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ABSTRACT

The mechanism of reaction between phenylpropan-2-one and ethylamine was investigated using semi-
empirical/Austin model (AM1) and Density functional theory [RB3LYP/6-31G(d)] calculations in SPARTAN,2009
program suit. The mechanism was found to involve four elementary steps comprising one intermediate and two
transition states. According to transition state theory, the mechanism comprises of two reversible reaction schemes.
Scheme | involves two molecules while scheme Il involves only a molecule. The unimolecular was the rate
determining step (k, =56.9214 x 10%s™). The mechanism suggests that the reaction occurs in two steps: at first, a
fast pre-equilibrium between the reactants and the prereactive complex is established, followed by an internal
rearrangement leading to the elimination of a water molecule. There was a good agreement between the semi-
empirical and DFT [RB3LYP/6-31G(d)] calculations. The overall reaction was found to be exothermic.
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INTRODUCTION

Nitrogen containing compounds are very widely distied in nature and are essential to life, playangtal role in
the metabolism of all living cells. Imine is thengpound formed when an amine reacts with aldehydestume in
which the C=0 double bond is replaced with C=N deutond. Imines and their derivatives have longrbe
recognized as key intermediates for the synthebigitoogen heterocycles, especially in the areaaldloid
synthesis [1]. Over the years there has been aikéemest in developing new applications of imitemistry that
enable the facile construction of the nitrogen toetgclic frameworks found in alkaloids and otheolbgically
active nitrogen heterocycles [2].Diversity-orientgghthesis (DOS) and various manifestations theceoftitute
areas of considerable importance at the interfatieedfields of organic synthesis and chemicaldggl[3].

One of the critical challenges in DOS is the efiti generation of collections of functionally andreochemically
diverse small molecules, especially those possgs$ieletons found in natural products or drug-tik@ecules [4].
One attractive and powerful method that has regeamtherged for generating such collections of mdksu
comprises using multicomponent reactions (MCRsjoisreate suitably substituted intermediates thay ine
readily transformed by cyclizations and refunctiaaions that lead to further increases in molacw@omplexity
and diversity[5]. Schiff base (imine) formationdsvery important reaction in biological chemistiyor example
pyridoxal phosphate (PLP), a derivative of pyridexi commonly known as vitamingBbinds to a number of
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specific enzymes and plays a critical role in hapihese enzymes to catalyze their reactions. Mosymes that
interact with PLP catalyze reactions involved ia thetabolism of amino acids [6].

Since its introduction by Ellman in 1997 as a dhimmmonia equivalent, enantiopure 2-methyl-2-
propanesulfinamidetdrt-butanesulfinamide) has been demonstrated to lmesatle chiral auxiliary and has found
extensive use both in academics and industry.T[i¢ tert-butanesulfinyl imines have been used in the asymicne
synthesis of many versatile building blocks inchgisyn- andanti- 1,2- or 1,3-amino alcohatsbranched and,o-
dibranched amines, ard or f-amino acids and esters[8]. Another recent repescdbes the intermolecular self-
condensation of chiraért-butanesulfinyl imines in a synthesis for the pimidine alkaloid [9].

The chemistry of quinone imines and N-acylated guimines resulting from biological oxidation (Cgtorome P-
450) of aromatic nitrogen compounds (generally aslids thought to be important in many biologicedgesses.
Quinone imines are intermediates in the oxidatiboabecholamines leading to the formation of meldmigments.
The anti-tumor compound N-methylellipticium acetest@roposed to form a tetracylic quinone iminédige which
then reacts with nucleosides and amino acids. Tieenistry of N-acylated quinone imine linkage witlcteophiles
is proposed to be involved in the toxic effectsoagted with analgesics such as phenacetin. [10présent, greater
than 75% drugs and drug candidates incorporateeimimctionality [11]. In these compounds, the rj&n-
containing units are known to play important rdl@stheir bioactivities. For the synthesis of thedéral nitrogen-
containing buildingblocks, use of imines as elgahites is the most promising and convenient rolf.[

The synthesis of these nitrogen-containing compsinycthe easily available imine is one of the niwgtortant and
convenient routes. However, as compared with thenteopart, C.O double bond, C.N double bond isss le
explored area. Today the Lewis acid-promotedaddibioallylstannane to aldehyds is well establishgd powerful
synthetic method. On the contrary, only a handfupapers on the allylation reaction of imines blylatannane
were reported [13]. General imines and activateidés have also show relevance in stereo chemespgcially in
stereoselective reactions of aziridination, aligilatand aldo reaction — a powerful synthetic raut&his stereo
selectivity of imines has been used in the synthesipeptidic antibiotics as well as other bioladiig active
molecules.

It has also been reported that enantioselectiitypnmes is employed in chemical, pharmaceutical agrochemical
industries especially in the synthesis of chiralbi@de (S)-Metolachlor [14]. Anakumar et. al (201Q5] also

reported that stereoselectivity has been employettié preparation of a well-known drug, rivastiggiwhich has
been used to treat mild to moderate dementia agsdciith Alzheimer's and Parkinson’s disease. ifieto find,

in literature any work (either empirical or theacat) on imine formation from ethylamine and phgmglpan-2-one
is yet to yield. Hence this work attempts to prevedme information on this reaction mechanism thtezaily.

o
/L!\
Hz=C CHs H //N T cCczHs 0
N——C,H5 Ha< cHs / H
+ 7 H
H +
1-phenylpropan-2-one ethanamine Water

(E)-N-(1-phenylpropan-2-ylidene)ethanamine

. Fig.1: General reaction scheme
Computational Methods

The geometries of the reactants, transition statdsrmediate and products were optimized using edaliar
mechanics to remove strain energies. This wasvi@t by semi empirical optimizations at AM theogyél.
Finally, DFT Becke’s three parameter nonlocal exgfeafunctional with the nonlocal correlation fuoctal of Lee,
Yang, Parr (B3LYP) with 6-31G(d) basis set caldoled was employed. Furthermore, heat of formaticas w
calculated for all the stationary points using thechemical recipe atiheory level. For equilibrium geometries
and transition states, the nature of the criticah{s was confirmed by an analytic frequency corapan, and all
the transition states have imaginary frequencieginkic reaction coordinate calculations were iedrrout to
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confirm that the transition states connect to tightrminima. All thermodynamic and kinetic paramstevere
calculated according to expression in the liteeaf@g].

RESULTS AND DISCUSSION

Reaction Mechanism
Semi empirical Calculation

The outline of the reaction mechanism between athiyle and phenylpropan-2-one is as shown in scheifiee
reaction starts by interaction between N1 of etimytee and C8of the ketone; and O1 of the ketoneHihaf the
ethylamine leading to the formation of stationaoynp I. The reaction proceeds via bond breakagesdmn H1 and
N1 of ethylamine, and O1 and C8 of phenylpropam&;@and bond formation between N1 and C8, leadirttpe
formation of a second stationary point which wasnfd to be an intermediate through frequency caicuns. This
intermediate is 222.17kJ/mol lower than the tramsistate. Next are the interactions between Oghehylpropan-
2-one and H1 of ethylamine and N1lof ethylamine @8dof phenylpropan-2-one, forming another transititate
stationary point with imaginary frequency 1723ieT$tandard heat of formation of all the stationaoints and heat
of reaction as presented in table 1 are depictdigisn 2 and 3 below. The transition state Il id 3®@kJ/mol higher

than the intermediate I. Finally, the transitioatstll cleaved to form imine and water as the potglwith 284.27kJ
energy lower than the transition state II.

Table 1:Semi-empirical energy parameters of the spées in the reaction mechanism

Species FJI/molK)  A;H°(kJ/mol) A, H(kJ/mol) IR imaginary
CgHsCH,COCH;  +399.7990 -92.0300 0
C,HsNH; +272.4160 -56.5450
TSI, A-B* +462.3000 +65.3010 +213.876 1885i
INT, C +471.9236 -156.8640 -222.1650
TSI, c* +471.0500 +144.6244 +301.4884 1785i
Major product, P +449.2180 +102.468 -42.1564
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Fig.2: Energy curves for standard heat of formationfor reaction mechanism using AM1 calculation

Density Functional Theory Calculations

DFT calculation results at RB3LYP/6-31G(d) level efectronic energy ¢Ein au, entropy (3 in J/molK, and heat
content(enthalpy) in kJ/mol at 298.15K of the spednvolved in the general mechanism are as pregentthe
table 7 below. Based on the enthalpy values, rdmesition state 1(1590i) has stabilization enerfiyld.42kJ/mol
compared to the reactants. The bimolecular tramsjtrocess (step |) is reversible witfi* of +41.8514kJ/mol and
entropy decreased of -198.7974J/molK. The step lzs activation energy of +145.6025kJ/mol. Thermediate
surpasses transition state Il (with imaginary fesgry of 1723i and stabilization energy of -184.6dal) to give
the products with stabilization energy of +86.95kdll The transition state reaction step Il is elotgrized with

entropy increase of +10.5326J/molK and Gibb’s epeof -12.1203kJ/mol. The transition reaction stdp |
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(unimolecular) was found to have the low rate camsvalue of 56.9214 x ¥3s™, and hence the rate determining
step of the reaction mechanism. Thermodynamic @&as presented in table 2.
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Fig.3: Energy curves for heat of reaction for readbn mechanism using AM1 calculation
Table 2: DFT energy parameters of the species inéreaction mechanism
Species EHau) S(I/molK) AH?(kJ/moI) AxnH(kJ/mol)
A -424.2052  +406.2031 -104.87 0
B -135.1701  +270.8286 -44.98
TSI, (A-B*) -559.3198  +478.2343 -167.27 -17.42
INT, C -559.3717  +481.6443 -175.66 -8.39
TSI, ¢t -559.2955  +492.1769 -184.64 -8.98
Product, P -559.3561  +475.3816 +86.95 +271.59
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Fig.4: Energy curves for standard heat of formationfor reaction mechanism using DFT RB3LYP/6-31G(d) alculation
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Fig.6: Electronic energy curve for reaction mecharsm from DFT calculation

During the reaction O1 — C8, C7 — C8 and C8 — G#dsan phenylpropan-2-one stretched by 014409 and 0.12
respectively, in the transition state I. Similat§4. — C2 and N1 — H1 bonds in ethylamine are deectéy 0.11 and
0.01A°, while N1 — H7 bond is stretched by 0.24A transition state I. as the reaction progre$sam transition
state | to transition state Il, C7 — C8, C8 — C@ Bl — C8 are decreased by 0.320.234 and 0.22A respectively.
Finally, bond stretching and shrinking are obserasdhe transition state Il eventually gives rizgtoducts, with
C7 — C8, and C8 — C9 bonds stretching, and C1 N@7C8 and N1 — C10 (consequent of double bondyi®o
shrinking as presented in the table 3 below.

13
Pelagia Research Library



Siaka A. A.et al Der Chemica Sinica, 2014, 5(1):9-17
o O----=H
l:l + H . C/(Is:—-——rij CsHs
HZC/ \CH3 T C2Hs 2 \CH3 Y
H —_—
A B
A-B¥
Reactants Transition state I(TSI)
CI)H H
C——N——C5Hs H O——'—'?'
HZC/CH /(L____’i‘ CxHs
2 H,C \CH3
—>
—
—_——
C
c#

2-(ethylamino)-1-phenylpropan-2-ol

Transition state Il (TSI

Intermediate(INT N
(INT) P
HZC/ \CH3
—> O
@ Lo
Imine water

(I2)-N-(1-phenylpropan-2-ylidene)ethanamine

Fig. 7: Mechanism of the reaction Products P

Also as the bond distances are undergoing vartihuting the transformation of the reactants thhosigtionary
points to products, the bond angles are not ldfirothe changes. Variations in the bond distarcesbond angles
are presented in the tables 3 and 4 below.

Table 3: Variations in bond distances between trarition state Il and product (major) imine

Transition state || bond Distancesi Product bonds Distanced

Cci1-C7 1.523A Ci1-Cv 1.520

C7-C8 1514 C7-C8 1.534
C8-C9 1.503 Cc8-C9 1.513
C8-N1 1.325 C8-N1 1.276
N1-C10 1.465 N1-C10 1.453

Table 4: Variations in bond angles between transitin state Il and product (major) imine

Transition state Il Product

+C7C8N1  123.98 «C7C8N1  127.74
£C8N1C10 124.46 «C8N1C10 123.68
+C7C8C9  116.32 «C7C8CY9  114.62
+C1C7C8  118.09 «Cl1C7C8  112.84
«N1C10C1. 110.01 ¢£N1C10C1: 109.91

ka ks
The consecutive reaction step which can be illtestras A + B C P is bewn in fig.8 below.

From the kinetic parameters the first is the raeining step with the lower rate constant valfie, = 56.9214 x
10—255—1
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Fig.8: Consecutive step scheme of the reaction

From thermodynamic calculations, the consecutigp sf the reaction is all irreversible. The steprirreactants (A
and B) to the intermediate (C) has Gibb’s free gp@&hange 4,.,,G°) of -14.261kJ/mol (<0). Then the step from
the intermediate to product has Gibb’s free enetbginge 4,.,,G°) of -345.948kJ/mol (<0), indicating the
irreversibility of the reaction. Table.10 belowosis the enthalpy of formationA{H°) and entropy, AS°) at
standard temperature and pressure of the spedies tonsecutive reaction step.

o o----=H
Cl H\ (|:: l:l CzH
Hac™ CHs + N C2Hs HC— L e
| CHs H
H —
B
B
A
Reactants Transition state I(TSI)
Step |
g S
C—N CoH H
— ="'s C:l{l CoH
H>C 2Fls
: <|>H3 HZC/ \CH3
—
B

2-(ethylamino)-1-phenylpropan-2-ol

Step Il
Intermediate(INT) Transition state Il (TSI

Fig.9: Transition state reaction scheme

The energy values are presented in the tables b &etbw. The activation energy values also indi¢hat the steps
are reversible due to low energy barriers as ogptisentropic change values.
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Table 5: Entropy of formation $°(J/molK) entropy of activation AS*(J/molK)and Gibbs'free energy of activationAG*(kJ/mol) at AM1

and RB3LYP/6-31G(d) theory levels

Semi empirical (AM1) DFTB3LYP/6-31G(d)

Species s°

A +399.7991
B +272.8002
C +491.9337
Step |

E +471.9236
F +471.0500
Step Il

ASH AGH s° ASH AGH
+406.203

+270.8286
+501.7844

-180.6655 +276.4633 -198.7974 +41.6514
+485.3349
+188.8535

-0.8736 +301.7489 +10.5326  -12.1203

Table 6: Activation energy E, Arrhenius frequency factor A, and rate constantsk; and k, for the step | and step Il

Step 1(bimolecular) E,
A

145.6025kImol
1895.84mc*drras™
k: 58.8116 x1G‘moldnrs®

Step 2 (unimolecular)

E. 199.9083kJm¢*
A 5.9914x16°s*
ki 56.9214 x 16°%?

Kinetics of the Reaction

From fig.2 above the reaction mechanism consistseofollowing steps:

The rate laws for all the products of the reactian be written as follow:

k>
—_
AtB ——— AB
k-2
kz
—> C
k1
Cs~——
ky
¢ —> P
= = kalc™]
%= —ly[C*] - KLy[C*] + K[C]
dt —ki[C1 + kL, [C*]+ k,[AB¥]

d[a*] _
dat

—k,[AB*] — k’,[AB*] + k}[A][B] iv

Using steady state approximation, from equation (ii

[c*]=

[C]

k+k'

Using equations (iii) and (v), we have

_K{[C] + "Ll"i -[C]+ ko[AB*] = 0
[c] = ["2(";2"'1)] [4B*]

vi
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Similarly, from equation (iv), we have,
[AB*] = [A][B] vii

k+k'

Equations (vi) and (vii) gives,

= kekalatkly
[C] - k{z(kz+k'_2) [A] [B] Vil

From equations (viii) and (v), we have,

[c*] = 2% [4]B] ix

k) (ko k! )

Therefore the overall rate law can be written as;
d [P] kzkz

— =k [A][B] X

dt 1! (k2 +k’

ok}
whereklk( 22
1

—=22_ = K', experimental rate constant.
kot k! 5)

CONCLUSION

The reaction between benzylmethyl ketone has beendf to occur through four steps, each step wih it
characteristic thermodynamics and kinetic pararsetenimolecular step was the rate determining stephe
reaction mechanism. A detailed kinetic of the rieechas been established but the overall reactite constant is
yet to be determined. Experimental rate constanthi® reaction is yet to be found. It's also wortbynote that that
the calculation was performed using semi-empiri@e1) and smallest basis set [RB3LYP/6-31G(D)] bkt
Density Functional Theory, a better result couldbb&ined using higher theory level and larger$ast. Also the
results from the two methods are in good agreemstht each other, as they both confirmed the presedwo
transition states in the mechanism and the tramsitiate reaction are all reversible.
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