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A novel silica—KF reagent prepared by hydrolyzing tetraethyl orthosilicate in the presence of KF for fluorination
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1. Introduction

Organo-fluorine compounds are of considerable interest in various
fields due to their unique physical and chemical properties. These
are valuable as pharmaceuticals, agrochemicals, and tracers for
positron emission tomography (PET).' In the last decade, the
number of fluorine-containing drugs jumped from 27% of all
approved small molecules to 36%. Most importantly, about 40%
of the new chemical entities entering phase III trials in 2012 and
2013 were fluoro-organic compounds.” Many synthetic strategies,
including the development of electrophilic fluorinating agents,
electrochemical fluorination, nucleophilic fluorination, and
strategies to deal with the violent reactivity of fluorine gas have
been developed.* However, the general construction of Csp®~F
bonds, especially aromatic carbon-fluorine bonds, remains a
challenge." Aromatic fluorination is usually achieved by Balz
Schiemann reaction, denitration-fluorination and halogen
exchange (Halex) reaction. The former approach suffers from
many drawbacks of such as hazardous reagents and thermal
safety.” Halex reaction is a preferred industrial method for
syntheses of aromatic fluorination.

Typical substrates for Halex reactions include mono, di or tri
nitro substituted chlorobenzenes. Diversity of chloroaromatic
compounds having variety of electron withdrawing groups
on the aromatic ring afford synthesis of many commercially
important chemicals by Halex process. 4-Chloronitrobenzene
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finally resulting in regioselective fluorinated aromatics.

(4-CNB), 4-chlorobenzonitrile (4-CBn) 4-chloro 3-nitrobenzonitrile
(4C3NBn), 2,4-dinitrochlorobenzene (2,4-DNCB) are some of
the important substrates for syntheses of fluorinated drug
intermediates.® Typical reactions involving above fluoride ion
sources with such substrates leads to the formation side
products due to denitration—fluorination.”® Therefore, there
is a need to develop newer reagents which are less hygroscopic,
stable at high temperatures and are regioselective.

It is absolutely essential that a fluorinating agent can release
reactive fluoride anion in the reaction mixture. Crown ethers act as
catalysts for fluorination reaction via trapping of potassium ions by
oxygen atoms, leaving the fluoride anion free.'®™ Tetrabutyl
ammonium fluoride (TBAF) on the other hand, is an excellent
source of reactive fluoride anion, because of steric hindrance by
four butyl groups. However, it is hygroscopic, thermally labile and
also very expensive. TBAF undergoes Hoffman degradation when
subjected to temperatures above 50 °C in the presence of F~ ion
during drying process,"> and cannot be used for large scale
synthesis.

Supported reagents such as alumina-supported potassium
fluoride has been extensively studied for various reactions other
than fluorination reaction.”’** The idea of using silica as
solid support for potassium fluoride arises from the fact that
the potassium atom shows a very high affinity towards oxygen
atoms as can be seen for crown ethers.'® The interactions of KF
and silica melts have already been reported."> The interaction
of oxygen atoms in silica with potassium have already been
reported to affect reduction of Co/SiO, catalyst."®™*°

The present work includes preparation and characterization
of a novel silica-KF composite by hydrolyzing tetraethyl ortho-
silicate (TEOS) in the presence of potassium fluoride (KF) to
give reactive fluoride on the surface of silica. The resulting
novel reagent has been demonstrated to facilitate fluorination
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Scheme 1 Silica—KF reagent in fluorination of substrates with (a) two
electron withdrawing groups (b) one electron withdrawing group.

of different activated aromatic substrates and can be used for
other applications as well.

2. Experimental
2.1 Materials

4-Chloronitrobenzene (4-CNB), 4-chlorobenzonitrile (4-CBn),
4-chloro 3-nitrobenzonitrile (4C3NBn), 2,4-dinitrochlorobenzene
(2,4-DNCB), 4-fluoronitrobenzene (4-FNB), 4-fluorobenzonitrile
(4-FBn), potassium fluoride (KF) and dimethyl sulfoxide (DMSO)
were purchased from S D Fine-Chem Limited, tetraethyl ortho-
silicate (TEOS) was purchased from Sigma Aldrich and all were
used directly. HPLC grade acetonitrile (ACN) was purchased
from S D Fine-Chem Limited and dried using calcium hydride
before use.® FTIR spectra were recorded on Perkin Elmer
Spectrum Two FT-IR Spectrometer using potassium bromide
(KBr) discs. Powder X-ray diffraction patterns were recorded using
Shimadzu Lab X XRD-6100 X-ray diffractometer. The surface
morphologies were examined by JEOL-JSM 6380 Scanning Electron
Microscope. HPLC analysis was carried out using JASCO-LC 4000
instrument. "H NMR spectra were recorded on Agilent 400 MR
instrument. "F NMR spectra were recorded on JEOL-ECZR Series
600 MHz NMR SPECTROMETER.

2.2 Synthesis

2.2.1 Preparation and characterization of silica-KF reagent.
1 g (17.2 mmol) of KF in 10 ml of distilled water was stirred with
20 ml of TEOS (90.2 mmol) for 2 hours. The two phases when
stirred vigorously, led to hydrolysis of TEOS, and precipitation of
silica-KF. The solvent was then evaporated to dryness under
vacuum to yield 6.4 g of powdered silica-KF.

The prepared reagent was characterized for its moisture
uptake capacity, SEM-EDX analysis, X-ray diffraction analysis,
and IR spectroscopy. Its moisture uptake capacity was measured
by initial drying at 150 °C for 1 h followed by exposure to 60% RH
at 25 °C for 48 h using KF as standard.
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2.2.2 Syntheses of fluorinated substrates using silica-KF
reagent. Method 1: Scheme 1a shows general procedure for
fluorination of 2,4-dinitrochlorobenzene (2,4-DNCB) and 4-chloro
3-nitrobenzonitrile (4C3NBn).

2,4-Dinitrofluorobenzene (2,4-DNFB). 6.4 g of silica-KF (equivalent
to 17.2 mmol KF), 1.2 g of 2,4-dinitrochlorobenzene (5.7 mmol,
0.33 equivalents) 20 ml of dry ACN and 1 ml of dry DMSO were
stirred at 85 £ 5 °C under nitrogen atmosphere for 2 hours
until the formation of Meisenheimer complex was complete,
as monitored by HPLC. The spent reagent was filtered after
cooling, and the filtrate was concentrated and dried under
vacuum to isolate the Meisenheimer complex. It was characterized
by HPLC, IR and "H NMR. The Meisenheimer complex was heated
at 80 °C in the presence of 10 ml dry ACN for 2 hours to get
2,4-dinitrofluorobenzene, as monitored by HPLC. After cooling,
the solvent was removed and the product was extracted with
ethyl acetate and water to separate 2,4-DNFB, which was
characterized by HPLC, IR and 'H and "°F NMR.

4-Fluoro 3-nitrobenzonitrile (4F3NBn). Reaction of 4-chloro
3-nitrobenzonitrile was carried out as in Method 1, Scheme 1a using
1 g (5.7 mmol) of 4-chloro 3-nitrobenzonitrile. The Meisenheimer
complex and the product were characterized by HPLC, IR and
'H and "°F NMR.

Method 2: Scheme 1b shows general procedure for fluorina-
tion of 4-chloronitrobenzene and 4-chlorobenzonitrile.

4-Fluoronitrobenzene (4-FNB). 6.4 g of silica-KF (equivalent to
17.2 mmol KF), 0.9 g of 4-chloronitrobenzene (5.7 mmol) 20 ml
of dry ACN and 4 ml of dry DMSO were stirred at 85 &+ 5 °C
under nitrogen atmosphere for 24 hours. Formation of the
product 4-fluoronitrobenzene was monitored by HPLC using
standard 4-FNB. After cooling the reaction mixture, the solid
reagent was filtered out and the filtrate was directly analyzed
by HPLC.

4-Fluorobenzonitrile (4-FBn). Reaction of 4-chlorobenzonitrile
was carried out as in Method 2, Scheme 1b by using 0.78 g
(5.7 mmol) 4-chlorobenzonitrile, 6.4 g of the reagent (equivalent to
17.2 mmol KF) 20 ml of dry ACN and 4 ml of dry DMSO. Formation
of the product 4-FBn was monitored by HPLC using standard
4-FBn. After cooling the reaction mixture, the solid reagent was
filtered out and the filtrate was directly analyzed by HPLC.

2.3 Characterization

Meisenheimer complex of 2,4-DNCB with fluoride ion. Yellow
solid, m.p. = >300 °C, FTIR (KBr, ) 3053 cm ', 1668 cm *,
1554 cm™ Y, 1377 ecm™', 1052 cm™!, 918 cm™ !, 835 cm?,
746 cm~ . '"H NMR (400 MHz, DMSO-d¢) 6.27(d), 7.50(dd),
8.55(d) ppm.>' *°F NMR (600 MHz, DMSO-d¢) —69.28, —70.54,
—73.81 ppm. HPLC: retention time (RT): 1.65 min (mobile
phase- ACN: water 60:40, column: 25 cm, 5uC18).

2,4-DNFB. Light yellow liquid, yield = 98% (by HPLC), m.p. =
24 °C (lit>* 25.8 °C), FTIR (KBr, ») 3095 cm ', 1607 cm ',
1530 cm Y, 1350 ecm™ Y, 1006 cm ™Y, 834 cm ™%, 739 em™ . 'H NMR
(400 MHz, CDCl;) 7.53(m), 8.53(d), 8.98(s) ppm. "F NMR
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Fig. 1 Moisture uptake by KF and silica—KF over 48 h at 25 °C and 60% RH.

(400 MHz, CDCl;) —106 ppm. HPLC: (RT): 5.95 min (mobile
phase- ACN:water 60:40, column: 25 cm, 5uC18).
Meisenheimer complex of 4-chloro 3-nitrobenzonitrile with
fluoride ion. Yellowish orange solid, m.p. = >300 °C, FTIR
(KBr, ) 3095 cm ™%, 2217 em™*, 1622 cm ™', 1558 cm ™%, 1332 cm ™%,

1069 cm™', 832 em™'. "H NMR (400 MHz, DMSO-d¢) 6.31(d),

1@ky

7.09(d), 7.96(s) ppm. '°F NMR (600 MHz, DMSO-ds) —69.35,
70.61 ppm. HPLC: retention time (RT): 1.63 min.

4F3NBn. Light yellow solid, yield = 88% (by HPLC),
m.p. = 94 °C (lit.*® 90-94 °C), FTIR (KBr, v) 2956 cm ',
2233 em ™Y, 1622 em ™Y, 1535 em™ Y, 1353 cm™ Y, 1087 cm Y,
1004 cm™', 835 cm™ .

'H NMR (400 MHz, DMSO-dg)

Fig. 2 SEM images of (A) silica without KF, (B) silica—KF reagent, (C) silica—KF washed with water, (D) silica—KF reagent after reaction.
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7.81(t), 8.30(m), 8.73(d) ppm. F NMR (600 MHz, DMSO-dg)
—109.57 ppm. HPLC: (RT): 5.56 min (mobile phase-ACN:water
60:40, column: 25 cm, 5uC18).
4-FNB. Light yellow liquid, yield = 17% (by HPLC) HPLC: RT
4.5 min (mobile phase-ACN : water 70: 30, column: 25 cm, 5uC18).
4-FBn. White solid, yield = 39% (by HPLC), HPLC: RT =
4.6 min (mobile phase-ACN : water 70: 30, column: 25 cm, 5uC18).

3. Results and discussion
3.1 Characterization of silica-KF reagent

The silica-KF was obtained as white, fine, free flowing powder.
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3.1.1 Moisture uptake. Moisture uptake analysis of the silica-
KF shows that unlike KF, it takes up only 10% of moisture, which
can be reversed by reheating at 150 °C for 1 h indicating the absence
of hydrogen bonding between fluoride anion and water molecules.
On the other hand, KF, under the same condition takes up 47% of
its weight as moisture and is converted to potassium fluoride
trihydrate as shown in Fig. 1. This unlike, silica-KF does not
lose moisture upon reheating. This indicates that the very strong
hydrogen bonding between water molecules and fluoride anion,>*
are not present in synthesized silica—KF.

3.1.2 Scanning electron microscopy (SEM) with energy
dispersive X-ray (EDX) analysis. Fig. 2 illustrates the SEM
micrograph of silica obtained by TEOS hydrolyzed by HCI,
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Fig. 3 (a) X-ray diffractogram (A) silica prepared by HCLl hydrolysis, (B) silica—KF, (C) silica + KF physical mixture, (D) KF. (b) X-Ray diffractogram of (A)

silica—KF reagent washed with water (B) silica—KF reagent.
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silica-KF, silica-KF washed with water and silica-KF post
reaction. HCI hydrolyzed silica was observed to be irregularly
shaped, whereas silica-KF had uniform spherical shape
clustered together with reduction in particle size. SEM image
of reagent washed with water doesn’t affect the morphology of
the silica surface. EDX analysis of the reagent suggest presence
of potassium and fluoride on the surface of silica particles with
very high excess of fluoride anion on the surface (Fig. S2, ESIt),
suggesting trapping of potassium anion inside silica giving
reactive fluoride over the surface.

3.1.3 X-ray diffraction analysis. Fig. 3a and b shows X-ray
diffractograms of different solid samples. Silica prepared by
HCI hydrolysis (3a(A)) showed diffused pattern corresponding
to its amorphous nature. The X-ray diffractogram of KF (3a(D))
showed many characteristic intense peaks which represented
crystalline nature of KF. Diffraction pattern and silica KF
reagent showed appearance of new peaks at 26 value of 38°,
45° and shift of 20 values around 18°, 21° relating to the
interactions between silica and KF molecules® which indicates
incorporation of crystallinity in the sample. On washing
silica-KF with water in order to remove potassium fluoride
from the reagent (3b(A)) shows that there are several peaks
which are retained in silica even after washing implying the
introduction of crystallinity in the prepared silica sample.
Several peaks which corresponded to the presence of KF in

3500 3000 2500
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the sample can also be seen as retained as well as other peaks
have shifted from their original values can also be seen.

3.1.4 IR spectroscopy. The scans were collected at scanning
speed of 2 mm s~ with a resolution of 4 cm™* over the region
of 3800-500 cm™ . KF, silica obtained by TEOS hydrolysis by
HC], silica-KF physical mixture, silica-KF reagent and silica-KF
water washed were analyzed by IR spectroscopy as can be seen
in Fig. 4. The Si-O-Si bond of silica can be seen at 964 cm ™"
and 963 cm ' in silica and silica KF physical mixture,”®?’
whereas in silica-KF the same peak is shifted to 914 cm ™" indicating
an interaction between oxygen atoms in the siloxane bond with
potassium anion.™ IR spectrum of the reagent washed with water
shows the same peak shifting again to 934 ecm™", which indicates
trapped potassium fluoride being washed away from the silica
matrix.

From IR spectroscopy, SEM and XRD data, it can be deduced
that potassium ions get embedded in silica via interaction with
siloxane bond during hydrolysis of TEOS, whereas fluoride
anions remain on the surface. Thus, it leads to a reactive fluoride
anion being available on silica surface for further reaction.

3.2 Fluorination of substrates using silica-KF reagent

Fluorination of activated aromatic substrates with two electron
withdrawing groups occurs in two steps (Scheme 1a). In the
first step fluoride ions attacks on the carbon bearing chlorine to

124
034

1302 19

914 ]
S68 114

7407 f

109
104

99

K07

2000 1500 1000 500

Wavenumber (cm'')

——KF  ——Silica_HCl

Fig. 4

— Silica KF physical

Silica KF  ——Silica KF water washed

IR spectra of KF, silica without KF, silica—KF physical mixture, silica—KF reagent and silica—KF water washed.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem., 2018, 42, 20095-20100 | 20099


http://dx.doi.org/10.1039/c8nj03559h

Published on 10 November 2018. Downloaded by Tulane University on 1/21/2019 4:27:20 AM.

Paper

give Meisenheimer complex. In the second step, chlorine leaves the
Meisenheimer complex to give fluorinated product. Formation of
Meisenheimer complex is assisted by the addition of DMSO to the
reaction mixture.”*® It can be isolated from the reaction system,
dried and heated in the presence of dry acetonitrile to yield
fluorinated product.® The higher yields of substrates with two
electron withdrawing groups is consistent with the formation of
isolable Meisenheimer complex. 4-FNB and 4-FBn were obtained in
moderate yields which is due to the presence of only one electron
withdrawing group which is not sufficient for activation of sub-
strate required for Halex reaction.

3.2.1 Characterization of Meisenheimer complex. Formation
of the Meisenheimer complex was confirmed by HPLC, IR and
'H and "°F NMR spectroscopy. The Meisenheimer complex loses
aromatic character and behaves like an alkene which is evident
from the "H NMR spectra. It shows one of the protons has a J value
of 6.27 ppm which is typical of alkenes with a J value of 12 Hz
verifying cis coupling with adjacent proton. The '°F NMR spectra
shows a shift in ¢ values to —69 which is also indicative of loss of
aromaticity. The Meisenheimer complex also shows UV spectra
with An. 362 nm and 470 nm which is consistent with the
structure of Meisenheimer complex.

4. Conclusion

Silica-KF for fluorination of activated aromatic substrates has
been successfully synthesized and characterized. It possesses
reactive fluoride anions on the surface of silica which aids in
fluorination of activated chlorinated substrates. Fluorination of
substrates with two activating groups undergoes via formation of
the Meisenheimer complex in good yields which corresponds to
the formation of Meisenheimer complex in the presence of this
reagent. While fluorination of substrates with only one activating
group directly gives fluorinated products in low yields.
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