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Abstract: Efficient excited-state electron transfer between an iron(Ill) photosensitizer and
organic electron donors was realized with green light irradiation. This advance was enabled by
the use of the previously reported iron photosensitizer, [Fe(phtmeimb),]* (phtmeimb =
{phenyl[tris(3-methyl-imidazolin-2-ylidene)]borate}, that exhibited long-lived and
luminescent ligand-to-metal charge transfer (LMCT) excited states. A benchmark
dehalogenation reaction was investigated with catalytic yields that exceed 90% and an enhanced
stability relative to the prototypical photosensitizer [Ru(bpy)s;]*". The initial catalytic step is
electron transfer from an amine to the photoexcited iron sensitizer that is shown to occur with
a large cage-escape yield. For LMCT excited states, this reductive electron transfer is vectoral
and may be a general advantage of Fe(Ill) photosensitizers. In-depth time-resolved
spectroscopic methods, that include transient absorption characterization from the ultraviolet to
the infrared regions, provided a quantitative description of the catalytic mechanism with

associated rate constants and yields.

INTRODUCTION

The scarcity of 2™ and 3™ row transition metals such as ruthenium, iridium, rhodium or
osmium, coupled with a global desire for sustainable chemistry has led to the resurgence of

research centered on earth-abundant metal-based photosensitizers.!** Several photosensitizers
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based on copper,>® molybdenum,” nickel,>” tungsten, zirconium, chromium,
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cobal or iron have recently been reported as promising candidates in cutting-edge
research fields. In particular, luminescent complexes of iron are often considered a ‘holy grail’
because of iron’s high abundance in the earth’s crust, low toxicity, and low environmental
impact. The prototypical Fe(Il) complex, i.e. [Fe(bpy)s]**, first synthesized about sixty years
ago, possesses metal-to-ligand charge-transfer (MLCT) excited states with broad visible light
absorption from 400 to 550 nm like its Ru(Il) and Os(II) counterparts. However, whereas
[Ru(bpy)s;]** exhibits a photoluminescent MLCT excited-state with an ~ 1 microsecond
lifetime, [Fe(bpy)3]**" is non-luminescent due to the presence of a high-spin metal-centered
states that rapidly deactivate the MLCT state."> 2> In recent years, strategies to enhance the
MLCT excited-state lifetime of iron complexes have emerged! and led to an increase from ~10
ps in 2013%7 to 528 ps*® in 2018, with several gradual advances in between. Presently, the
longest-lived *MLCT excited state for a Fe(Il) photosensitizer is ~2-2.5 ns in acetonitrile,

toluene or THF.*S Strikingly, [Fe(phtmeimb),]* (1*) (phtmeimb = {phenyl[tris(3-methyl-
imidazolin-2-ylidene)]borate}, an Fe(III) based photosensitizer reported in 2019 by Wérnmark



et al., exhibits an unconventional, low-lying luminescent doublet Ligand-to-Metal Charge
Transfer ((LMCT) excited-state with a lifetime of ~2.2 ns in CH3CN.?’

Until recently, the short excited-state lifetimes have limited the development of iron
photosensitizers for photoredox catalysis to only a few reported applications,'® 343 and the
mechanistic pathways for the photocatalytic processes often remain unknown. Most notable
examples include the use of [Fe(bpy)s]** and [Fe(phen)s;]*" for the organocatalytic,
enantioselective alkylation of aldehydes*? or for the photochemical synthesis of carbazole.*
Recently, McCusker et al. showed that the MC ligand-field states of [Fe(tren(py)s)]*"
(tren(py); = tris(2-pyridyl-methylimino-ethyl)amine) undergo excited-state quenching with
quinone electron acceptors in fluid solution.!® In all but one of these studies, diffusional excited-
state electron transfer was assumed without direct experimental proof. The exception is 17,
where excited state electron transfer was unequivocally demonstrated.?’ However, the resulting
charge-separated states were formed in very low yields (<0.05), which hinders their utility in
photoredox catalysis.?’

Here we show that the 1* undergoes excited-state electron transfer with high yields
(0.36-0.63) of charge separated products. The kinetic rate constant for this excited-state
reactivity is also shown to be very large, ke, = 2.3 x10'°M~!s™! approaching a value expected
for a diffusion limited reaction. The monoreduced [Fe(phtmeimb):] (1) photoproduct efficiently
dehalogenated 4-bromobenzyl-2-chloro-2-phenylacetate (2a),*** a benchmark catalytic
reaction reported by Stephenson ef al** #® that has relevance to organic synthesis and
environmental applications. Additional mechanistic insights were obtained by time-resolved
infrared spectroscopy (TRIR), which yielded the rate constant for reduction of 2a by the
monoreduced iron complex as ke = 1.6 x108 M~'s™!. The data establish 2LMCT excited states
of Fe(III) complexes as highly competent earth abundant photocatalysts that possess significant

advantages over the more commonly utilized MLCT excited states.

RESULTS AND DISCUSSIONS

The synthesis of 17 (Figure 1A) was performed following established procedures, with
average yields of 3%.2% 4748 This yield increased to 30% when freshly prepared LIHMDS was
used instead of ‘BuOK as discussed in the Supporting Information. The UV-visible absorption
and photoluminescence (PL) spectra of 1" in N,N-dimethylformamide (DMF), acetonitrile
(CH3CN), butyronitrile (BuCN), acetone, and dichloromethane (CH>Cl,) are represented in
Figure 1D. The photoluminescence maximum (PLmax) was shown to redshift from 641 nm to

667 nm when the solvent polarity was increased from CH2Cl, to DMF, whereas the absorption



features were largely insensitive to the solvent identity. In addition, the excited-state lifetime
was only slightly impacted by the solvent with values ranging from 2.4 ns in CH2Cl, to 1.7 ns
in DMF. This short excited-state lifetime also precluded reaction with dissolved oxygen
(Figures S3-S4).%

Excited-state reactivity was investigated between 1** and a series of ten electron donors
(Figure 1B). The Stern-Volmer plots from PL quenching experiments were linear, consistent
with a dynamic quenching mechanism (Figure 1E-F and Figures S5-S9). In all cases, the
quenching rate constants were close to the expected diffusion limit, i.e. with quenching rate
constants, k,, that ranged (0.86-2.65) x 10'" M~!s™! for TMB, DMA, DMT, TTA and MPA, and
(0.03-1.89) x 10! M's~! for DIPEA, TEA, Pip and TEOA (Table S4). Excited-state quenching
did not occur with 4-bromobenzyl-2-chloro-2-phenylacetate, 2a (Figure S10).
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Figure 1. (A) Structure of [Fe(phtmeimb)2]".PFs", 1" and (B) the series of electron donors with their corresponding
one-electron potentials vs SCE i.e. N,N,N’,N’-tetramethylbenzidine (TMB), N,N-dimethylaniline (DMA), N,N-
dimethyl-p-toluidine ~ (DMT), tri-p-tolylamine = (TTA), N-methyl-N-phenylaniline = (MPA), N,N-
diisopropylethylamine (DIPEA), triethylamine (TEA), 1,4-dimethylpiperazine (Pip), triethanolamine (TEOA) and
diethyl-1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate (Hantzsch ester, HE). (C) The investigated
dehalogenation reaction. (D) Absorption and photoluminescence spectra of 1* in BuCN (black), DMF (orange),
CH2Cl2 (green), acetone (red) and CH3CN (purple). (E) A representative PL quenching experiment of 1" with
DMA in CH2Clz2 at RT. (F) Stern-Volmer plots in CH2Clz with all quenchers investigated. Additional Stern-Volmer
plots in BuCN, DMF, acetone and CH3CN can be found in the supporting information. All experiments were
carried out at room temperature. UV-Vis absorption and PL spectra in CH3CN are identical to those previously
reported.? Redox potentials for the different electron donors were accessible in the literature.**-

Nanosecond transient absorption spectroscopy (nsTAS) experiments were carried out to
understand the origin(s) of the excited-state quenching. Spectral modelling of the transient
absorption spectra measured after nanosecond pulsed 532nm laser excitation of 1* in a CH,Cl,

solution containing TTA, DMA or DMT (Figure 2A) was consistent with equimolar formation



of mono-reduced 1 and the respective oxidized electron donor. Hence the data is consistent with
light absorption instigated electron transfer from the amine to 1**; a process often called
reductive quenching that has previously been hypothesized for other Fe-based photocatalysts.3
It is well known in photochemistry that, even when nearly 100% of the excited states are
quenched, the yield of solvated charge-separated products can be small due to rapid back
electron transfer within the solvent cage.’’-3® Here, the yields of products that escape the solvent
cage, ¢cg, were determined in CH2Cla, CH3CN and DMF 100 ns after pulsed light excitation
(Figure 2b and Table 1). These yields are shown to influence the overall catalytic efficiencies

of visible light mediated chemical dehalogenation transformations.
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Figure 2. (A) Nanosecond transient absorption changes recorded under argon after pulsed 532 nm laser excitation
(0.2 mM of 1%, 200 mM of the indicated quencher in CH2Cl2). Absorption changes were modelled (solid line) as
a 1:1 sum of the delta spectra of reduced 1 and oxidized quencher obtained by spectroelectrochemistry (see SI).
(B) Cage-escape yields for DMA (green), DMT (orange) and TTA (purple) in CH2Cl2 (circle), CH3CN (square)
and DMF (crossed square) (see supporting information for experimental details). (C-D) Femtosecond transient
absorption changes recorded under argon after pulsed 500 nm laser excitation of 1* in the presence of 0.35M DMA
in CH2Cl2 (C) and in CH3CN (D).



Table 1. Cage escape yields determined by comparative actinometry in DMF, CH3CN and CH:Cl..

[Fe(phtmeimb)]*

CH:Clz CHs;CN DMF
DMT 0.36 +£0.10 0.05 £0.01 0.03 £0.001
DMA 0.60 £0.09 0.02 +£0.005 0.01 £0.002
TTA 0.63 +£0.08 0.07 £0.01 0.07 £0.004

The cage escape yields measured by comparative actinometry in DMF and CH3CN were
less than 0.07 but reached much higher values (between 0.36 and 0.63) in CH>Cl, (Table 1 and
Figures S11-S13). This occurred despite very similar excited-state quenching rate constants in
all three solvents. The low photo-product yields observed in CH3CN were consistent with a
report by Warnmark ef al. who determined ¢cg = 0.05 for both a N-phenylaniline electron donor
and a methyl-viologen electron acceptor in CH3CN.? Our results were also consistent with
those reported by Persson et al., who showed that electron transfer between DMA and 1** only
resulted in observable photoproducts at very large (> 500 mM) DMA concentrations, behavior
attributed to ultrafast spin-allowed geminate charge recombination between reduced 1 and
oxidized DMA (~0.2 ps~!).22 Hence, the large photoproduct yields in CH>Cl» imply a dramatic
decrease in the rate constant for geminate charge recombination within the solvent cage.

To test whether such putative ultrafast geminate recombination could be time-resolved,
femtosecond transient absorption spectroscopy (fSTAS) was performed in CH3CN and CH>Cl»
using DMA as the electron donor (Figure 2C-D and Figures S15-S23). fSTAS in CH2Cl,
clearly showed that the decay of LMCT excited states goes hand in hand with the formation of
charge-separated (CS) states, unambiguously confirming that the dominant excited state
quenching process is an electron transfer reaction from the amine to 1**. The spectral signatures
of CS states matched those observed by nsTAS. Additionally, LMCT lifetimes derived from
fSTAS afforded the corresponding electron transfer rate constant, k., = 2.3 x10'° M~!s! that
agreed with the rate constant obtained from PL quenching experiments. In stark contrast, no
such state was observed in fSTAS in CH3CN. This is consistent with the low yield of charge-
separated products measured on the nanosecond time scale.

The fundamental factors that impact the measured cage escape yields in this study are
unknown. In fact, the factors that impact cage escape yields are poorly understood in all of
photochemistry, with electron spin being the only factor that has clearly been shown to have an
impact.’” 366 Indeed, the high ¢ce values in CH2Cl> with an iron photocatalyst is surprising
and rare in photochemistry. Furthermore, literature reports have shown a lower ¢cg in CH2Cl,

compared to CH3CN or DMF for other photocatalysts. 4463



There are three plausible, yet speculative, hypotheses for the large cage escape yields
observed with this iron photocatalyst. First, the 2LMCT character of 1™ leads to a mono-
reduced complex with a reduced iron (II) metal center. This is unlike prototypical MLCT
excited states where the reduced photocatalyst has an electron localized on a bipyridine
ligand.®”7° Hence reductive quenching of an LMCT excited state results in vectoral electron
transfer away from the donor, a process desired for applications in photoredox chemistry and
solar energy conversion. In contrast, reductive quenching of an MLCT excited state results in
non-vectoral electron transfer that leaves a ligand-localized electron proximate to the electron
donor, which may promote strong electronic coupling and enhance charge recombination.
Charge recombination after LMCT electron transfer from the metal center in mono-reduced 1,
however, requires electron tunneling through the ligands. This suggests that geminate charge
recombination from mono-reduced 1 may be slowed relative to other common Fe photocatalysts
such as [Fe(bpy)s]*".

Second, 1% has an octahedral geometry in the ground state?® with a d> ground state
associated with a T configuration of the iron(IlI). After excited state electron transfer, a d®
low-spin iron(Il) state with a 'A; configuration is obtained. These spin states are markedly
different from that of the prototypical [Ru(bpy)s]*>*, which is rigorously diamagnetic in the
ground state and exhibits a *MLCT excited state with a distorted octahedral geometry that
possesses a single reduced 2,2’-bipyridine ligand.®”-%% 7!73 Charge recombination for this
prototypical SMLCT®" 7+75 thus involves a spin-forbidden *CS = 'GS electron transfer, very
different from the spin-allowed 2CS = 2GS charge recombination of the 2LMCT iron(III)
photosensitizer 1 (Figure 3). These spin states might be expected to result in distinct solvent
effects on cage escape yields. For example, cage escape yields after [Ru(bpy);]*™* to methyl
viologen electron transfer have been reported to decrease in the presence of halogenated
solvents or additives; behavior attributed to heavy atom promoted mixing of the 3CS with lower
spin states to attenuate the spin-forbidden character of charge recombination.®® Herein, for the
2CS of mono-reduced 1, heavy atom effects in CH,Cl, may similarly result in state mixing with
a higher spin state such as the “CS (Figure 3). This would convey a partial spin-forbidden
character to geminate charge recombination, slowing it down and thus increasing cage escape
yields as was observed experimentally.

To further substantiate the heavy-atom effect on state-mixing, cage-escape yields were
also determined in CH,Br; and in acetonitrile:iodomethane mixtures (Table 2) of various ratios,
as iodomethane is a common additive introduced to favor excited-state intersystem crossing.5%

7679 The cage-escape yields determined in CH2Br, and CH>Cl, were equal within experimental



error (Figure 4a). This is evident as the change in absorption at this observation wavelength is
directly proportional to the yield of long-lived charge separated products. Furthermore, the
addition of iodomethane into a solution of acetonitrile led to a ~5 fold gradual increase of cage-
escape yields (Figure 4b), that increased from ¢ce = 0.02 to ¢pce = 0.09 (Table 2). Noteworthy
is the fact that the cage-escape yields in these CH3CN/Mel mixtures never reached values as
high as those reported in CH2Br, and CH2Cl,, suggesting that state-mixing might not be the

sole contributor to these large cage-escape yields.
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Figure 3. Schematic representation of the light-induced electronic transition involving iron(IIl) based LMCT
photosensitizers (left), and ruthenium(II) based MLCT photosensitizers (right), together with an electron donor
quencher (Q).
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Figure 4. Nanosecond transient absorption changes recorded at 370 nm following pulsed light excitation of a
solution of 1" and DMA in (a) CH2Cl> and CH2Bry, (b) CH3CN containing the indicated percentage of iodomethane
and (c) CH3CN containing the indicated concentration of TBAPFe.

Table 2. Electrolyte and heavy atom effect of cage escape yields.

Conditions ¢CE
CH:CL 0.60
CH:Br: 0.54
CH3;CN 0.02

CH:CN + 30% Mel 0.05
CH:CN + 50% Mel 0.09
CH:CL/TBAPF;s (0.1M) 0.35
CH:CL/TBAPFs (0.2M) 0.30
CH:CL/TBAPFs (1M) 0.17

The high cage escape yields in CH2Cl, and CH2Br> may also result from the small
dielectric constants of the solvents, 9.1 and 7.8 respectively, which may enhance electrostatic
incentives for cage escape. The excited state electron transfer is termed a “charge-shift reaction”
in which both the reactants and products have a total plus one charge and hence no net

Coulombic work term contribution is expected.’*-3! Polarization, however, may play an



important role in the structure of the solvent cage before and after electron transfer. To further
probe this idea, the geometry of the encounter complex after electron transfer was optimized by
DFT using the 6-311G(d) basis set in the gas phase, CH2Clo, CH3CN, and DMF. The interaction
energy, defined as the energy difference between the contact {1 ;DMA*} and the fully solvated
charge-separated species, were determined to be similar in CH3CN (—48.5 kcal/mol) and
CH2Cl> (-50.0 kcal/mol). Nevertheless, the partial atomic charges of the reduced
photosensitizer and oxidized electron donor were separately optimized in CH>Cl>, CH3CN and
DMF. In the low dielectric CH2Cl, this natural bond order analysis revealed that both the
reduced photocatalyst and the oxidized electron donor were polarized with net positively
charged repulsive regions that create an electric field that would assist separation of the electron
transfer products (Figure 5 and Figures S37-S40). This field was almost entirely screened in
polar solvents, such as in CH3CN or DMF, consistent with the smaller cage escape yield
measured experimentally. Hence this electrostatic repulsion predicts that a lower dielectric
constant environment will favor cage escape yields between 1 and DMA™*. This hypothesis is
further supported by experiments that showed that ¢cg decreased by ~70% in CH2Cl, (from ¢ce
= 0.60 to ¢ce = 0.17) when the ionic strength was increased by the addition of 1.0 M
tetrabutylammonium hexafluorophosphate (TBAPF¢) (Table 2) (Figure 4c).
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Figure 5. 2D contour plot (left) for the coulombic repulsion of DMA* with a spherical cation (+1 charge) in CH2Cla
(A) and CH3CN (B). The right-hand side shows the three-dimensional contour diagrams for DMA™ or mono-
reduced 1 plotted at the indicated potential. Therefore, the three-dimensional contour diagrams at 200 meV
indicates the relative distance at which a repulsion of 200 meV is exerted on an approaching cation (+1 charge).
Plots in DMF are shown in figure S40.
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Photoredox catalysis and time-resolved infrared spectroscopy

The transient absorption data indicates that the visible light mediated dehalogenation
catalysis would proceed with higher yields in dichloromethane compared to solvents of higher
polarity. Indeed, 90% conversion of 2a into 2b was realized after 24 hours in CH2Cl, solutions
with ~ 0.35 M DMA and 1 mol% of 17, with excellent isolated yields (Table 3, entry 1-6). The
yields did indeed decrease significantly to 15%, 7%, 30% and 31%, in acetone, BuCN, CH3CN
or DMF, respectively (Table S1, Entry 1-4).

Control experiments highlighted that DMA was needed to obtain a large reaction yield
as the yield dropped from 87% to 39% in the absence of DMA (Table 3, entries 4 and 10).
Hantzsch ester (HE in Figure 1) could also trigger the reduction of 1** (Table 3, entry 10-11),
as further evidenced by the quenching rate constant of 0.56 x 10'° M~'s™! in CH2Cl,. Under
otherwise identical conditions, [Fe(bpy)s]** did not yield any dehalogenation product (Table 3,
entry 14), whereas [Ru(bpy)s]** was competent for light-induced dehalogenation with a 94%
isolated yield (Table 3, entry 13). However, after reaction with [Ru(bpy)s;]**, the orange
solution turned purple which is a clear indication of ligand-loss chemistry and hence
photosensitizer degradation that is obviously problematic for mechanistic investigations and,
more importantly, for catalyst recyclability. On the contrary, when the iron photosensitizer 1*
was used, the solution absorbance was unchanged over the course of the reaction, indicative of
photosensitizer integrity, which could be recovered with 88% yield after photoreaction.
Photoreactions performed with recycled 17 led to dehalogenation of 2a to 2b with unaltered
yields. Finally, a reaction quantum yield of 0.0020% on an absorbed photon basis was
determined for the green-light mediated dehalogenation reaction of 2a to 2b using 1mol% of
17, 0.35M of DMA and 1.5 eq of HE.

The yield of the dehalogenation reaction was dependent on the nature of the electron
donor. Tertiary aromatic amines, such as TMB, TTA and MPA gave larger quenching rate
constants than other amines. Nevertheless, the net dehalogenation reaction was inefficient with
these quenchers, with yields of 2b ranging from 2% for TMB and TTA to 13% for MPA (Table
S2, Entry 1-3). In contrast, sacrificial electron donors, which promote irreversible reactions,
such as DIPEA, TEA, N,N’-Me:-piperazine and DMT led to light-induced dehalogenation with
yields ranging from 85% (1,4-dimethylpiperazine) to 95% (TEA) (Table 4). The experiments
performed with 1,4-dimethylpiperazine also pointed towards the influence of viscosity on the
dehalogenation yields (Table 4, entry 9-10). Yields of 85% were obtained when 0.35 M of 1,4-

dimethylpiperazine was used and dropped to 47% when the concentration was increased to 2
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M, i.e. a concentration at which the bulk viscosity was considerably modified. On the other
hand, yields were almost unchanged when the concentration of TEA ranged from 0.35 M to
1.17 M (Table 4, entry 6-7). This is directly related to the increased viscosity of 1,4-
dimethylpiperazine (1.5 cP at 20°C) compared to TEA (0.36 cP at 20°C) that alters diffusion
and probably favors geminate charge-recombination.?2-

The low yields observed with reversible electron donor most likely originate from
recombination of the oxidized amine with the reduced photocatalyst.®¢ Nanosecond transient
absorption revealed that back electron transfer occurred on a faster timescale with reversible
electron donor compared to sacrificial electron donor (Figure S14). In addition, the initial
baseline was not fully recovered when TEA was used, indicative of accumulation of mono-
reduced 1 via the degradation of TEA, hence preventing any back electron transfer process.

Interestingly, with TEA and DIPEA, the use of Hantzsch Ester helped to obtain higher
dehalogenation yields (Table 4 entry 2 and 6) but was not mandatory as yields > 90% with
TEA were obtained in the absence of Hantzsch Ester when large TEA concentrations were
employed (Table 4 entry 7). This indicates that triethylamine first acts as electron donor,
leading to the corresponding oxidized radical cation that can in turn undergo hydrogen atom
transfer to form the iminium,®’ alleviating the need of HAT reagents such as Hantzsch Ester.

A prototypical reaction in CD,Cl, with green light irradiation was monitored by 'H
NMR spectroscopy at regular time intervals (Figure S29). It was shown that the substrate
underwent full dehalogenation, as shown by the total conversion of one singlet at 5.38 ppm to
a singlet at 5.07 ppm. In addition, the Hantzsch Ester was also shown to undergo reaction
chemistry, probably through H atom transfer, as the aromatized pyridine core was recovered
and isolated at the end of the reaction. Note that HE was consumed more rapidly when DMA
was used as electron donor compared to TEA, in which case some unreacted HE was still

present at the end of the reaction.

Table 3. Control experiments and optimization of the visible-light mediated dehalogenation reaction of 2a in 2b
using DMA and Hantzsch Ester (HE).

Entry Conditions Lamp Conversion Yield

1 1* (2.5 mol%), 2a (0.2mmol), DMA (0.5M, 1 mmol, 5.0 eq), HE (0.3 Green 98% 95%
mmol, 1.5 eq), CHCl,, 24h

2 1* (2.5 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE Green 97% 94%

(0.3 mmol, 1.5 eq), CH,Cl,, 24h

3 1" (2.5 mol%), 2a (0.2mmol), DMA (0.2M, 0.4 mmol, 2.0 eq), HE (0.3  Green 88% 86%
mmol, 1.5 eq), CH,Cl,, 24h

4 1" (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3  Green 90% 87%
mmol, 1.5 eq), CH:Cl,, 24h

5 1* (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 Green 64% 57%

mmol, 1.5 eq), CH,Cl,, 12h
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6 1* (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 Green 82% 78%
mmol, 1.5 eq), CH>Cl,, 16h

7 1* (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 Blue 52% 41%
mmol, 1.5 eq), CH2Cl,, 24h

8 1" (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3  Orange 68% 60%
mmol, 1.5 eq), CH,Cl,, 24h

9 1* (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 White 75% 69%
mmol, 1.5 eq), CHCl,, 24h

10 1* (1 mol%), 2a (0.2mmol), No DMA, HE (0.3 mmol, 1.5 eq), CH,Cl,, Green 46% 39%

24h
11 1* (1 mol%), 2a (0.2mmol), No DMA, HE (0.5 mmol, 2.5 eq), CH,Cl,,  Green 61% 48%
24h
12 1* (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), No HE, Green 9% 2%
CHCly, 24h
13 Ru(bpy)s(PFs)2 (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 Blue 100% 94%
eq), HE (0.3 mmol, 1.5 eq), CH,Cl,, 24h
14 Fe(bpy)s(Br): (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 Green 8% 1%
eq), HE (0.3 mmol, 1.5 eq), CH:Cl,, 24h
15 No PS, 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 mmol, = Green 6% 3%
1.5 eq), CH>Cl,, 24h
16 1" (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 Green 26% 15%
mmol, 1.5 eq), CH>Cl,, one hour illumination and 24h in dark
17 1" (1 mol%), 2a (0.2mmol), DMA (0.35M, 0.7 mmol, 3.5 eq), HE (0.3 Green 57% 55%

mmol, 1.5 eq), CH>Cl,, 24h, carried out under air

Table 4. Optimization of the visible-light mediated dehalogenation reaction of 2a in 2b using DIPEA, TEA,
DMT and 1,4-dimethylpiperazine (pip) as electron donor.

Entry Conditions Lamp Conversion Yield
1 1* (1 mol%), 2a (0.2mmol), DIPEA (2 M, 4 mmol, 20 eq), HE (0.3 Green 89% 90%
mmol, 1.5 eq), CH,Cl,, 24h
2 1" (1 mol%), 2a (0.2mmol), DIPEA (0.35 M, 0.7 mmol, 3.5 eq), HE (0.3  Green 97% 89%
mmol, 1.5 eq), CH:Cl,, 24h
3 1" (1 mol%), 2a (0.2mmol), DIPEA (0.35 M, 0.7 mmol, 3.5 eq), No HE, = Green 66% 63%
CH,Cl,, 24h
4 1* (1 mol%), 2a (0.2mmol), DIPEA (2 M, 4 mmol, 20 eq), No HE, Green 77% 75%
CH,Cl, 24h
5 1* (1 mol%), 2a (0.2mmol), TEA (1.17 M, 2.3 mmol, 11.7 eq), HE (0.3  Green 100% 95%
mmol, 1.5 eq), CH:Cl,, 24h
6 1* (1 mol%), 2a (0.2mmol), TEA (0.35 M, 0.7 mmol, 3.5 eq), HE (0.3 Green 96% 89%
mmol, 1.5 eq), CH,Cl,, 24h
7 1" (1 mol%), 2a (0.2mmol), TEA (1.17 M, 2.3 mmol, 11.7 eq), No HE,  Green 94% 94%
CH,Cl,, 24h
8 1* (1 mol%), 2a (0.2mmol), DMT (0.35M, 0.7 mmol, 3.5 eq), HE (0.3  Green 93% 86%
mmol, 1.5 eq), CH.Cl,, 24h
9 1* (1 mol%), 2a (0.2mmol), Pip (2 M, 4 mmol, 20 eq), HE (0.3 mmol,  Green 57% 47%
1.5 eq), CH,Cl,, 24h
10 1* (1 mol%), 2a (0.2mmol), Pip (0.35 M, 0.7 mmol, 3.5 eq), HE (0.3 Green 87% 85%

mmol, 1.5 eq), CH:Cl,, 24h

Time-resolved infrared (TRIR) spectroscopy was implemented to obtain structural
information, with sub-microsecond kinetic resolution of the reactants and transient radical

intermediates following pulse light excitation of 1*.%8 Note that the reaction involving DMA
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and HE could be monitored by TRIR whereas the one using TEA could not. This is due to a
combination of the short excited-state lifetime of 1** as well as the moderate cage-escape yields
obtained with TEA (0.21 £0.05) compared to the one determined with DMA (0.60 +£0.09). The
results, gathered in Figure 6, in addition to the previously described experiments, provided an
in-depth understanding of the overall mechanism for the photoredox catalytic transformations.
This reaction mechanism was studied with TEA as sacrificial electron donor (Figure 7A),
however attempts to interrogate the underlying mechanisms through time resolved
spectroscopies were frustrated by low cage escape yields. As a result, key reaction details could
not be experimentally determined with TEA as a sacrificial reagent. In contrast, the use of DMA

and the Hantzsch Ester (Figure 7B) did provide mechanistic insights that are described below.
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Figure 6. TRIR studies of the photo-initiated redox reactions. (A) Fourier transform infrared (FTIR) spectra of the
relevant substrates (an extended FTIR spectra is available in Figure S34). TRIR absorption changes measured
after a pulsed 500 nm laser excitation of solution mixtures containing (B) [1*] =3 mM, [DMA] = 1 M, [2a] = 30
mM; and (C) [1*] = 3 mM, [DMA] = 1 M, [HE] = 30 mM. (D) Differential absorption changes expected for
substrate transformations 2b — 2a and dHE — HE. (E) TRIR absorption changes measured after a pulsed 500 nm
laser excitation of a solution mixture containing [17] =3 mM, [DMA] = 1 M, [HE] = 30 mM, [2a] = 30 mM. (F)
Kinetic traces measured at the indicated wavenumbers that report on HE" and 2b formations. (G, H) Plots of the
measured kinetic rate constants as a function of the indicated substrate concentrations. Overlaid to experimental
data points are linear fits from which second-order rate constants were extracted. I) Simulated time dependent
concentrations of the indicated reaction components based on experimentally determined kinetic parameters (see
supporting material).

Mechanistically, the excited state 1** was reductively quenched via electron transfer
(step 1) generating the monoreduced 1 and oxidized quencher in a 1:1 ratio. When DMA was
used as quencher in experiments performed in CH>Cl, about 60% of the photogenerated 1

resulted in productive charge shift, 17" + DMA — 1+ DMA"", as determined by the cage-escape
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yield of 0.60 +£0.09. The mono-reduced 1 transfers an electron to 2a, with a kinetic rate constant
of 1.6 x 108 M~ s7!, which irreversibly induced heterolytic C—CI bond breaking to yield the
corresponding 2a’ radical and (presumably) Cl~ (Figure 6b and Figure S35). DFT calculations
indicated that the transferred electron populates the LUMO of 2a, which is centered on the 2-
chloro-2-phenylacetate backbone (Figure 7). In fact, the intrinsic molecular properties as
described by atomic vectors generated from nuclear Fukui functions for 2a and 2a°® indicated
that the fragmentation process — dehalogenation — occurs along the C—Cl bond axis (Figure 7
and Figure S36).

The sacrificial behavior of DMA as an irreversible electron donor requires that a second
DMA molecule deprotonate the aromatic carbon oriented para to the amine group of the
oxidized DMA" to generate a DMA" radical (step 1 in Figure 7).3°°° The subsequent encounter
of two DMA" radicals leads to dimerization and formation of TMB. This leak reaction ensures
the sacrificial behavior of DMA as the electron donor. This dimerization reaction, studied in
great detail by Bard et al., occurs in CH3CN with a rate constant of 2.5 x108 M~!s7'.%° TRIR
data revealed that HE and DMA" also undergo side reactivity via hydrogen atom transfer
(HAT). Although the absorption changes shown in Figure 6¢ were similar to those expected
for the formation of dehydrogenated HE (dHE), kinetic analysis (Figure S35) suggested the
existence of a reaction equilibrium HE + DMA" = HE' + DMA as evidenced by a non-zero
intercept in the observed rates measured as a function of the HE concentration under pseudo-
first order conditions. This leads to an unwanted consumption of HE that competes with the
desired pathway for product formation. This finding agrees with '"H NMR observations that
revealed that an excess of HE was needed to ensure complete conversion of 2a into 2b.

TRIR experiments that emulate the photoredox catalysis conditions are shown in
Figures 6e and 6f. The absorption changes that follow pulsed light excitation showed biphasic
kinetics centered around 1730 cm™! indicating a sub-microsecond initial formation of HE®, most
likely generated from reaction with DMA'. Reduction of 2a by monoreduced 1 (step 2) is fast
and generates 2a’, which undergoes HAT with HE (step 4) in another reaction equilibrium, 2a*
+ HE = 2b + HE", with a rate constant that is slow compared to the other kinetic processes. The
fact that step 4 is an equilibrium indicates that dHE has not yet been formed on the hundreds
of microsecond time scales and likely represents the rate determining step in the catalytic cycle.
The irreversible dehydrogenation of HE" to produce the more stable — by about 30 kcal mol™ —
dHE could not be fully elucidated from experimental data, and might indeed involve multiple
and competitive reaction pathways. *'-°° For instance, hydrogen atom transfer from HE" to 2a°

is more favorable compared to HE due to the subsequent aromatization of the pyridine ring
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forming dHE. However, such pathway would have produced near equimolar concentrations of
2b and dHE. Though HE" could be a stronger reductant than HE and could reductively quench
the excited state of 1**, the minimal concentrations of HE® photoproduced by light excitation is
unlikely to compete kinetically with DMA, which is present at much larger concentrations.
Direct electron transfer from HE® to 2a forming 2a® has some precedence from similar
dehalogenation reactions using Ir-based photosensitizers, Hantzsch Ester and K3PO4,”” but may
not be significant to the catalytic scheme in Figure 7 since the overall reaction proceeds
efficiently in the absence of HE with TEA and DIPEA. Alternative proton-coupled electron
transfer pathways involving DMA or other bases could be considered and will motivate future
investigation.

The collective interpretation of the findings obtained from TRIR indicate that the overall
photocatalytic process is dominated by two kinetically competing reaction equilibria (steps 3
and 4) that consume the same substrate, HE. Nevertheless, dimerization of two DMA" to form
TMB and conversion of HE' to dHE are important irreversible processes that drive the equilibria
in the catalytic cycle towards the desired 2b as the final product.

The reaction dynamics of the photoredox catalytic cycle shown in Figure 7 were
simulated from numerical solutions of the coupled differential equations (See Supporting
Information) that describe the time dependent concentrations of all reaction components.
These simulations are shown in Figure 6l for the indicated reaction components. The biphasic
formation of HE’, as described in steps 3 and 4 of the cycle in Figure 7, is readily observed.
The bimolecular and concentration dependent kinetics for consumption of HE" and dimerization
of DMA™ largely control the final formation of dHE relative to 2b. In fact, the kinetic analysis
in Figure 61 shows that dHE is formed in excess of 1.3 times compared to 2b — a result that
compares well with steady-state photoreaction experiments that required excess amounts of HE

to ensure complete conversion of 2a to 2b.
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Figure 7. Proposed mechanism for the visible-light mediated dehalogenation of 2a to 2b in CH2Clz using 1* as
photosensitizer in the presence of TEA as sacrificial electron donor (A) or in the presence of DMA as a sacrificial
electron donor and HE (B). The LUMO of 2a was calculated at the MP2 level using the 6-311G(g) basis. The
magnitude of the nuclear Fukui functions (in eV/A) (B3LYP/6-311G(d)) characterizing the changes in the force
that the atoms experience following the electron-attachment in 2a are represented on the lower left. See text for
additional information regarding reaction steps and associated reaction rates.

CONCLUSIONS

The ~2 ns excited-state lifetime of an iron photocatalyst was optimized for a benchmark
dehalogenation reaction that operated with yields greater than 90% with green light irradiation.
The systematic variation of quenchers and solvents with mechanistic analysis allowed the key
parameters that trigger this photoreactivity to be isolated. Sacrificial electron donors were found
to be more optimal than reversible electron donors, which favored the formation of mono-
reduced 1, that was shown to reduce organic substrates. Although electron transfer was
experimentally observed in CH>Cl,, CH3CN and DMF, polar solvents such as DMF and CH;CN
did not lead to appreciable cage-escape yields (<0.07). On the contrary, CH>Cl, afforded large
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cage-escape yields (0.36-0.63), an observation that stands in contrast to the commonly expected
behavior of MLCT and organic excited states where polar solvents favor cage escape. Three
plausible hypotheses for the large cage-escape yields were proposed: the vectoral nature of
reductive electron transfer with an LMCT excited state, an increased state-mixing due to the
heavy-atom effect, and electrostatic repulsion between the reduced iron photosensitizer and the
oxidized electron donor due to solvent dielectric effects. Experiments performed to probe the
increased state-mixing (CH2Br> or in CH3;CN/Mel mixtures) or the electrostatic repulsion (with
added TBAPFé) indicate that the large cage-escape yields originate from a combination of these
two effects.

The reaction mechanism was investigated in molecular detail by nanosecond and
femtosecond transient absorption as well as by time-resolved infrared spectroscopy. Reductive
electron transfer between 17 and DMA was experimentally confirmed, with ke, = 2.3 x10'° M-
Is! generating 1 that could further reduce 2a, with £ = 1.6 x10¥ M~'s™!, Radical intermediates
that are often believed to be too short-lived and too reactive to allow for mechanistic
investigations, were instead shown to participate in competing reaction equilibria (steps 3 and
4) that were responsible for Hantzsch ester consumption and provided additional insights into
side reactions that occur with DMA but not with TEA, ultimately leading to more atom-
economic transformation.

Collectively, the experimental and theoretical approaches described provide a clear
description of the mechanistic intricacies that allow one to pin-point bottlenecks and pitfalls of
photoredox catalysis with LMCT excited states that in turn should help improve visible-light

mediated transformations with earth abundant photosensitizers.
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