THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Reactivity and Selectivity of Boron-Substituted Alkenes in the Diels—
Alder Reaction with Cyclopentadiene. A Study of the Electron Charge

Density and Its Laplacian

Margarita M. Va]lejos,*’T Nicolas Grimblat, and Silvina C. Pellegrinet™

Instituto de Quimica Rosario (CONICET), Facultad de Ciencias Bioquimicas y Farmacéuticas, Universidad Nacional de Rosario,

Suipacha 531, Rosario 2000, Argentina

© Supporting Information

ABSTRACT: The effect of the nature of the boron moiety upon the reactivity and
the selectivity of a variety of vinylboron dienophiles (1—12) in the Diels—Alder
(DA) reaction was investigated using density functional theory and the quantum
theory of atoms in molecules. The calculated reactivity of the dienophiles decreases
in the order vinylborane (1) > dihalovinylboranes (2—4) > dialkylvinylboranes (5—
7) = vinyl boronic acid (8) > vinylboronates (9, 10) > vinyl MIDA boronate (11) =~
vinyltrifluoroborate (12). The DA reactions of 1—7 were slightly endo-selective due
to the stronger C4,—B secondary orbital interaction in the endo transition structures
(TSs) evaluated by the CyB delocalization index. In the TSs of § and 7, a
combination of electronic and steric factors reduce the endo selectivity. The
moderate exo selectivity calculated for the DA reactions of boronates 8—11 was
attributed mainly to the hydrogen bond between the oxygen atom of boronate
moieties and one of the acidic hydrogens of the methylene of cyclopentadiene in the
exo TSs, which also reduces the ability of the oxygen lone pairs to donate electron

Ce. d
e .C3 ‘. p
Po i oo e "'._' .
Ce Cs f 1 C3
h Y d.1 o ..
?51 C2
o,
¢ .
\J .
Cq c, :‘ ’
D .
O’ M
o .
|
.c‘ 'o.
-’ 0

bBRz

density into the vacant boron orbital. Interestingly, the cooperative effect between the two hydrogen bonds in the exo TS of the
DA reaction of vinyltrifluoroborate (12) determines the almost exclusive exo selectivity predicted for this DA reaction. We
propose that the relative reactivities of the dienophiles can be estimated by the charge density (p,) and its Laplacian (V?p,) at the
(3,+1) critical point in the topology of V?p,, evaluated at the reactant molecules in the ground state. The profiles of the several
topological parameters along the reaction are affected by the nature of the substituents attached to the boron atom and by the

mode of addition (endo and exo) in the DA reactions.

B INTRODUCTION

Many synthetic routes toward the construction of the six-
membered rings are possible through Diels—Alder (DA)
reactions, which can involve a large variety of dienes and
dienophiles.”” By varying the nature of the reactants, it is
possible to control the rate and selectivity of the DA reaction.”
Boron-activated dienophiles have shown great versatility as
building blocks in several DA reactions.”> The substituent
attached to the boron atom in the dienophiles greatly affects
the outcome of the DA reactions. For example, the DA
reactions of cyclogentadiene and vinylboranes such as
dimethylvinylborane® and dichlorovinylborane”® occur at a
lower temperature than those for vinylboronic esters such as
dibutylvinylboronate”'® and pinacol vinylboronate'' and
exhibit higher endo selectivities (Scheme 1).

Thus, alkenylboronic esters are less activated dienophiles
than the corresponding dialkylvinylboranes and dihalovinylbor-
anes, and the reactions require elevated temperatures and lead
to cycloadducts with low endo/exo stereoselectivities. However,
vinylboronates are more stable and easy to handle, whereas
alkenylboranes often have to be prepared in situ and the
cycloadducts derivatized. To explain the high reactivity and
stereoselectivity of dialkylvinylboranes, Singleton12 performed
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ab initio calculations and proposed the presence of an
important nonclassical [4 + 3] C—B interaction in the endo
transition structures (TSs) of the DA reactions of vinylborane
and dimethylvinylborane. Later, Goodman et al."> showed that
for the DA reactions of vinylborane with trans-piperylene and
isoprene, the endo TSs have strong [4 + 3] character, although
these led to the [4 + 2] cycloadducts, whereas in the endo TSs
for reactions with dimethylvinylborane, the C—B interactions
are weaker, adopting classical [4 + 2] character due to the
greater size of the alkyl groups attached to the boron atom.
Further computational studies on the DA reactions of several
dienes with boron-substituted dienophiles also demonstrated
that the [4 + 3] C—B secondary interactions get weaker as the
electron-attracting character of the substituent attached to
boron decreases, and the selectivities are governed by electronic
and/or steric effects.'®">

The quantum theory of atoms in molecules (QTAIM), which
is based on quantum mechanics and physical observables, is a
key tool for the analysis of the electron charge density
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distribution.'®'” Through this approach, it is possible to
understand the electronic structure of molecules and their
resulting chemical reactivity and also the nature and properties
of chemical bonds."®" In addition, the QTAIM topological
analysis of the electron charge density and its Laplacian along
the reaction path connecting the stationary points has been
successfully applied to rationalize the mechanism of chemical
reactions such as the dimerization of cyclopentadiene,20 the
Cope rearrangement of 1,5-hexadiene,”" perlcycllc and
pseudopericyclic reactlons,zz_27 among others.”**° Recently,
we carried out a detailed QTAIM topological analysis along the
course of the DA reactions of isoprene with unsaturated
organoboron dienophiles, finding that the evolution of the [4 +
3] to the [4 + 2] structure observed in the endo pathway of the
DA reaction with vinylborane occurs through a conflict
mechanism in which the C; and B atoms of the dienophile
compete to become attached to the Cq atom of the diene.*!
The C4—B secondary orbital interaction, present from early
steps of the reaction until beyond the TSs, facilitates the
formation of the new o-bonds and is responsible for the higher
charge concentration between the diene and the dienophile,
which appears to account for the greater stabilization of the [4
+ 3] TS.

In this work, we have performed a study within the QTAIM
framework on the DA reactions of cyclopentadiene with boron-
activated dienophiles 1—12 in order to gain a deeper insight
into the effect of the nature of the boron moiety upon the
distribution of the electron charge density in such a reaction
(Scheme 2). Vinyl N-methyliminodiacetic acid (MIDA)
boronate (11) and vinyltrifluoroborate (12) were selected
because these tetracoordinated organoboron species have
emerged as more convenient, economical, and versatile
reagents for modern organic synthesis.”> >’ The forming
bonds and the secondary orbital interactions between the
diene and the dienophiles in the TSs were characterized by
means of the QTAIM approach. We have also evaluated some
topological parameters within the topology of the electron
charge density and its Laplacian as potential indicators of
reactivity of the dienophile and selectivity of the DA reactions.
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B METHODOLOGY

The geometries of the reactants, the TSs, and the products
were optimized without any constraints using DFT methods
with the Becke3 Lee—Yang—Parr (B3LYP)***” functional
together with the 6-311++G(d,p) basis set. Frequency
calculations were performed to verify the nature of the
stationary points; TSs had one imaginary frequency, and the
reactants and the cycloadducts had no imaginary frequencies.
Zero-point vibrational energies (ZPVEs) were computed with
the B3LYP/6-311++G(d,p) method and were not scaled. The
intrinsic reaction coordinate (IRC) paths were traced in order
to verify the connectivity of each TS with reactants and
products using a step size of 0.10 Bohr. All calculations were
carried out with the Gaussian 09 suite of programs.*’

In accord with the QTAIM theory, a bond between two
atoms is characterized by a line of maximum electron density,
the bond path, that connects the respective nuclei and
intersects the zero-flux surface of the electron density gradient
field (Vp,) at a topological (3, —1) critical point, called the
bond critical point (bcp). Within this approach, different
topological properties evaluated at the bcp are used to
characterize the bonding interaction (calculated properties at
the bep in p, topology are labeled with the subscript “b”): (1)
the charge density, py, as a measure of accumulation of charge
between the bonded nuclei, which reflects the bond strength;
(2) the Laplacian of electron charge density, V?p,, that
prov1des information about the local charge concentration
(V?p, < 0) or depletion (Vp, > 0);'*"” and (3) the ellipticity,
defined as € = (1,/4,) — 1 (where 4, and A, are the curvatures
of the density at the bcp perpendicular to the bond path),

which gives information about the charge distribution around
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Table 1. Bond Distances (R), Gibbs Activation Energies (AG"), Selectivities, and Charge Transfer (CT) from the Diene to the
Dienophiles for the DA Reactions of 1—12 Dienophiles with Cyclopentadiene

R (A)

TS C—Cq C,—GC; Cs—B
TSN-1 2.527 2.032 2.460
TSX-1 2.580 2.043 2.694
TSN-2 2.493 2.020 2.899
TSX-2 2.498 2.037 2.905
TSN-3 2.599 1.996 3.022
TSX-3 2.60S 2.013 3.039
TSN-4 2.642 1.988 3.079
TSX-4 2.639 2.009 3.084
TSN-§ 2.492 2.036 2.883
TSX-5 2.500 2.049 2.907
TSN-6 2.509 2.031 2.991
TSX-6 2.515 2.045 2.973
TSN-7 2.532 2.016 2.963
TSX-7 2.558 2.027 2.993
TSN-8 2.377 2.086 2.955
TSX-8 2.426 2.064 2.959
TSN-9 2.457 2.034 3.033
TSX-9 2.436 2.059 2.974
TSN-10 2410 2.061 3.014
TSX-10 2.406 2.079 2.951
TSN-11 2.304 2.114 2.995
TSX-11 2.309 2.126 2.962
TSN-12 2.180 2.275 3.001
TSX-12 2.187 2.269 2.956

AG* (kcal mol™) endo/exo selectivitya'b CT (e)°
30.15 0.154
58:42
30.35 0.153
32.58 0.153
55:45
32.71 0.151
30.99 61:39 0.192
31.26 (84:16)7 0.186
30.55 0.207
65:35
30.91 0.199
35.31 65:35 0.114
35.67 (84:16)° 0.111
35.86 41:59 0.113
35.63 (67:33)* 0.111
35.54 52:48 0.131
35.58 (78.22)% 0.128
36.08 0.083
26:74
35.46 0.089
37.06 32:68 0.082
36.62 (39:61)° 0.079
37.17 23:77 0.080
36.45 (35:65)" 0.077
37.78 0.115
33:67
37.33 0.107
39.22 —0.090
3:97
37.09 —0.097

“Ratios were computed using Boltzmann factors based on AG". bExperimentaI selectivities are shown in parentheses. “CT values were computed as
the addition of the individual QTAIM charges of all of the atoms in the cyclopentadiene moiety.

the bond path and can be employed to determine the =
character of a bond and also its stability.”> The relationship |
V3//Gy, (wherein V,, and Gy, are the local potential and kinetic
energies, respectively) and the total energy density, H;, (defined
as the sum of the V;, and G,), are used to analyze the covalent
character of the interactions.*' Furthermore, the delocalization
index (DI) indicates the extent of exchange of electrons
between two atomic basins, and it can be calculated between
two atoms bonded by a bond path or without having a bond
path to analyze the different interactions present in the TSs.**

For the QTAIM topological analysis, total electron densities
were calculated at the B3LYP/6-311++G(d,p) level of theory.
The bond and atomic properties were calculated using the
AIMALL program.” The accuracy of the integration over the
atomic basin (£2) was assessed by the magnitude of a function
L(Q), which is less than 10™° au for H atoms and 10™* au for
other atoms, in all cases.**

B RESULTS AND DISCUSSION

Energetic, Geometric, and Electron Charge Density
Analysis of the TSs. The DA reactions of cyclopentadiene
and dienophiles 3, 5, 6, 7, 9, and 10 have been previously
investigated at the B3LYP/6-31G(d) level of theory and using
the FMO approach.'*'> We have re-examined the geometric
and energetic parameters using the B3LYP/6-311++G(d,p)
method. Overall, our results agreed with those reported before.

Bond distances and Gibbs activation energies (AG*) for the
DA reactions under study are presented in Table 1. The
molecular graphs of the TSs for the endo and exo modes of
addition between cyclopentadiene and selected dienophiles are
shown in Figure 1 (the molecular graphs for remaining
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dienophiles are displayed in the Supporting Information). The
topological properties evaluated at the forming bond bcps are
listed in Table 2, which also includes the DIs.

The DA reactions of vinylborane 1 and dihalovinylboranes
2—4 presented the lowest activation energies (30.1—32.6 kcal
mol™!), which increased for dialkylvinylboranes 5—7 and the
boronic acid derivative 8 (35.1—35.6 kcal mol™) and
vinylboronates 9 and 10 (~36.5 kcal mol™"). The activation
energies for the reactions of the tetracoordinated boron
dienophiles 11 and 12 have the highest activation energies
(~37 kcal mol™"). The lower reactivity of dienophiles 8—12
may be related to the conjugation between the lone pairs on the
oxygen atoms and the vacant orbital of boron. In the
tetracoordinated boron compounds (11 and 12), these latter
orbitals are highly involved in the dative B—N bond of 11 and
in the strong B—F bonds of 12.

The calculated AG" values indicate that for the reactions of
1-5 and 7, endo pathways are preferred, while for the reactions
with the dienophiles 6 and 8—12, the formation of the exo
cycloadducts is more favorable. Interestingly, for the reaction of
vinyltrifluoroborate (12), an excellent exo selectivity was
computed (endo/exo 3:97), suggesting that the exo product
(PX-12) would be obtained almost exclusively.

Overall, the calculated endo/exo selectivities reproduced the
experimental ratios acceptably for the DA reactions of 3, §, 9,
and 10. For vinyl-9-BBN (6), the theoretical results predicted
lower endo/exo selectivity, which probably is a consequence of a
small difference in energy of the TSs corresponding to the endo
and exo pathways, as was previously reported.'®

The mechanisms of the DA reactions under study were
predicted to be concerted because the TSs were connected
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Figure 1. Molecular graphs of the TSs for the DA reactions of cyclopentadiene with dienophiles 1, 3, S, 10, 11, and 12.
Table 2. Local Topological Properties for Selected beps and DIs®
py (au) V?p, (au) € Vil/G, H, (au) DI
TS C,—-Cs C,—C; C—Cs C—C; C—C¢ GC,—C; C-Cq C,—C;  C—Cq C,—C; C—Cs C,—C; C,B
TSN-1 0.0369 0.0794 0.0479 0.0130 1.2101 0.0130 1.1795 1.8799 —0.0026 —0.0239 0.286 0.489 0.099
TSX-1 0.0302 0.0769 0.0473 0.0192 0.4994 0.0382 1.0706 1.8233 —0.0009 —0.0224 0.268 0.471 0.057
TSN-2 0.0338 0.0814 0.0478 0.0127 0.3951 0.0497 1.1673 1.8879 —0.0024 —0.0251 0.300 0.489 0.028
TSX-2 0.0336 0.0784 0.0473 0.0176 0.1977 0.0557 1.1671 1.8409 —0.0024 —0.0233 0.298 0.474 0.024
TSN-3 0.0273 0.0850 0.0453 0.0070 0.4614 0.0484 1.0589 1.9404 —0.0007 —0.0274 0.247 0.502 0.035
TSX-3 0.0271 0.0818 0.0446 0.0122 0.2025 0.0519 1.0592 1.8925 —0.0007 —0.0254 0.248 0.487 0.031
TSN-4 0.0251 0.0862 0.0439 0.0050 0.4838 0.0486 1.0212 1.9576 —0.0002 —0.0282 0.228 0.506 0.037
TSX-4 0.0253 0.0823 0.0436 0.0113 0.2069 0.0516 1.0279 1.9010 —0.0003 —0.0257 0.233 0.489 0.033
TSN-§ 0.0335 0.0788 0.0475 0.0161 0.4015 0.0417 1.1622 1.8536 —0.0023 —0.0235 0.295 0.482 0.036
TSX-§ 0.0331 0.0766 0.0467 0.0199 0.1889 0.0484 1.1618 1.8171 —0.0023 —0.0222 0.295 0.470 0.030
TSN-6 0.0322 0.0795 0.0461 0.0158 0.3386 0.0441 1.1540 1.8583 —0.0021 —0.0239 0.290 0.482 0.032
TSX-6 0.0321 0.0770 0.0458 0.0198 0.1683 0.0495 1.1531 1.8192 —0.0021 —0.0225 0.289 0.469 0.028
TSN-7 0.0307 0.0821 0.0463 0.0116 0.3874 0.0430 1.1227 1.8978 —0.0016 —0.0254 0.271 0.493 0.032
TSX-7 0.0295 0.0799 0.0450 0.0157 0.1717 0.0467 1.1079 1.8603 —0.0014 —0.0241 0.266 0.481 0.027
TSN-8 0.0412 0.0720 0.0469 0.0257 0.2047 0.0577 1.3047 1.7519 —0.0051 —0.0195 0.337 0.453 0.017
TSX-8 0.0383 0.0746 0.0462 0.0227 0.1202 0.0600 1.2611 1.7870 —0.0041 —0.0210 0.325 0.460 0.016
TSN-9 0.0361 0.0792 0.0455 0.0169 0.2218 0.0508 1.2299 1.8483 —0.0034 —0.0237 0.314 0.479 0.017
TSX-9 0.0375 0.0752 0.0459 0.0220 0.1205 0.0577 1.2517 1.7952 —0.0039 —0.0214 0.321 0.463 0.016
TSN-10 0.0389 0.0753 0.0464 0.0219 0.2024 0.0549 1.2731 1.7963 —0.0044 —0.0214 0.327 0.464 0.017
TSX-10 0.0394 0.0725 0.0466 0.0256 0.1230 0.0616 1.2778 1.7560 —0.0045 —0.0198 0.328 0.451 0.016
TSN-11 0.0477 0.0685 0.0443 0.0298 0.1421 0.0684 14111 1.7021 —0.0077 —0.0175 0.359 0.439 0.010
TSX-11 0.0475 0.0667 0.0436 0.0316 0.1104 0.0774 1.4123 1.6776 —0.0076 —0.0166 0.360 0.431 0.009
TSN-12 0.0588 0.0508 0.0389 0.0426 0.0652 0.0756 1.5668 1.4583 —0.0127 —0.0090 0.393 0.369 0.005
TSX-12 0.0580 0.0511 0.0385 0.0430 0.0476 0.0860 1.5624 1.4597 —0.0124 —0.0091 0.393 0.367 0.005

“See the text and Figure 1 for an explanation of the symbols and identification of atoms.

5562 dx.doi.org/10.1021/jp504972r | J. Phys. Chem. A 2014, 118, 5559—5570



The Journal of Physical Chemistry A

directly to the reactants and the products. All TSs were
asynchronous, the C,—C; distances (1.98—2.13 A) being
shorter than the C,—C distances (2.31—2.64 A), except for
the TSs of vinyltrifluoroborate (12), in which RC,—C; > RC,—
(%

In all of the TSs, two new beps corresponding to the forming
C,—C¢ and C,—C; o-bonds and a ring critical point associated
with the six-membered ring were found that agree with the
characteristic topological pattern of the TSs with [4 + 2]
character (Figure 1).>*7** For the TSs of 1—11, the values of p,,
at the C;—C beps (0.025—0.047 au) were lower than those at
the C,—C; bcps (0.067—0.086 au), and for the TSs of
dienophile 12, the pj, values at the C,—C4 beps (0.025—0.047
au) were slightly higher than those at the C,—C; beps (0.067—
0.086 au), in agreement with the bond formation distances. The
difference of p, at C,—C¢ and C,—C; bcps also reflects the
asynchronicity of the TSs. In this sense, a good linear
correlation was obtained between the AR and Ap, (R* =
0.95; see the Supporting Information). For all of the TSs, V2,
> 0, IV,l/Gy > 1, and Hy < 0 at the C;—C4 and C,—C;5 beps,
indjcatin§ that the nature of the forming bonds is partially
covalent.*"*” For the TSs under study except for the ones
corresponding to 12, the ellipticity values at the C,—C; bcps
were lower than those at the C,—Cg bceps, which denotes that
the distribution of the electron density around the interaction
line C,—C; is more symmetrical than that around the C,—Cq
interaction, in accordance with the degree of formation of the
o-bonds.

In the endo TS of the reaction with vinylborane (1) (TSN-1),
the Cc—B distance (2.460 A) was shorter than the C,—Cq
distance (2.527 A), and the DI of C,—C; had a considerable
value (0.10), denoting that this TS had [4 + 2] character with a
significant nonclassical C4—B orbital secondary interaction.
Previously, we found that the endo TSs of the DA reaction of
vinylborane and isoprene have [4 + 3] character, characterized
by two new beps (C,—C; bep and C¢—B bep) and a ring critical
point corresponding to a seven-membered cyclic structure.”’
The C4—B bcp was not found in TSN-1, but it exhibited a
significant C4—B interaction that might be responsible of its
lower barrier energy. For the remaining TSs, C4—B distances
were longer than C;—Cy distances. As expected, the DIs of C4—
B were lower (0.04—0.01), in particular, for the TSs of
reactions with dienophiles 8—12, denoting a weak C4—B
secondary orbital interaction. For the reactions with dien-
ophiles 2—7, DI C4—B values were higher in endo TSs, while for
the reactions with dienophiles 8—12, those values were of the
same magnitude for both endo and exo TSs. The experimental
endo selectivity of the DA reactions of cyclopentadiene with
dienophiles 3, 5, and 6 was attributed to the C4—B secondary
orbital interaction in the endo TSs evaluated by the Wiberg
bond indexes. Therefore, the lower endo selectivity calculated
for the reaction of 6 might be related to the greater size of the
substituent."

Interestingly, in the exo TSs of the reactions with 2—4 and
7—12, a hydrogen bond interaction was found with one of the
acidic protons of the methylene of cyclopentadiene as the
proton donor and an atom of the substituent attached to boron
as the proton acceptor (Figure 1). In TSX-12, another
hydrogen bond interaction between the C,—H of cyclo-
pentadiene and a fluorine atom was also localized. The
interaction distances and topological properties of the hydrogen
bonds are shown in Table 3. The hydrogen bond interactions
were calculated to be weak hydrogen bonds because the H---X
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Table 3. Bond Distances and Local Topological Properties
for Hydrogen Bonds (H-X) in TSs”

hydrogen Ry x V2,

TS bond (A) Py (au) (au) IVil/G,  H, (au)
TSX-2 H,--F 2.446 0.0092 0.0351 —0.8407 0.0012
TSX-3 H,--Cl 2.726 0.0093 0.0305 —0.7575 0.0015
TSX-4 H,-Br 2.825 0.0095 0.0281 —0.7784 0.0013
TSX-7 H,--C 2.632 0.0084 0.0255 —0.7854 0.0011
TSX-8 H,--O 2.447 0.0103 0.0350 —0.8350 0.0012
TSX-9 H,--O 2432 0.0109 0.0360 —0.8477 0.0012
TSX- H,---O 2.569 0.0085 0.0287 —0.8316 0.0010

10
TSX- H,--O 2431 0.0104 0.0354 —0.8431 0.0012

11
TSX- H,---F 2314 0.0120 0.0426 —0.8781 0.0012

12

HgF 2.370 0.0118 0.0473 —0.8516 0.0015

“H, is one of the acidic protons of the methylene of cyclopentadiene.

bond lengths lie between 2.31 and 2.82 A In addition, the p,
at the H---X bcps were low (0.008—0.012 au), and the values of
V?2p, were positive within the range of 0.025—0.047 au. These
values are within commonly accepted values for hydrogen bond
interactions (for p,, from 0.002 to 0.040 au and for V?p, from
0.020 to 0.150 au)*® and also indicated that the intermolecular
interactions can be classified as “closed-shell” interactions. In
addition, for the bcps corresponding to hydrogen bonds, VZp,
> 0 and Hy, > 0, revealing that these interactions were mainly
electrostatic in nature.>

Taking into account that hydrogen bonding involves a CT
from the proton acceptor to the proton donor, this interaction
can exert two different indirect electronic effects on the system,
depending on the acceptor of the proton.>' In the exo TSs of
2—4, the hydrogen bond C—H--X (X = F, Cl or Br) could
reduce the electron-withdrawing effect of the halogen atom,
which is opposite of the stabilizing effect of this interaction.
Thus, the slightly stronger C4—B secondary interaction in endo
TSs of the DA reactions of 2—4 could be an important factor in
the selectivity of these reactions. The nonclassical hydrogen
bond C—H:--C in the exo TS of 7 is a weak interaction and
does not play an important role in the stabilizations of this. In
the case of the exo TSs of 8—11, the hydrogen bond C—H---X
(X = O) reduces the ability of the oxygen lone pairs to donate
charge density into the vacant boron orbital. As both endo and
exo TSs present similar C4—B secondary orbital interactions, we
infer that the effects of the hydrogen bond should play an
important role in the exo selectivity of these reactions. In
particular, the higher stability of the exo TS of the reaction with
12, with similar C4—B orbital secondary interactions for both
TSs, may be explained by the cooperative effect of the two
hydrogen bonds in the exo TS among the two fluorine atoms
and the hydrogen atoms of cyclopentadiene.

On the other hand, the calculated CTs indicate that in the
TSs, the flow of electron density is from the diene toward the
dienophile (positive sign), except in the TSs of 12, in which the
flow is inverted (negative sign) (Table 1). In the TSs of
dienophile 12, the electron charge distribution is different from
those in the other TSs, which may be related to the peculiar
forming bonds. For the DA reactions, it has been proposed that
an increase of the CT in the TSs is associated with a decrease of
the energetic barrier.”>>* Moreover, other studies indicated that
for the same DA reactions, CT values did not correlate well
with activation, and thus, care should be exercised when
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Figure 2. Envelops of the Laplacian of the electron density at L. = 0.00 au for cyclopentadiene and selected dienophiles. The (3, +1) critical points of
L, for the atom participating in the forming bond of the DA reactions are denoted with red spheres.

estimating reactivity trends from CT. For the present
investigation, acceptable linear correlation between the CTs
and the activation energies (R* = 0.85) was obtained. The TSs
of dienophiles 1 and 12 do not fit in this correlation due to a
considerable secondary orbital'>*"** interaction found in TSN-
1 and the inverse flow of electron charge in the TSs of 12.

Laplacian of the Electron Density in Isolated
Reactant. The Laplacian of p, provides an enhanced view of
the local form of the electron density, and its topology can
show in a molecular graph the localization of the preferential
reactive sites for the nucleophiles and the electrophiles and has
been used as an indicator to predict chemical reactivity.>">>~>
For example, for the Michael addition, the relative reactivity of
the activated double bond of a series of molecules (acrylic acid,
methacrylic acid, acrylonitrile, and acrolein) toward a
nucleophilic attack was predicted by the values of V?p, at the
corresponding critical point and was in agreement with the
experimental data.>® Such analysis was carried out herein to
predict the reactivities of boron-activated dienophiles in DA
reactions using the isolated reagents. It is convenient to
introduce the function L, = —1/4V?p, because its density is
locally concentrated or depleted.>® The valence shell of an atom
is divided into an inner region where L, > 0 (called the valence
shell charge concentration, VSCC) and an outer one where L,
< 0. The critical points in the distribution of the L, function
provide the precise localization of different reactivity zones. A
(3, —3) critical point corresponds to a local maximum in L, and
indicates a local electron charge concentration (L, > 0), while a
(3, +3) critical point corresponds to a local minimum in L, and
indicates a local depletion of the electron charge (L, < 0).
Saddle points might be either (3, —1) or (3, +1) critical points.
The envelops of the Laplacian of the charge density at L= 0.00
au for cyclopentadiene and selected dienophiles are displayed in
Figure 2. Cyclopentadiene exhibits (3, +1) critical points of L,
on C; and Cg, and the dienophiles present (3, +1) critical
points on C; and C, above and below the molecular plane.
These critical points may be correlated with centers of
interaction of the diene and dienophile in the DA reactions.
In Table 4, the values of the p, and L, at the (3, +1) critical
point of L, are shown.

The (3, +1) critical points at C; and Cg of cyclopentadiene
were localized in a zone of charge concentration (L, > 0), and
the values of L, at these critical points were more positive
(0.0746 au) than those at critical points at C, and C, of the
dienophiles. The (3, +1) critical points on C, for dienophiles

5564

Table 4. Properties of the Laplacian of the Charge Density at
the (3, +1) Critical Points in the VSCC of the Reactants
Evaluated on Selected Atoms along with the Electrophilicity
Indices (@)

reactants p; (au) L, (au)  (eV)
C; and Cq C; and Cq4
cyclopentadiene 0.1692 0.0746 112
C, C, c, C,
1 0.1545 0.1450 0.0196 —0.0202 237
2 0.1605 0.1479 0.0383 —0.0121 2.06
3 0.1602 0.1469 0.0400 —0.0148 2.53
4 0.1601 0.1465 0.0406 —0.0155 2.68
S 0.1553 0.1500 0.0255 —0.0035 1.80
6 0.1551 0.1493 0.0220 —0.0057 1.80
7 0.1540 0.1517 0.0160 0.0024 2.37
8 0.1595 0.1518 0.0364 0.0026 1.46
9 0.1584 0.1528 0.0323 0.0054 137
10 0.1578 0.1535 0.0270 0.0087 133
11 0.1585 0.1558 0.0228 0.0124 1.40
12 0.1696 0.1466 —0.0137 0.0641 0.00

1—6 were found in a region of charge depletion (L, < 0), while
(3, +1) critical points at C, were placed in a region of charge
concentration (L, > 0). The regions of charge depletion on the
carbon atoms have been associated with sites of nucleophilic
attack in methanol and similar compounds.*®*® Thus, C, is
more susceptible to nucleophilic attack than C,, and this finding
may be related to the formation of the C,—C; bond being more
advanced than the C;—C4 bond. For dienophiles 7—11, the (3,
+1) critical points of both C; and C, were found in regions of
charge concentration. However, p, was smaller and L, less
positive at the (3, +1) critical points on the C, atom than those
on C,, predicting that for the DA reactions of cyclopentadiene
with these dienophiles, the interaction between C, and C;
would be more favorable than that between C; and C, which is
in agreement with the bond distances and p, evaluated at the
corresponding beps. In dienophile 12, the (3, +1) critical points
of L, on C; were found in a region of charge depletion, and
those on C, were placed in a region of charge concentration,
indicating that the formation of C,—C4 would be more
favorable, in accordance with the geometrical and topological
data of their TSs. The greater the charge depletion, the more
susceptible to nucleophilic attack the C,. Interestingly, a good
linear correlation between p, and L, at the (3, +1) critical points
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on C, and the activation free energy (AG") was obtained for activation barrier of the polar DA reaction.>” Therefore, we
dienophiles 1—11 (R* = 0.87 for both relationships; Figure 3). performed an analysis of the electrophilicity of the reagents to
Vinyltrifluoroborate (12) did not fit into these correlations due correlate such results with those obtained with the Laplacian of
to its anionic nature, which confers a particular feature on this the charge density analysis. The global electrophilicity indexes,
dienophile. , for the reagents are displayed in Table 4 (last column).®® A

The global electrophilic index (electrophilicity) of the linear correlation between the activation free energy and the @
reagents in their ground state has been used to estimate the index of the dienophiles under study, except dienophile 12, was
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also found, although the data did not fit as well as that with the
other parameters (R* = 0.70).

According to these results, the Lapacian of the charge density
analysis may be a useful tool not only to identify the reactive
site in a dienophile but also to properly estimate the reactivity
of neutral boron-activated dienophiles. It is worth mentioning
that this conclusion is based on a real physical property of the
system, the electron charge density that can be obtained by
either experimental or computational methods.

Evolution of the Local Properties of p(r) and the
Atomic Population along the Reaction Paths. Recent
theoretical studies have shown that the analysis of the electron
density along the reaction channel is a powerful tool to
understand the mechanisms of DA reactions.®’ Such analysis
was carried out to obtain more insight about the effect of the
nature of the boron moiety on the distribution of the electron
density in the course of these reactions. We analyzed the
reactions of 1, 3, §, 10, 11, and 12 as models of different boron
moieties. Overall, the trends of the p, and V2p, at the bcps
corresponding to the forming bonds (C,—C4 and C,—C,)
along both endo and exo pathways were similar to only a slight
difference in the magnitude (see the Supporting Information);
thus, the changes in these topological properties are shown for
the lowest-energy pathways of each reaction. The variations of
p, and V2, at the C;—Cg4 and C,—C; beps along the IRC for
selected reactions are displayed in Figure 4.

It is interesting to note that in the endo pathway of the
reaction with 1, the C4—B bcp was found in early stages of the
reaction (from ~—9 to —6 amu'/> Bohr); then it disappeared,
and suddenly, the C,—C4 bcp appeared. py, at the C¢—B bep
had low values (from 0.0134 to 0.0172 au), and the values of
V?p, were positive, denoting the weak nature of this
interaction. This finding reflected that the endo pathway of
the DA reaction with 1 evolves from a [4 + 3] to a [4 + 2]
structure; thus, the system goes through a conflict point, in
which the C, and B atoms compete to be the attractor of the
charge density of the bond path that connects with C4 Such
particularity was observed for the endo pathway of the DA
reaction of vinylborane with isoprene, but the conflict point
that appeared after the TSs and the C4—B interaction was
stronger, with characteristics of a “shared shell” interaction
being responsible for the low barrier energy of this reaction."

As was noted in the analysis of the TSs, the formation of the
C,—C; bond was more advanced than that of the C;—Cg4 bond.
When comparing the selected dienophiles, the increment of p,,
and the change of sign of V?p, (from positive to negative) at
the C,—Cg bep occurred more rapidly in the order 1 <3 < § <
10 < 11 < 12, which indicates the strengthening of the C,—Cq
interaction. The C,—Cj; interaction becomes stronger in the
reverse order. Furthermore, as C,—C; formation is more
advanced, the profiles of p, and V?p, at C,—C; bcp become
more different to those evaluated at the C;—Cg bcp, and this
explains why the reactions become more favorable energeti-
cally. Moreover, for the reaction with the highest energy barrier,
that is, with 12, the trajectories of both topological properties at
the C,—Cg4 and C,—C; bceps are very close.

The DI of C4B was evaluated along the selected reaction
coordinates, considering the endo and exo pathways to evaluate
the behavior of the C4,—B secondary interaction (Figure S). The
values of DI of C4—B were low throughout the course of all
reactions except for that of vinylborane (1). The DI of C4B
reached maximum values after the TSs for the reactions with 1,
3, and 5 (0.11 for TSN-1, 0.08 for TSX-1, and ~0.04 for

5566

0.12 4

* TSN-1
. TSX-1
. TSN-3
. ° TSX-3
0.08 . . * TSN-5
. . TSX-5
. + TSN-10
* Y TSX-10
TSN-11
50800008550, TSX-11
° TSN-12

.g!' °030 "
TSX-12

000
P .
"d.:::tn

0.10 4

0.06 4

DIC,B

0.04 4

0.02 4

5500
R 0 S S s
0.00 AR Y

s, amu"? Bohr

Figure S. C¢|B DI along the IRC of selected DA reactions. The endo
and exo channels are indicated with solid and open symbols,
respectively.

reaction with 3 and 5). For the reactions with 10—12, the DI
C¢—B values were <0.02 along the reaction coordinates. For the
DA reaction of isoprene and vinylborane, the meta selectivity
was attributed to the stronger C4—B secondary orbital
interaction in the meta endo pathway for which the values of
the DI of C4B showed a bell-shaped profile, with a maximum
value of 0.31.>" Thus, the low endo selectivity calculated for the
reaction with 1 (endo/exo $8:42) may be partially attributed to
the same interaction. This interaction is weaker in the exo
pathways for the reactions with 3 and §, which can also
contribute to determine the endo/exo selectivities. The C4—B
secondary interaction becomes less important for the reactions
with 10—12. These results support the idea that the
combination of electronic and steric effects is responsible for
the observed selectivities of these reactions.

It has been previously demonstrated that the ellipticity
profile evaluated at the bcp corresponding to a forming or
breaking bond along the reaction coordinate constitutes a good
indicator to distinguish pericyclic and pseudopericyclic
reactions.”” 2 In addition, for the DA reactions of the isoprene
and boron-substituted dienophiles, the ellipticity evaluated at
the forming bond next to the boron atom was found to be a
useful parameter to differentiate the pathways associated with
[4 + 3] or [4 + 2] TSs and to distinguish between endo and exo
modes of addition.>" The ellipticity profiles evaluated at the
C,—Cs beps for both channels of selected dienophiles are
shown in Figure 6.

For the reaction with dienophile 1, the ellipticity profiles of
the endo and exo pathways were very different. For the endo
channel, the ellipticity increased up to a maximum of 1.21,
which appeared at the TS; then it decreased to values close to
zero. For the exo channel, the ellipticity decreased monotoni-
cally from 1.14 to values close to zero as the reaction
proceeded, and no maximum was observed. The bell-shaped
profile of & observed for the pathway associated with TSN-1
may be a consequence of the stronger C4—B secondary orbital
interaction. The reactions of dichlorovinylborane (3) and
dimethylvinylborane (5) in the endo pathways showed relatively
high & values at the beginning of the reactions, with maximum
values of 1.57 and 1.0S, respectively, and then decreased
progressively toward product formation. In the exo pathways,
the & decreased more abruptly as the reaction proceeded,
showing a similar profile to the exo channel of the reaction with
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Figure 7. Electron population of the (a) C, and (b) B atoms along the IRC for the lowest pathways of the selected DA reactions.

1. In the case of the reactions with vinylboronates 10 and 11
and vinyltrifluoroborate (12), the changes of & were less
pronounced than those described above, indicating that the
electron density undergoes smaller changes in the course of the
reaction. In the first stages of the exo channels, the values of €
were higher than those of the endo counterparts, in particular
for the reaction with 11; then for both endo and exo pathways,
the & decayed, but in the latter, it was more abrupt. Both endo
and exo pathways show a maximum of € before the TS, being
higher for the latter.

The ellipticity at the bep provides a measure of the extent to
which the electron density is asymmetrically distributed in
perpendicular directions away from the bond axis.®' Thus, these
results show clearly that for the DA reactions with boranes 1, 3,
and S, the changes of the electron density in the C,—Cq
bonding region are more significant that for those with
boronates 10 and 11 and trifluoroborate 12. Furthermore,
the changes of the electron density were more pronounced for
the endo pathways of the reactions with 1, 3, and § and the exo
pathway of the reaction with 10—12, denoting that the electron
distribution is strongly related to the stabilization of the system
and therefore to the selectivities. Consequently, although the
C¢—B interaction is weaker, the boron atom affects the
surrounding distribution of the electron charge density to
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different extents, depending on the nature of the substituent
attached to it and the mode of addition (endo or exo), which is
reflected in the stabilization of the system and therefore in the
selectivity of the reactions.

The atomic electron population N(Q), defined by QTAIM
as integrations of the electron density over the atomic basin
(Q), can be used to calculate the corresponding atomic net
charge as q(Q) = N(Q) — ZQ (ZQ being the atomic
number).'”%*% In general, similar trends of the electron
populations of the C}, C,, C;, C4, and B atoms along both the
endo and exo channels were observed.

The atoms whose population showed larger changes along
the reaction coordinate and different behavior related to the
nature of the substituents on the boron atom were C; and B.
The variation of the population of C,, Cs;, and C¢ was smaller
and presented almost similar profiles for the reactions with the
dienophiles under study (see the Supporting Information).
Figure 7 displays the variations of the electron populations of
the C, and B atoms along the course of the reactions with 1, 3,
5,10, 11, and 12 corresponding to the lowest-energy pathways.
C, had the highest electron population among the analyzed
carbon atoms, that is, presented the largest negative net charge.
The atomic populations of C; were in the range of 6.58—6.77
au for all reactions except for the one with 12. The changes
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were more pronounced for the reactions with 1, 3, and § than
for those with 10 and 11. The atomic populations increased
from the early steps of the reactions up to a maximum after the
TSs, and then, it decreased toward the product formation. For
the reaction with 12, the electron population of C, remained
almost constant until the TS; then it decreased slightly,
reaching a minimum, and finally, it increased slightly. The
electron population of the B atom changed considerably along
the reaction coordinates for the reactions with 1, 3, and 5, while
for the reactions with 10, 11, and 12, the changes were less
significant. These results suggest that larger variations of the
electron population are related to lower activation free energies.
This might be mainly due to the fact that there is more
redistribution of the charge density affecting the net charges of
the atom, in particular, the C; and B atoms along the course of
the reaction.

B CONCLUSIONS

In this study, the effect of the nature of the boron moiety on
the reactivity and the selectivity of a series of vinylboron
compounds in the DA reaction with cyclopentadiene has been
investigated using DFT methods and the QTAIM approach.
The calculated reactivity of the dienophiles decreases in the
order vinylborane (1) > dihalovinylboranes (2—4) >
dialkylvinylboranes (5—7) vinyl boronic acid (8) >
vinylboronates (9 and 10) > tetracoordinated organoboron
dienophiles (11 and 12). These results are in agreement with
the experimental data available.

All of the TSs show a topological pattern typical of [4 + 2]
TSs because the beps corresponding to the C,—Cg4 and C,—C;
forming bonds and a ring critical point associated with the six-
membered ring were found. The bond distances together with
the values of p, and V?p, indicated that the C,—C; forming
bond is more advanced than the C,—C forming bond in TSs of
1-11, while for the TSs of 12, the C;—C¢ bond has a slightly
greater degree of formation.

Calculations correctly predicted that the DA reactions of 1—
S and 7 are slightly endo-selective, which was mainly attributed
to the stronger C4—B secondary orbital interaction in the endo
TSs evaluated by the C4B DIs. The exo selectivities calculated
for the DA reaction of boronates 8—11 were rationalized in
terms of the hydrogen bond between the oxygen atom of the
boronate moieties and one of the acidic hydrogens of the
methylene of cyclopentadiene in the exo TSs. This interaction
reduces the ability of the oxygen lone pairs to donate electron
density into the vacant boron orbital. Interestingly, the two
hydrogen bonds and the existence of a cooperative effect
between them in the exo TS of the DA reaction of
vinyltrifluoroborate (12) determine the almost exclusive exo
selectivity (endo/exo 3:97) predicted for this DA reaction.

The topological properties p, and L, of the Laplacian of the
electron density evaluated at the (3, +1) critical points on the
isolated dienophiles indicated that C, is more susceptible to
nucleophilic attack than C, for dienophiles 1—11, while for 12,
this is inverted, in accordance with the geometrical and
topological data of the TSs. Interestingly, for dienophiles 1-11,
a good linear correlation between p, and L, at the (3, +1)
critical points on C, and the activation free energy (AG") were
obtained. We propose that the Lapacian of the charge density
analysis is a simple and valuable tool to identify the reactive site
and to properly estimate the reactivity of neutral boron-
activated dienophiles, which only needs the information about
the reagent molecules in their ground state. Also, it has the

~
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advantage of being based on a real physical property of the
system. Further studies on this subject are needed to extend the
scope of this approach.

The analysis of p,, and V?p, at the bcp corresponding to the
forming bonds and DI of C4/B along the reaction coordinates
demonstrated that although the C,—B interaction is weak, the
boron atom and the nature of the substituents affect the
distribution of the surrounding electron charge density and the
mode of addition.

The ellipticity evaluated at the C,—Cg bcp along the reaction
coordinates shows different profiles depending on the structure
of the dienophiles and the mode of addition (exo and endo). In
addition, the variation of this topological parameter along with
those for the atomic population of C; and B demonstrates that
the electron distribution is strongly related to the stabilization
of the system and therefore to the selectivity of the reaction.

The results obtained herein allowed us to gain a deeper
knowledge of the studied DA reactions and encourage further
experimental and theoretical studies of new related reactions in
our laboratories.

B ASSOCIATED CONTENT

© Supporting Information

Molecular graphs, the relationship between AR and Ap,, the
relationship between the free energy (AG") and charge transfer
(CT), topological properties, and the electron population along
the IRC coordinates. This material is available free of charge via
the Internet at http://pubs.acs.org.
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