Synthesis S. ]. Mattingly et al.

Synthesis of 2-Fluoroacetoacetic Acid and 4-Fluoro-3-hydroxy-

butyric Acid

Stephanie . Mattingly>®
Frank Wuest*2<
Ralf Schirrmacher*b<d

2 Department of Oncology, University of Alberta, Cross Cancer
Institute, 11560 University Avenue, Edmonton, AB, T6G 172,
Canada

b Department of Oncology, University of Alberta, Medical Iso-
tope Cyclotron Facility, 6820 116th Street, Edmonton, AB,
T6H 2V8, Canada

¢ Faculty of Pharmacy and Pharmaceutical Sciences, 2-35,
Medical Sciences Building, University of Alberta, 8613 114th
Street, Edmonton, AB, T6G 2H7, Canada
wuest@ualberta.ca
schirrma@ualberta.ca

4 Department of Chemistry, 11227 Saskatchewan Drive,
University of Alberta, Edmonton, AB, T6G 2N4, Canada

Received: 02.01.2019

Accepted after revision: 29.01.2019

Published online: 12.03.2019

DOI: 10.1055/s-0037-1610695; Art ID: ss-2019-m0001-op

Abstract The butyric acid scaffold is the base structure of several hu-
man metabolites that serve diverse and prominent biochemical roles
including as oxidative sources of cellular energy and as substrates for
biosynthesis. Derivatization of metabolites through incorporation of
fluorine often alters bioactivity and can facilitate detection and analysis
by nuclear magnetic resonance or positron emission tomography de-
pending upon the fluorine isotope employed. We describe the synthesis
of two new fluorinated butyric acids (and three related esters) that are
derivatives of the metabolites acetoacetic acid and 3-hydroxybutyric
acid. 4-Fluoro-3-hydroxybutyric acid is prepared from epoxy ester pre-
cursors via ring opening by triethylamine trihydrofluoride. 2-Fluoroace-
toacetic acid is prepared by electrophilic fluorination of an acid-labile 3-
keto ester. The gradual pH-dependent decarboxylation of 2-fluoroace-
toacetic acid is investigated by '°F NMR spectroscopy.

Key words fluorination, ketone bodies, acetoacetate, acetoacetic acid,
3-oxobutanoic acid, 3-hydroxybutanoic acid, B-hydroxybutyrate

The strategic incorporation of fluorine into the struc-
tures of biologically active compounds often confers unique
physiochemical properties and can favorably influence the
pharmacokinetic profiles of medicinal compounds and alter
the metabolism of biomolecules.! Consequently, there is
growing interest in the development of fluorinated deriva-
tives of small molecule metabolites for applications such as
magnetic resonance spectroscopy (MRS), using the NMR-
active and naturally abundant isotope '°F, and positron
emission tomography (PET), using the positron-emitting
isotope 18F.2

An important focus of our research is the investigation
of cancer metabolism through the development and appli-
cation of radiofluorinated metabolite derivatives for in vivo
imaging by PET.2¢3 Due to the intrinsic limitations of radio-
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isotope production, PET radiotracers are prepared in ex-
tremely small quantities and are difficult to characterize by
standard analytical techniques. A radiotracer’s identity is
typically confirmed through comparison of its chromato-
graphic behavior against a chemically identical nonradioac-
tive standard. Often the stable isotope standards are them-
selves new compounds and require synthetic method de-
velopment. Here we describe our synthetic approach to the
preparation of five novel fluorinated derivatives of butyric
acid to lay the groundwork for translation of this research
to radiochemistry.

Oxidized forms of butyric acid serve as the base struc-
ture of several human metabolites from diverse biochemi-
cal pathways including the tricarboxylic acid (TCA) cycle,
amino acid catabolism, neurotransmitter synthesis, and ke-
tone body metabolism. Consequently, this class of biomole-
cule represents a worthwhile target for applications related
to bioimaging. We have focused on acetoacetic acid (1) and
3-hydroxybutyric acid (2), as they represent important en-
ergy substrates and biosynthetic precursors,* and have pre-
pared novel fluorinated derivatives 3 and 4a-d (Figure 1).
Targeting these small polyfunctional structures through
chemical modification of plausible precursors presented
several synthetic challenges including rearrangement phe-
nomena, sensitivity to acidic/basic pH and chromatography,
and tendencies toward cyclization or decarboxylation.
When fluorine is successfully incorporated, however, some
of these labile properties are mitigated. For example, com-
pound 3, which was expected to rapidly decarboxylate, ex-
hibited greater stability than its non-fluorinated counter-
part 1. Intrigued by this unanticipated result, we studied
the rate of decarboxylation of 3 in aqueous solutions under
various pH using 'F NMR and discuss a rationale for the
trend observed.
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Figure 1 Acetoacetic acid (1), 3-hydroxybutyric acid (2), 2-fluoroace-
toacetic acid (3), 4-fluoro-3-hydroxybutyric acid (4a) and esters (4b-d)

Ester derivatives of 3 are well known in the literature,
therefore it is likely that the free acid has been prepared by
other groups previously; however, no characterization data
for this compound are described, nor is there a report of its
stability. Halogenated B-keto acids are understood to spon-
taneously decarboxylate,” but it may be useful to study
these short-lived species, particularly with regard to the
fluorinated forms, since short lifetimes do not necessarily
preclude imaging modalities like MRS and PET which oper-
ate on timescales of minutes or hours.

The ethyl ester of 3, ethyl 2-fluoroacetoacetate, is an in-
expensive and widely available derivative (see toxicity cau-
tion in the experimental section), but generation of free
acid 3 from this ester is not facile. Base-mediated deprotec-
tion conditions generate an enolate anion which promotes
undesired side reactions.® We found that tert-butyl ester 6
is a convenient precursor for preparing 3 (Scheme 1) as the
t-butyl group is cleaved under acidic conditions. Ester 6 was
prepared from acetoacetate t-butyl ester (5) using the elec-
trophilic fluorination agent Selectfluor®.” Deprotection of 6
with TFA generated acid 3 which gradually decarboxylated
to afford fluoroacetone 7.
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Scheme 1 Reagents and conditions: (a) Selectfluor®, MeCN, rt, 72 h,
71%; (b) TFA/CH,Cl, (1:1), rt, 1 h, 86%.

Decarboxylation of B-keto acids is known to depend on
solution pH. Consequently, we were interested to look at
the decarboxylation rate of 3 in aqueous conditions over a
range of pH (pH 3, 5, 7, and 10). The percentage of decar-
boxylated 3 was tracked over a time course using '°F NMR
by comparing the disappearance of the signal from the a-
fluorine of 3 with the appearance of signals corresponding
to the decomposition product, fluoroacetone 7. Figure 2a
provides example spectra from this kinetic experiment and

illustrates the coupling of these signals (for all related spec-
tra, see the Supporting Information). Here, the two signals
related to fluoroacetone 7 are integrated together; the
smaller of these signals (also present in the purchased au-
thentic standard) we presume to be a hydrate form. The
tabulated results for all pH conditions (Figure 2b) demon-
strate that acidic conditions (pH 3) promoted rapid decar-
boxylation, as is the case for non-fluorinated p-keto acids.®
Mildly acidic (pH 5) and neutral conditions (pH 7) exhibited
similar gradual rates of decarboxylation; this represents a
conveniently wide margin around physiological pH for po-
tential biological applications. Basic conditions (pH 10) hin-
dered the loss of CO, significantly. This trend can be ex-
plained on the basis that decarboxylation of f-keto acids is

a) Disappearance of 3
I
I
”/_) r
i
T, 1 LH \
6h — L7‘| B
—= ) i
24h J/
P—— S R S R
To R e
A - B
6h h i
* - ‘_‘ ‘
|
24h \ J
b) s = o e e =

701 @ pH3

% Decarboxylation (normalized)

Time [hours]

Figure 2 (a) Stacked '°F NMR spectra illustrating reduction in signal in-
tensity from compound 3 over 24 hours in pH 3 aq solution concurrent
with increasing signal intensity from fluoroacetone 7; x-axis: chemical
shift (ppm), y-axis: fixed scale for all spectra (absolute intensity). (b) De-
carboxylation of 3 in buffers of pH 3, 5, 7, and 10 over 48 h
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understood to proceed most rapidly through a concerted
mechanism (illustrated in Scheme 1) in which a protonated
carboxyl donates its proton to the carbonyl oxygen via a
formally uncharged cyclic six-membered transition state,
ultimately resulting in an enol product and CO,.° Under ba-
sic conditions (i.e., pH 10) decarboxylation of the carboxyl-
ate in anionic form proceeds slowly.!?

A comparison of the half-lives of acetoacetic acid (1)
and fluorinated derivative 3 gives an indication of the in-
crease in stability attained through fluorination: the half-
life of acetoacetic acid is reported to be 11.7 hours (aq con-
ditions, 25 °C),® whereas for acid 3 the half-life is just under
40 hours, even under the most acidic conditions assessed.
After 48 hours at pH 10, where the slowest rate of CO, loss
was observed, 3 was only 14% decarboxylated. The greater
resistance of 3 to decarboxylation as compared to 1 may be
ascribable to the fact that a fluorination increases the acidi-
ty of carboxylic acid protons (e.g., pK, acetic acid = 4.76, pK,
fluoroacetic acid = 2.59).1" A lower pK, for 3 would result in
a smaller proportion of the free acid—the species capable of
decarboxylation by the fast concerted mechanism—in solu-
tion. These results raise the question as to whether or not o
fluorination of B-keto acids confers a unique stability
among the halides, as is the case for acyl fluorides.? It also
engenders the possibility of a shelf-stable silyl ester deriva-
tive of 3 for applications such as decarboxylative alkyla-
tions, which are challenging using classic f-keto acids.!?

There is precedent in the literature for compounds simi-
lar to 4a-d (Figure 1). For example, 4-fluoro-3-hydroxybu-
tyrate ethyl and naphthyl esters (4f and 4g) (Scheme 2)
have been prepared previously.

Graham et al. achieved the naphthyl ester 4g through
enantioselective epoxide ring opening (Route A, Scheme 2)
using a (salen)Co catalyst; in this way they prepared both
19F and '8F versions of ester 4g with high ee values.'* This
route relies on fluorination of an esterified precursor, but in
other approaches fluorinated starting materials were ester-
ified. Bergmann et al.'> and later Liu and coworkers'® used
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cyanation of, respectively, an epoxide or a geminal chloro-
fluoro dihalide (Route B) to generate a fluorohydrin-func-
tionalized nitrile intermediate which was then converted
into the ethyl ester 4f by ethanolysis. A dihalide precursor
was also employed in a synthesis of 4f by Shibatomi et al.
(route C);'7 a Claisen condensation of ethyl acetate with 2-
chloro-2-fluoroacetic acid resulted in a B-keto dihalide that
was then subjected to two reduction steps, a borohydride-
mediated reduction of the keto moiety followed by reduc-
tive dehalogenation with tributyltin hydride to achieve the
final fluorinated ester 4f.
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Scheme 2 Published routes for the preparation 4-fluoro-3-hydroxybu-
tyrate ethyl and naphthyl esters

Given our outlook toward radiofluorination, we were
interested to devise a route to 4a that involved late-stage in-
stallation of a nucleophilic form of fluoride. We initially
tested two synthetic routes that were unsuccessful but
merit discussion; the first involved a cyclic sulfate precur-
sor and the second, a cyclic dioxanone (compounds 10 and
15, respectively) (Scheme 3).

Cyclic sulfates'® (e.g., 10) behave similarly to epoxides
and react rapidly with nucleophilic fluoride, including
['8F]fluoride,’® with moderate regioselectivity for primary
over secondary carbons.? They are a dual-purpose func-
tionality in that they simultaneously activate a carbon for
nucleophilic substitution while protecting a hydroxy group
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Scheme 3 Retrosynthetic routes that failed to provide 4-fluoro-3-hydroxybutyric acid (4a). Reagents and conditions: (a) BH;-SMe,, NaBH,, THF, 0 °C to
rt, 16 h, 95%; (b) SOCl,, THF, 0 °C to rt, 16 h, 60%; (c) NalO,, RuCls (cat.) CH,Cl,/H,0, 0 °C, 2.5 h, 88%; (d) NaOH, MeOH/H,0, 50 °C, 2.5 h (carried over
as crude); (e) TIPSCI (2 equiv), imidazole, DMF, 0-50 °C, 2 h, 64% (2 steps); (f) DMF/H,0 (20:1), 70 °C, 3 h, 75%.
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1 to 3 carbons away. After nucleophilic ring opening, the re-
sultant anionic sulfate intermediate can be hydrolyzed un-
der acidic conditions to a hydroxy moiety. They are general-
ly formed in two steps from diols, which, if chiral, dictate
the stereochemistry of the heterocycle and, consequently,
the 1,2-fluorohydroxy product. Cyclic sulfate 10 (Scheme 3)
was prepared using a modified version of a published
method.?' Dimethyl-(S)-(-) malate (8) was chemoselective-
ly reduced?? with borane-dimethyl sulfide complex and
catalytic sodium borohydride to generate chiral diol 9.23
Thionyl chloride was used to convert 9 into a cyclic sulfite
intermediate (not shown) which was oxidized with Ru-
Cl;/NalO, to cyclic sulfate 10. This product was stable to
chromatography but polymerized upon solvent evapora-
tion. Some intrinsic instability of cyclic sulfates has been
reported previously.?* Variations to the carboxylate protect-
ing group, a methyl ester in the case of 10, were not investi-
gated but could have an impact on the overall stability of
related compounds.

For target compound 4a, we also considered a dioxa-
none? precursor, an example is shown in Scheme 3 (com-
pound 15) with a generic leaving group (LG) on carbon 4.
We intended a dioxanone heterocycle to serve several pur-
poses: preserve the stereochemistry of the -hydroxy, pro-
tect the carboxylate, and simultaneously mask all protic
functionalities. After leaving group displacement with fluo-
ride, the dioxanone would have been cleaved under acidic
conditions restoring the f-hydroxy acid. Towards this end,
as shown in Scheme 3, chiral lactone 11 (commercially
available or easily prepared from carnitine?®) was opened
with sodium hydroxide?” and directly silylated with excess
TIPS-chloride to a bis-protected silyl ester and primary silyl
ether for ease of chromatography and to prevent recycliza-
tion. The silyl ester was chemoselectively deprotected with

J.

simple heating in a DMF/water mixture using a strategy laid
out by Chen at al.?8 to achieve acid 13. Although an atom in-
efficient strategy, this represents a new route to 13, a useful
differentially protected chiral diol. The prior report for the
synthesis of 13 follows a different synthetic path in which
compound 9 is silylated and the methyl ester deprotected.?®

Unfortunately, in our hands, 13 could not be converted
into dioxanone 14 using 2-methoxypropene as has been
described,?® or using 2,2-dimethoxypropane, a reagent used
for similar reactions.3! Rather, unreacted starting material
was recovered or a side product (the methyl ester of 13)
was formed, a phenomenon which has been documented
previously.3? This was the case as well for similar attempts
at dioxanone formation with a derivative of 13 consisting of
a benzyl ether in place of TIPS.

Epoxyesters 18b-d (Scheme 4) are suitable precursors
for preparing 4-fluoro-3-hydroxybutyrates 4. 3-Butenoic
acid (16) is an inexpensive starting material for this pur-
pose. To protect the carboxylic acid functionality, esterifica-
tion using mild conditions such as Steglich esterification or
trichloroacetimidate reagents is beneficial as these alkyla-
tions avoid the double bond migrations known to occur
with B,y-unsaturated esters.3? Incidentally, alkenes 17 could
be viewed as precursors for diol esters such as 9 (see
Scheme 3); unfortunately, an attempt at Sharpless asym-
metric dihydroxylation of 17d resulted in loss of the ester
protecting group, likely through cyclization. Fortunately,
epoxidation of esters 17 with MCPBA generated racemic ep-
oxides 18, which can be resolved, if desired, to favor either
enantiomer through hydrolytic kinetic resolution using a
(salen)Co Jacobsen catalyst.3* Epoxides 18 are acid and base
sensitive, and without delicate treatment can isomerize to
a,B-unsaturated y-hydroxyesters.>> Furthermore, com-
pounds 18 are also sensitive to normal-phase chromatogra-
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Scheme 4 Reagents and conditions: (a) Mel, DBU, MeCN, rt, 2 h, 28%; (b) benzyl alcohol, DMAP, DCC, CH,Cl,, 0 °Cto rt, 16 h, 97%; (c) PMB trichloroace-
timidate, CH,Cl,, 0 °C to rt, 16 h, 99%; (d) MCPBA, CH,Cl,, 16-48 h, 57% (18b), 60% (18c) 69% (18d) 98% (18e); (e) Et;N-HF, 70-80 °C, 6 h, 22% (4b),
76% (4c), 72% (4d); (f) H,/Pd/C, MeOH/EtOAC, 14 h, rt, 90%; (g) TFA, CH,Cl,, 0 °C, 2 h, 80%.
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phy to greater or lesser degrees; we found that methyl ester
18b was most labile whereas benzyl and p-methoxybenzyl
esters 18c and 18d were more tolerant of chromatography
without great loss of yield. Ring opening under the fairly
mild conditions of triethylamine trihydrofluoride resulted
in y fluorination for all but t-butyl epoxide 18e which did
not withstand the reaction conditions. Ester deprotection
of fluoroesters 4c and 4d with H,/Pd/C or TFA, respectively,
produced 4-fluoro-3-hydroxybutyric acid (4a), which could
be purified by normal- or reverse-phase chromatography,
did not cyclize in aqueous conditions, and is stable to stor-
age at-18 °C.

In conclusion, we have isolated and characterized 2-flu-
oroacetoacetic acid (3) and observed that it decarboxylates
gradually at a rate that is pH dependent and slower than
that of the non-fluorinated analog acetoacetic acid (1). This
loss of CO, is most rapid at low pH. At physiological pH its
half-life is calculated to be >90 hours. For the introduction
of a fluorohydrin motif onto the terminal position of the
butyrate structure, epoxides 18b-d, although somewhat la-
bile, are suitable precursors that undergo ring opening with
triethylamine trihydrofluoride. In this manner we prepared
novel fluorinated esters 4b-d. The y-fluorinated free acid
4a was isolated by ester deprotection and, notably, does not
readily cyclize.

When fluorinated molecular imaging probes serve as
bioisosteres for endogenous compounds, they can provide a
window into cellular metabolism and have applications
from basic biology investigations to clinical medicine. De-
spite the biological significance of compounds like aceto-
acetic acid (1) and 3-hydroxybutyric acid (2), the prepara-
tion of fluorinated 3-hydroxy/oxobutyrates has received lit-
tle attention in recent literature. This likely stems from
concerns regarding toxicity. Esters of 3 are known to be tox-
ic compounds metabolized through a pathway that con-
verges with that of the pesticide/rodenticide fluoroacetate.
The mechanism of toxicity for such species involves a ‘lethal
synthesis’ beginning with formation of fluoroacetyl coen-
zyme A and leading, ultimately, to a defluorinated metabo-
lite, 4-hydroxy-trans-aconitate, which strongly inhibits the
TCA cycle enzyme aconitase.3® Compounds 4 could also
share this toxic pathway. Even so, concerns over toxicity
have little relevance with regard to potential PET applica-
tions as radiofluorinated compounds are clinically adminis-
tered at non-pharmacological doses. Moreover, fluorinated
hydroxy/oxobutyrates have interesting physical properties
of synthetic utility and can be applied to the construction
of larger structures with medicinal rather than toxic prop-
erties.

Caution! Given the toxicity of ester derivatives of 3 and the likely tox-
icity of compounds 3 and 4a-d, caution should be used when han-
dling these chemicals, including avoiding skin contact. Experimental
procedures and characterization data for reported compounds 6,’
9,2237 10 (modified procedure),?! 17b,3® 17¢>° 17d,%° 18b,*' 18¢,*
18e,3* and NMR spectra for all new compounds are given in the Sup-
porting Information. Selectfluor® (>95%), tert-butyl acetoacetate (5)
(reagent grade, 98%), tert-butyl 3-butenoate (17e) (>98%), and fluoro-
acetone (7) (98%), were purchased from Millipore Sigma and used
without further purification. The pH of buffers were verified on a
Fisher Scientific Accumet basic ab15 pH meter. Column chromatogra-
phy was performed using SiliaFlash F60 silica gel (230-400 mesh);
PAA = p-anisaldehyde. FTIR were recorded using a Thermo Nicolet
8700 FTIR spectrophotometer. NMR spectra were acquired on either
an Agilent/Varian 500 MHz spectrometer or a Bruker Ascend 600
MHz spectrometer. High-resolution mass spectra were acquired on
either an Agilent Technologies 6220 0aTOF (ESI) or a Kratos Analytical
MS-50 instrument (EI).

19F NMR Decarboxylation Study

Aqueous buffer solutions (1 M) were prepared at four pH values and
were verified to within 0.06 units. Buffers for pH 3, 5, and 7 were pre-
pared from a citric acid monohydrate/dibasic sodium phosphate sys-
tem; pH 10 buffer was prepared from a sodium hydrogen carbon-
ate/sodium carbonate system. For each pH condition studied a 10 pL
aliquot of acid 3 was dissolved in 60 pL of D,0 followed by 540 puL of
the relevant buffer solution. After buffer addition, the pH was re-
checked. The solutions were transferred to NMR tubes and main-
tained at 21-22 °C for the full course of the NMR experiment. Spectra
were acquired over a time course (initial scan, 2 h, 6 h, 12 h, 24 h, 48
h). Data were processed by integrating the '°F signals related to either
fluoroacetone (7) or 2-fluoroacetoacetic acid (3), after which the ratio
of each species at the various time points was tabulated. The data
were normalized to reflect 0% decarboxylation at their initial time
points. The predominant '°F signal related to 3 was a doublet at -184
ppm with long-range secondary splitting. Neither the enol nor eno-
late of 3 were apparent from the '°F spectra at any pH. For the case of
fluoroacetone (7), the predominant signal occurs at -226.4 ppm ap-
pearing as a triplet with secondary splitting due to long-range cou-
pling. The secondary '°F signal for 7, a triplet at -224.9, constituting
=11% of the larger signal was presumed to be the hydrate form (Ky =
0.167 in D,0 according to Buschmann et al.)** Enol/enolate signals for
7 were occasionally observable but not large enough for integration.
As a control, 'F spectra of authentic standard fluoroacetone (7) were
acquired in similar buffer/D,0 mixtures. In pH 10 buffer solution, two
doublets with a combined intensity of 0.9% at -195.0 ppm and -196.5
ppm were observed in the 'F NMR spectrum of 7; we attribute these
signals to E and Z isomers of the fluoroacetone enol/enolate.

2-Fluoroacetoacetic Acid (3)

To tert-butyl 2-fluoroacetoacetate (6) (0.322 g, 1.82 mmol) was added
CH,Cl, (1 mL) and TFA (1 mL). The mixture was stirred at rt for 1 h
before solvent removal by rotary evaporation (acetonitrile in several
aliquots was added as a carrier solvent to remove residual TFA). The
final crude product was isolated as an 0il (0.189 g, 86%).

1H NMR (600 MHz, CDCl,): 8 = 5.31 (d, ] = 48.9 Hz, 1 H), 2.42 (d, ] = 4.1
Hz, 3 H).
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13C NMR (150 MHz, CDCl,): 8 =199.2 (d, J = 23.1 Hz, C), 167.5 (d, ] =
21.9 Hz, €), 90.8 (d, J = 196.8 Hz, CH), 26.2. Also apparent in the 3C
NMR spectrum are fluoroacetone signals: 8 25.7 and & 85.0, in agree-
ment with literature values.*

19F NMR (564.8 MHz, CDCl,): & = -191.6 (dq, J = 48.1, 3.9 Hz).

HRMS (ESI): m/z [M - H]- caled for C4H4FO;: 119.0150; found:
119.0148.

4-Fluoro-3-hydroxybutyric Acid (4a)
Compound 4a was prepared from either of two starting materials: 4¢
or 4d.

From p-Methoxybenzyl Ester 4d

p-Methoxybenzyl ester 4d (0.06 g, 0.25 mmol) was dissolved in
CH,Cl, (1.5 mL) and chilled to 0 °C. TFA (150 pL, 1.95 mmol) was add-
ed, and the solution was stirred for 2 h. The solvent was evaporated
under vacuum and the residue was purified by silica gel chromatogra-
phy (CH,Cl,/MeOH gradient elution from 1 to 7% MeOH). The product
is a clear, colorless 0il (0.024 g, 80%). Ry= 0.15 (CH,Cl,/MeOH, 9:1, PAA
stain).

From Benzyl Ester 4¢

Benzyl ester 4¢ (0.147 g, 0.691 mmol) was dissolved in MeOH/EtOAc
(1:1, 3.4 mL total vol) and Pd/C (10%, 0.015 g) was added. The mixture
was stirred under 1 atm of H, for 14 h then filtered over Celite. The
solvents were evaporated and the residue was purified as above yield-
ing 0.076 g, (90%).

FTIR (DCM cast film): 2900-3600 (br), 2965, 1717, 1411, 1249, 1180,
1090, 1019 cm™".

H NMR (500 MHz, CDCL,): & = 4.47 (ddd, J = 47.2, 13.7, 42 Hz, 1 H),
4.42(ddd, J=47.2,9.5,5.1 Hz, 1 H), 436-4.27 (m, 1 H), 2.65 (d, J = 6.2
Hz, 2 H).

13C NMR (125 MHz, CDCly): 8 =176.4 (C), 85.2 (d, Yes = 170.4 He,
CH,), 66.7 (d, 2J_¢ = 20.0 Hz, CH), 36.6 (CH,).

19F NMR (470 MHz, CDCl,): § = -230.0 (td, J = 47.3, 18.7 Hz).

HRMS (ESI): m/z [M - H]- caled for C4HgFO;: 121.0306; found:
121.0306.

Methyl 4-Fluoro-3-hydroxybutyrate (4b)

To methyl 3,4-epoxybutyrate (18b) (0.249 g, 2.145 mmol) was added
neat Et;N-HF (6.917 g, 42.9 mmol) in one portion at rt. The mixture
was heated to 70 °C and stirred for 6 h. The reaction mixture was
cooled to 0 °C, diluted with CH,Cl, (40 mL), and quenched with chilled
sat. aqueous NaHCO; (40 mL). The aqueous layer was extracted with
CH,Cl, (4 x 10 mL). The combined organic layers were dried over
Na,S0, and the solvent removed by rotary evaporation. The residue
was purified by silica gel chromatography (hexanes/EtOAc, 1:2, isoc-
ratic). The product is a clear, colorless o0il (0.065 g, 22%). Ry= 0.59 (hex-
anes/EtOAc, 1:2, PAA stain).

FTIR (neat): 3450 (br), 2959, 2907, 1736, 1441, 1284, 1176, 1093,
1016 cm™.

H NMR (500 MHz, CDCl,): & = 4.44 (ddd, J = 47.1, 9.5, 4.2 Hz, 1 H),
4.40 (ddd, J = 47.1,9.5, 5.1 Hz, 1 H), 4.34-4.23 (m, 1 H), 3.73 (s, 3 H),
3.07(d,J = 5.0 Hz, 1 H), 2.59 (d, ] = 6.5 Hz, 2 H).

13C NMR (125 MHz, CDCL,): 8 = 172.2 (C), 85.4 (d, J = 170.1 Hz, CH,),
66.8 (d,J = 20.6 Hz, CH), 52.0 (CH,), 36.6 (d, J = 6.3 Hz, CH,).

19 NMR (470 MHz, CDCl,): & = -229.9 (ddd, ] = 47.3, 47.3, 18.7 Hz).

HRMS (EI): the parent molecular ion was not observed, however, frag-
ments are indicative; m/z [M - H,0]" calcd for CsH;FO,: 118.0430;
found: 118.0432; m/z [M - OCH;|* calcd for C4,HgFO,: 105.0346;
found: 105.0351.

Benzyl 4-Fluoro-3-hydroxybutyrate (4c)

To benzyl 3,4-epoxybutyrate (18¢) (0.510 g, 2.654 mmol) was added
neat Et;N-HF (10.69 g, 66.36 mmol) in one portion at rt. The mixture
was heated to 80 °C and stirred for 6 h. The reaction mixture was
cooled to 0 °C, diluted with CH,Cl, (60 mL), and quenched with chilled
sat. aqueous NaHCOs (40 mL). The aqueous layer was extracted with
CH,Cl, (3 x30 mL). The combined organic layers were dried over
Na,S0O, and the solvent removed by rotary evaporation. The residue
was purified by silica gel chromatography (hexanes/EtOAc, 2:1, isoc-
ratic). The product is a clear, pale yellow oil (0.426 g, 76%). R; = 0.50
(hexanes/EtOAc, 3:2, PAA stain).

FTIR (DCM cast film): 3454 (br), 3035, 2957, 1732, 1456, 1274, 1170,
1089, 1017, 750, 698 cm-.

H NMR (500 MHz, CDCl;): & = 7.42-7.33 (m, 5 H), 5.18 (s, 2 H), 4.44
(ddd, J = 47.1, 9.5, 4.4 Hz, 1 H), 4.40 (ddd, J = 47.1, 9.5, 5.1 Hz, 1 H),
4.35-4.26 (m, 1 H), 3.03 (br's, 1 H), 2.64 (d, ] = 6.5 Hz, 2 H).

13C NMR (125 MHz, CDCLy): 8 =171.6 (C), 135.4, 128.6 (CH), 128.3
(CH), 126.9 (CH), 85.3 (d, J = 170.5 Hz, CH,), 66.9 (d, J = 20.6 Hz, CH),
66.8 (CH,), 36.9 (d, ] = 6.1 Hz, CH,).

19F NMR (470 MHz, CDCl,): & = -229.9 (ddd, J = 47.1, 47.1, 19.1 Hz).
HRMS (EI): m/z [M]" calcd for C;;H;3F05: 212.0849; found: 212.0848.

p-Methoxybenzyl 4-Fluoro-3-hydroxybutyrate (4d)

To p-methoxybenzyl 3,4-epoxybutyrate (18d) (0.215 g, 0.966 mmol)
was added neat Et;N-HF (7.78 g, 48.3 mmol) in one portion at rt. The
mixture was heated to 80 °C and stirred for 6 h. The reaction mixture
was cooled to 0 °C, diluted with CH,Cl, (30 mL), and quenched with
chilled sat. aqueous NaHCO; (20 mL). The aqueous layer was extracted
with CH,Cl, (3 x 20 mL). The combined organic layers were dried over
Na,S0, and the solvent removed by rotary evaporation. The residue
was purified by silica gel chromatography (CH,Cl,/EtOAc, 5:1, isocrat-
ic). The product is a yellow oil (0.169 g, 72%). R, = 0.63 (CH,Cl,/EtOAc,
5:1, PAA stain).

FTIR (neat): 3469 (br), 2958, 2839, 1732, 1613, 1516, 1248, 1170,
1113, 1030, 822 cm™.

TH NMR (500 MHz, CDCl;): 8 = 7.30 (d, J = 8.0 Hz, 2 H), 6.90 (d, ] = 8.0
Hz, 2 H), 5.11 (s, 2 H), 4.43 (ddd, ] = 46.9, 9.5, 4.2 Hz, 1 H), 4.39 (ddd,
J=46.9,9.5,53 Hz, 1 H), 4.34-4.24 (m, 1 H), 3.82 (s, 3 H), 3.05-3.00
(m, 1H),2.61(d, ] = 6.5 Hz, 2 H).

13C NMR (125 MHz, CDCl;): 8 = 171.7 (C), 159.8 (C), 130.2 (CH), 127.5
(C), 114.0 (CH), 85.3 (d, J = 170.7 Hz, CH,), 66.9 (d, J = 20.7 Hz, CH),
66.6 (CH,), 55.3 (CH3), 36.9 (d, J = 6.2 Hz, CH,).

19F NMR (470 MHz, CDCl;): 8 = -230.0 (ddd, J = 46.6, 46.6, 18.8 Hz).
HRMS (EI) m/z [M]* calcd for C;,H;5FO,4: 242.0954; found: 242.0949.

3-Hydroxy-4-{[ tris(1-methylethyl)silyl]Joxy}-(3S)-butanoic Acid
(13)

According to a patent protocol,?” to (S)-B-hydroxy-y-butyrolactone
(11) (0.843 g, 8.25 mmol) in MeOH (10 mL) was added 1 M aqueous
NaOH (8.25 mL, 1 equiv). The mixture was stirred at 50 °C for 2.5 h.
The crude product 12 was dried by azeotropic drying with acetoni-
trile and was used without further purification. The "H NMR was in
agreement with that reported by Hollingsworth.?”
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H NMR (600 MHz, D,0): § = 4.03-3.97 (m, 1 H), 3.56 (dd, J = 11.7, 3.8
Hz, 1H),3.44(dd, ] = 11.9, 7.0 Hz, 1 H), 2.30 (dd, J = 15.1, 5.6 Hz, 1 H),
2.27(dd,J = 15.1,83 Hz, 1 H).

To the crude sodium salt (theoretical 8.25 mmol) was added DMF (8
mL) and imidazole (1.12 g, 16.5 mmol). The mixture was cooled to
0 °C. Triisopropylsilyl chloride (3.34 g, 17.3 mmol) was added. The
mixture was allowed to come to rt then heated at 50 °C for 1 h. The
mixture was poured into hexanes (50 mL) and H,0 (20 mL) was add-
ed. The hexane layer was washed with H,0 (2 x 10 mL) and brine (10
mL). The solvent was condensed by rotary evaporation. The interme-
diate product, a bis-protected primary silyl ether and silyl ester, was
purified by silica gel chromatography (gradient elution: 0% hexanes to
15% EtOAc in hexanes) and isolated as a clear, colorless oil (2.284 g,
64%). R;= 0.55 (EtOAc/hexanes, 1:4, KMnO, stain).

FTIR (neat): 3477 (br), 2945, 2893, 2868, 1719, 1465, 1123, 883, 681
cm .

H NMR (600 MHz, CDCl,): = 4.14-4.07 (m, 1 H), 3.74 (dd, = 9.8, 5.3
Hz, 1 H), 3.69 (dd, J = 9.8, 6.0 Hz, 1 H), 2.94 (d, ] = 4.9 Hz, 1 H), 2.62
(dd,J=16.2,5.3 Hz, 1 H), 2.57 (dd, = 16.6, 7.5 Hz, 1 H), 1.31 (sept, J =
7.1 Hz, 3 H), 1.14-1.04 (m, 39 H).

13C NMR (150 MHz, CDCl;): & = 172.2 (C), 68.8 (CH), 66.3 (CH,), 39.4
(CH,), 17.9 (CH,), 17.7 (CH5), 11.9 (CH).

HRMS (ESI): m/z [M + Na]* calcd for C,,H,gNa0O,Si,: 455.2983; found:
455.2979.

Anal. Caled for C,,H,g0,Si,: C, 61.06; H, 11.18. Found: C, 61.08; H,
11.11.

Following a chemoselective deprotection strategy outlined by Chen et
al.,?® the bis-protected intermediate (1.78 g, 4.11 mmol) was dis-
solved in DMF/H,0 (20:1, 21 mL) and heated at 70 °C for 3 h. The reac-
tion was cooled to rt, diluted with Et,0 (80 mL), washed with sat.
aqueous NH,CI (2 x 30 mL) and brine (2 x 30 mL), and dried over
Na,SO,. The solvent was evaporated by rotary evaporation and the
crude residue was purified by silica gel chromatography (hex-
anes/EtOAc, 1:1). The product was isolated as a clear, yellow oil (0.848
g, 75%). Ry= 0.17 (hexanes/EtOAc, 1:1, KMnO, stain). The TH NMR was
in agreement with Cooksey et al.>°

H NMR (600 MHz, CDCl): § = 4.17-4.10 (m, 1 H), 3.77 (dd, J = 9.8, 4.5
Hz, 1 H), 3.68 (dd, J = 9.8, 6.0 Hz, 1 H), 2.64 (dd, J = 16.2, 4.5 Hz, 1 H),
2.58(dd, J=16.2, 7.9 Hz, 1 H), 1.17-1.09 (m, 3 H), 1.09-1.05 (m, 18 H).

13C NMR (150 MHz, CDCLy): & = 177.1 (C), 68.5 (CH), 66.3 (CH,), 37.8
(CH,), 17.9 (CH,), 11.8 (CH).

p-Methoxybenzyl 3,4-Epoxybutyrate (18d)

p-Methoxybenzyl 3-butenoate (17d) (0.477 g, 2.312 mmol) was dis-
solved in CH,Cl, (12 mL) and chilled to -78 °C. Reagent grade <77%
MCPBA (1.061 g, 4.624 mmol) was added in one portion. The mixture
was stirred for 48 h before being allowed to come to rt. The precipi-
tated solids were removed by filtration. The solution was quenched
with sat. aqueous K,S,0; (8 mL) and filtered again. The filtrate was
washed with sat. aqueous K,S,0; (8 mL), H,0 (10 mL), and brine (10
mL), dried over Na,SO,, and condensed by rotary evaporation. The
crude residue was purified by silica gel chromatography. The column
was pretreated with 2% Et;N in hexanes/acetone (2:1). The product
was eluted with hexanes/acetone (2:1, isocratic). The product was
isolated as an amber oil (0.355 g, 69%). R; = 0.37 (hexanes/acetone,
2:1, with a 2% Et;N pretreated plate).

FTIR (neat): 3003, 2958, 2838, 1735, 1612, 1516, 1303, 1248, 1170,
1032,823 cm™.

H NMR (500 MHz, CDCl,): § = 7.31 (d, ] = 8.5 Hz, 2 H), 6.90 (d, J = 8.5
Hz, 2 H), 5.11 (s, 2 H), 3.82 (s, 3 H), 3.32-3.27 (m, 1 H), 2.84 (dd, J =
5.0,5.0 Hz, 1 H), 2.59 (dd, J = 6.3, 6.3 Hz, 2 H), 2.56 (dd, ] = 5.0, 2.5 Hz,
1H).

13C NMR (125 MHz, CDCl,): 8 = 170.2 (C), 159.7 (C), 130.1 (CH), 127.7
(C), 114.0 (CH), 66.5 (CH,), 55.2 (CHs), 47.9 (CH), 46.6 (CH,), 38.1
(CH,).

HRMS (EI): m/z [M]* calcd for C;,H,,0,4: 222.0892; found: 222.0893.
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