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ABSTRACT: Kinetic studies were carried out on the aminolysis reactions of substituted aliphatic esters in a variety of
aprotic solvents. The reaction rate is strongly affected by inductive and steric effects of substituents in the acyl group,
rising more than 1Bfold from cyanoacetate to trifluoroacetate. The quantitative treatment of solvent effects revealed
a rate decrease by the polarity amdbasicity of the solvents, and also an accelerating effect of the polarizability of
solvents. Cyclic transition states were assumed for both the first and second-order (in amine) reactions. Cbpyright
1999 John Wiley & Sons, Ltd.
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INTRODUCTION incomparably inferior to 4-nitrophenolate. On the other
hand, it is not clear what kind of requirements should be
The mechanism of ester aminolysis in aprotic media was satisfied by the acyl and alkoxy (aryloxy) groups of an
subjected to a detailed analysis in the classical work of ester in order to obtain the relationshigH°| >|AH"|
Menger and Smith.They proposed the general Scheme 1 necessary for the appearance of a negative activation
for ester aminolyses. energy.
This investigation was undertaken with a view to the

K further elucidation of the questions above. In order to
K products . . - .
ester + amine =—>= intermediate —| k cover aliphatic esters hitherto never subjected to the
. products kinetic investigations of aminolysis, we made use of gas—
amine . . .
liquid chromatography (GLC), which unfortunately
Scheme 1 imposed some restrictions on the accuracy of kinetic

measurements in comparison with that attainable by
It was concluded that the collapse of the tetrahedral j,eans of spectral methods.

intermediate was rate determining, and that the inter-
mediate expels the leaving group in an unprotonated state
(i.e. as a phenoxide ion rather than phenol). Negative
activation energies were found for the aminolysis of RESULTS AND DISCUSSION

electrophilic esters with good leaving groups such as 4- ] ] ]
nitrophenyl trifluoroacetaté. Although AG® = AH° — In the first series of experiments the structure of the esters

TAS >0, for these compoundAH”opsq= AH® + AH* was varied. Decane was used as the solvent. Reaction

<0, whereAH? ,qqis the observed enthalpy of activation, Kinetics was determined from the changes in the
AH” is the enthalpy of activation for the passage of the concentrations of t_>oth the ester and the alcohol. In all
intermediate to the transition state amH°® is the cases the rate of disappearence of the ester was equal to
enthalpy of formation of the complex from the free the rate of formation of the alcohol, within experimental
reactants. error. The initial rate of the reaction was determined and
However, it is hard to believe thahH°| >|AH”| holds calculated as a mean value of the rates for both changes.
in non-polar media for a zwitterionic transition state. For each ester and for each reaction temperature two

found® for an aminolysis of isobutyl trichloroacetate in used. The experimental order of the reaction in amme,

heptane, a reaction which involves a leaving group Was determined from the equation log= constant-n
log [amine],, wherev, is the initial rate of the reaction.

. ) . . _ The mean value fon was 1.8+ 0.3 which indicates a
Correspondence toA. Tuulmets, Institute of Organic Chemistry, second-order process dominating in the aminolvses of all
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Table 1. Kinetic data for the butylaminolysis of butyl esters
RCOOBuU in decane solution

R T(°C) log k,* AH®  AS©

H 20 ~343+004  -11.8 -351
60 —3.63+0.05

NCCH, 20 -4.93+0.02 155  —392
60 ~5.21+0.02

ClsC 20 -1.83+0.03 141 -328
60 —2.08:+0.02

F.HC 20 -155+£0.04  -104  —309
60 ~1.72+0.03

FsC 20 -0.51+0.05  —-13.2  —290
60 —0.74+ 0.06

2k, in dm®mol=2 s71.

b KkImol2,
©Jmol 1K1

amine concentrationaised,the reactioncan be consid-
eredto afirstapproximatiorasasecond-ordereactionin

amine,andthuslog vp — log [ester}, — 2 log [aminel =

log k.. Resultsare presentedin Table 1. The typical

relativestandardieviationof therateconstantsvas10%.
Theerrorof theestimatedactivationenthalpiesvasabout
3kJImol %,

In asecondseriesof experimentsthereactionmedium
was varied for butylaminolysesof butyl formate and
butyl trichloroacetateThe kinetics of the reactionwere
determinedwith a large excessof the amine over the
ester.Valuesfor thefirst-orderrateconstantk;, obtained
from kinetic curveswereanalyzedaccordingo thelinear
equation

ki

m = k; + ko[aming,, (1)

Theusualnumberof runsfor alineartreatmentvaried
from 10to 13. Thetypical relative standarddeviationof
the obtainedparametersvas 5%. The final resultsare
presentedn Table 2. The influence of the acyl group
structureontherateof thereactioncanbeanalyzed with

the correlationequation
logk = logk® + p*o* + 6Es (2)

wherek® is the rate constanfor the standarccompound,
¢* and Eg are inductive and steric substitueniconstants
andp* andé aresensitivity constants.

The necessaryinductive and steric constantswere
taken from Ref. 5. In order to keep hydrogenas the
standardsubstituentthe scalesof the parametersvere
shiftedby 0.49and1.24 units, respectivelyKinetic data
for 20°C from Table 1 canthusbe expressedh the form

logk, = — (3.47+ 0.11) + (3.39+ 0.12)0"
+ (1.75+ 0.09)E,

andthosefor 60°C in theform

logk, = — (3.66+ 0.12) + (3.44 4+ 0.13)0"
+(1.80+ 0.10)E,

Thecorrelationcoefficientandthe standarderrorfor both
relationships are 0.999 and 0.05, respectively. The
successfutlescriptionof aminolysiskinetics by the Taft
equationis consistentvith a considerableontributionof
a tetrahedralstructure to the transition state of the
reaction,as suggestecreviously?. At the sametime,
excellentcorrelationsindicate the samemechanisnfor
all the estersunderconsideratiorat both temperatures.

Another aspectof structureeffects deservesspecial
considerationlt appearedhat activation enthalpiesfor
all theestersareslightly negativeandnearlyindependent
of thesubstituent#n theacylgroupwhile therelativerate
of the reactionis determinedforemostby the entropy
factor.Comparisorof this conclusiorwith thosemadeby
Neuvonefi for ester hydrolysis in acetonitrile, where
similar changesin structurecauseda decreasen the
AH”psq value from 32.7 to —18.9kJmol~%, demon-
stratesa completelydifferent behaviourof estersin the
reactions.

If alow or negativevaluefor the observedactivation

Table 2. Kinetic data for the butylaminolysis of esters in various solvents at 20°C

Butyl formate

Butyl trichloroacetate

Solvent k; x 1072 ko x 10°° ko x 107P:C
Heptane 2.30+0.95 219+1.1 2.984+ 0.07
Decane —° 275+ 15 3.25+0.19
Cyclohexene — — 2.174+0.09
Toluene 3.694+0.45 3.21+0.48 8.51+0.20
1,2-Dichlorobenzene 2.394+0.18 3.41+0.27 1.62+0.05
Bromobenzene 7.49+ 0.52 5.64+ 0.63 —

lodobenzene 451+ 2.6 15.04+ 3.3 —

adm*moltst,
b dm®mol 1 st
¢ No reliablek, term.
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enthalpyis relatedto the strongly negativeenthalpyof
the first equilibrium stepin Schemel, a comparable
positiveenthalpychangeshouldbe assumedor therate-
limiting step.Independencef this enthalpychanggrom
thestructureof acylgroupscanhardlybeexpectedor the
first step of the reaction. Consequently, structure
dependencenustbe compensatethy a reverserelation-
ship in the next step. In the limiting step, something
disfavoured by the electronegativeacyl components
shouldoccur. At the sametime, the intrinsic entropy of
activation can be only slightly influencedby the acyl
groupstructureandtheobservedelativeentropychanges
shouldbemainly determinedy theentropychangen the
first step. The occurrenceof cyclic transition state
structuresl and? in first- and second-ordereactionsin
amine,respectively precededy the formationof cyclic
intermediates(see below) can be appropriateto the
considerationgbove.

Q) 2
(l)i) v R
R-C--0-R? O _..0..
L e R-|C e H
R - N-+H |
|‘<J H_N(+) (N-H
H R L/\H—" \Rl
1
2

The observed activation entropy varying between
—290and —392Jmol~* K~ for the whole setof esters
in decanesolution doesnot precludecyclic transition
states.Our datafor structurerelationshipsallow a strict
considerationof the cyclic transition stateonly for the
second-ordereactionin amine. As for the first-order
reaction,the extensionof the ideawasstronglyinspired
by relationshipsfound for the aminolysis of benzoyl
fluoride” Theseappearedo behighly consistentvith our
results for the first-order aminolysis of esters.As a
consequencea similarity of the mechanismscan be
expected.Variation of the medium conditions affects
boththe reactionsfairly similarly also.

Our list of solventswas madeup with provision for
differentpolarity andpolarizability. In addition,someof
the solventsare weak bases(z-donor$). According to
Ref.9, we considetthe polarity, Y, andthe polarizability,
P, as

n?—1

P=——_.
n2+1

2e+1

There are a number of ways to specify the general
basicityof asolventbutthemostreliableseemdo bethe
B-scale'® derivedfrom IR shiftsof phenolichydroxylin
tetrachloromethae. Medium effects can then be ex-

Copyright0 1999JohnWiley & Sons,Ltd.

pressedy the Koppel-Palmequation®
logk = logko + yY + pP + bB (3)
Fromthe datain Table 2, we obtainedfor formate

logky = —(10.77 4+ 0.89) — (7.20+ 1.43)Y
+(2369+ 3.42)P — (0.0174 0.005)B

logk, = —(6.534 0.51) — (5.35+ 0.78)Y
+(12.23+ 1.94)P — (0.020+ 0.003)B

r =0.992 s=0.08

andfor trichloroacetate

logk, = —(5.224 0.85) — (6.59+ 1.21)Y
+(15.44 4+ 3.39)P — (0.0040+ 0.0051)B

r =0.994 s=0.05

Thus,thepolarity of thesolventdecreasegy < 0) andthe
polarizability of themediumincreasegP > 0) therateof
theaminolysisreactionirrespectiveof the structureof the
esterandof theorderin amine.Thetransitionstatesof all
reactionsconsideredghouldbe clearlylesspolarthanthe
initial statesTheresultcorroborategarlierdoubts**on
theoccurrencef alocalizedzwitterionictransitionstate.
Convincinglymorepreferablearestructuresl and2 with
diffuse chargedistribution, supportedalso by an accel-
erating effect of polarizability. However, this is not
necessarilftrue for the aminolysisof phenolicestersin
polar medial? Our experimentaldata do not provide
muchinformation on the relationshipbetweerfirst- and
second-ordepathwaysof thereaction We canonly refer
to the fact that for a less reactive ester (formate) the
routesarecloselycompetitive(Table2). In the caseof an
ester of higher reactivity (trichloroacetate),only a
second-orderreaction could be detected. A similar
featurewas found’ for the aminolysesof benzoyland
4-nitrobenzoylfluorides,wherethe ratio ko/k; increased
by a factor of about 20 when a 4-nitro group was
introduced It is not clearwhy this shouldbe so, but the
tendency of amines to form complexes may be
significant. An amine can appearas an electrondonor
andasanelectronacceptoisimultaneouslyNagyetal.*®
havedemonstratethe occurrenceof a complexbetween
the amineandthe carbonylcompound Accordingly (by
analogy with Ref. 14) an equilibrium mixture of two
tetrahedralintermediates8 and4 shouldoccur (Scheme
2).

Probablythe value of K becomesgreaterfor more
electrophilic esters,the ratio ky/k; increasingsimilarly.
Intermediates3 and 4 participatingin the equilibrium
(Scheme2) canrearrangeria anintramolecularattackto
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Scheme 2

metastableyclic intermediates;’ which arestructurally
very close to transition states1 and 2. This step is

accompaniecdby a considerabldoss of entropyin the
systembut allows a well concertedrearrangemenbf

electrondensitydueto which the further crossingof the
transition state requires only a moderateincreasein

enthalpy.Thuswe havearrivedat a possibleexplanation
of negative activation enthalpiesin ester aminolysis,
principally consistentvith thatofferedin theliterature®?

However,ourexperimentatiata,particularlyfor theester
seriescanbe consideredasonly preliminary. Therefore,
moreandbetterexperimentatiataarenecessaryo reach
firm conclusionsTheinvestigationof esteraminolysess

beingcontinuedn ourlaboratoryandfurtherevidenceof

the statementgabovewill be addedin a later paper.

EXPERIMENTAL

Thereactionwascarriedoutin a stainless-steadell with
two pits atits bottom.In oneof the hollowsa solutionof
the ester was placed, and in the other a solution
containing amine and the internal standard(heptane,
tridecanetetradecan®r pentadecanej an appropriate
solvent,usuallyl cm® of bothsolutions Thereactioncell
was thermostatedand the reaction was started with
vigorousshakingof thereactor.Dependingon therateof
the processthe initial concentratiorof the aminein the
reaction mixture was from 0.01 to 1.0moldm 3,
Sampleswere taken with a microsyringethrough the
silicone-rubbercapof the cell andimmediatelyanalysed

Copyright0 1999JohnWiley & Sons,Ltd.

by GLC with a Tsvet chromatograph(column 2.5
m x 3mm i.d.) equippedwith a Hewlett-Packardnte-
grator. The concentrationsof the esteror the product
alcohol were calculatedand plotted againsttime. The
initial rate of the reaction,V,, was determinedas the
slopeof thetangentof thekinetic curveatt = 0. Therate
constantk; was calculatedby a differential method.
Control experimentshowedvirtual irreversibility of the
reactionunderthe usedconditions.
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