
Citation: Dixit, R.; Sharma, H.;

Agbossou-Niedercorn, F.; Vanka, K.;

Michon, C. Silver Dependent

Enantiodivergent Gold(I) Catalysed

Asymmetric Intramolecular

Hydroamination of Alkenes:

A Theoretical Study. Catalysts 2022,

12, 1392. https://doi.org/10.3390/

catal12111392

Academic Editors: Cyril Nicolas and

Isabelle Gillaizeau

Received: 18 October 2022

Accepted: 6 November 2022

Published: 8 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Silver Dependent Enantiodivergent Gold(I) Catalysed
Asymmetric Intramolecular Hydroamination of Alkenes:
A Theoretical Study
Ruchi Dixit 1,2, Himanshu Sharma 1,2, Francine Agbossou-Niedercorn 3, Kumar Vanka 1,* and Christophe Michon 4,*

1 CSIR-National Chemical Laboratory, Physical and Material Chemistry Division, Dr. Homi Bhabha Road,
Pashan, Pune 411008, India

2 Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India
3 Centrale Lille, Université de Lille, CNRS, UMR 8181, UCCS, Unité de Catalyse et Chimie du Solide, Avenue

Mendeleiev, CEDEX, 59655 Villeneuve d’Ascq, France
4 Ecole Européenne de Chimie, Polymères et Matériaux, Université de Strasbourg, CNRS, LIMA, UMR 7042,

25 Rue Becquerel, 67087 Strasbourg, France
* Correspondence: k.vanka@ncl.res.in (K.V.); cmichon@unistra.fr (C.M.)

Abstract: We report a theoretical study of the first silver-dependent enantiodivergent gold-catalysed
reaction. The combination of a single chiral binuclear gold(I) chloride complex and silver perchlorate
catalyses the asymmetric intramolecular hydroamination of alkenes and affords both enantiomers
of the products by applying a simple solvent change from toluene to methanol. A gold-silver
chloride adduct that occurs only in methanol appears to control the enantioinversion. If one gold
atom coordinates and activates the alkene moiety, the other gold is included in an adduct with silver
chloride, which coordinates a methanol solvent molecule and further interacts with the amine function.
If the use of toluene implies free anions and affords (S)-enantiomer, methanol allows a proximal
interaction with the amine, leads to an opposite stereodifferentiation of the two diastereomeric
intermediates during the final protodeauration step and results in the (R)-enantiomer.

Keywords: alkene; enantiodivergent catalysis; gold; hydroamination; silver

1. Introduction

The shortest synthetic route to secondary and tertiary amines is the hydroamination
of unactivated alkenes [1–4]. Regarding the enantioselective synthesis of amines, metal
catalysis is the most studied and privileged hydroamination route [1]. Throughout the past
decade, intra- and intermolecular hydroamination reactions of various C-C multiple bond
substrates such as alkynes, alkenes, allenes, and dienes have been successfully performed
using gold catalysts [5–8]. However, the gold-catalysed hydroamination of alkenes has been
less studied in its asymmetric version as high temperatures, long reaction times, and strict
conditions are generally required [3,5–8]. To the best of our knowledge, seven publications
have addressed this topic to date [9–16]. First, intermolecular hydroaminations of ethylene
and 1-alkenes with cyclic ureas were performed in high yields and enantioselectivities using
binuclear gold(I) catalysts based on 2,2′-bis(diphenylphosphino)-1,1′-biphenyl (BIPHEP)
ligands [9]. Later, intramolecular hydroaminations of N-alkenyl ureas were effectively catal-
ysed at room temperature with good yields and average enantioselectivities through the use
of tropos BIPHEP-binuclear gold(I) species combined with chiral anions [10]. Thereafter,
intramolecular hydroamination of N-alkenyl tosylates was obtained in moderate yields and
enantioselectivities at high temperatures and reaction times while using several mononu-
clear gold(I) complexes based on axially chiral ligands [11]. In 2014, Widenhoefer et al.
reported on the combination of a mono- or binuclear gold complex with AgOTf (5 mol%)
in methanol to catalyse the intramolecular hydroamination of N-4-pentenylcarbamates and
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ureas [12]. Average to high yields and enantioselectivities were obtained at room temper-
ature, 0 ◦C or −20 ◦C within 2 or 3 days of reaction when a binuclear gold(I)-(S)-DTBM-
MeO-BIPHEP catalyst was used. In addition, active mononuclear gold catalysts based on
monodentate phosphines with a 2-(diphenylphosphino)-2′-methoxy-1,1′-binaphthyl (MOP)
ligand skeleton led to quantitative reactions with low enantioselectivities [12]. Following
our ongoing interest in hydroamination reactions [17–20], we reported the intramolecu-
lar hydroamination of several alkenes at mild temperatures in good yields and average
enantioselectivities using catalysts based on mononuclear gold(I)-phosphoramidite com-
plexes [13]. Several binuclear gold(I)-diphosphine catalysts were subsequently studied
and we showed the combination of a binuclear gold(I) chloride species built on a specific
5,5′-bis(diphenylphosphino)-4,4′-bi-1,3-benzodioxole (SEGPHOS) diphosphine ligand with
a selected silver salt effectively catalysed the intramolecular hydroamination of alkenes at
mild temperatures in high yields and enantioselectivities [14–16]. Surprisingly, the use of
the same chiral gold catalyst allowed the synthesis of both enantiomers of the products by
changing the solvent from toluene to methanol (Scheme 1).
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Various enantiodivergent reactions have been reported using a single chiral cata-
lyst [21–24] and their mechanisms remain often not well understood. In some cases, kinetic
analyses and calculations demonstrated that an enthalpy-entropy compensation often con-
trolled solvent-dependent stereodiscrimination [25–27]. Concerning gold enantiodivergent
catalysis, the enantioinversion was shown to be induced by parameters such as solvent,
temperature or counterion, alone or in combination with one another [28–33]. By compari-
son, our enantiodivergent reaction [16] proved to be strictly independent of the reaction
temperature or of the nature of the catalyst anion and the ion pairing [34,35]. It displayed
similar first-order kinetic rate law with respect to substrate concentration in both solvents.
In addition, any Brønsted acid catalysis [36] was unlikely and we confirmed the gold
active species’ nuclearity remained unchanged during the entire catalytic reaction [37–41]
and there was no in situ kinetic resolution involved [42]. Finally, even though the contri-
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bution of anion and cation π-interactions was shown critical in gold catalysis [11,43–46],
our results ruled out any interactions [43–49] between the catalyst and toluene along the
enantiodivergent reaction.

Similar to many organometallic pre-catalysts, a huge number of gold neutral com-
plexes require activation by halide abstraction through the use of silver salts and several re-
ports highlighted the positive or negative impacts of silver on yields and selectivities [50–59].
Gold-catalysed intramolecular hydroarylation of allenes and hydroalkoxylation of alkynes
were affected by off-cycle species between silver and active gold intermediates, which
reduced the concentration and catalytic activity of in-cycle gold species [50,56]. Moreover,
gold-catalysed intramolecular hydroamination of alkynes was shown to switch from 5-exo-
dig to 6-endo-dig regioselectivity through the use of a silver additive, which was also an
active catalyst leading exclusively to the six-membered ring product [58]. In addition, gold
and silver species proved to be effective and synergistic in cooperative catalysis for reactions
such as the alkynylation of cyclopropenes, the dehydrogenative cross-coupling reaction
between pyrazoles and fluoroarenes, olefin cyclopropanation, 1,5-enyne isomerisation into
bicyclo [3.1.0] hexanes and cyclopentene or cyclopentenone synthesis [60]. Whether silver
and chloride bind cationic monomeric and oligomeric phosphine gold chloride complexes
through several bonding modes [61–65], the implication of such gold-silver chloride species
in catalysis has never been rationalised.

The characterisation at the solid state of a dicationic gold complex similar to 4a but with
two tetrafluoroborate anions was previously reported by us (Scheme 1) [15]. Furthermore,
we noticed crystals obtained in methanol-diethyl ether mixtures revealed complex 4b
comprising two (S)-DTBM-Segphos ligands coordinated to the two gold atoms in a trans-
fashion with an additional silver chloride molecule inserted into one of the phosphorous-
gold bonds (Scheme 1) [16]. Whereas a gold(I) NHC complex was once shown to form
a triangular fragment with silver chloride [65], species 4b illustrated a new and rather
linear adduct, gold and silver being coordinated to two distinct phosphorous atoms and
connected through a µ-chloro bridge. Taking into account that some silver chloride adducts
were previously characterised for gold(I) [6,65] and mass spectrometry had already allowed
the identification of several gold intermediates [66–68], we analysed our samples by ESI-FT
mass spectrometry in methanol and clearly identified the binuclear monocationic gold
complex 4c with a triangular silver-chloride adduct [65]. Interestingly, this complex was
not observed in toluene by CSI-MS and by using a mass spectrometer coupled with an
additional liquid injection field desorption ionisation (LIFDI) source [69,70]. Though we
remained careful about drawing a parallel between characterisations obtained by X-ray
diffraction and mass analyses and results obtained in a solution phase synthesis or catalysis,
we started a theoretical study on this first silver and solvent-dependent enantiodivergent
gold catalysed reaction.

2. Results

We started our study focusing on the reaction mechanism in toluene using catalyst 4a.
The low polarity of the solvent results in the absence of any gold-silver chloride adduct
(Figure 1) [16]. The first step implies an electrophilic activation of the alkene by the gold
catalyst to lead to intermediate 1 with ∆E and ∆G of, respectively, −18.8 and−1.3 kcal/mol
(Figure 1, Table S1). In the second step, the amine undergoes a reversible nucleophilic
attack [71–78], which preferentially forms the intermediate 2a of the (R) configuration with
∆E and ∆G of, respectively, −19.8 and 2.5 kcal/mol over intermediate 2b, whose ∆E and
∆G values are, respectively, −15.5 and 6.9 kcal/mol. In the third step, the tautomerisation
of the resulting carbamates proceeds through the possible assistance of the perchlorate
anion [79–85] to lead to intermediate 3a with ∆E and ∆G of, respectively, −18.1 and
4.1 kcal/mol and intermediate 3b with ∆E and ∆G of, respectively, −15.3 and 6.3 kcal/mol.
Finally, the protodeauration [71–75] proceeds through a proton transfer assisted by the
perchlorate anion [79–85], which defines the stereochemical outcome of the hydroamination
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by privileging the formation of the cyclised amine product (S)-2 with ∆E and ∆G of,
respectively, −24.2 and −20.8 kcal/mol as shown in Figure 1.
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The reaction mechanism in methanol was then considered, the high polarity solvent
allowing the presence of a gold-silver chloride adduct [16]. By comparison to catalyst
4c, the use of catalyst 4b proved to be not favourable for computational studies due to
prohibitively high computational costs. Hence, the mechanistic studies were completed
with catalyst 4c (Figure 2, Table S2).



Catalysts 2022, 12, 1392 5 of 13

Catalysts 2022, 12, x  5 of 13 
 

 

In the first step, the electrophilic activation of the alkene by the gold catalyst led to 
intermediate 1′ with ΔE and ΔG of, respectively, −17.1 and 4.4 kcal/mol. In the second step, 
the reversible nucleophilic attack of the amine [71–79] formed preferentially intermediate 
2b’ of (S) configuration with ΔE and ΔG of, respectively, −15.5 and 5.9 kcal/mol over in-
termediate 2a’ whose ΔE and ΔG were of, respectively, −15.0 and 6.7 kcal/mol (Figure 2). 
In the third step, the resulting carbamates underwent a tautomerisation through the pos-
sible assistance of the methanol, the perchlorate anion being far away from the cationic 
organic moiety due to the poor ion pairing induced by the strong polarity of the methanol 
[79–85]. This preferentially leads to intermediate 3b’ with ΔE and ΔG of, respectively, 
−20.2 and 15.3 kcal/mol over intermediate 3a’ with ΔE and ΔG of, respectively, −17.8 and 
17.6 kcal/mol. In the last step, the final protodeauration defined the stereochemical out-
come of the hydroamination by privileging the formation of the cyclised amine (R)–2 with 
ΔE and ΔG of, respectively, −20.5 and −16.5 kcal/mol as shown in Figure 2.  

Ph

Ph

NH
CO2Bn

Au2AgClX(L)+X-

Ph

Ph

NH
CO2Bn

Au2AgClX(L)+X-

Au2AgClX(L)+X-

Ph

Ph

N
CO2Bn

H

Ph

Ph

N

OBn

O
H O

Ph

Ph

N
CO2Bn

Int_1'

Int_2_a'

Int_3_a'

catalyst 4c

product (R)–2

Au2AgClX(L)+X-

Ph

Ph

N
CO2Bn

H

Int_2_b'

Ph

Ph

N

OBn

O
H O

Int_3_b'

tBu
OMe

tBu
Ar =

4c

Ar2
P

P
Ar2

Au

O

O

O

O

Au

ClO4

ClO4Ag

Cl

product (S)–2

P P
Au Au

Cl
Ag

Au
P P

Au
Cl

Ag

Me

X
X

reagent 1

XX

Me

HH

0.0

-17.1 -20.5

catalyst
4c

Int_1'
Int_2a'
-15.0

Int_2b'
-15.5 Int_3b'

-20.2

Int_3a'
-17.8 product (R)–2

E s
ol

(k
c a

l /m
ol

)

Reaction Coordinate

0.0
+4.4

-16.5

catalyst
4c

Int_1'
Int_2a'

+6.7

Int_2b'
+5.9

Int_3b'
+15.3

Int_3a'
+17.6

product (R)–2G
so

l(
k c

al
/m

ol
)

Reaction Coordinate  
Figure 2. The proposed reaction mechanism for the formation of the amine product (R)-2 in methanol
using catalyst 4c; calculations at the PBE0/def2-TZVP//PBE/def-TZVP level of theory with DFT. All
values are in kcal/mol.

In the first step, the electrophilic activation of the alkene by the gold catalyst led to
intermediate 1′ with ∆E and ∆G of, respectively, −17.1 and 4.4 kcal/mol. In the second
step, the reversible nucleophilic attack of the amine [71–79] formed preferentially inter-
mediate 2b′ of (S) configuration with ∆E and ∆G of, respectively, −15.5 and 5.9 kcal/mol
over intermediate 2a′ whose ∆E and ∆G were of, respectively, −15.0 and 6.7 kcal/mol
(Figure 2). In the third step, the resulting carbamates underwent a tautomerisation through
the possible assistance of the methanol, the perchlorate anion being far away from the
cationic organic moiety due to the poor ion pairing induced by the strong polarity of the
methanol [79–85]. This preferentially leads to intermediate 3b′ with ∆E and ∆G of, respec-
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tively, −20.2 and 15.3 kcal/mol over intermediate 3a′ with ∆E and ∆G of, respectively,
−17.8 and 17.6 kcal/mol. In the last step, the final protodeauration defined the stereochem-
ical outcome of the hydroamination by privileging the formation of the cyclised amine
(R)-2 with ∆E and ∆G of, respectively, −20.5 and −16.5 kcal/mol as shown in Figure 2.

This step may proceed through a proton transfer assisted by a methanol molecule [86,87]
which was no longer free but coordinated to the gold-silver chloride adduct as highlighted
by intermediate 3b′ displayed in Figure 3. The distance between the silver and the oxygen
atoms was 2.83 Å and NCI analysis confirmed their interaction (Figures S1–S4). It was
worth noting the electron-poor chloride and the oxygen atom of the methanol molecule
were too far (3.539 Å) to allow any interaction such as a halogen bond [88–90] as confirmed
by the NCI plot. Furthermore, this coordinated methanol molecule was involved in two
proximal interactions allowing the final protodeauration step, first through its oxygen and
the proton of the carbamate tautomer (1.42 Å) and second, through its hydrogen and the
carbon connected to the second gold atom (2.40 Å) (Figure 3).
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mechanism in methanol using catalyst 4c and one molecule of solvent methanol.

We also investigated another possibility (Figure 4, Table S3), where intermediate 3a′

and 3b′ would be formed without the assistance of a molecule of methanol (Figure 4). The
electronic and Gibbs free energy for the formation of intermediate 3a′ were, respectively,
−15.3 and 8.1 kcal/mol and, by comparison to the formation of intermediate 3b′ they were,
respectively, −9.1 and 11.6 kcal/mol. The calculations suggested that the formation of
intermediate 3a′ was thermodynamically favourable over intermediate 3b′, which led to
amine product (S)-2 and therefore did not match with the experimental outcome of this
catalytic hydroamination.
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Hence, the enantioinversion observed by switching from toluene to methanol could
be explained by the gold-silver chloride adduct that formed only in methanol. While one
gold atom of the catalyst activates the alkene function, the second gold atom of the catalyst
coordinates silver chloride to form an adduct which interacts with a methanol molecule.
The resulting intermediate allowed proximal interactions with the carbamate function and
the alkene moiety. By comparison with toluene which affords (S)-enantiomer of cyclised
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amine 2, these proximal interactions allow an opposite stereodifferentiation of the two
diastereomeric intermediates by setting the CH2-Au group on another face of the medium
plane defined by the N-heterocycle and by considering the steric hindrance of the catalytic
intermediate. As a result, the final protodeauration step in methanol leads to the observed
opposite (R)-enantiomer of cyclised amine 2 through the assistance of a methanol molecule,
the latter being no longer free but coordinated to a gold-silver chloride adduct.

3. Material and Methods
3.1. General Procedure for the Catalysis

Safety concern. Caution! Perchloric acid as well as all organic and organometallic
perchlorate salts are often explosive and are thus highly dangerous [91].

In a glovebox, AuS(Me)2Cl (0.01 mmol, 2.95 mg) and (S)-DTBM-Segphos (0.005 mmol,
5.90 mg) are disposed of in a first Schlenk flask. Under a nitrogen atmosphere, dry
dichloromethane (1 mL) is then added, and the resulting mixture is stirred for 1 h at
room temperature. Afterwards, the solvent is evaporated under vacuum and the resulting
solid is dried 30 min before addition of AgClO4 (0.009 mmol, 1.87 mg) in a glovebox. Under
a nitrogen atmosphere, dry toluene or methanol (1 mL) is added and the resulting solution
is stirred for 30 min before being transferred to a second Schlenk flask containing the corre-
sponding substrate (0.18 mmol). Finally, H2O (0.28 mmol, 5 µL) is added under nitrogen
to the reaction mixture. After 20 h under stirring at 50 ◦C, the solution is filtered through
a pad of silica gel using dichloromethane as solvent. After evaporation of solvents under
vacuum, the resulting oil is analysed by 1H NMR and HPLC using Daicel ChiralpakTM IA
chiral stationary phase (at 25 ◦C) with (90/10) n-hexane/iPrOH, 1.0 mL/min, λ = 200 nm
(Figures S5–S7) [16].

3.2. Computational Details

All the geometrical optimisation in this study was performed with density functional
theory (DFT), with the aid of the Turbomole 7.1 suite of programs [92], using the PBE
functional [93] and the def-TZVP [94] basis set. The single-point calculations were carried
out at PBE0/def2TZVP level of theory [95–97]. The resolution of identity (RI) [98], along
with the multipole accelerated resolution of identity (marij) [99] approximations were
employed for an accurate and effective treatment of the electronic Coulomb term in the DFT
calculations. Solvent corrections were incorporated with optimisation calculations using
the COSMO model [100], with toluene (ε = 2.38) or methanol (ε = 32.7) as the solvents. We
used Grimme’s dispersion correction (DFT-D3) [101] to consider the long-range interactions.
The values reported are ∆G values, with zero-point energy corrections, internal energy, and
entropic contributions included through harmonic frequency calculations on the optimised
minima, with the temperature set to 298.15 K. Harmonic frequency calculations were
performed for all stationary points to confirm them as local minima. The NCIPLOT was
employed as a computational index for studying weak noncovalent interactions using
Multiwfn 3.8 software [102] and VMD for visualisation [103].

In the past years, multiple studies have been conducted on transition metal catalysts
and their catalytic properties have been explored including theoretical studies. Functional
PBE has been frequently employed [104,105], as it provides acceptable results for transition
metal complexes. Moreover, the high-quality def-TZVP basis set that we have employed in
the present work has previously been used to study several systems [106]. Furthermore,
though it is always desirable to further increase predictive accuracy of computational
studies, it consistently results in increased computational cost. Though the use of a hybrid
functional such as PBE0 is a possible approach to achieve more accurate theoretical results,
it tends to be more computationally expensive. By comparison, the PBE0 hybrid functional
is made by mixing the Perdew-Burke-Ernzerhof (PBE) exchange energy and the Hartree-
Fock exchange energy in a 3:1 ratio, along with the PBE correlation energy. In order to save
some computational cost and still improve the results’ accuracy, the structures optimised at
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the PBE/def-TZVP level of theory have been studied further using single-point calculations
at the PBE0/def2-TZVP level of theory.

4. Conclusions

To summarise, a binuclear gold(I) chloride complex based on DTBM-Segphos ligand
was combined with silver perchlorate to catalyse effectively the asymmetric intramolecular
hydroamination of alkenes with high yields and enantioselectivities, at mild temperatures
and in presence of water. The use of such a single chiral binuclear gold catalyst led to both
enantiomers of the products through a simple switch from toluene to methanol. The latter,
a high polarity solvent, resulted in the formation of a gold-silver chloride adduct which
interacted in a dual fashion with the N-alkenyl carbamate substrate. Indeed, according to
our calculations, a gold atom of the catalyst bounds to the alkene function and the second
gold atom coordinates silver chloride to form an adduct which interacts with a methanol
molecule. The resulting intermediate allows proximal interactions with the carbamate
function and the alkene moiety. Hence, by comparison with toluene, which involves free
perchlorate anions to help the final protodeauration step, methanol itself coordinates with
the catalyst, interacts with the aminoalkene to assist the proton transfer and allows the
formation of the opposite enantiomer.

This work underlines the importance of the final protodeauration step in gold-catalysed
reactions: it requires the assistance of an anion or a solvent to transfer the proton from the
nucleophile reagent or other proton source to the carbon-gold bond and, finally defines
the stereochemical outcome of the reaction. Therefore, interesting perspectives are offered
for asymmetric organic reactions catalysed by chiral binuclear gold catalysts in combina-
tion with silver salts with the possibility to prepare from appropriately designed organic
substrates both product enantiomers from a single chiral source through a change from an
apolar to a polar solvent.

Supplementary Materials: The following materials are available online at https://www.mdpi.com/
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nates for the catalytic cycles in toluene and in methanol.
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