Accepted Manuscript

Comprehensive experimental investigation of mechanically induced 1,4-diazines
synthesis in solid state

Paulo F.M. Oliveira, Naoki Haruta, Alain Chamayou, Brigitte Guidetti, Michel Baltas,
Kazuyoshi Tanaka, Tohru Sato, Michel Baron

PII: S0040-4020(17)30239-9
DOI: 10.1016/j.tet.2017.03.014
Reference: TET 28520

To appearin:  Tetrahedron

Received Date: 2 March 2017

Accepted Date: 6 March 2017

Please cite this article as: Oliveira PFM, Haruta N, Chamayou A, Guidetti B, Baltas M, Tanaka K, Sato T,
Baron M, Comprehensive experimental investigation of mechanically induced 1,4-diazines synthesis in
solid state, Tetrahedron (2017), doi: 10.1016/j.tet.2017.03.014.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.tet.2017.03.014

ACCEPTED MANUSCRIPT

=
T
o
’é
Potential energy

Reaction coordinate



Comprehensive experimental investigation of mechanically induced 1,4-

diazines synthesisin solid state

Paulo F. M. Oliveird®"" Naoki Harut&:" Alain Chamayod, Brigitte Guidett® Michel
Baltas®" Kazuyoshi Tanak&Tohru Satd;* Michel Barofi"

& Centre RAPSODEE, CNRS UMR 5302, Université de Tosép Mines-Albi, Campus
Jarlard, 81013 Albi, France.

b | aboratoire SPCMIB, CNRS UMR 5068, Université deulbuse, UPS, 118 Route de

Narbonne, 31062 Toulouse, France.

¢ Department of Molecular Engineering, Graduate 8tld Engineering, Kyoto University,
Nishikyo-ku, Kyoto 615-8510, Japan.

4 Unit of Elements Strategy Initiative for CatalystsBatteries, Kyoto University, Nishikyo-
ku, Kyoto 615-8510, Japan.

" Corresponding authors: pmarques@mines-albi.fff(PM. Oliveira); baltas@chimie.ups-tise.fr (M. Bas);
baron@mines-albi.fr (M. Baron), tel +33 (0)5 634353.

" present addresses: (P. F. M. Oliveira) Universéd_ille, UMET, Unité Matériaux et Transformatior@NRS
UMR 8207, F-59 000 Lille, France.

(N. Haruta) Hybrid Materials Unit, Institute of lamative Research, Tokyo Institute of Technology,652259
Nagatsuta, Midori-ku, Yokohama 226-8503, Japan



Abstract. Compared mechanosynthesis of two condensed 1zdrdgawere investigated in
ball milling conditions from o-phenylenediamiféC CP-MAS NMR revealed a hemiaminal
intermediate for dibenzo[a,c]phenazine synthesmumclated under mechanical action, as
confirmed by calorimetry. Such intermediate, whishnot detected in the case of 2,3-
diphenylquinoxaline synthesis, provides experimeradence of a concerted reaction

between highly reactive mechanically-excited diaerand 9,10-phenanthrenequinone.
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1. Introduction

1,4-Diazines such as phenazines and quinoxaliresrmimportant class of nitrogen
heterocyclic compounds with interesting applicasion chemistry and materials scierice.
These scaffolds are also commonly found in biolalyc active structures and drug
pharmacophore§® Phenazines and quinoxalines derivatives have bekssically
synthesized in solution media, but more recenttgr@ative ways such as mechanochemistry

have been used to prepare diazihes.

Mechanochemistry has been highlighted as an efficieute to prepare different
classes of chemicat8** Organic mechanosyntheses often proceed rapidigoivent-free
conditions with high yield§*>*°and selectivity*® and can originate unexpected reaction
pathways-’ Neat or liquid-assisted grinding of powders showatst to afford either known or
novel products that cannot be prepared otherfli$é Although the macromechanisms of
such transformations have been extensively destHBé** 2 the consequences of
mechanical stresses on atomic and electronic leeahain to be further investigated. The
mechanical stresses can deform the molecules inctistal lattice and certain bonds,
inducing orbital deformatiof*! “inverse Jahn-Teller effect’” and HOMO-LUMO gap

e3l—33

closure; minimizing the activation barriers for reactiori&he solid properties are also

responsible to promote or hamper product formatich.

The reaction between-phenylenediaminelj and 9,10-phenanthrenequinora)(
under ball milling conditions yielding dibenzo[ghbenazine3a) (Scheme 1) was previously
investigated by the grodbThe experimental results indicated the reactiantinoation after
the milling and a possible push-pull stepwise maim was proposed for this post-grinding
period® Vibronic coupling density and Density Functiondlebry (DFT) calculations were
used to elucidate the mechanisms and energetietsaof this same reactidn A concerted
mechanism for addition of diamirkto the dione2a was considered to be possible under
continuous mechanical excitation while this levéleoergy is not reasonably achieved by
thermal activatiori> More recently, the ball milling reaction betwegrand benzil Zb) to
yield 2,3-diphenylquinoxaline3p) (Scheme 1) was studiédit was observed a possible

reduction of the activation energy caused by thehaeical energy at lower temperatures,



whereas a liquid phase occurred when milling ah&igeemperature, concomitant with an

activation energy similar to the one of a thernealation’

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

diazines3a and3b 8%

and in continuation of our efforts to get a con@mesive mechanistic
insight, we wish to report here our recent invedtans of these reactions concerning the
conditions favoring a concerted or a stepwise masha under mechanical milling. In that
aim, the kinetic behavior at room temperature weterthined while calorimetry artdC CP-

MAS NMR techniques were also used.

2. Results and Discussion

The mechanosyntheses of 1,4-diazines were carngdbg co-milling solid o-
phenylenediaminelj, and 1,2-diones; 9,10-phenanthrenequind2& and benzil Zb) to
yield, respectively, dibenzo[a,c]phenaziBa)(and 2,3-diphenylquinoxalinglf) (Scheme 1).
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Scheme 1. Mechanosynthesis of condensed 1,4-diazir8ss ahd 3b) from the reaction
between solids 1,2-diamirleand 1,2-dione8a and2b.

The differences on the overall kinetics of transfation for 3a and 3b syntheses,
followed by HPLC (Fig. 1), suggested different t&@t mechanisms. While fo8b the
reaction reaches completion in 60 min, a fourfolckéase of continuous milling is necessary

to produce3a quantitatively. This was attributed to the higleectrophilic character and
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6 and to solid state

chemical reactivity of C=O group o2b compared to that ofa®
constraing®** such as H-bonding, reactive site exposure, andbfliéy of 2b compared to
the flat rigid molecule2a. The formation of compound@b follows an apparent zero-order
reaction typ@ (Fig. 1, red line), whereas that 8d approaches a sigmoidal. This can include
not only chemical reactions, but also physicochafmaspects such as diffusional limitations,
nuclei formation and growth behavior. This latteuld represent the overall kinetics 84
synthesis, thus suggesting that once several naideireated during the first 60 min, the first
crystallites of product formed act as templategdasing the reaction rate. The effect of

seeding was previously reported for other mechépiraluced reactions in ball mifi’*
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Figure 1. Kinetics of transformation for condensed 1,4-giag mechanosynthesis.

13C CP-MAS NMR spectra were recorded for both reastin the course of the
milling period. For3a, *C CP-MAS NMR spectra evidenced a C-OH signai=&1.0 ppm
(Fig. 2a), representing a signature of a hemiamirtarmediate generated upon consumption
of 1 and2a and evolving progressively towards the aromata@dpct3a. It is noteworthy to
point out that this intermediate was not detectaihd the3b synthesis (Fig. 2b).

It is also interesting to point the splitting oktl=0 signal observed for compound 2a
in Fig. 2a §=180.0 and 175.5 ppm), that can be attributed tore@mmental effects of the
solid state®* The crystalline2a has two crystallographic distinct molecules in the
asymmetric unit cell, whatever the polymorphic fdfrf* This gives two chemical shifts in
the solid-state NMR spectra for a chemically egigiwaentity>*“° In the case o2b, half the

molecule composes the asymmetric unit with the sginm axis across the C-C center



bond**** As consequence, one signafft CP-MAS NMR is assigned to the C=6-195.0
ppm): >4

In figure 2a, the C=0 signals 8a decrease similarly as the duration of the milling
increases. The molecules 2# must be detached from the crystal lattice by regawith 1 to
yield the C-OH hemiaminal intermediate. Contraryhte starting material, the intermediate is
not able to crystallize easily and orderly and enés a singlé>C NMR shift. All the signals
from the diaminel also decrease clearly in the course of the reacéind after 240 min, the
13C CP-MAS NMR is identical to purga obtained by recrystallization from ethanol (Fig. 2
green spectrum)
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Figure 2. 13C CP-MAS NMR spectra of mechanosynthesis at differgilling times: (a)3a
and (b)3b synthesis

Under continuous milling, no intermediate bearlmgth a C=0 and a C=N group,
indicating a stepwise mechanism, was detected. allgfuthe *C resonance of the C=N of
this intermediate is expected arouivd 60 ppm*’~>°On the other hand, DFT calculations and
vibronic coupling density theory previously demeattd the theoretical possibility of a
concerted mechanism f8a mechanosynthesfs.This scenario is corroborated by NMR (Fig.
2a), with both carbonyl groups transformed into tzninal by direct concerted addition,

giving the intermediaté\B (Fig. 3a) under application of mechanical eneffye unusual
7



stability of AB can be attributed to the fact that the water @lanon in this rigid molecule is

disfavored in the absence of solvent.
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Figure 3. (&) TheAB intermediate bearing the C-OH hemiaminal. (b) €keited form ofl
at the centerl* (Reproduced from Ref. 35).

Such concerted addition needs both amino grougsdd fleetingly on the same sides
of the aromatic nucleu8.However, the amino groups bfare located on opposite sides of the
aromatic plané! giving the crystal structure stability by hydrogbnnds. But, the huge
amount of energy supplied to the powder by meclahmiction>? disintegrates the crystal and
provides the short-lived activated form bf° 1* (Fig. 3b), reacting witt2a according to a
concerted mechanism, generating d¢isebis-hemiaminalAB intermediate. On the other hand,
the probability forl* to react with thecis conformer of2b is much lower, since theis
conformation of this 1,2-dione is disfavorégurthermore, the flexibility o2b enables faster
reaction toward8b formation as shown by kinetic monitoring ai@ CP-MAS NMR for the
milling period records (Fig. 2b).

An interesting observation for botBa and 3b mechanosynthesis is the reaction
continuation in the powder when the grinding issmipted. No further reaction occurs if
dissolved. The reaction monitoring B3C CP-MAS NMR after a milling period fo8a (30
min) and3b (15 min) synthesis (see Fig. S1 in SupplementariaDshowed progressive
disappearance &B, previously formed and accumulated during theingllperiod for the

case of3a, while for3b no intermediate was detected.

In order to further investigate the thermodynamafsthe reaction, calorimetric
measurements were carried out isothermally at 2&it the reactant powder mixture in the

post-milling period and showed different patterh&@at flow curves for each case (Fig. 4). In
8



the case ofda mechanosynthesis, the curves (Fig. 4a) have thieekigheat flow at the
beginning that decays rapidly, followed by a slowecrease. On the other hand, 3bt the
heat flow decays constantly from the beginning miyithe first 12 h (Fig. 4b), indicating a
different behavior for3a. In this later case, considering the accumulatténAB under
continuous mechanical stress, it induces the relefia large amount of heat resulting in that

peak of heat flow.
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Figure 4. Heat released by the reactant solid mixture ferfthlowing 24 h after milling: (a)

3a synthesis and (I8b synthesis.

Table 1. Heat released by the reactant solid mixture dutegcalorimetric measurements

3a 3b
t Overall A4H AH? t Overall A4H 2H® AHC
(min) ) (kdAmob,Y) | (min) Q) (kJAmoly, ) (kJ Amoly, ™)
15 -551.76+11.95 -147.56+3.20 5 -364.84 £81.9-111.18 £+ 9.74  -111.19+9.74
30 -616.02+11.32 -155.97+2.86 15 -238.39 + 26.686.52 +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
90"  -456.92 -233.27 660  -20.62 - -
120 -313.00+4.96  -263.39+4.17| PM -232.35+924  -88.19+355  -88.53+3.56
150"  -146.37 -187.68
180  -75.85+1.74 14517+ 3.33 gﬁgryrseilsegizggtfaérr?nzlddﬁa and® 2b consumed during
240"  -38.62 - 148.53 Ysingle determinatiorfPM=physical mixture
PM® -120.79+3.11  -77.52+3.01




Table 1 displays the integrations values of thevesi (Fig. 4) for 24 h of monitoring.
Such enthalpies incorporate contributions frompaticesses including reaction enthalpy and
product crystallization. However, the heat of cajlstation at 25 °C can be neglected. For
example, in the extreme case in which all the powdrild undergo a crystallization towards
the final crystalline product; the overall heateaded would not exceed 2.5 J3arat this
temperaturé® Furthermore, a critical amount of product shoulel fresent to start the
nucleation and growth processes. In the castbpthe estimated heat of crystallization at 25
°C is about 53.7 J; but the kinetics of transfoiorais also higher and thus, crystallization

already occurs prior to analysis.

The values of heat released per moRafconsumed during the measurements are not
constant for all milling times, confirming that tleaergy released does not come exclusively
from the reaction betweeh and2a to form 3a. If so, the values should tend to that of
physical mixture (-77.52 kdmok;*, for a reaction extent of 25 %) that is mostlygorated

from the heat of reaction itself.

Thus, considering that, part df and 2a is consumed during the milling period,
although3a is not formed yet, larger amount AB is accumulated under mechanical action,
thus releasing more heat towaBdsformation during the calorimetric runs when congaairo

overall reaction, from purg + 2a affording3a (Scheme 2).

A
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NH, N
PP es HBo e

o]
1+ 2a

Potential energy

v
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Scheme 2. The accumulated\B intermediate releases more heat than the overatition

starting froml and2a.

Unlike the values from Table 1 f@a, the values of heat released per molRbf
consumed oBb formed (Table 1) are statistically equivalent. Qamng these values at

different milling times for3b formation, with the value of heat released by pingsical
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mixture (PM, Table 1) ofi and2b they can be predominantly due to the heat of i@act
despite the exothermic effect of crystallizatiomeTheat released related to reaction extent
indicates clearly that there was in this case mumclation of activated species of higher

level of energy during the milling process.

The results of calorimetry are also valuable in arsthnding mechanistic
mechanochemistry. First, pure milled reagent8a and2b did not show any thermic event,
indicating that the heat released from the runk wiimixture of reactants is not a consequence
of temperature increase during milling. Second, higgh heat released, even for shorter
milling times such as 5-15 min, indicates that adiing of the raw materials is more efficient
to induce reaction than the physical mixture ofyvieme reactant powders (milled during 30
min prior to mixing), thus demonstrating the calicole of mechanical energy in addition to
particle breakage, mixing and surface renewal.Ustibe noted that the heat released by the
physical mixtures is associated to the huge defecturface area generated by the pre-
milling, increasing the free energy and facilitgtireactions on the interfac¥$:*® HPLC

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

3. Conclusion

In summary, this study allowed in-depth knowledfi@asynthesis through the experimental
evidence of a hemiaminal intermediate formed unachanochemical conditions and
highlighted by*C CP-MAS NMR, leading to the exothermic formatioh3a. The primary
contribution of calorimetry, first used here foristipurpose, equally emphasized the high
energetic level obtained under milling. The comgami with3b synthesis was important to
demonstrate that this intermediate can be generatedd accumulated upon solvent-free
application of mechanical stress. The mechanicséibracshowed to be able to induce
transformations other than ones in solution diyefitm excited states, unstable in solvated
media, but that reacts witBa by a concerted mechanism. The results also vdiee t
mechanochemistry as a means to overcome solvated traitations by enabling generation
and trapping of reactive intermediates. Owing theceptibility of evidencing very original
mechanisms that appear within divided solids unmlaggmechanical stresses, experimental

and computational investigations, linking the caus:ces of mechanical energy from

11



powders and down to the atomic scale, are essedotialurther progress in the field of

mechanochemistry and the future formalization ®fules.

4. Experimental

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

For a typical experiment, 2 g of powder composedtoichiometric amounts of 1,2-diamine
and 1,2-dione, without previous mechanical treatmsare placed in the bowl of a vibratory
ball-mill (Pulverisette 0, Fritsch) with a singlalbat the equilibrium temperature for milling
(25 °C). The amplitude was adjusted at 2 mm (fathfer details concerning the milling
device, see ref. 28). Equimolar amountsogbhenylenediaminel( 0.6698 g) and 9,10-
phenanthrenequinon@g, 1.3204 g) were used for dibenzo[a,c]phenazsag gynthesis, and

1 (0.6793 g) and benzil2h, 1.3207 g) for 2,3-diphenylquinoxalingh)) synthesis. The
grinding system, bowl + ball, was to equilibratels required temperature (25°C) for at least

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

4.2. Dibenzo[ a,c] phenazine (3a). mp: 224-226 °CH NMR (300 MHz, CDC}) § ppm: 7.68 —
7.83 (m, 4H), 7.87 (dd, 2H,= 6.6, 3.4 Hz), 8.36 (dd, 2H,= 6.5, 3.4 Hz), 8.54 (dd, 2H,=
7.7, 1.7 Hz), 9.41 (dd, 2H), = 7.9, 1.7 Hz)*C NMR (75 MHz, CDC}) 6 ppm: 122.89 (s,
2C), 126.32 (s, 2C), 127.94 (s, 2C), 129.30 (s, 229.86 (s, 2C), 129.99 (s, 2C), 130.39 (s,
2C), 132.03 (s, 2C), 141.94 (s, 2C, C=N), 142.22¢). HRMS (ESI, TOFjWz CyoH13N,
(calc./found) 281.1079/281.1081 [M+H

4.3. 2,3-diphenylquinoxaline (3b). mp: 125-127 °C*H NMR (300 MHz, CDC}) 6 ppm: 7.30
— 7.46 (m, 6H), 7.47 — 7.62 (m, 4H,), 7.80 (dd, 2H,6.4, 3.4 Hz,), 8.21 (dd, 2H,= 6.4, 3.4
Hz).*C NMR (75 MHz, CC}-d) 6 ppm: 128.27 (s, 4C), 128.81(s, 2C), 129.20 (s, 429.85
(s, 2C), 129.97 (s, 2C), 139.07 (s, 2C), 141.22¢), 153.47 (s, 2C, C=N). HRMS (ESI,
TOF) mVz: CyoH15N; (calc./found) 283.1235/283.1237 [M4H
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Appendix A. Supplementary Data

Supplementary data contains experimental details clo&racterization and analytical
techniques used as well as the description of tthadologies**C CP-MAS NMR spectra

for post-milling period are also presented.
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