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Some intrinsically chiral [Rh6(CO)14(µ,κ2-PX)] clusters have been synthesized, beginning with reactions of
[Rh6(CO)16�x(NCMe)x] (x = 1, 2) with PX, where PX represents the bidentate bridging ligands diphenyl(benzo-
thienyl)phosphine (1), diphenyl(2-thienyl)phosphine (2), di(2-thienyl)phenylphosphine (3), tris(2-thienyl)phosphine
(4), diphenyl(2-pyridyl)phosphine (5) and diphenylvinylphosphine (6). The ligand tris(2-furyl)phosphine (7) shows no
bridging capability. When x = 1 the initial products are the clusters [Rh6(CO)15(κ

1-PX)] which undergo spontaneous
CO loss to form [Rh6(CO)14(µ,κ2-PX)]. The structures of the [Rh6(CO)15(κ

1-PX)] clusters have been elucidated by IR,
NMR spectroscopy and FAB-MS spectrometry, and have been found to involve phosphorus atom coordination to a
rhodium atom. In addition, the solid state structures of the [Rh6(CO)14(µ,κ2-Ph2P(2-benzothienyl))] (8), [Rh6(CO)14-
(µ,κ2-Ph2P(2-thienyl))] (9), [Rh6(CO)14(µ,κ2-PhP(2-thienyl)2)] (10) and [Rh6(CO)14(µ,κ2-Ph2P(pyridyl))] (12) clusters
have been determined by X-ray crystallography. The various types of chirality exhibited by these clusters are
discussed. A simple model is proposed to account for the ratios of stereochemical isomers found in the Rh6(CO)14-
(µ,κ2-PhP(2-thienyl)2 cluster. The kinetics of formation of the bridged clusters from the monosubstituted
[Rh6(CO)15(κ

1-PX)] clusters have been studied.

Introduction
Organometallic compounds containing functionalised phos-
phines are important for several reasons. The presence of a
second coordinating atom or group provides a diversity of co-
ordination modes that can lead to stereochemical differences in
the final products of their reactions. Differences in dynamic
behaviour that are attributable to the relative weakness of bind-
ing of the second coordinating atom or group to the metal
are also important in leading to “hemilability” 1 and all these
differences are of special interest when the ligands are bound to
metal cluster frameworks. They open the way to targeted struc-
tural modification of complexes and to controlled reactivity
that is especially important in catalytic applications. The chem-
istry of transition metal complexes containing X-functionalised
P-donor ligands (PX), where X is a two electron donor contain-
ing sulfur, nitrogen or oxygen atoms, or a C��C double bond,
has been investigated quite intensively for both mononuclear,2–6

and cluster compounds.7–24 From the viewpoint of structural
chemistry, coordination of these potentially heterobidentate
ligands to a cluster core can occur in various ways: chelating,
bridging or in a simple κ1 mode, usually through the phos-
phorus atom. Each of these is governed by particular properties
of the ligand and metal centre or centres, as well as by particu-
lar mechanistic features of the ligand coordination process.
Asymmetry of the various components can give rise to form-
ation of isomeric product complexes and stereoisomers can, in
principle, be formed, especially with bridging ligands. For
example, bridging heterobidentate (X–Y) ligands positioned
out of a metal triangular face form a chiral structural pattern,
which has been successfully resolved for orthometallated pyrid-
ine derivatives.25a The diastereomers of Os3 clusters containing
orthometallated (S )-nicotine and (R)-1-(4-pyridyl)ethanol
ligands displayed clear photophysical evidence of the chirality
of the Os3(X–Y) fragments in their CD spectra.25a The possible

presence of several chiral centres in cluster molecules of this
sort makes them particularly interesting from the viewpoint of
catalytic applications provided that they are stereochemically
rigid and maintain the asymmetry under the conditions of
a catalytic experiment. A combination of all the features
mentioned above makes these studies especially challenging
for getting better insight into this field of cluster chemistry.
In the present paper we report the reactions of the labile
[Rh6(CO)16�x(NCMe)x] clusters (x = 1, 2) with Ph2P(2-thienyl),
PhP(2-thienyl)2, P(2-thienyl)3, Ph2P(2-benzothienyl), Ph2P-
(2-pyridyl), Ph2P(vinyl) and P(2-furyl)3 ligands. Structural
characterization, by X-ray crystallography and NMR spectro-
scopy, of the generally bridged products, together with the
kinetics of the PX bridge closure from initially formed
[Rh6(CO)15(κ

1-PX)] clusters, are also described.

Experimental

General comments

The acetonitrile substituted clusters [Rh6(CO)16�x(NCMe)x]
(x = 1, 2) were synthesized as described earlier.26 Diphenyl-
(benzothienyl)phosphine (1) was synthesised by the reaction of
the lithium salt of benzothiophene with PPh2Cl.27 The PX
ligands diphenyl(2-thienyl)phosphine (2),28 and di(2-thienyl)-
phenylphosphine (3),29 were prepared according to published
procedures. Tris(2-thienyl)phosphine (4) (Lancaster), diphenyl-
(2-pyridyl)phosphine (5) (Aldrich), diphenylvinylphosphine (6)
(Aldrich) and tris(2-furyl)phosphine (7) (Lancaster) were used
as received. All solvents (dichloromethane, chloroform, aceto-
nitrile, hexane and diethyl ether (KEBO)) were distilled over
appropriate drying agents under an atmosphere of nitrogen
before use. Infrared spectra were recorded using a Nicolet
Avatar 360 FTIR spectrometer. Fast atom bombardment
(FAB�) mass spectra were obtained with a JEOL SX-102D
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instrument; 3-nitrobenzyl alcohol was used as a matrix and CsI
as the calibrant. The isotopic distribution patterns observed
in the mass spectra fit completely to the calculated patterns.
1H and 31P NMR spectra were recorded on a Varian Unity
300 MHz spectrometer, and 2D 1H–1H COSY and HSQC
spectra on a Bruker DRX 500C spectrometer. The chemical
shifts were referenced to residual solvent resonances or external
85% H3PO4 in 1H, 13C and 31P spectra, as appropriate. Thin
layer chromatography was performed on commercial plates
pre-coated with Merck Kieselgel, 60 to 0.5 mm thickness.

A general procedure for the synthesis and chromatographic
purification of the mono-substituted [Rh6(CO)15(κ

1-PX)] and
di-substituted [Rh6(CO)14(µ,κ2-PX)] clusters is exemplified
below by the reactions of [Rh6(CO)16�x(NCMe)x] (x = 1, 2) with
diphenyl(2-thienyl)phosphine (2). The yields of the new com-
pounds, together with analytical and spectroscopic data, are
given in Table 1.

Reaction of [Rh6(CO)15(NCMe)] with (2). [Rh6(CO)15-
(NCMe)] (40 mg, 0.037 mmol) was dissolved in dichloro-
methane (5 cm3) and a slight excess (12 mg, 0.045 mmol) of 2 in
dichloromethane (2 cm3) was added to the cluster solution.
Formation of the primary monosubstituted derivative,
[Rh6(CO)15(κ

1-Ph2P(2-thienyl))] (9�), occurred almost immedi-
ately as verified by comparison of its IR and 31P NMR spectra
to those of known [Rh6(CO)15(κ

1-phosphine)] clusters.24,30,31

The reaction mixture was left under nitrogen at room tem-
perature for 10 h and both spectroscopic techniques showed
complete conversion of 9� into the final reaction product
[Rh6(CO)14(µ,κ2-Ph2P(2-thienyl))] (9). (Here and elsewhere we
choose to distinguish the monosubstituted clusters by primed
numbers, while the bridged version is referred to by the same,
unprimed, number. The relationship between the ligand num-
bering and the cluster numbering is that the cluster with the
ligand number x is given the cluster number 7 � x, since there
are seven ligands. Thus clusters 9� and 9 contain ligand 2.)

TLC separation using a hexane–chloroform (2 : 1 v/v) eluent
gave one main brown band containing 9. After separation of
the brown material from the plate and removal of the solvent a
brown crystalline powder of 9 was obtained (45 mg, 95%).

Reaction of [Rh6(CO)14(NCMe)2] with (2). [Rh6(CO)14-
(NCMe)2] (45 mg, 0.042 mmol) was dissolved in dichloro-
methane (10 cm3). A slight excess of 2 (14 mg, 0.052 mmol) in
dichloromethane (2 cm3) was added to the cluster solution.
Formation of 9 occurred almost immediately. Chromato-
graphic separation of the reaction mixture was performed as
described above to give one main band containing cluster 9
(48 mg, 91%).

Kinetics of the transformation of [Rh6(CO)15(�
1-PX)] into

[Rh6(CO)14(�,�2-PX)]. Monodentate [Rh6(CO)15(κ
1-PX)] clus-

ters were prepared in situ by reaction of a slight excess of a
phosphine ligand with [Rh6(CO)15(NCMe)]. Typically, a
weighed amount of the starting cluster and phosphine were
separately dissolved in toluene. The solutions were left for
ca. 10–15 min at room temperature to allow complete dis-
solution of [Rh6(CO)15(NCMe)]. The ligand and cluster
solutions were then mixed and immediately transferred into a
pre-thermostated IR cell or, in the case of UV-Vis monitoring,
small aliquots of the starting solutions were transferred into a
pre-thermostated UV-Vis cell containing pure solvent. Time-
dependent IR spectra were recorded on a Nicolet 550 Magna
FTIR spectrophotometer in absorbance mode in the temper-
ature-controlled infrared cell (Wilmad Glass, 2 mm path-
length) equipped with NaCl windows. Rate constants were
obtained by monitoring the decrease in absorbances of the
well separated IR bands at ca. 2100 cm�1 corresponding to
[Rh6(CO)15(κ

1-PX)]. Alternatively, and more generally, UV-Vis
monitoring was carried out using Hewlett Packard 8452A

diode array and Cary 300 Bio spectrophotometers. UV-Vis cells
were thermostated using a Lauda RCS-6 thermostat bath.
Absorbance changes were monitored at at least three wave-
lengths in the range 400–460 nm. Rate constants were obtained
by single exponential analysis of the absorbance changes at
each wavelength and averaged to give values of kobs.

Good agreement was obtained between rate constants
obtained from the different methods of monitoring. Conveni-
ent temperature ranges were selected for each cluster and at
least five runs were carried out over a 25 �C temperature range.
Activation parameters were obtained by unweighted linear
least-square analysis of the dependence of ln(kobs/T ) on 1/T ,
and estimates of the standard errors in kobs (σ(kobs) (%)) were
determined from the scatter of the values of ln(kobs/T ) around
the linear Eyring plot.

Isolation of crystals, X-ray data collection, and structure solu-
tion. Single crystals of 8, 9, 10, 12 and 14 suitable for an X-ray
study were grown by slow diffusion of heptane into chloroform
solutions at 5 �C. The X-ray diffraction data were collected with
a Nonius Kappa CCD diffractometer using Mo-Kα radiation
(λ = 0.71073 Å) and the Collect data collection program.32 The
Denzo-Scalepack 33 program package was used for cell refine-
ments and data reduction. All structures were solved by direct
methods using the SHELXS97 program.34 Structural refine-
ments were carried out with the SHELXL97 program.34 An
empirical absorption correction based on equivalent reflections
was applied to structure 9 (T min/T max: 0.25713/0.28486). The
hydrogens in 8, 10, 12 and 14 were placed in idealised positions
and constrained to ride on their parent atom. All hydrogens in 9
were located from the difference Fourier map and refined iso-
tropically. Structures of 9 and 10 were refined as racemic twins
with absolute structure parameter 0.30(2) and 0.18(2), respect-
ively. In the structure 10 the thermal parameters indicated that
S(2) and C(122) are possibly disordered over two sites in one of
the S-containing rings. However, modelling of the disorder did
not improve the result and therefore it was not applied for the
structure solution. The crystallographic data are summarised
in Table 2 and selected bond lengths and angles are shown in
Table 3. The solid state structure of 13 has been recently
obtained and will be published elsewhere.

CCDC reference numbers 202051–202055.
See http://www.rsc.org/suppdata/dt/b3/b300951c/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Synthesis and characterization of the [Rh6(CO)15(�
1-PX)]

clusters and the kinetics of their reactions to form the
[Rh6(CO)14(�,�2-PX)] clusters

The reaction of [Rh6(CO)15(NCMe)] has previously been used
for the synthesis of various monosubstituted [Rh6(CO)15L]
derivatives,24,30,31 which were completely characterized by vari-
ous spectroscopic methods and X-ray crystallography. Thus,
the same reaction with any one of the phosphines 1–7 affords,
in the first stage, a monodentate phosphine substituted product
[Rh6(CO)15(κ 1-PX)] in nearly quantitative yield, as verified by
IR and 31P spectroscopy. In the case of ligands 1–6, the result-
ant monosubstituted Rh6 clusters are unstable with respect to
PX bridge closure and that prevents their complete characteriz-
ation by separation and crystallography. Chromatographic iso-
lation of the initial products 8� and 9� was initially quite clean
but, on elution and isolation of the solid clusters, some bridge
closure (<∼10%) had occurred as evidenced by the 31P NMR
spectra. Nevertheless, the FAB mass spectra of these mixtures
gave strong parent molecular ion peaks corresponding to
[Rh6(CO)15(PX)]. Further, in 14�, the P,O ligand 7 proved
unable to undergo P,O bridge closure and this allowed X-ray
structural characterization of the [Rh6(CO)15(P(2-furyl)3)]
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Table 1 Spectroscopic data for the clusters 8�–14� and 8–13

Compound IR (CH2Cl2) ν(CO)/cm�1 Yield (%) m/z (FAB) a δ(31P)/ppm (J/Hz) (CDCl3) δ(1H)/ppm (J/Hz) (CDCl3)

[Rh6(CO)15(κ
1-Ph2P(SC8H5)] (8�) 2100w, 2065s, 2036w, 2010vw, 1789m,

br
 1356 (1356), loss of 15

CO
18.2, dm, 1J(Rh–P) 136.7  

[Rh6(CO)14(µ,κ2-Ph2P(SC8H5)] (8) 2092m, 2061s, 2031m, 2011w, 1775m,
br

96.0 1328 (1328), loss of 14
CO

14.4, dm, 1J(Rh–P) 140.6,
2J(Rh–P) 4.0 and 1.7

7.98 (m, 1H), 7.77 (m, 1H), 7.66 (m, 1H), 7.60 (m, 1H),
7.58–7.48 (m, 10H, Ph), 6.74 (d, 1J(P–H) 6, 1H)

[Rh6(CO)15(κ
1-Ph2P(SC4H3)] (9�) 2099w, 2065s, 2034w, 2008vw, 1789m,

br
 1306 (1306), loss of 15

CO
16.8, dm, 1J(Rh–P) 139.2  

[Rh6(CO)14(µ,κ2-Ph2P(SC4H3)] (9) 2092m, 2062s, 2033m, 2011w, 1778m,
br

95.0 1278 (1278), loss of 14
CO

12.5, dm, 1J(Rh–P) 139.6,
2J(Rh–P) ca. 4.0

7.94 (t, J 4.4, 1H), 7.68–7.40 (m, 10H, Ph), 7.32 (dd, J
5.5, 3.3, 1H), 6.49 (dd, J 6.6, 3.3, 1H)

[Rh6(CO)15(κ
1-PhP(SC4H3)2)] (10�) 2100w, 2064s, 2035w, 2008vw, 1795m,

br
  6.2, d 1J(Rh–P) 141.9  

[Rh6(CO)14(µ,κ2-PhP(SC4H3)2)]
(10a) b

2092m, 2060s, 2030m, 2008w, 1784m,
br

92.0 (a � b) 1284 (1284), loss of 14
CO

3.88, d 1J(Rh–P) 144.0 7.96 (t, J 4.9, 1H, c), 7.69 (dd, J 4.9, 2.9, 1H, nc),c 7.67–
7.45 (m, Ph), 7.62 (dm, J 6.8, 1H, nc), 7.36 (m, 1H, c),
7.25 (m, 1H, nc), 6.64 (dd, J 6.8, 3.4, 1H, c)

[Rh6(CO)14(µ,κ2-PhP(SC4H3)2)]
(10b) b

   �2.85, d 1J(Rh–P) 142.8 8.12 (dd, J 7.8, 3.5, 1H, nc), 7.91 (t, J 4.7, 1H 134, c), 7.73
(dm, J 5.9, 1H, c),b 7.67–7.45 (m, Ph), 7.38 (m, 1H, nc),
7.31 (dd, J 4.6, 3.4, 1H 133, c), 6.67 (dd, J 5.9, 3.4, 1H
132, c)

[Rh6(CO)15(κ
1-P(SC4H3)3)] (11�) 2099w, 2064s, 2035w, 2009vw, 1796m,

br
  �1.3, dm, 1J(Rh–P) 146.5  

[Rh6(CO)14(µ,κ2-P(SC4H3)3)] (11) 2092m, 2060s, 2030m, 2009w, 1782m,
br

92.0 1290 (1290), loss of 14
CO

�10.4, dm, 1J(Rh–P) 147.4 6.76 (dd, J 6.3, 3.4, 1H), 7.23 (m, 1H), 7.34 (m, 2H), 7.62
(dd, J 7.32, 3.4, 1H), 7.71 (m, 2H), 7.92 (t, J 4.4, 1H), 8.07
(dd, J 8.3, 3.4)

[Rh6(CO)15(κ
1-Ph2P(C5H4N))] (12�) 2099w, 2064s, 2035w, 2005vw, 1792m,

br
  20.1, d 1J(Rh–P) 135.5  

[Rh6(CO)14(µ,κ2-Ph2P(C5H4N))] (12) 2089m, 2057s, 2026m, 2003w, 1778m,
br

91.0 1245(1273), loss of 13
CO

24.6, d 1J(Rh–P) 144.7 9.22 (d, J 5.37, 1H), 7.75 (tm, J 7.81), 7.61–7.36 (m, 11H),
7.28 (dm, J 8.19, 1H)

[Rh6(CO)15(κ
1-Ph2P(C2H3))] (13�) 2099w, 2065s, 2034w, 2009vw, 1795m,

br
  20.0, dm 1J(Rh–P) 131.9  

[Rh6(CO)14(µ,κ3-Ph2P(C2H3))] (13) 2094m, 2063s, 2032m, 2009w, 1789m,
br

91.4 1222 (1222), loss of 14
CO

16.9, d 1J(Rh–P) 125.5 7.83 (m, 2H (Ph)), 7.73 (m, 2H (Ph)), 7.45 (m, 6H (Ph)),
5.00 (dd, J(P–H) 26.9 and J(H–H) 9.6, 1H), 4.54 (dt,
J(H–H) 9.6 and 13.7, 1H), 3.54 (t, J(H–H) 13.7, 1H)

[Rh6(CO)15(κ
1-P(2-OC4H3))] (14) 2100w, 2065s, 2036w, 1796m, br 89.0 1270 (1270), loss of 15

CO
�19.2, dt, 1J(Rh–P) 147.4,
2J(Rh–P) 4.6

7.65 (m, 3H), 6.77 (m, 3H), 6.45 (m, 3H) d

a Molecular ion in parentheses. b All the spectra for these compounds were run using the mixture of isomers. In the 31P NMR spectra two doublets of relative intensity 1 : 1.9 were observed and this ratio was used to assign
clearly separated low field and high field signals in the 1H NMR spectrum. c This multiplet contains the signals of both a and b isomers. d In CD2Cl2. 
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Table 2 Crystallographic data for compounds 8, 9, 10, 12 and 14

 8 9 10 12 14

Empirical formula C34H15O14PRh6S C30H13O14PRh6S C28H11O14PRh6S2 C31H14NO14PRh6 C27H9O18PRh6

Mw 1327.95 1277.89 1283.92 1272.86 1269.77
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic
Space group P21/c P21 P21 P1̄ P21/n
a/Å 11.7069(3) 9.62700(10) 9.4304(19) 9.906(2) 9.8477(4)
b/Å 19.2614(8) 17.1463(3) 16.894(3) 11.924(2) 34.1917(13)
c/Å 17.2961(7) 11.3747(2) 11.371(2) 15.821(3) 10.2373(4)
α/� 90 90 90 91.53(3) 90
β/� 97.240(2) 106.3520(10) 105.34(3) 94.34(3) 103.297(2)
γ/� 90 90 90 105.66(3) 90
V/Å3 3869.0(2) 1801.64(5) 1747.1(6) 1792.2(6) 3354.6(2)
T /K 150(2) 293(2) 150(2) 100(1) 100(1)
Z 4 2 2 2 4
Dc/g cm�3 2.280 2.356 2.441 2.359 2.514
µ/mm�1 2.661 2.852 2.999 2.811 3.011
No. refl. collected 13363 29500 20812 27652 17296
No. unique refl. 6795 7904 6109 8196 5899
Rint 0.0483 0.0300 0.0266 0.1310 0.0690
R1 a 0.0404 0.0210 0.0225 0.0503 0.0493
wR2 a 0.0663 0.0497 0.0568 0.0876 0.0874

a I > 2σ. 

cluster. Even reaction of one equivalent of 7 with [Rh6(CO)14-
(NCMe)2] does not afford the bridging species. Instead, 14� and
the disubstituted [Rh6(CO)14(κ

1-P(2-furyl)3)2] cluster, character-
ized spectroscopically, are formed. The evidence is therefore
incontrovertible that, in all cases, the initial products of the
reactions are the simple monosubstituted carbonyl clusters with
P-donor PX ligands.

The initial coordination of the functionalised phosphine via
the phosphorus atom occurs rapidly as expected from the labil-
ity of the acetonitrile complex and the greater donicity of the
phosphorus atom as compared with the hetero atoms or group.
This is followed by coordination of the S, N or double bond
functions to a rhodium atom next to the one coordinated by the
phosphorus so that the product is formed in the µ,κ2-bonding
mode. The latter reaction is very smooth as evidenced by the
good isosbestic points shown by the IR traces in Fig. 1. This
indication of the cleanness of the reactions allows us to be sure
that UV-Vis monitoring will also give reliable rate constants.
The absorbance changes in the 420–460 nm range of the UV-
Vis spectra fit very well to single exponential analyses and the
averaged rate constants are given in Table 4. These are
independent of the concentration of any free phosphine ligand,
showing that the reactions clearly involve an intramolecular
displacement of a CO ligand. The activation parameters, also
shown in Table 4, were derived from the rate constant changes
over substantial temperature ranges. The precision of the activ-
ation parameters is excellent and the fit to the Eyring analysis

Fig. 1 Changes in the IR spectra during bridge closure reaction in
Rh6(CO)15(κ

1- Ph2P (2-pyridyl) in CH2Cl2 at 32.8 �C.

shows that the precision of the individual rate constants is very
good.

The highest value of ∆S ‡ (ca. �22 cal K�1 mol�1) is quite
compatible with a simple CO dissociative rate-determining
step.35 This suggests that the incipient [Rh6(CO)14(µ-Ph2P-
(vinyl))] that is formed as the CO dissociates does not undergo
the sort of “cluster tightening” that is often postulated to cause
less positive values of ∆S ‡ in reactions of smaller metal carb-
onyl clusters.36–38 Since the absence of this phenomenon seems
unlikely to be dependent on the detailed nature of the ligand,
we can ascribe the less positive value ∆S ‡ for [Rh6(CO)15-
(Ph2P(pyridyl))] to a genuine contribution from bond-making
in the transition state.39 The essentially pure dissociative mech-
anism for [Rh6(CO)15(Ph2P(vinyl))] would be in accord with the
low nucleophilicity expected for the vinyl group in the ligand.
On the other hand, the suggestion of some associative character
for the reaction of [Rh6(CO)15(Ph2P(pyridyl))] is compatible
with nucleophilic attack at the C atom of a nearby CO, hard
nucleophiles being well known to react in this way.35 The associ-
ative contribution is not particularly large by comparison with
the bridge-closing reaction of [Os3(CO)11(κ

1-dppm)],41 for
which ∆S ‡ = �10 cal K�1 mol�1, but it does appear to be finite.
Associative contributions to the reactions of the clusters with
thienyl-containing phosphine ligands appear to be very small.

Synthesis and structural characterization of the
[Rh6(CO)14(�,�2-PX)] clusters

The instability towards CO loss, in solution, of the mono-
substituted clusters 8�–13� allows facile formation of the
corresponding stable [Rh6(CO)14(µ,κ2-PX)] clusters containing
a five-membered Rh–P–C–X–Rh ring (X = S, 8–11; N, 12; or a
C��C group, 13). The same products can be obtained by reaction
of the corresponding phosphine with [Rh6(CO)14(NCMe)2]
which can provide an easily generated second coordination
vacancy for coordination of the X-atom or group. This reaction
affords the bridged clusters immediately in nearly quantitative
yield. All these simple bridged complexes contrast with the
more complex products, involving oxidative addition etc.,
found in studies of related but smaller clusters.10,11,19–23

In contrast to [Rh6(CO)14(µ,κ2-P(pyrrolyl)3)],
40 none of the

clusters 8–12 reacts with CO (25 �C, 1 atm of CO) to restore the
initial κ1 coordination of the phosphine, and this suggests sub-
stantially more effective X-group bonding to the Rh6 skeleton
as compared with the P(pyrrolyl)3 ligand. It turns out, however,
that the relative lability of [Rh6(CO)14(µ,κ2-P(pyrrolyl)3)] is due
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Table 3 Selected bond lengths (Å) and angles (�) in [Rh6(CO)14((µ,κ2-PX)] clusters (PX = Ph2P(C8H5S) 8, Ph2P(C4H3S) 9, PhP(C4H3S)2 10,
Ph2P(C5H4N) 12). For numbering scheme, see Fig. 1

 8 9 10 12 14  
Rh–Rh

Rh(10)–Rh(20) 2.7815(8) 2.7762(3) 2.7648(8) 2.7763(14) 2.8132(9)  
Rh(10)–Rh(21) 2.7667(8) 2.7538(3) 2.7525(7) 2.7615(15) 2.7852(9)  
Rh(10)–Rh(30) 2.7554(8) 2.7784(4) 2.7709(7) 2.7688(13) 2.7894(9)  
Rh(10)–Rh(31) 2.7558(8) 2.7433(4) 2.7377(11) 2.7608(13) 2.7622(9)  
Rh(20)–Rh(21) 2.7434(8) 2.7492(3) 2.7496(7) 2.7036(10) 2.7715(9)  
Rh(30)–Rh(31) 2.7726(8) 2.7830(4) 2.7881(8) 2.7843(11) 2.7561(9)  
Rh(20)–Rh(30) 2.7800(7) 2.7708(4) 2.7636(8) 2.7949(12) 2.7439(10)  
Rh(21)–Rh(31) 2.7130(7) 2.7264(4) 2.7275(8) 2.7130(13) 2.7361(10)  
Rh(40)–Rh(30) 2.7315(8) 2.7402(4) 2.7451(7) 2.7390(15) 2.7582(9)  
Rh(40)–Rh(31) 2.7855(8) 2.7954(4) 2.7956(8) 2.7989(14) 2.7591(10)  
Rh(40)–Rh(20) 2.7901(8) 2.7994(3) 2.7867(11) 2.7825(13) 2.7483(10)  
Rh(40)–Rh(21) 2.7322(8) 2.7229(3) 2.7152(7) 2.7312(13) 2.7665(10)  
Average a 2.7590(248) 2.7616(259) 2.7581(250) 2.7596(313) 2.7658(215)  

Rh–µ3-CO

Rh(40)–C(10)O 2.208(7) 2.234(3) 2.237(5) 2.185(9) Rh(10)–C(10)O 2.162(9)
Rh(20)–C(10)O 2.205(8) 2.186(3) 2.183(6) 2.183(9) Rh(20)–C(10)O 2.204(9)
Rh(21)–C(10)O 2.160(7) 2.168(3) 2.183(5) 2.128(9) Rh(21)–C(10)O 2.243(9)
Rh(10)–C(20)O 2.199(8) 2.183(4) 2.180(5) 2.202(8) Rh(20)–C(20)O 2.180(9)
Rh(20)–C(20)O 2.144(8) 2.136(3) 2.128(6) 2.128(9) Rh(30)–C(20)O 2.222(9)
Rh(30)–C(20)O 2.284(8) 2.288(4) 2.280(6) 2.259(10) Rh(40)–C(20)O 2.182(9)
Rh(10)–C(21)O 2.202(8) 2.248(4) 2.249(5) 2.209(8) Rh(10)–C(11)O 2.109(9)
Rh(21)–C(21)O 2.131(8) 2.090(3) 2.086(5) 2.084(8) Rh(30)–C(11)O 2.196(9)
Rh(31)–C(21)O 2.303(8) 2.264(4) 2.240(5) 2.273(10) Rh(31)–C(11)O 2.247(9)
Rh(40)–C(30)O 2.199(7) 2.204(4) 2.203(7) 2.185(10) Rh(40)–C(30)O 2.239(10)
Rh(30)–C(30)O 2.186(8) 2.169(4) 2.173(6) 2.176(10) Rh(21)–C(30)O 2.189(10)
Rh(31)–C(30)O 2.189(8) 2.185(4) 2.208(6) 2.166(10) Rh(31)–C(30)O 2.191(9)
Average a 2.201(50) 2.196(56) 2.196(53) 2.182(53)  2.197(39)

Rh–COt

Average a 1.903(13) 1.895(10) 1.900(15) 1.889(15) 1.900(10)  

Rh–P

Rh(20)–P(1) 2.3142(18) 2.3216(8) 2.3098(15) 2.308(3) Rh(10)–P(1) 2.311(2)
Rh(21)–X b 2.3747(18) 2.3907(9) 2.3928(15) 2.162(7)   

P–Rh–Rh

P(1)–Rh(20)–Rh(21) 93.70(5) 93.81(2) 93.57(4) 88.72(6)   
X–Rh(21)–Rh(20) 92.57(5) 93.24(2) 93.79(4) 92.63(16)   
P(1)–Rh(20)–Rh(10) 102.13(5) 100.39(2) 99.66(4) 97.01(7)   
X–Rh(21)–Rh(10) 92.60(5) 93.79(2) 93.78(4) 100.38(18)   
P(1)–Rh(20)–Rh(40) 140.03(5) 141.01(2) 141.25(4) 138.55(7)   
X–Rh(21)–Rh(40) 147.17(5) 147.11(2) 147.56(4) 141.66(17)   
P(1)–Rh(20)–Rh(30) 157.03(5) 155.47(2) 154.62(4) 153.99(7)   
X–Rh(21)–Rh(31) 144.99(5) 145.74(2) 145.24(4) 153.58(18)   

Bond lengths in dimetallocycle

P(1)–C(131) 1.790(7) 1.808(3) 1.810(5) 1.845(8)   
X–C(131) 1.775(7) 1.736(4) 1.752(5) 1.367(10)   

Angles in dimetallocycle

Rh(20)–P(1)–C(131) 108.0(2) 107.51(11) 108.23(17) 111.5(3)   
Rh(21)–X–C(131) 103.0(2) 103.83(11) 103.44(17) 123.1(5)   
P(1)–C(131)–X 116.4(4) 118.99(19) 118.8(3) 117.4(6)   

a Values of variance S = [(xi � x̄)2/(n � 1)]1/2 for the averages are given in parentheses. b (X = S for 8, 9, 10; N for 12).

to an exceptionally unfavourable intrinsic entropy of this
cluster, compared with the nonbridged [Rh6(CO)15(κ

1-P-
(pyrrolyl)3)], which overcomes the contribution of entropy loss
due to transformation of a free CO ligand into a bound one.
The Rh–C bond in [Rh6(CO)14(µ,κ2-P(pyrrolyl)3)] is at least as
strong, enthalpically, as the Rh–CO bond it replaces.40 A small

amount of 13 is transformed into 13� under CO but this reac-
tion, and those of some other disubstituted Rh6 clusters, will be
described in detail elsewhere.

The thienylphosphine clusters. In previous studies of
ruthenium, osmium and cobalt clusters, analogues of ligands
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Table 4 Rate constants and activation parameters (∆H‡/kcal mol�1, ∆S ‡/cal K�1 mol�1) for the ring closure reactions in the clusters Rh6(CO)15L

Ph2P(Pyridyl) Ph2P(Vinyl) Ph2P(Thienyl) PhP(Thienyl)2 P(Thienyl)3

T /�C 103kobs/s
�1 T /�C 103kobs/s

�1 T /�C 103kobs/s
�1 T /�C 103kobs/s

�1 T /�C 103kobs/s
�1

25.9 0.067 25.3 0.026 25.0 0.071 29.5 0.131 28.0 0.091
31.3 0.131 30.8 0.075 29.5 0.154 39.5 0.61 39.4 0.52
31.6 0.142 35.2 0.144 39.5 0.72 44.0 1.25 45.4 1.29
35.7 0.22 41.6 0.380 49.0 3.04 49.0 2.53 51.5 2.95
39.8 0.39 46.0 0.85 54.0 5.34 54.0 4.37 56.6 6.07
46.4 1.07 48.5 1.14       
53.0 2.58         
∆H‡ = 26.2 ± 0.6 ∆H‡ = 30.4 ± 0.6 ∆H‡ = 28.5 ± 0.5 ∆H‡ = 27.9 ± 0.7 ∆H‡ = 28.3 ± 0.2
∆S ‡ = 9.8 ± 2.0 ∆S ‡ = 22.3 ± 1.9 ∆S ‡ = 18.1 ± 1.5 ∆S ‡ = 15.9 ± 2.2 ∆S ‡ = 16.8 ± 0.6
σ(kobs) = 9.9% σ(kobs) = 6.4% σ(kobs) = 5.2% σ(kobs) = 6.7% σ(kobs) = 2.1%

1–4 were usually found to give either κ1 coordination through
phosphorus,7–9,42 or, in the case of [M3(CO)12] derivatives, co-
ordination to all three metals of the triangular cluster through
the phosphorus and a metallated thienyl ring in σ–π vinyl co-
ordination mode.10 In contrast, clusters 8�–11�, containing the
κ1-coordinated thienyl-substituted phosphines 1–4 undergo
facile bridge closure via coordination of the sulfur atoms to
yield clusters 8–11.

The molecular structures of 8 and 9 are shown in Fig. 2, that
of 10 in Fig. 3, and selected bond distances and bond angles are

Fig. 2 ORTEP plots of the molecular structures of (a) [Rh6(CO)14-
(µ,κ2-Ph2P(2-benzothienyl))] (8) and (b) [Rh6(CO)14(µ,κ2-Ph2P-
(2-thienyl))] (9) showing the atom labelling scheme. Thermal ellipsoids
are drawn at the 50% level.

listed in Table 3. The clusters [Rh6(CO)14(µ,κ2-Ph2P(2-benzo-
thienyl))] (8) and [Rh6(CO)14(µ,κ2-Ph2P(2-thienyl))] (9) are
virtually isostructural with respect to the phosphorus-thienyl
moieties and the {Rh6(CO)14} fragments. In 8, the average Rh–
Rh distance is 2.759 Å, while in 9 it is 2.762 Å (cf. [Rh6(CO)16],
Rh–Rhav = 2.75(1) Å 31). It has been noted that in [Rh6(CO)15-
(L)] clusters (L = phosphine, phosphite, cyclooctene), the
distortions of the idealized T d symmetry of the [Rh6(CO)16]
cluster are fairly localized.31 Thus, the two bonds between the
substituted metal and the two Rh atoms that are cis to the
ligand show a pronounced lengthening and the two Rh–Rh
bonds that are in relative trans position to the ligand are the
second longest.31 Quite different local effects of the coordinated
phosphorus and sulfur atoms are observed in 8 and 9. In both 8
and 9, the two metal–metal vectors trans to the phosphine
are elongated [8: Rh(20)–Rh(30) 2.7800(7) Å, Rh(20)–Rh(40)
2.7901(8) Å; 9: Rh(20)–Rh(30) 2.7708(4) Å, Rh(20)–Rh(40)
2.7994(3) Å], whereas the “cis-effect” is much less pronounced
as compared with the monosubstituted [Rh6(CO)16] deriv-
atives.31 In contrast, the two bonds in relative trans position to
the thienyl sulfur are shortened. In 8, they are 2.7130(7) Å
[Rh(21–Rh(31)] and 2.7322(8) Å [Rh(21)–Rh(40)] and similar
distances are observed for 9. The rhodium–phosphorus dis-
tances (Table 3) are similar to those observed for mono-
substituted phosphine derivatives of [Rh6(CO)16]

31,43

Comparison of the various bond angles with those in
[Rh6(CO)16]

31 indicate almost unstrained conformation of the
five-membered “dimetallacycles” that are formed via the diden-
tate coordination of the thienyl phosphine ligands, and the
metal–metal bonds that are bridged by the ligands are only
slightly shorter than the average Rh–Rh distance for each clus-
ter. The Rh(21)–S(1) bonds are ca. 110� out of the thienyl ring
plane, suggesting lone pair donation from nearly sp3 hybridized
sulfur atoms [cf. Figs. 2 and 3]. This geometry has also been

Fig. 3 ORTEP plots of the molecular structures of [Rh6(CO)14(µ,κ2-
PhP(2-thienyl)2)] (10). Thermal ellipsoids are drawn at the 50% level.
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found in [Re2(CO)8((µ-P,S-Ph2PC4H3S)],11 [Os3(µ-H)(CO)7-
{µ3-Ph2P(C8H4S)}{µ2-Ph2P(C8H5S)}],44 as well as in other com-
plexes containing coordinated thiophene.11,45,46 The µ,κ2-(P,S)
coordination mode is rare for thienyl-substituted phosphines;
to our knowledge, the only other known examples of such co-
ordination in metal carbonyl clusters are the above-mentioned
dincuclear rhenium complex and triosmium cluster. The pre-
cise stereoelectronic effects of the bite angle of the thienyl-
phosphorus system, and the donor ability of the thienyl sulfur
atom, both play a decisive role in the ability of these PX ligands
to bridge two adjacent rhodium atoms in the Rh6 clusters. For
example, the reaction of the labile [Rh(cyclooctadiene)2]

� com-
plex with 2 47 results in substitution of one cyclooctadiene
ligand to give [Rh(cyclooctadiene)(Ph2P(2-thienyl))2]

� with κ1

coordinated phosphines, whereas the reaction of the same start-
ing complex with Ph2P(CH2CH2SCH3) affords a compound in
which the phosphine is chelated to the rhodium centre through
the phosphorus and sulfur atoms. The facile formation of the
P,S(thienyl) bridges in 8–11 and the stability of these clusters,
originate most probably from the closely matched geometry of
the P and S lone pairs in 1–4 with the terminal vacancies of
adjacent rhodium atoms in the Rh6 skeleton.

Spectroscopic data obtained for clusters 8 and 9 (cf. Table 1)
show that the structure found in the solid state remains
unchanged in solution. The 31P spectra of both compounds
display expected multiplets due to Rh–P coupling. In the 1H
NMR spectra the protons of the coordinated benzylthienyl and
thienyl substituents appear as well separated and appropriate
multiplets. For both compounds the structure of the phenyl
multiplets indicates an inequivalence of two phenyl rings in
accordance with the solid state structure. The absence of
changes in the 1H NMR spectrum of 9 upon heating to 55 �C
also testifies to the rigidity of the coordination of the P,S frag-
ment, which positions the two phenyl rings in clearly different
stereochemical environments.

Reaction of [Rh6(CO)15(NCMe)] with PhP(2-thienyl)2

afforded the [Rh6(CO)14(µ,κ2-PhP(2-thienyl)2] cluster which
crystallizes as a racemic twin mixture, and the ratio of enanti-
omers in the solid state has been estimated to be ca. 4 : 1. Like
the analogous P,S phosphines in 8 and 9, the ligand 3 in cluster
10 is coordinated in a bridging manner through the phosphorus
and sulfur atom of a thienyl ring (Fig. 3). The main structural
parameters of this molecule in the solid state closely resemble
those found for 8 and 9 (see Table 3) and fall in the range typical
for other substituted Rh6(CO)16 derivatives. It is worth noting
that in 10 the elongation of the metal–metal vectors trans to the
phosphorus atom is less pronounced than in 8 and 9 [Rh(20)–
Rh(30) 2.7636(8) Å, Rh(20)–Rh(40) 2.7867(11) Å, Rh–Rhav ≈
2.76 Å], while shortening of the metal–metal bonds trans to the
coordinated thienyl sulfur is quite significant [Rh(21)–Rh(31)
2.7275(8) Å, Rh(21)–Rh(40) 2.7152(7) Å].

In contrast to its analogues, the 31P and 1H NMR spectro-
scopic data of 10 showed that the cluster exists in solution as a
mixture of what was found to be two regioisomers (vide infra).
These are present in a 2 : 1 ratio, irrespective of the reaction
conditions (25 and 50 �C) or the methods of attempted chroma-
tographic separation, which included careful segmentation of
the corresponding band. A detailed spectroscopic investigation
of the isomeric mixture was undertaken to assign the structures
of the isomers in solution. The 1D projection of the 1H NMR
spectrum of the mixture given in Fig. 4 allows assignment of a
few well resolved low and high field signals to 10a (major iso-
mer) and 10b (minor isomer) on the basis of their relative inten-
sities. However, a complete assignment, which distinguishes the
signals of coordinated thienyl rings from the noncoordinated
thienyl and phenyl rings for each isomer, has been accomplished
by 2D 1H–1H COSY and 1H–13C HSQC spectroscopy (Figs. 4
and 5). In accordance with the solid state structure shown in
Fig. 3, the connectivities observed in the 1H–1H COSY spec-
trum in Fig. 4 make it possible to divide the signals of each

isomer into three groups: those for two thienyl rings (three pro-
tons each) and another group of five signals belonging to a
phenyl ring. The signals of the thienyl rings at 7.96 (t) and 6.64
(dd) ppm for 10a, and at 7.91 (t) and 6.67 (dd) ppm for 10b,
look very similar in location and multiplicity to the spectro-
scopic pattern observed for the coordinated thienyl ring in 9
(7.94 (t) and 6.49 (dd) ppm). The similarity suggests assignment
of the former resonances, as well as related signals found at 7.36
and 7.31 ppm, to coordinated thienyl moieties in 10a and 10b,
respectively. In the case of the major isomer, 10a, the reson-
ances of the noncoordinated thienyl group at 7.69, 7.62, 7.25
ppm appear in the region that fits well to the thienyl signals of
the free ligand. The minor isomer displays two analogous
resonances at 7.73 and 7.38 ppm, but one low field shifted
signal at 8.12 ppm, which lies outside the typical region for
free thienyl ring protons. The corresponding 13C resonance
(139 ppm) is also shifted towards low field as compared with
two other C(H) resonances of the same fragment (134 and 129
ppm as shown in Fig. 5). These data make it possible to assign
the resonances of the major isomer to the structure found in the
solid state where the noncoordinated thienyl ring is pointed

Fig. 4 1H COSY spectrum of the 10a and 10b mixture; superscripts c

and nc in the numbering of signals refer to coordinated and
noncoordinated thienyl rings.

Fig. 5 1H-{13C} HSQC spectrum of the 10a and 10b mixture,
superscripts c and nc in numbering of signals refer to coordinated and
noncoordinated thienyl rings.
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away from the cluster metal triangle to which the ligand is
bound. The minor isomer should bear the bridging phosphine
ligand with a slightly different stereochemistry. The most
reasonable coordination geometry of the minor isomer, which
fits the bridging ligand coordination and the spectroscopic data
obtained, can be generated by exchange of noncoordinated
phenyl and thienyl rings in the structure shown in Fig. 3. This
operation brings the “free” thienyl ring into the position over
the metal triangle and closer to adjacent carbonyl ligands. We
believe that an explanation for the low field shifts of some
signals in the 1H and 13C NMR spectra of the minor isomer
might be the existence of hydrogen bonding between the α
thienyl proton and the oxygen atom of the adjacent carbonyl
ligand [C(20)O(20)]. In fact, the α proton (H(142)) of the
phenyl ring in the major isomer has an extremely short non-
bonding contact with O(20), 2.398 Å. It looks very probable
that the α thienyl proton in the minor isomer has a similar
nonbonding interaction with the bridging carbonyl that results
in “hydrogen bonding” between two ligands and the observed
low field shifts of the H(142) and C(142) signals in the NMR
spectra.

The structure of the cluster [Rh6(CO)14(µ,κ2-P(2-thienyl)3)],
11 has not been obtained crystallographically but it has been
characterized by use of FAB MS, IR and various NMR spectro-
scopic methods. The data obtained (Table 1) clearly indicate
the similarity of its structure to those found for the mono- and
bis-(2-thienyl)phosphine derivatives, 9 and 10. This similarity
also confirms ligand coordination through the sulfur atom
of a thienyl ring and the presence of the free, as well as the
coordinated, thienyl rings.

The cluster [Rh6(CO)14{�,�2-Ph2P(pyridyl))] (12). The solid
state structure of the diphenylpyridylphosphine derivative 12
(Fig. 6), is closely analogous to those of the thienyl containing
clusters 8–10, and selected structural parameters of 12 are
included in Table 2. The trend in Rh–Rh distances that is
observed for the thienyl phosphine-subsituted clusters 8 and 9 is
also observed for 12. Thus, the two Rh–Rh bonds “trans” to the
phosphorus [Rh(20)–Rh(40) and Rh(20)–Rh(30), cf. Table 3]
are long while those “trans” to the nitrogen [Rh(21)–Rh(31)
and Rh(21)–Rh(40)] are short. In contrast to 8 and 9, the P,N-
bridged bond in 12 is significantly shorter [Rh(20)–Rh(21)
2.7036(10) Å] than the average Rh–Rh bond length (2.76 Å),
presumably because of the shorter “bite” of the P,N-ligand as
compared with the thienyl containing phosphines. The five–
membered nitrogen-containing ring forms a nearly planar
N(1)Rh(21)Rh(20)P(1) system, the corresponding torsion angle
being very small. However, the orientation of the pyridyl ring
with respect to the Rh(21)–N(1) bond differs essentially from
the geometry observed in the thienyl phosphine derivatives

Fig. 6 ORTEP plot of the molecular structure of [Rh6(CO)14{µ,κ2-
Ph2P(pyridyl))] (12) showing the atom labelling scheme. Thermal
ellipsoids are drawn at the 50% level.

8–10. The angle between the pyridyl ring plane and the Rh(21)–
N(1) bond is much larger (ca. 160�) than the corresponding
values in 8–10. The difference in the orientation of the pyridyl
and thienyl rings clearly demonstrates the difference in hybrid-
ization of the sulfur (sp3) and nitrogen (sp2) lone pairs involved
in donation to the rhodium atoms, and thus the different
degrees of aromaticity of the thienyl and pydridyl rings of the
ligands. The Rh(20)–P(1) and Rh(21)–N(1) distances fall in the
range usually observed for other P-donor substituted deriv-
atives of [Rh6(CO)16]

31,43,48 and for other Rh–N bond lengths
found in pyridylphosphine containing polynuclear rhodium
complexes.49–51 The spectroscopic data obtained for 12 (IR, 1H,
31P NMR, see Table 1) show that the structure found in the solid
state remains unchanged in solution. The coordination mode of
the bidentate ligand is also rigid on the NMR time scale
because no changes in the proton NMR of the cluster were
observed upon heating the cluster solution to 55 �C.

The cluster [Rh6(CO)14(�,�2-Ph2P(vinyl))] (13). Cluster 13
contains the diphenylvinylphosphine ligand 6, where the vinyl
double bond represents a potential second coordinating func-
tion. Reactions of 6 and analogous vinyl containing phosphines
with trinuclear ruthenium and osmium clusters 22,23,52–54 initially
afford κ1(P)-coordinated ligands. In general, this type of co-
ordination is rather stable for the trinuclear clusters and, in
contrast to formation of 13, removal of an additional CO
requires thermolysis,52,54 treatment with Me3NO,22 or activation
by TLC plate material 23,53 or [CpNi(CO)]2

23 before involvement
of the vinyl moiety in bonding to the cluster core. One excep-
tion is [Ru3(CO)10(Ph2PCH��CH2) 2] which is photosensitive and
spontaneously forms [Ru3(µ-H)(CO)8(Ph2PCH��CH2)(µ2-Ph2-
PCH��CH)] upon exposure to visible light at ambient temper-
ature.22 Two types of bridging structures have been observed in
these cases. In one of them the vinyl fragment forms the bridge
by coordination to an adjacent metal atom through the double
bond which serves as a normal two-electron alkene donor.23,52

The other bridging structure 22,23,53,54 results from oxidative
addition of the vinyl moiety to give a hydride and a bridg-
ing {µ,κ(P),η2-P–CH–CH} fragment. In the chemistry of
[Rh6(CO)16] derivatives, a close analogue of 13, [Rh6(CO)14-
(µ-Ph2P(allyl))], has been synthesized and structurally charac-
terized.24 In this allylphosphine cluster the double bond occu-
pies a terminal position at an adjacent rhodium of the Rh6

skeleton and forms a six-membered “dimetallacycle” without
metallation of the organic moiety. The FAB mass spectrum of
13 displays the signal of the molecular ion, corresponding to
the [Rh6(CO)14{Ph2P(vinyl)}] composition, and a fragmen-
tation pattern corresponding to sequential loss of 14 CO
ligands. The 31P spectrum (Table 1) fits well to phosphorus
coordination on the Rh6 cluster core.48,55 The IR spectroscopic
pattern in the carbonyl region matches closely those found for
other [Rh6(CO)14(µ,κ2-PX)] clusters (Table 1), as well as that
found for [Rh6(CO)14{Ph2P(allyl)}].24 The 1H spectrum of the
vinyl moiety displays three typical multiplets of the vinyl pro-
tons and typical (1H–1H) and (31P–1H) couplings. A clear high
field shift of the proton multiplets (as compared with the spec-
trum of the free ligand) points to vinyl coordination on the Rh
centre. No signals have been found in the hydride region of the
spectrum and this, in combination with the other spectroscopic
data, testifies in favour of η2 double bond coordination at an
adjacent Rh atom without ligand metallation. The resolution
of the proton multiplets in the range 7.9–7.4 ppm demonstrates
the inequivalence of the two phenyl rings that is an evident
result of their stereochemically different positions over the
cluster skeleton.

The cluster [Rh6(CO)15(�
1-P(2-furyl)3)] (14�). As mentioned

above, the tris(2-furyl)phosphine ligand, reacts with [Rh6(CO)15-
(NCMe)] to give the monosubstituted [Rh6(CO)15(κ

1-P(2-
furyl)3)] cluster, 14�. In contrast to all other [Rh6(CO)15(κ

1-PX)]
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clusters described above, this compound is stable in solution
with respect to bridge formation. The molecular structure of 14
is shown in Fig. 7 and selected structural data are given in Table
3. The structural parameters of this molecule (bond lengths,
angles, distortions induced by insertion of the phosphine
into the cluster coordination sphere) are in complete accord-
ance with the regular structural features found earlier for
other monosubstituted phosphine derivatives of [Rh6(CO)16]
(vide supra).31 The spectroscopic data (Table 1) show that the
structure found in the solid state remains unchanged in solu-
tion. The doublet of triplets observed in the 31P NMR spectrum
points to ligand coordination through phosphorus, whereas
three typical 2-furyl multiplets in the proton NMR spectrum
shows that three furyl rings are equivalent due to unhindered
rotation of the phosphine about the Rh–P axis. Phosphine lig-
ands containing 2-furyl substituents have not been widely used
for synthesis of transition metal complexes. In three published
structures, the oxygen of furyl substituents does not form either
a chelate in mononuclear,56,57 or a bridge in dinuclear,58 com-
plexes. These examples, along with the κ1 coordination mode of
14� found in the present study, provide clear evidence of the
poor donor properties of the furyl oxygen with respect to low
oxidation state metal centres as compared with the closely
analogous sulfur atoms in thienyl rings.

General stereochemical considerations

An important general feature of [Rh6(CO)14(µ,κ2-PX)] com-
plexes and, indeed, of any cluster that contains a triangular
group of metals with a bridging PX ligand occupying axial
positions, is their intrinsic chirality which exists even in the
absence of any chiral atomic centres. This type of asymmetry
was first mentioned by Deeming et al.25 with respect to tri-
nuclear clusters containing bridging formamido, pyridine and
pyrazine ligands. To relate this asymmetry to other chiral
centres possibly presented in a cluster molecule, and to system-
atically assign its absolute configuration, it is necessary to use
the Chan–Ingold–Prelog (CIP) rules.59–61 These provide planar
chirality nomenclature that is particularly convenient for
making assignments in this particular case. Thus, in Fig. 8
the clusters A are enantiomeric because of the existence of the

Fig. 7 ORTEP plot of the molecular structure of [Rh6(CO)15(κ
2-P-

(2-furyl)3)] (14�) showing the atom labelling scheme. Thermal ellipsoids
are drawn at the 50% level.

Rh–S–C–P–Rh connection and its position at approximately
right angles to the Rh3 plane. Choosing this plane as the basic
reference for indexing clusters of this sort, the left hand enan-
tiomer can be assigned as Spl and the other as Rpl where the
subscripts refer to the planar chirality of the fragments.

Choice of the highest molecular mass heteroatom in the PX
ligand as the “out of plane” element is quite logical under the
framework of the CIP system. The procedure for ranking the
vertices in the pseudo-tetrahedral SRh3 unit is then quite simple
to give the SplSs and RplRs indexing for the two stereoisomers of
the [Rh6(CO)14(PS)] clusters shown in Fig. 8(A). These also
possess another centre of asymmetry, viz. the S atom with three
different bonds and one lone pair defining the classical tetra-
hedral asymmetry defined by Rs and Ss indexes. Because there
are two chiral elements in the molecule there should, in prin-
ciple, be four possible stereoisomers made up of two pairs of
enantiomers connected to each other by a diastereomeric rel-
ationship. The pair not shown in Fig. 8(A) is the one where the
carbon chain of the thienyl ring points towards the inner part
of the Rh3 triangle. This orientation is presumably sterically
unfavourable because of substantial van der Waals interaction
between the thienyl ring and the neighbouring C(50)O(50) lig-
and (see Fig. 3). For 8 and 9, the NMR spectra indicated the
existence of only one isomer (pair of enantiomers) and the crys-
tal structures of the two clusters confirmed, in each case, the
presence of the enantiomeric pair described above. It should be
noted that the sp2 hybridization of the nitrogen atom, verified
by the nearly planar configuration of the coordinated pyridine
ring and the Rh–N bond in 12, results in the absence of any
asymmetry at the nitrogen atom. In 13, on the other hand, the α
vinyl carbon is clearly chiral and makes the stereochemistry of
this cluster similar to that of thienyl containing derivatives.

In the case of the phenyldithienylphosphine cluster 10, there
is a third chiral centre at the phosphorus atom where all four
substituents are different (cf. Fig. 8(B)). A combination of three
chiral centres in 10 should give rise to eight possible stereo-
isomers, four of which are shown in Fig. 8(B). The remaining
four bear the unfavourable thienyl ring orientation described
above, and may therefore be excluded from consideration. The

Fig. 8 Stereoisomers and chiral centers in the {Rh3(µ,κ2-PX)}
fragment. (A) (PX) = Ph2P(2-Thienyl), (B) (PX) = PhP(2-Thienyl)2. Ph
and Th refer to phenyl and 2-thienyl, respectively.
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former allowed stereoisomers can be divided into two enantio-
meric pairs (RplRsRp, SplSsSp and RplRsSp, SplSsRp), each of
which should display different spectroscopic properties. In fact,
the mixture of stereoisomers obtained is indicated by the two
sets of signals in the 1H and 31P NMR spectra, corresponding
to 10a and 10b as discussed in detail above, and the X-ray
analysis confirms the presence of the RplRsSp, SplSsRp enantio-
pair in the solid state. This is in complete agreement with the
existence of the two proposed diastereomeric forms for the
cluster of this particular structure.

Another experimental observation relevant to the synthesis
of the phenyldithienylphosphine derivatives also calls for
rationalization. Determination of relative amounts of the 10a
and 10b isomers by 1H and 31P NMR spectroscopy gave a 2 : 1
ratio irrespective of the methods of synthesis, the separation
procedures applied or the reaction temperature. In particular,
the VT 31P spectra of the isomeric mixture showed that this
ratio was retained in the temperature range (�10 to �50 �C)
and we did not observe any line broadening of the phosphorus
resonances corresponding to either of the isomers. This means
that the isomeric forms of 10 are not in equilibrium with each
other and that the ratio observed is related to the kinetics of
their formation and to the particular structural features of the
initial [Rh6(CO)15(κ

1-PPh2(thienyl))] cluster. The following
explanation can be suggested.

The four stereoisomers (a, a�, b, b�) of cluster 10 (Fig. 8(B))
are schematically shown in Fig. 9 in a Newman-type of projec-
tion from above the metal triangle, looking down the Rh–P
bond. The κ1 coordination of the phosphorus to a rhodium
atom of the triangle gives rise to three possible orientations of
the ligand with respect to the cluster skeleton. These modes are
shown as I, II and III, which represent statistically averaged
orientations of the phosphorus substituents inside three 120�
sectors. Formation of each of the structures I, II and III is
assumed to be equally probable. Provided that there are no hin-
drances for the phosphine rotation about the P–Rh(20) axis,
when the vacancy for sulfur coordination is created on one of
the two neighbouring Rh atoms, the least motions of the ligand
for each of the A, B, C forms afford the corresponding stereo-
isomers in equal probability, as shown in Fig. 8. Thus move-
ment of the bottom thienyl group to the left in I will give a� and
movement to the right will give b and so on. This imaginary

Fig. 9 Schematic presentation of the results of an imaginary synthetic
experiment to generate the isomers of cluster 10.

synthetic experiment, with purely geometrical constraints, gives
rise to twice as many a or a� isomers as b or b� isomers. Thus,
the 2 : 1 ratio of the racemic mixtures a/a� and b/b� isomers, as
observed in the real experiments for the clusters 10a and 10b,
can be rationalized in this very simple way. This approach
provides additional arguments which support the structural
assignments of the 10a and 10b isomers. However, as expected,
this isomeric resolution is not accompanied by a chiral
resolution.

According to the proton NMR data, the compounds 8–12
are in fact stereochemically rigid in the temperature range 10–
55 �C so that, in the light of the well known catalytic properties
of the rhodium carbonyls in general, detailed investigation of
their structure and reactivity would be especially attractive.
Although all these clusters have been obtained in the form of
racemic mixtures, exploitation of this type of cluster in chiral
catalysis might be possible as shown, for example, by examples
of asymmetric activation by racemic catalysts.62–64 Moreover, a
synthetic approach which consists of insertion of an additional
molecule of an enantiomerically pure phosphorus donor into
the coordination sphere of the cluster, or of modification of the
PX ligand stereochemistry by replacing an achiral phosphorus
substituent by one bearing a chiral centre, could also be used to
attain a higher degree of stereoresolution in the final cluster
complexes. A study of the corresponding chemistry is now in
progress.

In conclusion, we have found that:
1. Interaction of labile [Rh6(CO)16�x(NCMe)x] clusters (x = 1,

2) with some heterobidentate phosphine ligands results in PX
bridge closure to give rise to [Rh6(CO)14(µ,κ2-PX)] clusters
when X = S, N, or C��C. The initial step of κ1 coordination of
the ligand is followed by irreversible, or nearly irreversible,
displacement of a CO (or, presumably, the second acetonitrile
group) to form the final products. These reactions reveal a
dramatic difference between donor properties of the thienyl and
furyl groups towards metal atoms in a low oxidation state. The
oxygen function of tris(2-furyl)phosphine does not afford
the µ,κ2 ligand bonding mode, locking the reaction at the end of
the first stage.

2. The coordination of a functionalized phosphine in the
bridging mode on the Rh6 cluster core gives rise to a structural
pattern containing centres of asymmetry, one of which is
related to a planar chirality of the Rh3 triangle bearing the PX
ligand. In the case of the PhP(2-thienyl)2 ligand two (of the
possible four) pairs of enantiomers have been formed in the
ratio of 2 : 1. The stereoselection observed can be rationalized
by taking into account simple geometrical constraints on the
phosphorus ligand coordination and possible steric hindrances,
which affect the coordinated thienyl ring orientation with
respect to the cluster core.

3. The kinetics of bridge closure for the S, N and C��C con-
taining ligands have been studied. The replacement of a CO
ligand by the vinyl group in the κ1-PPh2(vinyl) complex is clas-
sically dissociative, as indicated by the substantially positive
entropy of activation, with no need to invoke any entropic
effects due to compensating tightening of the cluster bonding.
By contrast, this suggests that there is a finite contribution of
some sort of bond making in the case of the PPh2(pyridyl)
complex where the activation entropy is perceptibly less posi-
tive. The PPhn(thienyl)3�n complexes are intermediate, and any
associative character in their reactions seems to be minimal.
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