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The excited-state reactivity of nine rare and earth-abundant photosensitizers with
a series of aryl diazonium derivatives was investigated by means of steady-state
and time-resolved spectroscopic techniques. The efficiency with which the
oxidized and reduced species separate after electron transfer (i.e., the cage-
escape yields) was quantified with several photosensitizers and ranged from 18%
to 100%. Fe(lll) photosensitizers exhibited both light and dark reactivity with aryl

diazonium salts. A novel kinetic model was developed to account for these
observations.
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Photosensitized activation of diazonium

derivatives for C—B bond formation

Alexia Ripak," Simon De Kreijger,’ Renato N. Sampaio,” Cooper A. Vincent,* Emilie Cauét,”
lvan Jabin,> Uttam K. Tambar,* Benjamin Elias,” and Ludovic Troian-Gautier’-¢*

SUMMARY

Aryl diazonium salts are ubiquitous building blocks in chemistry, as
they are useful radical precursors in organic synthesis as well as
for the functionalization of solid materials. They can be reduced
electrochemically or through a photo-induced electron transfer re-
action. Here, we provide a detailed picture of the ground- and
excited-state reactivity of a series of nine rare and earth-abundant
photosensitizers with 13 aryl diazonium salts, which also included
three macrocyclic calix[4]arene tetradiazonium salts. Nanosecond
transient absorption spectroscopy confirmed the occurrence of
excited-state electron transfer and was used to quantify cage-
escape yields (i.e., the efficiency with which the formed radicals
separate and escape the solvent cage). Cage-escape yields were
large; they increased when the driving force for photo-induced elec-
tron transfer increased and also tracked with the C-N," bond cleav-
age propensity, among others. A photo-induced borylation reaction
was then investigated with all the photosensitizers and proceeded
with yields between 9% and 74%.

INTRODUCTION

Diazonium salts, first prepared by Peter Griess in the late 1850s,’ represent a well-
known class of reactive molecules that have always attracted much attention
because of their interesting chemistry as well as ease of preparation.? Indeed, diaz-
otization is simply performed by reacting the parent aniline with a nitroso group,
either formed in situ via the reaction of NaNO, with HCl for example, or via commer-
cial derivatives such as ‘BuONO or NOBF,. The main drawback of aryl diazonium
derivatives is their lack of thermal stability, which can result in more challenging
handling. Stability is usually increased when diazonium derivatives are isolated as
tetrafluoroborate salts.

Despite this, diazonium salts have found numerous applications, and probably the
most widespread one is in the dyeing industry, as the azo-coupling reactions often
yield intensely colored pigments. Organic chemists have taken an interest in the
ease with which the N, group can be displaced, and this displacement was histori-
cally used in the Sandmeyer, Pschorr, Gomberg-Bachmann, Meerwein, or Balz-
Schiemann reactions and is nowadays commonly used in (transition metal catalyzed)
aryl C—C and aryl C-heteroatom bond formation.? With the exception of the Balz-
Schiemann reaction, which occurs via thermal or light activation, these historic reac-
tions proceed via the exogenous reduction of aryl diazonium salts using a (sacrificial)
electron donor, where the chemical reduction generates the corresponding reactive
aryl radical and the inert N, gas. The resulting radical can then be used to drive a

THE BIGGER PICTURE
Factors controlling excited-state
reactivity are of paramount
importance, as a better
understanding of these would
yield more efficient photo-
induced processes. This is
relevant not only for photoredox
catalysis but also for all fields that
use light to trigger reactions,
which include—but are not limited
to—photochemotherapy and
solar fuel formation such as water
oxidation, halide oxidation, and
proton or carbon dioxide
reduction. Here, we investigated
reactions between a large series
of Ru(ll), Os(Il), Ir(l11), Cu(l), and
Fe(lll) photosensitizers and 13
diazonium salts, which included
macrocyclic derivatives. Clear
explanations of dark and excited-
state reactivity are provided. The
efficiencies of formation of
charge-separated products (also
termed cage-escape yields)
generating radical species of
paramount importance for
additional targeted
transformation were quantified in
different media and with varying
driving force for electron transfer.
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plethora of organic chemistry transformation.””” Alternatively, the radicals can also
be used for surface modification of conducting, semi-conducting, and insulating sur-

faces as well as nanoparticles, as pioneered by Pinson et al. in the 1990s.%%°""

Aryl diazonium salts are also very versatile reagents in photoredox catalysis, where
they can be reduced via excited-state electron transfer from a photosensitizer (PS).
In 1984, Cano-Yelo and Deronzier reported one of the first visible-light-activated
Pschorr reactions using the prototypical [Ru(bpy)3]2+ PS."213 |n this example, the
photochemical approach led to intramolecular cyclization with 100% yield, whereas
the thermal dark pathway led to lower yields and isomeric side-products. This reac-
tion sparked a renewed interest in photo-redox catalysis and its use toward the acti-
vation of aryl diazonium derivatives.

The photophysical scheme governing the photoreaction, including the different
steps relevant for the present study, is presented in Scheme 1. Photon absorption
by the PS leads to the formation of an excited state (PS*) that can diffuse to generate
an encounter complex with the quencher, 4-MeO-benzene diazonium in this case. A
geminate radical pair composed of the oxidized PS (PS"*) and the reduced diazo-
nium moiety is then formed if the driving force for electron transfer is favorable.
This geminate radical pair can either undergo geminate charge recombination
(kgcr) to form the initial reactants or, more interestingly for the field of photoredox
catalysis, undergo cage escape (¢cg) to generate the separated, charged species
(Scheme 1). The solvent separated radicals can either undergo back-electron trans-
fer (kget) or bond dissociation of the reduced diazonium can occur, freeing the inert
N, gas and the reactive aryl radical for further reactivity. Often mentioned in the liter-
ature is the regeneration of the ground-state photosensitizer via oxidation of an
organic intermediate at a given stage within the reaction scheme (PS™™ to PS in
Scheme 1).

Numerous examples of the use of aryl diazonium in photoredox catalysis have since
emerged. Kénig et al. used these substrates for the direct C-H arylation of furan,
thiophene, and Boc-protected pyrrole scaffolds.’* Tlili et al. also recently reported
the conversion of aryl diazonium salts into arylsulfonyl fluorides using DABSO,
KHF,, and a cyanoarene PS (3DPAFIPN)."® Sandford et al. reported the ligand-
directed C-H arylation reaction using aryl diazonium salts through the merger of
palladium-catalyzed C-H functionalization and visible-light photoredox catalysis
with a [Ru(b|oy)3]2+ PS.16 Finally, Yan et al. used Eosin Y as PS for the visible-light-
induced borylation of aryldiazonium salts."” Several reviews are dedicated to the
(photo)chemical reduction of aryl diazoniums for organic chemistry and surface

modification.?”’

In light of the widespread applicability of photosensitized aryl diazonium activation,
we became interested in understanding key factors that govern their excited-state
reactivity, product separation after electron transfer, and N, dissociation (Scheme
1). To reach that goal, a series of nine rare and earth-abundant transition metal
PSs were selected. This permitted tuning of ground- and excited-state redox prop-
erties, nature of excited-state transitions, as well as modulation of the visible absorp-
tion range. We investigated their excited-state reactivity with a series of 13 aryl
diazonium salts, which included three macrocyclic calix[4]arene tetradiazonium
derivatives,*'" using a variety of steady-state and time-resolved spectroscopic
techniques. The emphasis was placed on determining mechanistically relevant infor-
mation that would be useful for the future design of catalytic photoredox
transformations.
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Scheme 1. Photophysical and photochemical scheme describing the reaction between a PS and 4-MeO-benzene diazonium (Q) under irradiation
The successive reaction is a representative example reported by Kénig et al.'*

RESULTS AND DISCUSSION

Synthesis

Figure 1 displays the structure of the nine PSs as well as the ten aryl diazonium and
three calix[4]arene tetradiazonium derivatives included in this study. Most of the PSs
were either commercially available or were synthesized via reported procedures.'®*°
[Fe(Br-phtmeimb),]*, where Br-phtmeimb is tris(3-methylimidazolium-1-yl)(4-Br-
phenyl)borate, was synthesized by reacting FeBr, and Br-phtmeimb in anhydrous
THF atroom temperature for 48 h. Warnmark et al. very recently reported the synthesis
of [Fe(Br-phtmeimb),]*, which occurred with similar yields but in much shorter reaction
times in anhydrous DMF.?" Br-phtmeimb was synthesized in two steps starting from (4-
bromophenyl)-trimethylsilane that first underwent reaction with BBr3 in dichlorome-
thane at —78°C following a related procedure reported by Kaufmann in 1987.7” The
resulting 4-bromo-dibromophenylborane was directly reacted with imidazole in
toluene in the presence of TMSCI, similarly to the procedure reported by Smith
et al.”® The use of TMSCI allowed for easier recovery of tris(3-methylimidazolium-1-
yl)(@4-Br-phenyl)borate in 80% yield over two steps after ion metathesis
using ammonium hexafluorophosphate in water. The different diazonium derivatives
were either commercially available or were synthesized by reaction of the parent an-
iline with NOBF, in acetonitrile at —40°C for 2 h.'?* The diazonium salts were ob-
tained in almost quantitative yields following several washing steps. As depicted in
Figure 1, the aryl diazonium salts were para substituted with several electron
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A Rare Earth Transition Metal Photosensitizers

[Ru(bpy),]** [Os(bpy)s]** [Ir((dFCF3)ppy),(dtb)]* [Ir(ppy),(dtb)]* [Ir(PpY)3l

B Earth Abundant Transition Metal Photosensitizers

[Cu(bcp)(DPEPhos)]* [Cu(bep),]* [Fe(phtmeimb),]* [Fe(Br-phtmeimb),]*

C Aryl Diazonium and Calix[4]arene tetradiazonium derivatives

¢ F
0.0 0._0 F_F 0. .0
ST NS o~ 3 \jr Br z f SN
N* Ny* N" N N,* N Ny* Ny* Ny* Ny*

o -0.83 -0.72 -0.27 -0.15 -0.15 0 0.23 0.45 0.54 0.78

\

Hoo»/vw HA, Y.

N,*
X4-A x4 X4-C

Figure 1. Structures of the PSs and aryl diazonium derivatives

Structures of the different rare (A) and earth-abundant (B) PSs isolated as hexafluorophosphate salts (when charged) as well as (C) the calix[4]arene
tetradiazonium and aryl diazonium salts investigated herein, including their respective Hammett parameter (). All overall positively charged diazonium
derivatives had tetrafluoroborate counter ion(s).

donating/withdrawing groups that permitted tuning of the Hammett parameter (o)
from —0.83 for 4-(N,N)-diethylamine benzene diazonium tetrafluoroborate to 0.78
for the 4-nitrobenzene diazonium tetrafluoroborate analogue.”” The calix[4]arene
tetradiazonium derivatives are particularly interesting substrates as they represent
polydiazonium compounds that have not been investigated thus far for excited-state
quenching applications. In addition, tetrasubstituted calix[4]arenes represent a very
important class of macrocyclic compounds, and developing strategies to poly-
functionalize these macrocycle is therefore essential.””® The possibility to trigger
light-activated processes using these compounds could in the future lead to a new
class of synthetic approaches toward these macrocyclic derivatives.

Ground- and excited-state properties
The ground-state absorption spectra of the different PSs were recorded in argon-
purged acetonitrile at room temperature (Figure 2). The three Ir(lll) PSs exhibited
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Figure 2. Absorption and PL spectra

of [Ir(ppy)s] (green), [Ir(ppy)2(dtb)]* (dark green), [Ir((dFCF3)ppy)a(dtb)]* (blue), [Ru(bpy)s]>*
(orange), [Os(bpy)sl** (red), [Fe(phtmeimb),]* (pink), [Fe(Br-phtmeimb),]* (violet), [Cu(bep)a]”
(black, recorded in dichloromethane), and [Cu(bcp)(DPEPhos)]" (light blue) recorded at room
temperature in argon-purged acetonitrile.

moderate absorption features at wavelengths greater than 400 nm, and [Ru(bpy)3]2+
exhibited the classical singlet metal-to-ligand charge transfer ("MLCT) band around
450 nm with molar absorption coefficient of 12,000 M~'em~".2”2? Similar "MLCT
transitions were observed for [Os(bpy)3]2+ with a slightly larger molar absorption co-
efficient. In addition, direct MLCT excitation at wavelengths greater than 550 nm
were also observed due to the larger spin-orbit coupling conferred by the heavier
Os(ll) center.?’*° The heteroleptic [Cu(bcp)(DPEPhos)]™ absorbed very weakly in
the visible region, whereas [Cu(bcp)z]* exhibited intense "MLCT transitions with
molar absorption coefficients around 13,000 M~ 'em™" at 480 nm.>"34 Finally,
both Fe(lll) PSs exhibited a doublet ligand-to-metal charge transfer band at
500 nm with a molar absorption coefficient of 2,950 M~'ecm™".?>?! The introduction
of Br groups had no significantimpact on the UV-visible (UV-vis) absorption features.

Excitation of the different PSs in acetonitrile within the visible range of the solar
spectrum led to room temperature (PL) that ranged from 472 nm for [Ir((dFCF3)
ppY)2(dtb)]* to 737 nm for [Os(bpy)s]**. Note that the emission of [Cu(bcp),]*
was extremely weak in acetonitrile under argon and was thus recorded in dichloro-
methane. Time-resolved measurements of the PL in argon-purged acetonitrile
containing 0.1 M TBABF, were well described by first-order kinetics, which yielded
excited-state lifetimes ranging from 2 to 2010 ns (Table 1). The decision to perform
measurements in 0.1 M TBABF, was motivated by the desire to work at fixed ionic
strength to avoid further salt effects that could have originated upon the titration
of aryl diazonium tetrafluoroborate derivatives (vide infra). For [Fe(phtmeimb),]™
and [Fe(Br-phtmeimb),]”™, the excited-state lifetimes were obtained through
reconvolution of the instrument response function (IRF) and a simulated single-
exponential function to model the measured decay in signal (Figures S88-595).

Chem Catalysis 3, 100490, February 16, 2023
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Table 1. Excited-state lifetimes of the nine PSs in different media

CHCN CH3CN + 0.1 M TBABF,
PS 7 (ns)? 7 (ns)® 7 (ns)? 7 (ns)®
[Ru(bpy)sl** 193 850 165 890
[Os(bpy)sl** 39 57 37 55
[If(dFCF3)ppy)a(dtb)]* 157 2,010 142 1,890
[Ir(ppy)2(dtb)]* 63 554 64 543
[Cu(bcp)(DPEPhos)I* 120 1,100 153 1,050
[Cu(bep)a] ™ 50 58 34 35
[Fe(Br-phtmeimb),]* 2 2 2 2
[Fe(phtmeimb),]* 2 2 2 2
[Ir(ppy)s] 45 1,400 24 1,420

°Recorded under air.
PRecorded under argon.
“Recorded in dichloromethane.

This yielded an excited-state lifetime of 2 ns for [Fe(phtmeimb)]™ as well as for

[Fe(Br-phtmeimb)]™, in agreement with literature values.?%?!

Cyclic voltammetry and differential pulse voltammetry (DPV) allowed determination
of the reduction potentials of the different aryl diazoniums and PSs. In Table 2, the
PSs are sorted according to their excited-state oxidation potential Eo.*; i.e., accord-
ing to their ability to release one electron from their excited state. The energy stored
in the excited state (Eqo) was estimated using the generalizable method of extrapo-
lating a tangent line on the blue edge of the corrected PL spectrum to the emission
baseline.>>” The excited-state redox potentials were then determined using Eqg
and the following equations:

Efeg = Ered+Eo (Equation 1a)

Eo = Eox — Eoo (Equation 1b)

The values obtained from these equations matched those reported in the litera-
ture.”"? %1259 [Ru(bpy)s]**, [Os(bpy)sl**, [Ir((dFCF3)ppy)a(dtb)]”, [If(ppy)2(dtb)]”,
and [Cu(bcp)(DPEPhos)]* exhibit similar excited-state oxidation potentials ranging
from —0.63 to —0.78 V versus NHE. The largest difference between those PSs stems
from the ground-state oxidation potentials, which range from 1.02 V versus NHE for
[Os(bpy)3]2+ to +1.93 V versus NHE for [Ir((dFCF3)ppy)2(dtb)]™. [Ir(ppy)sl, [Fe(pht-
meimb),]*, and [Fe(Br-phtmeimb),]* are the strongest reductants in their excited
state, with Eq,* of —1.49, —1.29, and —1.23 V versus NHE, respectively. They exhibit
ground-state oxidation potentials of +1.01, +0.85, and +0.91 V versus NHE for
[Ir(ppy)s], [Fe(phtmeimb),]™, and [Fe(Br-phtmeimb),]*, respectively.

The aryl diazonium reduction waves were irreversible, and the corresponding
potentials were estimated by DPV. Reduction potentials ranged from —0.51
to 0.77 V versus NHE and trended linearly with their Hammett parameters
(Figure 3A).

Excited-state quenching

The electrochemical data and the excited-state redox properties suggested that
excited-state electron transfer from the PSs to the aryl diazonium derivatives would
be in all cases thermodynamically favorable as diazonium derivatives possess reduc-
tion potentials in the —0.5 to +0.8 V versus NHE range. Hence, time-resolved Stern-
Volmer titration were carried out with all PSs, with the exception of both Fe(lll) PSs

6 Chem Catalysis 3, 100490, February 16, 2023
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Table 2. Electrochemical properties of the nine PSs

Ground state Excited state
PS Eox™” Ered™” Eox*” Ered*®
[Ru(bpy)sl** +1.50 —1.11 —0.63 +1.02
[Os(bpy)sl** +1.02 -1.06 ~0.65 +0.61
[Ir(dFCF3)ppy)2(dtb)] +1.93 ~1.13 —0.65 +1.45
[Ir(ppy)a(dtb)]* +1.45 -1.27 -0.72 +0.90
[Cu(bcp)(DPEPhos)I* +1.49 —1.40 -0.78 +0.87
[Cu(bep)a]* +0.92 —-1.38 —1.05 +0.59
[Fe(Br-phtmeimb),]* +0.91 —0.51 -1.23 +1.58
[Fe(phtmeimb),]* +0.85 -0.56 -1.29 +1.63
[Ir(ppy)s] +1.01 —1.95 —1.49 +0.55

®Recorded in CH3CN containing 0.1 M TBAPF,.
®In V versus NHE.

that were instead investigated via steady-state PL quenching experiments. Both
copper complexes were also studied but showed lack of stability and are hence
not presented herein. All steady-state and time-resolved quenching experiments
were carried out in argon-purged acetonitrile containing 0.1 M TBABF,. The lifetime
of the PSs in acetonitrile and acetonitrile containing 0.1 M TBABF, are reported in
Table 1. We chose to work at fixed ionic strength to avoid salt effects that could
have originated upon the titration of aryl diazonium tetrafluoroborate derivatives.
A representative example of the excited-state quenching of [Ir(ppy)s] with 4-MeO-
benzene diazonium is presented in Figure 3B. In almost all cases, the gradual in-
crease of quencher concentration led to appreciable quenching of the PS's
excited-state lifetime (Figures S1-566). In some cases, additional static quenching
was observed by a decrease of the initial time-resolved PL amplitude. The quench-
ing rate constants (kg) obtained with [Ru(bpy)3]2+, [Os(bpy)3]2+, [Ir((dFCF3)ppy)2(dtb)
1™, [Ir(ppy)2(dtb)]™, and [Ir(ppy)s] with all the diazonium derivatives were in the (1.08-
25.1) x 10° M~'s™" range (i.e., close to the solvent diffusion limit). These values are
compiledin Table 3. These quenching rate constants increased with the driving force
for electron transfer (Figure 3D), before reaching a plateau when [Ir(ppy)s], the PS
with the highest excited-state oxidation potential, was used. This plateau was
reached at a driving force of around ~AGgr = ~1.2 €V, which is in line with or slightly
larger than the ~1 eV commonly observed in the literature for other systems.*'~*°
Interestingly, the quenching rate constants also trended with Hammett parameters
(Figure 3C). In all cases, a similar slope afforded reasonable fits of the data. The calix
[4]arene tetradiazonium derivatives exhibited quenching rate constants that were
slightly larger than the other ether derivatives (i.e., 4-MeO-benzene diazonium).
This probably originates from the fact that the concentration of quencher, i.e.,
calix[4]arene, is taken into consideration when determining the quenching rate con-
stant, and not the concentration of diazonium unit. In addition, most Stern-Volmer
plots with calix[4]arenre tetradiazonium moiety exhibited downward curvature at
higher concentrations. The reasons for such downward curvature are still unknown
but could stem from changes in concentration of quencher during the experiments
or from possible intramolecular side-reactions upon reduction.

Unfortunately, neither copper complexes remained stable enough in 0.1 M TBABF,
CH3CN solution during the experiment to afford unambiguous quenching rate con-
stants. This was in line with the well-established heteroleptic to homoleptic conver-
sion*®*” via a ligand association-dissociation mechanism that occurs more rapidly in

coordinating solvents, such as acetonitrile,*® than in non-coordinating ones such as
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Figure 3. Electrochemical and excited-state characterization

(A) Reduction potential of the aryl diazonium as a function of Hammett parameters (o) recorded in 0.1 M TBAPF, CH3CN electrolyte at room
temperature.

(B) Time-resolved PL quenching experiments and Stern-Volmer plot (inset) of [Ir(ppy)]; with increased concentration of 4-MeO-benzene diazonium.
Experiments were carried out under argon in 0.1 M TBABF, CH3CN solutions.

(C) Bimolecular quenching rate constants (kg) as a function of Hammett parameters (o) and (D) as a function of driving force (AG), for [Ir(ppy)s] (green),
[Irepy)2(dtb)]* (dark green), [Ir((dFCFs)ppy)a(dthb)]* (blue), [Ru(bpy)sl** (orange), and [Os(bpy)s]?* (red).

dichloromethane.®” This process was also shown to occur upon oxidation of Cu(l) to
Cu(ll), either electrochemically®® or under illumination.?"*? Surprisingly, despite a
large driving force for electron transfer, the Fe(lll) complexes did not exhibit
appreciable excited-state quenching (Figures S65 and S66). The possibility to
perform excited-state oxidative quenching of [Fe(phtmeimb),]* was already
realized by Warnmark and coworkers using methylviologen with concentrations
ranging from 10 to 500 mM.?° We observed similar results when methylviologen
was used with [Fe(phtmeimb),]* or [Fe(Br-phtmeimb),]*, with kg of 1.8 x 107 and
1.6 x 10 M~"s™", respectively. We were unable to increase the concentration range
of 4-MeO-benzenediazonium to reach those used for the quenching by methylviol-
ogen, as dark reactivity was observed concomitantly, as will be further described
(vide infra).
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Table 3. Quenching rate constant (k;) and numerical value of Hammett parameters (c) for the
indicated PS/aryl diazonium combinations

Diazonium (c) [Ru(bpy)s]**® [Os(bpy)s®*® [Ir(ppy)sl® [Ir(dFCF3)ppy)a(dtb)]™® [Ir(ppy)a(dtb)]*

NMe, (—0.83) 1.08 1.67 8.97 1.43 2.25
NEt, (—0.72) 1.34 2.25 11.8 2.86 3.1
MeO (-0.27) 1.51 2.59 13.2 1.84 3.52
CyHiq (~0.15) 2.37 4.83 12.1 2.49 4.32
Et (~0.15) 2.37 4.12 16.1 2.52 3.93
COO™ (0) 2.43 3.67 7.24 2.30 3.42
Br (0.23) 5.33 7.11 17.9 4.74 7.06
COOEt (0.45) 5.52 6.08 12.5 4.24 5.92
CF5 (0.54) 6.71 6.17 17.2 4.78 6.53
NO,(0.78) 103 25.1 20.2 9.07 10.9
Xa-A 4.37 10.8 20.5 5.59 10.3
X4-B 4.37 7.30 11.5 3.18 8.68
X4-C 5.70 10.2 16.7 5.12 10.0

2k, (x107 M~"s™"). Experiments were carried out at room temperature in argon-purged acetonitrile con-
taining 0.1 M TBABF, electrolyte.

Photolysis

The quenching rate constants highlight that the five rare earth transition metal com-
plexes were able to photo-react, supposedly via excited-state electron transfer, with
all the aryl diazonium derivatives. Thermodynamically, all earth-abundant PSs
should also be able to undergo excited-state reactivity with the diazonium. In an
attempt to corroborate the excited-state reactivity, or lack thereof, and to further
investigate the issue of photostability noted for the copper complexes, we per-
formed photolysis experiments.’ These were carried out with the different PSs in
the presence of 30 mM 4-MeO-benzene diazonium in argon-purged acetonitrile.
Three main pieces of information were expected from these photolysis experiments.
The first one was to determine whether excited-state electron transfer can occur,
even for the PSs for which excited-state quenching could not be monitored. This
investigation is crucial for future transient absorption measurements as well as for
photoredox catalytic measurements. The second one was the photostability of the
PS in the ground and oxidized form in the presence of 30 mM 4-MeO-benzene dia-
zonium. The third one was to obtain the molar absorption coefficient of the oxidized
and reduced PSs. This is important for measurements of cage-escape yields (vide
infra) that require Ae values.

A typical photolysis experiment is presented in Figure 4 with [Os(bpy)3]** and with
[Fe(phtmeimb),]*. lllumination of a solution of [Os(bpy)3]2+ with 30 mM 4-MeO-
benzene diazonium led to the gradual bleach of the MLCT transitions within
10 min of continuous irradiation, indicative of the formation of Os(lll). Ascorbic
acid was then added to test reversibility, which allowed for the immediate recovery
of the authentic [Os(bpy)3]2+ spectra. The slight difference observed between the
original spectra and the one after the addition of ascorbic acid stems from a combi-
nation of the absorbance of reduced aromatic compounds that tails into the visible
range as well as some scattering induced by the moderately soluble ascorbic acid.
When [Fe(phtmeimb),]* was used, in conditions where no dark reactivity occurs
(vide infra), illumination for 60 min led to the gradual bleach of the 2LMCT transition
accompanied by the concomitant growth of a broad absorbance centered around
700 nm. This band was previously attributed to the formation of Fe(IV) species.””
The longer irradiation time probably stems from smaller quenching rate constant,
lower cage-escape yields, or the fact that the excited-state electron transfer from
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Figure 4. Photolysis experiments

Photolysis experiments of [Os(bpy)s]?* (left) and [Fe(phtmeimb),]* (right) in argon-purged
acetonitrile in the presence of 30 mM MeO-benzene diazonium. Reversibility was assessed through
the addition of ascorbic acid at the end of the photolysis experiment (red dashed lines).

the iron-localized excited state to the diazonium could be kinetically slow. Neverthe-
less, the formation of Fe(lV) was also reversible, as observed by the recovery of the
initial 2LMCT transition upon the addition of ascorbic acid. Similar reactivity was
observed for [Fe(Br-phtmeimb),]™, which exhibited a molar absorption coefficient
for the Fe(IV) form of 7,030 M~"em™" (Figure S75). Reversibility was also observed
with [Ru(bpy)g,]2+ (Figure S79). [Ir(ppy)s] seemed to exhibit some degree of irrevers-
ibility under these conditions (Figure S78), whereas, for the two other iridium com-
plexes, the changes in absorption spectra upon photolysis were too small to unam-
biguously discuss reversibility (Figures S76 and S77). We also encountered partial
reversibility for [Cu(bep),]™ (Figure S73) and observed the growth of a peak around
480 nm when [Cu(bcp)(DPEPhos)]* was used, consistent with the in situ formation of
[Cu(bep)2]® upon illumination in these conditions, as already known in the literature

for similar complexes (Figure §74).48:54

Dark reactivity

As mentioned before, reactivity in the dark was observed when [Fe(phtmeimb),]*
or [Fe(Br-phtmeimb),]* was mixed with selected diazonium salts. For example, in
a solution mixture containing 4-Br-benzene diazonium, the bright red color of
[Fe(phtmeimb),]™ gradually changed to a persistent blue, which was unambigu-
ously attributed to the formation of Fe(lV). Also, when the more electron-deficient
4-NO,-benzene diazonium was used as the oxidant, the Fe(IV/Ill) color change was
almost instantaneous to the unaided eye. These qualitative observations were fully
consistent with a ground-state thermal electron transfer, despite thermodynamic
predictions suggesting a highly endergonic AG of 0.80 eV for electron transfer
based on the one-electron reduction potentials; i.e., Eqo(Fe™y = 0.85 V versus
NHE and 4-Br-benzene diazonium reduction (Eq/2(Br-N,%*"?) = 0.05 V versus
NHE). When, instead, the more electron rich 4-MeO-benzene diazonium was
used, the solution mixture maintained the Fe(lll) red color for several hours, indi-
cating that the thermal electron transfer was significantly inhibited in these exper-
imental conditions.

The reaction sequence for the net activation of the diazonium substrates in the dark
is described here by a consecutive irreversible chemical reaction with a reversible

electron transfer step according to Equation 2.

k
Fe(lll) + R — N;E—‘iFe(IV) + R’Nnge(IV) + R +Naz(g) (Equation 2)
=1
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Figure 5. Dark reactivity of [Fe(phtmeimb),]* with 4-Br-benzene diazonium

Absorption changes (left) recorded in acetonitrile at selected time intervals for a solution of
[Fe(phtmeimb),]* (230 pM) in the presence of 20 mM 4-Br-benzene diazonium. Absorption changes
recorded at 700 nm (right) at different concentration of 4-Br-benzene diazonium. The inset shows
the observed rate at each concentration that was used to determine the rate constant for electron
transfer. This rate constant was used, in concert with Equations 2.1-2.3, to fit the absorption
changes at 700 nm.

Quantitatively, Equation 2 is expressed by a set of coupled differential equations
that describe the time-dependent concentration changes of all reactants and

products,
d[in”’)] = d[g:'; . _ d[Fz(t'V)] = — ke[Fe(IIN][RN ] +k_1[Fe(IV)][R"Na]

(Equation 2.1)

d[RN] _

o0 — ko[R*Nz] — k_4[Fe(IV)][R"No] (Equation 2.2)

% = ka[R"Ng] (Equation 2.3)

To test the proposed reaction pathway described by Equation 2, solution mixtures of
230 uM [Fe(phtmeimb),]* were prepared at various concentrations of Br-benzene
diazonium, and the changes in absorption were monitored as a function of time.
Kinetic traces monitored at 700 nm (Figure 5) or at 500 nm (Figure S110), which
were representative of Fe(lV) formation, were analyzed by two different—but com-
plementary—methods. First, by reasonably assuming k, >> k4, the kinetics of Equa-
tion 2 reduces to a single first-order kinetic reaction under the steady-state approx-
imation, with k; being the rate-determining step. A linear fit of the observed rates
plotted against the concentration of diazonium provided a rate constant k; of 0.115
[V (Figure 5).

The kinetic traces in Figure 5 were then analyzed by numerically fitting the data to the
set of differential equations using ky = 0.115 M~ 's™" as a fixed input parameter. The
reverse rate constant k_; was substituted by the relationship k_y = ki/Keq, where
Keq = exp(-AG/RT) with AG = 0.80 eV (at 298 K) as the initial guess. A global analysis
of the kinetic traces in Figure 5 produced the best fits when AG = 0.66 eV (K.q =
8 x 107" and k, < 1.0 x 108 s™". Values for the dissociation constant of R'N, faster
than 10 ns did not significantly improve the quality of the fit; in contrast, slower
values of k; allow the reversible electron transfer, controlled by k_;, to compete
kinetically with the irreversible R'N, dissociation step. Using the value of AG =
0.66 eV, and the Fe(IV/Ill) redox potential, the one-electron reduction potential for
4-Br-benzene diazonium was estimated at 0.19 V versus NHE. This value is about
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0.14V more positive than that estimated by DPV measurements, and naturally raised
questions as to whether DPV or cyclic voltammetry methods provide accurate reduc-
tion potentials for irreversible reduction events, as observed for the series of ben-
zene-substituted diazonium compounds.

In a pure reversible equilibrium, highly endergonic electron transfer reactions are
often considered improbable when, in reality, a dynamic equilibrium exists where
the concentrations of reactants and products are thermodynamically controlled by
the balance of opposing forward and reverse rate constants, or the equilibrium con-
stant. For reactions such as the one described by Equation 2, the presence of a fast
and irreversible chemical step—the dissociation of R"N; that frees N,—creates a re-
action sink for the reversible electron transfer that shifts the product concentrations
toward the right-hand side of Equation 2, in agreement with the Le Chatelier
principle.

Transient absorption spectroscopy

Nanosecond transient absorption was then carried out to provide evidence that
oxidative excited-state electron transfer was indeed occurring. First, the excited-
state absorption spectra were recorded for the different PSs. Representative exam-
ples for [Os(b|oy)3]2Jr and [Ir(ppy)s] are shown in Figure 6, whereas the transient
absorption spectra of [Ru(bpy)sl?*, [Il(dFCF3)ppy)a(dtb)]*, and [Ir(ppy)a(dtb)]* are
gathered in the supporting information (Figures S67-572). The excited-state
absorption spectra of [Os(bpy)3]2+ was typical for this class of PS; i.e., a ground-
state bleach associated with the MLCT transitions, and positive absorption features
below 410 nm and above 690 nm attributed to transition located on the reduced
2,2'-bipyridine following metal-to-ligand charge transfer. The transient absorption
spectra, monitored at 490 nm, decayed with the same time constant as the one
determined via time-resolved PL measurements. When similar experiments were
carried out in the presence of 30 mM 4-MeO-benzene diazonium tetrafluoroborate,
bleached signals were observed in almost the entire spectral window. The absence
of positive absorption features coupled with the extremely long (greater than 300 ps)
lifetime of the transient species are clear indicators of excited-state electron transfer
and formation of the corresponding Os(l1l) center.

Similar results were obtained for [Ir(ppy)s] in argon-purged acetonitrile. The excited-
state absorption spectra exhibited a bleach around 400 nm accompanied by positive
absorption features below 370 nm and above 440 nm. Recovery of the ground-state
bleach occurred with a similar rate as the one determined by time-resolved PL mea-
surements. In the presence of 30 mM 4-MeO-benzene diazonium tetrafluoroborate,
bleached signals were observed below 490 nm accompanied by positive absorption
features above 490 nm. These spectral changes as well as the greater than 300-ps
lifetime were also consistent with excited-state oxidation of [Ir(ppy)s]. Similar obser-
vations were made with [Ru(bpy)s]**, [Ir(dFCF3)ppy)a(dtb)]*, and [Ir(ppy)a(dtb)]*
(Figures S67-572). Transient absorption measurements were not attempted with
the different copper complexes due to their previously noted lack of stability.

The results presented so far are in line with the accepted excited-state reaction
scheme in solution that follows the undermentioned sequence: the excited PS dif-
fuses toward the quencher (diazonium in this case), forming an “encounter complex”
(Scheme 1). If thermodynamically favorable, the electron transfer event can occur,
generating the corresponding geminate pair of radicals (oxidized and reduced spe-
cies), {PS"";Q"7}. The latter was shown by Stern-Volmer experiments, photolysis, and
nanosecond transient absorption spectroscopy. The geminate pair or radicals can
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Figure 6. Excited-state characterization and reactivity of [Os(bpy)s]** and [Ir(ppy)s]

Wavelength (nm)

(A and B) Nanosecond transient absorption spectra of [Os(bpy)g]2+ (A) and [Ir(ppy)s] (B) recorded 10 ns after the laser pulse (integrated for 50 ns) in

argon-purged acetonitrile under argon atmosphere.

(C and D) Changes in absorption of [Os(bpy)3]2Jr (C) and [Ir(ppy)s] (D) recorded 100 ns after the laser pulse (integrated for 100 ns) in the presence of
30 mM MeO-benzene diazonium. Insets represent the single-wavelength absorption changes recorded at 450 nm for [Os(bpy)s]*" and 400 nm for
[Ir(ppy)s], respectively. Experiments were carried out in argon-purged acetonitrile at room temperature. The sample were excited at 420 nm with a laser

fluence of 10 mJ/pulse.

either recombine via geminate charge recombination to regenerate the initial state
or undergo a cage-escape process to generate the charge-separated products that
can be further used to drive additional organic transformations (Scheme 1). To date,
there is no clear theory that allows prediction of the efficiency with which these
oxidized and reduced species separate, yet it is of paramount importance for further

improvement of light-driven applications.’?*">>%%

Cage-escape yields

The literature of cage-escape yields (¢cg) for inorganic PS is mostly centered on
[Ru(bpy)3]2+, which has often been considered as the prototypical inorganic PS. In
a seminal paper, Olmsted and Meyer sought to understand the factors influencing
¢ce. To do so, they used methylviologen (MV?*) as electron acceptor and a series
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of Ru(ll) and Os(ll) PS, as well as some anthracene derivatives as electron donors.
Olmsted and Meyer observed that gcg for the {M3*,MV"*} pair varied only slightly
within the series, with values that ranged from 14% to 27%.>” However, when using
an organic triplet as the electron donor, such as 9-methylanthracene or acridine yel-
low, ¢cg reached almost 100%. The yields dropped to 30% when perturbation by
heavy atoms was introduced, as in the case of 9-bromoanthracene in solution con-
taining CHsl. The reported results highlighted that ¢cg were strongly affected by
the rate of triplet-singlet interconversion of the triplet pair generated in the quench-
ing event. In the absence of triplet-singlet mixing, as in the case of pure triplet
organic donors, back-electron transfer, which requires a spin change, was slow
compared with diffusion out of the solvent cage, which ultimately led to large ¢cg.
When spin-orbit coupling was substantial, as with heavy-atom perturbators or in
transition metal complexes, back-electron transfer became competitive with diffu-
sional cage escape and thus led to lower ¢cE.

Kalyanasundaram and Neumann-Spallart later investigated the effects of added
electrolyte on the @c for the reaction between [Ru(bpy)s]*** and MV2". They found
that @ could vary by a factor of four upon changes in the nature of the medium by
the addition of electrolytes. Experimentally, they determined that the quenching
rate constant between the two doubly charged species increased as the ionic
strength of the solution increased according to a “primary kinetic salt effect,” as
can be explained in terms of the Bronsted-Debye equa‘cion.éo A @ce of 42% was
determined in acetonitrile containing 0.1 M tetrabutylammonium perchlorate as
electrolyte. This value decreased to 35% when 5% water was added to acetonitrile
and reached 25% in neat or in buffered water at pH 4.7, in line with the results of
Olmsted and Meyer.

We have recently attempted to understand factors influencing ¢cg using Fe(lll) PS and to
compare them with Ru(ll) PS."7°8 When triethylamine was used as electron donor, ¢ce
for Ru(ll) PS increased with solvent polarity: lower yields of 15% were found for CH,Cl,
, moderate yields of 39% were found in CH3CN, and much higher values were deter-
mined in DMF, ¢ce = 58%. This observation was in line with the expectation that polar
solvents are better at stabilizing charged species. On the contrary, cg values deter-
mined for the Fe(lll) PS exhibited the opposite trend as those of Ru(ll) PS; i.e., higher
yields were measured in low-polarity solvents (pcg = 21% in CH,Cl,), whereas lower

¢ce were measured in DMF (pcg = 9%) and CH3CN (negligible gcg).*°

When Fe(lll) PS was quenched by aniline derivatives, i.e., N,N-dimethyl-p-toluidine
(DMT), dimethylaniline (DMA), or tritolylamine (TTA), ¢cg measured by comparative
actinometry in DMF and CH3CN were less than 7% but reached much higher values
(between 36% and 63%) in CH,Cl,. 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 et al., who deter-
mined ¢cg = 5% for both an N-phenylaniline electron donor and a methylviologen
electron acceptor in CH3CN.”

Our initial hypothesis that sparked this research project was that compounds such as
aryl diazonium, which are known to be very reactive and irreversibly generate the
inert N, gas upon one-electron reduction, would lead to increase cage-escape
yields by impeding back-electron transfer within the solvent cage. The cage-escape
yields (pcg) were determined for [Os(bpy)3]2+, [Ru(bpy)3]2+, [Ir(dFCF3)ppy)2(dtb)]*,
[Ir(ppy)2(dtb)]™, and [Ir(ppy)s] with a series of diazonium. These cage-escape yields
were determined in neat CH3CN as well as in the presence of 100 mM TBABF, for
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Figure 7. Representative dataset for [Ru(bpy)s]** quenched by 4-MeO-benzene diazonium in
argon-purged acetonitrile at room temperature

(A) Excited-state lifetime at different concentration of 4-MeO-benzene diazonium used to
determine the percentage of PL quenched.

(B) Changes in absorption recorded at 450 nm following pulsed light excitation at similar
concentration of 4-MeO-benzene diazonium as in (A).

[Ru(bpy)s]?*. The cage-escape yields were determined by comparative actinometry
using Equations 3 and 4 using [Ru(bpy)3]2+ as actinometer.®’ The maximum absorp-
tion changes generated from the oxidized PS (PS™) were compared with the absorp-
tion maxima of the excited state of the reference [Ru(bpy)3]2+ (ES,ef) and normalized
by their respective absorptances at the excitation wavelength (Aexo). A Ae value of
—11,000 M~"em™" for the actinometer at 450 nm was used.®** Aeasonm = —9,000
M~"em™" and Aes70nm = —12,000 M~'em ™" were determined through the photolysis
experiments for [Ru(b|oy)3]2+ and [Os(bpy)3]2+, respectively, while Aggsonm = 1,600
M~"em™" for [Ir(dFCF3)ppy)2(dtb)]* and [Ir(ppy)2(dtb)]" was estimated following a
modified reported procedure using transient absorption spectroscopy and Mv?*
as electron acceptor.>“® The Aessonm = —9,000 M~ 'em™" was in line with the value
obtained via spectroelectrochemistry, which enables us to confirm that, in this case,
the photolysis approach allowed us to determine useful values of Ae. A Aeszonm =
1,700 M~ 'em™" for [Ir(ppy)s] was used based on reported spectroelectrochemical
measurements.®’” Final cage-escape yield (pcg) values were obtained by comparing
the relative yield of PS* produced (¢) with the percentage of quenched PL (%PL).

[
Cce = o Pl Quenched Equation 3
€ 7 % PL Quenched (Equation 3)
s+
Depst 1 — 10~ Absrer(lexc) .
® = “APESS,ef (1 — 10~ Abses(lexc) (Equation 4)
Aees

A representative example for [Ru(bpy)3]2+ with 4-MeO-benzene diazonium is repre-
sented in Figure 7.

The gradual increase of 4-MeO-benzene diazonium led to increased excited-state

quenching, which was used to determine the percentage of PL quenched used in
Equation 3. Each data point represents a freshly prepared sample with the indicated
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Figure 8. Relative yield of product versus the percentage of quenched PL

Plots of the relative yield of product (¢) versus the percentage of quenched PL (% PL quenched) for the indicated PSs in the presence of R-benzene
diazonium, with R = MeO (red), ethyl (black), COOEt (orange), NO, (purple), and Br (green). Values recorded in 0.1 M TBABF, (for [Ru(bpy)s]**) are
represented with open red circles. The slope was used to extract the actual cage-escape yields, which are tabulated in Table 4.

concentration of aryl diazonium. The percentage of quenching was determined
either via time-resolved PL or via steady-state PL when static quenching was
observed. In parallel, the changes in absorption following pulsed light excitation
are recorded at 450 nm. The value of AA recorded 10 ps after the laser pulse was
used in Equation 4. Plots of ¢ versus the %PL quenched were all linear and the actual
cage-escape values were extracted from the slope (Figure 8). The cage-escape
yields are gathered in Table 4.

The cases of [Ru(bpy)g]2+ and [Os(bpy)3]2+ are the most straightforward to discuss.
Indeed, the cage-escape yield increases from minimum values of 18% to maximum
values of 98% when the driving force for electron transfer increases. The addition of
0.1 M TBABF, electrolyte did not affect the cage-escape yield when 4-MeO-benzene
diazonium was used. In addition, these cage-escape yields also follow the C-N,*
bond cleavage propensity, as exemplified by the nuclear Fukui function (see below).
For the iridium PSs, the cage-escape yield for 4-MeO-benzene diazonium was be-
tween 43% and 61% and reached values of 100% when the driving force was
increased. The origin for the different cage-escape yields observed with a series
of PSs using the same aryl diazonium is still unknown. Charge, electrostatic interac-
tions, or dipole moment changes upon electron transfer might be responsible for
these changes.
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Table 4. Cage-escape yields (¢cg) for the indicated PS/aryl diazonium combinations recorded in
argon-purged acetonitrile

Pce [Ru(bpy)s**®  [Os(bpy)s]®*  [Ir(ppy)s]  [Ir(dFCF3)ppy)a(dtb)]*  [Ir(ppy)2(dtb)]*
MeO (%) 38° 18 61 44 43

Br (%) ND 61 100 100 100

COOEt (%) 74 89 ND 89 100

NO, (%) 98 97 ND 100 100

ND, not determined.

2A cage-escape yield of 45% was determined for [Ru(bpy)s]** using 4-ethylbenzene diazonium tetrafluor-
oborate.

PA value of 39% was determined in acetonitrile containing 0.1M TBABF,. An error of 10% is assumed on
each value.

Quantum mechanical calculations

Quantum mechanical calculations were used to investigate whether further corre-
lations between the series of diazonium salts could be obtained. MP2 calcula-
6872 \ere first carried out using the 6-311G(d,p) basis set’>7* with the
Gaussian 16 program package.”” An optimization of the geometry for the neutral

species was performed in acetonitrile using the integral equation formalism
76

tions

variant of the polarizable continuum model (PCM),”® and the minimal energy
conformation was verified by a frequency calculation. Figure 9 presents the fron-
tier orbital plots of the lowest unoccupied molecular orbital (LUMO) of the studied
molecules. As can be observed, the LUMO is almost uniformly distributed along
the molecule, with very limited effect from electron-donating or -withdrawing

substituents.

Next, we sought to understand the response of the atomic nuclei due to the
perturbation of the electron density upon reduction of the diazonium derivatives.
To do so, a conceptual density functional theory (CDFT) reactivity descriptor, i.e.,
the nuclear Fukui function,”’”’” was used. This function allows us to characterize
the changes in the force and in positions that the different nuclei experience
upon reduction by one electron. The nuclear Fukui function calculations were per-
formed in a finite difference method,”” which means that two separate calcula-
tions, performed on the neutral and reduced species, were carried out using the
optimized geometry of the neutral species. These calculations were performed
at the DFT/B3LYP®°%2/6-311G(d,p) level of theory with the Northwest Computa-
tional Chemistry Package program package (NWChem 6.8)%° and enabled us to
estimate the magnitude of the change in force (projected vectors) acting on the
different nuclei. The magnitudes of the CDFT reactivity descriptor that the atoms
of aryl diazonium derivatives experience following the electron attachment are
shown in Figure 9.

The nuclear forces indicate that, upon one-electron reduction, the C-N,* exhibits
the most drastic elongation. This is in line with the reported fragmentation pro-
cess that occurs along the C-N,* bond axis, freeing N, and the corresponding
aryl radical. It is interesting to note that the magnitude of the force on the nitro-
gen atom is between 5.18 and 6.88 eV/A. This magnitude seems to be greater for
diazonium with more positive Hammett parameters. These values are also much
larger than those recently calculated on halogenated substrate, which showed
forces between 2.5 and 4.9 eV/A for homolytic C-Cl or C-Br bond cleavage,
respectively. Hence, these strong forces observed with the diazonium series are
in line with very favorable bond dissociation upon reduction.
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Figure 9. General structure of the aryl diazonium salt and the corresponding LUMO calculated at the MP2 level using the 6-311G(d, p) basis
Force (in eV/A) on the indicated atom for selected aryl diazonium derivatives, classified according to their Hammett parameters (o). The color map
represents the force experienced by the indicated diazonium upon one-electron reduction.

Photoredox catalysis

With a relatively clear mechanistic picture of excited-state reactivity and charge sep-
aration following excited-state electron transfer, we sought to transpose these ob-
servations to actual photoredox catalysis. As described in the section
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"“introduction,” there are numerous examples in the literature that use diazonium as
starting building block for organic transformation. We decided to use the series of
PSs for the visible-light-induced borylation or aryldiazonium salts. This approach
was reported by Yan et al. using Eosin Y in acetonitrile at room temperature using
25 W visible-light lamps."” This transformation therefore seems compatible with
our choice of solvent and with the excited-state lifetime of the different PSs. We
focused our endeavor on 4-MeO-benzene diazonium tetrafluoroborate and bis(pi-
nacolato)diboron (B,pin,) as borylating agent. For that reaction, 0.5 mmol of diazo-
nium, 0.5 mol % of PS, and 2 equiv of Bypin, were used. The solutions were irradiated
using commercial blue, green, or orange light-emitting diodes (LEDs), depending
on the absorption profile of the PS (Figure 2). The power was measured and set at
30 mW/cm? by adjusting the distance of the LED lamp relative to the reaction
round-bottom flask. The spectral profiles of the LEDs are shown in Figure S80. Irra-
diation for 17 h led to borylation yields of 4-MeO-benzene diazonium tetrafluorobo-
rate that ranged from 9% to 74%, depending on the PS (Figure 10). The yields were
determined by "H NMR using 3,4,5-MeO-benzaldehyde as internal reference. The
overall yields are to some extent not essential, but the trend observed between
the PSs in otherwise identical conditions is probably the best indicator of reaction
success. The lowest yields were observed for the earth-abundant PSs. This is not sur-
prising as both copper PSs showed lack of stability under irradiation or during the
course of Stern-Volmer titrations in the presence of diazonium derivatives. The
two Fe(lll) PSs also led to small yields. As both compounds are very photostable,
it seems like the smaller yields are most probably related to the slow kinetics for
excited-state electron transfer or to inefficient regeneration of the Fe(lll) after oxida-
tion. Indeed, both complexes required much longer irradiation time during photol-
ysis experiments than the other rare earth transition metal PSs (vide supra). Yields of
22% with low conversions are obtained with [Os(bpy)3]2+, whereas higher conver-
sions and yields (between 54% and 74%) are obtained with [Ru(bpy)g]2+ and the
three iridium(lll) PSs. Note that for [Os(bpy)3]2+ ared side product was obtained after
reaction, with no presence of PS left. At this stage we are unable to provide clear-cut
explanation as to why those yields differ. Indeed, with the exception of [Ir((dFCF3)
ppy)2(dtb)]”, the ground-state oxidation potential for most of the PSs and quenching
rate constant are all in the same range. The difference in yields could come from
changes in cage-escape yields or from the relative stability of the different PSs, as
2,2'-bipyridine derivatives could undergo side-reactions with the aryl radicals, but
further experiments are needed to elucidate these aspects and remediate the over-
all moderate yields.

Conclusions

In conclusion, we have investigated the excited-state reactivity of nine PSs with 13
aryl diazonium derivatives. The quenching rate constant were determined and
ranged from (1.08-25.1) X 107 M~'s™'. Nanosecond transient absorption and
steady-state photolysis experiments confirmed that the excited-state quenching
proceeded via oxidative electron transfer, efficiently transferring one electron from
the excited state to the diazonium. Reaction kinetics recorded in the dark using
Fe(lll) PSs not only allowed us to obtain kinetic rate constants for electron transfer
in the dark but also yielded precious information related to possible discrepancies
between electrochemical potential of sacrificial electron donor/acceptors, and po-
tentials determined by kinetic measurements. In addition, these kinetic measure-
ments also informed that the electron transfer process to the diazonium moiety is
reversible and that the C-N5" dissociation occurs on a timescale of 10 ns or shorter.
This reversibility was also evident when cage-escape yields were lower than 100%,
despite having favorable driving force for electron transfer. Nevertheless, aryl
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Figure 10. Photoredox catalysis results
Reaction conditions and "H NMR yields for the indicated reaction using the series of earth-abundant and rare earth transition metal PS (top). Proposed
mechanism for the visible-light-mediated borylation of 4-MeO-benzene diazonium (bottom).

diazonium derivatives were shown to lead to very large cage-escape yields that are
not often observed in the literature. Indeed, except for some triphenylamine deriva-
tives,® most of the cage-escape yields reported thus far for transition metal com-
plexes are in the 10%-40% range. Hence, highly reactive diazonium salts seem to
offer new alternatives for more efficient visible-light-mediated transformations. At
this stage, we are unable to explain the difference observed in cage-escape yields
observed with a series of PSs using the same aryl diazonium. Future studies will focus
on further expanding the effect of charge, electrostatic interactions, or dipole
moment changes upon electron transfer on these cage-escape yields using inorganic
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and organic PSs. Such studies would help determine key parameters that control
cage-escape yields and could lead to more efficient light-activated organic transfor-
mations with other substrates.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Ludovic Troian-Gautier (Ludovic.Troian@uclouvain.be).

Materials availability
All other data supporting the findings of this study are available within the article and
the supplemental information or from the lead contact upon reasonable request.

Data and code availability
This study did not generate any datasets.

Materials

Acetonitrile 99.9% (VWR), dry acetonitrile 99.8% (Sigma-Aldrich), dichloromethane
99% (VWR), diethyl ether 99% (VWR), dry diethyl ether 99.5% (Acros Organics),
toluene 99.9% (VWR), tetrahydrofuran anhydrous (stabilized with BHT) > 99.5%
(TCI), methanol 99.9% (VWR), n-butyllithium solution (1.6 M in hexanes) (Acros
Organics), hexamethyldisilazane 98% (Acros Organics), ultra-dry Fe(ll) bromide
99.995% (Alfa Aesar), 1-methylimidazole 99% (BASF), NaOH pellet for analysis
(VWR), NH4PF, 99% (Fluorochem), trimethylsilyl chloride 98% (Acros Organics), di-
chlorophenylborane 97% (Acros Organics), (4-bromophenyl)trimethylsilane 97%
(Ambeed), boron tribromide (1 M in dichloromethane) (Thermo Fisher), nitrosonium
tetrafluoroborate 97% (Acors Organics), methoxybenzenediazonium tetrafluorobo-
rate 98% (Thermo Fisher), bromobenzenediazonium tetrafluoroborate 96% (Alfa
Aesar), nitrobenzenediazonium tetrafluoroborate 97% (Alfa Aesar), N,N-dimethyl-
p-phenylenediamine 97% (Acros Organics), N,N-diethyl-p-phenylenediamine 97%
(Acros Organics), 4-ethylaniline 99.48% (Ambeed), 4-(trifluoromethyl)aniline
99.88% (Ambeed), 4-cyclohexylaniline 97% (Ambeed), ethyl 4-aminobenzoate
99.9% (Ambeed), sodium 4-aminobenzoate 95% (Ambeed), bi(pinacolato)diboron
(Fluorochem), tetrabutylammonium tetrafluoroborate 98% (Acros Organics), 3,4,5-
trimethoxybenzaldehyde 99% (Acros Organics), SiO, 40-63 pm (Rocc), and neutral
aluminum oxide Brockmann 50-200 pm 60 A (Acros Organics) were purchased
from commercial suppliers and used as received.

Experimental protocols

Synthesis of tris(3-methylimidazolium-1-yl)(4-Br-phenyl)borate
bis(hexafluorophosphate)

A solution of 1 M BBr3 in CH,Cl; (4.8 mL, 4.8 mmol) was placed under argon and
cooled to —78°C in a flame-dried round-bottom flask. (4-Bromophenyl)-trimethylsi-
lane (920 mg, 4 mmol) was added in 15 min to the cooled solution and the solution
was stirred at —78°C for 1 h and then at room temperature for 3 h. The volatiles
were evaporated at 30°C under reduced pressure. The resulting 4-bromo-
dibromophenylborane was used without further purification. It was first dissolved
in 10 mL of toluene and this was followed by the dropwise addition of 1-Me-
imidazole (1.12 mL, 14 mmol). The solution was stirred for 15 min and TMSCI
(1.27 mL, 10 mmol) was then added in one portion. The reaction was then heated
for 24 h at 80°C under argon. After reaction, the mixture was evaporated, and the
residue was dissolved in water. A saturated solution of ammonium
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hexafluorophosphate was then added, which induced precipitation of a beige solid
that was collected by filtration, washed with water, and dried under static vacuum.
The desired product was then isolated in 80% yield after column chromatography
on silica using CH3CN/MeOH mixtures.

"H NMR (300 MHz, CD5CN) 644 (ppm) 8.00 (s, 3H), 7.60 (d, J = 8.3 Hz, 2H), 7.44 (t,
J = 1.7 Hz, 3H), 7.24-6.94 (m, 5H), 3.82 (s, 9H). '3C NMR (75 MHz, CDsCN) éc
(ppm) 140.21, 136.42, 135.96, 132.59, 131.50, 125.76, 124.85, 36.54. HRMS (ESI)
m/z: [M?* calculated for C1gH2,BBrNg: 206.05857; found: 206.05891.

Synthesis of Bis(tris(3-methlimidazol-1-ylidene)(phenyl)borate) Fe(lll)
hexafluorophosphate [Fe(Br-phtmeimb),]*

A flame-dried and argon-purged 25-mL Schlenk flask, equipped with a stirring bar,
was charged with dry HMDS (0.73 mL, 0.565 g, 3.5 mmol) and cooled to 0°C.
A solution of n-BuLi (1.6 M in hexanes, 2.25 mL, 3.5 mmol) was added dropwise at
0°C. The reaction mixture was then allowed to reach room temperature and stirred
for an additional 30 min. Afterward, the volatiles were slowly removed under
reduced pressure to afford a white solid. The resulting product was then solubilized
in 3.5 mL of dry THF, forming the corresponding LiHMDS solution.

A flame-dried and argon-purged 50-mL Schlenk flask equipped with a stirring bar was
charged with tris(3-methylimidazolium-1-yl)(4-Br-phenyl)borate bis(hexafluorophos-
phate) (0.703 g, 1.0 mmol) and the solid was dried under vacuum for 2 h before being
purged under argon. Dry THF (20 mL) was then added under argon. The mixture was
cooled to —78°C and the previously obtained LiIHMDS solution was added dropwise.
The reaction mixture was stirred at this temperature for 30 min. A solution of anhydrous
FeBr, was prepared by adding FeBr, (0.108 g, 0.5 mmol) into a flame-dried and argon-
purged 10-mL Schlenk flask followed by 10 mL of dry THF. The mixture was sonicated
for 20 min to ensure solubilization of the iron source. Afterward, the cooling bath was
removed and the solution of FeBr, was added dropwise to the deprotonated ligand
solution. The reaction mixture was allowed to slowly reach room temperature under
argon and then was stirred at room temperature for 72 h in the dark. Upon exposure
to air, the solution became dark red and the solvent was removed under reduced pres-
sure. The resulting residue was dissolved in 30 mL of CH,Cl,, filtered through a
porosity 4 frit, washed with 2 x 15 mL of CH,Cl,, and the filtrate was evaporated under
reduced pressure, resulting in a dark red solid. The residue was then solubilized in a
minimum amount of CH3;CN and poured in approximately 200 mL of diethyl ether,
which induced precipitation of a red solid that was collected by filtration and washed
with 3 X 30 mL of diethyl ether and dried under vacuum. The resulting solid was then
washed with methanol, filtered, and the precipitate was washed with methanol before
being dried under static vacuum. The desired compound was obtained as a red pow-
der (153 mg, 30%).

"H NMR (300 MHz, CD3CN) 6y (ppm) 14.77 (d, J = 7.3 Hz, 4H), 10.60 (d, J = 5.8 Hz,
4H), 4.97 (s, 18H), 1.37 (s, 6H), —12.46 (s, 6H). HRMS (ESI) m/z: [M]" calculated for C34
H3gB2BraNq,Fe: 876.12278; found: 876.12226.

General procedure for the synthesis of aryl diazonium derivatives

Aniline (0.71 mmol) was dissolved on 3 mL of argon-purged acetonitrile. The solution
was kept under argon and cooled to —40°C. NOBF, (261 mg, 1.77 mmol) was added in
one portion and the medium was allowed to stir at —40°C for 2 h. After reaction, the
mixture was evaporated under reduced pressure and the residue was triturated three
times with 10 mL of diethyl ether. The formed precipitate was isolated and dried under
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reduced pressure, which afforded the corresponding diazonium with >95% yields. The
diazonium derivatives were then stored in the freezer at —18°C.

Note that, although we have not encountered any problem, diazonium salts are
potentially explosive and should be handled with appropriate precautions. The
use of tetrafluoroborate counter-ions increases the stability of the resulting diazo-
nium salts. Calix[4]arene derivatives have been shown to exhibit thermal stability
up to 150°C.

4-Trifluoromethyl-benzene diazonium tetrafluoroborate. "H NMR (CDsCN, 300
MHz) 84 (ppm) 8.69 (d, J = 8.7 Hz, 2H), 8.23 (d, J = 8.8 Hz, 2H).

4-Cyclohexyl)benzene diazonium tetrafluoroborate. "H NMR (CD5CN, 300 MHz) 64
(ppm) 8.38 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 8.5 Hz, 2H), 2.83 (m, 1H), 1.92-1.67
(m, 5H), 1.57-1.21 (m, 5H).

4-Ethyl-benzene diazonium tetrafluoroborate. '"H NMR (CDCl3, 300 MHz) 6 (ppm)
8.51 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 2.85 (q J = 7.6 Hz, 2H), 1.28
(t, J = 7.5 Hz, 3H).

4-Carboxylate-benzene diazonium. "H NMR (D,0, 300 MHz) 6, (ppm) 8.65 (dt, J =
9.1, 2.0 Hz, 2H), 8.37 (dt, J = 8.9, 2.0 Hz, 2H).

4-Ethylester-benzene diazonium tetrafluoroborate. "H NMR (CD5CN, 300 MHz) 64
(ppm) 8.58 (dt, J = 9.1, 1.9 Hz, 2H), 8.42 (dt, J = 9.1, 2.0 Hz, 2H), 4.44 (q, J =
7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 2H).

4-N,N-dimethylamino-benzene diazonium tetrafluoroborate. "H NMR (CD3sCN, 300
MHz) 6y (ppm) 7.98 (d, J = 9.8 Hz, 2H), 6.93 (d, J = 9.8 Hz, 2H), 3.26 (s, 6H).

4-N,N-diethylamino-benzene diazonium tetrafluoroborate. "H NMR (CDsCN, 300
MHz) oy (ppm) 7.97 (d, J = 9.8 Hz, 2H), 6.94 (d, J = 9.8 Hz, 2H), 3.61 (q, J =
7.2 Hz, 4H), 1.23 (t, J = 7.2 Hz, 6H).

General procedure for the photoredox catalysis experiments

4-MeO-benzene diazonium tetrafluoroborate (111 mg, 0.5 mmol), bis(pinacolato)di-
boron (254 mg, 1 mmol), and the PS (0.5 mol %) were placed in 3 mL of argon-purged
acetonitrile. The solution was kept under argon and was irradiated with the appro-
priate LED for 17 h. After reaction, the mixture was evaporated to dryness and the
residue was dried under static vacuum for 24 h before being subjected to quantita-
tive NMR using 3,4,5-trimethoxy benzaldehyde as internal reference. The final prod-
ucts can also be purified on silica gel using cyclohexane/ethyl acetate mixtures as
eluent.

UV-vis spectroscopy
UV-vis absorption spectra were recorded on a Shimadzu UV-1700 with a 1-cm path
length quartz cell.

Time-resolved PL

Time-resolved PL spectra were recorded on an LP980-K spectrometer from Edin-
burgh Instruments (see "transient absorption spectroscopy” for full description).
The optically diluted samples were excited with pulsed light and the excited-state
lifetime was measured on a PMT LP detector (Hamamatsu R928), which covers the
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spectral range from 185 to 870 nm. An average of 30 scans per measurement
was used.

Electrochemistry

Cyclic voltammetry was performed with an Autolab PGSTAT 100 potentiostat using
a standard three-electrode-cell; i.e., a glassy carbon disk working electrode (approx-
imate area = 0.03cm?), a platinum wire counter electrode, and an aqueous Ag/AgCl
reference electrode (salt bridge: 3 M KCl/saturated AgCl). Experiments were per-
formed in dry 0.1 M tetrabutylammonium perchlorate acetonitrile electrolyte, and
the samples were purged with argon before each measurement. For comparison
purposes, the electrochemical potentials were converted to NHE by adding 0.197 V.

Steady-state PL

Room-temperature steady-state PL spectra were recorded on a Horiba Scientific-FL-
1000 fluorimeter and were corrected by calibration of the instrument’s response with
a standard tungsten-halogen lamp. The PL intensity was integrated for 0.1 s at 1-nm
resolution and averaged over three scans. Alternatively, some steady-state PL
spectra were recorded on a Varian Cary Eclipse spectrometer and were not cor-
rected for the instrument’s response.

Stern-Volmer experiments

A PS stock solution with an absorbance of ~0.1-~0.2 at the excitation wavelength
was prepared in acetonitrile containing 0.1 M TBABF,. The stock solution was
purged with argon for 30 min. Aryl diazonium tetrafluoroborate salts were then
weighted in scintillation vials to reach a final desired concentration between 20
and 30 mM. Then 2 mL of the PS stock solution were added to the scintillation vial
keptunderargon, and 3 mL of the stock solution were transferred to a quartz cuvette
equipped with a 24/40 joint, also kept under argon. The cuvette and the scintillation
vials were purged with argon for another 5 min. The desired aryl diazonium tetra-
fluoroborate quencher was then gradually added to the cuvette. This allowed us
to increase the concentration of quencher while keeping the concentration of PS
constant. The excited-state quenching was monitored by time-resolved spectros-
copy using the LP980-K spectrometer from Edinburgh Instruments (see below) or
by steady-state PL when [Fe(phtmeimb),]* or [Fe(Br-phtmeimb),]™ were used. The
decrease of excited-state lifetime or PL is directly related to the concentration of
quencher and the respective Stern-Volmer plots were extrapolated using Equation 5.
The quenching rate constant (kg) was then determined by dividing the slope by the
initial lifetime without any quencher, determined for each experiment.

% = 2= 14 Ka[Ql = T+kgmo[Q) (Equation 5)
Transient absorption spectroscopy

Nanosecond transient absorption measurements were recorded on an LP980-K
spectrometer from Edinburgh Instruments equipped with an iCCD detector from
Andor (DH320T). The excitation source was a tunable Nd:YAG Laser NT342 Series
from EKSPLA. The third harmonic (355 nm) at 150 mJ was directed into an optical
parametric oscillator (OPO) to enable wavelength tuning starting from 410 nm.
The laser power was then attenuated to reach appreciable signal/noise and the
integrity of the samples was verified by UV-vis measurements. The LP980-K is equip-
ped with a symmetrical Czerny-Turner monochromator. For single-wavelength ab-
sorption changes, a 1,800 g mm ™" grating, blazed at 500 nm is used, which affords
wavelength coverage from 200 to 900 nm. For spectral mode (iCCD), a 150 g mm ™"
grating, blazed at 500 nm is used, offering a wavelength coverage of 540 nm over
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the full wavelength range extending from 250 to 900 nm. Single-wavelength absorp-
tion changes were monitored using a PMT LP detector (Hamamatsu R928), which
covers the spectral range from 185 to 870 nm. The probe was a 150 W ozone-free
xenon short arc lamp (OSRAM XBO 150W/CR OFR) that was pulsed at the same fre-
quency of the laser. The excitation wavelength depended on the PSs but, in all cases,
the concentration at the excitation wavelength was adjusted to reach absorbance
values between 0.3 and 0.5. All measurements were performed in argon-purged
acetonitrile containing 0.1 M TBABF, at room temperature. An average of 30-90
scans per measurement was used.

Quantum mechanical calculations

MP2 calculations have been performed using the Gaussian16 program,’® applying
default procedures, integration grids, algorithms, and parameters. Selected diazo-
nium salts were considered in this theoretical study. The geometry of the ground-
state species was optimized at the MP2/6-311G(d,p) level. MP2 with the same basis
set was used to study the effect of electron correlation on the calculated density.
Additional calculations were done with the NWChem program package® in order
to calculate the nuclear Fukui function.”®”? The nuclear Fukui function characterizes
the changes in the forces (energy gradient) that nuclei experience when the total
number of electrons of the system is changed and can be calculated using the finite
difference method.”” For that, two separate B3LYP/6-311G(d,p) calculations, per-
formed on the ground and reduced species, are carried out, both with the geometry
of the ground state. The magnitude of the change in force acting on the nuclei was
estimated as well as the projected forces along the bonds involving the nuclei. These
were depicted as vectors with the origin located on the nuclei. Both quantities were
visualized using Vislt 3.1.4%% and can help to interpret some trends in nuclear reac-
tivity as they pertain to the initial mechanistic steps of electron-induced
attachment.
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