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ABSTRACT: The gas-phase elimination kinetics of primary, secondary and tertiaryb-hydroxynitriles were examined
in static seasoned vessels over the temperature range 360–450°C and 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 logk1 = (14.29� 0.47)ÿ (234.9� 6.3) kJ molÿ1 (2.303RT)ÿ1;
for 3-hydroxybutyronitrile logk1 = (13.76� 0.10)ÿ (222.6� 0.7) kJ molÿ1 (2.303RT)ÿ1; and for 3-hydroxy-3-
methylbutyronitrile logk1 (sÿ1) = (13.68� 0.68)ÿ (212.5� 8.7) kJ molÿ1 (2.303RT)ÿ1. The decomposition rates of
the b-hydroxynitriles increase from primary to tertiary carbon containing the OH group. The rates for theb-
hydroxynitriles are found to be slower than those for the correspondingb-hydroxyacetylene analogs. The value of log
A from 13.7 to 14.4 and the small positiveDS≠ 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. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Several studies on the pyrolyses ofb-hydroxyalkenes1,2

andb-hydroxyalkynes3 have shown that they proceed via
a six-membered cyclic transition state as pictured in Eqn
(1). Moreover, the replacement of the double bond with
the 1,2-aromaticp-bond of benzene4 and of pyridine5 was
also found to eliminate in a similar manner [Eqn (1)].

The increased rates found withb-hydroxyacetylenes
compared with their olefinic analogs were attributed to
the greater nucleophilicity of the triple bond toward the
hydroxy hydrogen.3 In addition, the elimination process
of Eqn (1) by the nucleophilic attack of the more polar
C=N bond of 2-(2-hydroxyethyl)pyridine was found, as
expected, to be faster than that for the corresponding 2-
hydroxyethylbenzene.5

The faster rates due to the greater nucleophilicity of the
C�C with respect to the C=C bond and the C=N with

respect to the C=C bond for the abstraction of the
hydrogen of the OH group led us to examine the
reactivity differences in elimination reaction (1) between
C�C and C�N, that is, theb-hydroxyacetylenes and
their correspondingb-hydroxynitriles. The literature cites
only a patented work onb-hydroxynitrile decomposi-
tion.6 These compounds when brought into contact with
pumice at 300–600°C yielded the corresponding alkyl
cyanide and aldehyde or ketone.

With this background, it seemed of interest to study the
homogeneous gas-phase pyrolysis kinetics of
HOCH2CH2CN, CH3CH(OH)CH2CN and
(CH3)2C(OH)CH2CN and to make a comparison with
theb-hydroxyacetylene analogs.

RESULTS AND DISCUSSION

3-Hydroxypropionitrile

The kinetics for the pyrolytic elimination of this substrate
were reasonably determined within a temperature range
of 40°C. The reaction is described as

Stoichiometry (2) requiresPf/P0 = 2, wherePf andP0

are the final and initial pressures, respectively. The
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averageexperimentalresultat four differenttemperatures
and 10 half-lives is 1.89 (Table 1). The observed
Pf /P0� 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 Eqn (2) waspossibleby 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 (Table2).

To examinetheeffectof thesurfaceareaontherateof
pyrolysis, several runs in the presenceof at least a
twofold amountof tolueneinhibitor werecarriedout in a
vesselwith a surface-to-volume ratio six times greater
thanthatof thenormalvessel.The ratesof formationof
acetonitrilefrom 3-hydroxypropionitrile wereunaffected
in seasonedpacked and unpackedvessels.However,
clean packed and unpackedPyrex vesselsshowed a
dramatic effect on the k values, which could not
reasonablybeestimated(Table3).

The effect of different proportionsof the free radical

suppressortolueneontheeliminationprocessis shownin
Table4. No inductionperiodwasobservedandtherates
werereproduciblewith a relativestandarddeviationnot
greaterthan5% at a given temperature.

Table 1. Ratio of ®nal (Pf) to initial (P0) pressure

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

3-Hydroxypropionitrilea,b 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-Hydroxybutyronitrilea,b 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-methylbutyronitrilea,b 379.7 148 260.5 1.76
388.8 109 204 1.87
400.7 127 242 1.91 1.86
410.0 104 197.5 1.90

a Seasonedvesselswith allyl bromide.
b In thepresenceof the free radicalsuppressortoluene.

Table 2. Stoichiometry of the elimination reactiona,b

Substrate Parameter Values

3-Hydroxypropionitrileat 429.5°C Time (min) 4 7 10 15 20 30
Substrate(%) (GC) 20.5 25.8 39.7 45.7 55.8 74.8
Acetonitrile (%) (GC) 16.5 20.4 26.5 34.7 37.3 54.9
Acrylonitrile (%) (GC) 5.0 7.1 9.6 15.0 21.8 24.9

3-Hydroxybutyronitrileat 419.4°C Time (min) 4 6 8 12 14
Reaction(%) (pressure) 20.1 30.6 39.3 49.3 54.6
Acetonitrile (%) (GC) 18.2 29.8 37.2 47.7 55.8

3-Hydroxy-3-methylbutyronitrileat 400.7°C Time (min) 2 5 8 10 12
Reaction(%) (pressure) 19.3 38.1 52.7 58.5 68.8
Substrate(%) (GC) 21.4 38.4 55.4 61.5 70.2
Acetonitrile (%) (GC) 19.4 39.4 52.4 61.2 70.0

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

Table 3. Homogeneity of the reaction

Substrate
S/V

(cmÿ 1)a
104k1
(sÿ 1)b

104k1
(sÿ 1)c

3-Hydroxypropionitrileat 429.5°C 1 —d 5.22e

6 —d 5.54e

3-Hydroxybutyronitrileat 419.4°C 1 8.65 9.20
6 7.08 9.57

3-Hydroxy-3-methylbutyronitrileat
388.8°C

1 10.42f 8.17e

6 39.54f 8.01e

a S= surfacearea,V = volume.
b CleanPyrexvessel.
c Seasonedwith allyl bromide.
d k Valuesvery irregular.
e k Valuesof acetonitrileformation.
f Averagek values.
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The rate coefficients,in seasonedvesselsand in the
presenceof toluene,werefoundto beindependentof the
initial pressureof the substrate,andthe first-orderplots
aresatisfactorilylinear up to about75%reaction(Table
5). The temperaturedependenceof the overall rate
coefficients,at the 90% confidencelevel with a least-
squaresmethod,is describedin Table6.

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

nitrile. The variation of the rate coefficients for the
formation of theseproductswith temperature(Table 7)
gives, by the least-squaresprocedureand with 90%
confidencelimits, thefollowing Arrheniusequations:for
acetonitrile formation log k1 (sÿ1) = (14.37� 0.57)ÿ
(237.7� 7.7)kJmolÿ1 (2.303RT)ÿ1 andfor acrylonitrile
formationlog k1 (sÿ1) = (13.12� 0.93)ÿ (227.1� 12.4)
kJ molÿ1 (2.303RT)ÿ1.

3-Hydroxybutyronitrile

The elimination productsof the 3-hydroxybutyronitrile
describedby Eqn (3) suggesta theoreticalPf/P0 ratio of
2. TheaverageexperimentalPf/P0 valueat four different
temperaturesand 10 half-lives is 2.08 (Table 1).
Additional verification of stoichiometry(3), up to 60%

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

Substrate
P0

(Torr)
Pf

(Torr) Pf /P0

104k1
(sÿ 1)

3-Hydroxypropionitrile 109 53 0.5 6.93
at 429.5°C 101 147.5 1.5 6.83

70 157 2.2 6.31
47 162 3.5 6.71

3-Hydroxybutyronitrile 122 — — 9.09
at 419.4°C 150 135 0.9 9.12

106.5 137.5 1.3 9.68
63 135.5 1.8 9.33

3-Hydroxy-3-methyl- 132 — — 16.81
butyronitrileat 400.7°C 98 110 0.9 16.88

93.5 107 1.1 16.73
88 171 1.9 16.79

a Vesselseasonedwith allyl bromide.

Table 5. Variation of rate coef®cients with initial pressurea,b

Substrate Parameter Values

3-Hydroxypropionitrileat 429.5°C P0 (Torr) 47 70 101 109 67
104k1 (sÿ 1) 6.71 6.31 6.13 6.93 6.71

3-Hydroxybutyronitrileat 419.4°C P0 (Torr) 63 103 116 150
104k1 (sÿ 1) 9.46 9.11 9.37 9.47

3-Hydroxy-3-methylbutyronitrileat400.7°C P0 (Torr) 88 93.5 112 136
104k1 (sÿ 1) 16.79 16.73 16.51 16.30

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

Table 6. Variation of rate coef®cients with temperaturea,b

Substrate Parameter Values

3-Hydroxypropionitrile Temperature(°C) 410.6 420.6 429.5 439.1
104k1 (sÿ1) 2.30 3.96 6.81 11.56
Log k1 (sÿ1) = (14.29� 0.47)ÿ (234.9� 6.3) kJ molÿ1 (2.303RT)ÿ1

3-Hydroxybutyronitrile Temperature(°C) 390.9 400.1 409.9 419.4 429.5 440.1 449.9
104k1 (sÿ1) 1.78 3.09 5.50 9.35 15.85 28.84 47.86
Log k1 (sÿ1) = (13.76� 0.10)ÿ (222.6� 0.7) kJ molÿ1 (2.303RT)ÿ1

3-Hydroxy-3-methylbutyronitrile Temperature(°C) 360.5 370.1 379.7 388.8 400.7 410.0
104k1 (sÿ1) 1.51 2.67 4.35 8.17 16.30 27.51
Log k1 (sÿ1) = (13.68� 0.68)ÿ (212.5� 8.7) kJ molÿ1 (2.303RT)ÿ1

a Seasonedwith allyl bromide.
b In thepresenceof the inhibitor toluene.

Table 7. Variation of rate coef®cients with temperature for
product formation from 3-hydroxypropionitrile pyrolysis

104k1 (sÿ1)
Temperature(°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
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decomposition,wasobtainedby comparingthe pressure
measurementswith the quantitative GC analysis of
acetonitrileformation(Table2).

CH3CH(OH)CH2CNÿ!CH3CHO� CH3CN �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 packedandunpackedcleanPyrexvessels
gavea significantheterogeneouseffect.

The effect of the addition of different proportionsof
tolueneinhibitor is shownin Table4. Nevertheless,the
pyrolysisexperimentswerecarriedout in thepresenceof
at leasttwice the amountof toluenein order to prevent
any possiblefree radical chain reactions.No induction
period was observed.The rate coefficientswere repro-
duciblewith astandarddeviationnotgreaterthan5%ata
given temperature.

Theratecoefficientsof 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 coefficientswith
temperature,in seasonedvesselsand in the presenceof
the inhibitor toluene,is given in Table6. The datawere
fitted to the Arrhenius equation shown where 90%
confidencelimits from a least-squaresprocedureare
quoted.

3-Hydroxy-3-methyl-butyronitrile

The experimentalstoichiometryfor the pyrolysisof this
substrate,asdescribedby Eqn(4), with vesselsseasoned
with allyl bromideandin thepresenceof theradicalchain
suppresor toluene, requires Pf/P0 = 2. The average
experimental Pf/P0 value obtained at four different
temperaturesand10 half-lives was1.86 (Table 1). The
smalldeparturefrom thestoichiometrywasdueto slight
polymerization of the 3-methyl-3-butenenitrile. How-
ever,thestoichiometry(4) up to 70%decompositionwas
confirmedby comparingthepercentagedecompositionof
the substratefrom pressuremeasurementswith those

obtainedby GC analysisof the unreactedsubstrateand
theproductacetonitrile(Table2).

The homogeneityof reaction (4) was examinedby
using a vesselwith a surface-to-volumeratio six times
greaterthanthat of the unpackedvessel.The rateswere
unaffectedby thepackedandunpackedseasonedvessels
whereasa significantheterogeneouseffectwasobserved
with thepackedandunpackedcleanPyrexvessels(Table
3). The effect of the free radical inhibitor toluene or
cyclohexeneis shownin Table 4. No induction period
wasobserved.Theratesarereproduciblewith a standard
deviationnot greaterthan5% at a given temperature.

The first-orderrate coefficientsof this hydroxynitrile
calculated from k1 = (2.303/t) log P0/(2P0ÿ Pt) was
independentof their initial pressures(Table 5). A plot
of log (2P0ÿ Pt) againsttime(t) gaveagoodstraightline
up to 75%reaction.Thevariationof theratecoefficients
with temperature and the corresponding Arrhenius
equation is given in Table 6 (90% confidencelimits
from a least-squaresprocedure).

Thekinetic parametersobtainedfrom thepathleading
to the formation of acetonitrile and the corresponding
aldehydeor ketonein b-hydroxynitrileselimination[Eqn
(5)] arecomparedwith thoseof theb-hydroxyacetylene
analogs[Eqn (6) (Table8)].

R1R2C(OH)CH2C� Nÿ!R1R2CO� CH3CN �5�
R1R2C(OH)CH2C� CHÿ!R1R2CO� CH2 � C� CH2 �6�

Theeliminationratesof theb-hydroxynitrilesincrease
from primary to tertiary carbonbearingan OH group
(Table8).As in thepyrolysesof b-hydroxyalkenes1,2and
b-hydroxyalkynes,3 theC(OH)—CH2 bondpolarization,
in the directionof C(OH)� � … CH2

� ÿ, is the limiting
factor (structures1–4).

Theratesfor thehydroxynitrilesarefoundto beslower
than those for the correspondinghydroxyacetylenes

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

Compound 104k1 (sÿ1) Relativerate Ea (kJ molÿ1) Log A (sÿ1) DS≠ (J molÿ1 Kÿ1) DH≠ (kJ molÿ1)

HOCH2CH2CNb 1.55 1 237.7� 7.7 14.37� 0.57 15.1 226.3
HOCH2CH2C=CHa 275.4 178 166.9 11.2 ÿ45.6 155.5
CH3CH(OH)CH2CN 5.75 1 222.6� 0.7 13.76� 0.10 3.3 211.0
CH3CH(OH)CH2C=CHa 501.2 87 164.8 11.3 ÿ43.7 153.4
(CH3)2C(OH)CH2CN 26.7 1 212.5� 8.7 13.68� 0.68 1.87 201.1
(CH3)2C(OH)CH2C=CHa 691.8 26 166.9 11.6 ÿ38.0 155.5

a Datafrom Ref. 3.
b Parametersfor acetonitrileformation.
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analogs.In addition, the value of log A of 13.7 – 14.4,
which leads to a small positive entropy of activation,
DS≠, suggeststhat a four-memberedcyclic transition
state(1) or aquasi-heterolyticcleavageof theC—Cbond
(2) rather than a six-memberedcyclic transition state
attributedto theb-hydroxyacetylenes3 (3) mayoccur.

The differencein mechanismof theb-hydroxynitriles
maywell bethatthepossiblevinylimine formedis a six-
memberedcyclic transitionstate(4) and may not be a
stable intermediate,leaving the H of the OH to be
abstractedby theC�ÿ asdepictedin 1. In addition,if the
bondlengthbetweenC andN is shorterin nitrilesthanthe
bond length of C�C in acetylenes,it is possible to
rationalizethat the differencein reactivity may well be
dueto the nitrile bondbeingmore rigid, thus impeding
thestructuraldeformationrequiredfor theformationof a
six-memberedcyclic transitionstate.

Thesmallpositivevalueof theentropyof activationof
thehydroxynitrilesindicatesamorepolartransitionstate.
Apparently,the assumednucleophilicityof the N of the
C�N bonddoesnot seemsto abstractthe H of the OH
groupin amanneranalogousto thebehaviourof theC�C
bond.In orderto describethemostprobablemechanism
for theeliminationprocessof thehydroxynitrile, further
work andadditionaldataarerequired.

EXPERIMENTAL

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

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

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

3-Hydroxy-3-methylbutyronitrile. 2-Hydroxy-2-methyl-
1-bromopropanewas addedto a solution of KCN in
ethanol–water.After refluxing,waterwasaddedandthe
mixture was extractedwith CH2Cl2. Distillation of the
extractgaveonly a productwhich wascollectedat 113–
115°C at20Torr (1 Torr = 133.3Pu).Thecorresponding
nitrile was distilled several times 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) andacetone(Merck)wereanalyzed
usingthesamePorapakR column.

The identities and the substratesand productswere
additionallyconfirmedby massandNMR spectrometry.

Kinetic experiments. The kinetic experiments were
carried out in a static system, seasonedwith allyl
bromide,and in the presenceof the free radical chain
inhibitor toluene.The ratecoefficientsweredetermined
by pressureincreaseand/orby quantitativeGC analyses
of the unreactedsubstrateand productsof elimination.
The temperaturewascontrolledby a resistancethermo-
meter controller type OmegaSolid StateRelay SSR2-
40A45andShinkoDIC-PSmaintainedwith �0.2°C and
measuredwith a calibrated platinum– platinum–13%
rhodium thermocouple.No temperaturegradient was
observedalong the reactionvessel.The substrateswere
injecteddirectly into the reactionvesselwith a syringe
througha silicone-rubberseptum.
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