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A B S T R A C T

The recycle of fluoride ion generated from the degradation of 1-methyl-3-butylimidazolium

tetrafluoroborate, diethyl methyl methoxyethylammonium tetrafluoroborate in the presence of Tris–

HCl buffer solution and/or the biodegradation of fluorobenzene and benzotrifluoride, was described. The

generated fluoride ion was reused to produce 50-fluoro-50-deoxyadenosine (50-FDA), fluoroacetate and/

or 4-fluorothreonine.
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1. Introduction

The challenge in chemistry to develop the 3R (reuse, reduce and
recycle) based on the idea of green chemistry is one of the most
important issues in the scientific society [1,2]. In the fluorine
science, the recycle of fluorine resource is important factor for the
purpose of the sustainable development. While fluorinated
materials are most stable compounds in the environment, nature
seems to be reluctant to develop biological defluorination
concerning p-fluoroaniline with horseradish peroxidase [3],
fluoroacetate with monofluoroacetate dehalogenase (Ipaeudomo-

nas indoloxidans, Pseudomonas cepacia, Moraxella sp., Burkholderia

sp.) [4,5] and biodegradability of trifluoroacetic acid [6]. Further,
fluoraromatic compounds are biodegraded under aerobic condi-
tions, although anaerobic degradation has also been reported [7].
Recently, it is reported that a silylium-carborane catalyst could
break C–F bonds in perfluoroalkyl groups [8]. Further, we have also
reported the biological transformation of 2,2-difluoroethanol to
difluoroacetic acid [9] and defluorination of fluorinated materials
by bacteria. Until now, various kinds of organic synthetic [10] and/
or biosynthetic methods [11] in fluorine chemistry have been
reported, however it remained the recycle of fluoride ion generated
from the degradation or biodegradation of fluorinated materials,
producing fluorinated materials by the enzymatic fluorination.
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In this paper, we would like to report some processes for the
retransformation of a fluoride ion derived from the degradation of
fluorinated materials by fluorinase or Streptomyces cattleya

NBRC14057, producing 50-fluoro-50-deoxyadenosine (50-FDA) or
4-fluorothreonine and fluoroacetate.

2. Results and discussion

In attempting to develop the recycling of a fluorine atom, at
first, we have examined the generation of fluoride ion derived from
the degradation of several types of fluorinated materials in the
presence of Tris–HCl buffer (pH 8.0) and/or water. Until now, the
degradation of 1-allyl-3-ethylimidazolium tetrafluoroborate in the
presence of water, was reported [12]. Indeed, after screening of the
fluorinated materials in Tris–HCl buffer (pH 8.0) and/or water, we
have found that several kinds of BF4 ionic liquids were degradated
smoothly. To make clear the degradation of BF4 ionic liquids, we
have examined the time course for the degradation of several types
of BF4 ionic liquids in water and/or Tris–HCl buffer solution at
30 8C. From the results shown in Table 1, we have found that ionic
liquid ([bmim][BF4]) smoothly degradated in water in time
dependent manner. After degradating for 1, 3, 5 and 72 h, about
0.04, 0.13, 0.27 and 6.69% of 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF4]) was degradated in water. Further,
Table 1 shows time course of the degradation of several types of
BF4 ionic liquids such as ([bmim][BF4] and N,N-diethyl-N-methyl-
N-(methoxyethyl)ammonium tetrafluoroborate [DEME][BF4]) by
water, however, some kinds of ionic liquids such as 1-butyl-3-
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Table 1
Time course of degradation (%) of ionic liquid.

Time (h) [bmim][BF4] [DEME][BF4] [bmim][PF6] [bmim][TFSA]

1 0.04 0.05 0.00 0.00

2 0.07 0.10 0.00 0.00

3 0.13 0.15 0.00 0.00

4 0.19 0.21 0.00 0.00

5 0.27 0.27 0.00 0.00

6 1.75

72 6.69 3.40

96 7.90 4.16

168 16.4 8.03

366 17.6 11.8

648 22.8 17.3 0.06 0.00

Fig. 1. The recycle of fluorine resource generated from BTF and/or ionic liquid with

Streptomyces cattleya NBRC14057.

Table 2
Conversion yield.

Entry Ionic liquid or Tris–HCl buffer Conv. yield (%)

1 [bmim][BF4] 11.9

2 [DEME][BF4] 5.1

3 Tris–HCl buffera 5.7

a The mixture of fluorinase (200 ml, 1 mg/ml), KF (2 mmol), SAM (50 nmol) in

Tris–HCl buffer solution (1 ml) was stirred for 5 h at 37 8C.
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methyl-imidazolium hexafluorophosphate ([bmim][PF6]) and 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
([bmim][TFSA]) did not degradate in water as shown in Table 1
Further, NaBF4 do not release a fluoride ion in water at room
temperature. Until now, it is not clear the reason for the
degradation of BF4 ionic liquids [13].

In the next step, we have examined the circulatory of the
fluorine resource to introduce the generated fluoride ion into S-
adenosyl-L-methionine (SAM) to produce 50-FDA with fluorinase.
We examined the assembly of the fluorine resource circulatory
system exploiting fluorinase using the above system which was
constructed from the flA protein, SAM, Tris–HCl buffer solution (pH
8.0) and BF4 ionic liquid. After incubating for 18 h at room
temperature, 50-FDA was extracted with diethyl ether, and
Scheme 1. Recycle of fluorine re
analyzed by HPLC. From the results shown in Table 2, we have
found that fluorination of SAM with fluorine enzyme (fluorinase)
was smoothly proceeded by using fluoride ion derived from the
degradation of BF4 ionic liquids. In the above reaction system, there
is no fluorine resource except the degradation of [bmim][BF4].
When we used [bmim][PF6] and/or [bmim][TFSA] in the above
reaction system, the fluorination did not proceed. In the
meanwhile, we have revealed that the general fluorination
reaction with fluorinase (200 ml, 1 mg/ml)–Tris–HCl buffer solu-
tion (pH 8.0, 1 ml) in the presence of KF (2 mmol, 1 mM in H2O)
afforded 50-FDA in 5.7% conversion yield based on SAM (50 nmol)
used. In the case of [bmim][BF4] as a fluorine resource, we have
found that the conversion yield was increased up to 2 times more
than that of KF system (Scheme 1).
source exploiting fluorinase.



Scheme 2. Synthetic routes to 4-fluorothreonine and fluoroacetate using fluoride ion generated from BTF and ionic liquid [DEME][BF4] with Streptomyces cattleya NBRC14057.
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Further, as we have reported that it was possible to degradate
fluorobenzene (FB) and/or benzotrifluoride (BTF) by microorgan-
ism [14], we have examined the reuse of the fluorine atom released
from the degradation of FB and/or BTF by microorganism to make
clear the recycle of the fluorine resource. In the biodegradation,
fluoride ion (FB: 141 nmol/ml; BTF: 126 nmol/1 ml) was detected
by fluoride ion selective electrode. In the recycle of fluorine
resource, the fluorination in the reaction system derived from flA

protein, SAM, Tris–HCl buffer and the above cultivation layer was
carried out for 6 h at 37 8C. The fluorination using the cultivation
layer obtained the biodegradation of fluorobenzene and/or
benzotrifluoride proceeded smoothly to produce 50-FDA
(1.14 nmol from fluorobenzene cultivation layer and 2.07 nmol
from benzotrifluoride cultivation layer).

Furthermore, we have examined the recycle of fluorine resource
with S. cattleya NBRC14057 instead of fluorinase enzyme. The
cultivation layer based on the biodegradation of BTF was added
into the cultivation layer of S. cattleya NBRC14057, and then the
mixture was cultivated for 3 weeks at 28 8C (250 rpm) (Fig. 1). The
fluorinated products (fluoroacetate and 4-fluorothreonine) were
detected by 19F NMR spectrum [15–17]. In this 19F NMR spectrum,
we have determined the productivity of fluoroacetate (537 nmol)
and 4-fluorothreonine (253 nmol) by the use of the difluoroacetic
acid as an internal standard. In the fluorination reaction by S.

cattleya NBRC14057, it is reported that the produced 50-FDA is
transformed smoothly to 5-fluoro-5-deoxyribose-1-phosphate
and then fluororibose-1-phosphate with several kinds of enzymes
shown in Scheme 2, and as the final products fluoroacetate and 4-
fluorothreonine are detected [11,17]. In our above fluorination
system, the transformation of fluoride ion from cultivation layer to
fluorinated materials such as fluoroacetate and 4-fluorothreonine
was proceeded smoothly via 50-FDA, 5-fluoro-5-deoxyribose-1-
phosphate and then fluororibose-1-phosphate. Furthermore, an
ionic liquid [DEME][BF4] was added into the cultivation layer of S.

cattleya NBRC14057, and then the mixture was cultivated for 2
months at 28 8C (250 rpm). We have found that it is possible to use
an ionic liquid (DEME)[BF4] for the recycle of fluorine resource,
producing fluoroacetate (163 nmol) and 4-fluorothreonine
(115 nmol) (Fig. 1 and Scheme 2).
3. Conclusion

We have established the enzymatic fluorination of SAM with a
fluoride ion generated from the degradation of BF4 ionic liquids
and biodegradation of fluorobenzene and benzotrifluoride, giving
50-FDA. Furthermore, we have also mentioned the enzymatic
syntheses of fluoroacetate and 4-fluorothreonine using a fluoride
ion generated from the degradation of fluorinated materials. This is
the first example of the recycle of fluorine resource.

4. Experimental

4.1. General

All commercially available reagents were used without further
purification. The 19F NMR (470 MHz) spectra were recorded in ppm
downfield from internal standard C6F6 in CDCl3 using a VXR 500
instrument.

4.2. Materials and methods

4.2.1. Bacterial strains and plasmids

E. coli JM109 and BL21(DE3) pLysS were used for cloning and
enzyme engineering, respectively. The fluorinase gene (flA) was
amplified from the S. cattleya NBRC14057 genome using primers
reported previously [7]. Only a single, silent mutation in flA was
detected by CEQ8000 DNA analysis (Beackman Coulter). The gene
was cloned in pET28b+ (Novagen) and consequently fused to the
His-tag-containing peptide in the N-terminal of the enzyme,
termed pETflA. It was sub-cloned into pALTER1 (Promega) using
DraIII and SphI restriction enzymes, termed pALTERflA. Km and kcat

of fluorinase were reported in the literature [18].

4.3. General procedure

(a) The mixture of the flA protein (200 ml, 1 mg/ml), 50 nmol of
SAM, Tris–HCl buffer (1 ml), KF (2 mmol) was incubated. After
incubating for 6 h at 37 8C, 50-FDA was extracted with diethyl
ether (10 ml x 10). After removing the solvent, the mixture
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solution of buffer solution (40 ml, KH2PO4, pH 7.0) and MeOH
(10 ml) was added into the above residue. The product peak and
yields (5.7%) from SAM to 50-FDA were determined by HPLC
analyses (column; shim-pack VP-ODS 150L x 4.6; SHIMADZU)
according to a previous report [16].

(b) The mixture of the flA protein (286 ng, 1 mg/ml), 100 nmol of
SAM, Tris–HCl buffer (400 ml) and ionic liquid (800 ml) was
incubated. After incubating for 18 h at room temperature, 50-
FDA was extracted with diethyl ether (10 ml � 10), and then
worked-up similarly.

4.4. Degradation of benzotrifluoride (BTF) and/or fluorobenzene

Into the test tube production medium (4 ml) derived from
starch (0.5%), sucrose (0.5%), N.Z.Amine (0.25%), peptone (0.25%),
yeast extract (0.2%), extract ehlich (0.1%), KH2PO4 (0.1%),
MgSO4�7H2O (0.05%) and buffer solution consisted of Na2HPO4

and KH2PO4, 200 ml of culture was inoculated. Into the above test
tube, benzotrifluoride (or fluorobenzene; 4–16 mM) was added,
and then the degradation of benzotrifluoride (or fluorobenzene)
was carried out at 28 8C for 2 weeks aerobically. Fluoride ion
(fluorobenzene: 198 nmol/1.4 ml; benzotrifluoride: 126 nmol/
1 ml) was detected by ISE combination fluoride (ION pH/mV/
ORP). In the next step, the cultivation layer containing fluoride ion
was used for the recycle of fluorine resource to introduce the
fluorine atom onto SAM to produce 50-FDA.

4.5. Fluorination using the cultivation layer of the degradation of

benzotrifluoride (BTF) and/or fluorobenzene

(a) Into the mixture of the flA protein (200 ml, 0.2 mg/ml), 85 nmol
of SAM and Tris–HCl buffer (pH 8.0, 1 ml), the above cultivation
layer (1 ml; FB: concentration of fluoride ion 141 nmol/ml) was
added. After incubating for 6 h at 37 8C, 50-FDA was extracted
with diethyl ether (10 ml � 10), and 50-FDA (1.14 nmol:
consumed fluoride ion; 0.58%) was produced by the analysis
with HPLC (column; shim-pack VP-ODS 150L x 4.6; SHI-
MADZU).

(b) In the above reaction, the cultivation layer (1 ml; BTF:
concentration of fluoride ion 126 nmol/ml) and SAM (50 nmol)
were used, and work-up similarly, giving 50-FDA (2.07 nmol:
consumed fluoride ion; 1.64%).

4.6. General procedure with S. cattleya NBRC14057

(a) S. cattleya NBRC14057 was cultivated in the 227 medium (0.4%
dried yeast extract, 1.0% malt extract 0.4% glucose) and buffer
solution consisted of Na2HPO4 and NaH2PO4 for 2 weeks at
28 8C. Into the above medium, the cultivation layer (BTF:
fluoride ion concentration 1.25 mmol) was added, and then the
mixture was cultivated for 3 weeks at 28 8C (250 rpm). The
fluorinated products (monofluoroacetate and 4-fluorothreo-
nine) were detected by 19F NMR spectrum, and their
productions were determined by the 19F NMR integration
using CHF2CO2H as an internal standard. 19F NMR. Fluoroace-
tate: �54.0 (t, J = 48.8 Hz) ppm. 4-fluorothreonine: �68.6 (td,
J = 47.3, 24.4 Hz) ppm from C6F6.

(b) S. cattleya NBRC14057 was cultivated in the 227 medium (0.4%
dried yeast extract, 1.0% malt extract 0.4% glucose) and buffer
solution consisted of Na2HPO4 and NaH2PO4 for 2 weeks at
28 8C. Into the above medium, an ionic liquid (N,N-diethyl-
N-methyl-N-(methoxyethyl)-ammonium tetrafluoroborate:
[DEME][BF4]) was added to keep the substrate concentration
(20 mmol) in medium (4 ml), and then the mixture was
cultivated for 2 months at 28 8C (250 rpm). The production of
fluorinated materials (fluoroacetate (163 nmol) and 4-fluoro-
threonine (115 nmol)) was determined by the 19F NMR
integration using CHF2CO2H as an internal standard.
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