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Abstract

m-Bromo-a..a-triffuorotoluene (1) and 1-bromo-2 3-difluorobenzene (4) were subjected to microbial oxidation by Pseudomonas putidu
strain 39/D and the corresponding Escherichia coli recombinant microorganism (strain JMI09(pDTG601 ) ). which express toluene dioxy-
genase. The ahsolute stereochemistry of the major oxidation products have been determined as cis-(2R.,35)-5-bromo-2.3-dihydroxy-c.c.a-
triftuoromethylcyclohexa-4.6-diene (2), and ¢is-{25.35)- 1-bromo-5.6-diflucro-2,3-dihydroxy-4.6-diene (5). The regiochemistry of a minor

metabolite has been established as ¢is-5-bromo-3.4-dihydroxy-a.a.c-triffuoromethyleyclohexa-1.5-diene (3).
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1. Introduction

The ability of several bacterial strains to metabolize aro-
matic compounds via cis-diols is well known | 1-3]. Some
of the most common metabolites. enantiomerically pure
cyclohexadiene cis-diols, such as those derived from halob-

enzenes, have proven to be useful in the total synthesis of

numerous natural products. Synthetic targets that have been
achieved in efficient sequences include conduritols {4],
conduramines [5.6], inositols [7.8]. prostaglandin precur-
sors 9], alkaloids { 10-12]. sugars [13.14] and terpenes
[15.16]."

Well over 200 arene cis-diols are known. and new com-
pounds are being isolated by the application of different bac-

terial strains [26.27]. Although the exact characteristics of

the enzyme tolucne dioxygenase are not known. it oxidizes
substituted aromatics with remarkable specificity while tol-
erating a wide range of stereoelectronic parameters. For
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example, a cis-diol can be produced from chlorobenzene as
well as from styrene, ethylbenzene. and other substituted
arenes |27].

The regiochemistry of the oxidation of small monocyclic
arenes by means of Pseudomonas putida 39/D is predictable
in most cases: the diol is generally introduced in the 2.3
position relative to the most bulky substituent. Extensive
studies of dioxygenase-catalyzed oxidations have been con-
ducted during the last 25 vears | 1-3] with substrates ranging
from monocyclic aromatic compounds to polycyclic systems
such as naphthalene, phenanthrene. benzo[alanthracene,
indole, and other heterocycles | 28-36].

The biooxidation of substituted bromobenzenes, chloro-
benzenes, and fluoroaromatic compounds is also known to
furnish 2. 3-diols | 37-40]. and scveral studies are available
on the oxidation of other disubstituted arenes [41-43].
Whereas trisubstituted aromatics have not been as extensively
studied. several examples of biooxidation of these com-
pounds can be found in the literature [ 44-46]. In an effort to
determine the likely topology of the active site and to learn
about the limits and specificity of the enzyme. we initiated
the study of m-disubstituted and trisubstituted fluorine-con-
taining aromatics. Such fluorinated compounds can be useful
for studying the complete metabolic pathway of the degra-
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Table |
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Fluorine-containing metabolites obtained from toluene or toluate dioxygenase transformations [49-62

Entry Substrate Product(s) Microorganism Ref.
I F F P. putida UV4 |49]
!
2.4 ) P putida UV4 150]
F E. coli IMI09(pDTG601)
o-fluoro F
m-fluorc
p-fiuoro
5-6 CFy CF, FP.oputida NCIB 12190 |51
Qi
o-fluoro,
p-fluoro
7 CH, CHy P.putida 39/ D |S1-53]
AN on P. putida UV4
X OH
F F
8 CF, CF, P.purida UV4 |49.51]
=
o o
9 CFy CFy P putida UV4 [52]
m
|
10.11 COOH HO 0ooH A. eutrophus BY [ 54-58]
o, < Pseudomonas sp B39
F wooc, OH
F ) oH
o-fluoro,
m-fluoro
12,13 COOH Hooc OH P.pittida JT103 | 59.60]
D OH
A
Fa F,
Va
3,4-difluoro,
3,5-difluorc
14+ ©00H P putida JT103 |60}
F
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Table | (contined)

Entry Substrate Productes) Microorganism Ref.
15 COOH cooH P. putida PL-pT-11/43 [61]
H
F F
CH; CH,
16 cooH COOH P. putida mt-1 | 621

CF, : “CF

A. eutrophus B9

“The structure of the metabolite was suggested from the degradation products obtained from defluorination.

dation of aromatic compounds by toluene dioxygenase and
in the preparation of fluorinated carbohydrates for medical
applications [47]. In arecentexample [ 48 . the biooxidation

of fluorobenzoic acids has been studied by direct analysis of

the crude cell-free centrifugate by '"F NMR. Optically pure
fluorine-containing diene diols of the type listed in Table ]
may find use in the preparation of fluorodeoxysugars and
inositols, compounds that are useful in evaluating metubolic
pathways |63.64]. Although a number ot fluorinated aro-
matic compounds have been subjected to microbial biooxi-
dation, the list is small compared to the number of metabolites
known for other arenes (sce Table 1). In this manuscript we
report the isolation and identification of three new metabolites
derived from biooxidation of m-bromo-a.cv.-trifluorotolu-
ene (1) and 1-bromo-2.3-difluorobenzene (4).

2. Results and discussion

2.1. Isolation, purification. and regiochemistry of the new
compounds

In the experiments with P. purida 39/D, the microorgan-
isms were grown aerobically in a 10-1 fermentor and induced
with toluene under conditions previously reported {65]. The
substrates were supplied to the cells grown in liquid medium.
Centrifugation and extraction of the broth provided new com-
pounds from the biotransformation of compounds 1 and 4
(Scheme 1).!

2.1.1. Biooxidation of m-bromo-«. o, a-trifluorotoluene

In the biotransformation of 1. compounds 2 and 3 were
obtained in a ratio of 25:1 in a combined yield of 50 mg/I.
Purification of 2 and 3 was accomplished by reversed-phase
HPLC. After flash chromatography of the crude product mix-
ture from the biotransformation of substrate 1 on silica gel
( 10% deactivated with water). the pure products were iden-

* After the fermentation is complete the broth is centriluged to remove the
cells and the pH adjusted o 8.5. The broth is then saturated with NaCland
extracted several times with ethyl acetate to obtain the crude diol mixture,

CF3
P punda 39/D or
E coli JM109
Br (pDTG601)
1

Br Br
F F i OH
P.putida 39/D or
————
E.coli IM109
F (pPDTGB01) F OH
4 5
Scheme 1.

tified as 2.3-toluene diol ( from the induction period),” 2, and
3. The melting points of the compounds were 112-113°C
and 145-146°C, respectively. after recrystallization (di-
chloromethane:hexanes).

The microbial oxidation was repeated with the recombi-
nant Escherichia coli strain IM109(pDTG601). Cells were
grown aerobically in a 12-I fermentor. followed by induction
with isopropyl-B-d-thiogalactopyranoside (IPTG). In this
case the ratio of 2 and 3 was 97:3. Only 2 can be recovered
pure by silica gel chromatography ( 1:1 hexanes/EtOAc as
eluent) but 3 can be concentrated by collecting the carly
fractions from the column. Reversed-phase HPLC ( Micro-
sorb CI8 column, MeOH:H-.O/60:40. retention times:
1(2y=11.22min;7.(3) =9.62 min) of this fraction afforded
pure 3.

2.1.2. Biooxidation of 1-bromo-2,3-difluorobenzene

In the oxidation of compound 4. only toluene diol and
compound 5 were recovered. The isolated yield of the latter
was 50 mg/l, and the melting point after recrystallization
{ethyl ether) was 104.5-105.5°C. Substrate 4 was also oxi-
dized on large scale by means of £. coli IM109(pDTG601 ).
In this case metabolite § was obtained with a yield of 0.7 g/
I as the only product.

> P, purida strain 39/D requires induction with a suitable compound before
the oxidizing enzyme is produced. In this study. toluene vapor (a known
inducer) was bubbled through the broth before (he corresponding aromatic
substrate was introduced.
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bial oxidations. derivatization with chiral boronic acid was
used. This method was successfully used to determine the
absolute stereochemistry and % ee of diol metabolites present
in small amounts (e.g.. 2 mg) [66]. For a series of mono-
substituted arene cis-diols of known % ee and absolute ster-
eochemistry. it was observed that '"H NMR analysis of the

10
i. DMP, TsOH (cat.) Acetone, r.t., 1 h.
Scheme 2.
CF3 CF, CFs3
OH OH OH
i i
1n -
Br OR OTHS OR
2 R=H 7 8 R=l{
1L § R-THS Lo R THs
i = imidazote, THSCI, CH,Cl, il = Hy, PtO,, MeOH

Scheme 3.

The regiochemistry in the oxidation of compound 4 was
confirmed by chemical means. [n a voluntary action of “chem-
ical vandalism’™ (i.e.. the wilful destruction of chirality). the
derivative 5a was transformed into the meso compound 5b
by reductive dehalogenation (Scheme 2). The alternative
structure (10) was ruled out. because, if subjected to the
same dehalogenation procedure, it would have yielded the
optically active compound 10a, therefore. the structure of the
bromodifluorodiol obtained from the biotransformation was
assigned as 5.

2.2. Determination of the absolute stereochemistry

The absolute stereochemistry of the new diols obtained
was studied by two methods. First, metabolite 2 was con-
verted to compound 7 (Scheme 3), which was independently
prepared from the known standard 8 (entry 8, Table 1). The
diol was first protected with dimethylthexylsilyl chloride
(THSC1) and imidazole in CH,CI, and hydrogenated with
Adams” catalyst in methanol and triethylamine to aflord 7.

i=imidazole. THSCL CH,Cl,ii=H,. P1O,. MeOH

Direct comparison of the optical properties of compound
7 prepared from either 2 or 8 confirmed the absolute stereo-
chemistry of the major metabolite as shown. Since the values
obtained for the optical rotation were identical within exper-
imental error. and since the % ce of diol § is known 1o be
>98% . the 9% ee for diol 2 was assumed to be > 98% as well.

To determine the absolute stercochemistry of 3 (entry d.,
Table 2) from the very small amounts available from micro-

chiral boronate esters provided well-resolved diastereomeric
methyl and methoxy signals i a suitable solvent was used.
With the R- and S- boronic acid in hand. the 'H NMR signals
of either diastereomeric ester can be correlated (o the corre-
sponding parental acid. We report here the first attempt to
apply this method to di- and tri- subtituted arene cis-diols.
Resnick et al. [66] studied a series of diastereomeric
boronate esters prepared from R- and S- boronic acids
(Scheme 4). Apparent from Table 2 for entries a—¢, is a
uniform directional shift for methyl and methoxy signals for
each diastereomer. The esters made from S-boronic acid have
the chemical shifts given in Tabie 2. The corresponding
chemical shift for the methoxy signal of the R-esters is con-
sistently upficld for X = CI. I relative to this value thus giving
a positive A6 ppb. For example. taking a. the &,,. for the S-
ester i8 3.175. then for the R-ester is 3.159. giving Ad ppb
cqual to + 16 ppb. Comparing the methyl signals, that for the
R-ester is consistently downfield relative to the signal for the
S-ester. The same trend is followed by b and e. which indi-
cates unambiguously that compound § (entry ¢) has the same
absolute configuration as entries a and b above. Compound
3 (entry d) reverses this trend and the assignment of the
alternative absolute configuration of 3b could therefore be
given to this molecule ( Scheme 5). However. if the assign-
ment was made as 3b. it would be the first instance of
‘reversed” enantioselectivity in dioxygenase-mediated dihy-
droxylations known to date. Because of the small amount
(3% contentin fermentations ). it was not possible to pertorm
a full degradation to a known standard. such as the oxidative
cleavage to the known protected erythruronolactone 11
[67.68]. which would provide an unambiguous answer
(Scheme 6). Until direct methods of assignment are per-
formed. we would prefer not to commit to absolute stereo-
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Table 2
Directional chemical shifts obtained for the boronate ester derivatives

Entry® Diol Data for the ( — )-8 derivative of the corresponding diol”
G ce ~OMe -CH;,
3 (ppm) Aé (ppb) 8 (ppm) Ad (ppb)
a a >98 +16 1.551 -29
Ao
i
X" oH
b ' >98 +23 1.573 -6
i OH
OH
¢ B >98 +23 1.519 -25
F i OH
F OH
d Br > 98 -29 1.569 +23
Jou
oFs oH
e oA, > 98 13.225] -9 [1.418] +9
i OH
oH
f o, > 98 [3.218] - 17 [ 1.412} +19
ol
o=
g oF, > 98 [3.232] - 19 | 1.4291 +25
OH
& CH
“Entries a.b.e, and f were reported from Ref. | 66].
"Boronate esters were analyzed in C,D,, or [CDCl4].
OMe Br Br
CF, Me, OMe CFy H,,
H Me OH LiOH
o O .
s ‘s FsC OH F,C "oH
/ 4 3 b
Br o Br o a

S-ester of diol 2 R-ester of diol 2

OMe
Br Me, OMe Br Hi,

M

o M 0"
\ \
B B

7/ /
FoC ° FiC °

S-ester of diol 3 R-ester of diol 3

Schemc 4.

chemistry assignment for 3 based only on the 'H NMR
analysis of boronic esters, especially those derived from m-
disubstituted arene cis-diols for which sufficient correlations
are not available.

Compound 2 (entry g) was analyzed similarly using
entries e and f as references. The results for the boronate ester
from this diol follow the trend set by the references with

Assignment expected from the known
stereospecificity of the enzyme

Assignment expected from A3 (ppb)
analysis in Table 2

Scheme S.
Br [o]
1. DMP
OH 7 (o] o or enantiomer
2.04
FiC OH HO o
1
Scheme 6.

respect to positions of chemical shifts for diagnostic methyl
and methoxy signals. Thus compound 2 can be assigned the
same absolute stereochemistry as e and f, as confirmed by the
comparison with reduced diol 7.

Other standard diols (e.g., fluorobenzene, etc.) were stud-
ied by the chiral boronate ester methodology and all followed
the same trend. Although used only for monosubstituted
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arene cis-diols, extrapolation to disubstituted diols might be
justified. provided other direct methods are also used. The
result for compound 3 is questionable on the basis of known
mode of stereotacial oxidation of arenes by toluene dioxy-
cenase from the literature. The enantiomeric excess given in
each entry was based on the assumption that the other enan-
tiomer could have given distinct diastereomeric signals if it
was present and that the signals would be resolved.

In conclusion. the fluorinated disubstituted arenes 1 and 4
were metabolized by toluene dioxygenase to provide the cis-
diols 2 and 5 in high yield and enantiopurity. Applications of
these compounds in synthesis will be reported in the future.

3. Experimental details

All nonhydrolytic reactions were carricd oul under an
argon atmosphere with standard techniques for the exclusion
of air and moisture. Glassware used for moisture-sensitive
reactions was flame-dried under vacuum. Analytical TLC
was performed on Silica Gel 60F-254 plates. Flash chroma-
tography was performed on Kieselgel 60 (EM Reagents,
230—400 mesh). Mass spectra were recorded on a Varian
MAT-112 instrument (low resolution) oron a double-focus-
ing VG 7070 E-HF instrument (exact molecular ion mass ).
Infrared spectra were recorded on a Perkin-Elmer 283B or
710B instruments. HPLC was performed on Microsorb 5 pum
C18. 4.6 mm ID X 25 em 1 (analytical) and Microsorb 5 pm
C18. 214 mm IDX25 cm | (preparative) columns. Proton
NMR spectra were obtained on Bruker WP-270 or Varian
UN-400 instruments. Attached proton test (APT) experi-
ments were conducted to determine C multiplicities. Optical
rotations were recorded on a Perkin-Elmer 241 digital
polarimeter.

3.4 Typical procedure for microbial transformations

E. coli IMTO9(pDTG601) was grown overnight at 35°C
in an cnriched medium containing ampicillin (100 mg/1)
[ 34|. The preculture was then transferred to a 12-1 fermentor
containing 8 I of a similar medium. and the cells were grown
to an OD=70 (A=660 nm). The liquid substrates were
added dropwise to the culture, and the metabolic transfor-
mation of the substrates was monitored by observing the
oxygen consumption and CO, production by the culture. Diol
production was checked by measuring the characteristic
absorbance peak in the UV region (A =270 nm) After all
metabolic activity cecased (or no more diol formation was
observed), the fermentation was stopped and the pH was
adjusted to 8.4 with NaOH. The cells were separated from
the broth by centrifugation. and the resulting clear solution
was saturated with NaCl and extracted with base-washed
(saturated NaHCO;) EtOAc. The organic layer was dried
with Na,SO,, and the solvent was evaporated. The crude diol
was purified via flash chromatography on deactivated silica
gel (10% water) using hexanes/EtOAc as eluent (7:3) to

give either a mixture ot 2 (0.7 g/1) and 3 (20 mg/1) or pure
compound 5 (0.7 g/1).

314 Microbial oxidation of m-bromo-a, «. a-trifluoro-
toluene (1)

cis-(2R .35)-5-Bromo-2.3-dihydroxy-a.a.«a-trifluorome-
thylcyclohexa-4.6-diene (2). Ry = 0.4 (hexanes/EIOAc 1:1)
mp 112-113°C (CH,Cl,/hexanes) [ a|;,” = — 8.1 (¢ 0.53.
MeOH) IR (CHCIy) 3441, 1636. 1270, 1173. 1052, 1025
cm ' 'HNMR (CDCly) 66.65 (m, [H).6.37 (s. [H). 4.46
(s. 1H). 4.32 (d. J=35.9. IH), 2.53 (brs. 2H). ""C NMR
(CD.OD) 6 138.1 (C). 1322 (CH). 131.4 (C), 1245 (C).
113.6 (CH). 72.3 (CH). 63.9 (CH) MS (Cl+ ) m/z (rel.
int.) 259019). 214100y, 159(33). 133(70). 83(42).
Caled. for C;H.BrF,0,: C. 32.46: H. 2.34: found: C. 32.43:
H. 2.34.

cis-(35.48)-5-Bromo-3.4-dihydroxy-a,a.c-trifluorome-
thylcyclohexa-1.5-diene (3). R, = 0.4 (hexancs/EtOAc 1:1)
mp 145-146°C |a]p" = —46.5 (¢ 0.66. MeOH) IR
(CHCly) 3300. 3200. 2920. 1580, 1550, 1260. 750 ¢cm  ':
'HNMR (CDCl,) §6.48 id. /=6, 1H). 6.42 (dd. J, =6.2.
J,=6.0.1TH). 4.5 (m.2H). 2.78 (s. I1H), 2.29 (s. IH) 'C
NMR (400 MHz. CD:OD) 6 136.3 (CH). 1294 (C). 128 .4
(C). 1255 (C). 1251 (CH). 73.4 (CH). 669 (CH) MS
(EL m/z (rel. int) 258(20). 240( 14). HRMS calced. for
CyH,, F2O5: 257.9503: found: 257.9505. A=0.] mmu.

3.1.2. Microbial oxidation of 1-bromo-2,3-difluorobenzene
4)

cis-(285.35)-1-Bromo-5.6-difluoro-2 3-dihydrox y-4.6-
diene (5). Ry =0.4 (hexanes/EtOAc 1:1) mp 104.5-105.5°C
(ethyl ether) [a];,”=34.6 (¢ 0.49. MeOH) IR (KBr)
(em ') 3910(w). 1630(m). 1380(m). 1220(s). 1090(s).
1015(s). 'HNMR (CDCl,» 85.12 (m. [H).4.60 (brs. 1H).
4.47 (brs. 1H), 2.66 (brs. 1H), 2,40 (brs. I[H). ""C NMR
(C:D,0O) 6 14846 (dd. J,=259.0 Hz, /,=26.3 Hz. C).
148.36 (dd. J,=258.6 Hz. /.=28.2 Hz. C). 109.21 (dd.
Jy=99 Hz. J,=1.5 Hz. CH), 106.77 (dd. J,=13.3 Hz.
J2=34Hz.C). 7299 (d. /J=2.3H7z.CH). 67.68 (d. /=84
Hz.CH).""F NMR (CDCl.): 8 (ppm) — 124.25 (broad s).
— 13284 (broad s). MS m/e (rel. int.) 228(24.
M (C,HO,"'BrF.)).  226(19. M (C,H;O,BrF>)):
130C16): 127¢21): 101100}, HRMS caled. for
C,H:O,BrF,: 225.9441: tound: 2259477. A=3.6 mmu.
Caled. for C,HsBrF.O-: C. 31.75: H., 2.22: found: C. 31.46;
H.2.19.

313 Preparation of derivatives of the isolated metabolites
cl5-(2R.35)-5-Bromo-3-dimethylsilylthexyl-2-hydroxy-
a.a.c-triftuoromethyl-4.6-cyclohexadiene (6). To a stirred
solution of 2 (80 mg. 0.31 mmol) in CH,CI, (10 ml) was
added imidazole (26 mg, 0.39 mmol) and dimethylthexyl-
silyl chloride (0.073 ml. 0.37 mmol). The mixture was stirred
at 0°C overnight. The solution was equilibrated o room tem-
perature. dried over Na,SO, and evaporated to vield a col-
orless 01l 6 (114 mg. 92% vield). R,= 0.6 (hexanes/EtOAc
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10:1) [a]p™ =92 (¢ 0.97, MeOH) IR (neat) 3448, 2960.
1168, 1130, 1050, 1028 cm™ s '"H NMR (CDCl;) $6.54 (m.
1H), 6.24 (m. I1H). 443 (m, 1H). 4.20 (m. 1H). 2.66 (d,
J=42,1TH). 1.64 (m. IH). 091 (m. 6H). 0.18 (d. J=5.3.
3H) ""CNMR (400 MHz, CDCl;) $134.5(C). 131.0 (CH).
129.5(C). 1227 (C), 1143 (CH). 71.0 (CH). 63.7 (CH).
341 (C). 252 (C),20.2 (CH;). 20.0 (CH,). 18.5 (CH,),
18.4 (CHy). —2.54(CH;), —3.08(CH,). MSm/- (rel.int.)
383(90). HRMS caled. for C,sH.BrF,0,S1 (M-OH):
383.0653: found: 383.0684. A=3.1 mmu.
cis-(2R.35)-3-Dimethylsilyl-2-hydroxy-o.a.a-trifluoro-
methyl-6-cyclohexene (7). An autoclave was charged with
9 (200 mg, 0.62 mmol) dissolved in MeOH( 10 ml). Two
drops of triethylamine and catalytic amount of PtO, were
added to this solution. The apparatus was pressurized 1o 85
psi with H, and allowed to stir for 2.5 h. After filtration
through Celite and evaporation of the solvent. a crude oil was
obtained. Purification via silica gel chromatography atforded
acolorless oil (51 mg. 26% yield). The same compound was
obtained by hydrogenation of 6 in 27% yield. R, =0.5 (hex-
anes/EtOAc 10:1) |a],™=—60 (¢ 0.77. MeOH) IR
{neat) 3550, 2960, 1660. 1560, 1370 cm ™ ': '"H NMR (400
MHz, CDCly) § 6.52 (s. [H), 419 (s, TH). 3.81 (dt
J=112.7=721H).2.73 (d. /=24, 1H),. 2.34 (m. |H).
220 (m, THHY, 1.90 (m, 1TH). 1.64 (m,2H). 091 (d.J=2.4,
3H). 0.89 (d.J=2.4.3H).0.87 (m.6H). 0.16 (5. 6H) ''C
NMR (400 MHz. CDC1,) 6 135.1 (CH). 129.0 (C). 124.1
(C). 69.9 (CH;). 64.1 (CH). 34.2 (C). 29.6 (C). 244
(CH,). 23.9 (CH,). 20.2 (CH,). 20.1 (CH;). 18.6 (CH.).
18.5 (CH+). —2.4 (CH;), —2.9 (CH;) MS (FAB) m/:
{rel. int.) 325(100). 239(90). HRMS caled. tor C,5H.5-
F10,:Si: 3251801, found: 325.1780. A=0.1 mmu.
cis-(28.35)- 1-Bromo-5.6-difluoro-2.3-| (isopropylidene -

dioxy Jcyclohexa-4.6-diene (5a). To a stirred solution ol 5
(1.13 2. 5.0 mmol) in acetone { 100 ml) at room temperature
was added neat dimethoxypropane (1.5 ml, 16.8 mmol)
dropwise. The solution was stirred for 3 min and TsSOH (45
mg, 0.25 mmol) was added. The reaction was stirred for 2 h
and another 1.5 ml of DMP was added. After one additional
hour the reaction was complete (monitored by TLC). The
reaction wis diluted with CH-CI, and then quenched with a
saturated solution of Na,CO.. The layers were separated and
the water layer was extracted three times with CH,Cl,. The
combined organic extracts were dried with MgSO . and the
solvent removed. The resulting oil was purified by coluinn
chromatography (hexanes/EtOAc 1:1) to yield 5a as a col-
orless oil. (92%) |a]," =769 (¢ 1.0. CHCl,): IR (neat):
2949, 1023. 1197, 1364. 1614: 'H NMR (300 MHz) §5.63
(IH. m). 485 (2H. m). 1.43 (3H. s). 1.40 (3H. s): °C
NMR 6 149.6 (dd. J,=263. /,=22. C). 103.7 (d, J=16.
C). 102.8 (d. J=14. CH). 75.8 (s. CH). 71.0 (d. /= 10.
CH). 26.6 (CH). 24.8 (CH) ""F NMR (CDCl;. 300 MHz)
A(ppm) —128.95(m). —124.11(m) MS (EL 70 eV ) m/-
(rel. int.) 268(38, M ' +2H(C,H, VBrF,0.1). 267(39,
M' +2H(CH,,""BrF.0,)). 253(85). 251(83). 211(97).

200¢100), 130(69). HRMS calc. for C,H, BrF.O-:
266.9832 (M " 4+ 2H): found: 267.9885. A =2.6 mmu.
cis-(285.35)-5.6-Difluoro-2.3-{ (isopropylidene )dioxy | -

cyclohexa-4,6-diene (5b). To a stirred solution of Sa (0.42
g. 2.27 mmol) in anhydrous THF (30 mi) at —78°C was
added tert-BuLi (1.7 M in pentane, 4.1 ml, 3.4 mmol) drop-
wise. The solution was stirred for 15 min and MeOH (2.1
ml. 74 mmol) was added dropwise while the temperature was
maintained at —78°C. The mixture was stirred for another
15 min and allowed to warm to room temperature. The reac-
tion was diluted with EtOAc, neutralized with NH,Cl solu-
tion. and extracted twice with EtOAc. The organic extract
was dried with anhydrous MgSO,. and the solvent was
removed at room temperature under reduced pressure. The
resulting oil was purified by column chromatography (hex-
anes/CHCI; 3:1) to yield Shas a yellow oil. (60%) IR (neat)
2989(w). 2936(w). 1736(m). 1652(w). 1404(s). 1244(5),
[212¢sy, 1176(w), 1047(s). 867(w). 759(s); '"H NMR
(300 MHz) 6 (ppm) 5.55 (2H, m).4.85 (2H. m). [.45 (3H,
). 1.38 (3H.$): "CNMR & (ppm) 150.3 (dd. J, =262 Hz,
J=28 Hz, C), 106.2 (5. C). 1046 (dd, J, =11 Hz, /,=3
Hz. CH). 71.1 (broad s, CH), 27.1 (CH;), 25.0 (CH;). "F
NMR (300 MHz, CDCI;) & (ppm) —131.87 (m, /=49
Hz) GC-MS (Cl) m/z (rel. int.) 188(9. M "), 130(21),
LI70100) 111(76). HRMS C,H ,F,0,: 188.0649; found:
[88.0655. A=0.6 mmu.

Acknowledgements

Financial support by TDC Research, National Science
Foundation { CHE-9315684 and CHE-9521489), PHS grant
GM-29909 from Natl. Inst. Gen. Med. Sc., University of
Florida, The Philippine Department of Science and Technol-
ogy (fellowship to MAE) and CONICYT (Uruguay) is
gratefully acknowledged.

References

[1] D.T. Gibson (Ed.). Microbial Degradution of Organic Compounds.

Microbiology Series. Vol. 13, Marcel Dekker, New York. 1984,

D.T. Gibson. M. Hensley, H. Yoshioka, T.J. Mabry. Biochemistry 9

(1970 1626.

131 D.T. Gibson. J.R. Koch, R.E. Kallio. Biochemistry 7 ( 1968) 2653,

[41 T. Hudlicky. H. Luna. H. Olivo. C. Andersen. T. Nugent. 1.1, Price.
J. Chem. Soc.. Perkin Trans. T (1991 2907,

|51 T. Hudlicky. H. Olivo. Tetrahedron Lett. 31 (1991) 6077.

[61 T.Hudlicky. H. Olivo, B. McKibben. J. Am. Chem. Soc. 116 (1994)

STIS.

M. Mandel, T. Hudlicky. L.D. Kwart. G.M. Whited. J. Org. Chem. 58

(1993) 233],

[8] T.Hudlicky. M. Mandcl, J. Rouden. R.S. Lee, B. Bachmann, T. Dud-
ding. KJ. Yost. IS, Merola. J. Chem. Soc., Perkin Trans. 1 ( 1994)
1S53,

[9] T. Hudlicky. H. Luna, G. Barbieri. 1.D. Kwart. J. Am. Chem. Soc.
110 (1988) 4735,

{101 T, Hudlicky., X, Tian, K. Konisherger. R. Maurya. J. Rouden. B. Fan.
J.Am. Chem. Soc. I8 (1996) 10752,

|2

~J



[14]
[15]
[16]
174

[18)
[19]

120]
[21]
122]

(]
A

127]

[28

1291

|130]

f311

w
e}

[33]
134]

[35

[36]
[37]

[38]

T. Hudlicky et al. 7 Journal of Fluorine Chemistry 89 (1998) 23-30

T. Hudlicky. X. Tian. K. Konisberger, J. Am. Chem. Soc. | {7 (1995)
3643,

T. Hudlicky, G. Secane. J.D. Price. K.G. Gadamassetti, Synlett
(1990) 433.

T. Hudlicky, J. Rouden, H. Luna. S. Allen. J. Am. Chem. Soc. 116
(1994) 5099.

T. Hudlicky, J. Rouden, H. Luna, J. Org. Chem. 58 (1993) 95,

T. Hudlicky, G. Seoane, T. Pettus, J. Org. Chem. 54 (1089) 4239,
T. Hudlicky. M. Natchus, J. Org. Chem. 57 (1992} 4740.

D.A. Widdowson. D.A. Ribbons, S.D. Thomas, Janssen Chim. Acta
8 (1990) .

H.AJ. Carless, Tetrahedron Asymmetry 3 (1992) 79S.

S.M. Brown, in: T. Hudlicky (Ed.), Organic Synthesis: Theory and
Practice, Vol. 2. JAI Press, Greenwich. CT. 1993, p. 113,

T. Hudlicky. J. Reed. Adv. Asymmetric Synth. | (1995) 271.

A.D. Grund, SIM News 45 (1995) 59.

T. Hudlicky. D.A. Entwistle, K.K. Pitzer, A.J. Thorpe. Chem. Rev.
96 (1996) [195.

T. Hudlicky. AJ. Thorpe, J. Chem. Soc.. Chem. Commun. (1996)
1993,

T. Hudlicky, in: P.T. Anastas, T.C. Williamson (Eds. ). Green Chem-
istry: Designing Chemistry for the Environment. ACS Symp. Ser..
Vol. 626, American Chemical Society, Washington. DC. 1996. p. 180.
T. Hudlicky, Chem. Rev. 96 (1996) 3.

| M. Stabile. PhD Thesis. Department of Chemistry. Virginia Polytech-

nic Institute and State University. Blacksburg. VA, USA. 1995,
R.A.S. McMordie, PhD Thesis, School of Chemistry, The Queen’s
University of Belfast, Belfast BT9 SAG, UK, 1991.

D.M. Jerina, J.W. Daly, AM. Jeflrey, D.T. Gibson. Arch. Biochem.
Biophys. 142 (1971) 394.

D.T. Gibson, V. Mahadevan, D.M. Jerina, H. Yagi. H.).C. Yeh. Sci-
ence 189 (1975) 295.

D.M. Jerina, H. Selander. H. Yagi, M.C. Wells. LF. Davey, V.
Mahadevan. D.T. Gibson, J. Am. Chem. Soc. 98 (1976) 5988,

B.D. Ensley, B.J. Ratzkin. T.D. Osslund, M.J. Simon. L.P. Wackett.
D.T. Gibson, Scicnee 222 (1983) 167.

D.R.Boyd. N.DD. Sharma, R. Boyle. B.T. McMurray. T.A. Evans. . F.
Malene. H. Dalton. J. Chima, G.N. Sheldrake. J. Chem. Soc., Chem.
Commun. ( 1993) 49.

DR. Boyd, N.D. Sharma, R. Boyle. A. McMordic, J. Chima. H.
Dalton, Tetrahedron Lett. 33 (1992) 1241,

G.M. Whited. J.C. Downie, T. Hudlicky. S.P. Fearnley. T.C. Dudding.
H.F. Olivo. D. Parker. Bioorg. Med. Chem. 2 (1994) 727.

M.R. Stabile. T. Hudlicky. M.L. Meisels. G. Butora. A.(Gi. Gum, S.P.
Fearnley, A.J. Thorpe, M.R. Ellis, Chirality 7 ( 1995) 536.

T. Hudlicky, M.A.A. Endoma, G. Butora. Tetrahedron Asymmetry 7
(1996) 61.

D.T. Gibson, J.R. Koch. C.L. Schuld. R.E. Kalfic. Biochemistry 7
(1968) 3795.

D.W. Ribbons, AE.G. Cass, J.T. Rossiter. S.J.C. Taylor, M.P.
Woodland, D.A. Widdowson, S.R. Williams. P.B. Baker, R.E. Martin,
J. Fluorine Chem. 37 ( 1987) 299.

139]
[40]

[41]
{421

[43]
[44]
(451
[46]

[47]

[48]
149]

150]

[58]
(591
[60]

[61]
[62

j63}

[64]
1651

166]

[67]

[68]

R.E. Martin, P.B. Baker. D.W. Ribbons, Biocatalysis | (1987) 37.
J.T.Rossiter. S.R. Williams, A E.G. Cass, D.W. Ribbons, Tetrahedron
Leuw. 28 (1987) 5173.

J.F. Davey. D.T. Gibson. J. Bacteriol, 119 (1974) 923.

D.T. Gibson. V. Mahadevan. J.F. Davey, J. Bacteriol. 119 (1974)
930.

H. Zifter, K.P. Kabuto. D.T. Gibson. V.M. Kobal. D.M. Jerina. Tet-
rahedron Lett. 33 (1977) 2491,

I.J. DeFrank, D.W. Ribbons, I. Bacteriol. 29 (1977) 1356.

H.J. Knackmuss, Chem.-Zitg. 99 (1975) 213.

I.T.Rossiter, S.R. Williams. A.E.G. Cass, D.W. Ribbons, Tetrahedron
Lett. 28 (1987) S173.

N.F. Taylor (Ed.), Fluorinated Carbohydrates: Chemical and Bio-
chemical Aspects, ACS Symp. Ser. 374, American Chemical Society.
Washington. DC, 1988.

A.L.G. Cass, D.W. Ribbons, J.T. Rossiter. S.R. Williams, FEBS Lext.
220 (1987 353,

D.R. Boyd. M. Dorrity. J.V. Hand.J. Malone. N.D. Sharma, H. Dalton.
D. Gray. G. Sheldrake, J. Am. Chem. Soc. 113 (1991) 666.

D.R. Boyd, N.D. Sharma. S.A. Barr. }. Chima. G. Whited. R.
Seemayer, J. Am. Chem. Soc. 116 (1993) 1147,

I.A. Schofield. European Patent, 0252568, Shell Internationale.

2] D.R. Boyd, N.D. Sharma. J.V. Hand, M.R. Groocock, N.A. Kerley.

H. Dalton. J. Chima, (i. Sheldrake. J. Chem. Soc., Chem. Commun.
(1994) 974,

H. Zifter. K.P. Kabuto. I).T. Gibson. V.M. Kobal. D.M. Jerina, Tel-
rahedron Lett. 33 (1977 2491,

W. Reincke, W. Otting. H.J. Knackmuss, Tetrahedron 34 ( 1978) 170.
AM. Reiner, G.D. Hegeman, Biochemistry 10 (1971) 2530.

W. Reineke, H.J. Knackmuss, Biochim. Biophys. Acta 542 (1978)
412.

G.W.A Miine. P. Goldman, J.1.. Holtama. J. Biol. Chem. 243 ( 1968)
5374,

K.H. Engesser, E. Schmidt. HJ. Knackmuss. Appl. Environ. Micro-
biol. 39 (1980) 68.

J.T. Rossiter, S.R. Williams, A E.G. Cass. D.W.Ribbons. Tetrahedron
Lett. 28 (1987) 5173,

AE.G. Cass. D.W.Ribbons, J.T. Rossiter, S.R. Williams. FEBS Lett.
220 (1987) 353.

1.1, De Frank, D.W. Ribbons. J. Bacteriol. 129 (1977) 1356.

K.H. Engesser. R.B. Cain. HJ. Knackmuss, Arch. Microbiol. 149
(1988) 188.

N.F. Taylor (Ed.), Fluorinated Carbohydrates: Chemical and Bio-
chemical Aspects, ACS Press. Washington, DC. 1988,

B. Nguyen. C. York. T. Hudlicky. Tetrahedron, submitted.

D.T. Gibson, M. Hensley. H. Yoshioka. T.J. Mabry. Biochemistry 9
(1970) 1626.

S.M. Resnick, D.S. Torok. D.T. Gibson, J. Org. Chem. 60 (1995)
3546.

M. Mandel. T. Hudlicky. L..DD. Kwart. G.M. Whited. Collect. Czech.
Chem. Commun. 58 (1993) 2517

T. Hudlicky. H. Luna. J.D. Price. F. Rulin, J. Org. Chem. 55 (1990
4683,



