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ABSTRACT: Hydron exchange rates,kexc (Mÿ1sÿ1), using methanolic sodium methoxide were compared with
DG°Acid, (kcal molÿ1) (gas phase) for 9-phenylfluorene, C6H5CH(CF3)2, m-CF3C6H4CH(CF3)2, p-
CF3C6H4CHClCF3, m-CF3C6H4CHClCF3, 3,5-(CF3)2C6H3CHClCF3, fluorene and C6F5H. There is a good linear
correlation forp-CF3C6H4CHClCF3, m-CF3C6H4CHClCF3 and 3,5-(CF3)2C6H3CHClCF3, with the others falling off
the line. The fluorinated benzyl compounds and pentafluorobenzene have near-unity isotope effects and therefore
differ from the fluorenyl compounds. Although the acidity and the exchange rates for three of the compounds [9-
phenylfluorene, C6H5CH(CF3)2 andp-CF3C6H4CHClCF3] are similar, the important proton-transfer step to form a
hydrogen-bonded carbanion intermediate and the subsequent breaking of that weak bond to form a free carbanion in
methanol differ significantly for the fluoernyl compound compared with the two fluorinated benzylic compounds.
1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Although relative pKa values for car bon acids in
different organic solvents are an important contribution
to the understanding of organic chemistry, they are not
always able to predict relative rates of hydron transfer
from a carbon acid to a base. For example, the methanolic
sodium methoxide protodetritiation of pentafluoroben-
zene-t (PFB-t)1 is 15 times faster at 25°C than that for 9-
phenylfluorene-9-t (9-PhFl-9-t)2, even though the pKa

values (cyclohexylamine) for 9-PhFl (18.5) and PFB
(25.8)3 predict that 9-PhFl-9-t should react much faster
than PFB-t. Primary kinetic isotope effects (PKIE) differ
for the two systems: at 25°C, for 9-PhFlkD/kT = 2.50 and
for PFB kD/kT = 1.0. The PKIE for PFB suggests
extensive internal return,1 and that hydron transfer occurs
prior to the rate-limiting step. Scheme 1 featuring two
carbanion intermediates, is our working model for these
reactions. One carbanion is stabilized by a hydrogen
bond, HB, while the other FC, has no contact stabilization
by either solvent or the counter ion.4

A parametera = kÿ1/k2 was defined as a measure of the
amount of internal return for a reaction and can be

calculated if the rates of exchange for all three hydrogen
isotopes are measured.5 Proton return from HB-h, kÿ1

H,
has a PKIE whereas the forward step,k2

H, has a
negligible PKIE. After the hydrogen bond is broken,
bulk solvent molecules readily replace the newly formed
methanol,kexc� kÿ2

H, in the best position to form HB-d,
kÿ2

D. Internal return is unimportant for the reactions
of 9-PhFl-9-t (aT = 0.016),5 negligible for 9-PhFl-9-d
(aD = 0.050) and plays a role for the reactivity of 9-PhFl-
9-h (aH = 0.49).

Scheme 1 accounts for the discrepancy betweenDpKa

and methoxide-catalyzed exchange rates for PFB and 9-
PhFl and Fig. 1 gives pictorial representations. The pKa

values come from energy differences between PFB and
PFBÿ vs 9-PhFl and 9-PhFlÿ, with exchange rates
resulting from energy differences betweenPFB and the
transition structure forming PFBÿ vsone between 9-PhFl
and the transition structure for forming 9-PhFlÿ …
HOCH3. The transition structure for hydron transfer from
9-PhFl to CH3O

ÿ is closer in energy to a localized
hydrogen-bonded carbanion, 9-PhFlÿ … HOCH3, than
thep-delocalized species, 9-PhFlÿ.

RESULTS AND DISCUSSION

Near-unity isotope effects for C6
iH5C-H(CF3)2 (I )6 and

p-CF3C6H4CTClCF3 (p-CF3-II )7 (Table 1) suggested
energy diagrams similar to that for PFB (Fig. 1). Hydron
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transferis not ratelimiting andthefreecarbanionsareat
higher energy levels than the hydrogen-bondedinter-
mediates.Althoughtheprotodetritiationratesaresimilar
for 9-PhFl-9-t, I and p-CF3-II , the benzylic anions,
[C6H5C(CF3)2]

ÿ and [p-CF3C6H4CClCF3]
ÿ, behaved

more like the localizedPFBÿ than the p-delocalized9-
PhFlÿ. ThequestionarisesregardingthepKa of I andp-
CF3-II asto whetherthey aresimilar to PFB,9-PhFlor
neither.Equilibrium pKa valuesfor compoundswith C—
F bondsadjacentto a carbanionsitecannotbemeasured
in solutionowingto theeliminationof hydrogenfluoride.
PFBÿ losesfluoride ion readily in cyclohexylamineand
requiresan extrapolationback to the time of mixing to
obtain an accuratevalue for the pKa.

3 Fortunately,an
alternativeis now availableby measuringaciditiesin the
gasphase.EventhoughthepKa of I or p-CF3-II cannotbe
obtainedin solution,thegas-phaseacidities,DG°Acid, can
bemeasured(Table1).

SinceDG°Acid valuesfor I (335.3),9-PhFl(335.6)and
p-CF3-II (337.4) are similar, new energy diagrams

similar to that for p-CF3-II in Fig. 2 mustbe made.The
exchangeratefor 9-PhFlis fasterthanthat for p-CF3-II
(Fig. 2 gap[Rate]).However,theprotontransferto form
thehydrogen-bondedcarbanionis muchfasterfor p-CF3-
II (Fig.2 gap[1]). Sincetheexchangereactionfor p-CF3-
II hasanear-unityisotopeeffect,therate-limitingstepis
the formation of the free carbanion and the energy
differencebetweeninternalreturnandtheforwardstepis
large(Fig. 2 gap[2]), while the forward stepis slightly
favoredfor 9-PhFl(Fig. 2 gap[3]). Althoughthereis no
experimentalevidencethat the hydrogen-bondedcarba-
nion is lower in energythan the free carbanionfor the
reactionsof p-CF3-II (Fig. 2 gap[4]), preliminaryPM3
calculationssupportthis assignment.

The experimental (kD/kT)Obs
MeOH = 1.34 and (kH/

kT)Obs
MeOH = 1.77 measuredfor the reactionsof triphe-

nylmethane(TPM) at97.9°C resultin valuesof aH = 6.6,
aD = 1.3 and aT = 0.68,5 whereasthose for 9-methyl-
fluorene (9-MeFl) at 45°C (aH = 0.55, aD = 0.068 and
aT = 0.024) are similar to those for 9-PhFl.2 When
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Table 1. DG°Acid and exchange rates in methanolic sodium methoxide

Compound
DG°Acid (gasphase)

(kcalmolÿ1) k (25°C) (Mÿ1 sÿ1) Isotopeeffects

m-CF3C6H4CT(CF3)2 326.8 4.70� 10ÿ1

3,5-(CF3)2C6H3CDClCF3 332.4 7.51� 10ÿ2

C6H5CD(CF3)2 335.3 2.13� 10ÿ3a kD/kT = 1.02
C6H5CT(CF3)2 2.09� 10ÿ3a

C6H5CT(CF3)2 [MeOD] 5.49� 10ÿ3a kH/kT = 1.12
C6H5CH(CF3)2 [MeOD] 6.14� 10ÿ3a kOD/kOH = 2.63
9-Phenylfluorene-9-d 335.6b 4.28� 10ÿ3c kD/kT = 2.46
9-Phenylfluorene-9-t 1.73� 10ÿ3c

9-Phenylfluorene-9-t (MeOD) 3.15� 10ÿ3c kH/kT = 15.9
9-Phenylfluorene(MeOD) 5.01� 10ÿ2c kOD/kOH = 1.81
p-CF3C6H4CDClCF3 337.4 8.58� 10ÿ4 kD/kT = 1.08
p-CF3C6H4CTClCF3 7.91� 10ÿ4d

p-CF3C6H4CTClCF3 (MeOD) 2.06� 10ÿ3d kOD/kOH = 2.56
m-CF3C6H4CDClCF3 340.1 1.04� 10ÿ4 kD/kT = 1.02
m-CF3C6H4CTClCF3 1.02� 10ÿ4

m-CF3C6H4CTClCF3 2.61� 10ÿ4 kOD/kOH = 2.56
Fluorene-9-t 343.9b 3.14� 10ÿ5a

C6F5T 349.2 2.57� 10ÿ2e kD/kT = 1.0e

C6F5H (MeOD) 6.53� 10ÿ2

a Datafrom Ref. 6.
b Datafrom Ref. 9.
c Datafrom Ref. 2.
d Datafrom Ref. 7.
e Datafrom Ref. 1.
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correctedfor internalreturn,valuesfor k1
H/k1

T andk1
D/

k1
T arecalculatedandfound to ‘differ little considering

the 13 pKa unit difference in acidity for thesehydro-
carbons.’8 The isotope effects associatedwith the
reactionsof I and p-CF3-II are too small to allow the
accuracyneededto calculateinternal-returnparameters;
however, they would both be greater than those
calculatedfor TPM. This is probablydueto muchgreater
steric factorsfor TPM. An estimatecanbe madeof the
proton-transferstepfor p-CF3-II by comparingit with the
dehydrochlorination rate of p-CF3C6H4CHClCF2Cl,
which is 2� 103 fasterat 25°C.7

A plot of log k (Mÿ1sÿ1) vsDG°Acid (kcalmolÿ1) for
fluorene,9 9-PhFl,8 I and p-CF3-II gives a good linear
correlation.According to that line, PFB-t reacts10 000
times faster than predictedby its DG°Acid value. The
linearrelationshipbreaksdownwhenotherderivativesof
I or II areadded.Thefirst wasm-CF3-II , which is slower
by only a factorof 2, andthis is reasonable;however,the
addition of a secondm-trifluoromethyl, 3,5-(CF3)2-II ,
resultsin a ratethat is 10 timesfasterthanpredictedby
DG°Acid = 332.4kcalmolÿ1. m-CF3-I is four timesfaster
thanpredicted.Thereis nowagoodlinearcorrelationfor
the threepoints,m-CF3-II , p-CF3-II and3,5-(CF3)2-II .

Figure 1. Possible energy diagrams for the reactions of 9-phenyl¯uorene and penta¯uorobenzene with methoxide

Figure 2. Possible energy diagrams for the reactions of 9-phenyl¯uorene and p-CF3C6H4CHClCF3 with methoxide
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In conclusion,althoughthe aciditiesof 9-PhFlandp-
CF3-II aresimilar, the importantproton-transferstepto
form a hydrogen-bondedcarbanionand the subsequent
breakingof that weakbondto form a free carbanionin
methanol differ greatly. Studies are continuing to
investigatethesereactions.

EXPERIMENTAL

Gas-phase measurements. Gas-phaseacidity measure-
mentswereperformedon anExtrel FTMS 2001Fourier
transformmassspectrometer.Most of the experimental
techniquesusedfor themeasurementsof theequilibrium
constantsof thereversibleproton-transferreaction(1) are
the sameas thosedescribedpreviously.10 Only signifi-
cant changesand additional procedureswill be given
here.

Aÿ0 � AH � Aÿ � A0H �1�
All equilibriummeasurementswereperformedata3.0

T magneticfield strengthusing a cubic (2� 2� 2 in)
trappedanalyzercell. The typical operatingpressures
were10ÿ6–10ÿ7 Torr. Theproton-transferreactionswere
initiated by a pulsedelectronbeam(electronenergyca
0.3eV, uncorrected,with a pulsewidth of 5 ms)through
thecell containingca 10ÿ7 Torr of methylnitrite usedto
generatemethoxideions.Themassspectraandtimeplots
were acquiredand processedin the Fourier transform
mode. Dependingon the pressureof the neutrals,the
proton transferequilibrium was achievedwithin 5–10s
of initiation of thereaction(dependingon thepressureof
theneutrals),andtheequilibriumconstantK for reaction
(1) was evaluatedusing the expressionK = [Aÿ][A 0H]/
[A0
ÿ][AH]. Therelativeabundancesof Aÿ andA0

ÿ ions
weredeterminedfrom the relative intensitiesin the ion
cyclotronresonance(ICR) massspectraafterequilibrium
wasattained.Thepressuresof theneutralreactantswere
measuredby meansof a Bayard–Alpert-type ionization
gaugewith appropriatecorrectionfactorsbeingapplied
to the gaugereadingsfor the different ionization cross-
sections of various compounds.11 The sample inlet
system and the ICR chamber were kept at 50°C.
LiteratureDG°Acid valuesfor the referencecompounds
are9 m-trifluoromethylbenzoic acid325.3,m-nitrophenol
327.4, malononitrile 328.2, m-cyanophenol328.9, m-
trifluoromethylphenol 332.5, p-trifluoromethylbenzylni-
trile 332.9,benzoicacid 333.0,p-trifluoromethylaniline
346.1,m-trifluoromethylaniline349.70andnitromethane
349.7.

Kinetic Measurements. Protodetritiationkinetics have
beendescribedpreviously.6 Protodedeuteriationkinetics
madeuseof a Hewlett-Packardmodel5890SeriesII gas
chromatograph with a model 5972 mass-selective
detectorusingan electronbeamenergyof 70eV. Since
there is some separationof the protio- and deuterio-
compounds,the entire GC peakwas sampled.Calcula-
tionsweremadeusingtheparentpeakandalsothelargest
signal which resultedfrom the loss of a trifluormethyl
group to form the benzylic carbocation.No P-1 peaks
were observed for the fluorinated compounds.The
concentrationof sodium methoxidewas correctedfor
the temperatureof eachkinetic run.
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