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Biomimetic catalytic oxidative coupling of thiols
using thiolate-bridged dinuclear metal complexes
containing iron in water under mild conditions¥

Yahui Zhang,? Dawei Yang, ©*? Ying Li,? Xiangyu Zhao,?
Baomin Wang ©®2and Jingping Qu [io R

A green and efficient approach to disulfides via oxidative coupling of thiols was developed by adopting a
biomimetic thiolate-bridged iron-ruthenium complex as the catalyst. Using environmentally friendly oxygen
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as the oxidant, a wide range of thiols including biologically important molecules can be smoothly
converted into corresponding disulfides in water. Notably, two potential intermediate species were
successfully isolated and unambiguously characterized, which is essential to reveal the detailed mechanism

of this transformation. This catalytic system represents a rare and desired heteronuclear bimetallic scaffold

rsc.li/catalysis

Introduction

Construction of the S-S bond is of great importance in
numerous fields of chemistry and biology, because the
resulting disulfides as structural linkers can play multifaceted
roles.”™ In biological proteins, the S-S bonds between
cysteine residues can stabilize the native structure.'® In drug
development, disulfides as a vital component exhibit unique
pharmacological activities such as anti-alcoholic*® and anti-
bacterial effects.”’ In addition, this crucial motif also
extensively exists in natural products® and food additives.* In
this context, great efforts had been made to develop efficient
methods for the access to disulfides.” Among these synthetic
pathways, the oxidative coupling of thiols is the most effective
strategy, especially for symmetrical disulfides. In fact, in
recent decade, oxidative coupling between two nucleophiles
catalyzed by transition metals has developed into an efficient
approach for chemical bond formations, in which oxidants
are usually involved.® For example, to realize the formation of
S-S bonds, various oxidants are generally required, such as
oxygen or air,”® hydrogen peroxide,’ halogens,'® high-valent
sulfur compounds' and other agents.'> As people gradually
become aware of environmental protection, the employment
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for understanding the biological process of S-S bond formation from the viewpoint of bioinspired catalysis.

of oxygen has attracted considerable attention from the
synthetic community.”* Up to now, many homogeneous’ and
heterogeneous® catalytic systems containing transition-metal
species utilizing oxygen have been successfully developed for
the oxidative coupling of thiols. However, most of these cases
usually have some obvious disadvantages including toxic
solvents, high temperature, long reaction times, relatively low
yields, and extra additives or bases. Therefore, the
establishment of efficient, green, and sustainable methods
for the formation of S-S bonds remains challenging and
highly desirable.

In the past two decades, although several new strategies
have been developed,’® the transition-metal catalyzed
oxidative coupling of thiols to disulfides is still a most
commonly used one. From the conventional view of metal
catalysts, metal thiolate complexes usually play as inactive
species in these catalytic cycles.'> However, the discovery of
the active centres of various significant metalloenzymes in
nature provides new understanding of the role of sulfur
donors.'® Besides, the cooperative effect of bi- or multi-
metallic sites is also essential to promote corresponding
enzymatic activity."” Nonetheless, there are no biomimetic
systems for the catalytic oxidation of thiols to disulfides in
aqueous medium  reported.  Furthermore, detailed
mechanistic  investigations by  trapping  potential
intermediates using structural determination methods are
less developed, despite these being helpful to obtain insights
into biological processes involving S-S bond formation.

In our preliminary work, inspired by versatile
metalloenzymes in biology, we were always devoted to
constructing thiolate-bridged di- or multinuclear metal
complexes for small molecule activation and transformation,

This journal is © The Royal Society of Chemistry 2019
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adopting different types of sulfur donors.'*° Notably,
several homo- and heterometallic thiolate complexes exhibit
excellent catalytic properties by the cooperation effect.”” In
order to further extend the catalytic performance of our
reaction platforms, herein, we utilized the flexible thioether-
dithiolate tridentate ligand tpdt (tpdt = S(CH,CH,S),) to
prepare several tpdt-bridged heteronuclear complexes, among
which an iron-ruthenium complex was proven to be an
outstanding catalyst for the oxidation of mercaptans to
disulfides in water employing oxygen as the oxidant at room
temperature. Importantly, two potential intermediates during
the catalytic cycle were fully characterized by X-ray
crystallography.

Results and discussion

Synthesis of thiolate-bridged heterometallic complexes with
iron
Our investigation was initiated by the construction of
thioether-dithiolate-bridged heteronuclear metal complexes
containing iron. As illustrated in Scheme 1, a tpdt-bridged
iron-ruthenium complex [Cp*Ru(u-1,>SSS":2,%SS-tpdt)FeCp*]-
[PFe] (2[PFg], Cp* = n>-CsMe;) was synthesized through the
assembly of the two mononuclear precursors [Cp*
Ru(MeCN);][PF]** and [Cp*Fe(n’*-tpdt)] (1)** in high yield. In
view of mononuclear iron precursor 1 as a versatile building
block** and reaction platform,> the mononuclear cobalt
analogue [Cp*Co(n*tpdt)] (3) was synthesized by the
interaction of [Cp*Co(u-Cl),(t-C),CoCp*]*® with 2 equiv. of
Li,(tpdt). Similarly, by adopting mononuclear cobalt complex
3 and [Cp*Fe(MeCN);][PFs]*’ as precursors, a similar iron-
cobalt complex [Cp*Fe(p-1,°SSS":2,>SS-tpdt)CoCp*]|[BPhy]
(4a[BPh,]) was smoothly generated in good yield. To
distinguish between iron and cobalt which have similar
atomic radii, we also conducted a reaction employing [Cp’
Fe(MeCN);][PFs] (Cp'= n’-CsMe H)*® to facilely afford the
corresponding iron-cobalt complex [Cp'Fe(u-1,°SSS":2,>SS-
tpdt)CoCp*][BPh,] (4b[BPh,]).

These heteronuclear complexes were fully characterized by
'H NMR, *C NMR, ESI-HRMS, and IR spectroscopy as well as
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Scheme 1 Synthesis of heterometallic complexes 2[PF¢l, 4a[BPh,4] and
4b[BPhy]. Reagents and conditions: (i) MeCN, -45 °C to rt, 88%; (ii) 2
equiv. of Lix(tpdt), THF, rt, 2 h, 55%; (i) 1 equiv. of [CpFe(MeCN)s][PF4]
(Cp" = Cp* or Cp), 1 equiv. of NaBPhy,, THF, -78 °C to rt, 82% for
4a[BPh,], 83% for 4b[BPh,].
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elemental analysis. In the "H NMR spectrum of 2[PFg], three
remarkably broad proton resonances appear at -6.42, —0.64,
and 3.03 ppm, which suggest that this iron-ruthenium
complex should be a paramagnetic species. A similar
phenomenon was also observed in other formal Fe"Ru™
complexes.>®  Furthermore, solid evidence for the
paramagnetism of 2[PF4] was provided by other spectroscopic
methods. Using Evans' method,*® the effective magnetic
susceptibility (g.s) of 2[PFg] in solution was determined to be
1.77u5 by 'H NMR spectroscopy. In addition, the EPR
spectrum of complex 2[PF¢] in the solid state at room
temperature features a diagnostic signal at g = 2.07 (Fig. S2+).
The above data indicate that complex 2[PF¢] is in an S = 1/2
spin state. Differently, iron-cobalt complexes 4a[BPh,] and
4b[BPh,] are all diamagnetic species confirmed by their 'H
NMR spectra, in which several intense resonances assignable
to Cp*, Cp’ and tpdt ligands appear in a common region.
This result is attributed to the fact that cobalt has one more
d electron than iron. In addition, their **C NMR spectra were
fully consistent with the aforementioned 'H NMR results.
Furthermore, electrospray ionization high resolution mass
spectrometry (ESI-HRMS) was adopted to confirm the
molecular compositions of these complexes. As expected, the
corresponding molecular ion peaks for the cationic parts of
complexes 2[PFg], 4a[BPh,] and 4b[BPh,] were detected.

To get more structural information, these complexes were
clearly determined by X-ray diffraction analysis, and the
molecular structures of 2[PFs] and 4b[BPh,] are shown in
Fig. 1 and 2, respectively. Their geometric arrangement is
similar to that of the diiron analogue.>® Interestingly, it is
observable that the thioether sulfur atom in the bridging tpdt
ligand flipped from the original metal center to the other
one. This unusual phenomenon should be attributed to the
flexibility of the tpdt ligand, because a similar situation is
not observed when using other rigid tridentate ligands to
construct heteronuclear complexes.> In 2[PFq], the Fe-Ru
bond distance is 2.691(2) A, which is very close to that of our
other reported thiolate-bridged FeRu complex.”® Because the
thioether sulfur atom is coordinated to the ruthenium center,
the interaction between the ruthenium center and bridging
thiolate sulfur atoms is evidently weakened, which is

Fig. 1 Molecular structure of 2[PF¢] at 50% probability of ellipsoids.
The PFg anion and hydrogen atoms are omitted for the sake of clarity.
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Fig. 2 Molecular structure of 4b[BPh,] at 50% probability of ellipsoids.
The BPh,4 anion and hydrogen atoms except for the hydrogen atom on
the Cp’ ring are omitted for the sake of clarity.

consistent with the fact that the Rul-S1 bond length of
2.305(2) A is significantly longer than the Fe1-S1 bond length
of 2.197(2) A and almost equal to the Ru1-S2 bond length of
2.307(3) A. In 4b[BPh,], to stabilize the coordinatively
unsaturated iron center, the thioether sulfur atom occupies
the remaining coordination site. A similar situation was also
observed in the bidentate thiolate-bridged iron-cobalt
complex [Cp*Co(u-n*n*-bdt)FeCp’[PFs] (bdt = benzene-1,2-
dithiolate).>® The minor substituent difference on the Cp
rings of complexes 4a[BPh,] and 4b[BPh,] has a slight effect
on the structural data. For example, the dihedral angles of
two Cp rings in 4a[BPh,] is 66.78(21)°, which is smaller than
73.18(19)° in 4b[BPh,]. Besides, the Fe-Co bond distance of
2.6772(8) A in 4a[BPh,] is slightly longer than 2.587(1) A in
4b[BPh,]. These two bond lengths are located in a common
range from 2.398(14) A to 3.153(1) A in reported dithiolate-
bridged iron-cobalt complexes.**

Aerobic oxidation of thiols catalysed by bimetallic complexes

Inspired by versatile catalytic properties mediated by
heterometallic clusters in metalloenzymes and homogeneous

View Article Online
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systems,"”** we constructed heterometallic complexes to
pursue the development of new systems for biomimetic
catalysis. During our investigations about biomimetic
oxidation using oxygen, we found that tpdt-bridged homo- or
heterometallic complexes can serve as effective catalysts for
the oxidative coupling of mercaptans. Based on this finding,
a series of experiments were designed and performed.

At the outset, the catalytic transformation of thiophenol
(5a) to diphenyl disulfide (6a) was selected as the model
reaction to optimize the reaction conditions. For the sake of
manifesting the unique catalytic nature of bimetallic
complexes by the cooperation effect, several mononuclear
precursor complexes were chosen as catalysts. In addition, to
understand the differences of metal centres in catalytic
activity, diiron and nickel-iron analogues of complex 2[PF¢]
were also examined. All experimental results are summarized
in Table 1 (the detailed coordination modes of the bridging
tpdt ligand are simplified due to space constraints of the
table).

In the presence of 1 mol% catalyst, the mononuclear iron,
ruthenium, and cobalt complexes show poor activity for the
oxidative coupling of thiols in THF-dg at room temperature
under an oxygen atmosphere (entries 1-5). Notably, when the
three labile MeCN groups were replaced by the tridentate
tpdt ligand, the conversion and yield significantly increased,
especially with mononuclear iron and cobalt complexes 1
and 3 (entries 3 and 5). To our delight, when the tpdt-
bridged diiron complex [Cp*Fe(u-1,°SSS":2,>SS-pdt)FeCp*]-
[PFs] was adopted as the catalyst, a high conversion and yield
were obtained as shown in entry 6. Nonetheless, iron-nickel
complex [Cp*Fe(u-tpdt)Ni(dppe)][PFs] and iron-cobalt
complex 4a[BPh,] with a similar core structure were proven
to be poor promoters for the conversion of thiophenol to
diphenyl sulfide (entries 7 and 9). In addition, iron-
ruthenium complex 2[PF¢] can also serve as an excellent
catalyst with a high conversion and yield similar to its diiron
analogue (entry 8). Essentially, its binuclear reaction scaffold
still remains after catalytic transformation, which is different
from the diiron complex. As observed, [Cp*Fe(u-1,°SSS":2,>SS-

Table 1 Aerobic oxidation of thiophenol to diphenyl disulfide catalyzed by various mono- and dinuclear metal complexes®

Cat. (1 mol%)
THF-dg, rt, 15 min,
under O, atmosphere

2 PhSH

PhSsPh

Entry Catalyst Conversion” (%) Yield® (%)
1 [Cp*Fe(MeCN);][PFq] 16 9
2 [CP*Ru(MeCN);][PFe] 16 12
3 [Cp*Fe(n’*-tpdt)] 74 71
4 [Cp*Ru(n?>-tpdt)] 33 31
5 [Cp*Co(n’*-tpdt)] 68 66
6 [Cp*Fe(p-tpdt)FeCp*|[PF] 100 93
7 [Cp*Fe(u-tpdt)Ni(dppe)][PFs] 36 34
8 2[PF] 100 95
9 4a[BPh,] 20 11

“ Reaction conditions: thiophenol (1.8 mmol), catalyst (0.018 mmol, 1 mol%), THF-ds (0.6 mL), under an O, atmosphere, rt, 15 min. ® The
yield and conversion were determined by "H NMR spectroscopy with hexamethylbenzene as an internal standard.
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pdt)FeCp*][PFs] was almost completely decomposed into
unidentified insoluble species after the catalytic reaction was
completed.

Moreover, we also explored the solvent effects in the
conversion and yield of this reaction. The screening results
show that THF is the optimal solvent (Table S17).
Furthermore, the loading of catalyst 2[PFs] was also
investigated from 1 mol% to 0.1 mol%. As a result, 1 mol%
catalyst was required for the accomplishment of this catalytic
process, which is evidenced by the fact that the obvious
decrease of the yield is accompanied with the reduction of
the amount of catalyst (Table S2t). Besides, control
experiments have also been implemented to demonstrate the
importance of the compatibility between catalyst and oxidant.
One step further, we have also tried the synthesis of
unsymmetrical disulfides through the oxidative cross
coupling of different thiols catalyzed by complex 2[PF¢] under
similar conditions. Formation of unsymmetrical disulfides
was observed, but the selectivity is moderate due to the
appearance of homo-coupling products.

From the viewpoints of environmental and sustainable
prospects,® we sought to develop a greener catalytic system
for the synthesis of disulfides. To achieve this aim, we
attempted to utilize water as the solvent, replacing THF.
Delightedly, the oxidative coupling of thiophenol catalyzed by
2[PF¢] smoothly proceeded in water , although it is necessary
to extend the reaction time to 3 h for complete conversion.

Table 2 Oxidation of thiols catalyzed by 2[PF¢]*

View Article Online
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Under the green and mild conditions, we next examined the
substrate scope of this oxidation reaction using 2[PF¢] (1
mol%) as the catalyst. As shown in Table 2, complex 2[PF¢]
was proven to be an efficient catalyst with good functional
group compatibility for oxidative coupling of thiols to
corresponding  disulfides. For instance, thiophenol
derivatives (5b and 5c) bearing electron-donating and
electron-withdrawing groups at the para positions on the
phenyl ring can facilely be oxidized to afford the
corresponding disulfides (6b and 6c¢) in high yields. In
addition, benzyl mercaptan (5d) as a representative aliphatic
thiol was also oxidized to generate disulfide 6d in good yield.
Furthermore, conversion of some biological relevant
organosulfur compounds such as cysteine (5e) and reduced
glutathione (5f) into cystine (6e) and oxidized glutathione
(6f), respectively, were also realized in high yields. The
achievement of these two cases provides a new biomimetic
reaction platform in aqueous medium for obtaining more
insights into peptide bond formation in cells.

Mechanistic considerations

To get a deep insight into plausible reaction pathways of the
catalytic oxidation of thiols using 2[PFe], a series of
experiments were conducted to corroborate potential
intermediate species. Also, thiophenol was selected as a
representative substrate for mechanistic studies. Firstly, we

Cat. 2[PFg] (1 mol%)
H,0,rt,3h,
under O, atmosphere

Entry Thiol Disulfide Yield® (%)
1 90
SH S—S
5a
2 90
s
5b
3 89
c SH
5¢
4 5 82
@c—s—s—c@
5d
5 o] NH, o] 97
Ho)J\‘ASH Hoj(k/s\sAHJ\OH
NH, o) NH,
5e 6e
6 SH O H NH 94
O 9 (HO HO N ’OH
ool Lo, YT
NH, H O $
5f 0 0%y H O
HO)I\‘/\/ILN)\WNJLOH
NH, H O
6f

“ Reaction conditions: thiol (1.8 mmol), 2[PF,] (0.018 mmol, 1 mol%), H,O (2 mL), under an O, atmosphere, 1t, 3 h.

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Synthesis of complexes 7[PFgl,, 8[PFs] and 9[BPh,l.
Reagents and conditions: (i) air, MeCN, rt, 1 h, 42%; (ii) ex. PhSH, O, (1
atm), THF, rt, 15 min, 88%; (iii) ex. PhSH, THF, rt, 15 min; (iv) 1 equiv. of

CoCpy, 1 equiv. of Lut-HBPh,4, 1 equiv. of NaBPh,, THF, =78 °C to rt,
85%.

explored the reactivity of complex 2[PF¢] towards one
atmosphere of oxygen in the absence of thiophenol. Complex
2[PFe] was robust under an inert atmosphere whether in
solution or the solid state. However, when a THF solution of
complex 2[PF¢] was exposed to oxygen for about 1 h, further
oxidized product 2[PF¢], was detected by ESI-MS analysis,
accompanied with a great deal of precipitates. This result
indicates that a disproportionation process of 2[PFs] may
occur, promoted by oxygen. However, the reaction selectivity
is too poor to conduct further isolation and purification of
complex 2[PF¢],. With weakly coordinative MeCN as the
solvent, an expected dicationic FeRu™ complex [Cp*Ru(u-
1,2585":2,%8S-tpdt){Cp*Fe(t-MeCN)}|[PFs], (7[PF¢l,) can be
successfully isolated in moderate yield (Scheme 2).
Independently, complex 7[PF¢], can also be obtained by the
reaction of 2[PF¢] with one-electron oxidant Fc-PFg in MeCN.

Fig. 3 Molecular structure of 7[PFgl, at 50% probability of ellipsoids.
The two PFg anions and hydrogen atoms are omitted for the sake of
clarity.

6496 | Catal Sci. Technol, 2019, 9, 6492-6502
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Fig. 4 Molecular structure of 8[PF¢] at 50% probability of ellipsoids.
The PFg anion and hydrogen atoms are omitted for the sake of clarity.

The 'H NMR spectrum of 7[PF¢], shows four sets of proton
resonances for the four inequivalent methylene groups in the
tpdt ligand and two intense singlets for the methyl groups of
two inequivalent Cp* groups. All assighments of "H NMR
data are fully consistent with the structural information
determined from the 'C NMR spectrum of 7[PFg).
Crystallographic analysis shows that one MeCN molecule
occupies the open coordination site (see Fig. 3). The Fe-Ru
distance in 7[PFg], is slightly lengthened from 2.691(2) A in
2[PFg] to 2.794(2) A

Subsequently, under aerobic conditions, the reaction of
2[PF¢] with a slight excess of thiophenol gave the only
product [Cp*Fe(u-1,>S85":2,2SS-tpdt){Cp*Ru(t-SPh)}|[PF¢]
(8[PF¢]) in good yield (Scheme 2). Oxidation of 2[PF¢] to form
a dicationic species was not observed. Complex 8[PF¢] was
unambiguously  characterized by  spectroscopy and
crystallography. Interestingly, the crystal structure shown in
Fig. 4 reveals that the pendent thioether sulfur atom in the
tpdt ligand returned from the ruthenium center to the iron
center. Meanwhile, a phenylthiolate group was coordinated
to the ruthenium centre.

Interestingly, treatment of 2[PFs] with an excess of
thiophenol in THF-dg under anaerobic conditions gave a
mixture of complex 8[PFs] and terminal hydride complex
[Cp*Fe(u-1,>S8S":2,2SS-tpdt){Cp*Ru(t-H)} [PF¢] (9[PFg]),
identified using the "H NMR spectrum and ESI-HRMS data.

Fig. 5 Molecular structure of 9[BPhy] at 50% probability of ellipsoids.
The BPh, anion and hydrogen atoms except the terminal hydride are
omitted for the sake of clarity.

This journal is © The Royal Society of Chemistry 2019
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Due to the restriction of coordination number, the
phenylthiolate and hydride groups derived from thiophenol
didn't bind to the same bimetallic scaffold through an
oxidative addition fashion as in other metallic systems.*® In
the "H NMR spectrum, four sharp peaks appear at 1.60, 1.68,
1.71 and 1.93 ppm, assignhable to two sets of inequivalent
Cp* methyl proton signals of complexes 8[PF¢] and 9[PF],
respectively (Fig. S181). In addition, a diagnostic signal for
the terminal hydride appears at —-16.81 ppm in the high field
region, which is close to -16.44 ppm of a phosphine-
dithiolate-bridged diruthenium terminal hydride complex,®”
but is significantly located in a higher field than those of
other thiolate-bridged diruthenium complexes.****® In
addition, the terminal hydride complex 8[PF¢] can also be
independently generated through the reductive protonation
of 2[PF¢] in excellent yield (Scheme 2).

Single-crystals suitable for X-ray diffraction analysis were
obtained by further counter ion exchange. As shown in Fig. 5,
the molecular structure of 9[BPh,] reveals a hydride ligand
terminally coordinated to the ruthenium center accompanied
with shifting of the pendant thioether sulfur atom to the iron
center. These structural variations cause the Fe-Ru distance
of 2.7411(4) A in 9[BPh,] to be slightly lengthened compared
with 2.691(2) A in 2[PFg]. Interestingly, different from bdt-
bridged bimetallic systems,> the terminal hydride complex
9[BPh,] is relatively insensitive to temperature and is stable
under an inert atmosphere at room temperature.

In order to test the identity of potential intermediates, we
carried out the catalytic oxidation of thiophenol with these
complexes. Due to its insolubility in THF, complex 7[PFs],
was firstly excluded as a potential intermediate species.
However, complex 8[PFg] can serve as an excellent catalyst for
oxidative coupling of thiols to disulfides under an O,
atmosphere (Table S47t). In addition, 9[BPh,] was also proven
to be an effective catalyst for oxidation of thiols under similar
conditions, in spite of its relatively low efficiency compared
with 8[PFg]. This result can be explained by the instability of
9[BPh,] in the presence of excess substrates under an O,
atmosphere. Realization of this catalytic reaction promoted
by these two complexes suggests that they should function as
essential intermediates during this catalytic process.

Based on the above results and previous reports for the
pathways of this type of reaction, a proposed mechanism of

PhSH PhSSPh 1/2H,0 1/4 0,
+ +

Scheme 3 Plausible catalytic mechanism for the 2[PF¢]-catalyzed
oxidation of thiols to disulfides with molecular oxygen as an oxidant.

This journal is © The Royal Society of Chemistry 2019
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this oxidation process is shown in Scheme 3. Firstly, catalyst
2[PFe] interacts with thiols to simultaneously generate
complexes 8[PFg] and 9[PFg], which is strongly supported by
the above experimental results. Then, these two complexes
can transform into initial species 2[PF¢] through two
different pathways. In the left semicircle, complex 8[PFg]
converts into 2[PFs] in the presence of a thiol and oxygen
accompanied with the release of the oxidation product
PhSSPh and side-product H,O. Meanwhile, in the right
semicircle, the intermediate 9[PF¢] reduces molecular oxygen
to give H,O along with the regeneration of complex 2[PFg].
The two sections combine together to accomplish a catalytic
cycle. Finally, the main residue containing metals in solution
was complex 8[PF], which cannot further release disulfides
through the left semicircle due to exhaustion of thiophenol.

Conclusions

In summary, several thiolate-bridged heteronuclear complexes
containing iron were successfully synthesized by an assembly
reaction and fully characterized by spectroscopy and
crystallography. Iron-ruthenium complex 2[PF¢] can serve as an
excellent catalyst for oxidation of thiols to symmetrical disulfides
employing environmentally friendly oxygen in aqueous medium
at room temperature. Unexpectedly, this green method is not only
applicable to common organic thiols, but also to small molecules
with Dbiological significance such as cysteine and reduced
glutathione. Achievement of this bio-inspired oxidation by the
bimetallic cooperative effect is conducive to gain new insights
into some important biological processes involving S-S bond
formation. Furthermore, two potential intermediates in the
catalytic cycle were unambiguously characterized by Xray
diffraction analysis, which provides vital evidence for the detailed
elucidation of the reaction mechanism. Studies on other potential
catalytic oxidation processes and biological activities are now in

progress.

Experimental section
General procedures

All manipulations were carried out under a dry argon
atmosphere by using standard Schlenk techniques and a
Mikrouna argon-filled glove box. All solvents were dried and
distilled over an appropriate drying agent under argon.
pentamethylcyclopentadiene (Cp*H),*® Lut-HBPhy,*® Fc-PFg,"!
[Cp*Ru(MeCN);][PF¢],>* [Cp*Fe(n*-tpdt)] (1),>* [Cp*Co(u-Cl),(t-
C1),CoCp*],>® [Cp*Fe(MeCN);][PF;],>” [Cp'Fe(MeCN),]|[PFq]*®
and [Cp*Ru(n’-tpdt)]** were prepared according to literature
procedures. RuCl; (Aldrich), anhydrous FeCl, (Aldrich),
S(CH,CH,SH), (Aldrich), NaBPh, (Energy Chemical), CoCp,
(Energy Chemical), and mercaptans (Energy Chemical) were
used as received without further purification.

Spectroscopic measurements

Infrared spectra were recorded on a NEXVSTM FT-IR
spectrometer. Elemental analyses were performed using a
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Vario EL analyzer. The 'H and '*C NMR spectra were
recorded on a Briiker 400 Ultra Shield spectrometer. The
chemical shifts () are given in parts per million relative to
CD;CN (1.94 ppm for 'H; 118.26 ppm for *C), CD,CI, (5.32
ppm for 'H; 53.84 ppm for *C), CDCl, (7.26 ppm for 'H,
77.16 ppm for *C), C¢Dg (7.16 ppm for 'H, 128.06 ppm for
3C), THF-dg (1.72, 3.58 ppm for 'H), and D,O (4.79 ppm for
'H). ESI-HRMS data were recorded on an HPLC/Q-Tof mass
spectrometer. The EPR spectra were recorded at room
temperature on a JEOL JES-FE3AX spectrometer.

X-ray crystallography procedures

The data were obtained on a Britker SMART APEX CCD
diffractometer with graphite monochromated Mo Ko
radiation (1 = 0.71073 A). Empirical absorption corrections
were performed using the SADABS program.*’ Structures
were solved by direct methods and refined by the full-matrix
least-squares method based on all data using F> with
SHELX2014.** All of the non-hydrogen atoms were refined
anisotropically. All of the hydrogen atoms were generated
and refined in ideal positions.

One CH, group in the tpdt ligand of complex 2[PF¢] and
one CH, group in the tpdt ligand of complex 7[PFg], were
disordered and restrained during structural refinement.
Disordered atomic positions were split and refined using one
occupancy parameter per disordered group. We used
SQUEEZE to help us solve the level B alert of solvent
accessible voids when checking the cif file of 9[BPh,] through
CheckCIF  (http://checkcif.iucr.org). Crystal data and
collection details for 2[PF¢] and 3 are given in Table S6;}
crystal data and collection details for 4a[BPh,] and 4b[BPh,]
are given in Table S7;} crystal data and collection details for
7[PF¢),, 8[PF¢], and 9[BPh,] are given in Table S8.}

Synthesis  of [Cp*Ru(p-1,>SSS":2,>SS-tpdt)FeCp*][PF]
(2[PFg]). A solution of [Cp*Fe(n’>-tpdt)] (1, 161 mg, 0.47 mmol)
in MeCN (15 mL) was cooled to —45 °C. Then, a solution of
[Cp*Ru(MeCN);][PF¢] (237 mg, 0.47 mmol) in MeCN (20 mL)
at —45 °C was transferred via a cannula to the cooled solution
of 1. The mixture was stirred overnight as it warmed to room
temperature. The resulting yellow-green solution was
evaporated and washed with Et,O (3 x 10 mL). The product,
[Cp*Ru(u-1,>S8S":2,%8S-tpdt)FeCp*]|[PF] (2[PFq], 300 mg, 0.41
mmol, 88%), was obtained as a yellow-green crystalline
powder. Crystals suitable for X-ray diffraction were obtained
from a THF solution layered with n-hexane at room
temperature. "H NMR (400 MHz, CD;CN, ppm): 6 —6.42 (br),
-0.64 (s), 3.03 (s). pefr (CD3CN, Evans' method, 25 °C) =
1.77yup. ESIF-HRMS (m/z): caled. for 2%: 580.0535; found:
580.0549. IR (film, cm™): 2962, 2852, 1379, 1021, 558. EPR
(298 K): g = 2.07. Anal. calced. for C,,HzgFeRuS;PFg: C, 39.78;
H, 5.29. Found: C, 39.56; H, 4.99.

Synthesis of [Cp*Co(n*-tpdt)] (3). At room temperature, a
suspension of Liy(tpdt) in THF (30 mL), prepared by the
reaction of "BulLi (3.02 mL, 2.5 M solution in n-hexane, 7.56
mmol) and S(CH,CH,SH), (580 mg, 3.78 mmol) at 0 °C, was
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transferred via a cannula to a THF (30 mL) solution of [Cp*
Co(p-Cl),(t-Cl),CoCp*] (1.00 g, 1.89 mmol) and the mixture
was stirred for 2 h, resulting in a violet solution. All volatiles
were removed in vacuo and the residue was extracted with
n-hexane (3 x 100 mL). After being cooled to -30 °C for one
day, black thin slice crystals of [Cp*Co(n*-tpdt)] (3, 720 mg,
2.08 mmol, 55%) were isolated. '"H NMR (400 MHz, C¢Ds,
ppm): J 1.40 (s, 15H, Cp*-CH3), 1.82 (m, 4H, tpdt-CH,), 2.13
(m, 4H, tpdt-CH,). >*C NMR (100 MHz, C¢Ds, ppm): § 9.29
(Cp*-CH,), 30.70 (SCH,), 45.95 (SCH,), 93.17 (Cp*-C). IR
(film, cm™): 2960, 2905, 1428, 1372, 1095, 1022, 832. Anal.
caled. for C4H,3C0S;: C, 48.54; H, 6.69. Found: C, 48.26; H,
6.64.

Synthesis of [Cp*Fe(p-1,>SSS":2,>SS-tpdt)CoCp*]|[BPh,]
(4a[BPh,]). At -78 °C, a solution of [Cp*Fe(MeCN);][PF¢] (165
mg, 0.36 mmol) in THF (20 mL) was added to a THF (20 mL)
mixed solution of 3 (125 mg, 0.36 mmol) and NaBPh, (123
mg, 0.36 mmol). Then, the resulting solution was stirred
vigorously as it warmed to room temperature, resulting in a
brown-red solution. Then, the supernatant solution was
filtered and evaporated to dryness in a vacuum. The resulting
product, [Cp*Fe(u-1,°SSS":2,>SS-tpdt)CoCp*|[BPh,] (4a[BPh,],
257 mg, 0.30 mmol, 82%), was obtained as a brown powder.
Crystals suitable for X-ray diffraction were obtained from a
CH,Cl, solution layered with n-hexane at room temperature.
'H NMR (400 MHz, CD,Cl,, ppm): d 1.20 (s, 15H, Cp*~CH,),
1.67 (m, 2H, tpdt-CH,), 2.04 (m, 2H, tpdt-CH,), 2.53 (s, 15H,
Cp*-CH;), 2.68 (m, 2H, tpdt-CH,), 4.26 (m, 2H, tpdt-CH,),
6.87 (m, 4H, Ph-H), 7.02 (m, 8H, Ph-H), 7.31 (m, 8H, Ph-H).
3C NMR (100 MHz, CD,Cl,, ppm): J 9.10 (Cp*-CHj3), 10.50
(Cp*-CHj,), 40.30 (SCH,), 44.69 (SCH,), 95.96 (Cp*-C), 99.56
(Cp*-C), 122.13 (Ph-C), 126.02 (Ph-C), 136.31 (Ph-C). ESI-
HRMS (m/z): caled. for 4a™: 537.0817; found: 537.0803. IR
(film, em™): 3052, 2962, 2851, 1579, 1478, 1090, 1201, 733,
705, 607. Anal. caled. for C,gHsgBCoFeS;: C, 67.29; H, 6.82.
Found: C, 67.54; H, 6.90.

Synthesis of [Cp'Fe(p-1,SSS":2,>SS-tpdt)CoCp*][BPh,]
(4b[BPh,]). At -78 °C, a solution of [Cp'Fe(MeCN);][PF,] (142
mg, 0.32 mmol) in THF (20 mL) was added to a THF (20 mL)
mixed solution of 3 (111 mg, 0.32 mmol) and NaBPh, (109
mg, 0.32 mmol). Then, the resulting solution was stirred
vigorously as it warmed to room temperature, resulting in a
brown-red solution. Then, the supernatant solution was
filtered and evaporated to dryness in a vacuum. The resulting
product, [Cp'Fe(u-1,°S8S":2,>SS-tpdt)CoCp*]|[BPh,] (4b[BPhg],
227 mg, 0.27 mmol, 83%), was obtained as a brown powder.
Crystals suitable for X-ray diffraction were obtained from a
CH,Cl, solution layered with n-hexane at room temperature.
'"H NMR (400 MHz, CD,Cl,, ppm): 6 1.21 (s, 6H, Cp'-CHj),
1.84 (s, 15H, Cp*-CH,), 1.87 (s, 6H, Cp'~CH;), 2.48 (m, 4H,
tpdt-CH,), 3.10 (m, 4H, tpdt-CH,), 3.92 (s, 1H, Cp’-H), 6.85
(m, 4H, Ph-H), 7.00 (m, 8H, Ph-H), 7.28 (m, 8H, Ph-H). *C
NMR (100 MHz, CD,Cl,, ppm): § 10.41 (Cp'-CHj), 11.15
(Cp*-CH,), 11.31 (Cp'-CHj;), 35.95 (SCH,), 47.54 (SCH,),
72.62 (Cp'-C), 91.37 (Cp*-C), 97.95 (Cp'-C), 98.42 (Cp'-C),
122.53 (Ph-C), 126.59 (Ph-C), 136.65 (Ph-C). ESI-HRMS (m/2):

This journal is © The Royal Society of Chemistry 2019


http://checkcif.iucr.org
https://doi.org/10.1039/c9cy01667h

Published on 03 October 2019. Downloaded by University of New England on 1/3/2020 9:09:08 AM.

Catalysis Science & Technology

caled. for 4b*: 523.0661; found: 523.0658. IR (film, cm™):
3051, 2913, 2851, 1579, 1478, 1426, 1096, 1020, 804, 705, 607.
Anal. caled. for C,3H5gBCoFeS;: C, 66.99; H, 6.70. Found: C,
66.92; H, 6.68.

Synthesis of  [Cp*Ru(p-1,>SSS":2,>SS-tpdt){Cp*Fe(t-
MeCN)}[PF¢], (7[PF¢],). Method A: A solution of 2[PF¢] (152
mg, 0.21 mmol) in MeCN (20 mL) was stirred at room
temperature, exposing to air for 1 h. During this time, the
colour gradually changed from yellow-green to brown-yellow.
After removal of the volatiles under reduced pressure, the
yellow residue was washed with Et,O (3 x 10 mL) to afford
crystalline solids of [Cp*Ru(u-1,>S8S":2,%SS-tpdt){Cp*Fe(t-
MeCN)}|[PFs], (7[PF¢],, 80 mg, 0.09 mmol, 42%). Method B:
Fc-PFq (70 mg, 0.21 mmol) was added to a yellow-green MeCN
(20 mL) solution of 2[PFe] (152 mg, 0.21 mmol) and the
mixture was stirred at room temperature for 1 h. The
resulting brown-yellow solution was evaporated, and then the
residue was washed with Et,O (3 x 10 mL) to remove the Fc
by-product. The resulting product, [Cp*Ru(u-1,>SSS":2,>SS-
tpdt){Cp*Fe(t-MeCN)}|[PFs], (7[PF¢l,, 173 mg, 0.19 mmol,
90%), was obtained as a yellow powder after drying in vacuo.
Crystals suitable for X-ray diffraction were obtained from a
MeCN solution layered with Et,O at room temperature. 'H
NMR (400 MHz, CD;CN, ppm): 6 1.51 (s, 15H, Cp*-CHj), 1.81
(s, 15H, Cp*-CH,), 1.95 (s, 3H, CH,;CN), 2.18 (m, 2H, tpdt-
CH,), 2.74 (m, 2H, tpdt-CH,), 2.92 (m, 2H, tpdt-CH,), 3.40 (m,
2H, tpdt-CH,). *C NMR (100 MHz, CD;CN, ppm): § 10.49
(Cp*-CH;), 10.89 (Cp*-CH,), 38.40 (SCH,), 40.28 (SCH,),
103.17 (Cp*-C), 106.17 (Cp*-C). ESI-HRMS (m/z): caled. for
7°": 290.0268; found: 290.0259. IR (film, cm™): 2972, 2922,
1484, 1380, 1269, 1020, 837, 736, 558. Anal. calcd. for
C,6H. FeRuS;NP,F,,: C, 34.29; H, 4.54; N, 1.54. Found: C,
34.48; H, 4.30; N, 1.42.

Synthesis of [Cp*Fe(p-1,’SSS':2,”SS-tpdt){Cp*Ru(t-SPh)}]-
[PF¢] (8[PFe]). To a stirred suspension of 2[PF¢] (123 mg, 0.17
mmol) in THF (10 mL), thiophenol (60 pL, 0.58 mmol) was
added at room temperature, and the mixture was stirred
under an O, atmosphere for 15 min. Then, the solution was
evaporated to dryness under reduced pressure. The residue
was washed with Et,O (3 x 10 mL) to give a yellow product
[Cp*Fe(u-1,>S85":2,2SS-tpdt){Cp*Ru(t-SPh)}|[PFs] (8[PFs], 125
mg, 0.15 mmol, 88%). Crystals suitable for X-ray diffraction
were obtained from a THF solution layered with n-hexane at
room temperature. "H NMR (400 MHz, CD;CN, ppm): J 1.64
(s, 15H, Cp*-CHj3), 1.66 (s, 15H, Cp*-CH3), 2.69 (m, 2H, tpdt-
CH,), 2.80 (m, 2H, tpdt-CH,), 3.12 (m, 4H, tpdt-CH,), 6.84 (m,
1H, Ph-H), 7.00 (m, 2H, Ph-H), 7.05 (m, 2H, Ph-H). "*C NMR
(100 MHz, CD;CN, ppm): § 10.49 (Cp*-CH;), 10.78 (Cp*-
CH;), 38.72 (SCH,), 38.80 (SCH,), 100.65 (Cp*-C), 104.18
(Cp*-C), 122.45 (Ph-C), 128.22 (Ph-C), 132.19 (Ph-C). ESI-
HRMS (m/2): caled. for 8": 689.0648; found: 689.0656. IR
(film, cm™): 2964, 2858, 1576, 1471, 1377, 1067, 841, 558.
Anal. calcd. for C;oH,3FeRuS,PF: C, 43.22; H, 5.20. Found: C,
43.48; H, 5.06.

Synthesis of [Cp*Fe(p-1,’°SSS":2,”SS-tpdt){Cp*Ru(t-H)}}-
[BPh,] (9[BPh,]). At -78 °C, a solution of CoCp, (32 mg, 0.17
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mmol) in THF (10 mL) was added to a THF (20 mL) mixed
solution of 2[PF¢] (123 mg, 0.17 mmol), Lut-HBPh, (73 mg,
0.17 mmol) and NaBPh, (58 mg, 0.17 mmol). The reaction
mixture was warmed to room temperature, resulting in a
brown-yellow solution. The supernatant solution was filtered
and evaporated to dryness under reduced pressure. The
residue was washed with Et,0 (3 x 10 mL) and a yellow
powder of [Cp*Fe(p-1,°SSS":2,>SS-tpdt){Cp*Ru(t-H)}|[BPh,]
(9[BPh,], 130 mg, 0.14 mmol, 85%) was obtained. Crystals
suitable for X-ray diffraction were obtained from a THF
solution layered with n-hexane at room temperature. "H NMR
(400 MHz, CD;CN, ppm): 6 -16.95 (s, 1H, Ru-H), 1.56 (s,
15H, Cp*-CH;), 1.90 (s, 15H, Cp*-CH;), 2.13 (m, 2H, tpdt-
CH,), 2.39 (m, 2H, tpdt-CH,), 2.63 (m, 2H, tpdt-CH,), 3.17 (m,
2H, tpdt-CH,), 6.84 (m, 4H, Ph-H), 6.99 (m, 8H, Ph-H), 7.27
(m, 8H, Ph-H). "*C NMR (100 MHz, CD;CN, ppm): ¢ 10.38
(Cp*-CH,), 11.81 (Cp*-CH,), 41.46 (SCH,), 42.09 (SCH,),
95.75 (Cp*-C), 102.94 (Cp*-C), 122.76 (Ph-C), 126.59 (Ph-C),
136.74 (Ph-C). ESI-HRMS (m/z): caled. for 9': 581.0613; found:
581.0615. IR (film, cm™): 3054, 2981, 2914, 1770, 1479, 1377,
1067, 705, 613. Anal. caled. for C,sHsoBFeRuS;: C, 64.07; H,
6.61. Found: C, 63.93; H, 6.39.

Reaction of 2[PF¢] and thiophenol

An excess of thiophenol (5 pL, 0.048 mmol) was added to a
solution of 2[PF¢] (5 mg, 0.007 mmol) in THF-dg (0.6 mL) at
room temperature for about 15 min to give a yellow solution,
which was a mixture of complexes 8[PF¢] and 9[PF4]. "H NMR
(400 MHz, THF-dg, ppm): 6 1.68, 1.71 (8[PF,]), -16.81, 1.60,
1.93 (9[PFe]). ESI-HRMS (m/z): found for 8": 689.0648; found
for 9*: 581.0613.
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