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ABSTRACT: The gas-phase pyrolysis kinetics of primary, secondary and tertiary 2-phenoxycarboxylic acids were
studied over the temperature range 240.1-4U9.8nd 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 homogeneou:s
unimolecular and follow a first-order rate law. The overall rate coefficients are expressed by the following equations:
for 2-phenoxyacetic acid, log(s™%) = (12.08+ 0.54)—(190.34+ 6.7)kJ mol (2.30RT)~*; for 2-phenoxypropionic

acid, logk, (s 1) =(12.21+ 0.31) —(172.9+ 3.6)kJ mol (2.30RT) *; for 2-phenoxybutyric acid, lod(s ) =

(12.29+ 0.38) —(171.7+ 4.3)kd mol 1(2.30RT) *; and for 2-phenoxyisobutyric acid, ldg(s*) = (12.84-+ 0.36)
—(155.3+ 3.6)kd mol }(2.30RT) *. 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 bearingslt® @roup. 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 leavingHED 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. Copyrigh®99 John Wiley & Sons, Ltd.

KEYWORDS: 2-phenoxycarboxylic acids; pyrolysis kinetics; gas phase

INTRODUCTION group L for a five-membered cyclic transition state, while
the hydroxy oxygen was assumed to participate in the
In association with the elimination kinetics of 2- stabilization of the positive carbon reaction center for
halocarboxylic acid$;? the gas-phase pyrolyses of lactone formation. However, recent guantum mechanical
2-hydroxycarboxylic acids have been examifed calculations on 2-chloropropionic acifiglycolic, lactic
sequence of rate increase from primary to tertiary 2- and 2-hydroxyisobutyric acidsind mandelic acifiusing
hydroxycarboxylic acid acid was observed. The mechan- ab initio techniques at the MP2/6-31G** level, suggested
ism of these reactions was thought to proceed as follows: that mechanism (1) proceeds by the nucleophilic attack of
the carbonyl oxygen instead the hydroxylic oxygen for

[s- O | 0 | ~o0 the formation of thex-lactone intermediate:
“,_C: — sl T T L
s o By f (1) | T|3 A
L=X, Ol AN =0 + CO —C—~C\ — ¢—C=0 | + HL
d = 11"‘0 | (2)
The bond polarization of the C— L bond, in the \
direction of C'--.L°", was believed to be rate L0+ o

determining. The H of the COOH assisted the leaving
The OR group of ethers [R=GH CH;CH,,
(CHs),CH] in the gas-phase pyrolyses of 2-alkoxyacetic
*Correspondence to:G. Chuchani, Centro de Quica, Instituto acids was shown to be faster in the elimination process
Venezolano de Investigaciones Cidicas (IVIC), Apartado 21827,  than Cl and OH and the mechanism was pictured as in

Caracas 1020-A, Venezuela. o . reaction (1). The alkyl group R in ROGBOOH had no

Contract/grant sponsorConsejo National de Investigaciones Cienti- inifi i A . . n
ficas y Tecnolgicas (CONICIT); Contract/grant number: S1- significant effect on rates. recent examination o
97000005. ab initio calculations of methoxy-, ethoxy- and isopro-
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Table 1. Ratio of final (Py) to initial (Py) pressurea'b
Compound Temperaturd °C) Ps (Torr) Po (Torr) Ps/Pg Average
2-Phenoxyacetiacid 369.4 30.5 83.0 2.72 291

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-Phenoxypropioniacid 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-Phenoxybutyriacid 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-Phenoxyisobutyriecid 260.4 15.5 355 2.29 2.30

270.1 44.0 97.0 2.20

280.0 225 54.0 2.40

& Vesselseasonedvith allyl bromide.
In the presencef the inhibitor cyclohexene.

poxyaceticacids moleculareliminationsat the MP2/6—
31G** level implied the mechanisnto be asdescribed
as

/Ol
I | A
ROCH,C—OH —»  CH,—C—0ll —» | CH:
574 5. 0
o RO~y |
R=CHj, CH;CHy, (CH3),CH ¢ (3)
- A
CH,O + CO Hz(,/—C:O + ROH

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

of 2-phenoxyaceticacid, 2-phenoxypropionicacid, 2-
phenoxybutyricacid and 2-phenoxyisobutyri@acid were
examined.

RESULTS AND DISCUSSION
2-Phenoxyacetic acid

The gas-phaseelimination of this substrateproceeds
accordingto the reaction

Ce¢HsOCH,COOH— CgHsOH + CH,O+ CO  (4)
The stoichiometry of the reaction demandsP;/Py = 3,
where P; and P, are the final and initial pressure,

respectively.The averageexperimentalresults at four
differenttemperatureand10 half-livesis 2.91(Tablel).

Table 2. Stoichiometry of the reactions®

Temperature
Substrate (°C) Parameter Value
Phenylacetiacid 389 Time (min) 4 6 8 10 13
Reaction(%) (pressure) 205 335 482 569 78.2
Phenol(%) (GLC)" 211 312 457 541 762
2-Phenoxypropioniacid 320.0 Time (min) 3 5 8 12 17
Reaction(%) (pressure) 250 39.7 448 598 727
Acetaldehydg%) (GLC) 285 422 471 615 750
2-Phenoxybutyriacid 320.1 Time (min) 25 4 6 8 10 12
Reaction(%) (pressure) 204 304 418 515 588 653
Propionaldehyd€%) (GLC) 209 286 413 510 594 643
2-Phenoxyisobutyriacid 250 Time (min) 3 6 9 12
Phenol(%) (GLC) 355 573 722 838
Acetone(%) (GLC) 19.3 331 40.2 465
Methylacrylic acid (%) (GLC) 155 248 313 345

& Vesselseasonedavith allyl bromide,andin the presencef cyclohexenenhibitor.

P GLC = gas-liquidchromatography.

Copyrightd 1999JohnWiley & Sons,Ltd.

J. Phys.Org. Chem.12, 612-618(1999)



614

Table 3. Homogeneity of the reaction

G. CHUCHANI ET AL.

Substrate Temperaturé °C) SV (cm b2 10%;, (s7H° 10%, (s H)°
2-Phenoxyacetiacid 389.2 1 15.94 12.08

6 20.46 11.94
2-Phenoxypropioniacid 320.0 1 11.65 11.13

6 11.70 11.25
2-Phenoxybutyriacid 320.2 1 15.57 15.19

6 15.53 15.24
2-Phenoxyisobutyriacid 250.0 1 9.8¢ (12.36 +9.15) = 21.45

6 4.01° (12.07+9.74)=21.81

& S=surfacearea(cn?); V = volume (cnt).

P CleanPyrexvessel.

¢ Vesselseasonedvith allyl bromide.
Averageoverallk values.

€k Value of acetoneformation.

f k Value of methylacrylicacid formation.

Furtherverification of the stoichiometryof reaction(4)
wasmadeby comparing,up to 75% decompositionthe
pressuremeasurementsvith the resultsof quantitative
gaschromatographi@nalysisof phenol(Table 2).

The homogeneityof the reactionwas examinedby
carrying out severalrunsin a vesselwith a surface-to-
volumeratio of 6.0 relativeto that of the normalvessel,
which is equalto 1.0. A packedand unpackedPyrex
vessel,seasonedvith allyl bromide, had no effect on
rates.However, the packedand unpackedclean Pyrex
vesselhada significantheterogeneousffect on the rate
coefficient(Table3). The effectof afreeradicalinhibitor
is shownin Table 4. The kinetic runshadto be carried

Table 4. Effect of the free radical inhibitor cyclohexene on rates®

with atleastathreefoldexcesof cyclohexeneén orderto
suppressany possible free radical processesof the
reactantand/or products.No induction was observed.
The rate coefficientswere reproduciblewith a relative
standarddeviationof <5% at any giventemperature.
Thefirst-orderrate coefficientsof phenoxyaceti@acid,
calculatedfrom k; = (2.303ft) log[2Py/(3Po — Py)], were
independenof theinitial pressuréTable5). A plot of log
(3Po — Py) againsttime t gavea goodstraightline up to
75%decompositionThevariationof theratecoefficient,
in a seasonedesselandin the presenceof the inhibitor
cyclohexenewith temperaturés shownin Table6. The
datawerefitted to the Arrheniusequationwheretherate

Temperature

Substrate (°C) Ps (Torr) P; (Torr) P/Ps 10%, (s
Phenoxyacetiacid 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-Phenoxypropioni@cid 320.0 38.1 — — 12.05

37.9 58.0 1.5 11.63

43.0 89.5 21 10.75

34.3 110.5 3.2 11.17

35.9 146.5 4.1 11.17
2-Phenoxybutyriacid 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-Phenoxyisobutyriacid 260.0 23.0 — — (24.8P + 18.96) =43.77

44.0 445 1.0 (24.69 + 18.1%) = 42.81

22.8 29.0 1.3 (24.88 + 18.3%) =43.21

16.3 70.0 4.3 (24.82 + 18.36) =43.18

16.7 84.5 5.1 (24.84 + 18.3%) =43.16

& p, = pressureof the substrateP; = pressureof the inhibitor. Vesselseasonedvith allyl bromide.

k Value of acetoneformation.
¢ k Value of methylacrylicacid formation.

Copyrightd 1999JohnWiley & Sons,Ltd.
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Table 5. Invariability of rate coefficients with initial pressure

Compound Temperaturg °C) Parameter Values
2-Phenoxyacetiacid 389.9 (Torr) 21.7 34.0 53.0 67.8
10‘9k1 (s 12.91 12.81 12.82 12.77
2-Phenoxypropioniacid 320.0 (Torr) 22.0 34.3 43.0 50.7
10‘9k1 (s 11.53 11.17 10.75 11.33
2-Phenoxybutyriacid 320.1 (Torr) 22.1 27.4 34.6 37.6 44.0
10‘9 ki (s7Y) 15.06 15.17 15.13 15.22 15.29
2-Phenoxyisobutyriacid 260.4 (Torr) 16.3 23.0 31.0 44.0
10‘9 ki (579 (24.8% 4 18.36) (24.8F + 18.96) (24.9¢' + 18.83) (24.69 + 18.12)
&k Value of acetoneformation.
b k Value of methylacrylicacid formation.
Table 6. Variation of rate coefficients with temperature®
Compounl Parameter Values
2-Phemxyaceticacid Temperature(°C) 349.8 359.9 369.4 380.3 389.2 400.5 409.9
10 ky(s ™) 141 4.21 6.94 12.08 21.20 34.42
Rateequation Logk; (s~ ) (12 04+ 0.54) —(190.3+ 6.7)kJmol~* (2.30RT) " r =0.9992
2-Phemxypropionicacid Temperature(°C) 310.0 320.0 329.8 340.2 351.0
100k, (s 6.39 11.13 18.97 37.77, 63.93
Rateequation Log ky(s ™) = (12 28+ 0.31) —(172.9+ 3.6)kJmol 1(2.30RT) %, r =0.99915
2-Phemxybutyric acid Temperature{"C) 300.2 314.9 320.2 329.1 338.5
10k, (579 4.34 11.18 15.19 25. 10 42.10
Rateequation Log ky(s %) = (12 29+ 0.38) —(171.7+ 4.3)kJmol *(2.30RT) % r =0.9997
2-Phemxyisobutyricacid Temperature(°C) 240.1 250.5 260.4 270.1 280.0
100k, (s 10.48 22.66 43.49 79.23 147.0
Rateequation Log ky(s™1) = (12.84+ 0.36) —(155.3+ 3.6)kJmol *(2.30RT) % r =0.9996

& Vesselseasonedavith allyl bromideandin the presencef cyclohexenenhibitor.
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coefficient at the 90% confidencelevel obtainedfrom
least-squareproceduresregiven.

2-Phenoxypropionic acid

The experimental stoichiometry for the gas-phase
elimination of 2-phenoxypropioni@cid, asdescribedn
reaction(5), implies Ps = 3P,.

CHj3(CgH50)CHCOOH— CgHs0OH 4+ CH3CHO

+CO ®)
The averagePs/Pg at four different temperaturesnd 10
half-lives was2.83 (Table 1). The small departurefrom
the theoreticalstoichiometrywas dueto a parallel path,
wherelessthan1% of phenolandacrylicacidareformed.
Verification of the stochiometryof reaction (5), up to
75% reaction, was possible, considering that the
acetaldehydeproducedis equivalentto the pressure
increasg(Table2).

The pyrolysisreaction(5) is homogeneoussince no
significant variations in rates were obtainedin these
experimentsvhenusingboth cleanPyrexand seasoned
vesselswith a surface-to-volumeatio of 6.0 relative to
thatof the normalvesselwhichis equalto 1.0(Table3).
This substratavasalwayspyrolyzedin the presencef at
leasta twofold exces=of the free radical chaininhibitor
cyclohexendgTable4). Noinductionperiodwasobserved
andthe rateswerereproduciblewith a relative standard
deviationof <5% at any giventemperature.

Theratecoefficientsverefoundto beinvariantof their
initial pressuréTable5). Thelogarithmicplotsarelinear
up to 75% decompositionThe temperaturedependence
of the first-orderrate coefficientsis shownin Table 6,

small departurefrom stoichiometryin the reaction

CH3CH,CH(OCsHs)COOH
— CgHsOH + CHyCH,CHO+CO  (6)

was due to a parallel decompositiorto give, after 68%
reaction,small amountsof phenol,vinylacetic acid and
crotonic acid. Additional examinationof the stoichio-
metryof reaction(6), upto 65%reaction showedhatthe
percentagedecompositionof the phenoxybutyricacid
calculated from pressuremeasurementsvas in good
agreementvith that obtainedfrom the chromatographic
analysis of the product propionaldehyde(Table 2).
Reaction (6) was found to be homogeneousince no
significantvariationsin rateswere obtainedwhenusing
both cleanPyrexandseasonedesselswith a surface-to-
volumeratio of 6.0 relativeto that of the normalvessel,
whichis 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 any given temperature.

Theratecoefficientswereshownto be independenof
the initial pressureof this substrate(Table 5), and the
first-orderplots are satisfactorilylinear up to about65%
reaction. The variation of the rate coefficient with
temperatureis describedin Table 6, which gives rate
coefficientsat the 90% confidencdimits obtainedfrom a
least-squareprocedure.

2-Phenoxyisobutyric acid

The pyrolysis products of 2-phenoxyisobutyc acid
accordingto the reaction

CeHs0H 4 CH3COCH; + CO

(CH3),C(CGHs0)COO (7)

where rate coefficients at the 90% confidencelevel
obtainedwith aleast-squaremethodaregiven.

2-Phenoxybutyric acid

The stoichiometryfor the gas-phaseelimination of 2-
phenoxybutyric acid as representedin reaction (5)
suggestsP; = 3P,. The averageP;/P, at four different
temperaturesind 10 half-lives was 2.78 (Table 1). The

CopyrightO 1999JohnWiley & Sons,Ltd.

CsHsOH + CH, = C(CH;)COOH

makeit difficult to determinethe stoichiometryfrom the
pressureincrease.The averageexperimentalPs/Py 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
chromatographianalyse®f total phenolformationwere
comparedwith the sumof acetoneand methacrylicacid
productqTable2). Theeffectof thesurfaceontheratein
avesselwith a surface-to-volumeatio six timesgreater
than that of the normal vessel showed a significant
heterogeneougffect in a clean packedand unpacked
Pyrexvessel(Table 3). This resultappeardo be dueto

J. Phys.Org. Chem.12, 612—-618(1999)
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Table 7. Variation of rate coefficient with temperature for
formation of acetone and methylacryclic acid

10k, (s7h)
Temperaturg °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

somepolymerizationof methacrylicacid. However,the
rate of eliminationwasunaffectedn a seasonegacked
and unpacked vessel. 2-Phenoxyisobutyricacid was
alwayspyrolyzedin seasonegtesselsandin thepresence
of at leasta twofold excessof the free radical inhibitor
cyclohexengTable4). Noinductionperiodwasobserved
andthe rateswerereproduciblewith a relative standard
deviationof <5% at any giventemperature.

The rate coefficients,in seasonedesselsandin the
presencenf cyclohexenewerefoundto be independent
of the initial pressure,and the first-order plots are
satisfactorilylinear up to about80% reaction(Table5).
The variationof the rate coefficientswith temperaturas
describedn Table 6 (90% confidencecoefficient).

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

logki(s!) = (1220+0.52) — (1513
+ 5.2)kd mol1(2.30RT) 4 r
= 0.9996

andfor methacrylicacid:
logki(s™) = (1299+ 0.38) — (1605

+ 3.9)kJ mol%(2.303RT) % r
— 0.9998

Accordingto thekinetic parameterslescribedn Table
8, the elimination rates of the phenoxyacidsincrease
from primary to tertiary carbon bearing the CgHsO
susbtituent.Moreover, with the supportof theoretical
studieson the reactionpathwaysof 2-substitutecthlorc*
andhydroxy”® carboxylicacids,the mechanismmay be
rationalized in terms of a moderately polar bicyclic
(3,1,0) transition structure, where an o-lactone inter-
mediateis achievedoy the assistancef acidic hydrogen
of the COOH, followed by nucleophilic attack of the
carbonyl oxygen. The unstable lactone proceedsto
decomposénto the correspondingcarbonyl compound
andcarbonmonoxide:

i /0 R}/O\ Ry R
R—&;C/\ — R—(I;—}I\\ — | o] + cs0H
cHs;¢” OH 1° R
i R=R;=H
ii R=CH3, R,=H RRC=0 +CO
jii R=R;=CH;

With respectto the parallel elimination pathway of 2-
phenoxyisobutyricacid in the formation of phenoland
methacrylicacid, the mechanismmay be associatedvith
the gas-phasepyrolysis of tert-butyl phenyl ether?°
wherethe unimoleculareliminationof phenolinvolvesa
polarfour-centerectyclic transition-stategeaction.Con-
sequently, reaction of this phenoxy acid appearsto
proceed through a semi-polar four-memberd cyclic
transitionstate:

H;
oo e el
HZCﬁ ¢ —COOH —» H,C=CCOOH + C¢HsOH

EXPERIMENTAL

2-Phenoxyacetic acid. 2-Phenoxyacetiacid was pre-

pared by treating bromoacetic acid with phenol as

reported:! The productwasrecrystallizedseveraltimes

from water, m.p. 97°C. The primary product phenol

(Aldrich) was analyzedusing GLC: 10% SP-1200-1%
HsPO, on ChromosortW AW DMCS, 80—100mesh.

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

A AH%
Substrate 100 ke (s7Y) Relativerate  E, (kJmol™?) LogA (s} (@mol K™Y (kImol™)
2-Phenoxyacetiacid 0.054 1.0 190.3+ 6.7 12.08+ 0.54 —6.55 195.1
2-Phenoxypropioniacid 3.31 61.3 172.9+ 3.6 12.28+0.31 —5.64 177.7
2-Phenoxybutyriacid 4.37 80.9 171.7+ 4.3 12.29+ 0.38 —-5.59 176.5
2-Phenoxyisobutyriacid 257.04 4760.0 151.3+5.3 12.20+ 0.52 —6.01 156.1

CopyrightO 1999JohnWiley & Sons,Ltd.
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2-Phenoxypropionic acid. This substratg(Aldrich) was
foundto be of >98.8%purity (GLC: PorapakR, 80-100
mesh). The pyrolysis products acetaldehydgAldrich)
andphenol(Aldrich) werequantitativelyanalyzedn the
samecolumn.

2-Phenoxybutyric acid. Phenoxybutyri@acid (Aldrich) of
99.9% purity determinedby GLC (10% SP-1200-1%
HsPQO, on Chromosortv AW DMCS, 80-100 mesh)
was used. The product propionaldehyddgAldrich) was
quantitativelyanalyzedn a columnof PorapakQ, 60—-80
mesh.

2-Phenoxyisobutyric acid. The synthesiof this substrate
was carried out by mixing phenol (Aldrich), 1,1,1-
trichloro-2-methyl-2propanol (Aldrich) in NaOH and
acetongMerck) asdescribed?® (m.p.99-100C). NMR:
6 2.55 (s, 6H), 7.1 (m, 5H), 9.4 (s, 1H). MS: m/z 180
(M™), 135[M ™" —CgHsOC(CHg),], 94(M™* —CgHs0), 77
(M* —CgHs). The pyrolysis product acetone(Merck)
was quantitatively analyzedin a column of diisodecyl
phthalate5%—-Chromosorlis AW DMCS, 60—-80mesh,
andthe methacrylicacid (Aldrich) in a columnof 10%
SP-1200-19%15;P0O, on ChromosortW AW DMCS, 80—
100 mesh.

The identities of the substratesand products were
further verified by massandNMR spectrometry.

Kinetic experiments. The phenoxyacidswerepyrolyzed
in a staticreactionsystem,seasonedavith allyl bromide,
andin thepresencef cyclohexenasafree-radicakhain
suppressor.The rate coefficientswere determinedby
pressureincreaseand by quantitativeGLC analysesof
theproductsThetemperaturevascontrolledby a Shinko
DIC-PS resistancethermometercontroller maintained
within +0.2°C andmeasuredvith a calibratedplatinum-—

Copyrightd 1999JohnWiley & Sons,Ltd.

platinum 13% rhodiumthermocoupleThe substrate-
phenoxyaceticacid, 2-phenoxypropionicacid and 2-
phenoxybutyriaciddissolvedn dioxane(Merck) and2-
phenoxyisobutyric acid dissolved in chlorobenzene
(Aldrich) were injecteddirectly into the reactionvessel
througha silicone-rubberseptum.
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