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I1. Theoretical complementary details

State specific dual descriptors are real space functions defined by:[l]

& (F)=p™ (F)= P (7). (S

ESi

where p™ denotes the electron density of the i excited state and p® that of the electronic

ground state. They were obtained at the Time Dependent Density Functional Theory
(TDDFT) level using 10 states and incorporating implicit solvent effects using the default
IEFPCM implementation.

As generalization of the usual dual descriptor,™

they provide information about the
electrophilic (where they take positive values) and nucleophilic (regions of negative values)
behaviours from a pure density point of view. Such descriptors are local in the sense that they
are calculated at each space point. They can be “translated” in the language of reactive sites
by the so-called condensation procedure (“coarse grained” view of chemical reactivity). To

]

this aim, we apply an adaptation of the widespread Yang-Mortier scheme,” using Bader’s

Atoms-in-Molecules atomic charges q:m

Af; (atomA) = q* (atomA)— g™ (atomA). (S2)
If one wants to compare two different molecules (and not only two reactive sites on the same
molecule), one has to shift towards grand canonical description (derivative with respect to the
electronic chemical potential instead of the electron number). The simplest way™ for

achieving this is to multiply the dual descriptors values by the squared global softness S

(where S:[G_Nj ). In this work, § was computed using finite difference linearization
v(F)

O
involving the ionization potential and the electron affinity of the studied molecule.
A reaction will be favored in terms of electro/nucleophilicity if the main interactions are

between atoms exhibiting opposite reactivities, in other words, if the product of the
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corresponding condensed descriptors are negative. As explained in the article, and as
represented in Figure S2, the nucleophilicity of the C*=C” bond is described by the Af; state-

specific dual descriptor, while the nucleophilicty of the N°>=C? bond is accounted for by Af.
As for the electrophilicity of C,=Cg bond in acrylic acid, it is satisfactorily traced by 4f;. The

two possible orientation for the Diels-Alder addition (A and B) can be schematically
represented as above, where the green arrows identify the favored interactions in terms of

electro/nucleophilicities:

Af (CH+AF(C5) < 0 AF[(CH+AF(C5) <0

Af,(C,) >0 Afy(Cp) >0
™ 5

C
@ @\COOH

Af|(Cg) >0 Af|(Cg) >0

AL, (N3)+AL,(C2) < 0 AL, (N3)+AL,(C2) < 0

Orientation of A type Orientation of B type

In order to compare the two orientations by only considering the intrinsic reactants properties
as intended in conceptual DFT (i.e. without the need to know anything about the
corresponding transition state), the two following simple combinations can be proposed:

oxazole acrylic acid

PrefAf(A)=[Af1(c4)+A]q(c5)]xAfl(ca){Afz(N3)+Ajg(c2)]mﬁ(cﬁ), (S3)

ProfAf(B)=| A (C*)+ 1 (C) Jx &, (C, )+ A (W°) + 4 (C2) Jx % (C,) . (59)
Similarly, if one is interested in reactivity from the electrostatic point of view, the GS atomic

charges will play the role of the condensed dual descriptors:
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o0t Lo(C) ol eatC oW rale Jeatcy). 9

Prefo(4)=| ¢(C*)+q(C) Jx4(C,) | a(N) +4(C?) <a(C..)- (S6)

Generally, philicity (coming from the energy variations with respect to the electron number)
has strong links with the so-called “orbital control” (it can be shown that in most cases Af; is
close to pFMO-p"OM0) "\yhile the “charge control” is connected to energetic variations due to
changes to the external potential.l®!
In Bader’s Atoms-in-Molecules theory,”! bond critical points (BCPs) are points where the
electron density gradient vanishes, the union of the two special gradient paths that originate
from a BCP and that end at the two nuclei defining the bond path between them. In general,
the density (p.) and the laplacian (szc measures the charge accumulation (L2p6<0) or
depletion (uzpC >0)) values at these points characterize the nature (covalent, ionic...) and the
strength of the corresponding bond.

The source function!”)

enables to evaluate to what extent each atomic basin (2 (we recall that
atomic basins are separated by density gradient zero-flux surfaces) contributes to the density

at a given point: the density can be actually decomposed into a sum of source function

contributions, each of them being related to only one basin, according to:

v
p=2- a4 ZS

iR H

S . (S7)

Summing up over all atoms of the functional group directly enables to evaluate the source
contribution of this substituents at a given real space point.

As Bader’s atoms constitute an exhaustive partition of real space by non-overlapping
domains, the total energy of the molecule can be properly decomposed, as shown by Pendas

(8.9]

and coworkers, " into intra-atomic contributions and pair interactions, the last ones being

equal to:
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Ey=Ej+Ej+Ej+Ef (S8)
where E¢, denotes the repulsion between the two nuclei, and Ef, corresponds to the
repulsion between the electrons in (2, and the ones in (2. This last contribution can be
rigorously splitted into a classical electrostatic contribution and an exchange-correlation one,
the latter being linked to covalency, so that S8 can be cast in the following final form:
E:g — E;o};alclas'sicalelectrostatics + E:;cgvalency". (Sg)

Delocalization indexes!"” are used here as a kind of “bond orders”.!"!!
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Figure S1. Views of the eight optimized transition states for the HDA step, depending on the

relative orientation of the reactants. H in white, C in grey, N in blue, O in red.
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a } Af; acrvlic acid

b) Ajln.m:_o!d‘

C) Af;u.n:uh'

Figure S2. Views of : a) Af; for acrylic acid (isovalue 0.004 a.u.), b) Af; for oxazole, c) Af; for
oxazole (isovalue : 0.005 a.u. for b) and ¢)). Blue corresponds to positive values an indicates
electrophilic regions, while red correspnds to negative values, indicating nucleophilic regions.
H in white, C in grey, N in blue, O in red. These figures were generated with the Avogadro

software (http://avogadro.openmolecules.net/).
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AendoTransHa AendoTransHb BexoTransHa BexoTransHb

Figure S3. Views of the possible protonated bicyclic products. H in white, C in grey, N in
blue, O in red.

AendoTransHaC2 AendoTransHaCs BexoTransHbC2 BexoTransHbhCS

Figure S4. Views of the possible openings of the protonated bicyclic products. H in white, C
in grey, N in blue, O in red.
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AendoTransHaC5hb AendoTransHaC5c¢ AendoTransHaC5c

{alternative view)

Figure S5. Successive isomerizations of compound Aendo1HaC1. H in white, C in grey, N

in blue, O in red.

TSshift ProductShift

Figure S6. View of proton shift from Aendo1HaClc. H in white, C in grey, N in blue, O in

red.
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Cyclel Cycle2

Figure S7. Views of the cyclic product after ethanol elimination in absence and in presence of

trimethylamine. H in white, C in grey, N in blue, O in red.

/l\' ;/’] m\l 69

Figure S8. View of the optimized transition state leading to CO, release (final

rearomatization step). H in white, C in grey, N in blue, O in red.
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