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ABSTRACT

Theeffects of a-methylation on the gas-phase reaction kinetics and mecha
nism of the pyrolysis of ethyl acetates was studied theoretically at semi-
empirical PM 3 level. All the cal culations showed that the thermal decom-
position of these alkyl acetates is a concerted asynchronous process via
a six-membered cyclic transition state. The overall result of the calcula-
tions shows that a-methyl substitution has a steric releasing effect in the
transition state, hence it is rate enhancing. Also it is found that rate en-
hancement due to C,-O, bond stretching in the formation of the T.S. is
more significant as a rate determinant than the acidic nature of the f
hydrogen eliminated. The first order rate coefficients and computed acti-
vation parameters predicted by PM 3 method are in good agreement with
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the experimental results for the series studied.
© 2009 TradeSciencelnc. - INDIA

INTRODUCTION

Edter fragmentsto dkenesand carboxylicacids often
cleanly andin good yield, when passed through aheated
tube at 400-450°C; with a contact time of a few
seconds. Thermal decomposition of estershasbeen ex-
tensvely sudied experimentdly and theoreticaly. For mo-
lecular imination, the presence of aC,-Hon theakyl
sdeof organicesters, such asacetates, leadsto gas-phase
eliminationthroughasix-centered cyclictranstion sate
typeof mechanism asdescribed inreaction Scheme 1.

Thevast mgjority of the six-centrereactionsare
carboxylic acid iminationsfrom theakyl acetatesto
produceolefins. Thereactionsinvolve asynchronous

break in the 3-carbon-hydrogen and the o-ether oxy-
gen bondsthrough asix-centred trangition state.

In a previous work by Adejoro and Bamkole™,
weexamined theoretically the cal culation of Arrhenius
parameters of somealkyl acetatesand we equally car-
ried out the PM 3 study of the kineticsand mechanism
of ethyl acetate?. Asapart of continuing effort to un-
derstand the pyrolysismechanism, wehavecarried out
the PM3 studiesof the pyrolysisreactivitiesof the a-
methylated ethyl acetates. This study focuseson the
effects of progressive methylation of ethyl acetate at
the a-carbon on thekineticsand activation parameters,
through a procedure devised by Adejoro and
Bamkol€Yfor akyl acetates.
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COMPUTATIONAL METHODAND MODEL

Thesami-empirica PM3methodin MOPACH was
used throughout in thiswork. Geometries of thereac-
tant (RE) and productswerefully optimized. Thetran-
gtionstate(TS) waslocated by thegradient norm mini-
mization and wasconfirmed by thesinglenegativee gen-
vaueintheHessian matrix“. Threeestersinvestigated
aregivenin TABLE 1. The geometry of thealkyl ac-
etateisdefinedin Scheme 2 bel ow.

Ethyl acetateisderived from thereactant geometry
byregardingR,, R, ;, R,,and R , ashydrogen atoms
and iso-propyl acetate can be regarded as derivable
fromthealkyl acetate by thesubstitutionof R, jor R ;
on C, withamethyl group; whiletert-butyl acetate can

R11 Ris Res
SNV
/N
\Cz=06
Hg_Cg/
H8/ \H7

Reactant Geometry

Scheme 2
TABLE 1: Estersstudied in thiswork
Designation Nogt;g?f[ﬂ;%en Nomenclature
I - Ethyl acetate
I RyoOF Ryy=CHs i;ﬂgg’tﬂ
11 Ri0= R1;=CHj; t-butyl acetate

beregarded asderivablefrom ethyl acetate by the sub-
stitution of both R, jandR,; on C, by methyl groups
(TABLE 1).

H,, isthe B-hydrogen to be eliminated and the di-
hedral angle 13-5-4-1 isacute and positive. The usua
rulesof geometry definition prescribedin MOPAC bro-
chure® are gpplied.

Reaction path study was performed for the reac-
tant using H,,-O, asreaction coordinate. By decreas-
ing thisbond length systematically inmany small steps
fromitsinitid vaueof 4.58A° (e.g. for ethyl acetate) to
the bond length inthe product (about 0.96A°), an ap-
proximate product structure was obtained and opti-
mized. Other aspects of the proceduresuch assaddle
calculation, etc., were carried out as previously de-
scribed by Adejoro and Bamkol el. The apparent en-
thal py of activation was obtai ned through FORCE cd-
culation on both the ground state and transition state
geometriesby subtracting the entha py of the reactant
at 623k from the enthal py of transition state at 623k.
The correction computed is subtracted from the ap-
parent enthd py of activation.

AccordingtotheTransition State Theory (TST),
for aunimolecular reaction
Ea=AH* +RT,
where AH* isthe corrected enthal py of activation, at
623K.

The apparent entropy AS* was obtained fromthe
FORCE cal culation by subtracting the entropy of the
substrate at 623k fromtheentropy of thetranstion sate
aso at 623k.

Theeffect of internd rotationwasobtained by mak-
ing corrections, (RInc) for symmetry, wheres isnum-
ber of equivaent B-hydrogen atomsavailablefor eimi-
nation. It isotherwise known asthereaction path de-
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generacy. Thisisadded and not subtracted asit can
only enhancereaction.
AS* value was used to calcul ate Arrhenius pre-
exponentia factor usngthereation.
A={e"k'T/h exp (AS*/R)}
wheremisthemolecularity of thereaction.
Thefirst-order rate coefficient k(T) was cal cu-
lated using TST™, and assuming the transmission co-
efficientisequal to unity asexpressed inthefollowing
equation:
K(T)=k,T/h exp(-AG*/RT)
where AG* isthe Gibbsfree energy change between
thereactant and thetransition stateand k, and harethe

Boltzmann and Planck constants, respectively.
AG* wascaculaed usingthefollowing relaion:

AG*=AH*-TAS*
RESULTS

The experimental works reported by Arthur
Blades®, Arthur Bladesand Gilderson'™, Emovon and
Maccol®; Rudy and Fugassi® suggested that thether-
mal decomposition of alkyl acetates passesthrough a
six-membered ring trangition stateirrespective of sub-
dituents.

Using ethyl acetate asan example, the geometries
of thereactant 1 and products2 and 3 are predicted as
shownin scheme3 below:

The reaction pathway is depicted in scheme 3
inwhich the relevant atom numberingisalso indi-
cated.

Two bondsthat are breakingi.e. C,-O, and C.-
H,, are seen to stretch from 1.43A° and 1.10A° in
the REt0 1.67A and 1.52A° respectivelyinthe TS
(TABLE2). Inthetransition state, C,-O, isstretched,

whereasthe C.-H,, bond isnow along bond and vir-
tually broken whiletheH_ .-O, bond isamost fully
formed showing that the gas-phase elimination reac-
tion of akyl acetate occurs by aconcerted asynchro-
nous mechanism. That is, processesthat lead to the
intermediate are concerted but the rate determining
processis not synchronous but is delayed?.

Thisisatwo-stagereactioninwhich oneiscon-
certed but not synchronous some changesin bonding
took place mainly before, and some mainly after the
trangtion gate.

Intheactivation, polarization of the C,-O, and C.-
H,, bonds cauises positive charges of the carbon atoms
C,and C, toincreaseand the C, atom to become more
negative (TABLE 2). TABLES2and 3are TABLES
of selected optimized geometric parameters (bond
lengths, bond anglesand dihedral angles) of reactants,
transition states and products. It reveals that the
progresssive o-methylationi.e. I-11-111, leadsto greater
O,-C,stretchintheTS.

For thesix-memberedring TS, thePM 3 optimized
distance between atoms O, andH_, isin the range of
1.08-1.13 A°, becoming much shorter by about 3.53
A° thanitslengthinthereactant, till not being closeto
that inthe product (ca. 0.97 A°). Inmoving from I-111
(TABLE 1), thereisno sgnificant changeinbondlengths
(TABLE 2), bond and dihedra angles(TABLE 3) thus
showing clearly that a-methyl ation doesnot changethe
sructureof reactantssignificantly.

TABLE 4 showsthat methylation on C, decrease
the activation energiesin agreement with theratein-
creasesfound experimental ly(®9.

Thelowering of the activation barrier accompanied
by thea-methylationisevident from theseenergy com-
ponent changesin TABLEDS.

TABLE 5showsthat both activation energies, AE
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TABLE 2: Formal charges(q) of atoms (in electronic charge unit) and bond length (d in A°) involved in activation and

equilibrium processesfor the elimination reaction*

Atom Ethyl acetate ] i-Propyl acetate ] t-Butyl acetate .

RE TS PR Aq RE TS PR Aq RE TS PR Aq
0 -02r -036 -040 -009 -027 -037 -040 -010 -027 -039 -041 -012
oC 0.37 0.43 038 +006 0.37 0.43 038 +006 0.38 0.4 038 +0.06
4C 0.08 024 -014 +0.16 0.09 026 -012 +017 0.13 0.30 010 +0.17
sC -012 -065 -016 -053 -012 -065 -017 -053 -012 -064 -020 -0.52
O -038 -03 -032 +003 -038 -037 -032 +001 -03 -038 -0.32 0.00
13H 0.04 0.32 023 +028 004 0.32 023 +028 0.05 0.33 024 +0.28
Bond RE TS PR Ad’ RE TS PR Ad’ RE TS PR Ad’
0:1-C2 1.36 1.2 122 -0.07 136 129 121 -0.07 1.36 129 121 -0.07
C>-C: 1.50 150 150 0.00 150 150 149 0.00 151 151 150 0.00
0,-C, 143 167 373 +024 144 1.70 453 +026 145 174 381 +0.28
C,-Cs 152 142 132 -010 153 143 133 -010 14 143 133 -011
Cz0s 121 1.2 135 0.08 1.2 1.28 135 +006 1.2 128 135  +0.06
Cs-Hiz  1.10 152 258 +042 1.10 1.48 274 +038 110 144 243  +0.34
Ge-Hp 458 1.08 0.96 -350 424 1.10 0.96 -314 463 113 0.96 -35

*Aq =q79 - g9, Ad" = d79 - dE)

and energy changes of reaction, AE , decrease with
a-methylation. Lowering of activation energiesby the
methylationiscong stent with the experimenta ly found
faster rate ester pyrolysisupon methylationonC_ at-
oms. The parallel decrease of AE" and with AE , is
however amanifestation of Bell-Evans-Polanyi (BEP)
principle?,

Activation energy correlation

Somevery interesting and systematic substitution
or methylation effectson the activation energy, E, now
become apparent (TABLE 4). Methyl substitution at
the a-carbon position of the esters(i.e. the saturated
carbon singly bonded to oxygen) asinthe seriesethyl,
i-propyl and t-butyl acetates appearstolower the acti-
vation energy. The PM 3 values of the activation energy
(TABLE 4) show methyl substitution at the o.-carbon
positionlowersthe E_ by 10.29 and 24.4kJCH, thus
showing that increase in the rate from i-propyl to t-
butyl isgreater that from ethyl acetatetoi-propyl ac-
etate. Thisimpliesthat thereplacement of a-hydrogen
atom by amethyl group increasesthe rate of subse-
quent o-methyl substitution.

A Factor: Inamost all cases, the agreement be-
tween PM 3 (TABLE 4) and experimental A factors
isgood. And theincreasein A factor can be attrib-
uted primarily to an increasein reaction path degen-
eracy, i.e. the number of equivalent 3-hydrogen at-
omsavailablefor elimination. Thisisin agreement

with the estimated val ues of O’Ned , and Benson(*Y,
Entropy of activation: Aninteresting featureof this
seriesof compoundsisthe negative value of the en-
tropy of activation (TABLE 4), whichiscons stent with
theformation of cydlictrangtion statesuggested by Hurd
and Blunck; sincethreeinternd rotationa degreesof
freedom are convertedto relatively inactivevibrations
inthe process of activation. Theregular trend in the
entropy of activation assuccessive methyl groupsare
added to themol eculeispredictable onthe basisof the
increased number of B-hydrogen atomsavailablefor
theformation of the activated complex, and of thein-
creased restriction of internal rotation inthenormal
molecule
TABLE 3: Optimized bond and dihedral anglesfor both

reactants (RE) and transition states(TS) for a-smethylated
alkyl acetatesat PM 3 level

. Ethyl acetate i-Propyl acetate t-Butyl acetate
© RE TS RE TS RE TS
Bond angle
C40.C; 118.59 120.33 119.87 120.78 123.15 121.14
CsC40, 106.33 111.57 105.48 110.01 102.46 108.27
H12CsCs 109.96 118.04 110.13 117.41 110.41 117.03
Hi1306C2 52.36 109.76 56.22 109.46 46.64 109.52
Dihedral angle

C40:CCs 179.82 151.23  175.98 -155.08 179.81 157.45

CsC4OC 179.85 11.81 -148.11 -5.30 -179.88 941

H12CsC401

H1306C201

-17858  111.86 -179.50 104.70 -179.50 113.09

14.28 25.45 13.81 -24.79 15.43 20.74
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TABLE 4: Compar ativetheor etical and experimental activation parameter sfor a-seriesat (623k)

AH* AG* AS*

-1 -1 1l
Method substrate Ea (kJmol™) log A(SY) kImol™)  (kImol™)  (Imol K k*(s?)
Ethyl Acetate 203.51 12.45 198.32 211.47 -21.05 2.44x10°
PM3 i-Propyl Acetate 193.22 12.97 188.04 194.88 -10.98 5.95x10™
t-Butyl Acetate 168.82 13.07 163.64 169.30 -9.09 0.083
199.79 12.48 194.61 207.40 -20.54 5.36x10°
Ethyl Acetate =
200.83 12.59 195.65 207.13 -18.41 5.65x10
188.28 13.00 183.10 189.60 -10.43 . 3
Observed i-Propyl Acetate 1.65x 10_3
193.72 13.40 188.54 190.26 -2.76 1.45x10
169.45 13.30 164.27 167.18 -4.67 0.125
t-Butyl Acetate
167.36 13.15 162.18 166.86 -7.51 0.133

TABLE 5: Heatsof formation of reactant (GS), transition
gtate(TS) and products, and der ived ener getics, AE” and AE |
(kJ/mol)

Substrate GS TS

Ethyl
Acetate
i-Propyl
Acetate
t-Butyl
Acetate

Products AE =Erans  AE°=Epg-
E

reac Ereac

49.50

-413.80 -175.27 -364.30 238.53

-436.27 -206.02 -409.53 230.25 26.74

-452.21 -234.39 -448.86 217.82 3.35

DISCUSSION

Theresults presented must reflect theeffect onthe
formation of thetrangition states of methyl substitution
on C,, particularly theeffect on chargedensity and bond
strengths of bondsjoined to the sites of substitution.
Thusa-methyl substitutionwill primarily reflect onthe
charge density on C, and the C,-O, and C,-C, bond
lengths.

Theresults are better discussed in terms of the
modified transition state of Maccol ™ asdepictedin
Schemed4.

Methyl group hasapositive (el ectron-releasing) in-
ductive effect, the C, of the methyl group being par-
tidly negative. Therefore, a-methyl substitution should

\+
0, His
/C2_66
R
Scheme 4

facilitate el ectron movement from C,-O, bondinto O, -
C, bond asshown in Scheme4. Thisisin consonance
withthe progressiveincreasein C,-O, bond lengthin
theT.S. asa-methyl substitution progressesgtartingfrom
ethyl acetate. The effect on C,-C, bond length isto
lessen the devel oping double bond character. Overal,
our ca culationsshow rate enhancement with o-methyl
substitution. Thiswould suggest that the C,-O, bond
dretchingismoresgnificant asarate-determinant than
the development of double bond character in C,-C,
bond.

Thisexplanation of these substituent effectscan be
attributed tothe polar trangtion state. Subgtituentswhich
areableto stabilize the growing charge centres of the
activated complex, effect reductionsin theactivated en-
ergiesrelaivetotheunsubstituted reactants, while sub-
stituentswhich destabilize the growing charge centres
havethe opposite effect. The effectsof the a-carbon
areconsistent with thefact that stabilizationsaremore
readily effected at the positive centresthan at the nega-
tive centres.

Theoveral result of the calculations showsthat a-
methyl substitutionisrate enhancing andit can there-
fore be concluded that rate enhancement dueto C,-O,
bond stretchingintheformation of the T.S.ismoresig-
nificant asarate determinant than the acidic nature of
the 3 hydrogen eliminated.

In general, we can discern that threefactorscome
into play, namely, (i) theacidic nature (i.e. thetendency
to depart asaproton) of the hydrogento be diminated,
(i) any factor that will favor the C,-O, bond cleavage
and (iii) the enhancement of the C,-C,_ double bond
development. Themethyl group sofar consideredin
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thiswork affectsreaction ratethrough making possible
the heterolytic scission of the C,-O, bond, particularly
when in the a-position and the enhancement of the
acidic nature of the hydrogen atom eliminated.

It can be concluded that a-methylation cause de-
pression of activation barriersdueto stericreleasingin
theTS.

ThePM3resultsare consistent withthe TSwhere
C_-Obond pol arisation isthe rate-determining step,
followed by pre-equilibriuminvolvingtheacidic hydro-
gen shift towardsthe carbonyl oxygen.

CONCLUSION

In conclusionthe PM 3 results are consistent with the
TSwherethe C -O bond polarizationistherate deter-
mining step, which followsthepre-equilibriuminvolv-
ing theacidic hydrogen shift towardsthe carbonyl oxy-
gen. Also the negative entropy of activation showsthat
themechanisminvolvesacyclictransition state. Itis
equdly encouraging that the TS sati Sfiesthefour crite-
riaprescribed by Kormonicki and Mclver*4,

= Pyl Paper
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