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The heteroditopic ligands 1-EPh,-2-SHC¢H, (E = P, As) react with [{RhCl(cod)},] to give [Rh(u-S-2-EPh,C¢H,-i>S,E),Rh(cod)]
(cod = 1,5-cyclooctadiene, 1: E = As, 2: E = P), in which the two rhodium atoms are bridged by the thiolato groups of the ligands.
One rhodium atom is coordinated by both ligands (kS,E) and the other rhodium atom by an additional 1,5-cyclooctadiene molecule,
resulting in square-planar coordination geometry of both rhodium(I) centres. Theoretical studies confirmed the existence of metal—
metal interactions between the two rhodium atoms of both 1 and 2. Complex 1 is active in the hydrogenation of olefins.

INTRODUCTION

Hemilabile ligands are important in homogeneous
catalysis, where the lability of a donor group may
allow coordination, activation and transformation of a
substrate molecule at the metal site. At the same time,
the labile donor function stabilises the complex in the
absence of a substrate and favours elimination of the
product. The presence of a hemilabile ligand in a
complex may significantly affect the reactivity of
incoming substrates and promote transformations that
would otherwise not occur.'™*

Endowed with soft and hard donor groups, P,O-
and P,N-based ligands are the most studied class of
hemilabile functional phosphines. There are
numerous examples of metal complexes with P,O
ligands that have been used in catalysis.* The class of
P,S mixed-donor ligands has received increasingly
attention and developed rapidly in recent decades,

and several examples for their use in catalysis have
been reported.>

Phenylene-bridged phosphinothiols have been
prepared previously by an efficient method
involving ortho-lithiation of lithium thiophenolate
developed in 1989." Since then, a number of
substituted  phosphanylarylthiols have been
prepared, including 1-PPh,-2-SHC¢H, (PSH),
PhP(2-SHC6H4)2 (PSsz) and P(2-SHC6H4)3
(PS;H;), reported by E. Block er al” The
coordination chemistry towards a considerable
number of metals has been extensively explored
with these ligands (in their deprotonated form).
The rhodium(I) carbonyl complex, [Rh{(PS)-
K’S,P}(CO)], containing the  deprotonated
phosphanylthiolato ligand 1-PPh,-2-SHC¢H, (PSH),
reported by Dilworth et al. in 1995, proved to be an
efficient catalyst for the carbonylation of methanol
to acetic acid.’

* Corresponding author: lusi@chem.ubbcluyj.ro (L. Silaghi-Dumitrescu) or

hey@uni_leipzig.de (E. Hey-Hawkins)
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In contrast to the rich chemistry of the
phosphanylarylth1olato ligands PS”, PS,” and
PS;", the chemistry of the analogous
arsanylarylthiolates AsS™, AsS,”” and AsS;* is less
well developed. Although a number of examples of
transition metal complexes of triorganoarsines
which are efficient catalysts in organic synthesis
are already known, the combination of an arsenic
atom and one or more sulfur atoms in the same
ligand is not widely exploited. Catalytic
applications may be complicated by the fact that
sulfur species are considered to be potential
catalyst poisons that cause a substantial decrease in
the catalytic activity.'® However, promotional
rather than poisonous effects of sulfur were also
reported in selective hydrogenation reactions on
supported noble metal catalysts by stabilising the
bonding of unsaturated molecules through
electronic effects.'” Furthermore, introduction of a
chiral arsenic centre would have an interesting
effect on the stereochemistry and enable the
potential use of these ligands as chiral auxiliaries
for homogeneous asymmetric catalysis to be
explored. We report here the synthesis of two
rhodium(I) complexes of AsS™ and PS~, [Rh(u-S-
2- AsPh2C6H4 -’S, 4s),Rh(cod)] (1) and [Rh(u-S-2-
PPh,C¢H,-k°S,P),Rh(cod)] (2; cod = 1,5
cyclooctadiene), and the application of 1 in the
hydrogenation of olefins.

EXPERIMENTAL

All manipulations were carried out by standard Schlenk
techniques under an atmosphere of dry nitrogen. The NMR
spectra  were recorded on a Bruker Avance DRX-400
spectrometer. 'H and °C chemical shifts are quoted in ppm
relative to tetramethylsilane. The chemical shifts for *'P NMR
spectra are quoted in ppm at 161.97 MHz relative to external 85%
H;PO,. The infrared spectra were recorded on a Perkin-Elmer
System 2000 FT-IR spectrometer scanning between 400 and 4000
em ! using KBr pellets (KBr dried in vacuum, 150 °C, 107 Torr,
24 h). The samples were prepared in a glovebox. The melting
points were determined in sealed capillaries and are uncorrected.
The mass spectra were recorded on a VGI12-520 mass
spectrometer (EI-MS, 70 eV, 200 °C), and elemental analysis was
performed with a Vario EL - Heraeus. J{RhCl(cod)} 51,18
Ph,AsC1," and 1-EPh,-2-SHC¢H, (E = P, As)"* were prepared
according to the literature.

Preparation of [Rh(u-S-2- AsPh2C6H4-K2S,As)th(cod)] a
and [Rh(g-S-2- PPh,C¢H,-k>S,P),Rh(cod)] (2). A solution of
ESH (0.62 mmol; E = As, P) and NEt; (0.62 mmol) in ethanol
(25 mL) was added to a suspension of [{RhCl(cod)},]
(0.32 mmol) in ethanol (15 mL). The reaction mixture was
heated to reflux for 22 h to give a dark red solution. The
solution was concentrated to half its volume and the red solid
that formed was separated by filtration, washed with methanol
and dried in vacuo. Crystallisation from CH,Cl, at 8 °C
yielded red crystals of 1 or 2.

Data for 1:

Y1eld 0.22 g, 0.22 mmol (70%).

'"H NMR (5, THF-dy): 7.71 (d, 3Jun = 8 Hz, 4H, 2,6-H from
Ph), 7.56 (d, 3Jun = 8 Hz, 2H, b-H from C¢Hy), see Table 1
7.34 (t, 2H, 4-H from Ph) 7.30 (m, 6H, 3,5-H from Ph and
e-H from C6H4) 7.19 (t JHH =8 HZ 2H c-H from C6H4)
7.09 (d, 3Jun = 8 Hz, 6H, 8,12-H and 10-H from Ph), 7.02 (t,
3Jun = 8 Hz, 2H, d-H from C¢Hy), 6.89 (t, *Jyy = 8 Hz, 4H,
9,11-H from Ph), 4.37 (s, br, 2H, CH from cod), 2.81 (s, br,
2H CH from cod), 2.49 (s, br, 2H, CH, from cod), 1. 92 (d br,
4H, CH, from cod), 1.54 (d, br, 2H, CHZ from cod). BC{'H}
NMR (3, THF-dg): 144.5 (C%), 142.8 (CY), 136.5 (C'), 135.0
(C7), 131.6 (C%, C°, CY), 129.8 (C%, C™), 129.0 (C%), 127.3 (CY),
1272(cd) 1264((:3 C, 1, 126.1 (c9 ch, 1227 (C°), 76.8
(d, "Jrne = 13 Hz, CH from cod), 72.4 (d, "Jgnc = 12 Hz, CH from
cod), 29.6 (CH, from cod), 28.2 (CH, from cod).

IR (KBr, em™): 3048 (s), 2999 (m), 2933 (s), 2826 (s), 2872
(s), 2826 (s), 1953 (w), 1887 (W), 1809 (w), 1567 (s), 1480 (s),
1436 (vs), 1328 (m), 1304 (m), 1261 (m), 1246 (m), 1183 (m),
1157 (m), 1120 (m), 1078 (s), 1026 (m), 999 (m), 949 (w),
857 (m), 813 (w), 736 (vs), 715 (m), 693 (vs), 671 (m), 473
(vs), 445 (m), 424 (m).

EI MS, m/z: 988.0 (100%, M").

Anal. Caled: C 51.46, H 4.08, S 6.49. Found: C 51.60, H
4.73, S 6.54. Calcd. for C44HyAs,Rh,S,: M = 988.57.

M.p.: 255 °C (decomp.).

Data for 2:

3p NMR (8, THF-ds): 58.9 (d, 'Jrup = 168 Hz).

General Procedure for the Hydrogenation of Olefins

The hydrogenation reactions were carried out in a stainless
steel autoclave. THF and the substrate were added to a glass
vessel containing a stirring bar and the rhodium complex 1
The substrate/catalyst ratio was S/Rh = 200. The glass vessel
was then transferred under nitrogen into the autoclave and the
reaction mixture stirred under 10 bar H, pressure at different
temperatures and for different times. Afterwards, the reaction
mixture was analysed by GC-MS.

Data Collection and Structural Refinement of 1 and 2

The data were collected on a Siemens CCD diffractometer
(SMART) using Moy, radiation (1 = 0.71073 A) and w-scan
rotation. Data reduction was performed with SAINT including
the program SADABS for empirical absorption correction.
The structures were solved by direct methods, and the
anisotropic refinement of all non-hydrogen atoms was
performed with SHELX97. All H atoms for both structures are
calculated on idealised positions. Structure figures were
generated with ORTEP.?!

CCDC 772937 (1) and 772938 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

RESULTS AND DISCUSSION

Synthesis and spectrosc 2p1c properties of
[Rh(-S-2-EPh,C¢H4-k"S,45),Rh(cod)]
(1: E=As,2: E=P)

Treatment of one equivalent of [{RhCl(cod)},]
with two equivalents of the ligand 1-AsPh,-2-
SHC¢H4 (AsSH) in methanol in the presence of
triethylamine as base (Eqn. 1) resulted in the
formation of the dinuclear rhodium complex
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[Rh(u-S-2-AsPh,CeHy-k2S,4s),Rh(cod)] (1), in
which the two rhodium centres are bridged by the
sulfur atoms of two AsS™ ligands, and one 1,5-
cyclooctadiene molecule is still coordinated. This

SH
As

&

'H and C{'H} NMR spectra of fresh solutions
of 1 in THF-dg showed the expected resonances
corresponding to the aromatic hydrogen and
carbon atoms, respectively, and a set of five signals
(1:1:1:2:1) arising from the hydrogen atoms of the
cyclooctadiene molecule. The proton and carbon
resonances of 1 were assigned with the aid of two-
dimensional NMR techniques (HMQC and 'H,'H
COSY, Table 1).

[{RhCl(cod)},]

2 NEt,
—»
- 2 [NEt;HICI

- cod

Table 1

compound was isolated as red crystals and
characterised by NMR and IR spectroscopy, MS
and X-ray crystal structure analysis.

Eqn. 1

The six sets of protons of the 1,5-cyclooctadiene
molecule coordinated to rhodium give rise to an
AA’BB’CC’DD’EE’FF’  spin  system.  The
individual signals were assigned with the aid of a
'H,'"H COSY NMR spectrum (Fig. 1). The two-
dimensional spectrum shows the connectivity of
the non-equivalent ABCDEF protons. Due to
coordination to rhodium and the symmetry of the
molecule these protons give rise to five signals in a
1:1:1:2:1 ratio (Table 1).

"H NMR chemical shifts for 1 (8, THF-dg)

8= 7171 Su= 437
& = 7.56 dg= 2.81
Sy = 7.34 dc= 249
63’5 e 7.30 SD,E =1.92
8. = 7.19 op= 1.54
68,12,10 =7.09
O = 7.02
89,]1 = 6.89

The C{'H} NMR signals of C* and C® of the
cyclooctadiene molecule (76.8 and 72.4 ]IO)Pm) are
split into doublets due to coupling with ~Rh and
exhibit coupling constants of 13 and 12 Hz,
respectively. The signals of the CH, groups of cod
appear at 29.6 and 28.2 ppm and thus indicate the
inequivalence of these groups as observed in the
'"H NMR spectrum.

The '"H NMR spectrum of 1 in CDCl; indicates
decomposition or dissociation in solution.

The mass spectrum (EI MS) of 1 showed the
molecular ion [M]" at m/z = 988 as the most
intense peak, with the corresponding isotopic

distribution. Another peak observed at m/z = 777
indicates loss of the [Rh(cod)] fragment.

The solid-state structure of the rhodium(l)
carbonyl complex containing the phosphanylarylthiol
1-PPhy-2-S-CgHs (PS), [Rh{u-S-(PS)-K’S,P}(CO)].,
also shows a sulfur-bridged dimer (Fig. 2), which
proved to be an efficient catalyst for the
carbonylation of methanol to acetic acid.® Use of a
large excess of ligand led to oxidation of Rh' and
isolation of a brown Rh" complex, namely
[Rh{(PS)-*S,P};].> The use of [RhCI(PPhs)s] as a
metal precursor led to formation of the same Rh™
complex.” The mixed-ligand Ir'" complex
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[IrCL, {(PS)-k’S,P} (PMe,Ph),] has also been
crystallographically characterised.” It is reported
that the mononuclear Rh' and Ir' complexes

[M{(PS)-k’S,P}(CO)(PPhs)] reversibly bind sulfur
dioxide, and the iridium complex adds dihydrogen.”
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Fig. 1 - 'H,"H COSY NMR spectrum of 1 (aliphatic region, * THF-dg).

thP\

e
oc—

\
/

/
AN

PPh,

Fig. 2 — Schematic drawing of [Rh{x-S-(PS)-*S,P}(CO)1,.¢

[M{1-S-(PS)-k’S,P}(cod)], (M = Rh, Ir) were
prepared by reaction of PS™ with [{MCl(cod)},].
However, based on the spectroscopic data, the
complexes were assumed to be sulfur-bridged
dimers like the carbonyl species (Fig. 2) with the
1,5-cyclooctadiene ligand acting as an n* ligand.”

We synthesised the corresponding rhodium
complex [Rh{u-S-(PS)-k*S,P},Rh(cod)] (2) with

the PS™ ligand using the same reaction conditions
as for the AsS™ ligand. A few crystals of 2 were
obtained from a CH,Cl, solution. An X-ray
structure determination showed that the complex is
also a sulfur-bridged dimer like 1, with one 1,5-
cyclooctadlene ligand coordinated in an n* fashion.
The *'P{'H} NMR spectrum of 2 displays a
doublet at 58.9 pm with a 'Jg,p coupling constant
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of 168 Hz. The 'H NMR spectrum shows a similar
pattern of an AA’BB’CC’DD’EE’FF’ spin system
as in the case of 1, however, the crystals were not
pure enough to allow a full spectroscopical
characterisation. Larger amounts of pure compound 2
have not been obtained up to now.

Catalytic properties
of 1 in the hydrogenation of olefins

Rhodium  complex  [Rh(u-S-2-AsPh,CsHs-
S, 4s),Rh(cod)] (1) was tested in the homogeneous
hydrogenation of olefins in THF under 10 bar H,
with a substrate/rhodium ratio of 200. The olefins
chosen for these tests were of the type
CsHsCH=CHR (R = H, Me, Ph, CHO), which
contain a terminal C=C double bond, an internal
C=C double bond, and both C=C and C=0O double
bonds, in order to test the selectivity for
hydrogenation of internal C=C bonds rather than
C=0 bonds.

Complex 1 was active in the hydrogenation of
styrene, and 100% conversion to ethylbenzene was
observed after 3 h at 50 °C and 10 bar H..
Hydrogenation of cod also occurs, as indicated by
the presence of cyclooctane in the reaction
mixture. Under the same reaction conditions (10
bar H,, 50 °C) lower conversions were obtained for
trans-methylstyrene  (29%) and trans-stilbene
(25%), after 16 h and 1 h, respectively, as expected
for an olefin containing an internal C=C bond. The

GC-MS analysis of the product obtained from
hydrogenation of cinnamaldehyde showed only
selective hydrogenation of the C=C double bond in
13% conversion after 6 h at 50 °C. In conclusion,
the comparative studies of the activity of 1 in
hydrogenation reactions confirm that this rhodium
complex with an As,S-containing ligand is active
in the hydrogenation of olefins, and that it
selectively hydrogenates the C=C double bond
rather than the C=0O bond in the case of
cinnamaldehyde.

Molecular structures of 1 and 2

Red crystals of 1 and 2 suitable for X-ray
diffraction analysis were obtained from a CH,Cl,
solution by cooling to 8 °C. Compound 1
crystallises in the triclinic space group P 1 with
four molecules in the unit cell, and compound 2 in
the monoclinic space group P2,/n with four
molecules in the unit cell. The two
crystallographically independent molecules in the
unit cell of 1 are nearly identical and shifted by
0.02/0.50/0.21 in a/b/c directions. However, all
attempts to find a solution with a smaller unit cell
failed. The asymmetric unit also contains four
molecules of CH,Cl,. The discussion will be
restricted to one of the two crystallographically
independent molecules of 1. Table 6 gives
crystallographic details.

2,

Fig. 3 — Solid-state molecular structure of 1 (30% probability ellipsoids, H atoms omitted for clarity).
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The X-ray structure analysis shows for both
compounds a dinuclear thodium complex with two
bridging S atoms from two arsanylarylthiolato or
phosphanylarylthiolato ligands resulting in Rh,S,
four-membered rings (Fig. 3). The structure of 1 is
the first example of a dithiolato-bridged dirhodium
complex with arsanylarylthiolato ligands. The two
rhodium atoms are four-coordinate in a distorted
square-planar geometry. Rh(1) is coordinated by
two chelating AsS™ or PS™ ligands with formation
of two RhECCS (E = As, P) five-membered rings.
The coordination sphere of Rh(2) is completed by
a cyclooctadiene molecule to give an
approximately square-planar geometry [for 1:
S(2)-Rh(2)-Ct(1) 172.90°,  S(1)-Rh(2)-Ct(2)
174.75°; for 2: S(2)-Rh(2)-Ct(1) 175.07°, S(1)-
Rh(2)-Ct(2) 173.45°, where Ct(1) and Ct(2) are
the midpoints of the C(37)-C(44) and C(40)-C(41)

For complex 1, the distance of rhodium to the
midpoint of the coordinated double bond has a
mean value of 2.01 A and is in the usual range for
rhodium(I) cod complexes.**** Rh—C(olefinic)
bond lengths are in the range 2.12(1)-2.16(1) A.
The Rh-S distances range from 2.290(3) to
2.405(3) A and are slightly shorter for Rh(1) than
for Rh(2). This difference is probably due to the
presence of the two arylthiolato ligands bound to
Rh(1) wversus 1,5-cyclooctadiene on Rh(2).
Nevertheless, they are in agreement with those
observed in [Rh{(PS)-«’S,P}(CO)], and other
dinuclear thiolato-bridged complexes.”*>> The
cyclooctadiene ring has a boat conformation with a
mean C=C double-bond length of 1.395 A. The
lengths of the C—C single bonds are between
1.48(1) and 1.54(1) A.

Selected bond lengths and bond angles for 1

bonds, respectively].

and 2 are listed in Table 2.

Table 2

Selected experimental [calculated] bond lengths (A) and bond angles (°) in 1 (E = As) and 2 (E =P)

Bond lengths Bond angles
1 2 2
Rh(1)-S(1) | 2.290(3) [2.361] | 2.3147(9) [2.376] | S(1)-Rh(1)-S(2) 80.5(1) [82.32] | 80.18(3) [81.34]
Rh(1)-S(2) | 2.303(3) [2.369] | 2.3257(9) [2.381] | S(1)-Rh(1)-E(1) 87.43(8) [87.03] | 87.36(3) [87.30]
Rh(1)-E(1) | 2.325(1)[2.338] | 2.2316(9) [2.243] | S(2)-Rh(1)-E(1) 166.53(8) [166.07] | 166.49(3) [166.99]
Rh(1)-E(2) | 2.333(1)[2.337] | 2.2251(9) [2.234] | S(1)-Rh(1)-E(2) 164.49(8) [165.56] | 166.29(3) [166.19]
Rh(2)-C(44) | 2.12(1) [2.108] | 2.119(3) [2.106] | S(2)-Rh(1)-E(2) 87.49(8) [86.63] | 87.72(3) [87.12]
Rh(2)-C(40) | 2.13(1) [2.109] | 2.123(3) [2.110] | E(1)-Rh(1)-E(2) 103.34(5) [102.25] | 103.99(3) [103.20]
Rh(2)-C(41) | 2.14(1) [2.120] | 2.121(3) [2.116] | S(1)-Rh(2)-S(2) 76.53(9) [77.82] | 76.70(3) [77.32]
Rh(2)-C(37) | 2.16(1) [2.123] | 2.139(3) [2.124] | C(44)-Rh(2)-C(40) | 97.9(5) [99.02] | 98.3(1) [99.05]
Rh(2)-S(1) | 2.386(3) [2.480] | 2.4208(8) [2.486] | C(44)-Rh(2)-C(41) | 81.8(4) [82.57] | 82.8(1) [82.76]
Rh(2)-S(2) | 2.405(3) [2.477] | 2.3954(9) [2.477] | C(40)-Rh(2)-C(41) | 38.7(4) [39.18] | 38.5(1) [39.23]
E(1)-C(13) 1.94(1) [1.948] | 1.840(3) [1.833] | C(44)-Rh(2)-C(37) | 37.7(4) [39.15] | 38.3(1) [39.15]
E(1)-C(7) 1.96(1) [1.952] | 1.828(3) [1.837] | C(40)-Rh(2)-C(37) | 81.6(5) [81.69] | 81.4(1) [81.64]
E(1)-C(1) 1.97(1) [1.948] | 1.848(3) [1.841] | C(41)-Rh(2)-C(37) | 89.9(5) [90.74] | 90.4(1) [90.88]
E(2)-C(25) 1.94(1) [1.946] | 1.835(3) [1.829] | C(44)-Rh(2)-S(1) | 95.4(3) [95.75] | 95.17(9) [95.88]
E(2)-C(31) 1.95(1) [1.944] | 1.835(3) [1.832] | C(40)-Rh(2)-S(1) 158.4(3) [156.34] | 160.1(1) [156.77]
E(2)-C(19) 1.95(1) [1.944] | 1.841(3) [1.838] | C(41)-Rh(2)-S(1) 161.6(3) [162.90] | 159.3(1) [162.11]
S(1)-C(2) 1.76(1) [1.781] | 1.779(3) [1.776] | C(37)-Rh(2)-S(1) | 99.0(3) [98.69] | 100.77(9) [99.32]
S(2)-C(20) 1.78(1) [1.782] | 1.780(3) [1.777] | C(44)-Rh(2)-S(2) 155.8(3) [159.22] | 158.6(1) [159.27]
C(40)-Rh(2)-S(2) | 97.2(3) [93.95] | 95.1(1) [94.01]
C(41)-Rh(2)-S(2) | 98.7(3) [97.75] | 97.8(1) [97.69]
C(37)-Rh(2)-S(2) 164.9(4) [160.66] | 162.0(1) [160.57]
Rh(1)-S(1)-Rh(2) | 76.38(8) [71.70] | 74.29(2) [71,34]
Rh(1)-S(2)-Rh(2) | 75.76(8) [71.61] | 74.58(3) [71.41]

a) data are given for one of the two crystallographically independent molecules only
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The two AsS™ and PS™ ligands coordinated to
Rh(1) are in a cis arrangement and slightly folded
toward each other [S(2)-Rh(1)-E(1) 166.53(8)°
(1), 166.49(3)° (2); S(1)-Rh(1)-E(2) 164.49(8)°
(1), 166.29(3)° (2)]. This results in a distorted
square-planar geometry at Rh(1) (distance of Rh(1)
to the As(1)-S(1)-As(2)-S(2) plane: 0.175 A in 1,

Rh2
o]

a) As1 Rh1 As2

Fig. 4a, Table 2). The As—Rh-S chelate angles
[87.43(8)° and 87.49(8)°] are comparable to the P—
Rh-S chelate angles found in complex 2
[87.36(3)°, 87.72(3)°], and are in accord with the
preferred P-M-S bite angles observed for these
ligands.?

Fig. 4 — Structure fragments of 1 showing a) the distorted square-planar arrangement around Rh(1)
and b) the bent Rh(1)S(1)Rh(2)S(2) ring.

The Rh,S; ring is bent along the S---S vector
with a dihedral angle of 105.4° in 1 and 102.6° in 2
between the RhS, planes (Fig. 4b) (cf. 112.7° in
[Rh{z-S-(PS)-*S,P}(CO)],)°. The puckering of
the Rh,S, core leads to short Rh--Rh distances of
2.892(1) A in 1 and 2.8608(5) A in 2, which are at
the lower end of the typical range for thiolato-
bridged Rh' complexes [d(Rh--Rh) = 2.87-3.52 A;
2.980(1) A for the carbonyl complex [Rh{z-S-
(PS)-K°S,P}(CO)],].>*** In some of these cases
short metal-metal interactions have been
confirmed by theoretical calculations.”” For
instance, a theoretical and structural study on
binuclear square-planar complexes of d® transition
metal ions [L*;M(u-X),ML%,] (X = CI, Br, I; L* =
L” = PH;, PFs, CO, Cl; L* = PH;, Me, L® = PH;,
Me) focussed on elucidating the factors that

I//// \\\\

Fig. 5 — Metal---metal interaction in transition metal dimers.

In planar dimers (type b, Fig. 5) these
interactions may become significant when the
dimer is bent along the X---X vector (type ¢, Fig.
5). However, only for large degrees of bending is
the MM interaction attractive enough to make the
molecule more stable in its bent form (6 < 140°,

oL
L L. " X, -
M e
° \\\\\\\\‘ L L/ \ / \ (XN
M L

determine the degree of bending in such
compounds.”’ For different metal atoms the
stability of the bent form increases in the order Ni"
<Pd" <Pt" <Rh'<Ir'. A driving force for bending
of the molecules appears to be the donor—acceptor
interactions between the d.” electrons and empty p,
orbitals of the two metal atoms. The metal---metal
interaction is modulated by the nature of the metal
atom, the terminal ligands and the bridging
atoms.! Thus, for face-to-face M,Lg dimers of
type a (Fig. 5) the metal---metal bonding
interaction results from the combined effect of the
repulsion between the electrons in the d.* orbitals
of the ML, monomers and the donor—acceptor
interactions between the d.* electrons and the
empty p. orbitals.*"*

4143

fold angle, defined as the dihedral angle between
the coordination planes of the two metal centres).
The energy difference between the planar and the
bent form is on the order of 10 kcal/mol, and steric
effects seem to be important in preventing bending
only for bulky terminal ligands. However,
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packing effects in the crystal may also be
considered to play an important role in the degree
of folding of the molecule.**

Theoretical Studies

Geometry optimisations were carried out with
the Gaussian 09 suite of programs,” using the
MO06-L pure functional,*® which is known to give
accurate results for transition metal compounds at
low computational cost”. All calculations were
performed by wusing the DZQ basis set
recommended by Schultz et al.*® for the rhodium
atoms, the standard 6-31G(d,p) basis for As, P, S
and C, and 6-31G for hydrogen. The DZQ basis set

Table 3

uses the relativistic effective core potentials (ECP)
of Stevens et al.,* > along with a valence electron
basis set of the (8s8p6d)/[4s4p3d] size.”!

Both geometries obtained from the X-ray
diffraction data and geometries with the fold angle
6 constrained to 180° were optimised. The
calculated parameters for the bent structures are in
excellent agreement with the experimental values
(Table 2). As expected, in both cases the planar
forms lie at significantly higher relative energies.
The energy difference between the bent and planar
structures is around 30.65 kcal mol™ (Table 3),
higher than the range predicted for similar, but
simpler dinuclear complexes.’ None of the
structures  exhibited imaginary frequencies.

Relative energies, with ZPE correction and calculated Rh--Rh distances, for the bent and planar geometries of 1 and 2

Fold angle 6 [°] Rel. E [kcal mol '] Rh--Rh distance [A]
99.70 0 2.837
: 180.00 30.96 3.643
5 98.52 0 2.837
180.00 30.34 3.614

The total electron densities (0.04 ¢ a.u. ) of
both bent and planar structures were calculated for
1 (Fig. 6), in order to determine whether there is an
interaction or not between the rhodium atoms. In
the bent form, considerable electron density
associated with the Rh--Rh vector indicates an
interaction between the two atoms. On the other
hand, in the planar form, there is a lack of electron
density between the two rhodium atoms. The

electron density of 2 exhibits the same distribution
asin 1.

Since it was predicted that d—p* donor-
acceptor interactions between the two metal atoms
make the main contribution to bending of these
compounds,’’ natural bond orbital (NBO)
calculations were performed with the NBO code™
included in Gaussian 09 in order to identify them.

6=99.70°
Fig. 6 — Total electron density surfaces (0.04 ¢ a.u.”'?) for the bent and planar form of 1 (C: balck, S: yellow, As: violet, Rh: brown).

6= 180.00°
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Several d—p* interactions between the
occupied orbitals (n) of one Rh atom and the
unoccupied orbitals (n*) of the other Rh atom were
identified for the bent structures in 1 and 2. The
occupancy and character of these Rh natural bond
orbitals (NBOs) are given in Tables 4 and 5, along
with the associated second-order energy-lowering
values (AE), which estimate the degree of donor—
acceptor interaction.’”” In the case of the bent
structure not only the d., but also the other d-type

orbitals interact with the empty p* orbitals
(Fig. 7). Since these interactions are no longer
present in the planar structures in 1 and 2, they
must play an important additional role in the
stabilisation of the bent forms and may explain the
higher relative energy differences compared to
those found in the literature for simpler dinuclear
model complexes. The d.’—p* interactions are
also present in the planar structures, but with
significantly lower AE values.

Table 4
Calculated NBOs on the two Rh atoms of 1
0 d character p character AE®
] Donor NBO Occupancy [%] Acceptor NBO Occupancy %] [kcal/mol]
n* 0.14 95.2 13.59
n Rh(2) 1.92 99.5 I RuD
HQ*Rh(l) 0.11 97.1 13.05
99.70 0 rucr) 0.14 95.2 28.42
1) Ru(2) 1.90 98.4
n2*Rh(1) 0.11 97.1 30.18
n* 0.14 95.2 12.37
13 Ru2) 1.89 99.4 LR
HZ*Rh(l) 0.11 97.1 13.34
n 1.98 99.2 * 0.22 75.2 6.11
180.00 RhD L)
n Rh(2) 1.97 98.8 n*Rh(l) 0.19 89.8 8.4
Table 5
Calculated NBOs on the two Rh atoms of 2
0 d character p character AE®
] Donor NBO Occupancy [%] Acceptor NBO Occupancy %] [kcal/mol]
n* 0.14 93.26 20.92
n Rh(1) 1.92 99.40 I Rh@
HQ*Rh(Z) 0.11 98.36 19.81
n* 0.14 93.26 10.56
N3 i) 1.90 99.14 'R
n2*Rh(2) 0.11 98.36 20.46
N3 rp(1) 1.90 99.50 HQ*Rh(Z) 0.11 98.36 6.82
n* 0.14 93.26 6.86
N4 Ra) 1.87 99.54 LR
98.52 n2*Rh(2) 0.11 98.36 9.76
n* 0.20 87.22 16.64
) Ru2) 1.97 99.36 bR
n*Ri(1) 0.10 97.33 20.39
n* 0.20 87.22 13.24
) Rh) 1.63 98.50 bR
HQ*Rh(l) 0.10 97.33 7.92
n* 0.20 87.22 25.39
N3 Rh2) 1.59 98.56 bR
n2*Rh(1) 0.10 97.33 18.28
1.96 98.90 * 0.15 96.43 7.23
180.00 L R() R
1 Rn(2) 1.98 99.28 ¥Ry 0.19 81.27 9.4
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0 =99.70°

0 = 180.00°

n Ry(1) — H*Rh(z)

N2 rRh2) — nz*Rh(l)

n Ry2) — n*Rh(Z)

Fig. 7 — Contours of some relevant NBOs of 1. Positive values of the orbital contour are represented in yellow (0.05 au) and
negative values in blue (-0.05 au). (For the interpretation of the references to colour in this legend, the reader is referred to

the web version of this article).

Table 6
Crystallographic data for 1 and 2
1 2

Empirical fOrl'nula C44H40A52Rh252'2 CH2C12 C44H40P2Rh282
Formula weight 1158.39 900.64
Temperature 2102) K 2132) K
Crystal system triclinic monoclinic
Space group P1 P2,/n
Unit cell dimensions a=10.752(3) A a=12.801(2) A

b=20.625(7) A bh=19.390(2) A

c=21.042(7) A c=15.068(2) A

a="79.028(5)° £ =96.443(2)°

£ =188.216(6)°

y=79.103(6)°
Volume 4498(2) A® 3716.6(8) A®
VA 4 4
Density (calculated) 1.711 Mg/m® 1.610 Mg/m®
Absorption coefficient 2.557 mm’' 1.119 mm™
F(000) 2304 1824
Crystal size 0.20 x 0.20 x 0.04 mm 0.20 x 0.10 x 0.03 mm
OMin/OMax 1.93/26.37° 1.72/28.37°

Index ranges

Reflections collected
Independent reflections
Completeness to Oyyax
Refinement method
Restraints / Parameters
Goodness-of-fit on F?
Final R indices [I>2o(1)]
R indices (all data)
Largest diff. peak and hole

—13<h<12,-25<k<25,-26<1<26
41402

18152 [R(int) = 0.0562]

98.6 %

full-matrix least-squares on F~

18/1010

1.090

R1=0.0769, wR2 = 0.1822
R1=0.1432, wR2=0.2218

2.341 and -1.380 eA™

—17<h<16,-22<k<25,-19<I<19
26556

8710 [R(int) = 0.0385]

93.9 %

full-matrix least-squares on F~

0/451

1.069

R1=10.0426, wR2 = 0.0658
R1=0.0648, wR2 = 0.0705

0.554 and —0.445 eA”
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