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Abstract

Earth-abundant chromophores and catalysts are important molecular building blocks for artificial
photosynthesis applications. Our team previously reported that metal-free hydride donors, such as
biomimetic benzoimidazole-based motifs, can reduce CO; selectively to the formate ion and that
they can be electrochemically regenerated using the proton-coupled mechanism. To enable direct
utilization of solar energy, we report here the photochemical regeneration of a benzoimidazole-
based hydride donor using a phenazine-based metal-free chromophore. The photochemical
regeneration was investigated under different experimental conditions involving varying
sacrificial donors, proton donors, solvents and component concentrations. The best hydride
regeneration yield of 50% was obtained with phenol as a proton source and thiophenolate as a
sacrificial electron donor. The mechanism of photochemical regeneration was studied using
steady-state and time-resolved UV/Vis spectroscopies. Based on the results of these studies, we
hypothesize that the initial photoinduced electron transfer from photoexcited phenazine
chromophores involves the benzoimidazole cation and that this process is likely coupled with

proton transfer to generate protonated benzoimidazole-based radical cation. The second
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photoinduced electron transfer is hypothesized to generate the hydride form. Our findings provide
the requisite information for the future development of reductive photocatalysts for solar energy

and light-harvesting applications utilizing earth-abundant metal-free materials.
Introduction

Metal-free hydride donors are important reducing agents in biochemical and chemical
transformations. In natural photosynthesis, dihydronicotinamide-adenine dinucleotide phosphate
(NADPH) is a key metal-free hydride donor that reduces fixed CO» to carbohydrates.!?> This
process is part of the Calvin-Benson cycle and involves a reduction of 1,3-bisphosphoglycerate to
form glyceraldehyde-3-phosphate by NADP-glyceraldehyde phosphate dehydrogenase, which is
further converted into carbohydrates. Another example of enzymatic hydride transfer by metal-
free hydrides can be found in ketoreductases, where dihydronicotinamide-adenine dinucleotide
(NADH) serves to reduce carbonyl groups with exceptional enantioselectivity.®* Ketoreductases
are now used on industrial scales for the synthesis of chiral compounds for pharmaceuticals and
have fully replaced chemical metal-ligand based catalysts.* In addition to enzymatic hydride
transfer, many NADH analogs, such as Hantzsch esters, are utilized as stoichiometric metal-free
hydride donors for the reduction of C=0, C=C and C=N functional groups in organic synthesis.>
Metal-free hydride donors and their conjugate hydride acceptors are also used as components of
frustrated Lewis pairs, which comprise a sterically hindered hydride acceptor (Lewis acid) and a
proton acceptor (Lewis base) and are used as a new class of catalysts for hydrogen activation and

substrate hydrogenation.’

Regeneration of NADH analogs from the corresponding cations is challenging, because of the high
energetic penalty associated with the formation of one and two-electron reduced intermediates.®
Furthermore, the one-electron reduced NAD-radical is chemically unstable, due to high
dimerization rates.® Nature addresses this challenge by using a flavin-based hydride donor as a
mediator for NADPH regeneration, as occurs in Ferrodoxin-NADP" reductase (Photosystem I).!
In chemical systems, the regeneration of NADH analogs is rarely achieved and these reductants
are often used in stoichiometric rather than catalytic quantities. However, several approaches have
recently been demonstrated to successfully regenerate NADH and its analogs using chemical,

electrochemical and photochemical methods.””!> These approaches often employ hydride



mediators analogous to the flavin-based cofactors found in natural NADPH regeneration. Flavin
mediators can form reduced hydride forms without passing through high-energy intermediates or
undergoing unwanted side reactions. Such efficient hydride formation is often achieved via proton-
coupled electron transfer, a mechanism frequently utilized in natural and artificial redox catalysis
to reduce the energy requirements for desired reduction or oxidation processes.'®!8 For example,
Rh(IIT) complexes are often used as hydride mediators, since they can be reduced to the

corresponding hydrides via a proton-coupled mechanism at mild driving forces.!

Our group investigated catalytic CO, reduction to formate using biomimetic NADH-analogs
(Scheme 1). Direct CO; reduction by 1-benzyl-1,4-dihydronicotinamide (BNAH), a biomimetic

model of the NADPH cofactor in photosynthesis, is endergonic,?*?!

indicating that stronger
hydride donors are needed to enable spontaneous reduction of CO> to formate. For this reason, we
determined, both experimentally and computationally, thermodynamic hydricities of NADH-
analogs to identify derivatives with hydricity values that are smaller than that of the formate ion
(AGu= 44.0 kcal/mol in ACN, 42 kcal/mole in DMS0).2° Our structure-property relationships
have shown that strong metal-free hydride donors can be prepared by the introduction of structural
elements that stabilize cations formed upon the hydride ion release (such as extended charge
delocalization and electron donating substituents).!®?! Benzimidazole-based hydrides, such as
MeBIMH in Scheme 1, were identified as thermodynamically suitable donors for CO» reduction
and this finding was confirmed in a follow-up study, where the formate ion formation was detected
and quantified, providing the first proof-of-principle study illustrating the ability of NADH-
analogs to reduce CO»?2, albeit with sluggish kinetics.?* The regeneration of NADH analogs was
investigated using electrochemical methods and this study demonstrated that the quantitative
hydride regeneration can be achieved for selected NADH analogs, whose radical cations exhibit
pKa values that enable proton-coupled reduction.® Such proton-coupled mechanism was found to
not only lower the electrochemical potential at which the regeneration occurs, but also to prevent
the undesired dimerization of one-electron reduced radicals. Our attempts to photochemically
regenerate NADPH-analogs were limited to dye-sensitized approaches, where GaP and NiO
semiconductors were used as hole acceptors.?*?> These studies showed limited success, because
of the inadequate visible light absorption by open-shell NAD" analog intermediates and because

of the fast charge recombination following the initial photoexcitation and charge separation.



Scheme 1: Reduction of CO» to formate by organic hydrides R-H, such as NADH, BNAH and
MeBIMH. The hydride regeneration step involving a transfer of two electrons and a proton is
shown to illustrate the relevant thermodynamic parameters. Hydridic hydrogens are shown in red.
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In this study, we investigate the photochemical regeneration of benzimidazole-based hydride
donors using molecular photosensitizers (Scheme 2). N,N-di(2-naphthyl)-5,10-dihydrophenazine
chromophore (PC1) was selected for this work, because it and similar phenazine and phenoxazine-
based chromophores were shown previously by Miyake and co-authors to exhibit strongly
reducing excited states,?6-2® high intersystem crossing yields, long-lived triplet charge-transfer
excited states?’2° and strong absorption that extends into the visible region?*°, These metal-free
chromophores have been utilized in many photochemical transformations, including
trifluoromethylations?’, Ni-catalyzed C-N and C-S coupling reactions?’, C-H fluoroalkylation
reactions®!, organocatalyzed atom transfer radical polymerization??%3, and CO, reduction
catalysis®2. The photochemical conversion of organic hydride acceptor BIM™ to the corresponding
reduced BIMH form was investigated in the presence of different sacrificial electron and proton
donors. We find that the maximum regeneration yield of 50% was achieved under optimized
conditions and we hypothesize that further improvements can be achieved with the appropriate
selection of the sacrificial donor. Our steady-state and time-resolved spectroscopic investigations
indicate that the photochemical reaction is initiated by a photoinduced electron transfer from the
Si state of PC1 to BIM*. We anticipate that this work will be of relevance for the development of
future earth-abundant reduction photocatalysts.

Scheme 2. Photochemical regeneration of organic hydride BIMH with an organic chromophore
PC1 in the presence of thiol-based sacrificial donors SD1 and SD2. “*” denotes the excited state.



Methods

Methods and materials. All chemicals were purchased from commercial suppliers and used
without further purification unless otherwise noted. Absorption spectra were measured with either
a Cary 300 (Agilent), DU 800 (Beckman Coulter), or Ocean FX (Ocean Optics)
spectrophotometer. The fluorescence experiments were collected on FluoroMax 4 (Horiba)
spectrofluorometer in a 1 cm quartz cell. 'H and '*C NMR spectra were collected on an Avance
IIT 500 MHz system (Brucker). BIM* (counter anion is ClO4) was synthesized according to the
previously published procedure.! PC1, SDI1 (tetrabutylammonium thiophenolate or sodium
thiophenolate) and SD2 (diethyldithiocarbamic acid diethylammonium salt and sodium
diethyldithiocarbamate) were purchased from Sigma-Aldrich.

Electrochemistry. Cyclic voltammetry was performed using a BASi epsilon potentiostat in a VC-
2 voltammetry cell (Bioanalytical Systems) using platinum working electrode (1.6 mm diameter,
MF-2013, Bioanalytical Systems), a non-aqueous Ag/Ag" reference electrode (MF-2062,
Bioanalytical Systems), and a platinum wire (MW-4130, Bioanalytical Systems) as a counter
electrode. Electrochemical potentials were referenced to NHE by adding 0.548 V to the
experimental potentials.®* Spectroscopic grade DMSO and the electrolyte tetrabutylammonium

perchlorate (TBAP) were purchased from Sigma Aldrich and used without further purification.



Bulk Electrolysis. Electrolysis of BIM™ was performed in a glovebox using a BASi Epsilon
potentiostat in a VC2 voltammetry cell (Bioanalytical Systems), with a carbon fiber paper working
electrode (Freudenberg H23, Fuel Cell Store), a nonaqueous Ag/Ag" reference electrode (MF-
2062, S14 Bioanalytical Systems), and a coiled platinum wire in an auxiliary electrode chamber
(MW-1033 and MR1196, Bioanalytical Systems) as the counter electrode. The electrolysis was
performed in deuterated DMSO-ds, while the progress was monitored using 'H NMR
spectroscopy.

Spectroelectrochemistry. The spectroelectrochemistry of PC1 was performed using Pt mesh
working electrode (EF-1365, Bioanalytical Systems), non-aqueous Ag/Ag" reference and Pt wire
as an auxiliary electrode. A solution of 1 mM PC1 in acetonitrile containing 0.1 M TBAP was
purged with argon prior to the experiment. Changes in the absorption were monitored on an Ocean
FX Miniature spectrometer (Ocean Optics) in 10 s intervals after applying a potential of 0.8 V vs.
NHE.

Photochemical regeneration of BIMH. Photo regeneration of BIMH was conducted in a
fluorescence cuvette (4 mL) closed with a sealed cap. Samples were prepared in an inert
atmosphere and the volume of the solution in each cuvette was 3 mL and contained 1.0 mM PCl,
10-50 mM BIM™, 0.05 - 0.2 M proton source and 50-300 mM sacrificial electron donor in benzene:
DMF (1:1) solvent mixture. The solution was then irradiated by blue LED (A = 460 nm). The
products were analyzed by using 'H-NMR and quantified by integrating the peak intensities of
BIM" (3.85 ppm) and BIMH (3.40 ppm) before and after the reaction.

Time-resolved laser spectroscopy.

Femtosecond transient absorption spectroscopy. The setup used here consists of a mode-locked
Ti:sapphire oscillator and regenerative amplifier (Astrella, Coherent Inc.) operating at a repetition
rate of 1 kHz to generate a 100 fs pulsed beam centered at 800 nm. The output beam was split into
pump and probe beams. The pump beam was sent to an optical parametric amplifier (OPerA Solo,
Coherent Inc.) to obtain the desired wavelength of the pump beam. The probe beam was focused
into a 4mm CaF; crystal to generate a 350-750 nm white light continuum which was continuously
translated with a linear stage (Newport MFA-CC) to avoid damage to the crystal. The angle
between pump and probe polarizations was set to 54.7° to eliminate the effect of molecular
rotations on the kinetics. After transmitting through the sample, the probe beam was directed into

an optical fiber and input into a CCD spectrograph (Ocean Optics, Flame-S-UV-VIS-ES). Data



acquisition was performed using custom LabVIEW (National Instruments) software. Data
processing (background subtraction, outlier removal, and averaging) were done in a custom
LabView data processing program, while chirp correction was performed via CarpetView (Light
Conversion). Global fitting analysis was performed using the global analysis function in
CarpetView. Reported time constants with standard deviations were calculated as averages from
three separate data sets. Numerous sequential models were tested, and their quality evaluated based
on the agreement between the calculated component spectra and the time-resolved evolution of the
fsTA spectra.

Samples were prepared by adding solid sample powder to the appropriate organic solvent mixture
of 1:1 benzene:DMF (0.001 g/mL). Mild sonication was used to fully dissolved the solids. Samples
were kept in a 2 mm quartz cuvette for steady-state absorption and transient absorption
spectroscopies.

Nanosecond transient absorption spectroscopy. Nanosecond transient absorption (nsTA)
spectroscopy experiments were performed using a previously described Nd:YAG laser system
(PL2210 oscillator and amplifier / PG403 optical parametric generator, Ekspla) coupled to a
supercontinuum laser (STM-1-UV, Leukos).** Briefly, the amplifier output a 0.5 kHz train of 355
nm, 25 ps, 0.3 mJ pulses that pumped the optical parametric generator tuned to output 430 nm (25
ps, 25-50 pJ) pump pulses. DG535 delay generators (Stanford Research Systems), triggered by the
1 kHz master trigger from the PL2210 amplifier, triggered the supercontinuum laser at prescribed
time delays ranging from -50 ns to +950 ps. The supercontinuum laser output a 1 kHz train of
broadband (400-1600 nm, 600 ps, 15 pJ) probe pulses generated in a 2 m photonic crystal fiber.
The pump was attenuated to 500 nJ/pulse and focused to about 200-300 um at the sample. The
broadband probe was attenuated with a neutral density filter, directed through a 950 nm shortpass
filter to remove residual fundamental (1064 nm), and focused to about 150 um at the sample. After
interacting with the sample, the probe and signal were detected using an SP-2150i Acton Series
spectrograph (Princeton Instruments) coupled with a Spyder3 SG-14 (Teledyne DALSA) CCD
camera. A laboratory-written application (LabVIEW 2014, National Instruments) provided the
time delays to the delay generators, recorded the probe spectra, and calculated the difference
signal. The nsTA data were corrected for scan-to-scan drift in the pump-probe timing provided by

the delay generators, had the background signal (scattered pump photons and long-lived, >1 ms,



transient signals) subtracted, and were corrected for group delay dispersion (GDD) in the probe
pulses.

0.5 mM of PC1, 0.5 mM PC1 and 25 mM BIM* , 0.5 mM, 25 mM BIM* and 0.1 M Phenol, 0.5
mM PC1, and 60 mM SD1 samples were prepared in 1:1 N,N-dimethylformamide (DMF)/benzene
in 1 cm quartz cuvettes for the nsTA spectroscopy experiments. The nsTA samples were prepared
to eliminate the effects of oxygen on the measured dynamics. Oxygen-free samples were prepared

in an inert atmosphere.

Results and Discussion

Thermodynamics of photoinduced electron transfer. The regeneration of benzimidazole-based

hydride donors requires highly reducing conditions.® For example, the standard reduction
potentials for BIM'/BIM" and BIM"/BIM ™ couples are -2.0 and -2.7 V vs NHE® (Scheme 2). We
have shown previously that, in the presence of a suitable proton source, the regeneration energy
requirements are lowered, since the protonated BIMH"*, formed in the presence of a proton source,

exhibits reduction at 0.0 V vs NHE (Scheme 2).® Thus, the reduction of BIM" in the presence of a
proton source requires a photosensitizer with excited-state reduction potential that is more negative
than -2.0 V vs NHE. The organic photosensitizer PC1 was selected for this study because the
standard reduction potential of PC1 in the S; excited state is estimated to be —2.2 V vs NHE, which
is sufficiently reducing for our study (Scheme 2). Furthermore, previous studies showed that 'PC*
is long-lived (in THF, singlet excited state lifetime is 21.5 ns, while the triplet excited-state lifetime
is 15.2 ps),* which is advantageous for the photoreduction of BIM" described in Scheme 2.3°

While the one-electron reduced radical forms of benzimidazoles tend to undergo radical
dimerization, the presence of bulky methoxy groups in BIM* were shown to stabilize BIM,

leading to electrochemically reversible cyclic voltammograms.® Sulfur-based compounds SD1 and
SD2 were selected as sacrificial electron donors to regenerate PC1, because they are sufficiently
reducing (Scheme 2).3%37

Scheme 3. Standard reduction potentials for the compounds used in this study. The ground-state
reduction for PC1, E°(PC1"*/PC1) was obtained from a reference.?’” The corresponding value for
the Si standard reduction potential of PC1 (E°*(PC1**/PC1) was obtained using experimental
ground-state potential?’ and the midpoint between UV/vis absorption (at 345 nm) and emission
(592 nm) peaks of PC1 (Figure 1), while the value for the T; standard reduction potential of PC1



(Er°*(PC1"*/PC1) was obtained from a reference value.?’” The reduction potentials for BIMH
derivatives and sacrificial donors were obtained from the references.3-637
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Steady-state spectroscopy. UV/vis absorption spectra of model compounds are shown in Figure
la. The absorption of PC1 appears in the 315-460 nm wavelength range and the peak and shoulder
features are assigned to the S, - S, (350 nm) and S, — S, (425 nm) transitions, respectively.?®
Given that charge-transfer excited-state energies tend to be sensitive to the solvent polarity, we
performed photochemical experiments in a benzene/DMF solvent mixture that is sufficiently
nonpolar to preserve the strong reducing power of PC1 excited state,*” and at the same time polar
enough to solubilize ionic compounds (BIM*, SD1 and SD2). The absorption spectrum of PC1
extends into the blue part of the visible range (up to ~450 nm), while other model compounds
absorb predominantly in the UV-range, making the PC1 compound an accessible excited-state
reductive photocatalyst operable within the visible spectral range . Thus, 430 nm light was used
for the emission quenching experiments shown in Figures 1b and lc. An example quenching
experiment of the PC1 excited state is shown in Figure 1b, where BIM* was used as an electron
acceptor. The PC1 emission spectrum consists of a broad structureless emission band with Amax
=592 nm, which has been previously assigned to the emission from the S; charge-transfer state of

PC1.*° In the presence of increasing amounts of BIM*, the intensity of the 592 nm emission band



decreases, likely due to excited-state quenching via electron transfer from excited PC1 to BIM™.
The fluorescence was not completely quenched, because of the limited solubility of BIM" in the
solvent mixture of choice. Quenching experiments were also performed with SD1 and SD2 (Figure
S1-S3) and the resulting Stern-Volmer plots are shown in Figure 1c. The resulting quenching rate
constants are ~3-10° M!s"!, indicating the quenching processes are diffusion controlled upon
photoexcitation of PC1. At the upper limits of the quencher concentrations, the quenching

efficiencies were found to be about 52%.
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Figure 1. (a) UV-visible absorption spectra of PC1 (red), BIM" (blue), SDI1 (green) and SD2
(violet) in benzene/DMF (1:1) solvent mixture. (b) Steady-state emission spectra of 0.5 mM PC1
containing 0-52 mM (violet-maroon) BIM" in benzene/DMF (1:1) solvent mixture. (c) Stern-
Volmer plots for PC1 quenching by BIM* (black), SD1 (blue) and SD2 (red).

Electrochemical regeneration of BIMH. In a previous study, we showed that the proton-coupled
mechanism can be used to achieve the quantitative regeneration of benzimidazole-based hydride
donors via an electron-proton-electron transfer mechanism.® To evaluate whether the analogous
proton-coupled mechanism can be applied to regenerate BIMH from BIM®, we investigated the
electrochemical reduction of BIM" in the presence of a proton source. The choice of the proton
source was dictated by the pKa of BIMH", which was calculated to be 16.3 in DMSO.? Thus,
phenol (pKa = 16.47 in DMSO*) was chosen as the optimal proton source for the protonation of
one-electron reduced BIM". Figure S5 shows the cyclic voltammograms (CV) of BIM™ obtained
in the presence and absence of phenol. In the absence of phenol, the first reduction of BIM™ occurs
as a chemically reversible peak at -2.1 V vs NHE. The current density approximately doubled in
the presence of phenol, indicating that BIMH" was protonated and further reduced.?? Moreover,
the formation of BIMH was further confirmed by the appearance of its oxidation peak at 0 V vs

NHE in the presence of phenol.
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To further confirm the electrochemical regeneration of BIMH from BIM®, we performed the
controlled-potential electrolysis experiments in DMSO-ds at an applied potential of -2.2 V vs NHE
(Figure S7). The progress of electrolysis was monitored using 'H-NMR spectroscopy in the
presence of 1,3,5-trimethoxy benzene as an internal standard. The peaks associated with BIM* (6.9
and 7.3 ppm) were found to decrease in intensity, while the increase in the peaks (5.4 — 5.7 ppm)
corresponding to BIMH occurred over the course of reaction. The conversion occurred with 99 %
yield, indicating that the efficient regeneration of BIMH takes place via the proton-coupled
mechanism.

Photochemical regeneration of BIMH. The experimental conditions for the photo-regeneration
of BIMH were screened to maximize the BIMH yield (see details in methods section). The
concentration of PC1 (1.0 mM) was chosen to ensure strong light absorption at 460 nm, where the
selective excitation of the photosensitizer can be achieved. The BIMH formation was monitored
using 'H NMR spectroscopy under different reaction conditions, as exemplified in Figure 2. At
t=0 days, the NMR spectrum in the 5-7 ppm region consists of signals associated with BIM" (6.42
ppm), phenol (6.67 and 6.88 ppm) and PC1 (6.20 ppm). As the photochemical transformation
proceeds, the BIM" peaks were found to decrease in intensity and a concomitant increase in the
intensity of BIMH peaks at 6.12, 6.21. 6.27 and 6.51 ppm were observed. The BIMH peaks in the
reaction mixture are slightly shifted relative to those of the reference spectrum, likely due to
different polarity of the reaction mixture (containing excess sacrificial donor and phenol) relative
to the solvent mixture without additives. In addition, two new peaks appear near the phenol peaks
at 6.70 and 6.85 ppm, and those are most likely associated with the phenoxide formed after the
proton transfer to BIM radical. To further confirm that the peaks at 6.12, 6.21. 6.27 and 6.51 ppm
correspond to BIMH, the final reaction mixture was exposed to air. As expected, the peaks at 6.12,
6.21. 6.27 and 6.51 ppm disappeared because BIMH is unstable in air and oxidizes to BIM*. The
peaks at 6.70 and 6.85 ppm, assigned here to phenoxide ion, decreased, which is consistent with
the protonation of phenoxide ion by moisture from air. The percent conversion of BIM* to BIMH

was quantified using the DMF peak at 7.20 ppm as an internal standard.
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Figure 2. 'H-NMR spectra of the reaction mixture during the photo-regeneration experiment. The
reaction mixture contained 1.0 mM PC1, 30.0 mM BIM", 0.3 M SD1, and 0.1 M phenol in DMF-
ds/benzene-de (1:1 ratio). Sample was irradiated at 460 nm. Peaks inside the boxes indicate the
formation of BIMH. Triangle symbols indicate phenol peaks, square symboles indicate PC1 peaks,
circle symboles indicate BIM" peaks, and diamond symbols indicate unkown peaks (possibly
phenoxide ion). The spectra were collected at three time intervals (t = 0, 3 and 6 days). The
reference spectra of BIMH, BIM", phenol, and PC1 in benzene-ds/DMF-d7 (1:1) solvent mixture
are shown for comparison. The NMR spectrum of the reaction mixture after 6 days, followed by

air exposure for 30 hours is shown to confirm the assignment (BIMH is air-sensitive, so it converts
back to BIM™).

Both SD1 and SD2 yielded the hydride formation (Figure 3a). However, the hydride yields were
better for SD1, most likely due to its higher reducing power (Scheme 2). In general, the hydride
yield increased as the BIM" or SD1/SD2 concentration was increased. For example, the increase
in the concentration of BIM" from 0.01 M to 0.03 M increased the BIMH yield from 12% to 47%
in the presence of 0.2 M SDI1. However, further concentration increase was limited by the low
solubility of these ions in the solvent mixture. To improve the solubility of sacrificial donors, the

counterions for SD1 and SD2 were exchanged from sodium to tetraalkyl ammonium ions. This
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approach resulted in an increased solubility of SD1 from 0.06 M to 0.3 M, which improved the
hydride yield from 28% to 50% (Figure 3a). The pKa of the proton source had a large effect on
the hydride yields (Figure 3b). The best yields were obtained for the proton source with
pKa=15.40, while the use of either stronger or weaker acids gave poorer yields. Weaker proton
sources are likely not a sufficiently strong acid to protonate the BIM radical. We hypothesize that

the stronger acids lead to the protonation of the sacrificial electron donor, lowering its reducing

power.
(a) 100 (b) 100 /F—F
I sD1
I sD2
80 80 4
o
_ S
- q s 8 5
% 60 4 g 60 Q'éfe;? ,f\
- - ~ & oe
.2 .2 [« ] Ib’l ‘Pw@ o\
J>:. > ¥ .2 &
S 40- = 404 N & &
o E § o o o ,oé 4 Q'“ \°.\g
o o S Q £ ¢ VT o~ ¥
@ N S V¥ s D
$ & ¥ F 58
20d &~ P Re oV TS
20 4 R ) o S Fo
F N FTE SV
"\/.‘? p v g‘}' Q S 4
Q v T ) .\:’
0 Q ol 29
04 T T T T ll/_'_/ll T
0.06 0.1 0.15 0.2 0.25 0.3 12 14 16 18 28 30
Concentration of SD (M) pKa value of the proton source

Figure 3. BIMH yields after photoregeneration under varying experimental conditions: (a)
Different sacrificial donors at varying concentrations were used [SD1]=0.06 M — 0.3 M (red bars)
and [SD2] = 0.06 M — 0.25 M (blue bars). Reaction conditions: [PC1] = 0.001 M, [BIM*] = 0.03
M, and [Phenol]= 0.1 M in benzene-ds:DMF-d7 (1:1) solvent mixture. Samples were irradiated at
460 nm for 6 days. (b) Different proton sources were used: pKa values range from 12 to 29 (in
DMSO).

The highest yield of BIMH (50%) was achieved in the presence of 0.3 M of SD1, 0.1 M of phenol,
and 0.03 M of BIM" after 6 days. We were unable to improve the hydride yield beyond this point,
most likely due to the formation of the colored by-product during the decomposition of the
sacrificial electron donor that acts as a filter and prevents excitation of photocatalysts (PC1)
(Figures S9 and S10). The colored product disappears when the reaction mixture is exposed to air
and is probably due to S-based radicals formed upon oxidation of thiolates that have not yet
dimerized into disulfide products. We anticipate that BIMH yields can be improved in the future

by finding a strong reducing sacrificial electron donor that does not form any colored by-product

during the reaction.
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Time-resolved studies. Femtosecond transient absorption (fsTA) spectroscopy was employed to
study the photophysics of PC1 in the absence and presence of BIM*, sacrificial electron donor SD1
and/or the proton source phenol (Figure 4, fSTA experiment details can be found in the methods
section and S1D). Samples were excited at 430 nm to ensure selective excitation of PC1. The
transient signal of PC1 exhibits an excited-state absorption (ESA) feature at 460 nm with
additional weaker ESA features below 400 nm and above 600 nm (Figure 4a). The kinetic profiles
shown in Figure 4b indicate the presence of a short-lived (few ps) component and another
component that lives much longer than the time window of our instrument. Target analysis was
applied to experimental data using the sequential A—B model and fits at probe wavelengths 470
and 700 nm are shown in Figure 4b, while the component temporal and spectral profiles are shown
in Figure 4c. Assignments of the transient species were made based on photophysical studies of

similar phenazine-based photocatalysts reported previously,* =

as follows: the initially formed
Franck-Condon state (Src) undergoes structural relaxation to the lowest energy singlet state (S1)
with T = 2.97 ps. The S; state exhibits charge-transfer character and lives longer than the time
window of our instrument. Other photophysical processes (intersystem crossing and triplet
relaxation) are observed using nanosecond transient absorption (vide infra). To understand the
photophysics involved during catalysis, four samples were prepared for transient absorption
measurement: 1) PC1 alone, 2) PCI in the presence of the electron-acceptor BIM*, 3) PC1 in the
presence of BIM" and the proton source phenol and 4) PC1 in the presence of the sacrificial
electron donor SD1. All four samples explored in this study show very similar kinetics in the
femtosecond to nanosecond time regime (Figure 4d), indicating that electron and proton transfer
events occur on longer timescales. This result is consistent with the relatively low concentration
of additives (BIM", phenol and SD1) and with the emission quenching measurements discussed

above. At these concentrations, diffusion of the additives to PC1 is not expected to occur on sub-

nanosecond timescales.
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Figure 4. (a) Femtosecond transient absorption (fsTA) spectra of PC1 in benzene/DMF (1:1)
solvent mixture. The ground-state absorption of the solution is shown in grey for reference. Sample
was excited at 430 nm. (b) Kinetic traces at selected wavelengths: 470 nm (black) and 700 nm
(red). Dots represent experimental data, while solid lines represent the fit using the sequential
A—B model. (c) Component spectra (top) and time-dependent evolution of component population
(bottom) obtained from target analysis. (d) Comparison of kinetics at 450 nm for PC1 alone
(black), PC1 in the presence of 25 mM BIM" (red), PC1 in the presence of 25 mM BIM* and 30
mM phenol (blue), and PC1 in the presence of 60 mM SD1. The concentration of PC1 in all
samples was 2.5 mM.

The photochemical events were further studied at longer timescales using ns transient absorption
spectroscopy (nsTA, Figures 5 and S12). Figure 5 shows the nsTA spectra of PC1 collected in the
absence and the presence of BIM*. The spectra collected for PC1 alone near time zero (instrument

response function is ~1 ns) consist of two positive features with maxima at 460 and 750 nm. These

transient features match the spectrum obtained at the end of the fsTA experiment (Figure 4) and

15



are assigned to the S; state of PC1. The S; state decays with the lifetime of t; = 17.1 ns to generate

the new transient feature with absorption at 450 nm (Figure 5c). This transient is long-lived (12 =

4.13 ps) and readily quenched by molecular oxygen, suggesting that it is associated with the triplet

excited state T1 of PC1. Our assignment is consistent with the previous nanosecond TA involving

similar derivatives.
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Figure 5. Nanosecond transient absorption spectra of (a) PC1 alone and (b) PC1 BIM™ after 430
nm excitation. (¢) Kinetic traces at selected wavelengths of PC1 alone (top) and PC1 BIM*
(bottom). (d) Spectral profiles of Siand T; states of PC1 alone (top) and Si, Ti, and PC1** states
of PC1 BIM" (bottom) calculated from principal component analysis. ¢) Normalized nsTA kinetics
at 460 nm of all four samples explored in this study. f) Normalized nsTA kinetics at 750 nm.

In the presence of BIM* (Figure 5b) the singlet excited-state lifetime was found to shorten to 7.5
ns, which is consistent with the fluorescence quenching observed for PC1 in the presence of BIM*
(Figure 1). This excited-sate lifetime shortening is assigned to the photoinduced electron transfer
from S; state of PCI to BIM", based on the thermodynamic arguments illustrated in Scheme 2.
Target analysis of the nsTA spectrausinga0 — 1 —2 — 0, 1 — 3 — 0 sequential/parallel hybrid
model reveal two additional spectral features with lifetimes of 72 = 190 ns and 13 = 130 ps. We
assign these species to the T; excited state of PC1 (12) and the PC1"* radical cation (t3). The 12
component resembles spectrally the T state of PC1, but with a shorter lifetime (Figure 5d). The

long-lived 13 component resembles PCI1°**

measured using UV/Vis spectroelectrochemistry
(Figures S11 and S14). Other transients that are formed during the photoinduced electron transfer
do not absorb in the spectral range of our probe pulse (spectroelectrochemical data of BIM*/BIM.
Conversion are shown in Figure S13). This final component decays with 13 = 130 ps, which we
assign as charge recombination with BIM® radical to recover the starting materials (see Scheme
3). Such a long-lived charge-separated state is ideal for photocatalysis. Based on our spectroscopic
findings, we propose the kinetic model as described in Scheme 3. In the absence of BIM", the
relaxation of the initially generated PC1 excited state involves the formation of a charge-transfer
S state that undergoes radiative decay and intersystem crossing with a 17 ns lifetime. The T; state
is formed, which then decays to the ground state with a 4 ps lifetime. In the presence of BIM™, the
deactivation of S; state involves a competition between radiative decay plus intersystem crossing
(17 ns lifetime) and electron transfer to BIM™ (13 ns) lifetime, resulting in an overall 56%
conversion of photoexcited PC1 to PC1°*. The shortening of the T, state of PC1 in the presence
of BIM" is not well understood at this point, since the T state of PCI1 is not predicted to be
sufficiently reducing to enable photoinduced electron transfer to BIM" (Scheme 2). However, the
700 and 750 nm kinetic traces for PC1 with BIM" clearly show a concomitant rise with 190 ns,
suggesting that the T state of PC1 may actually be capable of reducing BIM* to BIM®. The
photogenerated radicals PC1°" and BIM*® undergo charge recombination with the lifetime of 130

us.
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The nsTA spectra of PC1 in the presence of BIM™ and phenol are shown in Figures S15 and S16.
The target analysis reveals the presence of the same intermediates (Si/T1 states of PC1 and the
ground doublet state of PC1°"), indicating that the same photoinduced electron transfer from the
S1 state of PC1 takes place in the presence of phenol. Furthermore, the observed time constants
are unaffected by phenol, given the low signals of the T; and PC1°** components in the PC1 with
BIM* and PC1 with BIM™ and phenol nsTA datasets. While thermodynamic arguments (Scheme
2) suggest the proton-coupled electron transfer PC1(S:) + BIM™ + PhOH - PCI1*" + BIMH™" +
PhO™ is expected to be a spontaneous process, the likely diffusion-limited charge separation and
recombination dynamics obscure the role of PCET in this system.**’

The nsTA kinetics of PC1 in the presence of SD1 are shown in Figures S15 and S16. The global
analysis of the data indicates that only S; and T} states are detected as transients. Surprisingly, no
accumulation of the charge-separated species was observed, indicating that either PC1°~ is not
observed in our probe region or the charge recombination between PC*~ and SD* is faster than the
rate of charge separation. We conclude, however, that rapid charge recombination is more likely
since PC* is expected to absorb near 550 nm.*® Since the presence of SD1 shortens the S; lifetimes
and since no radical ion intermediates are detected, we postulate that the photoinduced electron
transfer from SD1 to the S; state of PC1 takes place with the lifetime of 8 ns, and that it is followed
by a rapid charge recombination, preventing the detectable accumulation of radicals. Such fast
recombination appears to outcompete the subsequent degradation of the oxidized sacrificial donor.
After PET, the oxidation of SD™is expected to form neutral SD*® radical, which dimerizes to form
D1S-SD1 (SD1 dimer).*” Given that the charge recombination is very fast, we conclude that the
reaction between photoexcited PC1 and the sacrificial donor does not lead to productive
photochemistry. Instead, we propose that the productive photochemistry involves the
photoinduced electron transfer from PC1 to BIM* (Scheme 2). The sacrificial donor is likely to act
as a productive sacrificial donor in the dark reaction: PC1** + SD1~ - PCI1 + SD1°. Additionally,
the T, state of PC1 is observed in the PC1 with SD1 nsTA measurement (Figures S15 and S16).
Similar to the observed T states in the PC1 with BIM" and PC1 with BIM" and phenol samples,
the T state of PC1 decays more rapidly than in PC1 only, 0.8 pus vs 4 ps, respectively (Scheme 4).
The accelerated decay of the T state of PC1 indicates that the T, state is quenched by electron
transfer from SD1, similar to the S; state of PCI1. Participation of the T; state of PC1 in the

photoinduced electron transfer reactions with BIM* and SD1, as the nsTA data suggests, would
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further increase the hydride regeneration yield and offset some of the losses associated with the
slower diffusion-limited processes.

Scheme 4. Energy diagram describing the nanosecond kinetics of PC1 in the presence of 25 mM
BIM" and 60 mM SD1.
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Conclusion

In summary, we report a study of the metal-free system for photochemical hydride transfer
reactions. The photocatalyst consists of an organic phenazine-based chromophore and an organic
hydride donor composed of the bioinspired benzoimidazole motif. The photo-regeneration of the
hydride was achieved with a decent yield (50%) and further improvements are anticipated with
improved selection of sacrificial electron donors. Our time-resolved measurements indicate that
the photoinduced electron transfer from the sacrificial electron donor does not generate long-lived
radical intermediates and that the observed photochemistry is instead initiated by the photoinduced
electron transfer from excited PC1 to BIM". The unproductive quenching by the sacrificial electron
donors may also be improved by changing the sacrificial electron donor used. Finding a sacrificial
electron donor that does not form a colored product upon electron transfer to PC1 is vital to prevent
masking the excitation of PC1 to regenerate the BIMH. We anticipate that these earth-abundant
chromophores and catalysts will be important molecular building blocks for photosynthesis
applications, such as the reduction of carbon dioxide and other compounds.

Supporting Information

Details on steady-state spectroscopy, electrochemistry, photochemical regeneration of BIMH and
transient absorption spectroscopy. This material is available free of charge via the Internet at

https://pubs.acs.org.
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