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π-Allyl complexes of transition metals are key species in
organometallic chemistry and homogeneous catalysis.
Palladium(II) π-allyl complexes in particular, have gained a lot of
attention, but their isoelectronic gold(III) counterparts long
remained elusive. However, this situation changed during the
last few years. This concept article describes the preparative

routes, characterization, structure and reactivity of such species,
together with their catalytic applications. The influence of the
ancillary ligand at gold, either (P,C)/(N,C)-cyclometalated or
(P,N)-hemilabile, is analysed in detail. The Au(III) and Pd(II) π-
allyl complexes are also compared to highlight the similarities
and differences.

1. Introduction

Despite the spectacular progress achieved over the past ten
years concerning Au(III) complexes featuring carbon-based π-
ligands (alkenes, alkynes, arenes),[1–3] Au(III) π-allyl complexes
remained elusive until very recently.[4] This is all the more
surprising that the related Pd(II) π-allyl complexes are key
species in organometallic chemistry, both in terms of bonding/
coordination and reactivity/catalytic applications (cf. the Tsuji-
Trost reaction).[5–7]

It is only a few years ago that the first Au(III) π-allyl
complexes could be isolated. They were reported simultane-
ously by our group and Tilset’s group, using (P,C) and (N,C)-
cyclometalated ligands, respectively.[8,9] From there on, the
chemistry of Au(III) π-allyl complexes was explored systemati-
cally and thoroughly,[10–12] ranging from fundamental aspects
such as their synthesis, characterization and geometric/elec-
tronic structure, to their reactivity towards nucleophiles, and
finally their catalytic applications (Figure 1). These studies are

summarized and analyzed herein, with special emphasis on the
role and impact of the ancillary ligand at gold. Particular
attention is given to the specific features of the Au(III) π-allyl
complexes when compared to their Pd(II) counterparts.

2. Preparation of Au(III) π-Allyl Complexes

In 2020, we reported the preparation of (P,C)-cyclometalated
Au(III) π-allyl complexes 3 by halide abstraction from their
respective Au(III) σ-allyl complexes 2 thereby allowing for the η3

coordination of the allyl moiety (Scheme 1a).[8] The (P,C) Au(III)
σ-allyl complexes were conveniently prepared by reaction of
(P,C)AuI2 complexes 1 with the appropriate allyl Grignard
reagent (Scheme 1a). Both the parent Au(III) π-allyl complex (3,
R’=H) and the closely related methallyl complex (3, R’=Me)
were prepared. Simultaneously, Tilset and co-workers prepared
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Figure 1. Au(III) π-allyl complexes: from their preparation and character-
ization, to their reactivity and catalytic application.
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the (N,C)-cyclometalated Au(III) π-allyl complex 6 by a closely
related method (Scheme 1b).[9] Reaction of (N,C)Au(OAcF)2
(OAcF=OCOCF3) 4 with allyl magnesium bromide followed by
halide abstraction of 5 with AgNTf2 and concomitant η3

coordination of the π-allyl moiety led to the formation of
complex 6. Although prepared similarly, Au(III) π-allyl com-
plexes 3 and 6 showed a striking difference in terms of stability.
Whereas complexes 3 are stable at room temperature for
weeks, complex 6 rapidly decomposes at room temperature.

The bonding of the allyl moiety in complexes 3 and 6 turned
out to be quite different, and we have chosen to draw the
complexes in their most representative form (symmetric η3-allyl
versus asymmetric σ+π-coordination, as discussed below).

With the first two cyclometalated Au(III) π-allyl complexes
being prepared via a redox neutral halide abstraction from the
σ-allyl precursors, the question arose if they could be formed
via oxidation from Au(I) to Au(III) as is often the case for their
isoelectronic Pd(II) π-allyl analogues. In other words, can Au(III)
π-allyl complexes be prepared from allyl electrophiles and Au(I),
akin to the Pd(0)/Pd(II) elementary step in the Tsuji-Trost
reaction?

While Au(I) is infamous for its reluctance to undergo
oxidative addition, recent efforts have shown that carefully
selecting the ligand allows for the oxidative addition to
proceed.[13] In particular, the hemilabile (P,N) type ligand Me-
Dalphos has been demonstrated to be very efficient in
triggering Au(I)/Au(III) oxidation.[14] Due to the sterically
demanding adamantyl substituents on the phosphorus atom,
the nitrogen lone pair points towards the Au center, resulting in
a lowering of the barrier for oxidative addition.[13c] With this in
mind, allyl acetate was reacted with the in situ formed (P,N)Au-
(I)+ (Scheme 2).[11] Unlike its Pd(0) analogues, the Au(I) to Au(III)
oxidation did not proceed spontaneously and instead, the Au(I)
π-alkene complex 7 was formed quantitatively. Despite the
enhanced π-backdonating ability of gold induced by bending,
the (P,N)Au+ fragment was reluctant to undergo oxidation.
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Scheme 1. Preparation of Au(III) π-allyl complexes 3 and 6 (OAcF = OCOCF3)
upon halide abstraction from σ-allyl complexes 2 and 5. The yields given for
complex 2 and 3 are for R= iPr and R’=H. No yield reported for 6 as it starts
to decompose at the same time as it forms.
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However, addition of the strong Lewis acid
tris(pentafluorophenyl)borane (BCF) resulted instantaneously in
abstraction of the acetate. The ensuing Au(III) π-allyl complex 8
is stable up to � 30 °C and was fully characterized using
multinuclear NMR.

Gold has been shown to display rich reactivity in combina-
tion with strained carbocycles,[15] and recently the ring-opening
of alkylidene cyclopropanes by Au(III) was reported.[16] Therefore
we wondered if Au(III) π-allyl complexes could be formed via a
redox neutral rearrangement from their isomeric σ-cyclopropyl,
driven by the release of strain energy.[12]

To test this synthetic approach, the (P,C)-cyclometalated
Au(III) σ-cyclopropyl complex 9 and the (P,N)-chelated Au(III) σ-
cyclopropyl complex 10 were prepared (Scheme 3). For the
rearrangement to proceed, a coordination site had to be
liberated, which could be done by halide abstraction with
AgSbF6. In both cases, the reaction led cleanly to the ring-
opened product. However, the temperature at which the
rearrangement occurred depended strongly on the ligand used.
For the (P,C)-cyclometalated Au(III) σ-cyclopropyl 9, the rear-
rangement occurred already at � 50 °C. Whereas the chelated
biscationic (P,N)-chelated Au(III) σ-cyclopropyl complex 10
undergoes rearrangement already at � 80 °C and is complete
when � 60 °C is reached. Changing the phenyl substituents on 9
to the more electron-donating cyclohexyl did not noticeably
change the temperature at which the ring-opening proceeded.

The ring-opening process was investigated in-depth using
DFT calculations. The free energy profile for the σ-cyclopropyl
to π-allyl rearrangement for complex 9-Ph is given in Figure 2.
The lowest barriers were found for the ring-opening where the
distal σ(CC) bond was cleaved. For the (P,C) Au(III) σ-cyclopropyl
complex, a barrier of 19.8 kcal/mol was found while for the

(P,N) Au(III) σ-cyclopropyl complex, a lower activation barrier of
15.7 kcal/mol was found matching the experimental trend.
Several other mechanistic pathways were considered, e.g. β-H
elimination and insertion of Au into the σ(CC) bond, but these
were found to not be energetically competitive.

A deeper look into the ring-opening process showed that
the rotation of the two CH2 moieties along the Intrinsic Reaction
Coordinate (IRC) proceeds via a disrotatory ring-opening
process. For analysis of the electron flow associated with the
rearrangement, the intrinsic bond orbitals (IBO) were inspected.
Here, the most noteworthy observation was the progressive
conversion of the distal σ(CC) bond into a 3-center π-orbital
(Figure 2), in line with an electrocyclic ring-opening.

Upon halide abstraction from σ-cyclopropyl complexes 9
and 10, a cationic coordinatively unsaturated Au(III) intermedi-
ate is formed. This type of complexes can engage in weak
interactions such as agostic interactions with surrounding
ligands or substrates.[17] In the case of the σ-cyclopropyl
complexes, it can be envisioned that the σ(CC) bond engages in
a donor-acceptor interaction with the gold center resulting in
an agostic interaction. While C� H agostic interactions have
been described before with gold, this is not the case for C� C
agostic interactions.[17a] Cyclopropyl has high ring strain result-
ing in bent banana bonds that are more prone to agostic
interactions.[18] Natural Bond Orbital (NBO) analysis on the
cationic 3-coordinate (P,C) Au(III) σ-cyclopropyl complex 9-Ph+

showed donor-acceptor interactions with weak donations from
the proximal and distal σ(CC) bonds to Au (2.9 and 4.6 kcal/mol,
respectively). For the dicationic (P,N) Au(III) σ-cyclopropyl
complex, similar agostic interactions were found, with donor-

Scheme 2. Formation of the Au(I) π-alkene complex 7 and subsequent Lewis
acid-assisted oxidation to give the Au(III) π-allyl complex 8. SbF6

� and
AcO� BCF� counter-anions for 8.

Scheme 3. Formation of Au(III) π-allyl complexes 3 and 11 from their
corresponding Au(III) σ-cyclopropyl complexes 9 and 10 by halide
abstraction.

Figure 2. Computed energy profile for the ring-opening of the (P,C) Au(III) σ-
cyclopropyl complex 9-Ph to give the corresponding π-allyl complex 3-Ph.
ΔG values in kcal/mol, main distances in Å. Profile computed in the gas
phase at the B3PW91/SDD+ f(Au), 6–31G** (other atoms) level of theory and
main IBOs accounting for the ring-opening of the distal σ(CC) bond along
the reaction path (numbers relate to the fraction of electrons of the doubly
occupied orbital assigned to each atom).
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acceptor interactions of 6.9 kcal/mol between the proximal
σ(CC) bond and gold, and 6.4 kcal/mol between the distal σ(CC)
bond and gold.

To demonstrate the versatility of the σ-cyclopropyl to π-allyl
rearrangement, (N,C) cyclometalated complexes 12 were in-
cluded in the study (Scheme 4). Like complexes 9 and 10, they
undergo ring-opening upon liberation of a coordination site at
gold. However, the rearrangement does not start before room
temperature is reached, at which point the π-allyl complex
decomposes, preventing a clean transformation. The rigidity of
the backbone of the ancillary ligand (tolyl-pyridine versus
benzoquinoline) did not influence the ring-opening to any
significant degree, this observation was in good agreement
with the calculated barriers for the ring-opening (27.1 and
26.4 kcal/mol for tolyl-pyridine and benzoquinoline, respec-
tively).

3. Characterization and Structure of Au(III)
π-Allyl Complexes

Complexes 3, 6 and 11 were unambiguously authenticated by
multinuclear NMR spectroscopy.[8,9,11] Complexes 3 and 6 were
also characterized by single crystal X-ray diffraction analysis. In
the case of 6, connectivity was established, but twinning and
disorder in the crystals led to poor data quality, thus the
optimized structure for complex 6 will be used herein when
comparing with the other π-allyl complexes.

The ancillary ligands employed in complexes 3, 6 and 11
have major differences in their electronic properties with the
(P,C) ligand being close to electronically symmetric, whereas
the (N,C) and (P,N) ligands are highly asymmetric due to P and
C being significantly more donating than N. This difference is
reflected in the bonding of the π-allyl moiety and thus the
stability of the ensuing complexes (Table 1). Complex 3-iPr is
stable at room temperature, whereas complexes 6 and 11
rapidly decompose at this temperature.

With the naphthyl-based (P,C) ligand employed in com-
plexes 3, bench stable complexes were obtained featuring a
quasi-symmetric η3 coordination of the allyl moiety.[8] The
symmetric coordination of the allyl in complex 3-iPr is
illustrated by the equalization of the 13C NMR chemical shifts of
the two terminal carbons Ca and Cc of the π-allyl moiety (δ
83/76 versus δ 48/110 in the corresponding σ-allyl complex 2-
iPr) together with the similar bond lengths found for Ca� Cb and
Cb� Cc and the small variation found in the distance between Au

and the three carbon atoms of the π-allyl moiety. In complexes
6 and 11, the picture is very different.[9,11,12] Here, the terminal
carbons Ca and Cc are found at significantly different 13C NMR
chemical shifts (δ 50/106 for 6 and δ 67/115 for 11) indicating
σ+π coordination of the allyl moiety where Ca remains bonded
in a σ-fashion, similarly to the σ-allyl precursors, and the double
bond of the allyl moiety is π-coordinated to gold.[19] This is in
line with the larger difference in trans influence (C>P@N) of
the two ends of the chelating ligand in complexes 6 and 11
compared to 3-iPr and the following thermodynamic prefer-
ence of having the higher trans influence σ-end of the allyl
moiety trans to the lower trans influence end of the ancillary
ligand (aryl-N and ArMe2N in complexes 6 and 11, respectively).
The asymmetric coordination of the allyl ligand was also
observed in the optimized structures of complexes 6 and 11. In
both cases Ca is bound significantly tighter to gold compared to
Cb and Cc, indicating significant σ-character of the Au� Ca bond.
Moreover, the bonding situation in complexes 3-iPr, 6 and 11
was analyzed by the atoms-in-molecules (AIM) approach
showing noticeable differences between the different com-
plexes (Table 2). For complex 3-iPr, bond critical points (BCP)
are found between both the terminal carbons of the allyl ligand
and gold, whereas for complexes 6 and 11, BCP is only found
between gold and the terminal carbon of the allyl moiety trans
to N (Ca). Furthermore, in complex 3-iPr, the associated electron
densities (ρ) and the Bader’s delocalization indexes (δ) are very
similar, indicating a highly delocalized allyl moiety. In contrast,
in complexes 6 and 11, very different values are obtained when
comparing Ca� Cb and Cb� Cc, showing a significant double bond
character for the latter bond.Scheme 4. Formation of the (N,C) Au(III) π-allyl complexes 13 from their

corresponding Au(III) σ-cyclopropyl complexes 12 by halide abstraction.

Table 1. Selected NMR, XRD and DFT data for complexes 3-iPr, 6 and 11
illustrating their striking differences in bonding.[8,9,11,12]
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The dynamic properties of π-allyl complexes play an
important role when they are employed in catalysis.[7] The large
electronic dissymmetry provided by the ancillary ligand and the
following σ+π coordination of the allyl moiety observed in
complexes 6 and 11 may point towards a higher fluxionality in
these complexes, but this was only observed experimentally for
complex 6.[9,11,12] DFT calculations showed that for complex 6,
the η1 forms are ca 12 kcalmol� 1 higher in energy than the η3

form, and the free energy barriers for the involved coordination,
rotation and re-coordination processes are not too high (<
18 kcal/mol). The dynamic behavior of complex 6 was evident
from its 1H NMR spectrum. The two protons Ha are found as one
resonance in contrast to what is normally observed in π-allyl
complexes (including that of 3 and 11, see Table 1). This
phenomenon indicates that double bond decoordination
followed by rotation around the AuCH2-CHCH2 and re-coordina-
tion occurs relatively fast at the NMR timescale leading to the
coalescence of the two Ha resonances. The same phenomenon
was not observed for the two Hc, indicating that the η3-η1-η3

interconversion only occurs trans to Aryl-C in line with the
asymmetric σ+π bonding of the allyl moiety with the
thermodynamic preference of having the σ-character trans to
Aryl-N. Lowering the temperature to ca � 80 °C, and thereby
slowing down the η3-η1-η3 interconversion process, led to the
observation of the coexisting η3 (with the resonances of the
two Ha now decoalesced) and η1 forms of complex 6. In
contrast, for complex 11, the difference in free energy between
the η3 and η1 forms (~G=36.5 kcalmol� 1) is three times as large
as that of 6, explaining why no fluxionality was observed for
complex 11.

4. Reactivity and Catalytic Applications of
Au(III) π-Allyl Complexes

Nucleophilic addition to π-allyl complexes is a key elemen-
tary step in transition metal catalysis, most notably in the
well-known Pd-catalysed Tsuji-Trost reaction.[7] Most common
is the outer-sphere nucleophilic addition to one of the
terminal positions of the π-allyl (Scheme 5a, path I) leading
to π-alkene complexes and ultimately the allylation products.
The nucleophilic addition can also occur at the metal itself
leading to σ-allyl complexes which can then undergo
reductive elimination to release the allylation product
(Scheme 5a, path II). Less common, but present in the
literature, is the nucleophilic addition to the central position
of the π-allyl leading to the formation of a metallacyclobu-
tane (Scheme 5a, path III).[20,21]

The reactivity of Au(III) π-allyl complexes 3 towards β-diketo
enolates 14 was thoroughly investigated.[8,10] In all cases studied,
the desired allylation products 15 originating from nucleophilic
addition to the terminal position of the π-allyl were ultimately
obtained in good yields (71–99%) together with the Au(I) dimer
16 (Scheme 5b). However, after close inspection of these

Table 2. Atoms-in-molecules (AIM) molecular graphs for complexes 3-iPr,
6 and 11 with relevant bond paths, bond critical points (BCP, green circles),
electron densities (ρ in e bohr� 3) and delocalization indexes (δ).

Scheme 5. (a) Possible reactive sites for the nucleophilic addition to
transition metal π-allyl complexes. (b) Reactivity of complexes 3 (R= iPr or
Cy, R’=H or Me) towards β-diketo enolates 14 (R’’=OEt, OtBu or Ph). (c)
Examples of characterized complexes (17–19) showing nucleophilic addition
to the central and terminal position of the π-allyl, as well as to gold.
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reactions both experimentally and computationally, they turned
out to be much more complex than first anticipated. Nucleo-
philic addition to all sites (paths I, II and III) turned out to be
possible and competitive. Four combinations of Au(III) π-allyl
complexes 3 and nucleophiles 14 were studied in detail by
multinuclear low temperature NMR spectroscopy and DFT
calculations. It was found that, depending on the combination
of Au(III) π-allyl complex and nucleophile, additions to all the
different positions were indeed possible and complexes 17–19
could all be authenticated in solution by NMR spectroscopy.
Complexes 17 and 19 were also isolated and characterized
crystallographically and by high resolution mass spectrometry
(HRMS). NMR spectroscopy together with DFT calculations
showed that the nucleophilic additions to the central position
of the π-allyl and to gold itself were reversible, explaining why
ultimately, the coupling products 15 originating from the
nucleophilic addition to the terminal position is observed in all
cases studied.

The reaction of the Au(III) π-allyl complex 3-iPr-Me with the
β-diketo enolate 14a was the most complex, but also the most
fascinating. In this case, nucleophilic addition to all possible
sites could be authenticated within the same reaction

(Scheme 6). Initially, the formation of σ-allyl complex 18 and
auracyclobutane 20 (in a 3/2 ratio) was observed. Warming the
reaction mixture to 25 °C for ca. 30 min before cooling back to
� 20 °C led to the quantitative formation of Au(I) π-alkene
complex 21. Finally, the C-allylated product 15a was released
from the Au(I) π-alkene complex 21 at room temperature with
concomitant formation of Au(I) dimer 16.

As mentioned previously, nucleophilic addition to the
terminal position of Pd(II) π-allyl complexes usually dominates,
and nucleophilic addition to the central position remains a
curiosity.[20,21] To rationalize the different reactivity of Pd(II) and
Au(III) π-allyl complexes, the Molecular Orbitals relevant for the
nucleophilic additions to [(P,C)Au(π-allyl)]+ 3-iPr and the related
[(Ph3P)2Pd(II)(π-allyl)]

+ complex 3-Pd were computed (see Fig-
ure 3 for selected data).[10] Significant differences between the
Au(III) and Pd(II) π-allyl complexes were discovered. While in
both cases, the LUMO has large contributions on the terminal
carbons (Cterm) and the metal itself, only in 3-iPr vacant orbitals
with significant contributions of the central carbon (Ccent,
15.5%) can be found at accessible energies (LUMO+2, only
0.6 eV above the LUMO). In contrast, for complex 3-Pd, it is not
before LUMO+15, lying 2.2 eV above the LUMO, where a
significant participation of Ccent is found. This explains why
nucleophilic attack to the central position of the π-allyl and
formation of auracyclobutanes is so much more favourable
than palladacyclobutanes.

The limited stability of (N,C) Au(III) π-allyl complex 6
prevented its reactivity towards nucleophiles to be studied in
detail. However, attempts at obtaining single crystals of a gem-
dimethylallyl complex led to the authentication of a water
adduct which may result from nucleophilic addition to the
central position of the π-allyl followed by protodeauration.[22]

The stoichiometric reaction of (P,C) Au(III) π-allyl complexes
3 with carbon based nucleophiles demonstrated the feasibility
of C� C bond formation via nucleophilic attack to Au(III) π-allyls.
While being fundamentally interesting, it was not a synthetically
relevant method for C� C bond formation due to the use of
stoichiometric amounts of gold. In order to achieve catalytic
allylation via Au(III) π-allyl intermediates, a Au(I)/Au(III) redox
cycle was envisioned similar to Ir, Ru and Pd catalysts. Here,
(P,N) Au(III) π-allyl complexes were considered as good
candidates as the (P,N) ligand enable to cycle between Au(I)/
Au(III) as has been shown to great success in catalytic C� C, C� N
and C� S coupling reactions.[14]

To demonstrate the feasibility of C� C coupling, the (P,N)
Au(III) π-allyl complex 11 was reacted with one equivalent of N-
phenyl indole as a synthetically relevant nucleophile
(Scheme 7).[11] The C3 allylated product was obtained as the

Scheme 6. Reaction of the π-allyl Au(III) complex 3-iPr-Me with the β-diketo
enolate 14a.

Figure 3. Key Molecular Orbitals (MO) computed for complexes 3-iPr and 3-
Pd. Energy of the MOs in eV, cutoff: 0.05. Contribution of the main atoms in
each MO in %.

Scheme 7. Stoichiometric reactivity of the (P,N) Au π-allyl complex 11 with
indole as the nucleophile.
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only product, as expected with the more nucleophilic nature of
the C3 position of indoles. The ability of the Me-Dalphos ligated
Au complex to cycle through Au(I)/Au(III) catalytic cycles
combined with the formation of a single product in the
stoichiometric reaction made it a good candidate for catalytic
allylation.

After optimization of the reaction conditions, it was found
that the allylation could proceed with catalytic amounts of
(P,N)AuCl (Scheme 8). For the catalytic transformation, AgSbF6

was used to carry out the functions of both halide abstraction
from the initial (P,N)AuCl and to replace BCF as a Lewis acid to
promote the oxidation of the π-alkene complex. While the
transformation worked well with a variety of allyl substrates
(alcohols, acetates, carbonates, phosphates and halides), the
investigation of the scope was achieved on allyl acetates and
alcohols which are the most valuable synthetically. Control
experiments showed that it was indeed the gold catalyst that
promoted the reaction and only traces of the allylation product
were observed without it.

To provide further proof for the involvement of Au(III) π-allyl
intermediates in the catalytic reaction, α and γ substituted allyl
alcohols and acetates were investigated (Scheme 8). It was
expected that the same ratio for linear and branched products
is obtained if the reaction proceeds via π-allyl intermediates as
is observed with Pd, Ir, Rh catalysts.[23] Subjecting the α and γ
substituted allyls to the catalytic conditions indeed resulted in
the formation of the same branched C3 allylated indoles
independently of whether the α or γ position was substituted
on the initial allyl. All tested substrates were completely
selective for the branched isomer, with the exception of ethyl
allyl acetate where a 95 :5 ratio was obtained. To further probe
the generality of the transformation, substituted α phenyl allyl
acetates were tried with indoles containing different substitu-
tions on the nitrogen and indole backbone. In all cases,
complete selectivity for the C3 allylated branched product was
observed with good to excellent yields (62–92%). Only when
the C3 position of the indole was sterically hindered or the
nucleophilicity lowered with electron withdrawing groups were
lowered yields observed (35–56%). Good functional group
compatibility was observed with the reaction tolerating C� F,
C� Br and C� Si bonds. Notably when the C2 position of the
indole was methylated, the allylated product was still obtained
in high yields (76%) while for the previously reported arylation
of indoles with the same (P,N)AuCl catalyst, no product was
obtained.[14a]

The selectivity for the branched product could be eluci-
dated when the Au(III) π-allyl intermediate was investigated
computationally. The most stable optimized structure for the
methyl substituted π-allyl was found with the Me group in the
pseudoequatorial position, trans to the phosphorus (Figure 4).
The LUMO showed a higher contribution to this carbon (20.7%)
compared to the carbon cis to the phosphorus (13.9%). The
higher contribution of the LUMO combined with the easier
accessibility due to the less sterically demanding NMe2 groups
compared to the PAd2 group offer an explanation to the
observed selectivity for the branched product. When comparing
these results with earlier reports on the allylation of indoles via
transition metal π-allyls, the complementary nature of Au
becomes clear. In the allylation of indoles with Pd catalysts, the
linear product is obtained, while with Ir, usually branched
products are observed. As for Ru catalysts, the selectivity is
highly dependent on the ligand, with selectivities in favour of
both the linear and branched product being reported as well as
the formation of mixtures.[23]

5. Summary and Outlook

During the last three years, Au(III) π-allyl complexes have
emerged as a very interesting and attractive class of com-
pounds. The use of (P,C), (N,C) and (P,N) bidentate ligands was
shown to impart enough stability to enable the characterization
or even the isolation of such complexes. Various synthetic
routes, with or without oxidation of gold, have been developed.
Detailed analyses of their structure revealed either symmetric η3

or asymmetric σ+π-coordination of the allyl moiety to gold,
depending on the ancillary ligand. Rich reactivity towards
nucleophiles was also substantiated, with possible additions to
the terminal and central positions of the π-allyl, as well as to
gold itself. The possibility to achieve catalytic transformation via
Au(III) π-allyl complexes has also been demonstrated. Most
noteworthy are the specific features of the Au(III) π-allyl
complexes, compared to the isoelectronic Pd(II) species, making
them valuable tools.

These first achievements are very exciting and for sure,
much remains to be discovered and developed when it
comes to Au(III) π-allyl complexes. The variety of ancillary
ligands at Au(III) can certainly be further expanded, enabling

Scheme 8. Ligand-enabled Au(I)/Au(III) catalytic allylation of indoles with
allyl electrophiles.

Figure 4. (a) Optimized geometry of the Au(III) π-allyl complex (P,N)Au[H2CC-
(H)CH(CH3)]

2+ at the SDM(CH2Cl2)-B3PW91/SDD + f(Au),6-31G** (other
atoms) level of theory (distances in Å). Simplified perspective view as inset
chart. (b) Plot of the LUMO (cutoff: 0.05) with key atomic contributions in %.
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to finely tune the structure and reactivity of the π-allyl
moiety at Au(III).[13] Other catalytic transformations than the
allylation of indoles are also most probably achievable via
Au(III) π-allyl complexes. Selectivities complementary to the
other transition metals may be encountered and trans-
formations involving nucleophilic attack to the central
position of the π-allyl may be developed. Recent pioneering
contributions on enantioselective Au(I)/Au(III) catalysis also
give credence to the possibility to achieve asymmetric gold-
catalyzed allylation reactions.[24–26]

Acknowledgements

Financial support from the Centre National de la Recherche
Scientifique, the Université de Toulouse and the Agence
Nationale de la Recherche (ANR-19-CE07-0037) is gratefully
acknowledged. This study is a part of the FRINATEK project
315004 funded by the Research Council of Norway (stipend to
M. H.). Special gratitude is expressed to Karinne Miqueu for all
computational studies and extremely stimulating collaboration.
The following research associates are also warmly thanked for
their invaluable contribution: J. Rodríguez, A. Tabey, G. Szalóki,
E. Daiann Sosa Carrizo, Y. García-Rodeja, P. Lavedan, N. Saffon-
Merceron and S. Mallet-Ladeira.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

Keywords: π-allyl · cyclopropyl · gold · nucleophilic addition ·
palladium

[1] C. Blons, A. Amgoune, D. Bourissou, Dalton Trans. 2018, 47, 10388–
10393.

[2] L. Rocchigiani, M. Bochmann, Chem. Rev. 2020, 121, 8364–8451.
[3] P. R. Herrera, M. C. Gimeno, Chem. Rev. 2021, 121, 8311–8363.
[4] For computational and mass spectrometry studies dealing with Me2Au-

(π-allyl), see: a) W. Nakanishi, M. Yamanaka, E. Nakamura, J. Am. Chem.
Soc. 2005, 127, 1446–1453; b) N. J. Rijs, N. Yoshikai, E. Nakamura, R. A. J.
O’Hair, J. Am. Chem. Soc. 2012, 134, 2569–2580.

[5] B. M. Trost, M. L. Crawley, Chem. Rev. 2003, 103, 2921–2944.
[6] O. Pàmies, J. Margalef, S. Cañellas, J. James, E. Judge, P. J. Guiry, C.

Moberg, J.-E. Bäckvall, A. Pfaltz, M. A. Pericàs, M. Diéguez, Chem. Rev.
2021, 121, 4373–4505.

[7] J. F. Hartwig, Organotransition Metal Chemistry: From Bonding to
Catalysis. University Science Books, Sausalito, 2010.

[8] J. Rodriguez, G. Szalóki, E. D. Sosa Carrizo, N. Saffon-Merceron, K.
Miqueu, D. Bourissou, Angew. Chem. Int. Ed. 2020, 59, 1511–1515.

[9] M. S. M. Holmsen, A. Nova, S. Øien-Ødegaard, R. H. Heyn, M. Tilset,
Angew. Chem. Int. Ed. 2020, 59, 1516–1520.

[10] J. Rodriguez, M. S. M. Holmsen, Y. García-Rodeja, E. D. S. Carrizo, P.
Lavedan, S. Mallet-Ladeira, K. Miqueu, D. Bourissou, J. Am. Chem. Soc.
2021, 143, 11568–11581.

[11] J. Rodriguez, D. Vesseur, A. Tabey, S. Mallet-Ladeira, K. Miqueu, D.
Bourissou, ACS Catal. 2022, 12, 993–1003.

[12] M. S. M. Holmsen, D. Vesseur, Y. García-Rodeja, K. Miqueu, D. Bourissou,
Angew. Chem. Int. Ed. 2023, 62, e202305280.

[13] a) M. Joost, A. Zeineddine, L. Estevez, S. Mallet-Ladeira, K. Miqueu, A.
Amgoune, D. Bourissou, J. Am. Chem. Soc. 2014, 136, 14654–14657; b) J.
Chu, D. Munz, R. Jazzar, M. Melaimi, G. Bertrand, J. Am. Chem. Soc. 2016,
138, 7884–7887; c) A. Zeineddine, L. Estévez, S. Mallet-Ladeira, K.
Miqueu, A. Amgoune, D. Bourissou, Nat. Commun. 2017, 8, 1–8; d) M. J.
Harper, C. J. Arthur, J. Crosby, E. J. Emmett, R. L. Falconer, A. J. Fensham-
Smith, P. J. Gates, T. Leman, J. E. Mcgrady, J. F. Bower, C. A. Russell, J.
Am. Chem. Soc. 2018, 140, 4440–4445; e) S. C. Scott, J. A. Cadge, G.
Boden, J. Bower, C. A. Russell, Angew. Chem. Int. Ed. 2023, 62,
e202301526; f) P. Gao, J. Xu, T. Zhou, Y. Liu, E. Bisz, B. Dziuk, R.
Lalancette, R. Szostak, D. Zhang, M. Szostak, Angew. Chem. Int. Ed. 2023,
62, e202218427.

[14] a) J. Rodriguez, A. Zeineddine, E. D. Sosa Carrizo, K. Miqueu, N.
Saffon-Merceron, A. Amgoune, D. Bourissou, Chem. Sci. 2019, 10,
7183–7192; b) M. O. Akram, A. Das, I. Chakrabarty, N. T. Patil, Org.
Lett. 2019, 21, 8101–8105; c) J. Rodriguez, N. Adet, N. Saffon-Mercer-
on, D. Bourissou, Chem. Commun. 2020, 56, 94–97; d) M. Rigoulet, O.
Thillaye du Boullay, A. Amgoune, D. Bourissou, Angew. Chem. Int. Ed.
2020, 59, 16625–16630; e) A. G. Tathe, C. C. Chintawar, V. W. Bhoyare,
N. T. Patil, Chem. Commun. 2020, 56, 9304–9307; f) C. C. Chintawar,
A. K. Yadav, N. T. Patil, Angew. Chem. Int. Ed. 2020, 59, 11808–11813;
g) S. Zhang, C. Wang, X. Ye, X. Shi, Angew. Chem. Int. Ed. 2020, 59,
20470–20474; h) A. G. Tathe, Urvashi, A. K. Yadav, C. C. Chintawar,
N. T. Patil, ACS Catal. 2021, 11, 4576–4582; i) J. Rodriguez, A. Tabey, S.
Mallet-Ladeira, D. Bourissou, Chem. Sci. 2021, 12, 7706–7712; j) S. R.
Mudshinge, Y. Yang, B. Xu, G. B. Hammond, Z. Lu, Angew. Chem. Int.
Ed. 2022, 61, e202115687.

[15] D. Li, W. Zang, M. J. Bird, C. J. Hyland, M. Shi, Chem. Rev. 2021, 121,
8685–8755.

[16] R. Kumar, C. Nevado, Angew. Chem. Int. Ed. 2017, 56, 1994–2015.
[17] a) F. Rekhroukh, L. Estévez, C. Bijani, K. Miqueu, A. Amgoune, D.

Bourissou, Angew. Chem. Int. Ed. 2016, 55, 3414–3418; b) F. Rekhroukh,
L. Estevez, S. Mallet-Ladeira, K. Miqueu, A. Amgoune, D. Bourissou, J.
Am. Chem. Soc. 2016, 138, 11920–11929; c) F. Rekhroukh, C. Blons, L
Estévez, S. Mallet-Ladeira, K. Miqueu, A. Amgoune, D. Bourissou, Chem.
Sci. 2017, 8, 4539–4545; d) M. S. M. Holmsen, C. Blons, A. Amgoune, M.
Regnacq, D. Lesage, E. D. S. Carrizo, P. Lavedan, Y. Gimbert, K. Miqueu,
D. Bourissou, J. Am. Chem. Soc. 2022, 144, 22722–22733.

[18] For experimentally authenticated C� C agostic cyclopropyl complexes
(M=Nb, Y, Sc and Rh), see: a) J. Jaffart, M. Etienne, M. Reinhold, J. E.
McGrady, F. Maseras, Chem. Commun. 2003, 7, 876–877; b) J. Jaffart,
M. L. Cole, M. Etienne, M. Reinhold, J. E. McGrady, F. Masera, Dalton
Trans. 2003, 21, 4057–4064; c) C. Boulho, T. Keys, Y. Coppel, L. Vendier,
M. Etienne, A. Locati, F. Bessac, F. Maseras, D. A. Pantazis, J. E. McGrady,
Organometallics 2009, 28, 940–943; d) Y. Escudié, C. Dinoi, O. Allen, L.
Vendier, M. Etienne, Angew. Chem. Int. Ed. 2012, 51, 2461–2464; e) C. Xu,
G. Li, M. Etienne, X. Lenga, Y. Chen, Inorg. Chem. Front. 2020, 7, 4822–
4831; f) S. K. Brayshaw, J. C. Green, G. Kociok-Köhn, E. L. Sceats, A. S.
Weller, Angew. Chem. Int. Ed. 2006, 45, 452–456; g) S. K. Brayshaw, E. L.
Sceats, J. C. Green, A. S. Weller, Proc. Nat. Acad. Sci. 2007, 104, 6921–
6929.

[19] The allyl ligand in 6 is more asymmetrically bonded than that seen in a
related (N,C)-cyclometalated Pd(II) π-allyl complex, see for examples:
a) C.-Y. Wang, Y.-H. Liu, S.-M. Peng, J.-T. Chen, S.-T. Liu, J. Organomet.
Chem. 2007, 692, 3976–3983; b) C. Werlé, L. Karmazin, C. Bailly, L. Ricard,
J.-P. Djukic, Organometallics 2015, 34, 3055–3064.

[20] For early reports (M=Mo, W), see: a) M. Ephritikhine, B. R. Francis,
M. L. H. Green, R. E. Mackenzie, M. J. Smith, J. Chem. Soc. Dalton Trans.
1977, 1131–1135; b) M. Ephritikhine, M. L. H. Green, R. E. MacKenzie, J.
Chem. Soc., Chem. Commun. 1976, 619–621.

[21] For M=Pd, see: a) H. M. R. Hoffmann, A. R. Otte, A. Wilde, Angew. Chem.
Int. Ed. 1992, 31, 234–236; b) A. Wilde, A. R. Otte, H. M. R. Hoffmann, J.
Chem. Soc., Chem. Commun. 1993, 615–616; c) A. R. Otte, A. Wilde,
H. M. R. Hoffmann, Angew. Chem. Int. Ed. 1994, 33, 1280–1282;
d) H. M. R. Hoffmann, A. R. Otte, A. Wilde, A. Menzer, D. J. Williams,
Angew. Chem. Int. Ed. 1995, 34, 100–102; e) R. Shintani, T. Tsuji, S. Park,
T. Hayashi, J. Am. Chem. Soc. 2010, 132, 7508–7513; f) R. Shintani, K.
Moriya, T. Hayashi, Chem. Commun. 2011, 47, 3057–3059.

[22] M. S. M. Holmsen, PhD thesis, University of Oslo (Norway), 2018.
[23] a) M. Kimura, M. Futamata, R. Mukai, Y. Tamaru, J. Am. Chem. Soc. 2005,

127, 4592–4593; b) I. Usui, S. Schmidt, M. Keller, B. Breit, Org. Lett. 2008,

Wiley VCH Montag, 28.08.2023

2399 / 315024 [S. 8/10] 1

ChemCatChem 2023, e202300851 (8 of 9) © 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Concept
doi.org/10.1002/cctc.202300851

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202300851 by U
niversity O

f O
slo, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1039/C8DT01457D
https://doi.org/10.1039/C8DT01457D
https://doi.org/10.1021/acs.chemrev.0c00930
https://doi.org/10.1021/ja045659+
https://doi.org/10.1021/ja045659+
https://doi.org/10.1021/ja2069032
https://doi.org/10.1021/cr020027w
https://doi.org/10.1021/acs.chemrev.0c00736
https://doi.org/10.1021/acs.chemrev.0c00736
https://doi.org/10.1002/anie.201912314
https://doi.org/10.1002/anie.201912315
https://doi.org/10.1021/jacs.1c04282
https://doi.org/10.1021/jacs.1c04282
https://doi.org/10.1021/acscatal.1c04580
https://doi.org/10.1021/ja506978c
https://doi.org/10.1021/jacs.6b05221
https://doi.org/10.1021/jacs.6b05221
https://doi.org/10.1021/jacs.8b01411
https://doi.org/10.1021/jacs.8b01411
https://doi.org/10.1039/C9SC01954E
https://doi.org/10.1039/C9SC01954E
https://doi.org/10.1021/acs.orglett.9b03082
https://doi.org/10.1021/acs.orglett.9b03082
https://doi.org/10.1039/C9CC07666B
https://doi.org/10.1002/anie.202006074
https://doi.org/10.1002/anie.202006074
https://doi.org/10.1039/D0CC03707A
https://doi.org/10.1002/anie.202002141
https://doi.org/10.1002/anie.202009636
https://doi.org/10.1002/anie.202009636
https://doi.org/10.1021/acscatal.1c00789
https://doi.org/10.1039/D1SC01483H
https://doi.org/10.1021/acs.chemrev.0c00624
https://doi.org/10.1021/acs.chemrev.0c00624
https://doi.org/10.1002/anie.201607225
https://doi.org/10.1002/anie.201511111
https://doi.org/10.1021/jacs.6b07035
https://doi.org/10.1021/jacs.6b07035
https://doi.org/10.1039/C7SC00145B
https://doi.org/10.1039/C7SC00145B
https://doi.org/10.1021/jacs.2c10737
https://doi.org/10.1021/om800999a
https://doi.org/10.1002/anie.201107870
https://doi.org/10.1039/D0QI01163K
https://doi.org/10.1039/D0QI01163K
https://doi.org/10.1002/anie.200503036
https://doi.org/10.1073/pnas.0609824104
https://doi.org/10.1073/pnas.0609824104
https://doi.org/10.1016/j.jorganchem.2007.06.007
https://doi.org/10.1016/j.jorganchem.2007.06.007
https://doi.org/10.1021/acs.organomet.5b00349
https://doi.org/10.1039/DT9770001131
https://doi.org/10.1039/DT9770001131
https://doi.org/10.1039/C39760000619
https://doi.org/10.1039/C39760000619
https://doi.org/10.1002/anie.199202341
https://doi.org/10.1002/anie.199202341
https://doi.org/10.1039/C39930000615
https://doi.org/10.1039/C39930000615
https://doi.org/10.1002/anie.199412801
https://doi.org/10.1002/anie.199501001
https://doi.org/10.1021/ja1023223
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1021/ja0501161
https://doi.org/10.1021/ja0501161
https://doi.org/10.1021/ol800073v


10, 1207–1210; c) Y. Gumrukcu, B. de Bruin, J. N. H. Reek, ChemSusChem
2014, 7, 890–896; d) B. Sundararaju, M. Achard, B. Demerseman, L.
Toupet, G. V. M. Sharma, C. Bruneau, Angew. Chem., Int. Ed. 2010, 49,
2782–2785; e) J. F. Hartwig, L. M. Stanley, Acc. Chem. Res. 2010, 43,
1461–1475.

[24] C. C. Chintawar, V. W. Bhoyare, M. V. Mane, N. T. Patil, J. Am. Chem. Soc.
2022, 144, 7089–7095.

[25] X. Ye, C. Wang, S. Zhang, Q. Tang, L. Wojtas, M. Li, X. Shi, Chem. Eur. J.
2022, 28, e202201018.

[26] For reviews dealing with asymmetric gold catalysis, see: a) J. Rodriguez,
D. Bourissou, Angew. Chem. Int. Ed. 2018, 57, 386; b) J.-J. Jiang, M.-K.

Wong, Chem. Asian J. 2021, 16, 364; c) S. Mishra Urvashi, N. T. Patil, Isr. J.
Chem. 2022, e202200039.

Manuscript received: July 8, 2023
Revised manuscript received: July 21, 2023
Accepted manuscript online: July 21, 2023
Version of record online: ■■■, ■■■■

Wiley VCH Montag, 28.08.2023

2399 / 315024 [S. 9/10] 1

ChemCatChem 2023, e202300851 (9 of 9) © 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Concept
doi.org/10.1002/cctc.202300851

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202300851 by U
niversity O

f O
slo, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/ol800073v
https://doi.org/10.1002/cssc.201300723
https://doi.org/10.1002/cssc.201300723
https://doi.org/10.1002/anie.200907034
https://doi.org/10.1002/anie.200907034
https://doi.org/10.1021/ar100047x
https://doi.org/10.1021/ar100047x
https://doi.org/10.1021/jacs.2c02799
https://doi.org/10.1021/jacs.2c02799
https://doi.org/10.1002/anie.201710105
https://doi.org/10.1002/asia.202001375


CONCEPT

Au(III) π-allyl complexes have
recently been shown to be readily ac-
cessible and stable, as well as highly
reactive towards nucleophiles,
including in catalytic transformations.
They display structural features and
reactivity profiles that differ notice-
ably from the related Pd(II) π-allyl
complexes, making them complemen-
tary and attractive for synthesis.
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