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Abstract: Ion pair aciditiesare reportedin tetrahydrofuran(THF)solutionfor the

lithiumandCesiumsaltsof severalsulfonesandonesulfoxide.Thesesaltsare shownto
be monomericin the THFsolutionsstudied.Thermodynamicconstantsare reportedfor
severatsalts.The resultsandsomeconductivitystudiesshowthat boththe lithiumand
cesiumsaltsarecontactionpairsinTHF.Becauseof ionassociationtherelativepKsare
slightlylowerforcesiumsrdtsandmuchlowerforlithiumsaltsthanfor the freeionsin
DMSOsolution.@1997ElsevierScienceLtd.

The sulfonylgrouphas longbeenknownto stabilizean adjacentcarbanion. In a seminatexperiment

DoeringandLevyshowedthatthemechanismof thisstabilizationdifferssignificantlyfromthatof thecarbonyl
groupbecausethe sulfonylgroupstabilizesbridgeheadcarbanionsas wellas acycliccarbanions.2Carbanions
stabilizedby a-sulfonyland a-sulfinylgroupsare nowusedextensivelyas reactionintermediatesin organic

synthesis.3 Equilibriumacidities for a numberof sulfurfunctionshave been determinedby the Bordwell
groupin dimethylsulfoxide(DMSO)solution.4-9Theseresultspertaingenerallyto the free ions in the WIU

solvent. Many syntheticproceduresmake use of lithium salts in ethers such as tetrahydrofuran(~) in
whichthe carbanionsarepresentas ion pairs and aggregates.Crystalstructuresof a numberof lithiumsalts
containingsulfonyl*O-15andsulfiny116groupshaverecentlybeendetermined.Thesecrystalsconsistgenerally
of dimerslinkedby Li-Obonds. TheCct-Sbondis shortenedconsiderablybut the S-Obondis only slightly
lengthened. No bondis formedbetweenthe Li atomand the carbanioncarbon,Cct. All of these structural

featuresagreewellwithab initiocalculations.17However,thesesolid-stateor computedgasphases~ctures

arenotnecessarilyrelevantto structuresandreactionsin solution.
In thepresentpaperrelativeion pair aciditiesarepresentedfor somelithiumandcesiumsaltsof sulfones

and a sulfoxidein THF solution. Somepreliminaryresultswerepublishedearlierfor benzylphenylsulfone,
1.ls Ionpairaciditiesaredefinedas thetransmetallationequilibrium(1). Suchequilibriagiveonlytheacidity
differencesof thetwocompoundsbutit is moreconvenienttodealwithabsolutenumbers;hence,theresulting
ApKsare convertedto absoluteacidities’9by settingthe pKof fluoreneequal to its ionicApKof 22.9 (per

hydrogen)measuredby the BordwellgroupinDMS0.4
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Ind-M+ + AH

ApK = -logK,
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~ IndH + A-M+ eq. (1)

pK(AH)= pK(IndH)+ ApK eq. (2)
The carbanionsderived from 1 do not have usefulabsorbancein the accessibleUV-vis spectrumand

measurementof their equilibriamade use of the “singleindicator technique’’.20 In this methoda known
amountof substrateis addedto the indicatorandthedecreasein theabsorbanceof the indicatormeasuresthe
amount of indicator anion converted to substrate anion. The more extended conjugation of the p-

biphenylylmethylgroupprovidesa better chromophoreand useful absorption;thus, this studyincludedp-
biphenylylmethylphenylsulfoxide,2, and sulfone,3, whichcouldthereforek studiedby the mote accurate
“doubleindicatortechnique”.Thesecompoundswerepreparedbyoxidationof thecorrespondingsulfidewith
hydrogenperoxideat differenttemperatures. ThepKsof two othersulfones,methylphenylsulfone,4, and
dimethylsulfone,5, were also studied. The carbanionsof these sulfonesalso do not have absorbancein a
usefulregionandwerestudiedby thesingleindicatortechnique.Thepresentworkalsoincludesaggregation,
thermodynamicstudies,andconductivitymeasurementsof the lithiumandcesiumsaltsof 2 and3.

RESULTS AND DISCUSSION

Ion Pair Acidities
Thealkali saltsof 2 and3 exhibitstrongvisibleabsorbance.The spectraldata are listedin Table 1. The

accuracyof theextinctioncoefficientvaluesis estimatedas f 51?Z0.Thecesiumsaltof p-methylbiphenylhas
kmax= 471nm;additionof a phenylsulfinylgroupon thecarbanionshiftstheLmaxto 414nm, anda further
additionof one moreoxygento the sulfurshortensthe kmax to 393nm. This effectcan be interpretedas a

simpleelectrostaticeffectresultingfromdecreasedchargedelocalizationin thep-biphenylylmethylsystemby
the strongelectron-withdrawinggroups.

The Lmax’sof the two cesium salts, 2C and 3C, undoubtedlyare those of the contact ion pairs. The
kmax’sof the two lithium salts, 2L, 404 nm, and 3L, 384 nm, are about 10 nm shorter than those of the

correspondingcesium salts and thereforealso are those of the contact ion pairs. ‘lltis conclusionwill be
confirmedbyotherobservationsdiscussedbelow.

Table 1. SpectralDataforthe Saltsof 2 and3inTHFat25“C,

Compound Lmax(rim) &

2L 404 24600

3L 384 21200

2C 414 36700

3C 393 26500
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The~lative ionpairaciditiesweremeasuredspectroscopicallyaccordingto equation(1)in whichIndHis a
suitableindicatorwith an aciditydesignatedas pKLi~F or pKC#IT-IF.21’22For each compound,two or

threeindicatorswereused. The aciditydifferences,K, wereconvertedto the correspondingpKvalues. The
experimentalresultsgivenin Table2 showthatthepKassignmentsare independentof the indicatorused. The
resultsare summarizedin Table3. Theaccuracyof theaveragepKvalueslistedin Table3 is aboutk 0.1unit,
but the precisionof these measurementsis much better. Table 3 also includes the pKa values in DMSO

determinedby Bordwell.4

Table2 IonPairEquilibria withIndicators inTHFat 25“C

RH M+ InHb ApKNI~I.IF pKM~I.fF

2 Li+

(-s+

3 Li+

Cs+

1 Lj+

Cs+

4 Cs+

5 Cs+

1,2-BF

BA

BnFl

9-t-BuFl

TPP

9-PhFl

1,2-BF

BA

BnFl

Fl

1,2-BF

BA

4,5-MP

2,3-BF

TPP

PDDA

9-PX

0.38? 0.02

o.02t 0.01

-1.24* 0.02

0.83k 0.01

-1.52~ 0.02

1.3110.01

-o.94t 0.01

-1.29* 0.04

o.9ot 0.01

-0.5920.01

-0.18f 0.02

-0.57? 0.03

0.092 ().()5

-0.6420.03

0.52? 0.02

-0.88* 0.04

o.05f 0.12

20.08

20.15

20.12

25.22

25.24

18.91

18.76

18.84

22.20

22.31

19.52

19.56

23.00

22.99

27.28

27.23

28.78

BDPM -1.30t 0.03 .28.77
Wn per hydrogenbasis.bAbbreviationsandpKsof indicators:Lithiumsalts:’99-PhFl,9-phenylfluorene,

17.60:1.2-BF.benzo[alfluorene,19.70;BA, benzanthrene,20.13;BnFl, 9-benzylfluorene,21.36. Cesium,,
salts:z 9-Bfil, 9-be~z~lfluorene,21.30; Fl~fluorene,22.90;4,5-MP,4,5-methylenephenanthrene.22.91;
2,3-BF,benzo[c]fluorene,23.63;9-t-BuFl,9-tert-butylfluorene,24.39;TPP, l,3,3-rnphenylpropene,26.76;
PDDA, 9-phenyl-10,10-dimethyldihydroanthracene, 28.11; 9-PX, 9-phenylxanthene, 28.73; BDPM,
biphenylyldiphenylmethane,30.07.
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Table3. SummaryofEquilibriumAcidities.

Compound pKLiflHF pKC#TWF DMS@

1, benzylphenylsulfone 19.5 23.0 23.4

2, p-biphenylylmethylphenylsulfoxide 20.1 25.2

3, p-biphenylylmethylphenylsulfone 18.8 22.3

4, phenylmethylsulfone 27.3 29.0

5, dimethylsulfone 28.8 31.1

(a).Reference4.

The a-sulfonyl and a-sufinyl stabilization of carbanions is quite dramatic. p-Methylbiphenylhas

pKc~HF = 38.9,whilethe pKcflHF’S of 2 and3 are 25.2and22.3,respectively,indicatingthat the sulfinyl
and sulfonylgroupstabilizesthebiphenylmethylanionby 13and 16pKunits,respectively.For the benzylic
carbanion,the stabilizationis evenlarger. Toluenehas pKcflHF = 41,22whilebenzylphenylsulfoxidehas

pKcs~F = 23.0,leadingto 18pKunitsstabilization.The differenceof acidityof sulfoxide2 and sulfone3
is about3 pKunitson thecesiumscale. On theotherhand,the additionalconjugationof a p-phenylgrouphas
a muchsmallereffecton a sulfone(thepKcsjrHFdifferencebetween1 and3 is only0.7 units)thanon toluene
(pKc~F differenceof 2.1 units)indicativeof electrostaticinhibitionof delocalizationof chargeawayfrom
the sulfonegroup.

One strikingpointfromthesemeasurementsis thecationdependenceof pKsof thesecompounds.Cesium
ion pair pKs are generallyquite similar to the correspondingionic pKs in DMSO.*9 In accord with this
generalization, pKCS/THFof 1 is similar to the DMSO value, but the pKCS/THFvalues of 4 and 5 are
substantiallylowerthanthevaluesdeterminedinDMSOindicativeof tighterionpairbondingin theselocalized
carbanions. The pKLi/THFSof 1, 2, and 3 are 3-4 pK units lower than pKcs/THFS. These results

demonstratethat thecarbanionsare stabilizedbyassociationwithcesiumor lithiumcationandthat the lithium
ionpairas a contactionpairis evenmorestablethanthecesiumcontactionpair.

Concentration Measurements
All of the crystalstructuresof a-sulfonylanda-sulfinylcarbanionsdeterminedby X-rayare dimers.10-16

To determinethe averagedegreeof aggregationof thesecarbanionsaltsin solutionwe usedthe techniqueof
coupledequilibria. We showedpreviouslythat an aggregationequilibriumtogetherwith a transmetallation
equilibriumcauses the apparentpKvalueto changewithconcentration.23,24 The slop of a plot of appment

pKvs the fotmalM+R-concentrationequals(l-n)/n wheren is theaverageaggregationnumber. Examplesof
suchplots are shownin Figure 1 in whichthe lithiumsaltof 3 is shownwith threedifferentindicators. All
three indicatorsgive straightline functionswhoseslopesgive aggregationnumbersof 1.08-1.39. Similar
plots with the other salts give the aggregationnumberssummarizedin Table 4. The results showthat the
stdfonesaltsaremostlymonomericat theseconcentrations.
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Table 4. AverageAg~ gationConstantsof SulfoneSaksinTHF.

Compound Cation Aggregationno.,n Concnrange,M
1, benzylphenylsulfone Cesium 1.0 (3-8)X1OA
3, p-biphenylylmethylphenylsulfone Lithium 1.1-1.4 (0.9-9)x 10-5

Cesium 1.1 -1.3 (0.4-9)x 10-4
4, phenylmethylsulfone Cesium 1.1 (4-25)X10-5
5, dimethylsulfone Cesium 1.0 (l-5) x 10-4

Thermodynamic Measurements
Theequilibriumconstantsof equilibrium(1)weredeterminedat severaltemperaturesfrom25‘C to -20

“C. Standard enthalpies and entropies of reactions were then determined via Van’tHoff plots. Each
determinationinvolvedat least threeruns. Theresults are summarizedin Table 5. Theerrorsassignedare
the averagedeviations fromthe Van’t Hoffplotsof two or moreruns. The valuesare probablyaccurateto
about H.5 kcal mol-l for AHOand*1.Oeu for AS”. Notethat for bothAHOand ASOthe summationof the
resultswith two indicatorsoverlapwell with the direct measurementsbetweenthe indicators. This further
confirmstheaccuracyof ourpKassignments.

Fig. 1.

❑ 1,2-BF
● BA
■ 9-PhFl

.

I r
-6 -5 -4 -3

log [enolate]

Aggregationeffectsof 3 vs indicatorswithlithiumascounterion.SeeTable2 forabbreviations.
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Table 5. OverlappingThermodynamicMeasurementsforRH+ R’-M++ R-M++ R’H.

M+ RHil R~~a AHOb,C ASOc,d

Cs 45MP 1 -3.0 * 0.5 -9.5 k 0.5

1 23BF 1.9* 0.5 8.3 k 0.7

45MP 23BF -1.1 (-1.2) -1.2 (-0.7)

Li+ 3 1,2-BF 4-8~ oJ 20.8 k 0.4

3 BA 5.9~ ().3 26.0 t 0.5

BA 1,2-BF -0.9 (-0.7) -5.2 (-4.3)

c~+ 3 9-BnFl 0.7 i 0.1 2.()* 0.3

3 F1 -0.4 t 0.3 4.fj~ 1.1

F1 9-BnFl 1.1(1.7) -6.6(-6.2)

Cs TPP 4 -7.6~0.4 -21.4 tl.l

4 PDDA 1.8~t).3 8.95z I.O

TPP PDDA -5.8(-5.4) -12.5(-10.6)

Cs 9PX 5 -3.9 ?0.2 -12.7*5.3

5 BDPM 3.7*0.1 18.5*1.O

9PX BDPM -0.2(0.2) 5.8 (6.6)

aSeeTable 2forabb~viations. bInkcal mol-l. cDirectmeasurementin parentheses.‘In eucomectedfor
thesymmeaycomponent(perhydrogen).

Analysisof the thermodynamicvaluesgivesadditionalinsight.Theentropychangesfor3 withthecesium
salts of indicatorsare small (less than 5 eu). This result indicatesfurtherthat the cesiumsalt of 3, like the
indicatorsrdts,exists as contact ion pairs, and that solvationis comparablefor both salts. The changesare
somewhatgreaterfor themorelocalizedcarbanionsalts. Previously,changesin ASOhavebeenassociatedwith

the restrictionof rotationswithincarbanions.U In the presentcases,however,it seemsmore likely that the
effects are those of solvation. The oxygensof the sulfoneanionsprobablysolvatecesium better than the
solventTHFand solventis effectivelyreleasedwhentheindicatorsalt formsthe sulfonesalt. In contrast,the
equilibrium(1) of the lithium salt of 3 involveslargepositiveentropychanges(20-26eu). The solvation
changesaremuchlargerandarein thedirectionexpectedforconversionof the solvent-separatedindicatorsalt
to a lccalizedor contaction lithiumsalt. Thisresult is alsoconsistentwith the differencebetweenp~L~F

and pKcs~F for 3 and with the coordinationof the sulfoneoxygenswith lithiumcation shownby X-ray
Structures’o-lsandab initiocalculations.1’
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Conductivity Measurements
Conductivitymeasurementsareexceedinglyimportantgenerally%in studiesof ionpairingandwe have

foundsuchstudiesto be usefulforinterrelatingthe lithiumandcesiumscalesof ionpairacidities.19Wefound
to oursmptise,however,that solutionsof thecesiumandlithiumsaltsof 3 haveextremelylowconductivities.
At the samesalt concentration,the lithiumsalt is muchlessconductivethanthe cesiumsalt. A similarstudy
by Biellm~ andVicens agreeswiththisresult.27Theyfoundthat the lithiumsaltof benzylmethylsulfoxide

is notconductivein THF, THF-TMEDAand THF-DMEat -78 ‘C. By contrast,underthe sameconditions
theyfounda solutionof thelithiumsaltof benzylphenylsulfideto beconductive.

Theconductivitiesof the lithiumandcesiumsaltsof 3 weremeasuredand the dissociationof 3L and
3C to the freeionswascalculatedfromtheFuossequation(eq.3),28

FIA = I/A. + f2cA/FKdAo2 eq. 3
whereF is the Fuoss term,A is the equivalentconductance,f is the meanactivitycoefficient,and A. is the
equivalentconductanceat infinitedilution. Forconsistencywithourpreviouswork,’9~ wasassignedas 85
CM2Q-1 M-1for3L and 12ocm2 Q-1 M-1 for3c; F wasassignedas 0.94 for 3L and 1.0for 3C;f wasset

equal to 0.85 for 3L and 1.0for 3C. Fromthe conductivitydata, plots of FIA versusf2cNF are shownin
Fig. 2. Thereis a smallcurvaturein theseplotsfor bothcompoundswhen~cA/F is close to zero. Fromthe
linearpartsof theseplots,Kdwasestimatedfor 3L and3C accordingto equation(3). Thecurvaturereduces

theaccuracyof theresultsbut theaccuracyis sufficientfor thepresentpurpose.Theresultsare summarizedin
Table 6.

Thefreeion (FI)acidityof 3 wascalculatedfromthecorrespondingion pair(IP)by equation4,

pK(Fl)=pK(IP)- logKd/KdO eq. 4
whereKdOis the dissociationconstantof the acidity standard,fluorene(Kd[Li]= 0.69 x 10-5M, Kd[Cs]

=1.49x 1o-8M).19 The dissociationconstantsof solventseparatedion pair lithium salts of carbanionsis
generallyabout 10-5M.19In sharpcontrast,Kdof 3Lis 7 x 10-9M andclearlymeansthat the lithiumsaltof
3 is presentas contaction pairs in THF solution. TheKdof 3C is 1.3x 10-8M andis somewhatsmallerbut
of comparablemagnitudeto the Kd valuesof the cesiumsaltsof delocalizedindicators.19The free ion pK

valuesderivedfrom the lithiumand cesiumsalts of 3 should,of course,be equal; the differenceof 0.5 pK
unitsreflectsthe limitedaccuracyof theconductivityexperiments,primarilyprobablyof the lithiumsalt. The
lowconductivityof the lithiumsalt is neverthelessconsistentwithits lowerpKvaluein Table2; bothnumbers
indicatea dissociationof 3L about10-3thatof the indicatorsalts.

Conclusion
Ion pair acidities of four sulfones and one sulfoxide have been determined in THF solution. The

pKCS~HF valuesof thesecompoundsare somewhatlowerthan the ionic pKa’sdeterminedin DMSOand

indicatea strongerassociationof the cesiumcationwiththe sulfoneanionthanwiththe delocalizedindicator
carbanions;the pKL~HF’S are 4-5 units lowerthan the pKCSflHF’Sindicatingstill strongassociationof

lithiumcationwiththe sulfoneanion.Boththecesiumandlithiumsaltsof delocalizedsulfonesand sulfoxides
aremonomericin diluteTHFsolution,andtheyarebothpresentas contactionpairs.Thecontactionpairswith
lithiumcationarelessdissociatingthanthosewiththelargercesiumcation.
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❑ Li
● Cs

r

,
0 1 2

1000 ~‘c AIF

Fig.2. Fuossplot for the lithiumandcesiumsaltsof 3 at 25 ‘C.

Table 6. ConductimetricDissociationConstantsandFreeIonAcidityof3.

M Kd (M) pK(FI)

Li+ 7 x 10-9 21.8

(-s+ 1.3x 10-8 22.3

EXPERIMENTAL
Startingmaterialsfor syntheseswereobtainedfromcommercialsuppliersandpurifiedbyrecrystallization

or distillationprior to use. The hydrocarbonacids used in this workas indicatorswere availablefrom our
previous studies. The purification of THF and preparation of cesium and lithium bases were reported

previously.29 Elemntal an~yses weR ~fiom~ by the MicroanalyticalLaboratory,opcrat~ by the College

of Chemistry.

P-Biphenylylmethylphenyl su~oxide,(2)
To a 250 mL flask containing5.0 g (0.027mol) of 4-biphenylylmethanoland 140 mL of methylene

chloridewasadded4.2g (0.041mol)of rnethylamine.To thissolutionat O‘C wasadded3.5g 0.030mol)of
methanesulfonylchlorideovera periodof 10min. Thereactionwasstirredfor an additional15rein; thenthe
reactionmixturewas transferredto a separator funnelwiththe aidof methylenechloride. Themixturewas
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fiist extractedwithwater,followedbycold20%hydrochloricacid,saturatedsodiumbicarlmnatesolutionand
brine. Thernethylenechloridelayerwasdriedoverarrhydrousmagnesiumsulfateovernight.Afterremovalof
the solventunderreducedpressure,5.8 g of p-biphenylylmethylmethanesulfonatewas obtainedas a white
solid (82%); m.p. 60-62‘C. IH NMR(CD3C1,8) 2.94 (s, 3 H), 5.29 (s, 2 H), 7.25-7.61(m, 9 H).

To a round bottomflask equippedwith magneticstirrer,a refluxcondenserand a pressureequalizing
additionfunnel was added25 mL of 95% aqueousethanol, 1.4 g (0.024mol) of potassiumhydroxideand
2.68(0.024mol)of thiophenol.Thesolutionwasstirredandheatedto40“C in a waterbath. Whenall of the
potassiumhydroxidehaddisappeared,5.8g (0.022mol)of p-biphenylylmethylmethanesulfonatewasadded
throughtheadditionfunnelover IOmin. Thereactionwasstirredfor 1h atroom temperature.About200mL
of distilled water was then poured into the reactionmixture to dissolve the salts. The organic layer was
extracted with diethyl ether. The ethereal extract was washedwith 1 M potassiumhydroxideto remove
residual thiophenoland then with water. The organiclayer was dried over anhydrousmagnesiumsulfate
overnight.Theetherwasremovedin vacuoto give6.0 g (97910) of whitep-biphenylylmethylphenylsulfide;
m.p. 125-127‘C. IH NMR (CD3C1,8) 4.16 (s, 2 H), 7.25-7.55(m, 14H).

To a solutionof 5.0g (0.018mol)of p-biphenylylmethylphenylsulfidein 25mLof glacialaceticacidwas
added5.0 mL (0.055mol)of 30%hydrogenperoxide. Thereactionstirredfor 4 h at roomtemperature.The
solventwas removedin vacuo to afford5.2 g of p-biphenylylmethylphenyl sulfoxide(2) as a white solid
(98%). Sublimationin vacuo producedwhitecrystals;m.p. 197-198“C. Anal. Calcd. for C19H160S: C,
78.07;H, 5.48. Found: C, 78.25; H, 5.52. IH NMR (CD3C1,@ 4.07 (old,J = 15, 12 Hz, 2 H), 7.05-7.57
(m, 14H).

p-Biphenylylmethylphenyl su~one(3)
To a solutionof 2.0 g (6.85mmol)of p-biphenylylmethylphenylsulfoxidein 25 rnLof glacialaceticacid

wasadded5.0 mL (0.055mol)of hydrogenperoxide. The reactionwas stirredfor 5 h at 85 ‘C. The solvent
wasremovedundervacuumto give2.05g of whitesolidwitha yieldof 98?L0.Sublimationunderhighvacuum
producedwhite crystals; m.p. 203-204“C. Anal. Calcd. for C19H1602S: C, 74.01; H, 5.19; Found:C,
74.16;H, 5.30. IH NMR (CD3C1,b) 4.35 (s, 2 H), 7.15-7.69(m, 14H).

Equilibriumacialtymeasurements
Details of the single and double indicator methods used have been published previously.20’30

ThermodynamicconstantswereobtainedfromthepKkat5to10‘C intervalsovera temperaturerangeof 25
to -20“C.Linearleast-squaresplotsof logKvs. lfl gaveAH”andAS”.

Conductancemeasurements.
The measurementswerealsodonewithinthegloveboxwithanESIModel2110 VideoBridgeoperatingin

theparallelequivalentcircuitmode.Theprocedurewasthatof ourpreviouswork.19
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