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Abstract Norbornadienes (NBDs) are promising candidates for mo-
lecular solar thermal energy storage (MOST) due to their reversible pho-
toisomerization. A central aspect for future application is the scalable
synthesis of NBD derivatives with high solubility. Herein, we report an
efficient synthesis and purification of multi-substituted NBDs, achieving
diverse substitution patterns and appreciable solubility. The stream-
lined process for synthesizing and purifying NBDs delivers high yields
and purity, which addresses previously significant challenges in NBD-
based energy systems. Our findings advance sustainable approaches for
MOST through improved NBD stability and usability.

Key words norbornadiene, photoisomerization, functionalization,
solubility, renewable energy

The transition towards sustainable sources of energy

necessitates the development of efficient, scalable energy-

storage technologies to address the intermittency of renew-

able sources.1 While lithium-ion batteries have seen signifi-

cant advancements, their limitations in energy density,

cost, and environmental sustainability have spurred inter-

est in alternative materials and chemical motifs for high-

performance energy storage.2 Organic compounds have

emerged as potential candidates for next-generation ener-

gy storage materials owing to their tunable properties.3,4 In

particular, norbornadienes (NBDs)5 have garnered attention

due to their unique ability to undergo photoisomerization

to highly strained quadricyclanes (QCs) upon irradiation, a

process enabling efficient solar energy capture and subse-

quent thermal energy release (Scheme 1).

Scheme 1  Reversible isomerization of NBDs into QCs

This isomerization is reversible and can be triggered by

thermal, catalytic, or light-induced activation, making

NBDs ideal for energy-storage systems that require rapid

and efficient exothermic release.6–9 Recent work on photo-

chemical conversion of NBDs has demonstrated promising

performance,10,11 particularly for smaller NBD derivatives

that exhibit absorption within the ultraviolet region of the

solar spectrum.12,13

While NBDs show promise, challenges related to solubil-

ity and stability must be addressed to fully realize their po-

tential as practical energy-storage materials.14 Solubility

plays a crucial role in the integration of NBDs into energy-

storage devices, as the majority of current organic molecu-

lar solar thermal storage systems for real-life applications

are designed to operate with photoswitches dissolved in a

liquid.15,16 In this work, we explored the synthesis and puri-

fication of substituted NBDs, with a focus on improving sol-

ubility through the molecular design of NBDs. In conjunc-

tion, this study aims to optimize the synthetic protocol and

purification techniques while investigating solubility in a

system compatible with MOST setups.17,18

hν

Scheme 2  General synthesis of substituted norbornadiene
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The synthesis of multi-substituted NBDs was achieved

through a streamlined, one-step process using commercial-

ly available starting materials (Scheme 2). This method en-

abled functionalization at various sites on the NBD frame-

work to evaluate the effects of the substituents on synthe-

sis, purification, and solubility. A comparative study was

performed between traditional thermal synthesis and mi-

crowave-assisted synthesis, wherein a substituted cyclo-

pentadiene (CPD) reacted with dialkyl acetylenedicarboxyl-

ates—electron-poor dienophiles—via a Diels–Alder reaction

to yield the target NBDs.

Table 1  Synthesis Parameters and Purification Details for the Synthesized NBDs

Compd Structure Thermal synthesisa Microwave 
synthesisd

Purification methods Relative hydrodynamic volume 
(Å3)e

Solvent Yield (%) Yield (%) Attempted Successful NBD QC

NBD1 CHCl3b 0 45 distillation
flash chromatography

HPLC 1.071 ± 0.013 1.271 ± 0.025

NBD2 CHCl3b 73 10 distillation flash chromatography
HPLC

1.506 ± 0.024 1.447 ± 0.024

NBD3* CHCl3b 60 (0.8:1) 76 (0.8:1) kugelrohr distillation flash chromatography
HPLC

1.603 ± 0.022 1.585 ± 0.014

NBD4* CHCl3b 83 (1:0.5) 23 (1:0.5) kugelrohr distillation flash chromatography
HPLC

1.992 ± 0.010 1.965 ± 0.014

NBD5 o-DCBc 60 35 flash chromatography HPLC
recrystallization

2.785 ± 0.013 2.522 ± 0.017

NBD6 o-DCBc 0 34 flash chromatography HPLC
recrystallization

2.578 ± 0.040 2.517 ± 0.010

NBD7 CHCl3b 85 26 recrystallization HPLC 1.064 1.000

a Reaction conditions: cyclopentadiene (1.00 equiv), dialkyl acetylenedicarboxylate (1.00 equiv), chlorinated solvent (concentration = 12.5 M), 8 h. Yields after 
purification.
b Reaction conducted at 25 °C.
c Reaction conducted at 60 °C.
d Reaction conditions: cyclopentadiene (1.00 equiv), dialkyl acetylenedicarboxylate (1.00 equiv), o-dichlorobenzene (concentration = 8.85 M) at 190 °C. Yields 
reported after purification.
e Determined by smallest enclosing sphere analysis of conformer structures optimized by density functional theory (DFT) using the B3LYP functional at the 6-31+G 
level of theory. Values are normalized against the smallest hydrodynamic volume of the QC of NBD7. Compounds marked with * are reported as mixtures of 
inseparable isomers, with the isomeric ratios provided where relevant. The isomerism occurs at the bridgehead of the NBD, and the isomers and their ratios are 
further illustrated in the Supporting Information.
Synlett 2025, 36, 1717–1722
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In the thermal synthesis, dialkyl acetylenedicarboxyl-

ates were added to the CPD derivative, producing a highly

exothermic reaction that persisted for several minutes after

the addition of the diene. To minimize photoisomerization

of the product to QC, the reaction flask was shielded from

light. After 10 minutes, solvent was added as required to

evaluate its impact on reaction efficiency. The reaction mix-

ture was stirred for 8 hours and subsequently purified. The

microwave-assisted synthesis also involved reacting dialkyl

acetylenedicarboxylates with the appropriate CPD precur-

sor. In this case, the reaction was conducted in o-dichloro-

benzene within a sealed vial at 190 °C, followed by purifica-

tion (Table 1).

Ester-substituted NBDs exhibit a promising propensity

for photoisomerization to QC;19 however, this behavior

complicates structural analysis. The ease of photoisomeri-

zation is likely due to the oily nature of these NBDs, in con-

trast to the greater stability observed in previously reported

solid NBDs.20 The isomerization was evidenced by multiple

analytical techniques, including NMR (multiple peaks), and

IR spectroscopy (multiple peaks).

A range of work-up techniques for purifying each NBD

product was evaluated. Liquid-liquid extraction proved in-

effective due to overlapping solubility profiles, while re-

crystallization was unsuitable for most of the NBDs as these

failed to crystallize or co-crystallize possibly due to the

many pendant solubilizing groups. Filtration and simple

evaporation were also considered, but these methods did

not sufficiently remove by-products, particularly those

with similar volatilities.

These limitations led to the exploration of more specific

techniques such as automated flash chromatography, kugel-

rohr distillation, and preparatory high-performance liquid

chromatography (prep-HPLC) tailored to the unique prop-

erties of the NBD derivatives. Purification of the crude

product for some NBDs was achieved using flash chroma-

tography with an eluent gradient of 0–20% ethyl acetate in

hexanes, yielding the target NBDs following solvent evapo-

ration. Flash chromatography was less effective in eliminat-

ing acetylene impurities; however, this was resolved by

leaving the sample in an oven at 50 °C for 12 hours.

Relative hydrodynamic volumes of the NBD-isomer and

QC-isomer for all derivatives were determined by smallest

enclosing sphere analysis (see the Supporting Information)

of conformers optimized by density functional theory

(DFT) (Table 1).21,22 This was done to assess the feasibility of

size-exclusion separation via preparatory high-perfor-

mance liquid chromatography (prep-HPLC). As the NBD

changes to the QC, an increase in volume for NBD1 is ob-

served, whereas a decrease is observed for NBD2–7. The

changes suggested that prep-HPLC could be used as a suit-

able purification method. It became the preferred purifica-

tion technique as it was more effective at separating NBDs

from QCs and eliminating acetylene impurities because

UV/Vis monitoring allowed for real-time observation of the

separation between NBD and QC. This provided a more reli-

able confirmation of product purity. While prep-HPLC was

effective for small-scale purifications, the limited column

capacity rendered it impractical for larger quantities. For

larger scale purification, kugelrohr distillation was em-

ployed. This technique removed residual starting materials

due to the low boiling point of alkynes and facilitated the

cracking of dimerized, unreacted cyclopentadiene. To en-

sure the integrity of the purification process, the kugelrohr

apparatus was shielded from light.

The solubility of the NBD derivatives was evaluated in

two solvents, toluene and anisole, which were selected for

their complementary properties. Toluene was chosen for its

excellent solvating ability, cost-effectiveness, and previous

application in MOST systems. This prevalence as a bench-

mark solvent also facilitates comparison with previous sol-

ubility studies.10,18,23 Anisole, on the other hand, was select-

ed for its greener profile as a solvent,24 representing a more

sustainable alternative to toluene. This was chosen as an

appropriate green alternative since it absorbs in the same

UV region as toluene; i.e., it will have no interference in the

MOST system. This combination enabled the exploration of

both conventional and environmentally conscious options

for NBD solubility analysis.

The solubility of NBD derivatives in toluene and anisole

showed distinct trends influenced by substituent type and

patterns (Table 2). In toluene, NBDs with increasing alkyl

chain substitution (NBD2, NBD3, and NBD4) demonstrated

significantly enhanced solubility (0.25–0.34 M) compared

to minimally substituted NBD1 (0.12 M) and methoxylated

rather than ethoxylated NBD7 (0.11 M). This trend reflects

the role of steric hindrance and hydrophobicity in disrupt-

ing intermolecular interactions and promoting solvation.

Phenyl-substituted NBDs (NBD5 and NBD6) exhibited mod-

erate solubility in toluene (0.19–0.25 M), underscoring the

conclusion that alkyl chains are more effective than planar

aromatic groups in enhancing solubility in nonpolar sol-

vents.

Solubility tests in anisole, the greener alternative to tol-

uene, were then explored. The highest solubility was ob-

served for phenyl-substituted NBD6 (0.60 M), which is al-

most six times more soluble in anisole compared to toluene.

This can be explained by the electron-donating ability of

the polar methoxy group on anisole combined with the

greater polarizability of aromatic rings on the NBDs. NBD5
also displayed improved solubility in anisole (0.33 M), fur-

ther supporting the conclusion that this interaction takes

place. In contrast, alkyl-substituted NBDs (NBD2, NBD3,

and NBD4) exhibited lower solubility (0.14–0.15 M) reflect-

ing anisole’s limited compatibility with hydrophobic alkyl

chains. NBD7, with its compact and rigid structure, had the

lowest solubility in both solvents (0.08–0.11 M). The results
Synlett 2025, 36, 1717–1722
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underscore anisole’s potential as a greener alternative to

toluene, particularly for solubilizing phenyl-substituted

NBDs.

In conclusion, our findings illustrate the importance of

fine-tuning the synthetic methods and purification strate-

gies for substituted NBDs. Moreover, this work highlights

that substituent choice significantly affects solubility be-

havior, with alkyl chains optimizing solubility in toluene

and phenyl groups enhancing solubility in anisole. This in-

sight is critical for tuning NBD derivatives for MOST appli-

cations, where solvent compatibility and material stability

are paramount.

All chemicals, reagents, and solvents were purchased from commer-

cial sources (Fisher, Sigma Aldrich, Merck) and used as received unless

otherwise noted. NMR spectra were recorded with a Bruker Avance III

HD spectrometer (1H: 800 MHz, 13C: 201 MHz) and Bruker Avance

NEO 600 spectrometer (1H: 600 MHz, 13C: 151 MHz). UV/Vis spectra

were measured with an Agilent Technologies Cary 60 UV/Vis spec-

trometer. IR spectra were recorded with a PerkinElmer Spectrum 3

spectrometer. DSC thermograms were obtained with a Mettler Toledo

DSC5+ STARe. HPLC was performed using a LaboACE LC-7080 Plus Se-

ries system. Flash chromatography was carried out using a Biotage®

Isolera™ System. DFT calculations were performed using the Gauss-

ian 16 and Gauss View 6 packages. High-resolution mass spectrome-

try was conducted with a Xevo G2-XS QTof mass spectrometer; spec-

tra were obtained using electrospray (ESI) and atmospheric chemical

ionization (APCI).

All microwave-assisted syntheses were conducted with a Biotage®

Initiator+ Microwave System. Reactions were carried out in 10–20 mL

microwave vials within the system’s enclosed chamber, which pre-

vented exposure to visible light and protected light-sensitive reac-

tions.

General Procedures
Thermal Synthesis

Cyclopentadiene (7.56 mmol) was gradually added to dialkyl acety-

lenedicarboxylate (7.56 mmol). The reaction mixture generated a sig-

nificant amount of heat shortly after the addition of cyclopentadiene,

which persisted for several minutes. If the reaction was not per-

formed neat, chloroform (10 mL) was added after 10 min. The mix-

ture was then stirred for 8 h to ensure completion. The crude product

was purified using automated flash chromatography with 0–20 %

EtOAc in n-hexanes. The resultant NBD fraction was collected and

dried in vacuo.

Microwave-Assisted Synthesis

To a solution of dialkyl acetylenedicarboxylate (7.56 mmol) in o-di-

chlorobenzene, cyclopentadiene (7.56 mmol) was added. The micro-

wave vial was sealed and the mixture was heated in a microwave re-

actor to 190 °C and maintained at this temperature for 8 h. The reac-

tion mixture was then purified by automated flash chromatography

with 0–20 % EtOAc in n-hexanes. The resultant NBD fraction was col-

lected and dried in vacuo. The sample was then kept at an oven tem-

perature of 50 °C to remove residual diethyl acetylenedicarboxylate.

NBD 1
Yield: 0.80 g (45%, 3.400 mmol); pale-yellow oil.

IR: 2982 (m, C–H stretch), 2942 (m, C–H stretch), 1705 (s, C=O

stretch), 1634 (m, C=C stretch) cm–1.

1H NMR (600 MHz, CDCl3):  = 6.92 (t, J = 2.0 Hz, 2 H), 4.23 (q, J = 7.2

Hz, 4 H), 3.97–3.88 (m, 2 H), 2.28 (dt, J = 6.7, 1.7 Hz, 1 H), 2.08 (dt, J =

6.7, 1.5 Hz, 1 H), 1.30 (t, J = 7.1 Hz, 6 H).

13C NMR (151 MHz, CDCl3):  = 165.28, 152.13, 142.40, 72.87, 60.99,

53.42, 14.12.

HRMS (ESI+, APCI+): m/z [M + Na]+ calcd for C13H16O4: 259.1127; found

259.1081.

NBD 2
Yield: 0.87 g (73%, 2.984 mmol); pale-yellow oil.

IR: 2983 (m, C–H stretch), 2935 (m, C–H stretch), 1711 (s, C=O

stretch), 1615 (m, C=C stretch) cm–1.

Table 2  Calculated Solubilities of NBDs in Toluene and Anisole

Structure Solubility (mol dm–3)

Toluene Anisole

NBD1 0.12 ± 0.04 0.09 ± 0.00

NBD2 0.25 ± 0.02 0.15 ± 0.04

NBD3 0.34 ± 0.02 0.15 ± 0.01

NBD4 0.34 ± 0.09 0.14 ± 0.01

NBD5 0.19 ± 0.08 0.33 ± 0.02

NBD6 0.25 ± 0.04 0.60 ± 0.02

NBD7 0.11 ± 0.05 0.08 ± 0.03
Synlett 2025, 36, 1717–1722



1721

M. Shamsabadi et al. LetterSynlett
1H NMR (800 MHz, CD3CN):  = 4.15 (q, J = 7.1 Hz, 4 H), 2.04 (d, J = 6.4

Hz, 1 H), 1.80 (d, J = 6.4 Hz, 1 H), 1.67 (s, 6 H), 1.40 (s, 6 H), 1.23 (t, J =

7.1 Hz, 6 H).

13C NMR (201 MHz, CD3CN):  = 165.50, 154.29, 145.21, 77.77, 60.48,

59.73, 13.49, 13.46, 10.60.

HRMS (ESI+, APCI+): m/z [M + Na]+ calcd for C17H24O4: 315.1753;

found: 315.1665.

NBD 3
Obtained as an inseparable mixture of isomers (0.8:1).

Yield: 0.86 g (76%, 2.790 mmol); pale-yellow oil.

IR: 2979 (m, C–H stretch), 2934 (m, C–H stretch), 1708 (s, C=O

stretch), 1615 (m, C=C stretch) cm–1.

1H NMR (800 MHz, CD3CN):  = 4.17–4.10 (m, 4 H), 2.27 (q, J = 6.4 Hz,

1 H), 2.11 (d, J = 6.4 Hz, 0 H), 1.68 (s, 5 H), 1.63 (s, 5 H), 1.22 (td, J = 7.2,

0.8 Hz, 11 H), 0.81 (d, J = 6.4 Hz, 2 H), 0.70 (d, J = 6.3 Hz, 3 H).

13C NMR (201 MHz, CD3CN):  = 165.86, 165.67, 155.31, 150.95,

146.26, 140.97, 81.42, 80.64, 63.06, 62.81, 60.42, 13.50, 10.89, 10.72,

10.60, 9.25, 9.17.

HRMS (ESI+, APCI+) m/z [M + Na]+ calcd for C18H26O4: 329.1909; found:

329.1813.

NBD 4
Obtained as an inseparable mixture of isomers (1:0.5).

Yield: 0.85 g (83%, 2.531 mmol); pale-yellow oil.

IR: 2979 (m, C–H stretch), 2935 (m, C–H stretch), 1708 (s, C=O

stretch), 1612 (m, C=C stretch) cm–1.

1H NMR (600 MHz, CDCl3):  = 4.31–4.15 (m, 4 H), 2.51–2.11 (m, 1 H),

1.75–1.62 (m, 6 H), 1.46–1.11 (m, 13 H), 1.01–0.69 (m, 6 H).

13C NMR (151 MHz, CDCl3):  = 166.54–165.30 (m), 156.33–140.86

(m), 86.99, 81.72, 67.90–62.58 (m), 60.48, 28.56–27.11 (m), 22.15–

21.01 (m), 18.9, 15.09–13.50 (m), 12.53–10.99 (m), 9.97.

HRMS (ESI+, APCI+): m/z [M + Na]+ calcd for C20H30O4: 357.2222; found

357.2119.

NBD 5
Yield: 0.44 g (60%, 0.810 mmol); white solid; mp 188.70 °C.

IR: 2974 (m, C–H stretch), 1726 (s, C=O stretch), 1710 (s, C=O stretch),

1604 (m, C=C stretch), 1576 (s, C–C aromatics stretch), 1496 (s, C–C

aromatics stretch) cm–1.

1H NMR (600 MHz, CDCl3):  = 7.22–7.17 (m, 6 H), 7.14–7.07 (m, 6 H),

7.02–6.98 (m, 4 H), 6.98–6.94 (m, 5 H), 4.28–4.14 (m, 4 H), 3.19 (d, J =

6.9 Hz, 1 H), 3.13 (d, J = 7.0 Hz, 1 H), 1.20 (t, J = 7.2 Hz, 6 H).

13C NMR (151 MHz, CDCl3):  = 165.33, 154.73, 153.43, 137.11,

135.43, 129.42, 128.52, 127.72 (d, J = 9.1 Hz), 126.74 (d, J = 17.7 Hz),

86.51, 79.71, 69.38, 61.15, 13.92.

HRMS (ESI+, APCI+): m/z [M + Na]+ calcd for C37H32O4: 541.2379; found

563.2194.

NBD 6
Yield: 0.23 g (34%, 0.380 mmol); white solid; mp 174.85 °C.

IR: 2963 (m, C–H stretch), 1733 (s, C=O stretch), 1716 (s, C=O stretch),

1609 (m, C=C stretch), 1541 (s, C–C aromatics stretch) cm–1.

1H NMR (600 MHz, CDCl3):  = 7.14 (m, 13 H), 7.08–7.01 (m, 6 H),

6.96–6.93 (m, 2 H), 6.72–6.67 (m, 4 H), 4.55 (s, 1 H), 4.23–4.08 (m, 4

H), 1.15 (t, 6 H).

13C NMR (151 MHz, CDCl3):  = 165.15, 156.45, 150.25, 135.35 (d, J =

130.9 Hz), 130.39, 129.85 (d, J = 16.8 Hz), 127.79, 127.17 (dd, J = 30.9,

20.8 Hz), 126.56, 91.57, 73.15, 61.14, 13.86.

HRMS (ESI+, APCI+): m/z [M + Na]+ calcd for C43H36O4: 617.2692; found

639.2497.

NBD 7
Yield: 0.92 g (85%, 3.473 mmol); yellow oil.

IR: 2953 (m, C–H stretch), 2932 (m, C–H stretch), 1714 (s, C=O

stretch), 1615 (m, C=C stretch) cm–1.

1H NMR (800 MHz, CD3CN):  = 3.68 (s, 6 H), 2.05 (d, J = 6.4 Hz, 1 H),

1.80 (d, J = 6.4 Hz, 1 H), 1.66 (s, 6 H), 1.39 (s, 6 H).

13C NMR (201 MHz, CD3CN):  = 165.96, 154.53, 145.21, 77.82, 59.78,

51.26, 13.45, 10.59.

HRMS (ESI+, APCI+): m/z [M + Na]+ calcd for C15H20O4: 287.1440; found

287.1452.

Solubility determination
NBD (ca. 10 mg) was weighed out into a vial, then solvent (1 mL) was

added (final concentration of 10 M) and the vial was vigorously shak-

en. The mixture was taken up with a syringe and filtered into a pre-

weighed glass vial using a PTFE syringe filter (0.22 m pores). The sol-

vent was removed using a Biotage® V-10 Touch, and the final mass of

NBD that passed through the filter was recorded. The same procedure

was repeated for each NBD.

The min-max error was calculated by determining the range of mea-

sured solubility values for each NBD; that is, Error = (max value – min

value)/2.
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