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Abstract: The catalytic hydrogenation of 2,4-dinitroaniline with a 0.5 wt% 

Pt/TiO2 was investigated in a multiphase medium of tetrahydrofuran (THF) pressurized 

by CO2 at different pressures and at 323 K. When CO2 pressure was raised, the overall 

rate of hydrogenation simply decreased but the selectivity to the desired product of 4-

nitro-1,2-phenylenediamine increased. The noticeable enhancement of the selectivity to 

4-nitro-1,2-phenylenediamine can be explained by chemical actions of CO2 molecules. 

In situ high-pressure FTIR and molecular simulations demonstrate that the dissolved CO2 

molecules may interact with amino group of the substrate and weaken the intra-hydrogen 

bonding between the amino and 2-nitro groups, which results in the change of the relative 

reactivity of the two nitro groups, yielding the desired product in a higher selectivity. The 

change of the intra- and inter-molecular interactions between the substrate and CO2 

molecules was theoretically examined by DFT calculation. 
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1. INTRODUCTION 

 

 When an organic liquid is pressurized by CO2, its volume will expand to some extent 

depending on its properties and pressures. This liquid is often called as CO2-dissolved 

expanded liquid phase (CXL). The solvent properties of a CXL may widely be tuned by 

CO2 pressure, going from its pure liquid through dense phase CO2-like liquid. The CXL 

has advantageous features as a reaction medium compared to conventional organic 

solvents and supercritical CO2. Several review articles demonstrate interesting results of 

organic synthetic reactions in CXLs, including hydrogenation, oxidation, 

hydroformylation, and others.1-5 Note that CXLs also serve an interesting medium for 

reactions including no gaseous reactants like Heck coupling and Diels-Alder reactions.6 

One of interesting actions of CO2 in CXLs is the interaction with functional groups of 

organic substrates and/or reaction intermediates, which would accelerate or retard the 

reaction rate and change the product distribution. The authors show the significance of 

molecular interactions of CO2 in the catalytic selective hydrogenation of -unsaturated 

aldehydes to saturated alcohols7, 8 and of nitro arenes to anilines9, 10. In the latter, for 

example, 100% selectivity to anilines can be achieved at any conversion level up to 100% 

total conversion with supported nickel catalysts. The interactions of CO2 molecules with 

carbonyl and nitro groups are a significant factor determining the final product selectivity 

in these hydrogenation reactions. The interactions of CO2 with functional groups of 

various organic compounds were measured by in situ high-pressure Fourier transform 

infrared spectroscopy (FTIR) in transmittance and attenuated total reflection (ATR) 

modes.11, 12 Those results indicate that CO2 molecules would act as a reaction promoter 

in CXLs more effectively than expected simply from its inertness nature. It is interesting 

and significant, therefore, to study the features and usefulness of CXLs for other more 

difficult organic synthetic reactions.  

 

 In this work, the regioselective hydrogenation of 2,4-dinitroaniline 1 has been 

investigated with a Pt/TiO2 catalyst in a CXL using tetrahydrofuran (THF). The substrate 

includes two nitro groups at different positions (in different chemical environments) and 

so the authors expect that these nitro groups would interact with the dissolved CO2 

molecules and their reactivity would be changed in different modes. This would result in 

a change in the product selectivity (Scheme 1) as compared to the reference 

hydrogenation under conventional conditions in the presence of pressurized H2 alone. 

Alaimo and Storrin previously reported that a high selectivity (> 90%) to 4-nitro-1,2-

phenylenediamine 2 was achieved by the catalytic hydrogenation of 1 with heterogeneous 

catalysts of PtO2, 5 wt% Rh/Al2O3, and 5 wt% Rh/C in dimethylformamide at 0.28 MPa 
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initial pressure, in which, however, the addition of such a base as NH4OH was necessary.13 

The product 2 is one of commercially important compounds, which can find practical 

utility in several fine chemical industries.13 Since the work of Alaimo and Storrin in 1981, 

we can find few works on the selective hydrogenation of 1 to 2 using heterogeneous 

catalysts. Recently, Pagliaro and coworkers investigated chemoselective hydrogenation 

of various functionalized nitroarenes over heterogeneous Pd and Pt catalysts.14, 15 

However, the authors did not notice the regioselective hydrogenation of 1 to 2 in their 

works.  

 

Scheme 1 

 

 The present authors have investigated the regioselective hydrogenation of 1 to 2 using 

a Pt/TiO2 catalyst in THF pressurized by CO2 at different pressures in this work and the 

influence of dense phase CO2 on the reaction rate and the product selectivity has been 

examined. The interactions between the nitro and amino groups of the substrate 1 and 

CO2 molecules dissolved in the solvent have been measured by in situ high-pressure FTIR 

in ATR mode for the liquid mixture of 1 and CO2 in THF at different CO2 pressures. Intra- 

and inter-molecular interactions should be operated16-18 and would be modified by the 

presence of CO2 molecules in the liquid phase. These molecular interactions have also 

been evaluated by molecular simulations assuming simple molecular structures of 1 

coordinated to different numbers of CO2 molecules. On the basis of those experimental 

and theoretical results, a noticeable (desirable) change in the product selectivity of 

hydrogenation of 1 to 2 by CO2 pressurization has been discussed in detail.    

 

 

2. EXPERIMENTAL AND THEORETICAL METHODS 

 

2.1. Catalyst Preparation and Materials 

 

 A catalyst of 0.5 wt% Pt/TiO2 was prepared by impregnation using TiO2 

(anatase/rutile = 7/3, BET surface area 49 m2/g, Catalysis Society of Japan, JRC-TIO4(2)) 

and H2PtCl6 (Wako). The Pt-loaded TiO2 sample was dried in ambient atmosphere at 373 

K for 5 h and reduced in a 4% H2 (N2 balance) stream at 473 K for 3 h. The metal 

dispersion in the reduced sample measured by CO chemisorption was 10%. 

 

2.2. Hydrogenation 
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 A substrate of 2,4-dinitroaniline 1 and a solvent of THF were purchased from Wako 

and used as received. Among a few solvents tested, THF was selected since it was a good 

solvent for dissolving a certain amount of 1. The hydrogenation of 1 was conducted in a 

50 cm3 stainless steel autoclave, to which the substrate (0.50 g), THF (10 cm3), and 

catalyst (20 mg) were charged and the reactor was flushed with CO2 three times to remove 

the air. After the reactor was heated up to 323 K, H2 (4 MPa) was introduced and then 

liquid CO2 was also introduced into the reactor with a high-pressure liquid pump (JASCO 

SCF-Get) to the desired pressure. The reaction was conducted while stirring the reaction 

mixture with a magnetic stirrer. After the reaction, the reactor was cooled with an ice-

water bath and then depressurized carefully, and the composition of reaction mixture was 

analyzed by a gas chromatograph (GL Science GC-4000) using a capillary column 

(Zebron ZB-5) and a flame ionization detector. The total conversion of 1 was determined 

from the final amount of 1 unreacted divided by the initial amount of 1 loaded. The 

selectivity to a product was determined from the amount of the product formed divided 

by the total amount of products formed. To clarify the influence of functional group, 2,4-

dinitrochlorobenzene 5 having chloro group instead of amino group was also used as a 

substrate of the hydrogenation reaction (Scheme 1). 

 

2.3. High-pressure FTIR Measurement 

 

 Molecular interactions of CO2 with the substrate of either 1 or 5 were examined by in 

situ high-pressure FTIR measurements using a JASCO FTIR-620 spectrometer with a 

triglycine sulfate detector with a wavenumber resolution of 2 cm-1. The FTIR spectra 

were collected at 323 K (reaction temperature) for the CO2-dissolved expanded THF 

phase by ATR mode using a home-designed cell of about 1 cm3. It was loaded with a 

liquid mixture of the substrate and THF in the same concentrations as used in the reaction, 

purged with CO2 three times, and loaded with liquid CO2 up to the desired pressure. The 

temperature was adjusted to 323 K by resistivity heating with coils embedded in the cell. 

The experimental setups and detailed procedures are described elsewhere.19 For better 

understanding, the same experiments were carried out with either 2- or 4-nitroaniline 

dissolved in THF to examine the molecular interactions of CO2 molecules with 2- and 4-

nitro groups in the substrate of 1. 

 

2.4. Phase Behavior Observation  

 

 The volume expansion of THF on CO2 pressurization at different pressures was 

measured with a 10 cm3 high pressure view cell equipped with two sapphire windows.8-
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10 The cell was loaded with 2 cm3 solvent, it was purged with CO2 three times, and then 

it was heated up to a temperature of 323 K while stirring. After the desired temperature 

was obtained, 4 MPa H2 was introduced, compressed CO2 was fed into the cell to the 

desired pressure, and then stirring was stopped after 2 min. The volume of the liquid phase 

was then measured. 

 

2.5. Molecular Simulations 

 

 Density functional theory (DFT) calculations were performed with the Gaussian 03 

and 09 program packages.20,21 The structures of clusters composed of nitro aromatic 

compounds and CO2 were fully optimized at the B3LYP/6-311G(d,p) level.22-24 in order 

to obtain sufficiently accurate energetics. Harmonic vibrational frequencies at the 

stationary points of clusters were calculated to check the local minima of the structures.  

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Hydrogenation 

 

 Typical time profiles of total conversion and product selectivity are given in Figure 1. 

The two products of 4-nitro-1,2-phenylenediamine 2 and 2-nitro-1,4-phenylenediamine 

3 were observed to form without any other byproducts (Scheme 1). The formation of 

1,2,4-triaminobenzene 4 was not observed in the present work. As shown in Figure 1, the 

product selectivity did not change so much with conversion and this trend was also 

confirmed at different CO2 pressures examined. The influence of CO2 pressure on the 

overall conversion of 1 is presented in Figure 2. Unfortunately, the conversion was rapidly 

decreased by CO2 pressurization in the range of pressures lower than 2 MPa and then 

gradually decreased with increasing CO2 pressure at 2 - 8 MPa. Generally, in liquid phase 

hydrogenation reactions in the presence of H2 and CO2
 at high pressures over supported 

metal catalysts, CO is formed and adsorbed on the surface of metal catalysts, often 

causing their undesired deactivation.25,26 Therefore, a reaction run was also conducted 

with a catalyst sample on which CO was pre-adsorbed by exposure to 1% CO gas at 0.1 

MPa for 10 min. The same product distribution as observed with untreated Pt/TiO2 

catalyst was obtained and no catalyst deactivation occurred, indicating that CO formed 

and adsorbed on the surface of Pt/TiO2 under the present reaction conditions is not 

responsible for the reaction rate and the product selectivity. 
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Figure 1, Figure 2 

 

 The decrease of reaction rate with CO2 pressure was also observed in the 

hydrogenation of 2-nitroaniline (2NA) and 4-nitroaniline (4NA) as shown in Figure 3. It 

is known that a significant amount of CO2 is dissolved in the liquid phase and this may 

cause the decrease in the conversion for several multiphase reactions under dense phase 

CO2. When the present reaction mixture was pressurized by CO2, the volume of THF was 

gradually increased with increasing pressure up to 6 MPa by the dissolution of CO2 and 

then rapidly increased at pressures from 6 MPa to 8 MPa (Figure 4). Finally, the reaction 

mixture formed a single gas phase at a pressure of 8.2 MPa. In the previous hydrogenation 

of nitrostyrene in CO2-expanded solvent with Pt/TiO2 catalyst at 323 K, the overall rate 

of hydrogenation was also decreased with increasing CO2 pressure.12 However, such a 

rapid decrease of conversion at lower CO2 pressures than 2 MPa (Figures 2, 3) was not 

observed in our previous work, in which the reaction conditions such as the concentration 

of substrate, the volume expansion of solvent, and the amount of catalyst used were 

similar. From these results, the chemical interaction of dissolved CO2 molecules with 1 

seems to affect the reaction rate while the dilution effect of CO2 is not so significant for 

the decrease in the overall conversion of 1. 

 

Figure 3, Figure 4 

 

 For the selectivity to the desired product 2, on the other hand, an interesting effect of 

CO2 pressurization was observed to appear. The selectivity to 2 is also plotted against 

CO2 pressure in Figure 2. The selectivity to 2 was 76% in neat THF; it is noteworthy that 

it was enhanced by about 10% at a CO2 pressure of 4 MPa, indicating that the 

regioselectivity of the hydrogenation of 1 to 2 was increased on the simple pressurization 

of CO2. This result was contrary to the case of mono-nitro compounds of 2NA and 4NA, 

in which the hydrogenation of 2-nitro group in 2NA was suppressed to a larger extent by 

CO2 pressurization compared to 4-nitro group in 4NA (Figure 3). These results imply that 

the chemical interactions of dissolved CO2 molecules with 2,4-dinitroaniline 1 is different 

from those of 2NA and 4NA, which will be discussed later. 

 

 For better understanding of those results with 1, the hydrogenation of 2,4-

dinitrochlorobenzene 5, 2-chloronitrobenzene and 4-chloronitrobenzene were also 

examined in the absence and presence of CO2. The substrates of 5 was hydrogenated to 

2-chloro-5-nitroaniline 6 and 4-chloronitroaniline 7, and the fully-hydrogenated product 

of 6-chloro-1,3-phenylenediamine 8 was obtained in the present reaction (Scheme 1). In 
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contrast to the case of 1 in Figure 2, the hydrogenation of 5 was accelerated with 

increasing CO2 pressure while the selectivity to 6 and 7 remained unchanged (Figure5). 

Namely, the effects of CO2 pressurization on the hydrogenation rate and the product 

selectivity were entirely different between 1 and 5. In the hydrogenation of mononitro 

compounds of 2-chloronitrobenzene and 4-chloronitrobenzene in THF, the overall 

conversion was gradually decreased with increasing CO2 pressure in the same manners 

irrespective of the relative positions of chloro and nitro groups (Figure 6). These results 

indicate that the overall reaction rate can be controlled by CO2 pressurization but the 

product distribution is not affected in the hydrogenation of nitroarenes having chloro 

group. Therefore, the presence of adjacent amino group is significant for the appearance 

of CO2 pressurization effect on the controlling of the product distribution in the 

hydrogenation of 1. As mentioned above, the fully hydrogenated product of 4 was not 

observed in the present reaction system, which indicates that the difference of the 

reactivity between 2-nitro and 4-nitro groups in 1 significantly affect the product 

distribution. Therefore, we think that the structure around these nitro groups of 1 in the 

absence and presence of CO2 is one of the most important factors to determine the 

reactivity of them and to clarify the effect of CO2 pressurization as observed in the present 

work. In the following, detailed discussion about the impact of CO2 molecules will be 

made using the results of in situ high-pressure FTIR and molecular simulations. 

 

Figure 5, Figure 6 

 

3.2. FTIR under Ambient Conditions 

 

 Reference data were collected for a THF - 1 mixture by transmittance FTIR, in which 

a liquid film sandwiched by KBr plates was measured under ambient conditions. 2NA, 

4NA, nitrobenzene (NB), aniline (AN), as described in Scheme 2, and the mixture of NB 

and AN dissolved in THF were also subjected to the FTIR measurement (Figure 7), and 

the assignment of the absorption bands observed is given in Table 1. For 2NA, the 

absorption bands of asymmetric and symmetric stretching vibration modes of nitro group, 

as(NO2) and s(NO2), are located at 1505 cm-1 and 1340 cm-1, respectively (Figure 7a). 

For 4NA, the same absorption bands appear but at different frequencies, 1494 cm-1 for 

as(NO2) and 1325 cm-1 for s(NO2). The latter one is seen as a shoulder peak of another 

clear peak, which is assigned to stretching vibration modes of C–NH2 bond. For the 

substrate 1, a large band at 1329 cm-1 is assigned to s(NO2) of 2- and 4-nitro groups and 

a weak band at 1513 cm-1 is assigned to as(NO2) of 2-nitro group. A shoulder band at 

about 1484 cm-1 may be assigned to the absorption of as(NO2) of 4-nitro group. The peak 
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frequency and the relative intensity of absorption bands of nitro group are different 

depending on the structure of the three nitroarenes examined, which would indicate 

different modes and extents of intra- and inter-hydrogen bonding.16, 27, 28 From the 

comparison of the FTIR spectra of NB and the mixture of NB and AN, the absorption 

bands at 1526 cm-1 for as(NO2) and 1347 cm-1 for s(NO2) were not shifted even in the 

presence of AN, indicating that the influence of inter-hydrogen bonding between nitro 

group and amino group is weak and the peak position of (NO2) is mainly affected by 

intra-hydrogen bonding or other intra-molecular interactions.  

 

Figure 7 

 

 Figure 7b displays the spectra for the range of stretching vibration of amino group for 

three nitroarenes, NB, AN, and the mixture of NB and AN. The assignment of these bands 

is also shown in Table 1. The spectra of 4NA is similar to that of AN, in which three 

absorption bands are located at 3472 cm-1, 3349 cm-1 and 3224 cm-1. The former two 

bands are assignable to asymmetric and symmetric stretching vibration modes, as(NH2) 

and s(NH2).
18 The peak intensity of the latter band of 1 at around 3200 cm-1 is relatively 

stronger than that of AN, and the same trend can be seen with the absorption bands of 1 

and 2NA. Therefore, the relative peak intensity of the absorption band of s(NH2) located 

around 3200 cm-1 should imply the inter-hydrogen bonding interaction between H atom 

of amino group and O atom of nitro group of another molecule. For 1 and 2NA, three 

absorption bands are also observed, similar to 4NA and AN, but the peak frequency and 

the relative intensity of the absorption bands are different. The peak position of the 

absorption band at 3453 cm-1 corresponds with that of 4NA and AN, whereas the other 

two absorption bands appeared at a frequency lower by about 30 cm-1 compared with 

4NA and AN. These results can be explained using DFT calculation, as will be discussed 

later. It is noted again that, for the substrate 1 of our interest, both intra- and inter-

hydrogen bonding interactions should exist under ambient conditions.  

 

3.3. FTIR under High Pressure CO2 Conditions 

 

 The substrate of 1, 2NA and 4NA were also used in in situ high-pressure FTIR-ATR 

measurement at 323 K. Figure 8 shows the FTIR spectra in the range of (NO2) collected 

at different CO2 pressures. The reference data given in Figure 7 and Table 1 were used to 

assign the absorption bands observed with 1, 2NA and 4NA under high CO2 pressure 

conditions. For each of these anilines, the strength of absorption decreased with 

increasing CO2 pressure due to the dilution effect. For 2NA in Figure 8b, the absorption 
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bands of as(NO2) and s(NO2) are located at the same frequencies at 1505 cm-1 and 1340 

cm-1, respectively, irrespective of CO2 pressure. Similar results were obtained for 4NA 

that two absorption bands of as(NO2) at 1505 cm-1 and s(NO2) at 1340 cm-1 were little 

shifted with increasing CO2 pressure (Figure 8c). These results may indicate that there is 

no or little direct molecular interaction between dissolved CO2 molecule and nitro group 

of 2NA and 4NA. In our previous works, clear peak-shift was observed for the absorption 

band of as(NO2) and s(NO2) in the case of NB9 and NS12; therefore, the presence of 

amino group in the molecule may prevent or weaken the direct interaction between CO2 

molecule and nitro group of 2NA and 4NA, which may be caused by inter- or intra-

hydrogen bonding with H atom of amino group and O atom of nitro group. However, for 

the substrate 1, the absorption band of as(NO2) of 2-nitro group at 1513 cm-1 becomes 

weakened with CO2 pressure and the absorption band of as(NO2) of 4-nitro group at 1484 

cm-1 clearly increased while remaining its frequency, implying that the peak frequency of 

2-nitro group was selectively red-shifted with increasing CO2 pressure among two nitro 

groups of the substrate of 1. Therefore, we concluded that the relative reactivity of 2-nitro 

group against that of 4-nitro group was enhanced by CO2 pressurization, resulting in the 

increase of the selectivity to 2 (Figure 2). This change was not observed in the FTIR 

measurements for 1 in THF with different concentrations at ambient pressures and the 

absorption band of as(NO2) of 2-nitro group simply decreased with decreasing 

concentration of 1 without increase in the absorption band of as(NO2) of 4-nitro group 

(SI, Figure S1). These results suggest that the dilution of reaction mixture by CO2 

dissolution is not the cause of above-mentioned spectra change and CO2 molecules may 

chemically influence the substrate of 1.  

 

Figure 8 

 

 Figure 9 shows the FTIR-ATR spectra in the range of the amino group for three 

nitroarenes. In contrast to the case of nitro group in Figure 8, remarkable changes can be 

seen for 2NA (Figure 9b) but not for 4NA (Figure 9c). For 2NA, the absorption band of 

as(NH2) at 3471 cm-1 became weakened with CO2 pressure and was a little blue-shifted. 

There are two absorption bands assigned to s(NH2) at a main peak of 3326 cm-1 and a 

shoulder peak of 3368 cm-1 under ambient condition. Under CO2 pressurized conditions, 

the peak intensity of the former decreased while that of the latter increased. In addition, 

the peak frequency of s(NH2) at 3368 cm-1 was gradually blue-shifted to 3378 cm-1 with 

increasing CO2 pressure up to 12 MPa. The absorption band of s(NH2) for AN and 4NA 

appeared at a higher frequency compared with that for 2NA as shown in Figure 7b, 

suggesting that the intra-molecular hydrogen bonding interaction between nitro and 
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amino group in 2NA weakened the peak frequency of s(NH2) in the absence of CO2, and 

this interaction was canceled by CO2 pressurization. Such a peak shift was not observed 

for 4NA and the peak intensity simply decreased with increasing CO2 pressure due to 

dilution effect (Figure 9c). For the substrate 1, the absorption band of s(NH2), which was 

observed at 3312 cm-1 under ambient condition, was slightly blue-shifted similar to the 

case of 2NA whereas the extent of the peak shift was ca. 13 cm-1 (Figure 9a), which was 

much smaller than 52 cm-1 for 2NA (Figure 9b). One can say that the presence of 4-nitro 

group in 1 may suppress the peak shift of (NH2) in the presence of compressed CO2. 

These results strongly suggest that amino group of 1 has the interaction with dissolved 

CO2 molecule and it is weaker compared with the case of 2NA because of the presence 

of 4-nitro group. Several researchers note that 4NA is well stabilized by the formation of 

the resonance structure but this is not the case in 2NA.29-31 Namely, we could not observe 

any interactions between CO2 and 4NA because of strong resonance structure (Figure 8c, 

9c) but the direct interaction of CO2 with 1 and 2NA was observed (Figure 9a, 9b). The 

peak intensity of amino group in the substrate 1 increased with CO2 pressurization (Figure 

9a), which was contrary to the other FTIR spectra. In the absence of CO2, 1 exits in the 

form of dimer through inter-hydrogen bonding between 2-nitro and amino groups. In the 

presence of CO2, however, CO2 molecules approach to and break the dimer into the 

monomers and some CO2 molecules are coordinated to the amino group of 1. The inter-

hydrogen bonding weakens and so the strength of N-H bonds increases, as estimated from 

the blue-shift observed. The molecular interactions with CO2 should result in a variation 

in the electronic structure of around the amino group, which might cause an increase in 

the strength of the absorption band with CO2 pressure. 

 

Figure 9 

 

 From the comparison of FTIR results among 1, 2NA and 4NA under high-pressure 

CO2 conditions, the influence of CO2 pressurization on the reactivity of 2- and 4-nitro 

group of 1 can be discussed. The presence of amino group in the structure of 2NA and 

4NA suppress the peak shift of (NO2) even at high CO2 pressure, which is different from 

the case of NB9. For 1, however, only a red shift of (NO2) of 2-nitro group was observed 

with increasing CO2 pressure whereas (NO2) of 4-nitro group was located at the same 

frequency (Figure 8). On the other hands, the peak position of (NH2) did not change by 

CO2 pressurization for 4NA whereas those for 1 and 2NA were blue-shifted (Figure 9), 

and the order of the extent of peak shift was 2NA > 1 > 4NA. These results indicate that 

the direct molecular interaction between amino group of 1 and dissolved CO2 molecules 

affect the reactivity of 2-nitro group, resulting in the increase of the selectivity to 2 as 
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shown in Figure 2. For 2NA, CO2 species can coordinate to the NH2 group (Figure 9) and 

this may cause a steric effect on the adjacent NO2 group. Such a steric effect cannot appear 

for 4NA. Thus, the negative impact of CO2 pressurization should be larger for 2NA than 

for 4NA. For 1 of our interest, a similar negative impact of CO2 molecules should exist 

for 4-nitro group. For 2-nitro group, however, there is observed a red-shift of ν(NO2) 

(Figure 8a), which is a positive effect (increasing its reactivity). The above-mentioned 

negative steric effect on the 2-nitro group caused by the coordination of CO2 species to 

the adjacent NH2 group may be offset to some extent. Thus, the negative effect of CO2 

pressurization should be smaller for the 2-nitro group than for the 4-nitro group, resulting 

in the increase in the selectivity to the hydrogenation of the former 2-nitro group. We 

measured in situ high-pressure FTIR-ATR using 2,4-dinitrochlorobenzene 5 in THF to 

determine the interaction of CO2 pressurization on two nitro groups of 5 but no peak-shift 

was observed (SI, Figure S2), which also supports the indirect interaction of dissolved 

CO2 with 2-nitro group of 1 via amino group. To clarify this indirect molecular interaction 

of dissolved CO2 molecules with the substrate, the local structures of 1, 2NA and 4NA in 

the absence and presence of CO2 molecules were examined by molecular simulations. 

 

3.4. Molecular Simulations 

 

 In addition to the above-mentioned FTIR measurements, intra- and inter-interactions 

that should occur with substrates and CO2 molecules have theoretically been studied by 

molecular simulations. The dissolved CO2 molecules approach in closer proximity to the 

substrate than the solvent THF molecules and may form a cluster with 1 in the present 

reaction system. The optimized structure of the cluster with 1 and CO2 molecules were 

calculated and the clusters of 1 coordinated with four or five CO2 molecules were 

obtained as the most stabilized CO2-coordinated clusters in THF (Figure 10). It was 

calculated that NO bonding distances of 2- and 4-nitro groups in the absence of CO2 are 

1.220, 1.238 Å and 1.224, 1.226 Å, respectively, and these NO distances are hardly 

changed when the substrates of 1 was clustered with four or five CO2 molecules (Figure 

10b and 10c). The same results were obtained for NO bonding distance of 2- and 4-nitro 

groups in chloro-2,4-dinitrobenzene 5 (SI, Figure S3), and hence, we can say that there is 

no or little direct interactions of dissolved CO2 molecules with the NO group in the 

substrates. However, a significant change can be seen in the distance between O atom of 

2-nitro group and H atom of amino group, which may form the intra-hydrogen bonding 

in 1. The distance between O and H is 1.906 Å in the absence of CO2 (Figure 10a) and it 

is extended to 1.945 and 1.952 Å when the CO2-coordinated clusters are formed (Figure 

10b, 10c), which clearly indicates that the intra-hydrogen bonding between 2-nitro group 
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and amino group in 1 is weakened by the coordination of CO2 around 1. It is well known 

that an amine species has strong affinity with CO2
32,33 and it may cause the suppression 

of intra-hydrogen bonding, resulting in the increase of the reactivity of 2-nitro group in 1 

as above-mentioned in Figure 2. The structures of CO2-coordinated clusters of 2NA and 

4NA with three and four CO2 molecules were also calculated using DFT simulations 

(Figure 11). In accordance with the case of 1, the bonding distance of intra-hydrogen 

bonding in 2NA is extended from 1.910 Å to 1.937 Å with CO2 coordination whereas NO 

bonds of 2-nitro group in 2NA and of 4-nitro group in 4NA remain unchanged even in the 

presence of CO2 molecules. The extension of intra-hydrogen bonding due to CO2 

coordination is relatively larger in 1 with four CO2 molecules (0.039 Å) and with five 

CO2 molecules (0.046 Å) compared with that in 2NA with three CO2 molecules (0.027 

Å), which may cause the peak-shift of NO stretching vibration of 1 (Figure 8a). 

 

Figure 10, Figure 11 

 

 The dimerization of 1 due to inter-hydrogen bonding in THF can occur and, therefore, 

we also examined the interaction of CO2 with the dimer of 1. Figure 12a shows the 

optimized structure of dimers of 2NA, for which the enthalpy of formation is calculated 

to be 29.3 kJ mol-1. The dimer of 4NA was formed with different modes; O atoms of nitro 

group in 4NA form the inter-hydrogen bonding respective to with H atom of amino group 

and H atom of aromatic ring (Figure 12b). The enthalpy of formation for the dimer of 

4NA is 35.6 kJ mol-1, which is larger compared with that of 2 NA, indicating that the 

appropriate structure of the dimer of 1 can be assumed as in Figure 13. The bonding 

distance of intra-hydrogen bond in the dimer of 1 is calculated to be 1.984 Å in the 

absence of CO2 (Figure 13a), which is much longer compared with that of monomer of 

1.906 Å. It is a little shortened to 1.980 Å with the coordination of eight CO2 molecules 

as shown in Figure 13b, which is different from the result of monomer. The bonding 

energy of CO2 molecule on the cluster is calculated to be 9.20 kJ mol-1, and this value is 

much lower than the enthalpy of formation of dimers. Interestingly, the bonding distance 

of inter-hydrogen bond in the dimer of 1 is quite extended from 2.116 Å to 2.262 Å by 

CO2 coordination, indicating that the dimerization is weakened and the state of 1 change 

from dimer to monomer. The formation of the dimer of 1 may cause a steric hindrance 

and inhibit the hydrogenation of 2-nitro group of 1, and namely, one can say that the 

decomposition of the dimer due to CO2 coordination enhances the reactivity of 2-nitro 

group, resulting in the increase of the selectivity to 2, as observed in the present 

hydrogenation (Figure 2).  
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Figure 12, Figure 13 

 

 The results of DFT calculation for chloro-2,4-dinitrobenzene 5 were also given in 

Figure 14. The distance between two molecules of 5 is calculated to be 3.260 Å and it is 

much longer compared with 2.262 Å of 1 in Figure 13, suggesting that the dimerization 

is unlikely to occur in the case of 5. Moreover, the bonding distances of NO in 5 are not 

affected by CO2 coordination. These results indicate that the reactivity of two nitro groups 

in 5 is not affected by the interaction with CO2 molecules, which corresponds to the 

reaction results in Figure 5. 

 

Figure 14 

 

3.5. Functions of CO2 at High Pressures 

 

 The experimental and theoretical results obtained will allow us to explain the fact that 

CO2 pressurization enhances the selectivity to 2 in hydrogenation of 1 in THF solvent as 

follows. The results of FTIR-ATR and molecular simulations suggest that there is no or 

little direct interaction of dissolved CO2 molecules with nitro groups of 1 but the 

interaction between CO2 molecule and amino group of 1 weakens the intra-hydrogen 

bonding between amino group and 2-nitro group. This indirect impact of CO2 

pressurization may enhance the reactivity of 2-nitro group and result in the increase of 

the selectivity to 2 in the presence of dense phase CO2. These effects were also observed 

in 2NA and 4NA but not in chloronitro derivatives of 5, 2CNB and 4CNB. Therefore, the 

use of dense phase CO2 will be an interesting method for regioselective organic reactions 

by selectivity activating a substituent like nitro group in which its reactivity is masked by 

interactions with an adjacent functional group like amino group. It is worth investigating 

such a potential of CO2 molecules as a reaction promoter in other different liquid phase 

organic synthetic reactions in the near future. 

 

 Although the selectivity to the hydrogenation of 2-nitro group of the substrate 1 is 

enhanced, the overall rate of conversion is lowered on CO2 pressurization (Figure 2). The 

structure of 2,4-dinitroaniline dimer tends to break into monomer on CO2 pressurization. 

From the FTIR results, the amino group strongly interacts with CO2 molecules and this 

should cause a steric effect on the 2-nitro group but not on the 4-nitro group. There are 

also interactions of CO2 species with the nitro groups and the CO2 is assumed to decrease 

the reactivity of the 4-nitro group, similar to the case of nitrobenzene.9 In contrast, the 

reactivity of the 2-nitro group is increased, judging from the red-shift of (NO2) 
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absorption band on CO2 pressurization. This positive effect may be offset to some extent 

by the negative steric effect of CO2 species coordinating to the adjacent amino group. The 

negative effect would be more significant and, as a result, the overall rate of conversion 

should decrease with increasing CO2 pressure. As above-mentioned, however, the relative 

reactivity of the 2-nitro group is larger with respect to the 4-nitro group and thus the 

selectivity to the hydrogenation of the former NO2 group is enhanced. 

 

 

4. CONCLUSIONS 

 

 In the hydrogenation of 2,4-dinitroaniline 1 with a 0.5 wt% Pt/TiO2 catalyst in CO2-

dissolved expanded tetrahydrofuran (THF) at 323 K and at a H2 pressure of 4 MPa, 4-

nitro-1,2-phenylenediamine 2 and 2-nitro-1,4-phenylenediamine 3 were observed to form. 

The overall rate of hydrogenation of 1 decreased with an increase in CO2 pressure while 

the selectivity to the desired product 2 increased. In contrast to the selectivity to 2 of 76% 

in neat THF, it was enhanced by about 10% at 4 MPa. The noticeable enhancement of the 

selectivity to 2 was ascribable to interactions of the dissolved CO2 molecules with the 

two nitro groups of 1 in different manners. These interactions caused a difference in the 

relative reactivity between 2-nitro and 4-nitro groups, as confirmed by in situ high-

pressure FTIR and molecular simulations, which resulted in the improved regioselective 

hydrogenation of 1 to 2 in the presence of dense phase CO2. The present results 

demonstrate an interesting function of CO2 molecules as an effective controller in liquid 

phase reactions and the usefulness of CO2-dissolved expanded liquid phases for organic 

synthetic reactions in which the product selectivity is a major concern.  
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Scheme and Figure Captions 

 

 

Scheme 1. Reaction pathways in hydrogenation of 2,4-dinitroaniline and 2,4-

dinitrochlorobenzene. 

 

Figure 1. Time profiles of conversion and selectivity to 2 in hydrogenation of 1 

using 0.5 wt% Pt/TiO2 at 323 K and at a H2 pressure of 4 MPa. 

 

Figure 2. Influence of CO2 pressure on the overall conversion and the selectivity 

to 2 in hydrogenation of 1 using 0.5 wt% Pt/TiO2 for 1 h at 323 K and at a H2 pressure of 

4 MPa.  

 

Figure 3. The change of total conversion of 2-nitroaniline (2NA) and 4-

nitroaniline (4NA) on CO2 pressurization at 323 K in the presence of 4 MPa H2. 

 

Figure 4. The extent of volume expansion of THF liquid phase on CO2 

pressurization at 323 K in the presence of 4 MPa H2. 

 

Figure 5. Influence of CO2 pressure on the overall conversion and selectivity to 6 

and 7 in hydrogenation of 5 using 0.5 wt% Pt/TiO2 for 30 min at 323 K and at a H2 

pressure of 4 MPa.  

 

Figure 6. The change of total conversion of 2-chloronitrobenzene (2CNB) and 4-

chloronitrobenzene (4CNB) on CO2 pressurization at 323 K in the presence of 4 MPa H2.  

 

Scheme 2. Substrates used for FTIR measurements. 

 

Figure 7. FTIR spectra in the ranges of (a) 1200 – 1700 cm-1 (NO2) and (b) 3100 

– 3600 cm-1 (NH2) for 2,4-dinitroaniline 1, 2-nitroanilline, 4-nitroaniline, nitrobenzene 

(NB), aniline (AN) and the mixture of NB and AN dissolved in THF measured in 

transmittance mode under ambient conditions. 

 

Table 1.  Assignment of absorption bands observed for 1, 2NA, 4NA, NB and 

AN in THF under ambient conditions. 
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Figure 8.  High-pressure FTIR spectra in the range of (NO2) for (a) 1, (b) 2-

nitroaniline and (c) 4-nitroaniline dissolved in THF measured in ATR mode at 323 K at 4 

MPa of H2 and different CO2 pressures given. 

 

Figure 9.  High-pressure FTIR spectra in the range of (NH2) for (a) 1, (b) 2-

nitroaniline and (c) 4-nitroaniline dissolved in THF measured in ATR mode at 323 K at 4 

MPa of H2 and different CO2 pressures given. 

 

Figure 10. The optimized structures of CO2-coordinated clusters of 1 with four 

CO2 molecules (b) and five CO2 molecules (c) and the bonding distances of NO of nitro 

groups and intra-hydrogen bonding between 2-nitro group and amino group in 1. The 

values are in Å. 

 

Figure 11. The optimized structures of 2NA (a), CO2-coordinated clusters of 2NA 

with three CO2 molecules (b), 4NA (c), and CO2-coordinated clusters of 4NA with four 

CO2 molecules (d). The bonding distances of NO of nitro groups and intra-hydrogen 

bonding between 2-nitro group and amino group in 2NA are given in Å. 

 

Figure 12. The optimized structures of the dimer of 2NA (a) and 4NA (b). The 

values of bonding distances are in Å.  

 

Figure 13. The optimized structures of the dimer of 2,4-dinitroaniline 1 (a) and 

CO2-coordinated cluster with eight CO2 molecules (b). The bonding distances of NO of 

nitro groups, intra-hydrogen bonding between 2-nitro group and amino group in 1 and 

inter-hydrogen bonding in the cluster are given in Å.  

 

Figure 14. The optimized structures of the dimer of chloro-2,4-dinitrobenzene 5 

forming the cluster with eight CO2 molecules. The bonding distances of NO of nitro 

groups and the distance between two substrates are given in Å.  
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Scheme, Figure, and Table in the order of appearance: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Reaction pathways in hydrogenation of 2,4-dinitroaniline and 2,4-

dinitrochlorobenzene. 
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Figure 1. Time profiles of conversion and selectivity to 2 in hydrogenation of 1 

using 0.5 wt% Pt/TiO2 at 323 K and at a H2 pressure of 4 MPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Influence of CO2 pressure on the overall conversion and the selectivity 

to 2 in hydrogenation of 1 using 0.5 wt% Pt/TiO2 for 1 h at 323 K and at a H2 pressure of 

4 MPa.  
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Figure 3. The change of total conversion of 2-nitroaniline (2NA) and 4-

nitroaniline (4NA) on CO2 pressurization at 323 K in the presence of 4 MPa H2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The extent of volume expansion of THF liquid phase on CO2 

pressurization at 323 K in the presence of 4 MPa H2. 
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Figure 5. Influence of CO2 pressure on the overall conversion and selectivity to 6 

and 7 in hydrogenation of 5 using 0.5 wt% Pt/TiO2 for 30 min at 323 K and at a H2 

pressure of 4 MPa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The change of total conversion of 2-chloronitrobenzene (2CNB) and 4-

chloronitrobenzene (4CNB) on CO2 pressurization at 323 K in the presence of 4 MPa H2.  
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Scheme 2. Substrates used for FTIR measurements. 

 

 

 

  

1: 2,4-dinitroaniline 2NA: 2-nitroaniline 4NA: 4-nitroaniline 

NB: Nitrobenzene AN: Aniline 
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Figure 7. FTIR spectra in the ranges of (a) 1200 – 1700 cm-1 (NO2) and (b) 3100 

– 3600 cm-1 (NH2) for 2,4-dinitroaniline 1, 2-nitroanilline, 4-nitroaniline, nitrobenzene 

(NB), aniline (AN) and the mixture of NB and AN dissolved in THF measured in 

transmittance mode under ambient conditions. 
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Table 1.  Assignment of absorption bands observed for 1, 2NA, 4NA, NB and 

AN in THF under ambient conditions. 

 

Substrate as(NH2) s(NH2) (NH2)
a as(NO2) s(NO2) (C-NH2) 

1 
2-nitro 

3453 3312 3185 
1513 1329 

1272 
4-nitro 1484 1329 

2NA  3471 3326 3177 1505 1340 1251 

4NA  3472 3349 3224 1494 1325 1305 

NB  - - - 1526 1347 - 

AN  3444 3353 3232 - - 1280 

a Inter-hydrogen bonding 

1: 2,4-Dinitroaniline, 2NA: 2-nitroaniline, 4NA: 4-nitroaniline, NB: nitrobenzene, AN: 

aniline 
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(Figure 8 on pp. 26 & 27) 
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Figure 8.  High-pressure FTIR spectra in the range of (NO2) for (a) 1, (b) 2-

nitroaniline and (c) 4-nitroaniline dissolved in THF measured in ATR mode at 323 K at 4 

MPa of H2 and different CO2 pressures given. 
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(Figure 9 on pp. 28 & 29) 
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Figure 9.  High-pressure FTIR spectra in the range of (NH2) for (a) 1, (b) 2-

nitroaniline and (c) 4-nitroaniline dissolved in THF measured in ATR mode at 323 K at 4 

MPa of H2 and different CO2 pressures given. 
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Figure 10. The optimized structures of CO2-coordinated clusters of 1 with four 

CO2 molecules (b) and five CO2 molecules (c) and the bonding distances of NO of nitro 

groups and intra-hydrogen bonding between 2-nitro group and amino group in 1. The 

values are in Å. 

 

  

(a) 2,4-Dinitroaniline 1 

(b) Cluster of 1 with four CO2 (c) Cluster of 1 with five CO2 
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Figure 11. The optimized structures of 2NA (a), CO2-coordinated clusters of 2NA 

with three CO2 molecules (b), 4NA (c), and CO2-coordinated clusters of 4NA with four 

CO2 molecules (d). The bonding distances of NO of nitro groups and intra-hydrogen 

bonding between 2-nitro group and amino group in 2NA are given in Å. 

 

  

(a) 2-Nitroaniline (2NA) 

(c) 4-Nitroaniline (4NA) (d) Cluster of 4NA with four CO2 

(b) Cluster of 2NA with three CO2 
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Figure 12. The optimized structures of the dimer of 2NA (a) and 4NA (b). The 

values of bonding distances are in Å.  
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Figure 13. The optimized structures of the dimer of 2,4-dinitroaniline 1 (a) and 

CO2-coordinated cluster with eight CO2 molecules (b). The bonding distances of NO of 

nitro groups, intra-hydrogen bonding between 2-nitro group and amino group in 1 and 

inter-hydrogen bonding in the cluster are given in Å.  

(a) Dimer of 1 

(b) Cluster of Dimer of 1 with eight CO2 

Top view 

Side view 
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Figure 14. The optimized structures of the dimer of chloro-2,4-dinitrobenzene 5 

forming the cluster with eight CO2 molecules. The bonding distances of NO of nitro 

groups and the distance between two substrates are given in Å.  

. 
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