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ABSTRACT: The transfer of multiple electrons and protons is of
crucial importance in many reactions relevant in biology and
chemistry. Natural redox-active cofactors are capable of storing and
releasing electrons and protons under relatively mild conditions and
thus serve as blueprints for synthetic proton-coupled electron
transfer (PCET) reagents. Inspired by the prominence of the 2e−/
2H+ disulfide/dithiol couple in biology, we investigate herein the
diverse PCET reactivity of a Re complex equipped with a bipyridine
ligand featuring a unique SH···−S moiety in the backbone. The
disulfide bond in fac-[Re(S−Sbpy)(CO)3Cl] (1, S−Sbpy = [1,2]-
dithiino[4,3-b:5,6-b′]dipyridine) undergoes two successive reduc-
tions at equal potentials of −1.16 V vs Fc+|0 at room temperature
forming [Re(S2bpy)(CO)3Cl]

2− (12−, S2bpy = [2,2′-bipyridine]-
3,3′-bis(thiolate)). 12− has two adjacent thiolate functions at the
bpy periphery, which can be protonated forming the S−H···−S unit, 1H−. The disulfide/dithiol switch exhibits a rich PCET reactivity
and can release a proton (ΔG°H+ = 34 kcal mol−1, pKa = 24.7), an H atom (ΔG°H• = 59 kcal mol−1), or a hydride ion (ΔG°H− = 60
kcal mol−1) as demonstrated in the reactivity with various organic test substrates.

■ INTRODUCTION
The synchronized transfer of electrons and protons is a critical
step in many chemical and biological transformations. In
particular, hydride and H atom transfer reactions are important
in, for example, catalytic hydrogenation, hydroformylation, or
small molecule activation reactions relevant to renewable
energy storage. This has stimulated extensive research on
hydride and H atom donor reagents, metal and nonmetal
containing, as reducing agents during the past decades.1−14

Inspired by natural enzymatic cofactors, for example,
nicotinamide adenine dinucleotide phosphate (NADPH) or
flavin adenine dinucleotide (FADH2), several nonmetal
hydride donors with dihydropyridines or dihydroquinoline
moieties have been established.15 FADH2 acts as a hydride
donor in various biochemical processes. For example, it is used
as redox reagent by glutathione reductase and thioredoxin
reductase, which mediate the glutathione disulfide to
glutathione conversion16−18 or thioredoxin reduction,19

respectively. Synthetic analogues of such hydride donors, for
example, Hantzsch esters, have been widely explored in
(asymmetric) hydrogenation reactions.20−27

The formation (or regeneration) of nonmetal hydride
donors from the conjugated species is usually challenging.
The use of strong hydrogenation reagents such as H2 over
Pd/C or LiAlH4 can lead to over- or nonselective reduction.
Electrochemical regeneration by consecutive single electron
transfer steps and protonation often produces highly reactive

radical species as intermediates, which have a strong tendency
to, for example, dimerize instead of undergoing the desired
1H+/1e− follow-up reactivity. To modulate the redox proper-
ties and reactivity of the singly reduced intermediates, such
hydride donors have been combined with redox-active metal
ions.28 Pioneering work of Tanaka and co-workers showed that
a ruthenium complex equipped with a NAD-type model ligand
can be used for facile and selective hydride transfer to, for
example, CO2.

29−32 The electrochemical regeneration via 2e−/
H+ transfer can be achieved at moderate potentials. Similarly,
the stoichiometric hydrogen transfer reactivity of a proton
responsive azo unit in the coordination sphere of Co(I) ions
has recently been explored.33 The complex is accessible via
electrochemical 2e−/H+ reduction at a moderate potential and
exhibits a versatile PCET reactivity, viz. 2e−/H+ and e−/H+

transfer. Another example of ligand-centered NH group PCET
reactivity has recently been reported for Ni(II), Pd(II), and
Pt(II) pincer complexes with a coordinated amide/amine
functionality.34,35 The solution bond dissociation free energy
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(BDFE) of the N−H unit was found to increase by about 10
kcal mol−1 within the group as the pKa and the redox potential
increase.
Inspired by the natural disulfide/dithiol 2H+/2e− cou-

ple,36−38 we introduced recently a 2,2′-bipyridine that is
equipped with a disulfide/dithiolate unit in the backbone for
storing multiple electrons.39 The 2e− redox interconversion is
associated with a smooth rotation around the central
bipyridine C−C bond to minimize Coulombic and steric
repulsion in the dithiolate form, which adopts an angle of ∼90°
between the two pyridine rings (Scheme 1, S−Sbpy = 1,2-

dithiino[4,3-b:5,6-b′]dipyridine).39 However, these large struc-
tural changes lead to slow, irreversible electron transfer rates
for the redox processes. Subsequent protonation of the
reduced ligand (S2bpy)2− appears at the nitrogen donor sites
as these are more basic, and this induces a rotation by an
additional 90° due to a hydrogen bond between the NH and
−S− units. To facilitate the electron transfer, S−Sbpy was
attached to a metal template as this constrains rotation around
the central C−C bond. Indeed, when bound to a RuII ion via
the N,N′-chelate as in [Ru(S−Sbpy)(bpy)2]

2+ (Scheme 1), the
two reduction processes induce rather small structural
reorganizations and thus appear almost reversible.40 Addition-
ally, a potential inversion for the first and second reduction
step occurs. Notably, the destabilization of [Ru(S2bpy)(bpy)2]
due to the rather short S−···S− distance in the dithiolate form
compared to the free ligand is compensated by the polarization
effect due to metal ion binding as the oxidations of
[Ru(S2bpy)(bpy)2] and (S2bpy)2− appear at similar poten-
tials.39,40

A metal template thus provides the ideal platform to couple
the readily accomplishable 2e− disulfide/dithiolate intercon-
version of S−Sbpy with a proton transfer as it also blocks the
more basic N site. Herein, we exploit now such a unique S−S/
SH···−S unit in the coordination sphere of a redox-silent
Re(CO)3 moiety, and we report on its facile 2e−, 2e−/1H+ (viz.
hydride), e−/H+ (viz. H•), and H+ interconversion as outlined
in Scheme 2. Previous work on proton triggered redox
isomerization of disulfide/thiol units involved redox-active
copper(II/I) ions,42,43 whereas in the present system, the
electrons and protons are stored exclusively in the ligand. fac-
[Re(S−Sbpy)(CO)3Cl] (1) has been synthesized previously
and immobilized on gold electrodes via the peripheral

dithiolate anchor with the aim of investigating it as a
heterogenized CO2 electroreduction catalyst.44 Here we report
the comprehensive characterization of 1, and we focus on the
thermochemistry of the disulfide/dithiol couple and its
versatile PCET reactivity (Scheme 2). For the sake of
completeness, we also investigated the homogeneous electro-
chemical CO2 reduction catalysis briefly; these results can be
found in section 2 of the Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of 1 was

recently reported via the reaction of the ligand S−Sbpy with
Re(CO)5Cl at moderate temperature (40 °C) to avoid ligand
decomposition, viz. the formation of the related complex fac-
[Re(Sbpy)(CO)3Cl], 2, with the monosulfur Sbpy ligand (Sbpy
= thieno[3,2-b:4,5-b′]dipyridine). This approach, however,
resulted in a moderate synthetic yield (∼21%) and limited
purity of the desired complex.44 In this work, we now follow
the typical procedure for the synthesis of fac-[Re(bpy)-
(CO)3Cl]-type complexes by heating a toluene solution of
S−Sbpy and Re(CO)5Cl at 100 °C for 1 h.45 After work-up,
analytically pure 1 was isolated in 90% yield as confirmed by
combustion analysis. Notably, no decomposition of 1 yielding
2 was observed via this route. Direct synthesis of 2 can be
achieved with a synthetic yield of 75% by following the same
protocol employing thieno[3,2-b:4,5-b′]dipyridine as a ligand.
The spectroscopic characterization, including NMR, IR, and
UV−vis spectra, and ESI-MS of 1 and 2 are given in the
Supporting Information. Single crystals of 1 were obtained by
vapor diffusion of diethyl ether into a solution of 1 in CH2Cl2.
The unit cell of 1 contains two crystallographically
independent molecules with similar bond lengths and angles,
and the structure of one of them is depicted in Figure 1
together with selected structural parameters (metric parame-
ters of the second molecule are given in Table S5). All details

Scheme 1. Two-Electron Redox Interconversion of the
Disulfide/Dithiolate Couple in the S−Sbpy Ligand37 and a
Ru Photosensitizer40,41

Scheme 2. Ligand-Centered PCET Reactivity of the S−Sbpy
Ligand Attached to the Re(CO)3 Template, Which Is the
Subject of This Study
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related to the X-ray data refinement are summarized in section
3 of the Supporting Information. In agreement with IR
spectroscopy, the three carbonyl ligands occupy one face of the
octahedron. The Re−N1 and Re−N2 distances are very similar
to values reported for comparable rhenium complexes with α-
diimine ligands.46 The disulfide bridge at the backside of the
bipyridine leads to a highly distorted six-membered ring with
S−S distance of 2.042(2) Å and C−S−S−C torsion angle of
55.9°. These parameters are similar to those found in
[Ru(S−Sbpy)(bpy)2](PF6)2

40 but far away from the ideal C−
S−S−C torsion angle of 90° for disulfide moieties.47 The
disulfide clamp at the bipyridine backside leads to a slight
tilting of the two pyridine units, as shown by the N1−C−C−
N2 torsion angle of 8.6°. Single crystals suitable for X-ray
diffraction experiments were also obtained for 2, and the
results confirmed the proposed structure. The two pyridine
rings are almost coplanar and bridged by a single sulfur atom
forming a five-membered ring (Figure 1). The metric
parameters of 2 are given in Table S5.
Cattaneo et al. reported on the slow conversion of 1 forming

2,44 and we observed slow decomposition of the doubly
reduced, dithiolate species [Ru(S2bpy)(bpy)2] at room
temperature (rt) to give the Sbpy-ligated complex.40 Thus,
we assessed at first the stability of 1, its doubly reduced species
12−, and the reduced and protonated species 1H− in solution
(Scheme 2). 1 is stable at rt for more than 10 days as
monitored by 1H NMR spectroscopy (Figure S17). 12− was
prepared in situ by adding 2.0 equiv of cobaltocene (CoCp2) to
1 at −30 °C in MeCN-d3. The

1H NMR spectrum showed
three high field shifted 1H resonances with regard to 1,

consistent with the formation of a Cs-symmetric, electron-rich
dithiolate functionality on the backside of the bipyridine ligand
that retains the bidentate N,N coordination mode (Figure
S16). There is no evidence for structural isomerization, that is,
for any switch to a N,S− coordination mode as observed upon
photoexcitation of [Re(bpy(O−)2)(CO)3Cl]

2− bearing two
RO− functionalities, viz. the [2,2′-bipyridine]-3,3′-bis(olate)
ligand.48,49 12− is not stable toward formation of 2 at rt. Within
5 min, 35% conversion was observed by 1H NMR spectroscopy
and after 3 h about 85% (Figure S18). However, the
conversion can be suppressed either by lowering the
temperature or by protonation of the peripheral dithiolate
group. The 1H NMR spectrum of 12− recorded at −30 °C
revealed no formation of 2 after 24 h (Figure S19).
Protonation of 12− with [HNEt3]PF6 results in the formation
of 1H−, which showed only 10% conversion to 2 after 8 h at 25
°C. At −30 °C, it is stable for more than 24 h (Figures S20 and
S21; for the choice of CoCp2/[HNEt3]PF6 for reduction/
protonation, see below). The 1H NMR spectrum of 1H−

showed that the complex retains mirror symmetry and that the
ligand scaffold holds the same coordination mode as in 12−.
The 1H signals are downfield shifted with regard to 12− since
the negative charges on the thiolate groups are compensated
by protonation (Figure S16). A broad peak at 13 ppm can be
attributed to the S−H···−S hydrogen-bonded proton.

Redox Chemistry of 1. The redox properties of 1 were
explored by means of electrochemical, chemical, and
spectroscopic methods. All cyclic voltammetry (CV) data
were recorded in acetonitrile with [nBu4N]PF6 as electrolyte,
glassy carbon disk as working electrode, and referenced
internally vs Fc+|0. CV measurements of 1 at rt reveal an
initial reduction process with a peak potential Epc,1 = −1.22 V
and a reverse feature at Epa,1 = −1.11 V as well as a second
irreversible process at −2.56 V (ν = 0.1 V s−1, Figure S5a). The
initial reduction of 1 occurs at a significantly less negative
potential than in [Re(bpy)(CO)3Cl]

50 and at a similar
potential as the 2e− disulfide reduction in [Ru(S−Sbpy)-
(bpy)2]

2+ (cf. E1 = −1.16 V).40 Thus, we assume that this
process is associated with the formation of the dithiolate
ligand, and the large current in the forward scan supports a 2e−

reduction event. The peak potential of the first reduction shifts
with increasing scan rate and the reoxidation process gets
broader and also shifts, indicating a slight degree of
(electro)chemical irreversibility (Figure S5a). Yet, the
reversibility even at slow scan rates indicates that reductive
disulfide cleavage is not associated with chloride ion loss and
that [Re(S2bpy)(CO)3Cl]

2−, 12−, is stable on the time scale of
the CV experiment. Further reduction of 12− appears at a
rather negative potential, which is a shift of about −0.74 V
compared to the initial reduction of [Re(bpy)(CO)3Cl],

50

probably due to the negative charge in 12−. The process is
irreversible and shifts cathodically with increasing scan rate,
likely due to the rapid dissociation of chloride as follow-up
chemical reaction. Controlled-potential coulometry at both rt
and −35 °C in MeCN with 0.2 M trifluoroethanol (TFE)
confirmed that initial reduction is a 2e− process and that the
complex degrades slowly at rt forming 2 but is stable at −35 °C
(Figure S6). Coulometry at −1.40 V for 2 h led to the injection
of two charge equivalents at rt, and the thus-formed species
was identified electrochemically as 2 by examining an authentic
sample of 2 by CV (full CV examination of 2 is given in
Figures S5b and S7−S9). When the temperature was decreased
to −35 °C, only minor formation of 2 was observed after 2 h

Figure 1. One of the two crystallographically independent molecules
of 1 (top) and molecular structure of 2 (bottom) shown as 50%
probability thermal ellipsoids. Hydrogen atoms omitted for clarity.
Selected structural parameters of distances (Å) and torsion angles
(deg) for 1: Re−N1, 2.175(4); Re−N2, 2.166(4); Re−Cl1, 2.474(1);
Re−C11, 1.918(6); Re−C12, 1.924(6); Re−C13, 1.921(6); S1−S2,
2.042(2); C−S1−S2−C, 55.9; N1−C−C−N2, 8.6; for 2: Re−N1,
2.211(2); Re−N2, 2.215(2); Re−Cl1, 2.4879(7); Re−C11,
2.4879(7); Re−C12, 1.908(3); Re−C13, 1.918(3); N1−C−C−N2,
1.1.
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electrolysis according to the subsequent CV experiment
(Figure S6d).
Because 12− proved to be more stable at low temperature,

additional CV data at −35 °C were collected (Figure S5a).
Initial reduction of 1 at Epc,1 = −1.29 V is a two-electron
process with a reoxidation wave at −0.98 V. The reoxidation
wave is broader than at rt and anodically shifted, which
indicates a slower electron transfer rate with decreasing
temperature. In line with this, the oxidation and reduction
wave shift with increasing scan rate is characteristic for an
electrochemically quasi-reversible or irreversible process. The
second reduction process is again irreversible and appears at
−2.56 V, which is at the same potential as at rt (ν = 0.1 V s−1).
The electrochemical reduction of 1 forming 12− is

chemically reversible at low temperature as investigated by
UV−vis spectroelectrochemistry (UV−vis SEC, Figure 2). The

UV−vis spectrum of 1 in MeCN features the characteristic
ligand π−π* absorption at 285 nm as well as a shoulder at ca.
310 nm and a broad band at 415 nm (Figure S12). According
to DFT/TD-DFT computations (B3LYP, 6-31G), the latter
two mainly originate from metal-to-ligand charge transfer
(MLCT), although IL (intraligand) transitions contribute as
well.51 Two MLCT transitions are calculated at 3.80 eV (S9,
326 nm) and 2.53 eV (S3, 490 nm). The former is primarily an
excitation from the Re(dπ) to the bpy(π*) orbitals, while the
latter represents a transition from a Re orbital to a S−Sbpy
ligand orbital that comprises both pyridine units and the
disulfide bond (Figure S53 and Table S10). The absorptions of
1 are bathochromically shifted with regard to [Re(bpy)-
(CO)3Cl] (cf. λmax = 388, 294, and 240 nm),52 which reflects

the electron-withdrawing effect of the appended disulfide
linkage on the π* orbitals of the bpy ligand.51

Electrochemical reduction of 1 at −35 °C at the potential
that matches the potential of the first reduction wave led to the
clean formation of the new species 12− with bands at 350 and
490 nm. The steady increase of the intensities of these bands
upon reduction is reminiscent of the spectral changes when
deprotonating the OH groups on the bpy ligand of
[Re(6DHBP)(CO)3Cl] (6DHBP = 6,6′-dihydroxy-2,2′-bipyr-
idine).53 TD-DFT of the geometry optimized structure of 12−

revealed that the new absorptions centered at ca. 500 nm
originate mainly from intraligand charge transfer (ILCT). Two
thiolate groups contribute predominantly to the calculated
HOMOs, and the LUMOs are made of π-type orbitals on the
bipyridine unit (Figure S54 and Table S11). Such an ILCT
assignment has been reported also for the related complex
[Re(bpy(O−)2)(CO)3Cl]

2−.54 The calculated lowest MLCT
state (S14) is blue-shifted to ca. 350 nm in comparison to that
of 1, as the LUMO is destabilized because of the accumulation
of negative charge and the increased tilting of the two pyridine
rings. Electrochemical reoxidation of 12− at −35 °C led to the
formation of 1 with more than 95% spectroscopic yield. The
reversible, rather clean reduction and reoxidation of 1 and 12−

support the assumption that 12− does not eject the chlorido
ligand but instead forms a dianionic 18-valence-electron
complex.
Finally, 1 was chemically reduced in situ with CoCp2 at −30

°C giving 12− (Scheme 3). CoCp2 has a reduction potential of
−1.33 V in CH2Cl2, which is in-between the potential of the
first and second reduction processes of 1.55 Titration of CoCp2
to a solution of 1 in MeCN at −30 °C results in the clean
formation of 12− as monitored by UV−vis spectroscopy. The
absorption at 490 nm reaches its maximum upon adding about
2 equiv of CoCp2, confirming that 1 undergoes a two-electron
reduction (Figure S13).

Acid/Base Chemistry of 12−. Because the 2e− reduction
of 1 furnished two peripheral thiolate groups in close
proximity, subsequent protonation was investigated. Upon
titrating [HNEt3]PF6 to a solution of 12− in MeCN at −30 °C,
the intensity of the absorption bands at 350 and 490 nm
steadily decreases up to the addition of about 1 equiv and then
remains constant (Figure S14, pKa(MeCN) = 18.83).56 This
result suggests the formation of singly protonated
[Re(SHS bpy)(CO)3Cl]

−, 1H−, which has an absorption band
at 430 nm and a shoulder at 330 nm. The TD-DFT calculated
lowest energy MLCT state at 380 nm (S6) is red-shifted with
regard to 12−, indicating that the LUMO on the ligand is
stabilized upon protonation (Figure S55 and Table S12).
Protonation of the dithiolate moiety is fully reversible, and 12−

was recovered by deprotonation of 1H− with the strong base
tBu-P1-(pyrr)3 (pKa = 28.4 in MeCN, pyrr = pyrrolidino,
Figure S15).57

To determine the pKa of 1H
−, 12− was titrated with acetic

acid (AcOH) at −30 °C, and the experiment was monitored
by UV−vis spectroscopy. Gradual addition of acid leads to the
protonation of 12− forming 1H− in an equilibrium reaction, as
shown in Figure 3. The equilibrium constant between 12− and
AcOH was determined at five representative wavelengths, and
the average value for Keq is 15.1 with a standard deviation of
1.5. Acetic acid has a pKa of 23.51

58 at rt, which leads to a pKa
of 24.7 for 1H−. Notably, we accounted for homoconjugation
of acetic acid in solution (see section 4 of the Supporting
Information for details). Although the pKa of 12− was

Figure 2. UV−vis SEC spectra during reduction (top) and
reoxidation (bottom) of 1 at −35 °C in MeCN, 0.2 M [nBu4N]PF6.
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determined at −30 °C, the value serves as a good estimation
for the pKa at rt. The pKa is temperature-dependent as −(∂G/
∂T)p equals ΔS. However, the pKa at rt for acetic acid was used
as reference value, and thus, the value reflects best the pKa of
12− at rt (see section 4 of the Supporting Information for
details).

Determination of the Hydricity and the S−H BDFE of
1H−. Following the examinations of the redox processes and
protonation on the disulfide/dithiolate couple, the S−H
BDFE59,60 and the hydricity of 1H− can be derived via the
potential−pKa method.61 To establish the thermodynamic
cycle, the reduction potentials E1 and E2 of 1 were determined
with the help of digital simulation of its CV data. The
reduction processes at rt and at −35 °C were simulated
applying a Butler−Volmer model utilizing CV data over a large
scan rate range from 0.1 to 10 V s−1. Representative
experimental data and fits are presented in Figure 4. Further

figures showing other scan rates at rt and −35 °C are given in
the Figures S10 and S11. The slightly broadened reoxidation
feature and rather narrow reduction feature indicate an α
above 0.5 for at least one of the two 1e− reductions. The
current increase upon reduction was less steep than previously
observed in [Ru(S−Sbpy)(bpy)2]

2+,40 and indeed, simulation of
the data at rt revealed the same potential of −1.16 V for the
initial and second reduction at rt. At low temperature, the
potential of the initial reduction is slightly more negative than
of the following reduction. Good simulations were achieved
over a large scan rate range by applying the parameter values
shown in Table 1.
As observed in [Ru(S−Sbpy)(bpy)2]

2+, the geometric
constraints impact the reorganization energies of the redox
processes.40 The reorganization energies are smaller in 1 than

Scheme 3. Reactivity and Thermochemical Data of 1/1−/
12−/1H− a

aAll reactions have been carried out in MeCN; [Re] = {Re(CO)3Cl}.

Figure 3. UV−vis spectra of the titration experiment of 12− with
acetic acid at −30 °C in MeCN (start: red trace; end: blue trace; 0.1
equiv steps). Inset: absorbances at 490 nm.

Figure 4. Experimental (black lines) and simulated (red dashed line)
CV data of 1 in MeCN, 0.1 M [nBu4N]PF6; parameters: see Table 1.

Table 1. Thermodynamic and Kinetic Parameters Obtained
from the Simulations of the CV Data of 1 at 238 and 298 K

238 K 298 K

E1/V −1.235 −1.16
E2/V −1.185 −1.16
α1 0.4 0.4
α2 0.8 0.8
ks1/cm s−1 0.005 0.01
ks2/cm s−1 3 × 10−4 0.006
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in the free ligand39 as reflected in the larger electron transfer
rates for 1.
By knowing the pKa and redox potentials, the hydride donor

strength of 1H− can be calculated according to eq 1
(ΔG°(H+

|H
−
) = 79.6 kcal mol−1).8,62

Δ ° = + ° + ° + Δ ° |+ −G K E E G1.364p 23.06 23.06a 1 2 (H H )

(1)

The free energy for the hydride transfer sums up to 60 kcal
mol−1 for 1H−. This is larger than the free energy for the
isodesmic reaction of PhS− and PhSH forming Ph2S2 and H−

in dmso, which sums up to only 14 kcal mol−1 (Scheme 4, see

also section 4 of the Supporting Information for details). This
rather high hydricity of PhS−/PhSH can be rationalized by the
stabilization of the primary product, the PhS• radical, by
dimerization, which lowers the free energy by about −55 kcal
mol−1.63

The values for the hydricity of 1H− and PhS−/PhSH cannot
be compared directly, as one is determined in MeCN and the
other one in dmso. Heterolytic S−H bond cleavage leads to
charged species, which are stabilized differently depending on
the polarity of the solvent.64−68 However, indirect comparison
can be made from the individual free energy contributions
(Scheme 4 and Table 2). The difference in the solution free

energy of the hydride ion in dmso and MeCN is about 4.8 kcal
mol−1.64 An additional minor contribution in the difference of
the hydricity comes from the difference in the pKa, which is
slightly larger in 1H− than in PhSH. The latter has a pKa of
10.3 in dmso, which equals a pKa of about 21.8 in MeCN
considering the difference of the solvation of the proton in
MeCN and dmso (ΔGsol,H

+ = 15.7 kcal mol−1, which equals
11.5 pKa units).

69−71 The nitrogen atom in the ring has likely
almost no influence on the BDFE, as estimated from the pKa
differences in 3-pyridinethiol vs thiophenol.72 The higher pKa

of 1H− can be rationalized by its negative charge and the
hydrogen bond between the S−H and the adjacent S− unit,
which overbalances the opposite effect arising from metal ion
binding of the pyridine units. However, the main contribution
for the lower hydricity of 1H− arises from differences in the
S−S bond strength, that is, the stabilization of the radical R−S•
via dimerization. In 12− the contribution of S−S bond
formation is included in the oxidation potentials of 12− and
1− as we have a gradual S···S bond shortening upon oxidation.
A free energy gain of −55 kcal mol−1 as for PhS• dimerization
equals a potential shift of about −1.19 V for each redox step,
which is larger than the difference between the oxidation
potential of PhS− and 12−. Thus, the S−S bond dissociation
energy in 1 is smaller than in Ph2S2. This could be rationalized
by the torsion angle of only 56° for the C−S−S−C unit in 1
due to the linked bipyridine units. This torsion angle deviates
largely from the ideal value of 90° as in Ph2S2;

73 that is, the
S−S bond in S−Sbpy is destabilized, which leads to a larger free
energy for hydride transfer.
The bond dissociation free energy (BDFE) for H atom

abstraction is calculated according to eq 2 by using the recently
revised CG value of 52.6 kcal mol−1 in MeCN.74

Δ ° = + ° +G K E C1.364p 23.06a 1 G (2)

The BDFE of the S−H bond in 1H− is 59 kcal mol−1. Hence,
the thermodynamic driving forces for H atom and H− transfer
are almost the same, as initial reduction of 1 and of H• to H−

exhibit coincidently a similar potential in MeCN.8 The BDFE
for the H atom abstraction is considerably lower than for
PhSH forming PhS• in dmso (cf. BDFEPhSH = 76.9 kcal
mol−1).2 These BDFE values have been determined in different
solvent media; however, it has been shown that the solvent has
only a rather minor influence on the BDFE as no charged
species are formed.74 Having again a closer look on the
individual free energy contributions, we can conclude that the
slightly higher pKa of 1H− in comparison to PhSH would
actually lead to a slightly larger BDFE in 1H− than in PhSH;
however, this effect is overbalanced by the stabilization of the
radical by the adjacent thiolate function, giving a single-
electron S−S bond (2-center−3-electron) in 1−.75 Indeed, the
difference in the S−S bond dissociation free energy of the
radical Ph2S2

− and Ph2S2 in dmf has been estimated to be 33
kcal mol−1,75 which in turn gives a BDFE of about 22 kcal
mol−1 for Ph2S2

− (cf. BDE(Ph2S2) = 55 kcal mol−1).
PCET Reactivity. At first, we explored the electrochemical

PCET reactivity by CV. Adding TFE or [HNEt3]PF6 indeed
affects the redox behavior of 1. TFE has an effective pKa of
about 25.976 in MeCN considering homoconjugation, which is
slightly higher than the one of 12−, whereas the pKa of
[HNEt3]PF6 with 18.8356 is lower. The initial cathodic feature
is virtually not affected by the acids, indicating that 1 and 1−

are not protonated by the acids and thus have a lower pKa than
that of [HNEt3]PF6 (Figure 5). This also implies that the shift
of the potential upon protonation is rather large, which is in
agreement with a previous report on a pKa of 8.4 for the radical
anion of 3,8-diiodo-1,2-dithiino[4,3-b:5,6-b′]dipyridine in
CH2Cl2.

77 The anodic features in the CV data are shifted to
less negative potentials with increasing acid strengths, which is
in line with expectations: 1H−, which is in equilibrium with
12−, should be harder to oxidize than 12− due to the charge
compensation upon protonation. The CV data of 1 and TFE
show two further irreversible cathodic processes, a shoulder at
a potential of ∼−2.1 V, and third reduction at a peak potential

Scheme 4. Individual Free Energy Contributions (kcal
mol−1) in the Hydride Transfer Reaction of the Isodesmic
Reaction of PhS− and PhSH in dmso (BDE = Bond
Dissociation Energy)

Table 2. Free Energy Contributions (kcal mol−1) for the
Hydricity and the BDFESH of 1H− and PhS−/PhSHa

1H− (MeCN) PhS−/PhSH (dmso)

ΔG°1,ox (E1) −26.7 (−1.16) −8.3 (−0.36)
ΔG°2,ox (E2) −26.7 (−1.16)
ΔG°3,H+ (pKa) 33.7 (24.7) 14.0 (10.3)
ΔG°(H+

|H
−
) 79.6 71.4

CG 52.6 71.1
ΔG°hydricity 60 14
ΔG°BDFE(S−H) 59 76.9

aThe redox potentials (V vs Fc+|0) and the pKa are given in
parentheses.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01763
J. Am. Chem. Soc. 2021, 143, 6238−6247

6243

http://pubs.acs.org/doi/suppl/10.1021/jacs.1c01763/suppl_file/ja1c01763_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01763?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01763?fig=sch4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01763?rel=cite-as&ref=PDF&jav=VoR


of −2.26 V, which is about 0.4 V less negative than in the
absence of protons due to the charge compensation by
protonation (ν = 0.1 V s−1, Figure S3, blue trace).
Subsequently, we probed the 1H+/2e− reactivity of 1H−

with two different hydride acceptors. The reaction of in situ
generated 1H− with 1.0 equiv of the acridinium hydride
acceptor Ph-Acr+ at 25 °C in MeCN-d3 afforded 1
concomitant with the formation of Ph-AcrH78 (Figure 6 and

Figure S28; [Ph-Acr]ClO4 = 10-methyl-9-phenylacridinium
perchlorate, ΔG°H− = 76 kcal mol−1 in MeCN).15 Monitoring
of the reaction progress by 1H NMR spectroscopy using the
internal standard 1,3,5-trimethoxybenzene showed that the
reaction was almost completed after 3 h at 25 °C and proceeds
with 90% spectroscopic yield (Figure S22). On the other hand,
when 1H− was mixed with 5.0 equiv of BIM+, no hydride
transfer reactivity was observed after monitoring the reaction at
rt for more than 30 h; 1H− just slowly converts to 2 (Figure
S23; [BIM]PF6 = 1,3-dimethyl-2-phenylbenzimidazolium
hexafluorophosphate, ΔG°H− = 50 kcal mol−1 in MeCN).15

This reactivity is in line with the hydricity determined by the
potential−pKa method as BIMH is a stronger hydride donor
then 1H−.
Finally, the 1H+/1e− reactivity of 1H−, i.e., hydrogen atom

transfer, has been examined by reacting 1H− with the
hydrogen atom acceptors TEMPO• and 2,4,6-TTBP• in
MeCN-d3, both of which have stronger X−H bonds than

1H− (TEMPO• = 2,2,6,6-tetramethylpiperidine-N-hydroxy
radical, BDFE = 64 kcal mol−1;2 2,4,6-TTBP• = 2,4,6-tri-tert-
butylphenoxy radical, BDFE = 75 kcal mol−1).79 1H− was
again prepared in situ at −30 °C, and 1.0 equiv 1,3,5-
trimethoxybenzene was added as internal standard. The
reaction of 1H− with 1.0 equiv of TEMPO• was completed
after around 30 min at 25 °C. The resulting 1H NMR
spectrum features the characteristic resonances of TEMPO-H
and 2, respectively, evidencing that the net HAT reaction has
occurred (Figures S24 and S29). The formation of 2 indicates
that 1− is not stable and undergoes sulfur extrusion at 25 °C.
When the reaction was pursued at −30 °C, quantitative
formation of TEMPO-H was observed after 5 h (Figures S25
and S30), together with a new set of 1H NMR resonances
located in between those of 1 and 12−, which can be
rationalized by redox equilibria of 1, 1−, and 12−. In fact, 1− has
the same potential for the oxidation and reduction, leading to a
disproportionation equilibrium Kdis according to eq 3, where n
is the number of transferred electrons, F is Faraday’s constant,
R is the gas constant, T is the temperature, and ΔE is the
difference in redox potentials:

i
k
jjj

y
{
zzz= ΔK

nF
RT

Eexpdis (3)

Thus, the averaged proton resonances may originate from fast
electron exchange between 1, 1−, and 12− on the NMR time
scale. Indeed, a 1:1 mixture of 1 and in situ prepared 12− leads
to an averaged set of 1H NMR signals akin to the ones
observed after the HAT reaction (Figure S26). The
stoichiometric reaction of in situ prepared 1H− with the
stronger H atom acceptor 2,4,6-TTBP• proceeds faster. After 7
min full conversion was observed at −30 °C by 1H NMR
spectroscopy alongside the averaged signal set for 1, 1−, and
12− (Figures S27 and S31).
These reactions show that 1H− indeed undergoes facile

hydride and H atom transfer and that the free energy values for
H−/H• transfer as determined via the reduction potentials and
the pKa of the species involved are in line with the observed
reactivity.

■ CONCLUSION

We have comprehensively established the thermodynamics of a
bioinspired PCET reagent 1H− having a unique preorganized
S−H···−S unit in the backbone of a metal-bound bipyridine
ligand, which is capable of serving as a proton, H atom, or
hydride donor. The study demonstrates that the design
principle of biological hydride transfer reagents, e.g., flavins,
can be transferred to synthetic reagents. Because of its distinct
geometric and electronic properties, 1H− is a smooth PCET
reagent featuring moderate hydricity and a relatively low BDFE
(ΔG°H− = 60 kcal mol−1, ΔG°H• = 59 kcal mol−1). Metal
binding of the bipyridine unit constrains the structural
flexibility of the ligand, which largely impacts the redox
chemistry of the peripheral disulfide/dithiol switch: (i) the
disulfide species is destabilized due to the nonideal C−S−S−C
torsion angle of only 56°, (ii) the radical intermediate is
stabilized due to the adjacent thiolate function, and (iii) the
low reorganization energies due to geometric constraints
facilitate two electrochemically reversible 1e− reduction
processes. Thus, the formation of 1H− can be accomplished
under mild conditions, that is, at a moderately negative
potential of −1.16 V with weak acids, which makes it a

Figure 5. CV data of 1 without and with an acid, TFE or
[HNEt3]PF6, in MeCN, [nBu4N]PF6, ν = 0.1 V s−1, rt.

Figure 6. 1H NMR spectra (400 MHz, MeCN-d3 at 243 K) of (a)
1H−, (b) the reaction of 1H− with [Ph-Acr]ClO4 proceeding at 25
°C, (c) 1, and (d) [Ph-Acr]ClO4. ∗: 1,3,5-trimethoxybenzene; #:
[CoCp2]

+.
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promising reagent for electrochemically driven PCET trans-
formations of substrates. Furthermore, 1H− overcomes the
drawback of many metal-free hydride donors, which show a
large gap between the first and second reduction process15 and
detrimental side reactions of the radical intermediate. Future
studies in our laboratories will focus on the kinetic hydricity
and the transfer mechanism of 1H−, e.g., stepwise vs concerted,
to exploit its use as a hydride transfer reagent under mild
conditions. In addition, the modified bipyridine ligand may be
attached to a wide variety of metal complex fragments of
different basicity and size, and it is an interesting perspective
that this may be used for tuning the thermodynamics of PCET
reactivity at the peripheral S−H···−S site.
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