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ABSTRACT

A high-throughput optical screening method for the photocatalytic activity of a structurally
diverse library of 1152 cationic iridium(IIl) complexes ([Ir(C"N),(N*N)]"), corresponding to all
combinations of 48 cyclometalating (C"N) and 24 ancillary (N*N) ligands, was developed. This
rapid assay utilizes the colorimetric changes of a high contrast indicator dye, coumarin 6, to
monitor the photo-induced electron transfer from a sacrificial amine donor to the metal complex
excited state. The resulting [Ir(C N),(N”N)]° can then reduce an aryl bromide to form the highly
reactive aryl radical intermediate. The rate of this reaction is dictated by the molecular structure of
both coordinating ligands. Relative reaction rate constants determined via this method correlated
closely with °F NMR measurements obtained using a fluorinated substrate. A simple model that
expresses the rate constant as a product of a single "strength" parameter assigned to each of the 72
ligands can well account for the 1152 measured rate constants. The best performing complexes
exhibit much higher reactivity than the benchmark photocatalysts commonly used in
photoredox transformations. The catalysts were also successfully tested for their
chemoselectivity. The developed screening methodology can enable generation of the large data

sets needed to use modern data science to extract structure-activity relationships.
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INTRODUCTION

The absorption and conversion of visible light into chemical energy is an enviromentally
sustainable and powerful tool in organic synthesis that provides access to reactive, open-shell
intermediates under mild conditions. Commonly employed pathways to such reactive
intermediates include the use of harsh conditions, such as either strong acids or bases, toxic
initiators, or high-energy ultraviolet illumination of precursors, that may lead to unwanted side
reactions.! In contrast, photoredox catalysis exploits the increased oxidative and reductive power
of an excited, molecular photocatalyst to promote directed, light-driven electron transfers as a
pathway to generate such high-energy, highly reactive species. This attractive strategy, rendered
even more powerful when operating in concert with two-electron transition metal catalysts, has
driven the rapid expansion of this field over the last decade.>* Photoredox methodology has also
been embraced by the chemical manufacturing industry, particularly in the preparation of high-
value chemicals including pharmaceuticals and agrochemicals, due to its unparalleled capacity for

chemoselective late-stage functionalization.”>’

Despite increasing reports that utilize organic dyes and first row transition metal complexes,-
the most widely used catalysts are still coordination complexes of d° transition metals, specifically
ruthenium(Il) and iridium(II). The strong ligating power of cyclometalating ligands and the
observed photo and redox stability of the resulting iridium(IIT) complexes is a highly valuable asset
in organic photochemical transformations. It is noteworthy that the unique photophysical
properties of heteroleptic iridium(IIl) complexes of the type [Ir(C*N),(N*N)]*, where C"N is a
cyclometalating and NN is an ancillary 1,2-diimine ligand, are attractive in a wide range of
applications in addition to photoredox catalysis, including: water reduction,!?-!> biological

imaging!3-13and optoelectronic devices.!¢-!® Irradiation of these complexes generates a long-lived
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triplet excited state, facilitated by the large spin-orbit coupling constant of the heavy metal atom.
Spatially partitioned frontier orbitals also allow for judicious tuning of redox and optical
properties; the highest occupied molecular orbital (HOMO) centers on the C*N ligand while the
lowest unoccupied molecular orbital (LUMO) is located on the N*N ligand. Independent control
of these orbitals (Figure 1) should allow a 'push-pull' design approach to tune the HOMO-LUMO
gap and redox potentials, enabling careful selection of a photocatalyst that matches the energy
demands of a specific chemical substrate or process. It is therefore surprising that the vast scope
of synthetic photoredox methodology is derived from a limited number of complexes, centered
around the commercially available, cationic [Ir(ppy).(dtbbpy)]" and [Ir(dF(CF3)ppy).(dtbbpy)]*

complexes.

Optimal catalyst selection can be accelerated by high-throughput synthesis and screening
(HTSS) techniques. Cost-efficient screening of multiple reactions using conventional analytical
methods is both difficult and time consuming, but colorimetric reagents provide a simple, yet
robust optical response that has been successfully applied in electrocatalysis,!*-?! organic
synthesis,??2¢ olefin polymerization?’ and the preparation of solid state materials.”?® Online
monitoring of parallelized reactions provides even greater value by revealing chemical reaction
kinetics under standardized conditions.?*-3? Finally, HTSS generates large amounts of data that
enables the growing field of data-driven science, described as the fourth approach to chemical
discovery, in addition to experimentation, theory and computation.’* Such methodology requires
the pioneering development of more revealing data visualization techniques and powerful
statistical approaches in the chemical sciences; the use of machine learning algorithms is one
example of such a thrust that was employed to better understand structure-reactivity relationships

in catalytic systems.3#-37
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In this work, we report an innovative methodology that allowed for HTSS of a structurally
diverse library of 1152 distinct [Ir(C*N),(N”*N)]" photocatalysts (the explored C"N and N*N
structures are shown in the Supporting Information). This was achieved by monitoring the drastic
quenching of an indicator dye’s luminescence by protons generated during a model photochemical
reaction. Several of the complexes were subsequently prepared in batch via conventional
methodologies and compared to two iridium(IIl) photocatalysts, [Ir(ppy).(dtbbpy)]PF¢ and
[Ir(dF(CF3)ppy)2(dtbbpy)]PFs, commonly used in photoredox synthesis. Not only did some of the
newly discovered Ir(II) chromophores exhibit faster reaction kinetics, but also presented choices
for pursuing chemoselective photochemical reactions.
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Figure. 1. The frontier orbitals (highest and lowest occupied molecular orbitals) are well-
partitioned in [Ir(C"N),(N~N)]* photocatalysts, enabling the judicious tuning of photophysical and
redox properties via structural modification of the cyclometalating (C*N) and ancillary (N"N)

ligands.
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EXPERIMENTAL METHODS

General Considerations

All reagents and solvents were commercially sourced and used without further purification,
unless otherwise stated. Nuclear magnetic resonance (NMR) spectra were obtained using Bruker
Avance and NOE 500 MHz spectrometers; 'H and '3C spectra were referenced to residual solvent
peaks, °F NMR used the PF¢ anion signal (8 -71.11 ppm) as an internal standard. Electrospray
ionization mass spectrometry (ESI-MS) was performed on a Thermo-Fisher LCQ instrument.
Synthesis of cyclometalating ligands (C*N) and iridium(IIT) dimers followed previously published

procedures.33-42

Photoreactor Design

SOLIDWORKS design files and Python control software for custom-built photoreactors
are supplied in the Supporting Information. High intensity illumination (Chanzon 100 W Royal
Blue LEDs) of a 96-well plate equipped with 1 mL shell vials containing iridium(III) luminophores
was monitored with a AuviPal 5 Megapixel Raspberry Pi Camera (Module 1080p OV5647 Sensor)
mounted between the light sources (Figure 2). Reactions were run under an inert argon atmosphere,
maintained at positive pressure and monitored using a Winsen ME2-0,-®20 oxygen sensor. Top-
down illumination for photography utilized six pairs of colored Chanzon 10 W LEDs: warm white
(3000K-3500K), ultraviolet (375nm), blue (440-450nm), green (520-525 nm), yellow (590-592
nm) and red (650-660nm). The lighting was controlled with a Raspberry Pi computer through an

eight-channel relay board that also controlled the USB camera.
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Figure 2: Rendering of a SOLIDWORKS design plan for the custom-built 96-well photoreactor
that was used for monitoring the reaction progress of reductive debromination reactions. Two
100W blue LED light sources illuminate shell vials through the bottom. Reaction progress is

monitored by camera using six 10W LEDs of various colors to illuminate samples from above.
Colorimetric Screening

Solutions of [Ir(C"N),Cl], dimers (100 uL, 0.3 mM) and N*N ancillary ligand (100 uL, 0.6
mM) in dimethylsulfoxide were pippetted into 1 mL 9800-840 glass shell vials across twelve
columns and eight rows of a 96-well plate, respectively. The sealed solutions were heated at 150
°C overnight to produce heteroleptic iridium(III) complexes ([Ir(C*"N),(N~N)]*) as previously
reported.’® The cleavage of [Ir(C”N),Cl], dimers by diimine ligands to form catinic irdium (IIT)
complexes proceeds with ease and high efficiency. Once cooled, 400 pL of a dimethylformamide
solution containing varied amounts of aryl bromide, sacrificial electron donor and coumarin 6 was

added to each vial. The resulting solution was mixed throughly by resealing and shaking the plate
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for several minutes. The vials were transferred to the reactor and degassed under argon for two
hours. When the oxygen sensor readings reached zero, vials were irradiated with high intensity
blue LEDs for two minutes, followed by image capture under the 10 W LED lights. This
irradiation/imaging cycle repeated continuously for five hours. Representative images of the
synthesis, reactor set-up and raw experimental pictures are included in the Supporting
Information. Compiled photos were analyzed using a custom-written Wolfram Mathematica

algorithm that quantifies the changes of the individual reaction well in a designated color space.

Computational Methods

The electronic structures of iridium(IIl) complexes were calculated via density functional
theory (DFT), through geometry optimizations with B3LYP functional and LANL2DZ basis set
on Gaussian 09. Analysis of photocatalyst reaction rate constants was done with Python SciKit-

learn package.3

Phosphorescence Lifetime and Emission Screening

Luminophores were irradiated with a pulsed 365 nm LED, powered by a 40 ns square pulse
from a Siglent SDG1052 function generator. Emission was detected with a Hamamatsu H7732-11
photomultiplier tube connected to a Tektronix TDS3032B digital oscilloscope interfaced to a
Raspberry Pi 3 Model B+ computer. Scattered light from the excitation source was removed from
acquired spectra using a plexiglass filter (365 nm long pass). Emission spectra were measured

concurrently using a StellarNet BLACK-Comet concave grating spectrometer .

Electrochemical Screening
Cyclic voltammetry was performed with a CH-Instrument Electrochemical Analyzer 600C

potentiostat. Measurements were conducted in a three-electrode system consisting of silver wire
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pseudo-reference electrode, a platinum coil counter electrode, and a glassy carbon working
electrode. Solutions (I mM analyte and 0.1 M tetra-n-butylammonium hexafluorophosphate
supporting electrolyte) in acetonitrile were degassed and measured under argon. Voltammograms
were collected under positive scan polarity with a scan rate of 0.1 V s*! and redox potentials

reported relative to a ferrocene internal standard (E°(Fc*/Fc) = 0.40 V vs SCE).#
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RESULTS AND DISCUSSION

Method Development

We selected the reductive dehalogenation of aryl halide*>-#7 as a robust model for screening
the photocatalytic reactivity of iridium(III) photocatalysts. Following irradiation, the excited state
photocatalyst is quenched by a sacrificial electron donor (commonly a tertiary amine), liberating
a proton from the oxidized amine. An electron is subsequently transferred from the reduced
photocatalyst to an electron acceptor (i.e. aryl halide), affording catalyst turnover. The reactive
aryl radical generated can participate in a range of C—C and C—X coupling pathways,*® however
without a suitable nucleophile or electrophile, the radical abstracts a hydrogen atom from the

solvent system affording the dehalogenated product (Scheme 1).

Scheme 1. The photoredox reaction being monitored via colorimetric changes of coumarin 6

indicator dye.

Using a fluorinated aryl bromide reagent allows the reaction to be monitored via '°F NMR,

showing an exponential decay in the amount of starting material and a corresponding increase in
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the amount of product (see Supporting Information). Because the studied reactions are complete
within a couple of hours, monitoring the reaction progress on a 96-well plate with '°F NMR is
unattainable. To compare the rates of different photocatalysts, a faster, more efficient and low-cost
online screening method that uses an appropriate indicator dye was sought. Bromocresol green is
an acid sensitive, colorimetric reagent previously used in post-reaction titration to determine the
effectiveness of aryl halide reduction.** Unfortunately, it is also susceptible to debromination
under photoredox conditions and therefore unsuitable for a time-based assay. Instead we selected
coumarin 6 (Scheme 1), which exhibits an intense absorption band (A,,s = 444 nm, € = 54 000 M-
Iem™") and high fluorescent quantum yield (A, = 510-560 nm, ® = 0.78) that is drastically
quenched in the presence of protons.>’-32 Such a definitive record of the sharp colorimetric change
provides a diagnostic handle that allows accurate comparison of photoinduced electron transfer

rates among the hundreds of photocatalysts being screened.

The suitability of coumarin 6 as an indicator for comparing photoredox reaction rates was
evaluated using twelve heteroleptic iridium(IIl) complexes as photocatalysts for the
dehalogenation of 2’-bromo-4’-flouroacetophenone, with N,N-diisopropylethylamine (DIPEA)
serving as a sacrificial reductant (Figure 3). The in-situ prepared photocatalysts all contained the
ancillary ligand 4,4'-di-tert-butyl-2,2'-bipyridine (NN6) with representative cyclometalating
ligands selected from a larger combinatorial library employed in our laboratory. The concentration

of coumarin 6 varied down each photocatalyst column (0—1.4 mM in 0.2 mM increments).

10
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Figure 3. Images of a 96-well plate showing the colorimetric changes of the indicator dye in
parallelized photoredox reactions of 12 distinct iridium(III) photocatalysts. Each vial in a column
contained 4mM 2’-bromo-4’-flouroacetophenone, 40 mM DIPEA, 0.1 mM photocatalyst and

coumarin 6 (C6) indicator dye in increasing concentration down the plate. A video of the reaction

progress can be found in the Supporting Information.

Under blue illumination, the neutral dye produces bright green luminescence that is easily
observed during imaging. Reaction progress is monitored when this luminescence is quenched by
the produced protons, with a drastic colorimetric change observed when no neutral coumarin 6
remains; instead only the blue illumination light is transmitted through a reaction well and detected
by the camera. The time required for the sufficient release of protons to reach the equivalence point
increases along with increasing amounts of dye through the column. Since the eight reaction wells
of each column contain the same photocatalyst, the elementary rate law describing proton

11

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

production can be deduced; an exponential decay function fitted for each column (see Supporting
Information) revealed that the formation of protons, caused by catalyst-mediated photoinduced

electron transfer, followed first order kinetics.

Rate constants determined via HTSS were corroborated by integration of the reactant and
product signals obtained through '°F NMR spectroscopy (Figure 4). The strong linear correlation
(R?2 = 0.98) of these two techniques confirms the validity of the developed system for comparing

the relative photocatalytic activity of iridium(III) complexes.
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Figure 4. a. Stacked 'F NMR indicating the terminal amounts of reagent (2’-bromo-4’-
flouroacetophenone) and product (4’-fluoroacetophenone) measured via '°F NMR spectroscopy
from the wells of a row on the reaction plate catalyzed by different photocatalysts (Figure 3). b.
The ratio In([A]¢/[A]y), where [A]/[A]y is the fraction reactant remaining, measured by NMR, is
linearly correlated to the rate constant obtained via image-based analysis of the colorimetric

technique.

Using the developed colorimetric technique, we set out to determine the relative catalytic
activity of 1152 distinct [Ir(C"N)(N"N)]* photocatalysts, comprising 48 C*N and 24 N”N ligands

(structures  shown in Supporting  Information). For this set, reduction of

12
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bromopentafluorobenzene, with its accessible reduction potential,’® ensured that the results
maximized information about relative activity of photocatalysts, rather than being limited by
insufficient potential to transfer electrons to a challenging substrate. The reaction conditions (4
mM aryl halide, 40 mM DIPEA, 0.4 mM coumarin 6 and 0.1 mM [Ir(C"N),(N"N)]") allowed the
calculation of rate constants from the time required to reach an equivalence point representative of

30% substrate reduction.

Prior to the screening of all the hundreds of photocatalysts, a second type of
calibration was used to confirm that colorimetric response of the indicator occurs uniformly across
the 96-well plate (see video in Supporting Information). This was evaluated by reacting uniform
plates with the wells consisting of 96-identical reactions across the entire plate (4mM
bromopentafluorobenzene, 40 mM DIPEA, 0.4 mM coumarin 6 and 0.1 mM [Ir(C*N),(N"N)[").
The PF; salts of five traditionally synthesized and isolated Ir (III) complexes were selected for five
uniform plates that were expected to exhibit a range of rates constants. Analysis of the plate
revealed well-to-well variation of 6 — 14%, in the red-green-blue (RGB) color space, for the all
plates. This relative standard deviation within the wells of the five plates was reduced to 4 —
11% when targeted analysis was done along the blue channel of RGB, since the indicator dye
detection point is a visible appearance of a blue color. Ultimately, using the Internationale de
I’eclairage La*b* (CIELab) which decouples the chromatic part of color from its brightness,
resulted in the error range being minimized further still to 2 — 8%. The rate constants for the five
uniform plates was calculated to be 0.0 = 0.0, 0.3 £ 0.02, 0.8 £ 0.06, 1.5+ 0.12 and 2.2 £ 0.16 h-
I for [Ir(CN46),(NN6)]*, [Ir(CN11),(NN6)]*, [Ir(CN1),(NN6)]*, [Ir(CN70),(NN6)]* and
[Ir(CN34),(NN6)|*, respectively. With uniformity across the 96-well plate established, we

screened the relative catalytic activity of the 1152 [Ir(C*N),(N”N)]" photocatalysts, in the

13
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reduction of bromopentafluorobenzene; all image analysis for this work was done within the
CIELab color space. Figure 5 confirms that the rate constants of the five traditionally synthesized
[Ir(C™N)»(N~N)]PF¢ complexes meausred in these uniform plates and the results obtained with in-
situ synthesized photocatalysts used for the HTSS (see Supporting Information, attached csv file,

for all the rate constants) are within the margins of error.

25
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Rate Constant for In-Situ
Synthesized Complexes (h)

0.0
0.0 0.5 1.0 1.5 2.0 25

Rate Constant for Traditionally
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Figure 5. Comparison of the catalytic activity of [Ir(C"N),(N”N)]|" complexes utilizing

traditionally and in-situ synthesized photocatalysts under identical dehalogenation conditions.

14
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Measuring Structure-Activity Relationships

The HTSS rate constants of the 1152 [Ir(C"N),N*N]" complexes used in the photo-
driven dehalogenationation of bromopentafluorobenzene are attached in Supporting Information.
Unlike most studies that synthesize and evaluate a small number of chemically related metal
complexes, this large, standardized data set provides a unique opportunity to generalize structure-
activity relationships in [Ir(C*N),N"N]* photocatalysts. Figure 6 was constructed using a select,

but representative, group of C*N and N*N ligands to show some of the major trends.
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Figure 6. A 3D bar chart, sorted by increasing average rate constants, for a representative set
cyclometalating (C*N) and ancillary ligands (N”N) ligands, highlighting some of the major trends

of the [Ir(C"N),N~N]" photocatalysts. See Supporting Information for array plot.

Alkylation, especially on the pyridyl moiety of the C*N ligand, significantly increased the
rate constant of the resulting photocatalyst by donating electron density, as reported in literature.>*

Consider starting with CN1, adding a methyl group at the 4- position to the pyridyl ring improves

15
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the resulting photocatalyst (CN2), by an average 15% increase in the calculated rate constants. It
was quite interesting to discover that using an ethyl substituent (CN70) resulted in noticeably
greater (35%) enhancement compared to the methyl substitution. Since the electronic structure of
the metal complex will not be significantly altered by a change from a methyl to an ethyl
substituent, it is likely that the increased steric bulk prevents a N*N ligand dissociation, a known
degradation pathway in these photocatalysts.’>> Similarly, the large conjugated systems in 2-
phenylbenzothiazole ligands (CN30 and CN34) result in photocatalysts with relatively higher
reactivity compared to their 2-phenylpyridine counterparts (CN30 is nearly two-fold faster than
CN1). The extent of © conjugation in the C"N ligand is known to drastically impact the nature of

the excited state of iridium(III) complex, transforming it to a predominately 3LC excited state.36->8

Certain substitutions on the C*N ligand seem to be detrimental to resulting photocatalyst
activity, such as electron withdrawing groups (CN11), and methoxy groups at the 5-position of the
phenyl ring (CN46 and CN89). The diminished ability observed for highly fluorinated
photocatalysts can be partly rationalized by considering photocatalyst redox properties:
[Ir(CN1),NN6]*/[Ir(CN1),NN6]° (E° = -1.51 V) is a stronger reductant than its fluorinated
cousin, [Ir(CN11),NN6]*/[Ir(CN11),NN6]° (E° = -1.44 V). This implies that electron transfer
from the latter to the aryl halide acceptor is slower, assuming it does not fall into the Marcus-
inverted region.>® With methoxy substituents, para- substituted cyclometalating ligands (CN34)
exhibit the well understood activation of the resulting photocatalyst, while meta-substitution
(CN46 and CN89) produced strongly deactivated photocatalysts; this trend with m-methoxy
substituents was also observed when related complexes were employed in light emitting

electrochemical cells.®?

16
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For the ancillary ligands (N*N), the solvated complexes of dimethyl sulfoxide®! provided
a negative control, and exhibited rate constants close to zero for all tested C*N derivatives. With
the diimines, the data reveals that most bipyridine derivatives outperform those of phenanthroline.
Alkylation of the N*N ligands typically enhanced photocatalyst activity, but for methyl groups at
a-position to the nitrogen donor atoms of an N”N ligand, alkylation is beneficial to the
phenanthroline-based (NN34) while being detrimental to the bipyridine ones (NN4). Another
characteristic effect observed with N*N was that the presence of ketone functional groups, e.g.
9,10-phenanthrenedione (NN14) significantly reduces photocatalyst activity, likely due to a

dramatic decrease in the HOMO-LUMO gap and the absence of a long-lived excited state.
Data Modeling

The HTSS measured the rate constants for 1152 catalysts consisting of all pairings of 48
cyclometalating (C"N) and 24 ancillary (N”*N) ligands. We will denote these experimental rates
as Rate(cn,nn), where cn and nn span the ranges 1 to 48 and 1 to 24, respectively. A striking aspect
of the observed reaction rates is that they appear to be decomposable into contributions from the
individual C*"N and N”N ligands. We will refer to the ability of an individual ligand to promote
catalysis as the “strength” of that individual ligand and explore a number of ways to extract these
strengths from the measured rates. A particularly simple way to estimate the strength of a ligand

is to sum the observed rate over all complexes that include that ligand (Eqn. 1),

Smargin (cn) =Y, Rate(cn,nn) ; Smargin (nn) = Y, Rate(cn,nn) (1)

We refer to these as §”%¢" because these would be the margins of a two-dimensional data table

formed from Rate(cn,nn). A heat map of the reaction rates, with the C*N and N*N ligands sorted

17
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by S"egin (Figure 7a), shows the tendency of Rate(cn,nn) to increase with $”#€” of the individual

ligands.

To help quantify this tendency, we considered two models that are based on the general
idea of ligand strength but use alternative measures of this strength. The first is a sum model, in

which the rate is written as a sum of the ligand strengths (Eqn. 2),

Rate(cn,nn) = S (cn) + S (nn) 2)
The second model assumes the rate is a product of ligand strengths (Eqn. 3),

Rate(cn,nn) = SProduct (cn) * Sproduct (nn) 3)

For both models, a least squares procedure is used to fit the model parameters, S or SPoduct to
the observed rates. Each model has 72 parameters, one each for the 48 C*N and 24 N”N ligands,
which can be fit to the rates measured for the 1152 catalysts. Separating the data into train and test
sets has little impact on the quality of the model predictions (see Supporting
Information). Although both the sum (Figure 7b) and product (Figure 7¢) model can account for
a large proportion of the variance in the data, the product model performs better (r> of 0.87 for

product model versus 0.74 for sum model).
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Figure 7. a. Heatmap of rate constants as a function of C*N and N”N ligands, with ligands sorted
from poor to good performers, as measured by S§”¥¢”. The scatterplots show the predicted rate

versus the experimental rate from the sum model (b) the product model (c).
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The product model also gives more reasonable results for catalysts with low performance,
with predicted rates for these complexes having a smaller variance than for the sum model and
with all predicted rates remaining positive. This reflects the tendency, apparent in the heat map,
for poorly-performing ligands to lead to poorly-performing catalysts, even when paired with a
strong partner ligand. The variables, §”#g §m and SProduct provide quantitative measures of the
strength of each ligand. The rankings of ligands, from poor to strong performers, obtained for S$*”
are identical to those with S"™@¢" while slight reordering occurs with SPoduct (see Supporting
Information). Our use of the sum and product models is primarily intended to quantify the
tendency of the rate to decompose into contributions from the individual ligands. However, it is
interesting to note that the product model is what would be expected if the relevant chemical
properties of the ligands were associated with energies or other properties that, in the relation for

the rate constant, appear in an exponential.

The ability of these models to explain a large proportion of the variance in the experimental
data validates that our measured rates are not simply results of random changes in indicator dye
but are instead meaningful trends in catalysts’ properties. It is also interesting to observe that
properties of the ligands alone are able to establish meaningful correlations, as seen in other
chemical fragment-based approaches employed in data-driven analysis of catalytic systems.?-63
The above models are only able to make predictions for complexes containing already studied
ligands. In ongoing work, we are using DFT-derived features to enable the prediction of

photocatalyst activity exclusively from chemical structure.
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Conventional Tests with Selected Photocatalysts

The HTSS identified several iridium(III) complexes with impressive reactivities compared
to the most commonly used commercial photoredox catalysts. To further explore the results we
selected four complexes to traditionally synthesize and fully characterize: [Ir(CN40),(NN6)|*,
[Ir(CN35),(NN6)|*, [Ir(CN35),(NN16)]" and the highly active photocatalyst [Ir(CN63),(NN6)|*
(see Figure 8 for structures). The optical, electrochemical and DFT calculated properties of the
photocatalysts were compared to the most commonly used photoredox catalysts [Ir(CN1),(NN6)|*

and [Ir(CN14),(NN6)]" ([Ir(ppy)2(dtbbpy)[PFs and [Ir(dF(CF3)ppy)a(dtbbpy)|PFs).

J\J\J\J\J\L

500 600 700 500 600 700 500 600 700 500 600 700 500 600 " 500 600 700

7+

k’

[ICN40),(NN6)]™  [I(CN35),(NN6)I*  [I(CN35),(NN16)]*  [I(CNB3),(NN6)]*  [Ir(CN1),(NN6)I* [I(CN14),(NN6)T*

Figure 8. Normalized room temperature emission spectra of the six [Ir(C"N)(N*N)]*
photocatalysts. The argon degassed samples (20 uM acetonitrile solutions) were excited at A = 365

nm, and their luminescence spectrum was measured at room temperature.

Absorbance spectra were measured in acetonitrile and are analogous to other reported
heteroleptic cationic iridium(IIT) complexes.® Below 300 nm all compounds exhibit intense
ligand-centered (LC) transitions, while absorptions at longer wavelengths are assigned to metal-
ligand-to-ligand charge transfer (MLLCT) transitions. Emission spectra revealed that
[Ir(CN35),(NN6)]" and [Ir(CN35),(NN16)]* exhibited a broad structureless emission indicative

of a predominately SMLLCT excited state.®” The vibronic substructure observed in the other
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synthesized complexes indicates the often observed mixing with an 3LC excited state. This is also
reflected in the longer lifetimes of these complexes, compared to the relatively short measured

lifetime for the mostly SMLLCT excited state complex [Ir(CN1),(NN6)|* (Table 1).

Table 1. Photophysical, electrochemical and density functional theory (DFT) calculated data of
the selected iridium(IIT) complexes. Also, the HTSS rate constant values from the dehalogenation

the bromopentafluorobenzene are included.

+ +

[Ir((‘N40)z(NN6)]+ [Ir((‘.\II!5);(1‘4’)16)]+ [Ir(CN35)2(NN16)] [Ir((‘}\163)2(.\'1%)]+ [Ir(CNl)z(NNG)]+ [Ir(CN14)2(NN6)]
Absorption
Jabs/ nm (g/ x10° 297(23.4), 311(23.5),  271(34.2), 297(30.9), 271(46.7), 273(46.9), 257(35.2), 260(55.0),
M cml) 324(20.7), 410(4.6) 387(9.6) 299(32.2), 374(13.5)  295(53.0), 404(6.2) 410(0.60) 310(33.9), 380(6.2)
Emission
Jem/ NM 577 551 561 535 571 480
T/ pus 22 1.8 1.6 2.1 0.6 23
Electrochemistry
EYIr*/Ir¥* ) v 1.69 1.3 1.48 1.24 1.21 1.69
EYIr¥/Tr2)/ V -1.37 -1.44 -1.28 —1.46,-1.90, -2.07 -1.51 -1.37,-1.68
DFT calculations
HOMO/ eV -5.19 -4.85 -5.16 -4.69 -4.85 -5.42
LUMO/ eV -8.46 -1.75 -1.79 -7.44 -71.72 -8.9
-LU
HOMAO-LUMO 3.27 29 2.63 2.75 2.87 3.48
gap/ eV
HTSS rate
5 2.14
Pm——— 1.53 1.07 0.09 14 0.89 0.63

Electrochemical analysis showed varied behavior, from [Ir(CN40),(NN6)]* with a
strongly positive reversible oxidation potential, similar to the state-of-art [Ir(CN14),(NN6)]* used
in systems that proceed via an oxidative quenching mechanism to [Ir(CN63),(NN6)]" with
reversible and quasi-reversible reductions at -1.46, -1.90 and -2.07 V vs SCE (Figure 9). With
only the six photocatalysts, no direct correlation between the luminescence maximum
energy, redox potentials or calculated HOMO-LUMO gaps can be found, indicating that
extensive photophysical and electrochemical data and DFT calculations are necessary to establish
such correlations.
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[Ir(CN40),(NN6)J* —-4.0
5.0 HOMO
Ny
_ [/ 6.0
N\ I/
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Figure 9. Comparison of the electrochemistry and DFT of two iridium(IIl) complexes;
[Ir(CN40),(NN6)|* shows a strongly positive oxidation potential, while the second compound
([Ir(CN63),(NN6)]*) exhibit multiple reduction peaks. The DFT calculations document the
widely different energy of the involved frontier orbitals which highlights that structure-activity are
much more complex and, consequently, a HTSS approach is necessary until better correlations

with calculated features allow the accurate prediction of reactivity from quantum mechanics.

Insight obtained from the developed rapid screening approach may assist the identification
of photocatalysts that demonstrate thermodynamic and kinetic reaction control. Chemoselective
dehalogenation of trisubstituted aryl halides is reported with organic dye photocatalysts®® but the
modular synthesis of metal complexes allows comparatively facile tuning of redox and
photophysical properties. The variation in activity of the six synthesized complexes in the

debromination of 1,2-dibromo-4,5-difluorobenzene was monitored by '°’F NMR (Figure 10).
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Figure 10. '°F NMR analysis of the dehalogenation of 1,2-dibromo-4,5-difluorobenzene (A,
singlet peak, 6 -137.3 ppm), catalyzed by six different photocatalysts. The first dehalogenation
product, 4-bromo-1,2-difluorobenzene (B, doublet, & -135.8 and -140.4 ppm) and the fully
debrominated product 1,2-difluorobenzene (C, singlet, 6 -139.7 ppm) can be obtained exclusively
and in almost quantitative yields by two different photocatalysts (species B by

[Tr(CN35),(NN16)]* and C by [Ir(CN63),(NN6)]*) .

The three complexes containing either 2-phenylbenzothiazole or 2-phenylbenzoxazole
cyclometalating ligands all produced the singly debrominated product in high yield after 16 hours
irradiation, while [Ir(CN63),(NN6)]" quantitatively produced 1,2-difluorobenzene. In
comparison, both commercial photoredox catalysts ([Ir(CN1),(NN6)]* and [Ir(CN14),(NN6)]*)
yielded a mixture of products. This promising result suggests similar chemoselectivity in C—C
bond forming reactions, comparable to that observed with some organic dyes can be achieved.%
70 Zeitler’s work with the organic dyes highlights this importance of tuning the photocatalysts from
highly oxidizing to highly reducing potentials to achieve targeted catalysis. We believe the
heteroleptic Ir(IIT) photocatalysts offer a much more accessible platform for synthetically tuning

their activity and selectivity compared to organic dye molecules. Also, the very efficient and fast
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chromophore [Ir(CN63),(NN6)]* is comparatively easy to synthesize and does not contain any

expensive and environmentally problematic fluorine substitutions.

CONCLUSION

The presented work allowed the development of an indicator dye-based methodology for the online
monitoring of the catalytic performance of 1152 in-situ synthesized cationic iridium(III)
complexes in photoredox processes. The utility of this technique was demonstrated through rapid
screening of the C*N and NN ligands parameter space to pinpoint champion catalysts for the
dehalogenation of aryl bromide. In addition to accelerating chemical discovery, this colorimetric
approach is a significant step towards providing large sets of standardized experimental data that,
in future work, can be combined with computationally derived features to build towards highly
predictive machine learning models. Results obtained from this data-driven inquiry were
confirmed via traditional synthesis and characterization techniques. The reactivity of some newly
synthesized photocataysts exceeded those of the most well-studied and commercially-used
cationic Ir(IIT) complexes by a factor of 3-4. It was also possible to tailor the discovered catalysts

for chemoselectivity.
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All supporting figures and tables, Wolfram Mathematica code for image analysis and data
processing, Python code for photoreactor control and data modeling, as well as a description of
data modeling with train-test splits, are presented in a PDF document. Also attached is the csv file
of the 1152 rate constants and the two videos of real-time reaction progress mentioned in the main

text. This material is all available free of charge at http://pubs.acs.org.
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