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Developing homogeneous catalysts that convert CS2 and COS pollutants into environmentally benign products is important
for both fundamental catalytic research and applied environmental science. Here we report a series of air-stable dimeric
Pd complexes that mediate the facile hydrolytic cleavage of both CS2 carbon–sulfur bonds at 25 °C to produce CO2 and
trimeric Pd complexes. Oxidation of the trimeric complexes with HNO3 regenerates the dimeric starting complexes with
the release of SO2 and NO2. Isotopic labelling confirms that the carbon and oxygen atoms of CO2 originate from CS2 and
H2O, respectively, and reaction intermediates were observed by gas-phase and electrospray ionization mass spectrometry,
as well as by Fourier transform infrared spectroscopy. We also propose a plausible mechanistic scenario based on the
experimentally observed intermediates. The mechanism involves intramolecular attack by a nucleophilic Pd–OH moiety on
the carbon atom of coordinated µ-OCS2, which on deprotonation cleaves one C–S bond and simultaneously forms a C–O bond.
Coupled C–S cleavage and CO2 release to yield [(bpy)3Pd3(µ3-S)2](NO3)2 (bpy, 2,2′-bipyridine) provides the thermodynamic
driving force for the reaction.

The cleavage of carbon–sulfur (C–S) bonds by transition metals
is of great interest from both fundamental catalytic and
environmental standpoints1,2. Hydrodesulfurization, the cata-

lytic technology used to remove sulfur from hydrocarbons during
refining, is one of the two most important steps in petroleum
processing3. CS2 and COS are major chemical feedstocks, particularly
for cellophane and viscose rayon production4,5, but when released
into the environment form photochemical tropospheric sulfur
aerosols6,7 to yield fog, haze and acid rain, which are harmful to
human health and the environment8,9. Conventional CS2 abatement
technologies, such as adsorption10,11, thermal or catalytic com-
bustion12, and catalytic hydrolysis13 over supported metal oxides
(Al, Ti, Zr and Nb) typically require high temperatures (>250 °C)
(ref. 14) along with absorbent regeneration and challenging
utilization of the dithiocarbamate products14–16. Some microbial
extremophiles can convert CS2 into H2S and CO2 via the rapid
cleavage of both C–S bonds under mild conditions (70–88 °C);
however, the mechanistic details remain obscure and hence the
active sites are difficult to simulate17,18. At transition-metal
centres, CS2 is known to undergo a variety of reactions, including
insertion, dimerization and disproportionation19–21. Nevertheless,
catalytic cleavage of both C–S bonds by a homogeneous transition-
metal complex has, to the best of our knowledge, not been achieved.
Cleaving the first C–S bond of CS2 (ΔHdissoc = 94.0 kcal mol−1 for
free CS2)22 to produce LnM(S) + LnM(C–S) species (Ln, ancillary
ligand array) has been reported23; however, cleavage of the second
C–S bond is rare24,25, which presumably reflects, among other

factors, the very large bond-dissociation enthalpy of the remaining
C–S bond (171.5 kcal mol−1 for free CS)22,26. For these reasons,
well-understood approaches to efficient CS2 desulfurization are
highly desirable.

Results
Reaction of CS2 with dimeric Pd complexes. Here we report a
synthetic and mechanistic investigation of the hydrolytic
desulfurization of CS2 mediated by the air-stable dimeric Pd
complexes, [(N^N)2Pd2(NO3)2](NO3)2 (N^N, 2,2′-bipyridine,
4,4′-dimethylbipyridine or 1,10-phenanthroline) at room
temperature, to generate CO2 and trinuclear [(N^N)3Pd3(µ3-S)2]
(NO3)2 clusters. Furthermore, the [(N^N)2Pd2(NO3)2](NO3)2
dimers are quantitatively regenerated by the addition of HNO3 to
yield a Pd-dimer-mediated aqueous cycle that converts CS2 and
HNO3 into CO2 + SO2 + NO2 (Fig. 1). Also, HNO3 can be
hydrolytically regenerated from NO2 in the Oswald process for
HNO3 production27, and the addition of Ba2+ and HNO3

precipitates BaSO4 to yield an overall cycle for CS2 conversion
into CO2 and the environmentally benign BaSO4. Although di-
and polynuclear Pd complexes are known to react
stoichiometrically with CS2, which involves CS2 insertion into, or
coordination to, the Pd–Pd bond27–31, the present results indicate
that dinuclear metal complexes provide a platform for hydrolytic
C–S bond cleavage that involves both C–S moieties and,
ultimately, a promising strategy for neutralizing CS2, COS and
other toxic organosulfur compounds.
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Experimental characterization of reaction mechanism. Regarding
the reaction pathway, the control reaction CS2 + HNO3 (dilute or
concentrated) at 22 °C in water does not produce significant
amounts of CO2, COS, NO2 or SO2. Furthermore, a negative
mercury-drop assay32 argues that Pd nanoparticles play no role in
the double C–S cleavage process (see Supplementary Information).
Stirring an aqueous solution of [(bpy)2Pd2(NO3)2](NO3)2
(2a·2NO3; bpy, 2,2′-bipyridine) with excess CS2 at 22 °C for two hours
quantitatively yields the trinuclear cluster [(bpy)3Pd3(µ3-S)2]

2+(NO3
−)2

(3a·2NO3), CO2 and HNO3. The PF6
− salt of 3a is isolated in 94%

yield by adding a tenfold excess of KPF6 to aqueous 3a·2NO3 (see
Supplementary Information). Complex 3a·2PF6 was characterized

by 1H and 13C NMR spectroscopy, electrospray ionization mass
spectrometry (ESI–MS), elemental analysis and single-crystal
X-ray diffraction. The 1H NMR spectrum exhibits downfield
signals at δ = 8.95 ∼ 7.78 ppm assignable to coordinated bpy
ligands in a symmetrical environment, and the 13C NMR exhibits
five signals at δ = 155.47, 151.04, 140.76, 127.61 and 123.79 ppm,
which correspond to the five bpy ring carbon nuclei
(Supplementary Fig. 2). Furthermore, the formation of 3a2+ is
supported by the ESI–MS feature at the mass-to-charge ratio
(m/z) of 425.56 (Supplementary Fig. 3). The quasi-D3h 3a·2PF6
structure was confirmed by X-ray diffraction (Fig. 1a), and
features a triangular M3 core33. In the distorted trigonal
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Figure 1 | Converting CS2 into CO2 using dimeric palladium complexes in water. a, Two sequential steps show the hydrolysis of CS2 to generate CO2 in
the presence of aqueous 2a·2NO3–2c·2NO3 to form 3a·2NO3–3c·2NO3, and subsequent regeneration of 2a·2NO3–2c·2NO3 with HNO3 after the isolation
of 3a·2NO3–3c·2NO3. Attempts to make the reaction catalytic in HNO3(aq) were not successful. The X-ray core structures of 1a and 3a are shown as
ball-and-stick diagrams (hydrogen atoms (1a and 3a) and PF6 anion (3a) are omitted for clarity). Selected bond lengths (Å) and angles (°) for 1a, Pd1–O4,
2.040(3); Pd1–O1, 2.018(2); Pd1–N1, 1.987(3); Pd1–N2, 2.000(3); O4–Pd1–O1, 87.13(9); O4–Pd1–N2, 98.2(1); O1–Pd1–N1, 92.9(1); and for 3b, Pd1–S1, 2.2618(7);
Pd1–S2, 2.2825(7); Pd2–S1, 2.2912(8); Pd2–S2, 2.3045(9); Pd3–S1, 2.2898(8); Pd3–S2, 2.311(1); Pd1–S1–Pd, 90.72(2); Pd1–S1–Pd3, 89.80(2); Pd2–S1–Pd3,
77.05(2); P1–S2–Pd2, 98.86(2); Pd1–S2–Pd3, 88.75(2); Pd2–S2–Pd3, 76.37(2); S1–Pd2–S2, 76.06(2); S1–Pd1–S2, 77.07(2); S1–Pd3–S2, 75.95(2). b, CO2

concentration and pH values versus time for the reaction of 2a·2NO3 with CS2 and H2O at 22 °C. c, Reaction enthalpy for converting CS2 and HNO3 into CO2,
NO2, SO2 and H2O. rxn, reactions.
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bipyramidal Pd3S2 framework, all the Pd atoms are coordinated to a
bpy ligand and bridged by two µ3-S

2– ligands to form a Pd3 isosceles
triangle with two long edges and one short edge. The Pd–Pd
distances Pd1···Pd2, Pd2···Pd3 and Pd3···Pd1 are 3.2396(5), 2.8535(7)
and 3.2128(6) Å, respectively, which indicates relatively weak
metal–metal interactions. The angles Pd1–Pd2–Pd3, Pd2–Pd1–Pd3
and Pd1–Pd3–Pd2 are 63.27(1)°, 52.49(1)° and 64.24(1)°, respectively.
Neighbouring bpy units stack in an almost parallel manner with
centroid···centoid distances of 4.62(8) and 4.48(2) Å for pyridyl
pairs, which suggests weak intermolecular π···π interactions30,31,34–36.

Regarding the transformation shown in Fig. 1c, the yield of CO2

generated by the 2a·2NO3-mediated hydrolysis of the CS2 C–S
bonds is 57% within five minutes (Supplementary Information).
The aqueous CO2 concentration was monitored with a CO2-sensitive
electrode and, as shown in Fig. 1b, the CO2 concentration increases
as the reaction proceeds until aqueous/dissolved and gaseous CO2

reach equilibrium in the closed vessel. A molecular peak at m/z 44
in the gas-phase MS supports CO2 generation. To confirm that
CS2 hydrolysis is the origin of the CO2, experiments were carried
out with 13CS2 and H2

18O (Supplementary Figs 11–13). A molecular

ion at m/z 45 that corresponds to 13CO2 is observed by MS for the
reaction of 2a·2NO3 with

13CS2 and H2O, which indicates the CO2 is
generated from CS2. Furthermore, 13C18O2 (m/z 49) is also observed
when 2a·2NO3 is reacted with 13CS2 and H2

18O, which confirms
that the CO2 oxygen originates from the H2O. Consistent with the
stoichiometry in Fig. 1b, the reaction mixture pH continuously falls
as the reaction progresses, indicative of HNO3 generation.

To probe further the mechanism of CS2 hydrolysis, the reaction
of an aqueous 2a·2NO3 solution with CS2 was monitored by
Fourier-transform infrared spectroscopy (FTIR), gas-phase MS
and on-line ESI–MS. Three days after a methanolic CS2 solution
was added to aqueous 2a·2NO3 it exhibited strong absorption fea-
tures in the FTIR spectrum at 2,350 and 666 cm−1, which corre-
sponds to CO2 (refs 37,38), along with a strong CS2 mode at
1,530 cm−1 and signals at 2,070 and 2,050 cm−1 attributable to
COS (Supplementary Fig. 14)38, implicating COS as a reaction inter-
mediate or by-product37,38. After ten days, the disappearance of the
COS and CS2 peaks is accompanied by growth of the CO2 signal
intensity, which suggests that COS is formed in the reaction, but
is then consumed by reaction with 2a·2NO3 to yield CO2.
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The same reaction of an aqueous solution of 2a·2NO3 with CS2
was also investigated by gas-phase MS and on-line ESI–MS. The
former exhibits a minor ion at m/z 60, which confirms the presence
of COS (Supplementary Fig. 11) as a reaction product. Analysis by
ESI–MS before CS2 addition reveals an ion at m/z 324, corre-
sponding to 2a·2NO3 (Fig. 2a). On CS2 addition, low-intensity
features at m/z 1,083.9 and 758.9 were observed after eight minutes
and are assignable to fragmentation ions (([(bpy)Pd]3(µ-
OCS2)(H2O))(NO3)3)

+ and (([(bpy)Pd]2(µ-HOCS2)(H2O))(NO3)2)
+,

respectively (Fig. 2b). After 35 minutes these peaks are absent,
whereas the signal of the final product ([(bpy)Pd]3(µ

3-S))2+ is detected
at m/z 425.3 (Fig. 2c). Next, the independent reaction of COS in
methanol with an aqueous 2a·2NO3 solution was monitored by
on-line ESI–MS. An ion at m/z 742 is observed, assignable to the
([(bpy)Pd]2(OCSOH)2(NO3))

+ fragment of ([(bpy)Pd]3(OCSOH)2)(NO3)4
(Supplementary Fig. 1). Furthermore, the reaction of 2a with COS
produces 3a·2NO3 and CO2, the identities of which were confirmed
by single-crystal X-ray diffraction and MS, respectively.

Finally, clusters 3a·2NO3–3c·2NO3 were treated with concen-
trated HNO3 to yield the corresponding complexes 1a–1c, SO2

and NO2. The latter gases were confirmed by strong absorption
peaks at 2,900 and 1,610 cm−1 in the FTIR analysis
(Supplementary Fig. 25), and an MS ion peak at m/z 46 (ref. 35).
In addition to a gas-phase MS signal at m/z 64, assignable to
SO2, treating the solution with BaCl2 yields a white solid, identified
as BaSO4 by FTIR and powder X-ray diffraction (Supplementary
Figs 26 and 27)28,29 confirming SO2 generation by HNO3

oxidation of the Pd3S2 clusters. The structure of the mononuclear
square-planar Pd complex 1a (Fig. 1a) was verified by single-crystal
X-ray diffraction (Supplementary Fig. 30)39. Recrystallization of 1a
from water regenerates the active dimer 2a, also verified by X-ray
diffraction, and verifies that 1a and 2a are in equilibrium. The pos-
ition of the monomer–dimer equilibrium mainly depends on the
concentration of NO3

− (the monomeric structure is favoured at
high NO3

− concentrations and the dimeric structure at low NO3
−

concentrations) and the pH values (the monomer is favoured
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in the strong acid solution). Regenerated monomeric complexes
1a–1c again mediate C–S bond cleavage in CS2 to form clusters
3a·2NO3–3c·2NO3, presumably via dimeric 2a·2NO3–2c·2NO3.
Interestingly, both NO2 (m/z 46) and SO2 (m/z 64) are detected
throughout the reaction of aqueous 2a with CS2 (Supplementary
Figs 11 and 13), which indicates that the small amounts of
HNO3 formed throughout the reaction oxidize the Pd3S2 (3a) clus-
ters in situ, consistent with slow catalytic turnover.

Computational analysis of CS2 cleavage by dimeric Pd complexes.
Based on the intermediates observed experimentally (see above),
density functional theory (DFT) calculations were performed to
probe the unusual hydrolysis mechanism of CS2 mediated by
2a·2NO3 (Fig. 3 and Supplementary Information). From evidence
that NO3

− does not coordinate to the Pd metal centre in the
X-ray structure of the final product 3a, we suppose that the NO3

−

weakly coordinates to the Pd(II) metal centre in the reaction and
readily dissociates from the intermediate Pd complexes.
Furthermore, the intermediates generated from CS2 hydrolysis,
such as S2C–OH

−, S2C=O2
−, SOC–OH− and SOC=O2

−, may
coordinate more strongly to Pd ions in chelating and bridging
modes than does NO3

− during the process of the CS2 and COS
hydrolysis. Therefore, the coordinative interactions and energy
influence from all NO3

− counterions in the DFT calculations are
omitted during the reaction. With the NO3

– counteranions thus
omitted, computation begins from ([(bpy)Pd]2(µ-HOCS2)(H2O))

2+

(4) because this dithiocarbonate is observed by ESI–MS. Species 4
is readily deprotonated to yield 5, and reacts with a [(bpy)Pd]2+

fragment to form trimer 6, and the subsequent exoergonic
(−17 kcal mol–1) rearrangement of 6 to 9 occurs in two steps.
First, an H2O molecule binds to the open Pd coordination site,
which also coordinates the oxygen of the bound OCS2

2− fragment
in ([(bpy)Pd]3(µ-OCS2)(H2O))

4+(NO3)3)
+ (10), observed by ESI–

MS. The coordinated water molecule is subsequently deprotonated
by NO3

− to yield a Pd–OH moiety (11). This nucleophilic Pd–OH
moiety40 intramolecularly attacks the µ-OCS2 C atom to produce
complex 12. On deprotonation, one C–S bond is broken to form
complex 13. This is followed by the rate-determining Pd–O bond
cleavage and Pd–S bond formation to yield complex 14 with a
barrier of +18.1 kcal mol–1. The final exoergonic (−31.2 kcal mol–1)
step involves simultaneous C–S bond cleavage and CO2 release to
afford the trimetallic complex 3a2+ (Fig. 3). In the process of CS2
hydrolysis, COS can be formed as a by-product from 6
via transition state TS2 with a barrier of +21.1 kcal mol–1. This
slightly higher barrier than that of the rate-limiting step from
13 to 14 is consistent with the minor amounts of COS observed.
Overall, the computed steps in the proposed mechanism (Fig. 3)
are found to be both kinetically and thermodynamically accessible
at 25 °C.

To explore the scope of dimeric Pd complexes competent for CS2
cleavage, Pd2 complexes [(dmbpy)Pd2](NO3)4 (2b·2NO3) (ref. 41)
and [(phen)Pd]2(NO3)4 (2c·2NO3) (ref. 42) (dmbpy, 4,4′-dimethylbi-
pyridine, phen, 1,10-phenanthroline) were also investigated for CS2
cleavage in aqueous solution. Significantly, the results of ESI–MS,
pH changes, [CO2](aq) assay and single-crystal X-ray diffraction
show that both C–S bonds of CS2 are cleaved by 2b·2NO3 and
2c·2NO3 at 25 °C to generate CO2 and the Pd3S2 clusters 3b·2NO3

and 3c·2NO3 (Supplementary Figs 15–20 and 31). Not surprisingly,
Pd intermediates similar to species 9 derived from 2a·2NO3 are
detected by on-line ESI–MS as signals at m/z 1,165.5 and 1,155.5,
which correspond to (([(dmbpy)Pd]3(µ-OCS2)(H2O))(NO3)3)

+

(Supplementary Fig. 15) and (([(phen)Pd]3(µ-OCS2)(H2O))(NO3)3)
+

(Supplementary Fig. 16), respectively. These are observed in the
reactions that involve 2b·2NO3 and 2c·2NO3, and this argues that
Pd complexes with different ancillary ligands operate via a mechanism
similar to that of 2a·2NO3.

Conclusions
It is shown here that air- andmoisture-tolerant dimeric Pd2 complexes
quantitatively cleave the C–S bonds of CS2 in aqueous solution to yield
Pd3(µ3-S)2 clusters. The complexes can be regenerated fully with
strong oxidants at room temperature to complete the elements of a cat-
alytic cycle. To our knowledge, this is the first process to cleave both
C–S bonds under ambient conditions, and opens new possibilities
for neutralizing CS2 and COS pollutants.
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