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ABSTRACT: Gold catalysis has, over the past decades, provided
innovative organic transformations under mild conditions with
high chemoselectivities. It receives steadily growing attention
thanks to its wide synthetic applicability. The catalytically active
form, [Ln-Au]

+, of ligated gold complexes, [Ln-Au-Cl], is formed
via halide abstraction. This is typically achieved by anion exchange
upon the addition of an appropriate silver salt to the reaction
mixture. Herein, an alternative silver-free route for gold activation
is presented, making use of halogen bonding to promote halide
abstraction. We demonstrate that a catalytic amount of a strong
halogen bond donor efficiently activates both gold(I) and gold(III)
catalysts. Following the reaction, both the catalyst and the activator
are easily recovered. Importantly, this not only reduces the metal
waste in a gold-catalyzed process but also enables its upscaling, possibly opening new avenues for its use in industrial settings. Gold is
an expensive and limited resource, and its recyclability is of supreme importance. Based on systematic reaction kinetics, NMR
spectroscopic, and computational investigations, we describe the mechanism of halogen bond-activated gold(I/III) catalysis using
cyclopropanation as a model reaction. Our discovery paves the way for the development of gold-mediated transformations that allow
recycling of the precious gold catalyst and that may thereby become useful also for the large-scale generation of complex molecules.
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■ INTRODUCTION

Homogeneous gold catalysis has become a powerful tool for
the synthesis of complex organic molecules.1−13 Offering
outstanding chemoselectivities under mild conditions, it has
found a wide range of applications in a variety of research
fields.14−18 In most transformations, gold’s Lewis acidity is
used for the activation of carbon−carbon multiple bonds to
promote the formation of a new carbon−carbon bond.
Initially, gold chloride salts were used as catalysts, whereas
later protocols apply ligands to modulate gold’s reactivity and
stability.19 A common feature of the majority of gold-catalyzed
processes, ligated or non-ligated, is that the precatalyst
possesses a gold−chloride bond. Usually, this is activated
through chloride abstraction by anion exchange using a silver
salt with a weakly coordinating anion, generating the active
catalyst, [Ln-Au]

+, along with silver chloride. The potential
influences of silver20,21 and its counterion22 on gold catalysis
have been a matter of debate over the past decades. Silver is of
concern in ecosystems as it is one of the most toxic metals to
aquatic organisms.23 Recent efforts in synthesis target not only
the development of new processes but also the improvement of
the sustainability of existing transformations. Besides the
decrease in catalyst loading and recycling, the substitution of
silver salts with alternatives capable of activating gold
precatalysts is therefore of vast interest, both from a
mechanistic perspective and from a sustainability perspective.

Several approaches for silver-free gold catalysis have been
developed.24 These include chloride abstraction by use of
ambiphilic ligands containing a hydrogen bond donor25 and an
internal Lewis acid26 as well as halide abstraction by alternative
metal salts.27

Halogen bond28-mediated catalysis is a novel approach in
synthesis.29−31 Halogen bond donors have recently been used
to activate carbonyl groups to promote Diels−Alder reactions
and Michael additions, for instance, and to assist the
dissociation of halides to facilitate SN1-type processes.
Activation of a metal−halogen bond by a halogen bond
donor to enable catalytic reactions has recently been reported,
without a detailed mechanistic discussion however, by Huber
and co-workers, using the example of the gold(I)-catalyzed
cyclization of a propargylic amide and the cycloisomerization
of 1,6-enyne.32

The interaction of halogen bond donors with gold(III)
complexes has not yet been assessed and that with gold(I) has
only been scarcely explored.32 Halogen bond catalysis was
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proposed based on intuition but without the support of
comprehensive experimental and computational proof. We,
therefore, set the aim to evaluate whether the halogen bond
activation of gold(I) and gold(III) species may be a generally
applicable alternative to activation with the traditionally used
silver salts (Figure 1). In addition to disclosing a sustainable

alternative synthetic route for gold(I/III) activation, we
provide a detailed mechanistic understanding of the halogen
bond-activated gold-catalyzed process.

■ RESULTS AND DISCUSSION
Design. To demonstrate the real-life applicability of a

halogen bond activation strategy, we explored the most
commonly used gold(I) complexes, namely, the gold(I)
JohnPhos complex 1, the chiral dinuclear BINAP gold(I)
complex 2, the gold(I) N-heterocyclic carbene complexes
possessing IMes (3) and IPr (5) ligands, and the respective
gold(III) complexes 4 and 6 (Figure 2). Compounds 7−11

(Figure 3) were chosen as halogen bond donors to be explored
for their halide abstraction ability. Due to their monodentate
nature, compounds 7 and 8 are weak halogen bond donors.
The cationic iodolium complex 9 and the bidentate 10 and 11
are strong halogen bond donors. We chose to use one of the
most well-studied gold-mediated synthetic procedures, the
cyclopropanation of propargyl acetate 12 with the vinyl
derivative styrene 13 to cyclopropane 14 (Scheme 1) as a
model reaction,33 which has previously been used for the
evaluation of the catalytic ability of novel gold(I) and gold(III)
catalysts.34−37

Reaction Rates. Reactions were initially performed by
mixing 1 equiv of propargyl acetate 12 and 2 equiv of styrene
13 with 20 mol % each of gold complexes 1−6 and halogen

bond donor 7 or 8 (Scheme 1). For the dinuclear complex 2,
10 mol % was used as this equals 20 mol % of gold(I) as
compared to the substrate. The conversion to product 14 was
monitored by 1H NMR. Most importantly, the reaction
progressed when a halogen bond donor was introduced to
the mixture. The fastest reaction was observed using the
combination of IPrAuCl3 6 and halogen bond donor 7,
reaching completion in 18 h, whereas most other halogen
bond-activated reactions proceeded but did not give full
conversions within 60 h (Table 1, Figures 4 and 5). The
observed relative reaction rates suggest that the identities of
both the gold complex and the halogen bond donor play a role,
and simple conclusions, such as the stronger the halogen bond
donor, the quicker the reaction rate, cannot be drawn, but
factors other than being purely electronic might be at play as
well. Hence, halogen bond donor 8, which has a strong
electron-withdrawing CF3 group, is not always a stronger
activator than the somewhat less electron-poor 7 and gave
greater reaction rates only in combination with gold catalysts 2,
4, and 5 (Table 1). The high reactivity of dimesityl-substituted
iodoimidazolium salts may be due to the aryl groups’
preference to adopt conformations that minimize steric
repulsions, which breaks the conjugation with the imidazolium
ring.38 Accordingly, the positive charge is localized close to the
halogen bond donor iodine in these complexes.
We performed several control experiments to confirm that

the activation truly originates from halogen bonding. Using 20
mol % gold complex 3 without any activator, we observed no
conversion after 24 h. This confirms that the gold catalyst does
not show any background reactivity. No conversion was seen
using 20 mol % of halogen bond donor 7 without a gold
catalyst. Hidden acid catalysis was ruled out by detection of no
conversion upon the addition of small amounts of HCl along
with 20 mol % of gold complex 3. There was no conversion
either using 1,3-dimesitylimidazolium chloride, the nonhalogen
bond donor analogue of 7, in combination with catalyst 3,
which corroborates our hypothesis that the halogen bond
donor iodine of 7 is crucial for the activation of the gold
catalyst.
Subsequently, we turned our attention to 9, which,

possessing a charged iodolium ion, is expected to be a stronger
halogen bond donor than 7 and 8. Indeed, using as little as 0.5
mol % 9 and 0.5 mol % gold catalyst 3, full conversion was

Figure 1. Activation (a) with a silver salt is the common route in gold
catalysis (X− is a weakly coordinating anion). Herein, (b) gold
activation using a halogen bond donor (XBD) is explored as an
alternative sustainable route.

Figure 2. Common gold complexes 1−6 were explored in the
investigation of halogen bond activation in gold catalysis.

Figure 3. Halogen bond donors 7−11 were explored for their ability
to activate gold(I) and gold(III) catalysts.
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obtained within 2.5 h (see Table 2 and Figure 6). Iodolium ion
9 was significantly better at activating gold(I) as compared to
gold(III) catalysts. The relative rate of cyclopropanation using
activator 9 in combination with catalyst 6 is higher than that
using 4 as a catalyst (Table 2). Thus, the former only reached
60% conversion while the latter 89% within 24 h. This may
indicate the decomposition of 6 during the reaction.
Next, gold activation using the bidentate halogen bond

donors 10 and 11 was explored. As the iodine of these can
simultaneously form two halogen bonds with the same
chlorine, they are highly efficient in facilitating the cleavage
of a Au−Cl bond and thereby activating the catalysts.
Accordingly, full conversion in the cyclopropanation shown
in Scheme 1 was reached within 10 min when using gold(I)
catalysts. To obtain reliable reaction rates, we ran these
reactions at −20 °C (Table 3). Similar to the reactions using
activator 9, those using 10 and 11 were significantly slower
when a gold(III) catalyst was applied and were, therefore, run
at 25 °C. The relative rates shown in Table 3 and Figure 7 for
gold(I)- and Figure 8 for gold(III)-catalyzed reactions are
therefore not directly comparable.

Similar to the reactions using activator 9, the gold(III)-
mediated reactions ran with halogen bond donors 10 and 11
were faster when using catalyst 4 (IMesAuCl3) as compared to
those using 6 (IPrAuCl3). It should be underlined that
activators 10 and 11 provided comparable reaction rates to
that using NaBArF as the activator. Halogen bond donor 11
gave faster initial reaction rates than NaBArF for both gold
complexes studied. The fact that the NaBArF-activated
reactions reached completion earlier might indicate an
induction period for these reactions.
Overall, the halogen bond donor strength positively

correlates with the reaction rate. Accordingly, the monodentate
imidazolium-type 7 and 8 are weak gold(I/III) activators, even
at catalyst loadings as high as 20 mol %. The stronger

Scheme 1. Gold-Catalyzed (1−6) Cyclopropanation of Propargyl Acetate 12 Using the XBDs 7−11 as Activatorsa

aIn the reactions using 7 and 8 as activators, 20 mol % gold catalyst (1−6) and 20 mol % 7 or 8 were applied. In the reactions using 9−11 as the
activators, 0.5 mol % gold catalyst and 0.5 mol % chosen activator were used.

Table 1. Reactivity of Gold Complexes (Au) 1−6 upon
Activation with Halogen Bond Donors (Activator) 7 and 8
in Cyclopropanationa

activator Au conversionb krel
c

7 1 31 3.2
7 2 38 3.9
7 3 60 5
7 4 25 2.6
7 5 10 1
7 6 84 8.8
8 1 16 1.7
8 2 70 7.3
8 3 43 4.5
8 4 29 3.0
8 5 63 6.6
8 6 45 4.7
none 3 0d

7 none 0d

IMes-Cl 3 0d

HCl 3 0d

aReactions were performed with 20 mol % of activators 7 and 8 and
gold complexes 1−6 in CD2Cl2 at 25 °C, [12] = 0.075 M, [Au] =
[XBD] = 0.015 M. Both cis and trans isomers of 14 are formed, and
the reported conversions are given as the sum of those of the isomers.
The isomerization is a slow background reaction that takes place in
the presence of gold complexes.34 bConversion. cRelative reaction
rates measured by 1H NMR at 12 h reaction time (before
isomerization). dControl experiment. Under “classical” activation
conditions, using 5 mol % AgSbF6 to activate the 5 mol % gold
complex, the reactions reach full conversion within 5 min, regardless
of the type of gold catalyst used.

Figure 4. Conversions for the cyclopropanation of propargyl acetate
12 to 14 (Scheme 1 and Table 1) as a function of reaction time using
7 (triangles) or 8 (circles) to activate gold(I) catalysts 1 (green), 2
(red), 3 (turquoise), and 5 (blue). Reactions were run at 25 °C,
followed by 1H NMR. The runs with the same gold catalyst are shown
with the same color. The control experiments, using 20 mol % gold
catalyst 3 without a halogen bond donor, using 20 mol % halogen
bond donor 7 without a gold catalyst, using 20 mol % each 1,3-
dimesitylimidazolium chloride and gold catalyst 3, and finally, using
20 mol % gold catalyst 3 with a small amount of HCl, are all shown as
black squares. None of the controls gave conversion.

Figure 5. Conversions observed for the cyclopropanation of propargyl
acetate 12 to 14 (Scheme 1 and Table 1) as a function of reaction
time using 7 (triangles) or 8 (circles) to activate gold(III) catalysts 4
(bright green) and 6 (dark red). Reactions were run at 25 °C, and
conversion was followed by 1H NMR.
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iodolium-type 9 and the bidentate 10 and 11 halogen bond
donors provide quicker conversions at very low catalyst
loadings of 0.5 mol %. Gold(III)-catalyzed reactions are
generally slower than the gold(I)-activated ones, even when
activated by a reagent other than a halogen bond donor
(Figure 9).
Catalyst and Activator Recycling. As reagent recycling is

an important aspect of sustainability, we evaluated the
recyclability of the gold catalyst and the activator. NMR
monitoring indicated that the gold precatalysts remained
unchanged throughout all the above reactions (Tables 1−3
and Figures 4−7), and hence, the intact precatalysts were
observed in all crude product mixtures. To evaluate
recyclability, we have used the cyclopropanation reaction
mediated by gold precatalyst 1 and activator 9 as a model
system and performed the reaction on a ∼100 mg scale of
propargyl acetate 12 (93% yield). Following the reaction, one
single flash column enabled the isolation of the target
cyclopropane 14 (93%), gold precatalyst 1 (88%), and
activator 9 (75%). The possibility to easily recover both the
precatalyst and the activator is highly significant as the gold
precatalyst is not recoverable from reactions using anion
exchange when using a silver(I) salt for activation. Under such
classical conditions, the active gold catalyst is quantitatively
prepared from a precatalyst, either in advance or in situ, with a
silver salt that is converted into a AgCl precipitate. The latter
cannot be directly reused. Throughout the reaction, gold

catalyst decomposition is common, but even if it would not be
the case, the gold catalyst still gets decomposed in the
subsequent quenching process. As gold is an expensive and
rare element, the decomposition of its catalytic complexes
poses a serious limitation, particularly for large-scale
applications. Accordingly, an alternative route allowing smooth
recovery of the gold precatalyst, and of the activator, is a great
leap toward sustainability, especially for large-scale synthetic
applications.
The above recyclability implies a dynamic catalyst activation,

where the cationic active gold species is in equilibrium with the
chloride-ligated inactive complex throughout the reaction. This

Table 2. Conversion of Alkyne 12 and Styrene 13 to
Cyclopropane 14 (Scheme 1) Using Gold Complexes 1−6
(Au) in Combination with Activator 9 and the
Corresponding Relative Reaction Rates (krel)

a

Au conversionb krel
c

1 80 10
2 48 6
3 88 11
4 8 1
5 51 6.4
6 18 2.3

aReactions were performed with 0.5 mol % halogen bond donor 9
and gold complexes 1−6 (0.0015 M each), 0.30 M 12, and 0.60 M 13
in CD2Cl2 at 25 °C, monitoring the conversions by 1H NMR.
bConversions. cRelative reaction rates (krel) following 60 min reaction
time are shown. As a consequence of the short reaction times, no cis-
to-trans isomerization was observed.

Figure 6. Conversions observed for the cyclopropanation of propargyl
acetate 12 (Table 2) to 14 as a function of reaction time using
halogen bond donor 9 for activation of gold(I) catalysts 1 (green), 2
(red), 3 (turquoise), and 5 (blue) and gold(III) complexes 4 (bright
green) and 6 (dark red).

Table 3. Conversion of Alkyne 12 and Styrene 13 to
Cyclopropane 14 (Scheme 1) Using Gold Catalysts 1−6
(Au) in Combination with Halogen Bond Donor Activators
10 and 11, and the Corresponding Relative Reaction Rates
(krel)

a

activator Au conversionb krel
c

With Gold(I) Catalysts, Reactions Were Run at −20 °C
10 1 20 2.2
10 2 46 4.9
10 3 41 4.4
10 5 9 1
11 1 37 4.0
11 2 61 6.4
11 3 80 8.5
11 5 24 2.6
NaBArF 1 77 7.4
NaBArF 2 89 9.5
NaBArF 3 91 9.7
NaBArF 5 45 4.8

With Gold(III) Catalysts, Reactions Were Run at 25 °C
10 4 25 2.5
10 6 10 1
11 4 86 8.6
11 6 24 2.4
NaBArF 4 78 7.8
NaBArF 6 20 2

aReactions were performed with 0.5 mol % halogen bond donor 10 or
11 and gold complex 1−6 (0.0015 M each), 0.30 M 12 and 0.60 M
13 in CD2Cl2, monitoring the conversions by 1H NMR.
bConversions. cRelative reaction rates (krel) following 30 min reaction
time are shown. Due to the short reaction times, no cis-to-trans
isomerization was observed.

Figure 7. Conversions observed for the cyclopropanation of propargyl
acetate 12 (Table 2) to 14 as a function of reaction time using 10
(triangles), 11 (circles), or NaBArF (squares) for activation of gold(I)
catalysts 1 (green), 2 (red), 3 (turquoise), or 5 (blue). Reactions were
run at −20 °C, and conversions were followed by 1H NMR.
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is different from silver(I)-activated reactions that generate the
cationic gold species irreversibly. The dynamic gold activation
of the halogen bond-activated route is expected to be beneficial
for the stability of the gold catalyst since catalyst decom-
position often takes place during the off-cycle.39 Similarly, the
slow release of cationic, catalytically active gold has been
reported by using Cu(OTf)2 as the activating agent40 or by
applying thiolate-bridged, dinuclear NHC−Au(I) complexes.41

NMR Chemical Shift Perturbation. To gain under-
standing of the mechanism of gold activation by halogen bond
donors, we measured the interaction-induced 13C and 31P
NMR chemical shift changes. These were largest for the atoms
closest to the presumptive interaction sites of the gold
complexes 1−6 and activators 7−11 (Figure 10). Thus,
upon mixing the gold complexes with the activators (1:1), the
largest chemical shift changes were observed for carbon or
phosphorous bound to gold (Table 4) and carbon directly

bound to halogen bond donor iodine (Table 5). This
observation is in line with the formation of a halogen bond,

corroborating our hypothesis. Following literature conven-
tions,42 the coordination shift is defined as the chemical shift
difference between the halogen bonded and the free ligand,
that is, δ31Pcoord = δ31Pcomplex − δ31Pligand, when expressed for
31P NMR chemical shifts. Upon halogen bonding, the 31P
chemical shifts of 1 and 2 increased (Table 4). While the
chemical shift change is small upon interacting with weak
halogen bond donors 7 and 8, it dramatically increases when
the strong halogen bond donors 9−11 are involved. The
magnitude of the chemical shift change shows a clear
dependence on the type of gold catalyst (Table 4). Similar
to that observed for gold complexes 1 and 2, the coordination
shifts induced by the strong halogen bond donors 9−11 on 3−
6 were a magnitude larger than those induced by the weak
halogen bond donors 7 and 8. The 31P NMR chemical shifts
show an inverse trend as compared to that observed by 13C

Figure 8. Conversions observed for the cyclopropanation of propargyl
acetate 12 (Table 2) to 14 as a function of reaction time using
halogen bond donors 10 (triangles) or 11 (circles) or NaBArF
(square) for the activation of gold(III) catalysts 4 (green) and 6
(red). Reactions were run at 25 °C, and the conversions were
followed by 1H NMR.

Figure 9. Normalized relative reaction rates observed for the
cyclopropanation of propargyl acetate 12 (Table 2) to 14 using
halogen bond donors 7−11 for activation of gold(I) and gold(III)
catalysts 1−6. For comparison, reactions ran at different conditions
were normalized to 0.5% catalyst concentration and 25 °C. For
details, see Table S1 in the Supporting Information.

Figure 10. The formation of a halogen bond between the Lewis basic
chlorine (halogen bond acceptor, blue) of the gold catalyst and the
Lewis acidic iodine (halogen bond donor, purple) was detected on the
NMR-active nuclei that are closest to the interacting atoms (in bold,
marked with a star) using 13C and 31P NMR spectroscopy. The
coordination shifts observed upon complex formation are given in
Tables 4 and 5.

Table 4. 31P and 13C NMR Coordination Shifts (Δδ, ppm)
for Gold Complexes 1−6 with Activators 7−11a

catalyst 31P NMR 13C NMR

activator 1 2 3 4 5 6

7 0.045 0.45 −0.18 −0.36 −0.41 −0.46
8 0.060 0.51 −0.31 −0.39 −0.47 −0.51
9 0.96 7.15 −2.79 −2.56 −3.21 −3.65
10 0.74 5.27 −1.71 −2.10 −2.43 −2.75
11 0.96 6.26 −2.63 −2.85 −3.15 −3.63

aNMR spectra were acquired in CD2Cl2 at 25 °C with a 0.03 M
concentration of the gold complex and the activator. For the accurate
determination of 31P NMR chemical shifts, PPh3 was used as the
internal standard.

Table 5. 13C NMR Coordination Shifts (Δδ, ppm) of C−I
for XBDs 7−11 with Gold Complexes 1−6a

activator

catalyst 7 8 9 10 11 6

1 1.65 1.33 0.39 3.56 4.93 1.65
2 0.38 0.57 0.41 1.58 2.72 0.38
3 0.31 0.61 0.32 2.33 3.95 0.31
4 0.57 0.42 0.38 1.08 2.52 0.57
5 0.98 1.07 0.24 2.79 3.94 0.98
6 0.33 0.48 0.39 1.35 2.94 0.33

aNMR spectra were acquired in CD2Cl2 at 25 °C with a 0.03 M
concentration of the gold complex and the activator.
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NMR for 3−6, in line with the previous literature.43 Besides a
few exceptions, most literature studies report the inverse
correlation of 31P NMR chemical shifts to the electron density.
This has been rationalized by electron-withdrawing substitu-
ents (here, charge transfer via halogen bonding) decreasing the
electron density around phosphorus and thereby contracting
its d-orbitals; this is suggested to lead to an increased π back-
bonding with neighboring atoms that, in turn, results in
increased shielding. We further observed that the signal of the
carbenic carbon of gold catalyst 5 split into two upon its
interaction with 9 (Figure S93, Supporting Information),
whereas a single signal was observed for its complexes with 7−
8 and 10−11. The cause of this signal doubling is not entirely
clear; however, 7−8 and 10−11 are structurally closely related
2-iodoimidazolium salts, whereas 9 is an iodolium ion. The
latter is the only halogen bond donor among 7−11 capable of
forming both mono- and dicoordinated complexes with
halogen bond acceptors, which may explain the above
observation.
Diffusion NMR. The coordination of gold catalysts with

halogen bond donor activators was further corroborated by the
observation of the consistent decrease in translational diffusion
coefficient (D) of 1−6 and 7−11 upon their mixing (Figures
11 and 12; for tabulated values, see Supporting Information,

Tables S4 and S5). This indicates an increase in their Stokes
radii, which is expected upon complexation. The diffusion
coefficient of the component of noncovalent complexes is the
population-weighted average of that of the free and of the
bound forms. Hence, the magnitude of the observed diffusion

coefficients is not just modulated by the molecular volume but
also by the interactionhere, the halogen bond strength.
Presuming a comparable volume for each catalyst and
activator, which is simplistic yet not unrealistic, a greater
decrease in diffusion coefficient is indicative of a larger
population of the halogen-bonded complex and hence a
stronger halogen bond. In line with this presumption, we
detected a greater decrease in diffusion coefficient for all gold
complexes when interacting with the stronger halogen bond
donors 9−11 as compared to the weak donors 7 and 8 (Figure
11). Activators 10 and 11 are, however, larger than 9, which in
turn is also smaller than 7 and 8 (Scheme 1). Taking this into
consideration, the decrease in diffusion coefficient suggests 9
to be as strong halogen bond donor as 10−11, which agrees
with the observed chemical shift perturbations shown in Table
4. Accordingly, the largest decrease in the diffusion coefficient
of 7−11 upon complexation with 1−6 was observed for
iodolium complex 9 (Figure 12). The relative alteration in
between the coefficients of 7−11 is, however, difficult to
interpret.

NMR Titration. NMR titration experiments were per-
formed to provide further proof that halogen bonding is the
dominant interaction between the gold catalysts and halogen
bond donors. Halogen bond donor 7 was titrated with 1−10
equiv of gold catalyst 1 while keeping its concentration
constant and monitoring the chemical shift change of all nuclei
of the donor (Figure 13). Upon increasing the concentration

of the gold catalyst, the fraction of complexed halogen bond
donor in solution increases, and the chemical shifts are
expected to approach those of the halogen-bonded complex.
The greatest chemical shift increase of the activator throughout
the titration was observed on carbon neighboring iodine, C-1
(1.67 to 5.61 ppm), while other nuclei showed an order of
magnitude smaller shift alterations. This is in line with the
formation of the expected C−I···Cl−Au halogen bond. While
binding curves were obtained in the NMR titrations, the data
were judged to not be complete enough to allow reliable
determination of binding constants but only to estimate that
the binding affinity of the halogen bond donor to the gold
catalyst is expected to be in the low millimolar range.

Figure 11. Alteration of the translational diffusion coefficients of gold
complexes 1−6 upon addition of an equivalent of activators 7 (blue),
8 (red), 9 (green), 10 (purple), and 11 (cyan). NMR spectra were
acquired in CD2Cl2 at 25 °C with [Au] = [activator] = 0.03 M.

Figure 12. Alteration of the translational diffusion coefficients of
halogen bond donors 7−11 upon addition of an equivalent of gold
complexes 1 (blue), 2 (red), 3 (green), 4 (purple), 5 (cyan), and 6
(orange). NMR spectra were acquired in CD2Cl2 at 25 °C with [Au]
= [XBD] = 0.03 M.

Figure 13. 13C NMR chemical shift change of nuclei C-1 (orange), C-
2 (blue), and C-3 (pink) of halogen bond donor 7 when titrated with
gold catalyst 1 in 2.5 equiv increments. NMR spectra were acquired in
CD2Cl2 at 25 °C with concentrations [7] = 0.03 M and [1] = 0.03−
0.30 M.
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Computations. The above observations give a strong
experimental indication that gold catalysts are activated by
halogen bond donors. The latter is expected to lower the
energy barrier for the Au−Cl bond cleavage and thereby
promote the formation of the active gold catalyst. To gain an
insight into the mechanism of halogen bond activation, we
carried out density functional theory (DFT) calculations for
the envisioned reaction intermediates and related transition
states of the gold-catalyzed cyclopropanation (Scheme 1). To
avoid computational limitations posed by the size of the
studied system, a truncated model (Scheme 1) was used, and
the computational method was carefully optimized (see Table
S7 in the Supporting Information). Geometries were optimized
using B3LYP44-D3BJ45,46/Def2-SVP47/CPCM (CH2Cl2),
hence employing Grimme’s correction for dispersion effects.
Gibbs free energies were corrected using the quasi-harmonic
approximation48 and standard state correction.49

The mechanism of gold activation (Scheme 2) is expected to
begin with the iodine of the activator forming a halogen bond
with chlorine of the gold(I) or gold(III) catalyst. This leads to
the formation of intermediate Int1, whereas the formation of
binary adducts of the two reactants is higher in energy (see
Tables S8 and S9, Supporting Information). According to
DFT, a Au−Cl···I → Au···Cl−I reorganization takes place
simultaneously to coordinate propargyl 12 with gold(I) or
gold(III), leading to the transition state TS1. Here, the
association of alkyne is facilitated by the concerted weakening
of the Au−Cl covalent bond upon strengthening the Cl···I
halogen bond. Since the free energies of TS1 are predicted to
be 26.12 and 20.76 kcal/mol compared to those of the
reactants for the gold(III)- and gold(I)-mediated processes,
respectively, the formation of TS1 is the rate-limiting step.
This energy is in good agreement with the experimentally
observed reaction rates for the gold(I)-mediated process,
leading to a full conversion in ca. 60 h reaction time. The
alternative reaction route analogous to an SN1-type halide
abstraction followed by substrate coordination would have a
>50 kcal/mol energy barrier and is hence not realistic (see

Supporting Information, Figure S112). This observation is in
good agreement with the literature studies.21,50−57 In agree-
ment with the experimentally observed trend of reaction rates,
TS1 of the gold(I)-mediated process has a somewhat lower
energy than that of the analogous gold(III)-mediated reaction
route (Scheme 2). The fully computed free energy profile for
the gold(III)-catalyzed process is shown in Scheme 2, whereas
the corresponding free energy diagram for the gold(I)-
catalyzed reaction is shown in Figure S109 of the Supporting
Information. The gold complex TS1 is converted to Int2 upon
completion of the chloride abstraction by the activator,
adjoined with a simultaneous strengthening of the π-
coordination of propargylacetate to gold. This leads to
activation of the unsaturated bond of the substrate for
cyclization. The chloride complex of the halogen bond donor
leaving the gold(I/III) complex is slightly endothermic and
leads to the formation of Int3. At this point, the halogen bond
donor has completed its role as the activator. The subsequent
1,2-acyl shift takes place by rearrangement of Int3 via TS2,
which involves the carboxylate group and leads to the
formation of the five-membered ring of Int4. The subsequent
ring opening to give the 2-acyl intermediate may proceed via
two possible paths through a higher energy cis (TS3c) (blue)
or a lower energy trans (TS3t) (red) configured transition
state, yielding Int5c and Int5t, respectively. Formation of a
styrene (13) π···π interaction stabilizes the Int6c complex,
whereas no significant energy is gained for the trans-configured
intermediate Int6t. Formation of the cyclopropane ring from
these intermediates passes intermediates of significantly
different activation energies, TS4t and TS4c, and leads to the
cis- and trans-configured products Pc and Pt, respectively.
Overall, both transformations leading to the cis- and trans-
configured products are feasible, which is in agreement with
the experimental observations. Following dissociation of the
active cationic gold catalyst, [Ln-Au]

+, from the product, the
neutral precatalyst, [Ln-Au−Cl], is regenerated by chloride
transfer from the halogen bond donor−chloride complex. The
proposed mechanism is energetically feasible.

Scheme 2. Free Energy Profile Computed for the Cyclopropanation of Propargyl Acetate 12 with Styrene 13 Using a Halogen
Bond Donor to Activate the Gold(III) (Blue) or Gold(I) (Green) Catalysta

aSimplified models of the gold(I/III) catalysts 3/4 were used due to the time limitations of DFT calculations. Following Int4, the reaction route
leading to the trans product is shown in red whereas that to the cis product in blue. Relative stabilities are given in kcal/mol, with respect to the
energy of the isolated fragments of the reactants (Tables S8 and S9). The full free energy diagram for the gold(I)-mediated process is given in
Figure S109 in the Supporting Information to avoid an overcrowded graph. Computations were done at the B3LYP-D3BJ/Def2-TZVP; for further
details, see the Supporting Information.
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We further evaluated the influence of the halogen bond
strength on the reaction rate. The electron densities at the
Au−Cl and I···Cl bond critical points ρAu−Cl and ρI···Cl,
respectively, were estimated as these can be taken as indicators
for the interaction strengths. Computations (DFT; for details,
see the Supporting Information) confirm that the rate of the
gold(I)-mediated reaction increases as the electron density at
the I···Cl bond critical point increases, and the electron density
at the Au−Cl bond critical point simultaneously decreases, that
is, as a halogen bond is formed. As the halogen bond strength
of the activator increases, the I···Cl interaction strengthens, and
the Au−Cl bond weakens, which is accordingly manifested in
the alteration of these bond lengths. The noteworthy
correlation (R2 0.962, Figure 14) of the relative reaction rate

with the 13C NMR coordination shift of carbon directly bound
to gold(I) corroborates the formation of a Cl···I halogen bond
(Figure 14). Unexpectedly, the correlation of the reaction rate
to the electron density (Figures S114 and S115, Supporting
Information) and to the 13C NMR coordination shift of the
halogen bond donor (Figure S116, Supporting Information)
for gold(III) complexes is poor. Topological analysis of the
electron density suggests that the Au(III)−Cl bond is
predominantly covalent, while the I···Cl interaction is
dominantly electrostatic.
The gold catalyst−activator complexes that form the

strongest halogen bonds are expected to provide the highest
reaction rates because these promote the most efficient
chloride abstraction. To confirm this hypothesis, we calculated
(at the M06-2X/Def2-SVP level of theory, Figure S104 in the
Supporting Information) the molecular electrostatic potential
of halogen bond donors 7−11. In line with our expectations,
the halogen bond donors that provided the highest
experimental reaction rates also showed the most positive
computed molecular electrostatic potentials, that is, 11 > 10 >
9 ≫ 8 > 7 (Table S13, Supporting Information).
The correlation of the experimental reaction rates and the

sum of the computed molecular electrostatic potentials of the
activators and the catalysts (Figures S105 and S106) confirms
that the halogen bond strength modulates the rate of
transformation of the studied cyclopropanation reaction.

Hence, the stronger halogen bond the activator forms with
the catalyst, the faster the reaction.
Principal component analysis (PCA) of the experimental

observables and computational parameters for gold(I) complex
3 and gold(III) complex 4 indicates that the observed reaction
rate correlates with the experimentally observed chemical shift
of carbon C1 that is covalently bound to gold(I) in 3 (Figure
15) and gold(III) in 4 (Figure 16). The rates of the gold(I)-

and gold(III)-catalyzed reactions are inversely proportional to
the chemical shift of nitrogen two bonds away from gold. The
inverse correlation is expected and is explained by the 15N
NMR chemical shifts of aromatic heterocycles, in contrast to
the 1H and 13C NMR chemical shifts, being dominantly
influenced by the paramagnetic term instead of the electron
density-related diamagnetic contribution to shielding.58,59 Not
unexpectedly, the reaction rate also correlates to the computed
Au−Cl bond length for both the gold(I)- and gold(III)-
mediated reactions. Furthermore, a somewhat weaker
correlation is seen for the halogen bond energy, expressed as
the energy density divided by the electron density at the bond
critical point (Hc/ρc). These observations are in good
agreement with the fact that halogen bonding plays an
activating role in the gold-mediated process.

■ CONCLUSIONS
Recyclable, homogeneous gold catalyst systems are so far
scarce, and their design is typically based on the use of water-
soluble gold complexes and the reuse of the aqueous
solutions.60−63 Ionic liquids have also been used in a similar
manner.64,65 These techniques do not allow for the isolation of
the catalyst and the activator as pure chemicals and catalysis in
the commonly applied organic solvents. Halogen bond
activation introduced herein as a resource-friendly alternative

Figure 14. Experimental reaction rates of gold(I) complex 3 as a
function of the 13C NMR coordination shifts (ppm) using activators
7−11. Apart from one outlier, all data points suggest the correlation
of the chemical shifts of carbon directly bound to gold(I) and the
reaction rates (see Table S20 in the Supporting Information).

Figure 15. PCA of the data of IMesAuCl (3). The rate is proportional
to the chemical shift of C1 (carbene) of the gold catalyst and is
inversely proportional to the nitrogen chemical shift. Here, ρ
represents the electron density at the bond critical point; C and N
are the chemical shifts of C and N atoms with the index indicating the
position of the atoms, respectively; r is the bond length; Hc/ρc is the
bond energy expressed as the energy density divided by the electron
density at the bond critical point; and log10 rate is the natural
logarithm of the reaction rate.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c01864
ACS Catal. 2022, 12, 7210−7220

7217

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig14&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01864/suppl_file/cs2c01864_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01864?fig=fig15&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c01864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to the activation of gold(I) and gold(III) chloride precatalysts
by silver salts compensates for the above weaknesses. The
preparation of halogen bond activators 10 and 11 requires
significant synthetic effort. The synthesis of the strong activator
9 is, however, straightforward, and it may therefore be a
promising candidate for future applications. It should be
emphasized that activators 7−11 were used here as model
systems to prove a principle and are not proposed to be the
most optimal alternatives but rather starting points for future
optimization.
The formation of a halogen bond between the activator and

the gold catalyst is indicated by chemical shift perturbation,
diffusion NMR, and chemical shift titration data along with
PCA. The activation is shown to take place via an SN2-type
mechanism, and thus, there is a concerted transfer of chlorine
from gold and the coordination of the unsaturated bond of the
substrate to gold. The original gold catalyst remains intact
during the reaction. No reaction takes place without an
activator. Both the gold catalyst and the halogen bond donor
activator can be efficiently and easily regenerated on a
preparative scale. This is an important advantage, in addition
to avoiding the use of silver for activation, paving the way for
upscaling and for the development of gold-catalyzed ecological
industrial processes. The variety of gold catalysts and halogen
bond donors tested in this work suggests that this concept may
be applicable to a number of additional gold-catalyzed
processes.
The rate of the gold-mediated cyclopropanation is

determined by the halogen bond donor strength of the
activator, as demonstrated by the correlation of the relative
reaction rates and the coordination shifts of carbon directly
bound to gold and that to iodine in the catalyst and the
activator, respectively. An iodolium ion was observed to be a
strong activator as the bidentate bis(imidazolium)- and

bis(benzimidazolium)-type halogen bond donors, whereas
the weaker halogen bond monodentate imidazolium-type
donors are less strong activators of gold. DFT computations
estimate a ∼21 kcal/mol energy barrier for gold activation
through halogen bonding for a simplified model system, which
is in good agreement with the experimental reaction times.
In our experiments, activation by NaBArF along with

activator 11 provided the greatest catalytic activities. The
recycling of the activator in the halogen bond-activated process
also allows for the reuse of the expensive BArF− counterion.
Halogen bond activation is herein demonstrated as a resource-
friendly strategy for both gold(I)- and gold(III)-mediated
reactions. The first fragments of understanding of the
mechanism of halogen bond activation are given based on
NMR spectroscopic and computational data. Our results
provide the basis for the development of new, silver-free, and
ecological gold-catalyzed processes. The possibility of simple
and effective regeneration of both the gold catalyst and the
halogen bond donor activator may allow even future large-scale
applications.
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Figure 16. PCA of the data of IMesAuCl3 (4). The rate is
proportional to the C1 chemical shift of the gold complex and to
the Au−Cl bond length and is inversely proportional to the electron
density at the Au−Cl bond critical point. Here, ρ represents the
electron density at the bond critical point; C and N are the chemical
shifts of C and N atoms with the index indicating the position of the
atoms, respectively; r is the bond length; Hc/ρc is the bond energy
expressed as the energy density divided by the electron density at the
bond critical point; and log10 rate is the natural logarithm of the
reaction rate.
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