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Résumé 

 L'amélioration des vitesses et sélectivités des réactions de Diels-Alder réalisées dans des sol-

vants non traditionnels est connue depuis le début des années 80. Suite à l'intérêt croissant pour 

l'eau comme solvant efficace en chimie organique, Breslow et al. ont rapporté en 1980 des 

accélérations des réactions de Diels-Alder dans des mélanges aqueux. Plus tard, les alcools 

fluorés ont été décrits comme une nouvelle classe de solvants hautement efficaces pour ces 

cycloadditions. De telles conditions ont été utilisées avec grand succès par Loïc Jeanmart du 

laboratoire du COS pour des cycloadditions de quinones. Ces accélérations nous ont inspirés à 

aborder l'une des principales limitations de la chimie en flux continu : la nécessité de temps de 

réaction courts. En effet, le flux offre plusieurs avantages qu'il serait intéressant d'appliquer aux 

réactions de Diels-Alder, étant donné leur omniprésence en synthèse organique. 

 

L'objectif de ce projet est d'élargir le champ des réactions de Diels-Alder décrites dans le HFIP 

et, par la suite, de discuter leur faisabilité dans un système de flux continu. Dans ce travail, nous 

présentons les résultats d'un screening de diénophiles, au cours duquel nous avons observé plu-

sieurs accélérations remarquables pour une variété de composés courants tels que des esters ou 

des nitro-alcènes. 
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Abstract 

The enhancement of reaction rates and selectivities in Diels-Alder reactions conducted in non-

traditional solvents has been recognized since the early 1980s. Following the growing interest 

in water as an effective solvent for organic chemistry, Breslow et al. reported accelerations of 

Diels-Alder reactions in aqueous mixtures in 1980. Fluorinated alcohols were later described 

as a new class of highly effective solvents for these cycloadditions. Such conditions have been 

used with great success by Loïc Jeanmart from the COS laboratory for cycloadditions of qui-

nones. These accelerations inspired us to tackle one of the main limitations of continuous flow 

chemistry: the need for short reaction times. In fact, flow offers several advantages that would 

be interesting to apply to Diels-Alder reactions, given their ubiquity in organic synthesis. 

 

 

The goal of this project is to broaden the scope of Diels-Alder reactions described in HFIP and 

later, discuss their feasibility in a continuous flow system. Herein, we report the results of a 

screening of dienophiles during which we observed several impressive accelerations for a va-

riety of common compounds such as esters, or nitro-alkenes. 
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1 Introduction

1.1 The Diels-Alder Reaction

Ever since its description by Otto Diels and Kurt Alder1 in a series of publications in 1928, the

eponymous reaction has seen a growing interest from chemists, quickly becoming one of the most

powerful tools for organic synthesis. Its major strength is the formation in one step, of up to four

stereocenters in a predictable manner. To fully grasp the power of this reaction, it is worth discussing

its features briefly.

Scheme 1: Illustration of the mechanism of the Diels-Alder reaction.

The Diels-Alder reaction is a [4+2] cycloaddition between a dienophile and a conjugated diene

in which two C–C bonds are formed through the sharing of electrons: three π bonds are broken

and a new one is formed alongside two new σ bonds, resulting in the formation of a six-membered

ring (Scheme 1). During this concerted mechanism, the diene has to adopt a s-cis conformation

for the reaction to take place. Since this reaction is stereospecific, the relative conformation of the

reactants is reflected in the final product (Scheme 2). From reagents differing only by configuration,

two diastereoisomers are produced.

R 11

R
22

R
11

R
22

R
11

R
22

R11

R
22

cistrans
(Z)(E)

Scheme 2: Illustration of the stereospecificity of the Diels-Alder reaction.

In cases where the diene also bears substituents, a second type of selectivity is observed. Let

us consider a similar reaction but using cyclopentadiene instead of butadiene. Scheme 3 illustrates

the transition states and adducts corresponding to two different approaches of the reaction partners.

Experimentally, one can see that the endo adduct is formed in higher quantity. This specific behaviour,

coined the "endo-rule" by Diels, has been and still is the subject of intensive study. To date, no general

model has been established, and justifications still have to be provided on an almost case-by-case

basis.2 What is certain however, is that this endo product, being the more sterically hindered, must

be the result of a kinetic control. In fact, the Diels-Alder is a reversible reaction and it is possible to

obtain a majority of the thermodynamically favoured exo product by heating the endo adduct over a

long period of time.3
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Scheme 3: Illustration of the endo-exo selectivity of the Diels-Alder reaction.

Before discussing this behaviour, it is necessary to look at the reaction from an orbital point of

view through the frontier molecular orbitals (FMO) theory developed by Fukui.4 In a typical Diels-Alder

reaction, the electronic demand is called standard and the reaction takes place between an electron

rich diene and an electron poor dienophile. In terms of orbitals, this means that the most favourable

orbital overlap (or smallest HOMO-LUMO gap) is between the HOMOdiene and the LUMOdienophile

(Figure 1). In the opposite case, when the smallest gap is between the HOMOdienophile and the

LUMOdiene, the electronic demand is described as inverse.5 These inverse electronic demand Diels-

Alder (IEDDA) reactions occur between electron poor dienes and electron rich dienophiles, and often

involve heteroatoms. However, they are less commonly encountered.

E

LUMO

HOMO

diene

LUMO

HOMO

dienophile

standard
electronic demand

inverse
electronic demand

E

LUMO

HOMO

diene

LUMO

HOMO

dienophile

Figure 1: Theoretical molecular orbitals diagram of a Diels-Alder reaction with a standard or inverse
electronic demand.

The substituents on the reaction partners influence their electron density and often dictates the

type of electronic demand. For example, the standard Diels-Alder is favoured when electron with-

drawing groups (EWG) are present on the dienophile, lowering its LUMO. Conversely, well positioned

electron donating groups (EDG) on the diene can enrich its electron density on the double bonds,

raise the level of its HOMO and once again, favour the reaction. In both cases, the activation energy

is lowered by the effect of the substituents.

If we look back at the example of Scheme 3 and consider unsymmetrical dienophiles (R ̸= R’), we

can see that several isomers could be formed. However, the distribution of those isomers would not

be statistical because the Diels-Alder reaction is regioselective. Figure 2 shows an example of this
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selectivity where the adduct with the groups in ortho is the only obtained. This figure also illustrates

how the frontier molecular orbitals and more specifically their LCAO coefficients can be used to

explain it. Higher coefficients correspond to a higher probability of atomic orbitals interaction, which

leads to preferential bonding positions. The influence of the substituents on the orbitals coefficients

(lobes sizes) mentioned previously, explains this result. The same reasoning can also be applied to

explain the site selectivity in the case of polyunsaturated dienophiles.3

CHO

+

OMe OMe

CHO

only

EWG

EDG OMe

CHO

not formed
LUMO

HOMO

Figure 2: Example of regioselectivity for the Diels-Alder reaction of 1-methoxybutadiene and acrolein3

Finally, one last observation from Figure 1 is that, since the reaction takes place via the overlap of

p orbitals, the reaction partners approach one another in a very specific fashion. Such an approach

can lead to facial selectivity if one face is more sterically hindered than the other. This effect can be

exploited to control the outcome of the reaction (Figure 3).6

H
H

H

O
OO

86 %

14 %

+

Figure 3: Example of facial selectivity for the Diels-Alder reaction of maleic anhydride and
spiro[bicyclo[2.2.2]octane-2,1’-[2,4]cyclopentadiene].6

We can now conclude with the diastereoselectivity of the Diels-Alder. The argument often used

to explain the endo selectivity is that, as shown in Figure 4, this approach allows additional orbital

overlap. These non-bonding interactions are called secondary orbital interactions. They typically oc-

cur between π orbitals or lone pairs of the substituents, that are not involved in the primary bonding.

Such interactions are believed to lower the activation energy and stabilise the transition state, ex-

plaining the formation of a major product. Even though they are the most often invoked justification,

the secondary orbital interactions theory has been mainly constructed to justify experimental results

based on feeble evidence and the success of the orbital symmetry rules of Woodward-Hoffman. Re-

cently, a growing number of counterexamples and computational studies cast doubt on the veracity

of this theory, invoking instead a combination of other known factors (solvent interactions, hydrogen

bonding, steric hindrance, ...)2
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Figure 4: Difference in activation energies for the endo and exo approaches in the Diels-Alder reaction of
cyclopentadiene and acrolein.

Despite these impressing feats, the Diels-Alder reaction also has limitations: in most cases, the

reactions are slow in standard conditions. The rates can be improved with increased temperature but

at the loss of kinetic control, therefore leading to more of the exo product as explained previously.

More often, catalysts are used to obtain satisfying yields while conserving or even improving the

selectivities. The catalysts employed are usually Lewis acids and historically, the Diels-Alder is the

first reaction where such catalysts were used.7 By increasing the coefficients of the LUMO of the

dienophile, they reduce the activation energy while also favouring certain orientations, leading to

improved regio- and stereoselectivities as well as higher rates. Unfortunately, such catalysts often

come with disadvantages: high costs, limited elements availability, contamination of crude with trace

metals, formation of hazardous wastes... Therefore, there is an interest in finding other means of

intensification.

An interesting illustration of the potential of the Diels-Alder reaction is given in the work of Dr Loïc

Jeanmart8 from the COS laboratory. The goal of his thesis was to propose an innovative enantiose-

lective synthetic pathway for the production of momilactones A an B, potential anti-cancer candidates

(Scheme 4). In the approach he envisioned, the formation of the decaline moiety was to be con-

ducted in a highly stereoselective fashion thanks to an asymmetric Diels-Alder reaction. To achieve

such selectivity, the main strategy was the use of sulfinyl quinones as chiral auxiliaries. By using the

steric hindrance of the sulfinyl groups, the facial diastereoselectivity would be controlled.

Me

O

O

O
Me

H

H

Me

O

O

HO
Me

H

H

Me

O

O

R
22

PGO
R11

H
O

R

OMe

asymmetric

Diels-Alder

O

O

OMeX

R
R11

R
22

PGO

momilactone A momilactone B

Scheme 4: Excerpt of the retrosynthesis of momilactones A and B suggested by Jeanmart highlighting the
decaline moeity formed through a Diels-Alder reaction.
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1.2 Solvent Effect on Diels-Alder Reactions

O

O

MeO

Me

S

O

pTol

H

D
R

Figure 5: Proposed interactions
between sulfinyl quinones and

protic solvents.8

In order to thoroughly analyse the Diels-Alder reaction of dienes

with sulfinylquinones and develop a model to predict the selectivities,

Dr Jeanmart decided to study the influence of the solvent on those

reactions. With the help of Kalina Mambourg,9 a master student,

they highlighted that protic solvents lead to increased facial diastere-

oselectivities for their system. The hypothesis of a six-membered

ring formation through hydrogen bonding allowed them to explain

these observations (Figure 5). The sulfoxide constrained with the para-tolyl (pTol) group pointing

upwards hinders the top face, preventing the approach of the diene. In the search of good hydro-

gen bond donors (HBD) that also are poor acceptors (HBA), one particular solvent stood out. When

running reactions in hexafluoroisopropanol (HFIP, 3), not only were the stereoselectivities enhanced,

the reaction rates were also drastically improved. Reaction times were sometimes shifted from days

to minutes and total conversions were even reached for reactions that would otherwise exhibit no or

very low conversions. These results highlight the importance of solvents for organic reactions and

their potential as a source of intensification.10

The earliest mention of a solvent-influenced Diels-Alder cycloaddition dates back to 1980, when

Breslow and Rideout11 published their discovery of up to 200-fold accelerations and improved se-

lectivities for reactions in aqueous solutions. Nowadays, the term "on-water" is preferred since it

best describes the ideal process: insoluble reactants are stirred vigorously to form aqueous sus-

pensions, resulting in increased rates. However, the term "in-water" has also been historically used

but is now reserved for totally or partially homogeneous systems. In these, improved rates can also

be observed, albeit at lower levels, hinting at the complexity of the mechanism involved.12 In their

publication, Breslow et al. used the now deprecated concept of solvophobic effect to justify their ob-

servations. They suggested that reactants, brought closer together within the organic phase, interact

more easily and react faster.11 Currently, the mechanism is better understood and several combined

effects explain these accelerations. The droplets formed in the aqueous suspension indeed provide

a favourable space for chemical reactions due to higher pressure, larger surface of contact and in-

creased effective concentrations. Furthermore, the arrangement of insoluble molecules within the

droplets allows for multiple interactions with the solvent, such as hydrogen bonding, charge stabilisa-

tion, or dipolar effects, which, when combined, lead to the observed accelerations.13 These effects

are also partially present in "in-water" reactions, explaining the accelerations mentioned above.

Following this seminal work, other groups decided to focus on the impact of the solvent on the

stereoselectivity of the Diels-Alder reaction. In the early 90’s, the solvent polarity was frequently

invoked alongside solvophobic effects to justify these accelerations. However, the intrinsic correla-
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tion of these two parameters prevented the elaboration of a model to predict behaviours in a general

way.14 In 1992, while studying these effects in the case of asymmetric Diels-Alder reactions, Cativiela

and co-workers decided for the first time to include two fluorinated alcohols (trifluoroethanol (TFE)

and hexafluoroisopropanol) in the list of solvents tested. These two compounds having a very high

polarity but low solvophobicity, allowed them to discuss the colinearity of these two parameters. For

the reaction of (–)menthyl acrylate (1) and cyclopentadiene (2) in HFIP, their results led to a diastere-

omeric excess similar to the one obtained with a Lewis acid catalyst such as AlCl3 (Scheme 5).

O

O

iPr

1

+
2

F3C CF3

OH

3 COOR

COOR

COOR

COOR

endo (86.4 %) exo (13.6 %)

ee: 26.4%

a

b

a'

b'

Scheme 5: Results obtained by Cativiela et al. for the reaction of (–)menthyl acrylate (1) and cyclopentadiene
(2) in HFIP.15

To better understand these results, they conducted a computational study using different and

quasi-independent parameters. The conclusion of their work was that, while solvophobicity plays a

major role in rate enhancements, it does not account for improved endo/exo selectivities and enan-

tiomeric excesses. These variations seemed to be resulting from a combination of electrostatic and

hydrogen-bonding interactions that stabilise preferentially one of the transition states. These effects

are similar to those observed in aqueous media but with the added benefit of not being limited to the

interfacial area.15

0

50

100

150

200

250

300

350

400

450

500

550

600

19
61

19
66

19
71

19
76

19
81

19
86

19
91

19
96

20
01

20
06

20
11

20
16

20
21

N
u

m
b

e
r
 o

f 
p

u
b

li
c
a
ti

o
n

s

Year

About HFIP

About HFIP and Diels-Alder reactions

Figure 6: Publications listed in the SciFinder®
database mentioning HFIP and Diels-Alder reactions.

Following these results, the group contin-

ued to explore the potential of those solvents

for Diels-Alder reactions. They reported asym-

metric induction akin to that of Lewis acids,

good performances at low temperatures,16 but

also some limitations. By conducting cycloaddi-

tions of cyclopentadiene (2) with acrolein, it was

shown that, as opposed to TFE, HFIP is a well

suited solvent for Lewis-acid-sensitive reagents

thanks to its lower nucleophilicity. However, its

rather high acidity (pKa = 9.417) compared to

iso-propanol (pKa = 17.1) makes it less suitable

for Brønsted-acid-sensitive reagents.18 Furthermore, they also remarked upon two main advantages
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of HFIP: its ease of recovery (b.p. = 56.8 °C) and outstanding solubilising properties.

In fact, ever since its simultaneous invention by Soviet Union chemists J. L. Knunyants and M.P.

Krasuskaya (1960)19 and Dupont de Nemours workers (1964),20 HFIP has been used to solubilise

tenacious polymers21 and proteins or even as an azeotroping agent for hydrocarbon separation.22

Since then, HFIP has grown in popularity as its versatile properties are beneficial to many other

chemical processes. Some recent reviews describe the range of possible applications of this uncom-

mon medium.23–25 In them, Diels-Alder reactions are seldom mentioned (Figure 6).

1.3 Continuous Flow Chemistry

One particular field that could benefit from the improved rates aforementioned is continuous flow

chemistry. Moving from flasks and batch reactors to tubing and chip reactors offers many advantages

but also suffers from a major drawback: the reaction times are translated to reactor lengths. Long

lasting reactions mean that the efficiency and compactness of a flow system cannot be maintained.26

Diels-Alder reactions typically fall under this category but can thankfully be intensified in a number of

ways.

The main advantage of flow chemistry is the use of small diameter tubes. The high surface

area to volume ratio (specific surface) leads to improved reaction rates for bimolecular reactions.27

Furthermore, this large specific surface also means that the temperature of the system can be finely

and quickly tuned since heat transfers are rapid. Then, flow setups require pressure to function

properly and are also well-suited for the use of high pressures. These can improve reactions rates on

their own but they also allow the use of new chemical windows. By working at high temperatures and

pressures, one can conduct reactions far above the boiling point of solvents. These kind of conditions

are typically used for Diels-Alder reactions in continuous flow setups.2

Flow chemistry also allows the use of heterogeneous catalysts, with one added benefit. Since

these catalysts are typically employed in a packed-bed reactor (Figure 7), the apparent catalyst

concentration is extremely high, further decreasing reaction times.26 Moreover, since the catalyst is

contained in a cartridge, no subsequent separation is required. However, leaching of the catalyst

frequently occurs.28

Cap Frit filter

Solid catalyst

Figure 7: Illustration of a typical packed-bed reactor for continuous flow setups.26
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Finally, other activation techniques such as sonication or UV irradiation are easily applicable to

such setups.29 Notably, reports of Diels-Alder reactions facilitated by microwave heating have been

made by several groups.30,31 Finally, in situ preparation of highly reactive reagents is also quite suit-

able. For example, hydrogenation reactions have been successfully conducted in flow by producing

hydrogen gas on demand with an electrolysis cell, greatly reducing the risks of the process.32 Sim-

ilarly, Orrego-Hernández and co-workers conducted Diels-Alder reactions between cyclopentadiene

and acetylene derivatives in flow via in situ cracking of dicyclopentadiene, lowering the preliminary

work required and preventing the re-dimerisation of the diene.33

Overall, when applicable, continuous flow chemistry offers an appealing work environment. Since

reactions are scaled over time rather than volumes, the total amount of chemicals involved is always

low, reducing risks and to some extent, waste generation. Furthermore, the great energy efficiency of

the processes can reduce the environmental impact of the reactions. These conditions are attractive

for effective production of chemicals and since the Diels-Alder reaction is involved in numerous syn-

thetic pathways,34 there is a great interest in trying to merge these areas further. More specifically,

the solvent accelerations discussed previously could serve as an additional intensification techniques

for Diels-Alder reactions.
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2 Objectives and Strategies

The primary objective of this work is to evaluate the feasibility and scope of conducting Diels-Alder

in continuous flow using HFIP as a non-conventional solvent. This study differs from the condition

typically reported in the literature for these cycloadditions: whereas they usually require elevated

temperature, our goal is to evaluate their performance in mild conditions but in an alternative solvent.

Doing so, we seek to assess the benefits and limits of the singular polarity and hydrogen bonding

properties of HFIP.

Additionally, while the use of fluorinated alcohols to accelerate Diels-Alder reactions is well known,

examples are still short in the scientific literature. The approach we propose would allow to broaden

our knowledge in this area as well as the range of reactions described.

To achieve these objectives, our strategy is to conduct a screening during which we would com-

pare HFIP with other solvents in fixed conditions. The solvents considered are: dichloromethane

for the classically used apolar solvents, iso-propanol to illustrate its difference with HFIP and water,

as an other non-conventional medium. The comparisons will be based on key parameters such as

reaction rate, conversion, yield and whenever applicable, selectivities.

By initially focussing on the dienophile and keeping the diene constant, several observations

could already be made, depending on the compounds studied. A judicious selection of dienophiles

will enable us to explore the following categories, among others:

• Poly-functional dienophiles such as maleic anhydride or dimethyl fumarate since they are highly

reactive, largely studied and could serve as a benchmark for the comparisons.

• Electron deficient dienophiles, since they are highly reactive and are often used to discuss

the regioselectivity of the Diels-Alder. At the same time, they also provide access to valuable

intermediates (electron poor alkynes, acrylate, ...).

• Cyclic dienophiles are invaluable intermediates for constructing polycyclic molecules, making

them a logical choice. They also exhibit specific regio- and stereoselectivities on which the

influence of HFIP would be interesting to study.

• Facially hindered dienophiles, such as menthyl or phenylmenthyl acrylates, that were studied by

Cativiela in 1993.16 These substrates are particularly intriguing for continuous flow applications,

as investigating them would provide valuable insights and further enrich the conclusions drawn

in Cativiela’s work.

• Challenging dienophiles that would include substrates with inherently low reactivities or prone

to side-reactions.
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• Functionalised dienophiles, including nitroalkenes, fluorinated alkenes, and α,β-unsaturated

amides, offer additional complexity due to their diverse electronic and steric profiles. For exam-

ple, nitroalkenes present a dual challenge of high electrophilicity and potential side reactions.

Finally, by frequent comparisons with the literature, we hope to highlight the divergences between

conventional conditions and the ones proposed here.
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3 Results and Discussions

3.1 Methodology

In order to compare the solvents, the method employed was to run the reactions in parallel with

a 15 min offset in the same pressure and temperature conditions (ambient). The stoichiometric ratio

used was kept the same (1:2.2 equivalents) and the amount of solvent proportional (10 mL/mmol).

The completeness of the reactions was monitored by TLC as it is easy to setup, flexible and

suited for long reaction times. Spots were applied on the plates every minute for the first ten minutes

and then every quarter of an hour until the starting material spot was no longer observable. This

method enable a good balance between precision and workload. In cases of uncertainty, NMR

monitorings were conducted. A sufficient amount of crude was collected and worked-up in order to

have approximatively 20 mg of product in the sample. After seven days, the reactions were stopped

as the cyclopentadiene had theoretically reacted or dimerised after this time.

In the absence of reactivity, higher temperatures were used (50 °C) but the optimisation of reaction

temperature was not performed at this stage of the project.

The molecules investigated were common reagents, either commercially available or synthesised

as needed based on described protocols.

3.2 Screening of Dienophiles in Batch

As a starting point for the screening, we decided to investigate the model reaction of maleic

anhydride (5) with cyclopentadiene in HFIP. This compound is a highly reactive dienophile since

two strong EWG substituents lower its LUMO level. Furthermore, the molecule being planar and

strained, the reactive site is readily accessible to the diene. The reaction time of 1.5 h obtained for

the cycloaddition in CH2Cl2 is indicative of this high reactivity (Table 1). Even shorter reactions times

were obtained when the solvent was changed to HFIP, with total conversion reached in less than a

minute. The added purification step imposed by the polymerisation of the diene led to a slightly lower

isolated yield when HFIP was used. As is the case throughout most of the screening, only the endo

adduct was observed in the crude mixture.

Encouraged by these first results, we decided to investigate dienophiles with increasingly lower

reactivities in order to assess the limits of this solvent-based acceleration. Therefore, dimethyl fu-

marate (7) was prepared by esterification of fumaric acid (4) in methanol (Scheme 6). With similar

EWG but the absence of strain, a lower reactivity was expected in comparison to maleic anhydride.

This has indeed been observed as shown by the results of Table 1. A less intense acceleration

(around two-fold) was observed and comparable yields were obtained.

Next, an ester with only one electron withdrawing group was used. Ethyl acrylate (9) was reacted
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Scheme 6: Fischer esterification of fumaric acid (4) in methanol, catalysed by hydrochloric acid to produce
dimethyl fumarate (7).

with cyclopentadiene but its volatility prevented us from monitoring the reaction via TLC. Even when

using a mixture of pentane and ether as eluant, the spots observed were too broad and overlapped

with those of the cycloadducts. In order to verify that the reaction could indeed take place at ambi-

ent temperature and pressure, a 1H NMR monitoring was conducted. Formation of the adduct was

observed in deuterated chloroform, as can be seen from the peaks of Figure 8. Over time, signals

corresponding to a mixture of endo and exo isomers can be observed in the spectrum. Simultane-

ously, the peaks of cyclopentadiene decrease in intensity due to the cycloaddition, dimerisation and

evaporation of the diene. This experiment confirmed the feasibility of this reaction but above all, the

relevance of accelerating it. Indeed, total conversion was not reached before consumption of all the

diene, as is evident by the remaining signals of the dienophile. This reaction has already been suc-

cessfully conducted in a continuous flow micro-reactor by Bai-cheng and co-workers,35 who achieved

a reaction time of 335 s at 80 °C. Furthermore, an acceleration caused by HFIP has been reported

by the group of Cativiela18 for a similar compound (methyl acrylate) using gas chromatography (GC).

But to the best of our knowledge, a combination of these two conditions has never been reported.

Due to material and time limitations, we could not conduct these reactions in a GC system or using

quantitative 1H NMR and we therefore could not report any conversion data.

Instead, it was decided to react methyl propiolate (11) with cyclopentadiene, hoping that this

higher-boiling compound would allow TLC monitoring. Unfortunately, the same issues arose. Simi-

larly, 1H NMR indicated the formation of some cycloadduct (12) in CH2Cl2 at room temperature after

24 h. But given the impossibility of evaluating the reaction time with our method, the reaction was not

attempted in HFIP. This cycloaddition has been reported with appreciable yields on several occasions

via photocatalysis36–38 or simple Lewis acid catalysis39 but to the best of our knowledge was never

described in HFIP nor in flow. Since the Diels-Alder reaction can take place twice on this kind of

dienophile, as was reported under Lewis acid catalysis by Lasne and Ripoll,40 it would be interesting

to see if the use of HFIP can lead to this phenomenon. In dichloromethane, no traces of this double

cycloaddition product were observed in the crude mixture.
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Figure 8: 1H NMR monitoring of the reaction between cyclopentadiene (2) and ethyl acrylate (9) in CDCl3.
The peaks attribution is based on values from Fringuelli et al.41 for the endo and Sterk et al.42 for the exo.

Table 1: Structures of the expected products, reaction times, conversions and isolated yields for the
cycloadditions of maleic anhydride (5), dimethyl fumarate (7), ethyl acrylate (9) and methyl propiolate (11).

Dienophile Adduct Solvent Time
Conversiona

(%)
Isolated
yield (%)

55
O

OO 66 O

O

OH

H CH2Cl2 1.25 h quant. >99

HFIP <1 min quant. 87

77
O

OMe
MeO

O

88
CO2Me

CO2Me

CH2Cl2 3.5 h quant. 97

HFIP 1.25 h quant. 97

99
O

OEt
1010

O

OEt

CH2Cl2 — n.d. —

HFIP — n.d. —

1111
O

OMe 1212
O

OMe

CH2Cl2 — n.d. —

n.d.=non determined. [a] Based on the 1H NMR spectra of the crude mixtures.
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Afterwards, the reactivity of the dienophile was lowered even more by use of electron donating

substituents such as a phenyl group. Methyl cinnamate (19) was firstly tested but no reaction was

observed, neither in CH2Cl2 nor HFIP (Table 2). These results are consistent with the literature,

where the only references to this reaction describe it as sluggish,43 requiring Lewis acid catalysis44,45

or high temperatures over long periods of time (e.g.: 76 % yield after 288 h in refluxing toluene).46,47

It is probably necessary to work at higher temperatures in order to start noticing the impact of HFIP

on this cycloaddition. Since the optimisation of reaction temperature is much easier in a flow setup,

this dienophile could be further explored in future studies stemming from the present work.

To explore these outcomes in more depths using more reactive dienophiles, several methyl cin-

namates bearing fluorine or trifluoromethyl substituents were synthesised (Scheme 7). To ensure

thoroughness, all positions (2,3 and 4) of the phenyl group were investigated. However, since none

of these compounds led to the formation of a cycloadduct, this impact could not be discussed. It

would appear that the electronegativity of these substituents is not sufficient to bring the reactivity

in a convenient window. Similarly to methyl cinnamate (19), studies at higher temperatures could

be conducted in flow. In addition, increasing the number of substituents could prove beneficial, pro-

vided that steric hindrance does not impose itself as a new issue. One of the few mentions of the

Diels-Alder reaction of these substituted cinnamates has been made by the List group48 during an

extensive study of the performance of an innovative silylium Lewis acid catalyst on α,β-unsaturated

esters.

OH

O

R

MeOH, HClcat.

50 °C, 24 h
OMe

O

R

13o: R=2-F 13 15o: R=2-F 94 %

13m: R=3-F 14 15m: R=3-F 88 %

13p: R=4-F 15 15p: R=4-F 95 %

14o: R=2-CF3
16 16o: R=2-CF3 94 %

14m: R=3-CF3
17 16m: R=3-CF3 97 %

14p: R=4-CF3
18 16p: R=4-CF3 66 %

Scheme 7: Fischer esterification of cinnamic acids (13o, 13m, 13p, 14o, 14m, 14p) in methanol, catalysed
by hydrochloric acid to produce the corresponding methyl cinnamates (15o, 15m, 15p, 16o, 16m, 16p).

In order to explore other functional groups and further increase the reactivity in comparison to

cinnamates, we then turned our attention to nitro-alkenes. The nitro group is of utmost importance in

organic synthesis since it can readily be converted in a large variety of groups.49 An ever increasing

number of publications is proof of this utility.50 However, when it comes to Diels-Alder reactions,

there are fewer examples. While conjugated nitro-alkenes are good dienophiles due to the electronic
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Table 2: Structures of the dienophiles and expected products, reaction times, conversions and isolated yields
for the cycloadditions of the cinnamates derivatives studied.

Dienophile Adduct Solvent Time
Conversiona

(%)
Isolated
yield (%)

1919
O

OMe 2020
Ph

O

OMe

CH2Cl2 7 d 0 —

HFIP 7 d 0 —

15o
15m
15p

OMe

O

F

17o
17m
17p PhF

O

OMe

CH2Cl2 7 d 0 —

HFIP 7 d 0 —

16o
16m
16p

OMe

O

F3C

18o
18m
18p Ph(CF3)

O

OMe

CH2Cl2 7 d 0 —

HFIP 7 d 0 —

n.d.=non determined. [a] Based on the 1H NMR spectra of the crude mixtures.

effect of the NO2 group,51 they are usually only suited for reactions that can be achieved in mild

conditions.52

In fact, conjugated nitro-alkenes are prone to side reactions such as polymerisation52 or Michael

additions.49 But more specifically, in cases where a Lewis catalyst is used to increase the rate of the

cycloaddition, another product is often formed. Denmark et al.53 has demonstrated that by coordi-

nating one of the two oxygen atoms of the nitro group, the Lewis acid can increase the double bond

character of the second, altering the energy level of its orbitals. Therefore, the inverse electronic

demand mechanism becomes favourable, the dienophile behaves as an heterodiene and a product

of hetero-Diels-Alder is obtained (Scheme 8). In an effort to better understand this phenomenon,

Hook and co-workers54 have studied the transition structures of these cycloadditions. In their work,

a comparison between DFT calculations and experimental data has been made. One point of par-

ticular interest is the mention of improved yields and selectivities when the reactions were run in

trifluoroethanol. Computational implicit solvation methods allowed them to confirm that this was the

results of a lowered activation energy through H-bonding, regardless of the reaction pathway. These

results align with the work of Takenaka et al. who reported for the first time the H-bond catalysis of the

cycloaddition of cyclopentadiene and nitro-alkenes.55 The catalysts they used were double H-bond

donors such as thioureas or azaindole derivatives. With the hypothesis that this double interaction

leads to an even dispersion of the charge in the nitro group, preventing an hetero-diene behaviour.

In their work, they reported improved rate and endo selectivity, achieving at most a yield of 49 %

in 8 h for the reaction of cyclopentadiene with β-nitrostyrene (21) at room temperature without any

hetero-Diels-Alder adduct.

When we conducted the same reaction in HFIP, outstanding results were obtained, since total

conversion of the dienophile was reached in 1.5 h and no side product could be detected (Table 3).
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Scheme 8: Diels-Alder (DA) and Hetero-Diels-Alder (HDA) products for the reaction of cyclopentadiene with a
conjugated nitro-alkene.

In comparison, the same reaction run in CH2Cl2 only allowed partial conversion before consumption

of the diene in other transformations. One remarkable aspect of these experiments is that we ob-

tained results seemingly superior to those reported in the literature but using a single H-bond donor.

This outcome is counter-intuitive to what would be expected on the basis of mechanistic considera-

tions and further study would be beneficial. Separation of the cycloadduct and nitrostyrene proved

challenging and could only be partially accomplished by column chromatography or Kugelrohr distil-

lation. We therefore relied on quantitative 1H NMR for the determination of conversions and yields.

Table 3: Structures of the dienophiles and expected products, reaction times, conversions and isolated yields
for the cycloadditions of the nitrostyrenes derivatives studied.

Dienophile Adduct Solvent Time
Conversiona

(%)
Isolated
yield (%)

2121
NO2

2222
NO2

Ph

CH2Cl2 7 d 83 55

HFIP 5.5 h quant. 90

H2O 7 d 21 10

iPro 7 d 39 4

2323
NO2

F
2424

NO2

PhF

CH2Cl2 7 d 19 13

HFIP 5.25 h quant. 77

2525
NO2

MeO
2626

NO2

PhOMe

CH2Cl2 7 d 34 3

HFIP 6 h 96 85

n.d.=non determined. [a] Based on the 1H NMR spectra of the crude mixtures.

In order to have better points of comparison and since it had never been reported, we decided to

compare our results with the reaction conducted in water and isopropanol. The benefits of HFIP over

its non fluorinated equivalent are self-evident when it comes to yield since only a meagre amount of

adduct was obtained. The low conversion observed in iso-propanol could result from a bad solubil-
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isation of the cyclopentadiene, since it is a polar protic solvent. However, this improvement comes

at a price since the former costs around 100 × more than the latter.56 On the other hand, if HFIP

proves capable of replacing catalysts, it could become an economically interesting alternative.

For the reaction on water, only a small quantity of cycloadduct was formed. Usually, these re-

actions use liquid reagents. However, one reagent can be solid, provided that it is accompanied by

a liquid partner in which it is readily solubilised.12 Since nitrostyrene is solid at room temperature

and given its difference in polarity with cyclopentadiene (µnitrostyrene = 3.85 D,57 µCPD = 0 D), a low

solubility is to be expected, which would explain the extremely low yield obtained. Moreover, one of

the main benefits of using water is the easy product isolation by decanting.12 On the very small scale

we used, this was not possible and a liquid-liquid extraction had to be performed, possibly lowering

the isolated yield. To overcome this mixing issue, a small quantity of organic solvent could be added,

thus trading a bit of reaction speed for feasibility. Another approach would be the use of additives, as

is reported in one of the few mentions of this reaction in water.58

Motivated by the results obtained with nitrostyrene, we decided to study other nitro-alkenes

compounds. With the help of master students (C. R. De Haes and N. Pierard), 4-fluoro– and 4-

methoxynitrostyrenes were synthesised by through Henry reaction between the corresponding alde-

hydes with nitromethane (Scheme 9).

R

O + CH3NO2

1) NaOHaq, MeOH, 10 °C

2) HCl, H2O

NO2

R

27: R=H 27 21: R=H 36.3 %

28: R=F 28 23: R=F 58.9 %

29: R=OMe 29 25: R=OMe 38.4 %

Scheme 9: Henry reaction between benzaldehydes (27, 28, 29) and nitromethane yielding the corresponding
nitrostyrenes (21, 23, 25).

A smaller reaction rate was expected with the additional methoxy group, since its electron do-

nating character should raise the level of the LUMO. A longer reaction time was indeed observed to

reach full conversion of the dienophile, compared to nitrostyrene. Unexpectedly, the opposite trend

was not observed for the electron withdrawing fluorinated group, and only a small difference was

witnessed. A good correlation between the substituents on the phenyl ring and the cycloaddition rate

has been described by Larkovich and co-workers.59 In their work, they detail how the presence of a

methoxy group results in slower reaction rates. In contrast, the fluorine atom accelerates the reaction

although its effect is less pronounced than that of the methoxy group. The hypothesis we proposed to

justify our results is that the variations stem mostly from disparities in ambient temperature. Indeed,

the initial tests were conducted during the summer, while the final ones took place in late autumn,

with an approximate temperature variation of 10 °C. To confirm this idea, the reaction was conducted

again in HFIP shortly after the two other compounds were tested. The new reaction time of 5.5 h
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confirms our theory. This new experiment is also coherent with the expected reactivity scale, how-

ever, seeing the large variations observed, this conclusion is to be treated with caution. Our method

was not sensitive enough to detect those variations rigorously and would be better suited in a more

controlled environment such as a thermostated flask or a in our case, a flow reactor. Nevertheless,

HFIP was shown to be an appropriate medium for the acceleration of Diels-Alder cycloadditions for

all three nitrostyrenes tested.

O

30

, LDA

O

ClMe

THF, −84 °C, 2 h
20 %

Me

OO

31

1) NaH, THF, 0 °C

2) PhSeCl

O

Me

O

SePh

32
1) H2O2, H2O

2) CH2Cl2 30 °C

O

Me

O

33

Scheme 10: Synthesis of 2-acetyl-cyclohexenone (33) by acetylation of cyclohexenone (34) followed by a
selenoxide elimination of 2-acetyl-cyclohexanone (31).

Finally, the last motif studied was a cyclic enone. Cyclohexenone (34) is notoriously unreactive

in Diels-Alder reaction60,61 but is of great interest as it can lead to methylene-bridged decaline, an

important route towards the synthesis of many natural products.10 When we tried reacting cyclo-

hexenone with cyclopentadiene, no adduct could be detected in CH2Cl2. In HFIP however, traces

amounts could be observed via 1H NMR after 7 days (Table 4). It appears that this change of solvent

leads to an improved rate but the reaction still requires further intensification to achieve appreciable

yields. As a starting point, an optimisation of the reaction temperature could be conducted to further

investigate these new conditions. In the meantime, we decided to prepare another cyclic enone with

an expected higher reactivity. 2-acetyl-cyclohexenone (33) was synthesised by selenoxide elimination

of 2-acetyl-cyclohexanone (31, Scheme 10). However purification and storage of this highly reactive

compound turned out to be complex and we could not prepare enough to test the cycloadditions in a

timely manner.

Table 4: Structures of the dienophiles and expected products, reaction times, conversions and isolated yields
for the cycloadditions of the nitrostyrenes derivatives studied.

Dienophile Adduct Solvent Time
Conversiona

(%)
Isolated
yield (%)

3434
O

3535

O

H

H CH2Cl2 7 d 0 —

HFIP 7 d n.d. tracesb

n.d.=non determined. [a] Based on the 1H NMR spectra of the crude mixtures. [b] Isolation not achieved.
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3.3 General Observations

One of the first observations made during this work was the systematic formation of a precipitate

when cyclopentadiene (2) was used in HFIP. The acidic character of hexafluoroisopropanol makes it

capable of catalysing the cationic polymerisation of the diene, forming poly-(cyclopentadiene) (Figure

9, 36). This behaviour had already been described by Cativiela et al. when they first used HFIP

for a Diels-Alder reaction, an effect which "[...] precluded the calculation of accurate rate constant

values."16 Consequently, using this highly reactive diene allowed us to focus only on the dienophiles

but introduced new challenges, as the diene is now subject to two side reactions. Precise control of

the stoichiometric ratios could mitigate this polymerisation since it is not of the same kinetic order

as the cycloaddition. However, fine tuning of these ratios is more easily done in flow and could be

addressed at a later stage in this project. For now, flash chromatography columns allowed us to

discard this compound with ease.

This polymer is formed through chain polymerisation and two polymeric units can be obtained

depending on the charge delocalisation:62 1,2 and 1,4 structures (Figure 9). When we verified the

nature of our precipitate by 1H NMR, we applied a method proposed by Aso and co-workers63 to

estimate the ratio of 1,2 to 1,4 structure in the material. The method relies on dimethylcyclopentenes

as model molecules to assign NMR signals corresponding to the moieties of the 1,2 or 1,4 addi-

tions. The spectra of the polymer is then split in four regions (Figure 9): A corresponding to the

β-methylene found in 1,4-structures, B, C corresponding to α-methylenes and α,β-methines found in

both structures and D around 5.6 ppm for olefinic protons. Region A being unique to 1,4-structures,

the ratio can then be calculated as follows:

n

11 22

4411

36

0

0,02

0,04

0,06

0,08

0,1

11,251,51,7522,252,52,753

BC A

[1,4−structure]
[1,2−structure] (%) = (B+C)−A

A+(B+C) × 100

Figure 9: General structure of poly(cyclopentadiene) (36) and excerpt of an experimental 1H NMR spectra.

In our case, a ratio of approximately 60 % was determined. This could be explained by the HFIP

that leads to a higher charge delocalisation. Therefore, a looser ion pair is formed and results in more

1,2 addition.63 Control of the molecular weight distribution and 1,2 to 1,4 ratio has been the subject
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of a number of publications.64 One of the lead for this control is living cationic polymerisation but few

systems have been described.65 Our results suggest that HFIP might be an applicable candidate.

4 Conclusions

So far, we have studied a considerable panel of Diels-Alder cycloadditions in HFIP. In all cases

where reaction already took place at room temperature and ambient pressure in dichloromethane,

striking accelerations were observed when using HFIP. This situation was observed for maleic anhy-

dride (5), dimethyl fumarate (7) and three different nitro-alkenes (21, 23 & 25). On the other hand,

for dienophiles such as methyl cinnamate (19) and its fluorinated (15) of trifluoromethylated (16)

analogues, no reaction was observed in CH2Cl2 and switching to HFIP did not yield noticeable im-

provements, even when mildly heated (50 °C). Similar behaviour was observed for the reaction of

cyclohexenone (34) for which the acceleration only produced traces amount of cycloadduct.

For more volatiles compounds such as ethyl acrylate (9) and methyl propiolate (11), positive re-

sults were expected since similar studies have been conducted by other groups18 and the reaction

readily takes place in dichloromethane. However, the small difference in polarity between the dieno-

philes and their cycloadducts prevented us from monitoring the reaction via TLC and no conclusions

regarding the impact of HFIP could be drawn.

The most striking example of acceleration reported in this work is the one involving nitrostyrenes.

In all three cases studied, the use of HFIP led to total conversion in appreciable times, without no-

ticeable formation of side products. This is particularly appealing since Diels-Alder reactions of nitro-

alkenes are notoriously complex to catalyse due to the hetero-Diels-Alder mechanism that take place

when Lewis acids are used. H-bond catalysis has been proposed and used by several groups48 but

to the best of our knowledge, such pronounced improvements have never been reported.

Furthermore, these compounds allowed us to highlight the extreme sensitivity of the Diels-Alder to

temperature. More specifically for nitrostyrene (21), reaction time dropped from 1.5 h to 5.5 h with only

a minor change in ambient temperature. Additionally, we tried to assess the impact of the substitution

of the aromatic ring on the reactivity by using 4-fluoronitrostyrene (23) and 4-methoxynitrostyrene

(25). The expected trend was observed: slower reaction with the methoxy-substituted compound

and faster with the fluorinated one. However, in view of the high variability of our results in regards to

temperature, this conclusion is to be treated with caution and requires further investigations.

Finally, we compared our results for nitrostyrene with two other solvents: iso-propanol and water.

In both cases, the high solubilising power of HFIP makes it a superior medium. For the former, poor

solubilisation of cyclopentadiene is probably responsible for the low yield observed. In the latter, the

lack of solubility of nitrostyrene in cyclopentadiene did not allow us to benefit from the advantages of

on-water reactions and led to poor yields.
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In conclusion, we reported the acceleration in HFIP of Diels-Alder reactions that can, fully or not,

take place at room temperature in CH2Cl2. In all cases, these accelerations made it possible to

achieve total conversion of the starting materials, most notably in the case of nitrostyrene derivatives,

where it was otherwise not observed. This last observation is of particular interest since, to the best

of our knowledge, such mild and efficient conditions were never reported.

5 Perspectives

To continue this work, several perspectives in two different areas, batch and flow, could be ex-

plored. Regarding batch reactions, if further tests were to be carried out, it is clear that better com-

parisons could be achieved by working in a temperature-controlled setup.

Then, the scope of molecules tested could be broadened. Whether it be other dienes or other

dienophiles with EWG capable of accepting hydrogen bonds such as nitriles, cyanates and iso-

cyanates. For the former, it would be interesting to see if polymerisation is a general issue.16 Ad-

ditionally, it might be worth considering other nitro-alkenes, as they have led to the most interesting

results. Finally, developing a method to monitor these reactions in GC-MS would allow the study

of more volatile compounds. Moreover, our efforts to synthesise and isolate 2-acetylcyclohexenone

could be continued to investigate one more dienophile.

Additionally, one of the main drawbacks of HFIP is its high price compared with traditional sol-

vents. It would therefore be profitable to minimise the quantity required for the best outcome pos-

sible. One way of doing this would be to use mixtures of HFIP and other solvents. Similar studies

have already been done by other groups18,66 but not for all systems considered herein. Furthermore,

HFIP has been classified as persistent, mobile and toxic (PMT) under the REACH Regulation and

is therefore a potential treat to the environment.67 As is the case with most poly- or perfluorinated

compounds (PFC), hexafluoroisopropanol is not readily metabolised and therefore bioaccumulates

and bioamplifies leading to long-term health issues.68 Added to its inherent dangers (respiratory irri-

tation, skin burns and reproductive toxicity69), it seems responsible to try and use the least amount

possible.

For the nitro-alkenes, additional work concerning the hydrogen bonding mechanism involving

HFIP, and its influence on the hetero-Diels-Alder would be worthwhile. The surprising observations

made during this study could be supported by computational studies such as transition stated mod-

elling. Paying greater attention to the presence of hetero-Diels-Alder cycloadduct when conducting

further reactions could also be advisable, in order to confirm the conclusions drawn here.

Regarding the continuous flow applications, the accelerations observed, once coupled with the

inherent intensifications of flow, make the beginning of a screening relevant. Furthermore, precise

control of the reaction temperature in flow would allow us to properly understand and quantify its
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impact. Working at higher temperature and under pressure could also allow the use of dienophiles

unreactive in standard conditions such as cinnamates or cyclohexenone. The effect of heat on the

selectivities of the cycloadditions could also be investigated in such a study.

Secondly, precise control over the quantity of reagents in flow would help overcome limitations

such as diene polymerisation or potential double reaction on compounds such as methyl propiolate.

Finally, one last limitation of our work in batch was the pyrolysis of dicyclopentadiene to produce

our diene. This tedious preliminary step could be improved, as it requires a certain amount of time

and has a rather poor yield due to the formation of higher-order polymers caused by heating. In our

case, using chemical generators could be useful since continuous flow cracking of cyclopentadiene

and its use in synthesis have already been described, allowing increased energy efficiency among

other benefits.33,70

To go even further, a multistep synthesis could be devised in flow as a proof of concept. For

example, the synthesis of fencamfamin, an amphetaminic stimulant, would allow us to put forward

our results on the Diels-Alder reaction of conjugated nitro-alkenes (Figure 10). Additionally, the

hydrogenation step would highlight one benefit of flow chemistry as explained previously.32 And lastly,

this could be an all-encompassing approach since Henry reactions have been successfully reported

in flow setups, allowing safer handling of potentially explosive species.71

Ph
NO2

O

CH3NO2

75 °C

Ishitani et al.

silica NH2

+ CaCl2 (1:3 w/w)

200 °C
Orrego-Hernández et al.

Diels-Alder

NO2

Ph

Pd/C

H2

NH2

Ph

NHEt

Ph

fencamfaminHFIP

Figure 10: Flow diagram for the first steps of a synthetic pathway of fencamfamin.33,71
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6 Experimental Section

6.1 General Indications

NMR Spectroscopy

The NMR spectra were recorded on JEOL JNM instruments (EX-400 and ECZ-500R) at 400 or

500 MHz for 1H-NMR and 101 or 126 MHz for 13C-NMR respectively. The samples were prepared

in standard 5 mm quartz tubes at ambient temperature using deuterated solvents. The spectra were

processed using the Delta software from JEOL. Chemical shifts (δ) are reported in ppm and cali-

brated on the residual peak of the solvent. All 13C spectra are decoupled from the protons. The

signals are reported as follows: (multiplicity, total number of protons, coupling constant(s), assign-

ment of the signal) and the multiplicity was coded as: d = doublet, t = triplet, q = quarter, m = multiplet.

Assignment of the signals was made using 1H-1H correlations (COSY, NOESY), DEPT analysis, and
13C correlations (HMBC, HMQC). For the quantitative 1H-NMR, the internal reference used was pen-

tamethylbenzene with signals at 7.00, 2.41, 2.38, 2.34 ppm in CDCl3 at 500 MHz.72

Thin Layer Chromatography

The thin layer chromatography (TLC) plates used were aluminium sheets coated with silica gel

60 F254 from Merck. The eluents used for TLC are indicated between parentheses with the vol-

ume/volume ratios. TLC plates were revealed using UV light (254 nm) followed by chemical staining

and heat. The solution used was composed of KMnO4 (3 g), K2CO4 (20 g) and 5 mL of aqueous

NaOH (5 % in 300 mL of water).

Column Chromatography

Flash column chromatography was performed under pressure of compressed air with silica gel

60 Roth (0.04-0.063 mm). The solvents quantities are expressed in volume/volume ratios.

Reagents and Solvents

Reagents were purchased from Merck (previously Sigma-Aldrich), Doug Discovery, Tokyo Chem-

ical Industries, abcr GmbH, Fisher Scientific or BLD Pharmatech Ltd. and used without further purifi-

cation, unless indicated below.

• Dicyclopentadiene (DCPD) was cracked (±150 °C) and cyclopentadiene (CPD) distilled (±45 °C

at atmospheric pressure) shortly before use.73

All solvents used were analytical grade. Cyclohexane, ethyl acetate and dichloromethane were

purified with a MBraun SPS Compact solvent purification system. Deuterated solvents were pur-

chased from Eurisotop.
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General Method A – Fischer Esterifications

The esters were synthesised from the corresponding carboxylic acids according to the following

procedure: In a 25 mL flask equipped with a condenser and filled with 10 mL of alcohol (methanol

or ethanol), was added the carboxylic acid (∼ 1 g) and 3 mL of concentrated HCl. The mixture was

heated to 50 °C for 24 h under stirring. The reaction mixture was then quenched with 5 mL of a satu-

rated solution of NaHCO3 and 20 mL of CH2Cl2 were added to the crude mixture. The phases were

separated and the aqueous phase was extracted 3 times with 50 mL of CH2Cl2. The organic phases

were gathered, washed 1 times with 15 mL of brine, dried over MgSO4 and the solvent was evapo-

rated.

General Method B – Henry Reactions

The nitrostyrenes were synthesised from the corresponding aldehydes according to the procedure

of Worrall et al.:74 In a cooled 25 mL two-neck flask, filled with 3.5 mL of methanol was added the

aldehyde (∼ 1 g, 1.0 eq ) and nitromethane (1.0 eq ). Under stirring, an aqueous solution of sodium

hydroxide (1.25 eq , 3.8 M) was added drop-wise, a white precipitate formed upon addition. If the

crude became too thick, additional solvent was added. After 30 min of stirring, the pasty solution was

rendered clear by addition of 4 mL of distilled water. The crude mixture was then added drop-wise

to a cooled solution of concentrated HCl (∼ 4.8 M, 2.4 eq ), a yellow precipitate immediately formed.

The solid was filtered and rinsed with water until the pH of the filtrate reached 7. The solid was then

dissolved in CH2Cl2. The phases were separated and the aqueous phase was extracted three times

with 10 mL of CH2Cl2. The organic phases were gathered, dried over MgSO4 and the solvent was

evaporated.

General Method C – Diels-Alder Reactions

The Diels-Alder cycloadditions were conducted by firstly introducing 1.0 eq. of dienophile in a 5

or 10 mL round flask in an appropriate amount of solvent (10 mL/mmol) and secondly adding 2.2 eq.

(unless noted) of freshly distilled cyclopentadiene, under magnetic stirring. Whenever HFIP was

used, after evaporation of the solvent, the crude mixture was solubilised in CH2Cl2 and purified by

column chromatography.
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6.2 Preparation of the Dienophiles

Dimethyl (2E)-but-2-enedioate (7)

O

11

22

MeO
33 OMe

O C6H8O4

MW = 144.126 g mol−1

This compound was synthesised according to the procedure of Sathe et al.:75 In a heated 25 mL

round-bottom flask (50±5 °C), fumaric acid (4) (1.096 g, 8.70 mmol, 1.0 eq.) was added to 10.0 mL of

methanol with 1.0 mL of HCl, under stirring. After 3 h, a precipitate was observed suspended in the

flask and a white crust was formed above the surface, which was detached with a spatula. After 24 h

of reaction, the heating was stopped and the crude was cooled to 0 °C under agitation. The precipi-

tate was filtered off and washed with 50 mL of chilled methanol. The product collected (7, 620.6 mg)

required no further purification.

Aspect: fluffy white powder

TLC: Rf ≈ 0.78 (cHex/AcOEt: 9:1), visualised by KMnO4

Yield: 49%
1H NMR (500 MHz, CDCl3): δ (ppm) 6.87 (s, 2H, 2 × C2H), 3.81 (s, 6H, 2 × C3H3)
13C NMR (500 MHz, CDCl3): δ (ppm) 52.54 (2×C3H3), 133.60 (2×C2H), 165.58 (2×C1

q)

Methyl (2E)-3-phenylprop-2-enoate (19)

99
88

77

11

66

55

44

33

22
O

OMe
1010 C10H10O2

MW = 162.188 g mol−1

This compound was synthesised according to the following procedure: in a cooled (ice bath)

25 mL flask filled with 15 mL of CH2Cl2, is added cinnamoyl chloride (1027.7 g, 6.17 mmol, 1.0 eq.)

and methanol (0.60 mL, 15.17 mmol, 2.5 eq.) under stirring. The solution is initially salmon pink. After

48h, a solution of 10 % NaHCO3is added step-wise until the pH of the medium reaches 7. A white

precipitate forms immediately upon addition. The phases were separated and the aqueous phase

was extracted three times with 10 mL of CH2Cl2. The organic phases were gathered, washed three

times with 10 mL of brine, dried over MgSO4 and the solvent was evaporated. The product (19) is

obtained as a yellow solid (945.7 mg) and no further purification was necessary.

Aspect: yellow crystals

TLC: Rf ≈ 0.59 (cHex/AcOEt: 7:3), visualised by KMnO4

Yield: 94%
1H NMR (400 MHz, CDCl3): δ (ppm) 7.70 (d, 1H, J = 16.0 Hz, C7H), 7.54-7.51 (m, 2H, C2,6H), 7.39
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(t, 3H, J = 3.2 Hz, C3,4,5H), 6.45 (d, 1H, J = 16.0 Hz, C8H), 3.81 (s, 3H, C10H3)

Methyl (2E)-3-(2-fluorophenyl)prop-2-enoate (15o)

99

88

77

11

66

55

44

33

22

O

OMe

1010

F

C10H9FO2

MW = 180.18 g mol−1

This compound was synthesised according to the general procedure A: 2-fluorocinnamic acid

(13o) (1.028 g, 6.19 mmol, 1.0 eq.) was reacted in methanol, yielding 1.053 mg of product 15o.

Aspect: yellow oil

TLC: Rf ≈ 0.73 (cHex/AcOEt: 8:2), visualised by KMnO4

Yield: 94%
1H NMR (500 MHz, CDCl3): δ (ppm) 7.82 (d, 1H, C5H), 7.52-7.55 (td, 1H, J = 1.72; 7.45 Hz, C7H),

7.34-7.38 (m, 1H, C3H), 7.15-7.18 (td, 1H, J = 1.15; 7.45 Hz, C4H), 7.08-7.12 (ddd, 1H, J = 1.15;

8.60; 19.47 Hz, C2H), 6.55 (d, 1H, J = 16.61 Hz, C8H), 3.82 (s, 3H, C10H3)

Spectral data are in good agreement with published data.48

Methyl (2E)-3-(3-fluorophenyl)prop-2-enoate (15m)

99

88

77

11

66

55

44

33
22

O

OMe

1010F C10H9FO2

MW = 180.18 g mol−1

This compound was synthesised according to the general procedure A: 3-fluorocinnamic acid

(13m) (1.022 g, 6.15 mmol, 1.0 eq.) was reacted in methanol, yielding 976.5 mg of product 15m.

Aspect: yellow oil

TLC: Rf ≈ 0.73 (cHex/AcOEt: 8:2), visualised by KMnO4

Yield: 88%
1H NMR (500 MHz, CDCl3): δ (ppm) 7.64 (d, 1H, J = 16.04 Hz, C7H), 7.35 (td, 1H, J = 2.29; 5.73 Hz,

C6H), 7.28-7.29 (m, 1H, C5H), 7.20-7.23 (dt, 1H, C2H), 7.06-7.10 (tdd, 1H, J = 1.15; 2.29; 8.02 Hz,

C4H), 6.43 (d, 1H, J = 16.04 Hz, C8H), 3.81 (s, 3H, C10H3)

Spectral data are in good agreement with published data.48

Methyl (2E)-3-(4-fluorophenyl)prop-2-enoate (15p)

99

88

77

11

66

55

44

33

22

O

OMe

1010

F

C10H9FO2

MW = 180.18 g mol−1



6.2. PREPARATION OF THE DIENOPHILES 32

This compound was synthesised according to the general procedure A: 4-fluorocinnamic acid

(13p) (1.004 g, 6.04 mmol, 1.0 eq.) was reacted in methanol, yielding 1.037 g of product 15p.

Aspect: white crystals

TLC: Rf ≈ 0.66 (cHex/AcOEt: 8:2), visualised by KMnO4

Yield: 95%
1H NMR (500 MHz, CDCl3): δ (ppm) 7.65 (d, 1H, J = 16.04 Hz, C7H), 7.49-7.25 (m, 2H, C2,6H), 7.07

(tt, 2H, J = 2.86; 8.59 Hz, C3,5H), 6.36 (d, 1H, J = 16.04 Hz, C8H), 3.80 (s, 3H, C10H3)

Spectral data are in good agreement with published data.48

Methyl (2E)-3-[2-(trifluoromethyl)phenyl]prop-2-enoate (16o)

99

88

77

11

66

55

44

33
22

O

OMe

1010

CF3

C11H9F3O2

MW = 230.18 g mol−1

This compound was synthesised according to the general procedure A: 2-(trifluoromethyl)cinnamic

acid (14o) (1.092 g, 5.05 mmol, 1.0 eq.) was reacted in methanol, yielding 1.091 g of product 16o.

Aspect: white oil

TLC: Rf ≈ 0.73 (cHex/AcOEt: 8:2), visualised by KMnO4

Yield: 94%
1H NMR (500 MHz, CDCl3): δ (ppm) 8.06 (m, 1H, C3H), 7.70 (m, 2H, C7,4H), 7.57 (t, 1H, J = 7.45 Hz,

C6H), 7.48 (t, 1H, J = 7.45 Hz, C5H), 6.41 (d, 1H, J = 15.46 Hz, C8H), 3.83 (s, 3H, C10H3)

Spectral data are in good agreement with published data.48
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Methyl (2E)-3-[3-(trifluoromethyl)phenyl]prop-2-enoate (16m)

99

88

77

11

66

55

44

33
22

O

OMe

1010F3C C11H9F3O2

MW = 230.18 g mol−1

This compound was synthesised according to the general procedure A: 3-(trifluoromethyl)cinnamic

acid (14m) (1.002 g, 4.63 mmol, 1.0 eq.) was reacted in methanol, yielding 1.003 g of product 16m.

Aspect: white powder

TLC: Rf ≈ 0.73 (cHex/AcOEt: 8:2), visualised by KMnO4

Yield: 97%
1H NMR (500 MHz, CDCl3): δ (ppm) 7.74 (s, 1H, C2H), 7.69 (d, 1H, J = 16.04 Hz, C7H), 7.67 (d, 1H,

J = 7.45 Hz, C5H), 7.62 (d, 1H, J = 8.02 Hz, C4H), 7.50 (t, 1H, J = 8.02 Hz, C6H), 6.49 (d, 1H, J =

16.04 Hz, C8H), 3.80 (s, 3H, C10H3)

Spectral data are in good agreement with published data.48

Methyl (2E)-3-[4-(trifluoromethyl)phenyl]prop-2-enoate (16p)

99

88

77

11

66

55

44

33

22

O

OMe

1010

F3C

C11H9F3O2

MW = 230.18 g mol−1

This compound was synthesised according to the general procedure A: 4-(trifluoromethyl)cinnamic

acid (14p) (1038.2 g, 4.80 mmol, 1.0 eq.) was reacted in methanol, yielding 728.2 mg of product 16p.

Aspect: white powder

TLC: Rf ≈ 0.73 (cHex/AcOEt: 8:2), visualised by KMnO4

Yield: 66%
1H NMR (500 MHz, CDCl3): δ (ppm) 7.69 (d, 1H, J = 16.04 Hz, C7H), 7.62 (dd, 4H, J = 4.58; 8.59 Hz,

C2,3,5,6H), 6.49 (d, 1H, J = 16.04 Hz, C8H), 3.81 (s, 3H, C10H3)

Spectral data are in good agreement with published data.48

[(E)-2-Nitroethenyl]benzene (21)

22

33

44

55

66

11 77

88

NO2 C8H7NO2

MW = 149.149 g mol−1

This compound was synthesised according to the general procedure B: benzaldehyde (27) (0.68 mL,

7.09 mmol, 1.06 eq.) was reacted with nitromethane (0.36 mL, 6.70 mmol, 1.00 eq.) in methanol, yield-

ing 603.7 mg of product 21.
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Aspect: lime yellow needle crystals

Yield: 61%

TLC: Rf ≈ 0.42 (cHex/AcOEt: 9:1), visualised by KMnO4

1H NMR (500 MHz, CDCl3): δ (ppm) 8.00 (d, 1H, J = 13.75 Hz, C8H), 7.58 (d, 1H, J = 13.75 Hz,

C7H), 7.54-7.42 (m, 5H,C1 – 6H)
13C NMR (500 MHz, CDCl3): δ (ppm) 139.3 (C8H), 137.3 (C7H), 132.3 (C6

q), 129.6 (2×C1,5H), 129.3

(3×C2,3,4H)

[1-Fluoro-4-[(1E)-2-nitroethenyl]benzene (23)

88

77

66

55

44

33

22

11

NO2

F

C8H6FNO2

MW = 167.14 g mol−1

This compound was synthesised according to the general procedure B: 4-fluorobenzaldehyde

(28) (0.85 mL, 8.07 mmol, 1.01 eq.) was reacted with nitromethane (0.43 mL, 8.01 mmol, 1.00 eq.) in

methanol, yielding 805.6 mg of product 23.

Aspect: pale yellow needle crystals

TLC: Rf ≈ 0.38 (cHex/AcOEt: 9:1), visualised by KMnO4

Yield: 60%
1H NMR (400 MHz, CDCl3): δ (ppm) 8.00 (dd, 1H, J = 5.15; 13.75 Hz, C8H), 7.57-7.52 (m, 3H, C2

47H),

7.19-7.14 (m, 2H, C1
5H),

Spectral data are in good agreement with published data (Zhao A. et al., Tetrahedron Lett. 2016,

57 (1), 80-84.).

[1-Methoxy-4-[(1E)-2-nitroethenyl]benzene (25)

88

77

66

55

44

33

22

11

NO2

MeO
99

C9H9NO3

MW = 179.17 g mol−1

This compound was synthesised according to the general procedure B: 4-methoxybenzaldehyde

(29) (0.89 mL, 7.30 mmol, 1.01 eq.) was reacted with nitromethane (0.39 mL, 7.26 mmol, 1.00 eq.) in

methanol, yielding 810.2 mg of product 25.

Aspect: bright yellow needle crystals

Yield: 62%

TLC: Rf ≈ 0.25 (cHex/AcOEt: 9:1), visualised by KMnO4

1H NMR (400 MHz, CDCl3): δ (ppm) 7.99 (d, 1H, J = 13.51 Hz, C8H), 7.55-7.50 (m, 3H, C2
47H), 6.97-

6.96 (m, 2H, C1
5H),
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Spectral data are in good agreement with published data (Liu J. et al., Synlett 2013, 24(20), 2740-

2742.).

2-Acetyl-1-cyclohexanone (31)

22

33

44

55

66
11 77 Me

88

OO

C8H12O2

MW = 140.18 g mol−1

This compound was synthesised according to the procedure of Kopp et al.:76 In a dry 25 mL two-

neck flask under argon atmosphere, diisopropyl amide (0.24 mL, 1.68 mmol, 1.12 eq.) was dissolved

in 10 mL of anhydrous THF. The system was cooled down to −84 °C and n-hexyllithium (0.77 mL,

1.65 mmol, 1.10 eq.) was added drop-wise. The solution was kept at −84 °C and stirred 40 minutes.

Then, cyclohexanone (0.15 mL, 1.45 mmol, 1.00 eq.) was added and the solution was stirred at

−84 °C for 1 hour. Then, acetyl chloride (0.13 mL, 1.80 mmol, 1.20 eq.) was added and the solution

was stirred at −84 °C for 1 hour. The reaction mixture was then quenched with 10 mL of a saturated

solution of NH4Cl. The phases were separated and the aqueous phase was extracted 3 times with

15 mL of ethyl acetate. The organic phases were gathered, dried over MgSO4and the solvent was

evaporated. was purified by flash column chromatography on silica gel (cHex/diethyl ether: 7:3) yield-

ing 146 mg of product 31.

Aspect: yellow oil

TLC: Rf ≈ 0.61 (cHex/AcOEt: 7:3), visualised by KMnO4

Yield: 72%
1H NMR (500 MHz, CDCl3): δ (ppm) 2.33-2.29 (dd, 4H, J = 5.15 ; 6.30 Hz,C2,5H2), 2.11 (s, 3H, C8H3),

1.67 (m, 4H,C3,4H2) (enol form)
13C NMR (500 MHz, CDCl3): δ (ppm) 199.2 (C1

q), 182.2 (C7
q), 107.3 (C6

q), 31.3 (C2H2), 25.1 (C5H2),

24.5 (C3H2), 23.0 (C4H2), 21.9 (C8H3) (enol form)

2-Acetyl-2-cyclohexenone (33)

22

33

44

55

66
11 77 Me

88

OO

C8H10O2

MW = 138.16 g mol−1

This compound was synthesised according to the procedure of Renga et al.:77 In a dry 100 mL

two-neck flask under argon atmosphere, NaH (60 % in oil) (82.9 mg, 2.07 mmol, 1.43 eq.) was added

and rinsed three times with pentane. Then, 25 mL of anhydrous THF were added and the system

was cooled to 0 °C. Under stirring, 2-acetyl-cyclohexanone (31) (0.20 mL, 1.45 mmol, 1.0 eq.) was

added drop-wise. The crude mixture takes a milky aspect. After 20 min, a solution of phenylselenenyl
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chloridea (7.2 mL, 1.52 mmol, 1.05 eq.) was quickly added. The mixture becomes translucent and yel-

lowish. After 30 min, the crude mixture was poured in a beaker filled with a solution of pentane/ether

(1:1, 6 mL), NaHCO3 (7 %, 5 mL) and ice (7 mL). The phases were separated and the aqueous phase

was extracted 3 times with 50 mL of pentane/ether. The organic phases were gathered, washed 1

times with 25 mL of brine, dried over Na2SO4 and the solvent was evaporated.

The yellow oil obtained was transferred in a 50 mL three-neck flask equipped with a condenser, a

septum and a thermometer filled with 20 mL of CHCl3. An aqueous solution of H2O2 (30 %) (0.31 mL,

3.04 mmol, 2.1 eq.) in 0.30 mL of water was then added drop-wise, keeping the temperature below

35 °C. After 20 min, the crude mixture was heated to 30 °C, the solution then becomes translucent.

Upon completion, the crude mixture was washed with NaHCO3 and Na2S2O3. The organic phases

were gathered, dried over Na2SO4 and the solvent was evaporated. Product 33 was obtained as an

impure yellow oil and degraded upon purification (was purified by flash column chromatography on

silica gel (cHex/AcOEt: 6:4) or Kugelrohr distillation).

Aspect: yellow oil

Yield: n.d.

TLC: Rf ≈ 0.13 (cHex/ether (7:3)), visualised by KMnO4

1H NMR (500 MHz, CDCl3): δ (ppm) 7.64-7.06 (dd, 1H, J = 0.57; 4.01 Hz, C5H), 2.52-2.46 (m, 4H,

C2,4H2), 2.42 (s, 3H, C8H3), 2.03-1.98 (m, 2H, C3H2)
13C NMR (500 MHz, CDCl3): δ (ppm) 198.7 (C7

q), 197.1 (C1
q), 156.7 (C5H), 140.0 (C6H), 39.1 (C2H2),

30.9 (C8H3), 26.6 (C4H2), 22.4 (C3H2)

aPrepared by mixing equal amounts of diphenyl selenide and sulfuryle chloride in chloroform.
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6.3 Diels-Alder Cycloadditions in Batch

5-norbornene-2,3-dicarboxylic anhydride (6)

O

O

O

C9H8O3

MW = 164.160 g mol−1

Maleic anhydride (5) (CH2Cl2: 89.9 mg, 0.92 mmol, 1.0 eq.; HFIP: 211.5 mg, 2.16 mmol, 1.0 eq.)

and cyclopentadiene (2) (CH2Cl2: 0.15 mL, 1.82 mmol, 2.0 eq.; HFIP: 0.35 mL, 4.25 mmol, 2.0 eq.)

were reacted following the general procedure C to give product 6 (CH2Cl2: 150.5 mg; HFIP: 309.9 mg).

Aspect: White powder

Yield: CH2Cl2: >99.9; HFIP: 87.5
1H NMR (500 MHz, CDCl3): δ (ppm) 6.29 (t, 2H, 2×C1H), 3.56 (m, 2H, 2×C3H), 3.49 (m, 2H,

2×C2H), 1.75,1.77 (d, 1H, C5bH), 1.54,1.56 (d, 1H, C5aH)
13C NMR (500 MHz, CDCl3): δ (ppm) 171.44 (2×C4

q), 135.66 (2×C1H), 52.88 (C5H2), 47.19 (2×C3H),

46.24 (2×C2H)

dimethyl (1R,2S,3S,4S)-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate (8)

55 44 33

22

66
11

7b7b

1010

88

HH

OMe

99

O

OMe
1111

O

7a

C11H14O4

MW = 210.23 g mol−1

Dimethyl fumarate (7) (CH2Cl2: 144.2 mg, 1.0 mmol, 1.0 eq.; HFIP: 144.6 mg, 1.0 mmol, 1.0 eq.)

and cyclopentadiene (2) (CH2Cl2: 0.18 mL, 2.2 mmol, 2.2 eq.; HFIP: 0.18 mL, 2.2 mmol, 2.2 eq.) were

reacted following the general procedure C to give product 8 (CH2Cl2: 204.9 mg; HFIP: 203.5 mg).

Aspect: colourless oil

Yield: CH2Cl2: 97; HFIP: 97

TLC: Rf ≈ 0.48 (cHex/AcOEt: 8:2), visualised by KMnO4

1H NMR (500 MHz, CDCl3): δ (ppm) 6.24 (dd, 1H, J = 2.86; 5.73 Hz, C5H), 6.04 (dd, 1H, J = 2.86;

5.73 Hz, C6H), 3.68 (s, 3H, C11H3), 3.61 (s, 3H, C9H3), 3.34 (t, 1H, J = 4.01 Hz, C3H), 3.23 (br s, 1H,

C1H), 3.09 (br s, 1H, C4H), 2.65 (dd, 1H, J = 2.29; 4.58 Hz, C2H), 1.58 (dd, 1H, J = 1.72; 9.16 Hz,

C7bH), 1.47 (dd, 1H, J = 1.72; 9.16 Hz, C7aH)
13C NMR (500 MHz, CDCl3): δ (ppm) 174.8 (C8

q), 137.68 (C10
q ), 137.5 (C5H), 135.1 (C6H), 52.0

(C11H3), 51.8 (C9H3), 47.8 (C3H), 47.6 (C1H), 47.3 (C4H), 47.0 (C2H), 45.55 (C7H2)
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methyl bicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (12)

O

88 OMe

9922

33

44

55

11

66

77

C9H10O2

MW = 150.17 g mol−1

Methyl propiolate (11) (CH2Cl2: 0.09 mL, 1.01 mmol, 1.0 eq.) and cyclopentadiene (2) (CH2Cl2:

0.09 mL, 1.10 mmol, 1.09 eq.) were reacted following the general procedure C to give product 12

(23.8 mg).

Aspect: white oil

Yield: 14%
1H NMR (500 MHz, CDCl3): δ (ppm) 7.64 (d, 1H, J = 2.86 Hz, C3H), 6.91 (dd, 1H, J = 1.72; 2.86 Hz,

C5H), 6.73 (dd, 1H, J = 1.72; 2.86 Hz, C6H), 3.90 (br s, 1H, C2H), 3.80 (s, 3H, C9H3), 3.73 (s, 1H,

C1H), 2.12 (m, 2H, C7H2)

endo-2-nitro-exo-3-phenylbicyclo[2.2.1]hept-5-ene (22)

55 44 33

22

66
11

NO2

88

99

1010

1111

1212

1313H

7b7b

H

7a7a

C13H13NO2

MW = 215.25 g mol−1

β-nitrostyrene (21) (CH2Cl2: 76.0 mg, 0.51 mmol, 1.0 eq.; HFIP: 74.2 mg, 0.50 mmol, 1.0 eq.;

iPrOH: 75.3 mg, 0.50 mmol, 1.0 eq.; H2O: 76.5 mg, 0.51 mmol, 1.0 eq.) and cyclopentadiene (2)

(0.09 mL, 1.09 mmol, 2.2 eq.) were reacted following the general procedure C to give product 22

(CH2Cl2: 60.39 mg; HFIP: 96.63 mg; iPrOH: 4.63 mg; H2O: 11.21 mg).

Aspect: Pale yellow oil
1H NMR yields: CH2Cl2: 83.5 %; HFIP: 90.2 %; iPrOH: 4.3 %; H2O: 10.2 %

TLC: Rf ≈ 0.59 (cHex/AcOEt: 9:1), visualised by KMnO4

1H NMR (500 MHz, CDCl3): δ (ppm) 7.38-7.32 (m, 4H, C9 – 13H), 6.61 (dd, 1H, J = 3.44; 5.73 Hz,

C5H), 6.14 (q, 1H, J = 2.86 Hz, C6H), 5.02 (dd, 1H, J = 3.44; 5.74 Hz, C2H), 3.62 (br s, 1H, C1H),

3.47-3.45 (m, 1H, C3H), 3.19 (br s, 1H, C2H), 1.90 (d, 1H, J = 9.74 Hz, C7aH), 1.75 (ddd, 1H, J =

2.29; 4.01; 9.16 Hz, C7bH)
13C NMR (500 MHz, CDCl3): δ (ppm) 141.5 (C8

q), 140.9 (C5H), 133.2 (C6H), 129.0 (2×C9,13H), 127.5

(2×C10,12H), 127.0 (C11H), 92.4 (C2H), 49.1 (C3H), 48.2 (C4H), 48.0 (C1H), 46.2 (C7H)
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endo-2-nitro-exo-3-fluorophenylbicyclo[2.2.1]hept-5-ene (24)

55 44 33

22

66
11

NO2

88

99

1010

1111
1212

1313H

7b7b

H

7a7a

F

C13H12FNO2

MW = 233.24 g mol−1

4-fluoronitrostyrene (23) (CH2Cl2: 78.2 mg, 0.47 mmol, 1.0 eq.; HFIP: 78.2 mg, 0.47 mmol, 1.0 eq.)

and cyclopentadiene (2) (0.08 mL, 0.97 mmol, 2.1 eq.) were reacted following the general procedure

C to give product 24 (CH2Cl2: 12.85 mg; HFIP: 78.65 mg).

Aspect: dark yellow oil
1H NMR yields: CH2Cl2: 12.8 %; HFIP: 77.1 % TLC: Rf ≈ 0.50 (cHex/AcOEt: 9:1), visualised by

KMnO4

1H NMR (500 MHz, CDCl3): δ (ppm) 7.32 (dd, 2H, J = 2.86 ; 8.59 Hz,C9,13H), 7.06 (t, 2H, J =

8.59 Hz,C10,12H), 6.62 (dd, 1H, J = 2.29; 5.73 Hz, C5H), 6.16 (q, 1H, J = 2.89 Hz, C6H), 4.93 (t,

1H, J = 4.01 Hz, C2H), 3.63 (br s, 1H, C1H), 3.43 (br s, 1H, C3H), 3.16 (br s, 1H, C2H), 1.88 (d, 1H,

J = 9.16 Hz, C7aH), 1.79-1.77 (m, 1H, C7bH)

endo-2-nitro-exo-3-methoxyphenylbicyclo[2.2.1]hept-5-ene (26)

55 44 33

22

66
11

NO2

88

99

1010

1111
1212

1313H

7b7b

H

7a7a

OMe
1414

C14H15NO3

MW = 245.28 g mol−1

4-methoxynitrostyrene (25) (CH2Cl2: 78.5 mg, 0.44 mmol, 1.0 eq.; HFIP: 74.8 mg, 0.42 mmol,

1.0 eq.) and cyclopentadiene (2) (CH2Cl2: 0.08 mL, 0.97 mmol, 2.2 eq.; HFIP: 0.08 mL, 0.97 mmol,

2.3 eq.) were reacted following the general procedure C to give product 26 (CH2Cl2: 3.17 mg; HFIP:

76.61 mg).

Aspect: yellow oil
1H NMR yields: CH2Cl2: 3.4 %; HFIP: 85.3 % TLC: Rf ≈ 0.45 (cHex/AcOEt: 9:1), visualised by

KMnO4

1H NMR (500 MHz, CDCl3): δ (ppm) 7.27 (d, 2H, J = 8.59 Hz,C10,12H), 6.90 (m, 2H, C9,13H), 6.61

(dd, 1H, J = 3.44; 5.73 Hz, C5H), 6.14 (dd, 1H, J = 2.29; 5.73 Hz, C6H), 3.82 (s, 3H, C14H3), 3.60

(br s, 1H, C1H), 3.40 (br s, 1H, C3H), 3.14 (br s, 1H, C2H), 1.89 (d, 1H, J = 9.74 Hz, C7aH), (m, 1H,

C7bH)
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