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Abstract

The X-ray crystal structure analysis of [(L,)Rh( u-«2?0,0"-HCO,),Rh(L,)] 1a (L, = L, = cod) is reported. Complex 1Ia reacts with
CO to form 1c (L =L’ = CO) via the intermediate b (L, = cod, L' = CO). 1a and c do not incorporate *CO, or D, in the formate
moiety and are poor catalysts for CO, hydrogenation to formic acid. Reaction of 1a with the chelating phosphanes R ,P(CH,),PR,
(R = Ph, 'Pr, Cy) 3a-c leads to replacement of the diolefin ligand and cleavage of the dimeric structure under formation of monomeric
complexes [(3a-¢),Rh[HCO,] 4a—c. 4a was isolated in up to 78% yield and complexes [(3a),RhH] 5a and [(3a)Rh(n*-C4H ;)] 6a were
detected as side products. Complexes of type 6 are formed exclusively under identical reaction conditions using the bidentate ligand
Ph,P(CH,);PPh, 3d or monodentate ligands PAr; 3e—f. A possible mechanism for the formation of complexes 4, 5 and 6 is discussed
involving hydride transfer from the HCO, ligand to Rh and subsequently to coordinated cod.
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1. Introduction

The catalytic hydrogenation of CO, to formic acid is
a field of great current interest, as this reaction provides
a promising approach to the use of abundant CO, as a
chemical feedstock. Although our understanding of the
catalytic cycles responsible for CO, hydrogenation has
greatly improved in recent years, the exact structure of
the involved intermediates has still to be elucidated in
many cases [1].

The insertion of CO, into the Rh—H bond of 14e
species [(P,)RhH] (P, = chelating bidentate phosphane)
to yield formate complexes [(P,)Rh(O,CH)] has been
identified as a key step in rhodium catalysed hydrogena-
tion of carbon dioxide to formic acid in dipolar aprotic
solvents [2b,3,4]. Alternatively, it has been suggested
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[3] that the insertion could also take place at oligomeric
clusters [{(P,)Rh( u-H)},] [5,6] (x=2-4). The re-
versible insertion of CO, into a Rh—H bridge has been
observed with the A-frame complex [Rh,(CO),( pu-
Ph,PCH,PPh,),(u-H)]* [7], and formate-bridged
complexes of iron, tungsten and rhenium have been
discussed in the context of CO, reduction beyond the
formate level [8]. A corresponding catalytic cycle for
CO, hydrogenation is expected to involve formate-
bridged rhodium complexes [{(P,)Rh( u-HCO,)},] as
possible intermediates. Only two complexes
[(L,)Rh( u-HCO,),Rh(L’;)] 1a [9a] (L, =L, = cod)
and 1c [9b] (L = L' = CO) have been described in the
literature up to now and structural data of rhodium
formate complexes are not available [10).

We now report on results of a single crystal X-ray
analysis of 1a and on the reactivity and catalytic be-
haviour of 1a and lc. In an attempt to synthesize
complexes [{(P,)Rh( u-HCO,)},] by reaction of 1a with
monodentate and bidentate phosphanes, we observed a
phosphane induced hydride transfer from formate to the
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cyclooctadiene ligand of 1a that opens a new approach
to rhodium m3-cyclooctenyl complexes and provides a
possible, hitherto neglected, explanation for some spe-
cial features of rhodium catalysts containing cod as a
labile ligand.

2. Results

2.1. Structure of formate-bridged rhodium(I) complexes
Complex la has been obtained for the first time by

Keim et al. [9a] from the reaction of [{(cod)Rh( u-OR)}, ]

2a (R=H) or 2b (R=Me) with methylformate in
diethyl ether at room temperature. In our hands, both

complexes 2a—b remained unchanged, even under pro-
longed heating, when freshly distilled methylformate
was used. However, the reaction proceeds quantitatively
when 2a or 2b is reacted directly with HCO,H in
diethyl ether (Scheme 1).

Well-formed orange crystals of 1a suitable for X-ray
analysis [11] were obtained from saturated toluene solu-
tions at room temperature. Complex 1la crystallises in a
monoclinic system (space group C2/c) and the individ-
ual molecules possess a C, axis of symmetry perpendic-
ular to the Rh—Rh"-axis and the C1-C1*-axis (Fig. 1).
The Rh atoms have a nearly ideal square planar coordi-
nation sphere and the two coordination planes form a
symmetrical ‘butterfly’ structure enclosing an angle of
® = 60° and resulting in a Rh - - - Rh distance of 3.39

Fig. 1. Molecular structure of [{(cod)Rh( pu-«20,0'HCO,)},] 1a in the solid state. Selected bond distances (angstroms) and angles (degrees):
Rh-01, 2.101(2); Rh-02, 2.102(2); Rh—C2, 2.086(2); Rh—C5, 2.105(2); Rh-C6, 2.086(2); Rh—C9, 2.092(3); C2-C9, 1.391(4); C5-C6,
1.396(4); Rh-C2/C9, 1.96%2); Rh-C5/C6, 1.976(2); O1-Cl, 1.237(3); 02-Cl, 1.239(3); O1-Rh-02", 91.3(1); C2-Rh-CS5, 82.0(1);
C6-Rh-C9, 82.7(1); Rh—01-C1, 131.7(2); Rh*-02-Cl, 128.42); 01-C1-02, 128.5(2); 01-C1-H}1, 116.2(2); 02-Cl1-H]1, 116.2(2).



R. Fornika et al. / Journal of Organomerallic Chemistry 511 (1996) 145-155 147

Table 1
Characteristic spectroscopic data for the formate moiety of complexes [(L ,)Rh( p-x20,0'-HCO,),Rh(L,)] 1a~c
Complex IR ? "H-NMR ® BC.NMR ®
1a v, = 1590 cm™! 8=17.94 ppm 8=172.6 ppm
(L,-cod, Vym = 1358 cm ™! Jrnn <3 Hz "Jon = 207 Hz
L, = cod) A=232cm™!
1b v, = 1590 cm ™! 8=17.72 ppm 5=172.9 ppm
(L, = cod, Yy = 1354 cm ™! g = 3 Hz Jew =211 Hz
L' =CO) A=236cm™!
ic v, =1570cm™" 5=17.52 ppm &= 173.6 ppm
(L=co, Vym = 1345 cm™! Jpnn = 3 Hz Yoy =216 Hz
L = CO) A=225cm™!
* As KBr pellets; A= v~y [14]. ° In C¢Ds.
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Scheme 2.

A. The molecular structure of complex 1a reveals that
the bridging formate moiety adopts a u-x?0,0' co-
ordination mode, as expected from its spectroscopic
properties (Table 1). The Rh—O distances and the O-
C-0O angle are comparable with those found in related
bridging carboxylate complexes containing Rh(I) cen-
tres [15a,d]. The cod-ligands exhibit their typical slightly
twisted boat conformation and the distance of rhodium
to the midpoint of the coordinated double bond is with a
mean value of 1.97 A in the characteristic range for
dimeric Rh(I)-cod complexes [15a—c].

2.2. Reaction of [{(cod)Rh( u-x*0,0'-HCO, )}, ] 1a with
carbon monoxide

Complex 1a is quantitatively converted to 1c [9] if a
vivid stream of CO is bubbled through a suspension of
1a in n-hexane. If a gentle stream of CO is applied for

only 5 min, deep-red crystals of the hitherto unknown
complex 1b can be isolated (Scheme 2). Only one
cod-ligand per dimeric unit is replaced with CO in 1b,
which is an intermediate of the transformation of 1a to
1c as shown by further exposure to CO. The stepwise
transformation of 1a to 1b and subsequently l¢, to-
gether with the almost identical spectroscopic data of
the formate bridge in la—c (Table 1), clearly demon-
strate that a u-«x?0,0'-binding mode is adopted in all
three compounds.

The spectroscopic data characteristic for the formate
moiety of la—c¢ are summarised in Table 1. The differ-
ence A between the frequency of the IR active asym-
metric (v,,) and symmetric (v,) C-O stretching mode of
la—c (Table 1) is in the typical range expected for
dimeric complexes with a u-x20,0"-bound formate
group [14,16]. The NMR spectroscopic data indicate
that this coordination mode is also prevalent in benzene

H R
Cll R2P(CH2)2PR, 3a< HCO2
TN .
NN (@ equivperft) (P\R;/Pj .
1 Rh\ 4 Rh\ p~ P .
OQC- -0 ! CeHe, rt.
|
H
4a-c, 40-49%
1a

Scheme 3.
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solution and no indication for dissociation into
monomeric units is found [9b).

The resonance of the formyl proton of 1a appears at
6=794 as a shghtly broadened singlet owing to cou-
pling with the '’ Rh nucleus The coupling was resolved
in the spectra of 1b—c and JRhH was found to be 3 Hz.
Upon subsequent replacement of the cod ligands by CO
molecules, a high field shift of A5 = 0.2 is observed in
the proton resonance of the formyl group and the cou-
pling constant 'Jo increases by about 4 Hz. The
chemical shift of the sp>-carbon appears at somewhat
higher field than in related formate bridges [8], and
differs only slightly within the series of compounds
la—c.

Although complexes la—c are structurally very
closely related, they differ considerably in their optical
appearance in the solid state and in solution [9). This
can be ascribed at least partly to an increasing Rh - - - Rh
interaction in the order 1a < 1b < 1e. A bonding inter-
action between a filled d,. and an empty p, orbital is
possible between two square planar Rh(I) fragments, if
they are in close proximity and oriented parallel to each
other [18]. Steric interactions between the cod ligands in
1a prevent such an arrangement and lead to the butterfly
structure depicted in Fig. 1. Replacement of cod by CO
makes a parallel orientation feasible and leads to a
shorter Rh - - Rh distance. Therefore, an effective
overlap of orbitals becomes possible and results in a
shift of the M — L charge transfer band to longer
wavelengths [18a].

2.3. Catalytic properties of complexes [(L,)Rh( -
k%0,0'-HCO, ), RK(L,)] 1a and Ic

We have demonstrated recently that the rate of
2C0,-"C0, exchange and of deuterium incorporation
into the formate group of rhodium(I) formate complexes
[(P,),Rh[HCO,] correlates qualitatively with the cat-
alytic activity of these compounds in the hydrogenation
of carbon dioxide to formic acid [3] H—NMR spectro-
scopic studies of 1a and 1c under ' CO atmosphere
showed that neither is able to incorporate labelled car-

H
! PhoP(CH2)2PPh; 3a
\ O(‘Q>O
e
17 Mo o N THF, -78°C —> rt.
~N
¢
H
1a

bon dioxide. Similarly, no incorporation of D, in the
formyl position of 1a or lc was observed at ambient
pressure. Complex 1a slowly decomposed under these
conditions, while 1c¢ showed no reactivity at all.

In agreement with this lack of reactivity towards CO,
and D,, both compounds are poor catalysts for the
hydrogenation of CO, to formic acid under the condi-
tions developed in our group [2). Only 13 moles of
formic acid per mole of rhodium were formed within 20
h in a DMSO-NEt, mixture under a total initial pres-
sure of 40 atm of a 1:1 mixture of CO, and H, using 1a
as a catalyst (c(Rh) =5 X 107* mol 1="). Complex 1c
showed similar low activity leading to the formation of
12 moles of formic acid per rhodium centre.

DMSO-NEt,(5:1)

p°=40bar, T=24°C, =20 h
— HCO,H (1)
la:ton=13

lc:iton=12

H, +CO,

2.4. Reaction of [{{cod)Rh( u-x*0,0'-HCO, )}, ] 1a with
P-donor ligands

In contrast to the reaction with carbon monoxide, the
addition of one equivalent of the chelating phosphane
Ph,P(CH,),PPh, 3a per rhodium centre to a solution
of 1a results in cleavage of the dimeric unit under
formation of the monomeric formate complex
[(3a),Rh][HCO,][3] 4a in 45% yield based on rhodium.
The same types of product were obtained with other
phosphane ligands R ,P(CH,),PR, 3b-c (R ='Pr, Cy).
The fate of the second rhodium centre during these
reactions currently remains an open question (Scheme
3).

Similar reaction of 1a with two equivalents of chelat-
ing phosphane 3a gave 4a as a major product (78%
isolated yield) and by-products [(3a),RhH] [19] 5a and
[(3a)Rh(n3-C4H ;)] 6a. Complexes 5a and 6a were
formed in an approximate 1:1 ratio, as judged from the
*'P-NMR spectrum of the mother liquor immediately
after reaction (Scheme 4).

The 7*-cyclooctenyl complex 6a was unambiguously
characterised by mass spectroscopy and NMR spectro-

(2 equiv. per Rh)
—_- 4a, 78% + E ] [ Rh
P/ "~ M

5a 6a

Scheme 4.
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Scheme 6. Mechanistic interpretation of the reaction of [{(cod)Rh( u-x20,0'-HCO, )}, 1 1a with chelating phosphanes.
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quartet at & = 4.55. They integrate in a relative ratio of (see Fig. 2 for the numbering scheme). Both sets of

1:2 and can be assigned to the protons at position 1 and signals consist of slightly broadened lines owing to long
2/2' of the m*-allyl fragment bound to rhodium [20] range coupling with '%°Rh and/ or *'P. The identical

=]
4 3 2 1 /
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4 3
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Fig. 2. (a) “C{'H)}-NMR spectrum of 3a in C¢D. (b) *C{*H, *'P}-NMR spectrum of 3a in C¢Ds.
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coupling constants *J 1, =>J e = 7.9 Hz, together
with the small unresolved coupling Jy,p, are in agree-
ment with a cis-arrangement of the three hydrogen
atoms at the n>-allyl moiety. The 2D-(‘H, 'H)-COSY
spectrum demonstrates that the triplet is only coupled to
the quartet, while the latter shares scalar coupling, also
with a resonance centred at approximately & = 2.0. This
resonance can, therefore, be assigned to the protons at
position 3/3'. The 2D-(**C, 'H)-correlated spectrum
shows that the two protons at position 5 exhibit a large
difference in chemical shifts Ad= 1.0. This indicates
that the cyclooctenyl ligand adopts the expected [21]
boat-like structure with the endocyclic proton at posi-
tion 5 being in close proximity to the n*-allyl moiety,
resulting in a down field shift of its resonance.

The “C{'H}-NMR spectrum exhibits five carbon
resonances in addition to the signals arising from 3a.
The central carbon C1 of the n*-allyl moiety appears
at 6=105.8 ppm as a doublet of triplets owing to
coupling with '”Rh ("Jg, = 5 Hz) and two chemically
equivalent *'P nuclei (3J g, , = 2 Hz). The two magneti-
cally inequivalent carbon atoms, C2 and C2’, form a
higher order spin system giving rise to a signal of eight
equally spaced lines centred at & = 66.8. Both signals
collapse to doublets under simultaneous proton and
phosphorus decoupling (Fig. 2). Two sets of "C reso-
nances are observed for the individual carbon atoms of
the phenyl rings of ligand 3a in complex 6a, indicating
that possible processes of apparent 7*-allyl rotation
must be considerably slower than the NMR time scale
at room temperature.

If complex 1a is reacted with one equivalent per
rhodium of ligand 3d, forming a six membered rather
than a five membered chelate ring, no precipitate is
formed and a deep-red solution is obtained initially
which turns orange upon warming to room temperature.
NMR spectroscopic control of the isolated crude mate-
rial reveals that the m*-cyclooctenyl complex 6d is
formed quantitatively without any by-products, as illus-
trated in Scheme 5. Complex 6d exhibits a °'P-NMR
resonance at 8= 27.7 ("Jy,» = 193 Hz), other spectro-
scopic properties being very similar to 6a.

The cleavage of the dimeric core of la is not re-
stricted to bidentate phosphane ligands. NMR spectro-
scopic investigations revealed that the use of PPh; 3e
leads quantitatively to the cyclooctenyl complex
[(3e),Rh(n*-C4H ;)] 6e in full analogy to 3d. The far
less basic P(p-F-C¢H,), 3f, which should resemble
the CO ligand even more in its binding properties, also
yields 6f as the sole product.

3. Discussion

Dimeric rhodium(I) formate complexes [(L,)Rh( -
k?0,0-HCO,),Rh(L,)] 1a—c with either cod or CO as

ligands contain bridging formate units that coordinate to
the two rhodium centres via both oxygen atoms. These
formate bridges are not activated towards 13CO2 or D,
exchange and, consequently, complexes la-c are poor
catalysts for CO, hydrogenation to formic acid. Earlier
results indicate that phosphorus ligands are vital compo-
nents for rhodium(I) complexes to act as active catalysts
in CO, hydrogenation [2b]. It is not possible, however,
to obtain dimeric formate-bridged complexes of type 1
containing phosphorus donor ligands by cod substitution
from 1a.

The influence of the incoming ligand on the product
distribution in the reaction of la with phosphanes is
readily explained on basis of the mechanism depicted in
Scheme 1. Cleavage of the dimeric core [22] leads to a
monomeric rhodium formate complex 7, which can
react with another molecule of 3 to give the bis(phos-
phane) species 4. Alternatively, hydride transfer from
the formate moiety to rhodium [23b] yields the hydrido
complex 8, which can again be intercepted by phos-
phane to give 5. In the case of ligand 3a, the complex
d4a is known to be stable towards decarboxylation even
under much more forcing conditions [3] and can, there-
fore, be excluded as a possible source for Sa.

Once the hydrido olefine complex 8 is formed it can
undergo insertion of a C=C double bond into the Rh~H
bond and subsequent rearrangement of the initially
formed m-olefin /o-alkyl ligand leads to the thermody-
namically stable m*-allyl derivative 6. The ratio of
products 4—6 is determined by the relative rates of the
four competing pathways A-D in Scheme 1. It is
noteworthy in this context that rhodium complexes with
phosphane ligands forming six membered chelate rings
are much more effective for the activation of the formyl
C-H bond of a formate ligand than complexes with five
membered rings [3,23].

The present reaction sequence is the first example for
the observation of direct hydride transfer from formate
to coordinated olefin. A corresponding pathway has
been put forward in the mechanism of enantioselective
transfer hydrogenation with chiral rthodium phosphane
catalysts and formic acid as the hydrogen source [23].
An alternative pathway for the hydride transfer consists
of cod substitution in la and subsequent decarboxyl-
ation to give [{(P,)Rh( u-H)},]. Dissociation in
[(P,)RhH] and recombination with cod might then lead
to 6 [6¢,24]. We favour the pathway shown in Scheme 1
in view of the inert character of the formate bridge in 1a
and 1c.

An intriguing point of the present results is the
straightforward and clean formation of the complexes
6d—f from la and 3d-f which suggests that n°-
cyclooctenyl complexes might also be formed under
other reaction conditions that produce rhodium monohy-
drides containing coordinated cod. Such conditions are
met when cod complexes are used as catalyst precursors
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in hydrogenation reactions under basic conditions [25].
The formation of a relatively stable [6b,c] 7°-
cyclooctenyl complex thus provides a possible, hitherto
neglected, explanation for frequently observed induction
periods [2,23,26] and the, in general, lower initial activi-
ties observed with catalyst precursors [(P,)Rh(cod)]*
compared with their norbornadiene analogues [26).

4. Experimental

4.1. General

All reactions involving air- or moisture-sensitive
compounds were performed in dry and degassed sol-
vents under argon atmosphere using standard Schlenk
techniques. Reaction gases were high purity grade
(greater than 4.8) and used without further purification.
Formic acid (98%, Merck) was distilled from anhydrous
CuSO,, methyl formate (97%, Fluka) was distilled and
kept under argon. The organometallic starting materials
[Rh(cod)(OR)], 2a—b were prepared as described in the
literature [27]. Ligands 3a—b and 3e—f were purchased
from Strem Chemicals and used as received. 3c—d were
synthesised according to known grocedures [28]. Reac-
tions of 1a and 1c with D, and ~CO, [3] and catalytic
runs [2b] were carried out as previously described.
NMR measurements were recorded on a Bruker AC 200
spectrometer operating at 200.13, 50.29 and 80.96 MHz
for 'H, °C and *'P. "H- and "C-NMR chemical shifts
6 are reported in ppm downfield from SiMe, and
referenced to the residual solvent-A, and all-deuterated-
solvent peaks. *' P-NMR chemical shifts are reported in
ppm downfield from phosphoric acid and referenced to
external H;PO,. Coupling constants J are reported in
Hertz. IR data were recorded on a Perkin Elmer 16 PC
FT-IR spectrophotometer, mass spectra on a Finnigan
MAT SSQ 710.

4.2. Synthesis of [{{cod)Rh u-HCO, }},] 1a

A suspension of 2a (505 mg, 1.11 mmol) in 13 ml
diethyl ether was treated with three drops of formic
acid. The colour of the suspension immediately turned

from yellow to a slight orange. The reaction mixture
was stirred for 10 min at room temperature and the
resulting slight orange crystalline precipitate was fil-
tered off, washed with ether and dried in vacuo to give
545 mg of complex 1a (1.06 mmol; 96%). The same
procedure is applicable to the synthesis of 1a from 2b in
98% yield.

4.3. Reaction of [{(cod)Rh( u-HCO, )},] 1a with CO

4.3.1. Preparation of [{(CO),Rh( u-HCO, },] 1c

100 mg (0.20 mmol) of 1a were suspended in 15 ml
of n-hexane. For 1.5 h, a strong stream of CO was
bubbled through the suspension. The yellow reaction
mixture turned into a red-brown colour within a few
minutes. Filtration and drying the residue in vacuo gave
69.3 mg (17.0 mmol, 87%) of lc as needles of a
brass-like colour.

4.3.2. Preparation of [(CO), Rh( u-HCO, ), Rh(cod)] 1b

150 mg (0.29 mmol) of 1a were suspended in 15 ml
of n-hexane. For 5 min, a gentle stream of CO was
bubbled through the suspension. After removing the
solvent in vacuo, the residue was dried and redissolved
in 5 ml benzene. The red solution was filtered off and
removal of the solvent gave 38.6 mg (0.08 mmol; 29%)
1b as dark red small plates.

"H-NMR (C¢Dg) 8: 1.33 (m, br, 4H, —-CH,); 2.21
(m, br, 4H, —-CH,); 4.06 (m, br, 4H, =C-H); 7.72 (1,
2H, 0,C-H, *Jg,u = 3) ppm.

BC{'H}-NMR (C,D,) &: 30.6 (s, —-CH,); 76.5 (s,
br, =C-H); 172.9 (s, O,C-H, gated decoupling: d,
ey = 211); 183.8 (d, -C=0, 'Jg;c = 73) ppm.

IR (KBr) » (cm™'): 2946(w), 2874(w), 2838(w),
2100(w), 2078(vs), 2010(vs), 1590(vs), 1372(m),
1354(s), 1326(m).

4.4. Reaction of [{(cod)Rh u-HCO,)},] la with
R,P(CH,), PR, 3a—c

4.4.1. Reaction of la with one equivalent of 3a—c

238 mg (0.47 mmol) of 1a were dissolved in 20 ml
of benzene and 0.47 mmol of the appropriate phosphane
3a—c in 15 ml of benzene were slowly added within 20

Table 2

Characteristic spectrocopic data for complexes 4a—c

Complex s(H)* s(3p)2 Ve A(lem™1)®
4a 8.55 (8.76) 58.8(58.2) 133 (132) 295

4b 8.55 (8.96) (66.2) (128) 310

4c (8.91) (72.8) (128) 250

? In DMSO-dg; values in parentheses are in CDCl,; complexes 4a—c are only moderately stable in CDCl;. ® As KBr pellets.
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min at room temperature with a Teflon cannula. After
complete addition the reaction mixture was stirred for
20 min. The bright yellow precipitate was filtered off,
washed with benzene (5 ml) and pentane (5 ml) and
dried in vacuo to give 4a—c (40-49%). Characteristic
spectroscopic data are given in Table 2.

4.4.2. Reaction of la with two equivalents of 3a; isola-
tion of [(3a)Rh(n’-CyH,;)] 6a

250 mg (0.49 mmol) of 1a were dissolved in 20 ml
of THF and cooled to —78 °C in an acetone—dry ice
bath. A solution of 3a (389 mg, 0.98 mmol) in 15 ml of
THF was added slowly under continuous stirring within
20 min with a Teflon cannula. The resulting mixture
was allowed to warm to room temperature and stirred
for 30 min. The solvent was removed, and the residue
was redissolved in 5 ml benzene. The resulting yellow
precipitate was filtered off, washed with pentane (5 ml)
and dried in vacuo to give 78% of 4a. The benzene
filtrate was evaporated to dryness and the residue was
redissolved in cold THF (5 ml), producing an orange
precipitate which was filtered off and identified as 5a.
The filtrate was again evaporated to give an ochre solid
that was analysed by NMR and mass spectroscopy.
Characteristic NMR data for 6a are given in Table 3.

M.p. 230 °C (dec.) under Ar. MS (EL, 70 eV) m / z:
610(M ), 501 (M*-C3H,,), 424 M*-C,H,;-C¢H,).
'"H-NMR (C,D,, phosphane fragment only) 1. 8 22
(CH,-P, 4H, m), 6.8-7.3 (PPh, o,p-H, 12H, m), 7.5-
8.0 (PPh, m-H, 8H, m).

“C{'H)-NMR (C D6, phosphane fragment only):
30.6 (CH,-P, dt, |'Jpe +3Jpc| = 2T one = 2);
139.7—140.2 (PPh, ipso-C, m); 132.3/132.9 (PPh, 0-C,

t, | 2Jpe +*pe | =6); 127.7/127.9 (PPh, m-C, t, | *J,,
+3Jpe | =5); 128.4/128.6 (PPh, p-C, s).

4.4.3. Synthesis of [{Ph, P(CH, ), PPh,}Rh(n’-C,H,,)]
6d

250 mg (0.49 mmol) of la were dissolved in 20 ml
of THF and cooled to —78 °C in a acetone—dry ice
bath. A solution of 3d (202 mg, 0.49 mmol) in 15 ml of
THF was added slowly under continuous stirring within
20 min with a Teflon cannula. The resulting clear
solution was stirred for 30 min at room temperature.
The solvent was removed and the yellow residue was
dried in vacuo for 1 day to give 300 mg (0.48 mmol;
98%) 6d containing small amounts of THF according to
proton NMR analysis. Characteristic NMR spectro-
scopic data of 6d are given in Table 3.

M.p. 230 °C (dec.) under Ar. MS (EI, 70 eV) m / z:
624(M+) 515 (M*~C4H ;), 438 (M*—C4H ;—C(Hj,).

'"H-NMR (C,D,, phosphane fragment only) 1 5 1 8
(CH,~CH,-P, 2H, m), 2.1-2.4 (CH,-P, 4H, m), 6.7~
73(PPh o,pH 12H, m), 7.4~ 78(PPh m-H, 8H, m).

“C{'H)-NMR (phosphane fragment only): 30.5
(CH,~P, dt, | Irc + e | =12, e =2); 202
(CH,~CH,P, t, | JPC+4JPC | = 4), 1394 139.8 (PPh,
zpsoC m) 132.4/132.9 (PPh, o-C, t, | JPC+4J pe | =
7); 127.4/127.6 (PPh, m-C, t, |*Jpe +°Jpc | = 4);
128.0/128.3 (PPh, p-C, s).

4.4.4. Reaction of la with monodentate phosphanes
PPh; 3e and P(p-F-C4H,), 3f

The reactions were performed by reacting 1a (25.0
mg, 0.05 mmol) in 0.5 ml THF-dg with two equivalents

Table 3
Characteristic NMR spectrocopical data for n°-cyclooctenyl complexes 6a—f
Complex 'P{' H}-NMR "H-NMR BC('H}-NMR
& (ppm) & (ppm) & (ppm)
6a? 68.2(d, Jgpp = 199) 5.20(1,t¢, 1H, 3JH =17.9); 105.8 (1, dt, e = 5, JPC =2);

6d *

6e ©

6f <

27.7(d, Jgpp = 193)

43.3(d, Jgyp = 202)

41.3(d, Jgup = 204)

455(2/2,q, 2H, *Jyyy = 7.9%
1.8-2.3 (3/3, m, 4H); 1.3-1.8

(4/4', m, 4H); 1.3-1.5(5°, m

1H), 2.3-2.5 (5% m, 1H).

523(1, t, 1H, *Jy, = 8.0);
3.80(2/2,q, 2H, *Jyy = 8.0);
1.4-2.0(3/3, m, 4H); 1.2-1.6

(4/4', m, 4H); 1.1-1.4(5%°, m

1H), 2.1-2.4 (5°"%°, m, 1H).

513(1,t, 1H, *Jyy = 8.0%;
3.29(2/2,q, 2H, *Jyy = 8.0).

5.24(1, 4, 1H, *Jy = 8.2);
3.55(2/2,q, 2H, Jyyy = 8.2).

668(2/2’ m, Jppe =8 "); 33.2
(3/3’ d, JR,,C—Z) 309 (4/4,t,

[*Toc (rrans) + Jpc(cis)| = 8 Hz);

23.6(5, s).

1047 (1, dt, 'Jgpc = S, J,,C—z);
68.6(2/2, m); 32.6 3/, d

Jun = 25304 (474,

|4 C(trans)+4lpc(us)| = 8 Hz);
23.4(5, s).

* In C¢Dy; see Fig. 2 for numbering scheme. ®

From a C{'H, *'P} experiment. ¢ In THF-dg. ¢ "F{'H}-NMR: 6= —103.2.
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of 3e—f directly in an NMR-tube. Characteristic ' H- and
*'P-NMR data for 6e—f are given in Table 3.
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