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ABSTRACT: The19F NMR spectra of 26 simple fluorinated carboxylic acids were measured in aqueous solutions of
pH 0.3–10.0. Analysis of the fluorine chemical shift dependence on pH allowed the determination of ionization
constants from the titration curves; the values agreed with known pKa values. The acidity of a fluorinated bilirubin
precursor was established using this method. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

The natural yellow–orange pigment bilirubin is the end
product of heme catabolism in mammals.1 Bilirubin
contains two propionic acid groups, and their ionization
behavior is implicated in the pigment’s hepatic transport,
neurotoxicity, formation of gallstones and protein and
lipid membrane binding.2 In a recent investigation of the
inter-relationship between altered acidity of synthetic
bilirubin analogs and their solution properties, such as
stereochemistry, polarity, solubility and excretion, we
introduced substituents with a strong electron-withdraw-
ing effect in the vicinity of the carboxylic acid groups.3,4

Methoxy and methylthio substitution at thea-carbon of
each propionic acid of bilirubin was expected to decrease
the acid pKa by 1 unit, but this did not significantly
change the pigments’ overall properties.3 In contrast,a-
fluoro substitution, which was expected to decrease the
pKa by more than 2 units (CH3CO2H, pKa = 4.76;
FCH2CO2H, pKa = 2.585) led to drastically altered
properties.4 Synthetic a,a'-difluoromesobilirubin-XIIIa
is polar and water soluble, whereas natural bilirubin is
relatively non-polar, lipophilic and completely insoluble
in water. Water solubility was attributed to complete
ionization of the acid groups at pH� 7. Therefore, we
sought to obtain an independent quantitative estimate of
acidity of a,a'-difluoromesobilirubin-XIIIa and some of
its precursors.

The presence of a fluorine atom, with a nuclear spin
I = 1/2, the natural isotopic abundance of 100% and high
receptivity (a measure of the ease of detecting a nucleus;6

19F is 0.83 of that of protons) offer an opportunity to use
19F NMR spectroscopy for the examination of ionization
equilibria. The chemical shift (�F) range of a19F NMR
signal is intrinsically very wide, and therefore the fluorine
nucleus is an excellent, highly sensitive probe of its
environment. This fact was used more than 35 years ago
for pKa determinations ofp-fluoroacetophenone (C–H
acidity) andp-fluorobenzamide (N–H acidity),7 and as
recently as 1998 for subtle changes of�F arising from
solvent-induced isotope shifts due to enrichment of water
with H2

18O.8

The literature provides a number of examples in which
19F NMR spectroscopy was used to study the ionization
of protonated amines containing fluorine. Such amines
were designed to have pKas in the physiologically
important range (pH 6.5–8.0) and were used in the
development and application of NMR indicators for non-
invasive and accurate intracellular pH measurement.9–12

To the best of our knowledge, there have been no
systematic reports on titrations of simple carboxylic acids
and determination of their pKas using19F NMR spectro-
scopy. In this paper we report on the changes of19F NMR
chemical shifts associated with the ionization of
carboxylic acids in the (strongly) acidic pH range, show
how such changes can be used to measure their pKas and
apply the method to the pKa determination of a
fluorinated bilirubin precursor (1).

RESULTS AND DISCUSSION

A series of carboxylic acids bearing a single fluorine
reporter atom on an sp3-or sp2-hybridized carbon atom or
trifluoromethyl group attached to an aliphatic or aromatic
carbon atom were studied. The structures of the acids
investigated are shown in Scheme 1.
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Titration curvesof all thefluorinatedcarboxylicacids
1–26 were constructedby measuringtheir 19F NMR
spectraat 17 differentpH valuesin therange0.3–10.0in
aqueous solution containing oxalic acid–potassium
oxalate.A small amount (5%, v/v) of DMSO-d6 was
addedto preservethe solubility over the rangeof acids
selectedin Table1. The limiting fluorine chemicalshift
values for the free acid and carboxylateanion, their
difference D�F and graphically estimated ionization
constantsare listed in Table 1. The sensitivity values
shownin Table 1 are approximatedby the ratio D�F/D
pH, whereDpH is a rangeof �0.25units from the pKa.
This rangeis thesteepestpartof the titration curve.The
maximum 19F NMR chemical shift sensitivity to pH
(highestslope)is found,asexpected,nearthepKa of the
fluorinatedcarboxylicacidunderstudy.In thispH region
therearecomparableconcentrationsof boththeacidand
its conjugatebasepresentin solution.Here,the ratio of
the two species,which interconvertrapidly on theNMR
time-scale,and hencethe averageobserved19F NMR
chemical shift are altered dramatically by small pH
changes.

In orderto explorethefeasibility of using19F NMR to
determinecarboxylicacidpKa values,wefocusedfirst on
fluorinatedcarboxylicacidsof knownpKa, wherethepKa

Scheme 1

Table 1. 19F NMR data for carboxylic acids 1±26

Compound �F(acid)a �F(carboxylate)a D�F
b Sensitivityc pKa

d

1 ÿ188.56 ÿ180.91 ÿ7.65 3.82 2.67
2 ÿ228.94 ÿ217.71 ÿ11.23 6.60 2.50
3 ÿ175.13 ÿ164.35 ÿ10.78 5.74 2.33
4 ÿ112.77 ÿ116.82 4.05 1.98 3.31
5 ÿ113.92 ÿ114.76 0.84 0.41 3.68
6 ÿ106.60 ÿ111.03 4.43 2.10 4.01
7 ÿ118.91 ÿ119.08 0.17 0.10 3.96
8 ÿ114.68 ÿ115.16 0.48 0.22 4.02
9 ÿ117.03 ÿ118.42 1.39 0.58 4.14

10 ÿ120.03 ÿ120.17 0.14 0.07 4.62
11 ÿ114.95 ÿ115.19 0.24 0.11 4.59
12 ÿ118.44 ÿ118.99 0.55 0.24 4.55
13 ÿ116.54 ÿ117.78 1.24 0.73 4.08
14 ÿ114.34 ÿ114.68 0.34 0.18 4.12
15 ÿ110.84 ÿ112.86 2.02 1.14 4.21
16 ÿ105.80 ÿ106.31 0.51 0.26 4.44
17 ÿ127.29 ÿ118.91 ÿ8.38 4.81 2.61
18 o-Fÿ107.35 ÿ111.84 4.49 2.53 3.29

p-Fÿ102.68 ÿ108.65 5.97 3.35 3.29
19 ÿ59.53 ÿ59.88 0.35 0.19 2.73
20 ÿ62.86 ÿ62.64 ÿ0.21 0.10 3.90
21 ÿ63.20 ÿ62.74 ÿ0.46 0.22 3.77
22 ÿ60.32 ÿ60.29 ÿ0.03 — —
23 ÿ62.63 ÿ62.49 ÿ0.14 0.07 4.19
24 ÿ62.48 ÿ62.23 ÿ0.25 0.10 3.99
25 ÿ64.05 ÿ63.79 ÿ0.26 0.15 3.17
26 ÿ73.78 ÿ73.63 ÿ0.15 0.08 4.05

a Valuesreportedin �(ppm) from thechemicalshift in Hz andtheexactspectrometerfrequencyof the individual measurement.
b D�F = �F (acid)ÿ�F (carboxylate).
c D�F/DpH.
d Determinedfrom the graphof �F vs pH. The spectraof 1–18 were referencedto C6F6 at ÿ162.90ppm and the spectraof 19–26 to CFCl3 at
0.00ppm.
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wasdeterminedby classicalmeans.Fluoroaceticacid(2,
as its sodiumsalt) was examinedfirst for this purpose.
Amongall theacidsstudied,it showedgreatestdownfield
chemicalshift change(D�F =ÿ11.23ppm) uponioniza-
tion. Plotting �F as function of pH showeda typical
titration curve,from which onecoulddeterminethepKa

by approximategraphicalmeans.
The equilibrium (acidity) constantKa of an acid HA

ionization[Eqn. (1)] is relatedto the observedchemical
shift by Eqn. (2), whereXHA is the mole fraction of the
non-ionizedacid:13

HA � H2O� Aÿ � H3O
� �1�

Ka � �A
ÿ��H3O��
�HA�

�F�observed� � XHA�F�acid� � �1ÿ XHA� �2�
�F�carboxylate�

� �H3O
���F�acid� � Ka�F�carboxylate�

�H3O
�� � Ka

When[H3O
�] = Ka, theobserved�F is theaverageof the

limiting �F(acid)and�F(carboxylate)shifts.Themean�F

value corresponds to a solution containing equal
concentrationsof acid and its conjugatebase.Conse-
quently, from the graph point coordinate �F = 1/2
[�F(acid)� �F(carboxylate)],the value of pH = pKa can
be determined.For acid 2, pKa = 2.50wasfoundby this
approach, in excellent agreementwith that in the
literature, pKa = 2.58� 0.04.5,6,14 Alternatively, a sig-
moidal curve-fitting program gave pKa = 2.53, in ex-
cellentagreement.

In orderto ensurethatthepresenceof thesmallamount
of DMSO-d6 (5% v/v) used to maintain solution
homogeneitydid not causea significantdeviationfrom

pKasdeterminedin its absence,thepKasof water-soluble
acidswere re-determinedin the absenceof DMSO-d6.
Thesodiumsaltof 2 gavepKa = 2.54in aqueousoxalate
buffervs2.53in thesamebufferwith 5%(v/v) DMSO-d6

present.
Foradditionalreferencestandardsto usein calibrating

the 19F NMR methodto determinecarboxylic acid pKa

values,we turned to the three isomeric fluorobenzoic
acids.The 19F NMR spectraof 3- and 4-fluorobenzoic
acidshavepreviouslybeenmeasuredin acidandbasebut
without a descriptionof their full titration curves.15 All
three isomeric fluorobenzoicacids also showed very
good coincidencebetween 19F NMR-determinedand
literature pKas: for ortho-isomer 4, 3.31 vs 3.2714; for
meta-isomer 5, 3.68 vs 3.86� 0.04;5,14,16,17 and for
para-isomer6, 4.01vs4.15� 0.0055,14,17(seeFig. 1 for
titration curves).Sigmoidalcurvefitting gaveessentially
thesamepKa values:4, 3.31;5, 3.69;and6, 3.99.Further
comparisonswere madebetween19F NMR-determined
pKas and literature values,e.g. for 20 (although with
lower confidence;seebelow) with an NMR-determined
pKa of 3.90 and potentiometrically measuredpKa =
3.75,17 and for 26 with an NMR-determinedpKa =
4.05 vs pKa = 4.15 found for the very similar 4,4,4-
trifluorobutanoicacid.18

Our conclusionfrom the comparisonswith literature
pKas is that19F NMR spectroscopyis verywell suitedfor
pKa determinationin the (strongly) acidic pH range,
much aswasshownto be for protonatedaminesin the
physiologicalpH region.10–12

As shownin Figure1, andfoundin Table1, whenthe
fluorine is on a phenyl ring, carboxylic acid ionization
causesan upfield shift of the 19F resonance.This is
consistentwith that found in protonatedaniline deriva-
tives10 or imidazoles,12 where in all casesthe fluorine
wason a phenylring. Hybridizationat carbonis not the
solereasonfor suchbehavior,becausea-fluorocinnamic
acid (17) exhibiteda downfieldshift, asdid 1, 2, 3 and
all trifluoromethyl-containing compounds,except 19
(Table 1). Comparison of D�F and sensitivity
(Table 1) confirmedearlier observationsthat a phenyl
p-systemtransmitsthepolareffectsto thefluorinewell.19

Hencethetotal changein �F uponionizationof 4, 5 and6
is 4.05,0.84and4.43ppm,respectively(Fig. 1).

In order to examinethe ability of fluorine to act asa
remotesensorfor carboxylicacid ionization,we studied
fluorophenylacetic(7–9) and 3-(fluorophenyl)propionic
acids (10–12) (Figs 2 and 3, respectively).When the
fluorinereporteris insulatedfrom theionizableCOOHby
one(as in 7–9) or two methylenegroups(as in 10–12),
thesensitivityis greatlydiminished(Table1). Thetrend
is toward smallerD�F valuesas the distancebetween
fluorineandcarboxylincreasesfor a givenseries,e.g. in
thepara-isomers.Thelimit of detectionwasreachedfor
o-fluorophenylaceticacid (7) and o- (10) and m-3-
(fluorophenyl)propionic acid (11), showingD�F = 0.17,
0.14 and 0.24ppm, respectively.Although the titration

Figure 1. Variation of 19F NMR chemical shift with pH for
aqueous solutions of ¯uorobenzoic acids: *,4; !,5; ^,6
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curvecanbebarelyseenin Fig. 3, suchsmallD�F values
fall within instrumentaland experimentalerror. Hence
D�F valuessmaller than 0.3ppm shouldbe considered
unreliablefor pKa measurements.

Curiously, the drop in D�F with increasingdistance
betweensensorandionizationcenteris greaterwith the
ortho- and meta- isomersthan with para-isomersand
greatestwith the ortho-isomers.Apparentlythe number
of interveningbondsis not theonly factor.In theo-fluoro
acids7 and10, D�F dropsfasterthanin thepara-isomers;
e.g. in 12, althoughthe fluorine is eight bondsremoved
from the ionization center, it still sensesit well (D�F

= 0.55ppm), whereasin 10, with a six-bondseparation,
D�F is only 0.14ppm (Fig. 2). The influenceon pKa,
however,is opposite:o-fluoro acidsarestrongerthanp-
fluoro acids(compare4 with 6 and 7 with 9). Fluorine
substitutiondoes not exert a significant effect on the
acidity of 10–12. From comparisonof the datafrom 4–
12, it follows that a fluorineat thepara-positionhasthe
bestsensitivity.

Fluorinedetectionof ionizationis muchmoreeffective
when the phenyl ring is conjugatedwith rather than
insulatedfrom the carboxylgroup,asin cinnamicacids
13–15vs the correspondinghydrocinnamic(phenylpro-
pionic) acids 10–12 (Table 1). For example, D�F =
2.03ppm for 15 is muchlargerthanD�F = 0.55ppm for
thesaturatedacid12. Fluorinesubstitutionon thephenyl
ring of 13–15increasestheir acidity vs thatof theparent
cinnamicacid (pKa = 4.44).14

2,4-Difluorobenzoicacid (18) offeredthe opportunity
to follow simultaneouslytwo different fluorine NMR
signals. The para-fluorine of 18 exhibited a larger
chemical shift change (D�F = 5.97ppm) and greater
sensitivity than those of the ortho-fluorine (D�F =
4.48ppm). It was comforting to note that analysisof
the titration curvesfrom either fluorine signal provided
an identicalpKa value(3.29).Interestingly,thepresence

of thepara-fluorinedid notdecreasethepKa of 18below
that of o-fluorobenzoicacid (4), pKa = 3.31.

In anattemptto lower theNMR detectionthresholdby
increasingthenumberof identicalfluorinespermolecule,
the spectraof trifluoromethyl-containing acids 19–26
weremeasured.However,theCF3 substituentprovedless
effectivethanadirectly attachedfluorine,cf. monofluoro
p-fluorobenzoicacid6 (D�F = 4.43ppm)or even9 (D�F =
1.39ppm) with the correspondingp-trifluoromethylben-
zoic acid 21 (D�F =ÿ0.46ppm). The reasonfor such
diminishedsensitivityof the trifluoromethylprobeis not
clearbut might be rootedin the inherentlynarrower19F
chemical shift dispersionrange (ÿ55 to ÿ65ppm) in
RCF3 compoundsoverawiderangeof R groups,i.e. even
if R = OR' the rangeis the same.20,21 In contrast,one
fluorine atom on a secondaryaliphatic carbon has
chemicalshift dispersionrangeof ÿ160 to ÿ230ppm,
andin ArF it is ÿ100 to ÿ200ppm.Thus,the last case
with a wide dispersionmight beexpectedto bethemost
responsiveto subtlechangesin the natureof Ar, while
CF3 would be intrinsically insensitiveto changes.

The 19F NMR spectra of pyrrolepropionic acid 1
measuredat variouspH arepresentedin Fig. 4. This a-
fluorinatedacid showeda favorabledownfieldchemical
shift changeD�F =ÿ7.65ppm upon ionization, and a
sensitivity of 3.82ppm per pH unit nearthe pKa. From
Fig. 4 it canbeseenthatnot only doesthechemicalshift
changewith pH, but so doesthe splitting patternof the
fluorine multiplet. The titration curveof 1, displayedin
Fig.5,hadaninflectionpointatpH 2.67correspondingto
its pKa. This 19F NMR-determinedpKa of 1 is very close
to those of fluoroacetic acid (2) (D�F =ÿ11.23ppm,
pKa = 2.50) and a-fluorocinnamic acid (17) (D�F =
ÿ8.38ppm,pKa = 2.61).Only a-fluorophenylacetic acid
(3) is a strongeracid (D�F =ÿ10.78ppm, pKa = 2.33).
Hencethedecreasein pKa dueto a singlefluorinealpha
to thecarboxylicacidgroupis�2 pK units,anestimatein

Figure 2. Variation of 19F NMR chemical shift with pH for
aqueous solutions of ¯uorophenylacetic acids: *,7; !,8;
^,9

Figure 3. Variation of 19F NMR chemical shift with pH for
aqueous solutions of ¯uorophenylpropionic acids: *,10;
!,11; ^,12
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goodagreementwith literaturedataon the effect of one
stronglyelectronegativefluorine substituent.The pKa of
1 providessuggestiveevidencethat the acidity of the
bilirubin synthesized from 14 would also show a
correspondingincrease(�100-fold), and this doubtless
contributesto its peculiarproperties,suchasits aqueous
solubility.

Further work is in progress (P. B. Karadakov,
University of Surrey,UK) to understandthe observed
19F NMR chemicalshifts andD�F by applyingab initio
calculations.

CONCLUSIONS

Thefluorinenucleusappearsto beanexcellentprobefor
monitoring by NMR ionization equilibria in acidic
aqueousmedium. Its wide chemical shift dispersion
rangeallowsaccuratepKa determinationsfor avarietyof
carboxylicacids.The methoddefinesthe expectedhigh
acidity of a fluorinated bilirubin precursor to be
pKa = 2.67.

EXPERIMENTAL

The 19F NMR spectrawere acquiredat 25� 1°C on a

Varian Unity Plus spectrometerat 470.254MHz in
5 mm tubes, and were referenced against external
standards:hexafluorobenzene(5� 0.02mM in CHCl3)
at � ÿ 162.90ppm or CFCl3 (10� 0.05mM in CHCl3)
at � 0.00ppm, with shifts upfield from CFCl3 being
negative.20 Typical experimentalparameterswere flip
angle 55°, interpulse delay 3 s, collecting 128
transients,and spectralwidth 35 kHz using 70K data
points. Each FID was zero filled to 262K and
multiplied with an exponential function (line broad-
ening 0.1Hz) prior to Fourier transformationto give a
0.27Hz digital resolution.Proton decouplingwas not
appliedandconsistentlythe chemicalshift of a selected
prominent line was followed. pH measurementswere
made using an Orion Model 811 pH meter with an
Orion Model 91-02 combination electrode calibrated
twice for the range 0.3–10.0 at pH 4.00, 7.41 and
10.00. Potassiumtetraoxalatebuffers (50mM)14 were
used throughout, the pH being adjustedwith HCl or
KOH. The pH valuesreportedin Table1 refer to those
of freshly preparedaqueousoxalic acid–oxalatecon-
taining solutionsbeforedissolvingthe fluorinatedacid.
A stock solution of the eachacid 1–26 (concentration
40� 1 mM) was prepared in DMSO-d6. A 100ml
aliquot was diluted to a volume of 2 ml at each pH
of the oxalate buffer, giving a total fluorinated acid
concentrationof 2.00� 0.05mM and 5% (v/v) DMSO-
d6 in the NMR samples.The pH valuesof the NMR
solutionswere then recheckedand showedonly small
changesof 0.03–0.25pH units, with larger variations
occurring with the more acidic compounds.These
findings are consistent with previous studies that
showedthat very low concentrationsof DMSO exert
only a very small effect on buffer pH.22

The small amountof addedDMSO-d6 servedas an
internalNMR deuteriumlock andwasusedto maintain
solution homogeneity.Whereasa numberof the acids
(e.g. 2, 4, 5 and25) usedin this work aresolublein the

Figure 4. Changes of 19F NMR chemical shift and 19F1H
coupling pattern of a-¯uoro(pyrrole)propionic acid (1) with
pH

Figure 5. Variation of 19F NMR chemical shift with pH for
aqueous solutions of a-¯uoro(pyrrole)propionic acid (1)

Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 751–757(1999)

CARBOXYLIC ACID IONIZATION CONSTANTS 755



oxalatebuffer over theentirepH range,otherswerenot.
Whenthe measurementswererepeatedon solubleacids
in the absenceof DMSO-d6, the same pKas were
measuredasin thepresenceof DMSO-d6.

1H NMR spectra(at500.6MHz) and13C NMR spectra
(at 125.9MHz) weremeasuredin CDCl3 andreferenced
to the residual CHCl3

1H signal at 7.26ppm and the
CDCl3

13C signalat 77.00ppm.
Commercialfluorinatedacids2 (assodiumsalt),3, 4,

5, 6, 8, 19,20,21 and23 wereobtainedfrom Aldrich, 7,
9, 17, 22 and24 from Acros,13, 15, 18, 25 and26 from
OakwoodProductsand 14 and 16 from Lancaster.The
synthesesof 1, 10, 11 and12 aredescribedbelow.

3-(2,4-Dimethyl-5-methoxycarbonyl-1H-pyrrol-3-yl)-
2-¯uoropropionic acid (1). A mixture of the corre-
sponding dimethyl ester4 (257mg, 1 mmol), 6 ml of
methanol and 1.25ml (1.25mmol) of 1 M aqueous
sodium hydroxide was stirred at room temperaturefor
24h. The methanolwasevaporatedundervacuum.The
residue was dissolved in 10ml of 0.2M sodium
hydroxide,extractedwith diethyl ether(10ml) and the
aqueouslayerwasacidifiedwith 10%hydrochloricacid.
The solution was concentratedundervacuumto �3 ml
andtheprecipitatedsemi-solidproductwasrecrystallized
from methanol–waterto afford 104mg (43%) of acid 1,
m.p.186–187°C. 1H NMR [CDCl3� 20%(v/v) DMSO-
d6], � 1.75(3H, s), 1.79(3H, s), 2.44(1H, m), 2.54(1H,
m), 3.34 (3H, s), 4.37 (1H, ddd, 2JFH = 49.6Hz, 3JHH =
7.9, 4.0Hz), 10.14 (1H, s), 12.35 (1H, br s)ppm; 13C
NMR [CDCl3� 20% (v/v) DMSO- d6], � 9.57, 10.22,
26.39 (d, 2JFC = 21.9Hz), 49.46, 88.07 (d, 1JFC =
184.0Hz), 113.81 (d, 3JFC = 2.1Hz), 115.40, 126.26,
131.14,160.69,170.24(d, 2JFC = 23.8Hz) ppm.

Alkylation of dimethyl malonate with ¯uorobenzyl
chlorides. General procedure. To a solutionof freshly
preparedfrom sodium under N2 solution of sodium
methoxide(0.1mol) in 50ml of anhydrousmethanolwas
added0.1mol of dimethylmalonatein 10ml of methanol
over 10min througha septum.After 10min of stirring
the correspondingfluorobenzylchloride(0.05mol) was
addedneatover15min andthemixturewasrefluxedfor
5 h. After cooling, half of the solvent was evaporated
undervacuumandtheresiduewasdilutedwith 50ml of
water and acidified with 5% hydrochloric acid. The
productwasextractedwith diethylether(3� 50ml). The
combinedextractswerewashedwith water(3� 30ml),
dried (anhydrousMgSO4) andfiltered and,after remov-
ing thesolvent,theproductwasdistilled undervacuum.

Methyl 3-(2-Fluorophenyl)-2-methoxycarbonylpropio-
nate. Obtainedin 67%yield, b.p.127–128°C (1 mmHg).
1H NMR, � 3.25 (2H, d, J = 7.8Hz), 3.70 (6H, s), 3.75
(1H, t, J = 7.8Hz), 6.98–7.07 (2H, m), 7.17–7.23
(2H, m) ppm; 13C NMR, � 28.21,51.43,52.13,114.96
(d, 2JFC = 21.8Hz), 123.80(d, 4JFC = 3.4Hz), 124.25(d,

2JFC = 15.1Hz), 128.48 (d, 3JFC = 8.2Hz), 130.97 (d,
3JFC = 4.3Hz), 160.88(d, 1JFC = 246.4Hz), 168.65ppm.

Methyl 3-(3-Fluorophenyl)-2-methoxycarbonylpropio-
nate. Obtainedin 65%yield, b.p.126–128°C (1 mmHg).
1H-NMR, � 3.21 (2H, d, J = 7.8Hz), 3.66 (1H, t,
J = 7.8Hz), 3.71 (6H, s), 6.83–6.94(3H, m, 3JFH = 9.4,
7.8Hz), 7.13–7.22(1H, m) ppm; 13C NMR, � 34.11,
52.32, 53.00, 113.50 (d, 2JFC = 21.1Hz), 115.45 (d,
2JFC = 21.3Hz), 124.24 (d, 4JFC = 2.3Hz), 129.83 (d,
3JFC = 8.4Hz), 140.06 (d, 3JFC = 7.4Hz), 162.53 (d,
1JFC = 245.7Hz), 168.71ppm.

Methyl 3-(4-Fluorophenyl)-2-methoxycarbonylpropio-
nate. Obtainedin 70%yield, b.p.125–127°C (1 mmHg).
1H NMR, � 3.19 (2H, d, J = 7.8Hz), 3.63 (1H, t,
J = 7.8Hz), 3.70 (6H, s), 6.96 (2H, dd, 3JHH = 8.7Hz,
3JFH = 8.7Hz), 7.15 (2H, dd, 3JHH = 8.7Hz,
4JFH = 5.4Hz) ppm; 13C NMR, � 33.72, 52.36, 53.43,
115.17 (d, 2JFC = 21.4Hz), 130.16 (d, 3JFC = 7.9Hz),
133.23 (d, 4JFC = 2.9Hz), 161.56 (d, 1JFC = 244.7Hz),
168.86ppm.

Fluorohydrocinnamic acids. General procedure. A
solution of 2.40g (10mmol) of the foregoingdimethyl
esterin 20ml of methanolwasmixed with a solutionof
2.00g (50mmol) of sodiumhydroxidein 10ml of water
andthe mixture wasrefluxedfor 3 h. The methanolwas
evaporatedundervacuumandthe residuewasacidified
with concentratedhydrochloric acid. Sodium chloride
(� 5 g) wasaddedandthediacidwasextractedwith di-
ethyl ether(5–6� 25ml). Theresidue,afterevaporation
of the diethyl ether,was heatedon an oil-bath at 145–
150°C for 1 h. After cooling, the crudemonoacidwas
purified by radicalchromatographyon silica gel (eluent
1.5–2% methanol in dichloromethane)followed by
recrystallizationfrom dichloromethane–hexane.

3-(2-Fluorophenyl)propionic acid (10). Obtained in
90% yield, m.p. 76–77°C. 1H NMR, � 2.70 (2H, t,
J = 7.7Hz), 2.99 (2H, t, J = 7.7Hz), 7.00–7.11(2H, m),
7.18–7.27(2H, m), 11.98(1H, br s)ppm; 13C NMR, �
24.21 (d, 3JFC = 2.2Hz), 34.12, 115.30 (d,
2JFC = 21.8Hz), 124.07 (d, 4JFC = 3.4Hz), 126.90 (d,
2JFC = 15.6Hz), 128.20 (d, 3JFC = 8.1Hz), 130.54 (d,
3JFC = 4.6Hz), 161.10 (d, 1JFC = 245.3Hz), 179.38 (d,
5JFC = 3.0Hz) ppm.

3-(3-Fluorophenyl)propionic acid (11). Obtained in
85% yield, m.p. 44–45°C. 1H NMR, � 2.69 (2H, t,
J = 7.6Hz), 2.96 (2H, t, J = 7.6Hz), 6.88–7.03(3H, m,
3JFH = 9.0, 7.7Hz), 7.21–7.30(1H, m), 11.96 (1H, br
s)ppm; 13C NMR, � 30.15, 35.25, 113.29 (d,
2JFC = 21.0Hz), 115.18 (d, 2JFC = 21.2Hz), 123.89 (d,
4JFC = 1.7Hz), 129.97 (d, 3JFC = 8.3Hz), 142.56 (d,
3JFC = 7.3Hz), 162.85(d, 1JFC = 245.7Hz), 179.28ppm.
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3-(4-Fluorophenyl)propionic acid (12). Obtained in
86% yield, m.p. 86–87°C. 1H NMR, � 2.67 (2H, t,
J = 7.6Hz), 2.93 (2H, t, J = 7.6Hz), 6.98 (2H, dd,
3JHH = 8.7Hz, 3JFH = 8.7Hz), 7.16 (2H, dd 3JHH =
8.7Hz, 4JFH = 5.5Hz), 11.69(1H, br s)ppm; 13C NMR,
� 29.66, 35.70, 115.28 (d, 2JFC = 21.4Hz), 129.67 (d,
3JFC = 7.9Hz), 135.68 (d, 4JFC = 3.2Hz), 161.47 (d,
1JFC = 244.3Hz), 179.45ppm.
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