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Abstract

The reaction between dilute fluorine gas and cresolsufonphthalein in acetic acid was investigated.
The mono-, di-, and trifluorinated cresolsufonphthalein derivatives were isolated and
characterized. These compounds possessed the properties of pH indicators with biologically
relevant pK, values (6.4-7.5) and the absorption maxima of the basic forms at 582-592 nm. This
method can be used for synthesis of positron-emitting 18F-labeled pH indicators with potential
application for non-invasive in vivo pH measurement in biological objects.
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Introduction

Direct fluorination of complex organic molecules is a useful, although quite rare, method for
synthesis of F-18 labeled PET compounds [1]. Recently we reported a new reaction of this
type, a direct fluorination of phenolsulfonphthalein (Phenol Red) [2]. The fluorine-
containing products of the reaction act as pH indicators with potential application for direct
in vivo measurement of hydrogen ion concentration in biological objects. However,
fluorinated derivatives of phenolsulfonphthalein can not be considered as ideal biological
pH probes, because their absorption maxima are located in the range of 564-572 nm
overlapping with absorption of porphyrin-based biomolecules. In order to obtain compounds
with optimal properties we should be able to synthesize fluorinated derivatives of other
indicator molecules with higher absorption wavelengths. Herein we report the results of
direct fluorination of meta-cresolsulfonphthalein, also known as Cresol Purple (CP). The
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reaction products and their indicator properties were characterized using HPLC, NMR,
optical absorption, and mass-spectroscopy.

Materials and methods

All reagents were purchased from Sigma-Aldrich and used as received. Fluorination of
Cresol Purple was performed using conditions suitable for direct fluorination with [18F]-F,
gas in acidic solutions [2-4]. The reaction was carried out by bubbling 0.1% F5 in Ne
(Matheson Tri-Gas Inc, Twinsburg, OH) for 5 minutes through freshly prepared solutions of
the disodium salt of meta-cresolsulfonphthalein in glacial acetic acid (2 mg/mL). The ratio
between the reagents was varied by changing of the amount of CP solution. The reaction
mixture was evaporated in vacuum at 120°C, redissolved in 2 mL of water, injected into a
semi-preparative HPLC column (Phenomenex, Synergi 4 pum Hydro-RP 80 A 10 x 250 mm)
and eluted with 25 % ethanol-water buffer at a rate of 2 mL/min and detection of absorption
at 430 nm. Under these conditions, elution of the products of interest occurred between 20
and 30 min. Because separation of individual compounds on the basis of absorbance was not
possible due to the very high extinction coefficients of the indicators, we collected
consecutive 4 mL fractions and used them for further analysis.

All collected fractions were analyzed by HPLC, UV-VIS, mass-spectroscopy, and 1H

and 1°F NMR. Analytical HPLC (4.6 x 250 mm column of the same type using ethanol-
water and an acetonitrile-water gradient) was used to determine qualitative and quantitative
composition of each fraction. Absorption maxima and pKj values were determined by UV-
VIS spectroscopy (Beckman-Coulter DU 530) using acetate, phosphate, TRIZMA, and
borate buffers for different pH. The concentration of the compounds were determined from
the absorption of their basic solutions (pH=10) at the wavelength of maximum absorption
(582-592 nm). We assumed that the extinction coefficients for CP and its fluorinated
derivatives in the maximum have the same value, which was found to be £=29,000 cm=tM~1
at 578 nm for CP. This assumption was based on the fact, that size of fluorine atom is
comparable with hydrogen and therefore it should not cause any structural distortion.
Subsequently, introduction of fluorine atom into molecule of CP should not cause a drastic
change of its optical properties. Also, several structurally similar trialylmethane indicators
have quite close extinction coefficients: 3-10% for phenolphthalein [5] and 3.16-10* for
Phenol Red (Sigma-Aldrich product information), justifying using of the value emax
=2.9-10* for fluorinated derivatives of CP.

In order to characterize individual fluorinated derivatives of Cresol Purple, we collected
corresponding fractions from five preparations and repeatedly purified them by semi-
preparative HPLC. Molecular mass of the compounds was determined by mass-spectroscopy
using a Thermo Fisher Scientific (Bremen, Germany) Orbitrap Exactive. Electrospray
lonization (ESI) was performed, introducing the sample into the instrument at a flow rate of
5 uL/min. The experiment was done in both positive and negative modes with a capillary
temperature of 275 °C. In positive-ion mode, the electrospray voltage was set to 4.2 kV, the
capillary voltage to 50 V, and the tube lens offset to 145 V. The nitrogen sheath gas flow
was optimized at 10 arbitrary units.
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In addition, Solvent-Assisted Inlet lonization (SAII) on the Orbitrap Exactive was used to
verify the ESI results in both positive and negative mode. SAIl is a novel ionization
technique, in which the ion source is removed, a fused silica capillary tube without the
coating is placed in the inlet of the mass spectrometer and the sample is pulled by vacuum
through the fused silica tube into a heater orifice into the mass spectrometer [6]. This was
performed in both positive and negative mode with a capillary temperature of 325 °C,
capillary voltage £90 V and tube lens voltage +120 V. The data was controlled and analyzed
using Xcalibur software (Thermo Fisher Scientific) for both ionization techniques.

1H and 19F NMR spectra were obtained on a Bruker DMX-360 spectrometer using basic
forms (disodium salts) in deuterated methanol solvent.

The reaction between dilute fluorine gas and Cresol Purple in acidic solution was found to
be similar to the recently described fluorination of Phenol Red [2]. Analytical HPLC of the
reaction mixture shows presence of the starting compound and three major fluorine-
containing products. These compounds demonstrate increasing retention time on the reverse-
phase column allowing their separation by semi-preparative HPLC similarly to fluorinated
derivatives of phenolsulfonphthalein.

Mass-spectrometric investigation of the fractions containing three fluorination products
shows main peaks at m/z 399.070, 417.061, and 435.051 for negative mode and m/z
401.090, 419.081, and 437.071 for positive mode. These numbers correspond to the
calculated values for the deprotonated and protonated forms of mono-, di-, and trifluorinated
derivatives of Cresol Purple, abbreviated as MFCP, DFCP, and TFCP on Figure 1.

The yield of the reaction products is variable and depends on the ratio of the reagents.
Equimolar quantities of reagents resulted in the production of 9-10% MFCP, 5-6% DFCP,
and 1-2% TFCP. An excess of CP over F; increases efficacy of fluorine incorporation,
yielding 13% MFCP, 10% DFCP, and 1% TFCP (relative to the amount of fluorine) at
double CP excess. An excess of fluorine increases the fraction of the more fluorinated
products, but the overall yields drop due to destruction of the molecules. For example, 50%
excess of fluorine leads to production of 4% MFCP, 6.5% DFCP, and 2.5% TFCP. More
then a double excess of fluorine over CP caused destruction of the most of the reaction
products. In all the cases about 10% of the initial compound remains in the reaction mixture.

Semi-preparative HPLC also showed a UV absorbing peak with retention time higher than
TFCP. We could not collect enough of this compound for optical and NMR analysis, but its
mass spectra contain distinct signals at m/z 453.042 for negative mode and 455.061 for
positive mode, suggesting the synthesis of a tetrafluorinated derivative of CP.

Analytical HPLC of the reaction products reveals an unusual feature for the fluorinated
derivatives of cresolsulfonphthalein. For every preparation their HPLC signals were split
into very close peaks (Figure 2). This effect did not depend on solvent or the pH of the
eluting buffer, suggesting the presence of different compounds with similar properties rather
than the existence of an acid-base or tautomeric equilibrium in solution. To identify these
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products we collected corresponding fractions from analytical HPLC and analyzed them by
mass-spectroscopy. The mass spectra were found to be identical for all the peaks from each
group, suggesting the existence of the structural isomers for each fluorinated compound.

Comparison of NMR spectra of cresolsulfonphthalein and its fluorinated derivatives indicate
the positions of the molecule fluorination. The NMR spectrum of CP has three groups of
peaks: a sharp signal from two methyl groups at & 1.86 and 1.92, four multiplets from the
sulfonated ring: 6 7.01, 7.45, 7.53, and 8.09; and three signals from phenol rings: § 6.26,
6.35, 6.39, 6.87, and & 6.89. In the spectrum of fluorinated derivatives of Cresol Purple the
peaks from methyl groups are turned into complex multiplets, while peaks from protons of
sulfonated ring are slightly shifted, but the integral intensities of the protons are not altered
in both groups of peaks. These results indicate that fluorine atoms in fluorinated derivatives
of CP do not substitute hydrogen atoms in methyl group and sulfonated ring. On the
contrary, the spectra in the range of phenol rings (8 6-7) are significantly changed. The
peaks are represented as set of several difficult to interpret multiplets. Integration of the
signals clearly shows the gradual decreasing of the numbers of the protons of this type,
which is proportional to number of added fluorine atoms.

These results clearly indicate that fluorine atoms in fluorinated derivatives of CP do not
substitute hydrogen atoms in methyl group and sulfonated ring, suggesting fluorination of
the molecule into the phenol rings. The complicated proton NMR spectra in this range is not
a surprise, since they can not be interpreted adequately even for as simple compound as
fluorobenzene [7]. Additional complications may be associated with signal splitting and
overlapping due to existence of structural isomers, which are visible on analytical HPLC.
Presence of the isomers also explains a complexity of 1°F NMR spectra, which contain four
signals for MFCP and eight signals for DFCP. Still, all these signals are located in the range
from & -138 to & -145, which is specific for fluorine atoms in ortho-positions in
fluorophenols and excludes possibility of their meta-location with § -113 [7].

Introduction of fluorine atoms into the Cresol Purple molecule causes alterations of its pH
indicator properties in water solution. The pK; values of the fluorinated derivatives of CP
were determined from absorbance of the purified fractions containing individual
compounds. We compared the intensity of absorption of the basic forms, because they have
higher extinction coefficients and are located in a more convenient area of the spectrum. The
measurements were taken at the absorption maxima, which were found to be at 582 nm, 589
nm, and 592 nm for MFCP, DFCP, and TFCP, respectively. Titration of the fluorinated
indicators showed that the introduction of fluorine atoms into the molecule of CP causes a
decrease in pK, from 8.3 for CP [8] to 7.5 for MFCP, 7.0 for DFCP, and 6.4 for TFCP
(Figure 3).

Summary of experimental results

Cresolsulfonphthalein (Cresol Purple): 1H (360 MHz, CD30D) § 1.86 (s, 3H); § 1.92 (s,
3H); 8§ 6.257 (dd, J= 2.2, 9.0 Hz, 2H); § 6.349 (dd, J = 0.7, 2.2 Hz, 1H);  6.388 (dd, J =
0.7, 2.2 Hz, 1H); § 6.872 (d, J = 9.0 Hz, 1H); § 6.886 (d, J = 9.0 Hz, 1H); § 7.012 (dd, J =
1.2,7.6 Hz, 1H); & 7.453 (dt, J= 1.2, 7.6 Hz, 1H); § 7.532 (dt, J= 1.2, 7.6 Hz, 1H); & 8.094
(dd, J= 1.2, 7.6 Hz, 1H).
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Monofluororesolsulfonphthalein (MFCP): m/z 399.070 (negative), 401.090 (positive); pK; =
7.5, Mpasic = 582 nm; 1H (360 MHz, CD30D): § 1.7-2.0 (m, 6H); § 6.15-6.95 (m, 5H), §
7.009 (dm, J= 7.7 Hz, 1H); & 7.462 (tm, J= 7.7 Hz, 1H); & 7.534 (tm, J= 7.7 Hz, 1H); &
8.096 (dm, J = 7.7 Hz, 1H); 1°F (338 MHz, CD30D): § -140.581 (dd, J = 3.4, 8.5 Hz, 1F); §
-141.095 (dd, J = 3.4, 8.5 Hz, 0.84F); § -144.255 (dd, J = 8.8, 13.6 Hz, 0.36F); & -144.626
(dd, J = 8.8, 13.6 Hz, 0.36F).

Difluororesolsulfonphthalein (DFCP): m/z417.061 (negative), 419.081 (positive); pK, =
7.0, Apasic = 589 nm; IH (360 MHz, CD30D): & 1.76-1.94 (m, 6H); & 6.29-6.40 (m, 1H),
6.41-6.51 (m, 1H), & 6.60-6.68 (m, 1H), 6 6.71-6.81 (m, 1H),5 7.020 (dm, J= 7.6 Hz, 1H); &
7.491 (tm, J = 7.7 Hz, 1H); § 7.558 (tm, J = 7.7 Hz, 1H); § 8.113 (dm, J = 7.7 Hz, 1H); 19F
(338 MHz, CD30D): 6 -138.543 (dd, J = 3.7, 8.3 Hz, 1F); 6 -139.160 (dd, J = 3.7, 8.3 Hz,
1F) 6 -139.618 (dd, J = 3.7, 8.3 Hz, 1F) § -140.059 (dd, J = 3.7, 8.3 Hz, 1F) 6 -143.581 (dkt,
J= 8,8, 13.6 Hz, 2F); 6 -143.830 (dd, J = 8.8, 13.6 Hz, 1F); § -144.140 (dd, J = 8.8, 13.6
Hz, 1F).

Trifluororesolsulfonphthalein (TFCP): m/z435.051 (negative), 437.071 (positive); pKy =
6.4, Mpasic = 592 nm; 1H (360 MHz, CD30D): § 1.80-2.10 (m, 6H); & 6.1-6.9 (m, 3H), § 7.06
(m, 1H); 8 7.62 (m, 2H); 6 7.81 (m, 1H).

Discussion

Reactions between elementary fluorine and complex organic molecules usually result in
multiple nonspecific processes [9] due to the very high enthalpy of C-H bond fluorination,
which exceeds the energy of carbon-based single bonds and causes a destruction of the
target molecule. A successful electrophilic fluorination of the phenolsulfonphthalein
aromatic system [2] was possible due to the existence of several favorable factors: presence
of only low reactive aromatic protons, a positive charge on the target part of molecule in
acidic conditions [2,10], and the use of acetic acid as the solvent. Acidic media can promote
electrophilic fluorination of aromatic system rather then non-specific radical decomposition
[11] or act as a moderating agent by converting fluorine into the less aggressive acetyl
hypofluorite CH3COOF [12]. These factors decreased the overall reaction energy,
promoting a specific substitution of the hydrogen atom by fluorine rather than destruction of
the molecule.

Introduction of a methyl group into the aromatic system increases its activity in the
substitution reaction. In addition, a hydrogen atom from the methyl group adjacent to an
aromatic system is more reactive in comparison with hydrogen atoms in hydrocarbons. Both
these effects are quite undesirable for our purposes and can act as negative factors
promoting nonspecific fluorination and destruction of substituted phenolsulfonphthaleins by
fluorine molecule. Nevertheless, our results show that fluorination of meta-
cresolsufonphthalein occurs in the same moderate way, producing three compounds with
consecutively increased numbers of fluorine atoms. This suggests that other similar
triarylmethane dyes can also survive direct fluorination in acidic conditions and will be
useful precursors for new fluorinated pH indicators.

J Fluor Chem. Author manuscript; available in PMC 2014 November 17.
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Incorporation of the fluorine atoms into cresolsulfonphthalein molecule alters its indicator
properties in the same way as it was observed for phenolsulfonphthalein [2]. Each fluorine
atom causes a decrease in pK, value by 0.5-0.8 units and a bathochromic shift of the
absorption maxima of the indicator basic form by 3-7 nm. Introduction of methyl groups and
fluorine atoms into the phenolsulfonphthalein molecule shifts pK, value and absorption
wavelength of its basic form in an independent and additive manner (Figure 4). This kind of
relationship allows a prediction of the acid-base and absorption properties of fluorinated
phenolsulfonphthalein derivatives and can be useful for synthesis of the compounds with
required characteristics. It also presumes the same position of fluorination for both Phenol
Red and Cresol Purple.

Proton NMR shows that fluorine atoms are not incorporated into methyl groups and the
sulfonated ring of cresolsulfonphthalein, locating only in the phenol rings. The location of
the fluorine atoms in ortho-position to hydroxyl group is evident from 19F NMR data and is
consistent with general rules of electrophilic substitution. The central carbon atom at C1
(Figure 5) has a partial positive charge and promotes meta-orientation into positions C3 and
C5, deactivating the C® atom. Other substitute groups 2-methyl and 4-hydroxyl are both
ortho-/para-directing groups. All the three groups are located in coordinated positions,
promoting substitution of hydrogen into the 3 or 5t position and prohibiting fluorine
incorporation into 6™ position. These results are consistent with a literature data on
fluorination of phenols with electron withdrawing groups in para-position in acidic
conditions, which resulted in electrophilic substitution exclusively into ortho-position [13].

Substitution of the hydrogen by the fluorine atom at the 3™ position seems to be less
preferable due to steric hinderance by adjacent methyl and hydroxyl groups. Another
potential restriction against fluorination of the molecule at C3 may possibly appear if the
reaction mechanism involves intermediate generation of acetyl hypofluorite [12]. Reaction
of the aromatic ring with this by-product requires the availability of two adjacent non-
substituted carbon atoms [14], which is possible only for the C5-C® couple and will result in
fluorine incorporation strictly into 51 position. Subsequently, we have shown the
compounds with fluorination into the 5t positions as the main reaction products in Figure 1.
However, the presence of isomers of fluorinated cresolsulfonphthalein, as well as the fact of
existence of the trifluorinated derivative with all three fluorine atoms in the phenol rings,
indicates the possibility of fluorination into both C3 and C® positions. This result indicates a
minor (if any) role of intermediate acetyl hypofluorite CH3COOF in the reaction.

The availability of both positions for fluorination results in the appearance of different
isomers of fluorinated cresolsulfonphthaleins. The existence of these isomers would explain
the complicated character of the NMR spectra of these compounds. The isomers are slightly
separable only by analytical HPLC, but the preparation of large quantities in this way is
much harder and rather impractical. However, the indicator properties of the isomers (both
pK, and absorption wavelengths) should be very close, allowing their application as pH
indicators without further separation. The proposed structure of main isomers is presented in
Figure 5. It has to be mentioned that DFCP could have two other isomers (3,5-DFCP and
3,3’-DFCP). A small peak between the major signals of DFCP and TFCP (located at 20-21
min in two lower curves on Fig. 2) was collected and analyzed by mass-spectroscopy. It was
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found to have the same mass as DFCP and most likely represents one (or both) of these
minor isomers.

Successful fluorination of cresolsulfonphthalein is possible only for the electron-deficient
zwitterion form of the molecule, which exists as the non-charged form of the indicator [15]
present in strong acidic conditions. This requirement justifies the use of acetic acid as a
reaction solvent. However, the acidic form of cresolsulfonphthalein is not soluble in most of
solvents, including glacial acetic acid. On the other hand, both the monosodium (yellow)
and disodium (purple) forms of the compound can be dissolved in acidic acid, where they
are immediately converted into the red zwitterion form. This form precipitates from the
solution, but this process occurs quite slowly, allowing several minutes for conducting the
fluorination reaction. Because of this, the reaction has to be performed immediately using a
freshly prepared solution of the sodium salt in acetic acid, and the product contains a
significant (up to 10%) amount of the precursor even with excessive amounts of fluorine.
These peculiar conditions could explain why the direct fluorination of phenolsulfonphthalein
and its derivatives has not been observed previously.

Conclusion

Direct fluorination of cresolsulfonphthalein in acidic conditions results in production of its
mono-, di- and trifluorinated derivatives at mild yields. Successful introduction of fluorine
atoms into the molecule of cresolsulfonphthalein sustains its indicator properties, gradually
decreasing pK, and increasing wavelength of absorption under basic conditions. These
fluorine-containing pH indicators can be prepared in 18F-labeled form and used for non-
invasive in vivo pH measurement in biological objects.
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Cresol Purple (CP) MonoFluoroCresol Purple (MFCP) DiFluoroCresol Purple (DFCP) TriFluoroCresol Purple (TFCP)

+F,

TetraFluoroCresol Purple (QFCP)

Figure 1.
Proposed reaction of the fluorination of Cresol Purple in acidic media. The formulas

represent main reaction products shown as cyclic lactonoid forms.
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CP MFCP DFCP TFCP

10

15 20 25 30

Time, min

Analytical HPLC of three fractions containing fluorinated derivatives of Cresol Purple. The
precursor (CP) is represented as a single peak on the upper curve, while other maxima are
splitting into several closely located peaks, corresponding to different structural isomers of

the products.

J Fluor Chem. Author manuscript; available in PMC 2014 November 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kachur et al.

Page 12

1 I ‘ ' ( ' h
e |
£ 08 | .
- [ ! 3
© ; :
® 06| | |
S TFCP, DF'  MFCP |
= (592 nm) : (582 nm)
5 K = 6.4 K/=7. pK=75 -
8 04 | p A p e pKa75 ,,,,,,,,,,,,,,,, .
Q2 : : : :
© I 1 ‘ : 1
()
2 I . ! : : ]
w : 3 : f
s 02 AN A o s :
(14 I . : ! 1

Figure 3.

10

Determination of pK, of fluorinated derivatives of CP from absorption of their basic forms

at maxima demonstrating increasing wavelength and decreasing pKj, as a result of

successive addition of fluorine atoms.
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Figure 4.
Effects of addition of two methyl groups and two fluorine atoms on pK, wavelengths of

absorption of basic form of phenolsulfonphthalein are independent and additive, suggesting
the same fluorination positions for both DFPR and DFCP and allowing prediction of pK,
and absorption maxima of other substituted phenolsulfonphthaleins.
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Structure of main isomers of MFCP, DFCP, and TFCP is shown for the most symmetrical
zwitterion form existing in strong acidic conditions. The upper left formula reflects a
numbering of carbon atoms in phenol rings used in the text.
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