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1. Evaluation of the aromatic character of AACs 8 — 11 by analysis of their thermodynamic
stability.

Although several criteria of aromaticity can be found in the literature based on the electronic

structure obtained from the wave function, in organic chemistry the concept of aromaticity

was defined at the end of the 19" century to characterise the unexpected reactivity of aromatic

compounds with respect to the unsaturated hydrocarbon compounds, as a consequence of the

thermodynamic stability of former.

The thermodynamic stability of aromatic compounds can be experimentally
determined through the thermodynamic equation associated with the hydrogenation of an
aromatic compound (see Scheme S1). The value of the heat of hydrogenation of benzene 7,
-49.4 in kcal-mol?, which is lower than that of the hydrogenation of a hypothetical
hexatriene, -85.5 kcal-mol™?, makes it possible to establish the energy stabilisation of

benzene 7 by aromaticity at ca. 36 kcal-mol™.

© +3H, —> O AH = - 49.4 kcal mol™’!

Scheme S1. Thermodynamic equation associated to the hydrogenation of benzene 7.

On the other hand, isodesmic reactions' have also been used to evaluate the
thermodynamic stability of organic compounds by aromaticity.? In order to estimate the
relative stability of the AACs with respect to that of aromatic benzene 7, the five isodesmic
reactions given in Scheme S2 were considered. These isodesmic reactions were chosen
considering the structural relation of the corresponding hydrogenated compounds with the
cycloadducts obtained from the corresponding ADA reactions. As can be observed, the
endothermic character of these isodesmic reactions decreases on going from benzene 7 to

tetrazine 11.
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Scheme S2. Isodesmic reactions used for the evaluation of the aromatic character of benzene
7 and AACs 8 — 11. MPWB1K/6-311G(d,p) isodesmic energies are given in kcal-mol™.

A plot of the energies involved in these isodesmic reactions, AEis, Vs the proposed
relative ring electron density (RRED) index of benzene 7 and AACs 8 — 11 is given Figure
Sla. As can be seen, the AEis, of pyridazine 9 experiences a deviation from the expected
value. This behaviour might be a consequence of a specific intermolecular interaction taking
place at the corresponding 3,6-dihydroderivative. Interestingly, when the value of AEis, of
pyridazine 9 is removed from this series, a completely second-order polynomic correlation
between the RRED index, which is a measure of loss of electron density in the aromatic ring
of these AACs, and the energies involved in these isodesmic reactions is observed, R? = 1.00
(see Figure S1b). Consequently, this analysis makes it possible to stablish a close correlation

between the proposed RRED index and the aromatic character of these AACs 8 — 11.
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Figure S1. Plots of the endothermic character of the isodesmic reactions given in Scheme 2,
AEiso in kcal-mol?, vs the RRED index of benzene 7 and AACs 8 — 11. The red points
correspond to the estimated AEis, for pyridazine 9.

From the second-order polynomic correlation given in Figure S1, y = 102.59x? -

159.49x + 100.84, the value of AEis, of pyridazine 9 due to its aromatic character can be

estimated in 41.2 kcal-mol™. Considering this value, the specific intermolecular interaction

taking place at 3,6-dihydroderivative of pyridazine 9 can be estimated in 3.1 kcal-mol™ (see

Figure Sla), a reasonable values for intermolecular interactions.
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2. Evaluation of the aromatic character AACs 8 — 11 by analysis of the nucleus independent
chemical shift (NICS).

Magnetic indices of aromaticity are based on the electron ring current that is induced when
the system is exposed to external magnetic fields. The magnitude of the nucleus independent
chemical shift (NICS) index, proposed by Schleyer and co-workers,®® is one of the most
widely used indicators to characterise aromaticity of rings. The simplest NICS variant
computed at the center of the aromatic ring is isotropic NICS, (NICSiso or NICS(0)), which
can be influenced by shielding or deshielding contributions provided by the core electrons
and o-framework as well as the in-plane shielding tensor components. The sign of the
computed NICS(0) values are reversed to conform to the experimental upfield (negative) and
downfield (positive) NMR chemical shifts. Negative NICS(0) values estimated at the center
of the ring indicate the presence of induced diatropic ring currents (aromaticity), whereas
positive NICS(0) values at the same points denote paratropic ring currents (antiaromaticity).
Thus, the more negative the NICS(0) value in the ring, the more aromatic is. The NICS(0)
values at the center of benzene 7 and AACs 8 — 11, computed at the MPWB95/6-311+G(d,p)
level, are given in Table 1.

Table 1. Isotropic NICS(0) values, in ppm, of benzene 7 and AACs 8 — 11, obtained at the
(GIAO) MPWB95/6-311+G(d,p) /IMPWB95/6-311G(d,p) level of theory.

NICS(0)
benzene 7 -8.30
pyridine 8 -7.01
diazine 9 -5.42
triazine 10 -3.92
tetrazine 11 -1.68

Benzene 7, as reference, presents a high NICS(0) value, —8.30 ppm. On the other hand,
the NICS(0) values of the AACs 8 — 11, range from —7.01 ppm (pyridine 8) to —1.68 ppm
(tetrazine 11). These results are closely to those found for the series of AACs studied by
Houk et al. at the M06-2X/6-311+G(d,p) computational level.® A very good linear
correlation between the number of nitrogen nuclei in the AACs and the NICS(0) values of
the AACs 8 — 11 is found, R? = 1.00 (see Figure S2). As can be seen, a decrease of the

NICS(0) value with the inclusion of nitrogen atoms in the benzene aromatic ring is observed.
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Figure S2. Plot of the isotropic NICS(0) values computed at the center of the aromatic ring,
in ppm, vs the number of nitrogen nuclei n of the AACs.

Figure S3 shows a completely correlation between the proposed RED and the NICS(0)
values of benzene 7 and the AACs 8 — 11, R? = 1.00. Some interesting conclusions can be
drawn from this correlation: i) has was commented on, RED comes from the sum of the six
ELF disynaptic basins [V(C,C), V(C,N), V(N,N)] belonging to the aromatic ring.
Consequently, RED does not distinguish between i and o electrons; ii) RED ranges between
16.62 e (7) and 14.28 e (11). These values do not correlate with the Hiickel’s 4n + 2 rule, for
n electrons, proposed for the characterisation of aromatic compounds; and iii) although the
RED tetrazine 11 experiences a loss of 2.34 e with respect to that of benzene 7, it represents
a decrease in the aromatic stabilisation with respect to benzene 7 of only 4.4 kcal-mol™, note
that the aromatic stabilization of tetrazine 11 has been thermodynamically estimated in 39.6

kcal-mol™ (see before section).
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Figure S3. Plot of the isotropic NICS(0) values computed at the center of the aromatic ring,
in ppm, vs the RED, in e, of benzene 7 and AACs 8 — 11.

Finally, Figure S4 shows a very good lineal correlation between the proposed RRED
and the NICS(0) values of benzene 7 and the AACs 8 — 11, R? = 0.99. This correlation makes
it possible the use of the proposed RRED as a measure of the aromatic character of this series
of AACs.
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Figure S4. Plot of the isotropic NICS(0) values computed at the center of the aromatic ring,
in ppm, vs the RRED of benzene 7 and AACs 8 — 11.
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3. BET study of the DA reaction between ethylene benzene 7 and ethylene 5.

The BET study the non-polar DA reaction between benzene 7 and ethylene 5 was performed.
Lewis-structures rising from ELF topology representing the molecular mechanism along the
reaction path is shown in Scheme S3 and, the populations of the most significant valence
basins, among other relevant parameters, are included in Table S2.

The non-polar DA reaction between benzene 7 and ethylene 5 takes place along six
differentiated phases. The topological features of the ELF at SO are very similar to those of
the isolated reagents showing benzene 7 more delocalised bonds. Along phase I, a
depopulation of the C1-C2 bonding region of the ethylene fragment from 3.39 to 3.18 e is
performed, while depopulations of the C3—C6[C7] and C4—-C5[C8] bonding regions are also
observed together to population of the C5[C7]-C6[C8] bonding regions at the benzene
moiety. Along Phase Il, slight electron rearrangements around the entire benzene fragment
are observed. At S2, two C3 and C4 pseudoradical carbons of the benzene framework are
created [see V(C3) and V(C4) in Table S2 and Scheme S3] integrating 0.11 e each one as the
consequence of the depopulation of the four adjacent C3—C6[C7] and C4—C5[C8] bonding
regions [see V(C3,C6[C7]) and V(C4,C5[C8]) in Table S2]. Along Phase Ill, two C1 and C2
pseudoradical centers of ethylene moiety, with an initial population of 0.22 e are formed [see
V(C1) and V(C2) in Table S2 and Scheme S3]. This electron density mainly comes from the
strong depopulation of the C1-C2 bonding region by ca. 0.42 e [see V(C1,C2)]. Along this
phase, the population associated to the C3 and C4 pseudoradical centers continues increasing
to 0.20 e [see V(C3) and V(C4) in Table S2]. Along Phase IV, in which TS1 is found, the
four C1 and C2, and C3 and C4 pseudoradical centers increase their population to 0.41 and
0.37 e, respectively, while the population in the C5—-C6 bonding region increases to 3.25 e
[see V(C5,C6) and V’(C5,C6) in Table S2] and also in the C7—C8 bonding region to 3.26 e
[see V(C7,C8) and V’(C7,C8) Table S2]. At S5, the formation of the C1-C4 single bond
[V(C1,C4)] takes place and simultaneously, the C2—-C3 single bond [V(C2,C3)] is also
formed, both integrating 0.95 e.

These electron changes indicate that the formation of the two new single bonds begins
at a distance of ca. 1.98 A through a C-to-C coupling of the two C1 and C4 and the two C2
and C3 pseudoradical centers. Finally, at the last structure 17, the populations of C1-C4 and
C2-C3 bonding regions are 1.76 e, that of the C1-C2 region is 1.90 e and C3-C6, C3-C7,
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C4-C5 and C4-C8 bonding regions also reach populations around 2.0 e, acquiring the
expected population for single bonds, while that the C5-C6 and C7-C8 bonding regions
reach populations of 3.47 e, characterising double bonds in 17.

From the BET study of the DA reaction between benzene 7 and ethylene 5 some
attractive conclusions can be drawn: i) this non-polar DA reaction takes place along six
different phases; ii) the highest energy cost demanded to reach TS1, 36.9 kcal-mol-! agrees
with that found at S3 involved in Phase IV (see Table S2). The activation energy of this non-
polar reaction is mainly associated to the continuous depopulation of the C1-C2 bonding
regions and electron reorganizations around the C3-C6[C7], C4-C5[C8], C5-C6 and
C7-C8 bonding regions; iii) the formation of the two C1-C4 and C2-C3 single bonds takes
place simultaneously at a C—C distance of 1.98 A, by the C-to-C coupling of the two C1 and
C4 and the two C2 and C3 pseudoradical centers; finally, iv) the non-polar DA benzene 7

and ethylene 5 is entirely synchronic (see Scheme S3).

1 2 e o @—O g—_—c Lo
5 6 VI
- ORI
8 7
SO S1 S2 S3 S4 S5 17

Scheme S3. Simplified representation of the molecular mechanism of the non-polar DA
reaction between benzene 7 and ethylene 5 by Lewis-like structures arising from the
topological analysis of the ELF along the reaction path. Atom numbering is included.
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Table S2. ELF valence basin populations, distances of the forming bonds, relative? electronic
energies, GEDT and IRC values of the IRC structures, SO — S5, defining the VI phases
characterizing the molecular mechanism of the DA reaction between benzene 7 and ethylene
5. TS1 and 17 are also included. Distances are given in angstroms, A, GEDT values and
electron populations in average number of electrons, e, relative energies in kcal-mol? and
IRC values in a.u.

Structures 7 5 SO S1 S2 S3 | TS1 | S4 S5 17
Phases I I i v \Y Vi
d(C1-C4) 3.558 2.218 2.161 2.117(2.103|2.033 1.978 1.553
d(C2-C3) 3.558 2.213 2.167 2.126|2.116|2.040 1.984 1.553
AE 00 346 362 369|369 | 357 330 -1.0
GEDT 0.00 -0.02 -0.01 0.01|0.01| 003 0.04 0.04
IRC -11.3 -0.72 -0.37 -0.08| 0.00 | 0.49 0.87 3.93
V(C1,C2) 169|164 318 320 278|273 | 248 236 1.90
V’(C1,C2) 1.71 | 1.75

V(C3,C6) 2.75 283 252 246 241|239 | 229 223 197
V(C3,C7) 273 269 266 255 249|248 | 236 230 202
V(C4,C5) 2.75 268 260 253 247|246 | 235 228 2.02
V(C4,C8) 2.73 283 258 248 243|240 231 225 198
V(C5,C6) 2.75 278 3.07 311 315|317 | 172 178 171
V’(C5,C6) 153 153 1.76
V(C7,C8) 2.73 278 307 311 315|317 | 173 178 171
V’(C7,C8) 153 153 1.76
V(C1) 0.22 | 0.26 | 0.41

V(C2) 0.22 | 0.25 | 0.41

V(C3) 0.11 0.20 | 0.23 | 0.37

V(C4) 0.11 0.20 | 0.23 | 0.37

V(C1,C4) 0.95 1.76
V(C2,C3) 095 1.76

2 Relative to the first structure of the IRC, SO
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4. BET study of the DA reaction between ethylene 5 and pyridine 8.
A BET study of the non-polar DA reaction of ethylene 5 and pyridine 8 was accomplished.
A simplified representation of the molecular mechanism by Lewis-like structures result from
the ELF topology is shown in Scheme S4, while the populations of the most significant
valence basins, together with other relevant parameters, of selected structures of the IRC are
collected in Table S3.

BET study of the bonding changes along the non-polar DA pathway between ethylene
5 and pyridine 8 is topologically characterized by ten differentiated phases. At Phase I, the
reaction starts with the depopulation of the C1-C2 single bond of 0.20 e at the ethylene
moiety [see V(C1,C2) in Table S3] together with depopulations of the C3—N6[C7] bonding
regions by ca. 0.15 e, as well as in those associated with the C4—C5[C8] ones [see
V(C3,N6[CT7]), V(C4,C5[C8]) in Table S3]. Meanwhile, an increase of the population of the
C5-N6 and C7—C8 bonding regions by ca. 0.26 e at the pyridine fragment is observed [see
V(C5,C6) and V(C7,C8) in Table S3]. At S2, while slight electron reorganizations are
observed, a C3 pseudoradical center is created at the pyridine fragment, integrating 0.16 e
[V(C3)], mainly associated to a depopulation of the C3—C7 bonding region by ca. 0.14 e [see
V(C3,C7) in Table S3]. In the following phase, at the pyridine fragment, a second C4
pseudoradical center is created with an initial population of 0.11 e [V(C4)] as a consequence
of the depopulation of the C4—C8 and C4-C5 bonding regions by 0.09 e and 0.05 e. Along
Phase IV, a C2 pseudoradical center at the ethylene moiety is formed integrating 0.23 e
[V(C2)] as the outcome of the depopulation of the C4—C8 and C4-C5 bonding regions. Along
Phase V, in which the TS2 is found, a C1 pseudoradical center at the ethylene fragment is
created with a population of 0.20 e [\V(C1)] as result of a strong depopulation of the C1-C2
bonding region by ca. 0.26 e [V(C1,C2)]. Along Phase VI, while the four C1 and C2, and C3
and C4 pseudoradical centers follow increase their populations, an increase of populations
in the C7-C8 bonding region by ca. 0.14 [see V(C7,C8) and V’(C7,C8) in Table S3], and a
strong depopulation at the C1-C2 bonding region by ca. 0.26 e are observed [see V(C1,C2)
in Table S3]. At S7, the C2—C3 single bond is formed with an initial population of 1.01 e
[see V(C2,C3) in Table S3] at a C—C distance of 1.95 A by the merger of the C2

pseudoradical center at the ethylene fragment and the C3 pseudoradical ones, located at the
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pyridine moiety. Along Phase VIII, the second C1-C4 single bond with a population of 0.91
e at a C—C distance of 2.00 A is formed by the merger of the C1 pseudoradical center at the
ethylene moiety and the C4 ones at the pyridine fragment [see V(C1,C4) in Table S3]. The
formation process of C2-C3 and C1-C4 single bonds is given by a C-to-C coupling of the
two C2 and C3, and C1 and C4 pseudoradical centers. At Phase IX, the populations of the
C1-C4 and C2—C3 bond regions reach values of 1.30 e and 1.47e, whereas the population of
C7-C8 and C5—-N6 bonding regions acquiring some character of delocalized double bonds.
Finally, at 18, the populations of C1-C4 and C2-C3 bonding regions are 1.73 and 1.81 e,
the population of C1-C2 bonding region is 1.90 e, together to that associated to C3—N6[C7]
and C4—C5[C8] bonding regions, by ca. 2.00 e, are the expected for single bonds, while the
populations of C7-C8 and C5-N6 bonding regions, 3.47 e and 3.05 e, predict polarized double
bonds.

From the BET study of the non-polar DA reaction between ethylene 5 and pyridine 8
some attractive conclusions can be drawn: i) the non-polar DA reaction of ethylene 5 and
pyridine 8 takes place along ten different phases; ii) non polar character (GEDT values are
negligible) of this DA reaction process is responsible for the high activation energies; iii) the
highest energy cost demanded is to reach TS2, 31.3 kcal-mol-L. The activation energy of this
non-polar reaction is mainly associated to the continuous depopulation of the C1-C2,
C4-C5[C8] and C3-N6[C7] bonding regions and ongoing electron reorganizations in the
pyridine fragment; iv) the formation of first C2—C3 single bond takes places at a C—C
distance of 1.95 A, while the second C1-C4 single bond takes places at a C—C distance of
2.00 A, both through the C-to-C coupling of the two C2 and C3 and the two C1 and C4
pseudoradical centers. At last, v) the DA reaction between ethylene 5 and pyridine 8 is

characterized by a slight synchronic mechanism (see Scheme S4).
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Scheme S4. Simplified representation of the molecular mechanism of the non-polar DA
reaction between ethylene 5 and pyridine 8 by Lewis-like structures arising from the
topological analysis of the ELF along the reaction path.

S14



Table S3. ELF valence basin populations, distances of the forming bonds, relative? electronic energies, GEDT and IRC values of the IRC structures,
SO — S9, defining the X phases characterizing the molecular mechanism of the DA reaction between ethylene 5 and pyridine 8. TS2 and 18 are also
included. Distances are given in angstroms, A, GEDT values and electron populations in average number of electrons, e, relative energies in kcal-mol-

LTand IRC values in a.u.

Structures 8 5 | SO s1 S2 S3 S4 | TS2|Sss s ST S8 s9 18
Phases I nm v Vv VI VIl VIl IX X
d(C1-C4) 3511 2261 2209 2.188 2.166] 2.157 [2.140 2.058 2.027 2.000 1.843 1.553
d(C2-C3) 3407 2193 2138 2.115 2.092| 2.083 |2.065 1.979 1.947 1.919 1.766 1.545
AE 00 293 308 311 313 313|312 296 274 257 114 -7.6
GEDT 000 001 002 002 003| 003|004 005 006 006 008 0.07
IRC 1042 072 -0.36 -021 -0.06| 000 | 012 069 090 1.08 212 422
V(C1,C2) 169 170 317 319 320 298| 296 | 272 246 239 232 207 1.90
V’(C1,C2) 1.71| 1.67

V(C3,N6) 2.33 239 224 217 214 213|211 |209 199 195 193 1.83 1.81
V(C3,C7) 2.87 287 271 257 255 250| 249 | 247 234 231 229 216 2.06
V(C4,C5) 2.89 286 264 263 254 251|250 | 248 236 233 230 218 2.03
V(C4,C8) 2.73 274 262 259 254 251|249 | 247 234 230 227 215 202
V(C5,N6)  2.42 239 265 270 272 273|274 |275 283 285 285 145 155
V’(C5,N6) 149  1.49
V(C7,C8) 2.77 274 301 308 310 312|312 [315 152 150 154 174 1.74
V’(C7,C8) 177 177 177 165 172
V(N6) 2.69 260 274 274 275 275|275 |275 275 277 276 273 274
V(C1) 020 0.36 0.40

V(C2) 023 | 025 | 029 047

V(C3) 016 020 025]| 026 | 030 045

V(C4) 011 015 017 | 022 038 044

V(C1,C4) 091 130 1.73
V(C2,C3) 101 1.09 147 181

2Relative to the first structure of the IRC, SO
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5. BET study of the DA reaction between ethylene 5 and pyridazine 9.
A BET study of the non-polar DA reaction of ethylene 5 and pyridazine 9 was performed. The
molecular mechanism which is represented by Lewis-like structures derived from the ELF
topology is shown in Scheme S5, while the populations of the most significant valence basins,
including other relevant parameters, of selected structures of the IRC are collected in Table S4.
The BET study of the bonding changes along the DA reaction between ethylene 5 and
pyridazine 9 takes place along six different phases. The reaction begins at Phase I, with a
depopulation of the C1-C2 bonding region of the ethylene fragment by ca. 0.20 e, (see V(C1,C2)
in Table S4), depopulations of the C3—-N6[C7] and C4—N5[C8] bonding regions are also
observed together with the increase of the populations of the N5-N6 and C7-C8 bonding
regions, 0.16 e and 0.22 e, at the pyridazine moiety. At S2, two C3 and C4 pseudoradical carbons
of the pyridazine 9 framework are created [see V(C3) and V(C4) in Table S43 and Scheme S5]
integrating 0.14 e. Note that the formation of these pseudoradicals is mainly consequence of the
decrease of populations in C3—N6 and C4—N5 bonding regions by ca 0.16 e (see V(C3,N6) and
V(C4,N5) in Table S4). Also note that the adjacent C3—C7 and C4—C8 bonding regions slightly
decrease their populations [see V(C3,C7) and V(C4,C8) in Table S4]. Along Phase I11, in which
the TS3 is found, two new C1 and C2 pseudoradical centers of ethylene fragment are formed,
integrating a population of 0.21 e [see V(C1) and V(C2) in Table S4]. This population is mainly
provided by the strong depopulation of the C1-C2 bonding region by ca. 0.41 e [see V(C1,C2)
in Table S4]. Along this phase, the population associated to the C3 and C4 pseudoradical centers
continues increasing to 0.29 e [see V(C3) and V(C4) in Table S4]. At S4, the four C1 and C2,
and C3 and C4 pseudoradical centers increase their populations to 0.38 e and 0.49 e, respectively,
while the N5—N6 bonding region slightly increase of population to 2.28 e [see V(N5,N6) in Table
S4] and also that in the C7—C8 bonding region to 3.22 ¢ [see V(C7,C8) and V’(C7,C8) Table
S4]. At Phase V, the C1 and C4 pseudoradical centers merge creating the new C1-C4 single
bond with an initial population of 0.93 e, and concurrently, the C2 and C3 pseudoradical centers
merge to form the second C2-C3 single bond, also integrating 0.93 e [see V(C1,C4) and
V(C2,C3) in Table S4 and Scheme S5]. These electron changes indicate that the formation of the
two new single bonds begins at a distance of ca. 1.99 A through a C-to-C coupling of the two C1
and C4 and the two C2 and C3 pseudoradical centers. Lastly, at the 19 structure, the populations

of the C1-C2 and the new C1-C4 and C2—C3 bonding regions are 1.90 e and 1.81 e, respectively,
S16



characterizing single bonds, C3—N6 and C4—N5 bonding regions with populations around 1.75
e showing some polarized single bond character, and C7—C8 bonding region reaching a
population of 3.34 e, acquiring the expected population for double bonds, while that the C4—C8
and C3-C7 bonding regions with populations of 2.11 e, being associated to single bonds in 19.
Finally, the N5-N6 bonding region reaches a population of 2.58 e in agreement with the
population of a single bond.

From the BET study of the DA reaction between ethylene 5 and pyridazine 9 it can
conclude the following: i) this non-polar DA reaction proceeds along six different phases; ii) the
highest energy cost demanded is to reach TS3, 26.8 kcal-mol-* which is found in Phase 111 (see
Table S4). The activation energy of this non-polar reaction is mainly associated to the continuous
depopulation of the C1-C2 bonding regions and those related with the C3—N6, C4—-N5, C4-C8,
C3-C7 and C7-C8 bonding regions; iii) the formation of the two C1-C4 and C2-C3 single
bonds takes place simultaneously at a C—C distance of 1.99 A, by the C-to-C coupling of the two
C1 and C4 and the two C2 and C3 pseudoradical centers. Finally, iv) the non-polar DA ethylene

5 and pyridazine 9 is entirely synchronic (see Scheme S5).

wi»@w

19

Scheme S5. Simplified representation of the molecular mechanism of the non-polar DA reaction
between ethylene 5 and pyridazine 9 by Lewis-like structures arising from the topological
analysis of the ELF along the reaction path.
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Table S4. ELF valence basin populations, distances of the forming bonds, relative? electronic
energies, GEDT and IRC values of the IRC structures, SO — S5, defining the six phases
characterizing the molecular mechanism of the DA reaction between ethylene 5 and pyridazine
9. TS3 and 19 are also included. Distances are given in angstroms, A, GEDT values and electron
populations in average number of electrons, e, relative energies in kcal-mol™? and IRC values in
a.u.

Structures 9 5 | SO S1  S2 | TS3| S3 sS4 S5 19
Phases Ll 1 vV vV VI
d(C1-C4) 3.465 2.234 2.178]2.128[2.106 2.001 1.985 1.541
d(C2-C3) 3.478 2.234 2.178|2.128(2.106 2.001 1.985 1.541
AE 00 251 264268267 237 224 -146
GEDT 000 003 005| 0.06]007 009 009 0.8
IRC 1062 -0.72 -0.34| 00 016 081 096 4.07
V(C1,C2) 169 1.68 3.15 318|320 (277 247 242 1.90
V’(C1,C2) 1.71| 1.70

V(C3,N6) 2.55 257 240 228|222|219 207 205 175
V(C3,C7) 2.74 275 265 259|253 (250 238 235 2.11
V(C4,N5) 2.55 257 240 228|222|219 207 205 175
V(C4,C8) 2.74 275 265 259|253|250 238 235 2.11
V(N5,N6) 1.91 194 210 214|219 220 228 231 258
V(C7,C8) 2.78 279 301 306|310 (312 166 150 1.70
V’(C7,C8) 156 174 1.74
V(N5) 275 273 278 280|279 |279 277 276 2.72
V(NE) 276 275 279 279|279 |278 277 276 2.72
V(C1) 021 0.38

V(C2) 021 0.38

V(C3) 0.14 | 0.24 | 0.29 0.49

V(C4) 0.14 | 0.24 | 0.29 0.49

V(C1,C4) 0.93 1.81
V(C2,C3) 093 181

@ Relative to the first structure of the IRC, SO.
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6. BET study of the DA reaction between ethylene 5 and 1,2,4-triazine 10.
A BET study of the polar DA reaction of ethylene 5 and 1,2,4-triazine 10 was carried out. A
simplified representation of the molecular mechanism by Lewis-like structures result from the
ELF topology is shown in Scheme S6. The populations of the most significant valence basins,
including other relevant parameters, of selected structures of the IRC are collected in Table S5.
The bonding changes of ethylene 5 and 1,2,4-triazine 10 along the polar DA pathway by
the BET analysis shows eight different phases. The reaction progresses, along Phase I, with a
depopulation of the C1-C2 single bond at the ethylene moiety [see V(C1,C2) in Table S5] from
3.39 e to 3.14 e, together with the depopulation, at the triazine fragment, of the C3—-N6[N7] and
the C4—N5[C8] bonding regions by ca. 0.15 e [see V(C3,N6[N7], V(C4,N5[C8]) in Table S5],
while the increase of the population is observed at N5—-N6 and N7—C8 bonding regions by ca.
0.13e [see V(N5,N6) and V(N7,C8) in Table S5]. Along Phase Il, a C3 pseudoradical center is
created at the 1,2,4-triazine moiety, integrating 0.16 e [V(C3)], mainly associated to a
depopulation of the C3—N6 bonding region by ca. 0.13 e [see V(C3,N6) in Table S5], while other
slight electron reorganizations are also observed. In the following phase, Phase I11, a second C4
pseudoradical center is created at the 1,2,4-triazine fragment with an initial population of 0.17 e
[V(C4)] mainly by a depopulation of the C4—N5 bonding region by 0.14 e [V(C4,N5)]. Along
Phase 1V, in which the TS4 is found, a C2 pseudoradical center at the ethylene moiety is formed
integrating 0.21 e [V(C2)] as result of a depopulation of the C1-C2 bonding region by 0.21 e.
Other relevant electron reorganizations are consistent with bonding changes observed along the
reaction progresses. Along Phase V, a C1 pseudoradical center at the ethylene fragment is created
with a population of 0.19 e [V(C1)] as result of a strong depopulation of the C1-C2 bonding
region by ca. 0.22 e [V(C1,C2)]. Along Phase VI, the C1 pseudoradical center at the ethylene
fragment and the C4 pseudoradical ones located at the 1,2,4-triazine ones merge to form a new
C1-C4 single bond with an initial population of 0.88 e [see V(C1,C4) in Table S5] at a C—C
distance of 2.01 A. At the same time, the second C2—C3 single bond with a population of 0.99 e
[see V(C2,C3) in Table S5] at a C—C distance of 1.97 A is also formed by the merger of the C2
pseudoradical center at the ethylene moiety and the C3 ones at the 1,2,4-triazine fragment, [see
V(C2,C3) in Table S5] while the rearrangement of the populations of the other bond regions

progressively continue. The process of formation of C1-C4 single bond can be considered taking
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place by a C-to-C coupling of the C1 and C4, and C2 and C3 pseudoradical centers. At Phase
VII, the populations of the C1-C4 and C2—C3 bond regions reach values of 1.38 e and 1.50 e,
whereas the population of N7—C8 bonding region increases from 2.79 e to 2.93 e and that of
N5-NG6 increase by ca. 0.16 e. Lastly at 20, the populations of C1-C4 and C2-C3 bonding
regions are 1.78 and 1.84 e, that associated to C3-N6[N7] is around 1.80 e, that of the C4—N5
bonding region is 1.75 e and that of the C4—C8 bonding region is 2.14 e. These populations are
the expected for single bonds in 20. At the same point, the populations N5—-N6 and N7-C8
bonding regions reach values of 2.55 e and 2.98 e, predicting polarized double bonds.

The bonding changes along the reaction path of ethylene 5 and 1,2,4-triazine 10 analysed
from the point of view of BET show some interesting conclusions: i) DA reaction of ethylene 5
and 1,2,4-triazine 10 takes place along eight different phases. Note that the maximum GEDT
occurs along Phases VI and VII (0.09 e); ii) thus, the polar character in this DA reaction process
is responsible for the no so high activation energies; iii) the highest energy cost demanded to
reach TS4, 20.5 kcal-mol-! agrees with that found at S3 (see Table S5). The activation energy of
this polar reaction is mainly associated to the continuous depopulation of the C1-C2,
C3-N6[N7], C4-N5[C8] bonding regions and electron density enhancement around the N5—N6
and N7—C8 bonding regions; iv) the formation of the two C1-C4 and C2—-C3 single bonds takes
places at a C—C distance by ca. 1.98 e, in the same phase, through a C-to-C coupling of the C1
and C4 and the C2 and C3 pseudoradical centers; and finally, v) the DA ethylene 5 and 1,2,4-
triazine 10 is fully synchronic (see Scheme S6).
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Scheme S6. Simplified representation of the molecular mechanism of the non-polar DA reaction
between ethylene 5 and 1,2,4-triazine 10 by Lewis-like structures arising from the topological
analysis of the ELF along the reaction path.
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Table S5. ELF valence basin populations, distances of the forming bonds, relative® electronic
energies, GEDT and IRC values of the IRC structures, SO — S7, defining the eight phases
characterizing the molecular mechanism of the DA reaction between ethylene 5 and 1,2,4-triazine 10.
TS4 and 20 are also included. Distances are given in angstroms, A, GEDT values and electron
populations in average number of electrons, e, relative energies in kcal-mol™ and IRC values in a.u.

Structures 10 5 | SO S1  S2  S3 | TS4 [ sS4 S5 S6 S7 20
Phases | 1 IV VoVEovIL VI
d(C1-C4) 3451 2270 2211 2.182 | 2.168 {2126 2.112 2.011 1.804 1.543
d(C2-C3) 3.394 2228 2170 2.141| 2.127 |2.084 2.069 1.965 1.761 1.537
AE 00 191 202 204 | 205 [202 199 158 -32 -21.3
GEDT 00 005 007 008 | 008 [009 010 012 012 0.8
IRC 101 -0.68 -0.29 -0.09 [ 0.00 | 029 039 1.07 244 4.49
V(C1,C2) 169 1.69 314 313 3.14 | 314 | 293 271 243 208 1.89
V’(C1,C2) 1.71| 1.70

V(C3,N6)  2.69 265 249 236 233 | 231 |224 222 211 195 1.82
V(C3N7) 241 239 233 227 224 | 222 |217 216 205 190 181
V(C4N5) 255 257 242 243 229 | 226 | 220 217 205 191 175
V(C4,C8)  2.82 281 271 266 263 | 261 |255 253 242 215 214
V(N5,N6)  1.90 192 205 209 211 | 212 |216 217 225 241 255
V’(N5,N6)

V(N7,C8)  2.38 246 258 263 265 | 266 |269 270 279 150 1.48
V’(N7,C8) 143 150
V(N5) 2.71 2690 277 278 278 | 278 |278 277 277 274 275
V(N6) 2.77 277 283 281 281 | 281 |281L 282 278 275 274
V(N7) 2.67 266 260 270 271 | 272 |274 275 276 274 275
V(C1) 0.19

V(C2) 021 025

V(C3) 0.16 022 | 025 |0.33 0.36

V(C4) 017 | 020 | 029 032

V(C1,C4) 088 1.38 1.78
V(C2,C3) 099 150 1.84

2 Relative to the first structure of the IRC, SO
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7. BET study of the DA reaction between ethylene 5 and, 1,2,4,5-tetrazine 11.

A BET study of the polar DA reaction of ethylene 5 and 1,2,4,5-tetrazine 11 was accomplished.
The molecular mechanism represented by Lewis-like structures result from the ELF topology is
shown in Scheme S7. Populations of the most significant valence basins, including other relevant
parameters, of selected structures of the IRC are collected in Table S6.

The BET analysis of the bonding changes along the polar DA pathway between ethylene 5
and tetrazine 11 is characterized by five different phases. Along Phase I, a depopulation of the
C1-C2 bonding region of the ethylene fragment by 0.21 e is observed [V(C1,C2)] while slight
depopulations around the C3—N6[N7] and C4—N5[N8] bonding regions at the tetrazine moiety
are performed. At this point, slight populations at the N5—-N6 and N7—N8 bonding regions by ca.
0.10 e [see V(N5,N6) and V(N7,N8) in Table S6] are also observed at tetrazine fragment, while
the N non-bonding electron densities slightly increase [see all V(Ni)]. Along Phase Il, slight
electron rearrangements around the entire ethylene and tetrazine fragments are observed. At S2,
two C3 and C4 pseudoradical centers of the tetrazine moiety are created [see V(C3) and VV(C4)
in Table S6 and Scheme S7] integrating 0.13 e each one. The formation these pseudoradical
centers is mainly triggered by the depopulation of the C3—N6[N7] and C4—N5[N8] bonding
regions [see V(C3,N6[N7]), and V(C4,N5[N8]) in Table S6]. Along Phase Ill, in which TS5 is
found, two C1 and C2 pseudoradical centers at the ethylene moiety are formed integrating a
population of 0.19 e each one [see V(C1) and V(C2) in Table S6]. This electron density is a
consequence to the strong depopulation of the C1-C2 bonding region by ca 0.36 e [V(C1,C2)].
Along this phase, the population associated to the C3 and C4 pseudoradical centers increase to
0.37 e [see V(C3) and VV(C4) in Table S6]. Along Phase IV, while the population associated to
C1-C2, C3—N6[N7] and C4—N5[N8] bonding regions decrease and that associated to the N5—-N6
and N7-N8 bonding regions slightly increase, the C1 and C4 pseudoradical centers merge to
form a new C1—-C4 single bond with an initial population of 0.89 e, and concurrently, the C2 and
C3 pseudoradical centers also merge giving rise the second C2—C3 single bond, integrating 0.89
e [see V(C1,C4) and V(C2,C3) in Table S6 and Scheme S7]. These electron density changes
indicate that the formation of the two new single bonds begins at a distance of 2.0 A through a
C-to-C coupling of the two C1 and C4 and the two C2 and C3 pseudoradical centers. Finally, at
the 21 structure, the population of the C1-C2 bonding region is 1.89 e, i.e. the expected polarized
value for single bonds, the C3—N6[N7] and C4—N5[N8] bonding regions reach a population by
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ca. 1.85 e, also acquiring the expected population for single bonds, while that associated to the
N5[N7] —N6[N8] bonding regions increase their populations to 2.48 e and that associated to
N[5-8] non-bonding electron density reach a population of 2.76 e, characterizing polarized
double bonds at 21.

From the BET analysis of the polar DA reaction between ethylene 5 and 1,2,4,5-tetrazine
11 some significant conclusions can be drawn: i) this polar DA reaction takes place along five
different phases. The maximum of GEDT is proceeds along Phase 1V (ca. 0.14 e); ii) the TS5
shows the highest energy of the path, 14.1 kcal-mol-1. The activation energy of this reaction is
mainly associated to the continuous depopulation of the C1-C2 bonding regions and electron
reorganizations around the C3—N6[N7], C4—N5[N8], N5[N7] —N6[N8] bonding regions; iii) the
formation of the two C1-C4 and C2-C3 single bonds takes place simultaneously at a C—C
distance of 2.00 A, by the C-to-C coupling of the two C1 and C4 and the two C2 and C3
pseudoradical centers; and finally, iv) the DA ethylene 5 and 1,2,4,5-tetrazine 11 is thoroughly

synchronic.
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Scheme S7. Simplified representation of the molecular mechanism of the non-polar DA reaction
between ethylene 5 and 1,2,3,5-triazine 11 by Lewis-like structures arising from the topological
analysis of the ELF along the reaction path.
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Table S6. ELF valence basin populations, distances of the forming bonds, relative? electronic
energies, GEDT and IRC values of the IRC structures, SO — S4, defining the five phases
characterizing the molecular mechanism of the DA reaction between ethylene 5 and 1,2,4,5-
tetrazine 11. TS5 and 21 are also included. Distances are given in angstroms, A, GEDT values
and electron populations in average number of electrons, e, relative energies in kcal-mol™ and
IRC values in a.u.

Structures 11 5 SO S1 S2 | TS5 S3 S4 21
Phases | I Il v \Y
d(C1-C4) 3.248 2.270 2.209|2.162 | 2.090 1.998 1.536
d(C2-C3) 3.251 2.279 2.209|2.162| 2.090 1.998 1.536
AE 0.0 130 139 | 141 | 134 9.6 -29.0
GEDT 0.0 008 010]| 011 0.13 0.15 0.09
IRC -81 -0.72 -031| 0.00 [ 048 1.09 4.44
V(C1,C2) 1.69| 1.75 316 314 | 3.14 | 278 249 1.89
V’(C1,C2) 1.71] 1.62

V(C3,N6) 2.63 263 244 239|231 | 222 212 185
V(C3,N7) 255 255 249 240 | 237 | 228 219 1.86
V(C4,N5) 252 262 241 236 | 231 | 222 213 1.89
V(C4,N8) 2.65 256 252 243|237 | 228 219 184
V(N5,N6) 1.96 196 206 208 | 211 | 217 223 248
V(N7,N8) 1.96 196 206 208 | 211 | 216 223 248
V(N5) 2.71 271 277 278 | 278 | 278 277 276
V(N6) 2.72 271 277 278 | 278 | 278 277 276
V(N7) 2.71 271 278 278 | 278 | 278 277 276
V(N8) 2.72 271 278 278 | 278 | 278 277 276
V(C1) 0.19

V(C2) 0.19

V(C3) 0.13 | 0.22 | 0.37

V(C4) 0.13 | 0.22 | 0.37

V(C1,C4) 089 1.84
V(C2,C3) 0.89 1.83

2 Relative to the first structure of the IRC, SO
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Figure S5. Plot of the ELF RED obtained from the topological analysis of the ELF vs the
estimated RED obtained by using EDU indices, in average number of electrons, e.
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Figure S6. Plot of the activation energies, AEa in kcal-mol™, of the DA reactions of benzene 7
and AACs 8 — 11 with ethylene 5 vs the GEDT, in average number of electrons, e, computed at

the corresponding TSs.
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Figure S7. Plot of the activation energies, AEa in kcal-mol™, of the DA reactions of benzene 7
and AACs 8 — 11 with ethylene 5 vs the number of nitrogen nuclei n of the AACs.
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Table S7. MPWB1K/6-311G(d,p) gas phase total electronic energies of the
stationary points involved in the DA reactions of benzene 7 and AACs 8 — 11

with ethylene 5.

-78.552844
-232.173614
-248.209643
-264.210204
-280.245309
-296.243263
-310.668677
-326.714264
-342.723080
-358.768905
-374.777363
-310.728979
-326.776375
-342.789095
-358.835528
-374.846035
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