
Design of a Bimetallic Au/Ag System for Dechlorination of
Organochlorides: Experimental and Theoretical Evidence for the Role
of the Cluster Effect
Leonid V. Romashov,† Levon L. Khemchyan,† Evgeniy G. Gordeev,† Igor O. Koshevoy,‡,§

Sergey P. Tunik,*,‡ and Valentine P. Ananikov*,†,‡

†Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Leninsky Prosp. 47, Moscow 119991, Russia
‡Department of Chemistry, Saint Petersburg State University, Stary Petergof 198504, Russia
§Department of Chemistry, University of Eastern Finland, Joensuu 80101, Finland

*S Supporting Information

ABSTRACT: The experimental study of dechlorination activity of a Au/
Ag bimetallic system has shown formation of a variety of chlorinated
bimetallic Au/Ag clusters with well-defined Au:Ag ratios from 1:1 to 4:1. It
is the formation of the Au/Ag cluster species that mediated C−Cl bond
breakage, since neither Au nor Ag species alone exhibited a comparable
activity. The nature of the products and the mechanism of dechlorination
were investigated by ESI-MS, GC-MS, NMR, and quantum chemical
calculations at the M06/6-311G(d)&SDD level of theory. It was revealed
that formation of bimetallic clusters facilitated dechlorination activity due to
the thermodynamic factor: C−Cl bond breakage by metal clusters was
thermodynamically favored and resulted in the formation of chlorinated
bimetallic species. An appropriate Au:Ag ratio for an efficient hydro-
dechlorination process was determined in a joint experimental and theoretical study carried out in the present work. This
mechanistic finding was followed by synthesis of molecular bimetallic clusters, which were successfully involved in the
hydrodechlorination of CCl4 as a low molecular weight environment pollutant and in the dechlorination of dichlorodiphenyl-
trichloroethane (DDT) as an eco-toxic insecticide. High activity of the designed bimetallic system made it possible to carry out a
dechlorination process under mild conditions at room temperature.

■ INTRODUCTION

Environmental pollution by various chlorinated organic
compounds is currently a problem of paramount importance.
Various aliphatic and aromatic chlorides have found applica-
tions as solvents, dry cleaning fluids, degreasing agents,
pesticides, insecticides, etc., and have been produced in large
quantities during the last decades. Extensive use and the
chemical stability of chlorinated compounds led to critical
contamination of the environment by these pollutants.1

Nowadays, the presence of organochlorides has been detected
in ground waters, soils, sediments, algae, plants, animals, and
other living organisms. It is important to note that all 12
persistent organic pollutants listed in the “dirty dozen” of the
Stockholm Convention are organochlorides.2

Special dechlorination procedures are in demand for
conversion of existing pollutants and for the prevention of
their further accumulation. Removal of Cl atoms gradually
decreases toxicity of chlorinated derivatives; however this is
difficult to achieve due to the high stability of organochlorides
and the large relative strength of the carbon−chlorine bond.
Challenging steps of dechlorination involve breakage of the C−
Cl bond, followed by removal of Cl and conversion of the
remaining organic part into a less toxic compound.

Existing dechlorination procedures include microbiological
dechlorination,3 dechlorination by metals in low oxidation
states,4 hydrodechlorination,5 electrochemical reduction,6 and
photodegradation.7 In recent decades interesting results were
achieved using bimetallic compounds as promoters of the
dechlorination process. Interaction between different metal
atoms may result in superior properties, which significantly
exceed a simple combination of individual metals. Various pairs
of metals have been studied: Fe−Pd,8 Fe−Ni,9 Fe−Pt,10 Fe−
Ag,11 Fe−Au,11 Fe−Cu,11 Pd−Au,12 Pd−Ag,13 Pd−Cu,13 Pd−
Mg,14 and Pd−Cd.15 In spite of very promising potential, the
origin of the bimetallic effect remains unclear, and a
mechanistic picture of bimetallic dechlorination is an intriguing
question.
In the present study we have designed a simple in situ

generated bimetallic Au/Ag system for efficient breakage of the
C−Cl bond of chlorinated organic derivatives. A detailed
experimental study with electrospray ionization mass spec-
trometry (ESI-MS) and 1D and 2D NMR spectroscopy and a
theoretical study with density functional calculations were
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carried out to reveal the mechanism of the reaction. The ESI-
MS technique was selected for analytical detection of metal
clusters as a very informative and powerful tool to study
reactions in solution.16 The optimal Au/Ag combination
determined in the mechanistic study was utilized to reveal
the key structure of reactive bimetallic clusters. The clusters
were prepared in individual form by a separately developed
synthetic procedure and successfully applied in the dechlorina-
tion of carbon tetrachloride and DDT (1,1,1-trichloro-2,2-
bis(4-chlorophenyl)ethane).

■ RESULTS AND DISCUSSION

Dechlorination with Ag+ and Au+ Species. As a model
reaction we have chosen dechlorination of carbon tetrachloride.
CCl4 is a convenient model molecule containing the desired
type of C−Cl functionality. From a practical point of view,

CCl4 was widely used as a cleaning fluid and degreasing agent.
Not surprisingly, CCl4 is a common pollutant, and its
dechlorination is an important problem.
An i-PrOH/MeCN mixture was used as reaction media, since

it was shown that isopropyl alcohol can be involved as a
hydrogen donor during dechlorination17 and acetonitrile adopts
systems to ESI-MS study. In the first step we have evaluated the
activity of individual Ag+ and Au+ species in the dechlorination
of CCl4. For this purpose AgOTf and PPh3AuOC(O)CF3 were
used as suitable sources of cationic silver and gold species,
respectively. Analysis of the registered ESI-MS spectra of both
reaction mixtures has shown only traces of chlorinated species
(see Supporting Information). Thus, in the individual form
neither Ag+ nor PPh3Au

+ can be considered as an efficient
dechlorination agent under the studied conditions.

Figure 1. (A) ESI-MS spectrum of the mixture of PPh3AuOC(O)CF3 and AgOTf; (B) ESI-MS spectrum of the mixture of PPh3AuOC(O)CF3 and
AgOTf after reaction with CCl4; (C) ESI-MS spectrum of the mixture of PPh3AuOAc and AgOTf; (D) ESI-MS spectrum of the mixture
PPh3AuOAc and AgOTf after reaction with CCl4 (i-PrOH/MeCN solution in all cases); Au-homometallic species are shown in red, chlorinated Au
species, in orange; bimetallic Au−Ag species, in violet; and chlorinated bimetallic species, in green (L refers to PPh3). All shown species are
monocations.
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Superior Bimetallic Effect in Au−Ag-Mediated Dech-
lorination. The ESI-MS spectrum of the initial Au/Ag mixture
prepared by simple dissolution of PPh3AuOC(O)CF3 and
AgOTf showed individual metal species ((PPh3)2Au

+,
(PPh3)2Au2CN

+, (PPh3)2Au3(CN)2
+) as well as bimetallic

clusters (PPh3AuAgCN
+, (PPh3)2Au2Ag(CN)2

+) (Figure 1A).
A combination of PPh3AuOAc and AgOTf also showed
formation of monometallic and bimetallic ions; however, the
number of detected species was significantly smaller (Figure
1C). This feature can be explained by the lower electrophilic
character of PPh3AuOAc as compared to PPh3AuOC(O)CF3.
Remarkably, addition of carbon tetrachloride dramatically

changed the composition of the species present in the reaction
mixture. In the case of PPh3AuOC(O)CF3 nearly complete
disappearance of halogen-free bimetallic species was observed,
and it was accompanied by the appearance of a wide range of
chlorinated Au−Ag bimetallic clusters (corresponding signals
are shown in green in Figure 1B). At the same time, the signals
corresponding to homometallic gold species ((PPh3)2Au

+,
(PPh3)2Au2CN

+) are preserved after addition of CCl4
(corresponding signals are shown in red in Figure 1A,B).
Thus, the presence of both metals in the cluster was crucial for
the C−Cl bond breakage. The appearance of chlorinated
species became especially noticeable if PPh3AuOAc was used as
a gold source; signals of chlorinated clusters dominated in the
spectrum (Figure 1D). The most intense Cl-containing ions
were the same in both experiments: PPh3AuAgCl

+,
(PPh3)2Au2AgCl2

+, and (PPh3)3Au3AgCl3
+. The corresponding

data on the detected signals and composition of related
chlorinated bimetallic ions are summarized in Table 1.

It is important to note that the majority of chlorinated
species contained both metals with well-defined Au:Ag ratios
from 1:1 to 4:1 (Table 1). Moreover, the signals of chlorinated
gold species ((PPh3)2Au2Cl

+ and (PPh3)3Au3Cl2
+) were of high

intensity in the case of the bimetallic system (Figure 1B,D),

while in the absence of silver salt, formation of halogenated
gold species was not observed (see Supporting Information).
Thus, silver can be considered a promoter of carbon-to-gold Cl
transfer. Indeed, in the observed bimetallic species the detected
Cl:Ag ratio in most cases exceeded 1:1. Formation of the
complex bimetallic species was observed as a result of a
dechlorination reaction, and detected clusters represented the
products of this chemical transformation of organochlorides.
The structures of two representative bimetallic cations

PPh3AuAgCl
+ and (PPh3)2Au2AgCl2

+were probed by means
of DFT calculations (Figure 2). In both structures chlorine
atoms occupy a bridging position between two metals. The
Au−Ag distance decreased upon increasing the number of
H3P−Au−Cl fragments connected to silver. This fact can be
explained by the amplification of metallophilic interactions
during clusterization.18

1H, 13C{1H}, and 1H−13C HMBC NMR analysis of the
reaction mixture demonstrated formation of CH2Cl2 in the
course of the dechlorination process. Thus, the described
reaction can be classified as hydrodechlorination with isopropyl
alcohol acting as a hydrogen donor (Scheme 1). Acetone as a

product of isopropyl alcohol oxidation in the form of its acetal
was also detected in the reaction mixture by NMR. Such a
procedure involving C−Cl to C−H transformation is of
practical importance since it allows easy conversion of
chlorinating pollutants into nontoxic products by replacement
of Cl atoms with hydrogen.

Revealing the Nature of the Bimetallic Effect by
Theoretical Calculations. In order to understand the
experimental observations, the mechanism of the studied
dechlorination reaction was modeled by means of quantum
chemical calculations at the M06/6-311G(d)&SDD level (for
more details on the quantum chemical calculations see the
Supporting Information). A comparative study involving simple

Table 1. Composition of Cl-Containing Au−Ag Bimetallic
Species Detected in the ESI-MS Spectra of
PPh3AuOC(O)R/AgOTf/CCl4/i-PrOH/MeCN Mixtures (R
= CH3, CF3)

no. m/z intensity composition

1 602.93 high PPh3AuAgCl
2 1096.96 high (PPh3)2Au2AgCl2
3 1240.83 medium (PPh3)2Au2Ag2Cl3
4 1590.99 high (PPh3)3Au3AgCl3
5 1734.86 medium (PPh3)3Au3Ag2Cl4
6 1876.73 low (PPh3)3Au3Ag3Cl5
7 2085.01 medium (PPh3)4Au4AgCl4
8 2224.90 low (PPh3)4Au4Ag2Cl5

Figure 2. Optimized molecular structures of cations PH3AuClAg
(+) (left) and (PH3)2Au2Cl2Ag

(+) (right) at the M06/6-311G(d)&SDD level.

Scheme 1. Proposed Pathway of the Hydrodechlorination
Reaction
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metal cations (Au+ and Ag+), cationic phosphine complexes (L-
Au+ and L-Ag+), and a bimetallic cluster (L3Au3Ag) was carried
out at the same level of theory.
In the first step association of the cation with one or two

chlorine atoms of carbon tetrachloride took place (Scheme 2;
structures 2, 7, 12, 17, 22) accompanied by significant
elongation of the C−Cl bonds participating in the coordination
(Figure 3). It should be noted that in the selected model the
gold cation coordinated to only one chlorine atom, while the
silver cation coordinated to two Cl atoms in the reactions 1 and
5 (Scheme 2).
The transition states of chloride-anion transfer (3-TS, 8-TS,

13-TS, 18-TS, 23-TS) had imaginary frequencies in the range
100−170 cm−1, which corresponded to the transfer of a
chloride anion between the carbon and metal centers.19 In the
final step of the process elimination of the (+)CCl3 cation took
place, leading to formation of the association of this cation with
the metal chloride moiety (4, 9, 14, 19, 24). The system with
completely separated ions (5, 10, 15, 20, 25) can be considered
as the terminal point of the reaction coordinate. Transition
states 3-TS, 8-TS, and 23-TS were directly localized by full
geometry optimization. Transition states for the metal
complexes with a phosphine ligand (13-TS and 18-TS) were
not directly localized in the selected model due to the flat
energy surface around the TS region. Estimation of the
influence of the phosphine ligand on the activation barriers of
C−Cl bond breakage was done using constrained geometry
optimization.20 Calculation of vibrational spectra for 13-TS and
18-TS confirmed the presence of a single imaginary frequency
corresponding to a dechlorination reaction in both cases. Full
optimization of structures 14 and 19 did not lead to the planar
(+)CCl3 cation detached from the metal chloride (in contrast to
4 and 9): the flat cation approached the missing chlorine atom

during optimization and transformed into the reagent. For
associates 14 and 19 C−ClAu and C−ClAg distances were fixed
at the same values as found for analogous associates 4 and 9,
respectively, to estimate the relative energy. The behavior of
associates 14 and 19 can be explained by the lower
electrophilicity of the metal atom bound to H3P as compared
to the isolated ions M(+), which is very likely due to electron
transfer from the coordinated phosphine ligand.
An analysis of the calculated potential energy surface for the

studied reactions (Figure 4) showed that the potential barrier
of chloride-anion transfer was rather small in all the cases and
changed in the range from 0.7 kcal/mol (for reaction 1) to 8.3
kcal/mol (for reaction 4).
The isolated gold monocation demonstrated a higher affinity

to the chloride anion, as compared to the silver cation
(reactions 1 and 2; Figure 4). Addition of a phosphine ligand
significantly decreased the affinity of the cations to the chloride
anion and at the same time increased the energy of all points on
the calculated potential energy surface for H3P-M

(+) complexes
(reactions 1−4; Figure 4). Thus, variation of ligand environ-
ment can be utilized as a tool for tuning the dechlorination
activity of the metal cations.
The cationic cluster (H3PAu)3ClAg

(3+) was selected as a
model for the study of cluster activity in the dechlorination
reaction. The optimized structure of this cluster is depicted in
Figure 3 (structure 21). Like in the case of monometallic
cations, the dechlorination reaction with 21 started via
formation of the starting associate 22, which turned into the
product 24 through the transition state 23-TS.
The possibility of structural rearrangements is the key

difference between the cluster structure compared to
corresponding monometallic cations. This rearrangement
happened after addition of a chloride anion from CCl4 to the

Scheme 2. Theoretical Study of Metal-Promoted Dechlorination of Carbon Tetrachloride

Organometallics Article

dx.doi.org/10.1021/om500620u | Organometallics XXXX, XXX, XXX−XXXD



cluster cation 24 and led to more efficient binding between the
metal and the chlorine atoms, which, in turn, caused a dramatic
decrease of product energy (reaction 5; Figure 4). Indeed, the
process became highly exothermic (−135.9 kcal/mol) and was
favored on the overall potential energy surface. The cluster

effect led to improvement of the dechlorinating activity of the
polymetallic cations due to a favorable thermodynamic factor.
On the basis of the analysis of the NBO atomic charge

distribution it was shown that structure 24 is characterized by
significant change in electron density distribution as compared
to structure 25 (see Supporting Information). The studied
transition from 24 to 25 was accompanied by a change of the
one chlorine atom charge from −0.70 to −0.51. The charge on
the second chlorine atom, remaining in the product 25, was
reduced from −0.53 to −0.47. The charges of the gold atoms
were also reduced, while the charge on the silver atom
remained almost unchanged. On this basis, it can be assumed
that the transition from 24 to 25 generally leads to a
redistribution of electron density and decrease in steric
repulsion between positively charged gold atoms, and hence
to considerable energy gain.

Cluster Design for Dechlorination. Our experimental
and theoretical mechanistic studies have shown that bimetallic
AuxAgy clusters exhibited higher activity in dechlorination than
monometallic species. ESI-MS measurements indicated that
cluster systems with Au2Ag and Au3Ag cores are very promising
as dechlorinative agents. The ESI-MS-detected clusters were
formed in situ and were involved in the studied dechlorination
process. Unfortunately, such in situ formed metal clusters are
unisolable and, therefore, are not directly applicable for further
practical implementation and process design. At the same time
a convenient approach to a variety of stable gold−silver

Figure 3. Optimized molecular structures of 21−25 for reaction 5 at the M06/6-311G(d)&SDD level (Scheme 2). The normal mode corresponding
to imaginary frequency in the transition state is visualized, and interatomic distances are shown in angstroms (see Supporting Information for
details).

Figure 4. Calculated energy surface (ΔE, kcal/mol) for the carbon
tetrachloride dechlorination at the M06/6-311G(d)&SDD level. Each
energy surface is marked with the corresponding reaction 1−5 as
shown in Scheme 2; color notation is shown for the initial metal
species (see Supporting Information for the free energy surface (ΔG)
and other details).
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molecular clusters with controlled Au:Ag ratio have been
developed (Figure 5).21

These heterometallic alkynyl-phosphine complexes can be
easily synthesized via self-assembly reactions starting from a
gold-alkynyl polymer ([AuC2R]n), a silver salt (AgPF6 or
AgClO4), and either diphosphine (Ph2P-(CH2)4-PPh2 for I and
III) (Figure 5)21a or a simple alkynyl-phosphine gold complex
RC2Au-P(Ph)2-C6H4-(Ph)2P-AuC2R, II (Figure 5).21b The
reactions readily and quickly afforded target complexes with
yields higher than 80% after recrystallization of the crude
products. It has been shown earlier that the composition and
structure of this class of coordination compounds can be
determined by geometrical parameters of the diphosphines (the
length of the diphosphine spacers) and steric bulkiness of the
alkynyl substituents.21a,22,23 The general structural motif of
these complexes consists of a {(Au(C2R)2)3M2} (M = Cu, Ag)
central core wrapped by a {Au3(PP)3} “belt” to form so-called
“rods-in-belt” structural patterns.22 In the case of gold−silver
complexes one can observe structural variations controlled by
the size of the silver ions, which have to be incorporated into
the central cluster core. The process results either in opening of
the “belt” (complex I)21a or in increasing of the size of the
“belt” at the expense of insertion of one more chain-link “Ag−
C2R” (complex II).21b The complex III was shown to be
structurally flexible and existed in solution as an equilibrium
mixture of open and closed isomers (Scheme 3).21a In spite of

the structural differences described above, it can be easily seen
that the clusters under study keep the stoichiometry of the
major structural fragments ({(Au(C2R)2)3Ag2} or {(Au-
(C2R))3Ag}). Independently of the nature of ligands used in
the synthesis, the clusters remained stable under various
conditions in solution (studied by NMR and ESI-MS) and in
the solid state (confirmed by X-ray analysis).21a This clearly
points to the inherent stability of these structural units with
predetermined Au:Ag ratios. Another consequence of this
stability, which is probably even more important, is the

presence of intact metallophilic bonding between silver and
gold ions in these structural units, which makes possible a
heterometallic effect with participation of Au/Ag clusters in the
studied reactions.
In order to prove the concept of cluster effect, the activity of

synthesized Au−Ag bimetallic clusters I, II, and III (Figure 5)
has been studied in the reaction with carbon tetrachloride.
Analysis of the ESI-MS spectra of cluster I (Figure 6) showed

noticeable features similar to the ones described for the above-
mentioned system of PPh3AuOC(O)R and AgOTf. Addition of
carbon tetrachloride led to (i) nearly complete disappearance of
the majority of Au−Ag bimetallic species, which were
predominant in the initial spectrum (Figure 6A), and (ii)
formation of a variety of chlorinated clusters (Figure 6B).
Amazingly, a common tendency was observed in the

behavior of the synthesized ligand-stabilized polynuclear cluster
I and Au/Ag species generated in situ from monometallic Au
and Ag precursors. In both cases chlorinated bimetallic ions
were detected upon reaction with CCl4 under studied
conditions (Table 2). Bimetallic Au/Ag ions nearly completely
disappear upon addition of CCl4. However, there is a significant
difference between these two systems. In the case of the in situ
generated system, formation of the heterometallic core can
occur only via assembling around an anionic ligand (Cl−, Figure
3). Ligand- and alkyne-stabilized clusters (Figure 5) can adopt
heterometallic species without any additional stabilization.

Dechlorination of Organochlorides and Cl Removal
from DDT. To investigate dechlorinative activity of a Au/Ag
bimetallic system on a larger substrate, one of the most
“famous” persistent organic pollutants, the insecticide DDT,
was involved in the dechlorination reaction under similar
conditions. An ESI-MS study was performed to detect metal
clusters in solution. Similar Cl-containing ions were observed in
the ESI-MS spectrum of the reaction mixture with DDT (Table
2) and CCl4 (Table 1). Comparison of the ESI-MS spectra
showed that for both systems (in situ generated and ligand-
stabilized clusters) the number of detected chlorine-containing
species in DDT dechlorination was smaller than in carbon
tetrachloride dechlorination (Tables 1 and 2 and Supporting
Information).
For characterization of products, GC-MS analysis of the

reaction mixture was carried out and detected formation of two
different compounds: (i) 4,4′-(2,2-dichloroethene-1,1-diyl)bis-
(chlorobenzene), the product of dehydrochlorination of DDT
(i.e., removal of HCl); and (ii) 4,4′-(2,2-dichloroethane-1,1-
diyl)bis(chlorobenzene) , the product of hydrodechlorination
of DDT (Cl substitution by H). Indeed, both products can be

Figure 5. Molecular view of synthesized Au−Ag bimetallic clusters I−III (anions, solvent molecules, and hydrogen atoms are omitted for clarity).

Scheme 3. Structural Flexibility of Gold−Silver Clusters
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formed after dechlorination of DDT, where the intermediate
cation may either eliminate H+ or subtract hydrogen from
isopropyl alcohol (Scheme 4). The process was rendered in a
selective manner involving breakage of the aliphatic C−Cl bond
in DDT, whereas aromatic C−Cl bonds were not reactive
under the studied conditions. The scope of the designed

bimetallic systems was investigated for clusters I, II, and III,
and observed metallic species were compared to the bimetallic
system accessible in situ (Table 2). Formation of polychlori-
nated species was observed in the case of the in situ generated
system, while for clusters I and III only monochlorinated
species were detected.

Figure 6. (A) ESI-MS spectrum of cluster I; (B) ESI-MS spectrum of cluster I after reaction with CCl4 (i-PrOH/MeCN solution in all cases); Au-
homometallic species are shown in red; chlorinated Au species, in orange; bimetallic Au−Ag species, in violet; and chlorinated bimetallic species, in
green (L refers to 1,4-bis(diphenylphosphino)butane, A refers to an alkyne unit, phenylacetylenide). All shown species are monocations.

Table 2. Main Chlorinated Metal-Containing Species Detected in the ESI-MS Study of the Dechlorination Reaction (Ligands
and Solvent Molecules Are Omitted for Clarity)

metal source organochloride detected metallic species

PPh3AuOC(O)CF3 CCl4 Au2Cl (trace)
AgOTf CCl4
PPh3AuOC(O)CF3 +
AgOTf

CCl4 AgAuCl, AgAu2Cl, AgAu2Cl, AgAu2Cl2, Ag2Au2Cl3, AgAu3Cl3, Ag2Au3Cl4, Ag3Au3Cl5, AgAu4Cl4, Ag2Au4Cl5, Au2Au2Cl,
Au3Cl2

PPh3AuOAc + AgOTf CCl4 AgAuCl, AgAu2Cl, AgAu2Cl2, Ag2Au2Cl3, AgAu3Cl3, Ag2Au3Cl4, AgAu4Cl4, Au2Cl, Au3Cl2,
cluster I CCl4 AgAu2Cl, AgAu2Cl2, AgAu2, AgAu3, AgAu3Cl, AgAu4Cl4, AgAu4Cl3, AgAu4Cl2, Ag3Au4Cl, AgAu5Cl4, Ag2Au6Cl3, Au2Cl,

Au3Cl2, Au4Cl3, Au4Cl2
PPh3AuOAc + AgOTf DDT AgAuCl, AgAu2Cl, AgAu2Cl2, AgAu3Cl3, AgAu4Cl4, Au2Cl
cluster I DDT AuCl, Ag2Cl, AgAuCl, Ag2AuCl
cluster II DDT
cluster III DDT Ag2Cl, AgAuCl, Au2Cl

Organometallics Article

dx.doi.org/10.1021/om500620u | Organometallics XXXX, XXX, XXX−XXXG



Cluster I was most active, and cluster III showed moderate
activity. Cluster II did not lead to formation of observable
metal ions with Cl ligands. Inactivity of cluster II indicates that
dynamic behavior in solution (Scheme 3) is not the necessary
prerequisite for the reaction.

■ CONCLUSIONS
A combined experimental and theoretical study was carried out
to reveal the nature of the cluster effect in the dechlorination
process mediated by a Ag/Au bimetallic system. It was found
that most stable chlorinated clusters contained a bimetallic core
with a Au:Ag ratio from 1:1 to 4:1. Reaction with CCl4
occurred via hydrodechlorination, and reduction products
were detected by NMR and GC-MS. A theoretical study
demonstrated that monometallic silver and gold species were
not efficient in C−Cl bond cleavage in carbon tetrachloride,
whereas formation of bimetallic clusters improved the
dechlorinative activity due to a noticeable thermodynamic
factor. The DFT study has indicated highly exothermic
structural rearrangement upon formation of chlorinated
derivatives of the bimetallic clusters.
As a proof of concept, ligand-stabilized bimetallic Au−Ag

clusters have been successfully synthesized and applied in the
dechlorination of carbon tetrachloride and DDT. Designed
heterometallic systems have shown desired activity in the
dechlorination of the C−Cl bond. High activity of the studied
bimetallic system made it possible to carry out the
dechlorination process under mild conditions at room
temperature. Two types of processes for destruction of
organochlorides were accessible with the studied bimetallic
clusters: hydrodechlorination (CCl4 and DDT) and dehydro-
chlorination (DDT).
The experiments have shown the relevance of the studied

dechlorination process in the gas phase (in situ generated
clusters under ESI-MS conditions) and in solution (preformed
bimetallic clusters in regular solvent).

■ EXPERIMENTAL SECTION
General Comments. MeCN (HPLC grade) for ESI-MS experi-

ments was ordered from Merck and used as supplied. Isopropyl
alcohol and carbon tetrachloride were distilled and stored over
activated 4 Å molecular sieves. The polynuclear heterometallic clusters
I, II, and III21a and mononuclear complexes PPh3AuOAc,24

PPh3AuOC(O)CF3,
25 and DDT26 were prepared according to the

literature procedures. NMR data were collected on a Bruker Avance II
600 spectrometer. GC/MS analyses were performed using a Thermo
Scientific Trace GC Ultra equipped with a Thermo TR-5 ms SQC
column (15 m × 0.25 mm) and a Thermo MS DSQ II.

Dechlorination Procedure. A 5 mg amount of metal cluster (or a
mixture of PPh3AuOC(O)R and AgOTf), 1 mL of i-PrOH, 0.5 mL of
MeCN, and 0.5 mL of carbon tetrachloride (or 10 mg of DDT) were
placed in an amber glass vial and stirred overnight at room
temperature. In the monometallic dechlorination experiments 5 mg
of AgOTf or PPh3AuOC(O)R was used.

Sample Preparation for ESI-MS Analysis. An aliquot (0.04 mL)
of the initial solution was dissolved in 1 mL of MeCN, and the
obtained solution was diluted 60 times with MeCN and centrifuged for
5 min.

ESI-MS Experiments. High-resolution mass spectra were recorded
on a Bruker maXis instrument (Bruker Daltonik GmbH, Bremen,
Germany) equipped with an electrospray ionization (ESI) ion source.
The measurements were performed in a positive (+MS) ion mode
(HV capillary: 4500 V; HV end plate offset: −500 V) with a scan range
of m/z 250−10 000. External calibration of the mass spectrometer was
performed with electrospray calibrant solution (Fluka). A direct
syringe injection was used for the analyzed solutions in MeCN (flow
rate: 3 μL/min). Nitrogen was used as nebulizer gas (0.4 bar) and dry
gas (4.0 L/min); dry temperature was set at 180 °C. The recorded
spectra were processed using the Bruker Data Analysis 4.0 software
package.

Theoretical Calculations. The standard 6-311G(d) basis set27 for
H, C, Cl, and P and the triple-ζ basis set with the Stuttgart/Dresden
effective core potentials28 (SDD) for Ag and Au were used for all
calculations (this basis set combination was denoted as 6-311G(d)
&SDD). The M06 hybrid density metafunctional29 was applied for
geometry optimization and frequency calculations of the reagents,
transition states, intermediate complexes, and products. For all
calculations a superfine grid was used (Int=SuperFineGrid option).
The M06 functional was parametrized for a better description of
transition metal atoms29 and should be well suitable for the description
of metal clusters.

For all optimized structures the normal coordinate analysis was
performed to characterize the nature of the stationary points.
Thermodynamic properties of all optimized structures were calculated
for 298.15 K and 1 atm. All calculations were carried out using the
Gaussian 09 program.30

A suitable guess for the transition states 13-TS and 18-TS was
obtained by geometry restraint of Au−Cl1, C−Cl1 (13-TS) and Ag−
Cl1, C−Cl1 (18-TS) distances to the same values as obtained for 3-TS
and 8-TS, respectively. Both 13-TS and 18-TS had an imaginary
frequency corresponding to chloride-anion transfer from the carbon
atom to the metal atom.

Molecular structures were visualized by the Ortep III program31 and
the POV-Ray 3.6 rendering system.32
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