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ABSTRACT: Kinetic investigations on the reactionfN-dicyclohexyl-O-(1-methylheptyl)isourea with acetic acid

are described. The conversion proceeds partly through the intermediacy of a methylheptylcarbenium ion. However, in
dilute solution anSy2 mechanism prevails. The results are discussed in terms of the simultaneous existence of two
discrete mechanism&l 1998 John Wiley & Sons, Ltd.
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INTRODUCTION RESULTS AND DISCUSSION
Much attention has recently been focused @n When an almost 1 moit solution ofN,N-dicyclohexyl-

alkylisoureas since they have proved to be excellent O-(1-methylheptyl)isouread-AlkIU) [( RS-1] is mixed
reagents for the alkylation of OH- and SH-acidic groups with anhydrous acetic acid in cyclohexane, the isourea is
(Scheme 1) and numerous synthetic applications of thesefirst protonated and the,N-dicyclohexyl-O-(1-methyl-
reagents have been reporfed One surprising observa-  heptyl)isouronium acetate(AIkIUH ™ AcO™) [(RS-2]
tion, however, is that the reaction of§{(+)-N,N- is generated. This salt-like compound can be isolated in
dicyclohexyl-O-(1-methylheptyl)isourea §-1] with the crystalline form (Scheme 3).
acetic acid in cyclohexane which leads to the inverted The addition compoundRS-2 is in equilibrium with
1-methylheptyl acetate R)-5] (see Scheme 3) with the starting materials although the position of the
100% inversion of t{h(ge configuration of the optically equilibrium is shifted strongly to the right:
active octan-2-ol unit=™ In the case of the reaction of - _
(9-1 with phenol in the absence of a solvent, the O-AKIU + ACOH ~—"O-AIKIUH™ AcO (1)
inversion of configuration amounts to 99.8%hus, both Upon addition of acetic acid toR§-1 at 2C0°C in
reactions proceed in a highly stereospecific manner. cyclohexane, an increase in temperature can be detected.
At first, it was not clear whether the title reaction This must be due to the heat of neutralization. If, on the
involved an Sy1 or an §y2 mechanisfi'® and thus other hand, it were due to heat of reaction, then the poorly
whether it was a first- or a second-order reaction. The fact solubleN,N-dicyclohexylurea (DCU) should precipitate
that the methylheptylcarbenium ion has been confirmed out, but this was not the cag.
as an intermediate in both conversions with OH-acidic Hence RS-2 must be an ionic compound. In addition,
compounds provides strong support for&il mechan- no contact ion pair is formed at concentrations lower than
ism?® 0.01 mol 'Y, as determined by osmometric molecular
More exact investigations are described in the presentmass ~ measuremerfts. Under  high  vacuum
paper. The possibility that several mechanisms of (1.33x 10 ®mbar) the crystals of R9-2 deliquesce,
different molecularities can operate simultaneously is leading to the conclusion that the addition compound has
known;"* moreover, kinetic measurements often permit been cleaved into its starting components. This behaviour
the interpretation of more than one mechaniém. also supports the absence of a covalent bond between the
componentg?
Furthermore, the'H NMR spectrum of R9-28
provides more evidence in favour of the existence of
*Correspondence to:R. Jaeger, Benedixweg 14, D-21680 Stade, ionic bonding. The chemical shifts of the NH protons of
Germany. . the protonated isourea demonstrate their magnetic
Contract/grant sponsorDeutsche Forschungsgemeinschatt. . .
tDedicated to Professor E. Vowinkel on the occasion of his 70th equivalence (Scheme 2). These protons also provide the
birthday. positive charge on the isourea unit.
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At a temperatureof 81.5C the adductdecomposes
irreversibly into the correspondingesterand DCU. The

back reactionis impossiblebecausehe poorly soluble

DCU precipitatesfrom the reactionmixture8**

O-AlkIUH " AcO~ == AcOAlk + DCU

We have now performed kinetic measurementsn
orderto obtainmorepreciseinformationaboutthe order
of the reaction®® For this purposewe first selectedthe
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concentratiorof aceticacid asa parameteandfollowed
the effects of changesby titration. Then the resultsof
decreasingoncentrationsvere plotted (Figure 1) under
the conditionsof a first-orderreaction[log C =f (t)].

A slightly concavecurvewasobtained,indicatingthe
occurrencedf acomplexsequencef reactionsWhenthe
starting concentrationof acetic acid was doubled, a
correspondingincreasein the reaction rate was not
observedFigure?2).
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Figure 1. Reaction of 1 mol |- N, N'-dicyclohexyl-O-(1-methylheptyl) isourea [(RS)-1; O-AlklU] with acetic acid in cyclohexane
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Figure 2. Reaction of N,N'-dicyclohexyl-O-(1-methylheptyl)isourea [(RS)-1; O-AlkIU], 0.895 mol I=" with AcOH (1:1) (o) and

0.968 mol I~" with AcOH (1:2) (x) in cyclohexane

This phenomenonis demonstratedoy the parallel
courseof the curves and could be interpretedas an
indication of a first-orderreaction'**? As expectedfor
this reactionorder, the half-lifetimes (z1,5) in the initial
range were independeniof the concentratiort'? Ac-
cordingly, a first-order reaction is most likely. N,N-
Dicyclohexylureawas used to measureconcentration
changedy gravimetry.Theisoureaconcentratiorvalues
were then calculatedfrom theseresults.In spite of the
limitations of thegravimetricmethod thereproducibility
wasusuallyat most+ 2.6% (averaget 1.3%).

If thereactionis monitoredfor alongertime,e.g.12h,
andthelog C=f (t) plot is considerednearlinearity is
seenonly for thefirst 4 h, afterwhich the curvechanges

0 1998JohnWiley & Sons,Ltd.

its course.Thesechangesccurin sucha way that, after
the fifth hour when the isourea concentration has
decreasedo nearly 0.15 mol |- (Figure 3 after ca
5h), a changein the reaction order is apparent.A
concentration—timeplot appropriatefor a second-order
reaction[1/C - 1/Cy =f (t)] supportedhis interpretation.
After a reactiontime of 5h, this curve showslinearity,
indicatingthatin this rangethe second-orderate law is
valid.

Complex reaction systemsof this type have been
discussedelsewheré? In the presentcasethe reaction
order must dependon the concentratiort* A further
aspectto be clarified waswhetherreactionmechanisms
with differing molecularitieswere operative.
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Figure 3. Reaction of N,N'-dicyclohexyl-O-(1-methylheptyl)isourea [(RS)-1; O-AlklU] with AcOH, 0.965 mol I=Vin cyclohexane

For the range of first-order reaction kinetics, the
following mechanistic sequenceof reactionscan be
proposedseeFigure1):

ki1
O-AIkIU + AcOH = O-AIKIUH ™ AcO™ (1)
ko1

Ki2
O-AIKIUH ™ AcO™ = OAc O-AlkKIUH ™ (2)
k2

ki3
AcO O-AKIUH'T == AcO™ Alk* + DCU (3)

k.3
Kia

AcO™ Alkt = AlOAC (4)
K 4

K.s 1 L Kis (5)

oct-2-enes+ AcOH

In thefirst step,O-AIKIUH * AcO™ [(R9-2] is formed.
This addition compoundthen undergoes reorientation
accordingto equation(2) at the temperatureemployed,
giving the species OAc O-AIkKIUH *. This ion pair
subsequentlyeactsmonomolecularlyin the rate-deter-
mining step(k, 3) to furnishtheion pair AcO™ Alk * (4),
the carbocatiorandthe acetateanionaccordingto Sneen
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and co-workerst* It must be assumedhat the acetate
anion haspreviouslybecomecoordinativelyattachedo

the secondaryalkyl group oppositeto the protonated
isoureaunit. Thusthe first-orderratelaw is valid for this

step.All stepsexceptthosein which DCU is formedare
reversible After thethird stepof thesequencehranching
of the pathwayoccurs,one branchleadingto the final

product,the ester(R)-5, andthe otherto the elimination

productsthe oct-2-eneslin thelatterreaction,(E/2)-oct-

2-enes[(E)-6; (2)-7] are formed preferentially as the

thermodynamicallynore stableSaytzeffproducts® This

meansthat the E; eliminationwith the carbocation3 as
intermediatepredominatesa characteristicof the S1

mechanisr® (Scheme3).

Whenmostof the(R9-2 hasbeenconsumedit maybe
assumedthat the bimolecular reaction between the
isoureaand the undissociatedacetic acid becomegate
determiningandhencethatsecond-ordekineticsprevail.
Since,however,asshownby molecularmassdetermina-
tions? theisouroniumacetatavasstill detectablatalow
concentratiorof 0.02mol 1, it is highly probablethatat
higher temperaturesthe rate-determiningbimolecular
step includes a collision between an acetate anion
separatedby solventmoleculesandthe adduct[equation
(7)]. Thenucleophilicattackof theacetateanioncanonly
occuratthesideof thealkyl group,i.e. from thebackside
(Figure 3; Scheme3). Accordingly, at concentration®f
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. , Kea
lessthan0.15mol |~ the reactionshouldconsequently ~ AcO~ + O-AlkIUHT AcO™ =
proceed through the transition state 8 by an S 2 Ko
mechanism. -, . | (ACO™ - - O-AKIUH * AcO™) (7)
The following mechanistic reaction sequenceis .
. ; ; .
proposedor this concentratiorrange: (ACO™ -+ O-AKIUH* AcO) ==
K_4
K1 — + —
O-AKIU + AcOH = O-AKKIUH* AcO~ (1) ACO Alk™ 4+ DCU 4 AcO ®
ks k7] k7 (9)
ki2
O-AIUH* AcO™ = O-AKIUH* + AcO™  (6) oct-1-ene+ ACOH
ko + DCU + AcO™
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Kis

AcO™ Alk™ = AIKOAC (4)
k_s

k-6 1 L Kie (5)

oct-2-enes+ AcOH

Here, the third, bimolecular step (k,3), by which the

transition state is formed, is rate-determining.This

intermediatereactswith elimination of DCU and again
formsthe Sneenron pair, the carbocatiorandthe acetate
anion. This ion pair, as already shown in the first

mechanisticcchemeof reactionsgconstitutesa branching
point and leadsto the ester(R)-5 and the eliminations
products(E)-6 and (2)-7. However,it mustbe assumed
thatthetransitionstate8 is thedirectcauseof thereaction
branching leading to the by-product oct-1-ene (9)

(Hofmannelimination) accordingto equation(9) 2

Accordingly, the stereochemicalresult of 100%
inversionof configurationwith regardto the formation
of the optically active ester cannot be attributed
unequivocallyto the second-ordesubstitutionreaction
alone. Inversion occursto the sameextentin an §1
processsincethe methylheptylcapeniumion is sterically
shieldedby thetwo auxiliary cyclohexylaminogroups*®

It is well known that primary substratesreact
preferentiallyaccordingto an Sy2 mechanismwhereas
tertiarysubstratepredominatelyeactby anSy1 process.
The behaviourof octan-2-olas a secondarysubstrate
constitutesa borderline mechanismbetweenthe two
limiting cases:*'® Therefore, in the presentcase a
mechanisnexiststhatis dependenbn the concentration
of thesubstrateandcanaccordinglyberesolvednto two
mechanisticschemeg®

During this reaction, however, the secondaryalkyl
cationdoesindeedoccurasanintermediaté® According
to Streitwieseret al.,*” the cation 3 may havesufficient
stability and a lifetime sufficiently long due to hyper-
conjugatiorto ensureparticipationof the §y1 mechanism
to (Scheme 3). Thus, in the presentreaction, two
mechanismsare possiblefor which, accordingto the
concentration,the numerical valuesfor reaction order
andmolecularityareidentical.

With regardto the bimolecularnucleophilicsubstitu-
tion labelledS,2, this hasrecentlybeenassignedhe new
designationAyDy by Guthrie!® In the presentreaction,
the attacking acetateanion approachesn an activated
statealongthe symmetryaxisandthe protonatedsourea
departaalongthesameaxis. Thus thereactioncoordinate
is totally symmetricalalongthe entire pathway.

The situation is similar for the monomolecular
nucleophilic substitutionprocessSy1. In Guthrie’s new
schemethis is designated Dy + Ay process? Theloss
of a nucleofugeis followed in a separatestep by the
attackof a nucleophile(Schemes).

During acetolysis,the conversionof (S-(+)-N,N-
dicyclohexyl-O-(1-methylhepty) isourea[(9-1] to (R)-

0 1998JohnWiley & Sons,Ltd.

(—)-1-methylheptylacetate](R)-5] alsoproceedswith a
high degree of inversion (98.85%)2 The extent of
racemizationis 2.3%2 as can be expected during
solvolysis!® sincethe chanceof the solventmolecules
attackingthe methylheptylcation3 nucleophilicallyfrom
both sidesis greater.The existenceof an intermediate,
nucleophilicallysolvatedcarbeniumnion pointsto an Sy1-
like reaction with pseudo-first-orderkinetics®® The
reactionalsoproceedssia anion-pair transitionstate°

CONCLUSIONS

The reaction of N,N-dicyclohexyl-O-(1-methylheptyl)-
isoureawith aceticacidhasbeenpresenteédsanexample
of a casewhere §y1 and §y2 mechanismgan operate
simultaneouslyDependingon the concentration®f the
reactantseitherfirst- or second-ordekinetics predomi-
nate.However,this hasno influenceon the stereochemi-
stry of thereaction.

EXPERIMENTAL

General. IR spectrawere recordedon a Perkin-Elmer
model421spectrophotometeTitrationswereperformed
with aMulti-Dosimat Type E 415system(Metrohm)and
a Knick pH 35 PrecisionpH Meter. Molecular mass
determinationswere performedusing a Type 301 A
vapourpressureosmometefMechrolab).

Materials. AcOH was dried accordingto the reported
proceduré® Cyclohexanewas dried by percolation
throughbasicAl ,O3, activity I. Octan-2-olwasdistilled
through a packedcolumn prior to use; GC: 4m glass
column(polyethyleneglycol), 250°C, carriergasN,, 1.4
bar; contentof octan-1-ol<500ppm and octan-3-and
-4-ol, <5 ppmeach;theracemiccompoundvasresolved
by the methodof Vogel??

Kinetic procedures. Kinetic measurementaere carried
outasfollows.** N,N-Dicyclohexyl-O-(1-methylheptyl)-
isourea(30.08g, 89.5mmol) wasweighedinto a 100ml
volumetric flask and dissolvedin cyclohexane(40ml).
Acetic acid (5.37g, 89.5mmol) wasaddedwith cooling
(0°C), the flask wasfilled to the mark with cyclohexane
andthe mixture shaken Aliquots of 5 ml of this solution
werepipettedinto 19 test-tubesgooledagainto 3°C and
the tubessealed. The ampouleghus preparedvere kept
in athermostafilled with oil at81.5+ 0.5°C for reaction
times(t) betweerD and12h. Thereactionswverestopped
by submerginghe ampoulesn acold bath(—78°C); the
ampoulesverethenstoredin arefrigerator(4+3°C).

For the evaluationshownin Figure 1 the decreasing
contents of unconsumedacetic acid were titrated
potentiometrically, the samples being taken from a
reactionflask at the appropriatetimes.
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For Figure 2, the increasing amounts of DCU
generatedduring the course of the reaction were
determinedgravimetrically. After filtration, the DCU
waswashedwith cold cyclohexanedried at 105°C and
weighed. The isourea concentrationswere calculated
from theseresults.

For Figure 3, the decreasingconcentrationsof N,N-
dicyclohexylO-(1-methylheptylisourea were deter-
mined on the basis of the C=N—IR absorption at
1665.4cm . The test solutions in this case were
preparedwith spectroscopicallypure cyclohexane.

All values were tabulated and then interpreted
graphically. The percentageerrors were calculated
to + 1.0%.
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