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ABSTRACT: The gas-phase elimination kinetics of primary, secondary and teftiaygroxynitriles were examined

in static seasoned vessels over the temperature range 36460 pressure range 47-167 Torr (1 Torr = 133.3 Pa).
These reactions are homogeneous, unimolecular and follow a first-order rate law. The rate coefficients are given by
the Arrhenius equation: for 3-hydroxypropionitrile lg= (14.29+ 0.47)— (234.9+ 6.3) kJ mol* (2.303RT) %

for 3-hydroxybutyronitrile logk, = (13.764 0.10)— (222.6+ 0.7) kJ mol* (2.30RT) % and for 3-hydroxy-3-
methylbutyronitrile logk; (s %) = (13.68+ 0.68)— (212.5+ 8.7) kJ mol ! (2.30RT)~*. The decomposition rates of

the p-hydroxynitriles increase from primary to tertiary carbon containing the OH group. The rates fg¥ the
hydroxynitriles are found to be slower than those for the corresporfdmgiroxyacetylene analogs. The value of log
Afrom 13.7 to 14.4 and the small positivsS™ indicate a mechanism different from a six-centered cyclic transition
state. These data appear to indicate that a four-membered cyclic transition state or a quasi-heterolytic mechanism is
conceivable. Copyrightl 1999 John Wiley & Sons, Ltd.
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INTRODUCTION respect to the €C bond for the abstraction of the
hydrogen of the OH group led us to examine the
Several studies on the pyrolyses fshydroxyalkenes? reactivity differences in elimination reaction (1) between
andp-hydroxyalkyned have shown that they proceed via C=C and G=N, that is, the-hydroxyacetylenes and
a six-membered cyclic transition state as pictured in Eqn their corresponding-hydroxynitriles. The literature cites
(1). Moreover, the replacement of the double bond with only a patented work org-hydroxynitrile decomposi-
the 1,2-aromatia-bond of benzerfeand of pyridiné was tion.® These compounds when brought into contact with
also found to eliminate in a similar manner [Egn (1)]. pumice at 300-60TC yielded the corresponding alkyl
cyanide and aldehyde or ketone.

ojH (é- N H With this background, it seemed of interest to study the

| | — 'c=0 + cm=c—c- (1)  homogeneous gas-phase pyrolysis kinetics of

—C VO / ! HOCH,CH,CN, CH;CH(OH)CH,CN and
CH, (CH53)>C(OH)CH,CN and to make a comparison with

The increased rates found wifhhydroxyacetylenes the -hydroxyacetylene analogs.
compared with their olefinic analogs were attributed to
the greater nucleophilicity of the triple bond toward the
hydroxy hydrogeri.In addition, the elimination process RESULTS AND DISCUSSION
of Egn (1) by the nucleophilic attack of the more polar
C=N bond of 2-(2-hydroxyethyl)pyridine was found, as 3-Hydroxypropionitrile
expected, to be faster than that for the corresponding 2-

hydroxyethylbenzen®. The kinetics for the pyrolytic elimination of this substrate

The faster rates due to the greater nucleophilicity of the \yere reasonably determined within a temperature range
C=C with respect to the €C bond and the EN with of 40°C. The reaction is described as

*Correspondence to:G. Chuchani, Centro de Quica, Instituto CH,O + CH;CN
Venezolano de Investigaciones Ciéicas (IVIC), Apartado 21827,

Caracas 1020-A, Venezuela. HOCH;CH,CN 2
Contract/grant sponsorConsejo National de Investigaciones Cien- _

tificas y Tecnolgicas (CONICIT); Contract/grant number: CH, =CHCN + H,0
21-97000005. Stoichiometry (2) requireBs/Po = 2, whereP; andP
Contract/grant sponsor:COLCIENCIAS; Contract/grant number: ichio y ( ) ~qQuUIreBy/Po =2, W f & 0
1118-05-606-96. are the final and initial pressures, respectively. The
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Table 1. Ratio of final (P) to initial (Py) pressure

Substrate Temperaturd °C) Po (Torr) Ps (Torr) Ps IPg Average
3-Hydroxypropionitrilé° 410.6 106 198 1.87
419.5 77 210.5 1.90
429.5 112 208.5 1.86 1.89
439.4 73 140.5 1.92
3-Hydroxybutyronitril&° 409.9 60.5 127 2.10
419.4 66 143.5 2.16
429.1 121.5 241 1.98 2.08
449.9 134 279 2.08
3-Hydroxy-3-methylbutyronitril&® 379.7 148 260.5 1.76
388.8 109 204 1.87
400.7 127 242 191 1.86
410.0 104 197.5 1.90
& Seasonedesselawith allyl bromide.
® In the presencef the free radical suppressotoluene.
Table 2. Stoichiometry of the elimination reaction®”
Substrate Parameter Values
3-Hydroxypropionitrileat 429.5°C Time (min) 4 7 10 15 20 30
Substratg%) (GC) 205 258 39.7 457 558 748
Acetonitrile (%) (GC) 165 204 265 347 373 54.9
Acrylonitrile (%) (GC) 5.0 7.1 96 150 218 249
3-Hydroxybutyronitrileat 419.4°C Time (min) 4 6 8 12 14
Reaction(%) (pressure) 20.1 30.6 393 493 546
Acetonitrile (%) (GC) 182 298 372 477 558
3-Hydroxy-3-methylbutyronitrileat 400.7°C Time (min) 2 5 8 10 12
Reaction(%) (pressure) 193 381 527 585 68.8
Substratg%) (GC) 214 384 554 615 702
Acetonitrile (%) (GC) 194 394 524 612 700

& Vesselseasonedvith allyl bromide.
® In the presencef theinhibitor toluene.

averageexperimentatesultatfour differenttemperatures
and 10 half-lives is 1.89 (Table 1). The observed
P: /Py < 2 of the overall elimination was found to be
due to a small degree of polymerization of the
formaldehydeproduct. Further verification of the stoi-
chiometryof Eqgn (2) was possibleby comparing,up to
75% decomposition,the quantitative gas chromato-
graphic (GC) analysesof the amount of unreacted
substratewith the sum of the amountof the products
acetonitrileandacrylonitrile (Table 2).

To examinethe effectof the surfaceareaon therateof
pyrolysis, severalruns in the presenceof at least a
twofold amountof tolueneinhibitor werecarriedoutin a
vesselwith a surface-to-vlume ratio six times greater
thanthat of the normalvessel.The ratesof formation of
acetonitrilefrom 3-hydroxyprojonitrile wereunaffected
in seasonedpacked and unpackedvessels.However,
clean packed and unpackedPyrex vesselsshowed a
dramatic effect on the k values, which could not
reasonablybe estimated Table 3).

The effect of different proportionsof the free radical

Copyrightd 1999JohnWiley & Sons,Ltd.

suppressoiolueneontheeliminationprocesss shownin

Table4. No inductionperiodwasobservedandthe rates
werereproduciblewith arelative standarcdeviationnot
greaterthan5% at a giventemperature.

Table 3. Homogeneity of the reaction

V. 10%;, 10%,
Substrate (cm H2 (s H? (s e
3-Hydroxypropionitrileat 429.5C 1 —4 522
6 —4  55f
3-Hydroxybutyronitrileat 419.4°C 1 8.65 9.20
6 7.08 957
3-Hydroxy-3-methylbutyronitrileat 1 10.42 8.17
388.8°C
6 3954 8.o0or

& S=surfacearea,V = volume.

b CleanPyrexvessel.

¢ Seasonedvith allyl bromide.

9k Valuesvery irregular.

€ k Valuesof acetonitrileformation.
f Averagek values.
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Table 4. Effect of the free radical inhibitor toluene on rates®

Po Py 10%,
Substrate (Torr) (Torr)  Pi/Py (s )
3-Hydroxypropionitrile 109 53 0.5 6.93
at429.5°C 101 1475 15 6.83
70 157 2.2 6.31
47 162 3.5 6.71
3-Hydroxybutyronitrile 122 — — 9.09
at419.4°C 150 135 0.9 9.12
106.5 1375 1.3 9.68
63 1355 1.8 9.33
3-Hydroxy-3-methyl- 132 — — 16.81
butyronitrileat400.7°C 98 110 0.9 16.88
93,5 107 1.1 16.73
88 171 1.9 16.79
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Table 7. Variation of rate coefficients with temperature for
product formation from 3-hydroxypropionitrile pyrolysis

10%; (s
Temperaturg °C) Acetonitrile Acrylonitrile
410.6 1.63 0.60
420.6 2.94 1.02
429.5 5.11 1.70
439.1 8.60 2.96

@ Vesselseasonedvith allyl bromide.

The rate coefficients,in seasonedresselsandin the
presencef toluene werefoundto beindependenbf the
initial pressureof the substrateandthe first-orderplots
are satisfactorilylinear up to about75% reaction(Table
5). The temperaturedependenceof the overall rate
coefficients,at the 90% confidencelevel with a least-
squaresnethod,is describedn Table6.

Thepartialratesof theformationproductsasdescribed
by Egn (2) were determinedby the quantitative gas
chromatographicanalysesof acetonitrile and acrylo-

Table 5. Variation of rate coefficients with initial pressure®®

nitrile. The variation of the rate coefficients for the
formation of theseproductswith temperaturgTable 7)
gives, by the least-squaregprocedureand with 90%
confidencdimits, thefollowing Arrheniusequationsfor
acetonitrile formation log k;, (s°%)=(14.37+ 0.57)—
(237.7+ 7.7)kImol~* (2.30RT)~* andfor acrylonitrile
formationlog k; (s™1) = (13.124+ 0.93)— (227.1+ 12.4)
kJmol™* (2.30RT) 1.

3-Hydroxybutyronitrile

The elimination productsof the 3-hydroxybutyronitrile
describedby Eqn (3) suggest theoreticalP;/Pq ratio of
2. TheaverageexperimentaP;/Pg valueat four different
temperaturesand 10 half-lives is 2.08 (Table 1).
Additional verification of stoichiometry(3), up to 60%

Substrate Parameter Values
3-Hydroxypropionitrileat 429.5°C Po (Torr) a7 70 101 109 67
10%, (s~ b 6.71 6.31 6.13 6.93 6.71
3-Hydroxybutyronitrileat 419.4°C Po (Torr) 63 103 116 150
10%, (s™ 1 9.46 9.11 9.37 9.47
3-Hydroxy-3-methylbutyronitrilat400.7°C Po (Torr) 88 93.5 112 136
10%, (s™ 1 16.79 16.73 16.51 16.30
& Vesselseasonedvith allyl bromide.
In the presenceof the inhibitor toluene.
Table 6. Variation of rate coefficients with temperature®®
Substrate Parameter Values
3-Hydroxypropionitrile Temperatur€°C) 410.6 420.6 429.5 439.1
10%, (s 2.30 3.96 6.81 11.56
Log ky (s71) = (14.29+ 0.47)— (234.94+ 6.3)kImol* (2.30RT)*
3-Hydroxybutyronitrile Temperaturg°C)  390.9 400.1 409.9 419.4 4295 440.1 449.9
10%,; (s7Y) 1.78 3.09 5.50 935 1585 28.84 47.86
Log k; () =(13.76+ 0.10)— (222.64 0.7) kI mol™* (2.30RT)*
3-Hydroxy-3-methylbutyronitrile  Temperaturg°C)  360.5 370.1 379.7 388.8 400.7 410.0
10%;, (s 1.51 2.67 4.35 8.17 16.30 2751

Log k; (s°1) =(13.68+ 0.68)— (212.5+ 8.7) kI mol~* (2.30RT)?*

& Seasonedvith allyl bromide.
P In the presenceof the inhibitor toluene.

CopyrightO 1999JohnWiley & Sons,Ltd.
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decompositionyasobtainedby comparingthe pressure
measurementsvith the quantitative GC analysis of
acetonitrileformation (Table 2).

CHsCH(OH)CH,CN—CH;CHO + CHsCN  (3)

The homogeneityof this pyrolytic elimination was
examinedin the presenceof the inhibitor toluene, by
usinga packedreactionvesselwith a surface-to-volume
ratio six times greaterthan that of the unpackedvessel
(Table 3). The packed and unpackedPyrex vessels
seasonedwith allyl bromide had no effect on rates.
However,the packedand unpackedcleanPyrexvessels
gavea significantheterogeneousffect.

The effect of the addition of different proportionsof
tolueneinhibitor is shownin Table 4. Neverthelessthe
pyrolysisexperimentsverecarriedoutin the presencef
at leasttwice the amountof toluenein orderto prevent
any possiblefree radical chain reactions.No induction
period was observed.The rate coefficientswere repro-
duciblewith a standardleviationnotgreatethan5%ata
giventemperature.

The ratecoefficientsof this hydroxybutyronitrilewere
found to be invariant with their initial pressure.The
logarithmic plots are linear up to 60% decomposition
(Table 5). The variation of the rate coefficients with
temperaturejn seasonedesselsandin the presenceof
theinhibitor toluene,is givenin Table6. The datawere
fitted to the Arrhenius equation shown where 90%
confidencelimits from a least-squaregprocedureare
quoted.

3-Hydroxy-3-methyl-butyronitrile

The experimentaktoichiometryfor the pyrolysisof this
substrateasdescribedoy Eqn (4), with vesselseasoned
with allyl bromideandin the presencef theradicalchain
suppresor toluene, requires Pi{/Po=2. The average
experimental Pi/P, value obtained at four different
temperaturesind 10 half-lives was 1.86 (Table 1). The
small departurgrom the stoichiometrywasdueto slight
polymerization of the 3-methyl-3-buteenitrile. How-
ever,thestoichiometry(4) upto 70%decompositiorwas
confirmedby comparinghepercentageecompositiorof
the substratefrom pressuremeasurementsvith those

Table 8. Comparative rates and kinetic parameters at 410.0°C

obtainedby GC analysisof the unreactedsubstrateand
the productacetonitrile(Table 2).

CH;COCH; + CH;CN

H
0 -
CH;C= CH,CN \

CH; CH, = C(CH3)CH,CN

)

or + H0

(CH;), C=CHCN
traces

The homogeneityof reaction (4) was examinedby
using a vesselwith a surface-to-volumeatio six times
greaterthanthat of the unpackedvessel.The rateswere
unaffectedoy the packedandunpackedseasonedessels
whereas significantheterogeneousffectwasobserved
with thepackedandunpackedleanPyrexvesselgTable
3). The effect of the free radical inhibitor toluene or
cyclohexeneis shownin Table 4. No induction period
wasobservedTheratesarereproduciblewith a standard
deviationnot greaterthan5% at a given temperature.

The first-orderrate coefficientsof this hydroxynitrile
calculated from k; =(2.303f) log Po/(2Py; — Py was
independenof their initial pressuregTable5). A plot
of log (2P, — Py) againstime (t) gaveagoodstraightline
up to 75%reaction.The variationof the ratecoefficients
with temperature and the corresponding Arrhenius
equationis given in Table 6 (90% confidencelimits
from a least-squareprocedure).

Thekinetic parametersbtainedfrom the pathleading
to the formation of acetonitrile and the corresponding
aldehydeor ketonein -hydroxynitrileselimination[Eqn
(5)] arecomparedwith thoseof the f-hydroxyacetylene
analoggEqn (6) (Table8)].

R'R?C(OH)CH,C = N—R!R?CO + CH;CN (5)

R'R*C(OH)CH,C = CH—R!'R?°CO+ CH, = C=CH, (6)

Theeliminationratesof the f-hydroxynitrilesincrease
from primary to tertiary carbonbearingan OH group
(Table8). As in thepyrolysesof f-hydroxyalkenes?and
p-hydroxyalkynes’ the C(OH)—CH, bondpolarization,
in the directionof C(OHY ™ -+ CH,® ~, is the limiting
factor (structuresl—4).

Theratesfor thehydroxynitriles arefoundto beslower
than those for the correspondinghydroxyacetylenes

Compound 10%, (s}) Relativerate Ey(kdmol™)) LogA(s}) AS*(@mol 'K AH* (kIJmol™?)
HOCHZCHZCNb 1.55 1 237.7+7.7 14.37+£0.57 15.1 226.3
HOCH,CH,C=CH?* 275.4 178 166.9 11.2 —45.6 155.5
CH3CH(OH)CH.CN 5.75 1 222.6+0.7 13.76+0.10 3.3 211.0
CH;CH(OH)CH,C=CH? 501.2 87 164.8 11.3 —43.7 153.4
(CH3),C(OH)CH,CN 26.7 1 212.54+8.7 13.68+0.68 1.87 201.1
(CH:),C(OH)CH,C=CH®  691.8 26 166.9 116 ~38.0 155.5

@ Datafrom Ref. 3.
b parametergor acetonitrileformation.

Copyrightd 1999JohnWiley & Sons,Ltd.
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analogs.In addition, the value of log A of 13.7—- 14.4,
which leadsto a small positive entropy of activation,
AS*, suggeststhat a four-memberedcyclic transition
state(1) or aquasi-heterolyticleavageof the C—Cbond
(2) ratherthan a six-memberedcyclic transition state
attributedto the -hydroxyacetylenes(3) may occur.

The differencein mechanisnof the -hydroxynitriles
maywell bethatthe possiblevinylimine formedis a six-
memberedcyclic transition state (4) and may not be a
stable intermediate,leaving the H of the OH to be
abstractedy the C°~ asdepictedin 1. In addition,if the
bondlengthbetweerC andN is shorterin nitrilesthanthe
bond length of C=C in acetylenes,it is possibleto
rationalizethat the differencein reactivity may well be
dueto the nitrile bond beingmorerigid, thusimpeding
the structuraldeformatiorrequiredfor theformationof a
six-memberedtyclic transitionstate.

Thesmallpositivevalueof theentropyof activationof
thehydroxynitrilesindicatesamorepolartransitionstate.
Apparently,the assumeducleophilicity of the N of the
C=N bonddoesnot seemdo abstractthe H of the OH
groupin amannernalogouso thebehaviourof theC=C
bond.In orderto describethe mostprobablemechanism
for the elimination procesof the hydroxynitrile, further
work andadditionaldataare required.

1
0---H oLy
e |
A—Co--CHO= N A\\\C‘I---(IDHQ
H2 H I{1 R2 ﬁ:l
N
1 2

o
R1— ::‘Z’t 5
R2
3 4
EXPERIMENTAL

3-Hydroxypropionitrile. The substrate3-hydroxypropio-
nitrile (Aldrich) was found to be of betterthan 99.6%
purity (GC: PorapakR, 80—100 mesh). The pyrolysis
productsacetonitrile(Aldrich) andacrylonitrile (Aldrich)

werequantitativelyanalyzedusingthe sameGC column.

3-Hydroxybutyronitrile. This hydroxynitrile was pre-
pared by treating 2-chloro-1-propanolwith KCN in

Copyrightd 1999JohnWiley & Sons,Ltd.

ethanol-wateras reported’ The reaction product was
distilled severaltimesto 96.3%purity asdeterminecby
GC (FFAP 7%-ChromosorbG AW DMCS, 80-100
mesh) (b.p. 133-134C; lit.” b.p. 133-134C). The
elimination productacetonitrile (Aldrich) was analyzed
usinga PorapakQ 80—-100meshGC column.

3-Hydroxy-3-methylbutyronitrile. 2-Hydroxy-2-methyl-
1-bromopropanewvas addedto a solution of KCN in
ethanol-waterAfter refluxing, waterwasaddedandthe
mixture was extractedwith CH,Cl,. Distillation of the
extractgaveonly a productwhich wascollectedat 113—
115°C at20Torr (1 Torr = 133.3Pu). Thecorresponding
nitrile was distilled severaltimes to 99.8% purity as
determinedby GC (PorapakR, 80—100mesh).NMR: ¢
1.3(s,6H), 2.4(s,2H), 3.2(s,H). Thepyrolysisproducts
acetonitrile(Aldrich) andacetongMerck) wereanalyzed
usingthe samePorapakR column.

The identities and the substratesand productswere
additionally confirmedby massandNMR spectrometry.

Kinetic experiments. The kinetic experimentswere
carried out in a static system, seasonedwith allyl
bromide,and in the presenceof the free radical chain
inhibitor toluene.The rate coefficientswere determined
by pressurancreaseand/orby quantitativeGC analyses
of the unreactedsubstrateand productsof elimination.
The temperaturevas controlledby a resistancehermo-
meter controller type OmegaSolid State Relay SSR2-
40A45andShinkoDIC-PSmaintainedwith +0.2°C and
measuredwith a calibrated platinum— platinum-13%
rhodium thermocouple.No temperaturegradient was
observedalongthe reactionvessel.The substratesvere
injecteddirectly into the reactionvesselwith a syringe
througha silicone-rubberseptum.
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