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ABSTRACT: The C=S double bonds in CS, and thioketones were < N .
catalytically cleaved by Pd dimeric complexes [(N"N),Pd,(NO,),](NO,), @@\ﬂg;‘o{ @_@
(N”N, 2,2’-bipyridine, 4,4’-dimethylbipyridine or 4,4’-bis(trifluoromethyl)) at O 33"{2" farte: X< H
room temperature in one pot to afford CO, and ketones, respectively, for the OfNO/""\ONOZ = ) 'N\o e ke
first time. The mechanisms were fully investigated by kinetic NMR, isotope- 1a-3a wa AN
labeled experiments, in situ ESI-MS, and DFT calculations. The reaction is 4502 *24N0;+16H.Q 4R/ =S +4h0
involved a hydrolytic desulfurization process to generate C—=0 double bonds 32 HNO, e R

and a trinuclear cluster, which plays a pivotal role in the catalytic cycle to (N\ éﬁ éN)ZNO;{ + ©=0 +8HNO,
regenerate the dimeric catalysts with HNO;. Furthermore, the electronic (N 4

properties of catalyst ligands possess significant influence on reaction rates and
kinetic parameters. At the same temperature, the reaction rate is consistent

1c 3c
Diagram of Catalytic Activation of C=S Bonds

with the order of electronegativity of N*N ligands (4,4'-bis(trifluoromethyl) >
2,2'-bipyridine > 4,4'-dimethylbipyridine). This homogeneous catalytic reaction features mild conditions, a broad substrate
scope, and operational simplicity, affording insight into the mechanism of catalytic activation of carbon sulfur bonds.

B INTRODUCTION

Catalytic activation of carbon sulfur bond is important due to
its wide applications in chemical,' > energy," and environ-
mental industry.”® Hydrodesulfurization (HDS), the con-
version of organic sulfur compounds to hydrogen sulfide and
hydrocarbons by catalytic technologies, is one of the most
important steps in petroleum refining industry, since fossil fuel
usually contain organic sulfur impurities.”” Furthermore,
conversion of hazardous sulfur compounds to harmless
chemicals is critical for environmental protection. In general,
industrial-scale sulfur removal is carried out through
heterogeneous catalysis,”” while the mechanisms are still
under investigation.'”'" Thus, many efforts have been
dedicated to the carbon—sulfur bond activation with transition
metal complexes to probe the mechanism for developing
highly efficient industrial catalysts.'”"’ Different transition
metals have been employed to mediate the C—S bond
activation, 1nclud1n§ palladium,m_16 latinum,'”'® rhodi-

,""7?% iridium, > copper,zs’26 nickel,>”*® iron,"®**° co-
balt 3031 ythenium,*>* tungsten,34 and niobium,*>*¢ among
others.

Activation of C—S single bond has been realized in different
systems, while activation of carbon—sulfur double bonds (C=
S) is fundamentally interesting and extremely challenging since
the C=S double bond, especially the second C—S bond, is
very inert due to large bond dissociation enthalpy (171.5 kcal/
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mol for free CS).”” Thus, the cleavage of both bonds in a C=S§
double bond is very rare'” even though the first C=S bond
activation has been well-documented.'”*" For example,
Nikonov et al. activated the stable C=S bond through
oxidative addition of an Al' compound, resulting in an
aluminum sulfide with a terminal AI=S bond, which was
confirmed with single crystal X-ray diffraction and DFT
calculations.®® Also, Fryzuk and co-workers employed a
ditantalum complex to fully cleave both C=S double bonds
of CS, to generate a complex with two bridging sulfides and a
bridging methylene unit, which was further treated with H, to
produce CH, and a disulfide complex.’” Furthermore,
Laubenstein et al. used rhodium(I) complexes to successfully
cleave the C=0 double bonds of CO, and C=S double bond
of CS, to afford a carbide complex.*” However, none of these
reactions was achieved with a catalytic cycle, which is the key
step to commercialize the catalytic technologies.

The kinetic parameters of the cleavage of single C—S bonds
have been widely studied theoretically and experimentally to
probe the mechanisms.”**® Nevertheless, to the best of our
knowledge, the activation enthalpy (AHY) and entropy values
(AS*) have never been reported for C=S double bond
activation. This may be due to the lack of successful systems
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Figure 1. Fourier transform infrared spectroscopy (a) and gas chromatography mass spectrometry (b) for the one-pot reaction of CS, with HNO;.

for C=S bond activation. Recently, we hydrolytically cleaved
the C=S double bonds of CS, with dimeric Pd complexes at
room temperature, of which mechanism was studied by DFT
calculations. Furthermore, a “pseudo” catalytic cycle was
achieved based on two independent reactions.*” Thus, it is
urgent to develop the methodology and deeply investigate the
mechanism due to its great potential in different applications.

Herein, we developed a series of dimeric palladium
complexes to successfully realized one-pot catalytic activation
of C==S bonds in both inorganic and organic compounds for
the first time. The catalytic mechanisms were systematically
investigated with different techniques. The dynamic '"H NMR
studies showed that the electronic properties of ligands have
strong effects on the kinetic parameters of C=S bond
activation in CS, which supports the theoretical studies.
Also, a trinuclear cluster plays a pivotal role in the catalytic
cycle of activation of thioketone, which was supported by
mercury experiments, isotope-labeling experiment, electrospray
ionization mass spectrometry (ESI-MS), and DFT calculations.

B RESULTS AND DISCUSSION

Dimeric Pd complexes [(N”"N),Pd,(NO;),](NO;), (NN,
2,2-bipyridine or 4,4’-dimethylbipyridine) with different
organic ligands were synthesized according to the reported
method.** The structure of [(N"N),Pd,(NO;),](NO;),
(NN, 4,4'-bis(trifluoromethyl)) was confirmed by 'HNMR
and ESI-MS (Figures S8 and S9). 'H NMR spectrum
demonstrates three signals in the range of 8.0—9.2 ppm,
corresponding to the three types of protons in the aromatic
rings of 3b°2NOj;. ESI-MS spectrum showed a mass-to-charge
ratio (m/z) at 460.0, which supported the structure of 3b in
water being dimeric, similar to those of 1b and 2b.
Furthermore, aqueous complex 3a:2NO; was treated with
CS, to yield cluster 3¢:2NO; and CO, upon cleavage of the
C=S bonds. Thus, it is reasonably to conclude that 3b-2NO,
may possess reactivity similar to those of 1b-2NO; and 2b*
2NO,,

The dimeric Pd complex (1b2NO;) was dissolved in a
mixture solvent of water and methanol (1:3). After addition of
10 equiv of CS,, the solution stayed clear since the produced
Pd—S cluster is soluble under this circumstance, which is
different from the reported results that Pd-clusters precipitated
in the aqueous solution.”” Next, a methanol solution of HNO;
was added dropwise to catalytically oxidize the CS, until its full
conversion. In order to identify the products of the reaction,
gas chromatography mass spectrometry (GC-MS) and Fourier
transform infrared spectroscopy (FT-IR) were employed to

monitor the reaction (Figure 1). In GC-MS, only the signal at
m/z = 44 corresponding to the CO, in air was observed in the
atmosphere of pure CS, (Figure 1b), which may be rooted
from the GC-MS machine being under atmosphere. Upon
addition of aqueous complex 1b-2NO;, the intensity of the
signal at m/z 44 increased, indicating generation of CO, from
the reaction. Furthermore, two new signals (m/z 46 and 64)
were observed after addition of methanol solution of HNO;,
suggesting the generation of NO, and SO,, respectively. In FT-
IR spectra (Figure la), a broad peak at 1500 cm™'
corresponding to C—S stretching was observed in the
methanol solution of CS,. Upon addition of HNO;, the peak
continuously decreased until fully disappeared, which proved
that the CS, was consumed. Therefore, a one-pot catalytic
conversion of CS, with HNO; to CO, and SO, by dimeric Pd
catalyst 1b-2NO; was successfully achieved under room
temperature, which is an important progress to develop this
methodology in comparison to the reported two-steps
catalysis.*’

In order to probe the mechanism of C=S bond activation,
time-resolved '"H NMR was used to monitor the appearance of
the H resonances of 1¢:2NOj; and H,, resonances of 2c-2NO,
and 3¢2NO; throughout the whole reaction over the 298.15—
313.15K range of temperature for investigating the influence of
the electronic properties of ligands on kinetic parameters. The
kinetic control (25 °C, sealed NMR tube) experiment shows
that reaction of CS, with complex 1b:2NOj; leads to the
formation of complex 1c:2NO; (Figure 2). As the kinetic
investigations were performed in the presence of a large excess
of CS, (>30 equiv) and D,0O (>100 equiv), the whole rate law
is reasonably taken as for a pseudo-first-order reaction:

_ d1a]
B dt

= k[1a][CS,][H,0] = k[1a] W

Under such conditions the reaction as shown in Scheme 1
went to completion. The values of rate constant at different
temperatures (k in M~ s™') were obtained by dividing pseudo-
first-order rate constants (kg in s7*) by the concentration of
CS, and H,O, which are reported in Table 1. To complete the
analysis and reduce errors, the activation parameters are
determined by Arrhenius plot and Eyring plot methods.

Not surprisingly, the rate constant improved when temper-
ature increased, which is consistent with the law that the rate
increases 2—4 times when the temperature increased by 10 °C
based on Arrhenius equation.’” Also, at the same temperature,
the reaction rate is consistent with the order of electro-
negativity of ligands ((X = CF;) > (X = H) > X = (CH,))
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Figure 2. (A) Reaction of CS, with aqueous complex 1b-2NO;—3b-
2NO;. (B) Representative "H NMR spectroscopy of monitoring the
reaction of 1b-2NO; and CS, (25 °C in methanol-d,, sealed NMR
tube).

Scheme 1. Schematic Diagram of Mechanism of the
Catalytic Reaction
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(Table 1, entries 1—12). According to a AAG* value at the
same temperature, the reaction rate of CS, with 3b2NO; is
1.3—1.8 times faster than that with 1b-2NO;, which is 3—4
times faster than that with 2b-2NOj;. The Eyring analysis of k
values as a function of temperature provides more details"’

(Figure 3). (1) The reduction of rate constant is mainly
because of the increase in AH¥ (AAHT = 28.7 kJ mol™') for
1b-2NO; and 2b-2NO;. (2) According to the associative
nature of the reaction, AS¥ is negative, but the absolute value
of 1b-2NOj is higher in the case of 3b2NO; by about 50 J
mol ™}, which causes the difference of k values. Previous DET
study shows that the rate-determining step in the cleavage of

C—S bond is associated with 13 to TS4 (Figure $16)."
Obviously, the electron-donating ligand (X = CHj,) leads to an
increase of the activation barrier, while electron-withdrawing
ligand (X = CF;) stabilizes the negative charge build-up in the
transition state, thereby lowering the energy barrier of the rate-
determining step of 13 to T4 (Figure $16)."7* Thus, the
kinetic studies are consistent with the theoretical results.”” This
is likely attribute to (1) the introduction of polar groups in y-
posmon of aromatic ring could compensate the loss of
entropy’’ and (2) the build-up of negative charge or the
decrease of positive charge in the y-position of aromatic ring in
the rate-determining transition state.””

To prove the versatility of C=S bonds catalytic activation
for both organic and inorganic sulfide compounds and
promote the methods of sulfur removal for environmental
protection, this methodology was developed for converting
thioketones, which are important chemicals for organic sulfur
synthetic chemistry,” pharmaceutical,”* and electronic appli-
cations.”> As shown in Table 2, thioketones 4a—8a were
treated with nitric acid in the presence of 10 mol % 1a:2NO;
to generate corresponding ketones 4b—8b with yields of 70—
93%, together with NO, and SO,. Note that under the same
conditions the conversion of thioketone 9a to ketone 9b was
only 5.6%. A mixed solvent of H,O/THF (3:2) was chosen to
ensure the homogeneous conditions. The produced ketones
were confirmed with '"H and *C NMR, elementary analysis,
while the NO, and SO, were identified with GC-MS with
signals at m/z 46 and 64, respectively (Figures $23—S35). To
test the efficacy of the catalyst, a small loading (1% mol) of the
catalyst was used to convert the thioketones (entry 2).
Interesting, ketones were also achieved with a high yield of
90%, which showed the high efficiency of this catalyst. Two
other dimeric Pd complexes (2b-2NO;—3b-2NO;) were
employed as catalysts to cleave the C=S bonds of thioketone
4a to demonstrate the catalytic versatility of the dimeric Pd
complexes. Not surprisingly, both complexes catalytically
converted thioketone 4a to ketone 4b with nitric acid as the
oxidant with high yields of 80—90%. Furthermore, treatment of
these two Pd complexes with THF solution of 4a yielded 4b
and the corresponding trinuclear Pd clusters (2c:2NO; and 3c-
2NO;). According to the turnover number (TON) and
turnover frequency (TOF), the 3b-2NO; demonstrated the
highest catalytic efficiency (Table S1). These results indicate
that the dimeric Pd cores of the catalyst played an important
role in the catalytic cycles.

A negative mercury-drop assay suggested that the catalytic
reaction is homogeneous and Pd nanoparticles play no role in
the C=S bonds cleavage process. Furthermore, the control
reaction that treatment of aqueous solution of 4a with HNO,
(dilute or concentrated) at room temperature does not
produce detectable amounts of ketone, NO,, and SO, at
room temperature, which supported the pivotal role of the
dimeric Pd catalysts in this process.

To investigate the mechanisms of the catalytic reactions, a
THEF solution of 4a was chosen as an example to be treated
with aqueous solution of 1a:2NO; to yield 4b, trinuclear
[(N"N);Pd;(p5-S),](NO,), cluster (1c22NO;), and HNO; at
room temperature in several minutes. The generation of lc
cluster was confirmed by '"H NMR and ESI-MS, which is the
same as the reported results.”’” Furthermore, the pH values of
the solution initially dropped followed by obvious increase as
shown in Figure S37. This indicates that H" was generated first
followed by slowly reacting with the cluster to regenerate the
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Table 1. Rate Constant k (M~! s™!) as a Function of Temperature T (K) and Activation Parameters AH* (kJ/mol), AS* (J/

mol), and AG* (kJ/mol) for the Reaction Shown in Figure 2a

entry T (K) k x 10° AG* AH* AS*
X = CH,
1 298.15 1.98 + 0.10 115.8 + 12.6 103.4 + 6.4 —41 + 21
2 303.15 3.84 + 0.04 116.0 + 12.6
3 308.15 691 + 0.58 1162 + 12.8
4 313.15 15.9 + 0.88 116.4 + 12.9
X=H
S 298.15 8.99 + 0.12 113.3 + 6.5 747 £ 3.3 —130 £ 11
6 303.15 14.15 + 0.44 114.0 + 6.6
7 308.15 23.04 + 045 115.0 + 6.6
8 313.15 40.13 + 0.89 115.0 + 6.7
X = CF,
9 298.15 12.16 + 0.10 112.6 + 5.7 91.7 + 2.9 =70 + 9
10 303.15 21.04 + 0.38 1129 + 5.7
11 308.15 40.45 + 0.67 113.3 + 5.8
12 313.15 74.03 + 1.36 113.6 + 5.8
Table 2. Catalytic Activation of C=S Bonds of Thioketones
-20 - by One-Pot Reaction
E;- Substrate Product IC(::K? n];le \:(i;)l)d TON —lr(?{l()
X (%) (h)
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Figure 3. Eyring plots for the cleavage of C—S bonds in CS, by three
different catalysts in methanol-d,.

catalyst. To identify the role of H,O in the reaction, a THF
solution of 4a was treated with a THF solution of 1a:2NOj at
room temperature. Not surprisingly, no reaction was observed,
indicating the essential role of H,O. To further identify the
sources of the oxygen in ketone, an isotope-labeled experiment
was carried out with H,'®O. Interestingly, when 4a was treated
with 1a*2NO; in H,"®0 solution, the isolated ketone afforded a
molecular ion at m/z 198 corresponding to 30.labled 4b,
which suggests the oxygen atom in ketone originates from the
H,O (Figure S38).

Moreover, treatment of trinuclear cluster 1c:2NO; with
nitric acid regenerated dimeric Pd complexes 1b-2NOj,
together with SO, and NO,, the same as the reported
results.”” These two steps successfully achieved a catalytic cycle
of thioketone reacting with HNOj;, which revealed that the
trinuclear cluster may be a critical intermediate to achieve the
catalytic cycle. Also, a THF solution of 9a was treated with an
aqueous solution of 1a:2NOj; to afford 9b and a mixed of
unidentified palladium complexes. Not surprisingly, treatment
of these unidentified palladium complexes does not regenerate
the dimeric Pd complex, 1b:2NO;. This observation may
explain the extremely low yield (5.6%) of the reaction of
thioketone with HNOj in the presence of catalytic amount of
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~
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~
o
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1a:2NO;, supporting the key role of the cluster
[(N"N),Pd;(u;-S),](NO;), as the intermediate in the
catalytic cycle. Thus, a catalytic cycle was proposed as shown
in Scheme 1. Thioketones reacted with the dimeric Pd
complex through hydrolysis to generate ketone, trinuclear Pd
cluster, and nitric acid. Next, the trinuclear Pd cluster reacted
with nitric acid to regenerate the dimeric Pd complex, together
with SO, and NO,.

To further reveal the mechanism of the reaction between
dimeric Pd and thioketone, on-line ESI-MS was employed to
monitor the reaction of 4a with the dimeric Pd complex 1b*
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Figure 4. Monitoring the reaction of thioketone 4a with aqueous of 1a by on-line ESI-MS at a function of time. The signals at m/z 324.0 and
425.4 correspond to [1b°NO;]* and [1c]*, respectively. t = 0, 1, 20, and 90 min.

482-1

Figure 5. Three optimized isomer structures of m/z = 482.0.

482-2

2NO;. ESI-MS before the addition of 4a revealed an ion at m/
z 324.0, corresponding to complex [1b*NO;]*. Upon addition
of 4a, low-intensity features at m/z 482.0 and 641.0 were
observed and assigned to fragmentation ion {[(bpy)-
Pd],[(C4H,),(0)(C)],(u-0) (u-S),}*" and {[(bpy)-
Pd]5[(CeH,),(0)(C)],(u-0),(u-S),}*", respectively, as pro-
posed based on classic coordination chemistry. After 90 min,
these signals disappeared, while the signal of final product
[1c]** appeared at m/z 425.4 (Figure 4).

Density functional theory (DFT) calculations were
performed to exam the structures of some key intermediates
which were observed in the ESI-MS spectra. Computational
details and relative energies of those structures are listed in the
Supporting Information. The optimized structures of 1b and
1c are shown in Figure S41. Complex lc possesses a Dy,
symmetry with two sulfur atoms at the center of the molecular,
consistent with the reported crystal structure.*”™*® The
optimized structures of three isomers for the intermediate of
m/z = 482.0 are shown in Figure 5. We can observe the
breaking of C=S bond and the formation of C=0 bond in
those three structures. Interestingly, the structure with a newly
formed ketone molecule bonding to Pd (482-3) is the most
stable one. Three structures for m/z = 641.0 (Figure S42) were
also computationally predicted, and we found that the 1c with
two noncovalent bonding ketone molecules (641—3) is the
most stable one. These results elucidate the presence of the
intermediates observed in on-line ESI-MS.

B CONCLUSIONS

In conclusion, dimeric Pd complexes were employed to
catalytically cleave the C=S bonds of CS, and thioketones
in one pot for the first time. The mechanism on C=S bond
activation of CS, was probed by dynamic 'H NMR to
investigate the influence of electronic properties of ligands on
the kinetic parameters, which supports the theoretical results.
Furthermore, the catalytic mechanism of thioketones activation
was investigated by isotope-labeling experiment, on-line ESI-
MS, and DFT calculations, which showed that the trinuclear
clusters play important roles as intermediates for the catalysis.
This contribution paved a new route for catalytic activation of
carbon—sulfur bond and shed lights on understanding the
mechanism.

B EXPERIMENTAL SECTION

Materials and General Methods. All reactions were carried out
in flame-dried glassware under an atmosphere of dry N, with the
exclusion of air and moisture using standard Schlenk techniques. All
organic solvents were freshly distilled from sodium benzophenone
ketyl immediately prior to use air- and moisture-sensitive liquids and
solutions were transferred by syringe. Reactions were stirred using
Teflon-coated magnetic stir bars. Elevated temperatures were
maintained using Thermostat-controlled silicone oil baths. Organic
solutions were concentrated using a rotary evaporator with a
diaphragm vacuum pump. Analytical TLC was performed on silica
gel GF254 plates. The TLC plates were visualized by ultraviolet light
(A = 254 nm). Purification of products was accomplished by flash
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column chromatography on silica gel (Innochem SilicaFlashP60,
200—300 mesh). Other chemicals were purchased from various
commercial sources and were used as received. Substrates 9H-
xanthene-9-thione, di-2-thienylmethanethione, 4-flavanthione, 9H-
fluorene-9-thione, 4H-1-benzopyran-4-thione, and 7H-benz[de]-
anthracene-7-thione were synthesized following the published
procedures. NMR spectra were recorded on a JNM-ECZ 400 MHz
nuclear magnetic resonance spectrometer. The 'H NMR spectra were
calibrated against the peak of tetramethylsilane (TMS, 0 ppm). GC
analysis was performed on a Shimadzu GC-2010 instrument equipped
with a FID detector using nitrogen as the carrier gas. ESI-FTIR mass
spectrometric analysis was performed with a Bruker solariX mass
spectrometer equipped with a 9.4 T superconducting magnet and
SmartBeam laser optics.

Synthesis of 3b-2NO;. A 100 mL flask was charged with
bpy(CF;),PdCl, (320 mg, 0.68 mmol)was suspended in 60 mL of
dilute nitric acid (pH = 1) under N,. A small amount of a water
solution of AgNO; (232 mg, 1.36 mmol) was added dropwise into the
tube. The mixture was stirred for 10 h at 60 °C under dark. After
filtration, the solvent was removed to afford a yellow solid. Yield, 294
mg, 83%. '"H NMR (400 MHz, methanol-d,, 25 °C) 5 = 8.96 (d, ] =
2.0 Hz, 2H), 8.58 (d, J = 2.0 Hz, 2H), 8.20 (d, J = 0.8 Hz, 2H). ESI-
MS Calcd for Cy,H,,F,NsO¢Pd,*": 459.9; found: 460.0.
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