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ABSTRACT: Strong reducing agents (< -2.0 V vs SCE) enable a wide array of useful organic
chemistry, but suffer from a variety of limitations. Stoichiometric metallic reductants such as
alkali metals and Sml, are commonly employed for these reactions, however considerations
including expense, ease of use, safety, and waste generation limit the practicality of these
methods. Recent approaches utilizing energy from multiple photons or electron-primed
photoredox catalysis have accessed reduction potentials equivalent to Li® and shown how this
enables selective transformations of aryl chlorides via aryl radicals. However, in some cases low

stability of catalytic intermediates can limit turnover numbers. Herein we report the ability of



CdS nanocrystal quantum dots (QDs) to function as strong photoreductants and present evidence
that a highly reducing electron is generated from two consecutive photoexcitations of CdS QDs
with intermediate reductive quenching. Mechanistic experiments suggest that Auger
recombination, a photophysical phenomenon known to occur in photoexcited anionic QDs,
generates transient thermally excited electrons to enable the observed reductions. Using blue
LEDs and sacrificial amine reductants, aryl chlorides and phosphate esters with reduction
potentials up to -3.4 V vs. SCE are photo-reductively cleaved to afford hydrodefunctionalized or
functionalized products. In contrast to small molecule catalysts, the QDs are stable under these
conditions and turnover numbers up to 47500 have been achieved. These conditions can also
effect other challenging reductions, such as tosylate protecting group removal from amines,
debenzylation of alcohols, and reductive ring-opening of cyclopropanecarboxylic acid

derivatives.

Introduction

Photoredox catalysis has changed the way chemists think about the reactivity of common
functional groups by allowing photon-gated redox events or energy transfer to catalytically
convert stable substrate functionalities into reactive intermediates.!? Over time, structural
elaboration of organic and organometallic dyes has produced a collection of effective photoredox

catalysts with diverse photochemical characteristics.’*

By expanding the electrochemical
horizons of photocatalysts, increasingly inert classes of chemicals have become accessible
substrates for photoredox transformations. However, the maximum energy of a visible photon
(3.1 eV at 400 nm), energy losses through catalyst intersystem crossing, and other nonradiative

pathways impose limits on the strength of photogenerated redox agents from single visible

photon absorption (Figure 1A).>7 Higher-energy UV irradiation can be used to generate



powerful redox agents,®’ however undesired photochemical side reactions limit the functional
group tolerance of these approaches. '’

To overcome these limitations, recent innovations have provided catalytic methods allowing
the input of additional energy beyond a single visible photon to generate extremely strong
reducing agents (Figure 1A). Beginning with seminal reports by Konig in 2014, many
investigators have uncovered photocatalysts capable of consecutive photoinduced electron-
transfer (conPET) events to harness the energy from multiple photons within a single catalyst
turnover, wherein initial photoexcitation and reductive quenching of the photocatalyst produces a
reduced catalyst species that can absorb a second photon to form a powerfully reducing excited
state.!'®!!"13 While this strategy has unlocked new photocatalyzed reductive transformations,
conPET procedures present their own challenges. The photocatalyst must absorb visible photons
of similar wavelengths in the ground state and after conversion to the active photoreductant via
reduction, while additionally having appropriate excited state properties to drive chemistry after
each successive excitation.®!3 In complement to this advance, Lambert, Lin, Wickens, and others
have pioneered electrochemical reduction of suitable precatalysts to form highly potent

“electrochemically primed” photoredox catalysts.!*!8

By decoupling catalyst reduction from
photoexcitation, this approach has greatly expanded the pool of competent reduction-activated
photoreductants to include more accessible catalysts!® and enabled new selective aryl radical
chemistry by spatially separating the reaction mixture from potentially problematic reductants.
Still, challenges remain for each of these approaches (Figure 1B). High catalyst loadings are
currently required for most conPET and electron-primed photoredox procedures (5-10 mol% is

typical),?® owing to the tendency for the reduced catalyst intermediates to decompose.!®?!-2?

Electrochemistry-primed photoredox catalysis requires a more complex apparatus, leading to



challenges in vessel design and scalability. Moreover, the optimal organocatalysts for some
strategies require multi-step syntheses and purification,'>>3?* and can be expensive to use in
significant quantities. Therefore, while these strategies have enabled redox-initiated
transformations of substrates far beyond the potentials accessible by traditional photocatalysis,
these early reports underscore the need for improved photocatalysts with additional stability and

access to new mechanisms of reactivity.

A) Photoreduction Strategies
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Figure 1. A: Contemporary strategies for photoredox-mediated reductions B: Commonly
encountered challenges to existing photoreduction protocols C: This work: CdS QDs as robust
highly-reducing ConPET photocatalysts for reductive organic transformations enabled by Auger

recombination



Semiconductor quantum dots (QDs) combine advantageous aspects of both homogeneous
(high surface-volume ratio, solubility in reaction media, light penetration) and heterogeneous
(durability, substrate binding) catalysts, and therefore offer new opportunities for photoredox
catalysis.?>?¢ QDs have proven to be robust fluorophores and photocatalysts, generally exhibiting
superior photostability to small-molecule dyes,?’3 however applications of QDs to organic
synthesis remain underexplored. To address the need for continued development of photoredox
catalysts, our group and others have been interested in new applications of QDs in organic
chemistry 263461 In addition to their high photostability, QDs exhibit tunable, size-dependent
optical and redox properties; are made in single-step syntheses with no chromatography from

2 reversibly bind to many molecules at once (typically 1 — 5 ligands/nm? of

abundant precursors;°

QD surface are found for closely related CdSe QDs%%%) through common organic functional

groups (-CO:2H, -POs3H, -SH, -NH>); can become charged with many electrons at once without
66,67

decomposing; and undergo many electronic processes with no direct analogue in small-

molecules.®®

Inspired by reports of conPET-type photoreduction mechanisms operative within
commonly used photocatalyst systems,!??4% we envisioned that QDs could achieve a similar
mode of reactivity, while also addressing the catalyst stability and availability challenges of
organocatalyst-mediated photoreductions. In particular, we considered that Auger recombination
processes, a family of electronic events inaccessible to small-molecule photocatalysts which
generate excited charge carriers from carrier recombination of trion or biexciton states,’®”* could
be used to drive energetically demanding photoreductions of organic molecules (Figure 1C).
Photoexcitation of a QD followed by reductive quenching from a suitable terminal reductant

produces a “photodoped” QD.”* This is an anionic QD with the surplus electron residing in the



1S. state at the conduction band (CB) edge. The negatively charged QD can absorb a second
photon at the same wavelength to produce an excited anionic “negative trion” state, with two
electrons in the 1Se state and an electron-vacancy (“hole”) at the valence band (VB) edge.

Negative trion states rapidly undergo Auger recombination (typically T < 100 ps)’h77

on
timescales that are significantly faster than photoluminescence lifetimes. In Auger
recombination, one 1S, electron acquires a kinetic energy equivalent to that of the exciton at the
band gap, concomitant with relaxation of the other CB electron to the valence band edge,
generating a highly energetic or “hot” electron (Figure 1C). While short lived,®®7” these highly
reducing “hot” electrons can be transferred to nearby or adsorbed species, and have been
employed to improve aqueous hydrogen evolution and CO2 reduction.”78-80 Auger processes are
well studied phenomena in nanomaterials, however they have not been employed to drive
synthetic organic transformations requiring powerful reducing agents. We show here that CdS

QDs can be employed as powerful photoreductants for organic synthesis through a two-photon

mechanism involving Auger recombination to generate hot electrons.

Results

Initial studies revealed that oleate capped 5.8 - 6.0 nm CdS QDs?! were capable photocatalysts
for reductive dehalogenation of electron-neutral and -rich aryl chlorides with reduction potentials
up to 1300 mV more negative than the most-negative reported reduction potential of CdS QDs
(EpcQP'AD- = 224 V vs SCE for 4.0 nm CdS QDs).8>%3 To interrogate the photoreductive power
of CdS QDs, optimization studies were undertaken using the reductive hydrodechlorination of 4-
chloro-2,6-di-tert-butylanisole (1a) (Erea = -3.4 V vs. SCE) as a challenging model reaction.'*
Optimization of the reaction conditions revealed that polar aprotic solvents performed best and

N,N'-dimethylpropylene urea (DMPU) provided the highest yields of dehalogenated product.



Among the reductants examined, tris(2-aminoethyl)amine (TAEA), sodium formate, and N,N-
diisopropylethylamine (DIPEA) were all effective, although TAEA was the most general (Table
1, entries 1-5). Lowering the QD loading slowed the reaction rate (entry 6), while control
experiments showed that QDs, reductant, and light are all required for dehalogenation activity
(entries 7-9). Despite their ability to coordinate to QD surfaces, the reductants NaSPh3? and
ethylenediaminetetraacetic acid®* were ineffective under these reaction conditions. For additional
optimization data, see the Supporting Information (Figure S1).

Table 1. Optimization of Hydrodechlorination Reaction

5.8nm CdS QDs (0.002 mol%)
tBu Cl TAEA (1.5 equiv) tBu H
MeO DMPU (0.1 M), rt MeO
By 450 nm LEDs, 24 h By

1a 2a
Eieq =-3.4V vs SCE

Entry Conditions Yield
of 2a¢
1 As above 95%
2 4 equiv TAEA 68%
3 025M 86%

4 4 equiv DIPEA instead of TAEA  91%

5 3 equiv NaCHO: instead of 95%
TAEA

6 0.001 mol% QDs 74%

7 No light 0%

8 No QDs 0%

9 No reductant 0%

10 Ir(ppy)3 (1 mol%) instead of QDs 2%

11 Bulk CdS (10 mol%) instead of 0%
QDs



12 4 mmol scale, 96 h? 87%

@ Corrected GC yields using 0.1 mmol of 1a. LED setups delivered 520 mW of 450 nm light to
the reaction vessel. * Reaction conducted with 4 mmol 1a in Penn PhD M2 photoreactor for 96 h.
See SI for details.

Substituting CdS QDs for Ir(ppy)s3, among the most-reducing of commonly used molecular
photocatalysts, resulted in only trace product formation (entry 10), despite exhibiting a similar
reduction potential to CdS QDs (E12"™! = -2.19 V vs SCE for Ir(ppy)s; Epc?PQP = 2,15 V vs
SCE for 3.9 nm CdS QDs)®* and a much longer excited state lifetime (t = 1.3 ps for Ir(ppy)s vs.
~10 ns for Cd chalcogenide QDs).8-87 While bulk semiconductors have seen increasing utility in
photoredox catalysis,?¥ in this case CdS QDs outperformed an equal mass of bulk CdS powder
(entry 11), showing that the catalyst morphology and quantum properties play a role in
dehalogenation activity. Auger processes are vanishingly inefficient in bulk semiconductors,®'-?
consistent with the inactivity of bulk CdS powder for photoreduction beyond its reduction
potential. The reaction could be performed on gram-scale, although this required high intensity
irradiation within a Penn PhD M2 photoreactor over 96 h to reach completion (entry 12).

We then sought to compare the durability and potency of CdS QDs as photoreductants relative
to a selection of visible light photocatalysts for two-photon and electron-primed photoreduction
via the hydrodechlorination of 1a.!l12199394 While these comparisons are not exhaustive and no
comparison of different catalysts optimized under different conditions is without limitations, we
did our best to account for the differences in literature conditions by testing three different
reductants (TAEA, DIPEA, and NaCHOz) and taking time points at both 24 and 48 h (Table 2
and Supporting Information Figure S2). In addition, to account for the different catalyst loadings
and catalyst molecular weights, we calculated total turnover number (TON) and product/catalyst

w/w comparisons. 4-DPAIPN generally performed best of the tested molecular dyes under these

conditions, affording an equal amount of 2a as the QDs when TAEA was used as the reductant



(Table 2, entries and 3). However, 0.002 mol% of CdS QDs outperformed all of the tested

photoredox catalysts in terms of TON, mass of product formed per mass of catalyst, and

generally overall yield across the different organic reductants tested.

Table 2. Comparison of CdS QDs with alternate two-photon catalysts

tBu

Cl
1a

photocatalyst tBu
OMe  TAEA (1.5 equiv) OMe

gy DMPU (0.1M), rt H Bu

blue LEDs, 24 h
2a

Entry TON mg
(per pdt.
Photocatalyst % Yield at 24 h* cat.) /
mg
cat.
1 5.9 nm CdS QDs (0.002 mol%) 95 47500 33
2 4-CzIpn (10 mol%) 24 2.4 0.66
3 4-DPAIPN (10 mol%) 96 9.6 2.7
4 [Ir(dFCF3ppy)2(dtbbpy)]PFs (2 mol%) 54 27 5.3
5 PDI (10 mol%) 16 1.6 0.59

@ Corrected GC-FID yields vs. n-dodecane as internal standard. For experimental details, see
Supporting Information Figure S2.

Intrigued by the superiority of TAEA to other amine reductants, we conducted experiments to

determine whether TAEA was interacting with the QD surface. As expected for primary

amines,” 7 NMR experiments demonstrate that TAEA can displace the native oleate ligands

from the QD surface (Figure 2 and Supporting Information Figure S$3).646%% Based on studies of

other polydentate and primary amines, TAEA presumably chelates surface-bound Cd(oleate)2

complexes present on as-synthesized QDs, removing them from the QD and subsequently

binding as an L-type ligand to newly exposed Cd sites on the CdS core, yielding TAEA-capped

QDs.?%-1% Reducing the steric profile of QD ligands has been shown to improve the rate of redox



events between QDs and redox partners due to enhanced permeability of the ligand shell,”*!°! so
one role of TAEA may be to increase surface accessibility of the QDs relative to the larger native
oleate ligands. Swapping TAEA for non-coordinating DIPEA generally allowed for similar
yields after 24-48 h but resulted in an induction period (>6 h) and less reproducible yields

between QD batches (Table 1, entry 4 and Supporting Information Figure S4).
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Figure 2. Displacement of oleate (OA) from the surface of CdS QDs (6 x 10" mmol) after
treatment with TAEA in toluene-d§. See Supporting Information Figure S3 for experimental

details.

We hypothesize that without TAEA or other added ligands in solution, native oleate ligands
slowly desorb from the QD surface under the reaction conditions, a process that occurs
spontaneously in dilute QD solutions!?? and after negative charging of the QD'® which may be
faster or slower between QD batches depending upon variation in exact surface chemistry.”
When using DIPEA as reductant, ligand desorption may be required for substrate or reductant

access to the surface,'

accounting for the observed induction period when using DIPEA.
Interestingly, lowering the quantity of TAEA from 4 equivalents to 1.5 equivalents substantially

increased the rate of product formation allowing for higher yields (Table 1, entries 1 and 2),

while the opposite effect was observed for DIPEA (Supporting Information Figure S1),

10



indicating that larger excesses of TAEA may reduce substrate access to the QD surface via
competitive surface association, 3648105

Mechanistic studies. We conducted a series of studies to shed light on the mechanism by
which CdS QDs catalyzed aryl chloride photoreductions significantly beyond their reduction
potentials. We considered five main mechanisms for the reduction of 1a (Figure 3): (A) chloride
abstraction by aminoalkyl radicals generated in situ from oxidation of TAEA; (B) reduction of
la by a photoexcited neutral QD; (C) reduction of 1a by a ground-state anionic QD; (D)
reduction of 1a by a hot electron generated by Auger recombination; and (E) reduction of 1a by
a hot electron generated by direct photoexcitation of a 1Se or a surface-trapped electron to a
higher excited state. In the case of mechanisms B-E involving electron transfer to 1a, the product

is formed following rapid fragmentation of the nascent radical anion to afford an aryl radical

which forms product after hydrogen atom transfer from solvent or reductant.
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Figure 3. Mechanistic possibilities for aryl chloride reduction. A: Halogen atom abstraction by
organic radicals derived from the reductant. B: Reduction of substrate by a neutral excited QD.
C: Reduction of substrate by a ground-state anionic QD after reductive quenching. D: Reduction

of substrate by a hot electron generated via Auger recombination of a negative trion state. E:
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Reduction of substrate by a hot electron generated via direct excitation of electrons in the 1Se

state or surface trap states.

Mechanism A. Halogen atom transfer. Our findings are inconsistent with a halogen atom
transfer mechanism: we observed that alkyl radicals, generated using the procedure of Leonori
from TAEA and sodium persulfate, did not convert 1a to 2a (Supporting Information Figure
S5).196.107 This is consistent with Leonori’s findings that aryl chlorides are recalcitrant to halogen
abstraction by this mechanism. Furthermore, we found that sodium formate could replace TAEA
as a terminal reductant affording the product in nearly identical yield (Table 1, entries 2 and 5).
The product of formate oxidation (HCOQO") is known to undergo rapid reaction with excess
formate to produce CO2™, which has been used as an SET reductant for aryl chlorides.'?!08
While CO2™~ is a strong reducing agent (Ered = -2.2 V vs. SCE),!? it is incapable of reducing
substrates with more negative reduction potentials than -2.1 vs. SCE.'>!%® This is consistent with
a QD-mediated SET reduction mechanism, regardless of reductant choice.!!%112

Mechanism B. Oxidative quenching mechanism. Our findings are inconsistent with an
oxidative quenching mechanism. That mechanism would require the excited-state QD to directly
donate an electron to la (Figure 3B), but Stern-Volmer quenching studies indicate that aryl
chloride 1a did not quench the PL (i.e., 1a is not reduced by the excited state of the neutral QD).
Instead, TAEA was found to quench the photoluminescence (PL) of neutral QDs (Supporting
Information Figure S6). QD surface modification by TAEA is unlikely to be responsible for the
observed PL quenching, because Z-type displacement of Cd(oleate): from the QD surface by
primary amines is accompanied by amine coordination to exposed Cd sites, which enhances the

QD PL. Therefore, the observed PL quenching by TAEA indicates a reductive quenching

12



mechanism. This rules out oxidative quenching by 1a as in mechanism B, and suggests the

intermediacy of anionic QDs (Mechanisms C-E in Figure 3).
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Figure 4. A: Air-reversible photodoping of CdS QDs in toluene by DIPEA (1000 equiv per

QD) B: UV-vis spectra of catalytic reaction mixture C: Absorbance changes during reduction of

CdS QDs; t = 0 min (light green) to 60 min (dark blue). D: Absorbance changes during reduction

of CdS QDs; t =0 h (dark purple) to 18 h (light orange).

Mechanisms C-E. Intermediacy of anionic QDs. Mechanisms C-E require the generation of

charged QDs that are stable long enough to react with 1a (Mechanism C) or to absorb a second

photon (Mechanisms D and E). We were able to generate stable populations of anionic

photodoped QDs by irradiation in the presence of catalytically competent amine reductants or

LiBHEt7%!'3 under air-free conditions (Figure 4A and Supporting Information Figure S7),

demonstrating the feasibility of these three mechanisms. These charged QDs display bleaching

of the two lowest energy excitonic features centered at 464 and 448 nm due to occupation of the
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1Se electron state at the conduction band (CB) edge.''* Spectral changes at higher-energy
transitions were also visible, as consistent with literature reports of doped CdS QDs.!"> These
photodoped QDs displayed similar spectral changes to those prepared using the established
chemical reduction with Na/biphenyl (Supporting Information Figure S8).!'¢ The anionic QDs
were stable under nitrogen and were quenched by introduction of oxygen (air). We also observed
reversible photodoping of QDs in the absence of reductant, consistent with recent findings that
CdS QDs can become photodoped through oxidation of their capping ligands or surface-bound
water molecules without added reductants.!!>!!” While this phenomenon can be used to generate
populations of reduced QDs for spectroscopic study, added chemical reductants are required for
catalytic transformations. No reduction of 1a to 2a occurs in the absence of terminal reductant
(amine or formate) because these reductant-free photodoping pathways cannot provide enough
electrons to produce a measurable amount of product in the catalytic reaction (Table 1, entry 9).
Additionally, we could observe the 1Se-1Pe transition of the doped electron within the CB of the
anionic QDs centered at 1500 cm’!, consistent with other reports of CdS QDs doped with

electrons (Figure 5).!13116
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Figure 5. Infrared feature centered at 1500 cm™' formed upon photodoping of 6 nm CdS QDs,
assigned to the 1Se-1Pe transition of the doped electron within the conduction band. Dark blue
trace: QDs after photodoping. Light blue trace: QDs after air exposure. See Supporting

Information Figure S9 for experimental details.
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Slight modification of the catalytic reaction conditions to allow complete solubility of the QDs
enabled UV-vis measurement of the reaction mixture to gather information about QD speciation
(Figure 4B and Supporting Information Figure S10). Under irradiation with excess reductant,
QDs in the catalytic reaction exhibit bleaching of the lowest energy excitonic features, consistent
with photogeneration of anionic QDs. Simultaneously, the reaction mixture exhibits a broad
absorbance enhancement across the entire visible spectrum (Figure 4B, pink trace), similar to
spectral changes reported in core/shell ZnSe/CdS QDs after prolonged irradiation in the presence
of excess DIPEA .3 Absorbance tails in the visible spectrum have also been observed following
chemical doping of CdSe QDs by Na/biphenyl, ascribed to the broadening and red shifting of the
excitonic features by the doped electrons and excitations of electrons in surface trap states.!'!>!18
Light scattering due to QD aggregation may contribute to the broad feature, however both
observed spectral changes were fully reversible after exposure to oxygen (Figure 4B, green
trace), strongly suggesting that they arise from the presence of injected electrons residing in the
CB (the exciton bleaching) as well as newly formed surface states (the additional broad
features).!0>118

To confirm the origin of these spectral changes within the catalytic reaction, we undertook
spectroelectrochemistry studies, as previously employed to study CdSe nanocrystals®”-!1%-120 and
deeply reducing photocatalytic systems.!>!® Consistent with reports of CdS band positions, we
found that cathodic reduction of 5.9 nm CdS QDs at -2.2 V vs. SCE was sufficient to
electrochemically dope the QDs with ~0.5 electrons per QD within 1 h (based on the magnitude

of absorbance bleaching of the 1S. feature at 464 nm),”® mirroring exactly the spectral changes

observed in photodoping experiments (Figure 4C, , green to dark blue traces and Supporting
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Information Figure S11). The excitonic bleaching was accompanied by shifting of the higher
energy absorbance features as observed in photodoped QDs (compare to Figure 4A).

When the experiment was repeated at a longer time scale, the excitonic bleaching was
accompanied by a sub-band gap absorbance tail as well as further shifting and broadening of QD
features between 350 and 450 nm throughout the electrolysis (Figure 4D, purple to orange
traces), increasing in intensity over time, resembling the spectral changes previously observed in
the catalytic reaction (Figure 4B). Sub-bandgap absorbance tails in the visible in good agreement
with those observed in our experiments (Figure 4D) have been documented in spectroscopic
studies of other reduced Cd-based QDs.!03113.116,118,121-123 They are commonly attributed to the
spontaneous reduction of surface sites (namely Cd?" ions in Cd-rich QDs) by electrons in the 1S.
state, or directly by the reducing agent.'>»1?* Reduction of the QD surface atoms leads to the
introduction of surface-localized trap states filled with electrons with energy levels inside the
band gap.!91% The presence of electrons in surface states introduces localized dipoles that
interact with the polarizable QD exciton via the Stark effect, causing broadening of excitonic
absorbance and PL features!?®!?7 when QDs are reduced by various means, potentially
contributing to the observed absorbance tail. Doped electrons within the 1Se state or surface
states may also exhibit transitions to higher energy states within the CB which could contribute
to the observed features,'®!18123 however the infrared feature corresponding to the 1Se-1Pe
transition (Figure 5) occupies most of the oscillator strength of the doped 1Se electrons.!'!8

These studies strongly suggest that sequential photodoping cycles'?® during the catalytic
reaction generate QDs with populations of electrons in the 1S state and nascent mid-gap surface
states which may form due to in-situ QD surface modification.'**12 We observed that the QD

solutions remained optically clear throughout the spectroelectrochemistry experiments and note
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that electrolysis-induced shifts in the QD absorbance features do not resemble wavelength-

dependent Rayleigh scattering (scattering cross section o< A %), suggesting that light scattering

did not majorly convolute the absorbance spectra (see Supporting Information Figure S11 for
images of QDs during the experiments).

Mechanism C. Direct reduction of 1a by anionic QDs. Our findings are inconsistent with
reduction of 1a by anionic QDs without additional photon energy (Mechanism C). Electron-
primed photoredox catalysis was used to decouple QD doping from photoexcitation.!*!>1* We
found that reactions utilizing a sacrificial anode (Mg(+)/RVC(-), -2.2 V vs. SCE), instead of
organic reductants, formed product 2a only when both QDs and light were present (Table 3,
entries 1-3). We also observed further evidence that TAEA is serving as both a reductant and
QD-stabilizing ligand:'*® QD decomposition could be observed over the course of the
experiments, resulting in diminished yields relative to the ordinary photocatalytic reaction (Table
1, entry 1 vs Table 3, entry 1). These results demonstrate that anionic QDs must be photoexcited
to reduce 1a, ruling out mechanism C and implicating the generation of hot electrons higher in
energy than the CB 1S. state.

Mechanisms D and E. Hot electron mechanisms. Our photodoping and
spectroelectrochemistry studies established that modification of the QD surface in tandem with
continuous electron injection into QDs results in a population of electrons in the 1S. state as well
as surface-localized trap states, resulting in excitonic bleaching and an absorbance tail. To
determine whether selective excitation of the absorbance tail could induce product formation, we
employed electron-primed photocatalysis using a 525 nm light source with a 500 nm long-pass
filter to selectively irradiate the absorbance tail not present in the neutral QDs, leading to small

amounts of product formation (Table 3, entry 4), consistent with the low absorbance of the doped
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QDs at >500 nm wavelengths. Finally, employing a 650 nm light source led to zero product
formation (Table 3, entry 5), due to the negligible absorbance of QDs at red wavelengths under
an applied potential of -2.2 V vs. SCE. At present we cannot rule out the possibility that direct
excitation of 1Scelectrons or surface electrons to high energy states contribute to the observed
absorbance changes, which could contribute to the formation of hot electrons, however our
results are most consistent with a dominant Auger mechanism (vide infra).
Table 3. Electron-Primed Photoredox Studies.

tBu Cl 5.8nm CdS QDs (0.005 mol%)  tBu H

MeOI;/ TBAPFg (0.1 M) - MeOI;/

tBu 1:1 toluene/DMPU (0.1 M) tBu

RVC (-) | Mg (+) (divided cell)

Constant E¢, = -2.2 V vs. SCE
Light source, 24 h, rt

1a 2a

Entry Conditions Yield
of 2a“
1 456 nm LED lamp 65%
2 456 nm LED lamp, 0%
no QDs
3 no light 0%

4 525 nm LED lamp® 9%
5 650 nm LED lamp 0%

@ Corrected GC yield for reactions with 0.2 mmol 1a. Average power consumption of LED
lamps was 50 W. See Supporting Information for experimental details. * 500 nm long-pass filter
employed to prevent overlap with neutral exciton.

Mechanism D. Evidence for Auger recombination from PL measurements. We conducted
steady state and time-resolved photoluminescence measurements which demonstrate that Auger
recombination (Mechanism D) occurs following irradiation of photodoped anionic CdS QDs,
which form under our catalytic conditions. We observe drastic steady-state PL quenching of QD

samples following photodoping by amine reductants (Figure 6A and Supporting Information
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Figure S12), which was partially reversible after air exposure, a finding previously assigned to

efficient Auger recombination in similar photodoped anionic QDs.'!3

Analysis of time-resolved
PL decay of QDs before and after photodoping (Figure 6B) shows multiexpoential decay in all
QD samples, consistent with other reports of CdS QDs (Supporting Information Figure S13).!13
Before photodoping, the QD sample exhibited decay components of T ~ 16 ns, assigned to
radiative decay lifetimes measured in similar QDs, as well as faster decay components of T ~ 1
ns. After photodoping, the T ~ 16 ns component is nearly eliminated, resulting in an approximate
threefold decrease in the average PL lifetime of the nanocrystals (see Supporting Information
Figure S13 for fitting data). This is indicative of Auger recombination: anionic QDs exhibit
shorter fluorescent lifetimes than neutral QDs because nonradiative Auger recombination of
negative trion excited states occurs more rapidly than fluorescent decay, -effectively
outcompeting fluorescence in photodoped QDs. After oxygen exposure, partial recovery of the
neutral PL decay kinetics is observed, due to partial scavenging of electrons from doped CdS
states, while surface-modification of the nanocrystals may prevent full recovery of the initial PL

dynamics. Our PL data are fully consistent with reported indications of Auger recombination in

photodoped QDs,”!13:115 demonstrating the occurrence of this mechanism under our conditions.
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Before photodoping C) Leveling effect by trialkyl amides
4 —— After photodopin

1000 P ping o 5.9 nm CdS QDs (0.002 mol%) I
- After oxygen exposure TAEA (1.5 equiv) J\/\
3 800 - a . (\ % > (\
v (0-25 mmol) ~ DMPU, (0.25 M), 24 h 52% y|e|da o
S 600 ¢ blue LEDs, rt (65% without 3a)
o 3a 4a
9 00 5 equiv 0.015 mmol?
o

200 -
0 D) Aryl radical cyclization
460 510 560 610 660 710 760
Wavelength (nm) 5.9 nm CdS QDs (0.002 mol%)
B) Time-resolved PL decay of photodoped QDs @(\/\ TAEA (1.5 equiv) @\/\/\
7
\.\ cl DMPU, (0.25 M), 48 h
1000 1 1b blue LEDs, rt
| (0.25 mmol) 6% 8%

3

s

0 .

£ E) Aryl anion probe

3100

o

. 5.9 nm CdS QDs (0.002 mol%)
z Before photodoping COEt Tiea (1.5 equiv) COZEt
b 'M —— After photodoping
lﬂM After oxygen exposure cl DMPU, (0.25 M), 48 h
10 4 T T T T 1c blue LEDs, rt

* Time (ns) 6 8 10 (0.25 mmol) 4% n d d

Figure 6. A) PL quenching in photodoped CdS QDs. B) Time-resolved PL decay of photodoped
CdS QDs. C) Inhibition of reduction by amides. D) Cyclization of radical clock E) Probe for
over-reduction of aryl radicals to anions. ¢ Corrected GC-FID yields vs. n-dodecane. > '"H NMR

yields vs. CH2Br2. ¢Isolated yield. “ No indanone cyclization product was detected via SFC-MS.

Potential role of DMPU solvent. The inferior performance of amide solvents and other
aprotic solvents relative to DMPU led us to consider that a solvent reduction mechanism could
be operative (e.g., formation of DMPU" or DMA"™, species that have been observed when alkali
metals are dissolved in these solvents)!3!!32 and that this could impose a leveling effect on the
potentials accessible by the QDs/TAEA system. The different performance would arise from
differences in the reducing power of the respective radical anions because ureas like DMPU are
harder to reduce to the corresponding radical anion than other carbonyl derivatives.'33!35 To
explore this possibility, we tested the photoreduction of 1a using DMPU as solvent in the

presence of amide 3a, which we reasoned could act as a probe for the reduction of amides to

amidyl radical anions. We found that the addition of 3a reduced the yield of dehalogenation
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product 2a, while 0.015 mmol (6 mol% relative to 1a) of ring-opened amide 4a was formed.
(Figure 6C, Supporting Information Figure S14). While we cannot state with certainty that
DMPU radical anions play a role in productive chemistry, these results demonstrate that tertiary
amides can be reduced to the corresponding radical anion and inhibit productive catalysis.

Aryl radical and aryl anion probe substrates. While the dehalogenation reactions were
assumed to arise from aryl radicals and hydrogen atom transfer, an alternative mechanism would
be sequential reduction to form an aryl anion followed by proton transfer. Aryl radicals are easier
to reduce than aryl halides (Ered = +0.05 V vs. SCE for phenyl radical), so we considered that
multiply charged QDs could potentially reduce aryl radicals to anions, as has been observed
under electrochemical reduction conditions.'?® To differentiate these two mechanisms, we
examined the products formed from reactions with radical clock substrate 1b in the QDs/TAEA
system (Figure 6D, Supporting Information Figure S15). The cyclized product 2b was observed
in a 4.5:1 ratio to the uncyclized olefin 2b’, consistent with the formation and facile cyclization
of aryl radicals from 1b (keye = 5 x 108 s7! at 25 °C). Recognizing that the uncyclized product
could arise either by reduction of intermediate aryl radicals to the corresponding anion followed
by protonation, or by HAT from solvent or reductant molecules prior to cyclization, we
employed 1¢ as an aryl anion probe (Figure 6E).!37 After reduction by QDs/TAEA, 2¢ was
obtained as the exclusive product with no formation of the indanone product 2¢’ via anionic
cyclization. These results together provide strong evidence that aryl anions are not formed under
the reaction conditions, and that intermediate aryl radicals are rapidly quenched via HAT from
solvent or reductant molecules (pseudo-first order rate constant knat ~ 1 x 108 s71).

Kinetic Dependence on Light Intensity. Kinetic studies of the reaction under differing light

intensity indicate an approximate rate order of 1.4 for photons, as measured by the initial rates of
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reaction over the first 5 h. A ~30 min induction period is also observed, which appears to be
longer with lower light intensity (Supporting Information Figure S16). Z-type surface
modification of Cd chalcogenide QDs by chelating L-type multidentate ligands like TAEA
proceeds to completion within a few minutes,” so the induction period is likely not due to
surface modification by TAEA. Combined with the prior observation that anionic QDs
accumulate in the reaction mixture through photodoping cycles, these results are consistent with
buildup of the active catalyst,® multiply anionic QDs, through photodoping at the beginning of
the reaction, followed by a regime of rate-limiting hot electron transfer from photoexcited
anionic QDs to substrate or solvent molecules, as would be expected given the rapid relaxation
rate of hot electrons to the band edge before reduction occurs.

Proposed Mechanism. Based on these studies, we propose the following reduction
mechanism (Figure 7): neutral QDs (I) become negatively charged after excitation and reductive
quenching by TAEA to generate anionic QDs (II). II can then absorb a second photon to
generate a negative trion state (III), which can undergo reductive quenching by TAEA again to
return to a ground state anionic QD with an additional negative charge (II), or undergo Auger
recombination to generate a hot-electron state (I'V), which may then relax back to (II) or reduce
a substrate or solvent molecule to return to a neutral or anionic ground state (I or II). Reduced
substrates then undergo subsequent fragmentation and HAT to furnish the dehalogenated
product. We also expect that back electron-transfer from reduced substrate or solvent molecules

to QDs may occur competitively with productive chemistry.
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Figure 7. Proposed mechanism of photoreduction.

Application to organic reactions. To explore the synthetic utility of the CdS/TAEA system,
we briefly explored the generation of aryl radicals from aryl chlorides and aryl phosphate esters
(Scheme 1). For the hydrodechlorination reaction (2a, 2d-2h), we found that a set of electron-
rich and electron-neutral aryl chlorides could be hydrodehalogenated in high yields, while
electron-rich aryl phosphate esters could be reductively cleaved to afford the arene in similar
yields. Semiconductor QDs have been previously employed for reductive dehalogenation of aryl
halides,?*3%138 however these protocols have been limited to substrates with reduction potentials
less negative than the reduction potential of the QDs. In our system, reductions of aryl
electrophiles with reduction potentials significantly more negative than CdS QDs (-2.2 V vs.
SCE)* proceeded in high yields. Considering that we were using an amine (TAEA) as the
terminal reductant, we found it promising that a substrate bearing an oxidizable secondary amine
(phosphate ester 5h) could be defunctionalized in 47% yield. Because a variety of aliphatic
amines can serve as terminal reductants (Supporting Information Figure S1), we think this

suggests that TAEA pre-binding to the QD may outcompete more hindered amines.
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To explore whether the aryl radicals formed could be used for C-C and C-X bond formation,
we examined trapping reagents to furnish products 6, 7, and 8 in moderate yields, comparable to
those reported using other aryl radical trapping conditions.'>?*3% Consistent with the propensity
of aryl radicals to undergo HAT with weak C-H bonds present on amine reductants and DMPU,
we observed that employing DMSO as solvent and sodium formate as the terminal reductant for
aryl radical trapping generally improved the selectivity for the desired products over
hydrodehalogenation.!> We anticipate that further improvements could be made with additional
optimization: the use of DMSO instead of DMPU was required for selective aryl radical
functionalization but led to lower conversion, especially for electron-rich aryl electrophiles.

Scheme 1. Reaction scope for aryl radical generation.

A) Hydrodefunctionalization of Aryl Electrophiles B) Functionalization of Aryl Radicals
Cl  QDs/TAEA/DMPU? H 5.9 nm CdS QDs (0.002 mol%) )
- . @ ci TAEA (1.5 equiv) N
24-96 h N-methylpyrrole (50 equiv) |
1 2 ome DMSO (0.15 M), rt OMe
. L
(0.25 mmol) COMe e LEDS, 24 h CO,Me
H 1 6
1B H 0
u NHBoc  MeO OMe H O (0.25 mmol) 42%
MeO’ /©/
tBu H
OMe
2a 2d J2e 2f 5.9 nm CdS QDs (0.002 mol%)
77% (5% RSM), 45 h 80%, 45 h 76%, 45 h 84%, 24 h NaCHO, (3 equiv)
87%" (5% RSM), 96 h  Ereq = -2.9V vs SCE Ereq =-2.6V vs SCE Cs,CO0; (3 equiv) Bpin
Ereq = -3.4V vs SCE 1 B,Pin, (3 equiv)
(0.25 mmol) OMe
DMSO (0.2 M), rt CO,Me
OPO(OEt); QDs/TAEA/DMPU? H blue LEDs, 24 h 7
—_—
o
45h
5 2
(0.25 mmol)
H H
MeO OMe MeO. 5.9 nm CdS QDs (0.002 mol%)
NaCHO; (6 equiv) MezSn
1i Sn,Meg (3 equiv)
tBu N (0.25 mmol) OMe
H DMSO (0.25 M), rt CO,Me
29 2h blue LEDs, 48 h 8
72%° 47% 34% (43%7)

4Standard conditions used: 5.9 nm CdS QDs (0.002 mol%), TAEA (1.5 equiv), DMPU (1 mL),
blue LEDs, rt. Isolated yields unless otherwise specified. 4 mmol scale, conducted in a Penn
PhD M2 photoreactor (See SI for details). “DIPEA (4 equiv) used instead of TAEA. “NaCHO: (3
equiv) used instead of TAEA. “NMR yield vs. CH2Br.
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In addition to aryl radical formation from aryl chlorides, we also explored several other
reductive transformations that require strong reductants (Scheme 2). The detosylation of p-
toluenesulfonamides to amines is a common, but challenging, transformation that typically
requires superstoichiometric strong reductant (e.g., Sml2,'3*!40 TLi/Naphthalene'*!, or
Mg/MeOH'#?) or anhydrous strong acid (e.g., TFOH, HBr in AcOH).'® Photocatalytic reductive
cleavage was only recently reported using an acridinium catalyst (10 mol%) with UVA light
(390 nm).”* This was an exciting advance because many methods rely upon tosyl-protected
nitrogen, but are of limited utility due to the harsh deprotection conditions.”® In our initial
examination of this reaction, several p-toluenesulfonamides were reductively cleaved to afford
the free amines in 62-88% yield. Arylamine 9a and melatonin-derived 9b were completely
deprotected within 24 hours, while alkylamines 9¢ and 9d were slower and required 72 h,
presumably due to their more-negative reduction potentials (Ered ~ -2.4 V vs. SCE for N-tosyl
alkylamines),'** or higher propensity for back-electron transfer before fragmentation. Notably,
sulfonyl-protected phenols have been reductively deprotected using CulnS2/ZnS QDs as a
photocatalyst,”® however only electron-poor sulfonyl groups with reduction potentials less-
negative than the employed QDs were cleaved under these conditions, in contrast to this study

with CdS QDs.
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Scheme 2. Additional reductive transformations.

A) Reductive deprotections B) Reductive ring opening of cyclopropyl carbonyl derivatives

i Boc,0 (5 equiv)

QDs/TAEA/DMPU? ! NEts (5 equiv) H QDs/TAEA/DMPU?
R,NT: > R,NH ! > R,NBoc ! A
27 2 2heee Ph CoMe — > " "Co,Me
9 24-72h 10 i MeOH (1 mL) : 3b 45h b
(0.5 mmol) 1. 3h o ' (0.25 mmol) 71%
NHAG 1.add to reaction mixture __ _ __:
NHBoc
HoN MeO. OXO o
) /\)\M
OMe N BocHN OtBu o) o)

H O N() QDs/TAEA/DMPU? N\)

10a 10b 10¢c 10d Ph ph/\/\n/

62%, 24 h 68% (89%P), 24 h  88%, 72 h 80%, 72 h S 45h 3
3c 4c
(0.25 mmol) 75%>b
QDs/TAEA/DMPU?
oB - . OH
pMp7 RN PMP” N
1 72h 12
(0.25 mmol) 79%

4Standard conditions used: 5.9 nm CdS QDs (0.002 mol%), TAEA (1.5 equiv), DMPU (1 mL),
blue LEDs, rt. Isolated yields unless otherwise specified. ’NMR yield vs. CH2Br.

Besides tosylate deprotection, these conditions were also able to deprotect alkyl benzyl ether
11 to alcohol 12 in high yield. Debenzylation is commonly accomplished through Pd-catalyzed
hydrogenation. However, in situations where hydrogenolysis is incompatible with other substrate
functionalities, it may also be accomplished by strong stoichiometric reductants!4-143
electroreduction (Ered = -3.1 V vs. SCE)'#, or the combination of an organic reductant and UV
light.'* This approach allows clean deprotection to proceed under visible light irradiation with
amine terminal reductants.

Finally, the reductive C-C bond cleavage of cyclopropyl ester 3b and amide 3¢ bearing beta
phenyl groups could be achieved in high yield via reduction of the ester (Ered = -2.8 V vs SCE)'*°
or amide'! functionalities to the corresponding ketyl radical anion, followed by ring-opening to
afford the distal benzylic radical anion. While the reductive ring opening of aryl cyclopropyl
ketones is well-known in photoredox catalysis!'>?>13% (Erea = -2.10 V vs SCE for phenyl
cyclopropyl ketone),'> only one example exists of a photocatalyzed reductive ring opening of a

more electron-rich cyclopropane carboxylic acid.!®> Reductive ring openings of the analogous
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cyclopropanecarboxyl esters and amides have only been achieved by employing excess Smlz
activated by H20, where care must be taken to avoid over-reduction to the alcohol.'>® Reductive
ring openings of cyclopropyl ketones have enabled many valuable transformations including
mono'>7 and di-functionalizations,!>>153158-164 5o we anticipate that further development of these
ester and amide ring opening protocols will enable more complex transformations.

Discussion

Evidence for an Auger Recombination Mechanism. Our findings are most consistent with a
dominant Auger mechanism for hot electron generation. Spectral measurement of our CdS QDs
after doping procedures and under various reaction conditions are consistent with the in-situ
generation of anionic QDs with electron occupation of the 1Se state and surface states. After
photochemical or electrochemical doping of QDs, the excitonic feature of the reduced QDs
accounts for most of the absorbance of the reaction mixture at blue wavelengths. Excitation of
anionic QDs produces negative trion states which are known to efficiently undergo Auger
recombination, generating hot electrons. This was confirmed by our ex-situ photoluminescence
studies of anionic CdS QDs, which were consistent with literature reports of anionic QDs
undergoing Auger recombination,’®!!> demonstrating the intermediacy of this process within our
system. Importantly, surface modification of QDs and the introduction of electrons in trap states,
which occur under our reaction conditions, do not interfere with Auger recombination
events.”>1603166 ‘While the exact degree of negative charging of the QDs under purely
photochemical conditions remains unknown, excited QDs with multiple negative charges are
known to undergo Auger recombination faster than monoanionic QDs and produce longer-lived
hot electrons.'®> We propose that Auger recombination to generate hot electrons could

reasonably happen from a variety of anionic QD species that may be present in the reaction.
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Electron-primed photoredox catalysis enabled the direct study of anionic QDs: irradiation of
QDs and substrate with 456 nm light in tandem with electrochemical reduction at -2.2V vs. SCE
leads to effective reduction of substrate 1a, requiring QDs, light, and current to achieve any
conversion. Employing >500 nm light to selectively excite the absorbance tail forms small
amounts of product, showing that irradiation of this feature can also generate hot electrons.
However, the low absorbance of this feature compared to the exciton of the doped QDs suggest
that Auger recombination is the dominant mechanism of hot electron generation.

Hot Electron Transfer from QDs. A significant challenge of conPET and electron-primed
photoreductions is the short-lived nature of the highly reducing excited state. Rapid unimolecular
relaxation or decomposition processes of excited-state radical anions limit the efficiency of
bimolecular electron transfer to substrates.?’'®” Indeed, the notably short lifetimes of excited
state radical anions (typically on the order of ps) have raised questions about the active
photoreductants in these systems.?'?> A critical step of our proposed mechanism is the transfer of
hot electrons from the QD to the substrate before relaxation back to the band edge state. The
longest-lived hot electrons in semiconductor QDs exhibit lifetimes near 1 ns in core-shell
QDs, 95168 however they typically relax back to the band edge within picoseconds, depending on
the QD surface chemistry.’®!1°-171 One advantage of employing QDs in this context is their
ability to bind organic molecules as ligands (up to several hundred per CdS QD). Pre-association
between substrates and the QD surface can help bypass the kinetic obstacles associated with
highly reducing but short-lived excited states. The ps lifetimes of hot electrons in QDs, while
insufficient for efficient collisional electron transfer, are sufficiently long for electron transfer to
surface-bound or nearby species.’®8%172 While many of the substrates used in this study do not

contain functional groups commonly used as strongly-binding QD ligands, many classes of
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weakly coordinating molecules, including solvent, may transiently associate with the QD surface
through dispersion, electrostatic, or other noncovalent interactions.**19130 In principle, this
would allow the observed reductions to take place through ultrafast charge transfer to the
adsorbed substrate competitive with hot electron cooling.

Potential of QDs for Reductive Chemistry. These studies demonstrate that semiconductor
quantum dots hold promise as versatile, robust visible light photoredox catalysts for strong
reductions. The potentials accessible are already strong enough to be competitive with the best
available catalysts (Table 2), and the total turnover numbers for the catalysts are an order of
magnitude better than previously reported for visible light photoreductions of electron-rich aryl
chlorides. The generality of this catalyst is also beneficial; one quantum dot (5.8-6.0 nm oleate-
capped CdS QDs) worked for a variety of reactions (hydrodefunctionalization, heteroarylation,
borylation, and stannylation of aryl chlorides; deprotection of tosyl-protected amines and benzyl-
protected alcohols, and ring-opening of cyclopropanecarboxylate derivatives). While the MW of
these CdS QDs is high (approximately 330 kDa of CdS and 140 kDa of oleic acid ligands for 6.0
nm CdS QDs), their productivity is high even on a mass product/mass QD scale (Table 2 and
Supporting Information Figure S2). In contrast to most other small molecule dyes, CdS QDs are
made in a single step process that does not require chromatography from materials that are very
low cost (approximately $13 USD per gram of isolated QDs based on material costs for the
described synthesis; ~2 mg of QDs are used per 0.25 mmol-scale reaction). At the end of the
reaction, QDs can be easily removed from reaction media via precipitation, filtration through
silica, or dissolution in acid. Although cadmium is tightly regulated in drug products, we found
previously that precipitation of CdSe QDs, with or without additional purification, leads to

amounts of Cd in the product that are within allowed limits.>* Together, these results demonstrate
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how simple colloidal nanoparticles can offer advantages over small molecule molecular dyes.
Looking towards the future, tailored nanomaterials optimized for catalytic performance are likely
to perform even better, new materials with lower toxicity could be explored for organic
chemistry,!” and surface association could be further exploited for selectivity.?3-7-195
Conclusions
We have demonstrated the potential of CdS QDs with mild organic reductants and visible light
(450 nm) to function as strong photoreductants for a variety of organic transformations which
require strong reducing agents. Mechanistic studies implicate a similar process to reported
conPET mechanisms, wherein neutral QDs become negatively charged through excitation and
reductive quenching by the terminal organic reductant. Hot electrons are then generated via
excitation of the anionic QDs and subsequent Auger recombination of the negative trion state.
Advantages of this approach include the ease of catalyst synthesis and the high stability of CdS
QDs under strongly reducing conditions, with turnover numbers of up to 47500 (per QD)
achieved under photochemical conditions or 13000 for electron-primed photoredox catalysis.
Further explorations of reductive transformations catalyzed by CdS QDs will be reported in due

course.
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