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ABSTRACT

The theoretical investigation of hydrotreatment mfrrolidine without catalyst and with three catalysof
hydrotreating such as the tungsten disulfide, time zhloride and the aluminum chloride, was perfedn The
calculations were carried out by ab initio methdd®2 and DFT/B3LYP in 6-31G* and Lanl2DZ basis sétse
experimental conditions taken into account by thiudations were 40 bars and 523 K. The eliminatafnthe
heteroatom source under Nifbrm was modeled in two successive hydrogendadyaiges, which produced butan-1-
amine and butane respectively. The lowest actimagioergy of the reaction was obtained with zinoGtle. The
Infrared spectra calculated by TDHF/aug-cc-pVDZ hoet, for the various chemical systems, before dtat their
transformations, made it possible to propose a raeisim of reaction.

Keywords. Pyrrolidine; Catalytic Hydrotreatment; Hydrogensg; TDHF, Activation Energy.

INTRODUCTION

Hydrodenitrogenation is one of the most importahtlb the catalytic hydrotreatment cracking reacsiolt is a
reaction used to eliminate, under hydrogen pressheenitrogen content of molecules, which are ttiansformed
into saturated or unsaturated hydrocarbons [1]ifBakito account the increasing requirements ofcthesumers as
regards quality of the products, and taking intooamt the technological progress made in the élthe refining
to have cheap products, the hydrodenitrogenatipgriv up favourably thanks to the crisis of oidahe need for
improving the heavy residues of crude oil [3]. Tiesence of high contents of non desired heteraatparticularly
the nitrogen, in the products of refinery, led petremical industry to pay attention to their eliations [4]. Indeed,
industrially, nitrogened compounds are poisonsdoid catalysts used in this kind of treatment. Mesz, the
elimination of nitrogen makes it possible to obtpioducts of a better quality, offering a great@baity during
storage [5].

The use of effective numerical method® (nitio methods), for the study of the molecular reagtiuit general or

the hydrodenitrogenation reaction in particulais hgrincipal interest for chemistry. Indeed, apphed under the
angle of fundamental research in theoretical chieyithe significant question of the improvementiud quality of

the fuels opened new prospects with petrochenmmchistry [6,7].

The theoretical study of the catalytic hydrodemjgoation of pyrrolidine realized in this presentkvis part of this
framework. The Pyrrolidine or tetrahydropyrrolefdgN) is a liquid heterocyclic compound, colorlesshadt highly
volatile amine odor (Figure 1). It is submitteddatalytic hydrotreating process in oil refinertesrid him of his
heteroatom [8,9]. By the quantum chemistry meth@isST and MP2) in 6-31G* [10] and Lanl2DZ [11,124dis
sets, the catalytic Hydrotreatment of pyrrolidinader a hydrogen gas pressure of 40 bars and tartiperature of
523 K, has been simulated without catalyst [13di] with catalysts. The catalysts used in thidysbn which the
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molecule has been adsorbed, are the Zinc ChloAd€lf) [15,16], the Aluminum Chloride (AlG) [17] and the
Tungsten Disulfide (W$ [18] modeled by a catalytic site with three amtovacancieVS;H$ (Figure 1). On the
one hand, the reaction without catalyst is mad#hén6-31G* atomic orbital basis set, and on thesiottand, the
reactions with catalysts were performed in the 2B basis set, which takes into account the heaejahof

catalysts. The aim of this study is centered oretimination of the heteroatom source of the tdyiof pyrrolidine,

which was modeled in two successive hydrogenolstsiges. The first stage has produced butan-1-aamndehe
second leads to the formation of ammoniac {\&ihd butane (§g) molecules.

This paper is organized as follows: section 2 surizea the theoretical and computational detailsults are
presented and discussed in section 3, whereasséctiraws conclusions and outlook.

Figure 1: Structure of Pyrrolidine and Hydrotreatment Catalysts optimized with B3LYP level of approximation in Lanl2DZ bass set

MATERIALSAND METHODS

@

Pyrrolidine ZnCl, WS H,* AlICI,

The calculations were carried out by the method3/BBLYP and MP2 in the 6-31G* and Lanl2DZ basissset
which takes into account the heavy metal in thalgst systems and using the program Gaussian09I¥)1hat is
implemented by the drafting package ChemDraw UlB&® [20] and Gaussview5.0.8. [21]. They are datans

of geometric parameters of initial, final and triéios states T9 of different studied chemical transformationsCIR
(Intrinsic Reaction Coordinates) paths and thermadyic and kinetic parameters such as reaction iEseitE),
activation energiesHg) at the experimental conditions at temperatur28 K and pressure of 40 bars [13]. The
transition states are determined by 1% Bernymethods. The energetic variation curve has be&rrdaed with
IRC. Three steps modeled the reactions.

» Adsorption of the reactive molecule on the catadystace, simulated by its approach of the catalydce until
the energy minimization of all of the chemical gyst In that state the adsorption is supposed reatjormed
(Figure 2). The reaction parameter controlled duthis simulation stage is the distance betweemitnegen atom
of the Pyrrolidine molecule and the metal atomhef ¢atalyst surface (N-Mays)-

« Hydrogenolysis of first N-C bond (Figure 3)

« Hydrogenolysis of second N-C bond (Figure 4).

The first of those reaction stages doesn’t concdmn reaction performed without catalyst. For eaxth
hydrogenolysis, the transition stat&y of the reaction was first calculated by Bernyoaithm, before the

calculation of Intrinsic Reaction CoordinatelR¢) paths. The reaction parameters controlled dutimgse
simulation stages are the N-C distances in therbddamolecule (Figures 3 and 4).

H H
/ Mcatalyst /
N o N
. Mcatalyst

Figure 2: Scheme of adsor ption of the Pyrrolidine molecule on the catalysts
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H

N H, NH2 H
—_ 2 2 » + NH3
1™ Hydrogenolysis 2™ Hydrogenolysis

Figure 3: Scheme of hydrogenolysis of the Pyrrolidine molecule without catalyst

H3N

l rst

Hydrogenolysis 2™ Hydrogenolysis
Figure 4: Scheme of hydrogenolysis of the Pyrrolidine molecule adsorbed on catalysts (M X, = ZnCl,, WS;, AICl3)
RESULTSAND DISCUSSION

Geometric parameters of Pyrrolidine

The optimized geometric parameters of the Pyrmadidinolecule calculated in Lanl2dz basis set, withMP2 and
DFT/B3LYP methods are consigned in the table 1. &merimental data given in the same table wereiged by
the Cambridge Crystallography DATA Center (CCDC2][2The figure 1 shows it's drawing with the labels
atoms.

Table 1: Geometric optimized parameters of pyrrolidine

Distances (A) Angles (°) Torsion (°)

MP2 DFT Exp MP2 DFT Exp MP2 DFT Exp
NC! 150 149 151 RC°C' 10250 102.80 10544 °2®°C'CC -2432 -37.86 -26.21
N2C® 150 148 149 T®IN? 10250 104.83 105.06 3C'C°C! -0.03 36.51 31.93
cc* 157 154 148 T'C 105.18 102.72 107.40 “CCN®° 24.36 -21.30 -24.90
c'c® 159 155 145 f°C! 105.18 103.59 104.68 S°CIN°C® -41.74 -2.65 9.18
c’c' 157 155 152 WA 106.60 110.75 107.40 !®’C’C' @ 41.72 25.54 9.63
N?H¥ 1.03 1.02 1.08 ®WH¥ 11512 11588 11850 'R’C’H® 161.66 145.64 129.05
CH®  1.10 1.09 1.08 ®WH¥ 11512 11597 11850 °CIN’H¥ -170.72 -137.43 -167.86
CH® 1.12 110 1.08 #RC'H’ 110.32 110.34 110.48 “‘CN’H* 170.71 160.27 167.85
CH® 1.12 110 1.08 #RCH® 110.32 111.21 110.48
CH’ 110 1.09 1.08

The results of both calculation methods have besy glose of the experimental values of literatgineen by the
Cambridge Crystallography DATA Bases. But, thaulissof MP2 calculations have especially respebigtter the
symmetry of the molecule.

Hydrogenolysis of pyrrolidine without catalyst

Firstly, the pyrrolidine RC' bond has undergone a hydrogenolysis [23] withatalgst, under the reaction
conditions of 523 K and 40 bars. The hydrogenolgsisulation was performed by approach of one hyelnog
molecule (H>-H) towards this bond, until its rupture and openifighe molecule ring. In this reaction stage, the
MP2 interatomic distances’®" and H°H'® are passed from 1.51 A and 0.74 A to 2.91 A a8 A respectively
(Table 2). These important increasing of interatodistances mean that the corresponding bonds lweken. In
addition, the interatomic distancesHN®> and CH'® are passed from 2.72 A and 3.72 A to 1.02 A arid &
respectively (Table 2). Then the correspondingdsomere established.

The Mulliken atomic charges of °Nand C atoms were calculated and the corresponding vadmespassed
respectively from -0.582 ua and -0.206 ua at thginméng, to -0.734 ua and -0.196 ua at the traotsisitate. Also,

Mulliken atomic charges of Hand H® atoms of the hydrogen molecule are passed fro660@ and -0.058 ua, to
0.329 ua and -0.424 ua respectively. During thes@tions, the electronic charges of theawd H® atoms have

increased while those of'Gind H® atoms have decreased. Thus, tfeCNand H®-H' bonds have probably
undergone heterolytic ruptures before the formatibN*-H"> and C-H'® new bonds.
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Table 2: Variation of geometric parameter s of complex [Pyrrolidine-H,], during the 1'% and 2" hydrogenolysis, at the main stages of the
process

Distances|n|t|a| State Transition State Final State Standard

&) DFT MP2 DFT MP2  DFT MP2 Va"(f)s Observations

HEHT 075 0.74 137 140 262 259 0.73 (H-H) Rupture

HY-H¥ 075 074 131 134 215 231 0.73 Rupture
C-H* 367 372 218 202 1.10 1.10 1.09 (C-H)Formation
C:H¥ 361 357 214 200 1.10 1.10 1.09 Formation
N%-HY 250 2,53 1.08 1.08 1.01 1.02 1.01 (N-H)Formation
N%-H¥® 264 272 1.07 1.07 1.02 1.02 1.01 Formation
N2C? 149 151 214 203 297 2.91 1.48 (C-N)Rupture

N2-C? 148 151 216 204 3.09 2.97 1.48 Rupture

The vibrational IR spectra [24] calculated undearident wavelength of 532 nm in both initial andalirsates are
shown on the figure 5. In the initial state spewtr(Figure 5a), belonging to the region 1250-1028come
observes a peak characteristic of amine C-N boBi 2 the frequencies of 1144.8¢min the final state (Figure
5b), the same peak appears at the frequency of. 2drB3 This means that both pyrrolidine and reactiondpmot
always contain the C-N bond. But, the comparisothefpeaks intensities shows a highest intensityitial state.
The rupture of the first C-N bond in the final puatl can explain that.

° @ 5%
9 o® 2

9 9 V)

Figure5: IR spectrain initial state (a) and final state (b)

These different spectra show the variation of tlilerational frequencies during th€*'lhydrogenolysis. The
vibrational normal coordinates have been evaluatethe B3LYP/6-31G* level whereas the polarizateifitand

their geometrical derivatives at the TDHF/aug-cd2Vlevel [26]. Each transition is represented blyoaentzian

function with FWHM (Full Width Half Maximum) of 1@m™ and a multiplicative factor of 0.96 was used talsc
the vibrational frequencies at the simulation & Harmonic frequencies. The same analysis is aataiith the IR

spectra, which have been done in tffehgdrogenolysis.

The product obtained at the end of this first cleaintransformation was thus a primary amine: butamine
(Figure 6).

@ (b)

Figure 6a: Stages of the 1" hydrogenolysiswithout catalysts under the hydrogen pressure of 40bar s at the temper atur e of 523K

Secondly, for the simulation of following hydrogédysis (Figure 6b), another hydrogen moleculd’{H'®) was

then approached towards thé-Gf bond of the primary amine molecule given by thwstfhydrogenolysis of
pyrrolidine molecule. During this reaction stagfee interatomic distances€* and H’-H'® were also broken
(Figure. 6b) and the interatomic distancésHN’ and G-H'® were established, like firstly (Table 2).
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Figure 6b: Stages of the 2™ hydrogenolysiswithout catalysts under the hydrogen pressure of 40barsat the temperature of 523K

From beginning to the transition state of secondrbgenolysis, the Mulliken atomic charges of ahd G are
varied respectively from -0.745 u.a and -0.195t0.20.889u.a and -0.181u.a. Also, those 6f&hd H® are passed
from 0.264 u.a and -0.303 u.a to 0.295 u.a and30ulé, respectively. In this case the hydrogesislwas also
performed by heterolytic ruptures of4* and H’-H'® bonds. The RH and G-H'® new bonds were established
too. The reaction products were butane and ammuoaleacules.

The calculations of IRC paths of both hydrogenalysf pyrrolidine molecule without catalyst, havdoaled
calculating their activation energy JEand the reaction energgK). The calculated values of these parameters are
consigned in the Table 3.

Table 3: Activation Energy and thereaction energy of Hydrodenitrogenation of pyrrolidine molecule without catalyst

. MP2 B3LYP
Reaction Stages E, AE E AE
1"'hydrogenolysis 100 -30 90 -20
2" hydrogenolysis 98 -20 88 -25

These results make it possible to note that tisé tiiydrogenolysis was the limiting stage of the whaf the reaction
(Ea1 > E5»); both stages of the reaction were exoenergafig € 0 andAE; < 0).

Adsorption of Pyrrolidine on catalyst surface.

The molecule was approached of each catalyst amdgéometry of the chemical system [Molecule-Cathlys
obtained was optimized with a minimum of energyhe Tnteratomic distances**® (M = Zn, W and Al) of the
system are the geometrical controlled parametens. Main geometrical parameters calculated at tlserption
[27], by the B3LYP and MP2 levels of approximatiamthe Lanl2dz basis set, are consigned in tabl&He figure

7 shows the drawing of pyrrolidine molecule adsdrbe the surface of each catalyst.

2.086A /2.028A 2.417A12.010A 2.002A /1.970A
A A A
)
a Figure
7 ¥
9 . >
Pr-ZnCl: Pr-ws: Pr-AlCl:

Drawings of the pyrrolidine molecule adsor bed on the catalyst surfaces. The black values of N>-M™ adsor ption distance are the
calculated values and thered one are the standard valuesin the crystallographic database
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Table4: Main geometrical parameters calculated at the adsor ption

MP2 DFT

M=Zn M=W M=Al M=Zn M=W M=Al
Distances (A)
NZ-M 2.09 2.12 2.00 2.10 2.10 1.99
NZCt 1.54 1.56 1.56 1.52 1.55 1.53
NZHY 1.03 1.03 1.03 1.03 1.03 1.03
Angles (°)
CN’C? 104.29 108.04 107.19 103.78 107.35 103.75
Ngoxoy 104.68 103.77 105.19 10555 104.59 104.98
C°C'N? 106.19 105.18 104.44 105.55 105.27 104.97

On the whole, the values of the geometrical pararaedf the molecule haven’t varied much at the guism.
However, one observes a slight increase of th€Nand N-C interatomic distances. For the MP2 calculations,
for example, they pass respectively from 1.50 A.&6 A, on the Wscatalyst. The same tendency is observed for
both MP2 and B3LYP methods and all catalysts (Talleand 2). The C-N chemical bonds thus are slightl
stretched and weakened in the adsorbed moleculpaaoh with the lonely molecule. This weakening lodse
bonds could support their rupture in the contiraraf the reaction process at the hydrogenolysith@$e bonds.
Also, at the adsorption, the value ofN3C? angle was increased from 106.60° to 108.04° arfd190, on the WS
and AICk catalysts respectively. But, it is decreased #.29 in the case of Zngtatalyst (Tables 1 and 2). These
results mean that at the adsorption, the pyrradigimlecule is more damped on the surface of teetfiro catalysts
than on the surface of ZnCl In addition, the distances®W* (M = Zn, W and Al) between the metal atoms of
catalysts and the nitrogen atom of the moleculg dre 2.086A, 2.177A and 2.002A respectively anchmared
with the N-M distances of the molecule ring 2.0282010A and 1.970A in the crystallographic datae§ghbond
lengths are substantially in accordance with theearmental data provided in the literature [28]heTadsorption
enthalpies AH,q9 and the vibrational energieay) of pyrrolidine are also calculated for each casd recorded in
the Table 5.

Table5: Adsorption enthalpies (AHags) and the vibrational energies (Av) of pyrrolidine

AHads(kJ/mol) Av (kJ/mol)
Adsorbed systems DET MP2 DET MP2
Pyrrolidine-ZnC}  -308.03 -304.73 355.80 355.91

Pyrrolidine-WS -312.11 -310.08 421.31 423.10
Pyrrolidine-AICk ~ -259.47  -257.79 364.77 365.28

These results above have shown that all the thdserptions were chemisorptions and not physisamptibecause
the values of the calculated adsorption enthaligebetween -40 and -800 kJ/mol [27]. Th&M' bonds were
thus established at the adsorption. The lowesilatesvalues of adsorption enthalpi¢dHads|) were given by the
MP2 calculations (Table 5).

At the contact between a molecule and the catalystace, thermal energy produced by the impactaitlyp
absorbed by catalyst, so that the molecule doesehatund and does not move away from the surfacatalyst.
The remainder of this thermal energy is converted vibration energy for the system [Molecule-Cgdfjl The
speed of adsorption of a molecule on the surfae atalyst depend thus on the capacity on thigdaabsorb this
thermal energy [28].

The high values of vibration energiw) of the pyrrolidine molecule on catalysts havevwshdhat the molecule has
undergone strong vibrations after adsorption omlgsts surfaces. This situation could cause thekemag of
molecule C-N bonds and could favor their hydroggsisl Thus, at the adsorption the pyrrolidine roole was
attached on each catalyst surface with formatioN%e1*> bond.

The whole of above results (geometrical and enpaggmeters) shown that the pyrrolidine is chemyjcalisorbed
on the catalysts without many transformations ®fgometry and symmetry.

Hydrogenolysis of pyrrolidine in presence of catalysts

The simulation of denitrogenation of pyrrolidine lexule was performed in presence of three catalgsiSh, WS,

and AICk. The N-C bonds of the molecule are successivetiergone to the first and the second hydrogenolysis
after its adsorption on the catalysts surfaces. ffdmgsition states of both transformations werewated by the
Berny algorithm. The figures 8 and 9 show the drasiof different stages of thé&'thydrogenolysis and thé'®
hydrogenolysis in presence of catalysts.
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(b) Transition State

0 P

(c) Final State

Figure 8: Drawings of system [Molecule-H] at main stages of the 1" hydrogenolysis of Pyrrolidinein presence of catalysts

In the presence of catalysts, the first hydrogesishhas also leaded to butan-1-amine as interngegistduct
(Figure 8c). The opening of the molecular ring Falfowed the rupture of the NC' bond and has allowed the
fixation of both hydrogen atoms of the hydrogen esale on the Rland C atoms of pyrrolidine. So, the new
chemical bonds N-H and C-H were established. Likeghie case of the reaction without catalyst, thedpcts
obtained at the end of the second hydrogenolysis aiso butane and ammonia, except for the reaptoformed

in presence of AIGI For this latter case, an atom of the approachedolggth molecule has rather migrated towards
catalyst, to bind oneself to a chlorine atom, iadtéo the group NHof butan-1-amine (Figure 9). A subsequent
treatment at high temperature of the final prodithined will allow the recovery of ammonia andemgration of
the catalyst [29,30].
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Figure 9: Reaction enthalpies (4H), vibrational energies (4v), Gibbs energies (4G) and activation energies of 1% and 2" hydrogenolysis of
pyrrolidine

Concerning the Mulliken electronic charges analyfie same observations are made, like in the quevtase of
reaction without catalyst. On the all of the thoagalysts, the bond ruptures were heterolytic. fehée 6 shows the
reaction enthalpiestH), the vibrational energiesl¥), the Gibbs energies/G) and the activation energies ¢f dnd
2" hydrogenolysis (HDL) of pyrrolidine.

Table 6: Reaction enthalpies (4H), vibrational energies (4v), Gibbs ener gies (4G) and activation energies of 1% and 2™ hydrogenolysis of

pyrrolidine
AH Av 4G E.
Catalysts  (10°.kCal.mol") (kJ.mol") (10°kCal.mol) (kCal.mol?)
1HDL 2" HDL 1HDL 2" HDL 1SHDL 2" HDL 1SHDL 2" HDL

ZnCl, -191.83  -192.57 381.20  427.67 -191.90 -192.66 5 3 13

AlCl; -162.38  -163.12 388.46  438.42 -162.46  -163.20 0 3 16

WS, -195.19  -196.69 44464  514.22 -195.28  -196.78 0 2 27
Without
Catalyst -133.92  -134.67 371.43  421.96 -133.97  -134.72 88 112

In the three cases, the vibrational energies o2thelGL were the highest. The molecule will have ghier
vibration on the catalysts surface and that wilhimre favorable to the rupture of the targeted Ne@d. The
catalyst W$ seems be the most kinetically indicated for tieHGL because of the weakest value gfZ®
kCal.mol*), while ZnCh would be more indicated to th&"HGL (E,= 13 kCal.mof). In the all cases, the highest
values of activation energies were obtained fordaetion without catalyst (88 and 112 kCal.iolThe reaction
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has been then easier with catalyst than withoaystt In experiments, as far as possible, maytb&uld be
interesting to subject the molecule to the joirtacof two catalysts WSand ZnCj to optimize the denitrogenation
of pyrrolidine. The negative values of reactionhapies and Gibbs energies mean that, in the sfis;ahe both
HGL are exoenergetic and thermodynamically favaatdspectively. On the basis of all of the resoiftined, a
probable mechanism has been proposed for the sag&igure 10).

Without Catalyst Hg Ho With Catalyst
Hy Mo Hyy \ / Che
H"\ \ / ™ \C _—Cs /H“
i _—Cs / Hw/ 4 \ ____2_.!]_8_6._4___2"15
G -
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Figure 10: Probable mechanisms of pyrrolidine Hydr odenitr ogenation without and with catalyst
CONCLUSION

On basis of the numerical methods of chemistry thieeretical investigation of hydrodenitrogenatapyrrolidine
had been performed without catalyst and in thegmes of three catalysts hydrotreating. The calmratresults
shown that, subjected to such a treatment, theligime molecule has leaded to the formation oflibtane and the
ammoniac molecules. The reaction passes by tineatton of butan-1-amine as intermediate produter dhe first
hydrogenolysis. At the end of the whole of thectigas the catalysts have been good regeneratedrdicg to the
experimental results consigned in literature. Tysrotreating is thermodynamically more favorablel more
advantageous in the presence of catalysts, betgiseactions activation energies were lower wiétalysts than
without catalyst (Tables 5 and 6). Also, it would interesting to subject the molecule to the jaiction of both
catalysts Wgand ZnCJ to optimize the denitrogenation of pyrrolidine.i kvill therefore be very advantageous for
the heterolytic rupture of C-N bonds, which ocaeupithis chemical system.
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