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Abstract: The introduction of nitrogen to carbonyl groups is considered both challenging and highly
desirable by those who work in the field of organic synthesis. In this study, a diphenylethylenediamine-
derived catalyst demonstrating N-selectivity was designed using a quantum calculation for the nitroso
aldol reaction. The reductive monoalkylation of (R,R)-(+)-1,2-diphenylethylenediamine afforded
an organic chiral diamine catalyst in high yield. The expected reaction mechanism for the nitroso
aldol reaction was determined, and the product and solvent conditions were optimized through
quantum calculations. The calculation results revealed that the enantioselectivity is determined
by the hydrogen bond between the alkyl substituent of the chiral diamine and the oxygen of the
aromatic aldehyde on the ammonium moiety. The reaction was found to proceed optimally in the
presence of 5 mol % catalyst at —10 °C in brine. Using these conditions, an eco-friendly nitroso
aldol reaction was performed in which the organic catalyst and cyclohexanone formed enamine.
Nitrosobenzene, activated by hydrogen bonding with an ammonium catalyst, was used to minimize
the steric hindrance between the catalyst and the reactant, resulting in high enantioselectivity. A
nitroso aldol product with high N-selectivity and enantioselectivity (98% ee) was obtained in 95%
yield. The catalyst developed in this study provides a less expensive and more environmentally
friendly alternative for the nitroso aldol reaction.

Keywords: nitroso aldol reaction; enantioselectivity; regioselectivity; organocatalyst

1. Introduction

Knowledge of the spatial arrangement of atoms constituting a molecule is essential for
understanding the fundamental properties. Organic reactions capable of efficiently con-
trolling the stereochemistry of a compound are desirable from an economic and academic
standpoint. Numerous efforts to develop stereoselective organic reactions using catalysts
are ongoing. Recently, remarkable results have been reported for various stereoselective
organic reactions using organic catalysts and chiral metal catalysts. Extensive and promis-
ing research on organic stereoselective reactions using metal catalysts has been conducted.
However, these reactions are beset by several problems, such as the high cost of metal
catalysts, environmental concerns resulting from disposal after use, and contamination of
products by residual metals [1].

It is expected that many of the problems associated with metal-catalyzed reactions can
be solved by extensive research into organic catalysts [2,3]. In our laboratory, several studies
with the aim of developing organic catalysts that can effectively act on stereoselective
organic reactions are underway. In this study, we determined the basic information required
for stereoselective organocatalytic reactions and simultaneously developed an organic
catalyst that can effectively and immediately catalyze the nitroso aldol reaction to control
the stereochemistry of the product [4]. The nitroso aldol reaction is an important reaction
in organic synthesis for introducing nitrogen to the carbonyl group [5-7]. Until now,
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carbonyl group compounds such as ketones and aldehydes were pre-activated or directly
used. In this study, we aimed to develop a nitroso aldol reaction using a proline catalyst
that proceeds via enamine intermediates with ketones or aldehydes. Although reactions
that demonstrate O-selectivity and N-selectivity using organic catalysts are being studied,
further research is required [8-29]. The reaction, which uses the enamine form rather
than the metal enolate as the nucleophile of nitroso aldol, can exhibit N- or O-selectivity
depending on the hydrogen bonds of the catalyst [30]. In addition, unlike metal enolates
and enamines, many examples of nitroso aldol reactions using organic catalysts such as
proline to produce ketones or aldehydes have been reported [31-34]. The mechanism
of nitroso aldol reactions using proline and ketone proceeds as follows: proline and a
ketone react to form an enamine, and enamine attacks the oxygen side of the nitroso
compound to form an intermediate of the nitroso compound. As water enters, an alpha
aminooxy compound is formed, and the proline catalyst is regenerated to catalyze the
reaction again [35-38].

Therefore, we studied the N-selective synthesis of an alpha hydroxyamino compound,
using enolate as a nucleophile to form an N-nitroso aldol product. In addition, a catalyst
that drives the reaction using enamine as a nucleophile was designed. The transition state
structure is predicted through the mechanism studied based on previous studies [39]. After
the catalyst and cyclohexanone formed enamine, the following transition state is proposed
as the primary amine moiety of the organic catalyst activates nitrosobenzene (Figure 1).
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Figure 1. The nitroso aldol reaction via nitrosobenzene and cyclohexanone.

2. Results and Discussion
2.1. Nitroso Aldol Reaction Using DPEN
2.1.1. Effect of Solvents

In previous studies, we performed an aldol reaction using chiral diamine (1b) [15].
With consideration to the results of previous studies, we tested various solvents with the 1b
catalyst in this study to determine how the solvent affects the reactivity and stereoselectivity
of the product in the nitroso aldol reaction (Table 1). Most solvents demonstrated high
N-selectivity and relatively high enantioselectivities (82-94%). However, the yield ranged
from 36% to 76%, depending on the polarity of the solvent, indicating that the solvent
effect on the reaction is significant. When the experiment was performed using the same
equivalent catalyst at room temperature, the solvent that resulted in the highest yield
(65%) was brine (Table 1, entry 1). When MeOH, a polar proton solvent (Table 2, entry 4),
was used, the yield was as low as 50% because the acid catalyst prevented the activation
of nitrosobenzene through hydrogen bonding. Polar aprotic solvents (Table 1, entries 2
and 3) also exhibited low yields because interference with hydrogen bonding was more



Catalysts 2022, 12, 435

30f12

significant than the activation of nitrosobenzene by the solvent (Table 1, entries 7 and 8).
Therefore, from the results of the solvent screening in Table 1, brine with the best yield and
enantioselectivity of the N-nitroso aldol reaction was determined as the reaction solvent.

Table 1. Solvent effects on the nitroso aldol reaction.

Ph Ph
O o 10 mol% HoN HN{ O EH
+ It -
N. * HCl(a Ph
Ph (aq)
Solvent, rt, Time
2eq 1eq
Entry Solvent Time Yield (%) 2 ee (%) P

1 Brine 1h 65 94
2 DMSO 1h 58 91
3 CH3CN 1h 52 90
4 MeOH 1h 50 90
5 - 1h 46 92
6 CH)Cl, 1h 42 81
7 THF 1h 40 94
8 Toluene 15 min 25 86

2 Isolated yield. ? ee values were determined by chiral phase HPLC using the AD-H columns.

Table 2. Optimization of the nitroso aldol reaction using (R,R)-1,2-diphenylethylenediamine (DPEN).

O O OH
O 10 mol% Cat.eHCI \
. ] N.
N . Ph
“Ph Brine, rt, 1 h
2eq 1eq
Entry Cat Yield (%) 2 ee (%) P
1 la 82 99
2 1b 65 94
3 1lc 61 9
4 1d 53 98
5 le 49 98

[o

2 Jsolated yield. © ee values were determined by chiral phase HPLC using AD-H columns.

2.1.2. Substituent Effects of DPEN Derivatives

We investigated the effect of a monoalkyl-substituted chiral amine catalyst under the
optimized reaction conditions (Figure 2). The yield decreased as the steric hindrance of
the alkyl group substituent increased. In particular, the yield of the 1d catalyst was lower
than that produced by the 1a catalyst, which suffers from relatively less steric hindrance.
However, the stereoselectivity increased slightly. In the case of a chiral amine (1b), which
has a similar level of a steric hindrance to that of 1a, there was an unexpectedly large
difference in the yield than the 1a catalyst. Therefore, catalyst 1a, which demonstrated the
best yield and stereoselectivity, was selected (Table 2).
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Figure 2. Chiral 1,2-diamine catalysts prepared for use in this study.

2.1.3. Effects of Different Temperatures and Solvent Ratios

As the product is unstable and the yield is low at room temperature, the experiment
was performed at a lower temperature. At —10 °C, the yield increased from 82% to 95%
instead of demonstrating similar enantioselectivity to that observed at room temperature
(Table 3, entries 2 and 3). To examine how the ratio of cyclohexanone to nitrosobenzene
reagent affects the nitroso aldol reaction, the reagent quantity was varied. When the reagent
ratio was 1:1 (entry 1) and the quantity of catalyst to be added was reduced to 1 mol %, the
yield and enantioselectivity decreased (entry 5). In addition, the yield and stereoselectivity
decreased when the quantity of the nitrosobenzene reagent was increased (entries 6 and 7).
When benzoic acid (5 mol %) was added, the yield of the side product decreased, and
the yield improved (entry 8). In the case of entry 8, benzoic acid was added to promote
amine catalysis and imine formation through the activation of cyclohexanone. Finally,
when the quantity of the catalyst was reduced to 5 mol %, the reaction time needed to be
increased to 6 h (entry 4). However, it was possible to confirm the yield of 95% and the
enantioselectivity of 99. Thus, the optimal quantity of catalysts was determined. However,
when the type of ketones was changed to a type such as 3-pentanone or 2-butanone, it
was confirmed through preliminary tests that the stereoselectivity of the product was
significantly reduced. Therefore, if the kind of ketones is changed, the stereoselectivity of
the product is expected to decrease (Figure S1). So, it is necessary to confirm it by changing
the nitroso type in the future.
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Table 3. Effects of temperature and different equivalent conditions on the nitroso aldol reaction.

Ph, Ph
O o 10 mol% HN - HN : % ?H
N.
N HCI Ph
Ph . -
Brine, Temp, Time
X eq X eq
Ent Cyclohexanone: Temp C) Time (h) Yield (%) @ (%) P

Yy Nitrobenzene P ° et
1 1:1 rt 1 55 92
2 2:1 0 15 88 98
3 2:1 -10 3 95 9
4c 2:1 -10 6 95 99
5d 2:1 -10 24 52 99
6 1:2 -10 2 71 82
7 1:5 -10 2 65 80
8¢ 2:1 -10 6 98 99

2 Isolated yield. ? ee values were determined by chiral phase HPLC using AD-H columns. ¢ Using 5 mol % 1a cat.
d Using 1 mol % 1a cat. ¢ Using 5 mol % benzoic acid and 1a cat.

2.1.4. Proposed Mechanism including the Expected Transition State

The chiral diamine reacts with cyclohexanone to form an imine, which in turn forms
an enamine. The alkylated chiral diamine and nitroso benzene activate the electrophile
through hydrogen bonding with an acid catalyst. A nitroso aldol product is expected after
the activated electrophile and enamine react. The product of the nitroso aldol reaction
forms a more stable enamine when dehydrated at room temperature (Figure 3). Based
on the results in Table 3, the mechanism proceeds as follows: reducing the quantity of
ketone causes process (A), which involves the synthesis of an enamine by the reaction
of a chiral diamine with cyclohexanone, to proceed slowly (Figure 3). As a result, the
reaction rate decreases. In the absence of brine, A proceeds rapidly. However, after the
enamine reacts with nitrosobenzene, the hydrolysis from imine to alpha hydroxyamino
compound C is slow, which implies that side reactions occur. In particular, when toluene
is used as a solvent (Table 1, entry 8), the reaction time is fast, but the side reaction
proceeds quickly, which implies that several adducts are generated. Therefore, to increase
the reaction yield (Table 3 entry 8), a small volume of benzoic acid is added to prevent
the activation of cycloketone and self-aldol condensation, which reduces the number of
side reactions. Chiral diamine and cyclohexanone form enamine, and chiral amine and
nitrosobenzene are activated through hydrogen bonding. According to the mechanism,
the expected transition state occurs when the bond between enamine and nitrosobenzene
is formed, and the enamine is formed by reacting with a catalyst. We expect that the
reaction proceeds in a way that minimizes the steric hindrance of the phenyl group of
nitrosobenzene. Therefore, it was possible to obtain the (S)-enantiomer rather than the
(R)-enantiomer as the main product (Figure 3).
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Figure 3. Catalytic cycle of the nitroso aldol reaction and proposed transition states.

2.2. Thermodynamic Energy Comparison of Solvent Effect and Mechanism through Quantum
Calculations

Comparison of Gibbs Free Energy of Transition State by Catalyst and Type

For each mechanism step, the expected transition states of catalysts 1a and 1b were
compared in the gas phase and water phase to investigate the reactivity differences (Table 2).
The results of the calculation demonstrate that catalyst 1a was more stable than catalyst 1b
in the gas phase by 0.424 kcal/mol. However, for the water phase calculation, the result
for catalyst 1a was 13.016 kcal/mol lower than that of catalyst 1b, which was lower than
expected (Figure 4).
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Figure 4. Relative free energy diagram showing proposed catalytic transition states of 1a and 1b
catalysts based on the B3LYP/6-31G(d,p) method. The calculations were performed using water and
gas conditions. Starting reagents 1, 2, 3, and 4: (1: cyclohexanone, 2: nitrosobenzene, 3: 1a cat., and 4:
1b cat.).

As the solvent effect on the reaction was confirmed in Table 1, thermodynamic analysis
was performed to determine the factors affecting the nitroso aldol reaction of water. To this
end, based on the results confirmed in Figure 3, this time, the thermodynamic energies of
various solvents were compared for the transition state of catalyst 1a. Based on the results in
Figure 3, the thermodynamic energies of various solvents were compared for the transition
state of catalyst 1a. A comparison of the experimental results (Table 1) and quantum
calculation results confirmed that non-polar solvents such as toluene exhibited the lowest
reactivity. Furthermore, using tetrahydrofuran, CH,Cl,, or no solvent resulted in similar
reactivity to that indicated by the calculations. In particular, the use of polar solvents
such as MeOH, acetonitrile, and DMSO resulted in relatively good reactivity, and the
experimental results were similar to the calculation results. However, water demonstrated
the best reactivity and stereoselectivity among these solvents (Table 1). In addition, the
calculation results confirmed that the transition state of the nitroso aldol reaction is most
stable under a water solvent (Figure 5).
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|water(-18.992)
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Figure 5. Effect of solvent on the transition state of asymmetric nitroso aldol reaction. The calculations
were performed using various solvent conditions based on the B3LYP/6-31G(d,p) method.

2.3. Gibbs Free Energy of Each Mechanism

In our proposed reaction cycle, cyclohexanone reacts with a primary amine to form an
enamine via an imine, and this enamine reacts with a primary amine to minimize the steric
hindrance (Figure 3). An aromatic aldehyde forms hydrogen bonds with ammonium salts
to form the transition structure. New C-N bonds are formed through structure TS with the
minimal steric hindrance of single bond alkyl groups. Finally, the nitroso aldol product is
formed by the hydrolysis of iminium by the water produced in the enamine form and by
the solvent water, as shown in Figures 3 and 6.
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Figure 6. Proposed catalytic mechanism based on the B3LYP/6-31G(d,p) method. The calculations
were performed using water conditions. Relative free energy diagram of the (R,R)-1,2-diphenyl-
ethylenediamine (DPEN)-iminium salt catalyzed enantioselective nitroso aldol reaction. The reactants
1,2, and 3: (1: cyclohexanone, 2: nitrosobenzene, and 3: 1a cat.).

3. Materials and Methods
3.1. Instruments and Reagents

Optical rotation was measured using an auto digital polarimeter and FI-IR spectrum
was recorded using NICOLET 380 FT-IR spectrophotometer of Thermo Electron Corpora-
tion (Thermo Fisher Scientific Inc., Waltham, MA, USA). 'TH NMR and 3C NMR spectra
were obtained using Varian Gemini 300 (300, 75 MHz) and Varian Mercury 400 (400, 100
MHz) using TMS as the internal standard (300, 75 MHz, Agilent, Santa Clara, CA, USA),
Varian Mercury 400 (400, 100 MHz, Agilent, Santa Clara, CA, USA). Chiral HPLC analy-
sis was performed using a Jasco LC-1500 Series HPLC system (JASCO, 4-21, Sennin-cho
2-chome, Hachioji, Tokyo 193-0835, Japan). Toluene (CaH,), THF (Na, benzophenone), and
CH,Cl, (CaHy) reaction solvents were purified before use. The reagents used in this study
were products from Aldrich (Louis, MO, USA), TCI (Tokyo, Japan), and, if necessary, were
purified or dried by a known method. Merck’s silica gel 60 (230—400 mech) was used as a
stationary phase for column chromatography.

3.2. Experimental Method
3.2.1. Synthesis of Catalysts (1a—e); General Procedure

To a solution of (R, R)-1,2-diphenylethylenediamine (300 mg, 1.41 mmol) in dichlorome
thane, 141 mL of a carbonyl compound (1.41 mmol) and MgSO4 were added. The mixture
was refluxed for 48 h. Then, we removed the MgSO; via a celite filter and concentrated
it in vacuo. NaBHy (4.0 equiv.) and ethanol 14 mL were added, and the mixture was
stirred at room temperature for 3 h, quenched with 1 N NaOH solution, and extracted
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with ethyl acetate 20 mL three times. The combined organic extracts were washed with
brine, and MgSO, was dried and concentrated in vacuo. The product was purified by
chromatography on a silica-gel column (methanol/methylene chloride 1:20) to obtain the
pure amide product (quantitative yield) as a white foamy solid(Scheme 1).

2a-e

Scheme 1. Synthesis of N-alkylation of DPEN. Reagents and conditions: (a) 1.0 eq. carbonyl
compound, MgSOy, toluene (0.1 M), reflux, 48 h. (b) EtOH (0.1 M), excess NaBHy, 3 h (overall yield
81-90%).

3.2.2. Asymmetric Nitroso Aldol Reaction of Nitrosobenzene and Cyclohexanone Using a
Chiral DPEN Catalyst

We dissolved the amine catalyst 1a (0.023 mmol) at room temperature in 2 mL of the
reaction solvent (Brine:1 N HCl = 1:1) and added cyclohexaneone (0.92 mmol). After stirring
for about 10 min, we added nitrosobenzene (0.46 mmol). After stirring for 6 h, we washed
with brine and extracted it with diethyl ether three times. The organic layer was neutral-
ized with NaHCOj; and dried with anhydrous MgSQOy, and the product was obtained by
chromatography on a silica-gel column (EA:Hex = 1:10) after being concentrated in vacuo.

3.3. Results of DFT Calculations and Discussion

Density functional theory (DFT) calculations were performed using Gaussian 16 and
Gauss-View 6.0 programs (Gaussian, Inc., Wallingford, CT, USA). DFT calculations were
performed to show the mechanisms of substrates and catalysts. The optimized geome-
try was described using the DFT method with the Becke three-parameter Lee—Yang—Parr
(B3LYP) level [40]. Single-point calculations for the optimized geometries were then per-
formed using the 6-31G(d,p) basic set [40]. After the shapes of reactants, intermediates
(IM), transition states (TS), and products were fully optimized, the thermodynamic func-
tions and parameters (Gibbs free energy) of reactants were obtained through vibrational
frequency calculation. At the same level of theory, the minimum or transition state energy
was obtained. Enthalpy correction and entropy with temperature were calculated at 298 K
and 1 atm pressure.

4. Conclusions

A chiral diamine catalyst was synthesized using the derivative obtained by the reduc-
tive mono-N-alkylation of DPEN. The reaction was N-selective and produced a nitroso
aldol compound from an alpha hydroxyamino ketone in good yield with high enantioselec-
tivity. When the nucleophilic enamine was formed using chiral diamine and cyclohexanone,
it demonstrated high enantioselectivity. Further studies should focus on attempting the
reaction with various aldehyde-based reagents to determine the scope of the asymmetric
nitroso aldol reaction. In this laboratory, additional in-depth research on the nitroso aldol
reaction in water is in progress.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/catal12040435/s1, Figure S1. Results to changes in ketone types under optimized experi-
mental conditions. Compound Characterization Data, Copy of NMR and MASS Spectra, Copy of
HPLC Chromatograms, DFT Calculations for all Calculated Structures of the compounds mentioned
in the text.
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