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ABSTRACT: This computational and experimental study
represents the first case where “push-pull π+/π-” (PPππ) systems have shown a concrete application in Chemistry apart
from in spectral tuning. The most notable finding of this investigation was that a mode of interaction unprecedented in catalysis, a PPππ system, played a crucial role in the Henry reaction catalyzed by a NOBIN-based squaramide. The results
show that the PPππ system stabilizes the most favorable pathway, P1, with 2.7-4.7 kcal/mol. This is vital for the differentiation in energy of P1 over the rest of the pathways and directly affects both the reactivity and stereoselectivity of this
reaction. These results suggest that PPππ systems are promising tools with great potential for catalysis.

INTRODUCTION
Traditionally, π-interactions are weak non-covalent interactions that play a secondary role in many studies, since they are
eclipsed by stronger non-covalent interactions such as hydrogen bonds. However, the interest in π-interactions is growing
and it has been shown that these secondary actors play main
roles in numerous cases. For example, π-interactions have
been crucial in important areas such as catalysis,1 molecular
recognition,2 and crystal engineering,3 among others. Also,
these interactions are vital in many biological processes, including protein folding, drug-enzyme recognition, and biocatalysis.4
Push-pull π surfaces are aromatic groups that are capable of
interacting simultaneously with a cation and an anion or, as
seen in this research, with a δ+ atom and a δ- atom. The whole
interacting system, formed by an aromatic group, a δ+ atom
and a δ- atom, is denoted as a “push-pull π+/π-” (PPππ) system. These systems have been discovered very recently, in
2014, and so far there are only a few known examples.5 Until
now, previous studies had focused on the existence and properties of PPππ systems but no specific uses for these systems
had been discovered other than for spectral tuning. However,
as shown here, the application of these systems to catalysis has
a lot of unexplored potential.
In organocatalysis, catalysts commonly bind to substrates
using non-covalent interactions, such as hydrogen bonds,
electrostatic interactions and π-interactions.6 In this area, πinteractions have not attracted much attention in comparison to
other types of interactions. However, in many cases, these
interactions significantly affect stereoselectivity and yield,
making the creation of new, more efficient π systems highly
desirable.1

Squaramide catalysis7 is a field that has only begun to be
explored in computational chemistry. The first theoretical
study regarding squaramides in catalysis did not come to light
until very recently, in 2013,8a and to date there are not many
others that have tackled this issue.8
In this study, we investigated the Henry reaction9 catalyzed by
squaramide 3 (Scheme 1).10 In this reaction, a great number of
non-covalent interactions are formed, including hydrogen
bonds, π-oxygen, π-hydrogen and other kinds of weak interactions.11 This reaction presents an unprecedented mode of activation based on a π-δ+ atom (π-H) and a π-δ- atom (π-O) interaction that come from the two rings of a naphthyl group. More
interestingly, this system presents a unique design, where the
different groups that form the π-interactions are not covalently
linked to the PPππ system as seen in the existing examples.5
Scheme 1. Henry reaction catalyzed by squaramide 3 and some
examples of weak interactions present in this reaction.
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RESULTS AND DISCUSSION
Computational Study of the Reaction Mechanism. In this
investigation, 4-cyanobenzaldehyde (1a) was used as the model aldehyde. Typically, Henry reactions start with an initial
deprotonation of nitroalkane 2 followed by the nitronate attack
on aldehydes 1. After this, the alkoxy intermediate formed in
the attack is protonated to form product 4 (Scheme 2).
In order to determine the rate limiting step of this reaction, we
performed kinetic isotope effect (KIE) experiments using
CD3NO2 at a controlled temperature (30.9 ˚C). The inverse
secondary KIE value observed was caused by a rehybridization from sp2 to sp3 at the carbon atom of the deuterated MeNO2 (Table S1 in the ESI). This suggests that the Henry reaction studied follows the typical mechanism observed in Henry
reactions (MeNO2 deprotonation followed by a nitronate attack) and the rate-limiting reaction step is the nitronate attack
on aldehydes 1 (Scheme 2, TS1). This is also the step that
determines the stereoselectivity of this Henry reaction.

Scheme 2. General mechanism of the Henry reaction catalyzed by
squaramide 3.

After examining all the possibilities in which the
Henry reaction could proceed using catalyst 3 and
aldehyde 1a (see the Computational Details section
in the ESI for more information), we found seven
pathways using ωB97X-D/6-31G(d)12 (Figure 1).
This method is useful for studying structures with
non-covalent interactions such as the catalystsubstrate complexes observed in this reaction.11,13 It
is worth noting that pathways P1, P3 and P6 are
analogous to pathways P2, P4 and P7, respectively,
with the only difference being the direction of the
OH group in the NOBIN framework. The rotation of
the OH group was a key factor in achieving reliable
results, since changes of the position of the OH
group affects each pathway differently.
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Figure 1. Reaction pathways, P1 to P7, along with a tridimensional representation of their limiting reaction step TS1 using ωB97X-D/631G(d)(SMD=MeNO2).14 Black dotted lines represent hydrogen bonds, orange dotted lines represent π-interactions and the semi-transparent green
bonds represent the attack of the nitronate on aldehyde 1a. Calculations were performed using Gaussian 09.15

We focused on the rate-limiting step (TS1) since this is the
crucial step in determining the enantioselectivity of the Henry
reactions. Interestingly, the most favorable pathways in TS1
are the four pathways that contain π-interactions (Figure 2, P1P4). P1 and P3 are the pathways with lowest energies in TS1
and contribute more than 93% of the calculated enantiomeric
excesses (Table 1). The ωB97X-D/6-31G(d)(SMD=MeNO2)
approach accurately calculated the formation of the product
with the absolute configuration observed experimentally (S)
and 51% ee at 30.9 ˚C, which is very close to the experimental
value of 54% ee obtained at the same temperature. In addition,
in order to verify the connection found between the computational and experimental enantiomeric excesses with ωB97XD/6-31G(d)(SMD=MeNO2), we optimized the geometries and
calculated the Gibbs free energies (G) of the seven different
TS1 involved in the mechanism using a computational approach with higher level of theory: ωb97X-D/6311G(d,p)(SMD=MeNO2)16 with ultrafine grid (UF grid) and

applying the quasi-harmonic entropic approximation (QHA)
developed by Grimme 17 (Table 1). With this more sophisticated computational approach, the enantiomeric excess calculated
was
43%
ee.
Therefore,
both
ωB97X-D/631G(d)(SMD=MeNO2)
and
ωb97X-D/6311G(d,p)(SMD=MeNO2)(UF grid)(QHA Grimme) methods
predict enantiomeric excesses with very low margin errors
when compared to the experimental value of 54% ee.
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Figure 2. Representation of relative G (kcal/mol) at 30.9 ˚C of Int1,
TS1 and Int2 using 3 as the catalyst with ωB97X-D/631G(d)(SMD=MeNO2). Int1 of P2 was used as the reference.

Even though the enantiomeric excesses are higher at lower
temperatures, we used the enantiomeric excess of 54% because the comparison with the computational result is more
reliable. In fact, at higher values of enantiomeric excesses, the
variations in the difference of G between the different TS1
steps produce smaller effects in the calculated enantiomeric
excesses.
Computational Study of π-Interactions. Something unusual
was observed when studying the non-covalent interactions
formed in the different pathways of this Henry reaction. In
P1/P2 and P3/P4,18 the most favorable reaction pathways,
squaramide 3 interacted through π-interactions with the aldehyde. In P3, the oxygen atom interacted with the phenol ring
of the lower naphthyl group (Figure 3, B). More interestingly,
in P1, the lower naphthyl group interacted with the hydrogen
and the oxygen atoms of the aldehydes at the same time, using
one ring for each atom (Figure 3, A). We decided to study
these two interactions more thoroughly as this mode of interaction, where the naphthyl group creates two π-interactions, is
particularly uncommon.

Table 1. Relative G (kcal/mol) of TS1 employing 3 as the catalyst
along with their probability at 30.9 ˚C using ωB97X-D with different basis sets and the SMD (MeNO2 as the solvent).
Basis set

Pathway

Relative G
of TS1
(kcal/mol)

Probability
(%)

6-31G(d)

P1
P2
P3
P4
P5
P6
P7

-4.13
-2.21
-3.40
-1.92
-1.48
0.00
-1.49

71.8 (S)
3.0 (S)
21.5 (R)
1.9 (R)
0.9 (R)
< 0.1 (S)
0.9 (S)

P1
P2
P3
P4
P5
P6
P7

-4.01
-2.50
-3.42
-1.86
-2.01
-0.76
0.00

65.6 (S)
5.3 (S)
24.4 (R)
1.9 (R)
2.4 (R)
0.3 (S)
< 0.1 (S)

Calculated ee = 51%
Experimental ee = 54 ± 1.5%

6-311G(d,p)(UF
grid)(QHA Grimme)

Calculated ee =43%
Experimental ee = 54 ± 1.5%
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Figure 3. Non-covalent interactions present in TS1 of P1/P2 (A) and P3/P4 (B) with aldehyde 1a and catalyst 3 with enlarged representations of
the regions with π-interactions using ωB97X-D/6-31G(d)(SMD=MeNO2). Non-covalent interactions are equivalent in P1 and P2, as well as in P3
and P4.18 The grid data for sign(λ2)ρ and reduced density gradient (RDG) was generated with Multiwfn19 and the images were created using
VMD.20 Colors of the interactions: (1) blue: stronger non-covalent interactions; (2) green-light brown: weaker non-covalent interactions; (3) red:
repulsion. The black dotted lines inside the expanded images represent the π-oxygen and π-hydrogen interactions.

The π-interactions formed in P1 can be catalogued into two
main groups: π-hydrogen and π-oxygen. We observed that
their properties vary during the course of the reaction due to
changes in the initial aldehyde moiety triggered by the nitronate attack (Figure 4, A, B and C). Initially in P1, Int1 shows
one π-hydrogen (π--H-C=O) interaction and one π-oxygen
lone pair (π--O=C-H) interaction. In TS1, the π-interactions
are similar to the interactions present in Int1.

Finally, Int2 shows the same interactions, but the properties of
the H and O atoms of the aldehyde are different since the sp2 C
atom of the aldehyde changes into a sp3 C after the nitronate
attack and the O atom becomes an anion. Therefore, the interactions present in Int2 are one π-hydrogen (π--H-C-O-) interaction and one π-oxygen anion (π---O-C-H) interaction. The
latter of the two interactions attracts special attention since it is
very rare in catalysis21 and our study is, to the best of our
knowledge, the first example in which a π-anion (or the analogous π-δ- atom interaction) is observed using a naphthyl group
in catalysis.
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Figure 4. Top: enlarged images of the regions with π-interactions in Int1, TS1 and Int2 of P1 (A, B, and C, respectively), formed between aldehyde 1a and catalyst 3 optimized with ωB97X-D/6-31G(d)(SMD=MeNO2). Bottom: π-interactions in TS1 of P1 observed after single point energy
calculations with different basis sets using the geometries optimized with ωB97X-D/6-31G(d)(SMD=MeNO2): (D) 6-311G(d)(SMD=MeNO2); (E)
6-311G++(d,p)(Ultrafine grid)(SMD=MeNO2);22 and (F) ωB97X-D/Def2QZVPP(SMD=MeNO2).23 The grid data for sign(λ2)ρ and RDG was
generated with Multiwfn and the images were created using VMD. For reference, the π-oxygen and π-hydrogen interactions are represented with
black dotted lines in image A.

These interactions were observed also when using larger basis
sets in the calculations (Figure 4, D, E and F). As seen in
Figure 4, the representations of the π-interactions vary depending on the basis sets employed but in all the images the same
general shape is conserved.
As explained above, PPππ systems contain two π-interactions
that show different polarities: one interaction involves a cation
or a δ+ atom and the other an anion or a δ- atom. In order to
determine whether the H and O atoms involved in the πinteractions are δ+ or δ- with respect to the polarity of the
aromatic rings, we employed electrostatic potential (ESP)
maps generated at the ωB97X-D/6-311G++(d,p)(Ultrafine
grid)(SMD=MeNO2)//ωB97X-D/6-31G(d)(SMD=MeNO2)
level (Figure 5, A and B). These maps show that the hydrogen
atom displays a higher ESP value than the components of the

aromatic ring (δ+), while the oxygen atom shows a lower ESP
value (δ-); therefore, these results are in line with the definition
of PPππ systems. Additionally, the same results were observed
when ωB97X-D/6-31G(d)(SMD=MeNO2) was employed to
generate the ESP map at a different isodensity value (Figure 5,
C and D).
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Figure 5. Electrostatic potential (ESP) surfaces of TS1 of P1 with aldehyde 1a and catalyst 3 with enlarged images of the region of the π-H interaction (A and C) and π-O interaction (B and D). ESP maps were created at the ωB97X-D/6-311G++(d,p)(Ultrafine grid)(SMD=MeNO2)//ωB97XD/6-31G(d)(SMD=MeNO2) (A and B) and at the ωB97X-D/6-31G(d)(SMD=MeNO2) (C and D) levels. π-interactions are shown as black dotted
lines. The isodensity values were 0.01 e/Bohr3 for A and B and 0.04 e/Bohr3 for C and D.

These π-interactions are created with a naphthyl group whose
ESP distribution differs greatly from those previously reported
in other PPππ systems.5 In fact, the existing systems are especially designed to have two regions, with each region having a
different ESP, one significantly lower than the other; in contrast, as seen in Figure 5, the two rings of the naphthyl moiety
involved in the PPππ system show similar ESP.
Another important difference of this PPππ system with respect
to the previous systems is that the different groups that form
the π-interactions are not covalently linked to the aromatic
surface. This might be a key factor to design new systems with
π-surfaces that are compatible with a higher number of structural variations.
Determining the energies of the two π-interactions is quite
challenging since they have to be calculated individually in a
system with multiple non-covalent interactions. There are
examples in which the authors have measured the energy of πH interactions using the potential energy density values at
critical points of hydrogen bonds [V(rCP)], as proposed by
Espinosa et al.24 to measure the strength of X-H--O (X= C, N,
O) bonds. However, it has never been compared to experimental results for other interactions that were not X-H--O,
such as π-hydrogen interactions, which casts doubt on whether
or not this is an accurate approach for calculating the strength
of these π-interactions. Also, different authors have calculated
the energy of π-H and π-cation/anion interactions based on the

electron densities in the cage critical points (CCPs).25 Nevertheless, as shown in various aromatic molecules in the analysis
reported by Cubero et al.,25a the two π-interactions observed in
P1 did not show any CCP that connected the different parts
involved in these interactions.26 Consequently, it is not possible to calculate the interaction energies of the PPππ system in
our Henry reaction using the methods explained above.
In order to determine the interaction energies of our PPππ
system using another method, we designed a simple approach
inspired by the strategy created by Gadre and col.27 In our
study, the naphthyl group involved in the PPππ system observed in P1 was replaced with an H atom conserving the
same geometry of 3 (complexes P1-H, Table 2).28 This was
done so that P1-H would have the same non-covalent interactions as P1 except for those created by the two π-interactions
with the PPππ system (Table 2, B). Then, the interaction energy created by the two π-interactions of the PPππ system results
from the difference in the total interaction energies between
the catalyst and the substrates in P1 and P1-H. Moreover, the
maps of the non-covalent interactions obtained in P1-H also
verified that the H introduced was not involved in any interactions (Figure S1 in the ESI).
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Table 2. Energies of the strongest hydrogen bonds formed in P1
and P1-H.

A

B
a

a

c d

b

b

c d

e
f

TS1(P1)

Int1
TS1
Int2

Energy in P1
(kcal/mol)a
-2.40
-2.54
-2.67

Energy in P1-H
(kcal/mol)a
-2.40
-2.55
-2.67

N-H--O

Int1
TS1
Int2

-14.55
-12.16
-4.95

-14.55
-12.16
-4.95

N-H--O

Int1
TS1
Int2

-7.25
-8.40
-19.52

-7.24
-8.39
-19.50

H- bond

Type

Step

a

C-H--O

b

c

TS1(P1-H)

+

∇2ρ in the BCPs generated in the π-H interaction in gas phase
and in solution in order to see if the strength of this interaction
in gas phase changes significantly when the solvent is added to
the calculations. In all the steps (Int1, TS1 and Int2), the
results obtained in solution did not differ more than 1.3% from
the values obtained in gas phase (Table S3). This coincides
with the results previously obtained in Table S2 for other noncovalent interactions and suggests that, in the approach using
P1 and P1-H, the strengths of the π-interactions obtained in
gas phase are practically identical to those observed in solution.
Using the aforementioned approach, with the total interaction
energies of P1 and P1-H, the interaction energies of the PPππ
system (e and f) were measured in gas phase (Table 3). The
results suggest that the PPππ system contributes significantly
to the stabilization of P1 with 2.7-4.7 kcal/mol. Therefore, the
interaction energy of this system is higher that the strongest CH--O bond formed between 3 and the substrates (Table 2,
interaction “a”) and is only surpassed in energy by the N-H--O
hydrogen bonds. The π-interactions in the PPππ system become progressively weaker as the reaction goes from Int1 to
TS1 and Int2 (Table 3).
Table 3. Interaction energies of the PPππ system in Int1, TS1 and
Int2 of P1.

-7.29
-7.30
Int1
-8.11
-8.12
TS1
-18.29
-18.33
Int2
a
Energies calculated using the Espinosa’s formula EHB = ½ V(rcp) and
employing Multiwfn to calculate V(rcp) from calculations performed
at
the
ωB97X-D/Def2QZVPP(SMD=MeNO2)//ωB97X-D/631G(d)(SMD=MeNO2) level. Negative values represent stabilizing
interactions.
d

N-H--O

Another important factor is whether or not the substitution of
the lower naphthyl group for an H atom affected the rest of the
other non-covalent interactions, since this could lead to significant errors. To verify this, the energy of the most significant
hydrogen bonds (interactions “a” to “d”) was measured in both
P1 and P1-H in solution. As depicted in Table 2, the noncovalent interactions do not differ in more than 0.04 kcal/mol,
even in interaction “a”, which is formed with a hydrogen atom
from the aromatic group that receives the structural modification. Also, these interaction energies did not vary more than
0.07 kcal/mol when comparing the results obtained in gas
phase and in solution (Table S2 in the ESI). Therefore, the
interaction energy created by the PPππ system in the reactions
could be estimated as the difference of the total interaction
energies of P1 and P1-H either in gas phase or in solution.
An additional test was performed in order to verify that the
strengths of the π-interactions obtained in gas phase do not
significantly differ from the values obtained in solution. In this
test, the electron density (ρ) and its Laplacian (∇2ρ) were calculated in bond critical points (BCPs) generated by the hydrogen atom and one aromatic carbon atom involved in the π-H
interaction (Table S3). In BCPs created by a H atom or cation
and one aromatic carbon of a π-interaction, the ρ and ∇2ρ
calculated have previously been related to the strength of
diverse π-interactions.25a Therefore, we measured the ρ and

e
f

TS1(P1)
π-inter.

Step

Energy
Eint(P1) – Eint(P1-H) (kcal/mol)a,b
-4.70
-4.13
-2.67

Int1
TS1
Int2
a
All the calculations were performed at the ωB97XD/Def2QZVPP//ωB97X-D/6-31G(d)(SMD=MeNO2) level. b Energy
obtained from the difference in the total interaction energies of catalyst 3 and the substrates in P1 and P1-H. Negative values represent
stabilizing interactions.
e+f

An additional test was performed in order to determine if these
interactions were a crucial factor in making P1 the most favorable pathway. This time, the different reaction pathways were
calculated using squaramide 5 (Figure 6, B), which is identical
to squaramide 3 except in that it does not contain the naphthyl
group forming the PPππ system. It is worth noting that although 5 has the same structure as the catalyst used in P1-H,
the complexes of the catalyst and substrates using 5 are optimized and do not maintain the same geometries.
Catalyst 5 only generated pathways P1, P3, P5 and P6, since it
does not contain the rotating OH group that creates the other
pathways (P2, P4 and P7). In this study, we wanted to determine the energy variations caused by the PPππ system and, in
order to perform reliable energy comparisons, the catalystsubstrate complexes must have similar geometries and spatial
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dispositions when using either catalyst 3 or 5. For this reason,
P5 was excluded since the systems’ structures changed depending on the catalyst used, which could affect the energy in
the complexes. Also, the reaction step Int1 was discarded
since the spatial dispositions of the molecules changed significantly for the different pathways when using catalyst 5. Therefore, we compared the energies of reaction steps TS1 and Int2
of pathways P1, P3 and P6 because they displayed analogous
structures and spatial dispositions in all of the pathways when
using either 3 or 5.
The results when 5 is used as the catalyst contrast sharply
when compared to the results obtained with catalyst 3, which
contains the PPππ system: TS1 and Int2 of P1 are closer in
energy to TS1 and Int2 of P3 and P6 (Figure 6, B). A clear
example is seen in the difference in the G (ΔG) of TS1 in P1
and TS1 in P6 (GTS1(P6) - GTS1(P1)), which was 4.13 kcal/mol
when using catalyst 3 and 0.93 kcal/mol when using catalyst 5.

A

Furthermore, the factor that has the most notable impact on the
outcome of this reaction is the ΔG of the TS1 steps of the two
most favorable pathways, P1 and P3. The ΔG between TS1 of
P1 and TS1 of P3 (GTS1(P3) - GTS1(P1)) changes from 0.73 to
0.24 kcal/mol when catalyst 3 is replaced by catalyst 5, which
indicates that the elimination of the PPππ system from this
reaction would lead to notable changes in reactivity and enantioselectivity.
These variations in the energy of the pathways are mainly
caused by the absence of the two π-interactions that contribute
to lower the energy of P1. This study determines that the PPππ
system is crucial in the energetic differentiation of P1 over the
rest of the pathways when using 3 as the catalyst and affects
both reactivity and stereoselectivity of this Henry reaction.
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Figure 6. Relative G (kcal/mol) of Int1, TS1 and Int2 using different catalysts (3 and 5) with ωB97X-D/6-31G(d)(SMD=MeNO2). Int1 of P1 was
used as the reference. A: catalyst 3 (with the PPππ system in P1). B: catalyst 5 (without the PPππ system).

Experimental Study of π-Interactions. The formation of π–
interactions during the course of the reaction was also studied
experimentally. When using catalyst 5, both the reactivity and
stereoselectivity of the Henry reactions decreased in comparison with the results obtained using 3, even at higher concentrations (5 mol%) (Table 4, entries 1 to 6). This suggests that
the second naphthyl group is significantly involved in the
mechanism and that the differences in reactivity and selectivity could be triggered by the elimination of the π-interactions
that this naphthyl group forms.

Table 4. Yields and enantioselectivities obtained in the Henry
reaction of 1 and MeNO2 (2) using 3 or 5 as the catalyst in the
presence or absence of different external anions.

Entrya

Ald.

Catalyst

1
2
3
4

1a
1a
1b
1b

3
5
3
5

External
anionb
-

Time
(h)
19
19
19
19

Yield
(%)
56
14
93
10

ee
(%)
78
52
94
60

8

5
6
7
8
9
10

1c
1c
1c
1c
1c
1c

3
5
5
5
5
-

NO3BrPF6PF6-

>95c
48c
100c
100c
61c
16c

20
20
20
20
20
20

82
54
0
0
48
0

a
Reaction conditions: Aldehyde 1 (0.4 mmol, 0.2 M) was added to a
solution of squaramide 3 (0.004 mmol, 0.002 M) or 5 (0.02 mmol,
0.01 M) and the external anion (1 mmol, 0.5 M), when used, in MeNO2 (2) (2 mL) at -24 ˚C. Then, after the corresponding reaction time,
the products were purified by column chromatography. b Salts employed: [NBu4+][NO3-], [NBu4+][Br-] and [BMIM+][PF6-] (1-butyl-3methylimidazolium hexafluorophosphate) at a concentration of 0.5 M.
c
Yields were determined by NMR.

As seen previously, there are π-anion and π-δ- atom interactions in the most favorable pathways P1 and P3, which directly affect the reactivity and enantioselectivity of the reactions.
Therefore, the disruption of these interactions caused by the
addition of external anions29 should be noticeable in the outcomes of the reactions.30 Special attention needs to be paid
when selecting the external anion, since squaramides can
interact through NH hydrogen bonds with different compounds such as halogen anions and oxoanions.31 We used
squaramide 5 to test whether or not the different anions were
coordinating with the squaramide group through the NH bonds
and altering the results.
As expected, when NO3- and Br- were used as the anion, the
results changed drastically (Table 4, entries 7 and 8). However, the use of PF6-, a weakly coordinating anion, and its conjugated cation [BMIM+] did not alter the results of the catalysis
even at high concentrations. In fact, when PF6- was used with
catalyst 5, the resulting yield was the sum of the yields of the
reactions where 5 and PF6- were used individually (Table 4,
entries 6, 9 and 10). Moreover, the results only show a slight
decrease in the enantiomeric excess caused by the reaction
background of this anion (Table 4, entry 10). This suggests
that the enantioselectivity of the reactions catalyzed by 5 does
not change either after the addition of PF6-.
After choosing an appropriate anion that does not coordinate
with the squaramides through the NH bonds, the same experiments were performed for catalyst 3. Contrary to what was
observed for catalyst 5, when catalyst 3 was employed the
reaction yields decrease as the amount of PF6- increases, (Table 5, entries 1 to 4 and 5 to 6).
Table 5. Yields and enantioselectivities obtained in the Henry
reaction of 1c and MeNO2 (2) using 3 as the catalyst with different
amounts of [BMIM+][PF6-] as the source of external anions.

Entrya

Time (h)

1
2
3
4

7
7
7
7

Concentration
PF6- (M)
0
0.05
0.25
0.5

Yield (%)

ee (%)

62
55
53
49

76
74
72
69

5
6
7b

17
17
7

0
0.05
0.5

87
78
6

78
77
0

a

Reaction conditions: Aldehyde 1c (0.8 mmol, 0.2 M) was added to a
solution of squaramide 3 (0.004 mmol, 0.001 M) and the external
anion in MeNO2 (2) (4 mL) at -24 ˚C. After the reaction time showed
in the table, yields were determined by NMR and an aliquot from the
reaction was used to measure the enantioselectivity after purifying the
product by column chromatography. b Reaction performed without
catalyst 3.

The decrease in the yield is due to a disruption in the formation of π-δ- atom interactions between catalyst and substrates caused by the addition of competitive anions that can
form these interactions with the PPππ system.29 Therefore,
these experiments are in line with the theoretical studies and
support that π-δ- atom interactions are involved in P1 and P3.
CONCLUSIONS

In this investigation, a new mode of interaction has been detected in catalysis: a PPππ system. This plays a crucial role in
lowering the energy of the most favorable pathway, P1. The
results suggest that the PPππ system contributes to decreasing
the energy of the reaction steps of this pathway with 2.7-4.7
kcal/mol, which is vital for the differentiation in energy of P1
over the rest of the pathways.
The PPππ system is formed by a naphthyl group that interacts
simultaneously through two π-interactions, one with a δ+ atom
(hydrogen atom) and the other with a δ- atom (oxygen atom).
These π-interactions change during the course of the reaction
due to structural variations triggered by the nitronate attack on
the aldehyde.
This system differs significantly from the previously discovered types of PPππ systems in its structure and mode of interaction. The previous systems were designed specifically to
have two regions of different ESP values to interact with cations on one side and anions on the other side. Also, in previous
examples, at least one ion included in the PPππ systems was
attached covalently to the structure of the aromatic part of the
same system. In contrast, in the PPππ system studied here, all
of the elements of the two aromatic rings included in the PPππ
system show similar ESP values. Moreover, the hydrogen and
oxygen atoms and the aromatic part of the system are not part
of the same molecule.
The existence of π-interactions was also demonstrated experimentally. First, catalyst 5, which is analogous to squaramide 3
except in that it does not have the naphthyl group forming the
PPππ system, was employed. In all the reactions tested, the
yields obtained using catalyst 5 were always lower than the
corresponding yields observed when using catalyst 3.
Furthermore, when an external anion was added to the reactions catalyzed by catalyst 3, the reaction yields became progressively lower as the amount of external anion increased.
This suggests that π-δ- atom interactions are formed during the
reaction and their formation is hindered due to the presence of
competitive anions.
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