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Abstract: The reductive amination of aromatic aldehydes and 
aromatic amines, performed in the Brønsted acidic ionic liquid 
[Et3NH][HSO4], using sodium borohydride as a reducing agent is 
reported. In this protocol, the ionic liquid plays a crucial role in 
efficiently converting aromatic aldehydes to amines in excellent yields, 
without the formation of side products. In the presence of 
[Et3NH][HSO4], the imine was generated in situ from the reaction 
between the aromatic aldehydes and aromatic amines, and 
underwent smooth reduction with sodium borohydride. This one-pot 
synthesis is practically simple and sustainable. The catalyst 
[Et3NH][HSO4] also has a demonstrably wide applicability, in that it 
can be used with a variety of aromatic aldehydes and aromatic amines 
substituted by various electron-withdrawing and electron-donating 
groups. The role of IL [Et3NH][HSO4] in catalytic reductive amination 
is validated with the help of density functional theory (DFT)–based 
computational studies. 

Introduction 

The principles of green chemistry advocate using environmentally 
benign catalysts, as environment-friendly and promising 
alternatives, or avoiding the use of hazardous solvents in organic 
transformations.1–5  Therefore, researchers have invested a great 
deal of time and effort in performing clean, atom-economical, and 
environmentally safe organic transformations.6–9 Secondary 
amine derivatives are important components of several 
biologically active natural products,10 pharmaceuticals,11 and fine 
chemicals.12–14 Therefore, they are widely applied in the synthesis 
of drugs,15 herbicides,16 bactericides,17 rubber accelerators,18 
corrosion inhibitors, surface-active agents, etc. Reductive 
amination19–26 of carbonyl compounds has been identified as the 
most effective and versatile method to synthesize secondary 
amines, surpassing several other methods such as Gabriel 
synthesis,27–28 reduction of nitrogen-containing compounds,29–32 
and alkylation of ammonia and amines.33–34 Several catalyst 
systems and reducing reagents have been explored in reductive 
amination, following direct35–42 as well as indirect procedures.43–44 
However, most of them suffered from one or more drawbacks, 
such as harsh reaction conditions, use of expensive and 
flammable reagents, complex and toxic metal catalyst systems, 
poor yields in spite of high conversion of aldehydes in some cases, 
low chemical selectivity, generation of toxic byproducts, and so 
on.45–51 Recently, Brønsted acidic ionic liquids (BAILs) have 
emerged as promising catalysts and green solvents, being used 
in several chemical and biochemical transformations, as they 
possess specific properties such as low or negligible volatility, 
remarkable solubility, facile structural tunability, and good 
catalytic activity.52 Imidazolium cation–based ionic liquids (ILs) 
have been employed as solvent media, with or without another 
solvent (H2O or CH3OH), as catalysts, or both, in direct or indirect 

amination methods for the synthesis of secondary amines and 
exhibited excellent catalytic performance. Nagaiah et al.53 
reported the use of an ionic liquid ([BMIm][BF4])/water system as 
solvent media. Prasad et al.54 reported the use of 1-methyl 
imidazolium tetrafluoroborate ([HMIm][BF4]) in the dual role of 
solvent and catalyst for efficiently converting aldehydes and 
ketones to amines in excellent yields without the formation of side 
products through a one-pot reductive amination method using 
sodium borohydride. However, not only are these reactions 
lengthy, the use of Im-based BAILs as catalyst/media is also 
considerably expensive and thus unsuitable for industrial 
purposes. Improper disposal after utilization also causes 
environmental pollution. Recently, Heydari et al. reported the use 
of a biodegradable and non-toxic ammonium deep eutectic 
solvent based on choline chloride and urea as catalysts and 
sodium borohydride as a reducing agent in the reductive 
amination method of secondary amine synthesis.55–57 Given the 
importance of secondary amines in medicinal chemistry as well 
as in modern organic synthesis, the development of an efficient, 
green, and economical catalyst system is still a necessity for the 
reductive amination reaction of carbonyl compounds with primary 
amines.  
In this work, we report the facile synthesis of secondary amines 
by the reductive amination of aromatic aldehydes in an 
inexpensive Et3N-cation–based BAIL (which plays the dual role of 
an easily recyclable catalyst and a green solvent), using NaBH4 
as a reducing agent under neat conditions. The IL was prepared 
simply by heating a mixture of H2SO4 and Et3N in a molar ratio of 
1:1 at room temperature until a clear liquid formed.58–62 We also 
performed a detailed DFT study of its mechanism to account for 
the role of IL in the given reductive amination reaction. To the best 
of our knowledge, to date, there has been no computational study 
of the mechanism of reductive amination of aromatic aldehydes 
and aromatic amines catalyzed by an IL. 

Results and Discussion 

In the beginning, as a control experiment, the reductive amination 
of benzaldehyde with aniline was performed in MeOH solvent with 
only sodium borohydride as a reducing agent under the given 
reaction conditions: benzaldehyde (0.94 mmol), aniline (0.94 
mmol), MeOH (2.4 mmol), and sodium borohydride (1.82 mmol) 
at 60°C. Even after prolonged heating, only a low yield (57%) of 
N-benzyl aniline was obtained (Table 1, Entry 1). When the same 
reaction was performed in IL 1a (2 equiv.) using sodium 
borohydride as a reducing agent under neat conditions at the m.p. 
of IL 1a, i.e. 90°C, the corresponding amine derivative was formed 
in excellent yield (~96 %) under neat conditions (Table 1, Entry 
2).  
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Table 1. Optimization of catalytic performance of various BAILs in the reductive 
amination reaction 

Entry IL 

used 
Amount 

of IL 

used 

Organic 

Solvent 
Time 

(min) 

Temperature 

(oC) 
Isolated 

Yield 

(%) 

1. - - MeOH 600 60 57 

2. 1a 2 equiv. Neat 60 90 96 

3. 1b 2 equiv. Neat 60 98 95 

4. 1c 2 equiv. Neat 60 95 90 

5. 1d 2 equiv. Neat 60 95 90 

6. 1e 2 equiv. Neat 60 95 85 

7. 1f 2 equiv. Neat 60 95 80 

[a] Reaction conditions (for entries 2–7): aldehyde (0.94 mmol), amine (0.94 

mmol), ionic liquid (1.82 mmol) and sodium borohydride (1.82 mmol) at their 

m.p. for 1 h. [b] Yield is calculated based on the isolated product.  

 

Figure 1. Representing the structures of BAILs, 1a-1f 

 

Scheme 1. Schematic representation of reductive amination in different BAILs 

 

In order to choose a BAIL that would be best suited as a catalyst 
for the reductive amination of benzaldehyde with aniline, we 
compared the catalytic efficiency of 1a with other BAILs (1b–1f, 
shown in Figure 1). The reactions were performed with 
benzaldehyde (1 equiv.), aniline (1 equiv.), IL (2 equiv.), and 
sodium borohydride (2 equiv.) at their respective melting points 
under neat conditions (Scheme 1). The results are summarized 
in Table 1 (Entries 2‒7). IL 1a gives the best result when 
compared with other ILs used in the study.  
 
Further, the high-performing catalyst (1a) was utilized to optimize 
the reaction conditions of reductive amination. At first, we studied 
the effect of temperature on the yield of benzyl aniline. It was 

observed that increasing the temperature from 60°C to 100°C 
resulted in a sharp increase in the yield of the secondary amine 
(up to 96%) (Figure 2). It suggests that the IL melted completely 
at 90°C and acted as an excellent medium to dissolve NaBH4.  
 
 

 

Figure 2. Temperature effect study on reductiveamination reaction of 
benzaldehyde with aniline in presence of catalyst [Et3NH][HSO4] (1a). Reaction 
conditions: benzaldehyde (0.94 mmol), aniline (0.94 mmol), IL 1a (1.82 mmol), 
and sodium borohydride (1.82 mmol), at different temperatures for 60 minutes. 
Yields are based on the isolated product.  

To optimize the reaction, we also examined the effect of reaction 
time on the formation of benzyl aniline. We observed that upon 
increasing reaction time from 10 to 60 minutes, the yield improved 
up to 96% (Figure 3). Since the viscosity of ILs is greater than 
that of ordinary organic liquids, higher temperature and longer 
reaction time are needed for reaching conversion equilibrium.63 
Therefore, there was an improvement in the yield of amines when 
both temperature and reaction times were increased. After one-
and-a-half hours of reaction time, no further increase in the yield 
of the product was observed (Figure 3). Thus, we decided to 
maintain the reaction time of one hour as the optimized condition. 
 

 

 Figure 3. Time effect study on reductive amination of benzaldehyde with aniline 
in presence of catalyst [Et3NH][HSO4] (1a). Reaction conditions: benzaldehyde 
(0.94 mmol), aniline (0.94 mmol), IL 1a (1.82 mmol), and sodium borohydride 
(1.82 mmol), 90°C at various reaction times of 10, 20, 40, 60, and 75 minutes. 
Yields of benzyl aniline are based on the isolated product.  
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Using optimized reaction conditions, we further explored the 
substrate scope of catalyst 1a for the reductive amination reaction. 
Initially, benzaldehyde was treated with a variety of anilines, 
bearing both electron-donating and electron-withdrawing 
functional groups such as Me, OH, OMe, Br, Cl, and NO2. We 
observed the reaction to be smooth, with excellent yields of the 
corresponding products (Table 2; 3a‒3f). Reactions involving 
benzaldehydes substituted with electron-donating as well as 
electron-withdrawing functional groups also provided good-to-
excellent yields with aniline (Table 2, 3g, 3m, 3r, 3t, 3u, 3x, and 

3y). Subsequently, reactions between benzaldehydes and 
anilines, both substituted with various functional groups, also 
proceeded efficiently (Table 2, 3h‒3l, 3n‒3q, 3s, 3z, and 4a). 
Polysubstituted benzaldehydes also provided good yields with 
anilines (Table 2, 3v and 3w). In all cases, 0.94 mmol aromatic 
aldehyde, 0.94 mmol aromatic amine, 1.82 mmol 1a, and 1.82 
mmol NaBH4 were treated at 90°C for one hour. Even when the 
reaction was extended to 1-naphthaldehyde and biomass-derived 
furfural, the result was a good yield of the corresponding 
secondary amines 4b and 4c, respectively. 

Table 2. Reductive amination between a variety of substituted aromatic 
aldehydes and amines using [Et3NH][HSO4] (1a) as catalyst under optimized 
reaction conditions. 

 
[a] Reaction conditions: 0.94 mmol un/substituted benzaldehyde, 0.94 mmol 
respective aniline, 1.82 mmol 1a, and 1.82 mmol NaBH4, at 90°C for 1 hour. [b] 
Yields of the amine derivatives are based on the isolated product. 

The reusability of IL 1a for the reductive amination reaction was 
also tested using benzaldehyde and aniline under optimal 
conditions. For this, IL 1a was at first separated from sodium 
borohydride residue by dissolving it in acetonitrile, and reused as 

such after removing the water content. We are pleased to report 
that the same batch of catalyst 1a could be used at least five times 
with only a slight reduction in the yield of benzyl aniline, as shown 
in Figure 4. This slight reduction may be attributed to the loss of 
IL during the work-up after each cycle. 

 

Figure 4. Recyclability test of ionic liquid for reductive amination reaction. 
Reaction conditions: Aldehyde (0.94mmol), amine (0.94mmol), and sodium 
borohydride (1.82mmol), at 90 °C for 60 min. Yields of benzyl aniline are based 
on the isolated product.  

Mechanistic investigation through DFT-based 
computational studies 
 

DFT-based computational calculations were performed to 
investigate the possible mechanism of the reductive amination 
reaction of benzaldehyde with aniline, promoted by IL. We first 
investigated the reaction pathway in the absence of IL. DFT 
results indicated that activation energy for the reaction was rather 
high, ~45 kcal mol−1 (R → TS, FS 65 in SI), which explains the 
slow and low conversion in the absence of IL and supports the 
experimental result mentioned in Table 1 (entry 1). Next, we 
studied the effect of IL on the energy profile of the reaction. As 
part of our investigation, a computational model A, comprising the 
IL [Et3NH+][HSO4

-], benzaldehyde, and aniline was constructed to 
perform DFT computations as shown in Figure 5.  

 

Figure 5. Schematic representation of computational model A. 

Figures 6 and 7 show the calculated energy profile for the 
reductive amination assisted by IL, and the corresponding 
optimized structures, respectively. The reaction mechanism 
studies were initiated using computational model A in which IL 
interacts with benzaldehyde and phenylamine through 
noncovalent interaction (hydrogen bonding), which is evident from 
the distance between the O atom of HSO4

- and the H atom 
attached to the N atom of aniline (1.73 Å), and the distance 
between the H atom of HSO4

- and the O atom of benzaldehyde 
(1.54 Å). The first step, i.e., conversion of the intermediate model 
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A to B through a transition state AB (A→TSAB→B) involves an 
attack of N of phenylamine on the electrophilic carbon of 
benzaldehyde with the simultaneous intramolecular transfer of the 
two protons; one from aniline to the O of HSO4

- ion and the other 
from HSO4

- to the carbonyl O of benzaldehyde that leads to the 
formation of a new sigma C‒N bond (Figure 7). In A→TSAB→B 
conversion, the C‒N bond distance changes from 2.66 Å to 1.54 
Å which suggests the formation of a new σ C‒N bond in the 
carbinolamine intermediate B. The activation energy barrier 
associated with the A→TSAB→B step was calculated to be 6.3 
kcal mol-1 (Figure 6). In the second step, we expected that B 
would undergo proton transfer from N to O of OH, leading to the 
elimination of the H2O molecule to yield imine. Instead, what we 
observed was proton shuttling through abstraction of the proton 
attached to the N atom by O of carbinolamine, with simultaneous 
proton transfer from OH to O of HSO4

- and from HSO4
- to N of 

carbinolamine in the consequent conversion step (B→TSBC→C) 
(Figure 7). This step results in a change in the position of H of 
HSO4

- in intermediate C with an activation energy barrier of 31 
kcal mol-1. In the next step C→TSCD→D, an umbrella inversion 
occurs at the N atom attached to the phenyl group, which orients 
the H atom attached to N in the direction of O of HSO4

- via 
transition state TSCD resulting in a new conformer D. The 
activation energy barrier for this nitrogen inversion is 7.3 kcal mol-
1. In the upcoming step D→TSDE→E, D easily undergoes a σ(C‒
O) bond fission with the concurrent transfer of a proton from N to 
O of HSO4

- resulting in the formation of an imine π(N‒C) bond via 
transition state TSDE. Concomitantly, oxygen(O) of OH abstracts 
a proton from HSO4

- to form a water molecule. The formation of 
imine is apparent from the shortening of the N‒C bond from 1.44 
Å in D to 1.35 Å in TSDE and finally 1.30 Å in E. The activation 
barrier computed for D→TSDE→E conversion is 7.1 kcal mol-1. 
The water molecule coordinated in E gets eliminated easily to 

form the secondary amine along with regeneration of the catalyst 
([Et3NH+][HSO4

-]). After the elimination of water from E, the 
reducing agent NaBH4 reacts with E to form an adduct F, which 
readily transfers H from HSO4

- to N of imine to form intermediate 
G. The Mulliken atomic charge analysis of intermediates F and G 
shows that the charges on O of HSO4

- increase from -0.453 to -
0.498 and +0.355 to +0.414 on Na from intermediate F to G, 
respectively. The increase in charges favors the formation of 
intermediate G via a barrier-free transition state due to favorable 
electrostatic interaction. The subsequent conversion step, 
G→TSGH→H, proceeds via transition state TSGH through the 
hydride transfer from NaBH4 to the imine carbon, which is evident 
from the increase of the B‒H bond distance in NaBH4 from 1.26 
Å to 1.44 Å, resulting in the generation of intermediate H in which 
boron and carbon atoms are bridged by a H atom. The final step 
H→I involves B‒H bond dissociation to afford the secondary 
amine, I, which is ~20.5 kcal mol-1 more stable in comparison to 
G. In the entire reaction profile diagram, I is the most stable 
species, so the formation of I is the main driving force of the 
reaction. It is clear from the computational analysis as discussed 
above that the hydrogen sulfate anion of [Et3NH][HSO4] plays an 
essential catalytic role in the promotion of the reaction under study. 
This result is further supported by the experiment in which 
reductive amination was performed in the presence of a catalytic 
amount of IL [Et3NH][HSO4] 1a (10 mol%) in the MeOH solvent 
using sodium borohydride as a reducing agent under the given 
reaction conditions: benzaldehyde (0.94 mmol), aniline (0.94 
mmol), IL 1a (10 mol%), MeOH (2.4 mmol), and sodium 
borohydride (1.82 mmol) at room temperature. The reaction was 
completed within five minutes and the yield of N-benzyl aniline 
obtained was 98%. The same result was obtained with IL 
[C5H5NH][HSO4] 1b too. 

 

 

Figure 6. DFT-computed free energy profile of IL catalyzed the reductive amination reaction of aromatic aldehyde and aromatic amine using NaBH4 as the reducing 
agent. Gibbs free energies ΔG363 [kcal mol−1] are relative to A, calculated at BP86-D3/def2-TZVP//BP86-D3/def2-SVP level of DFT. (Computational details of A→I 
conversion is available in SI). 
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Figure 7. Optimized structures of intermediates and transition states involved in the reaction mechanism of A→I conversion. In case of transition states, the first 
number in the parentheses is the imaginary frequency, whereas the second number represents the Gibbs free energy change relative to A. 

Conclusion 

The present study shows the valuable application of IL 
[Et3NH][HSO4] in the production of secondary amines which are 
highly important in medicinal chemistry as well as in modern 
organic synthesis. In this study, IL [Et3NH][HSO4] is introduced as 
an efficient catalyst and reaction medium for the one-pot reductive 
amination of aromatic aldehydes with sodium borohydride at 
ambient temperature. Low cost and easy recycling/reusability of 
the ionic liquid, neat reaction conditions, use of the non-toxic and 
environmentally benign reducing agent sodium borohydride, and 
simple experimental/product isolation procedures make this 
method sustainable and practical. Another important aspect of 
this protocol are broad substrate scope, wide functional group 
tolerance, and short reaction time. This study also sets out the 
mechanistic investigation of the reductive amination reaction with 
DFT computational studies, revealing the essential catalytic role 
of [Et3NH][HSO4] in the promotion of the reaction under study.  

Supporting information summary 

Synthesis procedure and characterization data of ILs 1a–1e, general 

procedure for catalytic reductive amination reactions and characterization 

data of catalytic reaction products (3a–3z and 4a–4c), and Figures and 

Tables containing atomic coordinates, calculated energies without and 

with zero-point energy correction (in au), and free energies (in au, at 

313.15 K) for all the stationary structures reported in this paper are given 

in the electronic supporting information. This material is available free of 

charge via the Internet at http://www.wiley.com. 
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