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Au/M (M = RhIII, IrIII) complexes with ditopic
mono- and triphosphane ligands†
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Evamarie Hey-Hawkins *a

A series of heterobimetallic complexes Au/M (M = RhIII, IrIII) were prepared on the basis of two ditopic

ligands: a monophosphane ligand L1H and a triphosphane ligand L2H. The complexes were fully charac-

terised, including single-crystal X-ray diffraction studies. Catalytic activity of cationic L1/AuI/IrIII and L2/

AuI/IrIII bis(trifluoromethane)sulfonimide was analysed through their capacity to induce allenyl ether

rearrangement and cycloisomerisation of N-propargyl benzamide. While cationic L1/AuI/IrIII showed

some ability to induce allenyl ether rearrangement, no conversion was observed for cationic L2/AuI/IrIII.

Similarly, N-propargyl benzamide could undergo cycloisomerisation in the presence of cationic L1/AuI/

IrIII, whereas cationic L2/AuI/IrIII was again inactive. These findings highlight how crucial the surroundings

of the metal centre are to the catalytic activity. Catalytic activity is only possible when Au has a free

coordination site; the gold complex becomes inactive when the tridentate ligand is present.

Introduction

In the context of homogeneous catalysis using organometallic
compounds, the focus has historically been on single-site cata-
lysts to prevent the formation of multinuclear compounds.1

However, in biological systems, especially those involved in
redox transformations of small molecules like water or carbon
dioxide, multimetallic assemblies and their reactivity are
crucial.2 Some biological systems rely on the synergistic acti-
vation of substrates by multiple metal centres.3 For instance,
nickel-containing carbon monoxide dehydrogenase (Ni–
CODH) utilises both nickel and iron centres to convert carbon
dioxide to carbon monoxide and vice versa.4,5

Comprehension of the interactions and catalytic character-
istics of bi- and polymetallic centres within metalloenzymes
has exerted a substantial influence on various scientific disci-
plines, including the realm of synthetic chemistry. Significant
attention has been garnered in the field of coordination chem-
istry and catalysis, particularly regarding multimetallic com-

plexes.2 These complexes offer a unique platform for expand-
ing the repertoire of homogeneous catalysts. Heterobimetallic
compounds, composed of two different metal ions incorpor-
ated into a singular ligand framework, have the potential to
broaden the range of redox states and coordination possibili-
ties for substrates due to intermetallic collaboration driven by
electronic interactions or the concurrent activation of one or
more substrates.6–8 The versatile nature of metal pairings in
heterobimetallic complexes offers a possibility to streamline
diverse catalytic processes into a unified one-pot tandem
reaction.7–10 As a result, these complexes have been documen-
ted to exhibit superior catalytic activity and selectivity com-
pared to their mono- and homobimetallic counterparts.9,10

Despite their distinctive catalytic characteristics, the syn-
thesis of well-defined heterobimetallic complexes and their
practical application in catalysis presents many challenges on
account of the potential for non-specific chelation of metal
ions by both binding sites or ion exchange in solution. To
mitigate this, the construction of elaborate ligand scaffolds
characterised by two distinct binding domains, with the
capacity to discriminate between two distinct metal ions, is
indispensable.11

One class of ligands that has received steadily growing
interest in the context of homogeneous catalysis over the past
decades is pincer ligands and their associated metal
complexes.12,13 That is due to their robust tridentate coordi-
nation, effective metal–ligand cooperation, and high thermal
and kinetic stability, thereby minimising metal leaching
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during the catalytic cycle. Additionally, fine-tuning of the elec-
tronic and steric properties of the metal centre can be afforded
with these ligands.14–17 A plethora of different types of pincer
ligands have been developed over the years. Their complexes
have been used as sensors, crystalline switches, and, most fre-
quently, as precatalysts for various reactions.14 Particularly
relevant in catalysis are those containing phosphorus coordi-
nation sites owing to their ability to stabilise metal centres in
high and low oxidation states.18,19

We have recently created a range of heterobimetallic com-
plexes using a ditopic ligand setup (L2, Scheme 1) with a
pincer PPP-type binding site and a phenylpyridine binding
site. These include a Mo0/RhIII, Mo0/IrIII, Cr0/IrIII, W0/IrIII and
a Co0/IrIII complex.20–22 Among the described compounds, the
Mo0/IrIII complex exhibited the highest activity in the context
of homogeneous carbon dioxide hydrogenation, resulting in
the formation of formate salts.20,22 Herein, we are expanding
this approach by introducing additional heterobimetallic Au/M
complexes (M = RhIII, IrIII) built upon the same ligand system.
Additionally, an analogous ligand with a monophosphane
binding site was prepared (L1H, Scheme 1) and is hereby
reported along with its corresponding Au/M complexes (M =
RhIII, IrIII). Selected analogous complexes based on both
ligands L1H and L2H were tested for their catalytic activity,
namely, their capacity to induce allenyl ether rearrangement
and cycloisomerisation of N-propagyl benzamide.

Results and discussion
Synthesis and characterisation of ligand L1H

The heteroditopic ligand L1H was designed to afford two dis-
tinct coordination sites.24 The lithiation of 2-(4-bromophenyl)
pyridine at −60 °C with nBuLi followed by the reaction with
diisopropylchlorophosphane gave the monophosphane, which
was protected in situ with sulfur, to yield L1H in 88% yield.
Protection was required to avoid the coordination of phos-
phorus during the cyclometallation step. L1H was character-
ised by multinuclear NMR spectroscopy. Expectedly, for sul-

furised tertiary phosphanes, the 31P{1H} NMR spectrum of
L1H revealed a singlet at 66.4 ppm. The structure was further
verified via high-resolution ESI(+) mass spectrometry and
single crystal X-ray diffraction.

Cyclometallation

The cyclometallation step was performed according to the lit-
erature procedure.23 The phosphane sulfide L1H was reacted
with dimeric [MCp*Cl2]2 (M = Rh, Ir) in the presence of excess
NaOAc. The cyclorhodate complex 1 and cycloiridate complex
2 were isolated in 97% yield and fully characterised. In the 31P
{1H} NMR spectra, singlets were observed at 67.0 ppm or
66.7 ppm for 1 or 2, respectively. In the 1H and 13C{1H} NMR
spectra, cyclometallation leads to separate signals for each
atom at the phenyl ring. Similarly, the methine protons are no
longer equivalent in both complexes and split up into two sets
of signals. Similar chemical shifts were found for most
protons in the 1H NMR spectra of both complexes. The only
exception are the methyl protons of the Cp* moiety with a
singlet signal at 1.70 ppm for 2 and 1.66 ppm for 1. The
13C{1H} NMR spectra also show significant similarities, the
difference being in the metal-bound carbon atoms: the cyclo-
pentadienyl carbon atoms are observed at 96.3 ppm for 1, split
into a doublet due to the coupling with Rh (1JCRh = 6.3 Hz). In
comparison, a singlet at 89.1 ppm is observed for 2. The
phenyl ring carbon atoms resonate at 163.0 ppm (d, 3JCP =
8.8 Hz) for 2 and a doublet of doublets at 178.1 ppm (dd, 1JCRh
= 32.5, 3JCP = 8.4 Hz) is observed for 1. The comparable 2-phe-
nylpyridine rhodium complex [RhCp*(ppy)Cl] showed a higher
1JCRh coupling constant of 86.8 Hz.30 A similar drop in the
1JCRh coupling constant was observed for the rhodacycle of 2-
(4-fluorophenyl)pyridine (dd, 1JCRh = 33.4, 3JCF = 4.3 Hz).31

Slow decomposition of the complexes was observed over
time in CDCl3 (followed by 1H NMR spectroscopy). Single crys-
tals suitable for X-ray diffraction analysis could be obtained by
slow cooling of saturated solutions in MeOH (for 1) or aceto-
nitrile (ACN) (for 2). The molecular structures are depicted in
Fig. 1.

Scheme 1 Synthesis of heterometallic Au/M complexes (M = Rh, Ir; Cp* = C5Me5). L2H was described previously.20
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Complex 1 crystallised in the monoclinic space group P21
with one molecule and one cocrystallised methanol molecule
in the asymmetric unit. The chloride ligand forms a hydrogen
bond with the hydroxy group (d(O1–Cl1) = 3.220(4) Å).
Compound 2 crystallised in the orthorhombic space group
Pna21 with one molecule in the asymmetric unit. Both struc-
tures show a piano stool coordination of the metal centre. The
bond lengths and angles are very similar to the closely related
2-phenylpyridine complexes previously published (see
Table S2, ESI†).30

Compared to the parent complexes, the M1–C9 bond
(2.036(1) Å for 1 and 2.032(5) Å for 2) are shorter by 1–2 pm.
Such subtle changes have been observed for complexes
bearing other electron-withdrawing groups in para position
(such as CN, CF3, F) and show the higher acidity of the ortho-H

compared to 2-phenylpyridine.23,31–33 The M1–Cl1 bond is
almost perpendicular to the C9–M1–N1 plane.

Desulfurisation

Several deprotection methods are known for phosphine
sulfides.34–36 Reduction of phosphine sulfides in complexes 1
and 2 with strong hydrides was avoided because of possible
decomposition of the metallacycle, which was shown by
Norton et al.37 Addition of a strong nucleophilic phosphane,
such as PEt3 to the cyclorhodate complex 1, did not result in
the sulfur transfer, but over time led to complexation of RhIII.
Using freshly activated RANEY® nickel (RANEY®-Ni) in THF at
50 °C gave the phosphane 3. The progress of the reaction was
monitored by 31P{1H} NMR spectroscopy, and, if necessary,
small amounts of activated RANEY®-Ni were added until con-
version was completed. Due to the poor solubility of 1 and 2 in
THF, the measurement time had to be increased to ensure all
of the starting material was completely consumed. The free
phosphane was directly used for further reactions after a rough
yield determination to avoid side reactions, including oxi-
dation or complexation.

Complex 3 was isolated and characterised by NMR spec-
troscopy, HR-ESI(+)-MS as well as single crystal X-ray diffrac-
tion, while complex 4 was not isolated, but used directly for
the formation of heterometallic complex 6. The 31P{1H} NMR
spectra of both complexes display a singlet between 10 to
15 ppm depending on the solvent used and the coordinated
metal. Compared to the sulfurised precursor, the 1H NMR
signals in 3 are shifted highfield in good accordance with the
lesser electron-withdrawing effect of the free phosphane. The
most affected protons are those of the phenylene and isopropyl
groups. The same effect was observed in the 13C{1H} NMR
spectrum for the phenyl carbon atom bound to phosphorus
(shifted from 146.5 to 144.2 ppm).

Under high-resolution ESI(+)-MS conditions, the main
signal at 508.1646 m/z could be attributed to the desired
complex 3 with a lost chloride ligand [M − Cl]+, typical for
halide complexes.

Crystals of 3 (Fig. 1, bottom) were obtained by layering a
THF solution with n-hexane. 3 crystallised in the monoclinic
space group P21n with one molecule in the asymmetric unit.
Desulfurisation had little impact on the Rh–C9 bond length.
The Rh–Cl1 bond is 1 pm shorter, possibly due to the lack of
the hydrogen bond of the solvent observed in 1. As in 1, the
Rh1–Cl1 bond is perpendicular to the N1–Rh–C1 plane. The
sum of bond angles in the rhodacycle did not change (539.7°
for 3, 539.9° for 1 (ideal 540°)).

Gold complexation

The cyclometalated phosphane complexes 3 and 4 were
reacted with [AuCl(tht)] (tht = tetrahydrothiophene) to give the
heterobimetallic complexes 5 (M = Rh) and 6 (M = Ir) quanti-
tatively (Scheme 1). It is worth noting that our attempt to
reverse the order of metalation reactions were proved ineffi-
cient in the past.20 The 31P{1H} NMR spectra of the reaction
solutions indicated complete conversion by a downfield shift

Fig. 1 Molecular structure and labelling scheme of complexes 1 (top), 2
(centre) and 3 (bottom). Hydrogen atoms are omitted for clarity and dis-
placement ellipsoids are drawn at 50% probability level.
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of the signal to 60.0 ppm (from 10 to 15 ppm in 3 and 4). The
1H and 13C{1H} NMR spectra show similar features as observed
for the sulfurised precursors. In CDCl3, the

1H NMR spectra
showed very similar shifts for most signals, with the only excep-
tion of the methyl protons of the Cp* moiety with a singlet at
1.56 ppm for 5 and 1.71 ppm for 6. For 5, the signals in the aro-
matic region between 7.81 and 7.64 ppm (dt and dd) are well
separated, but overlap to a multiplet for 6. The 13C{1H} NMR
spectra also show great similarities, the difference being in the
metal-bound carbon atoms. The cyclopentadienyl carbon atoms
are observed at 96.7 (d, 1JCRh = 6.3 Hz) for 5 and 89.0 ppm (s)
for 6. The phenyl ring carbon atoms are observed as a doublet
of doublets at 179.8 ppm (dd, 1JCRh = 33.0, 3JCP = 9.1 Hz) for 5,
and as a doublet at 164.0 ppm (d, 3JCP = 9.7 Hz) for 6.

Single crystals suitable for X-ray diffraction analysis of the
heteronuclear complexes were obtained from a boiling satu-
rated acetonitrile solution by stepwise cooling with a thermo-
stat over several days. The use of a thermostat prevented the
formation of powders. Attempts to crystallise 5 from a DCM
solution with Et2O or MeOH lead to decomposition. The com-
pounds are more stable in chlorinated solvents, but solvent
removal was accompanied by partial decomposition. On the
other hand, the compounds were found to be stable toward
light and in an acetonitrile solution.

Both complexes crystallised isostructurally in the monocli-
nic space group P21 with one molecule in the asymmetric unit.
The Au1–P1 bond lengths of 2.245(1) Å (5) and 2.239(2) Å (6) as
well as the Au1–Cl1 bond lengths (2.301(2) Å (5); 2.300(2) Å (6))
are comparable to other phosphane gold(I) complexes such as
[AuCl(PPh3)],

38 [AuCl(PCy3)],
39 [AuCl(PiPr3)]

40 and [AuCl
(PCy2Ph)].

41 The gold atoms are in linear coordination with
P1–Au1–Cl1 bond angles of 176.75° (5) and 176.7° (6) (Fig. 2).

The bond lengths and angles around Rh and Ir are very
similar to the precursor complexes, respectively. As there are
no major deviations from the normal coordination environ-
ment, it can be assumed that both metal centres can work in
tandem in catalysis. The P–Au–Cl unit in both complexes is
oriented in the direction of the Cp* ligand with torsion angles

Cp*(centroid)–M1⋯P1–Au1 around 15° (Table S3†). This is
similar to the phosphane sulfide precursors and is probably
the result of steric interaction between the isopropyl groups
and the Cp* ligand. In the free phosphane rhodacycle complex
6, this torsion angle amounts to 60°, which minimises the
steric interaction of the isopropyl groups with the aryl group.
Since there are greater steric interactions in the gold(I) com-
plexes, the P atom is slightly dislocated from the phenyl plane
by 0.271(7) Å (5) and 0.291(9) Å (6), respectively.

The intramolecular distances between the metal atoms are
6.2471(6) Å (5) and 6.2344(4) Å (6). The chloride ligands are
further apart (8.025(3) Å (5) and 8.047(3) Å (6)) since the
metal–chloride vectors are staggered (Cl1–Au1⋯M1–Cl2
torsion angles of 110.34(6)° (5) and 111.32(6)° (6)). The most
similar dinuclear AuI/IrIII or AuI/RhIII complexes in the litera-
ture were bis-carbene complexes by Hahn et al. and showed a
larger distance between the metal atoms in the solid state
(Table S4†).42

Anion exchange reactions

Cationic piano-stool type complexes were found to work better
for most catalytic reactions in comparison to their neutral
counterparts,43 due to the higher availability of the catalytically
active species with a free active site for the reaction. Here, the
ion exchange reaction of 6 was conducted by the addition of
AgNTf2 and subsequent isolation by the precipitated AgCl salt
via filtration, as this might have an impact on the catalytic
performance.44

The reaction was performed in CD3CN which acts as a weak
ligand and can prevent rapid exchange reactions. Due to the
poor solubility of 6 in acetonitrile, CD2Cl2 was added. With
one equiv. AgNTf2, the reaction was incomplete, while two
equiv. AgNTf2 led to the formation of the desired bis-cationic
complex 7, which was investigated in situ by NMR spectroscopy
and HRMS. No crystals could be obtained, and the stability
upon solidification was questionable. HR-ESI(+)-MS showed
the same signal as found for 6, suggesting the presence of 6
([M − Cl]+) or the monocationic complex with one NTf2 anion

Fig. 2 Molecular structure and labelling scheme of complexes 5 (left) and 6 (right). Hydrogen atoms are omitted for clarity and displacement ellip-
soids are drawn at the 50% probability level.
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([M − NTf2]
+) as an impurity. However, several other signals

support the formation of the desired product, namely a signal
corresponding to [M − NTf2]

+ (m/z = 1075.1053, 37% rel. abun-
dance), furthermore the acetonitrile adduct [M − (NTf2)2 +
(NCCH3)2]

2+ (m/z = 438.6191, 1% rel. abundance), as well as
the “naked” dinuclear complex [M − (NTf2)2]

2+ (m/z =
397.5958, <1% rel. abundance).

Synthesis and characterisation of complexes based on ligand
L2H

The synthesis of the triphosphane ligand L2H was previously
described by our group.20 To afford heterobimetallic com-
plexes based on this ditopic ligand, the two distinctively
different coordination environments available were
approached with stepwise coordination of the two metals.

Contrary to the monophosphane ligand L1H, in the case of
L2H, at first, the phosphane site was employed in complexa-
tion using chlorido(tetrahydrothiophene)gold(I) ([AuCl(tht)]) as
the gold(I) source. Complex 8 was obtained quantitatively and
fully characterised with multinuclear NMR spectroscopy,
ESI-MS, elemental analysis, and FT-IR. Compared to the com-
plexes based on the monophosphane ligand L1H, the biggest
difference is observed in the 31P NMR spectrum with doublet
and triplet signals displayed with a P,P coupling constant of
ca. 115 Hz. Complex 8 showed high stability in DCM over
weeks and did not manifest sensitivity toward light.

Crystals were obtained by layering a DCM solution of 8 with
n-hexane. 8 crystallised in the monoclinic space group P21/c
with two independent molecules in the asymmetric unit
(Fig. 3). The complex molecules are most likely marginally dis-
ordered with a ratio of 0.9845(4) : 0.0155(4). This disorder is
only detectable for the most electron-rich atoms Au1 and Au2.
The bond lengths and angles involving Au1 or Au2 are
comparable.

Complex 8 was subsequently involved in cyclometallation in
the same way as described for the monophosphane ligand
L1H, with [MCp*Cl2]2 (M = Rh or Ir, Cp* = C5Me5) and excess
of NaOAc. The resulting complexes 9 (M = Rh) and 10 (M = Ir)
were fully characterised, including single crystal structure
determinations (Fig. 4). The gold–rhodium complex 9 crystal-
lised in the monoclinic space group P21/c, the gold–iridium
complex 10 in the triclinic space group P1̄. Selected bond
lengths and angles of 8, 9, and 10 are given in Table S5.†
Further crystallographic details for these complexes are given
in Table S1 (ESI†).

Finally, to obtain a complex with a more easily accessible
active site, an anion exchange reaction was performed for
complex 10 with AgNTf2 in acetonitrile. The formation of 11
was confirmed in situ with multinuclear NMR spectroscopic
analysis. The exchange of the Cl anion with NTf2 led to a
downfield shift of the phosphorus signals in the 31P NMR
spectrum and a smaller P,P coupling constant.

Catalytic activity

Allenyl ether rearrangement. The catalytic activity of com-
plexes 7 and 11 in the allenyl ether rearrangement shown in

Scheme 2 was investigated in an NMR tube in the presence of
1 equiv. 1,4-dinitrobenzene and CD2Cl2 as solvent. The reac-
tion mixture was cooled to 0 °C, and then 0.5 mol% of catalyst
7 or 11 (prepared in situ) was added. The reaction was followed
by 1H NMR spectroscopy. After 1 h at 0 °C, partial conversion
of the starting material induced by catalyst 7 based on the
monophosphane ligand L1 was observed, while catalyst 11
based on the triphosphane ligand L2 was inactive. These
results corroborate the importance of the environment around
the metal centre for catalytic activity. AuI is catalytically active
only if it has a free coordination site, whilst the tridentate
ligand renders gold(I) catalytically inactive.

With 7 as catalyst, the consumption of the starting material
increased by increasing the temperature from 0 °C to room
temperature. However, the conversion was still incomplete
after 14.5 h at room temperature. Additionally, besides the
desired aldehyde, the formation of a side product was
observed. Although we did not investigate the nature and
origin of the side product, based on previous reports in the lit-
erature, this is presumably the hydrolysis product as hydrolysis
is described as a side reaction observed for some combi-
nations of ligands with weakly coordinating counterions.
Hashmi et al.43 managed to avoid hydrolysis in this transform-

Fig. 3 Molecular structure and labelling scheme of 8. Both indepen-
dent molecules are shown. Hydrogen atoms are omitted for clarity and
displacement ellipsoids are drawn at the 50% probability level.
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ation by using the isolated catalyst [Au(PPh3)]NTf2 instead of a
mixture of [AuCl(PPh3)] (2 mol%) and AgNTf2 (5 mol%), a com-
bination first reported by Ramana et al.45 The same group pro-
posed the mechanism for the gold(I) catalysed [1,3] O→C
rearrangement of allenyl ethers.46 Thus, the reaction proceeds
via the initial coordination of the oxygen of the allenyl ether to
gold(I), leading to the elongation of the carbinol C–O bond. In
case of sufficient electrophilicity of the oxygen substituent, the
C–O bond is cleaved, leading to the formation of a contact-ion
that subsequently undergoes the [1,3]-rearrangement.46

Cycloisomerisation of N-propargyl benzamide. Uncovered by
Hashmi and co-workers in 2004,47 the catalytic synthesis of
oxazolines has quickly developed into a standard reaction for
gold(I) complexes. Some vinylgold intermediates have been
characterised and reported by Ahn et al.48 In a theoretical
study, Liu et al.49 have provided new insights. Thus, the

gold(I)-catalysed 5-exo-dig ring-closing isomerisation of
N-(2-propyn-1-yl)benzamide to 5-methylene-2-phenyl-4,5-di-
hydrooxazole was studied with complexes 7 and 11 in an NMR
tube at room temperature in the presence of 0.5 equiv. 1,4-
dioxane and CD2Cl2 as solvent (Scheme 3). The catalyst
loading was 0.1 mol% of the corresponding complex 7 or 11.
The reaction was monitored by 1H NMR spectroscopy.
Similarly, as found for the allenyl ether rearrangement,
complex 11 was catalytically inactive as it was unable to induce
the cycloisomerisation.

On the other hand, complex 7 as a catalyst led to the com-
plete conversion of the starting material within 72 hours. The
turnover number (TON) of 7 was calculated after 24 h to be
730, comparable to the complex [Au(PtBu3)]NTf2 with TON =
590.43 Other gold(I) catalysts have also demonstrated the
capacity to induce cycloisomerisation. Zuccaccia et al.50 have
even demonstrated that a range of NHC–Au–X [NHC =
(1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene); X− = BF4

−,
OTf−, OTs−, TFA−] catalysts could induce the cycloisomerisa-
tion in a wide set of green solvents (cyclohexanone, isopropyl
acetate, ethyl acetate, furfuryl alcohol, γ-valerolactone, propy-
lene carbonate and propionic acid) in a comparable or better
manner with respect to traditional volatile organic solvents.
Furthermore, the catalyst activity is related to the basic
strength of the anion, and the performances of the catalysts
decrease gradually with increasing basicity and hydrogen-bond
acceptor power of X−. Kinetic experiments and DFT calcu-
lations conducted indicate that both the characteristics of the
solvent and counterion should be taken into account.50

After the successful cycloisomerisation induced by 7, 2
equiv. of HSiEt3 were added to the same NMR tube to test if
the heterobimetallic complex 7 can facilitate tandem catalysis.
However, no reaction was observed within 22 h. When an
additional amount of 7 was added (0.9 mol%), a grey precipi-
tate formed, indicating the decomposition of the catalyst.

Conclusions

Heterobimetallic complexes Au/M (M = RhIII, IrIII) were syn-
thesised using two ditopic ligands, namely a monophosphane
L1H and a triphosphane L2H, and fully characterised, includ-
ing single-crystal X-ray diffraction analyses for most complexes.
The catalytic activity of cationic 7 (L1/AuI/IrIII) and 11 (L2/AuI/
IrIII) in allenyl ether rearrangement and cycloisomerisation of
N-propargyl benzamide was studied. While 7 showed some
ability to induce allenyl ether rearrangement, 11 did not facili-
tate any conversion. Likewise, N-propargyl benzamide was con-

Fig. 4 Molecular structure and labelling scheme of 9 (top) and 10
(bottom). Hydrogen atoms are omitted for clarity and displacement
ellipsoids are drawn at the 50% probability level.

Scheme 2 Allenyl ether rearrangement. [cat*] = complex 7 or 11.

Scheme 3 Cycloisomerisation of N-propargyl benzamide. [cat*] =
complex 7 or 11.
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verted to oxazole in the presence of 7, but no reaction was
observed when 11 was used as a catalyst. These results demon-
strate the importance of the metal centre’s coordination
sphere in catalytic processes.20–22 Gold(I) is only catalytically
active when coordinated by a monophosphane ligand, while
the tridentate ligand led to loss of catalytic activity.
Furthermore, while the gold(I) centre in cationic complex 7
was catalytically active, the second metal (IrIII) could not be
involved in tandem catalysis under the conditions reported
here. More importantly, we demonstrated the universality of
the ligand framework for designing heterobimetallic catalysts
for future catalytic applications.

Experimental
Materials and methods

Reactions were performed using standard Schlenk line tech-
niques. Reagents were purchased from chemical vendors and
used without further purification unless noted otherwise. PCl3
was degassed, distilled, and stored under a nitrogen atmo-
sphere over 4 Å molecular sieves prior to use. [RhCp*Cl2]2,
[IrCp*Cl2]2 (Cp* = C5Me5),

23 PiPr2Cl,
24 and the triphosphane

ligand bis[2-(diisopropylphosphanyl)phenyl]-4-(2-pyridyl)phe-
nylphosphane (L2H)20 were synthesised according to literature
procedures. All other compounds are commercially available.
NMR spectra were recorded at 25 °C with a Bruker AVANCE
DRX 400 spectrometer (1H NMR: 400.13 MHz, 13C NMR:
100.16 MHz, 31P NMR: 161.97 MHz). TMS was used as the
internal standard for 1H and 13C NMR spectra; spectra of other
nuclei were referenced to TMS. Mass spectra (HR-ESI-MS) were
recorded on an FT-ICR-MS Bruker–Daltonics ESI mass spectro-
meter (APEX II, 7 T). Elemental analyses were carried out with
a Heraeus VARIO EL oven. IR spectra were measured between
4000 and 400 cm−1 as KBr pellets on an FT-IR Spectrum 2000
spectrometer by PerkinElmer. All solvents were purified and
degassed with an MBRAUN Solvent Purification System
SPS-800. Dichloromethane (DCM) was stored under nitrogen
over 4 Å molecular sieves. Tetrahydrofuran (THF) was distilled
over K and benzophenone under nitrogen atmosphere and
stored over 4 Å molecular sieves. Acetonitrile (ACN) was dried
over P2O5 for 3 d, distilled over P2O5, and stored under N2

atmosphere and over 3 Å molecular sieves. All deuterated sol-
vents (CDCl3, CD2Cl2, CD3CN) were dried over 3 Å molecular
sieves, degassed, and stored under N2 atmosphere over 3 Å
molecular sieves. Crystallographic data were collected on a
Gemini diffractometer (Rigaku Oxford Diffraction) using Mo-
Kα radiation and ω-scan rotation. Data reduction was per-
formed with CrysAlisPro,25 including the program SCALE3
ABSPACK for an empirical absorption correction. With the
exception of structures L1H, 1, and 3, an additional analytical
numeric absorption correction was applied using a multi-
faceted crystal model based on expressions derived by Clark
and Reid.26 All structures were solved by dual space methods
with SHELXT27 and refined with SHELXL.28 Non-hydrogen
atoms were refined with anisotropic displacement parameters.

For L1H, hydrogen atoms were located with a difference-
density Fourier map. For all other structures, hydrogen atoms
were calculated on idealised positions using the riding model.
Structure figures were generated with DIAMOND-4.29

CCDC deposition numbers given in Table S1 in the ESI†
contain the supplementary crystallographic data for this
paper.

Synthesis of monophosphane sulfide ligand L1H

2-(4-Bromophenyl)pyridine (2.483 g, 10.6 mmol, 1.05 equiv.)
was dissolved in THF (30 ml) and cooled to −60 °C. To the
cooled solution, nBuLi in Et2O (8.0 ml, 11.1 mmol, 1.1 equiv.)
was added dropwise, and the reaction mixture was stirred for
one hour. Diisopropylchlorophosphane (1.54 g, 10.1 mmol, 1.0
equiv.) was dissolved in Et2O, cooled to −60 °C and added
dropwise to the lithiated 2-phenylpyridine. The reaction
mixture was left to warm up to room temperature overnight.
Water (30 ml) was added to the solution, the layers were separ-
ated, and the organic layer was washed with water (2 × 10 ml)
and brine (10 ml). The aqueous layers were extracted with
DCM (3 × 10 ml), and the combined organic layers were dried
over MgSO4. The solvent was removed, resulting in a yellow oil.
The pure monophosphane ligand was obtained upon column
chromatography with n-hexane containing a gradually increas-
ing amount of ethyl acetate (5–10%). The monophosphane
ligand (1.153 g, 4.25 mmol, 1 equiv.) was dissolved in THF
(5 ml). S8 (0.136 g, 4.25 mmol, 1 equiv.) and a catalytic amount
of NEt3 (1 drop) was added, and the reaction mixture was
stirred at 50 °C for 24 h. Pure monophosphane sulfide L1H
was obtained upon column chromatography with n-hexane
containing a gradually decreasing amount of ethyl acetate
(40–10%). Colourless single crystals (prisms) of L1H were
obtained by slow solvent evaporation from a saturated DCM/
Et2O solution. Yield: 1.13 g (88%).

1H NMR (400.1 MHz, CDCl3): δ = 1.09 (dd, 3JHP = 17 Hz,
3JHH = 7.0 Hz, 6 H, 2″-H), 1.24 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz,
6 H, 4″-H), 2.55 (heptd, 3JHH = 7.0 Hz, JHP = 1.3 Hz, 2 H, 1″ and
3″-H), 7.31 (tt, 3JHH = 8.0 Hz, 4JHH = 1.7 Hz, 1 H, 2′-H), 7.81 (m,
3JHH = 8.0 Hz, 3JHH = 5.0 Hz, 4JHH = 1.7 Hz, 2 H, 3′ and 4′-H),
7.97 (m, 3JHH = 8.0 Hz, 4JHH = 2.3 Hz, 2 H, 2-H), 8.11 (dd,
3JHH = 8.0 Hz, 4JHH = 2.3 Hz, 2 H, 3-H), 8.74 (dt, 3JHH = 5.0 Hz,
4JHH = 1.4 Hz, 1 H, 5′-H) ppm. 13C{1H} NMR (100.6 MHz,
CDCl3): δ = 15.7 (s, C2″), 16.5 (s, C4″), 27.6 (d, 1JCP = 51 Hz, C1″
and C3″), 121.0 (s, 3′), 122.9 (s, C2′), 126.6 (d, 3JCP = 11 Hz, C3),
132.6 (d, 2JCP = 8.5 Hz, C2), 137.2 (s, C4′), 141.9 (s, C1), 149.6
(s, C5′), 156.1 (s, C1′) ppm. 31P{1H} NMR (161.97 MHz, CDCl3):
δ = 66.4 ppm.

HR-MS (CH3OH): (C17H22NPS; [M + H]+, pos. ESI) calcd:
304.1283, found: 304.1281.

Synthesis of complexes 1 and 2

Monophosphane sulfide L1H (61 mg, 0.2 mmol, 1 equiv.) was
dissolved in DCM or ACN (for reactions with M = Rh and Ir,
respectively). [MCp*Cl2]2 (M = Rh, Ir; 0.1 mmol, 0.5 equiv.) and
anhydrous NaOAc (49 mg, 0.6 mmol, 3 equiv.) were added,
and the reaction mixture was stirred at room temperature or
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50 °C (for reactions with M = Rh and Ir, respectively). Single
crystals of 1 (orange plates) were obtained by slow cooling of a
saturated solution in MeOH, while for 2, obtained as orange
prisms, a saturated solution in ACN was used.

1: Yield: 114.6 mg (97%).
1H NMR (400.1 MHz, CDCl3): δ = 1.12 (dd, 3JHP = 10 Hz,

3JHH = 7.0 Hz, 3 H, 2″-H), 1.16 (dd, 3JHP = 10 Hz, 3JHH = 7.0 Hz,
3 H, 3″-H), 1.21 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz, 3 H, 5″-H),
1.31 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz, 3 H, 6″-H), 1.66 (s, 15 H,
Cp*–Me), 2.50 (heptd, 3JHH = 7.0 Hz, 2JHP = 1.3 Hz, 1 H, 1″-H),
2.59 (heptd, 3JHH = 7.0 Hz, 2JHP = 1.3 Hz, 1 H, 4″-H), 7.22 (m,
3JHH = 6.4 Hz, 4JHH = 1.6 Hz, 1 H, 4′-H), 7.56 (m, 3JHH = 8.0 Hz,
4JHH = 1.5 Hz, 1 H, 6-H), 7.68 (dd, 3JHH = 8.0 Hz, 4JHH = 2.6 Hz,
1 H, 5-H), 7.77 (m, 3JHH = 8.0 Hz, 4JHH = 1.6 Hz, 1 H, 3′-H), 7.85
(dt, 3JHH = 8.0 Hz, 4JHH = 1.2 Hz, 1 H, 2′-H), 8.31 (dd, 3JHH =
8.0 Hz, 4JHH = 1.5 Hz, 1 H, 2-H), 8.79 (dt, 3JHH = 6.4 Hz, 4JHH =
1.0 Hz, 1 H, 5′-H) ppm. 13C{1H} NMR (100.6 MHz, CDCl3): δ =
9.3 (s, Cp*–Me), 16.0 (s, C2″ and C3″), 16.8 (t, 2JCP = 2.6 Hz,
C5″ and C6″), 27.7 (d, 1JCP = 51 Hz, C1″), 28.2 (d, 1JCP = 51 Hz,
C4″), 96.3 (d, 1JCRh = 6.3 Hz, Cp*), 119.9 (s, C2′), 122.6 (s, C4′),
122.9 (s, C5), 126.6 (d, 2JCP = 9.3 Hz, C6), 128.4 (d, C4), 137.3
(s, C3′), 140.5 (d, 2JCP = 6.3 Hz, C2), 146.5 (d, 1JCP = 2.7 Hz, C1),
151.4 (s, C5′), 164.4 (s, C1′), 178.1 (dd, 1JCRh = 32.5 Hz, 3JCP =
8.4 Hz C3) ppm. 31P{1H} NMR (161.97 MHz, CDCl3): δ =
67.0 ppm.

Elemental analysis for C27H36ClNPRhS calcd: C 56.30,
H 6.30, N 2.43, found: C 55.11, H 5.52, N 2.32.

2: Yield: 131.9 mg (97%).
1H NMR (400.1 MHz, CDCl3): δ = 1.12 (dd, 3JHP = 13 Hz,

3JHH = 7.0 Hz, 3 H, 2″-H), 1.16 (dd, 3JHP = 13 Hz, 3JHH = 7.0 Hz,
3 H, 3″-H), 1.21 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz, 3 H, 5″-H),
1.30 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz, 3 H, 6″-H), 1.70 (s, 15 H,
Cp*–Me), 2.48 (heptd, 3JHH = 7.0 Hz, 1 H, 1″-H), 2.59 (heptd,
3JHH = 7.0 Hz, 1 H, 4″-H), 7.16 (m, 3JHH = 6.5 Hz, 4JHH = 1.4 Hz,
1 H, 4′-H), 7.52 (m, 3JHH = 10.0 Hz, 4JHH = 1.5 Hz, 1 H, 6-H),
7.73 (m, 3JHH = 10.0, 3JHH = 8.0 Hz, 4JHH = 2.6 Hz, 2 H, 5-H and
3′-H), 7.90 (d, 3JHH = 8.0 Hz, 1 H, 2′-H), 8.31 (dd, 3JHH 11.2 Hz,
4JHH = 1.5 Hz, 1 H, 2-H), 8.74 (dd, 3JHH = 6.5 Hz, 4JHH = 1.3 Hz,
1 H, 5′-H) ppm. 13C{1H} NMR (100.6 MHz, CDCl3): δ = 9.2 (s,
Cp*–Me), 16.2 (s, C2″ and C3″), 17.0 (s, C5″ and C6″), 27.7 (d,
1JCP = 50.5 Hz, C1″), 28.5 (d, 1JCP = 50.5 Hz, C4″), 89.1 (s, Cp*),
119.9 (s, C2′), 123.2 (d, 3JCP = 11.7 Hz, C5), 123.5 (s, C4′), 125.9
(d, 2JCP = 9.4 Hz, C6), 128.8 (s, C6′), 129.5 (s, C3′), 137.4 (s,
2JCP = 6.3 Hz, C2), 139.8 (d, 1JCP = 7.8 Hz, C1), 147.3 (d, 4JCP =
2.7 Hz, C4), 151.7 (s, C5′), 163.0 (d, 3JCP = 8.8 Hz C3), 166.4 (s,
C1′) ppm. 31P{1H} NMR (161.97 MHz, CDCl3): δ = 66.7 ppm.

HR-MS (CH3OH): (C27H36ClNPIrS; [M − Cl]+, pos. ESI)
calcd: 630.1929, found: 630.1920.

Desulfurisation reaction: preparation of 3 and 4

Complex 1 (25 mg, 0.434 mmol) was dissolved in THF (4 ml).
Freshly activated RANEY®-Ni was added, and the reaction
mixture was heated to 50 °C. The progress of the reaction was
monitored with 31P{1H} NMR, and if necessary, small amounts
of activated RANEY®-Ni were added until conversion was
complete.

Yield: 145.3 mg (60%), orange prisms.
1H NMR (400.1 MHz, CDCl3): δ = 1.02 (dd, 3JHP = 10 Hz,

3JHH = 7.0 Hz, 3 H, 2″-H), 1.03 (dd, 3JHP = 10 Hz, 3JHH = 7.0 Hz,
3 H, 3″-H), 1.12 (dd, 3JHP = 15 Hz, 3JHH = 7.0 Hz, 3 H, 5″-H),
1.18 (dd, 3JHP = 15 Hz, 3JHH = 7.0 Hz, 3 H, 6″-H), 1.64 (s, 15 H,
Cp*–Me), 2.14 (heptd, 3JHH = 7.0 Hz, JHP = 1.2 Hz, 1 H, 1″-H),
2.23 (heptd, 3JHH = 7.0 Hz, JHP = 3.2 Hz, 1 H, 4″-H), 7.14 (tt,
3JHH = 8.0 Hz, 4JHH = 1.4 Hz, 1 H, 4′-H), 7.19 (tt, 3JHH = 8.0 Hz,
4JHH = 1.5 Hz, 1 H, 6-H), 7.57 (d, 3JHH = 8.0 Hz, 1 H, 5-H), 7.71
(td, 3JHH = 8.0 Hz, 4JHH = 1.6 Hz, 1 H, 3′-H), 7.78 (dt, 3JHH =
8.0 Hz, 4JHH = 1.2 Hz, 1 H, 2′-H), 7.94 (dd, 3JHH = 6.8 Hz, 4JHH =
1.4 Hz, 1 H, 2-H), 8.75 (dt, 3JHH = 5.5 Hz, 4JHH = 1.0 Hz, 1 H, 5′-
H) ppm. 13C{1H} NMR (100.6 MHz, CDCl3): δ = 9.2 (s, Cp*–
Me), 18.8 (d, 2JCP = 7.0 Hz, C2″), 19.5 (d, 2JCP = 10.0 Hz, C3″),
20.0 (d, 2JCP = 18.6 Hz, C5″), 20.2 (d, 2JCP = 18.6 Hz, C6″), 23.2
(d, 1JCP = 12 Hz, C1″), 23.3 (d, 1JCP = 12 Hz, C4″), 96.0 (d,
1JCRh = 6.3 Hz, Cp*), 119.3 (s, C2′), 122.1 (s, C4′), 122.5 (d,
3JCP = 8.0 Hz, C5), 129.2 (d, 2JCP = 20.0 Hz, C6), 137.0 (s, C3′),
137.2 (s, C4), 142.8 (d, 2JCP = 7.1 Hz, C2), 144.2 (s, C1), 151.2 (s,
C5′), 165.2 (s, C1′), 177.7 (dd, 1JCRh = 32.2 Hz, 3JCP = 5.7 Hz, C3)
ppm. 31P{1H} NMR (161.97 MHz, CDCl3): δ = 13.7 ppm.

HR-MS (CH3OH): (C27H36ClNPRh; pos. ESI) calcd for [M −
Cl]+: 508.1635, found: 508.1646.

Complex 4 (0.434 mmol, dissolved in THF (4 ml)) was pre-
pared in the same way as complex 3, but was directly used in
the next step to give complex 6.

Synthesis of heterobimetallic complexes 5 and 6

Free phosphane compound 3 or 4 (120 mg or 135 mg, respect-
ively, 0.21 mmol, 1 equiv.) was dissolved in DCM and reacted
with [AuCl(tht)] (68 mg, 0.21 mmol, 1 equiv.) at room tempera-
ture for 15 min to afford precipitated heterobimetallic com-
plexes 5 (M = Rh, orange prisms) and 6 (M = Ir, orange prisms)
quantitatively.

5: 1H NMR (400.1 MHz, CD2Cl2): δ = 1.06 (dd, 3JHP = 13 Hz,
3JHH = 7.0 Hz, 3 H, 2″-H), 1.10 (dd, 3JHP = 13 Hz, 3JHH = 7.0 Hz,
3 H, 3″-H), 1.20 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz, 3 H, 5″-H),
1.25 (dd, 3JHP = 17 Hz, 3JHH = 7.0 Hz, 3 H, 6″-H), 1.56 (s, 15 H,
Cp*–Me), 2.49 (heptd, 3JHH = 7.0 Hz, 2JHP = 1.7 Hz, 2 H, 1″ and
4″-H), 7.21 (tt, 3JHH = 6.4 Hz, 4JHH = 1.7 Hz, 1 H, 4′-H), 7.28 (tt,
3JHH = 9.0 Hz, 4JHH = 1.7 Hz, 1 H, 6-H), 7.64 (dd, 3JHH = 8.0 Hz,
4JHH = 2.2 Hz, 1 H, 5-H), 7.75 (td, 3JHH = 8.0 Hz, 4JHH = 1.5 Hz,
1 H, 3′-H), 7.81 (dt, 3JHH = 8.0 Hz, 4JHH = 1.2 Hz, 1 H, 2′-H),
8.14 (dd, 3JHH = 12.7 Hz, 4JHH = 1.6 Hz, 1 H, 2-H), 8.70 (dt,
3JHH = 5.5 Hz, 4JHH = 1.0 Hz, 1 H, 5′-H) ppm. 13C{1H} NMR
(100.6 MHz, CD2Cl2): δ = 9.4 (s, Cp*–Me), 18.7 (d, 2JCP = 17.4
Hz, C2″ and C3″), 19.7 (d, 2JCP = 13.7 Hz, C5″ and C6″), 25.4 (d,
1JCP = 20.3 Hz, C1″), 25.7 (d, 1JCP = 19.8 Hz, C4″), 96.7 (d,
1JCRh = 6.3 Hz, Cp*), 120.3 (s, C2′), 123.2 (d, 3JCP = 10.4 Hz, C5),
123.7 (s, C4′), 126.5 (d, 1JCP = 49.0 Hz, C1), 128.3 (d, 2JCP =
10.3 Hz, C6), 137.9 (s, C3′), 144.9 (d, 2JCP = 12.9 Hz, C2), 147.9
(s, C4), 152.0 (s, C5′), 164.2 (s, C1′), 179.8 (dd, 1JCRh = 33.0 Hz,
3JCP = 9.1 Hz, C3) ppm. 31P{1H} NMR (161.97 MHz, CD2Cl2): δ
= 60.5 ppm.

HR-MS (CH3OH): (C27H36AuCl2NPRh; [M − Cl]+, pos. ESI)
calcd: 740.0989, found: 740.0924.
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6: 1H NMR (400.1 MHz, CDCl3): δ = 1.13 (dd, 3JHP = 10.0 Hz,
3JHH = 7.0 Hz, 3 H, 2″-H), 1.17 (dd, 3JHP = 10.0 Hz, 3JHH =
7.0 Hz, 3 H, 3″-H), 1.27 (dd, 3JHP = 18.6 Hz, 3JHH = 7.0 Hz, 3 H,
5″-H), 1.32 (dd, 3JHP = 18.6 Hz, 3JHH = 7.0 Hz, 3 H, 6″-H), 1.71
(s, 15 H, Cp*–Me), 2.52 (heptd, 3JHH = 7.0 Hz, 2JHP = 1.7 Hz,
2 H, 1″ and 4″-H), 7.19 (tt, 3JHH = 6.4 Hz, 4JHH = 1.5 Hz, 1 H, 4′-
H), 7.30 (tt, 3JHH = 9.0 Hz, 4JHH = 1.7 Hz, 1 H, 6-H), 7.74 (m,
3JHH = 8.0 Hz, 4JHH = 1.5 Hz, 2 H, 5-H and 3′-H), 7.90 (d, 3JHH =
8.0 Hz, 1 H, 2′-H), 8.25 (dd, 3JHH = 13.0 Hz, 4JHH = 1.6 Hz, 1 H,
2-H), 8.76 (d, 3JHH = 5.5 Hz, 1 H, 5′-H) ppm. 13C{1H} NMR
(100.6 MHz, CDCl3): δ = 9.0 (s, Cp*–Me), 18.4 (d, 2JCP = 4.8 Hz,
C2″ and C3″), 19.4 (d, 2JCP = 4.4 Hz, C5″ and C6″), 24.9 (d,
1JCP = 34.6 Hz, C1″), 25.3 (d, 1JCP = 34.2 Hz, C4″), 89.0 (s, Cp*),
119.8 (s, C2′), 123.4 (d, 3JCP = 11.0 Hz, C5), 123.6 (s, C4′), 126.5
(d, 1JCP = 50.0 Hz, C3), 127.2 (d, 2JCP = 10.7 Hz, C6), 137.3 (s,
C3′), 143.5 (d, 2JCP = 12.9 Hz, C2), 147.9 (s, C4), 151.6 (s, C5′),
164.0 (d, 3JCP = 9.7 Hz, C1), 165.9 (s, C1′) ppm. 31P{1H} NMR
(161.97 MHz, CDCl3): δ = 60.0 ppm.

HR-MS (CH3OH): (C27H36AuCl2IrNP; [M − Cl]+, pos. ESI)
calcd: 830.1556, found: 830.1559.

Elemental analysis for C27H36AuCl2IrNP calcd: C 37.46,
H 4.19, N 1.62, found: C 37.78, H 3.84, N 1.58.

Anion exchange reaction: preparation of 7

Complex 6 (17.3 mg, 0.02 mmol, 1 equiv.) was dissolved in
CD2Cl2 (1 ml) and CD3CN (1 ml). AgNTf2 (15.5 mg, 0.04 mmol,
2 equiv.) was added, and the reaction mixture was stirred at
room temperature for 15 min. The precipitate (AgCl) was fil-
tered off, and the filtrate was analysed in situ.

1H NMR (400.1 MHz, CD3CN/CD2Cl2): δ = 1.12 (dd, 3JHP =
6.0 Hz, 3JHH = 7.0 Hz, 3 H, 2″-H), 1.13 (dd, 3JHP = 6.0 Hz, 3JHH =
7.0 Hz, 3 H, 3″-H), 1.28 (dd, 3JHP = 19.0 Hz, 3JHH = 7.0 Hz, 3 H,
5″-H), 1.31 (dd, 3JHP = 19.0 Hz, 3JHH = 7.0 Hz, 3 H, 6″-H), 1.72
(s, 15 H, Cp*–Me), 2.66 (heptd, 3JHH = 7.0 Hz, 2 H, 1″ and 4″-
H), 7.43 (m, 3JHH = 5.7 Hz, 4JHH = 1.5 Hz, 1 H, 4′-H), 7.46 (m,
3JHH = 8.0 Hz, 4JHH = 1.6 Hz, 1 H, 4′-H), 7.90 (dd, 3JHH = 8.0 Hz,
4JHH = 2.3 Hz, 1 H, 6-H), 8.00 (td, 3JHH = 8.0 Hz, 4JHH = 1.5 Hz,
1 H, 3′-H), 8.10 (dt, 3JHH = 8.0 Hz, 4JHH = 1.2 Hz, 1 H, 2′-H),
8.31 (dd, 3JHH = 13.5 Hz, 4JHH = 1.6 Hz, 1 H, 2-H), 8.76 (d,
3JHH = 5.7 Hz, 4JHH = 0.7 Hz, 1 H, 5′-H) ppm. 13C{1H} NMR
(100.6 MHz, CD3CN/CD2Cl2): δ = 9.0 (s, Cp*–Me), 18.8 (d,
2JCP = 6.0 Hz, C2″ and C3″), 19.8 (d, 2JCP = 2.0 Hz, C5″ and
C6″), 25.6 (d, 1JCP = 35.0 Hz, C1″), 25.7 (d, 1JCP = 35.0 Hz, C4″),
92.3 (s, Cp*), 119.0 (s, C–NTf2), 121.5 (s, C2′), 122.2 (s, C1),
124.9 (d, 1JCP = 10.0 Hz, C6), 125.8 (s, C4′), 129.0 (d, 2JCP = 12.9
Hz, C2), 140.4 (s, C3′), 144.8 (d, 3JCP = 4.0 Hz, C5), 149.6 (s,
C4), 153.3 (s, C5′), 157.5 (d, 3JCP = 6.6 Hz, C3), 165.9 (s, C1′)
ppm. 31P{1H} NMR (161.97 MHz, CD3CN/CD2Cl2): δ =
61.6 ppm.

HR-MS (CD3CN/CD2Cl2): (C31H36AuF12IrN3O8PS4; [M − NTf2]
+,

pos. ESI) calcd: 1075.1046, found: 1075.1053.

Synthesis of 8

The triphosphane ligand L2H (0.578 g, 1.01 mmol, 1 equiv.)
was dissolved in DCM (20 ml) and [AuCl(tht)] (0.324 g,
1.01 mmol, 1 equiv.) was added, resulting in a colour change

to deep red. The solution was stirred for 1 h; then, all volatile
compounds were removed in vacuo. The product was obtained
quantitatively after recrystallisation from a mixture of 10 ml
DCM and 50 ml n-hexane and washing with n-pentane. The
compound is not light-sensitive and can be stored in a DCM
solution for weeks. Single crystals (orange prisms) suitable for
X-ray diffraction could be obtained by dissolving 10 mg in
DCM and layering with n-hexane.

1H NMR (400.1 MHz, CDCl3): δ = 8.66 (d, 3JHH = 4.8 Hz, 1 H,
5′-H), 8.02–7.94 (m, 2 H, 6″-H), 7.81 (dd, 3JHH = 8.4, 4JPH =
2.1 Hz, 2 H, 3-H), 7.74 (td, 3JHH = 7.7, 4JHH = 1.9 Hz, 1 H, 3′-H),
7.67 (d, 3JHH = 7.9 Hz, 1 H, 2′-H), 7.64–7.60 (m, 2 H, 3″-H), 7.49
(pseudo p, N = 7.2 Hz, 4 H, 4″- and 5″-H), 7.22 (dd, 3JHH = 7.3,
5.0 Hz, 1 H, 4′-H), 7.06 (dd, 3JHH = 8.3, 3JPH = 6.6 Hz, 2 H, 2-H),
2.84–2.64 (m, 4 H, 1′′′-H), 1.50–1.41 (m, 6 H, 2′′′-H), 1.37
(pseudo q, 3JHH/HP = 8.1 Hz, 6 H, 2′′′-H), 1.25 (pseudo q,
3JHH/HP = 6.9 Hz, 6 H, 2′′′-H), 0.82 (pseudo dt, 3JPH = 9.3 Hz,
3JHH = 6.9 Hz, 6 H, 2′′′-H) ppm. 13C{1H} NMR (100.6 MHz,
CDCl3): δ = 156.7 (C1′), 149.5 (C5′), 145.3 (pseudo q, 1JCP = 12.5
Hz, C2″), 142.3 (C1) 138.4 (m, C4/C1″), 137.0 (C3′), 135.9 (C6″),
131.9 (m, C2/C3″), 130.7 (C4″), 129.8 (C5″), 126.8 (d, 4JCP =
4.6 Hz, C3), 122.2 (C4′), 120.6 (C2′), 27.2 (pseudo t, 1JCP =
13.3 Hz, C1′′′), 23.6 (m, C1′′′), 20.0 (m, C2′′′), 19.8 (m, C2′′′),
19.1 (C2′′′), 17.0 (C2′′′) ppm. 31P{1H} NMR (161.97 MHz,
CDCl3): δ = 58.3 (d, 2JPP = 114.8 Hz, 2 P, Pterminal), −5.0 (t, 2JPP =
114.4 Hz, 1 P, Pcentral) ppm.

HR-MS (CH3OH): (C35H44AuClNP3; [M − Cl]+, pos. ESI)
calcd: 768.2347 found: 768.2299.

Synthesis of heterobimetallic complexes 9 and 10

The gold complex 8 (0.5 mmol, 2 equiv.) was suspended in
ACN (30 ml) together with [Cp*MCl2]2 (M = Rh or Ir,
0.25 mmol, 1 equiv.) and NaOAc (1.5 mmol, 6 equiv.) and
stirred at room temperature for 48 h. The suspension was fil-
tered over Celite, and then extracted with DCM. Removal of the
volatiles in high vacuum gave the product quantitatively.
Single crystals (orange needles) suitable for X-ray diffraction
could be obtained by layering a frozen DCM solution with
n-hexane (9) or from a hot saturated solution in ACN (10).

9: 1H NMR (400.1 MHz, CD2Cl2): δ = 8.69 (d, 3JHH = 5.6 Hz,
1 H, 5′-H), 8.19 (m, 1 H, 6″-H), 8.03 (m, 1 H, 6″-H), 7.75 (dd,
3JHH = 4.8 Hz, 4JHH = 1.1 Hz, 2 H, 2′- and 3′-H), 7.68 (m, 2 H,
3″-H), 7.65–7.60 (m, 2 H, 4″- and 5″-H), 7.58 (m, 2 H, 4″- and
5″-H), 7.50 (d, 3JHH = 8.1 Hz, 1 H, 5-H), 7.39 (d, 4JHH = 1.6 Hz,
1 H, 2-H), 7.21–7.17 (m, 1 H, 4′-H), 6.72 (dd, 3JPH,HH = 8.4 Hz,
4JHH = 1.7 Hz, 1 H, 6-H), 2.82 (m, 2 H, 1′′′-H), 2.67 (m, 2 H, 1′′
′-H), 1.44 (m, 6 H, 2′′′-H) 1.42 (s, 15 H, Cp*–Me), 1.36 (m, 6 H,
2′′′-H), 1.28 (m, 6 H, 2′′′-H), 0.83 (ddd, 3JPH = 18.1 Hz, 3JHH =
6.7, 4.6 Hz, 6 H, 2′′′-H) ppm. 13C{1H} NMR (100.6 MHz,
CD2Cl2): δ = 179.9 (d, 1JRhC = 33 Hz, C3), 164.8 (C1′), 151.9
(C5′), 145.2 (m, C1″/C2″), 144.2 (C4), 143.5 (m, C1″/C2″), 142.0
(m, C1), 139.9 (d, 2JCP = 11 Hz, C2), 137.7 (C3′), 137.3 (m, C6″),
133.4 (d, 2JCP = 9.6 Hz, C3″), 133.2 (d, 2JCP = 9.1 Hz, C3″), 132.1
(d, 1JCP = 10.2 Hz, C4″/C5″), 131.1 (d, 2JCP = 14.2 Hz, C4″/C5″),
126.6 (d, 2JCP = 20 Hz, C6), 123.3 (d, 3JCP = 7 Hz, C5), 122.8
(C4′), 119.7 (C2′), 96.4 (d, 1JRhC = 6 Hz, Cp*), 28.2 (m, C1′′′),

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 16159–16169 | 16167

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

5.
11

.2
02

5 
06

:1
9:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01247j


24.3 (m, C1′′′), 20.3 (m, C2′′′), 19.4 (C2′′′), 17.9 (d, 2JCP = 5 Hz,
C2′′′), 9.3 (Cp*–Me) ppm. 31P{1H} NMR (161.97 MHz, CD2Cl2):
δ = 63.4 (dd, 2JPP = 98.6, 15.2 Hz, 2 P, Pterminal), 5.9 (t, 2JPP =
98.7 Hz, 1 P, Pcentral) ppm.

HR-MS (CH3OH): (C45H58AuCl2NP3Rh; [M − Cl]+, pos. ESI)
calcd: 1040.2186 found: 1040.2214.

FT-IR (KBr): ν̃ (cm−1) = 3046 (w), 2957 (s), 2923 (s), 2866
(m), 1719 (m), 1601 (s), 1560 (s), 1468 (s), 1422 (m), 1382 (m),
1314 (w), 1239 (m), 1160 (w), 1107 (m), 1025 (m), 881 (m), 775
(m), 721 (w), 661 (m), 630 (w), 583 (w), 526 (m), 453 (w), 434
(m).

10: 1H NMR (CDCl3): δ (ppm) = 8.67 (dt, 3JHH = 5.6 Hz,
4JHH = 1.1 Hz, 1 H, 5′-H), 8.13 (m, 1 H, 6″-H), 7.92 (m, 1 H, 6″-
H), 7.74 (d, 3JHH = 8.2 Hz, 1 H, 2′-H), 7.69–7.59 (m, 3 H, 3′- and
3″-H), 7.59–7.41 (m, 4 H, 4″- and 5″-H), 7.49 (dd, 3JHH = 8.1,
3JPH = 2.4 Hz, 1 H, 5-H), 7.46 (dd, 3JPH = 6.8 Hz, 4JHH = 1.6 Hz,
1 H, 2-H), 7.07 (ddd, 3JHH = 7.3, 5.7 Hz, 4JHH = 1.4 Hz, 1 H, 4′-
H), 6.68 (td, 3JPH,HH = 8.4 Hz, 4JHH = 1.7 Hz, 1 H, 6-H),
2.82–2.65 (m, 4 H, 1′′′-H), 1.48 (s, 15 H, Cp*–Me), 1.47–1.37 (m,
12 H, 2′′′-H), 1.28 (ddt, 3JPH = 10.4 Hz, 3JHH = 7.0, 3.4 Hz, 6 H,
2′′′-H), 0.82 (dq, 3JPH = 14.0 Hz, 3JHH = 7.3 Hz, 6 H, 2′′′-H).
13C{1H} NMR (CDCl3) δ (ppm) = 166.6 (C1′), 163.4 (C3), 151.3
(C5′), 146.2 (m, C1″/C2″), 144.6 (m, C1″/C2″), 143.8 (m, C1),
138.6 (d, 2JCP = 10.6 Hz, C2), 137.0 (C3′), 136.9 (m, C6″), 132.2
(m, C3″), 132.0 (C4), 131.1 (m, C4″/C5″), 129.9 (C4″/C5″), 126.1
(d, 2JPC = 20.4 Hz, C6), 123.5 (d, 3JCP = 8.2 Hz, C5), 122.5 (C4′),
119.1 (C2′), 88.6 (C, Cp*), 27.4 (m, C1′′′), 23.8 (m, C1′′′), 20.4
(m, C2′′′), 20.0 (m, C2′′′), 19.2 (m, C2′′′), 17.5 (C2′′′), 17.4 (C2′′′),
8.9 (Cp*–Me). 31P{1H} NMR (161.97 MHz, CD2Cl2): δ = 63.4
(dd, 2JPP = 98.6, 15.2 Hz, 2 P, Pterminal), 5.9 (t, 2JPP = 98.7 Hz,
1 P, Pcentral) ppm.

HR-MS (CH3OH): (C45H58AuCl2IrNP3; pos. ESI) calcd for [M
− 2Cl + CN]+: 1121.3105, found: 1121.3150; calcd for [M − Cl]+:
1130.2754, found: 1130.2795.

FT-IR (KBr): ν̃ (cm−1) = 3046 (w), 2957 (s), 2923 (s), 2866
(m), 1719 (m), 1601 (s), 1560 (s), 1468 (s), 1422 (m), 1383 (m),
1314 (w), 1239 (m), 1159 (w), 1107 (m), 1025 (m), 881 (w), 775
(m), 721 (w), 662 (m), 630 (w), 583 (w), 526 (m), 454 (w), 434
(m).

Anion exchange reaction: preparation of 11

AgNTf2 (77.5 mg, 0.2 mmol, 2 equiv.) was added to an orange
solution of the gold–iridium–triphosphane complex 10
(116.4 mg, 0.1 mmol, 1 equiv.) in ACN (10 ml) resulting in a
colour change to yellow and the formation of a white precipi-
tate (AgCl). After 15 min of stirring in the dark, the solution
was filtered over Celite and the filtrate was checked by
31P NMR spectroscopy. Due to instability upon removal of
solvent or crystallisation, the complex was subjected to in situ
characterisation and no yield was determined.

1H NMR (CD3CN): δ (ppm) = 8.70 (ddd, 3JHH = 5.8, 4JHH =
1.5, 5JHH = 0.8 Hz, 1 H, 5′-H), 8.30 (bs, 2 H, 6″-H), 7.99 (ddd,
3JHH = 8.3, 4JHH = 1.7, 5JHH = 0.8 Hz, 1 H, 2′-H), 7.97–7.91 (m,
1 H, 3′-H), 7.87 (m, 2 H, H3″-H), 7.82–7.73 (m, 4 H, 4″- and 5″-
H), 7.71 (dd, 3JHH = 8.1, 4JHH = 2.3 Hz, 1 H, 5-H), 7.36 (ddd,
3JHH = 7.3, 5.7, 4JHH = 1.6 Hz, 1 H, 4′-H), 7.26 (dd, 3JHP = 7.0,

4JHH = 1.7 Hz, 1 H, 2-H), 6.79 (td, 3JHH/HP = 8.2, 1.7 Hz, 1 H,
6-H), 3.12 (m, 2 H, 1′′′-H), 2.72 (m, 2 H, 1′′′-H), 1.49 (s, 15 H,
Cp*–Me), 1.48–1.40 (m, 6 H, 2′′′-H), 1.32–1.19 (m, 12 H, 2′′′-H),
0.87 (pseudo-ddd, N = 19.0, 12.2, 6.6 Hz, 6 H, 2′′′-H). 13C{1H}
NMR (CD2Cl2): δ (ppm) = 166.0 (C1′), 157.0 (C3), 152.5 (C5′),
145.4 (C4), 143.3 (d, 1JCP = 21.6 Hz, C1), 143.2 (m, C1″/C2″),
139.5 (C3′), 137.6 (C6″), 137.5 (m, C2), 134.3 (d, 2JCP = 9.6 Hz,
C3″), 134.2 (1C, C4″/C5″), 133.1 (1C, C4″/C5″), 132.7 (m, 2C,
C4″/C5″), 126.5 (d, 2JCP = 18.1 Hz, C6), 124.3 (C4′), 124.2 (d,
3JCP = 6.7 Hz, C5), 121.5 (C2′), 120.1 (C), 92.2 (C, Cp*), 26.8
(pseudo-td, N = 18.2, 10.0 Hz, C1′′′), 22.6 (m, C1′′′), 19.6 (bs, C2′
′′), 19.1 (m, C2′′′), 19.0 (bs, C2′′′), 18.6 (bs, C2′′′), 17.0 (bs, C2′′′),
8.0 (Cp*–Me). 31P{1H} NMR (CD3CN) δ (ppm) = 71.9 (d, JPP =
70.0 Hz, 1 P, Pterminal), 71.5 (d, JPP = 70.5 Hz, 1 P, Pterminal), 17.0
(pseudo-t, JPP = 70.3 Hz, 1 P, Pcentral).

Testing of catalytic activity

Allenyl ether rearrangement. In a young NMR tube flushed
with argon, allene (0.025 mmol, 4.0 µL) was dissolved in
0.5 mL CD2Cl2 together with 1 equiv. 1,4-dinitrobenzene
(0.025 mmol, 4.2 mg). After cooling the solution to 0 °C, the
corresponding catalyst (complex 7 or 11) was added in a con-
centration of 0.5 mol%. The reaction mixture was kept at 0 °C
for 1 h, and the progress of the reaction was monitored by 1H
NMR spectroscopy.

Cycloisomerisation of N-propargyl benzamide. In a young
NMR tube, N-propargyl benzamide (0.056 mmol, 9.0 mg) was
dissolved in 0.6 mL CD2Cl2 together with 0.5 equiv. 1,4-
dioxane (0.028 mmol, 2.4 µL). Then, 0.1 mol% of the corres-
ponding catalyst (complex 7 or 11) was added, and the reaction
progress at room temperature was followed by 1H NMR spec-
troscopy. If the cycloisomerisation was successful, a sub-
sequent reaction was performed in the same NMR tube by
adding 2 equiv. HSiEt3 and an additional catalyst loading of
0.9 mol%.
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