
Pyrolysis kinetics of 2-phenoxycarboxylic acids in the gas
phase

Gabriel Chuchani,* Rosa M. Dominguez, Alexandra Rotinov and Ignacio Martin

Centro de QuõÂmica, Instituto Venezolano de Investigaciones CientõÂ®cas (IVIC), Apartado 21827, Caracas 1020-A, Venezuela

Received 28 December 1998; revised 5 March 1999; accepted 10 March 1999

ABSTRACT: The gas-phase pyrolysis kinetics of primary, secondary and tertiary 2-phenoxycarboxylic acids were
studied over the temperature range 240.1–409.9°C and pressure range 16.3–67.8 Torr. The elimination reactions,
carried out in seasoned vessels and in the presence of the free radical chain inhibitor cyclohexene, are homogeneous,
unimolecular and follow a first-order rate law. The overall rate coefficients are expressed by the following equations:
for 2-phenoxyacetic acid, logk1(s

ÿ1) = (12.08� 0.54)ÿ(190.3� 6.7)kJ molÿ1(2.303RT)ÿ1; for 2-phenoxypropionic
acid, log k1 (sÿ1) = (12.21� 0.31)ÿ(172.9� 3.6)kJ molÿ1(2.303RT)ÿ1; for 2-phenoxybutyric acid, logk1(s

ÿ1) =
(12.29� 0.38)ÿ(171.7� 4.3)kJ molÿ1(2.303RT)ÿ1; and for 2-phenoxyisobutyric acid, logk1(s

ÿ1) = (12.84� 0.36)
ÿ(155.3� 3.6)kJ molÿ1(2.303RT)ÿ1. The products of the phenoxyacids are phenol, the corresponding carbonyl
compound and CO, except for 2-phenoxyisobutyric acid, which undergoes a parallel elimination into phenol and
methylacrylic acid. The reaction rates increase from primary to tertiary carbon bearing the C6H5O group. The
mechanism of these reactions appears to proceed through a semi-polar five-membered cyclic transition state, where
the acidic H of the COOH group assists the leaving C6H5O substituent for phenol formation, followed by the
participation of the oxygen carbonyl for lactone formation. Then the unstable lactone intermediate decomposes into
the corresponding carbonyl compound and CO gas. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

In association with the elimination kinetics of 2-
halocarboxylic acids,1,2 the gas-phase pyrolyses of
2-hydroxycarboxylic acids have been examined.3 A
sequence of rate increase from primary to tertiary 2-
hydroxycarboxylic acid acid was observed. The mechan-
ism of these reactions was thought to proceed as follows:

�1�

The bond polarization of the C— L bond, in the
direction of C��� � �L�ÿ, was believed to be rate
determining. The H of the COOH assisted the leaving

group L for a five-membered cyclic transition state, while
the hydroxy oxygen was assumed to participate in the
stabilization of the positive carbon reaction center for
lactone formation. However, recent quantum mechanical
calculations on 2-chloropropionic acids,4 glycolic, lactic
and 2-hydroxyisobutyric acids5 and mandelic acid,6 using
ab initio techniques at the MP2/6–31G** level, suggested
that mechanism (1) proceeds by the nucleophilic attack of
the carbonyl oxygen instead the hydroxylic oxygen for
the formation of thea-lactone intermediate:

�2�

The OR group of ethers [R = CH3, CH3CH2,
(CH3)2CH] in the gas-phase pyrolyses of 2-alkoxyacetic
acids7 was shown to be faster in the elimination process
than Cl and OH and the mechanism was pictured as in
reaction (1). The alkyl group R in ROCH2COOH had no
significant effect on rates. A recent examination of
ab initio calculations of methoxy-, ethoxy- and isopro-
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poxyaceticacidsmoleculareliminationsat the MP2/6–
31G** level8 implied the mechanismto be asdescribed
as

�3�

To increaseour understandingof the nature of the
transitionstatein thegas-phasepyrolysesof 2-substituted
carboxylic acids, the investigationof a better leaving
group such as phenoxy,C6H5O, was thought to be of
interest. Therefore,the molecular elimination kinetics

of 2-phenoxyaceticacid, 2-phenoxypropionicacid, 2-
phenoxybutyricacid and2-phenoxyisobutyricacid were
examined.

RESULTS AND DISCUSSION

2-Phenoxyacetic acid

The gas-phaseelimination of this substrateproceeds
accordingto the reaction

C6H5OCH2COOH! C6H5OH� CH2O� CO �4�

The stoichiometryof the reaction demandsPf /P0 = 3,
where Pf and P0 are the final and initial pressure,
respectively.The averageexperimentalresultsat four
differenttemperaturesand10half-livesis 2.91(Table1).

Table 1. Ratio of ®nal (Pf) to initial (P0) pressurea,b

Compound Temperature(°C) Pf (Torr) P0 (Torr) Pf/P0 Average

2-Phenoxyaceticacid 369.4 30.5 83.0 2.72 2.91
389.2 29.9 87.4 2.92
400.2 40.0 117.6 2.94
409.9 23.0 70.0 3.04

2-Phenoxypropionicacid 315.8 24.8 70.3 2.83 2.83
329.8 37.6 100.6 2.87
340.2 34.0 91.5 2.80
351.0 30.0 85.5 2.85

2-Phenoxybutyricacid 314.9 36.2 99.7 2.75 2.78
320.1 45.0 125.5 2.79
328.7 51.6 144.0 2.79
338.5 34.6 202.0 2.78

2-Phenoxyisobutyricacid 260.4 15.5 35.5 2.29 2.30
270.1 44.0 97.0 2.20
280.0 22.5 54.0 2.40

a Vesselseasonedwith allyl bromide.
b In thepresenceof the inhibitor cyclohexene.

Table 2. Stoichiometry of the reactionsa

Substrate
Temperature

(°C) Parameter Value

Phenylaceticacid 389 Time (min) 4 6 8 10 13
Reaction(%) (pressure) 20.5 33.5 48.2 56.9 78.2
Phenol(%) (GLC)b 21.1 31.2 45.7 54.1 76.2

2-Phenoxypropionicacid 320.0 Time (min) 3 5 8 12 17
Reaction(%) (pressure) 25.0 39.7 44.8 59.8 72.7
Acetaldehyde(%) (GLC) 28.5 42.2 47.1 61.5 75.0

2-Phenoxybutyricacid 320.1 Time (min) 2.5 4 6 8 10 12
Reaction(%) (pressure) 20.4 30.4 41.8 51.5 58.8 65.3
Propionaldehyde(%) (GLC) 20.9 28.6 41.3 51.0 59.4 64.3

2-Phenoxyisobutyricacid 250 Time (min) 3 6 9 12
Phenol(%) (GLC) 35.5 57.3 72.2 83.8
Acetone(%) (GLC) 19.3 33.1 40.2 46.5
Methylacrylic acid (%) (GLC) 15.5 24.8 31.3 34.5

a Vesselseasonedwith allyl bromide,andin the presenceof cyclohexeneinhibitor.
b GLC = gas-liquidchromatography.
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Furtherverification of the stoichiometryof reaction(4)
wasmadeby comparing,up to 75% decomposition,the
pressuremeasurementswith the resultsof quantitative
gaschromatographicanalysisof phenol(Table2).

The homogeneityof the reaction was examinedby
carrying out severalruns in a vesselwith a surface-to-
volumeratio of 6.0 relativeto that of thenormalvessel,
which is equal to 1.0. A packedand unpackedPyrex
vessel,seasonedwith allyl bromide, had no effect on
rates.However, the packedand unpackedclean Pyrex
vesselhada significantheterogeneouseffect on the rate
coefficient(Table3). Theeffectof a freeradicalinhibitor
is shownin Table4. The kinetic runshad to be carried

with at leasta threefoldexcessof cyclohexenein orderto
suppressany possible free radical processesof the
reactantand/or products.No induction was observed.
The rate coefficientswere reproduciblewith a relative
standarddeviationof �5% at anygiven temperature.

Thefirst-orderratecoefficientsof phenoxyaceticacid,
calculatedfrom k1 = (2.303/t) log[2P0/(3P0ÿ Pt)], were
independentof theinitial pressure(Table5).A plot of log
(3P0ÿ Pt) againsttime t gavea goodstraightline up to
75%decomposition.Thevariationof theratecoefficient,
in a seasonedvesselandin the presenceof the inhibitor
cyclohexene,with temperatureis shownin Table6. The
datawerefitted to theArrheniusequation,wheretherate

Table 3. Homogeneity of the reaction

Substrate Temperature(°C) S/V (cmÿ1)a 104k1 (sÿ1)b 104k1 (sÿ1)c

2-Phenoxyaceticacid 389.2 1 15.94 12.08
6 20.46 11.94

2-Phenoxypropionicacid 320.0 1 11.65 11.13
6 11.70 11.25

2-Phenoxybutyricacid 320.2 1 15.57 15.19
6 15.53 15.24

2-Phenoxyisobutyricacid 250.0 1 9.88d (12.30e� 9.15f) = 21.45
6 4.01d (12.07e� 9.74f) = 21.81

a S= surfacearea(cm2); V = volume(cm3).
b CleanPyrexvessel.
c Vesselseasonedwith allyl bromide.
d Averageoverall k values.
e k Value of acetoneformation.
f k Valueof methylacrylicacid formation.

Table 4. Effect of the free radical inhibitor cyclohexene on ratesa

Substrate
Temperature

(°C) Ps (Torr) Pi (Torr) Pi/Ps 104k1 (sÿ1)

Phenoxyaceticacid 389.9 55.6 — — 18.83
67.8 97.5 1.4 13.08
62.8 108.6 1.7 12.82
53.0 106.0 2.0 12.81
34.0 99.6 2.9 12.91
21.7 67.5 3.1 12.77

2-Phenoxypropionicacid 320.0 38.1 — — 12.05
37.9 58.0 1.5 11.63
43.0 89.5 2.1 10.75
34.3 110.5 3.2 11.17
35.9 146.5 4.1 11.17

2-Phenoxybutyricacid 329.1 20.0 — — 25.20
49.6 32.0 0.7 25.11
51.6 62.0 1.2 25.00
21.7 67.0 2.3 25.08
26.1 117.5 4.5 25.09

2-Phenoxyisobutyricacid 260.0 23.0 — — (24.81b� 18.96c) = 43.77
44.0 44.5 1.0 (24.69b� 18.12c) = 42.81
22.8 29.0 1.3 (24.88b� 18.33c) = 43.21
16.3 70.0 4.3 (24.82b� 18.36c) = 43.18
16.7 84.5 5.1 (24.84b� 18.32c) = 43.16

a Ps = pressureof thesubstrate;Pi = pressureof the inhibitor. Vesselseasonedwith allyl bromide.
b k Value of acetoneformation.
c k Value of methylacrylicacid formation.
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Table 5. Invariability of rate coef®cients with initial pressure

Compound Temperature(°C) Parameter Values

2-Phenoxyaceticacid 389.9 P0 (Torr) 21.7 34.0 53.0 67.8
104 k1 (sÿ1) 12.91 12.81 12.82 12.77

2-Phenoxypropionicacid 320.0 P0 (Torr) 22.0 34.3 43.0 50.7
104 k1 (sÿ1) 11.53 11.17 10.75 11.33

2-Phenoxybutyricacid 320.1 P0 (Torr) 22.1 27.4 34.6 37.6 44.0
104 k1 (sÿ1) 15.06 15.17 15.13 15.22 15.29

2-Phenoxyisobutyricacid 260.4 P0 (Torr) 16.3 23.0 31.0 44.0
104 k1 (sÿ1) (24.82a� 18.36b) (24.81a� 18.96b) (24.90a� 18.83b) (24.69a� 18.12b)

a k Value of acetoneformation.
b k Value of methylacrylicacid formation.

Table 6. Variation of rate coef®cients with temperaturea

Compound Parameter Values

2-Phenoxyaceticacid Temperature(°C) 349.8 359.9 369.4 380.3 389.2 400.5 409.9
104 k1(s

ÿ1) 1.41 2.24 4.21 6.94 12.08 21.20 34.42
Rateequation Log k1 (sÿ1) = (12.04� 0.54)ÿ(190.3� 6.7)kJmolÿ1 (2.303RT)ÿ1; r = 0.9992

2-Phenoxypropionicacid Temperature(°C) 310.0 315.8 320.0 329.8 340.2 351.0
104 k1 (sÿ1) 6.39 8.72 11.13 18.97 37.77 63.93

Rateequation Log k1(s
ÿ1) = (12.28� 0.31)ÿ(172.9� 3.6)kJmolÿ1(2.303RT)ÿ1; r = 0.99915

2-Phenoxybutyric acid Temperature(°C) 300.2 309.3 314.9 320.2 329.1 338.5
104 k1 (sÿ1) 4.34 8.05 11.18 15.19 25.10 42.10

Rateequation Log k1(s
ÿ1) = (12.29� 0.38)ÿ(171.7� 4.3)kJmolÿ1(2.303RT)ÿ1; r = 0.9997

2-Phenoxyisobutyricacid Temperature(°C) 240.1 250.5 260.4 270.1 280.0
104 k1 (sÿ1) 10.48 22.66 43.49 79.23 147.0

Rateequation Log k1(s
ÿ1) = (12.84� 0.36)ÿ(155.3� 3.6)kJmolÿ1(2.303RT)ÿ1; r = 0.9996

a Vesselseasonedwith allyl bromideandin thepresenceof cyclohexeneinhibitor.
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coefficient at the 90% confidencelevel obtainedfrom
least-squaresproceduresaregiven.

2-Phenoxypropionic acid

The experimental stoichiometry for the gas-phase
eliminationof 2-phenoxypropionicacid,asdescribedin
reaction(5), implies Pf = 3P0.

CH3�C6H5O�CHCOOH! C6H5OH� CH3CHO

� CO
�5�

The averagePf/P0 at four different temperaturesand10
half-lives was2.83 (Table1). The small departurefrom
the theoreticalstoichiometrywasdueto a parallelpath,
wherelessthan1%of phenolandacrylicacidareformed.
Verification of the stochiometryof reaction(5), up to
75% reaction, was possible, considering that the
acetaldehydeproduced is equivalent to the pressure
increase(Table2).

The pyrolysis reaction(5) is homogeneous,sinceno
significant variations in rates were obtained in these
experimentswhenusingboth cleanPyrexandseasoned
vesselswith a surface-to-volumeratio of 6.0 relative to
thatof thenormalvessel,which is equalto 1.0(Table3).
Thissubstratewasalwayspyrolyzedin thepresenceof at
leasta twofold excessof the free radicalchaininhibitor
cyclohexene(Table4).No inductionperiodwasobserved
andthe rateswerereproduciblewith a relativestandard
deviationof �5% at anygiven temperature.

Theratecoefficientswerefoundto beinvariantof their
initial pressure(Table5). Thelogarithmicplotsarelinear
up to 75% decomposition.The temperaturedependence
of the first-order rate coefficientsis shownin Table 6,

where rate coefficients at the 90% confidencelevel
obtainedwith a least-squaresmethodaregiven.

2-Phenoxybutyric acid

The stoichiometryfor the gas-phaseelimination of 2-
phenoxybutyric acid as representedin reaction (5)
suggestsPf = 3P0. The averagePf/P0 at four different
temperaturesand10 half-lives was2.78 (Table 1). The

small departurefrom stoichiometryin the reaction

CH3CH2CH�OC6H5�COOH
! C6H5OH� CH3CH2CHO� CO �6�

wasdue to a parallel decompositionto give, after 68%
reaction,small amountsof phenol,vinylacetic acid and
crotonic acid. Additional examinationof the stoichio-
metryof reaction(6),upto 65%reaction,showedthatthe
percentagedecompositionof the phenoxybutyricacid
calculated from pressuremeasurementswas in good
agreementwith that obtainedfrom the chromatographic
analysis of the product propionaldehyde(Table 2).
Reaction(6) was found to be homogeneoussince no
significantvariationsin rateswereobtainedwhenusing
bothcleanPyrexandseasonedvesselswith a surface-to-
volumeratio of 6.0 relativeto that of thenormalvessel,
which is equalto 1.0(Table3). Thefreeradicalinhibitor
cyclohexenehad no effect on the rate of elimination
(Table 4). No induction period was observed.The rate
coefficientswere reproduciblewith a relative standard
deviationof <5% at anygiven temperature.

Theratecoefficientswereshownto beindependentof
the initial pressureof this substrate(Table 5), and the
first-orderplotsaresatisfactorilylinear up to about65%
reaction. The variation of the rate coefficient with
temperatureis describedin Table 6, which gives rate
coefficientsat the90%confidencelimits obtainedfrom a
least-squaresprocedure.

2-Phenoxyisobutyric acid

The pyrolysis products of 2-phenoxyisobutyric acid
accordingto the reaction

makeit difficult to determinethestoichiometryfrom the
pressureincrease.The averageexperimentalPf /P0 at
three different temperaturesand 10 half-lives is 2.30
(Table 1). However, to verify the stoichiometry of
reaction (7), up to 84% decomposition,quantitative
chromatographicanalysesof total phenolformationwere
comparedwith the sumof acetoneandmethacrylicacid
products(Table2).Theeffectof thesurfaceontheratein
a vesselwith a surface-to-volumeratio six timesgreater
than that of the normal vessel showed a significant
heterogeneouseffect in a clean packedand unpacked
Pyrexvessel(Table3). This resultappearsto be dueto

�CH3�2C(C6H5O)COOH
%C6H5OH� CH3COCH3� CO

&
C6H5OH� CH2 � C(CH3�COOH

�7�
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somepolymerizationof methacrylicacid. However,the
rateof eliminationwasunaffectedin a seasonedpacked
and unpacked vessel. 2-Phenoxyisobutyricacid was
alwayspyrolyzedin seasonedvesselsandin thepresence
of at leasta twofold excessof the free radical inhibitor
cyclohexene(Table4).No inductionperiodwasobserved
andthe rateswerereproduciblewith a relativestandard
deviationof �5% at anygiven temperature.

The rate coefficients,in seasonedvesselsand in the
presenceof cyclohexene,werefound to be independent
of the initial pressure,and the first-order plots are
satisfactorilylinear up to about80% reaction(Table5).
Thevariationof theratecoefficientswith temperatureis
describedin Table6 (90%confidencecoefficient).

The partial rates of primary product formation,
describedin reaction(7), were determined,up to 80%
decompositionof thephenoxyisobutyric acid,by quanti-
tative gas chromatographicanalysesof acetoneand
methacrylicacid.Thevariationof theratecoefficientsfor
the formationof theseproductswith temperature(Table
7) gives, by a least-squaresprocedureand with a 90%
confidencecoefficient, the following Arrhenius equa-
tions: for acetoneformation

logk1�sÿ1� � �12:20� 0:52� ÿ �151:3

� 5:2�kJ molÿ1�2:303RT�ÿ1; r
� 0:9996

andfor methacrylicacid:

logk1�sÿ1� � �12:99� 0:38� ÿ �160:5

� 3:9�kJ molÿ1�2:303RT�ÿ1; r
� 0:9998

Accordingto thekineticparametersdescribedin Table
8, the elimination ratesof the phenoxyacids increase
from primary to tertiary carbon bearing the C6H5O
susbtituent.Moreover, with the support of theoretical
studieson thereactionpathwaysof 2-substitutedchloro4

andhydroxy5,6 carboxylicacids,the mechanismmay be
rationalized in terms of a moderately polar bicyclic
(3,1,0) transition structure, where an a-lactone inter-
mediateis achievedby theassistanceof acidichydrogen
of the COOH, followed by nucleophilic attack of the
carbonyl oxygen. The unstable lactone proceedsto
decomposeinto the correspondingcarbonyl compound
andcarbonmonoxide:

With respectto the parallel elimination pathwayof 2-
phenoxyisobutyricacid in the formation of phenoland
methacrylicacid,themechanismmaybeassociatedwith
the gas-phasepyrolysis of tert-butyl phenyl ether,9,10

wheretheunimoleculareliminationof phenolinvolvesa
polar four-centeredcyclic transition-statereaction.Con-
sequently, reaction of this phenoxy acid appearsto
proceed through a semi-polar four-membered cyclic
transitionstate:

EXPERIMENTAL

2-Phenoxyacetic acid. 2-Phenoxyaceticacid was pre-
pared by treating bromoacetic acid with phenol as
reported.11 The productwasrecrystallizedseveraltimes
from water, m.p. 97°C. The primary product phenol
(Aldrich) was analyzedusing GLC: 10% SP-1200–1%
H3PO4 on ChromosorbW AW DMCS, 80–100mesh.

Table 7. Variation of rate coef®cient with temperature for
formation of acetone and methylacryclic acid

104 k1 (sÿ1)

Temperature(°C) Acetone Methacrylicacid

240.1 6.12 4.36
250.5 13.03 9.63
260.4 24.94 18.55
270.1 43.03 36.20
280.0 81.17 65.87

Table 8. Kinetic parameters for the assumed a-lactone formation at 300.0°C

Substrate 104 k1 (sÿ1) Relativerate Ea (kJmolÿ1) LogA (sÿ1)
DS‡

(Jmolÿ1 Kÿ1)
DH‡

(kJmolÿ1)

2-Phenoxyaceticacid 0.054 1.0 190.3� 6.7 12.08� 0.54 ÿ6.55 195.1
2-Phenoxypropionicacid 3.31 61.3 172.9� 3.6 12.28� 0.31 ÿ5.64 177.7
2-Phenoxybutyricacid 4.37 80.9 171.7� 4.3 12.29� 0.38 ÿ5.59 176.5
2-Phenoxyisobutyricacid 257.04 4760.0 151.3� 5.3 12.20� 0.52 ÿ6.01 156.1
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2-Phenoxypropionic acid. This substrate(Aldrich) was
foundto beof >98.8%purity (GLC: PorapakR, 80–100
mesh). The pyrolysis productsacetaldehyde(Aldrich)
andphenol(Aldrich) werequantitativelyanalyzedin the
samecolumn.

2-Phenoxybutyric acid. Phenoxybutyricacid(Aldrich) of
99.9% purity determinedby GLC (10% SP-1200–1%
H3PO4 on ChromosorbW AW DMCS, 80–100mesh)
was used.The product propionaldehyde(Aldrich) was
quantitativelyanalyzedin acolumnof PorapakQ, 60–80
mesh.

2-Phenoxyisobutyric acid. Thesynthesisof thissubstrate
was carried out by mixing phenol (Aldrich), 1,1,1-
trichloro-2-methyl-2-propanol (Aldrich) in NaOH and
acetone(Merck) asdescribed12 (m.p.99–100°C). NMR:
� 2.55 (s, 6H), 7.1 (m, 5H), 9.4 (s, 1H). MS: m/z 180
(M�), 135[M� ÿC6H5OC(CH3)2], 94(M� ÿC6H5O),77
(M� ÿC6H5). The pyrolysis product acetone(Merck)
was quantitativelyanalyzedin a column of diisodecyl
phthalate5%–ChromosorbG AW DMCS, 60–80mesh,
and the methacrylicacid (Aldrich) in a columnof 10%
SP-1200–1%H3PO4 onChromosorbW AW DMCS,80–
100mesh.

The identities of the substratesand products were
furtherverifiedby massandNMR spectrometry.

Kinetic experiments. Thephenoxyacidswerepyrolyzed
in a staticreactionsystem,seasonedwith allyl bromide,
andin thepresenceof cyclohexeneasafree-radicalchain
suppressor.The rate coefficients were determinedby
pressureincreaseand by quantitativeGLC analysesof
theproducts.Thetemperaturewascontrolledby aShinko
DIC-PS resistancethermometercontroller maintained
within�0.2°C andmeasuredwith acalibratedplatinum–

platinum13% rhodiumthermocouple.The substrates2-
phenoxyaceticacid, 2-phenoxypropionicacid and 2-
phenoxybutyricaciddissolvedin dioxane(Merck)and2-
phenoxyisobutyric acid dissolved in chlorobenzene
(Aldrich) were injecteddirectly into the reactionvessel
througha silicone-rubberseptum.
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