
Catalysis Controlled by Cavity Quantum Vacuum Fluctuations: The Case of endo/exo
Diels-Alder Reaction
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Achieving control over chemical reaction’s rate and stereoselectivity realizes one of the Holy Grails
in chemistry that can revolutionize chemical and pharmaceutical industries. Strong light-matter
interaction in optical or nanoplasmonic cavities might provide the knob to reach such control. In
this work, we demonstrate the catalytic and selectivity control of an optical cavity for two selected
Diels-Alder cycloaddition reactions using the quantum electrodynamics coupled cluster (QED-CC)
method. Herein, we find that by changing the molecular orientation with respect to the polarization
of the cavity mode the reactions can be significantly inhibited or selectively enhanced to produce
major endo or exo products on demand. This work highlights the potential of utilizing quantum
vacuum fluctuations of an optical cavity to modulate the rate of Diels-Alder cycloaddition reactions
and to achieve stereoselectivity in a practical and non-intrusive way. We expect the present findings
to be applicable to a larger set of relevant chemical reactions.

I. INTRODUCTION

Diels-Alder cycloaddition reactions [1], in which a
conjugated diene and an alkene (dienophile) form a cy-
clohexene derivative, are one of the most iconic chemi-
cal reactions used to form carbon-carbon bonds. Due to
their unique versatility, Diels–Alder cycloaddition reac-
tions have played an essential role in virtually all fields
of synthetic chemistry, such as click chemistry [2], total
synthesis of certain natural products [3], biosynthesis [4],
and in the synthesis of thermoplastic polymers [5]. In ad-
dition to their unrivaled synthetic significance, they also
played a crucial role in the development of the famous
Woodward–Hoffmann rules [6] for chemical reactivity.

A key feature of the Diels-Alder cycloaddition reaction
is the ability to form two distinct endo and exo diastere-
omeric products when the dienophile is a substituted
alkene. The endo product results from a transition state
structure in which a dienophile’s substituent lies above
the diene, whereas the exo product results from a tran-
sition state structure in which a dienophile’s substituent
is oriented away from it (see Fig. 1A). Due to the funda-
mental and technological relevance of the Diels–Alder cy-
cloaddition reactions, several techniques have been pro-
posed to control the rate and endo/exo selectivity, such
as antibody [7], enzymatic [8], or electric field [9] control.

Another path to control chemical reactions by using
strong light-matter coupled hybrid states (polaritonic
states) [10] has been opened recently [11–25]. Strongly
coupled polaritonic states can be created by either quan-
tum fluctuations or by external pumping in optical or
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nanoplasmonic cavities [26]. Inside the cavity, molecular
polaritons are formed by direct coupling of the molecular
complex to the cavity quantum fluctuations. Because the
properties of molecular polaritons can be modulated by
the strength of the light matter coupling, this technique
offers a non-intrusive way to catalyze [15], inhibit [11],
or even change the reaction path [13] of a given chemical
reaction. Most of the experimental works for controlling
chemical reactions are done in the strongly coupled vibro-
polariton regime [11–14, 16], however in this work our fo-
cus is on the electronic polariton effects on the chemistry
as done for exciton-polaritons in driven 2D materials in
cavities [27, 28]. Naturally, in order to understand and
explain these experiments, ab initio methods in which
electrons, nuclei, and photons are treated quantum me-
chanically on equal footing are required. Recent theoret-
ical advances in which electronic structure methods and
quantum electrodynamics [19, 29–33] have provided a sig-
nificant insight into chemical reactions inside an optical
cavity where selected reactions are either enhanced, in-
hibited or steered [19, 23, 34–37], however a single chem-
ical process in which one either enhances, inhibits, or
steers a chemical reaction has yet to be demonstrated.

In this work, we demonstrate that the quantum vac-
uum fluctuations of a cavity can be used as a viable tool
for selective controll of catalysis. To achieve that goal, we
extend the recently developed quantum electrodynamics
coupled cluster (QED-CC) method [29–32] to investigate
the effect of an optical cavity on the reaction rate and
endo/exo stereoselectivity of the Diels–Alder cycloaddi-
tion reaction. The two target Diels–Alder cycloaddition
reactions considered herein are reactions of cyclopentadi-
ene (CPD) with acrylonitrile (AN) and methylacryloni-
trile (MeAN) (see Fig. 1B). As it will become clear in the
remainder of this article, if the cavity mode is polarized
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FIG. 1. (A) The Diels–Alder cycloaddition reaction can form two different endo and exo diastereomers. These two distinct products
are formed in two different paths determined by the relative orientation of the dienophile molecule. (B) Reactants for the Diels–Alder
cycloaddition reactions considered in this work; cyclopentadiene (CPD), acrylonitrile (AN), and methylacrylonitrile (MeAN). (C)
Schematic summary of the findings from this work. For the Diels–Alder cycloaddition between CPD and AN at room temperature,
the classical reaction gives a 54:46 endo/exo product ratio, whereas the same reaction in a cavity gives 99% of endo or exo product,
depending on the light mode polarization direction.

along the forming carbon-carbon bond (corresponding to
the molecular x-axis in Fig. 2), the cavity significantly in-
hibits the reaction rate, whereas the polarization of the
cavity modes in the other two molecular directions cat-
alyzes and steers the reactions to either give a major
endo or exo product (Fig. 1C). We expect our findings
will further push the field of experimental and theoreti-
cal polaritonic chemistry.

II. THEORY

We begin by briefly describing the basics of the em-
ployed theoretical formalism (see Supplemental Informa-
tion for more details). The interaction between quantized
light and a single molecule or collection of molecules con-
fined to a cavity with N cavity modes can be formally
described with the Pauli-Fierz Hamiltonian [20]. Under
the dipole approximation, in the length gauge [38], and
in the coherent state basis [19, 20, 29], this light-matter
interacting Hamiltonian (in atomic units) takes the fol-
lowing form:

Ĥ =Ĥe +

N∑
α

(
ωαb

†
αbα −

√
ωα
2

(λα ·∆d)(b†α + bα)

+
1

2
(λα ·∆d)2

)
.

(1)

In this equation, Ĥe corresponds to the interacting elec-
tronic Hamiltonian (within the Born-Oppenheimer ap-
proximation). The second term denotes the photonic
Hamiltonian for N cavity modes of frequency ωα. The

operators b†α/bα are bosonic creation/annihilation opera-
tors that create/destroy a photon in cavity mode α. Note
that, multiple cavity modes are necessary when account-
ing for cavity losses (see below the results for a lossy cav-
ity). The third term describes the coupling between the
electronic and photonic degrees of freedom in the dipole
approximation. Within this term, the ∆d = d − 〈d〉 is
the dipole fluctuation operator that describes the change
of the molecular dipole moment operator with respect to
its expectation value, and λα is the light-matter coupling
strength of the α-th cavity mode. The fourth term in
Eq. (1) represents the dipole self energy that ensures the
origin invariance of the Hamiltonian and Hamiltonian’s
boundness from below [38, 39].

To describe the interaction of quantized light with
a molecule, we need to solve the time-independent
Schrödinger equation

Ĥ|ΨQED-CC〉 = EQED-CC|ΨQED-CC〉, (2)

where EQED-CC is the quantum electrodynamics coupled
cluster (QED-CC) energy of a system confined to a cav-
ity, and |ΨQED-CC〉 is the QED-CC ground state wave
function ansatz [29–32] expressed as

|ΨQED-CC〉 = eT̂ |0e0ph〉. (3)

In this equation, T̂ is the cluster operator [40] that ac-
counts for important correlations between quantum par-
ticles (i.e. electrons and photons) by generating excited
configurations from the reference configuration |0e0ph〉 =
|0e〉 ⊗ |0ph〉, where |0e〉 is an electronic Slater determi-
nant and |0ph〉 is a photon-number state. In this work,
we use the QED-CC method in which the cluster op-
erator is truncated to include up to single and double
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FIG. 2. Reaction diagram of Diels–Alder cycloaddition reaction between CPD and AN for endo path (left panel) and exo path (right
panel) calculated with the CCSD/cc-pVDZ (black) and QED-CCSD/cc-pVDZ methods. The QED calculations employ the cavity
parameters ωcav = 1.5 eV and |λ| = 0.1 a.u. with one photon mode polarized in the x (green), y (blue), and z (red) molecular
directions (marked in the inset of the figure). Both panels contain the images of reaction complex (RC), transition state (TS), and
product (P) structures, their dipole moment directions (orange arrow), and the molecular coordinate frame, where x direction is along
the forming carbon-carbon bond, and y and z directions lay in plane of the CPD ring.

electronic excitations and creation of single photon, along
with interactions between single electron with single pho-
ton. We refer to this method as QED-CCSD [41]. The
performance of the QED-CCSD method against a more
accurate but computationally costly QED-CC method is
provided in the Section 2 of the Supplemental Informa-
tion [42].

Finally, we discuss in more detail the specifics of the
cavity. The light-matter coupling strength in Eq. (1) is

defined by |λα| = 1/
√
ε0V eff

α . Here, ε0 is the permittiv-
ity of the vacuum and V eff

α is the effective quantization
volume [34] that depends on the nature of the cavity. In
fact, recent advances in optical cavity design [43–46] re-
alize effective volumes as low as 0.15 nm3 [47] which cor-
responds to strong light-matter coupling strength above
0.1 a.u and enable the possibility of controlling the
molecular orientation inside the cavity [48]. Throughout
this work, we work in the strong light-matter coupling
regime by considering a λ = 0.1 a.u. that corresponds to
Veff = 0.19 nm3 [49]. This value of the coupling constant
is within the experimental range [50]. Further details are
provided in the Section 3 of the Supplemental Informa-
tion.

III. RESULTS AND DISCUSSION

As first example, in Fig. 2 we show the reaction en-
ergy diagram for the Diels–Alder cycloaddition reaction
between cyclopentadiene (CPD) and acrylonitrile (AN),
where the left and right panels correspond to the endo
and exo paths, respectively. The transition state ener-
gies (energy difference between the transition state and
the reaction complex) and reaction energies (energy dif-
ference between the product and the reaction complex)

along the reaction path are calculated with the CCSD
method (also referred as ‘no cavity’) and the QED-CCSD
method with the light mode polarized in the molecular x
(green), y (blue), and z (red) directions (the correspond-
ing molecular coordinate system is shown in Fig. 2). For
computational details see Section 4 of the Supplemental
Information. In the following, we discuss the endo:exo
product ratio of the Diels–Alder cycloaddition reaction
under two conditions; kinetic and thermodynamic control
of the reaction. In the case of kinetically controlled reac-
tions, the endo:exo product ratio is determined from the
reaction energy barriers, whereas for thermodynamically
controlled reactions the endo:exo product ratio is deter-
mined from the reaction energies. The product ratios are
calculated by employing the Arrhenius equation [51] at
room temperature (T = 298.15 K) and are provided in
Table I.

As shown in Fig. 2 and Table I, the CCSD gas phase
results show that the transition state energy is slightly
lower along the endo path. Moreover, the computed
endo:exo ratio of 54:46 for the reaction under kinetic
controll is in good agreement with the experimentally
determined ratio of 58:42 [52], done in a liquid phase and
without solvent at 298.15 K [52]. Experiments also in-
dicate that a nonpolar solvent as well temperature [53]
do not significantly affect that ratio [52]. If we perform a
similar study, but where the reactants are inside an op-
tical cavity with a fixed light matter coupling of 0.1 a.u.,
we found that the barrier increases by ∼5.5 kcal/mol
for both reaction paths if the cavity mode is polarized
along the molecular x direction. Such increase in the re-
action barrier corresponds to decrease in reaction rate by
∼10,000 times at room temperature. Because, both paths
experience nearly equal increase in the reaction barrier,
the calculated endo:exo ratio changes slightly (see Ta-
ble I). However, when the cavity mode is polarized in the
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FIG. 3. Percentage of endo product for kinetically controlled Diels–Alder cycloaddition reaction between CPD and AN as a function
of cavity coupling strength (left panel) and cavity frequency (right panel) calculated with the QED-CCSD method. The solid lines
corresponds to an ideal (lossless) cavity with one cavity mode polarized along the x (green), y (blue), and z (red) molecular directions
(see Fig. 2). The dotted lines corresponds to a lossy (dissipative) cavity with 6,000 modes and dissipation constant 1 eV. The left
panel is calculated with the cavity frequency 1.5 eV, whereas the right panel is calculated with coupling strength magnitude 0.1 a.u.

TABLE I. Reaction energy barrier (TS)a and reaction energy
(∆E)b (in kcal/mol) for Diels–Alder cycloaddition reactions of
CPD with AN and MeAN for endo and exo paths calculated
with the QED-CCSD/cc-pVDZ method for one cavity mode with
frequency of 1.5 eV and light-matter coupling of 0.1 a.u.

CPD+AN

TS endo:exoc ∆E endo:exod

no cavitye endo 20.8
54:46

-29.6
50:50

exo 20.9 -29.6

x direction
endo 26.3

58:42
-26.3

42:58
exo 26.5 -26.5

y direction
endo 17.3

99:1
-36.7

99:1
exo 20.4 -33.6

z direction
endo 23.1

1:99
-30.4

0:100
exo 20.3 -33.9

CPD+MeAN

TS endo:exoc ∆E endo:exod

no cavitye endo 23.6
7:93

-27.1
30:70

exo 22.1 -27.6

x direction
endo 29.0

6:94
-24.3

30:70
exo 27.4 -24.8

y direction
endo 21.5

46:54f -32.7
88:12

exo 21.4 -31.5

z direction
endo 24.7

1:99
-29.5

1:99
exo 21.6 -32.1

aCalculated as the energy difference between the transition
state and the reaction complex.
bCalculated as the energy difference between the product
and the reaction complex.
cendo/exo ratio for kinetically controlled reaction.
dendo/exo ratio for thermodynamically controlled reaction.
eNo cavity corresponds to the conventional electronic
structure CCSD result.
fFor λy = 0.15 a.u. the computed endo/exo ratio is 88:12.

molecular y direction, the reaction energy barrier along
the endo path decreases by 3.5 kcal/mol, whereas the
exo path decreases by only 0.5 kcal/mol. Therefore, the
energy barrier for the endo path is lower by 3 kcal/mol

relative to the exo path, resulting in 99:1 endo:exo prod-
uct ratio for kinetically controlled reactions. Addition-
ally, such a decrease in barrier increases the reaction rate
along the endo path by two orders of magnitude (370
times). Lastly, for the cavity mode polarized in the molec-
ular z direction, the reaction barrier along the endo path
increases by 2.3 kcal/mol, whereas along the exo path de-
creases by 0.6 kcal/mol. This corresponds to a change in
endo:exo ratio of 1:99 as well as in increase of the reaction
rate for the preferred reaction path by ∼3 times.

The reason for such selectivity is that the different ori-
entations of the molecular dipole moment (indicated by
orange arrow in Fig. 2) of the stationary structures (i.e.
reaction complex, transition state, product) along the
endo and exo paths dictate the direction in which cou-
pling between light and a molecule is strongest, which
ultimately leads to changes in reaction energy barriers
and reaction energies. As shown in Fig. 2 (orange ar-
row) and in Supplemental Table II, the x component of
the molecular dipole moments between the correspond-
ing stationary structures along the endo and exo path are
of roughly the same magnitude, therefore almost no dis-
crimination is observed for either of the path. In contrast,
the y component of the dipole moment for the reaction
complex is ∼50% larger along the endo than along the
exo path, resulting in the preference of the endo path.
Similarly, the z component of the dipole moment for the
reaction complex is greater along the exo path than along
the endo path, leading to a preferred exo selectivity.

Next, we discuss the product composition under ther-
modynamic control (reaction energy) for the Diels–Alder
cycloaddition reaction between CPD and AN. The CCSD
method predicts the same reaction energy along both
endo and exo paths. For thermodynamically controlled
reactions, this results in equal amount of endo and
exo products. For a cavity with the mode polarized in
the molecular x direction, both reactions become less
exothermic by ∼3.2 kcal/mol with a slight change of pref-
erence in favour of the exo product. The greatest effect
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FIG. 4. Reaction diagram of Diels–Alder cycloaddition reaction between CPD and MeAN for endo path (left panel) and exo path
(right panel) calculated with the CCSD/cc-pVDZ (black) and QED-CCSD/cc-pVDZ methods. The QED calculations employ the
cavity parameters ωcav = 1.5 eV and |λ| = 0.1 a.u. with one photon mode polarized in the x (green), y (blue), and z (red) molecular
directions (marked in the inset of the figure). Both panels contain the images of reaction complex (RC), transition state (TS), and
product (P) structures, their total dipole moment directions (orange arrow), and the molecular coordinate frame, where x direction
is along the forming carbon-carbon bond, and y and z directions lay in plane of the CPD ring.

of the cavity on the reaction energies is observed for the
endo path when the cavity mode is polarized along the
molecular y direction, where the reaction becomes more
exothermic by 7.1 kcal/mol. At the same time, the re-
action along the exo path is lowered by 4.0 kcal/mol,
which indicates that for thermodynamically controlled
reactions, the endo:exo product ratio is 99:1. Finally, for
a cavity with light polarized in the molecular z direction,
the reaction energy along the endo path is stabilized by
0.8 kcal/mol relative to no cavity case, whereas for the
exo path the reaction energy is lower by 4.3 kcal/mol,
resulting in 0:100 endo:exo product ratio.

The left panel of Fig. 3 shows the change in content
of endo product for a kinetically controlled Diels–Alder
cycloaddition reaction between CPD and AN as the mag-
nitude of the cavity light-matter coupling strength is in-
creased from 0 a.u. to 0.1 a.u., while keeping the cavity
frequency constant at 1.5 eV. In the case of ideal cav-
ity with one cavity mode (solid lines) polarized along
the molecular x direction, the content of endo increases
by a small amount. When the cavity mode is polarized
along the other two molecular directions, the content of
the endo product changes rapidly, such that 90% of endo
product (molecular y direction) or 90% of exo (molecu-
lar z direction) product is obtained for a light-matter
coupling of |λ| = 0.06 a.u. The right panel of Fig. 3
shows the change in content of endo product for the
same Diels–Alder cycloaddition reaction as the cavity fre-
quency is increased from 0.5 eV to 4.0 eV, while keep-
ing the cavity light-matter coupling strength constant at
0.1 a.u. Note that selected values of the cavity frequency
are well above any molecular vibrational levels and be-
low electronic excitations [27, 28]. As shown in Fig. 3, the
content of the final product shows very little dependence
on the cavity frequency, although the effect of the cav-
ity is the greatest at low values and slowly decreases as

the cavity frequency increases. The content of endo prod-
uct for the thermodynamically controlled reaction shows
qualitatively similar behaviour relative to the kinetically
controlled reaction as it is shown in Supplemental Fig. 1.

All results presented so far assumed an ideal (lossless)
cavity. In order to approximately account for the real cav-
ity losses, we translate the openness of the cavity into a
broadening of the cavity mode in which the photon mode
is broaden by explicitly including multiple discrete pho-
ton modes close in energy to the fundamental frequency
of the cavity mode [54]. In this approximated treatment
of a lossy cavity, the mode’s width is controlled by the
dissipation constant of the mirrors (a zero value of the
dissipation constant corresponds to the previous lossless
cavity results). This approach has been used in different
contexts in quantum optics and recently within the realm
of molecules coupled to a cavity in Ref [54]. As shown in
Fig. 3 (dotted lines), the cavity losses with a dissipation
constant of 1 eV show only minor impact on the content
of the endo product as the cavity coupling strength (left
panel) and cavity frequency (right panel) increases. We
found in our calculations (see Section 7 of the Supple-
mental Information) that cavity losses have only minor
impact on the reaction diagram for the investigated re-
action.

As second example, we investigate the Diels–Alder cy-
cloaddition reaction between cyclopentadiene (CPD) and
methylacrylonitrile (MeAN) in a cavity. Figure 4 shows
the reaction energy diagram for the endo (left panel) and
exo (right panel) paths. The CCSD results (no cavity)
are given in black, whereas the QED-CCSD results with
the cavity mode polarized along the molecular x, y, and z
directions are given in green, blue, and red, respectively.

As shown in Fig. 4 and Table I, the reaction energy
barrier calculated with the CCSD method for the endo
path is higher by 1.5 kcal/mol relative to the exo path.
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Therefore, unlike the previous reaction where the endo
was the major product, the calculated endo:exo prod-
uct ratio for kinetically controlled reaction is 7:93. The
calculated ratio is in qualitatively good agreement with
the experimentally determined ratio of 12:88 [52], done
in a liquid phase and without solvent at 298.15 K [52].
The greatest effect of the cavity on the reaction barrier
is observed when the cavity mode is polarized along the
molecular x direction. In that event, the reaction bar-
rier is increased by ∼5.3 kcal/mol, which results in the
decrease in reaction rate by roughly 8,000 times at room
temperature for kinetically controlled reaction. Addition-
ally, the ratio of the products changes slightly relative to
the no cavity case. When the cavity mode is polarized
in the molecular y direction the reaction barrier along
the endo path is lower by 2.1 kcal/mol, whereas along
the exo path it is lowered by only 0.7 kcal/mol. Under
these conditions, the calculated endo:exo ratio is 46:54.
As a result, the reaction rate along the endo path is in-
creased by 35 times, whereas the reaction rate along the
exo path is increased by only 3 times. We note (Table I)
that when the cavity strength reaches λy = 0.15 a.u,
the endo:exo product ratio is completely inverted in fa-
vor of endo product. In the event when the cavity mode
is polarized in the molecular z direction, the barrier in-
creases/decreases along the endo/exo paths, leading to
formation of the endo:exo products ratio of 1:99.

Next, we discuss the cavity effect on the thermodynam-
ically controlled reaction between CPD and MeAN. The
CCSD method predicts that the exo product is thermo-
dynamically more stable than its endo counterpart where
the calculated endo:exo ratio is 30:70. If now the cavity
mode is polarized in the molecular x direction, the re-
action along both paths becomes less exothermic while
preserving the ratio between endo and exo products. In
the case the cavity mode is polarized along the molecu-
lar y direction, the effect is more pronounced along the
endo path than along the exo path. This results in a ratio
(88:12) where the endo product is more favorable. Lastly,
for the cavity with light polarized along the molecular z
direction, the endo:exo reaction ratio is 1:99 for thermo-
dynamically controlled reactions.

As was the case for our first reaction, the composition
of the endo product for kinetically and thermodynam-
ically controlled reaction changes slowly as the cavity
coupling strength increases, however this change is rapid
when the cavity mode is polarized along the molecular
y and z directions (for more details see Section 5 of the
Supplemental Information). The driving force responsi-
ble for this selectivity is the polarization of the cavity
mode and its coupling to the molecular dipole moment
(see the dipole moment direction in Fig. 4 and Section
6 of the Supplemental Information). We also find that
the content of the endo product for this reaction under
kinetic and thermodynamic control does not reasonably
depend on the cavity frequency (see Supplemental Infor-
mation). Lastly, the calculations indicate that the cavity
losses show only minor impact on the reaction energy

diagram for the investigated reaction (see Supplemental
Table 3).

IV. SUMMARY AND CONCLUSION

In this work, we demonstrated that vacuum quantum
fluctuations of an optical cavity modifies the chemical
reaction of prototypical Diels–Alder cycloaddition reac-
tions of cyclopentadiene (CPD) with acrylonitrile (AN)
and methylacrylonitrile (MeAN) for both perfect and
lossy cavities. All the effects of the cavity observed in
here are due to cavity quantum fluctuations (we are not
driving the cavity by adding photons in the cavity mode).
The selected Diels-Alder reactions provide an ideal plat-
form in which one either enhances, inhibits, or controls
the stereoselectivity of the products in a controlled man-
ner for the very same reaction. We show that a cav-
ity with the mode polarized along the forming carbon-
carbon bonds increases the reaction barrier by more than
5 kcal/mol for both investigated reactions without sig-
nificantly impacting the endo/exo product ratio. Such
increase of the reaction barrier corresponds to decrease
in reaction rate roughly by four orders of magnitude at
room temperature. A cavity with modes polarized along
the molecular y and z directions (in the plane of the CPD
ring) catalyzes both reactions along the endo and exo
paths, respectively. For kinetically controlled reactions
and in the case of the first reaction this corresponds to
a selective production of endo or exo as a major prod-
uct. In the case of the second reaction, a cavity with
the mode polarized along the molecular y-direction gives
nearly equal composition of the endo and exo products,
whereas the z-direction oriented cavity mode gives major
exo product. In addition to the reaction energy barrier,
we show that the cavity also has a significant impact on
the reaction energy. Therefore for the thermodynamically
controlled reactions, major endo and major exo product
is obtained with y or z oriented fields, respectively, in
both reactions. We also note that inclusion of triple elec-
tronic excitations as well as its interactions to the pho-
tonic degrees of freedom are also possible, and it would
improve the overall quantitative accuracy of the calcu-
lated reaction barriers and reaction energies as well as
the effect of the cavity, but at a significantly higher cost.
However, we believe that that our findings are robust
with respect to those improvements in the description of
electron correlation effects in the molecule and electron-
photon interactions beyond the single cavity mode used
here, and would not change the main trends discussed
in the present work. Finally, we show that for the in-
vestigated reactions the cavity losses do not impact the
reaction dynamics in appreciable manner.

This work highlights the possibility to experimen-
tally realize the control of the endo/exo stereoselectiv-
ity of Diels–Alder cycloaddition reactions. Although the
present study focused on a single-molecule reaction in-
side a cavity, it represents the necessary starting point
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for exploiting other effects such as collectivity [24, 37],
because the observed changes in chemical reactivity and
selectivity can only be enhanced in the large collective
limit if the cavity is able to modify the energy landscape
of a single-molecule reaction. We believe that this work
will further stimulate theoretical investigations and ex-
periments of other chemical reactions under the strong
light-matter regime.
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