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Abstract

A series of 2-substituted-2-fluoro-1,3-dioxygenated chiral building blocks are synthesized via a chemoenzymatic
route using either (i) lipase catalyzed monohydrolysis of suitably functionalized malonic diesters, or (ii) lipase
catalyzed monoacetylation of suitably functionalized 1,3-propanediols. © 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

Chiral highly functionalized small molecules are very attractive building blocks thanks to their usually
high versatility, which allows them to be used in the synthesis of very different complex molecules.
Among them, asymmetrized 2-substituted 1,3-propanédicdse particularly interesting because they
combine high versatility and enantiodivergeridye. both enantiomers can be prepared starting from the
same homochiral precursor.

Asymmetrization of 2-substituted 1,3-propanediols or their equivalents can be conveniently obtained
via an enzymatic routgjn particular when using lipases. Lipases have found broad application in organic
chemistry as chiral catalysts, since they can usually be easily obtained, stored and manipulated, are cheap
and usually have a low substrate selectivity, i.e. they accept ‘unnatural’ substrates, with very profound
modifications in structure and functionality. They have proved to be really powerful instruments in
allowing the chiral arsenal of chemists to be enriched.

Asymmetrization of prochiral diols via a hydrolytic enzyme catalyzed reaction can usually be conduc-
ted either via monoacylation of the diol itself or via monohydrolysis of the corresponding diacetate.
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In recent years we have been engaged in successfully applying this method to different 2-substituted
1,3-propanediols: for example, asymmetrized 2-aryl-1,3-propanediols have been used as precursors of
2-arylpropionic acids (antiinflammatory drujand of 11-deoxyanthracyclinones (aglycone portion of
some antibiotics}? while 2-heterocyclic-1,3-propanediols are precursors of quinuclidine dfuigst
surely the most impressive result has been the asymmetrization of 2-alkenyl-1,3-propanediols, which
are precursors of asymmetrized tris(hydroxymethyl)methane (THYAjch in turn has been used in
the synthesis of very different targets: top and bottom fragments of talaromitfreAey intermediate
for carbapenem synthesi§ppen-chain phosphonomethoxy analogues of nuclectidasintermediate
for the synthesis of lasalocide #%;and an intermediate for the synthesis of hypocholesterolemic agent
1233A%N

Fluorine containing organic compounds are almost xenobiotic: that is, they are scarcely present in
nature, however introduction of a fluorine atom at a specific site in organic molecules is of considerable
interest because fluorine can deeply maodify biological activity and allow fluorinated substrates to be used
in biomedical chemistry as drugs or in the study of bioorganic procégsesthis reason many fluorine-
containing new compounds have been synthesized, with particular attention to chirality, since strong
differences in activity between the two enantiomers have been obseNeudertheless, only sparse
reports have been found on enantioselective fluorination of optically inactive materials or asymmetriza-
tion of compounds having a fluorine atom at the stereogenic ce&hiecently, chemoenzymatic routes
to monofluorinated analogues of anti-inflammatory agents via lipase mediated resolutions of racemic
materials have been reportéd? as well as the resolution of 4-fluoroglutamic acids using acyl&ses.

To the best of our knowledge, asymmetrization of fluorinated prochirah@secompounds through
enzyme-catalyzed reactions is reported as occurring only in a very limited number of cases.

2. Results and discussion

In connection with our ongoing interest in the synthesis of small, highly-functionalized chiral building
blocks via biochemical strategies, we report here our results on the asymmetric synthesis of 2-substituted
2-fluoro-1,3-dioxygenated £fragments1.® Synthesis of these very versatile building blocks can be
realized by following at least three different convergent pathways (Scheme 1): (i) enzymatic asymme-
trization of 2-substituted 2-fluoromalonic diest&s(ii) enzymatic asymmetrization of 2-substituted
2-fluoro-1,3-propanediol8 via monoacylation; or (iii) enzymatic asymmetrization of 2-substituted 2-
fluoro-1,3-diacetoxypropaneksvia monohydrolysis. A suitable stepwise reduction strategy, along with
protection/deprotection of hydroxy groups, should lead in each case to the same type of chiral building
block. Of course, routes (ii) and (iii) should give the two opposite enantiomeric forms of monoacetate
6, but thanks to theenantiodivergencyf these molecules this should be neither an advantage nor a
drawback.

2.1. Synthesis of prochiral fluorinated malonic diest&r4,3-propanediols, and 1,3-diacetoxyprop-
anes4

Compounds2 were synthesized from commercially available (&a and 2€) or from known (for
2b,c*@ and for 2d'%) 2-substituted malonates, through fluorination under basic condtloirs.our
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hands, diethyl 2-methoxymalonate, the starting materiaRthrwas better prepared from dimethyl 2-
methoxymalonate via transesterification under classical acidic conditions than via ethoxycarbonylation
of ethyl methoxyacetat (large quantities of ethyl 2,4-dimethoxy-3-oxobutanoate were always formed).

Having 2-fluoromalonateg in hand, the most straightforward route to di@sappeared to be the
reduction of the malonates themselves. This reaction proved to be more troublesome than expected. As a
matter of fact, conditions that were suitable for non-fluorinated analogues (i.e. lithiumaluminumhydride
in tetrahydrofuranf2when applied t®aled only to traces of dioBa. Low yields'® or difficulties when
using too active hydride sourdéhad already been observed in similar reactions.

Using 2a as a probe, a variety of reductive conditions were assayed: diisobutylaluminum Rydride
in toluene at —78°C (traces @fa, extensive decomposition); RedAlin toluene at 0°C (extensive
decomposition); and sodium borohydriéén dimethylsulfoxide at high temperature (60°C or 150€).
Acceptable yields’ were at last obtained using in situ generated calcium borohyéftitewhen the
same conditions were applied 2b, diol 3b was obtained in moderate yield, while neiti#rnor 2d
gave the corresponding diols. By treatment with sodium borohydride in dimethylsulf@ddas could
be expected from results obtained usi#ay gave 2-fluoro-2-(3-thienyl)-1-ethanol. Since chiral building
blocks of typel with X=3-thienyl or methoxy could be obtained from route (i) (Scheme 1) (vide infra),
no further attempt to synthesize didsd was made.

An attempt to synthesize diacetata under conditions (acetic anhydride,sB) that were suitable
for its non-fluorinated counterpdi®, afforded the desired product only in low yield, probably due to
instability of diol 3aunder basic condition¥’. Diacetate4awas better synthesized via enzyme catalyzed
acetylation, using lipase fror€andida antarctica(CAL) (vide infra). The same enzyme catalyzed
acetylation was also applied to the synthesidlmf

2.2. Enzyme catalyzed asymmetrization of 2-substituted 2-fluoromalonic acid dissters

Several reports on enzyme catalyzed asymmetrization of 2-substituted malonic acid diesters have
appeared;® and usually satisfactory chemical yield and enantiomeric excess are obtained, provided
that no acidicx-proton (prone to racemization) is presetitin the malonate to be hydrolyzed or that
anhydrous conditions are used for the enzymatic transesterifi¢atieacently, some papers reporting
enzymatic asymmetrization under aqueous conditions of 2-monosubstituted malonates shéivig no
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slow?? racemization have appeared. Esterd8é$ aminoacylase® and lipase®?° of both microbial

and mammalian origin have been used at times. The efficiency of a lipase in catalyzing hydrolysis
or transesterification of malonates seems strongly dependent on the substitution pattern and reaction
conditions; for example, diethyl 2-fluoro-2-methylmalonate is a substrate for PPL (lipase from porcine
pancreas) in the hydrolytic reacti8Awhile dimethyl 2-methylmalonate is not in the transesterification
procesg? A study on the active site of PLE has been conducted using 2-aryl-2-methylmalonic acid
diestet?d as probes.

We assayed a series of lipases of both microbial (Amano AY, AYL, f@andidg CAL, from Candida
antarcticg and mammalian (PPL, from porcine pancreas, from which S-PPL, supported on’€eliis,
prepared) origin. The aim was (i) to obtain new small functionalized fluorinated building blocks and (ii)
to gain more information on PPL (on the basis of some results collected by us and others on the PPL
catalyzed hydrolysis of non-fluorinated derivatives, we have proposed a model for the active site of this
enzymé), studying the effects of introducing fluorine instead of hydrogen.

The most significant results are listed in Table 1. Particular attention should be devoted to workup
of crude reaction mixtures from enzymatic hydrolysis, since at pH 7 only non-acidic materials (namely
unreacted diester and by-products) could be extracted from an aqueous layer using an organic solvent
(ethyl acetate). It is necessary to lower pH at valg@sin order to extract monoestebs—e from the
aqueous layer, but too low a pH caused the monoesters themselves to decarboxylate, giving 2-substituted
2-fluoroacetic acid esters. In particul&@a (X=Ph) completely decarboxylates to probably optically
inactive'¥2ethyl 2-fluoro-2-phenylacetate at pH 1, but it is reasonably stable at pH 3 (workup of reaction
mixture should be very rapid), whilgc-e (X=3-thienyl, MeO) are fairly stable at pH 3 arfih (X=2-
naphthyl) is quite unstable even at pH 3 [only a poor quantitplofs obtained from a crude reaction
mixture of enzymatic hydrolysis, along with a sensible amount of ethyl 2-fluoro-2-(2-naphthyl)acetate].
An attempt to purify5a using flash chromatography resulted in complete decarboxylation, so that
monoesterd were always isolated, characterized, and further reacted as crude products. Formation of
a decarboxylated by-product has been previously observed in PLE catalyzed monohydrolysis of a 2,2-
disubstituted malonat€’ in our case, maybe decarboxylation is due to the presence, on the same carbon
atom between the two carboxylic groups, of two additional ‘acidifying’ substituents, such as the highly
electronegative fluorine and an aromatic group. 2-Fluoro-2-substituted malonic acids were never detected
in the reaction mixture: they are either too unstable or too water-soluble to be isolated under the employed
workup conditions.

A perusal of Table 1 indicates that, in the case of 2-aryl-2-fluoromaloraesd 2c, satisfactory
results, both in terms of chemical yield and enantiomeric excess, can be achieved using S-PPL (entries 1
and 6), which seems to be somewhat superior (at least in terms of reaction rate) to unsupported enzyme
(cf. entries 1 and 3). The microbial lipase Amano AY is also effective, producing the opposite enantiomer,
but in lower enantiomeric excess (entry 4). Die@lewas a substrate for PPL (entry 5), notwithstanding
its low reaction rate, but unfortunately monoedibr as already stated, is very unstable even at pH 3 and
was always isolated in very low yield (enantiomeric excess was not measured). Since a chiral buinding
block 1, having X=2-naphthyl, can be conveniently obtained from route (ii) of Scheme 1, no particular
effort was made in order to isolaf in acceptable yield. As for 2-fluoro-2-methoxymalonic acid diesters
2d,e, initial runs were performed on dimethyl es@s more directly obtained from commercial material
(see above), but results proved to be quite disappointing, both with S-PPL and lipases of microbial origin
(AYL, CAL) (entries 10-12). A ‘blank’ run (identical reaction conditions to enzymatic hydrolysis, but
in the absence of any added lipase) showed that chemical hydrolysis plays a major role in the process,
thus lowering the enantiomeric excess of the monoester. A similar problem of hydrolysis under very mild
conditions of a methyl ester having an electronegative fluorine atom i thasition had already been



E. Narisano, R. Riva/ Tetrahedrodsymmetry10 (1999) 12231242 1227

Lipase catalyzed asymmetrization Of-gil:ll,liitituted 2-fluoromalonic acid dieztess¥(
Entry Substrate Lipase (mg/ | Time | Conv.b | Yieldc of 5 e.ed Optigal
X) mmolsubs) | /h | /% / % ! % “;‘iaggg"
1 2a (Ph) S-PPL (230) 21 64 60 (63) >96 )
2 2a (Ph) S-PPL (260) 24 70 50 (n.d.) 296 n. d.
3 2a (Ph) PPL 24 23 35(72) 90 n. d.
4 2a (Ph) AYL (450) 18 46 90 (92) 52f n. d.
5 2b (2-Naphthyl) S-PPL (320) 45 13 5(24)8 n. d. n. d.
6 2¢ (3-Thienyl) S-PPL (270) | 4.5 50 77 (86) 9 )
7 2d (MeO) S-PPL (280) 3 43 42 (n. d.) 40 n. d.
8 2d (MeO) AYL (260) 0.5 50 73 (n. d.) >96h )
9 2d (MeO) CAL (250) 5 50 51 (n.d.) 70 n. d.
10 2e (MeO) S-PPL (110) | 2.5 49 41 (n.d.) 8 n.d.
11 2e (MeO) AYL (260) 55 47 81 (84) 22i n. d.
12 2e (MeO) CAL (250) 1.75 49 42 (n. d.) 82 n.d.

a All experiments were run at room temperature, at pH 7 in a 0.01 M phosphate buffer and followed by titration with 0.1 Nor 1 N
NaOH, using a pH-stat apparatus (see Experimental). ® Conversion was defined as in Ref. 9. ¢ Isolated yield; in brackets is
reported yield based on unrecovered starting material. Malonic diacids were never recovered. 4 Enantiomeric excess was
measured by analysis of both !H and !9F NMR spectra of monoamides from either (R)- or (S)-a-methylbenzylamine. € CHCl;.
f The opposite enantiomer with respect to run 1 was obtained. & The main isolated product was ethyl 2-fluoro-2-(2-
naphthyl)acetate. " The opposite enantiomer with respect to run 7 was obtained. ! The opposite enantiomer with respect to run 10

was obtained.

observed.® Fortunately, use of the diethyl ester minimized chemical hydrolysis, and good results were
obtained when AYL was used as a catalyst (entry 8). It should be noted that AYL showed, with any
substrate tested in Table 1, the opposite enantiomeric preference with respect to S-PPL (cf. entries 1 and
4,7 and 8, 10 and 11).

Enantiomeric excess &, 5¢, and5d could not be determined simply by runnitig NMR spectra of
these monoacids in the presence of a chiral amine, suc®-asr ((R)-x-methylbenzylaminé?a24we
had to react monoacids themselves with the chiral amine, in order to obtain diastereocisomeri&mides.
The ratio of diastereoisomeric amides could be determined either via gas-chromatographic techniques
(for 5aand5c) or vialH or 1°F NMR analysis (fo5a, 5¢-€).

The absolute configuration was determined for levorotafayia chemical correlation (vide infra)
to the already known levorotatoryR)-2-fluoro-2-phenyl-1-propant? and assessed to b&)( The
same absolute configuration was also tentatively assigned to monbesteith the assumption that
an arrangement of substrate in the active site of an enzyme does not alter when changing aromatic
substituents.

The monoethyl ester of 2-fluoro-2-methylmalonic acid had already been obtained 8ith (
configuration from MYL (fromCandida cyclindraceacatalyzed monohydrolysis of diesfér.
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Table 2
Lipase catalyzed asymmetrization of 2-aryl-2-fluoro-1,3-propanedsathj?

Entry Subs (X) Lipase (mg/ | T | Time | Conv.P 4:6:3 Yielddof | e.e.c | [a],l

mmol subs) |/°C| /h ! % ratio® 6/ % ! %
1 3a (Ph) S-PPL (170) | 10 | 90 46 1:90:9 85(92) | 296 |+17.7
2 3a (Ph) CAL (80) -10 | 20 58 n. d. 52 518 | 49.5
3 3a (Ph) CAL (180) 10 15 100 100:0:0 -h - -
4 3a (Ph) CCL (175) 10 | 24 28 n. d. 44 148 | +2.5
5 3a (Ph) PSL (175) 0 130 54 9:91 : traces 82 948 | +17.4
6 |[3b (2-Naphthyl) | S-PPL (240) | 10 | 97 35 traces : 69 : 64 (88) | 296 |+19.8
31
7 |3b (2-Naphthyl) [ CAL (450) |r.t. | 24 75 n. d. 19i 471 | 9.7

2 All experiments were run using vinyl acetate as acetylating agent and diisopropy! ether as solvent, in the presence of a small
amount of powdered 3 A molecular sieves. P For a definition of conversion (determined from 'H NMR spectra), see ref. 23.
¢ Diacetate : monoacetate : diol ratio was determined weighing isolated compounds. 9 Isolated yield; in brackets is reported yield
based on unrecovered starting material. © Enantiomeric excess was measured by analysis of both 'H and !9F NMR spectra of
Mosher’s esters of 4. CHCl;, ¢ = 1. & Calculated from specific rotation power, assuming a value of +18.4 for enantiomerically
pure monoacetate (from entry 1). h Diacetate was isolated in 86% yield. | Diacetate was isolated in 63% yield. ! Calculated from

specific rotation, assuming a value of +20.6 for enantiomerically pure monoacetate (from entry 6).

2.3. Enzyme catalyzed asymmetrization of 2-aryl-2-fluoro-1,3-propanetfieis

Compounds 2-aryl-2-fluoro-1,3-propanedi@a—b were subjected to irreversible enzyme catalyzed
monoacetylation, under already reported experimental condffodre significant results are reported
in Table 2.

As already found for a series of 2-monosubstituted 1,3-propanediols, S-PPL gave very satisfactory
results both for3a (entry 1) and for3b (entry 6). Reaction oBb was slower, as already observed in
the hydrolysis of the corresponding non-fluorinated diacefstasyertheless, it gave monoacetébein
very good enantiomeric excess. Lipase freseudomonadSL) gave monoacetafain good chemical
yield, comparable to S-PPL, but a somewhat inferior enantiomeric excess (entry 5), while lipases from
Candida(CCL, CAL) gaveb6a in very poor enantiomeric excess (entries 2—4). In particular, CAL gave
very fast reactions that did not stop at the monoacetate but went further to the diacetate: indeed, CAL
catalyzed acetylation was used to prepare diacefabgentries 3 and 7) in good chemical yield, since
classical acetylation conditions failed (see above). The same enantiomeric preference was steadily found
for every tested enzyme.

The absolute configuration was determined for dextrorotaéarjo be §), via chemical correlation
to levorotatory5a, whose absolute configuration had in turn been ascertained by chemical correlation
(see above) and found to b§)( These results are in accord with an earlier model proposed®fous
the catalytic site of PPL.: it is apparent that hydrogen-replacing fluorine in the prochiral center takes the
place of hydrogen in the proposed model. Also, the absolute configurati@misftentatively assigned
as ), on the basis of enzyme selectivity.

The enantiomeric excess of the monoacetates was determined either by gas-chromatographic analysis
using a chiral stationary phase (f6&) or by converting the monoacetates into diastereoisomeric esters,
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using either R) or (S) Mosher’s acid chloride (foba and6b). The two enantiomers dda were also
distinguishable in théH NMR spectra in the presence of the chiral shift reagent Eu{{)ropium
tris[(3-heptafluoropropylhydroxymethylene)-(+)-camphorate]}, but rapid racemization (catalyzed by the
same shift reagent) made this analytical method impracticable.

A preliminary attempt to hydrolyze diacetad@ under standard working conditions, using PPL as
catalyst, gave very disappointing results (good chemical yield, but very low enantiomeric excess). Since
route (iii) gives no improvement with respect to route (ii), but on the contrary is a step longer and requires
a more difficult and time-consuming workup, no further efforts were made.

2.4. Determination of absolute configuration of monoeSteand monoacetatéa and synthetic mani-
pulation of these gpolyfunctionalized chiral building blocks

In order to test synthetic applications of chiral building blocks obtained from enzymatic reactions,
selective independent manipulation of the two oxygenated branches db&dth and6a were perfor-
med, as shown in Scheme 2. At the same time, some of these transformations allowed us to determine
absolute configuration of both (Ha and (+)6a, via chemical correlation to 2-fluoro-2-phenyl-1-
propanol’® as summarized in detail in Scheme 3.

e f Ph OTIPS g P OTIPS
—=L "X —
F OH F (6]

A
g
Ja X>(—OTBDMS d Ph><OTBDMS —~\ Ph><O'I‘BDMS
b _ ~
> F COEt  (for11m | F “—OH T F =0
OH (for 10a,d) 11a,d 7 13

F COEt (for 10a)
P OBn d P OBn P OBn
tade = TN S SC e 5{
¢ F COEt F OH F \=0

12 9 15

Scheme 2. Reagents and conditions: (a) (CQOIMF, then NaBH; 60% for10a, 33% for10d, 27% for10e (b) TBDMS-OTH,
2,6-lutidine, CHCl;; 92% for1la 22% for11d. (c) BnBr, NaH, DMF, 58%. (d) NaBlj DMSO, 110°C; 20% fof7, 61% for
9. (e) TIPS-OTf, 2,6-lutidine, CECl,. (f) NaOH, THF, MeOH, HO; 90% for7, 47% for8 (two steps fronba). (g) (COCl),
DMSO,i-PrEtN, —=78°C, quantitative yield fat3and15; -20°C, 76% forl4. (h) NaBH,, EtOH, quantitative yield

Initial selective reduction of malonatéa was attempted using both basic (NaBkeduction of
activated carboxylic acid moie§f1°F9and acidic (BH)1°"9-20 conditions: using the latter conditions,
both the reduction of either thacidic moiety?® or the esterone®"9 in malonic monoesters has been
reported. In our hands, borane reductiorbafgave extensive decomposition, while NaBite¢duction of
the activated carboxylic acid moiety gave the desired hydroxy é8&m acceptable yield. When the
same reduction conditions were appliedbthand5e, hydroxy esterd 0d,e were obtained in somewhat
lower yield: as a matter of fact, they appeared to be even more base-sensitit®shBnotection of the
hydroxyl function of10ad as silyl or benzyl ether run under usual conditions allowed, in tuta,d or
12to be obtained. Further reduction of the remaining ester function afforded monoprotectédfidiot
118 or 9 (from 12). The same monoprotected diols can, in principle, be obtained via protection of the
hydroxyl of 6a, followed by acetyl removal. As a matter of fact, compouhelong with the analogous
silylated compound, was obtained fron6a in very good yield, while direct synthesis 8ffrom 6a
was not useful, since, as for the non-fluorinated analogue, this reaction results in a completely racemic
product, probably via acetyl group exchange under strongly basic conditMosioprotected diol§—9
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Scheme 3. Reagents and conditions: (a) See Scheme 2. (b) TSCIPBIAP, CH,Cl,, 81% for16. (c) NaBH, DMSO, 150°C,
75% (two steps fron8). (d) Hy, 10% Pd/C, CaCg MeOH, 50%

were in turn transformed into the corresponding aldehylde45 (14 required positively more vigorous
conditions that botli3and15). Aldehydel3was also reverted té, in order to confirm the preservation
of stereochemical integrity during these manipulations.

Convergent synthesis of monoprotected dioboth from5a and 6a, was important, since it allowed
stereochemical correlation between the malonic acid monoester and the monoprotected diol. As a matter
of fact, 7 showed a specific rotation close to zero when derived from botbd-and (+)6a, but synthesis
and NMR spectrometric analysis of the corresponding Mosher’s ester showed that in botf bades
the same enantiomeric excess as the starting material and that the same enantiomer was obtained from
both (-)baand (+)64a, thus indicating that they should have the same configuration (Scheme 3).

Activation of the alcoholic group of as a tosylate ester afforded diprotected digl which proved
to be very resistant to the reductive removal of the sulfonate function, even when subjected to prolonged
heating with NaBH in DMSO 2 On the contrary, monoprotected dil obtained from (-)a, could
be easily transformed into the corresponding activated tosylate ester, which was in turn reduced to the
protected alcohol7. Catalytic hydrogenation gave dextrorotatory 2-fluoro-2-phenyl-1-propdrtbis
establishing theS)-configuration of (-)5aand, as a consequence, of Gg-

In an attempt to shorten the transformation fréato 17, the hydroxy group oflOawas activated as
a tosylate ester, which was then subjected to reduction using NaBBIMSO at high temperature, but
unfortunately this reaction stopped at the stage of monotosylated diol (2-fluoro-2-phenyl-3-tosyloxy-1-
propanol), resistant to any further reduction. It is possible that the neighboring ionized alcohol function
prevents the tosylate from undergoing nucleophilic attack by hydride.

3. Conclusions

In conclusion, we have shown a possible enzymatic route to 2-fluorinated-1,3-dioxygenated chiral
building blocks 1. In detail, synthetic equivalents dfa and 1b could be obtained both from (i)
enzyme catalyzed monohydrolysis of malonic acid diesters and (ii) enzyme catalyzed monoacetylation
of corresponding 1,3-propanediols, while and 1d could be conveniently obtained from route (i).
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Effective independent manipulation of the two oxygenated branches, which also means the possibility
to obtain both enantiomeric forms of a given diol suclva8 through suitable sequential introductions
of protecting groups, has also been shown. For example, the enantioft@&radtained from (-)6a or
(+)-6a as shown in Schemes 2 and 3, was obtained fron6&H)y protection of the hydroxy group of
monoacetate as a tosylate ester, hydrolysis of acetate ester, and final protection of the second hydroxy
group as silyl ether.

Further manipulation of aldehydels3-15, as well as of monoestels and 6, for example in the
synthesis of fluorinated analogs of antiinflammatory arylpropionic #&d&Pwill be reported in due
course.

4. Experimental
4.1. General

IH and13C NMR spectra were recorded as CRGblutions on a Varian Gemini 200 spectrometer
at 200 MHz #H) and 50 MHz t3C) using tetramethylsilane (TMS) as the internal stand&ifd;NMR
spectra were recorded as CRGblutions on a Varian FT-80 (80 MHz) spectrometer using@BOH
as the internal standard; chemical shift$ &re in ppm, coupling constantd)(are in hertz; a ** means
that the value was obtained through double resonance experiments. DesignafiGrsignals was also
made with the aid of DEPT and HETCOR experiments. Optical rotatory powe}s)(jvere measured
with a JASCO DIP 181 polarimeter as CHGtontaining 0.75% EtOH) solutions. Melting points were
taken using a Blchi 535 apparatus. GC-MS was carried out on an HP-5971A instrument, using an HP-1
column (12 m long, 0.2 mm wide), electron impact at 70 eV, and a mass temperature of about 175°C.
Unless otherwise stated, analyses were performed with a constant helium flow (0.9 ml/min), starting at
60°C for 2 min and then raising the temperature by 20°C/min up to 280°C (10 min). Gas-chromatographic
(GC) analyses were performed on a Carlo Erba HRGC 5300 instrument, using a chiral capillary column
Dmet.Terbut.SBeta (Mega) (stationary phase: persilylftegclodextrin; 25 m long, 0.25 mm wide) and
helium as a carrier gas (unless otherwise stategc$=200°C, Tetector220°C).

‘Usual workup’ means that the given reaction mixture was extracted three timg3 (EtAcOEt
or CHxCI»), the organic layer was dried (MaQy), filtered and evaporated to dryness under reduced
pressure.

Tetrahydrofuran (THF) was always freshly distiled from KjE®; CHCl,, EtO, N,N-
dimethylformamide (DMF), dimethylsulfoxide (DMSO), and hexamethylphosphorous triamide
(HMPA) were purchased as dry solvents from Aldrich and stored over 4 A molecular sieves. Petroleum
ether (PE) refers to the fraction boiling in the range 40-60°C.

F-TEDA-BF; stands for 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoro-
borate)t! Tf for trifluoromethanesulfonyl (triflyl), Ts forp-toluenesulfonyl (tosyl), TBDMS for
t-butyldimethylsilyl, TIPS for triisopropylsilyl, Bn for benzyl, MTPA fox-methoxye-(trifluoro-
methyl)phenylacetyl.

All reactions requiring dry conditions were run under an inert atmosphene (N

TLC analyses were carried out on silica gel plates, which were observed under UV (254 nm) light and
developed by dipping into a solution of 21 g of (WzM0O4-4H,0 and 1 g of Ce(S§)2-4H20 in 31 ml
H>SO, and 469 ml HO or a 2% aqueous solution of potassium permanganate and warRgngere
measured after an elution of 7-9 cm. Column chromatographies were run following the method of ‘flash
chromatography’, using 230—400 mesh silica gel (Merck).
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All compounds gave satisfactory spectroscopic and chromatographic data: an extensive selection of
this data is reported. Dieste?s!!2° and 2% as well as racemic monoprotected digd’ were already
known compounds.

PPL (lipase from porcine pancreas), from which S-PRuas prepared, and CCL (lipase fr@@andida
cylindraced were purchased from Sigma; lipases AYL (fraDandidg and PSL (fromPseudomongs
were kindly donated by Amano; CAL (lipase fro@andida antarctich was a kind gift from Novo
Nordisk.

4.2. Dialkyl 2-substituted 2-fluoromalonatea—e

To an oil-free suspension of NaH (1.2 mmol) in dry THF (2 ml) a THF (7 ml) solution of 2-
substituted malonate (1.0 mmol) and 2 ml of dry DMF were added at room temperature. After stirring
for 20 min at the same temperature, F-TEDAsBE.3 mmol) was added as a solid and stirring
continued overnight. The reaction mixture was cooled to 0°C and 580kwas added. The product
was extracted using ED, and the organic phase was washed with saturated aqueous NaHI@d
(NaxSOy), filtered and evaporated to dryness. In the case of 2-fluoro-2-methoxymal@theeghe
reaction mixture was quenched using water instead of 5%y and washing with NaHCg@obviously
omitted. Chromatographic purification (PE:AcOEt, 9:1, fac, 8:2 for 2d,e) afforded 2-substituted
2-fluoromalonatea—e as yellow oils.

4.2.1. Diethyl 2-fluoro-2-phenylmalonaga!! 25
This product was obtained in 94% yield.

4.2.2. Diethyl 2-fluoro-2-(2-naphthyl)malona2é

Yield: 90%;Rs=0.35 (PE:AcOEt, 9:1)*H NMR and*°F NMR: see literaturé;*3C NMR: 13.95 \e),
63.07 CH>), 94.27 (d,J 199.8,CF), 123.06 (d,) 7.3), 125.17 (dJ 10.4), 126.55, 127.05, 127.61, 128.10,
128.59, 130.52 (dJ 21.8), 133.03 (dJ 44.4) ArC), 165.64 (dJ 25.6,C=0); GC-MS:R=10.5 min,
m/z(%) 304 (M, 45), 231 (100), 203 (37), 159 (17), 155 (20), 127 (9).

4.2.3. Diethyl 2-fluoro-2-(3-thienyl)malonage

Yield: 78%;Ri=0.40 (PE:AcOEt, 9:1)*H NMR and*°F NMR: see literaturé;3C NMR: 13.86 Me),
62.98 CH>), 92.52 (d,J 197.6,CF), 124.19 (d, 8.8), 125.99 (dJ 4.9), 126.04, 133.64 (d,24.0) ArC),
165.12 (dJ 25.8,C=0); GC-MS:R=7.9 min,m/z(%) 260 (M*, 20), 187 (100), 159 (35), 131 (55), 115
(39).

4.2.4. Diethyl 2-fluoro-2-methoxymalonad

Yield: 72%; R=0.47 (PE:AcOEt, 8:2)*H NMR: 1.34 (t,J 7.1, 6H, 2<MeCH,), 3.59 (d,J 1.4, 3H,
MeO), 4.36 (q,J 7.1, 4H, 2<CH5); 13C NMR: 13.91 MeCH,), 53.25 (d,J 3.1, MeO), 63.08 CH>),
104.52 (d,J 239.7,CF); 1°F NMR: 48.67 (bs); GC-MSR:=5.2 min,m/z(%) 178 (M*-30, 6), 135 (100),
121 (15), 107 (10), 93 (10).

4.2.5. Dimethyl 2-fluoro-2-methoxymalon&e®
This product was obtained in 86% yield.
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4.3. General procedure for the synthesis of 2-aryl-2-fluoro-1,3-propane8aiis

To a suspension of anhydrous Ca@@.0 mmol) in dry EtOH:THF 1:1 (2 ml), cooled to 0°C, NagH
(10.0 mmol) was added as a solid. After stirring for 20 min, a solution of diethyl 2-aryl-2-fluoromalonate
(2.0 mmol) in THF (10 ml) was added and stirring continued for 2 h. The reaction mixture was quenched
(1 N HCI) and worked up as usual ¢g&x). Flash chromatography (GBl,:Et,O, 1:1) afforded pure diols
as white solids.

4.3.1. 2-Fluoro-2-phenyl-1,3-propanediga

Yield: 47%; m.p. 67—68.5°Q=0.47 (Ep0); *H NMR: 2.65 (bt,J 5.0, 2H, 2<OH; disappeared after
exchanging with RO), 3.87-4.16 [m, 4H, CH,OH; after exchanging with BD: 3.96 and 4.04 (AB
as part of an ABX systemiag 12.8,Jax 17.8,Jsx 22.5], 7.35-7.41 (m, 5HPh); 13C NMR: 66.40 (d,J
25.3,CHy), 98.76 (d,J 175.6,CF), 124.77 (dJ 9.4), 128.47 (dJ 12.8), 128.61, 137.74 (d,20.9) Ph);
19F NMR: 93.66-94.76 (m); GC-M$®=6.8 min,m/z(%) 170 (M, 0.3), 122 (100), 91 (68).

4.3.2. 2-Fluoro-2-(2-naphthyl)-1,3-propanedigdih

Yield: 30%; m.p. 69-70.5°CR=0.40 (PE:E4O, 2:8);'H NMR: 2.11 (bs, 2H, XOH; disappeared
after exchanging with D), 4.03—4.34 [m, 4H, R CH,OH; after exchanging with gD: 4.10 and 4.18
(AB as part of an ABX systemlag 13.1,Jax 18.2,Jx 21.5], 7.46—7.56 (m, 3H) and 7.83—-7.92 (m, 4H)
(ArH); 13C NMR: 66.49 (dJ 25.4,CH5), 99.14 (dJ 175.4,CF), 122.29 (d,) 8.9) and 124.37 (d] 10.5)
and 126.58 and 127.65 and 128.23 and 128.55 and 128.59 and 132J9R&§)and 146.95ArC); 1°F
NMR: 96.70-97.76 (m); GC-M3}=9.8 min,m/z(%) 220 (M, 8), 182 (9), 172 (14), 149 (100), 141
(51), 115 (12).

4.4. General procedure for the synthesis of 2-aryl-2-fluoro-1,3-diacetoxyprogaxies

4.4.1. Chemical acetylation

To a solution of diol3a (1.0 mmol) in dry CHCI, (6 ml), cooled to 0°C, triethylamine (5.0 mmol),
Ac20 (2.5 mmol), and DMAP (0.1 mmol) were sequentially added. After stirring for 1.5 h at the
same temperature, the reaction was quenched (saturated aquegDB &l worked up (EO). Flash
chromatography (PE:AcOEt, 9:2 8:2) afforded diacetatéa (10%) as an 0ilR=0.34 (PE:AcOEt, 8:2);
IH NMR: 2.04 (s, 6H, XMe), 4.47 and 4.53 (AB as part of an ABX systedag 12.4,Jax 20.6,Jgx 20.3,
4H, 2xCHy), 7.39 (bs, 5HPh); 3C NMR: 20.66 Me), 60.67 (d,J 25.7,CH,), 95.44 (d,J 181.1,CF),
124.84 (dJ 9.3) and 128.57 and 128.62 (114.9) and 136.68 (d] 21.6) Ph), 170.33 C=0); *°F NMR:
85.65-86.75 (m); GC-MS (temperature was raised at a rate of 10°C/Ri)2.1 min,m/z (%) 254
(M*, 1), 181 (11), 122 (100).

4.4.2. Enzymatic acetylation

To a solution of diols3a or 3b (1.0 mmol) in diisopropyl ether (17 ml) and vinyl acetate (23
ml), in the presence of a small amount of 3 A molecular sieves, CAL was added. The reaction was
stopped by filtering off the enzyme on a Celite pad and washing wi® EEvaporation of solvent and
chromatographic purification (PE:AcOEt, 9:1 7:3 for 4b) afforded diacetateda or 4b (see Table 2 for
temperatures, enzyme quantities, times and yields).

4b: oil; Ri=0.53 (PE:ACcOEt, 7:3)*H NMR: 2.04 (s, 6H, XMe), 4.58 and 4.62 (AB as part of an ABX
system Jag 12.4,Jax 20.4,Jgx 20.7, 4H, XCH>), 7.44-7.58 (m, 3H), 7.85-7.92 (m, 4H)rH); 13C
NMR: 20.67 Me), 65.75 (d,J 25.2,CH,), 95.71 (d,J 181.4,CF), 122.24 (d,) 8.8), 124.52 (d,) 10.2),
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126.61, 126.73, 127.66, 128.32, 128.44, 132.92, 133.10, 134.022@ip) ArC), 170.36 C=0); °F
NMR: 91.21-92.27 (m); GC-MSR=10.5 min,m/z(%) 304 (M', 52), 231 (39), 189 (14), 172 (100),
141 (36), 115 (4).

4.5. General procedure for the enzymatic synthesis of 2-substituted 2-fluoromalonic acid monoesters
S5a—¢

To a suspension of 2-substituted 2-fluoromalonic acid diester (1.0 mmol) in a 0.01 M pH 7 phosphate
buffer (40 ml), lipase was added at room temperature and under vigorous stirring. Addition of 0.1 M
NaOH via a pH-stat apparatus allowed the pH to be kept constant and to monitor the hydrolysis. The
reaction was stopped by filtering off the enzyme through a Celite pad and washing with AcOEt. The
organic phase was separated from the aqueous layer and the latter was extracted twice with AcOEt (this
organic phase contained unreacted diester and decarboxylated by-products), then acidified (diluted HCI)
to pH 3, and extracted (three times) with AcOEt. Anhydrification and evaporation of this organic phase
yielded almost pure 2-substituted 2-fluoromalonic acids monoessessas yellow oils. Temperatures,
enzymes (type and quantities), times, optical rotatory powers, chemical yields, and enantiomeric excesses
are reported in detail in Table 1. When reactions were scaled up, 1 N instead of 0.01 N NaOH was used
to titrate the hydrolysis. Analytical data for ethyl 2-fluoro-2-(naphthyl)acetate, the main product isolated
from hydrolysis of2b (see entry 5 of Table 1), are also reported.

4.5.1. Monoethyl 2-fluoro-2-phenylmalondia

R=0.33 (ACOEt:EtOH, 7:3)*H NMR: 1.30 (t,J 7.1, 3H,Me), 4.33 (q,J 7.1, 2H, CH), 7.39-7.42
(m, 3H), 7.58-7.63 (m, 2H)RN), 9.21 (s, 1H, ®; disappeared after exchanging wita@); 13C NMR:
13.79 Me), 63.48 CH,), 93.68 (d,J 199.7,CF), 125.55 (d,J 9.0), 128.41, 129.67, 132.55 (#21.9)
(Ph), 165.53 (d,J 25.4,CO,Et), 159.53 (d,) 26.4,CO,H); 1°F NMR: 84.09 (s).

4.5.2. Monoethyl 2-fluoro-2-(2-naphthyl)malon&ie
Rf=0.28 (ACOEt:EtOH, 7:3)!H NMR: 1.33 (t,J 7.1, 3H,Me), 4.35 (q,J 7.1, 2H, GH,), 7.51-8.09
(m, 7H,ArH); 3C NMR: 13.96 Me), 63.10 CH>); 1°F NMR: 84.21 (s).

4.5.3. Monoethyl 2-fluoro-2-(3-thienyl)malondie

Rr=0.28 (ACOEt:EtOH, 7:3)'H NMR: 1.33 (t,J 7.1, 3H,Me), 4.36 (q,J 7.1, 2H, (H>), 7.28 (app dd,
J 1.4 and 5.2, 1H), 7.34-7.39 (m, 1H), 7.60-7.62 (m, 1AH), 10.71 (s, 1H, ®l; disappeared after
exchanging with BO); 3C NMR: 13.87 Me), 63.63 CH>), 92.22 (d,J 198.8,CF), 124.58 (d,J 8.5),
128.84 (dJ 5.2), 126.47, 132.90 (d,24.8) ArC), 165.03 (dJ 25.6,CO,Et), 169.64 (d,) 26.9,CO,H);
19F NMR: 78.31 ().

4.5.4. Monoethyl 2-fluoro-2-methoxymalon&te

R=0.20 (ACOEt:EtOH, 7:3)'H NMR: 1.36 (t,J 7.1, 3H,MeCH,), 3.61 (d,J 1.4, 3H,Me0), 4.38 (q,
J 7.1, 2H, GH,), 8.44 (bs, 1H, ®; disappeared after exchanging wita@®); 13C NMR: 13.80 MeCHy),
53.67 (d,J 3.4, MeO), 63.61 CHy), 104.28 (d,J 240.2,CF), 162.95 (d,J 34.6, CO,Et), 166.12 (dJ
34.6,CO,H).
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4.5.5. Monomethyl 2-fluoro-2-methoxymalonaee

Rr=0.20 (AcOEt:EtOH, 7:3)IH NMR: 3.61 (d,J 1.4, 3H,MeOCF), 3.92 (s, 3HMeOCO), 6.39 (bs,
1H, OH; disappeared after exchanging with@®); 13C NMR: 53.71-53.84 (mMeOCF andMeOCO),
104.36 (dJ 244.2,CF), 163.46 (d,) 34.4,CO,Me), 165.77 (d,) 35.1,CO-H); 1°F NMR: 48.65 (bs).

4.5.6. Ethyl 2-fluoro-2-(2-naphthyl)acetate

Oil; R=0.59 (PE:AcOEt, 8:2)'H NMR: 1.26 (t,J 7.1, 3H,Me), 4.17-4.38 (m, 2H, 8), 5.94 (d,
J 47.6, 1H,HCF), 7.51-7.55 (m, 3H), 7.84-7.95 (m, 4HyrH); 13C NMR: 14.25 Me), 62.11 CH>),
89.76 (d,J 184.9,CF), 123.69 (dJ 5.2), 126.17, 126.82, 127.13, 127.98, 128.42, 128.95, 131.7® (d,
19.8), 133.69 (dJ 39.0) ArC), 168.83 (d,J 22.5,C=0); *°F NMR: 96.61 (d).

4.6. General procedure for the enzymatic synthesis of 3-acetoxy-2-aryl-2-fluoro-1-propanols

To a solution of diol3a or 3b (1.0 mmol) in diisopropyl ether (17 ml) and vinyl acetate (23 ml), in
the presence of a small amount of 3 A molecular sieves, lipase was added. The reaction was stopped
by filtering off the enzyme on a Celite pad and washing withCEtEvaporation of the solvent and
chromatographic purification (PE:AcOEt, 7:3) afforded monoacedes 6b as oils. Temperatures,
enzymes (type and quantities), times, optical rotatory powers, chemical yields and enantiomeric excesses
are reported in detail in Table 2.

4.6.1. 3-Acetoxy-2-fluoro-2-phenyl-1-propartal

Rf=0.33 (PE:AcOEt, 7:3)*H NMR: 2.05 (s, 3HMe), 3.97 [dd,J 5.9 and 19.1, 2H, B,0H; after
exchanging with RO: 3.97 (d,J 19.2)], 4.52 and 4.57 (AB as part of an ABX systelxg 11.9,Jax 18.6,
Jsx 21.7, 2H, GH,0Ac), 7.39-7.43 (m, 5HPh); 13C NMR: 20.70 Me), 65.60 (d,J 25.4), 65.68 (d,]
26.0) CH20OH andCH»0ACc), 97.28 (dJ 177.5,CF), 124.89 (d,) 9.6), 128.57, 137.19 (d, 21.0) Ph),
170.76 C=0); 1°F NMR: 94.57-95.64 (m); GC-MR=8.3 min,m/z(%) 212 (M, 0.02), 182 (2), 122
(100), 91 (22); GC (P=150 kg/cinTover=145°C):R:=14.1 min for the §)-enantiomer and 14.7 min for
the (R)-enantiomer.

4.6.2. 3-Acetoxy-2-fluoro-2-(2-naphthyl)-1-propatol

Rr=0.32 (PE:AcOEt, 7:3)!H NMR: 2.04 (s, 3H,Me), 2.13 (bt,J 5.6, 1H, (H; disappeared after
exchanging with RO), 4.05 [dd,J 5.2 and 19.0, 2H, B,0H; after exchanging with BD: 4.05 (d,J
19.0)], 4.62, 4.67 (AB as part of an ABX systediag 12.5,Jax 21.3,Jsx 20.7, 2H, G1,0Ac), 7.46—7.56
(m, 3H), 7.83-7.91 (m, 4H)ArH); 13C NMR: 20.70 Me), 65.40-65.90 (MCH,OH and CH,OAc),
97.56 (d,J 177.7,CF), 122.34 (dJ 8.5), 124.50 (dJ 10.1), 126.55, 126.62, 127.64, 128.27, 128.45 (d,
J 1.8), 132.95, 133.04, 134.55 (@21.0) ArC), 170.83 C=0); 1°F NMR: 93.80-94.94 (m); GC-MS:
R=10.2 min,m/z(%) 262 (M, 22), 231 (7), 189 (9), 172 (100), 141 (51), 128 (11), 115 (8).

4.7. Synthesis of hydroxy estdi@ad,e

These hydroxy esters were prepared from the corresponding half-esters according to a reported
procedurée,P except that the reaction temperature of the reduction step was kept for 3 h at —=78°C. Pure
products were obtained after chromatographic purification (PE:AcOEt-9713).
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4.7.1. Ethyl 2-fluoro-3-hydroxy-2-phenylpropanoatia

Yield: 60%, white solid, mp 38.0-39.5°@®=0.47 (PE:AcOEt, 7:3)*H NMR: 1.30 (t,J 7.1, 3H,
Me), 4.02 and 4.33 (AB as part of an ABX systedag 12.6,Jax 15.7,Jx 29.4, 2H, G1,0H), 4.30 (q,
J 7.1, 2H, Me®,), 7.38-7.55 (m, 5HPh); 13C NMR: 14.00 Me), 62.33 (M&Hy), 67.52 (d,J 22.5,
CH,0OH), 97.62 (dJ 188.7,CF), 124.71 (dJ 9.0), 128.62, 129.04, 134.69 (@21.8) Ph), 168.93 (d,
J 26.6,C=0); 1°F NMR: 94.76-95.39 (m); GC-MR=7.2 min,m/z(%) 182 (M*-30, 100), 154 (53),
119 (41), 91 (79).

4.7.2. Ethyl 2-fluoro-3-hydroxy-2-methoxypropanohiel

Yield: 27%, oil; Rr=0.35 (PE:AcOEt, 7:3)*H NMR: 1.36 (t,J 7.1, 3H,MeCH,), 1.6 (bs, 1H, ®i;
disappeared after exchanging with®), 3.49 (dJ 1.1, 3H,MeO), 3.82-3.90 (m, 2H, B2,0H), 4.34 (q,
J 7.1, 2H, GH,Me).

4.7.3. Methyl 2-fluoro-3-hydroxy-2-methoxypropancHie

Yield: 33%, oil; R=0.32 (PE:AcOEt, 7:3)*H NMR: 2.22 (bt, 1H, ®H; disappeared after exchanging
with D,0), 3.49 (d,J 0.9, 3HMeOCF), 3.83-3.92 (m, 2H, 8,), 3.89 (s, 3HMeOCO);13C NMR: 29.41
(d, J 40.9,CHy), 52.98 MeOCO), 64.65 (dJ 28.0,MeOCF), 110.56 (dJ 23.1,CF), 166.53 (d,J 39.8,
C=0).

4.8. Ethyl 3-{-butyldimethylsilyloxy)-2-fluoro-2-phenylpropanodita

To a solution ofl0a (1.0 mmol) in dry CHCI» (20 ml), cooled to 0°C, 2,6-lutidine (3.0 mmol) and
TBDMS-OTf (2.0 mmol) were sequentially added. Stirring was continued at room temperature overnight,
then the reaction mixture was cooled again to 0°C, quenched (saturated aqueg@il¥ Bt worked up
as usual (AcOEt). Chromatographic purification (PE@t95:5— 9:1) affordedlla (82%, 92% based
on unrecovered substrate) as an Bi0.79 (PE:AcOEt, 8:2)*H NMR: 0.07 and 0.08 (2s, 3H each,
MexSi), 0.89 (s, 9HMe;C), 1.31 (t,J 7.1, 3H,MeCHy), 3.94 and 4.35 (AB as part of an ABX system,
Jag 11.5,Jax 15.9,Jsx 32.1, 2H, G1,0Si), 4.24 and 4.31 (AB as part of an ABX systedpg 7.1,
Jax 2.2,Jsx 2.4, 2H, GH,Me), 7.33-7.44 (m, 3H), 7.54-7.59 (m, 2HPH); 13C NMR: -5.50 and —5.42
(MesSi), 14.11 MeCHy), 18.24 CSi), 25.70 MesC), 61.82 CH,oMe), 68.51 (d,J 21.7,CH,0Si), 97.52
(d, J 193.8,CF), 125.00 (dJ 9.1), 128.37, 128.75, 135.43 (d,21.8) Ph), 168.96 (d,J 25.5,C=0);
19F NMR: 100.06-102.43 (m); GC-M®=9.1 min,m/z(%) 311 (M"-15, 0.4), 269 (35), 197 (14), 177
(47), 151 (64), 123 (30), 103 (41), 91 (60), 77 (100).

4.9. Ethyl 3-¢-butyldimethylsilyloxy)-2-fluoro-2-methoxypropanoafid

The same procedure described above for the synthesislafwas applied, but with a reaction
temperature of —15°C and timed for 1 hid was obtained as an oil (32%) after chromatographic
purification (PE:AcOEt, 95:5}%=0.76 (PE:AcOEt, 8:2)'H NMR: 0.04 and 0.05 (2s, 3H eadile,Si),
0.86 (s, 9HMesC), 1.33 (t,J 7.1, 3H,MeCHjs), 3.42 (d,J 0.7, 3HMeO), 3.80, 3.94 (AB as part of an
ABX system,Jag 10.9,Jax 10.5,Jgx 23.3, 2H, G1,0Si), 4.30 (qJ 7.1, 2H, GH,Me); 3C NMR: -5.60
and —5.51 K1e;Si), 14.17 MeCH,), 18.77 (MaC), 25.64 MesC), 52.54 MeO), 61.98 CH,Me), 65.61
(d, J 27.1,CH,0Si), 111.08 (d,) 233.8,CF), 166.10 (dJ 40.3,C=0); 1%F NMR: 56.19-56.77 (m);
GC-MS:R=6.6 min,m/z(%) 265 (M"-15, 0.2), 223 (40), 151 (14), 131 (70), 116 (44), 89 (33), 77 (78),
73 (100).
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4.10. Ethyl 3-(benzyloxy)-2-fluoro-2-phenylpropanck2e

To a solution of10a (1.0 mmol) in dry DMF (1.5 ml), cooled to 0°C, benzyl bromide (2.0 mmol)
and NaH (50% dispersion in mineral oil) (2.0 mmol) were sequentially added. After stirring at room
temperature for 2 h, the reaction mixture was again cooled to 0°C, quenched (saturated aqugiys NH
and worked up as usual (AcOEt). Chromatographic purification (PE:AcOEt, 95:5) affb2d&8%) as
an oil. Rr=0.54 (PE:AcOEt, 8:2)*H NMR: 1.29 (t,J 7.1, 3H,MeCHz), 3.78-4.34 (m, 4H, 8,0Bn and
CHyMe), 4.55-4.74 (m, 2H, B,Ph), 7.28-7.56 (m, 10H,>2Ph); 13C NMR: 14.05 MeCHy), 62.13,
67.55, 74.18 (d 20.7) (CH,OCH,Ph andCH,Me), 97.13 (d,J 193.0,CF), 124.94 (dJ 9.1), 127.70,
128.04, 128.39, 128.52, 128.90, 135.28)@1.9), 137.71 (2Ph), 168.83 (dJ 27.1,C=0); 1°F NMR:
91.68-92.84 (m).

4.11. 3-{-Butyldimethylsilyloxy)-2-fluoro-2-phenyl-1-propanol

4.11.1. From compountila

To a solution ofl1a (1.0 mmol) in dry DMSO (10 ml) NaBR (8.0 mmol) was added as a solid and
the reaction mixture was heated for 3 h to 110°C. After cooling to room temperature, saturated aqueous
NH4Cl was added and the reaction mixture was worked up as usy@)Ethromatographic purification
(PE:EtOAc, 9:1) afforded (20%) as an 0ilR=0.60 (PE:AcOEt, 8:2)!H NMR: see literaturé/ 13C
NMR: -5.64 and —-5.58Nle;Si), 18.23 CSi), 25.76 MesC), 66.20 (dJ 24.5), 67.44 (dJ 28.1) CH,0Si
andCH,0OH), 98.06 (dJ 177.3,CF), 124.94 (dJ) 9.8), 128.11, 128.32 (d,1.8), 138.56 (dJ 21.0) Ph);
19F NMR: 96.09 (app quintuplet] 20.8).

4.11.2. From compoun@a

4.11.2.1. Silylation. A dry CH,Cl, solution of 6a was sequentially treated with 2,6-lutidine and
TBDMS-OTf as described above in the synthesidbd The usual workup afforded crude 1-acetoxy-
3-(t-butyldimethylsilyloxy)-2-fluoro-2-phenylpropane (oil), which was used as such in the subsequent
reaction.R=0.84 (PE:AcOEt, 8:2).

4.11.2.2. Saponification. A solution of crude acetate (1.0 mmol) in THF:MeOH, 10:1 (11 ml) was
treated with 1 N NaOH (1.5 ml) at room temperature for 30 min. Saturated aqueoGl Mids added
and the reaction mixture worked up as usual (AcOEt). Chromatographic purification afforded. pure
When synthesized from (#9a, having an e.e:96% (see entry 1 of Table 2)R)-7 showed {x]p=-1.0 €
1.1);*H NMR analysis of Mosher’s esters showed an=z96%.

4.11.3. From aldehyd&4

To a solution of aldehydé&4 in 95% EtOH (1.0 mmol in 6 ml), cooled to 0°C, NaBH1.1 mmol)
was added as a solid. After stirring for 5 min, the reaction mixture was quenched with saturated aqueous
NH4Cl and most of the solvent was evaporated under reduced pressure; the residue was kept using AcOEt
and the reaction worked up as usual (AcOEt) to give quantitative yield.

4.12. 3-Benzyloxy-2-fluoro-2-phenyl-1-propagfol
Applying to 12 the same procedure described above for the synthegigrom 11a monoprotected

diol 9 was obtained (61%) as an oil after chromatographic purification (PE:AcOEt, (.28
(PE:AcOEt, 8:2)1H NMR: 2.18 (bt,J 6.7, 1H, (H), 3.89 (d,J 20.1, 2H), 3.87—4.21 (m, 2H) (€,0Bn,
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CH,0H), 4.62, 4.58 (AB systemlag 12.1, 2H, G4,Ph), 7.27-7.43 (m, 10H,2Ph); 13C NMR: 66.48
(d, J 25.0), 73.25 (dJ 26.2), 73.84 CH,OCH,Ph, CH,OH), 98.16 (d,J 176.7,CF), 124.93 (d,J
9.5), 127.72, 127.86, 128.22, 128.44, 128.48, 137.58, 138.412At14) (2<Ph); 1°F NMR: 94.28 (app
quintuplet,J 20.6); GC-MSR=10.0 min,m/z(%) 260 (M, 1), 210 (1), 199 (2), 139 (7), 122 (35), 119
(23), 91 (100). When synthesized starting from $8)-having an e.e=96% (see entry 1 of Table 1)R)-9
showed x]p=—20.2 € 0.3); GC (P=250 kg/c) Tover=160°C):R=40.0 min for the §-enantiomer and
41.7 min for the R)-enantiomer] showing an ex96%.

4.13. 2-Fluoro-3-(triisopropylsilyloxy)-2-phenyl-1-propar®l

4.13.1. Silylation

A dry CHClI; solution of6a (1.0 mmol in 13 ml), cooled to 0°C, was sequentially treated with 2,6-
lutidine (3.0 mmol) and TIPS-OTf (2.0 mmol). Stirring was continued at room temperature overnight,
then the reaction mixture was cooled again to 0°C, quenched (saturated aquegl}, Bkt worked up

as usual (B0O).

4.13.2. Saponification

Crude acetate was dissolved in THF:MeOH, 1:1 (1.0 mmol in 25 ml) and treated with 1 N NaOH (1 ml)
at room temperature for 2 h. Saturated aqueous®Itas added; the usual workup and chromatographic
purification (PE:AcOEt, 85:15) afforded puBeas an oil (47%, two steps froBn). Ri=0.43 (PE:AcOEt,
9:1); 1H NMR: 1.01-1.25 (m, 21H, 8CHMey), 2.36 (bt,J 6.6, 1H, GH), 3.93-4.31 (m, 4H, 8,0H
and GH,0Si), 7.32-7.46 (m, 5HPh); 13C NMR: 11.90 and 12.33e;CH), 17.76 (d,J 6.5, M&CH),
66.24 (d,J 24.5), 67.91 (d,) 28.8) (CH>,OH andCH,0Si), 98.18 (dJ 176.3,CF), 125.01 (dJ 9.7),
128.15 (d,J 11.4), 128.27, 138.75 (d, 20.1) Ph). When synthesized starting from (6% having an
e.e=96% (see entry 1 of Table 2)R)-8 showed {x]p=-0.4 € 1.0).

4.14. General procedure for the synthesi€sprotected 3-hydroxyaldehydé&8-15from corresponding
monoprotected diolg—9

To 1.1 ml (2.6 mmol) of a 2.4 M solution of (COGI)n dry CHxCl,, cooled to -78°C, 3.5 ml (3.5
mmol) of a 1 M solution of DMSO in ChICl, were added; the reaction mixture was stirred for 15 min
at the same temperature, then 1.0 mmoVar 9 was added as a G&Il, (10 ml) solution and, after
an additional 15 min, 8.0 mmol 0fPrNEt was added. After stirring overnight at -78°C, a 5% (w/w)
aqueous solution of NpH2PO, and 1 N HCI were added to neutral pH. The usual workup {Clk)
afforded the desired aldehyde as an oil.

The same procedure was also applied to monoprotecteddnit the reaction was stirred, after the
addition of the amine, for 3 days at —20°C before quenching; aldehgdeas isolated as an oil which
crystallized on freezing.

4.14.1. 3-(-Butyldimethylsilyloxy)-2-fluoro-2-phenylpropant3

Quantitative yieldR ~0.60 (PE:AcOEt, 8:2) (elongated spoty NMR: 0.05 and 0.06 (2s, 3H each,
MexSi), 0.86 (s, 9HMesC), 3.96 and 4.31 (AB as part of an ABXM systedag 11.8,Jax 16.6,Jgx 31.0,
Jam 1.4, 2H, ), 7.28-7.49 (m, 5HPh), 9.81 (dd,J 1.4 and 5.6, 1HH-C=0); 13C NMR: -5.57 and
-5.52 (MexSi), 18.27 (MgC), 25.70 Me3C), 67.87 (dJ 21.4,CH>), 100.93 (dJ 185.3,CF), 124.91 (d,
J9.7), 128.68, 128.89, 133.24 (#21.4) Ph), 198.60 (d,J 43.7,C=0); 1%F NMR: 89.48-90.18 (m).
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4.14.2. 2-Fluoro-3-(triisopropylsilyloxy)-2-phenylproparid

Yield: 76%; white crystals, mp 29.5-30°® ~0.58 (PE:AcOEt, 9:1) (elongated spot}d NMR:
1.04-1.27 (m, 21H, 8CHMe,), 3.99-4.51 (m, 2H, B,), 7.16-7.49 (m, 5HPh), 9.84 (dd,J 1.4 and
5.6, 1H,H-C=0); 13C NMR: 11.89 CSi), 17.80 Me), 68.56 (d,J 21.5,CH,0Si), 100.97 (d,) 185.6,
C—F), 124.92 (dJ 14.2), 128.64 (dJ 1.7), 128.85, 133.36 (d}, 21.7) (ArC), 198.78 (dJ 42.4,C=0);
19F NMR: 97.57-98.26 (m); GC-MS (temperature was raised at a rate of 10°CRw 5.4 min,m/z
(%) 281 (MF-43, 2), 233 (23), 211 (10), 105 (33), 103 (32), 77 (100).

4.14.3. 3-(Benzyloxy)-2-fluoro-2-phenylpropadél

Yield: 92%; R ~0.46 (PE:AcOEt, 9:1) (elongated spotl NMR: 3.78-4.26 (m, 2H, €,CF), 4.60
(s, 2H, H,Ph), 7.25-7.43 (m, 10H,>2Ph), 9.80 (dd,J 1.4 and 5.3, 1HHC=0); 13C NMR: 73.34 (d,
J 20.6,CH,CF), 73.95 CH,Ph), 100.61 (dJ 185.12,CF), 124.90 (dJ 9.3), 127.74, 127.91, 128.47,
128.81, 129.06, 132.99 (d,22.1), 137.27 (Ph), 197.65 (dJ 42.1,C=0).

4.15. 1-¢-Butyldimethylsilyloxy)-2-fluoro-2-phenyl-g-toluenesulfonyloxy)propants

To a solution of 7 (1.0 mmol) in dry CHCI> (35 ml), cooled to 0°C, BN (6.0 mmol), p-
toluenesulfonyl chloride (4.4 mmol), and DMAP (2.0 mmol) were sequentially added. After stirring at
room temperature for 3 h, the reaction mixture was quenched with saturated aquegtisaNtHworked
up as usual (CBCl2). Chromatographic purification (PE:AcOEt, 95:5) gave pliég81%) as an oil.
Rr=0.42 (PE:AcOEt, 9:1)*H NMR: —0.04 and —0.02 (2s, 3H eadWlg,Si), 0.82 (s, 9HMesC), 2.44 (s,
3H, MeAr), 3.81 and 3.91 (AB as part of an ABX systetag 11.1,Jax 19.1,Jsx 13.8, 2H, G4,0Si),

4.37 and 4.48 (AB as part of an ABX systedag 10.8,Jax 21.3,Jsx 19.1, 2H, GH,0Ts), 7.28-7.32 (m,
7H), 7.68-7.73 (m, 2H)ArH); 13C NMR: -5.64 Me;Si), 18.19 (MgC), 21.68 (MeAr), 25.73 (MesC),

66.06 (d,J 29.5), 70.43 (dJ 25.6) CH»0Si,CH,0Ts), 96.00 (dJ 181.4,CF), 125.05 (d,] 9.7), 128.07,
128.32 (dJ 1.8), 128.44, 129.81, 132.61, 137.10J®1.1), 144.86ArC); 1°F NMR: 93.02-94.00 (m).

4.16. 1-Benzyloxy-2-fluoro-2-phenylpropahé

4.16.1. Tosylation

Monoprotected alcohol8 was tosylated as described above for the synthesis 16f
Chromatographic purification (PE:AcOEt, 95:5) afforded pure 1-benzyloxy-2-fluoro-2-phenyl-3-
(p-toluenesulfonyloxy)propane (95%) as an d#%=0.52 (PE:AcOEt, 8:2)tH NMR: 2.42 (s, 3H,
MeAr), 3.77 and 3.82 (AB as part of an ABX systedpng 10.8, Jax 18.9, Jgx 16.4, 2H, G4,0Bn),
4.37 and 4.47 (AB as part of an ABX systefiag 10.9,Jax 20.0,Jgx 20.0, 2H, GH,0Ts), 4.53 (s, 2H,
CH,Ph), 7.23-7.33 (m, 12H), 7.69 (appX8.3, 2H) ArH); 3C NMR: 22.10 MeAr), 71.27 (d,J 26.4),
72.57 (d,J 27.2) CH20Bn andCH,0Ts), 74.27 CH,Ph), 96.20 (dJ 180.7,CF), 125.48 (dJ 9.4),
128.08, 128.29, 128.44, 128.90, 129.03, 130.27, 137.38 2d,4), 137.92, 145.34A¢C); °F NMR:
90.95-91.94 (m); GC-MFR=9.9 min,m/z(%) 279 (M'-135, 0.06), 223 (4), 205 (3), 149 (100).

4.16.2. Reduction

1-Benzyloxy-2-fluoro-2-phenyl-3gttoluenesulfonyloxy)propane was dissolved in dry DMSO (1.0
mmol in 8 ml) and NaBH (5.0 mmol) was added as a solid. After heating at 150°C for 5 h, the reaction
mixture was cooled to room temperature, quenched (saturated aqueaG@$) Nttd worked up as usual
(PE:AcOEt, 1:1). Chromatographic purification (PE:AcOEt, 95:5) afforded pure 1-benzyloxy-2-fluoro-
2-phenylpropand7 (68%, 79% based on unrecovered substrate) as aR:ei).30 (PE:AcOEt, 95:5);
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IHNMR: 1.73 (d,J 22.9, 3H,Me), 3.64 and 3.71 (AB as part of an ABX systedag 11.1,Jax 24.5,Jx
17.7, 2H, G4,0Bn), 4.56 and 4.63 (AB systemyg 12.2, 2H, G4,Ph), 7.25-7.38 (m, 10H2Ph); 13C
NMR: 24.08 (d,J 24.6,Me), 74.07 and 76.78 (d} 25.3) CH,OCH,Ph), 97.59 (dJ 173.5,CF), 125.04
(d,J9.2), 128.07, 128.68, 128.83, 138.55, 142.32)(@1.3) ArC).

4.17. ©)-(+)-2-Fluoro-2-phenyl-1-propanol

A solution of 1.0 mmol ofl7 (obtained starting from levorotatorya) in 96% MeOH (30 ml) was
hydrogenated at room temperature and ambient pressure in the presence of a small amoung ah@aCO
10% Pd/C. After 7 h, the solid residue was filtered off and the solvent evaporated to give dextrorotatory
2-fluoro-2-phenyl-1-propanb? (50%).

4.18. Synthesis and reduction of ethyl 2-fluoro-2-pheny-&{uenesulfonyloxy)propanoate

4.18.1. Tosylation

Hydroxy esterlOawas tosylated as described above for the synthesi6.o€hromatographic puri-
fication (PE:AcOEt, 9:1—~ 8:2) afforded ethyl 2-fluoro-2-phenyl-3-foluenesulfonyloxy)propanoate
(71%) as an 0ilR=0.44 (PE:AcOEt, 8:2)*H NMR: 1.27 (t,J 7.1, 3H,MeCH,), 2.45 (s, 3HMeAr),
4.25(q,J 7.1, 2H, (HoMe), 4.36 and 4.72 (AB as part of an ABX systedpag 11.1,Jax 15.8,Jx 27.9,
2H, CH,0Ts), 7.31-7.47 (m, 7H), 7.75 (app &,8.3, 2H) @ArH); 13C NMR: 13.93 eCH,), 21.67
(MeAr), 62.75, 71.61 (dJ 21.7) CH,OTs,CH>Me), 94.44 (dJ 196.1,CF), 124.65 (d,J 8.9), 128.00,
128.79 (dJ 1.8), 129.55, 129.86, 132.49, 133.26 J®1.5), 145.11A4rC), 167.09 (dJ 26.3,C=0).

4.18.2. Reduction

Applying to ethyl 2-fluoro-2-phenyl-3gttoluenesulfonyloxy)propanoate the same reduction condi-
tions described above for the synthesis7ofrom 11a 2-fluoro-2-phenyl-34§-toluenesulfonyloxy)-1-
propanol (78%) was obtained as a white solid after chromatographic purification (PE:AcOEt,1812.
Rr=0.17 (PE:AcOEt, 8:2)'H NMR: 2.01 (bt,J 7.0, 1H, CH; disappeared after exchanging with®),
2.45 (s, 3HMe), 3.97 [app ddJ 6.0 and 18.8, 2H, B,0H; after exchanging with pD: 3.95 (d,J 18.7)],
4.27-4.55 (m, 2H, 6,0Ts), 7.27-7.34 (m, 7H), 7.72 (app 8.3, 2H) ArH); 1°C NMR: 21.68 Me),
65.14 (d,J 26.0), 70.48 (dJ 27.0) CH,OTs,CH,0H), 96.52 (dJ 179.3,CF), 124.90 (d,) 9.4), 127.97,
128.63, 128.72, 129.00, 132.55, 136.30J@0.9), 145.13ArC).

4.19. Diastereoisomeric amides from monoesks—d

The two diastereocisomeric amides were synthesized, according to the procedure reported in the
literatureP using either R)- or (9-x-methylbenzylamine. Some selected analytical data for each
diastereoisomer are reported here. Retention tirRgsréfers to GC (P=150 kg/ctn Tinjector=250°C,
Tdetectom300°C, Tover=210°C) on chiral column (see Section 4.1).

4.19.1. Amides frorba [(S)-enantiomer, from entry 1 of Table 1]

PE:AcOEt, 97:3— 9:1 (for chromatographic purification), 8:2 (for TLC); diastereocisomer A [from
(9-amine]: R=0.41;1H NMR: 1.25 (d,J 7.0, MeCH; s, irradiating at 5.14 ppm}°F NMR: 80.70 (s);
R=17.7 min; diastereocisomer B [frorRX—amine]:Rf=O.46;1H NMR: 1.30 (d,J 7.0,MeCH; s, irradiating
at 5.14 ppm)°F NMR: 70.08 (s)R=16.8 min.
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4.19.2. Amides frorbc

PE:AcOEt, 95:5~ 8:2 (for chromatographic purification), 7:3 (for TLC); diastereocisomeRi&0.32;
1H NMR: 1.25 (t,J 7.1, MeCHy; s, irradiating at 4.30 ppm), 4.39* (sHZMe, irradiating at 1.28 ppm),
7.59-7.62 (mArH); R=18.0 min; diastereocisomer B=0.37;H NMR: 1.32 (t,J 7.1, MeCHy; s,
irradiating at 4.30 ppm), 4.44* (s,HxMe, irradiating at 1.28 ppm), 7.50—-7.53 (ArH); Ri=17.6 min.

4.19.3. Amides frorad
PE:AcOEt, 9:1- 8:2 (for chromatographic purification), 7:3 (for TLC); diasterecisomeR¢0.33;
1H NMR: 3.43 (d,J 1.3,MeO); diastereoisomer B=0.39;'H NMR: 3.48 (d,J 1.5, MeO).

4.19.4. Amides frorbe

PE:AcOEt, 9:1- 8:2 (for chromatographic purification), 7:3 (for TLC); diasterecisomeR¢0.29;
1H NMR: 3.52 (d,J 1.4, MeOCF), 3.86 (sMeOCO); diastereoisomer BR=0.24;'H NMR: 3.55 (d,J
1.4,MeOCF), 3.88 (sMeOCO).

4.20. Diastereoisomeric Mosher’s esters from monoace&dgsand from monoprotected did@l

The two diastereoisomeric Mosher’s esters were always syntheéSizsihg either R)- or (S)-MTPA-
Cl. Some selected analytical data for each diastereoisomer are reported here.

4.20.1. Esters frorba[(S)-enantiomer, from entry 1 of Table 2]

Chromatographic purification: PE:AcOEt, 9:1; diastereoisomer A [frBjrchloride]:1H NMR: 2.04
(s,MeCO), 3.38 (app bd] 1.0,MeO); diastereoisomer B [fronS}-chloride]: 'H NMR: 2.06 (s,MeCO),
3.40 (app bdJ 1.1,MeO).

4.20.2. Esters fromab
Chromatographic purification: PE:AcOEt, 9:1; diastereocisomet ANMR: 2.04 (s,MeCO), 3.37
(app bd,J 1.2,MeO); diastereocisomer BH NMR: 2.06 (s,;MeCO), 3.39 (app bd] 1.1, MeO).

4.20.3. Esters frori
Chromatographic purification: PE:AcOEt, 95:5; diastereoisometbFANMR: 3.40 (app bd,J 0.9,
MeO); diastereoisomer BH NMR: 3.37 (app bd,) 1.0, MeO).

Acknowledgements

We are grateful to Amano Pharmaceuticals and to Novo Nordisk for a generous gift of some enzymes
(see Experimental). This work was supported by MURST (Ministero dell’'Universita e della Ricerca
Scientifica) and CNR (Consiglio Nazionale delle Ricerche) of Italy. We also wish to thank Mr. Marco
Delmonte and Miss Patrizia Larghero for their valuable collaboration on this project.

References

1. Banfi, L.; Guanti, GSynthesid993 1029-1056.
2. Schoffers, E.; Golebiowski, A.; Johnson, C.TRtrahedronl996 52, 3769-3826 and references therein.
3. Guanti, G.; Banfi, L.; Narisano, H. Org. Chem1992 57, 1540-1554.



1242 E. Narisano, R. Riva/ Tetrahedroksymmetry10 (1999) 1223-1242

(o]

12.
13.
14.

15.

16.

17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.

. (8) Guanti, G.; Narisano, E.; Podgorski, T.; Thea, S.; William§etrahedrorl99Q 46, 7081—-7092. (b) Banfi, L.; Guanti,

G.; Riva, R.Tetrahedrorl 996 52, 13493-13512. (c) Guanti, G.; Brusco, S.; Narisan@dirahedron: Asymmeti}994 5,
537-540. (d) Guanti, G.; Banfi, L.; Narisano, E.; Zannetti, M1.TOrg. Chem1993 58, 1508-1514. (e) Banfi, L.; Guanti,
G.; Narisano, ETetrahedrornl 993 49, 7385-7393. (f) Guanti, G.; Merlo, V.; Narisano, Eetrahedron: Asymmetri995
51, 9737-9746. (g) Guanti, G.; Narisano, Eetrahedron1996 52, 12631-12642. (h) Guanti, G.; Banfi, L.; Schmid, G.
Tetrahedron Lett1994 35, 4239-4242.

. (a) Hudlicky, M.Chemistry of Organic Fluorine Compoundsllis Horwood Limited, Chichester, 1992. (b) Resnati, G.

Tetrahedronl993 49, 9385-9445 and references therein. (c) Ojima, I.; McCarthy, J. R.; WelchBbmedical Frontiers
of Fluorine ChemistryACS, 1996.

. Hillver, S. E.; Bjork, I.; Li, Y. L.; Svensson, B.; Ross, S.; Anden, N. E.; Hacksell]. Wed. Chem199Q 33, 1541-1544.
. (a) Schlosser, M.; Michel, D.; Guo, Z.; Sih, C.Tétrahedron1996 52, 8257-8262. (b) Goj, O.; Burchardt, A.; Haufe,

G. Tetrahedron: Asymmetr§997 8, 399-408. (c) Kokuryo, Y.; Nakatani, T.; Tamura, Y.; Kawada, K.; Ohtani, M.
Tetrahedron: Asymmetr}Q96 7, 3545-3551.

. (a) Kitazume, T.; Sato, T.; Ishikawa, Bhem. Lett1984 1811-1814. (b) Kitazume, T.; Sato, T.; Kobayashi, T.; Lin J. T.

J. Org. Chem1986 51, 1003—-1006 and references therein.

. Preliminary results have been reported: Guanti, G.; Narisano, E.; Rifatf@hedron: Asymmetr}998 9, 1858-1862.
10.
11.

Hannah, J.; Tolman, R. L.; Karkas, J. D.; Liou, R.; Perry, H. C.; Field, Al Kleterocycl. Chenl989 26, 1261-1271.

(a) Lal, G. SJ. Org. Chem1993 58, 2791-2796. (b) Banks, R. E.; Lawrence, N. J.; Popplewell, Al.IChem. Soc.,
Chem. Commurl994 343-344.

Dubois, J.; Foures, C.; Bory, S.; Falcou, S.; Gaudry, M.; Marqueletkahedronl991, 47, 1001-1012.

Galatsis, P. lEROS Paquette, L. A., ed. Diisobutylaluminum hydride. John Wiley, 1995; Vol. 3, pp. 1908-1912.
Gugelchuck, M. IEEROS Paquette, L. A., ed. Sodium bis(2-methoxyethoxy)aluminum hydride. John Wiley, 1995; Vol.
7, pp. 4518-4521.

Banfi, L.; Narisano, E.; Riva, R. IEROS Paquette, L. A., ed. Sodium borohydride. John Wiley, 1995; Vol. 7, pp.
4522-4528.

Using NaBH in DMSO, the only observed product was 2-fluoro-2-phenyl-1-ethanol, probably via reduction of a single
ester moiety, followed by retro-aldol condensation, favored by the presence of the electronegative fluorine atom, and final
reduction of the second ester moiety; retro-aldol reaction of a hydroxy ester under basic reductive conditions has been
already observed (see Ref. 199).

As a matter of fact, fluorinated diols showed a noticeable instability, both in acidic and (especially) basic conditions.
Brown, H. C.; Narasimhan, S.; Choi, Y. M.Org. Chem1982 47, 4702—-4708.

(a) Biorkling, F.; Boutelje, J.; Gatenbeck, S.; Hult, K.; Norin, T.; Szmulikg®ahedrorl985 41, 1347-1352. (b) Luyten,

M.; Muller, S.; Herzog, B.; Keese, Rdelv. Chim. Actal987 70, 1250-1254. (c) De Jeso, B.; Belair, N.; Deleuze, H.;
Rascle, M.-C.; Maillard, BTetrahedron Lett199Q 31, 653-654. (d) Toone, E. J.; Bryan Jone§etrahedron: Asymmetry
1991 2, 1041-1052. (e) Canet, J.-L.; Fadel, A.; Salaud, @rg. Chem1992 57, 3463-3473. (f) Hallinan, K. O.; Honda,

T. Tetrahedronl995 51, 12211-12216. (g) Fadel, A.; Garcia-ArgoteTstrahedron: Asymmetrd996 7, 1159-1166.

Shapira, M.; Gutman, A. lTetrahedron: Asymmeti}994 5, 1689—1700.

Klotz-Berendes, B.; Kleemif3, W.; Jegelka, U.; Schafer, H. J.; KotildieBahedron: Asymmetrd997, 8, 1821-1823.

Tararov, V. I., Belokon, Y. N.; Sing, A.; Parmar, V. Rtrahedron: Asymmetrd997, 8, 33-36.

Guanti, G.; Banfi, L.; Riva, Rletrahedron: Asymmetr}995 6, 1345-1356.

Other chiral amines, like 1-naphthylethylamine (see Ref. 19¢) were not assayed.

Banks, R. E.; Besheesh, M. K.; Tsiliopoulos JEFluorine Chem1996 78, 39-42.

Chambers, R. D.; Hutchinson, J.; Thomsod, Fluorine Chem1996 78, 165-166.

Ihara, M.; Tanaka, Y.; Takahashi, N.; Tokunaga, Y.; Fukumotd, Khem. Soc., Perkin Trans1997 3043-3052.

Sullivan, G. R.; Dale, J. A.; Mosher, H. $.0rg. Chem1973 38, 2143-2147.



