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Abstract. Compared mechanosynthesis of two condensed 1,4-diazines were investigated in 

ball milling conditions from o-phenylenediamine. 13C CP-MAS NMR revealed a hemiaminal 

intermediate for dibenzo[a,c]phenazine synthesis accumulated under mechanical action, as 

confirmed by calorimetry. Such intermediate, which is not detected in the case of 2,3-

diphenylquinoxaline synthesis, provides experimental evidence of a concerted reaction 

between highly reactive mechanically-excited diamine and 9,10-phenanthrenequinone. 

Keywords: mechanochemistry, ball milling, reaction intermediates, reaction mechanism, 

diazines 
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1. Introduction 

1,4-Diazines such as phenazines and quinoxalines are an important class of nitrogen 

heterocyclic compounds with interesting applications in chemistry and materials science.1,2 

These scaffolds are also commonly found in biologically active structures and drug 

pharmacophores.3–6 Phenazines and quinoxalines derivatives have been classically 

synthesized in solution media, but more recently, alternative ways such as mechanochemistry 

have been used to prepare diazines.7–9  

Mechanochemistry has been highlighted as an efficient route to prepare different 

classes of chemicals.10–14 Organic mechanosyntheses often proceed rapidly, in solvent-free 

conditions with high yields10,15,16 and selectivity17,18 and can originate unexpected reaction 

pathways.19 Neat or liquid-assisted grinding of powders showed also to afford either known or 

novel products that cannot be prepared otherwise.20–24 Although the macromechanisms of 

such transformations have been extensively described,11b,14,25–29 the consequences of 

mechanical stresses on atomic and electronic levels remain to be further investigated. The 

mechanical stresses can deform the molecules in the crystal lattice and certain bonds, 

inducing orbital deformation,30,31 “inverse Jahn-Teller effect” and HOMO-LUMO gap 

closure,31–33 minimizing the activation barriers for reactions. The solid properties are also 

responsible to promote or hamper product formation.16,34  

The reaction between o-phenylenediamine (1) and 9,10-phenanthrenequinone (2a) 

under ball milling conditions yielding dibenzo[a,c]phenazine (3a) (Scheme 1) was previously 

investigated by the group.8 The experimental results indicated the reaction continuation after 

the milling and a possible push-pull stepwise mechanism was proposed for this post-grinding 

period.8b Vibronic coupling density and Density Functional Theory (DFT) calculations were 

used to elucidate the mechanisms and energetic barriers of this same reaction.35 A concerted 

mechanism for addition of diamine 1 to the dione 2a was considered to be possible under 

continuous mechanical excitation while this level of energy is not reasonably achieved by 

thermal activation.35 More recently, the ball milling reaction between 1 and benzil (2b) to 

yield 2,3-diphenylquinoxaline (3b) (Scheme 1) was studied.9 It was observed a possible 

reduction of the activation energy caused by the mechanical energy at lower temperatures, 
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whereas a liquid phase occurred when milling at higher temperature, concomitant with an 

activation energy similar to the one of a thermal reaction.9 

 Based on the previous results of the group on mechanosynthesis of condensed 1,4-

diazines 3a and 3b,8,9,35 and in continuation of our efforts to get a comprehensive mechanistic 

insight, we wish to report here our recent investigations of these reactions concerning the 

conditions favoring a concerted or a stepwise mechanism under mechanical milling. In that 

aim, the kinetic behavior at room temperature was determined while calorimetry and 13C CP-

MAS NMR techniques were also used.  

2. Results and Discussion 

The mechanosyntheses of 1,4-diazines were carried out by co-milling solid o-

phenylenediamine (1), and 1,2-diones; 9,10-phenanthrenequinone (2a) and benzil (2b) to 

yield, respectively, dibenzo[a,c]phenazine (3a) and 2,3-diphenylquinoxaline (3b) (Scheme 1). 

 

Scheme 1. Mechanosynthesis of condensed 1,4-diazines (3a and 3b) from the reaction 

between solids 1,2-diamine 1 and 1,2-diones 2a and 2b. 

 The differences on the overall kinetics of transformation for 3a and 3b syntheses, 

followed by HPLC (Fig. 1), suggested different reaction mechanisms. While for 3b the 

reaction reaches completion in 60 min, a fourfold increase of continuous milling is necessary 

to produce 3a quantitatively. This was attributed to the higher electrophilic character and 
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chemical reactivity of C=O group of 2b compared to that of 2a36 and to solid state 

constrains,16,34 such as H-bonding, reactive site exposure, and flexibility of 2b compared to 

the flat rigid molecule 2a. The formation of compound 3b follows an apparent zero-order 

reaction type9 (Fig. 1, red line), whereas that of 3a approaches a sigmoidal. This can include 

not only chemical reactions, but also physicochemical aspects such as diffusional limitations, 

nuclei formation and growth behavior. This latter could represent the overall kinetics of 3a 

synthesis, thus suggesting that once several nuclei are created during the first 60 min, the first 

crystallites of product formed act as templates increasing the reaction rate. The effect of 

seeding was previously reported for other mechanically induced reactions in ball mill.37,38  

 

Figure 1. Kinetics of transformation for condensed 1,4-diazines mechanosynthesis.  

 13C CP-MAS NMR spectra were recorded for both reactions in the course of the 

milling period. For 3a, 13C CP-MAS NMR spectra evidenced a C-OH signal at δ=81.0 ppm 

(Fig. 2a), representing a signature of a hemiaminal intermediate generated upon consumption 

of 1 and 2a and evolving progressively towards the aromatic product 3a. It is noteworthy to 

point out that this intermediate was not detected during the 3b synthesis (Fig. 2b).  

It is also interesting to point the splitting of the C=O signal observed for compound 2a  

in Fig. 2a (δ=180.0 and 175.5 ppm), that can be attributed to environmental effects of the 

solid state.39,40 The crystalline 2a has two crystallographic distinct molecules in the 

asymmetric unit cell, whatever the polymorphic form.41,42 This gives two chemical shifts in 

the solid-state NMR spectra for a chemically equivalent entity.39,40 In the case of 2b, half the 

molecule composes the asymmetric unit with the symmetric axis across the C-C center 
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bond.43,44 As consequence, one signal in 13C CP-MAS NMR is assigned to the C=O (δ=195.0 

ppm).45,46  

 In figure 2a, the C=O signals of 2a decrease similarly as the duration of the milling 

increases. The molecules of 2a must be detached from the crystal lattice by reacting with 1 to 

yield the C-OH hemiaminal intermediate. Contrary to the starting material, the intermediate is 

not able to crystallize easily and orderly and presents a single 13C NMR shift. All the signals 

from the diamine 1 also decrease clearly in the course of the reaction, and after 240 min, the 
13C CP-MAS NMR is identical to pure 3a obtained by recrystallization from ethanol (Fig. 2, 

green spectrum) 

(a) 
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(b) 

 

Figure 2. 13C CP-MAS NMR spectra of mechanosynthesis at different milling times: (a) 3a 

and (b) 3b synthesis 

 Under continuous milling, no intermediate bearing both a C=O and a C=N group, 

indicating a stepwise mechanism, was detected. Actually, the 13C resonance of the C=N of 

this intermediate is expected around δ=160 ppm.47–50 On the other hand, DFT calculations and 

vibronic coupling density theory previously demonstrated the theoretical possibility of a 

concerted mechanism for 3a mechanosynthesis.35 This scenario is corroborated by NMR (Fig. 

2a), with both carbonyl groups transformed into hemiaminal by direct concerted addition, 

giving the intermediate AB (Fig. 3a) under application of mechanical energy. The unusual 
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stability of AB can be attributed to the fact that the water elimination in this rigid molecule is 

disfavored in the absence of solvent.  

 

Figure 3. (a) The AB intermediate bearing the C-OH hemiaminal. (b) The excited form of 1 

at the center: 1* (Reproduced from Ref. 35). 

 Such concerted addition needs both amino groups located fleetingly on the same sides 

of the aromatic nucleus.35 However, the amino groups of 1 are located on opposite sides of the 

aromatic plane,51 giving the crystal structure stability by hydrogen bonds. But, the huge 

amount of energy supplied to the powder by mechanical action,52 disintegrates the crystal and 

provides the short-lived activated form of 1,35 1* (Fig. 3b), reacting with 2a according to a 

concerted mechanism, generating the cis-bis-hemiaminal AB intermediate. On the other hand, 

the probability for 1* to react with the cis conformer of 2b is much lower, since the cis 

conformation of this 1,2-dione is disfavored.9 Furthermore, the flexibility of 2b enables faster 

reaction towards 3b formation as shown by kinetic monitoring and 13C CP-MAS NMR for the 

milling period records (Fig. 2b). 

 An interesting observation for both 3a and 3b mechanosynthesis is the reaction 

continuation in the powder when the grinding is interrupted. No further reaction occurs if 

dissolved. The reaction monitoring by 13C CP-MAS NMR after a milling period for 3a (30 

min) and 3b (15 min) synthesis (see Fig. S1 in Supplementary Data) showed progressive 

disappearance of AB, previously formed and accumulated during the milling period for the 

case of 3a, while for 3b no intermediate was detected.  

 In order to further investigate the thermodynamics of the reaction, calorimetric 

measurements were carried out isothermally at 25 °C with the reactant powder mixture in the 

post-milling period and showed different patterns of heat flow curves for each case (Fig. 4). In 
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the case of 3a mechanosynthesis, the curves (Fig. 4a) have the highest heat flow at the 

beginning that decays rapidly, followed by a slower decrease. On the other hand, for 3b, the 

heat flow decays constantly from the beginning during the first 12 h (Fig. 4b), indicating a 

different behavior for 3a. In this later case, considering the accumulation of AB under 

continuous mechanical stress, it induces the release of a large amount of heat resulting in that 

peak of heat flow. 

 

Figure 4. Heat released by the reactant solid mixture for the following 24 h after milling: (a) 

3a synthesis and (b) 3b synthesis. 

Table 1. Heat released by the reactant solid mixture during the calorimetric measurements 

3333a 3b 

t  Overall ∆ ∆ ∆ ∆H ∆∆∆∆Ha t     Overall ∆ ∆ ∆ ∆H    ∆∆∆∆Hb ∆∆∆∆Hc    

(min) (J) (kJ ∆mol2a
-1) (min) (J) (kJ ∆mol2b

-1) (kJ ∆mol3b
-1) 

15 -551.76 ± 11.95 -147.56 ± 3.20  5 -364.84 ± 31.95 -111.18 ± 9.74 -111.19 ± 9.74 

30 -616.02 ± 11.32 -155.97± 2.86 15 -238.39 ± 26.64 -86.52 ± 9.67 -106.49 ± 11.90 

60 -630.23 ± 2.25 -181.35 ± 0.65 30 -120.68 ± 9.11 -130.37 ± 9.93 -104.32 ± 7.88 

90d -456.92 -233.27 60d -20.62  - - 

120 -313.00 ± 4.96 -263.39 ± 4.17 PMe -232.35 ± 9.24 -88.19 ± 3.55 -88.53 ± 3.56 

150d -146.37 -187.68  

heat released per mol of: a 2a and b 2b consumed during 
analysis and c 3b formed        

dsingle determination; ePM=physical mixture 

 

180 -75.85 ± 1.74 -145.17± 3.33 

240d -38.62  - 148.53 

PMe -120.79 ± 3.11 -77.52 ± 3.01  
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 Table 1 displays the integrations values of the curves (Fig. 4) for 24 h of monitoring. 

Such enthalpies incorporate contributions from all processes including reaction enthalpy and 

product crystallization. However, the heat of crystallization at 25 °C can be neglected. For 

example, in the extreme case in which all the powder would undergo a crystallization towards 

the final crystalline product; the overall heat released would not exceed 2.5 J or 3a at this 

temperature.53 Furthermore, a critical amount of product should be present to start the 

nucleation and growth processes. In the case of 3b, the estimated heat of crystallization at 25 

°C is about 53.7 J; but the kinetics of transformation is also higher and thus, crystallization 

already occurs prior to analysis. 

The values of heat released per mol of 2a consumed during the measurements are not 

constant for all milling times, confirming that the energy released does not come exclusively 

from the reaction between 1 and 2a to form 3a.  If so, the values should tend to that of 

physical mixture (-77.52 kJ ∆mol2a
-1, for a reaction extent of 25 %) that is mostly originated 

from the heat of reaction itself.  

Thus, considering that, part of 1 and 2a is consumed during the milling period, 

although 3a is not formed yet, larger amount of AB is accumulated under mechanical action, 

thus releasing more heat towards 3a formation during the calorimetric runs when compared to 

overall reaction, from pure 1 + 2a affording 3a (Scheme 2). 

 

Scheme 2. The accumulated AB intermediate releases more heat than the overall reaction 

starting from 1 and 2a. 

Unlike the values from Table 1 for 3a, the values of heat released per mol of 2b 

consumed or 3b formed (Table 1) are statistically equivalent. Comparing these values at 

different milling times for 3b formation, with the value of heat released by the physical 
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mixture (PM, Table 1) of 1 and 2b they can be predominantly due to the heat of reaction 

despite the exothermic effect of crystallization. The heat released related to reaction extent 

indicates clearly that there was in this case no accumulation of activated species of higher 

level of energy during the milling process.  

The results of calorimetry are also valuable in understanding mechanistic 

mechanochemistry. First, pure milled reagents 1, 2a and 2b did not show any thermic event, 

indicating that the heat released from the runs with a mixture of reactants is not a consequence 

of temperature increase during milling. Second, the high heat released, even for shorter 

milling times such as 5-15 min, indicates that co-milling of the raw materials is more efficient 

to induce reaction than the physical mixture of very fine reactant powders (milled during 30 

min prior to mixing), thus demonstrating the critical role of mechanical energy in addition to 

particle breakage, mixing and surface renewal. It must be noted that the heat released by the 

physical mixtures is associated to the huge defective surface area generated by the pre-

milling, increasing the free energy and facilitating reactions on the interfaces.14c,49 HPLC 

detected only traces of reaction from the mixture of the non-milled reactants. 

3. Conclusion 

In summary, this study allowed in-depth knowledge of 3a synthesis through the experimental 

evidence of a hemiaminal intermediate formed under mechanochemical conditions and 

highlighted by 13C CP-MAS NMR, leading to the exothermic formation of 3a. The primary 

contribution of calorimetry, first used here for this purpose, equally emphasized the high 

energetic level obtained under milling. The comparison with 3b synthesis was important to 

demonstrate that this intermediate can be generated and accumulated upon solvent-free 

application of mechanical stress. The mechanical action showed to be able to induce 

transformations other than ones in solution directly from excited states, unstable in solvated 

media, but that reacts with 2a by a concerted mechanism. The results also value the 

mechanochemistry as a means to overcome solvated media limitations by enabling generation 

and trapping of reactive intermediates. Owing the susceptibility of evidencing very original 

mechanisms that appear within divided solids undergoing mechanical stresses, experimental 

and computational investigations, linking the consequences of mechanical energy from 
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powders and down to the atomic scale, are essential for further progress in the field of 

mechanochemistry and the future formalization of its rules.  

4. Experimental 

4.1. General procedure for 3a and 3b condensed 1,4-diazines synthesis 

For a typical experiment, 2 g of powder composed of stoichiometric amounts of 1,2-diamine 

and 1,2-dione, without previous mechanical treatment, were placed in the bowl of a vibratory 

ball-mill (Pulverisette 0, Fritsch) with a single ball at the equilibrium temperature for milling 

(25 °C). The amplitude was adjusted at 2 mm (for further details concerning the milling 

device, see ref. 28). Equimolar amounts of o-phenylenediamine (1, 0.6698 g) and 9,10-

phenanthrenequinone (2a, 1.3204 g) were used for dibenzo[a,c]phenazine (3a) synthesis, and 

1 (0.6793 g) and benzil (2b, 1.3207 g) for 2,3-diphenylquinoxaline (3b) synthesis. The 

grinding system, bowl + ball, was to equilibrate at the required temperature (25°C) for at least 

12 h prior to each run. The total weight of the powder of 2 g was used for all experiments.  

4.2. Dibenzo[a,c]phenazine (3a). mp: 224-226 °C 1H NMR (300 MHz, CDCl3) δ ppm: 7.68 – 

7.83 (m, 4H), 7.87 (dd, 2H, J = 6.6, 3.4 Hz), 8.36 (dd, 2H, J = 6.5, 3.4 Hz), 8.54 (dd, 2H, J = 

7.7, 1.7 Hz), 9.41 (dd, 2H, J = 7.9, 1.7 Hz). 13C NMR (75 MHz, CDCl3) δ ppm: 122.89 (s, 

2C), 126.32 (s, 2C), 127.94 (s, 2C), 129.30 (s, 2C), 129.86 (s, 2C), 129.99 (s, 2C), 130.39 (s, 

2C), 132.03 (s, 2C), 141.94 (s, 2C, C=N), 142.27 (s, 2C). HRMS (ESI, TOF) m/z: C20H13N2 

(calc./found) 281.1079/281.1081 [M+H+].   

4.3. 2,3-diphenylquinoxaline (3b). mp: 125-127 °C. 1H NMR (300 MHz, CDCl3) δ ppm: 7.30 

– 7.46 (m, 6H), 7.47 – 7.62 (m, 4H,), 7.80 (dd, 2H, J = 6.4, 3.4 Hz,), 8.21 (dd, 2H, J = 6.4, 3.4 

Hz). 13C NMR (75 MHz, CCl3-d) δ ppm: 128.27 (s, 4C), 128.81(s, 2C), 129.20 (s, 4C), 129.85 

(s, 2C), 129.97 (s, 2C), 139.07 (s, 2C), 141.22 (s, 2C), 153.47 (s, 2C, C=N). HRMS (ESI, 

TOF) m/z: C20H15N2 (calc./found) 283.1235/283.1237 [M+H+].   
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Appendix A. Supplementary Data 

Supplementary data contains experimental details of characterization and analytical 

techniques used as well as the description of the methodologies. 13C CP-MAS NMR spectra 

for post-milling period are also presented. 
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