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Light-driven Newman-Kwart rearrangement under ambient
conditions with cysteine quantum dots

The present work features an ambient photo-mediated strategy
for the Newman Kwart rearrangement en route to electronically
diverse S-aryl carbamothioates using L-cysteine based carbon
quantum dots. The latter serves as a heterogeneous platform,
mediating the transformation efficaciously up to at least ten
runs. Unlike other methodologies known for this reaction, the
current process does not lead to substrate decomposition or
side product formation. The strategy, compliant with the various
parameters of Green Chemistry, leverages the potential of
nanomaterials in synthetic chemistry.
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Light-driven Newman—Kwart rearrangement under
ambient conditions with cysteine quantum dots

Komal Jaiswal, © @ Madhusmita Mahanta® and Mrinmoy De () *2

The classical Newman—-Kwart rearrangement requires harsh reaction conditions (high temperature),
resulting in substrate decomposition/side product formation, limiting the scope to electronically deficient
substrates to stabilize the anionic transition state in the thermal processes. Thus, it becomes imperative to
develop milder protocols for this reaction. The immense potential of nanomaterials as dynamic hetero-
geneous catalysts, coupled with the scope of photo-mediated transformations, provides a unique oppor-
tunity to tackle this challenge. In continuation of our efforts to develop the field of nanomaterial-
mediated photocatalysis, we fabricated carbon dots as nanocatalysts to mediate the reaction under
ambient temperature and a very short reaction time. Our method was more compatible with electron-
rich substrates, corroborating the operation of a cationic mechanism. Interestingly, electronically neutral
(and to some extent, electronically poor) substrates were also facile participants in the reaction, showing
the robustness and uniqueness of the system in contrast to existing methods. The material could retain its
activity for up to ten runs and was compliant with the various parameters associated with a green proto-
col. This study exemplifies the potential of nanomaterials in mediating otherwise critical synthetic
strategies.

1. We present a sustainable, efficient and simple strategy for NKR, photocatalysed by Cysteine-based quantum dots. The economical, single-step preparation
of the robust, recyclable catalyst and the compatibility of the reaction with various factors significant for a green approach are the highlights of this work.
2. The estimation of the Green Chemistry metrics highlights the efficient and benign nature of the protocol in terms of minimal waste generation, closeness

of the ‘ideal’ design and practical execution of the reaction (via a simple modus operandi). These values include environmental factor (E-factor): 0.02, reaction
mass efficiency (RME): 97.99%, atom economy (AE): 100%, optimum efficiency (OE): 97.99%, and EcoScale score: 83.
3. The work can be made greener by switching completely to the use of water as the solvent, which, however, is challenging, considering the issues of solubi-

lity, side product formation, possibility of photo-mediated water splitting processes and so on. These studies are currently ongoing in our laboratory.

Introduction

A typical thermal NKR process involves an intramolecular
aromatic nucleophilic substitution reaction. The rearrange-

The Newman-Kwart rearrangement (NKR) is considered to be
a highly relevant transformation, allowing the conversion of a
diverse range of phenols to thiophenols (Scheme 1a)."? In the
reaction scheme, the phenol initially undergoes conversion to
the O-aryl carbamothioate, which further takes part in the
intramolecular NKR step involving the aryl migration to gene-
rate the S-aryl carbamothioate, driven by the thermo-
dynamically favored conversion of C=S to C=O. Finally, a
reduction process generates the thiophenol analogue. In
addition, the desulfurization of the thiophenols can provide
access to various arenes, starting from the phenols.
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ment step is believed to involve a zwitterionic four-membered
spirocyclic transition state (TS), formed in a concerted
manner. Access to this TS essentially requires a high enthalpy
of activation, and consequentially, the initial reports for NKR
relied on the use of very high reaction temperatures.?
Considering the anionic nature of the TS, electron-withdraw-
ing groups (EWGs) on the aryl ring were found to be more
compatible under the classical reaction conditions
(Scheme 1b). However, the elevated temperatures often
resulted in substrate decomposition and side product
formation.

In general, suitable ortho-substituents may enhance the
rate (this is attributed to the rotational restriction around
the Ar-O bond; Ar: aryl); however, double ortho substituents
or sterically encumbered species fail to wundergo the
rearrangement.” The reaction is proposed to obey first-order

This journal is © The Royal Society of Chemistry 2026
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a) General procedure for conversion of phenols to thiophenols:
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d) Comparative analysis: this work vs. previous reports:

Cat. (CQDs)

Low catalyst loading
& Ideal Green Chemistry metrics

Parameter This work Previous reports
Temperature 25°C 25 (photo-based) to >280 (thermal)°C
Catalyst preparation Single step, no purification, high yield, economical; overall Either expensive commercially available metal-based systems
green process using H,O as solvent or prepared in the laboratory, but with a low overall yield
Catalyst performance Robust and active even at low loadings, easily separable |Inseparable from the reaction mixture and not reusable in

from the reaction mixture, reusable in multiple reaction cycles |subsequent runs of the reaction
(atleast 10 runs) without any compromise with the activity

Efficiency of the strategy | Highly atom economic process due to absence of side product | Side product or substrate decomposition common due to
or substrate decomposition harsh reaction conditions

Environmental hazard
and ease of process
execution

Non-hazardous and environmentally compatible ingredients;
strategy and components easy to handle and execute

Metal-based catalysts are inherently associated with toxicity,
bio-accumulation/magnification and disposal issues

Energy efficiency Highly efficient protocol relying on light as the source of

catalyst activation with low reaction times

High temperature requirements overpowers the sustainability
aspect of energy consumption

Reaction Mass

Efficiency (RME) 97.99%

~95% (photo-based process)

Optimum Efficiency (OE) | 97.99% ~95% (photo-based process)

e) Estimation of EcoScale value

Parameters considered (taking the model reaction): yield, cost, safety, technical setup, temperature, time, workup/purification protocol
Penalty points: 17
EcoScale Value: 83, implying an excellent synthetic strategy

Scheme 1 (a) Schematic overview of the transformation of phenols to thiophenols, mediated by NKR; (b) known methodologies for NKR via the
thermal or photo-mediated pathways; (c) the current work on carbon quantum dots (CQDs) NKR driven by light; (d) comparative analysis of this
work with the known methods for NKR and (e) EcoScale value based on economical/ecological parameters.

kinetics, as also demonstrated by Miyazaki.> The TS is
expected to be more stable in the case of polar solvents,
although there has not been much investigation in this
regard.’

Over the years, researchers have come up with multiple vari-
ations of the classical NKR, as depicted below (Scheme 1b)."”®
Gilday and co-workers developed a microwave-based synthetic
route to access the S-aryl carbamothioates, wherein the
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electron-rich O-aryl carbamothioates required elevated temp-
eratures as compared to their electron-deficit counterparts.
The temperature requirement was partially relaxed in another
protocol, as demonstrated by Renny et al., using a low-valent
Pd-based system that was capable of inserting in the Ar-O
bond.

Recently, Nicewicz’s group developed the pyrylium photo-
catalyst for ambient temperature NKR proceeding via a radical
cationic pathway (Scheme 1b).° This protocol allowed for the
extension of NKR to electronically rich substrates as well. The
strategy involved a single electron transfer (SET) process based
on the in situ O-to-S aryl migration observed in electron spray
ionization mass spectrometry (ESI-MS) studies of O-aryl carba-
mothioates.’® Although the aforesaid protocol was a major
breakthrough in this field, providing the scope to harness the
efficiency of light for mediating complex strategies, the prepa-
ration of the photocatalyst was a challenging step with the
overall yield being only 31% (relative to the precursor). The
scope of the reaction did not cover the substrates having elec-
tron-withdrawing substituents, or those which did not have
any substitutions at all. Moreover, the catalyst was inseparable
from the reaction mixture, highlighting the need for further
expansion and development of sustainable catalytic systems
for this critical, yet highly relevant transformation.
Additionally, carbon-black'’ and TiO, '*>-based systems have
been explored for photo-mediated NKR, although they too
have some limitations.

Over the last few years, carbon-based materials have evolved
significantly for myriads of applications. The discovery of
carbon nanotubes (CNTs) in 1991 leveraged the development
of this class of nanomaterials and graphene occupied the
limelight due to its high conductivity, carrier mobility and
other properties.">'* Fullerenes,"”” graphene,'®'” nanodia-
monds,"® CNTs' and carbon dots (CDs)*® are some of the
broad classes of carbon-based nanomaterials. The modifi-
cation of the surface functional groups is a common method
for tuning the properties of these materials. Additionally,
they are relatively less toxic as compared to other nano-
materials, which has allowed for their potential usage in bio-
medical fields.

CDs are quasi-lower-dimensional, photoluminescent enti-
ties with high quantum yield and sizes of mostly around
20 nm (discovered accidentally during the purification of CNTs
in 2004). CDs are sub-classified as graphene quantum dots/
QDs*"*? (GQDs: mono- or multi-layered graphite structures on
the surface/edge; m-interactions dictate the optical properties;
prepared mostly via top-down methods), carbon QDs>*?*
(CQDs: spherical entities, obtained via bottom-up approaches
such as cross-linking, assembling, carbonization, polymeriz-
ation, etc. from small molecules; they exhibit photo-
luminescence due to quantum confinement) and carbonized
polymer dots®> (CPDs: extensively cross-linked, assembled,
spherical, structures with a core-shell stable arrangement; the
core has dehydrated/cross-linked polymers, while the shell
bears ample functional groups). The molecular structure and
crosslink-enhanced emission effect account for the photo-
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luminescence of CPDs, which is in stark contrast to GQDs and
CQDs.**

CDs exhibit strong absorption in the UV-region and a tail in
the visible region.® These arise from the n-to-n* (C=C) or
n-to-n* (C=0 or C=N) transition.>””*® The n-conjugated elec-
trons from the sp® centres can also result in emission in the
near-infrared (NIR) zone.”® Generally, CDs prepared by
bottom-up approaches bear a higher quantum yield as com-
pared to those prepared by top-down methods. This implies
that CQDs and CPDs have higher quantum yield than GQDs.
Additionally, CDs show an excitation-dependent emission
profile arising from the various centres exhibiting photo-
luminescence, as well as the differently-sized particles in a
given system.?®*° The C=0 or C=N moieties may also con-
tribute to room temperature phosphorescence via strong spin-
orbit coupling, while doping with heteroatoms or halogens
can favour the n-to-t* transitions in these bonds, promoting
intersystem crossover.>'* CPDs are more likely to show phos-
phorescence due to a rigid matrix comprising the covalently
crosslinked framework, which can reduce the extent of non-
radiative transitions.>*

CDs have been employed for sensing (chemical and biologi-
cal analytes),>"** catalysis (in water-splitting, HER, OER, ORR
mostly and a few synthetic transformations),>*° device (e.g.,
LEDs, solar cells, and batteries)**™** fabrication, bioimaging,**
phototherapy,** and drug delivery applications.”> As an
example, Jayamurugan and co-workers used sulfonic acid-func-
tionalized CDs for the synthesis of 5-hydroxymethylfurfural
and ethyl levulinate from p-toluenesulfonic acid.*®
Furthermore, they reported the multifunctional Fe-doped sul-
fonic acid-functionalized CDs for the synthesis of 5-hydroxy-
methylfurfural and furfural.”” Despite these developments, the
advances in the field are still considered to be in a nascent
stage as compared to other nanomaterials, paving the way for
further application and structure-oriented research in this
sector.

During the initial phase of our investigations to design a
benign strategy for NKR, we had used other nanomaterials,
such as transition metal dichalcogenides (TMDs), primarily
considering our past interest in the use of TMDs as photocata-
lysts for various reactions.**>> We screened various
nanosheets/QDs (to check the effect of dimensionality), and
found that although MoS, QDs worked for NKR of substrate 1a
which had an electronically rich substituent, the yield was very
poor. We then modified the TMD material using metal
dopants (Fe, Co and Ni) as well as various ligands (3-mercapto-
propionic acid and r-cysteine) to tune their band alignments
and surface chemistry, respectively. Additionally, we used com-
posites of MoS, with other nanomaterials such as CdSe.
Despite numerous trials, none of the tailored catalytic plat-
forms (subjected to various reaction parameters) provided any
improvement for the NKR process (SI, section 3). We con-
cluded that TMDs were not a suitable class of nanomaterials
for this transformation. Considering the popularity of CDs in
multitudes of applications as discussed before, we were
tempted to test their efficacy as photocatalysts. The CDs were

This journal is © The Royal Society of Chemistry 2026
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prepared using a hydrothermal process without the induction
of any external capping agent/stabilizer. We envisaged that the
fluorogenic CQDs could be suitably tuned for NKR, and sub-
sequent optimizations could lead us to an optimal strategy
(Scheme 1c). Indeed, our method worked well under ambient
reaction conditions for the conversion of a wide range of
O-aryl carbamothioates to the corresponding S-aryl carba-
mothioates, with substituents which were electronically rich
(very short reaction time), deficient or neutral. This was a
major achievement of the designed strategy in contrast to the
existing reports, considering its generality to accommodate
electronically diverse substrates. The CQDs showed no loss in
catalytic efficacy even after ten runs of NKR, highlighting its
robust nature and further exemplifying its potential as sustain-
able mediators of organic transformations, particularly with
respect to the design of specifically tailored catalysts for rele-
vant synthetic processes.

The comparison of our results with literature reports led us
to the conclusion that the as-designed and developed strategy
was not only compatible (and even better than the known
methods) with the multiple metrics in green chemistry,>® but
was also environmentally non-hazardous and easily executable
(Scheme 1d). This was substantiated with the estimation of the
EcoScale value,** and the final score exemplified the suitability
of the strategy in keeping with the principles of green chem-
istry (Scheme 1e).

Results and discussion
Preparation and characterization of cysteine CQDs

The CQDs were prepared from r-cysteine as the precursor. The
commercially available starting material was subjected to
hydrothermal treatment at 200 °C, causing it to break down
into smaller dimensional analogues (Fig. 1a). The preparation
procedure did not require the incorporation of any additional
capping agent or stabilizer. The synthesized CQDs are sticky in
nature due to the presence of no capping agent/functionalities.
After the preparation, the nanomaterial was characterized by
various optical and microscopic techniques.

During the TEM (transmission electron microscopy)
imaging, spherical particles were observed. Each spherical
domain had a size of around 20 nm and many such domains
were present in close proximity to one another in the form of a

Centrifugation of
the solution at
10,000 rpm after
autoclaving at
200°C for 36 h

_ >

o L-cysteine CQDs
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network (Fig. 1b). This observation was further substantiated
by the DLS (dynamic light scattering) studies, wherein the
hydrodynamic diameter was found to be much larger than
expected for individual nanoparticles of size ~20 nm (SI,
Fig. S1). The absence of any capping agent may be responsible
for the close proximity, yet there is the distinct presence of
such dots. Additionally, the molecular weight of the CQDs was
estimated to be 211.9 kDa from the SLS (static light scattering)
method (SI, Fig. S2).

The optical properties of the nanomaterial were recorded to
evaluate their photochemical features. As expected, in the UV-
visible absorption profile, the n-to-n* (C=O0) transition
resulted in a maxima in the UV region around 370 nm, while
no peak was observed in the visible region in the absorption
profile of the CQDs (Fig. 2a).>° The fluorescence profile exhibi-
ted an excitation-dependent emission behaviour, in line with
the previous reports, highlighting the polychromophoric
nature of the nanomaterial, which results in multiple photolu-
minescent centres (Fig. 2b).>°

a)
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=

0.54
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Fig. 2 Characterizations of CQDs: (a) UV-visible absorption spectrum;
(b) excitation-dependent emission plot showing the polychromophoric
nature of the nanomaterial; (c) zeta potential curve substantiating the
exceptional stability of the nanomaterial and (d) FT-IR spectrum reveal-
ing the characteristic stretching and bending bands in the nanomaterial,
retained from the L-cysteine precursor.

Naked eye
visualization
of CQDs

White UV
light  light

Fig. 1 (a) Hydrothermal approach for the synthesis of CQDs, and visual appearance of the as-prepared material in white light as well as UV light. (b)
Microscopic characterization: TEM image of the as-prepared CQDs, showing the particles (inset: the network of spherical CQDs).
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The surface charge for the CQDs was found to be
—43.5 mV (Fig. 2c). Such a highly negative value of the zeta
potential is indicative of the exceptional stability and non-
aggregative nature of the CQDs, which is also evident from
the fact that the as-prepared material retained its optical and
microscopic properties even after several months. From the
FT-IR (Fourier transform-infrared) spectrum, the CQDs were
found to retain the functionalities present in the native
form, such as the C-O/C=O, N-H stretches and the C-H
bend (Fig. 2d).

XPS (X-ray photoelectron spectroscopy) was carried out to
determine the elemental composition after undergoing
hydrothermal treatment. The CQDs were found to retain the
elemental composition of the precursor, r-cysteine (Fig. 3).
The deconvolution of the S 2p spectrum confirmed the exist-
ence of S and the SH moiety, while the C 1s XPS plot was
indicative of the singly bonded C-C, C-S, C-O, as well as
C=0 entities. Likewise, the existence of C-N and N-H
bonds was clear in the N 1s spectrum. Additionally, the
absence of the peak around 535 eV in the O 1s spectrum
confirmed the absence of the C-O-H group, which implies
that the carboxylic acid is converted to the carboxylate ana-
logue. This further accounts for the negative zeta potential
value.”

The quantum yield of the CQDs was measured using
7-hydroxyxoumarin as the reference (SI, section 5). The UV-
visible and fluorescence spectra were recorded for the refer-
ence and samples in H,O. Using this method, the quantum
yield of CQDs was found to be 4.8%.

Following the preparation and characterization of the
CQDs, we proceeded to explore the utility of the as-prepared
nanomaterial for NKR.
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Fig. 3 Deconvoluted XPS plots of CQDs, confirming the elemental
composition of the surface and the core: (a) S 2p; (b) C 1s; (c) O 1s and
(d) N 1s.
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Optimization and screening of the reaction conditions for
NKR using CQDs

At the outset of our investigation, we employed O-(4-methoxy-
phenyl) dimethylcarbamothioate 1a as the model substrate. In
the case of intramolecular rearrangements, the substrate
loading is very important, since high substrate loading can
affect the kinetics of the process, while very low loading
reduces the economy of the process. At 0.25 mmol loading of
1a, we were delighted to observe the formation of the product
S-(4-methoxyphenyl) dimethylcarbamothioate 2a, albeit in very
low yield (Table 1, entry 1). A reduction in the loading of 1a
enhanced the yield to some extent (Table 1, entry 2).

Subsequently, we screened various sources of light and
found that irradiation with a blue LED of higher wattage (20
W) improved the yield to 44% (Table 1, entries 3 and 4). Using
THF as the solvent did not help in further improving the
output of the reaction (Table 1, entry 5).

Upon literature survey, we realized that the H,O content in
the reaction medium affected the overall yield of 2a, since it
resulted in the formation of the side product 2a’, which is the
oxidized analogue of the precursor/product, and is very com-
monly observed in the NKR process. However, the use of H,O
could not be completely ruled out from the reaction medium,
since the catalyst was only soluble in H,O. Therefore, we
decided to screen the effect of the H,O quantitatively. Indeed,
upon reduction of the H,O content, the yield of 2a showed a
significant enhancement (Table 1, entries 6-8). Standard blue
LEDs (which are conventionally adopted for most of the photo-
driven reactions) can also drive the reaction to a significant
outcome (63%: Table 1, entry 8), albeit, in a much higher time
scale.

When a Kessil Lamp (370 nm) was used as the source of
irradiation, 2a was formed in 98% yield in a time frame of
just 1 h (Table 1, entry 9). Irradiation with a light
source that excited the CQDs at a wavelength corresponding
exactly to its absorption maxima resulted in such a drastic
increment via enhanced efficacy of the catalyst, concomi-
tantly reducing the time frame of the reaction significantly
as well.

Furthermore, no side product (including 2a’) was
observed, highlighting the efficacy of the strategy, as evident
from the NMR spectrum of the crude reaction mixture (SI,
section 6).

Various control reactions highlighted the importance of a
suitable light source (as well as the CQDs) for realising the
optimal output of the NKR process (Table 1, entries 10-12).
Using a dry solvent was also impetus for the strategy (Table 1,
entry 13).

Importantly, NKR does not take place in the absence or
presence of the catalyst even at elevated temperatures, which
shows the importance of having such a strategy operating
under ambient conditions (Table 1, entries 14 and 15).

In summary, the optimal parameters for the ambient temp-
erature NKR corresponded to a reaction time of 1 h in dry
MeCN solvent with a small loading of CQDs (0.68 mg or

This journal is © The Royal Society of Chemistry 2026
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Table 1 Optimization of NKR using CQDs
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Me Me +
';‘ anhy. MeCN, Ar, 25°C, 1-72 h ) :
Me Me '
1a 2a 22 ! Cat. (CQDs)
Entry Light Catalyst/H,O content Time (h) NMR yield (%)
14 Blue LED (10 W) 0.68 mg/200 L 72 18
2 Blue LED (10 W) 0.68 mg/200 pL 72 34
3 CFL (45 W) 0.68 mg/200 pL 72 10
4 Blue LED (20 W) 0.68 mg/200 pL 72 44
5P Blue LED (20 W) 0.68 mg/200 pL 72 26
6 Blue LED (20 W) 0.68 mg/300 pL 72 41
7 Blue LED (20 W) 0.68 mg/100 puL 72 54
8 Blue LED (20 W) 0.68 mg/50 pL 72 63
9 Kessil (370 nm) 0.68 mg/50 pl, 1 98 (94)
10 0.68 mg/50 pL 1 n.d.
11 Kessil (370 nm) — 1 Trace
12 — — 1 n.d.
13¢ Kessil (370 nm) 0.68 mg/50 pl, 72 48
147 — — 72 n.d.
15¢ — 0.68 mg/50 pL 72 n.d.

Reaction conditions: 0.125 mmol of O-(4-methoxyphenyl) dimethylcarbamothioate 1a (except entry 1) was taken in a clean, dried reaction tube
equipped with a magnetic stir-bar. The tube was degassed under the effect of vacuum and purged with Ar. 2 mL of anhydrous MeCN (distilled to
dryness with P,O; and stored over activated 4 A MS) was added (except entries 5 and 13), followed by the addition of the catalyst (CQDs were
used as an aqueous solution; the water content was adjusted as mentioned) (except entries 11, 12 and 14). The reaction tube was ultrasonicated
(if required) and irradiated for the mentioned time using the stated light source (except entries 10, 12, 14 and 15) at 25 °C (except entries 14 and
15). The reaction mixture was subjected to an EtOAc/H,0 workup. The organic phase was analysed by 'H-NMR, and the product 2a was quanti-
fied using dibromomethane as the reference in CDCl; solvent for obtaining the NMR yield; for entry 9, the isolated yield is reported in parenth-
eses. “0.25 mmol of the substrate 1a was used. ” Dry THF was used as the solvent. ° Regular MeCN was used. ¢ The reaction temperature was kept
at 50/100 °C. 0.68 mg of CQDs correspond to a weight percent of 2.5 (relative to the limiting reagent 1a) and 50 pL H,O corresponds to 2.5% v/v
(relative to the total solvent volume). (n.d. = not determined; EtOAc: ethyl acetate, MeCN: acetonitrile).

0.0026 mol%, dispersed in 50 pL of H,0), activated upon
irradiation with a Kessil lamp.

Substrate scope: analysing the generality of the protocol

Post-optimization, the scope of the protocol was studied using
a diverse array of substrates, vide infra (Scheme 2). In general,
it was observed that substrates bearing electron-donating sub-
stituents on the aryl ring participated in the reaction more
efficiently, giving moderate to excellent yields as compared to
the substrates bearing electron-withdrawing substituents on
the aryl ring.

When O-phenyl dimethylcarbamothioate 1b was subjected
to the optimal conditions, the yield of the derivative 2b
(Scheme 2) was found to be very low, which could be improved
by doubling the catalyst loading. This was attributed to the
absence of any activating effect which could arise via substitu-
ent incorporation.

The inclusion of one or two -OMe moieties in the ortho
position results in the rearranged product in a time span of
just 1 h (Scheme 2: derivatives 2¢ and 2d). The incorporation
of the tert-butyl moiety in the para position also drives the
reaction to a favourable outcome (Scheme 2: derivative 2e),
albeit, at a considerably longer time frame (48 h) due to the
distal +1 effect. This was also evident from the incorporation of
two —-Me groups at different positions of the aryl ring. Proximal
-Me groups facilitated the rearranged product formation in a
shorter time frame (10 h for substrate 1f bearing the 2 -Me

This journal is © The Royal Society of Chemistry 2026

groups at the ortho positions), as compared to the cases where
the -Me substitutions were done at distal sites or at the meta
position of the aryl ring (Scheme 2: derivatives 2f, 2g, 2h
and 2i).

The substrate bearing three -Me groups at the ortho and
para positions was also well endured during the course of the
reaction (Scheme 2: derivative 2j), with a reaction time of just
5 h.

Other scaffolds such as the olefinic group, heteroatom
bearing functionalities (e.g.,, amides) and halogenated ring
systems were compatible with the NKR reaction conditions
(Scheme 2: derivatives 2k, 21, 2m and 2n) with moderate reac-
tion times (24-48 h).

Polyaromatic derivatives of O-aryl carbamothioates in the
unsubstituted and halogenated forms could be subjected to
NKR using CQDs as well (Scheme 2: derivatives 20, 2p and 2q).

A long-chain substituent was included at the para position
of the aryl ring without affecting the reaction efficiency
(Scheme 2: derivative 2r). Furthermore, the replacement of two
-Me groups with two —Et groups in the O-aryl carbamothioates
furnished the rearranged product in appreciable outputs
(Scheme 2: derivatives 2s, 2t and 2u).

The generality of the protocol was evident from the fact
that electronically rich/deficient and neutral substrates
could be accommodated under ambient conditions in the
current strategy, although the yields were dependent on
the underlying mechanism operating in this case, further
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Scheme 2 Scope of the NKR reaction, photo-mediated by CQDs (isolated yields are reported in all cases except for the derivatives obtained in
poor yield, viz., 2v—2z, 2a"); #: catalyst loading was doubled.

providing a scope for subsequent investigations in this

field.

The substrates which did not participate efficiently in the
reaction gave us a subtle lead for the mechanism driving NKR
in our case. For instance, substrates having an electron-with-
drawing group in the aryl ring (Scheme 2: derivatives 2v, 2w, 2x
and 2a") or electron-donating groups (via +1 effect), but in the

1548 | Green Chem., 2026, 28, 1542-1554

meta position (Scheme 2: derivative 2y), did not furnish the

desired product in appreciable yields. Analogously, the deriva-

tives with cyano or ester functionalities in the aryl rings did
not participate efficiently in the reaction, giving trace products
(<10%) even after 48 h of irradiation. Additionally, the reaction
did not work for sterically encumbered substrates, such as
those bearing tert-butyl substituents in the ortho position

This journal is © The Royal Society of Chemistry 2026
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(Scheme 2: derivative 2z) even at longer reaction times (72 h).
In these cases, the steric factor overwhelms the rotational
restriction around the Ar-O bond caused by the smaller substi-
tuents at the ortho position.

Scalability of the protocol and recyclability of CQDs

We also analysed the scalability of the reaction by taking
0.25 mmol and 0.625 mmol of 1a (scale-up factor = 2 and 5,
respectively). The yield of 2a was found to be 75% and 48%
(NMR yield), respectively. The loss in yield was attributed to
the collisional quenching and aggregation of the QDs at
higher loadings, further considering the intramolecular nature
of the NKR reaction. This limitation can be overcome by using
flow chemistry as reported earlier,” which is beyond the scope
of the present study.

In order to check the heterogeneous nature of the catalyst,
reusability studies were conducted. One of the important
advantages of heterogeneous catalysts is their ability to retain
the efficacy in subsequent runs of the reaction. Thus, the
CQDs were separated from the reaction mixture (using a
workup with EtOAc/H,0) and reused for the successive cycles
of NKR of 1a, subjected to the optimized condition. The NMR
yield of the desired product 2a was determined at the end of
each cycle.

The reusability was carried out for up to ten cycles, and the
CQDs were found to retain their activity in all of the runs
(Fig. 4), further establishing the heterogeneity of the catalyst.
The network morphology and optical properties (absorption
profile) of the CQDs were also found to remain intact even
after being subjected to multiple runs (SI, section 8).

Mechanistic investigations

In order to understand the mechanism of the CQD-mediated
NKR, we inducted various quenchers in the reaction medium
(Schemes 3 and 4).

The decrease in the yields of the reaction upon the use of
Na,CrO, and DIPEA (N,N-diisopropylethylamine) confirms the
involvement of electrons and holes in the catalytic cycle

100

D [0}
o o
1 1

Yield of 2a (%)
N
e

204

Cycle No.

Fig. 4 Recyclability of CQDs in the NKR reaction leading to 2a from 1a.
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Scheme 3 Impact of various quenchers on the NKR of 1a, confirming
the operation of a single electron transfer (SET) mechanism (NMR yields
are reported).
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N
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98
95
92

Benzil
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Benzophenone

Scheme 4 Impact of various TTEnT quenchers on the NKR of 1a, confi-
rming the absence of an energy transfer mechanism (NMR yields have
been reported).

(Scheme 3, top and middle). The electron scavenger, Na,CrO,
prevents the transfer of electrons from the O-aryl carbamothio-
ates 1 to the CQDs. In contrast, DIPEA is capable of quenching
the hole in the valence band (VB). This implies that photo-
irradiation generates the exciton in the CQDs. A sharp decline
in the yield was also observed upon the use of TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy) (Scheme 3, bottom). This was
attributed to the formation of the intermediate 1a-TEMP (con-
firmed by HRMS (ESI+)). Since the formation of the desired
intermediate/TS is blocked in the presence of TEMPO, the
yield decreases. These results confirm the involvement of a
HET (heterogeneous electron transfer) process.
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Additionally, we investigated the possibility of energy trans-
fer processes in the reaction mechanism using various related
quenchers such as benzil, pyrene and benzophenone
(Scheme 4). These are known to be quenchers of the triplet
excited state, mainly via Dexter energy transfer mechanisms.
Such energy transfer processes are common for CdSe and CdS
QDs.>® However, in the case of the CQDs, the yield did not
differ significantly as compared to the optimal output, which
substantiated the absence of any triplet-to-triplet energy trans-
fer (TTENT) process. Both CQDs and light are quintessential to
realizing the optimal output of the NKR process, as already
demonstrated in Table 1.

o f of il
" \©\0JSLN,Et M°’0\©\ T e e X
| S ,;"E‘ /@i \g’ Me
Et Me' Me
2j

Cat. (CQDs) -
+ — 80% 87%
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Scheme 5 Crossover experiments to check for the possibility of inter-
molecular vs. intramolecular routes in the CQD-mediated NKR process.
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The electron transfer abilities of the CQDs corroborated
with the CV studies, which further confirmed the involvement
of the CQDs in a HET process (Fig. 5). For the purpose of the
potentiodynamic electrochemical measurements, the ferrocya-
nide-ferricyanide couple (sensitive to the electrode surface)
was taken, while KCI served the purpose of an electrolyte. AE,
(the peak-to-peak separation between the anodic and cathodic
peak) decreases when the rate of HET is enhanced upon the
addition of a suitable species, resulting in improved catalytic
properties as compared to other nanomaterials.*®>”

The Stern-Volmer experiment revealed the effective inter-
action between the CQDs and 1a via a drop in the fluorescence
intensity of the photocatalyst upon the addition of 1a in suc-
cessively increasing amounts. The Stern-Volmer quenching
constant was found to be 54.43 (SI, section 7), as per the fol-
lowing equation:

I
70 =1+ Key[Q]

where: I, = Fluorescence intensity of the CQDs; I =
Fluorescence intensity of the CQDs upon the addition of the
quencher Q (in this case, 1a); Ksy = Stern-Volmer constant; [Q]
= Concentration of the quencher Q (in this case, 1a).

In order to establish the intramolecular nature of NKR reac-
tion, crossover experiments were done using 1t and 1j, sub-
jected to the optimal reaction conditions. No crossover pro-

8-membered TS

Entropically disfavoured

Scheme 6 Plausible mechanism for the NKR of O-aryl carbamothioate 1 to S-aryl carbamothioate 2 using CQDs as the photocatalyst.
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ducts were detected, which rules out the operation of an inter-
molecular rearrangement process (Scheme 5).

Based on the results discussed above and the literature pre-
cedence, we propose the plausible mechanistic pathway for the
CQDs photocatalyst-mediated NKR (Scheme 6). The photo-
irradiation of the CQDs results in the generation of an exciton
in the nanomaterial. The ground state of the photocatalyst is
regenerated by the O-aryl carbamothioate 1, which is also
evident from the fact that electronically rich substrates are
more facile participants in NKR, as obvious from the scope of
the reaction. The O-aryl carbamothioate subsequently forms
the radical cation, which proceeds to generate the four-mem-
bered spirocyclic 1,3-oxathietane TS. At higher substrate con-
centrations, an eight-membered bimolecular cyclic TS may
also be formed, when two such substrate moieties come
together.*®*®>° However, the results of the crossover experi-
ments invariably prove that such a bimolecular TS is not
formed. Moreover, the generation of such a TS is entropically

— K,Fe(CN),
— K,Fe(CN), + CQDs
Scan Rate= 0.05 V/s

0.4/

0.3

0.2

0.1

Current (A)

0.0

-0.14

L/

04 05 06 07 08 09 10 11 12 13
Potential (V)

AEp [K,Fe(CN),] = 0.160 V

02

AEp [K,Fe(CN), + CQDs ] =0.147 V

Fig. 5 Cyclic voltammograms showing the involvement of CQDs in the
HET process.
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disfavoured. The oxathietane TS, being unstable, breaks to
generate the thermodynamically more stable S-aryl carba-
mothioate radical cation. This will take the electron from the
conduction band (CB) of the CQDs to furnish the final product
2, thereby completing the catalytic cycle.

Evaluation of green chemistry metrics for the CQDs photo-
mediated NKR

An assessment of the metrics typically associated with green
chemistry is imperative to realising how efficient and sustain-
able the protocol is. In this regard, we have estimated several
parameters (as shown in Table 2).°°

These values clearly highlight the efficient and benign
nature of the protocol in terms of minimal waste generation
(low E-factor; close to 0 ideally). While the AE is indicative of
the efficacy of the reaction design, the actual stoichiometry
and the yield is considered during the calculation of the RME,
which, herein, proves the high consumption of the reactant
driven towards the formation of the desired product. The OE
value indicates that the ‘ideal’ design and practical execution
of the reaction are close to one another, justifying its viability.

Energetically, the scheme is efficient and does not require
the use of high temperatures or hazardous conditions to be
executed. As explained in the introduction, the EcoScale score
of 83 highlights the efficiency, sustainability and simple modus
operandi for the aforesaid strategy (SI, section 9).

Conclusions

Taking another step towards expanding the regime of hetero-
geneous nanomaterial-based photocatalysis, CQDs were tai-
lored from the naturally-occurring amino acid r-cysteine using
a facile hydrothermal approach without inducting any capping
agent or stabilizer. The nanodots were subsequently used for

Table 2 Estimation of the green chemistry metrics for the CQD-mediated NKR driven by light

NH,
coo
\ ’j sH
s

0. 0.
Me” s Cat. (CQDs; 0.0026 mol%) Me” o
OJL -Me SJLN,Me

Stoichiometry in the rxn.  0.125 mmol

anhy. MeCN, Ar, 25°C \
370 nm Kessil Lamp Me

2a

Molecular weight 211.279 g/mol 211.279 g/mol

Parameter Formula Value

Environmental factor (E-factor) Mass of waste 0.02
Mass of isolated product

. . Mass of isolated product

Reaction mass efficiency (RME) — - x 100 97.99%
>-Mass of reactants stoichiometrically
Molecular weight of product (s)

Atom economy (AE) - x 100 100%
>~ Molecularweight of reactant (s)

. . E
Optimum efficiency (OE) 2B 100 97.99%
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ambient temperature NKR, thereby providing access to a broad
range of electronically diverse S-aryl carbamothioates via a
benign and sustainable strategy. The intramolecular rearrange-
ment was proposed to proceed through a radical cationic
oxathietane TS, formed via a SET process. The CQDs retained
their activity in subsequent runs, demonstrating the robust
nature of the as-prepared nanomaterial. This work highlights
the advantages and the need for the rational/strategic design
of nanomaterials to serve as potential catalysts in complex or
critical synthetic strategies, paving the way for further develop-
ment in this field, particularly with regard to the fabrication of
common heterogeneous catalytic platforms that can operate in
organic solvents for the transformation of electronically rich/
deficient/neutral substrates. The reaction design and optimi-
sation further excel as per the estimation of the metrics typi-
cally considered in green chemistry, justifying its sustainable
and benign nature.

Experimental
General considerations

Detailed methods can be found in the SI, section 1.

Instrumentation

Detailed methods can be found in the SI, section 2.

Initial attempt for photocatalytic NKR

Detailed methods can be found in the SI, section 3.

Synthesis of cysteine-based CQDs

The CQDs were prepared using a hydrothermal approach,
taking i-cysteine as the precursor. A solution of 0.32 g of
L-cysteine dispersed in 32 mL of H,O (via ultra-sonication) was
transferred to Teflon-lined autoclave chambers. The setup was
kept for 36 h at 200 °C. After cooling to room temperature, the
solution was centrifuged for 30 min at 10 000 rpm. The super-
natant was carefully retrieved and stored at 4 °C. The concen-
tration was determined by lyophilization. The synthesized
CQDs were sticky in nature after water removal.

Procedure for optical/microscopic characterization and sample
preparation

Detailed methods can be found in the SI, section 4.1.

Characterization of CQDs

Details available in the SI, section 4.2.

Calculation of the molecular weight for the CQDs

Detailed methods can be found in the SI, section 4.3.

Procedure for the preparation of substrates

Detailed methods can be found in the SI, section 4.4.

1552 | Green Chem., 2026, 28, 1542-1554
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General procedure for NKR

A clean, dried reaction tube equipped with a magnetic stir-bar
was taken and cooled under the effect of Ar flow. 0.125 mmol
of the O-aryl carbamothioate 1 was taken in the reaction tube.
The tube was sealed with a septum and degassed under the
effect of vacuum, followed by purging with Ar. The CQDs
(2.5 wt% relative to 1, dissolved in 50 pL of H,0) along with
2 mL of anhydrous MeCN (distilled to dryness with P,O5 and
stored over activated 4 A MS) were added. The reaction mixture
was ultra-sonicated (if required) and subsequently irradiated
for the stated time using a Kessil Lamp (370 nm, PR160L).
After the irradiation, the reaction mixture may be extracted
with EtOAc (3 x 10 mL) (removal of MeCN under reduced
pressure is sufficient otherwise). The combined organic
phases were washed with brine and dried over anhydrous
sodium sulphate. The solvent was removed by rotary evapor-
ation. The rearranged product 2 was purified on a silica gel
column (100-200 mesh) with EtOAc/hexane as the eluent.

For scaling up the reaction, the substrate and catalyst was
loaded as per the scaling factors. The other conditions were
maintained as per the optimized parameters.

For the control experiments, quenchers were added in suit-
able proportions wherever mentioned.

The NMR yield could be determined wherever required,
using 'H-NMR with dibromomethane as the reference in
CDCI; solvent.

General procedure for the recyclability studies

After completion, the reaction mixture was concentrated to
remove MeCN and subjected to work-up with EtOAc/H,O
mixture. The aqueous layer containing the catalyst was col-
lected carefully. Any excess H,O added during the work-up
could be removed by lyophilization such that the residual cata-
lyst remains suspended in 50 pL H,O. 1a was further added
and the reaction vessel was subjected to the optimal reaction
conditions. The studies were done for a total of 10 cycles and
the NMR yields were reported in each case, using 'H-NMR
with dibromomethane as the reference in the CDCIl; solvent.

General procedure for the cyclic voltammetry (CV) studies

Detailed methods can be found in the SI, section 4.5.

General procedure for the crossover experiments

Detailed methods can be found in the SI, section 4.6.

Measurement of quantum yield

Detailed methods can be found in the SI, section 5.

Spectra of the crude reaction mixture

Detailed spectra can be found in the SI, section 6.

General procedure for the Stern-Volmer quenching analysis

Stern-Volmer quenching experiments were done while keeping
the catalyst and solvent concentration intact, as per the
optimal conditions. The concentration of 1a was varied

This journal is © The Royal Society of Chemistry 2026
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sequentially and the emission profile of the catalyst CQDs was
monitored at an excitation wavelength of 370 nm.
Detailed plots can be found in the SI, section 7.

General procedure for the estimation of the EcoScale value

Detailed methods can be found in the SI, section 9.

Characterization data and NMR spectra

Detailed data can be found in the SI, sections 10 and 11.
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