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ABSTRACT: Recent electrochemical experiments reveal that the /—\[Re(dppbt)d -2¢
rhenium-tris(thiolate) [ReL;] (L = DPPBT = diphenylphosphi- [ReLyf ([ReLs]) ZPJ@ T datloﬁ
nobenzenethiolate, a noninnocent ligand) complex catalytically . toprocucilll st | e
reduces protons and oxidizes H, (J. Am. Chem. Soc. 2015, 137, %H -R
9238). Direct calculations of redox potentials (E°), acidity T’\:'Ol_ Phab
R s LUMO
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constants (pK,), and free energies of activation (AG*) by density ce (S
functional theory (DFT) with the help of high-level ab initio
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calculations predict that hydrogen oxidation reaction (HOR)
Bas— [(ReH)(S;H)L,J?*

[l Metrics & More | @ Supporting Information

[(ReH)L;]

thermodynamically and kinetically favors a Re-hydride/monothiol
intermediate, while the hydrogen evolving reaction (HER) favors
Re-dihydride intermediates, in contrast to the Re-dithiols as
proposed previously. The catalytic pathway for HOR involves two
oxidation steps from [ReL;] to [ReL;]**, followed by H, addition to form the Re-hydride/thiol, [(ReH)(S;H)L,]**. Under basic
conditions, deprotonation of this complex produces [Re(S;H)L,]* with the thiol as SI, rather than the proposed S3. Further
deprotonation of [Re(S;H)L,]" closes the catalytic cycle to regenerate [ReL;]. For the HER, DFT calculations predict that [ReL;]
is reduced to [ReL;]”, followed by protonation of [ReL;]™ at the Re center to produce metal-protonated [(ReH)L;] in accordance
with the E° = —1.45/—1.60 V (cal./ ex? .)- The E° calculations suggest a reassignment of the experimentally observed peak at —1.70 V
to the singly protonated E([ReL;°H]% ) rather than the doubly protonated E([ReL;"H,] */9) This reassignment and the low relative
pK.’s of [ReL;°H,]" illustrate that addltlon of the second proton must follow the second electrochemical reduction of [(ReH)L;] to
[(ReH)L;]™, which is basic enough to be protonated at the Re center making the formation of the Re-dihydride [(HReH)L,].
Production of H, occurs via reductive elimination through a Re—H, adduct. The nature of the key intermediates from the DFT
calculations is confirmed by the complete active space calculations (CASSCF). This comprehensive investigation into the HOR and
HER mechanisms can guide further experimental and theoretical efforts on rationally designing the effective electrocatalysts by

comparing how various ligand modifications may shift the mechanistic steps.

KEYWORDS: density functional theory, noninnocent ligand, hydrogen oxidation, proton reduction, rhenium-tris(thiolate) complex,
electrochemical reduction, redox potentials, complete active space calculations

1. INTRODUCTION

Interest in efficient generation and storage of energy from
renewable resources instead of fossil fuels has increased
dramatically." The use of H, in fuel cells is an attractive
strategy in this field.” Inspired by the H, oxidation and H,
production catalyzed in nature by [FeFe]- and [NiFe]-
hydrogenases,” a wide variety of molecular catalysts have
been designed and 1nvest1gated as electrocatalysts for hydrogen
evolution reaction (HER),*”® including Co-,” Ni-,° Fe-,” and
Cu-based® complexes. These catalysts have been extensively
explored both experimentally and computationally.*~®
Dithiolene ligands have recently attracted tremendous
interest in the design of effective HER electrocatalysts because
the ligands are both redox-active, which allows for the storage
of reducing e%ulvalents, and the sulfur atoms may serve as
proton relays.” The potential utility of such catalysts is
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reflected by recent studies on the cobalt'® and nickel

dithiolenes'' as photocatalysts or electrocatalysts for proton
reduction.

Most recently, a proposed ligand-centered electrocatalytic
H, oxidation and production based on the synthetic
mononuclear Re-tris(thiolate) complex [Re(DPPBT),]
(DPPBT = diphenylphosphinobenzenethiolate) (denoted as

[ReL,]) has been reported.'” It is expected that the
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noninnocent character of the DPPBT ligand, which has the
ability to delocalize electron density like dithiolenes,'”'* may
play important roles in these reactions. However, the details of
the mechanisms for H, oxidation and evolution catalyzed by
[ReL;] and the nature of the H, evolving complex and the H,
addition complex are still unclear, although ligand-centered
reactivity was suggested based on similarities to the redox-
regulated, ligand-based addition of ethylene to [ReL;]." In the
originally proposed mechanism for the H, oxidation reaction
(HOR), as shown in Scheme 1 (blue), [ReL,] was oxidized by

Scheme 1. Proposed Electrocatalytic Cycles for H,
Oxidation and H, Evolution with Catalyst [ReL,]
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two electrons and then H, adds to yield the hydrogen addition
complex, [ReL;-H,]**. Stepwise deprotonation with two
equivalents of triethylamine regenerates [ReL;] via [ReLj
H]*, in which the ligand S3 is the thiol. Its reduced derivative
[ReL;"H] has been observed as a pink species in solution but
has not yet been isolated. For H, production, the cyclic
voltammetry supported competing CECE and ECCE mecha-
nisms for catalysis as shown in Scheme 1 (red). The CECE
mechanism begins with protonation of [ReL;], then one—
electron reduction, then a second protonation, and finally the
second one-electron reduction before H, loss. The ECCE
mechanism involves the one—electron reduction of [ReL;] to
[ReL,]” prior to the first protonation, then a subsequent
second protonation, and reduction before H, loss. In addition
to the CECE and ECCE mechanisms, experimentalists
proposed that alternative catalytic cycles for HER such as
EECC, CEEC, ECEC, and CCEE should be considered for
completeness (Scheme 1 (black)).

In this paper, the full catalytic cycles for electrocatalytic H,
oxidation and H, production catalyzed by [ReL;] are
investigated by using DFT and higher-level ab initio
calculations. Our previous DFT and CASSCF calculations
showed that [ReL;]" (n = 0, +, and 2+) complexes have mixed
metal—ligand character in the frontier orbitals and have some
multireference character, especially the more oxidized ones.'*”
Such noninnocence portends H, addition, protonation, and
redox on any of the S ligands (S1, S2, and S3) or at Re.'*
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Therefore, we examine all the possibilities for H, addition,
protonation, in a variety of redox states for the various species
occurring in the proposed mechanisms for H, oxidation and
H, production. To establish the validity of the mechanisms for
the HOR and HER, we calculated the thermodynamic data
including the reduction potentials (E°) and relative pK,’s and
kinetic data including free energy barriers along the various
mechanistic pathways. In addition to DFT calculations, high
level ab initio methods including coupled cluster CCSD(T)"°
and complete-active-space self-consistent-field (CASSCF)'”
were employed to identify the most thermodynamically stable
species and elucidate the accurate electronic structure of the
key intermediates involved in the catalytic cycles.

2. COMPUTATIONAL METHODS

DFT calculations were performed by using the Gaussian 09
suite of program.'® Benchmarking studies with 15 different
functionals, including B97D," MO6L,*° BP86,'"*' TPSS,*
TPSSh,”* w-B97X,*> w-B97XD,** B3LYP,'”*'*" B3P8e6, "'
B3PW91,”° PBE0,”° MNI2SX,”” M06,°>** BMK,*’ and
BHandHLYP,'® are shown in the Supporting Information
(SI). The MO06 functional affords relative free energies,
structures, and reduction potentials of the more reduced
[ReL;]”~ and [ReL;]*’® couples that are consistent with
available experimental values (Tables S1—S9), while the
B3PWO1 functional is found to be more accurate for the
redox potential calculations of the more oxidized [ReL,]**/*
couple (Table S9). Moreover, M06 was found to reproduce
the experimentally observed activation barriers for the addition
and loss reactions of [ReL;]* with ethylene very well from the
experimental values (root-mean-square deviations less than 2
kcal/mol). For these reasons, both M06 and B3PW91
functionals were used for the DFT calculations.

The geometric structures of all the species were optimized in
the gas phase (GP). The LANL2DZ basis set’® with ECP was
used for Re, the 6-31G(d) basis set was used for atoms bonded
to Re (C, P, S, and H atoms) and the substrate H, molecules,
and 6-31G was used for all other atoms (C and H atoms on
phenyl group). This mixed basis set (denoted as Bl) was
tested and found to be an acceptable compromise between
cost and accuracy. Frequency analysis was conducted at the
same level to verify the nature of all intermediates (no
imaginary frequency) and transition state structures (only one
imaginary frequency) and to obtain the thermodynamic energy
corrections. The transition state structures were also confirmed
to connect reactants and products by intrinsic reaction
coordinate (IRC) calculations. The gas-phase free energies
were calculated at T = 298.15 K. Solvation effects in
dichloromethane were taken into account by single point
calculations on gas-phase optimized structures using the
continuum solvation model SMD.>" The electronic energies
were recomputed with the same functional using the larger
basis sets: SDD(f)** (Re), 6-311++G** (C, P, S, and H
atoms), and 6-31G* (C and H atoms on phenyl %roup)
(denoted as B2). DFT empirical dispersion corrections’> were
employed in the single-point calculations, wherein DFT-D3
with BJ damping was used for the B3PW91 functional and
DFT-D3 with zero damping was used for the M06 functional.
To examine if the solvent would cause any significant energetic
or geometric changes in species with high charges, the
geometries of [ReL;]%*/?* and the ligand-monoprotonated
[Re(LH)L,]"° were reoptimized in solvent with MO06-L,
TPSS, B3P86, M06, B3PW91, PBEO, and @-B97XD func-
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tionals in combination with basis set B2. The resulting
energetic gaps between the low- and high-spin states,
geometrical parameters, and redox potentials matched those
based on DFT/B2/SMD//DFT/B1/GP calculations, respec-
tively (Tables S1—S9). Both M06 and B3PW91 predict similar
trends for the possible pathways for the HOR. Moreover, the
B3PW91 functional was found to perform better for the redox
potential calculations for the cation and dication [ReL,]*/?*
that are involved in the HOR. Thus, herein we mainly discuss
the HOR free energy profile obtained at the B3PW91-D3/B2/
SMD//B3PW91/B1/GP level, while the HOR free energy
profile calculated at the MO06-D3/B2/SMD//M06/B1/GP
level is displayed in Figure S3. The data for the HER was
reported in the text at the M06-D3/B2/SMD//M06/B1/GP
level.

Reduction potentials were calculated from AG® = —nFE’,
where 7 is the number of transferring electrons, F is Faraday’s
constant, and AG® is the free energy of reduction with 1 M
standard states. All reduction potentials were determined with
respect to the ferrocenium/ferrocene couple (Fc*/Fc) in
dichloromethane. The equation AG® = —[In(10)RT]pK, was
used to calculate pK,’s, where AG® is the free energy of
protonation. We report ApK,’s relative to calculations on
acetic acid as a reference because it was used in the
experimental studies.

Ab Initio Calculations. High-level ab initio CCSD(T) and
CASSCEF single-point calculations were carried out with the
MOLPRO suite of programs®* by using the basis set
SDD(f)(Re)/6-311G* (other atoms) (B3) at the DFT-
(M06)-optimized geometries. To reduce the computational
cost of the high-level ab initio methods for the full—li;and
systems: [ReL;]™/*/* [ReL;H]"%~, and [ReL;'H,]%*/**,
the ligand was truncated (denoted L’) as successfully
employed in our previous studies of [RuL;]* and
[ReL,]%*/>*.'* For DFT calculations on the truncated models,
geometries, frequencies, and free energies at 298.15 K were
computed using the M06 functional in combination with basis
set B3. The single-point calculations were performed with the
SDD(f)(Re)/6-311++G**(rest) basis set (B4) with the same
MO6 functional based on the optimized structures. The
continuum solvation model and solvent were the same as
those for the full-ligand molecules. The comparisons of the
relative energies and geometries between the full ligand and
the truncated modes are collected in Figures S1—S2 and
Tables S10—S11.

To examine the accuracy of the DFT electronic structures of
the key intermediates that are involved in the catalytic cycles of
H, oxidation and H, production, we performed CASSCF
calculations on the corresponding truncated models. The
CASSCEF calculations show that most of these species have
small multireference character, as indicated by the small weight
(less than 2.6%) of the second most important configurations
(Figures S26—S39, Tables S$23—S36), such that the DFT
results should not suffer from any near-degeneracy problems.

3. RESULTS AND DISCUSSION

Structures and Energies of [Rel;]”%*/?*. Figure 1
shows the key geometric parameters and relative free energies
for the [ReL,]™/%*/?* species in the low and high spin states.
As in our previous study,"*” DFT calculations show that the
low spin states are thermodynamically favored for all the
species [ReL3:|_/ 0/+/2+ \wherein the anion, cation, and dication
[ReL;]™/*/?* have larger gaps between the low and high spin

3780

24[ReL3]- ~AG 0.0/39.0 - 13[ReL3]® “AG 0.0/3.8 Exp.
Re-S1 253/2.34 Re-S1 2.54/2.39 2.477(5)
Re-S2 2.44/2.38 Re-S2 2.32/2.42 2.303(5)
Re-S3 2.41/2.39 Re-S3 2.30/2.44 2.269(5)
Re-P1 2.41/2.45 Re-P1 2.50/2.44  2.473(5)
Re-P2 2.39/2.45 Re-P2 2.43/2.46 2.411(5)
Re-P3 2.38/2.47 Re-P3 2.40/2.45 2.391(5)
)

(
/P2-Re-P3 166.9/163.6 Z/P2-Re-P3 169.4/164.9 166.7(

24[ReL]* ¥ AG 0.0/13.7 13[ReL3]2*” AG 0.0/8.2
Re-S1 2.40/2.38 Re-S1 2.29/2.38
Re-S2 2.31/2.40 Re-S2 2.32/2.32
Re-S3 2.33/2.40 Re-S3 2.35/2.31
Re-P1 2.53/2.49 Re-P1 2.56/2.55
Re-P2 2.48/2.52 Re-P2 2.51/2.54
Re-P3 2.47/2.51 Re-P3 2.51/2.53

/P2-Re-P3 165.7/167.3 /P2-Re-P3 154.2/162.4

Figure 1. M06-optimized geometric parameters (bond lengths in A
and angle in deg) and relative free energies (in kcal/mol) of
[ReL,]™/%*/?* for the low- and high-spin states.

states than the neutral [ReL;], which has a closely lying S = 1
state. Like DFT, the higher-order methods, CCSD(T) and
CASPT?2 calculations, predict that the singlet state of [ReL,] is
8.5 and 24.5 kcal/mol lower than the triplet state, respectively.
The optimized Re—S and Re—P bond lengths for [ReL;] agree
with those of the crystal structure'” for the singlet state within
0.06 A.

As shown in Figure 2, reduction of [ReL;] to [ReL,]”
generates the low-energy doublet state with one electron in the
m*,, orbital, which is mainly localized on the Re center as
reflected by the Mulliken spin populations of py. = 0.80, ps; =~
0.00, ps, ~ 0.07, and pg; ~ 0.08, respectively (Figure 2a), like
the previous work."?® Oxidation of [ReL;] produces [ReL,]*
in a low-energy doublet state with one electron in the z*,,
orbital, which is delocalized between Re and S1 with the
Mulliken spin populations of pg. & 0.66, ps; = 0.30, ps, &
—0.03, and pg; ~ —0.03, respectively (Figure 2c). Further
oxidation to [ReL;]** removes the remaining electron from the
m*,,, yielding a singlet ground state (Figure 2d). In accord with
the nature of the 7*,,, which is antibonding between the Re-d,,
and Sl-p, orbitals, the Re—S1 bond distance progressively
shortens in the low-spin state from neutral to dication (Figure
1). The details of the electronic structures of the Re-
tris(thiolate) complexes [ReL;]”*/>* were reported by our
previous DFT and CASSCF work."*> CASSCF calculations
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Figure 2. Schematic DFT MO diagrams for [ReL,]™/%/*/2*,

reveal that the neutral species [ReL;]° is well-described as a
closed-shell singlet ground state involving a Re(III) (d*, S = 0)
bound to three thiolate-DPPBT ligands. In contrast, the
oxidized derivatives [ReL;]* and [ReL;]*" have major
contributions from Re(III) (d*, S = 1) antiferromagnetically
coupled to one thiyl- with two thiolate-DPPBT ligands for
[ReL;]" and to two thiyl- with one thiolate-DPPBT ligand for
[ReL;]*". Although CASSCF calculations predict that most of
the key intermediates have some multireference character, they
are not enough to cause concern about near degeneracy
problems.'*

H, Oxidation Mechanism. Since H, oxidation begins with
H, addition to [ReL;]**, we examined all the possibilities for
the structure of [ReL;"H,]**, with the likely protonated sites in
each ligand (S1, S2, and S3) or metal as well as their
stereoisomers. The most stable adducts are shown in Scheme
2: the ligand-centered adducts [Re(LH),L]*" (1—3), the metal
and ligand-based adducts [(ReH)(LH)L,]** (4—6), and
metal-based adducts [(HReH)L;]** (7, 7/, 7", 8, and 8’).

Figure 3 shows the free-energy pathways on the singlet
(ground state) for H, oxidation by [ReL;]*" to yield the
corresponding conformers in Scheme 2. As shown in Figure 3,
when H, approaches [ReL;]*", the Re-dihydrogen complexes
(7, 7', and 7”) with various H, orientations are formed first;
then, the H—H bond cleaves either heterolytically or
homolytically. Specifically, the H—H bond in the Re-
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Scheme 2. H, Addition to [ReL;]** to Form Different H,
Addition Conformers: (a) Ligand S and S Based Addition;
(b) Metal and Ligand Based Addition; and (c) Metal Based
Addition

(a) S2 and S3 S1 and S2 S1 and S3
Addition Addition Addition
S//, m m 1, P’-“\\l
“Re< "Re: <
L D—H r D <B
1 2
(b) Re and S1 Re and S2 Re and S3
Addition Addition Addition
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P’\_sl 2+
) | \ S P’} S S
N " Re ) " - = N
c’\/l ~ ’//|j <p ©‘PPh2
P
(7,7 8(8")

dihydrogen (7”) can be split heterolytically by Re and Sl
(acting as a frustrated Lewis acid/base pair) for the direct
formation of the most stable Re-hydride [(ReH)(S;H)L,]**
(4) through TS, with an overall free-energy barrier of 18.1
kcal/mol. In addition to heterolytic splitting, homolytic H,
splitting on Re is predicted to be higher in energy, wherein the
H—H bond in 7” could be split by Re, producing a much more
unstable dihydride species that quickly evolves to [(ReH)-
(S;H)L,]** (4) via intramolecular proton transfer (Scheme
S1). This situation also holds true for the H, splitting pathways
for the formation of the metal and ligand-based adducts
[(ReH)(S;H)L,]*" (6) and [(ReH)(S,H)L,]** (5) (Figure
3).

The DFT calculations reveal that H, binding to Re is uphill
in Gibbs free energies, as reflected by the respective relative
free energies of 20.9, 25.8, and 14.2 kcal/mol for the formed
Re-dihydrogen complexes (7, 7', and 7”). This unfavorable
preequilibrium of H, binding is the main contribution to the
barriers for both the heterolytic and homolytic H, splitting
pathways. This finding is similar to the low H, binding affinity
of Ni in [Ni(P<,NMe,),]** reported recently.**? The overall
free-energy barriers for the Re system indicate that the
heterolytic and homolytic H, splitting pathways are energeti-
cally comparable with differences of less than 1 kcal/mol. This
situation is quite different from the H, splitting by [Ni-
(P<Y,NM¢,),1%*, where the heterolytic H, splitting pathway is
significantly favored over the homolytic one.’*" Here,
because Re can support higher formal oxidation states and S
can donate electrons from its lone pair(s), homolytic cleavage
is still viable.

As shown in Figure 3, the ligand-centered adducts
[Re(SZH)(S3H)L2]2+ (1) and [Re(S;H)(S,H)L,]** (2) can
be formed via direct addition of H, to [ReL;]**, by
overcoming the free energies of activation of 20.0 and 31.6
kcal/mol, respectively. The differential reaction barriers
between these two pathways may be explained by the
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Figure 3. B3PW91-calculated free energy profile for H, addition to [ReL,]** to form the intermediate [ReL;*H,]*" as depicted in Scheme 2. See
Figure S3 for the M06-calculated results.

molecular orbital symmetry. The TS, for the formation of 1 is equation). This barrier, computed at the B3PW91 level, has
allowed by orbital symmetry, wherein the coplanar S2/S3 less than 2 kcal/mol deviations from experiment. Although the
sulfur-pair based 7%, orbital has a good symmetry match with MO06 functional provides similar energetic trends, it predicts
the highest occupied molecular orbital (HOMO) of the higher free energies by about S kcal/mol (Figure S3).

approaching Hj,. In contrast, the H, addition reaction for the Other alternative unfavorable singlet-state pathways for the
formation of 2 is symmetry-forbidden because the S1-p, orbital formation of other H, addition isomers and triplet-state
is orthogonal to the S2-p, orbital. Although the twisting pathways toward H, oxidation by [ReL;]** were also examined
renders the reaction symmetry-allowed, this additional with both B3PW91 and M06 functionals (Schemes S1—S2).
distortion costs energy. Another ligand-based product [Re- All the optimized structures of transition states and

(S;H)(S;H)L,]** (3) could be formed via intramolecular intermediates at the B3PW91 and MO6 levels are displayed
proton transfer of H from Re in 4 to S3 with a free-energy in Figures S4—S9 and Figures S10—S16, respectively.

barrier of 23.8 kcal/mol. Theoretical Characterizations of [ReL;H]*. The
Considering their high relative free energies, the metal monoprotonated species [ReL;-H]*, which is believed to be
dihydrogen (7 and 7’) and dihydride (8 and 8") complexes formed via deprotonation of the H, addition product by base,
can be ruled out as candidates for the H, addition complex. has been synthesized by another route and structurally
Likewise, rather high barriers for the formation of 2, 3, §, and 6 characterized via X-ray crystallography.'” Computation of all
make these unlikely candidates. By comparison, the pathway the possible protonation sites (S1, S2, S3, and Re) produced
for the formation of the Re-hydride/monothiol 4 is results inconsistent with the experimentally assigned [Re-
thermodynamically and kinetically most favorable. DFT (S3H)L,]* isomer, for which the H atom bonded to S3 was
calculations indicate that the formation 4 is favored over the located in the difference map.12 However, refinement of this
Re-dithiol 1 in free energy by 1.9 kcal/mol for the truncated position required constraints. Comparisons of the relative
ligand model and by 3.3 kcal/mol for the full ligand model stabilities of both the singlet and triplet states reveal that for
(Figure 3). However, the CCSD(T) calculations for the the singlet [Re(S;H)L,]* (9), the isomer protonated at S1 is
truncated ligand model slightly favor 1 over 4 by 1.3 kcal/mol. more stable than the other conformers protonated at S2, S3
Thus, [(ReH)(S;H)L,]** (4) and [Re(S,H)(S;H)L]** (1) (Figure 4), and Re (Figure S17). Specifically, the SI-
may be in equilibrium as H, addition complexes. As the rate- protonated singlet 9 is more stable than the S3-protonated
determining barrier to the overall mechanism of H, oxidation, 11’, which was optimized based on the crystal structure, by 9.4
the calculated barrier of 18.1 kcal/mol (TS,) for the most (singlet) and 7.9 (triplet) kcal/mol, respectively. Like the DFT
favorable heterolytic H, bond cleavage is in a good agreement calculations, CCSD(T) calculations of the truncated models
with the free energy of activation calculated from the rate (Figure S2 and Table S11) predict that [Re(S,H)L’,]*
constant (16.5—16.8 kcal/mol, using the Eyring-Polanyi (truncated model for 9) has the lowest energy and has lower
3782 https://dx.doi.org/10.1021/acscatal.9b04579
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2.36 Re-S1 2.53/2.52 Re-S1 2.35/2.38 Re-S1 2.33/2.34
2.29 Re-S2 2.32/2.42 Re-S2 2.51/2.49 Re-S2 2.32/2.39
2.29 Re-S3 2.28/2.39 Re-S3 2.31/2.39 Re-S3 2.44/2.52
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2.45 Re-P2 2.45/2.49 Re-P2 2.51/2.48 Re-P2 2.49/2.47
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168.2 S1-Re-S3 162.2/171.1 S1-Re-S3 168.6/176.5 S1-Re-S3 158.5/178.1
162.6 P1-Re-S2 160.5/164.7 P1-Re-S2 170.4/172.4 P1-Re-S2 172.6/173.9
164.5 P2-Re-S3 165.3/165.3 P2-Re-S3 163.0/167.2 P2-Re-S3 166.6/165.8
110.0 S3-Re-S2 113.7/103.8 S3-Re-S2 96.3/93.1 S3-Re-S2  96.2/91.0

1ACCSD(T) 0.0 13ACCSD(T) 6.9/9.5 "ACCSD(T) 8.0/14.4

Figure 4. MOG6-optimized and experimental (Exp.)'> geometric
parameters are given with bond lengths (A) and angles (deg) for
the ligand-monoprotonated conformers [Re(LH)L,]": protonation at
ligand S1 (9); S2 (10); and S3 (11’). The DFT free energies and
CCSD(T) energies for the singlet and triplet states (in kcal/mol) are
relative to the lowest-energy singlet 9 with full ligand and its truncated
ligand model [Re(S;H)L’,]*, respectively. The isomers with an
alternative S-H direction (9, 10’, and 11) are displayed in the SL

energy than [Re(S;H)L’,]" (truncated model for 11") by 8.4
(singlet) and 14.8 (triplet) kcal/mol, respectively.

The optimized structures in Figure 4 show the geometries of
the singlet state complexes [Re(S;H)L,]" (9), [Re(S,H)L,]*
(10), and [Re(S;H)L,]* (11"). In each case, the protonated S
always has the longest Re—S bond. The crystal structure shows
the longest Re—S bond to S1, with the bonds to S2 and S3
shorter by 0.07 and 0.06 A, respectively. However, the Re—S1
bond in the experimental structure of [Re(SH)L,]" is actually
shorter than in the structure of ReL;. The only Re—S bond
with an increased distance upon protonation is S3. Overall, the
root-mean-square deviations from crystal structure Re—L bond
lengths and selected bond angles obtained from the singlet 9
are 0.07 A (except for S;—H distance) and 3°, respectively,
while the deviations obtained from the stable triplet 11" are
0.11 A (except for S;—H distance) and 12°, and those from the
higher-energy singlet 11’ are 0.07 A (except for S;—H
distance) and 10°, respectively. As expected, the calculated
S—H distances in all the conformers are near 1.36 A, a value
about 0.3 A longer than the experimental value.

Based on the above analysis of the calculated relative
energies and geometric parameters, and the inability to
conclusively locate the H atom experimentally, we proceeded
based on the computational result that deprotonation of the
H, addition product produces the monoprotonated complex
[Re(LH)L,]* with the proton on S1. This result is in good
accord with the calculated assignment of 4, [(ReH)(SH)-
L,]*, as the main H, addition complex. Further deprotonation
of the [Re(S;H)L,]"* closes the catalytic cycle of H, oxidation
to regenerate [ReL;] (blue arrows in Scheme 3).

H, Evolution Mechanisms. To probe the possible HER
mechanisms, the calculated reduction potentials (vs Fc*/Fc),
relative free energies (AG), absolute pK, values, relative pK,
values (vs acetic acid in DCM), and activation barriers (AG¥)
are used to determine if a calculated structure is acceptable or
not. Scheme 3 presents our proposed mechanisms for H,
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production. We focus on the mechanism with the relatively
weak acetic acid as used in the experimental CV. According to
the experiment, a solution of [ReL;] and acetic acid evolves H,
at —1.7 V and reaches saturation at a molar ratio of 1000-fold
excess acid.'”

In the presence of acetic acid, direct protonation of [ReL,]
at either ligand (S1, S2, or S3) or the Re center to form the
monoprotonated cation [ReL;H]" is predicted to be
thermodynamically unfavorable on the basis of very low
ApK, values of —39.0 to —25.5 (see details in Table S15). We
also calculated the ApK, values of [ReL;H]" with respect to
sulfuric and triflic acids, which were used in the other
experiments.'” The DFT calculations indicate that protonation
of [ReL;] to form [ReL;'H]" is thermodynamically unfavor-
able in the presence of sulfuric acid (ApK, (9) = —3.8) but
favorable in the presence of triflic acid (ApK, values of 1.0 for
9 Table S16). This prediction is in accord with the
experimental preparation of the [ReL;'H]™ species as the
triflate salt.'”” Given the quite low ApK, (vs CH;COOH)
values of [ReL;"H]*, the pathway in acetic acid must first
involve reduction of [ReL;] to [ReL;]™. As shown in Scheme
3, reduction of [ReL;] to [ReL;]~, which occurs at a calculated
E, = =145V, is likely to occur, which is consistent with the
experimentally measured value —1.60 V.'?

Since the reduction of [ReL;]™ to [ReL,]*” requires a very
negative potential, —3.07 V, protonation of [ReL;]” to form
the monoprotonated neutral [ReL;H] must occur before
further reduction. Among all the isomers of [ReL;"H], the Re-
protonated species are thermodynamically favorable over the
ligand S-protonated species by about 7 to 9 kcal/mol (Figure
S$18). For simplicity, we only consider the two most stable Re-
protonated species 13 (AG = 13.1 kcal/mol) and 13" (AG =
15.3 kecal/mol). The ApK, values for 13 and 13" are calculated
to be —9.6 and —11.2, respectively, implying slightly
unfavorable thermodynamic process. Thus, excess acid is
needed to drive the protonation of [ReL;]”, which explains
why the observed saturation of current enhancement requires
addition of multiple equivalents (>1000 equiv) of acetic acid.
Taking into account the modifications including the increase in
the acidity from homoconjugation (4.0 units pK,), the better
basis set (2.8 to 4.2 units pK,), and the 3-fold excess of the
acetic acid (3.0 units pK,) as discussed in the SI, the estimated
ApK, (vs acetic acid in DCM) values for 13 and 13" are about
+0.2 to +1.6 and —1.4 to 0.0, respectively, indicating that
protonation of [ReL;]™ to form 13 by the acetic acid is likely.
The combination of the 3-fold excess of the acid, its increase in
acidity from homoconjugation, and the better basis sets will
produce a positive ApK, value (see Tables S17—S19 in the SI).

The possibility of an immediate second protonation on
[(ReH)L,] to form [ReL;"H,]* can be ruled out, by the quite
low ApK, = —23.3 for protonation of [(ReH)L;] (13) to form
the most stable isomer [ (ReH)(S;H)L,]* (25) (Table S13 and
Figure S$22). Direct reaction of [(ReH)L;] (13) with acetic
acid to produce H, is also thermodynamically unfavorable by
17.6 kcal/mol (Table S20). Therefore, an additional reduction
from [(ReH)L;] to [(ReH)L,]™ is essential. Among all the
optimized isomers of [ReL;*H]~, Re-protonation is thermo-
dynamically much more favorable than the S-protonation by
about 7 to 25 kcal/mol (Figure S20). The Re-protonated
species 17, which closely resembles 13, is most stable within
the isomers of [ReL;"H]™. The calculated reduction potentials
for this process, —1.23 V (13/17) or —1.54 V (13" /17"), are
close to the experimentally observed value of —1.70 V."* This
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Scheme 3. Proposed Mechanisms for H, Oxidation (blue) and H, Production (red) with [ReL;]”
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“Potentials E (vs Fc*/? in V), relative ApK, (vs HAc), absolute pK,(CatH) = ApK, + pK,(HAc), pK,(HAc) = 15.5 in 1,2- dlchloroethane (DCE),*
relative free energies (AG, in kcal/mol, see equations in Scheme S3), and barriers (AG?, in kcal/mol) are given at the MOG level. YThe values in
parentheses are given at the BPWO1 level. All the values of the [ReL;] versus acetic acid concentration at a molar ratio of 1:1. “The difference may
be from experimentally assigning reduction to the peak position, while the calculated value is for the reversible reduction. All the optimized
geometries of conformers for [ReL;°H], [ReL;H] ™, [ReL;*H,]", and [ReL;"H,] are displayed in Figures S18, S20, S22, and S23, respectively. The
potential energy surfaces for the protonation of [ReL;]™ and 17 by the acetic acid are displayed in Figures $S24 and S25, respectively.

result is in contrast with the previous assignment of this
reduction being due to the doubly protonated [ReL;H,]*""°
potential."> As described above the acetic acid is not strong
enough to produce doubly protonated [ReL;°H,]*. The DFT
calculations show that the most stable isomeric couple among
all the [ReL;H,]*/ species, (ReH)(S;H)L,]*/° (25/30), has
a much more positive potential (cal. —0.42 V), so under much
stronger acid this reduction would occur at a much more
positive potential (see Table S21 for reduction potentials E, of
the other [ReL;"H,]™/° couples). Based on the above analysis,
we suggested a reassignment of the experimentally observed
reduction at —1.70 V to the singly protonated [ReL;H]%~
rather than the doubly protonated [ReL;H,]™/°.

Upon addition of the second proton to [(ReH)L;]", direct
proton delivery to the Re in [(ReH)L;]™ (17) to form the Re-
dihydride species [(HReH)L,;] (31) is thermodynamically
more favorable (ApK, = —7.9, Scheme 3) as compared to
proton delivery to the S to form the most stable Re-hydride/
monothiol [(ReH)(S;H)L,] (30/30a, differing by H orienta-

tion) among all the doubly protonated neutral [ReL;'H,]
(ApK, = —9.2 and —10.5, Table S14 and Figure $23).
Considering the modifications including the increase in the
acidity from homoconjugation, the better basis set, and the 3-
fold excess of the acetic acid as discussed in the SI, the
evaluated ApK, (vs acetic acid in DCM) value for 31 is +1.9 ~
+3.3, suggesting that protonation of 17 to form 31 by the
acetic acid can occur. The following homolytic reductive
elimination of H, from this Re-dihydride species (31) is
thermodynamically favorable by 16.6 kcal/mol through a
barrier of 23.0 kcal/mol relative to 31 (Figure S25). As shown
in Figure S, the calculated transition state for the H, release
involves both the H—H formation (H—H distance of 0.77 A in
TSy, vs 1.78 A in 31) and the H, release (Re—H distances of
2.31 and 2.28 A in TSy, vs 1.66 and 1.65 A in 31). The
predicted catalytic cycle is an [ECEC] mechanism, in which
the active species for H, evolution is a Re-dihydride instead of
a Re-dithiol as proposed earlier."?
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[(HReH)L;] 31 TSz

H1-H2=1.78 U JH1-H2=0.77 |
Re-H1 =1.65 Re-H1 =2.31
Re-H2 = 1.66 Re-H2 =2.28

Figure 5. M06-optimized structures of the Re-dihydride intermediate
(31) and the transition state for the H, release from 31 (TSy,). All
the key bond lengths are given in A.

Comparisons of the calculated barriers among the
protonation of [ReL,]” (Figure S24) and 17 (Figure S25)
by the acetic acid and H, release (Figure S25) as discussed in
the SI reveal that the homolytic reductive elimination of H,
from the Re-dihydride species (31) is in better agreement with
the rate-determining step in the experiment, which shows a
large kinetic isotope effect (KIE of 9 + 1) and a second order
dependence on [H*] with a similar rate constant for either
acetic or sulfuric acid."?

4. CONCLUSION

In summary, DFT and high-level ab initio methods including
CCSD(T) and CASSCF in combination with experimental
work'” were used to investigate the electrocatalytic H,
oxidation and H, evolution catalyzed by rhenium-tri(thiolate)
complexes [ReL,;] (L = DPPBT = diphenylphosphinobenze-
nethiolate, a noninnocent ligand).

Based on comparisons of thermodynamic and kinetic
predictions with the experimental data, DFT calculations
predict that the H, oxidation reaction (HOR) proceeds by an
EECC mechanism, in which stepwise oxidization of [ReL;] by
two electrons to form [ReL;]*" is followed by the H, addition
to form the thermodynamically and kinetically favorable Re-
hydride/monothiol [(ReH)(S;H)L,]** or Re-dithiols [Re-
(S,H)(S;H)L]*, and then by successive deprotonations to
regenerate [ReL;] via [Re(S;H)L,]".

The H, evolution reaction (HER) in excess weak (acetic)
acid is an ECEC mechanism that begins with the reduction of
[ReL,] to [ReL;]™, followed by protonation at Re to produce
[(ReH)L;], which undergoes another reduction to [(ReH)-
L,]™. Delivery of the final proton to the Re in [(ReH)L;]”
forms the Re-dihydride species [(HReH)L,]. Production of H,
occurs via reductive elimination through a Re-H, adduct.

The mechanistic analysis indicates that the HOR thermo-
dynamically and kinetically favors a Re-hydride/monothiol
intermediate, while the HER favors Re-dihydride intermedi-
ates, in contrast to the Re-dithiols that were proposed earlier.'”
The structurally characterized species [Re(LH)L,]" is likely
part of the HOR catalytic cycle but not part of the HER
catalytic cycle in a weak acid such as acetic but could be
involved in this cycle with stronger acid. Although the previous
computational study'* used the suitable M06 functional, they
considered only the S3 site, missing the other active sites for
H, addition, protonation, in a variety of redox states for the
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various species occurring in the proposed mechanisms for H,
oxidation and H, production. The major improvement in the
present computations compared with the previous mechanistic
study'?" is that we examined all the possible sites on any of the
S ligands (S1, S2, and S3) and Re.

DFT redox potential calculations suggested a reassignment
of the experimentally observed peak —1.70 V to the singly
protonated [ReL;*H]”~ couple rather than the doubly
protonated [ReL;"H,]*/® couple, as acetic acid is too weak
to form this more easily reduced species.

The detailed mechanisms using these rhenium-tris(thiolate)
complexes are very helpful for rationally designing the effective
HOR and HER electrocatalysts.
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