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ABSTRACT

Photothermal effect using mild light irradiation has emerged as an interesting strategy in modern synthetic chemistry due to

its rapid reaction with high selectivity and spatiotemporal control over conventional heating. However, applying photothermal

conversion to carry out organic reactions efficiently using carbon nanomaterials remained largely uncharted. To address this,

herein, we report for the first time, graphene oxide (GO) as the photothermal agent to perform ring-closing metathesis (RCM)

under 940 nm NIR LED light, as well as solar simulator and natural sunlight, using Grubbs-II catalyst to rapidly synthesize

dihydro-pyrroles in high yield with excellent GO recyclability. Theoretical calculation unveiled that this photothermal RCM

efficiency originated from the cumulative synergy between substrate-GO absorption energy, activation barrier, and nonradiative

relaxation rate which emerged as the predominant contributor for the overall reaction outcome. The RCM product can be further

functionalized through Pd-catalyzed Heck coupling to forge various fluorophores for efficient imaging of endoplasmic reticulum
(ER), mitochondria, and Golgi apparatus (GA) in HCT-116 colon cancer cells. This GO-mediated photothermal RCM can open a
new direction toward synthesizing complex organic molecules with ease and high yield for biomedical applications.

1 | Introduction

Photothermal effect, a phenomenon where nanomaterials and
chromophores convert light to thermal energy by nonradiative
decay through releasing nanoparticle surface localized heat
[1-8]. This photothermal effect has revolutionized modern
synthetic approaches to form complex molecules using mild light
irradiation due to its spatial and temporal controls, improved
reaction rate with high selectivity, and less by-product formation
compared to the traditional bulk heating [9-13]. Despite having
awide array of available photo-sensitive materials, photothermal
conversion is extensively explored in inorganic materials and
biomedical applications, and currently in its infancy in organic
synthesis [14-20].

© 2026 Wiley-VCH GmbH

Carbon nanomaterials with 1D to 3D nanostructures have
emerged as interesting classes of photothermal materials due
to the abundance of loosely bound 7 electrons, which can be
irradiated to the energetically similar 7z* orbitals by light irradia-
tion, which can trigger rapid internal conversion and intersystem
crossing, leading to intense localized nanoscale heating through
bond vibration and rotation [21-28]. Recently, Stache et al. used
carbon black (CB) as the photothermal agent for Newman-Kwart
Rearrangement (NKR) as well as recycling post-consumer waste
polystyrene [29, 30]. In this context, 2D-graphene-oxide (GO) has
been extensively used for photothermal therapy (PTT) in biomed-
ical applications [31-33]. Despite being readily available and inex-
pensive, to the best of our knowledge, GO has never been explored
as the photothermal material for organic transformation.
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FIGURE 1 | (a) GO-mediated photothermal ring-closing metathesis
(RCM). (b) Schematic representation of the synthetic fluorophores for
imaging ER, mitochondria, and GA in HCT-116 colon cancer cells. ER,
endoplasmic reticulum; GA, golgi apparatus; GO, graphene-oxide.

To address this, herein, we have used GO as photothermal
agent to perform ring-closing metathesis (RCM) on N,N-diallyl-
benzenesulfonamides under 940 nm LED light (0.15 W/cm?), as
well as under solar simulator and natural sunlight in DMF/water
(1:3) using the second-generation Grubbs’ catalyst (3 mol%) to
afford 2,5-dihydro-pyrroles in high yield within 10 min (Figure 1a)
compared to the traditional heating, with excellent GO recycling
for at least six cycles. Theoretical calculations divulged that
the nonradiative relaxation rate (k,,), along with substrate-GO
absorbance energy and activation barrier, contributed to the effi-
ciency of the RCM outcome. The 1-tosyl-2,5-dihydro-pyrrole (2a)
was further functionalized with 4-bromo-1,8-naphthalic anhy-
dride and substituted 4-bromo-1,8-naphthalimides through Pd-
catalyzed Heck coupling to obtain N-tosyl-pyrrole-naphthalimide
fluorophores for imaging endoplasmic reticulum (ER), mitochon-
dria, and Golgi apparatus (GA) in HCT-116 colon cancer cells
(Figure 1b). To the best of our knowledge, this is the first example
of GO-mediated photothermal RCM toward efficient synthesis
of organelle imaging fluorescent probes, which opened a novel
avenue for photothermal conversion in organic synthesis toward
valuable materials for biomedical applications.

2 | Results and Discussion

We hypothesized that the photothermal effect of GO could be
utilized to perform RCM due to its unique ability to construct
C=C double bond containing carba- and hetro-cyclic rings for the
total synthesis of natural products as well as unnatural complex
organic molecules by using Ru-based carbene catalysts [34, 35].
RCM reactions are mostly carried out at higher bulk temperature,
which might lead to the polymerization and degradation of the
starting materials and products, leading to reduced reproducibil-
ity and yield. Hence, we intended to explore the localized heat
generation on the GO surface under light irradiation to per-
form RCM with improved efficiency and sustainability. Recently,

TABLE 1 | Evaluation of the optimal condition for the photothermal
effect of GO.

— hv —
Solvent
Graphene Heat
oxide
LED Go loading Temperature
Entry (nm) Solvent (mg/mL) (°C)
1 445 H,0 2 57
2 740 H,0 2 56
3 740 H,0 3 55
4 740 H,0 4 53
5 940 H,0 0.25 41.6
6 940 H,0 0.5 45.8
7 940 H,0 1 51.2
8 940 H,0 2 55
9 940 Acetonitrile: 1.5 60.4
H,0 (2:1)
10 940 DMF: H,0 (3:1) 15 60.6
1 940 DMF: H,0 (1:3) 15 55.1
12 940  acetone: H,0 1.5 55.6
21
13 940 DMF: H,0 (1:3) 0 39

Stache et al. reported a highly efficient method for NKR using CB
as the photothermal agent with high yield under 6K white LEDs.
However, (a) recyclability of CB and (b) use of lower energy near
infrared (NIR) light remained majorly unaddressed [29]. Herein,
we intended to use lower energy NIR LEDs/natural sunlight
along with the recycling of GO for improved sustainability. First,
we optimized the photothermal effect of GO under different light
sources, solvents, and GO loading. GO was suspended in water
and irradiated under 445, 740, and 940 nm LEDs for 20 min with
different GO loading and estimated the heat generation (entries
1-8, Table 1). Interestingly, GO demonstrated heat generation
till 57°C under 445 nm LED with 2 mg/mL GO loading within
20 min (entry 1, Table 1). On the other hand, under 740 nm LED,
GO generated 56°C at 2 mg/mL GO loading (entry 2, Table 1).
However, under 740 nm LED irradiation, GO was produced
only 55°C temperature at 3 mg/mL GO loading within 20 min
(entry 3, Table 1). Changing the GO loading under 940 nm
LED irradiation also did not increase the temperature beyond
55°C (entries 4-8, Table 1). Based on this observation, we have
chosen 940 nm LED for further optimization due to its irradiation
capability into the NIR region with mild reaction conditions. We
further optimized the solvent system for the metathesis reaction,
having DMF/water and acetonitrile/water in different ratios
under 940 nm LED irradiation for 20 min with 1.5 mg/mL GO
loading (entries 9-12, Table 1). We found that GO produced 60°C
temperature in acetonitrile/water (2:1) and DMF/water (3:1) in
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20 min (entries 9 and 10, Table 1). On the other hand, GO exhibited
55°C temperature in DMF/water (1:3) and acetone/water (2:1),
having 1.5 mg/mL GO loading within 20 min (entries 11 and 12,
Table 1). We anticipate that the higher photothermal effect of
GO in acetonitrile/water (3:1) and DMF/water (3:1) compared
to DMF/water (1:3) was due to the better solubility of GO in
organic solvents like acetonitrile and DMF compared to water
to produce a more homogeneous reaction mixture. As a control
experiment, without any GO, the DMF/water (1:3) mixture only
generated 39°C temperature under 940 nm LED irradiation for
20 min (entry 13, Table 1). From this optimization, we have chosen
DMF/water (1:3) solvent system for the photothermal effect of
GO with 1.5 mg/mL loading under 940 nm LED irradiation due
to its improved environment friendly approach. We also assessed
the time-dependent temperature change of GO in DMF/water
(1:3) under 940 nm LED for 20 min, which revealed that at
20 min, GO raised the temperature from 26°C to 55.1°C (Figure
Sla). We further checked the photostability of GO under 940 nm
LED, which showed that GO is extremely photo-stable for at
least 3 on/off cycles of LED (Figure Slb). These optimization
studies confirmed that GO (1.5 mg/mL loading) can generate
the photothermal effect upon irradiation under 940 nm LED in
DMF/water (1:3) within 20 min to increase the temperature to
55°C.

Encouraged by the photothermal effect of GO, we now
embarked on optimizing the RCM reaction. We dissolved
N,N-diallyl-4-methyl-benzene sulfonamide (la) with Grubbs’
second-generation catalyst (3 mol%) in DMF/water (1:3) and
irradiated the reaction mixture under 940 nm LED in the presence
of GO (1.5 mg/mL) to obtain 1-tosyl-2,5-dihydro-1H-pyrrole (2a)
(Table 2, Figure S2-S4) [36]. When the reaction was carried out
without any light irradiation and without any GO at 25°C and
55°C bulk heating (entries 1 and 2, Table 2), compound 2a was
formed in 65% yield after 36 and 12 h, respectively. Interestingly,
when we irradiated the reaction mixture under 940 nm LED
for 20 min in the presence of 1.5 mg/mL GO, we obtained only
36% yield of 2a (entry 3, Table 2). A similar yield (32%) was also
afforded, even reducing the time of irradiation to 12 min (entry
4, Table 2). We anticipated that under 940 nm LED irradiation
at 20 min/12 min with GO (1.5 mg/mL) was generating enough
surface heat to decompose the product. Hence, we carried out
the reaction under 940 nm LED irradiation for 12 min as well as
10 min with the lower GO concentration of 0.75 mg/mL, which
increased the yield of 2a remarkably to 81% yield (entries 5 and
6, Table 2). However, the yield of compound 2a was significantly
reduced to 45% after irradiating the reaction mixture for 5 min
under 940 nm LED with 0.75 mg/mL GO loading (entry 7,
Table 2). We further checked the time-dependent photothermal
effect of GO (0.75 mg/mL) under 940 nm LED irradiation, which
exhibited that GO increased the temperature till 46°C at 20 min
(Figure Sla) with excellent photostability until 3 on/off cycles
(Figure Slc). We further ensured the observed photothermal
effect of GO was attributed to the local temperature of the GO
surface by an infrared thermal imaging camera. It was clearly
observed that without and with GO (0.75 mg/mL) in DMF/water
(1:3) mixture under 940 nm LED irradiation for 20 min, the local
temperature of the GO surface was increased significantly from
35.2°C to 46.7°C, which confirmed that the photothermal heating
generated the observed temperature at the GO surface (Figure
Sid).

TABLE 2 | Evaluation of the optimal condition for the GO-mediated
photothermal RCM.

Ny ¢ —
i Grubbs-Il (3 mol%) [_)
(0] {0)

N
=$=

N
hv = 0=4=0

GO, DMF/H,0 (1:3)

940 nm LED
H oK H
Solar simulator
1a OR 2a
Sunlight
GO Temp Yield®
Entry* LED (nm) (mg/mL) Time (°C) (%)
1 No No 36 h 25 65
2 No No 12h 55 65
3 940 1.5 20 min 55 36
4 940 1.5 12min 55 32
5 940 0.75 12min 46 81
6 940 0.75 10 min 46 81
7 940 0.75 5min 40 45
8 No No 10 min 46 19
9 Solar simulator 0.75 10 min 46 89
10 Sun light 0.75 3h 46 87
1 445 0.75 10 min 45 54
12 740 0.75 10 min 46 36

2Reaction conditions: 1a (0.2 mmol) and Grubbs-II (3 mol%) catalyst were
dissolved in DMF/water (1:3), followed by irradiation under 940 nm LED or
solar simulator or natural sunlight.

bYields were calculated based on the isolated products from the column
chromatography as an average of three independent experiments.

To understand the effect of light and GO, we also carried out
the RCM without GO and LED irradiation for 10 min under
46°C traditional heating, which yielded compound 2a with an
inferior 19% yield (Entry 8, Table 2). Encouraged by this result, we
carried out the GO-mediated RCM reaction under the irradiation
of a solar simulator for 10 min with GO (0.75 mg/mL), which
produced compound 2a with a remarkable 89% yield (entry
9, Table 2). We further irradiated the reaction mixture under
natural sunlight for 3 h with GO (0.75 mg/mL), which afforded
compound 2a with 87% yield (entry 10, Table 2). We anticipate
that this increased time to afford 87% yield of compound 2a
under natural sunlight was due to the variability of the natural
sunlight intensity based on the location, time of the day, as well
as time of the year. We also irradiated the reaction mixture under
a higher energy light source (445 and 740 nm) for 10 min with
GO (0.75 mg/mL), which afforded compound 2a with only 54%
and 36% yield, respectively (entries 11 and 12, Table 2). These
optimization assays clearly confirmed that RCM reaction can
be carried out under 940 nm LED, solar simulator, as well as
natural sunlight, with 0.75 mg/mL GO loading in the presence
of Grubbs-II catalyst (3 mol %) efficiently within 10 min with
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TABLE 3 | Substrate scope.

AN J Grubbs-Il (3 mol%) _
S — )

1 GO (0.75 mg/mL) 2
DMF/water (1:3)
940 nm LED/
Solar simulator, 10 min

SN SIS

SN

SN SN

O:é:O 0:§=O O:é:o 0-é= O:é:O

2a: 81% (89%)° 2b: 52% (60%)* 2c: 81% (76%)* 2d: 73% (75%)*

2e: 71% (73%)°

s FIN SND 0
oo b onbo MO e
3 Hj

2f: 67% (95%)°

2g: 51% (55%)* 2h: 73% (67%)* 2i: 69% (72%)* 2j: No reaction

2The yield in the parenthesis is reported as isolated yield under solar simulator based on the average of three independent experiments.
bThe yield was determined from the NMR experiment based on three independent experiments.

excellent yield. To understand the degree of oxidation in GO, we
calculated the C:O ratio in GO before and after the RCM by x-
ray photoelectron spectroscopy (XPS). The XPS data revealed that
the C:O ratio was 0.89 and 1.69 before and after the reaction,
indicating partial reduction during photothermal irradiation
(Figure S5a). To further understand if the partial reduction of
GO could change the efficiency of reaction yield, we performed
photothermal RCM on compound 1la for multiple cycles using
the isolated GO in the previous reaction under a solar simulator
for 10 min to afford compound 2a. Surprisingly, we observed a
marginal change in the yield from 89% to 83% even after six
cycles. These observations clearly confirmed that the degree of
oxidation in GO did not change the efficiency of the reaction yield
(Figure S5b).

We further assessed the substrate scope of the light-induced GO-
mediated photothermal RCM. We first varied the 4-substituents
on the phenylsulfonamide ring from -F, -Cl, -Br, and -I under
a 940 nm LED and solar simulator for 10 min (Figure S6,
Table 3). We observed that the highest yield was found in 4-Cl-
phenylsulfonamide (2c) with 81% and 76% yield under 940 nm
LED and solar simulator, respectively. Alternatively, 4-F, 4-Br,
and 4-1 substituted compounds (2b, 2d, and 2e) were afforded in
52%, 73%, and 71% yield under 940 nm LED and 60%, 75%, and
73% yield under solar simulator, respectively (Figure S7-S15). On
the other hand, compound 2f was obtained in 67% and 95% yield
under 940 nm LED and solar simulator, respectively, at 10 min
(Table 3 and Figures S16 and S17). We also varied the substrate
for RCM by methanesulfonamide (1g), ethanesulfonamide (1h)
and phenylsulfonamide (1i) (Figure S6, Table 3) which provided
2g, 2h, and 2i with 51%, 73%, and 69% yield, respectively under
940 nm LED irradiation along with 55%, 67%, and 72% yield,
respectively under solar simulator irradiation for 10 min (Table 3
and Figures S18-S23). Interestingly, diallylsulfane (1j, Figure S6,

Table 3) failed to produce any RCM product, which might be
due to the Grubbs’ second-generation catalyst poisoning by sulfur
compounds.

To investigate the photothermal RCM of la-le (Figure S6) on
the GO surface, we employed a finite cluster model consist-
ing of a sufficiently large graphene flake functionalized with
oxygen-containing groups (epoxy and hydroxyl). The square-
shaped flake with zigzag edges was passivated with hydrogen
atoms, as illustrated in Figure 2a. Geometry optimizations for
the adsorption complexes and the isolated species were carried
out using the ORCA v.6.0.0 package [37, 38] within the density
functional theory (DFT) framework. The reaction efficiency of
la-le complexes adsorbed on GO was determined by a delicate
balance of adsorption strength, reaction barrier, and nonradiative
relaxation. Among these, adsorption energy (4E,4) plays a key
role in governing surface residence time and, consequently, the
extent of heat absorption. Stronger adsorption enhances the
likelihood of product formation by ensuring that the reactants
remain anchored on the surface long enough to undergo the
necessary transformation. Our calculations show that le and
la exhibited the strongest (—31.07 kcal mol™) and the weakest
(—26.82 kcal mol™') adsorption, respectively (Table S1). Reaction
kinetics were further dictated by the activation barrier (E,.)
for the conversion of open-chain (la-le) (Figure S6) to closed-
chain (2a-e) species on GO. A lower barrier facilitates the
progression of the catalytic pathway, while a higher barriers
impose kinetic limitations. The lowest E,., was obtained for 1c
(169.86 kcal mol™), whereas the highest barrier corresponded to
1a (299.90 kcal mol™?), highlighting the variability in reactivity
across the substituents (Table S1).

Since the underlying mechanism is predominantly photother-
mal, the k, emerges as a crucial descriptor. With its manifold
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(a) Compound la-1e adsorbed on a graphene sheet, as used in the simulations (ball-and-stick). Color scheme: carbon green; nitrogen

blue; oxygen red; sulfur yellow; hydrogen light blue; halogens (F/Cl/Br/I) or CH; pink. (b) Correlation heatmap illustrating the relationships among
(ky,), adsorption energy (AE,4; ), reaction barrier (E,. ), and catalytic yield for halogen-substituted compounds. (c,d) Correlation of (a) PLS VIP scores

and (b) Pearson scores with experimental yield under simulated solar irradiation. k,, nonradiative relaxation rate; PLS, partial least squares; VIP, variable

importance in projection.

vibrational modes, GO efficiently channels electronic excitations
into vibrational heat, thereby driving the catalytic activity. Among
the studied complexes, 1c displayed the highest k,,. (4.53 x 103
s, closely followed by 1a (4.31 x 10® s7!), while the lowest
was observed for 1b (3.43 x 10® s7'). Notably, k,, values did
not directly track product yields, indicating that nonradiative
relaxation, though dominant, was not the sole governing fac-
tor. Taken together, the experimental yields under simulated
solar irradiation are governed by the interplay between AE,,
E,., and k.. (Table S1). The correlation analysis (Figure 2b)
revealed that nonradiative relaxation contributes the largest
weight (~74%), followed by adsorption energy (~18%) and acti-
vation barrier (~10%). A modest negative correlation (around
—0.40) is observed between AE,/E,. and k,,, suggesting that
adsorption strength and barrier height tend to diminish as k.
increases.

To further quantify descriptor importance, we applied two inde-
pendent approaches: (i) Pearson correlation coefficients and (ii)
Partial Least Squares (PLS) regression with Variable Importance
in Projection (VIP) scores [39]. Both methods consistently iden-
tified k,, as the dominant predictor of reaction yield. Its high
Pearson coefficient (~0.74) and VIP score (> 1.0) confirmed its
central role. AE, 4 exerted a moderate influence (Pearson ~0.18,
VIP < 1.0), while E,. contributed minimally (Pearson ~0.10,
VIP = 0.38). Regression analyses further validated this descriptor

hierarchy, yielding strong predictive performance (Pearson R?> =
0.83, PLS R?> = 0.88; Table S2 and Figures 2c, d). Our analysis
highlighted that no single descriptor—adsorption energy, acti-
vation barrier, or k,,—was sufficient on its own to account for
the observed reaction yields. Instead, the efficiency originated
from the collective interplay of these factors, where adsorption
governed surface residence time, the barrier dictated kinetic
feasibility, and k,,, channelized absorbed energy into heat. Among
them, however, k. emerged as the dominant contributor, while
AE, 4 and E, played supporting roles in fine-tuning the overall
reaction outcome.

To explore the application of this GO-mediated photothermal
RCM, we treated compound 2a in the presence of different
organelle homing moieties containing 4-bromo-1,8-naphthalic
anhydride (A) and 4-bromo-1,8-naphthalimide derivatives (B and
C) in the presence of Pd(OAc), as the catalyst in a Heck coupling
condition to afford compound 3a-3c (Figures 3a and S24-S34).
We designed compound 3a-3c to home into ER, mitochon-
dria, and GA through 4-methyl-benzenesulfonamide, positively
charged triphenylphosphonium cation and phenylsulfonamide
moieties, respectively. We characterized compound 3a-c by UV-
Vis and fluorescence spectroscopy, which revealed that all the
compounds absorbed at 4,,,, = 360-375 nm and when excited
at 4,, = 360-375 nm light, all the compounds emitted at 4,,, =
460-520 nm (Figure S35), capable of bioimaging.
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FIGURE 3 | (a) Synthetic scheme of the organelle-targeted fluo-
rophores (3a-3c). (b-d) Confocal microscopy images of HCT-116 cells
treated with 3a-3c (3a: 10 uM; 3b: 2.5 uM and 3c: 10 uM) for 3 h followed by
staining the ER, mitochondria, and GA by ER Tracker Red, MitoTracker
Red, and Golgi Tracker Red dyes, respectively. Scale bar = 10 um. ER,
endoplasmic reticulum; GA; Golgi apparatus.

For bioimaging, the fluorescence probe should be nontoxic to
the cells. Hence, we evaluated the toxicity of compound 3a-c
in HCT-116 colon cancer cells. We treated HCT-116 cells with
compound 3a-c in a dose-dependent manner for 24 h followed
by assessing the cell viability by MTT assay. From the MTT assay,
it was clear that compound 3a-c showed IC,, = 20, 5, and more
than 30 uM, respectively (Figure S36). We further evaluated the
respective organelle imaging capability of 3a-c in HCT-116 cells.
We treated HCT-116 cells with compound 3a,b (3a: 10 uM, 3b:
2.5 uM) separately for 3h and stained the ER and mitochondria
with ER Tracker Red and MitoTracker Red dyes, followed by
visualizing the live cells under confocal microscopy. From the
confocal images, it was evident that 3a and 3b homed into ER
and mitochondria efficiently, yielding merged yellow fluorescent
signals with Pearson’s correlation coefficients (PCC) = 0.81+ 0.02
and 0.98+0.01 (n = 30), respectively (Figures 3b, ¢, and S37). On
the other hand, we treated HCT-116 cells with compound 3c (10
uM) in a time-dependent manner for 0.5, 1, and 3h, stained the GA
with GA Tracker Red dye, and visualized the cells under confocal
microscopy. The confocal images demonstrated that compound
3c localized into the GA efficiently within 30 min and remained
there for 3h with PCC = 0.82 + 0.05, 0.81+ 0.03, and 0.65 +

0.02 (n = 30) at 0.5, 1 and 3h, respectively (Figures 3d and S38).
We anticipate moderate homing of 3c in GA after 3h due to
the back transport of proteins and lipids from GA into the ER
in a time-dependent manner. [40, 41] These confocal images
clearly confirmed that 3a,b homed efficiently into the ER and
mitochondria within 3h and compound 3c efficiently homed into
the GA within 30 min in HCT-116 cells.

3 | Conclusions

In conclusion, we have presented an efficient and high-yielding
GO-mediated photothermal RCM using 940 nm LED, solar
simulator, and natural sunlight with short reaction time with
excellent GO recyclability. Theoretical calculations revealed that
the photothermal RCM efficiency emerged from the collective
interplay between substrate-GO absorption energy, activation
barrier, and k,,,., which appeared as the dominating contributor
for the overall outcome. The dihydropyrroles generated from this
unique photothermal RCM can be further functionalized into
diverse fluorescence probes for imaging ER, mitochondria, and
GA in HCT-116 colon cancer cells. To the best of our knowledge,
this is the first example of GO-mediated photothermal RCM
in a sustainable manner, which has the potential to synthesize
numerous complex organic molecules rapidly with high yield for
biomedical applications.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File 1: General procedure for GO-mediated photothermal
RCM: In around bottle flask, compound 1a-1j (1 eq., 0.198 mmol) and

the substrate were dissolved in DMF:H, O (1:3, v/v, total volume 2 mL),
and GO (1.5 mg) was added to the solution in a sealed reaction vial.
Subsequently, 3 mol% of Grubbs’ second-generation catalyst (0.03

eq., 5.06 mg) was added. The reaction mixture was irradiated with a

940 nm LED for 10 min. The reaction temperature was maintained at
approximately 44-46 °C due to photothermal heating by GO. Completion
of the reaction was monitored through thin-layer chromatography (TLC).
Upon completion, the reaction mixture was cooled to room temperature,
centrifuged the reaction mixture at 500 RPM for 5min to collect the GO
for future use, then workup with ice-cold water and ethyl acetate. The
solvent was evaporated on the rotary evaporator, and the reaction mixture
was purified with 100-200 mesh silica in 20% Ethyl acetate in hexane.
The authors have cited additional references within the Supporting
Information [42-47].
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