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ABSTRACT: The rate data for the Menschutkin reaction between strongly activated Z-substituted penzyl
toluenesulfonates and Y-substitutdgN-dimethylanilines in acetonitrile at 3& fit the equationkeps= ki + ks
[DMA], which is consistent with concurrent first- and second-order processe; Hmelk, values for each substrate
were separated based on the above equationSTheate constanky, is unaffected by the nature of the nucleophile,
whereas th&,2 rate constank,, increased with the electron-donating substituent ofNté-dimethylaniline. The
substituent effect on thig values is linearly correlated by the Yukawa—Tsuno equation with-5.2 and = 1.3. The
unimolecular reaction can be regarded as a clas§¢ghlmechanism. In contrast, that on tkevalues shows an
upward curvature when analyzed by the Browh treatment. These results are ascribed to the simultaneous and
independent occurrence §{1 andSy2 mechanisms in the present Menschutkin reacfibh998 John Wiley & Sons,

Ltd.
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INTRODUCTION negative p; value for the whole range of substituents
indicates the dominance of bond fission in the transition
Ever since the designation &1 andS2 mechanisms  state. The curved Hammett plot indicates the change in
by Ingold and Rothstefnin nucleophilic displacement at  the cationic transition state, which becomes looser (or
saturated carbon attached to an aromatic ring, a vasttighter) as the substituent Z becomes more electron
number of studies have been carried out in this area. Thedonating (or withdrawing). This substituent effect in the
mechanism of borderline reactions was controversial for Menschutkin reaction resembles the behavior in the
a long time, especially concerning the question whether solvolysis of the corresponding benzyl tosylatéShere
they proceed by a dual process of independyit and is general agreement that the solvolysis of benzyl
Su2 mechanisms or by a merg&1/Sy2 mechanism,  tosylates covers a mechanistic spectrum ranging from
which means that there is no sharp line of demarcation the classical unimolecula®,1 mechanism for electron-
between themi:® donating substituents to typicdh2 mechanism for
Mechanistic studies on the Menschutkin reaction of electron-withdrawing substituents. It is difficult to
benzylic systems mostly led to the conclusion that the elucidate the way of the mechanistic transition using
reaction proceeds by a typic&8,2 mechanism with a  the solvolysis system owing to ambiguity of molecular-
concerted displacement transition st&téln previous ity.
papers;>'* we discussed the mechanism of the The Menschutkin reaction should occur in a non-
Menschutkin reaction of Z-substituted benzyl tosylates solvolyzing solvent by a bimolecular mechanism with
with Y-substitutedN,N-dimethylanilines in acetone or nucleophiles and the concert&d2 displacement transi-
acetonitrile based on the substituent effect analysis.tion state can be discussed in terms of the varying
Electron-donating Z-substituents enhance the reaction,contributions of bond formation and bond fission from
indicating an appreciable development of positive charge the dependence on the electronic effect of the substituent
at the benzylic reaction center in the transition state. The Z. Our interest is howgy1-like the behavior of benzyl
derivatives carrying a strong electron-donating Z is. We
report here the precise kinetic form of the Menschutkin
*Correspondence toM. Fujio, Institute for Fundamental Research of  agction between strongly activated benzyl tosylates and

Organic Chemistry, Kyushu University, Hakozaki, Fukuoka 812, . . .- . 7
Jagan Email: fujioémSYifOC_kyushu_u_aZ_jp substituted\,N-dimethylanilines in acetonitrile based on
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Figure 1. Plot of ks vs nucleophile concentration for the
reactions of Z-substituted benzyl tosylates with unsubsti-
tuted N,N-dimethylaniline in acetonitrile at 35°C

a detailedexaminationof the dependencef the rate on
the concentrationof the nucleophile to clarify the
behavior of mechanisticborderline reactionin benzyl
system.

RESULTS AND DISCUSSION

The reaction rates of 0.0005m Z-substituted benzyl

tosylateswith 0.01to 0.3M Y-substitutedN,N-dimethy-

lanilines were measuredin acetonitrile at 35°C by

following the increasein conductancef the quaternary
anilinium saltsproduced-°** The precisionof the fit to

pseudo-first-orderkinetics was generally satisfactory,
with correlation coefficients> 0.99995 over 2.5 half-

lives of thereaction.

The pseudo-first-orderrate constants,kyps Were in
direct proportion to the concentrationsof the N,N-
dimethylaniline for the benzyl tosylatesless activated
thanthe p-methylbenzylderivative (Fig. 1); the correla-
tion line passesthrough the origin within the experi-
mental uncertainty. Consequently,the reactions are
exactlyfirst orderin N,N-dimethylanilineconcentration,
[DMA]:

Kobs = k2 [DMA] (1)

In contrast for benzyltosylatessubstitutedby typical
electron-donatinggroups,significant positive intercepts
wereobservedn the plotsof ky,svs [DMA], asshownin

Fig. 1. The reaction was carried out in the non-
solvolyzing solventacetonitrile,and no productindicat-
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ing the operationof the solventas a nucleophilewas
observed Consequentlythe positive interceptwhich is
independenof nucleophileconcentratiorcorresponds$o
an S§1 rate constant, k;, via the rate-determining
unimolecularionization. Theseresultscan be fitted to a
kinetic equationasthe sumof zeroandfirst-orderterms
in N,N-dimethylanilineconcentration:

Kobs = k1 + k2 [DMA] (2)

The kinetic dependenceof Eqn (2) implies the
simultaneousand competitive operationof independent
Sul andS,2 processe thereactionof benzyltosylates
carrying strongly electron-donatingsubstituentswith
N,N-dimethylanilinein acetonitrile.

The plots of ks Vs nucleophileconcentrationgor the
reaction of p-methylthiobenzyltosylate with Y-substi-
tuted N,N-dimethylanilinesin acetonitrile at 35°C are
illustratedin Fig. 2. The second-orderate constantk,,
obtained from the slope of the linear parts of plots,
decreaseswith decreasingnucleophilicity of N,N-di-
methylanilines (Y: p-MeO>H > mC1>mNO,),
whereaghefirst-orderrateconstantk;, remainsconstant
andinvariantwith the natureof nucleophile,asdemon-
stratedby the convergencet the sameinterceptin the
kobs VS [DMA] plots for the variousY-substituentsFor
the reactionsof 6-methoxy-2-naphthylnthayl, 3-chloro-
4-methoxybenzyl 4-phenoxybenzyl 2-fluorenylmethyl,
3,4,5-trimethylbenzlyand 3,4-dimethylbenzytosylates,
theplotsweresimilarto thatfor Z = p-MeSin Fig. 2. It is
thereforeseenthat the bimolecularsubstitutionreaction
of stronglyactivatedbenzyltosylateswith N,N-dimethy-
lanilinesis accompaniedy a competitiveunimolecular
substitutionreaction,which is first-orderin the substrate
but independenbf the natureand concentrationof the
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Figure 2. Plot of ks vs nucleophile concentration for the
reactions of p-methylthiobenzyl tosylate with Y-substituted
N,N-dimethylanilines in acetonitrile at 35°C
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Table 1. First- and second-order rate constants for the reaction of Z-substituted benzyl tosylates with Y-substituted N, N-

dimethylanilines in acetonitrile at 35°C

Substituent

z Y 10%(s~* Imol ) 10°%; (s 100k/(0.1k; + ky)?

p-MeS p-MeO 350.6+ 9.4 191.1+1.4 35

H 137.0+3.8 202.5+7.8 60

m-Cl 79.80+0.69 1915+ 1.4 69

m-NO, 48.30+ 1.56 198.6+ 3.2 80

p-CHO 48.56+ 2.44 206.5+5.8 81

6-MeO-2-Naph p-MeO 4995+ 8.1 89.08+7.73 15

H 131.0+35 97.85+ 7.1 43

m-NO, 35.62:+ 1.42 97.47+3.67 73

p-PhO p-MeO 336.8+ 4.7 22.41+3.95 6

H 98.06+ 2.11 22.53+3.51 19

m-NO, 14.05+ 0.56 20.18+ 151 58

p-CHO 12.09+0.51 19.83+1.08 62

p-MeO-m-Cl p-MeO 336.5+ 2.0 22.87+1.80 6

H 86.84:+ 0.89 20.53+ 1.97 19

m-NO, 10.44+0.62 17.59+ 1.74 63

2-F p-MeO 431.1+ 4.9 11.65+3.38 3

H 106.9+ 0.6 11.13+1.26 9

m-NO, 11.57+0.46 9.722+ 1.104 46

3,4,5-Me p-MeO 374.8+2.9 3.479+ 1.609 0.9

H 90.66+ 0.94 3.762+1.210 4

m-NO, 11.83+0.32 3.016+0.626 15

3,4-Me, p-MeO 228.0+ 0.9 1.175+0.622 05

H 52.87+ 0.34 15464 0.510 3

m-NO, 5.0474 0.940 15954 0.244 24

p-Me H 37.60+ 0.46 0 0

& Percentreactionby Sy1 routeat [nucleophile]= 0.1M.

nucleophile Thek; andk, valuesfor thereactionsof the
activated benzyl tosylates with N,N-dimethylanilines
werecalculatedby meansof Eqn(2) from thebestlinear
parts of kops VS at least four concentrationsof N,N-
dimethylanilineswith correlation coefficients> 0.999,
and the rate data are summarizedin Table 1. The
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Figure 3. Plot of k (= kgps - k» [DMA]) vs nucleophile
concentration for the reactions of p-methylthiobenzyl and 6-
methoxy-2-naphthylmethyl tosylates with N,N-dimethylani-
lines in acetonitrile at 35°C
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percentage of S1 in the overall reaction at
[DMA] =0.1M (>100 molar equivalentsof [ArCH,-
OTs]) arelisted in the lastcolumnof Table 1. The §1
contributionincreasesvith the weakernucleophilesand
the more electron-donatingubstitueniZ.

In Figs1 and2 we canobservea steepdrop of the kyps
vs [DMA] curvesin theregionof low concentration®f
N,N-dimethylanilines.This may berationalizedin terms
of thereturnfrom the intermediate(spndits captureby
the N,N-dimethylanilines.The k; valuesinvolvedin Kgps
canbe estimatedoy subtractionof k, [DMA] from Kops

K = Kobs — ko [DMA] (2)

The k valuescalculatedfor the p-MeS-benzyland 6-
MeO-2-naphthylsubstratesare plotted againstnucleo-
phile concentrationsn Fig. 3 andtheir decreaseat low
nucleophile concentrationsindicates a characteristic
behaviorof anion-pairmechanisn{Schemel).

kq ka[N]
R* X
K.y

RX RN* + X

Scheme 1

Under a steady-stateapproximation,this mechanism
would leadto the following kinetic dependence:

k = kika [N]/(k-1 4+ kz[N]) (3)
In the unimolecularprocessgiven in Schemel, the
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Figure 4. Plot of log k/kg.mes VS & in the reaction of Z-
substituted benzyl tosylates with N,N-dimethylaniline in
acetonitrile at 35°C: open squares for k; against & (r=1.3)
and open circles for &, against o™

intermediateformed can undergoreturn to the starting
substratebefore reactingwith the N,N-dimethylaniline,
whereasat high concentrationsof the nucleophile (ko
[N] >> k_;) the intermediatecan be capturedby the
nucleophilein its immediatevicinity beforereturningto
thestartingsubstrateshownby the plateauregionin Fig.
3; k=ky. If the availability of the N,N-dimethylaniline

aroundtheintermediatés insufficient,thereturnprocess,

k_1, may competewith the nucleophiliccaptureby N,N-
dimethylaniline leading to a lower §1 rate, k < kq,
shownby theinitial steepincreasdn Fig. 3.

Thedatain Tablel showthatthek; valueis markedly
enhancedby electron-donatingZ-substituentsin the
benzyl tosylates comparedwith the k, values. The
substitueneffecton k; canbe describedn termsof the
Yukawa—Tsunaequation:

log (k/ko) = p (0° + rAGE) (4)

wherethe r value is a parametemeasuringresonance
demandj.e. the degreeof resonancénteractionbetween

the aryl group andthe carbocationiaeactionsite in the
rate-determiningransition state.We havereportedthat
theSy1 solvolysisof substitutedenzyltosylatesanwell
be approximatedby meansof Eqn (4) with r =1.3?
Althoughthek; valuesin Table1 wereobtainedfor only
a limited rangeof electron-donatingsubstituentsappli-
cation of Egn (4) to log k; values shows a linear
correlationwith pz; =—5.2 with r=1.3 (R=0.976), as
shownin the squaresn Fig. 4. The substitueneffect for
ki is comparableo or evenidentical with thoseof the
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solvolysesf benzyltosylatesp = —5.23andr = 1.29for

the hydrolysisin 80% aqueousacetoneand p = —5.39

andr = 1.29for the acetolysisat 25°C.*? In fact, thereis

aninterrelation(R = 0.981)betweenthe k; valuesin the

presentMenschutkinreactionand the k; valuesfor the

hydrolysis of benzyl tosylatesin 80% aqueousacetone
with a slopeof 0.97.

Ontheotherhand,aplotof logk, vso givesasmooth
curvedcorrelationasdemonstratedby the circlesin Fig.
4. The curvedHammettplot is ascribedto a continuous
changen the accumulategositive chargeof the central
carbonin the pentacoordinat&,2 transitionstatecaused
by the contributionof decreasedond formationto the
nucleophileand/orincreasedondfission.However,the
slopeof the k, curve,i.e. the p value,for a bimolecular
processattheactivatedendis still smallerthanthatof the
ki, correlation line, as shown in Fig. 4 and the
carbocationiccharacterof the k, processat the most
activatedendis still far from that of the S§1 transition
state'***Neverthelesst shouldbenotedthatther value
for the bimolecularprocessis still closeto that for the
unimolecularprocesswhich shouldbe characteristicof
the intermediate carbocation. The mechanismof the
bimolecularMenschutkinreactionwill be discussedn
moredetail in a forthcomingpaper.

The detailedmechanisnof nucleophilic substitution,
especiallythemechanistidgransitionfrom §y2 to Sy1, has
beenthe subjectof considerableontroversySneefi had
proposed unificationof the Sy1 andSy2 mechanismn
which all nucleophilic substitutionsinvolve the forma-
tion of ion pairs. This mergedmechanismis given by
Schemel andEgn(3), andcorrespondso thatof the §2
reactionwhen k_; >> k, [N] andto the Sy1 reaction
whenk_; << k; [N]. We havetakenthepresentesultsin
Table 1 and Fig. 1, Fig. 2 and Fig. 3 as convincing
evidencédor theoccurrencef simultaneou§y1 andS2
mechanism# thereactionbetweerthe activatedbenzyl
tosylatesand amines(Scheme?2) rather than a single
processnvolving a commonintermediate’*3

1 b4
wip ] O
ko[DMA] - fse
CHZOTs Ar- N’i 'C's' OTs CHe
MezN OTs

Ar
\‘bé\
'I\lMeg

Ar
D-ivon

Scheme 2

The presentresultsdo not supportthe Sneenunified
ion-pair mergedmechanisnof nucleophilicsubstitution.
We believethatourresultsprovideevidencefor aduality
of mechanismdor highly activatedbenzyl tosylatesin
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thepresencef nucleophilesn acetonitrile.Sneen’swo-
stepmechanismmay bevalid for anion-pairmechanism
within the §y1 procesof the presenteactionin Scheme
2, andthewholerelationshipshouldbe describedoy the
equation

k = kyk, [DMA] /(k_1 + K, [DMA] ) + k, [DMA] (3)

Schleyerand co-workers® proposedhe conceptof a
continuousspectrumof §y1-S2 mechanismsinvolving
a continuity of solvolytic mechanismérom Sy1, via §\2
(intermediate)to the conventionalSy2 mechanismThis
approachwhich arguesagainstthe duality of mechan-
isms, seemsnot to apply to our system,basedon the
present experimental evidence. Whereas we see a
continuous spectrum of Sy2 mechanismsof varying
tightnessfor the bimolecularprocessf changingthe Z-
substituentsthis processs completelydiscretefrom the
unimoleculamprocessilts loosesendis still abimolecular
Su2C" mechanisnt? eventhoughit closelyresemblesn
structurethe transitionstateof Sy1 mechanism.

The simultaneousoperationof independent§y1 and
Sv2 mechanismss believedto be fairly generalandnot
specificto the presentsystem.Concurrent§y1 and 52
mechanismsin borderline nucleophilic displacement
reactions have been published. Katritzky and co-
workerg*® studied extensively the substitutionof N-
benzylpyridiniumsaltswith a neutralpiperidinenucleo-
philein non-polarsolventsin plotsof therateconstant/s
the nucleophile concentration,they found that the p-
methoxybenzylderivative showeda positive intercept
which wasinvariantwith the natureof the nucleophile,
while benzyl derivatives which carry less electron-
donating substituentsthan p-methyl did not give such
significant intercepts.Katritzky and co-workersamine
exchangef benzylammoniunion is virtually anidentity
reaction, which is conceivablyan ideal systemto be
describedoy a continuousspectrumof §2 mechanisms
of varying tightness.The reactionof p-methoxybenzyl
bromide with pyridine or thioureain aqueousacetone
alsoproceeddy simultaneousndependengyl and S 2
mechanism3® The duality of the Sy1-Sy2 mechanism
hasbeenpreferentiallyobservedor secondaryenzylic
systems for a wide range of substituents.In the
Menschutkin reaction of 1-phenylethyl bromide with
pyridines and N,N-dimethylanilinesin acetonitrile, the
samebehaviorasthatin Fig. 4 wasobservedor arange
of substituentsfrom p-MeO to H.}” The isotopic
exchangebetweensubstitutedbenzhydryl thiocyanates
and labeledionic thiocyanatewas measuredn acetoni-
trile by Cecconet al.,*® indicating that the substituent
effect on k, valueswere correlatedby the Brown o+
valuewith p* = —4.5,in contrasto theshallowU-shaped
Hammettplot of k, for the electron-attractingubstituent
range. In the isotopic exchangereaction of benzylic
chlorideswith radioactivelithium chloridein dimethyl-
formamide,no detectabldfirst-ordercontributionto the
exchangewasfound with benzylchloride whereaswith
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diphenylmethyl chloride the first- and second-order
processesverefoundto contributeequallyto the overall
exchange at a concentrationof ca. 0.1M lithium
chloride!® Further,the ratio of first-orderrate constant
increaseswith increasein the dielectric constantof the
solvent.Theseobservationgparallelour observation®on
the presentreactionof benzyltosylates.

Detection of the return process from the ionic
intermediate(s}o the reactantcan be direct evidenceof
the Syl ionization process:?°~?* Recently we have
detected*®0 scramblingof the alkoxy oxygen within
doubly labeled [*°C] benzyl [S*®0,] tosylatesin the
reaction with or without N, N-dimethylanilines in
acetonitrileby meansof **C-NMR spectroscopy® These
findings provide further strong support for the ki
ionization pathwayin the presentreactionand the S 1
and S\2 mechanismsemaindistinct without mergingat
the mechanistidborderline.

EXPERIMENTAL
Materials

Acetonitrile was refluxed over P,Os for 1 day and
fractionated.After threerepetitionswith fresh P,Os, it
was dried over anhydrous sodium carbonate and
fractionatedb.p.82°C.

N, N-Dimethylaniline dried over NaOH pellets was
distilled undera nitrogenatmospherénmediatelybefore
use,b.p. 116-116.83C/128mmHg. The m-NO, and p-
CHOderivativeswerepurifiedby recrystallizatiorbefore
use.N, N-Dimethyl{p-methoxyanilinem.p.45.2-45.9C
(Iit.262” m.p. 47°C, 48-49C)*® was synthesizetf by
LiAIH 4 reductionof N, N, N-trimethyl(p-methoxyphe-
nyl)Jammonium iodide, which was preparedfrom p-
anisidine and methyl iodide?”*° Similarly, N, N-
dimethylm-chloroaniline,b.p. 80.5°C/2.5mmHg (lit.%°
90°C/2mmHg) was preparedrom m-chloroaniline.

Benzyl tosylates were preparedby the Schotten—
Baumanmethod accordingto the proceduredescribed
in earlier paperst?> To a solution of benzyl alcohol
(13.0mmol) and p-methylbenzenesulfeyl chloride
(13.0mmol) in 15ml of dioxanein an ice-bathunder
stirring, 33% aqueousNaOH (4 equiv.) was added
dropwise After stirringfor 2 hin anice-bath themixture
was pouredinto ice—waterand the solid product was
filtered. The crude benzyl tosylateswere purified by
recrystallizationfrom diethyl ether—hexaneThe analy-
tical datawerein good agreemenivith the established
values'?

N, N-Dimethylaniline (3g, 0.02 mol) and p-methyl-
benzyltosylate(1.5g, 0.0054mol) in acetonitrile(50 ml)
wererefluxedfor 1 day. The solventwasevaporatednd
the N-(p-methylbenzylN, N-dimethylaniliniumtosylate
obtained was washed with dry diethyl ether and
recrystallizedfrom propan-2-ol;m.p. 161-162C. Ana-
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lysis: calculatedfor C,3H,7-NOsS, C 69.49,H 6.85, N
3.52;found, C 69.28,H 6.87,N 3.58%.

Kinetic measurements

Thereactionratesof substitutecbenzyltosylateswith N,
N-dimethylanilines in acetonitrile at 35°C were mea-
sured by a conductimetricmethod. Conductancemea-
surementswere madein a cell with bright platinum
electrodesandconductivityreadingswverecarriedout by
using a conductivity meter (CM-60S, equipped with
interval time unit andprinter; Toa Electric).

The typical procedurefor kinetic measurementss
as follows. A 50ml volume of a stock solution of N,
N-dimethylaniline (0.12m) in acetonitrile, which was
preparedat 35°C, wasequilibratedin thereactioncell at
35+ 0.01°C in athermostatedbathfor 30 min andthen
10ml of benzylestersolution(0.003m) wereadded.The
resulting solution of 0.0005m esterand 0.1M aminein
the cell was shakenthoroughly. The reactionswere
generally followed by taking at least 100 points at
appropriatetime intervals for 2.5 half-lives and the
infinity readingwastakenafter 10 half-lives. All kinetic
runswerecarriedout underpseudo-first-ordezonditions
with 0.01-0.30v concentrationsf amine,whichare20—
600timeslargerthanthatof thesubstrat€0.0005m). The
pseudo-first-orderate constantswere calculatedby a
least-squaresomputerprogram.At an esterconcentra-
tion of 0.0005Mm, the precisionof the fit to first-order
kinetics was generally satisfactoryover 2.5 half-lives
with a correlation coefficient> 0.99995 by the direct
employmentof the apparenttonductivity of the ammo-
nium salt produced Duplicate kinetic runs showedthat
the rate constantwasreproducibleto within 4 1.5%.

In previousstudies:®*'we found that the rate plot of
log(S,.-S) vstimet did notgive agoodstraightline when
theconcentratiorof benzylesterwas0.015—-0.002M. At
suchhigh esterconcentrationgheconductancewerenot
linearly relatedto the salt concentratiorowing to ionic
aggregation. Therefore, conductance readings were
convertedinto concentration®f quaternaryammonium
saltwith theaid of aconductance—concentratioslation-
shipandthis calibrationgavegoodlinear first-orderrate
plots with correlationcoefficients> 0.99993%' The rate
constantswith or without calibration at the low ester
concentratiorof 0.0005m agreedvell with eachother,to
within 1.5%, and also agreed with those at high
concentration®f 0.015-0.002™ afterthe calibration.

Forall thesubstituteenzyltosylatesmoredeactivat-
ing than p-Me, the plot of pseudo-first-orderrate
constant,,sVS[DMA] passedhroughtheorigin within
experimentaluncertainty. Second-orderate constants,
ko, were obtainedby dividing the pseudo-first-orderate
constantsby the initial DMA concentration.For sub-
stratesmore reactive than 3,4-dimethylbenzyltosylate,
second-and first-order rate constantswere determined

0 1998JohnWiley & Sons,Ltd.

from the slopeandthe interceptof the linear part of the
plot of pseudo-first-orderate constants/s [DMA] with
Eqgn (2), with correlationcoefficients> 0.999.
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