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Photoredox catalysis relies on light-induced electron transfer leading to
aradical pair comprising an oxidized donor and areduced acceptorina
solvent cage. For productive onward reaction to occur, the oxidized donor

and the reduced acceptor must escape from that solvent cage before

they undergo spontaneous reverse electron transfer. Here we show the
decisive role that cage escape plays in three benchmark photocatalytic
reactions, namely, an aerobic hydroxylation, a reductive debromination
and an aza-Henry reaction. Using ruthenium(ll)- and chromium(lll)-based
photocatalysts, which provide inherently different cage escape quantum
yields, we determined quantitative correlations between the rates of
photoredox product formation and the cage escape quantumyields. These
findings can be largely rationalized within the framework of Marcus theory
for electron transfer.

Photocatalysis has become a powerful method in chemistry' ¢, but
some key mechanistic aspects remain underexplored and poorly under-
stood’'°. Many photoredox studies have monitored the reactivity
of electronically excited states by luminescence quenching experi-
ments and equated the disappearance of luminescent excited states
to the formation of photochemical products, but this simplification
is not generally valid™'%. Diffusion processes can bring together an
electronically excited photocatalyst (*PC) and an electron donorina
so-called encounter complex, and then photoinduced electron transfer
can quench the photocatalyst’s luminescence. However, the primary
quenching products, comprising the reduced photocatalyst (PC™) and
the oxidized donor (D™), areembeddedin asolvent cage (Fig.1a), from
which they must escape for product formation to become possible.
Thermal reverse electron transfer from PC™ to D™ leading to charge
recombination can spontaneously occur within the solvent cage™", in
which case no productis formed even though luminescence quenching
isdetected. Theimportance of cage escape haslong been overlooked
in photoredox catalysis, but is now beginning to be recognized"'>"*™".

Cage escape quantum yields are affected by many different fac-
tors, including the driving force, the reorganization energy and the
electronic coupling associated with photoinduced electron transfer
and thermalin-cage reverse electron transfer'®’®" spin and heavy-atom
effects!>'*2022 golvent polarity and viscosity*>** 5, molecular size
effects?, ionic strength and ion-pairing effects'>***?%, electrostatic

interactions® and temperature®**%, Despite numerous fundamental
investigations, cage escape quantumyields have remained extremely
difficult to predict. In this study, we found that the [Ru(bpz),]** (bpz,
2,2’-bipyrazine) and [Cr(dqp),]*" (dqp, 2,6-di(quinolin-8-yl)pyridine)
photocatalysts (Fig. 1b) show a similar driving-force dependence for
light-induced electron transfer with 12 different donors (Fig. 1c), but the
cage escape quantumyields are consistently much higher with the Ru"
complex thanwith the Cr'" compound. We also determined quantitative
correlations between the cage escape quantumyields and the product
formationratesin three different photoredox reactions. Each of these
three model reactions relies on a multitude of individual elementary
steps, and thus the finding that the overall photoredox product forma-
tionrates are governedin large part by cage escape seems remarkable.
Two key findings emerge from our work: (1) photoredox reaction prod-
uctformationrates and quantumyields correlate with the cage escape
quantum yield (&) and (2) the photocatalyst seems to govern the
achievable magnitude of @ by dictating the rate of unwanted charge
recombination within the solvent cage.

Results and discussion

Photoinduced electron transfer of Ru and Cr complexes

The electron donors shown in Fig. 1c were chosen to explore the
influence of the following factors on cage escape: (1) the varia-
tion in the driving force for photoinduced electron transfer (AGg;),
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Fig.1|Photoinduced electron transfer between metal complexes and
tertiary amines. a, Catalytic cycle of a photocatalyst (PC) reacting with an
electron donor (D) via aso-called reductive quenching mechanism (oxidative
quenching mechanisms are also common but are not considered here)’.
Following excitation of the photocatalyst, photoinduced electron transfer leads
to the reduced photocatalyst and the oxidized donor embedded in a solvent
cage. Escape from this solvent cage competes with unproductive thermal
reverse electron transfer (charge recombination). Only successful cage escape
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canlead to productive photoredox chemistry, here electron transfer to the
substrate (S), which reacts onwards to the desired product (P) in subsequent
(light-independent) elementary reaction steps. b, Molecular structures of the
investigated photocatalysts [Ru(bpz),]** and [Cr(dqp),]** showing the pertinent
microstates of the photoactive 3MLCT excited state and the 2E and *T, spin-flip
excited states, respectively. ¢, Molecular structures of the investigated electron
donors1-12. PEG, polyethylene glycol.

(2) the effect of donor size (TAA-OMe, TAA-PEG; and TAA-PEG;), (3)
the influence of heavy atoms (TAA-CI, TAA-Br and TAA-I), (4) struc-
tural differences in the aromatic amines (triarylamines (TAAs) versus
N,N-dimethylanilines) and (5) aromatic amines versus aliphatic amines
(2-phenyl-1,2,3,4-tetrahydroisoquinoline (THIQ), triethylamine (TEA)
and N,N-diisopropylethylamine (DIPEA)).

[Ru(bpz),]** and [Cr(dqp),]** have similar excited-state reduction
potentials (1.45 and 1.26 V versus the saturated calomel electrode,
respectively)®. All 12 donors quenched the luminescent excited
states of the two complexes with rate constants (k) in the range of
108-10'° M's™! (Supplementary Figs. 15-40), revealing very similar
driving-force dependence in both cases (Fig. 2¢c), in line with previ-
ous studies®**** Deviations from this Rehm-Weller behaviour were
observed for the halide-substituted TAA electron donors 4-6 (high-
lighted in the ellipsoids in Fig. 2c). Their heavy atoms accelerate pho-
toinduced electron transfer?, despite the decreasing driving force
(-AG;;) along the series TAA-CI > TAA-Br > TAA-I (Supplementary Sec-
tion7.13.3). The driving forces for the photoinduced electron transfer
andin-cage thermal charge recombination forirreversible donors were
estimated according to the oxidation peak potentials because standard
redox potentials were not available in these cases.

Trendsin cage escape quantumyields
The cage escape quantum yields for the electron transfer photo-
products formed after the excitation of [Ru(bpz),]** or [Cr(dqp),]**in

the presence of the donors 1-12 (Fig. 1c) in aerated acetonitrile were
determined by relative actinometry using laser flash photolysis (Sup-
plementary Sections 6 and 7). The basic principle of this method is to
compare the concentrations of the photoproducts formed after pulsed
excitation of asample and areference solution. The reference, here an
aqueous aerated solution of [Ru(bpy),]Cl, (bpy, 2,2’-bipyridine), has
a known quantum yield for the formation of its photoproduct(s) and
servesto determine the number of photons absorbed by the reference.
By adjusting the photocatalyst concentration in the main sample and
inthe reference solution, an equal absorbance at the excitation wave-
length and an equal concentration of the excited photocatalysts are
ensured for both solutions (Supplementary Section 7). Measurement
ofthe concentration of the photoproducts formed in the main sample
then permits the determination of the unknown quantum yield.

The excitation of [Ru(bpy),]** at 422 nm causes a depletion of its
diagnosticsinglet metal-to-ligand charge transfer "MLCT) ground-state
absorptionband, manifestinginaknown changeinits molarextinction
coefficient (Ag,ss=-10,100 M cm™ at 455 nm, ref. 33). This bleaching
reflects the quantitative formation of a*MLCT excited state, which decays
onamicrosecond timescale (Fig.2a,b). For ease of comparison with the
main samples under test, the experimentally observed changes in the
optical density (AOD) of this reference at 455 nm were normalized to
an initial value of 1.0. Concentration-adjusted samples containing the
[Ru(bpz),]**-TAA-OMeand [Cr(dqp),]**-TAA-OMe donor-acceptor pairs
werethen excited underidentical conditions. The donors were presentin
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Fig.2| Cage escape quantumyields and excited-state quenching kinetics.

a, Transient absorption decays of the reference complex [Ru(bpy);]** (12 M in
aerated H,0) at 455 nm and the [Ru(bpz);]** (12 uM)-TAA-OMe (2 mM) pair in
aerated CH,CN at 293 K at 717 nm under 422 nm excitation. Both solutions have
identical absorbance at 422 nm (Supplementary Fig. 55a). The concentrations
of the MLCT-excited [Ru(bpy),]** and TAA-OMe™* formed in this experiment
were 3.14 and 1.82 + 0.06 pM, respectively. b, Transient absorption decays of
the reference complex [Ru(bpy),]** (12 uMin aerated H,0) at 455 nmand the
[Cr(dgp),]** (30 uM)-TAA-OMe (2 mM) pair in aerated CH,CN at 293 Kat 717 nm
under 416 nm excitation. Both solutions have identical absorbance at 416 nm
(Supplementary Fig. 56a). The concentrations of the MLCT-excited [Ru(bpy);]**
and TAA-OMe™ were 1.56 and 0.20 + 0.02 uM, respectively. Inaandb, the relative
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concentrations of the photoproducts were derived from the measured AOD
values at 455 nm for the reference (MLCT-excited [Ru(bpy);]*) and at 717 nm
for the donor-acceptor pairs (TAA-OMe™), as well as the respective A values at
the relevant observation wavelengths (Ag,ss =-10,100 M™ cm™ for [Ru(bpy),]**
(ref.33) and Ag,;; = 32,600 £ 300 M cm ™ for TAA-OMe™). This analysis yielded
@ values of 58 + 2% for the [Ru(bpz);]**~-TAA-OMe pair and 13 + 1% for the
[Cr(dqgp),]**-TAA-OMe pair in CH,CN at room temperature, as marked by the
dashed horizontal lines. ¢, Quenching rate constants (k,) for photoinduced
electron transfer from the individual donors1-12 to [Ru(bpz),]** and [Cr(dqp),]*
plotted as a function of the reaction free energy (AG;). The halide-substituted
donors are marked by the ellipsoids. d, Cage escape quantumyyields (@)
obtained with [Ru(bpz),]*" and [Cr(dqp),)*' for the electron donors1-12.

large excess relative to the metal complexes (millimolar versus micromo-
lar concentrations) to ensure rapid and maximally efficient (quantitative)
photoinduced electron transfer, yet selective excitation of the metal
complexes remained possibleinall cases due to the negligible extinction
coefficient of the donors at the relevant wavelengths. The TAA-OMe™
oxidation product was readily detected by its characteristic absorption
in the red spectral range with a change in the molar extinction coeffi-
cient (Ag,;;) 0f32,600 +300 M cm™at 717 nm (Supplementary Fig. 44).
The transient absorption decay curves for the two donor-acceptor
pairs are shown in Fig. 2a,b, respectively. Cage escape quantum yields
(@) of 58 + 2% for the [Ru(bpz),]*-TAA-OMe pair and 13 + 1% for the
[Cr(dgp),I**~-TAA-OMe pair were determined from the relative intensi-
tiesreached immediately after excitation. The decays of the respective
transients reflect reverse electron transfer from the reduced metal
complexes to TAA-OMe™ after successful cage escape.

The same method was applied to all of the donor-acceptor pairs,
whichrequired the measurement of the extinction-calibrated difference
spectrafor the oxidized and neutral forms of the individual donors, as
well as for the native and reduced forms of the two metal complexes
(Supplementary Sections 4, 6 and 7). The resulting @, values obtained
with [Ru(bpz),]*" and [Cr(dqp),]*" for the 12 electron donors are pre-
sented in Fig. 2d. All of the TAA-based donors underwent reversible

electron transfer, whereas the other electron donors were irreversible
donorsdue todeprotonation after the initial one-electron oxidation®.
In principle, such proton-coupled electron transfer reactions could
artificially enhance the cage escape quantum yields obtained for the
two photosensitizers with the non-TAA donors, potentially complicating
the direct comparison between TAA and non-TAA donors.

The following findings emerge from these experiments. (1) For
all of the electron donors explored here, the @ values obtained
with [Ru(bpz),]** are substantially higher than those obtained with
[Cr(dgp),I*". (2) There is no clear evidence of a heavy-atom effect on
cage escape (Supplementary Section 7.13.3). (3) Increasing donor size
in the series TAA-OMe < TAA-PEG; < TAA-PEG; leads to increasing @
values, which could be due to better distancing of the donor-acceptor
pairs (Supplementary Section 7.13.4)%. (4) No substantial change in
cage escape quantum yield was observed on variation of the electron
donor concentration (Supplementary Fig. 71). (5) The presence of oxy-
gen does not affect the cage escape quantum yields (Supplementary
Figs.55-57).

Different cage escape for Ruand Cr complexes
[Ru(bpz);]** and [Cr(dgp),]*" have fundamentally different photoactive
excited states (Fig. 1b) as a result of their different valence electron
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configurations (low-spin d® versus d@®)***. The MLCT excited state
of [Ru(bpz),]*" is predisposed to charge transfer, yet the 2E and *T,
spin-flip excited states of [Cr(dqp),]*" promote photoinduced elec-
tron transfer similarly well according to the data in Fig. 2c. However,
dueto substantialin-cage charge recombination (Fig.1a), much lower
cage escape quantum yields were systematically obtained with the
Cr'"complex compared with the Ru" complex (Fig. 2d). At first glance,
therefore, it seems plausible that the differences in the electronic
structures of [Ru(bpz);]** and [Cr(dqp),]*" are the cause of the very
different cage escape quantum yields. We initially considered differ-
ent spin-correlated radical pairs emerging from the *MLCT and %E/°T,
excited states and spin effects for in-cage charge recombination as a
possible reason for the systematic differences between the Ru" and
Cr'"complexes (Supplementary Section 7.13.2), but the data currently
available do not permit corroboration of this hypothesis. Instead, it
seems that Marcus theory is able to account for the observed behav-
iour, making superfluous the involvement of spin and other effects as
possible explanations. The cage escape quantum yield (&) for both
complexes is governed by the relative magnitudes of the cage escape
rate (k.) and in-cage reverse electron transfer (k.¢1; equation (1a,b)).

kce (Ru)

P () R R+ oer (R 1w
_ ke (Cr)
Pee (O = et @)+ Ker (O o

Assuming equal cage escape rate constants for the Ru" and Cr"
complexes (kc:(Ru) = k(Cr)), the ratio of rate constants for in-cage
reverse electron transfer can be formulated as shown in equation (2):

1
krET,exp. (Ru) _ ®ce(Ru) -1

krET,exp. (Cl’) L -1
¢ce(Cr)

@

Thus, under the assumption that PC™ and D™ escape the sol-
vent cage equally quickly regardless of whether PC™ corresponds
to [Ru(bpz);]* or [Cr(dgp),]*, the experimentally determined cage
escape quantum yields can be used to estimate the ratio of in-cage
reverse electron transfer for the Ru" and Cr'" complexes for any given
electrondonor D (equation (2)). Based on the datashownin Fig. 2d, the
experimentally determined ratios K,gr ey, (RU)/K g1.exp. (Cr) vary between
0.015and 0.21 (Supplementary Table 4).

Within the framework of semi-classical Marcus theory (equation
(3)), the rate constants for (in-cage) reverse electron transfer (Kgr.caic.)
canbe expressed asafunction of the electronic coupling (H,;) between
the reduced photocatalyst (PC™) and the oxidized donor (D™), the reac-
tionfreeenergy (AG,;) for reverse electron transfer from PC~to D™ and
the reorganization energy (1) accompanying that reaction. Equation
(3) describes the ratio of the reverse electron transfer rate constants
for the Ru"and Cr" complexes, where the individual parameters (H,g,
AG,rand A) can be different depending on the photocatalyst-donor
pair considered.

2
[Han(Ru) ' exp | - sl |

krET,calc. (RU) _ 42kgT

= 3)
krET,calc. (Cl“)

2

(Han(Crxexp | - LmCostt
Allof therelevant AG,¢; values are known (Supplementary Table 1),
but the H,; and A values are unknown. Equation (3) can be used to
determine what combinations of H,z(Ru)/H,;(Cr) and A make the
ratio of calculated (in-cage) reverse electron transfer rate constants
Kegrcaie (RU)/Kigrcae (Cr) equal to the corresponding experimental ratio

determined with equation (2). The reorganization energy for in-cage
reverse electron transfer depends on the individual photocatalyst-
donor pair; however, in our analysis, the reorganization energy with
different donors was allowed to vary, but for a given electron donor,
identical A values were assumed for both the Ru" and Cr™ complexes.
Varying the H,z(Ru)/H,;(Cr) ratio between 0.3 and 1.6 (in increments
of 0.1) led to the distribution of A values shown in Fig. 3a (Supplemen-
tary Table 3). For H,z(Ru)/H,;(Cr) ratios above 0.8, plausible A values
of ~-1eV account for the experimentally observed differences in the
cage escape quantum yields. Figure 3b shows the distribution of A
values collected in Fig. 3a for the individual donors. The key finding
is that for any given H,z(Ru)/H,z(Cr) ratio between 0.3 and 1.6, a size-
able fraction (79-86%) of the calculated A values fall within a range of
+15% of the median reorganization energy obtained for agiven donor
(Supplementary Table 3). Analogous calculations were performed by
considering a plausible range of A values and solving for the H,; ratio
(Supplementary Fig. 83b). Broader screening of combinations of the
H,s(Ru)/H,s(Cr) ratios (in increments of 0.1 between 0.3 and 1.6) and
Avalues (inincrements of 0.1 eV between 0.4 and 1.6 eV) revealed that
63 out of 2,184 combinations are able to emulate the experimentally
derived kg exp (RU)/K g1 exp (Cr) ratios with a deviation of 15% or less
(Supplementary Tables 4 and 5and Supplementary Fig. 84). Figure 3¢
shows theresults of screeningin the same range as the experimentally
obtained K¢y ey, (RU)/K g1 exp, (Cr) ratios, showing the correlation between
the calculated and experimental ratios of the rate constants for in-cage
reverse electron transfer for 63 of the combinations.

The modulations of the H,; ratios and A values were to some extent
arbitrary, and this analysis was unable to provide unambiguous insights
into trends in the electronic couplings and reorganization energies.
This is because the identified H,z(Ru)/H,5(Cr) and A combinations
were not necessarily mathematically unique solutions, and because
other factors could vary, for example, the cage escape rate constants
kce(Ru) and k(Cr) inequation (1a,b). Nonetheless, some of the differ-
encesinthereorganization energies calculated for the various donors
studied seem to make chemical sense. For example, the positive charge
in the radical cation forms of the aliphatic donors 10-12 is probably
not delocalized much further than the nitrogen and proximal carbon
atoms, leading to relatively small ionic radii and large reorganization
energies, whereas the cationic chargeinthe TAAs1-6 and anilines 7-9
is delocalized into the aromatic rings, increasing the ionic radius and
resulting in smaller reorganization energies (Fig. 3b)?. The increase
in A along the series 1-3 could be due to an increase in the degree of
solvation®®. The quintessential point of this analysis is that reasonable
values for H,; and A can be fed into semi-classical Marcus theory and
quantitatively explain the difference between the cage escape quan-
tumyields observed with [Ru(bpz),]** and [Cr(dqp),]**. Other possible
explanations for the different cage escape quantum yields, while not
fully discarded at this point, are therefore currently pushed into the
background. Within this overall framework, for any given electron
donor, in-cage reverse electron transfer with the Ru" complex occurs
~0.3 eV more deeply in the Marcus inverted regime than with the Cr"
complex, makingin-cage charge recombination slower and cage escape
quantum yields higher for the Ru" complex (Fig. 3d).

Correlation of photocatalytic performance with cage escape

As [Ru(bpz),]* and [Cr(dqp),]*" show similar photoinduced electron
transfer behaviour (Fig. 2c) but systematically different cage escape
quantum yields (Fig. 2d), using these two photocatalysts permitted
investigation of how photoredox reactions are affected by cage escape.
To address this fundamentalissue, three different photochemical reac-
tions involving three distinct electron donors were investigated: (1)
the photocatalytic aerobic hydroxylation of 4-methoxyphenylboronic
acid using DIPEA (Fig.4aand Supplementary Section 8.1), (2) the pho-
tocatalytic reductive debromination of 2-bromoacetophenone with
N,N-dimethyl-p-toluidine (DMT; Fig.4d and Supplementary Section 8.2)
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a, Reorganization energies for given ratios of electronic couplings able to
produce Ky o (RU)/K gr carc. (Cr) ratios (equation (3)) in line with the experimental
Kietexp.(RU)/K g1 x,. (Cr) ratios derived from equation (2). The distribution

here is shown for specific coupling ratios over the applied donors.

b, Reorganization energies found for the individual donors based on the analysis
ina(Supplementary Table 3). The distribution here is shown for specific donors
over the considered coupling ratios. In a, the data size (n) for each distribution
is12 (for12 applied donors) and in b, the data size is 14 (H,g ratios from 0.3 to

1.6 eVinincrements of 0.1eV). The grey boxes inaand b contain the middle 50%
of data, the so-called interquartile range (IQR). The whisker boundaries are
drawn at the most extreme data point that is no more than +1.5IQR from the top
and bottom edges of the box*’. The horizontal black lines in the boxes mark the
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median values, and the open squares represent the average values. ¢, Correlation
between the calculated and experimental ratios of the rate constants for in-cage
reverse electron transfer. In total, 2,184 combinations of H,s(Ru)/H,z(Cr) and A
(Supplementary Table 5) were considered (grey squares, right-hand y axis), of
which 63 (Supplementary Table 4) provided agreement between calculation
and experiment within a deviation of 15% (black circles, left-hand y axis). The
numbers shownin ¢ correspond to the donors 1-12. d, Generic Marcus parabola
illustrating the dependence of the rate constant for in-cage reverse electron
transfer (k,gr) onits driving force (AG,). For agiven electron donor, in-cage
reverse electron transfer with the reduced Ru" complex (black square) occurs
more deeplyintheinverted regime and thusis slower thanin-cage reverse
electron transfer with the reduced Cr'" complex (black circle).

and(3) aphotocatalyticaza-Henryreaction, where THIQactsboth asthe
electrondonor and substrate (Fig. 4g and Supplementary Section 8.3).
Each reaction was performed with both [Ru(bpz),]** and [Cr(dqp),]**
under identical conditions to enable comparison (Supplementary
Section 8). The concentrations of the photocatalysts were adjusted
to ensure the absorption of the same amount of light emitted by the
415 nmlight-emitting diode (LED) and thus the same concentration of
the excited-state photocatalysts (*PC), considering the quantitative
intersystem crossing for both complexes (Supplementary Section 7 and
Supplementary Figs. 90,100 and 109). This LED emitted a power density
of 73 mW cm™at the sample position, which permitted monitoring of
thereactionkinetics and minimized photodecomposition. Thereaction
set-up furthermore allowed the determination of the quantumyyields
forthe formation of the photoproducts (®;) asafunction of irradiation
time (Supplementary Section 9).

The photocatalytic aerobic hydroxylation of phenylboronic
acids (Fig. 4a) is well known and therefore was identified as a relevant
benchmark reaction®”*, Its mechanism involves an initial electron
transfer between the excited photocatalyst and an electron donor
(Supplementary Fig. 89), for which DIPEA was a suitable choice.
Both [Ru(bpz),]*" and [Cr(dgp),]*" photocatalysed the reaction of
4-methoxyphenylboronic acid to 4-methoxyphenol, but at very dif-
ferent rates (Fig. 4b), despite the identical amount of light absorbed.

Based on’HNMR experiments (Supplementary Section 8.1), unwanted
side products were not formed in substantial quantities and the initial
product formation rates (v) were determined tobe 232 +4 mMh™!
with [Cr(dgp),]** and 848 + 77 mM h™' with [Ru(bpz),]*, respectively
(Fig. 4b), corresponding to a ratio of v(Ru")/v(Cr'") of 3.7 + 0.3. For the
initial product formation quantum yields, a ratio of ®@,(Ru")/®,(Cr")
of 3.3+ 0.4 (Supplementary Fig. 117) was obtained. These ratios
come close to the cage escape quantum yield ratio of @..(Ru")/®;
(Cr'"y=4.0+0.7 determined for the [Ru(bpz),]**~DIPEA and
[Cr(dqp),]*-DIPEA couples (Fig. 4c,j). Under the photocatalytic
reaction conditions, the difference between k, for the Ru" and Cr"
complexes was unimportant because excited-state quenching by pho-
toinduced electrontransfer was essentially quantitative in the presence
of 0.25 M DIPEA (Supplementary Section 8.1).

The debromination of a-bromoketones is another well-explored
benchmark photoredox reaction®*°; we chose to perform this reaction
with a different electron donor (DMT) that should result in a bigger
difference in the cage escape quantum yields for [Ru(bpz),]** and
[Cr(dgp),]* (Fig. 2d). Under the conditions used for the reductive
debromination of 2-bromoacetophenone (Fig. 4d), 99% of the 415 nm
excitation light was absorbed by the [Ru(bpz),]** and [Cr(dgp),]**
photocatalysts, and any background reactivity caused by the direct
absorption of light by the substrate was negligible (Supplementary

Nature Chemistry | Volume 16 | July 2024 | 1151-1159

1155


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-024-01482-4

a
[Cr(dqp)2]3+ (1.0 mol%) or
2+ o,
B(OH), [Ru(bpz);]<* (0.4 .mol %) OH
/@/ DIPEA (5 equiv.) /©/
MeO CD3CN/D,0 (4:1 viv) MeO
415 nm LED, air
b 100 c
v(Ru")/v(Cr") 5 D (RUM/D(Cr™)
801 =37:0.3 © =4.0£0.7

s ° £

S o * 2

S 404 ° LA 8

Ve o 2

20 | ¢ o kS

S aac &

O 1 — T T T T
0 2 4 6 8 10
t (h)

9

[Cr(dap),]** (1.0 mol%) or
[Ru(bpz)3]?* (0.4 mol%)

E;G MeNO, (5 equiv.)
> N
NS CD4CN ~

Ph Ph
415 nm LED, air
NO,
h 25 o
v(Ru"/v(cr™) ° s Dc(RU/De(Cr)
201=35+03 = 08 >5.0
15 £ o6
8 ° g o
[~ o
10 A ° 04
o 2
51 o A T 02
o 9 Ar A - &)
o a T T T T T o]
o 1 2 3 4 5 6 o 1 ) 5 4

t(us)

Fig.4 | Photoredox reactions performed with Ru and Cr catalysts.

a,d,g, Aerobic hydroxylation of 4-methoxyphenylboronicacid (a), reductive
debromination of 2-bromoacetophenone (d) and aza-Henry reaction (g). The
concentrations of [Ru(bpz),]** and [Cr(dqp),]* were adjusted to ensure equal
absorbance at theirradiation wavelength of 415 nm.b,e,h, The productyields ()
of 4-methoxyphenol (b), acetophenone (e) and THIQ-MeNO, (h) as a function of
irradiation time for [Ru(bpz),]** (green circles) and [Cr(dqp),]** (blue triangles).
Linear regression fits (orange lines) to the data points over the initial irradiation
period provide the initial product formation rates v(Ru") and v(Cr™"). ¢ f,i, Cage
escape quantum yields (@) obtained with the [Ru(bpy);]* reference (dark-grey
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traces), [Ru(bpz),]* (green traces) and [Cr(dqp),]** (dark-blue traces) and the
electron donors DIPEA (10 mM) (c), DMT (10 mM) (f) and THIQ (2 mM) (i), used
inthe photoredox reactionsina, d and g, respectively. For donor THIQ, only
anupper limit could be determined for & with [Cr(dgp),]*' (Supplementary
Section 7.10).j, Experimentally determined ratios of the cage escape quantum
yield (&), theinitial product formation rate (v) and the initial product formation
quantumyield (&) for [Ru(bpz);]*" and [Cr(dqp),]** in the three photochemical
reactionsina, d and g using DIPEA, DMT and THIQ, respectively, as electron
donors.

Section 8.2). Analogously to the aerobic hydroxylation reaction, the
initial stepisaphotoinduced electron transfer fromthe electron donor
to the photocatalyst (Supplementary Fig. 99)*, which, in the pres-
ence of 0.1 M DMT, is essentially quantitative and therefore not per-
formance limiting for either photocatalyst (Supplementary Section
8.2). Several side products, including a pinacol coupling product*
and a DMT dimer, were formed in minor amounts (Supplementary
Figs.99,101and 102), but the anticipated formation of acetophenone
clearly dominated. The initial product formation rates were deter-
mined tobe 2.07 + 0.06 mM h™with [Ru(bpz),]** and 0.24 + 0.0l mM h™!
with [Cr(dqp),]*" (Fig. 4e), corresponding to a v(Ru")/v(Cr™) ratio of
8.6 + 0.5. The ratio of the initial product formation quantum yields
@,(Ru")/®,(Cr')y was 8.4 + 0.9 (Supplementary Fig.118). Both of these
ratios come close to the ratio of the cage escape quantumyields, with
®ce(Ru")/@(Cr'") =10.6 + 1.3 for the DMT donor used here (Fig. 4f,j).
After successful cage escape, there was no measurable difference in
the onward reaction rates of the Ru" and Cr" complexes within the

limits of the experiments performed (Supplementary Section 8.2 and
Supplementary Fig.107).

Asathird example, we chose the visible light-mediated aza-Henry
reaction of nitromethane with THIQ (Fig. 4g), which is a frequently
explored photocatalytic process involving C-H activation****, This
reaction is known to occur by both the excitation of a photocatalyst
and direct excitation of THIQ (Supplementary Fig. 108)*. Control
experiments performed in the absence of photocatalyst confirmed this
earlier finding (Supplementary Fig.112) and signalled the formation of
aknown hydroperoxide side productand a THIQ dimer. In the presence
of 0.4 mol% [Ru(bpz),]** or 1.0 mol% [Cr(dqgp),]*, 87% of the 415 nm
excitation light was absorbed by the photocatalyst (Supplementary
Fig.109) and consequently some background reactivity involving the
direct excitation of THIQ cannot be excluded. Inthe aza-Henry reaction,
the electron donorisnotasacrificial reagentbutacts as the substrate,
hence the schemeinFig. 1a does not fully apply. Nonetheless, the initial
photoinduced electron transfer from THIQ to excited [Ru(bpz),]*" and
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[Cr(dqp),I* is quantitative given the relevant rate constants (k,, Fig. 2c)
and THIQ concentrations (50 mM; Supplementary Section 8.3). The
product formation rates were determined to be .97 + 0.12mM h™
for [Ru(bpz),]** and 0.56 + 0.04 mM h™* for [Cr(dqp),]** (Fig. 4h), cor-
responding to a v(Ru")/v(Cr'") ratio of 3.5 + 0.3, whereas a ratio of
@,(Ru")/@,(Cr'™") of 3.6 + 0.5 for THIQ-MeNO, formation was obtained
(Supplementary Fig. 119). These two ratios approach that of the cage
escape quantum yields @ (Ru")/®d(Cr') > 5.0 for the [Ru(bpz),]*-
THIQ and [Cr(dgp),]*'-THIQ donor-acceptor couples (Fig. 4i,j). The
cage escape quantumyield for the latter is at the detection limit, hence
only alower limit of 5.0 can be given for the ratio of @ values in this
case. The photoreaction with [Ru(bpz),]*" yielded appreciable amounts
ofaTHIQdimer (Supplementary Fig.110), which was not the case with
[Cr(dqp),I*" (Supplementary Fig. 111). When taking the formation of
this THIQ dimer side product into account, an overall reaction rate
ratio v(Ru")/v(Cr'") of 6.6 + 1.7 was obtained (Supplementary Fig. 115).
Overall, the key finding from these three photoredox reactions
(Fig.4) isthat theinitial product formationrates (v) and the initial prod-
uct formation quantumyields (&,) extracted from the photocatalysis
experiments correlate with the cage escape quantum yields (&),
determined by transient absorption spectroscopy (Fig. 4j).

Conclusions
The *MLCT-excited [Ru(bpz),]** and the spin-flip excited states of
[Cr(dgp),]*" underwent photoinduced electron-transfer reactions
with12 amine-based electron donors similarly well, but provided cage
escape quantumyields differing by up to an order of magnitude. Inthree
exemplary benchmark photoredox reactions performed with different
electron donors, the differences in the reaction rates observed when
using either [Ru(bpz),]** or [Cr(dqp),]** as photocatalyst correlated with
the magnitude of the cage escape quantumyields. These correlations
indicate that the cage escape quantumyields play adecisiverolein the
reactionrates and quantum efficiencies of the photoredox reactions,
andalsoillustrate that luminescence quenching experiments are insuf-
ficient for obtaining quantitative insightsinto photoredox reactivity.
From apurely physical chemistry perspective, these findings are
not a priori surprising as the rate of photoproduct formation in an
overallreaction comprising several consecutive elementary steps can
be expressed as the product of the quantumyields of the individual ele-
mentary steps**. Arecent report on solvent-dependent cage escape
and photoredox studies suggested that the correlations between
photoredox product formationrates and cage escape quantumyields
mightbe observable”, but we are unaware of previous reports that have
been able to demonstrate that the rate of product formationin several
batch-type photoreactions correlates with the cage escape quantum
yields determined from laser experiments. Synthetic photochemistry
and mechanistic investigations are often conducted under substan-
tially different conditions, which canlead to controversial discrepan-
cies”™*, whereas here their mutual agreement seems remarkable,
particularly given the complexity of the overall reactions.
Theavailable dataand the presented analysis suggest that the dif-
ferent cage escape behaviours of [Ru(bpz),]** and [Cr(dqp),]** originate
in the fact that for any given electron donor, in-cage reverse electron
transferis-0.3 eV more exergonic for the Ru" complex than for the Cr"
complex. Thermal reverse electron transfer between caged radical
pairstherefore occurs more deeply inthe Marcus inverted region with
[Ru(bpz),]* thanwith [Cr(dqp),]**, decelerating in-cage charge recom-
bination in the Ru" complex and increasing the cage escape quantum
yields compared with the Cr" complex (Fig. 3d). Previous transient
absorption studies have already noted the special role of the Marcus
inverted region in in-cage charge recombination'>*, and recent work
onlight-driven metal reduction processes with Ir'" complexes revealed
that cage escape quantum yields depend substantially on Marcus
theory considerations of the photocatalyst and are highly relevant to
the reaction efficiency in photoredox catalysis.

Our study demonstrates how the nature and redox properties of
the photocatalyst affect the cage escape quantumyields and the achiev-
able photoredox reaction rates, as well as the overall photoreaction
quantumyields. Choosing a photocatalyst that makes in-cage charge
recombinationwithagivenreactantashighly exergonic as possible (rel-
ative tothereorganization energy) could represent agenerally useful
strategy for maximizing cage escape quantumyields and consequently
photoredox reaction rates and quantum yields. Particularly strongly
oxidizing or reducing photocatalysts®~2, ideally in combination with
high excited-state energies, could be advantageous for that purpose.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
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