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THE MOLECULAR ELECTRON DENSITY THEORY

“the changes in electron density, but not MO interactions, are responsible for chemical reactivity”
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THE GLOBAL ELECTRON DENSITY TRANSFER

When two molecules with different electronic chemical potentials combine chemically,
their potentials become equalized in the molecule

GEDT

—

W(A) < (B)
Electrophile Nucleophile
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Excellent linear correlation between the logarithm
of experimental reaction rates and GEDT

The higher the GEDT, the faster and more
favourable the reaction

GEDT is one of the key factors in the
activation energy



CLASSIFICATION OF DIELS-ALDER REACTIONS
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STUDY OF THE ROLE OF GEDT ON REACTION RATES OF DIELS-ALDER REACTIONS
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STUDY OF THE ROLE OF GEDT ON REACTION RATES OF DIELS-ALDER REACTIONS

Q] AG Ky GEDT
Et 0.73  TS-Et 29.8 1.00E+00 -0.03
1CN 1.74  TS-1CN 25.9  8.09E+02 -0.14
2cCN  2.82  TS-2cCN 22.3 3.91E+05 -0.23
2tCN  3.01  TS-2tCN 22.0  6.54E+05 -0.23
2CN 3.08 TS-2CN 18.2  4.45E+08 -0.27
3CN 439 TS-3CN 15.9 2.31E+10 -0.34
4CN 5.95 TS-4CN 12.7 5.62E+12 -0.42
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

The IQA is a parameter-free and reference-free real-space energy partitioning method based on Quantum
Chemical Topology
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

The IQA is a parameter-free and reference-free real-space energy partitioning method based on Quantum
Chemical Topology

|
_ :E : A :E : :E : AB
Etotﬂl — Eintra + Y Vinter‘
A =

A B#A

EA

mnira

_TA ViA 4 pAA VAB _ (VAB L yAB VAB) n Véqeg

en inter nn en ne

Steric hindrance Vétg _ V‘f‘B| n Vf.g n vAB

cou corr
AB __ y/AB AB
V — Vcl + ch

inter

electrostatic covalency

M. A. Blanco, A. Martin Pendas, E. Francisco. J. Chem. Theory Comput, 2005, 1, 1096—-1109.

20



STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

The IQA terms can be grouped in molecular fragments (the two interacting reagents) and differences
between the grouped terms at the TSs and the reagents can be obtained in order to quantify their variation
along the activation energy path.



STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

The IQA terms can be grouped in molecular fragments (the two interacting reagents) and differences
between the grouped terms at the TSs and the reagents can be obtained in order to quantify their variation
along the activation energy path.
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

ZAE{;l’ltT'a ZAViéter ZAEI%A ZZAEI%A

the sum of the energy variation of the two

Cp 34.6 -26.8 7.8 ) . o
TS-Et - 331 053 28 15.6 fragments, yields the activation energy
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

However, this term contains the interactions
with the other fragment

Vil;’ll?er (Cpl Et)

EIAQA(X) = Ei{rlltra(x) + Vi‘gter(x)

1
= Ei{rlltra(x) + Viﬁ?er(x) + E Viﬁ?er(CprEt)
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In order to gain a more detailed insight into the stabilization of the ethylene derivatives, the interatomic
interactions between the Cp and ethylene frameworks ZV‘{‘,ﬁer(Cp,Et), were considered separately from the

interactions that take place within each of them, YV/2%,..(X).

Vil;’llﬁer (Cpl Et)

EIAQA(X) = E{;litra(x) + Viﬁter(x)

1
= E{;litra(x) + Viﬁ?er(x) + E Vil;lllger(CprEt)
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In order to gain a more detailed insight into the stabilization of the ethylene derivatives, the interatomic
interactions between the Cp and ethylene frameworks ZV‘{‘,ﬁer(Cp,Et), were considered separately from the

interactions that take place within each of them, YV/2%,..(X).

ZVi%?er (Cp,Et) ZAViﬁlger (Cp) ZAViﬁ?er (Et)

TS-Et -153.7 50.0 515
TS-1CN -160.4 60.4 38.9
TS-2cCN -167.7 70.3 13.7
TS-2tCN -168.7 71.1 16.2 Vinter (CP,EY)
TS-2CN -165.5 72.8 26.3
TS-3CN 1741 82.6 76
TS-4CN -187.3 94.8 -33.6
Deviation 18.9 27.5 48.7

EIAQA(X) = E{;litra(x) + Viﬁter(x)

1
= E{;litra(x) + Viﬁ?er(x) t 3 Vil;ll?er(CprEt)

2
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In order to gain a more detailed insight into the stabilization of the ethylene derivatives, the interatomic
interactions between the Cp and ethylene frameworks ZV‘{‘,ﬁer(Cp,Et), were considered separately from the
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ZVi%?er (Cp,Et) ZAViﬁfer (Cp) ZAViﬁ?er (Et) _ -
TS-Et _153.7 50.0 51.5 the most drastic change with the cyano

TS-1CN -160 4 60.4 38.9 :substltutlo.n .|s the d?crea.se .of the
interatomic interactions inside the

T5-2cCN -167.7 /0.3 13.7 ethylene fragment YAVAE (Et)
TS-2tCN -168.7 71.1 16.2
TS-2CN -165.5 2.8 26.3
TS-3CN -174.1 82.6 -7.6
TS-4CN -187.3 94.8 -33.6

Deviation 18.9 27.5 48.7




STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In order to gain a more detailed insight into the stabilization of the ethylene derivatives, the interatomic
interactions between the Cp and ethylene frameworks ZV‘{‘,ﬁer(Cp,Et), were considered separately from the

interactions that take place within each of them, YV/2%,..(X).

ZVi%?er (Cp,Et) ZAViﬁfer (Cp) ZAViﬁ?er (Et) _ -
TS-Et _153.7 50.0 51.5 the most drastic change with the cyano

TS-1CN -160 4 60.4 38.9 substitution is the decrease of the

interatomic interactions inside the

TS-2¢CN -167.7 70.3 13.7 ethylene fragment YAVAE (Et)
TS-2tCN -168.7 /1.1 16.2
TS-2CN -165.5 2.8 26.3 e s -

the stabilization of the electrophilic reagent
TS-3CN -174.1 82.6 -1.6 in P-DA reactions via the GEDT is responsible
TS-4CN -187.3 94.8 -33.6 for the increase of reaction rates

Deviation 18.9 27.5 48.7




STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In order to gain a more detailed insight into the stabilization of the ethylene derivatives, the interatomic
interactions between the Cp and ethylene frameworks ZV‘{‘,ﬁer(Cp,Et), were considered separately from the

interactions that take place within each of them, YV/2%,..(X).

ZVi%?er (Cp,Et) ZAViﬁfer (Cp) ZAViﬁ?er (Et) _ -
TS-Et 153.7 50.0 515 the most drastic change with the cyano
substitution is the decrease of the

TS-1CN -160.4 60.4 38.9 : .. L

interatomic interactions inside the
TS-2cCN -167.7 /0.3 13.7 ethylene fragment YAVAE (Et)
TS-2tCN -168.7 /1.1 16.2
TS-2CN -165.5 /2.8 26.3 e . -

the stabilization of the electrophilic reagent
TS-3CN -174.1 82.6 -1.6 in P-DA reactions via the GEDT is responsible
TS-4CN -187.3 94.8 -33.6 for the increase of reaction rates
Deviation 18.9 217.5 48.7

A more detailed inspection of the V4% and V,28 contributions to ZAViﬁ?er (Et) indicates that the stabilization of the

ethylene is mostly due to the favourable V4F electrostatic interactions



STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In 1999, Parr proposed, within the CDFT, the electrophilicity ® index as a measure of the electronic stabilization
of a species when it acquires a certain amount of electron density from the environment

R.G. Parr, L.v. Szentpaly, S. Liu. J. Am. Chem. Soc. 1999, 121, 9, 1922-1924.
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In 1999, Parr proposed, within the CDFT, the electrophilicity ® index as a measure of the electronic stabilization
of a species when it acquires a certain amount of electron density from the environment
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STUDY OF THE ROLE OF GEDT ON REACTION RATES - IQA ANALYSIS

In 1999, Parr proposed, within the CDFT, the electrophilicity ® index as a measure of the electronic stabilization
of a species when it acquires a certain amount of electron density from the environment
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This graph supports Parr’s proposal; the
higher the electrophilicity m index, the
higher the ethylene stabilization at the
polar TSs.

Given that the ethylene stabilization via
the GEDT is the main factor responsible
for the decrease of activation energies,
this linear correlation also validates
Parr’s electrophilicity ® index as a solid
predictor of reactivity in P-DA reactions.



STUDY OF THE ROLE OF GEDT ON REACTION RATES — REG-IQA ANALYSIS

The Relative Energy Gradient (REG) is a method to compute chemical insight at atomistic level.

Combined with IQA, REG inspects the linear correlation between each partitioned term and the total
energy of the system. Then, it ranks all correlations in an automated fashion to determine the subset that
best describes the behaviour of the total system. Useful to disern the origin of reaction barriers.

E;(s) = mgggiEtotai(s) + ¢

Both sign and magnitud of REG values are important.
REG > 0 - the energy term contributes to the total behavior of the system
REG < 0 - the energy term works against the total behavior of the system

In activation barriers:

REG > 0 = energy terms are unfavorable and contribute to the reaction barrier
REG < 0 - energy terms are favourable and facilitate the reaction.

J.C.R. Thacker, P.L.A. Popelier. Theor. Chem. Acc. 2017, 136, 86.



STUDY OF THE ROLE OF GEDT ON REACTION RATES — REG-IQA ANALYSIS

TCE Ethylene
TERM REG REG*Ea| TERM REG REG*Ea |A(REG*Ea)

Vxc(c5,c6) 3.9 40.4 |Vxc(c5,c6) 2.5 45.1 4.7

Uxc(c3,c4) 3.8 402 |Vxc(c3,cd) 2.1 37.5 2.7 & y S a’y
Vxc(cl,c2) 3.8 40.2 |Vxc(cl,c2) 2.1 37.5 -2.7 3 3
Eintra(cl) 0.9 8.9 |Eintra(cl) 0.5 9.0 0.1

Eintra(c4) 0.9 8.9 |[Eintra(c4) 0.5 9.0 0.1 3 3
Eintra(c6) 0.4 4.7 |Eintra(c6) 0.5 9.5 4.8

Eintra(c5) 0.4 4.6 |Eintra(c5) 0.5 9.5 4.8 A = 3
Vel(cl,c2) -0.7  -7.7 |Vcl(cl,c2) -0.4 7.4 0.3 e
Vcl(c3,c4) -0.7 -7.7 |Vcl(c3,c4) -0.4 -7.4 0.3

Vcl(c5,c6) -1.2  -12.2 |Vcl(c5,c6) -0.5 -9.2 3.0

Vxc(cl,c6) -3.2  -33.8 |Vxc(clc6) -2.0 -36.2 2.4

Vxc(c4,c5) -3.2 -33.8 |Vxc(c4,c5) -2.0 -36.2 -2.4

Vxc(c2,c3) -3.3  -35.0 |Vxc(c2,c3) -1.8 -33.0 2.0

Ea 10.5 18.1




STUDY OF THE ROLE OF GEDT ON REACTION RATES — REG-IQA ANALYSIS

TCE Ethylene
TERM REG REG*Ea| TERM REG REG*Ea |A(REG*Ea)
Vxc(c5,c6) 3.9 40.4 |Vxc(c5,c6) 2.5 45.1 4.7
Vxc(c3,c4) 3.8 402 |Vxc(c3,c4) 2.1 37.5 2.7 9 9
Vxc(cl,c2) 3.8 40.2 |Vxc(cl,c2) 2.1 37.5 -2.7 |
Eintra(cl) 0.9 89 |Eintra(cl) 0.5 9.0 0.1 \ W}
Eintra(c4) 0.9 8.9 |[Eintra(c4) 0.5 9.0 0.1 | -
Eintra(c6) 0.4 4.7 |Eintra(c6) 0.5 9.5 4.8
Eintra(c5) 0.4 4.6 |Eintra(c5) 0.5 9.5 4.8
Vcl(c1,c2) -0.7 -7.7 |Vcl(cl,c2) -0.4 -7.4 0.3
xc:(cs,cg) (1); '172'72 xc:(c3,c2) '8'4 ;g g; The contributions of the energy factors of
vic((ccsi',ccca)) 32 338 vic((ccsl',ccca)) 23 36.2 24 the most relevant regions involved in the
Vxclchc5) -3.2  -33.8 |Vxc(cAcS) -2.0 36.2 24 r(.eac.tlon to activation energies are very
Vxc(c2,c3) -3.3  -35.0 |Vxc(c2,c3) -1.8 -33.0 2.0 similar
Ea 10.5 18.1
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STUDY OF THE ROLE OF GEDT ON REACTION RATES — REG-IQA ANALYSIS

TCE Ethylene 3 ‘3
TERM REG REG*Ea| TERM REG REG*Ea |A(REG*Ea) ,
Vxc(c5,c6) 3.9 40.4 |Vxc(c5,c6) 2.5 45.1 4.7 : y
Vxc(c3,c4) 3.8 402 |Vxc(c3,c4) 2.1 37.5 2.7 9 9
Vxc(cl,c2) 3.8 40.2 |Vxc(cl,c2) 2.1 37.5 -2.7 |
Eintra(cl) 0.9 8.9 |Eintra(cl) 0.5 9.0 0.1 \ y:‘j
Eintra(c4) 0.9 8.9 |[Eintra(c4) 0.5 9.0 0.1 -
Eintra(c6) 0.4 4.7 |Eintra(c6) 0.5 9.5 4.8
Eintra(c5) 0.4 4.6 |Eintra(c5) 0.5 9.5 4.8
Vcl(c1,c2) -0.7 -7.7 |Vcl(cl,c2) -0.4 -7.4 0.3
Vcl(c3,c4) -0.7 -7.7 |Vcl(c3,c4) -0.4 -7.4 0.3
Vcl(c5,c6) -1.2  -12.2 |Vcl(c5,c6) -0.5 9.2 3.0 In both cases, the activation barrier is
Vxc(cl,c6) -3.2  -33.8 |Vxc(cl,c6) -2.0 -36.2 2.4 due to the energy cost for the rupture of
Vxc(c4,c5) -3.2 -33.8 |Vxc(c4,c5) -2.0 -36.2 -2.4 the double bonds
Vxc(c2,c3) -3.3  -35.0 |Vxc(c2,c3) -1.8 -33.0 2.0
Ea 10.5 18.1
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TCE Ethylene
TERM REG REG*Ea| TERM REG REG*Ea |A(REG*Ea)
Vxc(c5,c6) 3.9 40.4 |Vxc(c5,c6) 2.5 45.1 4.7
Vxc(c3,c4) 3.8 402 |Vxc(c3,c4) 2.1 37.5 2.7 9 9
Vxc(cl,c2) 3.8 40.2 |Vxc(cl,c2) 2.1 37.5 -2.7 |
Eintra(cl) 0.9 89 |Eintra(cl) 0.5 9.0 0.1 \ W}
Eintra(c4) 0.9 8.9 |[Eintra(c4) 0.5 9.0 0.1 | -
Eintra(c6) 0.4 4.7 |Eintra(c6) 0.5 9.5 4.8
Eintra(c5) 0.4 4.6 |Eintra(c5) 0.5 9.5 4.8
Vcl(c1,c2) -0.7 -7.7 |Vcl(cl,c2) -0.4 -7.4 0.3
xz:zzzg; (1); '172'72 xz:zgz:; '8': ;; g;’ The factors whose weights change the
Vxc(cLc6) 3.2 -33.8 |VxclcLc6) 2.0  -36.2 2.4 most are precisely those belonging to the
Vxc(ch,c5) -3.2  -33.8 |Vxc(c4,c5) -20  -36.2 2.4 ethylene structure, in agreement with
Vxc(c2,c3) -3.3  -350 |vxc(c2,c3) -1.8  -33.0 2.0 the previous IQA analysis at the TSs.
Ea 10.5 18.1
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A closer look into the favorable terms with REG < 0 shows:

Vcl(c5,c18)
Vcl(c6,c14)
Vcl(c5,c20)
Vcl(c6,c16)
Vcl(c16,n17)
Vcl(c18,n19)
Vcl(c20,n21)
Vcl(c14,n15)

REG
-0.9
-0.9
-0.9
-0.9
-0.9
-0.9
-0.9
-0.9

=

TCE Ethylene
TERM REG REG*Ea| TERM REG REG*Ea |A(REG*Ea)
Vxc(c5,c6) 3.9 40.4 |Vxc(c5,c6) 2.5 45.1 4.7
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Eintra(c6) 0.4 4.7 |Eintra(c6) 0.5 9.5 4.8
Eintra(c5) 0.4 4.6 Eintra(c5) 0.5 9.5 4.8
Vcl(c1,c2) -0.7 -7.7 |Vcl(c1,c2) -0.4 -7.4 0.3
Vcl(c3,c4) -0.7 -7.7 |Vcl(c3,c4) -0.4 -7.4 0.3
Vcl(c5,c6) -1.2  -12.2 |Vcl(c5,c6) -0.5 -9.2 3.0
Vxc(cl,c6) -3.2 -33.8 |Vxc(cl,c6) -2.0 -36.2 -2.4
Vxc(c4,c5) -3.2 -33.8 |Vxc(c4,c5) -2.0 -36.2 -2.4
Vxc(c2,c3) -3.3 -35.0 |Vxc(c2,c3) -1.8 -33.0 2.0
Ea 10.5 18.1
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A closer look into the favorable terms with REG < 0 shows:

Substitution has a relevant role in the
stabilization of the electrophilic ethylene
derivative as a consequence of the GEDT
taking place in polar reactions.
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A closer look into the favorable terms with REG < 0 shows:

Substitution has a relevant role in the
stabilization of the electrophilic ethylene
derivative as a consequence of the GEDT
taking place in polar reactions.

This stabilization is mostly due to
favourable electrostatic interactions in
the substituents.

TCE Ethylene
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A closer look into the favorable terms with REG < 0 shows:

Substitution has a relevant role in the
stabilization of the electrophilic ethylene
derivative as a consequence of the GEDT
taking place in polar reactions.

This stabilization is mostly due to
favourable electrostatic interactions in
the substituents.

This validates the individual IQA analysis
at the TSs and reagents, but REG-IQA
provides more information about the
mechanism.
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Vxc(c5,c6) 3.9 40.4 |Vxc(c5,c6) 2.5 45.1 4.7
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Vxc(cl,c2) 3.8 40.2 |Vxc(cl,c2) 2.1 37.5 -2.7
Eintra(cl) 0.9 8.9 |Eintra(cl) 0.5 9.0 0.1
Eintra(c4) 0.9 8.9 |Eintra(c4) 0.5 9.0 0.1
Eintra(c6) 0.4 4.7 |Eintra(c6) 0.5 9.5 4.8
Eintra(c5) 0.4 4.6 |Eintra(c5) 0.5 9.5 4.8
Vcl(c1,c2) -0.7 -7.7 |Vcl(c1,c2) -0.4 -7.4 0.3
Vcl(c3,c4) -0.7 -7.7 |Vcl(c3,c4) -0.4 -7.4 0.3
Vcl(c5,c6) -1.2 -12.2 | Vcl(c5,c6) -0.5 -9.2 3.0
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Vxc(c4,c5) -3.2 -33.8 |Vxc(c4,c5) -2.0 -36.2 -2.4
Vxc(c2,c3) -3.3 -35.0 |Vxc(c2,c3) -1.8 -33.0 2.0
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CONCLUSIONS

The increase of reaction rates is due to the stabilization of the ethylene framework by favourable
electrostatic interactions at the cyano substitutents as a consequence of the GEDT

IQA is a parameter-free and reference-free real-space energy partitioning method that does not suffer
from process-dependency of their energy components, like traditional EDAs.

REG-IQA is a solid and well defined tool to understand the origin of reaction barriers.
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