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Abstract: This study represents the first example where the 

accuracy of different combinations of density functional theory (DFT) 

methods and basis sets has been compared in squaramide catalysis. 

After an optimization process of the precision obtained and the 
computational time required in the computational calculations, highly 

precise results were achieved compared to the experimental 

outcomes while using the least amount of time as possible. Here, we 

have explored computationally and experimentally the mechanism of 
squaramide-catalyzed Henry reaction. This is a complex reaction of 

about 100 atoms and a great number of diverse non-covalent 

interactions. Moreover, this research is one of the scarce examples 

where the organocatalyst acts in a trifunctional manner and is the 
first investigation in which a trifunctional squaramide catalyst has 

been employed. Functional ωB97X-D showed the best results when 

used with different versions of the 6-311 basis sets, leading to highly 

accurate calculations of the outcomes of the Henry reaction using 
nine aldehydes with different structural characteristics. Furthermore, 

in these relatively large systems, the use of a split-valence triple-zeta 

basis set saves a large amount of time compared to using larger 

basis sets that are sometimes employed in organocatalytic studies, 
such as the TZV and Def2TZV basis set families. 

Introduction 

Evolution has shown us over millions of years how the 
development of highly effective biocatalysts is a process where 
catalysts gain efficiency and selectivity as catalytic systems 
become more and more complex. Currently, we are able to 
perform countless reactions with outcomes that until recently 
were not even imaginable due to, in part, the creation of 
complex catalytic systems that bind more efficiently and 
selectively to the substrates employed in reactions. 
Normally in asymmetric organocatalysis, the non-covalent 
interactions between the catalysts and the substrates are key 
players in promoting the reactions.[1] As the complexity of these 
systems grows, the number of interactions between catalysts 
and substrates generally increases, making the study of reaction 
mechanisms more intriguing and challenging. In this field, 
squaramides are a good example of complex catalysts that are 
used to obtain high stereoselectivities through the formation of 

numerous non-covalent interactions in chiral environments.[2] 
Also, the complex conformational systems of these compounds, 
which normally contain large structures with functional groups 
that can adopt multiple conformations,[2b,3] represent another 
challenge for those who study their catalytic mechanisms. 
Moreover, with the increasing interest for the synthesis of more 
complex catalytic systems with a high organization grade and a 
multidentate activation to offer a cooperative effect resembling 
the role of enzymes, trifunctional organocatalysts have emerged 
as an interesting option.[4] These multifunctional structures 
bearing multiple hydrogen bond donors and acceptors could 
facilitate the formation of more interactions in a synergic way 
and, thereby, significantly improve their catalytic activity.[5] 
In this investigation, we explored the Henry reaction catalyzed 
by trifunctional squaramide 3, since it represents a clear 
example of a complex and effective catalytic system (Scheme 1). 
In this system, a great number of non-covalent interactions are 
formed, including hydrogen bonds, π-oxygen, π-hydrogen and 
other kinds of weak interactions.[6] In addition, this is a large 
system in which the catalyst-substrate complex contains around 
100 atoms. The catalyst activates the reaction creating 
interactions with the substrates mainly through three different 
groups: an amino, a squaramido and a naphthyl group 
(trifunctional catalysis). All these interactions created between 
the catalyst and the substrates make the catalytic system very 
efficient to promote the process with a catalyst loading of only 
0.25 mol%, which is the lowest amount employed for this 
reaction in organocatalysis. 
 

 
Scheme 1. Henry reaction catalyzed by trifunctional squaramide 3. 

 
In computational chemistry, squaramide catalysis is an area that 
has been scarcely developed and to date there are not many 
studies that have tackled this issue.[2] Furthermore, there are not 
any studies regarding the accuracy of different combinations of 
basis sets and methods compared to experimental results. Many 
times, relatively large basis sets are used to obtain reliable 
results; however, sometimes the amount of time required is 
prohibitive for studying these considerably large systems. 
Therefore, it is highly desirable to find computational approaches 
that provide accurate results while requiring the least amount of 
computational time as possible. This research could be crucial 
for the development of computational squaramide catalysis, an 
area in which researchers normally deal with catalyst-substrate 
complexes that contain large amounts of atoms.  
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Results and Discussion 

Before the mechanism was studied computationally, some 
experiments were done in order to collect useful information 
about this reaction. This experimental study included kinetic, 
kinetic isotope effect (KIE) and NMR experiments, as well as 
reactions using different catalysts and additives. We employed 
4-cyanobenzaldehyde (1a) as the model aldehyde due to it is 
easy to handle and it does not contain appreciable amounts of 
its acid form. Since we have observed that the residual amounts 
of acid present in other aldehydes quench the Henry reactions 
catalyzed by squaramide 3, due to the deactivation of the 
catalyst molecules caused by the protonation of their amino 
groups. Furthermore, we used always the same temperature in 
the experiments (30.9 ˚C), which was measured using a glycol 
solution in DMSO-d6. 

NMR experiments. Catalyst-substrate interactions  

First, diverse nuclear magnetic resonance (NMR) experiments 
were performed in order to investigate how the different 
substrates of the reaction interacted with the squaramide 
catalyst. Since it was not possible to use CD3NO2 for these 
experiments because the reaction started right after the addition 
of aldehyde 1a, we chose CD3CN as the solvent. Even though 
the molecules adopt different conformations and ways of 
aggregation in CD3CN compared to those observed in CD3NO2, 
these studies brought a useful vision of the interactions formed 
in the catalyst-reagent complexes. At the same concentration of 
catalyst, different amounts of MeNO2 (2) and aldehyde 1a were 
added to study the resulting shifts in the catalyst’s 1H-NMR 
signals. The results suggested that the formation of interactions 
was fast, since changes of the hydrogen signals of catalyst 3 
were observed immediately after the addition of nitromethane 
(Figure 1) and aldehyde (Figure S2).  
When 1a was added, the signals of the catalyst showed small 
shifts even when large amounts of 1a were used, probably due 
to the low proportion of molecules of 1a interacting with 
compound 3 (Figure S2). In contrast, when MeNO2 was added, 
the squaramide’s peaks shifted considerably when one 
equivalent of MeNO2 was added and they did not shift further 
after subsequent additions (Figures 1 and S3). This suggests 
that the complex [3-H+][CH2NO2

-] is the main species when one 
or more equivalents of MeNO2 are added and, therefore, it is the 
main species when MeNO2 is used as the solvent. 
 

 
Figure 1. Aliphatic region of the 1H-NMR spectra of squaramide 3 (0.01 mmol) 

in CD3CN (0.5 mL) after the addition of different equivalents of CD3NO2 at 30.9 

˚C. 

Retro-Henry reaction 

Furthermore, we studied whether or not the retro-Henry or other 
side reactions proceeded under the optimized conditions. For 
simplicity, the term retro-Henry reaction will include all the 
processes that transform the products (4) into the initial reagents 
(1 and 2) depicted in Scheme 1. For this study, we performed 
the Henry reaction with 1a at -24 ˚C. Under these conditions the 
corresponding product 4a is obtained with 80% enantiomeric 
excess. At 30.9 ˚C, the Henry reaction of 1a leads to the product 
4a with an enantiomeric excess of 54% ee. Then, the 
enantiomeric excess of the product with 80% ee would change 
and progressively would become lower when product 4a is 
dissolved in a solution of MeNO2 containing catalyst 3 at 30.9 
°C.  
The retro-Henry reaction was appreciable at 30.9 ˚C, since the 
initial enantiomeric excess of the product changed from 80% to 
58% ee over two days (Table 1). The results also suggested that 
retro-Henry reactions are much slower than Henry reactions: 
while Henry reactions are completed within a few hours at 30.9 
˚C, the variations in the enantiomeric excess produced by the 
retro-Henry reaction required much longer times (48 hours for a 
variation from 80% to 58% ee). It is worth noting that the same 
enantiomeric excess (52-54% ee) is observed in the Henry 
reaction of 1a over one day at 30.9 ˚C (Table S1). This indicates 
that the enantiomeric excesses obtained are not significantly 
affected by other side reactions during the course of the Henry 
reactions. 
Table 1. Changes in the enantiomeric excess values of product 4a with 80% 

ee when it is dissolved in a solution of MeNO2 containing squaramide 3 at 30.9 
˚C. 

T (˚C)[a] Time (h) ee (%)[b] 

30.9 0 80 (initial) 

 24 68 

 48 58 

[a] Reaction conditions: Product 4a with 80% ee (0.2 mmol, 0.2 M) was 
added to a solution of squaramide 3 (0.002 mmol, 0.002 M) dissolved in 



 
 
 
 
 

MeNO2 (1 mL) at 30.9 ˚C. Then, after the corresponding time, an aliquot 
was extracted and the product was isolated by column chromatography. 
[b] Determined by chiral HPLC analysis using a Daicel Chiralpak IB 
column (n-hexane/i-PrOH = 90:10, flow rate 1 mL min−1, λ = 243.5 nm). 

 
All the information gathered from the previous studies suggested 
that the reaction pathways that form the global mechanism 
contain different reaction steps. The representation of the 
reaction steps for each individual pathway is depicted in Scheme 
2. It is worth noting that in this representation, the term “Henry 
reaction” involves all the steps from Int1 to the final step where 4 
separates from the catalyst. Analogously, the term “retro-Henry 
reaction” involves all the steps of the Henry reaction but in the 
opposite direction of the reaction. 
 

 

Scheme 2. Reaction steps of the individual reaction pathways of the Henry 

reaction studied. 

Orders of the Henry reaction 

In mechanistic studies, orders of reaction are very important 
since they give valuable hints about the amount of molecules of 
each type involved in the reaction mechanism. Using NMR 
experiments we calculated the orders of reaction for each 
component. The changes in aldehyde concentration (C) and 
ln(C) over time showed that the order of reaction of aldehyde 1a 
was 1 in diverse reactions using different catalyst loadings and 
temperatures (Figures 2 and S1). 
 
 

 

 
Figure 2. C (A) and ln(C) (B) of aldehyde 1a versus time at 30.9 ˚C and 2.5 

mol% of catalyst 3. 

 
In order to determine the order of reaction of catalyst 3, we 
employed the method of initial rates.[7] These experiments 
indicated that squaramide 3 has a reaction order of 1 in this 
Henry reaction under different reaction conditions (Table 2). 
 
Table 2. Initial rates at different temperatures and concentrations of 

squaramide 3.  

Temperature 
(˚C) 

Catalyst loading 
(mol%) 

Initial rate (M s-1) 
Order of 
reaction 

30.9 
2.5 0.00005603 

1 
1 0.00002255 

45.1 
2.5 0.00012809 

1 
1 0.00005247 

 
The order of reaction of MeNO2 could not be determined by 
NMR experiments since it is the solvent of the reaction and its 
concentration remains practically constant during the course of 
the reaction. Changing the solvent of the reaction or modifying 
the concentration to study the order of reaction of MeNO2 might 
lead to erroneous results due to changes in the aggregation and 
conformation of the molecules involved in the reaction pathways 
(Figure S4). In this study, only the molecule of MeNO2 that 
carries out the attack on the aldehyde in the Henry reaction will 
be explicitly represented in the calculations, while the solvation 
effect of the other molecules of MeNO2 interacting with the 
system will be taken into account with the solvation model based 
on density (SMD).[8] 

 

 

 

0

0,05

0,1

0,15

0,2

0 5000 10000

C
[M

]

t [s]

y = -0,0003x - 1,6079
R² = 0,9992

-3,5

-3

-2,5

-2

-1,5

-1

-0,5

0

0 2000 4000 6000 8000

ln
(C

)

t [s]

A 

B 



 
 
 
 
 

Kinetic isotope effect (KIE) 

Moreover, we performed different KIE experiments using 
CD3NO2 to determine the rate-limiting reaction step (Table 3). 
The traditional mechanism determined for the Henry (nitroaldol) 
reaction[9,10] consists in an initial deprotonation of MeNO2 
followed by the attack of the forming nitronate to an aldehyde.  
 
Table 3. KIE and reaction rate measurements of the Henry reaction at 

different temperatures. 

Temperature 
(˚C) 

KH (s-1)[a] KD (s-1)[a] KIE 

30.9 ˚C 0.00025777 0.00047948 0.54[b] 

25.5 ˚C 0.00024300 0.00037263 0.65 [c] 

[a] Rate constants KH were calculated following the “General Method for 
Measuring Orders of Reaction ” section using 2.5 mol% of catalyst that is 
detailed in the Experimental Section. Rate constants KD were calculated 
following the same method but using only CD3NO2 as the solvent. [b] The 
KIE value is not exact, since the solvent used for determining KH contained 
5% of CD3NO2. [c] This value was obtained using a mixture CH3NO2:CD3NO2 
(1:9). 

 

 
In the KIE experiments, we observed inverse secondary KIE 
effects (Table 3), which is typical for reactions where the atom 
that performs the attack changes its hybridation from sp2 to sp3 
(the C atom of MeNO2 in this reaction).[11] This suggests that the 
rate-limiting reaction step is the MeNO2 attack on the aldehyde 
(TS1). 

Role of the OH group in squaramide 3 

Another important factor that was previously observed is that the 
OH group of squaramide 3 is not involved in a great extent in the 
mechanism.[6] We performed some additional experiments using 
catalyst 5, which is identical to 3 except in that it has a OMe 
group instead of a OH group (Table 4). The results showed 
changes of only 2-8% yield and 2-5% ee when using catalyst 5 
instead of catalyst 3. The low variations observed in the 
outcomes of the reactions when using 3 and 5 suggest that the 
OH group is not involved significantly in the reaction mechanism. 
 

Table 4. Henry reactions using 3 or 5 as the catalysts with various aldehydes and temperatures. 
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OO
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OO

N
H

N
H

N
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1b

O2N

1c

O2N

 

Entry[a] Catalyst Aldehyde T (˚C) Time (h) Yield (%) ee (%)[b] 

1 3 1a -24 19 56 78 

2 5 1a -24 19 48 74 

3 3 1b -24 17 91 94 

4 5 1b -24 17 93 92 

5 3 1c -24 20 70 82 

6 5 1c -24 20 63 77 

7 3 1a 30.9 14 >95 54 

8 5 1a 30.9 14 90 54 

[a] Reaction conditions: Aldehyde 1 (0.2 mmol, 0.2 M) was added to a solution of squaramide 3 or 5 (0.002 mmol, 0.002 M) dissolved in MeNO2 (1 mL) at the 
temperature indicated in the table. Then, after the corresponding reaction time, the products were purified by column chromatography. [b] Determined by chiral 
HPLC analysis. 

Role of water in the Henry reaction 

The presence of water molecules in the mechanism coming from 
the solvent was also investigated. Under the same reaction 
conditions, the addition of water did not affect the outcomes of 
the Henry reactions studied (Table 5). This suggests that water 
molecules from the solvent are not involved in the reaction 
mechanism. 
 

 

 

 

 

 

 

 

 



 
 
 
 
 

Table 5. Henry reactions of 1a and 1b in the presence of different amounts of 

water. 

 

Entry Conditions Aldehyde T (˚C) 
Time 
(h) 

Yield 
(%) 

ee 
(%)[b] 

1 MeNO2 
anhydrous 

1a -24 19 55 80 

2 
MeNO2 

anhydrous 
+ 11 μL H2O

[a] 
1a -24 19 47 82 

3 
MeNO2 

anhydrous 
1b -24 17 91 94 

4 
MeNO2 

anhydrous 
+ 11 μL H2O

[a] 
1b -24 17 87 95 

[a] Addition of larger amounts of H2O resulted in heterogeneous reactions 
that led to the same results compared to those obtained when adding 11 μL 
H2O. Reaction conditions: Aldehyde 1 (0.2 mmol, 0.2 M) was added to a 
solution of squaramide 3 (0.002 mmol, 0.002 M) dissolved in MeNO2 (1 mL) 
at -24 ˚C. Then, after the corresponding reaction time, the products were 
purified by column chromatography. [b] Determined by chiral HPLC analysis. 

 

 
These initial experimental results guided the creation of a model 
for the system before starting the computational calculations. In 
summary, the experimental results suggested that: (1) 
squaramide 3 deprotonates MeNO2 in solution and interacts 
weakly with the aldehydes; (2) the reaction pathways follow the 
steps depicted in Scheme 2; (3) the order of reaction of the 
catalyst and aldehyde is 1; (4) the rate-limiting reaction step is 
the nitronate attack on the aldehydes; (5) the OH group of the 
catalyst is not involved significantly in the reaction; and (6) water 
molecules from the solvent does not interfere in the mechanism.  
 

 

 

 

 

 

 

 

 

 

Computational study of the mechanism  

With the information gathered in the experimental studies, we 
began to study the reaction mechanism, focusing on the 
nitronate attack on the aldehyde (rate limiting step) since it is the 
step that determines the stereoselectivity of the reactions. 
Initially, different systems were designed in which the three initial 
components of the reaction (protonated squaramide 3, 
deprotonated nitromethane and aldehyde 1a) interacted non-
covalently. This led to a wide variety of possibilities, since the 
three molecules could interact through different functional 
groups and the catalyst could adopt many different 
conformations. In total, we found more than 50 different 
structures (using B3LYP/6-31G(d))[12,13] that showed relatively 
complex networks of hydrogen bonds and other non-covalent 
interactions, such as π-stacking and electrostatic interactions 
(Figure S5). Then, we analyzed these structures and selected 
those that could lead to the nitronate attack on the aldehyde 
while following the criteria established in the previous 
experimental exploration. Therefore, we discarded the structures 
that: (1) did not follow a pathway that connected them to any 
Henry reaction product; and (2) did not pass the experimental 
criteria (i.e., when the OH was significantly involved in the 
mechanism). 
After this thorough preliminary study, we found seven pathways 
using B3LYP/6-31G(d) and ωB97X-D/6-31G(d)[14] (Figure 3). It is 
useful to note that pathways P1, P3 and P6 are equivalent to 
pathways P2, P4 and P7, respectively, with the only difference 
being the direction of the OH group. The direction of the OH 
group of the naphthyl moiety was an important factor at the 
beginning of this study since the changes of the position of this 
group affects the energy of each pathway in a different way. As 
stated above, we focused on the rate limiting step (TS1) 
because this step determines the stereoselectivity of the 
reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 

   

     

 

 

 

Figure 3. Tridimensional representations of TS1 of reaction pathways P1 to P7 (with the absolute configuration of the product derived from each pathway), using 
ωB97X-D/6-31G(d)(SMD=MeNO2). 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. For a more detailed representation of each reaction pathway, see Figure S6 in the ESI. 

 
The difference in the results between the two methods employed 
to study the seven pathways was considerable. First, B3LYP did 
not lead to product 4a with the absolute configuration observed 
in the experiments (Table 6). This was to be expected as this 
functional does not perform very well in systems with non-
covalent interactions.[15] On the other hand, functional ωB97X-D 
worked considerably well. It showed the formation of the correct 
enantiomer and presented an accurate value of enantiomeric 

excess at 30.9 ˚C (51% ee [calculated] vs 54% ee 
[experimental]). 
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P2 (S) 
 

P3 (R) 
 

P4 (R) 
 

P5 (R) P6 (S) 

P7 (S) 



 
 
 
 
 

Table 6. Relative G (kcal/mol) of TS1 employing aldehyde 1a, nitromethane and 3 as the catalyst along with their probability at 30.9 ˚C.  

B3LYP/6-31G(d)(SMD=MeNO2) ωB97X-D/6-31G(d)(SMD=MeNO2) 

Pathway 
Relative G of TS1 

(kcal/mol) 
Probability (%)[a] Pathway 

Relative G of TS1 
(kcal/mol) 

Probability (%)[a] 

P1 -1.02 7.9 (S) P1 -4.13 71.8 (S) 

P2 -0.55 3.6 (S) P2 -2.21 3.0 (S) 

P3 -2.34 70.3 (R) P3 -3.40 21.5 (R) 

P4 -1.29 12.4 (R) P4 -1.92 1.9 (R) 

P5 -0.32 2.5 (R) P5 -1.48 0.9 (R) 

P6 -0.13 1.8 (S) P6 0.00 <0.1 (S) 

P7 0.00 1.4 (S) P7 -1.49 0.9 (S) 

Calculated ee (using all the pathways) = -71% 

Experimental ee = 54% 

Calculated ee (using all the pathways) = 51% 

Calculated ee (using only P1 and P3) = 50% 

Experimental ee = 54% 

[a] Probabilities were calculated using Maxwell–Boltzmann statistics (see the ESI for more information). 

 
Pathways P1 and P3 showed the two most favorable TS1 steps 
when using ωB97X-D, which represented 93.3% (71.8% 
P1(TS1) and 21.5% P3(TS1)) of the global results (Table 6). The 
calculated enantiomeric excesses obtained using only these two 
pathways are very similar to those obtained using the seven 
pathways. This was also observed in later studies when using 
other aldehydes and, therefore, only P1 and P3 were taken into 
account to calculate the enantioselectivities. This is a time-
saving approach that greatly reduces the amount of data 
involved while generating only low variations in the results 
obtained.  
In order to find a reliable computational approach to study this 
squaramide-catalyzed reaction, it is highly desirable to use 
combinations of functionals and basis sets that: (1) lead to the 
correct absolute configuration of the products using a wide 
variety of substrates; (2) have small error margins; and (3) 
require as little time as possible. Different tests were conducted 
to determine the accuracy of diverse computational approaches 
employed for studying the Henry reactions. First, the difference 
of Gibbs free energy (G) between the TS1 of pathways P1 and 
P3 (ΔΔGǂ) was calculated for Henry reactions using diverse para 
substituted aldehydes, which included atoms from different rows 
in the periodic table such as Cl and Br, and the outcomes were 
compared to the experimental results. Aldehydes with 
substituents in the meta position and heterocycles were also 
employed in order to broaden the scope of this aldehyde 
computational screening. In these cases, four pathways (P1(A), 
P1(B), P3(A) and P3(B)) needed to be taken into account in the 
calculations since the substituent can be located in two different 
positions that have different G (Figure 4). 

 
 
Figure 4. Example of the two different positions that the NO2 group adopts in 

TS1 of P1 when using aldehyde 1b (3-NO2). 

 
The computational approaches explored in this study included 
the first two functionals previously mentioned and additional 
functionals that included different dispersion corrections, such as 
M06-2X[16] and B3LYP-D3(BJ).[17] At first, these functionals were 
employed with the 6-31G(d) basis set since this basis set 
showed good results in combination with the ωB97X-D 
functional. Also, another commonly used strategy was 
evaluated, in which single point energy calculations are 
performed employing geometries optimized at a lower level of 
theory, using the G correction from the approach used in the 
optimization process (single-point strategies). Testing different 
methods is vital in this investigation since, as seen in Figure 5, 
the energies of the different reaction steps varies in a great 
extent when employing different methods to study these 
systems.[18] Depending on the functional used, the results 
showed different relative energies in Int1, TS1 and Int2, which 
strongly affects the trajectories of the reaction pathways and the 
calculated enantiomeric excesses.  

P1(A) P1(B) 



 
 
 
 
 

 
Figure 5. Representation of relative G (in kcal/mol) of Int1, TS1 and Int2 of the different reaction pathways (aldehyde 1a, nitromethane and catalyst 3 at 30.9 ˚C), 
using B3LYP/6-31G(d)(SMD=MeNO2) and ωB97X-D/6-31G(d)(SMD=MeNO2).  

 
The results in the computational tests using different aldehydes 
were quite different depending on the functional employed. 
B3LYP led to the wrong absolute configuration of the products in 
four out of five aldehydes studied (1a, 1d, 1f and 1g) and could 
not find the TS1 of 1c (Table 7). Also, M06-2X calculated the 
wrong enantioselectivity in five out of six reactions (1a, 1c, 1d, 
1f and 1g). This is probably due to the basis sets employed in 
the energy calculation, as when the energy was obtained using 
considerably larger basis sets the correct absolute 
configurations were observed (single-point strategies,[19] Table 
S2). B3LYP-D3 did not lead to good results either, since there 
were various reactions in which the TS1 could not be found in 

P1 (1a and 1c), even when larger Pople’s basis sets, such as 6-
311G(d),[20] and basis sets from a different type, such as Def2-
SVP[21] and cc-pVDZ,[22] were employed (Figure S7). On the 
contrary, ωB97X-D performs reasonably well taking into account 
that 6-31G(d) is a relatively small basis set. This method is able 
to find all the TS1 and it calculates the correct enantioselectivity 
in seven out of nine reactions (1a-c and 1f-1i) with absolute 
errors smaller than 1 kcal/mol in six of these examples (1a-c, 1f, 
1h and 1i), which is generally considered to be within “chemical 
accuracy” in computational chemistry. Then, we further 
investigated the combination of ωB97X-D with different basis 
sets. 
 

 

Table 7. ΔΔGǂ and errors (in kcal/mol) of diverse Henry reactions catalyzed by 3 using different functionals with the 6-31G(d) basis set and the SMD using 

MeNO2 as the solvent. 

  
 

1a 4-CN 1c 4-NO2 1d 4-Cl 1e 4-Br 1f 4-H 1g 4-Ph 1b 3-NO2 1h 3-Cl 1i 2-Furyl 

Aldehyde 
B3LYP ωB97X-D M06-2X B3LYP-D3[a] Experimental 

ΔΔGǂ Error ΔΔGǂ Error ΔΔGǂ Error ΔΔGǂ Error ΔΔGǂ ee (%) 

1a 1.32[c] 2.05 -0.73 0 0.77[c] 1.50 No P1 - -0.73 54.0±1.5 

1c No P1 - -1.34 -0.56 1.95[c] 2.73 No P1 - -0.78 57±1 

1d 0.79[c] 1.58 0.43[c] 1.22 0.68[c] 1.47 0.37[c] 1.16 -0.79 57.5±1.5 

1e -0.45 0.30 0.02[c] 0.77 -0.50 0.25 n.d.[b] - -0.75 55 

1f 0.11[c] 0.84 -1.17 -0.44 0.34[c] 1.07 -1.27 -0.54 -0.73 54±2 

1g 0.49[c] 1.37 -3.13 -2.25 0.75[c] 1.63 -1.93 -1.05 -0.88 62 

1b n.d.[b] - -0.35 0.72 n.d.[b] - n.d.[b] - -1.07 71±1 

1h n.d.[b] - -1.00 -0.12 n.d.[b] - n.d.[b] - -0.88 62 

1i n.d.[b] - -0.53 0.52 n.d.[b] - -0.36 0.69 -1.05 70±0 

[a] In many cases, two imaginary frequencies existed in the TS1 calculations using B3LYP-D3, one corresponding to the transition state and one extra imaginary 
frequency. As an approximation, the additional imaginary frequencies were inverted into frequencies with positive values in the G calculations of these TS1 as 
seen previously.[23] [b] n.d. = not determined. [c] Positive ΔΔGǂ values are represented in red and correspond to calculations that led to the opposite absolute 
configuration of the product compared to experimental results. ΔΔGǂ is the difference of G between the TS1 of pathways P1 and P3. 

Although the ωB97X-D/6-31G(d) approach normally led to good 
results, it showed a significant drawback: this combination did 
not calculate the correct absolute configuration in two out of nine 

reactions (1d and 1e). At this point, we tried to improve these 
outcomes by applying different variations to this ωB97X-D/6-
31G approach (ultrafine (UF) grid, hindered rotor correction,[24] 

-20

-15

-10

-5

0

5

10

-12

-10

-8

-6

-4

-2

0

2

4

G
re

l(
kc

a
l/m

ol
)

B3LYP 

Int1 TS1 Int2 Int1 TS1 Int2 

ωB97X-D 

P7 

P6 

P5 

P4 

P3 

P2 

P1 



 
 
 
 
 

counterpoise (CP) corrections[25] and Truhlar’s and Grimme’s 
quasiharmonic approximations (QHAs, also called quasi-
RRHOs).[26] The results showed that a considerable increase in 
the precision is achieved when UF grids and QHA were applied, 
since (1) ΔΔGǂ mean absolute errors (MAEs) are lower; (2) they 
more frequently calculate the correct absolute configurations; 
and (3) they more often show ΔΔGǂ with margin errors below 1 
kcal/mol (Table 8, entries 1-6). The type of QHA employed is not 
relevant in this study, since the accuracy of the calculations was 
similar when using Truhlar’s and Grimme’s approach. On the 
other hand, the use of counterpoise and hindered rotor 
corrections did not lead to any considerable improvements in 
comparison with the initial approach (Table S3). 



 
 
 
 
 

Table 8. Accuracy in the calculated enantioselectivity of different computational approaches employed to study Henry reactions between aldehydes 1a-i and 

MeNO2 using 3 as the catalyst. All the methods include the SMD using MeNO2 as the solvent. 

  
 

1a 4-CN 1c 4-NO2 1d 4-Cl 1e 4-Br 1f 4-H 1g 4-Ph 1b 3-NO2 1h 3-Cl 1i 2-Furyl 

Entry Computational approach 
Correct absolute configuration[a] ΔΔGǂ error within ±1 kcal/mol[a,b] ΔΔGǂ MAE 

(kcal/mol)[b]  1a 1c 1d 1e 1f 1g 1b 1h 1i 1a 1c 1d 1e 1f 1g 1b 1h 1i 

1 ωB97X-D/6-31G(d) 
7 out of 9 6 out of 9 

0.73 
                  

2 
ωB97X-D/6-31G(d) – QHA 

Truhlar 

8 out of 9 8 out of 9 
0.42 

                  

3 
ωB97X-D/6-31G(d) – QHA 

Grimme 

8 out of 9 7 out of 9 
0.53 

                  

4 
ωB97X-D/6-31G(d) – UF 

grid 

7 out of 9 7 out of 9 
0.40 

                  

5 
ωB97X-D/6-31G(d) – UF 

grid – QHA Truhlar 

8 out of 9 8 out of 9 
0.43 

                  

6 
ωB97X-D/6-31G(d) – UF 

grid – QHA Grimme 

8 out of 9 8 out of 9 
0.44 

                  
     

7 ωB97X-D/6-311G(d) 
9 out of 9 4 out of 9 

1.06 
                  

8 
ωB97X-D/6-311G(d) QHA 

Truhlar 

9 out of 9 8 out of 9 
0.67 

                  

9 
ωB97X-D/6-311G(d) QHA 

Grimme 

9 out of 9 6 out of 9 
0.82 

                  

10 
ωB97X-D/6-311G(d) - UF 

grid 

9 out of 9 6 out of 9 
0.64 

                  

11 
ωB97X-D/6-311G(d) - UF 

grid - QHA Truhlar 

9 out of 9 8 out of 9 
0.44 

                  

12 
ωB97X-D/6-311G(d) - UF 

grid - QHA Grimme 

9 out of 9 9 out of 9 
0.48 

                  
     

13 ωB97X-D/6-311G(d,p) 
9 out of 9 6 out of 9 

1.06 
                  

14 
ωB97X-D/6-311G(d,p) QHA 

Truhlar 

9 out of 9 7 out of 9 
0.70 

                  

15 
ωB97X-D/6-311G(d,p) QHA 

Grimme 

9 out of 9 7 out of 9 
0.83 

                  

16 
ωB97X-D/6-311G(d,p) - UF 

grid 

8 out of 9 6 out of 9 
0.77 

                  

17 
ωB97X-D/6-311G(d,p) - UF 

grid - QHA Truhlar 

9 out of 9 8 out of 9 
0.57 

                  

18 
ωB97X-D/6-311G(d,p) - UF 

grid - QHA Grimme 

9 out of 9 7 out of 9 
0.63 

                  

[a] Each circle (“ ” or “ ”) corresponds to a substrate shown in the representations above the table, following the order in which they are displayed. “ ” = positive 
result in a specific substrate; “ ” = negative result in a specific substrate. [b] Compared to experimental ΔΔGǂ values and only valid when the correct absolute 
configuration is calculated. See the ESI for all the ΔΔGǂ and error values. ΔΔGǂ is the difference of G between the TS1 of pathways P1 and P3. 



 
 
 
 
 

After this study, different types of basis sets were explored in 
combination with ωB97X-D in order to find a computational 
approach that calculated the correct absolute configuration of 
the products with ΔΔGǂ errors in the calculated 
enantioselectivities within 1 kcal/mol in the majority of the nine 
reactions. Different double zeta (Def2-SVP, 6-31G(d,p), 6-
31+G(d),[27] 6-31++G(d,p)) as well as triple zeta (6-311G(d), 6-
311G(d,p), 6-311++G(d,p), 6-311+G(d), TZVP[28] and 
Def2TZVP) basis sets were tested using 4-chlorobenzaldehyde 
(1d) (Table 9), since in this example the opposite absolute 
configuration was observed for most of the computational 
approaches tested before. Def2SVP and 6-31G(d,p) were 
discarded because they led to the undesired absolute 
configuration (Table 9, entries 1 and 7). On the contrary, when 
diffuse functions were added to the 6-31G basis set (6-31+G(d)) 
or triple zeta basis sets were used, the correct enantioselectivity 
was calculated (Table 9, entries 2-5 and 8). The 6-311++G(d,p) 
and Def2TZVP basis sets were discarded because their 
computation times are significantly longer than the times 
required for other basis sets (Table 9, entries 6 and 9). 
 
Table 9. ΔΔGǂ and errors (kcal/mol) of the Henry reaction with 4-

chlorobenzaldehyde (1d) using ωB97X-D with different basis sets. 

Entry Basis set ΔΔGǂ Error 

1 6-31G(d,p) 0.49[b] 1.28 

2 6-31+G(d) -2.22 -1.43 

3 6-311G(d) -2.17 -1.38 

4 6-311G(d,p) -1.20 -0.41 

5 6-311+G(d) -1.75 -0.96 

6 6-311++G(d,p) n.d.[a] - 

7 Def2SVP 0.68[b] 1.47 

8 TZVP -3.17 -2.38 

9 Def2TZVP n.d.[a] - 

10 Experimental -0.79 0 

[a] n.d.: not determined. The relatively long computational times required for 
the studies that employed these basis sets made their use unpractical 
compared to the times required when using other basis sets. [b] Positive 
ΔΔGǂ values are represented in red and correspond to calculations that led 
to the opposite absolute configuration of the product compared to 
experimental results. ΔΔGǂ is the difference of G between the TS1 of 
pathways P1 and P3. 

 
We continued the studies using Pople’s 6-311G(d) and 6-
311G(d,p) basis sets, since they showed much shorter 
computational times in comparison with the other basis sets that 
showed the correct absolute configuration of the product in the 
reaction with 4-chlorobenzaldehyde (1d) (TZVP, Def2TZVP and 
basis sets with diffuse functions). When using the 6-311G(d) 
basis set, the correct absolute configuration was calculated in all 
of the reactions and the MAEs were similar when compared to 
the results obtained with the approaches based on the ωB97X-
D/6-31G(d) combination (Table 8, entries 7-12). Even though 6-
311G(d,p) is a larger basis set than 6-311G(d), it led to worse 
results and required more computation time (Table 8, entries 13-
18). UF grids and QHAs were also tested with the 6-311G(d) 
and 6-311G(d,p) basis sets and the results showed once again 
that these modifications contribute in a great extent to achieving 
more precise results in the majority of the cases. This is 
especially relevant in the case of QHAs, since these corrections 
are rarely used in organocatalysis even though the systems 
studied in this area normally have many low-lying vibrational 
modes that are potential sources of error in the calculated 
results.[29] 
The results of the computational screening of substrates showed 
that method ωB97X-D/6-311G(d) with QHAs and UF grid is the 

most reliable approach for studying computationally these 
systems (Table 8, entries 11 and 12). This method provides 
accurate results even in relatively large systems that contain 
around 100 atoms and include various types of non-covalent 
interactions. In most cases, the results of the nine reactions are 
within an absolute error margin of only 1 kcal/mol. The use of 6-
311G(d) also saves a large amount of time when compared to 
the calculation times required by larger triple-zeta basis sets 
employed in other organocatalytic studies, such as the TZV and 
Def2TZV basis set families. 

Conclusions 

This is the first study where the accuracy and computational cost 
of different computational approaches have been tested in 
squaramide catalysis. This Henry reaction represents a complex 
catalytic system of about 100 atoms with a significant number of 
non-covalent interactions. Different computational 
methodologies were tested in order to find an accurate approach 
that required the least possible amount of calculation time. 
Initial experimental tests showed that catalyst 3 formed weak 
interactions with aldehyde 1a as well as suggested that the 
amino group of 3 deprotonates a molecule of MeNO2. In 
addition, it was observed that retro-Henry reactions could 
proceed but they are considerably slower than the 
corresponding Henry reactions. Furthermore, NMR studies 
determined that the orders of reaction of 3 and 1a are both 1. 
These studies were also employed to determine KIEs and the 
secondary inverse KIE observed in this reaction proposed that 
the rate-limiting reaction step is the nitronate attack on the 
aldehydes (represented as step TS1). Moreover, the 
experimental results of the reactions catalyzed by 5 showed that 
the OH group of catalyst 3 was not involved in the mechanism. 
Finally, different experiments were carried out to discard that 
water molecules played important roles in the reaction 
mechanism.  
Also, we performed a preliminary computational study to 
explore: (1) all the possible modes of interaction between 
catalyst and substrates and (2) which of these catalyst-substrate 
complexes led to Henry reaction products 4. The initial 
experimental and computational results suggested that there 
were seven different reaction pathways, P1 to P7, that conduced 
to Henry reactions. P1 and P3 were the most favorable reaction 
pathways and the ΔΔGǂ of the different reactions were 
calculated using only the Gibbs free energies of these two 
pathways. Using only these two pathways for the studies saves 
time and leads to practically identical results compared to those 
obtained using the seven pathways. 
The effectivity calculating enantiomeric excesses of different 
combinations of functionals and basis sets was tested using a 
screening of nine aldehydes with diverse structural features. The 
results of the screening changed in a great extent depending on 
the functional employed when the basis sets 6-31G(d) was 
used. First, B3LYP and M06-2X led to the wrong absolute 
configuration of the products in most of the aldehydes studied. 
Furthermore, B3LYP-D3 was not a precise method for studying 
these systems either, since there were some reactions that did 
not show the TS1 in pathway P1, even when larger Pople’s 
basis sets were employed. On the contrary, ωB97X-D performed 
reasonably well considering that 6-31G(d) is a relatively small 
basis set. 



 
 
 
 
 

After this study, other types of basis sets were tested with 
ωB97X-D in order to discover a more efficient and versatile 
approach, since the combination ωB97X-D/6-31G(d) did not 
calculate the correct absolute configuration in various products. 
Different double-zeta and triple-zeta basis sets were tested and 
the best results were obtained with the ωB97X-D/6-311G(d) 
combination when used with QHAs and UF grids. These 
approaches lead to precise calculated ΔΔGǂ values with error 
margins lower than 1 kcal/mol in most of the nine aldehydes 
employed in the screening, which also supports the mechanism 
that we proposed for the Henry reaction catalyzed by 
squaramide 3.  
It is worth noting that the results improved in a great extent when 
QHAs (either Truhlar’s or Grimme’s QHA) were included. These 
corrections normally avoid potential sources of error related to 
low-lying modes in relatively large systems. The results obtained 
stress the importance of the introduction of QHAs in this kind of 
study, especially since they are rarely used in organocatalysis. 
This research represents a pivotal starting point for further 
computational studies using squaramides as organocatalysts 
and further computation mechanistic studies are currently 
ongoing in our lab. 

Experimental Section 

Experimental Details 

1H-NMR spectra were recorded at 300 MHz. CD3CN and CD3NO2 were 
used as the deuterated solvents. Chemical shifts were reported in the δ 
scale relative to residual CD3CN (1.94 ppm) and CD3NO2 (4.33 ppm) for 
1H-NMR. 

General Method for Measuring Orders of Reaction  

2.5 mol% of catalyst: catalyst 3 (0.0025 mmol) was dissolved in 0.5 mL of 
a mixture CH3NO2:CD3NO2 (95:5) inside a NMR tube. The solution 
stayed at 30.9 ˚C for 10 minutes inside the NMR device. Temperature 
was measured using a solution of 80% glycol in DMSO-d6 (provided by 
Bruker). Then, the tube was taken out of the NMR device and aldehyde 
1a (0.1 mmol) was quickly added in one portion, mixed vigorously and 
introduced into the NMR device to start the measurements. 

1 mol% of catalyst: catalyst 3 (0.0025 mmol) was dissolved in 1.25 mL of 
a mixture CH3NO2:CD3NO2 (95:5) inside a vial. Then, 0.5 mL of this 
solution were poured into a NMR tube and the process followed the 
same steps explained above. 

General Method for Experimental Henry Reactions 

Aldehyde 1 (0.4 mmol) was added to a solution of squaramide 3 (0.004 
mmol) in MeNO2 (2 mL) at 30.9 ˚C. After the reaction time, product 4 was 
isolated by column chromatography and the enantiomeric excess was 
measured using HPLC. 

Computational Methods 

Diverse combinations of density functional theory (DFT) methods and 
basis sets were used to optimize the geometries of the stationary points 
(functionals and basis sets employed are detailed in each case). 
Vibrational frequency calculations were carried out in order to (1) confirm 
that the stationary points were either energy minima or transition states 
and (2) calculate the thermal corrections to Gibbs free energies at 304.05 
K. Also, intrinsic reaction coordinate (IRC) calculations[30] were performed 
to verify that the transition states of the different pathways connected to 

their corresponding Int1 and Int2. Solvent effects (solvent = 
nitromethane) were included employing the integral equation formalism 
variant of the polarizable continuum model (IEF-PCM)[31] using the 
SMD.[8] All the calculations were performed using Gaussian 09[32] 
installed in the Trueno cluster facility of SGAI-CSIC. The Ultrafine grid 
was used as implemented in Gaussian 09 [Integral(Grid=UltraFineGrid)]. 
Graphical representations of the structures were created using 
CYLView[33] and POV-Ray.[34]  

Quasi-harmonic approximations (QHAs) were calculated from Gaussian 
frequency calculations using the script created by Dr. Robert Paton and 
Ignacio Funes-Ardoiz.[26a] Two QHA versions are used: one developed by 
Truhlar[26b] and col. and the other by Grimme.[26c] In both cases, the 
frequency cut-off was 100 cm-1. 
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