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Kinetic mechanism for dimerization of an a-thioamide
substituted benzyl carbocation in aqueous solution
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ABSTRACT: The products of reaction of the(N,N-dimethylthiocarbamoyl)-4-methoxybenzyl carbocatidi)(
intermediate of solvolysis of-(N,N-dimethylthiocarbamoyl)-4-methoxybenzyl benzoate ester®{CAr) show a

strong dependence on solvent. The only product from reaction in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) is 2-
dimethylamino-6-methoxybenzothiopher® from intramolecular cyclization of™. The reaction ofl™ in 50:50

(v/v) methanol-waterl (= 0.50, NaClQ) gives mainly the adducts to solvent. In 50:50 (v/v) trifluoroethanol-water
(1=0.50, NaCIQ), 1* partitions between reaction with solvelit,(27% yield), cyclization to forn2 (k., 3% yield)

and nucleophilic addition o to 11 (k. 70% vyield) to form dimeric produc3. The yield of 3 in 50:50 (v/v)
trifluoroethanol-water (= 0.50, NaClQ) is independent of the leaving groupla©,CAr and remains constant as the
concentration of the substrate is increased fourfold. These data show that the rate-determining step for dimerization of
1-O,CAr is ionization of substrate to form™ and that the products of the reaction are determined by the rate constant
ratio for partitioning ofL* between addition of solvent and cyclization. The rate constant ratios determined for the
partitioning of 1* in 50:50 (v/v) trifluoroethanol-waterl € 0.50, NaClQ) were kdk.=0.8M 1 and kq/ks=
540000v . 0 1998 John Wiley & Sons, Ltd.
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INTRODUCTION partitioning of 1" between intramolecular cyclization to
2, nucleophilic addition of solvent and nucleophilic

We recently reported that the reaction af(N,N- addition of alkene?.
dimethylthiocarbamoyl)-4-methoxybenzyl pentafluoro-
benzoate -O,CgF5) in mixed aqueous organic solvents
proceeds by &y + Ay (Sy1) mechanism through an Ar @
thioamide-substituted 4-methoxybenzyl carbocation in- O
termediate 171 We were very surprised to observe O NMe, H NMe, NMe,
conversion of the carbocatioh” to 2 and then to the H S —
dimeric product3 in a total yield ofca 70% because, to S S S
the best of our knowledge, there is no precedent in @
organic chemistry for dimerization of the extremely low
steady-state concentrationsJ0 ® m, see Discussion] of OMe OMe OMe
the strongly electrophilic speciek™ in a nucleophilic
aqueous solvertt. 1-05CAr 2 3

We report here the results of a study of the effects of
changing solvent, substrate concentration and substituted
benzoate leaving group on the products of the reaction of expPERIMENTAL
1-O,CAr and the time course for formation of the

NaClQy) (see Scheme 1). The experimental results define pisher and HPLC-grade acetonitrile and Gold label-grade

the rate-determining and product-determining steps for 3 > >_trifluoroethanol from Aldrich. Water was purified

the dimerization ofl™ and the rate constant ratios for py gistillation and passage through a Milli-Q purification
system. All other organic chemicals used for syntheses

*Correspondence to:J. P. Richard, Department of Chemistry, were of reagent grade and were used without further
University at Buffalo, SUNY, Buffalo, New York 14260-3000, USA. purification.
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dimethylthiocarbenoyl)-4-methoxybenzyl pentafluoro-
benzoate(1-O,CCgFs) and «-(N,N-dimethylthiocarba-
moyl)-4-methoxypenzyl 4-nitrobenzoate(1-O,CCgH4-

4-NO,) weredescribedn arecentpaper*

HPLC product analyses. Productanalyseswere carried
out at roomtemperaturg22 + 2°C). The reactionswvere
initiated by making a 100-fold dilution of substratein
acetonitrileto give afinal concentratiorof 0.05—0.2mm.
The proceduregor HPLC analysesvereasdescribedn
earlier work,>* exceptthat the mixed methanol-water
solvent used to elute the productsof the reaction of
1-O,CCg4Fs5in 1,1,1,3,3,3-hexafluoro-2-prapol (HFIP)
was preparedby mixing methanol and water which
containedd.1m sodiumcarbonatgpH 9) to give a final
concentrationof 10mm buffer. The buffered aqueous
phasewas usedbecause? appeargo be unstableunder
theseconditionsto elution with unbufferedsolutionsof
methanol-waterThe fractional yield of 2 observedfor
reactionin othersolventswasnot affectedby additionof
this buffer.

The productsof the reactionof 1-O,CAr were moni-
toredat 271nm,whichis A\naxfor 1-OH. Theprocedures
for identification of the reaction products have been
describedn earlierwork.*? The productsof the reaction
of 1-O,CCgF5 were determinedafter completionof the
reaction (ca 10 half-times), and the products of the
reactionof 1-O,CCgH 4-4-NO, were determinedafter a
reactiontime of 30 hours(casix half-times).Theratiosof
theyields of productswere calculatedfrom the ratios of
their peak areasfrom HPLC analysisand the ratios of
their extinction coefficients? In caseswhere 1 mol of
substrate1-O,CAr reactsto form 1mol of product
1-OSolv or 2, the fraction of the maximumtheoretical
productyield wascalculatedusingEqn 1 whereA;_osoiw
A, and A; refer to the areasof the respectiveproduct
peaks from HPLC analysis and ¢;_oson=213000,

¢, =11200 and s3 = 22000M~tcm™?! are the extinction
coefficientsof theseproductsat 271 nm? Thefraction of

thetheoreticalyield of the dimer 3 wascalculatedusing
Egn (2). Thetermsin the numeratorof Eqns(1) and(2)

are proportionalto the molesof productformed, while

the term in the denominator [A1.oso/é1-osonvtAy!

ex+2(Aslez)] is proportionalto the original number of

moles of substrate.Values of Asleg for the dimeric
producthavebeenmultiplied by two in orderto account
for thefactthat2 mol of substrateareconsumedor each
mole of dimeric product3 formed.

fo — Py/ep 1)
A1_osolv/€1-0solv + Ao /g2 + 2(Az/e3)

_ 2(A3/83)
A1_osolv/€1-0solv + Ao /g2 + 2(Az/e3)

In oneexperimentthetime coursefor the reactionof
1-O,CCgH 4-4-NO, in 50:50(v/v) trifluoroethanol-water
(I =0.50,NaClQ,) wasmonitored.The fractional yields
of productsduring this reactionwere calculatedusing
Eqgnsl and2, wherethe termin the numeratorefersto
the areaof the productpeakobservedfor analysisof a
fixed volume of the reactionmixture at a given reaction
time, andthe termsin the denominatoreferto the areas
of these product peaks observedafter more than 10
reactionhalf-times. Theseexperimentswvere conducted
using 9-hydroxy-9-metklfluorene as a stable internal
standardin orderto correctfor small variationsin the
injection volumefor differentHPLC analyses.

fa

RESULTS

Five products were observedfor the solvolysis of
1-O,CCgFs in 50:50 (v/v) trifluoroethanol-water

Table 1. Yield of the products of reaction of 1-0,CAr observed in different solvents?

Productyield (%)°

Substrateandreactionconditions 1-OSolv 2 3
1-O,CCgFs5 in 50:50(v/v) methanol-watér 98
(1-OMe) 30 <1 2
(1-OH) 68
1-O,CCgF5 in 50:50(v/v) trifluoroethanol-water 27
(1-OTFE) 3 3 69
(1-OH) 25
1-O,CCgH4-4-NO, in 50:50(v/v) trifluoroethanol-water 27
(1-OTFE) 3 3 71
(1-OH) 24
1-O,CCgFs in HFIP? <1 100 <1

& At room temperaturg22 + 2°C) and| = 0.50 (NaClQy), unlessnotedotherwise.

® Productyields were determinecby HPLC analysis.
¢ Datafrom Ref. 2.

9 For reactionin a solutionof neatHFIP (1,1,1,3,3,3-hexafluoro-2-propanethich containsno addedsalt.
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Figure 1. Dependence of the yields of the products of
reaction of 1-0,CCgFs in 50:50 (v/v) trifluoroethanol-water
on the concentration of substrate for a reaction at room
temperature (22 & 2°C) and /=0.50 (NaClOy,)

(1=0.50, NaClQy): the solvent adducts 1-OH and
1-OTFE, the alkene 2, the dimeric product3 and an
unknownproduct,whosestructurewas not determined.
The peakareafrom HPLC analysisat 271nm for this
unknownproductaccountsor lessthan 2% of the total
peak areasfor the other reaction products.It was not
possibleto calculatean absoluteyield for this product,
whosestructureand extinction coefficientscould not be
determinedThis unknownreactionproductwasignored
when calculating the absolute yields for the other
products[Eqgns (1) and (2)], becausethe sum of the
yields of these other products was not significantly
differentfrom 100%.

The observedyields of the productsof reaction of
1-O,CCgFs and 1-O,CCgH4-4-NO, in severaldifferent
solventsare given in Table 1. The yields reportedin
Tablel for reactionin 50:50(v/v) trifluoroethanol-water
shouldreplacethe valuesfrom an earlier report (42%,
1-0OSolv;, 5%, 2; 53%, 3),2 which were calculatedasthe
simpleratios of the molesof individual productformed
divided by the sumof the molesof all reactionproducts.
The earlier calculationsof fractional productyields are
incorrect becausethey failed to take into accountthat
2mol of substrateare requiredto form 1 mol of the
dimeric product3 [see Eqns(1) and (2) in the Experi-
mentalsection).

Figure 1 showsthe effect of a fourfold increasen the
concentratiorof 1-O,CCgF5 on theyield of productsof
solvolysisin 50:50(v/v) trifluoroethanol-watefl = 0.50,
NaClQy).

Figure 2 showsthe time coursefor formation of the
productsof the reactionof 1 x 10 %M 1-O,CCgH 4-4-
NO, in 50:50 (v/v) trifluoroethanol-wate (I =0.50,
NaClQy).

0 1998JohnWiley & Sons,Ltd.
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Figure 2. Time course for reaction of 1-O,CCgHz-4-NO,
(1 x 107*M) in 50:50 (vA) trifluoroethanol-water at 25°C
(/=0.50, NaClQ,4). The product yields, fs, are equal to the
molar fraction of the original substrate (1 x 107%Mm
1-0,CCsH4-4-NO,) consumed in the formation of the
product. The final yields of 1-OSolv and 3 are indicated on
the ordinate. () 1-OSolv; (A) 2; (@) 3. The inset omits the
experimental points from the time course for formation of
the dimeric product 3 in order to show more clearly the lag in
the formation of this product

DISCUSSION

It was shownin earlier work that (1) the solvolysis of

1-O,CAr in aqueoussolvents occurs by a stepwise
mechanisnthroughthe «-thioamide-stabilizedarboca-
tion intermediatel®;* (2) this carbocationintermediate
showsa very large selectivity for reactionwith azide
ion;* (3) dimeric 3 is a major productof the reactionof

1-O,CCgFs in 50:50 (v/v) trifluoroethanol-watef; and
(4) the dimeric product3 forms by nucleophilicaddition

of 2to 1" (Schemetl)?

Rate-determining and product-determining steps
for reaction of 1-O,CAr

Figure 1 showsthat the yields of the productsof the
reactionof 1-O,CCgFs in 50:50 (v/v) trifluoroethanol—
water, including the dimer, are independentof the
concentratiorof substrateThis observatiorrequiresthat
theseproductdorm by reactionghatarefirst-orderin the
concentratiorof 1-O,CCgFs, andis consistentwith the
conclusionthat the rate-determiningstepfor all of these
reactionpathwaysis ionization of the substrateo form
1" andthe product-determiningtepis the partitioningof
1"

The observedirst-orderrateconstanfor solvolysisof
1-0,CCqFs5 (Ksoy=4.2x 10 3s7%) is 110-fold larger
than for solvolysis of 1-O,CCgH4-4-NO, (Kso =
3.6 x 107°) in 50:50(v/v) trifluoroethanol-watet which
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correspondso a 110-fold fasterrate of formationof the
carbocation reaction intermediate. This requires the
accumulationof a 150-fold larger concentrationof the
intermediatel™ at the steadystate during reaction of
1-0O,CCg4Fs comparedvith 1-O,CCgH4-4-NO,, because
the rate constantdor the disappearancef 1+ generated
by the ionization of thesetwo substratesare the same.
Onceagain theyield of productsof thereactionof 1" are
seento beindependentf the steady-stateoncentration
of this carbocatiorduring solvolysisof 1-O,CAr (Table
1). The observatiorof identical yields of productsfrom
reactionof 1-O,CCgF5 and1-O,CCgH4-4-NO5 requires
similar relative velocities for partitioning of 1" (v=
Ka[171[2], v=kJ{1"] andv=kJ[1"], Schemel) so that
theconcentratiorof alkene2 mustbethesameduringthe
courseof reactionof thesetwo substrates.

The following expressioncan be derived by making
the steady-stat@assumptiorfor the concentratiorof the
carbocationintermediatel™ ([17]sd during the initial
stagesof the reactionof 1-O,CCgH4-4-NO. in 50:50
(viv) trifluoroethanol-water: [11]ss= (3.6 x 10 °s ™)
(1 x 107*M)/(ks + ko), where keoy=3.6x 10257t is
the observedfirst-order rate constantfor solvolysis of
1-O,CCgH4-4-NO, and 1 x 10~*m is the initial con-
centrationof the substraté. It is known' thatks>> 1572,
so that the concentrationof the speciesundergoingdi-
merization,[1"]ss is muchlessthan36nM. The obser-

0 1998JohnWiley & Sons,Ltd.

vation of dimerizationof this dilute electrophilicreagent
in anucleophilicsolventseemsatfirst glancejncredible.
However dimerizationof 1* canbeshownto bealogical

consequenc®f the unique chemical reactivity of this

compound(Schemel).

Reaction mechanism

We wereatfirst confusedoy theobservationshatforma-

tion of the dimeric product3 is first orderin the concen-
tration of 1-O,CAr, andthattheyield of this productis

independentof the concentrationof the steady-state
reactionintermediatel ¥, becausé wasexpectedhatthe
dependenceof the yields of the products of simple
nucleophilic substitutionat 1-O,CAr on substratecon-
centrationwould be differentfrom thatfor the formation
of a dimeric product. However, theseresults can be
simply explainedprovidedthat k. is the product-deter
mining step for dimerization, so that essentiallyevery
mole of 2 formed by cyclizationreactswith 1* to form
dimer, thatis, if 2 doesnot accumulatdo a large extent
during the reaction but insteadreactsnearly quantita-
tively with 1" to form dimeric product 3. With this
constraint,the alkene2 becomesa steady-stateeaction
intermediatewith equalratesof formationby cyclization
of 1" anddisappearandey nucleophilicadditionto 1" to
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form 3. Thefollowing experimentabbservationsanbe
accountedor by treatmenbf 2 asa steady-stateeaction
intermediate:

1. Figure 2 showsthatthereis alag in the formation of
the dimeric product3 at relatively early timesduring
the reactionof 1-O,CCgH 4-4-NO, while the concen-
trationof 2 increaseso aroughlyconstansteady-state
concentration.

2. The expressionfor the rate constantratio for par-
titioning of the carbocationintermediatel® between
addition of solventand 2 [eqgn (3)] was derived by
making the assumptionthat the concentrationof 2
remains constantwith time (d[2]sJdt=0=kJ[1"] —
ka[171[2]s9 andthensolvingfor [2]ss[Eqn (4)]. This
equationpredictsthat the relative yields of dimeric
product 3 and the solventadductswill dependonly
uponthe rate constantratio for the partitioningof 1*
between nucleophilic addition of solvent (k) and
intramolecular cyclization to form 2 (k;). This
providesa simple rationalizationfor the observation
of identical product yields from partitioning of the
commonintermediateof reactionof 1-O,CCgF5 and
1-O,CCgH 4-4-NOs.

1-0Soh kK
3] ka2 ke

~08 (3)

_ Kk o3x100Mm (4)
Ik

2

SS

3. Equation (4), which follows directly from the
assumptionof a constantsteady-stateconcentration
for 2, requiresthatthe concentratiorof the alkene2 at
the steadystatebe equalto the rate constantratio for
partitioning of 2 betweenintramolecularcyclization
andreactionwith solvent.Theconcentratiorof 2 atthe
steady state is approximately equal to [2]ss=
[1-0,CCgH4-4-NO,] fo= (1 x 10 % M) (0.023)=
2.3x 10°°Mm, where f-=0.023 is an approximate
averagefractional conversionof substrateto 2 (Fig.
2). The rate constantratio kq/ks=540000M* for
partitioning of 1" betweennucleophilic addition of
50:50 (v/v) trifluoroethanol—aterand 2 canthenbe
obtainedfrom Eqn (5), which is derivedby combina-
tion of Egns(3) and (4). This value is significantly
larger than ky/ks = 70000M ' determinedfrom the
product yields for reaction of 1-O,CCgF5 in the
presenceof added?2 in 50:50 (v/v) methanol-watef.
Thedifferencein theserateconstantatiosis primarily
the result of the larger nucleophilicity of aqueous
methanolcomparedwith aqueoustrifluoroethanof®
To the best of our knowledge, this is the highest
observednucleophilic reactivity for an alkene com-
paredwith the nucleophilicsolventwater>®

0 1998JohnWiley & Sons,Ltd.
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Tablel showsthecuriousresultthata substantiayield
of the dimeric product3 is observedor the reactionof
1-O,CAr in 50:50 (v/v) trifluoroethanol—ater, but that
little or no 3 is observedor the reactionin 50:50 (v/v)
methanol-watera solventsignificantly more nucleophi-
lic than aqueoudrifluoroethanol,or for the reactionin
HFIP, which is much less nucleophilic than aqueous
trifluoroethanol’® Thesedatashowthat stringentcondi-
tionsmustbe metin orderto observethe formationof 3.
Dimerization is unimportantin 50:50 (v/v) methanol-
water becausdhe intramolecularcyclization reactionis
unimportant in this strongly nucleophilic solvent
(ks> ko). The observationthat dimerization is also
unimportant in HFIP shows that the change from
trifluoroethanol—-waterto this weakly nucleophilic but
strongly acidic solventresultsin a large increasein k.
comparedwith ky. The changeprobably reflects the
oppositeeffectsof hydrogenbondsbetweensolventand
thedimethylaminogrouponthenucleophilicreactivity of
2 (decreasén kg, seed), andthe electrophilicreactivity
of the sulfur cation towardsaddition of the 4-methoxy-

phenylring (increasen k., seeb).
‘~7CF3

44—@:3

= 540000M 1 (5)

Me Me
\N/

OMe
4 5

Thevalueof kdk. = 0.8[Eqn (3)] for partitioningof 1"
showsthat the reactivity of 50:50(v/v) trifluoroethanol—
waterin a bimolecularnucleophilicaddition reactionis
approximatelyequalto the electrophilicreactivity of the
-thioamide group in an intramolecularreaction. This
probably representsa large effective molarity’ of this
functionalgroupin an intramolecularreactionsincewe
arenot awareof any reportsof bimolecularelectrophilic
addition of «-thioamide-substituge carbocationsto a
phenylring.

In summary the dimerizationof 1" is the resultof (1)
the approximatelyequalratesof cyclization of 1" and
nucleophilic addition of 50:50 (v/v) trifluoroethanol—
waterto 1+ (kJk. = 0.8, Schemel), (2) the largechange
in the polarity of the benzylic carbon of 1", from
electrophilicto nucleophilic,which occurson cyclization
of 1" to form the carbon nucleophile2, and (3) the
5 x 10° times greaterreactivity of 2 thanthe solventof
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50:50(v/v) trifluoroethanol-watetowardsadditionto 1+
whichresultsin thenearlyquantitativeadditionof 2to 1"
to form 3. We view the circumstanceshere to be so
improbablehatthedimerizationof low concentrationsf
the steady-stateeactionintermediatel™ will probably
remaina completelyuniqueorganicreaction.
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