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ABSTRACT: Here, we report CdS quantum dot (QD) gels, a three-dimensional network of interconnected CdS QDs, as a new
type of direct hydrogen atom transfer (d-HAT) photocatalyst for C-H functionalization. We discovered that the photoexcited
CdS QD gel could generate various neutral radicals, including a-amido, heterocyclic, acyl, and benzylic radicals, from their
corresponding stable molecular substrates, including amides, thio/ethers, aldehydes, and benzylic compounds. Its C-H acti-
vation ability imparts a broad substrate and reaction scope. The mechanistic study reveals that this reactivity is intrinsic to
CdS materials, and the neutral radical generation did not proceed via the conventional sequential electron transfer and pro-
ton transfer pathway. Instead, the C-H bonds are activated by the photoexcited CdS QD gel via a d-HAT mechanism. This d-
HAT mechanism is supported by the linear correlation between the logarithm of the C-H bond activation rate constant and
the C-H bond dissociation energy with a Brgnsted slope a = 0.5. Our findings expand the currently limited direct hydrogen
atom transfer photocatalysis toolbox and provide new possibilities for photocatalytic C-H functionalization.

Introduction

Hydrogen atom transfer (HAT) reactions are pivotal in
chemical and biochemical processes.’? In contrast to elec-
tron transfer and energy transfer mechanisms, HAT offers
a distinctive advantage by overcoming the constraints of
redox potentials, thereby activating substrates under mild
conditions in organic transformations. HAT in photocataly-
sis has two approaches: indirect hydrogen atom transfer
(i-HAT) and direct hydrogen atom transfer (d-HAT).%3 In
the i-HAT process, a photocatalyst is excited upon light
absorption to generate radical or radical ion species as
hydrogen abstractors through electron transfer events, for
example, reduction of persulfate (S20s2-) to a sulfate radi-
cal anion (SO+-)* and oxidation of thiol (R-SH) to thiyl rad-
ical (R-S).5¢ In comparison, the d-HAT process directly
abstracts a hydrogen atom from a substrate molecule by an
excited photocatalyst, forming a radical intermediate and
the H*-doped form of the photocatalyst (PC*-H) (Figure
1a).

The prevalent structural motif in d-HAT photocatalysts
features an oxo group, endowing them with a distinctive
oxygen-centered radical character in their reactive excited
states for hydrogen abstraction. These photocatalysts can
be classified as (i) carbonyl derivatives, including aromatic
ketones,”-13 diacetyls,'* aldehydes,'> and neutral Eosin Y6
18 and (ii) inorganic oxide derivatives, including deca-
tungstate anion ([W10032]*),1%-23 uranyl cation ([UO2]?*),2+
25 and antimony oxo porphyrin complexes.26 However,
each d-HAT photocatalyst has its limitations. For example,
aromatic ketones could easily undergo irreversible dimeri-
zation during photoreaction, and therefore, a high photo-

catalyst loading (up to a few equivalents relative to sub-
strate) is generally required to compensate for the catalyst
loss.?” Photoexcited [W10032]* anion can abstract hydrogen
from strong bonds, such as the C-H bond in methane (BDE
= 105 kcal/mol).?8-2° However, its chemistry is mainly re-
stricted by the need for highly energetic UV light (<400
nm). Therefore, there is still strong interest in discovering
new classes of visible-light-absorbing d-HAT photocata-
lysts that provide bond-cleaving and forming capabilities
complementary to the existing ones.

Metal chalcogenide quantum dots (QDs), such as CdS
and CdSe, are semiconductor nanocrystals with tunable
electronic and optical characteristics by their sizes. Recent-
ly, QDs have emerged as powerful photocatalysts in organ-
ic synthesis.30-3¢ For example, CdS QDs were found to be a
potent photoreductant with a reduction potential < -3.4 V
vs SCE due to the Auger process of excited QDs.3” Moreo-
ver, the van der Waals interactions between the CdS sur-
face and carboxylate-bearing substrates enable selective
intermolecular [2+2] photocycloadditions.3'. 3839 In addi-
tion, Wu et al. recently reported that the QD surface could
also stabilize allylic and thiyl radicals, enabling direct radi-
cal cross-coupling for allylic C(sp3)-H or vinylic C-H thiola-
tion.*0

CdS QD gels are a 3-D connected pore-matter architec-
ture of interconnected CdS QD networks, prepared by elec-
trochemical or chemical oxidation of QDs.*1-4> Compared
with colloidal QDs, QD gels lose most surface ligands dur-
ing gelation but retain the quantum confinement charac-
teristics of the QDs.#? Previously, we found that CdS QD gel
exhibited higher photocatalytic activity than its ligand-
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capped CdS QDs with the same bandgap because its surface
sites are highly accessible to the substrates.3? Due to the
surface interactions, CdS QD gel also catalyzed a unique
ring-opening reaction during a-amine arylation of tetrahy-
droisoquinoline.

Here, we report CdS QD gels as a new type of d-HAT pho-
tocatalyst for activating C-H bonds of a broad range of sub-
strates, including cyclic thio/ethers, amides, aldehydes, and
benzylic compounds. The proposed mechanism is that upon
photoexcitation, the valence band electrons that predomi-
nantly reside on the S sites of CdS QDs in the ground state
would shift to the Cd sites (Figures 1b and S1). As a result,
the excited QDs exhibit the characteristics of thiyl radicals,
which are highly reactive toward hydrogen abstractions
from C-H bonds (Figure 1c).4¢
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Figure 1. (a) Photocatalyzed d-HAT process and the common
d-HAT photocatalysts. (b) Density of state (DOS) plot for CdS
shows the valence band electrons that predominantly reside on
the S sites of CdS QDs in the ground state (blue line between 0
and -2 eV), reproduced from the Materials Project database.*”
The dashed line indicates the location of Fermi level. (c) Pro-
posed d-HAT mechanism for CdS QD gels.

Results and Discussion
Reaction development

CdS QD gels were synthesized from trioctylphosphine ox-
ide-capped CdS QDs following a previously reported elec-
trogelation procedure.*? Briefly, the trioctylphosphine oxide
ligands of QDs were first exchanged with redox-active thio-
glycolate ligands. Under anodic electrolysis, thiolate ligands
are oxidatively removed as disulfides, and CdS QDs are also
oxidized to form interparticle dichalcogenide bonds be-
tween QDs, forming a three-dimensional QD gel network

(Figure S2). The synthesized gel has an average crystallite
size of ~3.4 nm and UV-vis absorption at ~400 nm, like its
colloidal QD precursors (Figure S3).

To test the photocatalytic C-H bond activation ability of
CdS QD gels, we used the alkylation of C-H bonds via radical
addition to an electron-deficient alkene (e.g, 2-benzylidene
malononitrile, 1) as a model reaction. Initially, we added the
C-H partners as the solvent and 2 x 10-*mol% QD gel cata-
lysts (Method A in Figure 2). The catalyst loading was de-
fined as the molar ratio between QD building units in the
added gel catalyst and the limiting reagent (in this case, 1).
The reactions were conducted at room temperature under
440 nm blue light irradiation and Ar atmosphere in the
same homebuilt photocatalytic reaction apparatus as our
previous work.3° Various five-member-ring cyclic ethers,
including tetrahydrofuran (THF), 2-methyl-1,3-dioxolane,
1,3-dioxolane, and 2-methyl-tetrahydrofuran afforded their
corresponding alkylation products (3a-3d) in good to excel-
lent yields of 60 - 96% in less than 3 hours. However, six-
member ring 1,3-dioxane and 1,4-dioxane only gave a
product yield of ~10%, and the reaction did not complete
even after up to 80 hours (Figure S4). In the absence of
light or QD gel catalyst, no reaction product was observed
(Figure S5), confirming the C-H activation was catalyzed by
CdS QD gels. As a heterogeneous catalyst, CdS QD gel can be
easily recycled by centrifugation. The recycled CdS QD gel
preserved its photocatalytic reactivity without appreciable
loss in the product yield (Figure S6).

The discovered photocatalytic reaction does not require
the C-H partner to be a solvent and can proceed efficiently
with a few equivalents of substrates. For example, 3 equiva-
lents of 1,3-benzodioxole afforded 3e at an isolated yield of
82% using 1,4-dioxane as the solvent (Method B in Figure
2). The reaction with tetrahydrothiophene also proceeded
smoothly, affording 3f in an excellent yield of 99%. Various
acyclic (3g - 3i) and cyclic (3j) amide substrates also yield-
ed the corresponding addition products at 70%-98% isolat-
ed yields using Method A or B. The reaction protocol was
easily adapted to activate benzylic C-H bonds, producing 3Kk,
3], and 3m at good to excellent yields of 47% to 87%. Simi-
lar experiments were carried out using other electron-
deficient alkenes, including unsaturated ketones such as
chalcones (3A-3C) and vinyl pyridine (3D), resulting in
good to excellent yields (37% -83%).

In addition to C(sp?)-C(sp3) bond formation, CdS QD gels
also catalyzed C(sp?)-C(sp?) bond formation using alde-
hydes as the C-H partner. A broad scope of structurally di-
verse aldehydes, including aromatic (3n - 3w) and aliphatic
(3%, 3y) ones, were used for the hydroacylation of 1 in good
to excellent isolated yields of 60 - 90%. We observed faster
reactions with aliphatic aldehyde reactions than the aro-
matic ones (~3 hours vs ~15 hours). This reaction exhibit-
ed excellent tolerance towards various functional groups,
including halogen, cyano, t-buty], etc.

Besides the addition reactions, we further tested the fea-
sibility of performing photocatalytic radical-radical cross-
coupling reactions. We started by exploring the C(sp3)-H
bond arylation reaction of amides (Figure 3a). Cyanoaro-
matics 4 are good electron acceptors for generating aryl
radical anions as versatile radical coupling partners
through decyanation.!0 4852 The results show that our
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Figure 2. Substrate scopes for the photocatalytic reactions between an electron-deficient alkene 1 and C-H partners 2. [solated
yields and diastereomeric ratios (dr, determined based on 1H-NMR spectra) are shown under each product. rt: room temperature.

protocol is compatible with various electron-deficient cy-
anoaromatics (6a - 6e) and amides (6f-61), yielding their
corresponding arylated products in good to excellent yields
of 30% - 96%. Impressively, all cyclic amides (6j - 61) re-
acted exclusively at its a-N-CH2 position.

We next explored the coupling reaction between amide 5
and various aromatic carbonyl compounds 7, including al-
dehyde, ketone, and ester (Figure 3b). Attaching photogen-
erated radical intermediates to C=0 bonds is challenging
and was achieved only in limited instances, for example, via
the reaction between an organochromium-type carbanion
species and aldehydes.’® Using CdS QD gels as the photo-
catalyst, we successfully coupled N,N-dimethylacetamide
(DMA) with benzaldehyde (8a), acetophenone (8b), 4-
fluorobenzophenone (8c), and dimethyl terephthalate (8d)
in moderate to excellent yields of 28% to 78%. The reaction
between N,N-dimethylacetamide and dimethyl tereph-
thalate also led to 6% of ketone product (Figure S7). Most
impressively, we observed an unusual three-component
reaction between N,N-dimethylacetamide, acetone, and di-
methylterephthalate, forming an alkylated pinacol C-C cou-
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pling product 9 at a good yield of 42%. The above results
have clearly demonstrated that CdS QD gels are a versatile
photocatalyst for activating C-H bonds and efficiently utiliz-
ing the generated intermediates for coupling reactions.

Mechanistic understanding

To understand the C-H bond activation mechanism, we
started with detecting in situ generated radical intermedi-
ates during the photocatalytic reactions. We used 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) as the radical scav-
enger. We confirmed the formation of a-ethereal, a-amido,
acyl, and benzylic radicals from THF, DMA, benzaldehyde,
and toluene by detecting their TEMPO adducts using high-
resolution mass spectrometry (Figures 4a and S8). Reac-
tions were also completely inhibited due to the presence of
TEMPO (Figure 4a). Similar reaction inhibition was ob-
served after exposing the reaction to another common radi-
cal scavenger, oxygen molecules (entry 2 in Figure 4b).
Both observations indicate that QD gel-catalyzed C-H bond
activation led to neutral radical formation. The kinetic
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Figure 3. Photocatalytic coupling reactions (a) between amides and cyanoaromatics, (b) between amides and aromatic carbonyl
compounds, and (c) three-compound coupling reaction. In all cases, 1 mL C-H partners 5 were used as solvent and 2x10-3 mol%
CdS QD gel was used as the catalyst. [solated yields and regioisomeric ratios (rr, calculated from 1H-NMR spectra) are shown under
each product. # 6% of ketone product was also obtained (see Figure S6).

isotope effects (KIE) measured from two parallel reactions
and intermolecular competition experiment show primary
KIE values of 2.2 and 4.2, resulting from H/D substitution of
THF (Figures 4c and $9). Similar primary KIE values were
observed for C-H activation of amide and benzaldehyde
substrates (Figures S10 and S11). These findings indicate
that the C-H bond cleavage to form the radical intermedi-
ates occurred during the rate-determining step of the pho-
tocatalytic reactions.53-54

Next, we investigated how these neutral radicals were
generated from their corresponding C-H substrates. We
initially evaluated the possibility of electron transfer be-
tween photoexcited CdS QD gels and substrates, followed by
deprotonation. To test it, we estimated the oxidation poten-
tials of organic substrates from their onset potentials in the
cyclic voltammograms (Figure S12). We found that the
electrode potentials required to oxidize the organic sub-

strates were significantly higher (by > 380 mV) than the
valence band maximum (VBM) of CdS QD gel (1.39 V vs
NHES3Y, Figure 4d), indicating the oxidizing power of excited
QD gel is insufficient to perform electron transfer with the
C-H substrates. Moreover, control experiments with inor-
ganic or organic bases show that base had no positive effect
on THF (entries 3-6 in Figure 4b) or DMA activation (Fig-
ure S13), suggesting that deprotonation may not be re-
quired for producing these radicals, either. In addition, the
photocatalytic reaction is insensitive to solvents (entries 7-
11). Similar product yields were observed using acetone,
acetonitrile (ACN), dichloromethane (DCM), and even H:0,
indicating that carbocation intermediates are unlikely to be
present because they would have been attacked by water.
The slightly lower yield for dimethylformamide (DMF) is
because DMF is also activated under the same reaction con-
ditions (Figure 3a).
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Figure 4. Mechanism studies. (a) Radical trapping experiments using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as the radical
scavenger under various coupling reaction conditions. TEMPO adducts were detected by high-resolution mass spectrometry. ND:
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The wide range of possible C-H bonds to be activated, along
with the inefficient oxidizing power of CdS QD gels, the ab-
sence of the need for bases, and the insensitivity to solvents
all suggest that there might be an alternative mechanism for
C-H bond activation that differs from the sequential elec-
tron transfer and proton transfer pathway.

We also ruled out the possibility of an i-HAT pathway via
thiyl radicals from the oxidation of thiol ligands that were
possibly not fully removed during QD gel synthesis. The
reasons are two-fold. First, adding thiols suppressed the C-

H activation; and second, commercial CdS powder without
any thiol ligands exhibited similar C-H activation capability,
albeit less efficient than CdS QD gel (Figure S14). These
findings indicate that CdS material has an inherent ability to
photocatalytically activate C-H bonds, regardless of their
form. Inspired by the similarity between metal oxides and
metal sulfides, we hypothesized that the CdS QD gels acti-
vate the C-H bonds through a d-HAT mechanism. This
mechanism involves excited QD gels exhibiting the charac-
teristics of thiyl radicals, which allows them to abstract hy-
drogen from C-H bonds.
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Correlation between reaction kinetics and bond disso-
ciation enthalpies (BDEs)

To test this hypothesis, we studied the correlation be-
tween reaction kinetics and C-H BDEs. According to the Ev-
ans-Polanyi model, the log of rate constants should parallel
the reaction energy within a set of atom transfer reactions,
including many HAT reactions.5® The differences in reaction
energies are usually taken as the differences in the C-H
BDEs.>¢ In our case, the d-HAT reaction involving photoex-
cited CdS QD gel reacting with various C-H substrates
should also follow this rate/C-H BDE correlation.

We chose the a-ethereal radical addition to 1 as a model
reaction (Figure 5a). As previously discussed in Figure 4c,
the C-H bond activation of cyclic ether is the rate-
determining step of this reaction so the overall reaction rate
(v) can be expressed as v = ka-nar [C-H] [CdS*] (eq 1), where
ka-uaris the rate constant of the d-HAT process, [C-H] is the
concentration of cyclic ether substrate, and [CdS*] is the
concentration of reactive surface sites in excited CdS QD gel.
However, it is challenging to measure ka-uarbecause of the
difficulty in accurately quantifying [CdS*]. Considering that
[CdS*] should roughly remain the same under a fixed light
intensity and QD gel loading, we could still establish the
correlation between reaction kinetics and C-H BDE from the

measured pseudo-first-order rate constant kobs = ka-

nat[CdS*].

The kobs values were measured under a modified reaction
condition where cyclic ether is the limiting reagent, as
shown in Figure 5b. Figure 5c¢ shows the percentage
change of [C-H] ([C-H]/[C-H]o) as a function of reaction time
for methyl 1,3-dioxlane. [C-H] was monitored using 'H-NMR
(Figure S15). The plot of In([C-H]/[C-H]o) vs reaction time
shows a linear relationship over 9 hours, indicating a pseu-
do-first-order reaction mechanism. kobs is measured to be
4.2 x 10 st from the slope of the linear fit. The change of
[1] and [C-H]o did not alter kobs, but reduced catalyst loading
by 50% decreased kobs, by ~50%. In addition, the lowered
light intensity also lowered kobs. All above observations are
consistent with the reaction rate model in Figure 5a, where
kobs is proportional to [CdS*] but independent on [1] or [C-
HJo.

Similar measurements of ko»s were conducted for cyclic
ethers with different C-H BDEs. All the reactions exhibited
pseudo-first-order kinetics at the initial stage of ~ 4 hours
(Figures S15 - $28). The measured kobs was normalized by
the number of abstractable C-H bonds of cyclic ethers, for
example, 4 for THF and 1 for methyl 1,3-dioxlane.5” The plot
of log(normalized koss) and calculated C-H BDEs exhibited a
good linear correlation, giving a Bregnsted slope a = 0.5

https://doi.org/10.26434/chemrxiv-2024-z2dlj ORCID: https://orcid.org/0000-0001-5771-6892 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-z2dlj
https://orcid.org/0000-0001-5771-6892
https://creativecommons.org/licenses/by/4.0/

(Figure 4e). A value of a close to 0.5 is predicted by most
rate/driving force relations for reactions with a transition
state near the midpoint of the reaction coordinate,*® includ-
ing sets of similar HAT reactions with small reaction free
energy changes.5¢59 This finding confirms that the CdS QD
gel activates C-H bonds proceeds via a d-HAT mechanism.

Figure 6. Observation of CdS*-H formation. Photographs of (a)
dispersed CdS QD gel in water- and air-free toluene, (b) after
blue light irradiation, and (c) after exposure to air.

Observation of CdS:-H formation

According to our proposed mechanism in Figure 5a, CdS
QD gel should form the H*-doped CdS (CdS*-H) after ab-
stracting a hydrogen atom from C-H substrates during d-
HAT. To observe the formation of CdS*-H, we mixed CdS QD
gel with a stable aprotic C-H partner, toluene, under water-
and air-free condition. After blue light irradiation for 10
mins, we observed a color change of the reaction mixture
from yellow (CdS QD gel’s original color) to brown (Figure
6b). After exposing the solution to air, the brown hue re-
turned to yellow (Figure 6c¢). Similar reversible color
changes were also previously observed when TiOz and ZnO
nanoparticles were irradiated by UV light and then exposed
to oxidants such as TEMPO and air.®® The altered color was
attributed to the formation and consumption of the proto-
nated reduced TiOz and ZnO nanoparticles (H*-TiOz/e- and
H*-ZnO/e’). Note, H*/e is equivalent to a hydrogen atom
(H*) so H*-TiOz/e- and H*-ZnO/e can be considered as H*-
doped TiOz2 and Zn0.%° Also, the observed brown color in
Figure 6b is similar to the color of reduced CdS QDs pre-
pared by chemical reduction using Na/biphenyl or photo-
chemical reduction in the presence of reductants such as
alkyl amines.37.61-62 The above evidence supports that CdS-
H was formed from CdS QD gel during the d-HAT process.
However, we want to point out that the H*-doped photo-
catalysts in the previous studies were formed via an elec-
tron transfer process, but, in our case, it should result from
the d-HAT process between excited CdS QD gel and C-H
substrates.

Conclusions

In this work, we have demonstrated CdS QD gels as a ca-
pable d-HAT photocatalyst to activate C-H bonds in various
substrates, including cyclic ethers, amides, aldehydes, and
benzylic compounds, to generate a-ethereal, a-amido, acyl,
and benzylic radicals and enable versatile radical-based
coupling reactions. The redox potential mismatch between
the excited QD gel and C-H substrates, solvent, and base
insensitivity suggests that C-H bond activation is unlikely to

proceed via a sequential electron transfer and proton trans-
fer pathway. The linear correlation between the log of rate
constants and the C-H BDEs with a Brgnsted slope a = 0.5
indicates that C-H bond activation should proceed via a d-
HAT mechanism, in which photoexcited CdS QD gels direct-
ly attract a hydrogen atom from the C-H substrate. The H*-
doped CdS (CdS:-H) formed after H atom abstraction during
the d-HAT process was also observed. The discovery of CdS
as a new group of d-HAT catalysts will enrich the currently
limited d-HAT catalysis toolbox and provide unique bond-
cleaving and forming capabilities for organic transfor-
mations.
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