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ABSTRACT: Molecular systems combining light harvesting and charge storage are receiving great attention in the context
of, e.g., artificial photosynthesis and solar fuel generation. As part of ongoing efforts to develop new concepts for photoin-
duced proton-coupled electron transfer (PCET) reactivities, we report a cyclometallated iridium(III) complex [1]* equipped
with our previously developed sulfurated bipyridine ligand 5-Sbpy. A new one-step synthetic protocol for S-Sbpy is developed,
starting from commercially available 2,2’-bipyridine, which significantly facilitates the use of this ligand. The iridium com-
plex [Ir(ppy).(5-Sbpy)](PFs) ([1]PFe) features a two-electron reduction with potential inversion (|E,|>|E.|) at moderate po-
tentials (E, = -1.17, E, = —1.08 V vs. Fc*° at 253 K), leading to a dithiolate species [1]". Protonation with weak acids allows for
determination of pK, = 23.5 in MeCN for the S-H--§- unit of [1]H. The driving forces for both H atom and hydride transfer
are calculated to be ~60 kcal mol™ and verified experimentally by reaction with suitable H atom and a hydride acceptors,
demonstrating the ability of [1]* to serve as a versatile PCET reagent, albeit with limited thermal stability. In MeCN solution,
an orange emission for [1]PFs from a triplet excited state was found. Density functional calculations and ultrafast absorption
spectroscopy are used to give insight into the excited-state dynamics of the complex and suggest a significantly stretched
S-S bond for lowest triplet state T,. The structural responsiveness of the disulfide unit is proposed to open an effective
relaxation channel towards the ground state, explaining the unexpectedly short lifetime of [1]*. These insights as well as the
quantitative ground-state thermochemistry data provide valuable information for the use of $-Sbpy functionalized com-
plexes and their disulfide/dithiol directed PCET reactivity.

INTRODUCTION

Similar to natural photosynthesis, most of the reactions
relevant to artificial solar fuel generation —including water
oxidation, proton or CO, reduction, or conversion of N, to
NH;- involve the synchronized transfer of multiple pro-
tons and electrons. In order to integrate such proton-cou-
pled electron transfer (PCET) processes with light absorp-
tion and excited state reactivity in photocatalytic
schemes,> one promising approach is to equip the ligands
of common metal-based photosensitizers with e-/H* stor-
age sites for triggering PCET after metal-to-ligand charge
transfer (MLCT) excitation.®® As an important further ad-
vance these units should be able to accumulate redox
equivalents and protons for mediating chemical multi-
e /H* conversions. Prominent examples are the polypyridyl
ruthenium complexes with NAD*/NADH-type ligands de-
veloped by Tanaka and co-workers, whose NAD* form can

undergo light-triggered 2e-/2H* reduction;*" such systems
have been used for, e.g. selective hydride transfer to CO,.”
In that context we recently introduced a new 2,2’-bipyri-
dine (bpy) derivative equipped with a peripheral disulfide
unit, in the following abbreviated as 5-bpy (Figure 1).3 This
molecule was shown to be capable of 2e~ redox processes
by exploiting the disulfide/dithiolate couple, which tends
to be coupled to (de) protonation events and is reminiscent
of disulfide/dithiol based biological charge storage.*# In-
depth electrochemical investigation revealed that reduc-
tion of $-Sbpy accompanied by protonation induces poten-
tial inversion, viz. the second reduction is thermodynami-
cally more favored than the first one,'>'¢ hence leading to a
preferred 2e- reduction forming a dithiolate from a disul-
fide, in this case. The concept of potential inversion for the
disulfide-dithiolate interchange has recently been ex-



ploited for light-driven charge accumulation and mul-
tielectron catalysis in a molecular donor-sensitizer—accep-
tor compound without any sacrificial reagents.?
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Figure 1. Concept of the ligand 5-Sbpy as a multi-PCET unit
(top); previously reported and new complexes of 5-Sbpy
(bottom).'7'8

The first reported complex of 5-Sbpy, [Ru(bpy).(*-Sbpy)]**
(A in Figure 1), was shown to undergo 2e- reduction cen-
tered on the disulfide moiety.”” While the free ligand exhib-
its potential inversion only in the presence of protons, it
does so when N,N-chelating a metal ion in A, and the two
potentials were found to be equal in rhenium(I) complex
B.1® After injection of the second electron, the disulfide
bond breaks to form the corresponding dithiolate; how-
ever, in case of A it was observed that reduction triggers
sulfide extrusion from 5Sbpy to give N,N-chelating
thieno[3,2-b:4,5-b’]bipyridine. To better understand the
ground-state PCET thermodynamics of 5-Sbpy coordinated
to a metal ion, specifically the reduction potentials and the
protonation behavior, we used complex B that does not ex-
hibit the drawback of rapid decomposition of the reduced
species at room temperature. It was found that upon two-
electron reduction at moderate potentials (E,=E, = —-117 V
vs. Fc*/°) in acetonitrile (MeCN) solution, the resulting di-
thiolate can be protonated once with a pK, of 24.3.® The
resulting doubly reduced and singly protonated S-H---S-
complex can act as a formal hydride donor with a hydricity
of 60 kcal mol™, similar to synthetic analogues of biological
hydride transfer reagents such as nicotinamide adenine di-
nucleotide (NAD*|NADH).®" In addition, H atom transfer
(HAT) of the S-H---S- complex is also possible (BDEF(S-H)
= 59 kcal mol™), demonstrating the rich and versatile PCET
chemistry which can originate from the peripheral disul-
fide functional group.

Additionally, A can be selectively excited into a 3MLCT
state with high charge transfer character localized on the
$-Sbpy ligand, where the electron ends up on in less than
80 fs.2° The selective excitation makes it a promising can-
didate for excited-state reactivity involving the reactive di-
sulfide. However, the complex exhibits a low-energy emis-
sion centered at only 730 nm (1.7 €V). In order to gain more

driving force for excited-state reactions, a higher emission
energy is highly desirable. Since cyclometallated irid-
ium(IIT) complexes tend to be more oxidizing after photo-
excitation,® we concluded that a sulfurated derivative of
the popular [Ir(ppy).(bpy)]* photosensitizer (Hppy = 2-
phenylpyridine), whose photophysics has been studied in
great detail,>>>4 should be a promising target. Cyclometal-
lated iridium chromophores are among the most promi-
nent classes of photosensitizers° and have proven to be
suitable for, e.g., photoredox catalysis,??* organic light-
emitting devices®® or luminescent sensors.?93° As a syn-
thetic benefit, the sequential installing of the cyclometal-
lating and ancillary ligands in two separate synthetic steps
offers synthetic versatility for such iridium(III) com-
plexes.®

In this study, we now present a first iridium complex of
$-Sbpy, [Ir(ppy).(5-Sbpy)](PFs) ([1]PFs; Figure 1 bottom),
and we have investigated both experimentally and compu-
tationally its photophysical properties as well as the
ground-state thermochemistry related to the peripheral di-
sulfide/dithiol interconversion. In particular, by compar-
ing results for B and [1]* we wanted to see how the PCET
thermodynamics is affected by different metal ion tem-
plates the 5-Sbpy ligand is bound to.

RESULTS AND DISCUSSION

Improved synthesis of the ligand 5-Sbpy. So far, the use
of $-Sbpy in coordination chemistry and the exploitation of
its 2e~/xH* interconversions were severely hampered by its
low-yielding multi-step synthesis (<2% overall yield,
Scheme 1, top), which also gave side-products that are dif-
ficult to separate.’ In general, disulfides can be synthesized
by aerobic oxidation of the corresponding (di-)thiols,*3' for
which not many generally applicable synthetic methods
are known. Prominent methods include the nucleophilic
substitution with xanthates3?* or the Newman-Kwart-rear-
rangement3 followed by (reductive) cleavage of the carba-
mate/dithiocarbonate.3+ While nucleophilic substitution at
heterocycles is easier than at parent phenyl groups, the
3,3’-positions of 2,2’-bipyridine are not particularly acti-
vated, and the Newman-Kwart-rearrangement is difficult
in heteroaromatic systems.?33 Thus, in the present study
we aimed at developing a new synthetic strategy to facili-
tate the use of S-Sbpy and related disulfurated ligand plat-
forms.

Inspired by two reported synthetic methods,353% we now es-
tablished a new one-step protocol that involves the double
deprotonation of 2,2’-bipyridine with Li[TMP] (HTMP =
2,2,6,6-tetramethylpiperidine) in THF at —78 °C followed
by quenching of the lithiated species with elemental sulfur,
as shown in Scheme 1, bottom. The N-atoms serve as di-
recting group for the regioselective deprotonation at the
3/3’ positions.

Scheme 1. PreviousBand new synthetic route to the ligand
s-Shpy.
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After separation of the crude reaction mixture by column
chromatography, 5-bpy is obtained as a yellow-brown
solid with a moderate yield of 23%, which represents a sig-
nificant improvement over the previous synthesis. Spectro-
scopic data of the product are in good agreement with the
published ones for 5-Sbpy,3 and the purity was confirmed
by combustion analysis. Single crystals of S-Sbpy suitable
for X-ray diffraction could be grown by slow evaporation of
a dichloromethane solution. The unit cell contains two
crystallographically independent molecules with similar
bond lengths and angles, probably due to the conforma-
tional flexibility of the S-S bond; one of them is shown in
Figure 2, together with selected metric parameters (full
metric data and details related to X-ray data refinement are
summarized in Table Sz in the SI). The six-membered ring
including the two sulfur atoms shows a twist-boat confor-
mation with (non-crystallographic) C, symmetry, to mini-
mize the strain imposed by the disulfide moiety. The aver-
age S-S bond length of 2.054 A is similar to the one found
in [1,2]dithiino[3,4-c:6,5-c']dipyridine (where the N-atoms
are at the 4,4-positions, 2.056 A).37 The planes of the two
pyridine rings in S-Sbpy are twisted with an average torsion
angle of 0 = 33° around the central C5-C6 axis. The aver-
aged C-S-S-C torsion angle is about 60°, which is in ac-
cordance with the DFT (Density Function Theory) opti-
mized value of 59.2° predicted for 5-Sbpy* and experimental
values for the related S,-bridged compound
dibenzo(c,e)(1,2)dithiine (60°).3®
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Figure 2. Top view (left) and front view (right; view along
the C, axis) of the molecular structure of 5-Sbpy (thermal
ellipsoids at 50% probability level); hydrogen atoms omit-
ted for clarity. Only one of the two crystallographically in-
dependent molecules is shown. Values for the 2" molecule
are given in parenthesis. Selected bond lengths (A) and -
angles (°): S1-S2 2.056(1) (2.051(1)); N1-C5-C6-N2 34.9(1)
(31.7(1)), C4-S1-S2-C7 60.8(1) (60.0(1)).

Synthesis and structure of an iridium complex of
5Sbpy. The cyclometallated iridium(IlI) complex
[Ir(ppy)-(>-Sbpy)](PFs) ([1]PFs) was synthesized starting
from the dimeric precursor [IrCl(ppy).]. and 5-Sbpy in a de-
gassed CH,Cl,/CH;OH mixture (2:1 v/v) at 40 °C under in-
ert atmosphere (Scheme 2). The use of relatively low tem-
peratures prevents the thermal decomposition of 5-bpy
during the synthesis.3 After anion exchange with NH,PFs
and chromatographic purification, [1]PFs was obtained as
a deep red solid with a yield of 82%.

Scheme 2. Synthesis of the iridium(III) complex [1]PFe.
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[1]PFs was characterized by means of NMR and IR spec-
troscopies as well as ESI mass spectrometry and combus-
tion analysis (see SI). The ESI(+) mass spectrum shows a
dominant peak at m/z = 718, corresponding to the complex
cation [1]*, and the 'H NMR spectrum in CD;CN shows 11
signals indicative of C, symmetry of [1]* in solution. Single
crystals suitable for X-ray diffraction were obtained by va-
por diffusion of diethyl ether into a concentrated acetoni-
trile solution of [1]PFe. As for the ligand 5-Sbpy, the unit cell
contains two crystallographically independent molecules
with similar bond lengths and angles; one of them is shown
in Figure 3 together with selected metric parameters (see
SI for further details).



Figure 3. Molecular structure of [1]* (thermal ellipsoids at
50% probability level); hydrogen atoms, solvent molecules
and the PFg counter ion are omitted for clarity. Only one
of the two crystallographically independent molecules is
shown. Values for the 2" molecule are given in parenthe-
sis. Selected bond lengths (A) and -angles (°): S1-S2
2.045(1)  (2.044(1); C4-S1-S2-C7  56.3(1) (56.3(1)),
N1-C5-C6-N2 17.1(1) (17.8(1)).

The iridium center in [1]PFs is coordinated in pseudo-oc-
tahedral geometry by two phenylpyridyl (ppy) ligands and
the N,N'-chelating 5-Sbpy, with the two N-atoms of the ppy
ligands in trans-position to each other, as expected due to
the strong trans-influence of the carbanion donors. The
N-C-C-N torsion angle in [1]* is reduced to around 6 = 18°
compared to 33° for free S-Sbpy, thus maximizing orbital
overlap between the donor N-atoms and the metal ion.
However, this 6 value is the largest among the series of
$-Sbpy complexes reported so far,”7*® suggesting that [1]PFs
has a more strained 5-Sbpy ligand compared to A and B. The
C-S-S-C torsion angles of around 56° are virtually the
same in all three complexes, and also the S-S bond lengths
are very similar in the narrow range 2.042-2.048 A.

Ground-state thermochemistry of disulfide PCET
transformations. We have previously determined the
PCET thermochemistry of the disulfide/dithiol redox
switch in the free S-Sbpy ligand and B, and it was thus in-
teresting to investigate the effect of changing the basic-
ity/size of the metal ion and the ancillary ligand system. To
study the redox properties of [1]PFg, cyclic voltammetry
(CV) was performed in dry MeCN with 0.2 M "Bu,NPF; as
supporting electrolyte and referenced vs. the Fc*/° redox
couple. In the CV at rt (Figure S7), a quasi-reversible redox
process at E = -1.76 V emerged after the first reduction at
E,c = -1.22 V, suggesting that reductive cleavage of the di-
sulfide bond of [1]" leads to decomposition forming
[Ir(ppy).(Sbpy)]* ([2]*, Figure 4); sulfur loss from the 5-bpy
ligand upon reduction was previously observed for A and
B.7*8 The identity of the decomposition product was con-
firmed by recording the CV of an independently prepared
authentic sample of [2]PFs. The latter was generated by
chemical reduction of [1]PFswith 2 equivalents of cobalto-
cene at rt (E = -1.3 V vs. Fc*/°)4 and was characterized in
solution (see SI for further details and full characterization
of [2]PFs).

[2]PFs

Figure 4. Structural representation of [2]PF.

In order to slow down decomposition of [1]*, the CV meas-
urements were performed at 238 K and 253 K. At these tem-
peratures no evidence for the formation of [2]* on the CV
timescale was found down to a scan rate of 0.1 Vs™. This
allows to estimate an unimolecular, all-over reaction rate
constant of <0.02 s™ for the decomposition pathway.

The CV data at 238 K (Figure 5) show a reversible oxidation
process at EY> = 0.87 V, which is assigned to the Ir'V/Ir!"
couple based on the redox properties reported for similar
iridium complexes.# In the cathodic scan, a reduction pro-
cess appears at a peak potential of -1.285V vs. Fc+°
(0.1 Vs™), which shifts cathodically with increasing scan
rates. In the reverse scan a broad re-oxidation feature ap-
pears at —0.885 V. A plot of the current at different scan
rates vs. the square root of the scan rate is linear, which
indicates a diffusion-controlled process (Figure Ss).
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Figure 5. CVs of [1]PFs recorded at different scan rates in
dry MeCN with 0.2 M "Bu,NPF; at 238 K.

The shift of the peak potentials with increasing scan rates,
the large separation of the anodic and cathodic process (AE
= 400-700 mV) and the broad anodic feature point either
to an electrochemically irreversible process or an electro-
chemically reversible process followed by a fast chemical
reaction. Since the potential of the reduction wave is simi-
lar to the reduction potential of the S-S unit forming the
thiolate functions in A and B, and because the peak current
ip is much larger than the one expected for a 1e~ process,
this redox couple can be attributed to the 2e- reduction of
the disulfide bond in the 5-Sbpy ligand of [1]*. Moreover,
the peak-to-peak separation for the anodic and cathodic
waves become smaller when increasing the temperature to
253 K, indicating the recovery of some electrochemical re-
versibility for this process (Table 1).



Table 1. Redox properties of [1]* in MeCN in V vs. Fc¢*/°,
v = 0.1 Vs [a] not corrected for the temperature-de-
pendent shift of ferrocene’s redox potential.

E(bpyS-S|bpy®>) E(Iravii)
Epcn Epax Ev>
238 K -1.285 -0.885 0.870
253 Kbl -1.230 -0.980 0.885

The scan-rate dependent CV data were simulated at both
temperatures applying a Butler-Volmer model. The simu-
lated and measured data are in good agreement over a
large range of scan-rates. All relevant parameters are given
in Table 2, and the overlay of the experimental and simu-
lated data can be found in Figures S3 and S4. The Ir(IV/III)
redox process is indeed reversible at 238 and 253 K. The re-
dox potential is slightly affected by the temperature (cf. 15
mV), though the minor shift indicates rather small entropy
and enthalpy changes with temperature. The steep slope of
the disulfide reduction process indicates a similar reduc-
tion potential for both processes, and the broad re-oxida-
tion feature points to an « larger than o.5. Indeed, the sim-
ulations revealed that the second reduction process exhib-
its a slightly higher potential than the first one at both 238
Kand 253 K, hence, potential inversion occurs. Both reduc-
tion potentials E, and E, shift with increasing temperature,
though in different directions, which indicates considera-
ble free energy changes with temperature. As expected, the
electron transfer rates for the two redox events increase
with increasing temperature.

Table 2. Simulated thermodynamic and kinetic pa-
rameters for the redox events of [1]*.

238 K 253 K

E//V -1.125 -117

o 0.6 0.6
ksy /s 0.0004 0.0006
E,/V 115 -1.08

o, 0.8 0.8
ks /s 0.0006 0.0025
E3/V 0.885 0.875

o 0.5 0.5
kss /s 0.02 0.03

Since the twice reduced form of [1]*, viz. the dithiolate con-
gener [1], is not thermally stable at room temperature and
at high concentrations, UV-vis spectroscopy at -30°C was
used for its characterization. Reduction of [1]PFs with
2 equiv. of cobaltocene at -30°C in MeCN resulted in an
increase of absorbance in the range from 320 to 550 nm,
with new peaks centered at around 352 nm and a broad ab-
sorption at 480 nm (Figure 6, red line). Subsequent proto-
nation (Figure S8) with aliquots of the strong acid

[HDMF]OT( (pK, = 6.1)* shows a decrease in the absorb-
ances of both bands at 352 and 480 nm, leading to a spec-
trum identical to the blue line in Figure 6. No further spec-
tral changes were observed after addition of 1.0 equiv. of
[HDMF]OTT{, suggesting single protonation and formation
of a hydrogen-bonded S-H:-§- unit at the bpy type ligand
in [1H]. This is in line with the reduction/protonation re-
ported for B and similar to the O-H--0- unit in the analo-
gous bipyridine-diol iridium complex.’®29

The pK, of the S-H--§- unit in [1H] was determined by titra-
tion of [1]- with the weaker acid 3,5-dichlorophenol
(pKa(MeCN) = 23.3).43 Addition of 0.2 equiv. aliquots leads
to gradual decrease in absorbance around 352 and 480 nm,
as shown in Figure 6. An isosbestic point at 314 nm indi-
cates clean conversion from [1]-to [1H]. The obtained titra-
tion data at two selected wavelengths were analysed using
the method described earlier for deriving the pK, value®44
(details can be found in the SI). A pK, of 23.5+0.5 was ob-
tained by considering the reported pK, value of 3,5-dichlo-
rophenol at room temperature. The resulting pK, value was
further bracketed by protonation of [1]- with a weaker acid
([HDBNJ*, pK, = 23.8)% and a stronger one (benzoic acid,
pK, = 21.5),# which resulted in incomplete conversion or
complete protonation with one equivalent of the acid, re-
spectively (Figure S10).
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Figure 6. UV-vis spectra of the titration of [1]- with 3,5-di-
chlorophenol (o to 5.0 equiv.) in acetonitrile at —30°C
(start: red trace, end: blue trace). Inset shows the absorb-
ance followed at 350 nm. The asterisk marks an isosbestic
point.

With the potentials (at —20°C: E,=-117 V and E, = -1.08 V)
and pK,-value in hand, the driving forces for both formal
hydrogen atom (Equation 1) and hydride (Equation 2)
transfer can be calculated using Bordwell’s equations' with
the recently revised+® value for C, of 52.6 kcal mol™ and
with AG(H*|H")"* of 79.6 kcal mol-".

AG(H*) =1.364 pK, + 23.06 E, + Cg = 57.7 kcal mol™ (1)

AG(H") =1.364 pK, + 23.06 E, + 23.06 E, + (2)
AG(H*|H"-) = 59.8 kcal mol™



The bond dissociation free energy (BDFE; AG(H-)) of
58 kcal mol~ and the hydricity (AG(H-)) of 60 kcal mol~ of
[1H] are very similar to the ones determined for the twice
reduced and singly protonated form of B (59 and
60 kcal mol, respectively), nicely demonstrating the com-
pensating effect of the two free energy contributors: a
slightly more cathodic (second) reduction potential of
-1.16 V vs. a slightly higher pK, value of 24.7 in case of B to
give the same free energies as for [1H], despite the fact that
the overall charge of the complexes differ. It should be
noted that the above values for B were determined at rt,
whereas the values reported here are not corrected for tem-
perature, but the shift in free energies is only on the order
of +2 kcal mol~ which likely is within the error of the ex-
periment. The PCET thermochemistry of [1]* is summa-
rized in Scheme 3.

Scheme 3. Thermochemistry of [1]*. Potentials in V vs.
Fctlo,

AG°(H ) = 60 kcal-mol

AG°(H-) = 58 kcal-mol '

1=  3,5-dichloro-
phenol

To corroborate the experimentally determined BDFE and
hydricity values, reactions of [1H] with both an H atom and

a hydride acceptor were performed. The stoichiometric re-
action of [1H] with trityl cation (trityl = triphenylmethyl;
AG(H") = 99 kcal mol™)# was studied by UV-vis spectros-
copy. Addition of 1.0 equiv. of trityl tetrafluoroborate in
MeCN at -30 °C to the in situ formed [1H] (generated by
addition of 2.0 equiv of CoCp, and 1.0 equiv of [HNEt;]PFs
into the solution of [1]PFs) resulted in the decrease of the
UV-vis absorption at 430 nm assigned to [1H] (Figure 7).
After monitoring the reaction for 5 h, the typical spectral
features of [1]* are recovered. In a complementary 'H NMR
experiment (Figure S24, top), the signal corresponding to
triphenylmethane at 4.28 ppm is observed with a spectro-
scopic yield of 20% in about 12 h (relative to the internal
standard 1,3,5-trimethoxybenzene; note that conditions are
different in UV-vis and NMR experiments, with concentra-
tions being much higher in the latter). This demonstrates
the ability of [1H] to act as a hydride donor, thereby form-
ing [1]* and triphenylmethane as products of the hydride
transfer.

1.0
e [ +
h +2.0 eq CoCp,+1.0 eq [HNELJPF,
0.81 +1.0 eq [Ph,CIBF,

0.6

Abs/ a.u.
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Figure 7. UV-vis spectra during in situ formation of [1H]
and its reaction with [Ph;C]BF, (1.0 equiv.) in MeCN at
-30°C over the course of 5 h.

The reaction of [1H] with the weaker hydride acceptor
[BIM]PFs (AG(H-) = 50 kcal mol~'in MeCN; [BIM]* = 1,3-di-
methyl-2-phenyl-1H-benzo[d]imidazol-3-ium)4 did not
lead to any spectral changes, evidencing that no reaction
takes place. These results are in line with the experimen-
tally determined hydricity of 60 kcal mol™ of [1H]. In addi-
tion, H atom transfer reactivity with TEMPO- (2,2',6,6'-tet-
ramethylpiperidine-N-hydroxy = radical, BDFE =
64 kcal mol)#> was probed as well. Reaction of in situ
formed [1H] with TEMPO- at -35°C showed the signals
corresponding to TEMPO-H at 5.25 ppm (Figure S24, bot-
tom) in 43% spectroscopic yield after about 12 h, accompa-
nied by the formation of the characteristic signals for [2]*;
the latter is expected to result from the decomposition of
[1]- which forms upon disproportionation of [1] into [1]-and
[1]*. This demonstrates the capability of [1H] to serve as a
smooth hydride as well as an H atom donor via the periph-
eral S-H:+-S- unit.

Photophysical properties. The absorption spectrum
(Figure 8, black line) of [1]PFs in MeCN shows an intense



band (¢ = 4.0x10* M~ cm™) with an absorption maximum at
265 nm and a shoulder at 260 nm. Furthermore there is a
shoulder at >300 nm and a less intense band
(£ = 6.5%103 M cm™) at Amax = 381 nm as well as a compara-
tively broad and weak absorption at lower energies. These
spectral features are similar to those of the parent complex,

(Ir(ppy).(bpy)]*.5°
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Figure 8. UV-vis absorption (black) and normalized lumi-
nescence (red) spectra of [1]PFs (1.44-105 M) recorded in
dry, deaerated MeCN at 293 K. Excitation occurred at
380 nm.

Upon excitation at 380 nm, [1]PFs in MeCN solution shows
a broad, featureless emission with maximum intensity at
627 nm at 293 K (Figure 8, red line), The large shift of
1.29 eV between the lowest absorption band maximum and
the emission band maximum is due to the fact that the
emission originates from a triplet excited state. Dioxygen
quenching experiments show a decrease in emission inten-
sity, confirming that the emission corresponds to phos-
phorescence. The previously reported complex A exhibits
an emission peaking at 730 nm."” Compared to A, the emis-
sion maximum of [1]PFs is shifted hypsochromically by
~0.3 eV, and this can provide a larger driving force for pos-
sible reactions with suitable reductive quenchers. In com-
parison with their respective parent complexes, the emis-
sive states of both [1]PFsand A are lower in energy.

Table 3. Photophysical properties of Ru'' complex A
and different Ir'" complexes in MeCN (phen = 1,10-
phenanthroline).

complex A/  Aem/ T/ms  reference
nm nm

[1]PF¢ 380 627 7 this work

[2]PFs 342 618 416 this work

A 430 730 109 7

(Ir(ppy)a(bpy)IPFs 355 585 430 s

[Ir(ppy).(phen)]PFs 355 530 1290 5

When the luminescence band shown in Figure 8 is tracked
kinetically, a bi-exponential decay with a 7 ns component,
as well as a 443 ns component are observed (Figures Su and
S12). The short-lived component was probed using the

time-correlated single photon counting (TCSPC) tech-
nique, where short (ca. 60 ps) and low energy (ca. 10 pJ)
laser pulses are applied. The long-lived component was
monitored with a setup for longer timescales, which uses a
laser with a much higher power output (ca. 10 mJ, see SI for
instrumental details).

Even though dual emission has been reported previously
for cyclometallated iridium complexes such as
[Ir(ppy).(bpy)]*,3 true dual emission is rare and the possi-
bility of emissive trace impurities should be considered
carefully.

The steady-state emission spectra of [1]PFs recorded at
77 K (Figure Si5) shows only a single emission band and
does not provide further evidence for true dual emission.
In principle, different stereoisomers of a given complex can
result in different emission properties, and since [1]* may
exist as different stereoisomers, this possibility cannot be
ruled out completely.> However, measurements with dif-
ferent excitation laser powers revealed that the long-lived
luminescence decay component becomes increasingly pro-
nounced at high excitation powers, indicating the for-
mation of a photo-decomposition product. To elucidate
whether this photo-decomposition process leads to the
formation of [2]*, emission spectra and luminescence de-
cays of an authentic sample of [2]PFs in MeCN were ana-
lyzed. The results show that the emission band of [2]* in-
deed peaks at similar emission wavelength (618 nm, Figure
S13) as the emission of [1]*. Furthermore, the luminescence
lifetime of [2]* (416 ns, Figure Si4) is similar to the value of
the long-lived component obtained from fitting of the lu-
minescence decay of [1]* in MeCN (404 ns, Figure Sn),
thereby supporting the hypothesis that [1]* is not photo-
stable and undergoes light-induced decomposition to [2]*.
UV-vis-spectra recorded before and after irradiation with
200 laser pulses (410 nm, ca. 10 mJ per pulse) of ca. 10 ns
duration show no significant differences (Figure S16), sug-
gesting that only a small fraction (ca. 1 nmol, calculated
from the change in absorbance upon irradiation, see Figure
S16) of [1]* undergoes decomposition to [2]*; the latter pre-
sumably emits much more strongly than [1]*. As a conse-
quence, the overall emission is dominated by the strongly
emissive decomposition product [2]* whereas [1]* features
weak emission with a relatively short lifetime of only 7 ns.
While decomposition of the 5-bpy ligand to give Sbpy was
also observed upon electrochemical reduction of ruthe-
nium complex A at rt, A is photostable and shows well-be-
haved photochemistry.” Possibly, the different photosta-
bility of [1]* is due to differences in the geometry of the
$-Sbpy ligand of [1]* compared to complex A (Figure 4). In
[1]*, the twist of the two pyridine rings of -Sbpy is the larg-
est among the family of complexes A (12.3°), B (15.5°), and
[1]* (17.4°) and this distortion further increases upon
photo-excitation according to the DFT-optimized geome-
tries (19.6° and 22.4° vide infra; Figure 12¢, d). It seems
plausible that these combined effects promote the for-
mation of the unstrained, planar and robust Sbpy ligand in
[2]* via sulfur extrusion from [1]*.

Experimental and theoretical excited state character-
ization. Figure 9 shows transient difference absorption
(TA) spectra of [1]PFs in MeCN after pump pulse excitation



at 380 nm. Directly after excitation the absorbance change
is positive over the entire near UV-vis spectral range with
a rather weak band centered at 650 nm, which extends into
a region of stronger absorption at wavelengths <520 nm.
The drop in optical density between 350 and 450 nm coin-
cides with the ground state absorption band at Amax = 381
nm (see Figure 8) indicating that the TA maximum at 460
nm is likely the result of a superposition of excited state
absorption and ground state bleach. The TA signal decays
on a ns timescale with no significant change of its spectral
shape. This observation suggests the formation of a triplet
state within the time resolution of the pump-probe exper-
iment of about 100 fs, characterized by a lifetime of 7 ns
consistent with the luminescence decay.
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Figure 9. Transient difference absorption spectra of [1]PFs
in MeCN recorded after excitation at 380 nm (regions ob-
scured by scattered light of the pump pulse are cut out).
The insert shows time traces at two selected probe wave-
lengths.

In order to understand the effect of the peripheral disulfide
unit on the optical and photophysical properties of [1]*, we
carried out a set of simulations based on DFT and TD-DFT
(Time-Dependent DFT). The same computational ap-
proach that already delivered reliable results in previous
studies on ruthenium complex A7 has also been employed
for [1]*. In short, we use B3LYP-D35*5° with the LANL2DZ
basis set and effective core potential for Ir575® and the 6-
311G(d) basis set for the remaining atoms and a polariza-
ble continuum model (PCM)% for the implicit solvent
MeCN, as implemented within the Gaussian software.®
The good agreement between the experimental and the
computed absorption spectrum of [1]* validates this com-
putational approach (Figure 10). The computed spectrum
is obtained within the nuclear ensemble approach via a
Wigner sampling®® of 200 geometries. The spectrum is
then decomposed into the different contributions accord-
ing to charge transfer numbers using the TheoDORE soft-
ware.5263

Abs. / arb. u.

Energy / eV

Figure 10. Experimental (dashed line) and calculated
(B3LYP-D3/6-311G(d)-LANL2DZ) (black line) absorption
spectrum of [1]*, with deconvoluted charge-transfer char-
acters. Redish colors indicate charge transfer to the S-bpy
ligand, while greenish colors indicate charge transfer to the
bpy ligands. Charge transfer to Ir (purple colors) plays a
minor role.

We differentiate between (i) metal-centered (MC), (ii)
$-Shpy ligand to metal charge transfer (SMCT), (iii) unsub-
stituted bpy ligands to metal charge transfer (LMCT), (iv)
$-Sbpy ligand centered (SC), (v) metal to 5-Sbpy charge
transfer (MSCT), (vi) unsubstituted bpy ligands to 5-bpy
charge transfer (LSCT), (vii) unsubstituted bpy ligand cen-
tered (LC), (viii) metal to unsubstituted bpy ligands charge
transfer (MLCT), (ix) S-Sbpy to unsubstituted bpy ligands
charge transfer (SLCT), and (x) unsubstituted bpy to un-
substituted bpy charge transfer (LLCT) transitions. As can
be seen from Figure 10, the spectrum is of heavily mixed
character in all regions.

It is an oversimplification to consider only a single geome-
try, but this procedure allows to list distinct values and to
plot orbitals. Therefore, we focus on the geometry of the
lowest minimum of the ground state of [1]* in the follow-
ing. For this single point geometry, the properties of the
lowest ten excited singlet states are listed in Table 4, in-
cluding excitation energies, associated oscillator strengths
and their dominant character.

Table 4. Energy differences to the ground state, oscil-
lator strengths and predominant character of the 10
lowest excited singlet states of [1]* at the equilibrium
ground-state geometry.

State AE [ eV flau character
S, 2.14 0.000 LSCT

S, 2.71 0.007 SC

S; 2.84 0.000 MSCT

S4 2.88 0.030 LSCT

Ss 3.03 0.040 LSCT

Se 3.06 0.005 LSCT

S, 3.13 0.053 MLCT

Ss 3.21 0.000 MLCT

So 3.21 0.001 LSCT

Sio 3.35 o.o1 LSCT



Three of the ten states exhibit a relatively high oscillator
strength: S,, Ss, and S,. For them, the natural transition or-
bitals are plotted in Figure 11. The S, state is denoted as
LSCT in Table 4, and this is also evident from the top part
of Figure 11, since most of the electron density is transferred
from the unsubstituted bpy ligands to the 5-Sbpy ligand.
However, also the central metal atom is involved in the
transition, which highlights the its mixed character. The
situation is very similar for the S; state. By contrast, the
5-Sbpy ligand is not involved in the S, state. Here, electron
density is mostly transferred from the metal to the unsub-
stituted bpy ligands, and hence labelled as MLCT. Overall,
the characters of these states are much more mixed than in
complex A with a central ruthenium atom. In the latter, a
clear separation between an MSCT excitation at lower en-
ergies and an MLCT excitation at higher energies has been
found, and the excitations clearly start from orbitals lo-
cated at the metal ion.”7 In contrast, the newly character-
ized complex [1]* with a central Ir ion features excitations
which start from orbitals that are much more delocalized
over the phenylpyridine ligands and the metal center. This
behaviour is typical for cyclometallated Ir complexes.?

Figure 1. Natural transition orbitals of the states with large
oscillator strengths S4, S5, and S7. The contributions of the
transitions for respective excited state is above 98% in all
cases.

As mentioned above, we hypothesize that the emission ob-
served experimentally for [1]* originates from the lowest
triplet state (T,) minimum. The corresponding optimized
structure is shown in Figure 12 along with the one for the
So minimum. We note that, besides the structure equaling
the one found crystallographically for [1]PFe, a conformer
has been identified computationally where the S-S bridge
is twisted in the opposite direction, both for the S, and the
T, states (see panels b and d of Figure 12). The energy dif-
ference between the conformers is only 0.03 eV or 0.7 kcal

mol~ for S, and T, respectively. Optimization of the tran-
sition state between the two S, minima gave a barrier of
0.34 €V (7.9 kcal mol™) for the interconversion between the
two conformers.

The most striking difference between the singlet and the
triplet minima is the S-S bond length, which is 2.106 A at
So (cf. the crystallographically observed S-S bond length of
2.045(1) A) and 2.642 A at T, (S, twist: 2.105 A; T, twist: 2.627
A). We assume that the severely stretched S-S bond in the
T, state provides an effective relaxation channel towards
the ground state by transient S-S bond breakage and re-
combination, which limits the excited state lifetime of [1]*
to 7 ns. This mechanism can also explain the photo-insta-
bility of [1]* as a result of incomplete -S¢ *S- recombination
and formation of the sulfur extruded thiophene complex
[2]*.

The computed energy difference between the lowest T,
minimum and the S, at this geometry is 1.66 eV, which cor-
responds to 747 nm (experimental emission maximum is at
627 nm). The triplet-singlet energy gap might be underes-
timated in our computational approach, however calcula-
tions with other functionals like BP86, which usually yields
better singlet-triplet gaps,® also provide similar results.
Despite this slight disagreement, we assume emission
takes place from this lowest T, state.



2106 A ¢

S, min (0.00 eV)

2,642 A" ¢
T, min (1.66 eV)

2.627 AL |
T, twist (1.69 eV)

Figure 12. Different conformers (local minima) in the S, (a,
b) and T, (c, d) states and their relative energies from two
points of view, respectively. Additionally, the S-S distance
is indicated in the different panels. The corresponding .xyz
structures are provided as additional SI.

CONCLUSIONS

In this contribution, a new, short and relatively high-yield-
ing synthesis of the sulfurated bipyridine 5-bpy is pre-
sented, which now allows to conveniently prepare this
compound on a gram scale. This will significantly facilitate
the use of the promising ligand 5-*bpy and the exploitation
of its disulfide/dithiol-based PCET reactivity.
Complementing the previously reported ruthenium(Il)
and rhenium(I) complexes A and B, we present the first
iridium complex of S-Sbpy, [1]*, and we have investigated its
chemical and photophysical behavior. Whereas A is pho-
tochemically stable, [1]* seems to gradually decompose
upon irradiation. Also the reduced species [1]- and [1H] are
relatively unstable as they decompose at temperatures
above -30°C to give the sulfide-extruded [2]*, thereby min-
imizing electrostatic repulsion and steric strain in the lig-
and. The redox and acid/base properties of the new system
thus had to be examined at -30°C throughout. [1]* shows
moderate reduction potentials (-1.17 and -1.08 V at 253 K)
and features potential inversion. The reduced species has a
pK. value of 23.5 in MeCN, reminiscent of a rather strong
base, which reflects that after S-S bond breakage the two
anionic -S- are constrained in close proximity and have a
high tendency to capture a proton with formation of a hy-
drogen-bonded S-H--§- unit.

Hydricity and BDFE values of ~60 kcal mol™ have been de-
rived from the reduction potentials and pK, values, and
these are in line with the observed reactivity of [1H] with
appropriate acceptor molecules, showing that [1H] can in-
deed be used as a proton, H-atom and hydride donor when
kept at low temperatures. Despite the different metal ion
and coligands as well as the different overall charge of [1]*
and the rhenium complex B, the thermochemistry of their
peripheral disulfide/dithiol moiety ligand turns out to be
essentially the same, and key characteristics of the 5-bpy
ligand such as the potential inversion and basicity of the
dithiolate form are retained.

The photophysical properties of [1]* have been investigated
in detail by a combination of fs-TA, time-resolved and
steady-state emission spectroscopy, and analyzed with the
help of DFT calculations. The orange phosphorescence
likely originates from a mixed LSCT/MSCT triplet state T,
that shows a significantly stretched S-S bond and an unex-
pectedly short lifetime, indicating that the structural re-
sponsiveness of the disulfide unit opens a new and effective
relaxation channel towards the ground state via transient
S-S bond breakage and recombination. It is an interesting
perspective to examine the effect of additives that may po-
tentially interact with the disulfide unit, such as protons
(pH) or Lewis acidic metal ions, on the photophysical
properties. Furthermore, the reduced species [1]- may
serve as photoactive metalloligand via its dithiolate func-
tion by coordination to a second metal ion, and such stud-
ies that aim at using [1]- as a complex-as-ligand platform
are now pursued in our laboratories.
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TOC Synopsis

An improved one-pot synthetic protocol for the disulfide-decorated bipyridine ligand 5bpy has been developed, and
a new cyclometallated iridium(III) complex of S-*bpy has been synthesized that features mixed charge-transfer exci-
tations towards the sulfurated ligand, as shown by TD-DFT calculations. Storage of one proton and two electrons is

possible at the disulfide moiety, which can later be released as either proton, H atom or hydride in versatile ligand-
based PCET reactivity.
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