3) 54%3) =433(2) 3N
a6 4045(2) 1580(3) =552(2) 2%(1)
8¢ 5638(2) 1958(4) «9122) 38(1)
o) 6356(3) 1626(4) -~ 1013(2) SKD)
o9 6535(2) 1842(4) -15271(2) RYIq))
a4 6017(3) 1418(4) - 1887(2) 48(1)
can 5296(2) 17374 - 1796(2) 40(D)
c12) 5108(2) 1538(3) - 1275(2) 291)
oandy 3673(2) 1371(3) - 1595(2) 33
14 3706(2) NG - 1634(2) 40(1)
€15 318U - 943(4) - 2066(2) 62(2)
ali6) 3461(2) 5854(3) -701(2) 38N
cun 3280(3) 6468(4) -27:(2) 461}
(18) 3394(3) 7500(4) - 378(2) 531
(o ¢1)) 131 7670(3) - 496(2) s
Qo 4324(3) 7072(3) =921 41D
aen 4197(2) 602%3) = 827(2) o
QY 57702) 54159 =801(2) 45(1)
o2y 6543(3) §548(9) 826(2) 3501)
e GRSCY) 4823(4) = 1143(2) LEf )
28 6500(3) 481%(35) - 164%2) s3n
€26 §740(2) 4686(4) = 1631(2) 8N
2N 5420(2) 5426(3) = 1302(2) 2
028 4255(2) SRS D = | BRW(1) 3o
o Kh111 &) 0323 = 20132 Jo(1)
(e K1) 279U3) 6818(4) = 2585(2) 4%1)
(e k1)) J38KD 3698(3) - 1635(2) A
N3 77US) 35530 = 144%4) 113(0)
o33 552(6) I6I1S) = 1918(5) 308(17)
(ak2) 143(4) 3495(9) - 2261(3) 13%S)

* Equivalent isotropic U defined as one-third of the trace of the
orthogonalized U, tensor,

structures were solved by the Patterson method [33)] and
refined by least squares with anisotropic thermal puram-
eters for all non-hydrogen atoms. Hydrogen atoms were
included in calculated positions (riding model). Maxi-
mum and minimum peaks in the final difference synthe-
sis were respectively 0.767 and —-0873¢ A" (4), and
1.135 and —0.533¢ A~ (5). The asymmetric unit of 4
contains half a molecule of n-hexane and that of 5§ one
molecule of methanol. Further details of the crystal
structure investigations are available on request from
the Fachinformationszentrum Karlsruhe, Gesellschaft fir
wissenschaftlich-technische Information mbH, D-76344
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Table 7
Atomic Coordinateg (X 10%) of § with equivalent isotropic displace-
ment coefficients (A2 X 10%)

Yy z Y,

atom X

q
Rh(1) —4058(1) 2992(1) 47301 211
CiD) -334201) 181 K1) 4293(1) 3N
P(1) —4746(1) 1861(1) 4271 (D) 22(1)
P2) —-33511) 4161(1) 4253(1) 2D
s -5072(1) 4638(1) 3937(1) 48(1)
o) —4180(3) -513) 3599(3) 56(2)
o2) -2441Q2) 41074 3181(2) 46(1)
(1) -5129(3) 275K4) 5247(3) 35(2)
o) —-5205(4) 2737(5) 5928(3) 42(2)
o3 - 4661(4) 2547(4) 6378(3) 44(2)
(o L)) - 4393(3) 1632(5) 6225(3) 41(2)
%) =4298(3) 1623(5) 5551(3) 36(2)
«6) - 4865(3) 1836(4) 5084(2) 25(1)
on - 5893(3) 1226(5) 3824(3) 340
a3 -~ 6493(3) 1437(6) 3437(3) 43(2)
o) —6476(3) 1625(6) 2756(3) 45(2)
c10) - 6060(3) 2401(5) 2698(3) 41(2)
cun —5455(3) 2193(5) 3087(3) 320
c(12) -5473(2) 2006(5) 3770(2) 25(1)
a13) - 4555(3) 636(4) 4171(3) k1))
cGq) - 4457(3) 368(4) 3545(3) 32)
cas) - 4090(7) - 84U7) 3013(5) 91(9)
«16) = 3068(3) 5905(4) 3783 30(1)
can - 3285(3) 6775(4) 3398(3) 35(2)
a18) - 3532(3) 6511(5) 2122(3) 40(2)
19) = 4011(3) 5784(5) 2678(3) 35(2)
Qo) - 3793(3) 4905(4) 3057(3) 28(1)
cQn -~ 35523) S182(4) 3741(3) 25(1)
Q22) - 312%3) R744) 5543(3) 2%(1)
€23) = 2938(3) 42645) 6206(3) 38(2)
«24) = 338%3) 99K S) 6336(3) 3N2)
€(2%) = 3438(3) LYRE &) 5845(3) 38(D)
€(26) - 3612(3) 539U5) S182() 3401)
cQan = 3RS 4664(4) 5044(3) 25(1)
C(28) « 26351 31944) 4193(3) 291
C(2v) ~ 25453 J3708) 3584 32
C(30) = 21NN 3765(N 2621(4) 54
€an = 4598(D) Inat(4) 405(K3) aan

* Bquivalent isotropic U/ defined as one-third of the trace of the
orthogonalized U, tensor.
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