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A B S T R A C T

New methods for the introduction of fluoro substituents are in great demand, owing to the present importance of 
fluorinated bioactive compounds. Here we report a simple strategy for the synthesis of a new class of β-fluori-
nated paraconic acid derivatives. Methyl and ethyl hexanoyl succinates were fluorinated by Selectfluor®, then 
reduced by a mild reducing agent in acidic medium, thus partially suppressing the HF elimination reaction. The 
diastereomeric β-fluoro-γ-lactones afforded by lactonization of the fluorinated hydroxydiesters were separated by 
column chromatography. Their stereochemistry was assessed by means of 19F{1H}-HOESY NMR measurements. 
The relationship between the remarkable 19F chemical shift difference (20 ppm) and configuration difference 
was elucidated by two-component relativistic DFT calculations. Both the quick survey of conformers stability 
based on molecular mechanics in the RDKit environment and the DFT geometry optimizations at the scalar ZORA 
TZ2P/BLYP level, revealed that for the (2R,3R) diastereomer the γ-lactone ring adopts one prevalent envelope 
conformation, whereas for the (2R,3S) one both envelope conformations must be taken into consideration.   

1. Introduction

The presence of a fluorine atom characterizes pharmaceutical com-
pounds with very different activities that are steadily gaining mo-
mentum in the pharmaceutical market [1-4]. The introduction of 
fluorine may exert benign effects on both therapeutic properties and 
metabolic stability [5,6]. A strategy in the quest for new drugs is the 
modification of natural products [7] and the introduction of fluorine, 
element uncommon in natural organic compounds, is an interesting 
opportunity [8]. The development of new fluorinated molecules is 
boosted by the modern fluorination methods, much easier and safer than 
previous ones [9]. 

Paraconic acids are an important class of natural, highly function-
alized, γ-lactones bearing, as characteristic functionality, a carboxylic 
acid group at C-β [10–12]. Due to their wide spectrum of biological 
activities, including antitumor, antibiotic, antifungal, and antibacterial 
effects, the synthesis of paraconic acids and their derivatives is of 
continuing interest [13-16]. 

Site selective fluorination of paraconic acids by Selectfluor® has 
been reported, which affords β-fluorinated γ-lactones, in which the 

carboxylic moiety has gone lost due to concomitant decarboxylation 
[17]. We decided to investigate the synthesis of a new class of fluori-
nated γ-alkyl paraconic acids, which keep the carboxylic functionality, 
and therefore we used an alternative strategy with respect to direct 
fluorination of the γ-lactone ring. Considering that the easiest route for 
the achievement of γ-alkylparaconic acids consists in a 
reduction-lactonization sequence of acylsuccinates [18-21] and that 
β-ketoesters can be easily fluorinated by Selectfluor® [22-24] we chose 
acylsuccinates as the precursors. Specifically, we report here the syn-
thesis of fluorinated lactones 6a,b and 7a,b (Scheme 1) exploiting 1a,b 
hexanoylsuccinates precursors, which in previous works were easily 
converted into methylenolactocin [25,26]. In addition, we could syn-
thesize by the same route the simplest analogues bearing a methyl group 
in place of the pentyl chain, the fluorinated lactones 10 and 11 (Scheme 
4). 

The problem of the assignment of the relative stereochemistry of the 
obtained fluorinated γ-lactones can in general be solved by X-ray 
diffraction crystallography [27], or from NOESY experiments [17] and 
by analysis of NMR spectra [28]. A recognized and widely exploited tool 
in structural studies by NMR, owing to the remarkable angular 
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dependence, are vicinal coupling constants, especially the proton proton 
ones, 3J(H,H) [29], but also the 3J(H,F) [30]. However, in the case of 
flexible molecules they do not provide immediate information because 
they are the result of the averaging over different conformations. Rele-
vant examples are variously substituted γ-butyrolactones, where the 
assessment of stereochemistry by means of 3J(H,H) required a previous 
conformational analysis [31-33], and analogous considerations apply 
for the present fluorinated γ-butyrolactones. Here, we exploited NMR 
methods, profiting of the presence of the 19F nucleus [3], especially 
through the information provided by 19F{1H}-HOESY experiments [34] 
and by 19F chemical shift computational calculations. 

2. Result and discussion

2.1. Synthesis of Fluorinated Paraconic Acid Derivatives 

Dimethyl and diethyl hexanoylsuccinates 1a,b were prepared by 
radical addition of hexanal to dimethyl or diethyl maleate [35,36], 
Aiming at synthesizing β-fluorinated methylenolactocin, which bears a 
pentyl chain in γ-position, we selected hexanal as starting material. The 
following fluorination reaction with Selectfluor® was optimized on 
methyl ester 1a, both by conventional heating (75-80◦C in CH3CN/H2O, 
ratio 4:1 v/v, 46 h, 85% yield) and by microwave irradiation (MW) [23] 
(78◦C in CH3CN/H2O, ratio 4:1 v/v, 4 h, 44% yield, Scheme 2). 

Fluorinated ketodiester 2a was firstly reduced with NaBH4. The use 
of 2 eq of NaBH4 led to a complex mixture of defluorinated compounds, 
elimination of fluoride ion under basic conditions being a common 
problem [37]. However, using 0.5 eq of NaBH4, hydroxydiester 3a and 
lactone 5a (5:2 ratio) were the main products. There wasn’t any evi-
dence in the NMR spectra of the crude reaction mixture of the presence 
of 4a and the separation of these compounds by flash chromatography 
led to the isolation of 3a (19F NMR -171.6 ppm, 25% yield), 5a (9% 
yield) beside a small amount of the enol-γ-lactone 8a [38], deriving from 
double bond isomerization of 5a. The treatment with trifluoroacetic acid 
(TFA) of purified 3a afforded lactone 6a (19F NMR -152.75 ppm, dt, J =
26.6, 21.8 Hz) in almost quantitative yield, as a single diastereomer 
(Scheme 3). 

The low yield of desired product 3a induced us to try other reduction 
methods. Attempts of ketodiester 2a hydrogenation catalyzed by Pd or 
Pt on carbon failed. On the contrary, the reduction of 2a with NaBH3CN 
under acidic conditions was successful leading to a mixture of hydrox-
ydiesters 3a (19F NMR -171.6 ppm) and 4a (19F NMR -175.2 ppm), in 
about 3:1 ratio, and butenolide 5a as a minor product. The same 
reduction carried out on 2b afforded 3b (19F NMR -171.5 ppm) and 4b 
(19F NMR -175.1 ppm), in about 3:2 ratio, and traces of lactone 5b [39] 
(Scheme 3). Acidic lactonisation of the mixture of hydroxydiesters 3a 
and 4a led to formation of lactones 6a (19F NMR -152.75 ppm, dt, J =
26.6, 21.8 Hz, 67% yield) and 7a (19F NMR -173.66 ppm, dt, J = 34.9, 
21.3 Hz, 11% yield). Analogously, lactonic esters 6b (-152.59 ppm, dt, J 
= 26.5, 21.8 Hz, 43% yield) and 7b (19F NMR δ -173.71 ppm, dt, J =
34.7, 21.3 Hz, 19% yield) were isolated from acidic lactonisation of the 
mixture of 3b and 4b. To avoid decomposition of fluorinated products, 
diastereomeric lactones 6 and 7 had to be separated by flash chroma-
tography only after acidic treatment of silica gel (Scheme 3). 

To prove that the large difference in the chemical shift of the fluorine 
of the two diastereomeric lactones 6 and 7 was independent of the 
γ-alkyl chain length, the same reactions were carried out using dimethyl 
acetylsuccinate, commercially available starting material (Scheme 4). 
From fluorinated ketodiester 9, lactones 10 (19F NMR δ -153.17 ppm, dt, 
J = 28.4, 21.7 Hz), 11 (19F NMR δ -173.7 ppm, dtq, J = 34.9, 22.4, 2.6 
Hz) and 12 in the respective 2:1:2.6 ratio were obtained. After purifi-
cation by flash chromatography an inseparable mixture of lactones 10 
and 12 in the respective 2:3 ratio (about 40% yield) and lactone 11 (10% 
yield) were recovered. 

2.2. NMR characterization of Stereochemistry 

To determine the stereochemistry of fluorinated γ-lactones, the 19F 
{1H}-HOESY NMR spectra of lactones 6b and 7b were recorded and 
carefully analyzed. Concerning lactone 6b, strong correlations are pre-
sent between the F and H-2 and H-4 (at 2.93 ppm). (Figure 1a). Medium- 
low strength NOE cross-peak is observed between F and H-4 (at 3.36 
ppm). Very low-strength correlations are observed between F and H-1’ 
of the first methylene of the pentyl chain, whereas F does not show any 
interaction with the hydrogens of ester ethyl chain. This NOE pattern 
indicates that F is in the opposite side of the pentyl chain, near H-4 cis 
(that resonates at 2.93 ppm) and H-2 and far away from H-4 trans (at 
3.36 ppm). With this pattern of NOE signal in hand, it is clear that the 
stereochemistry of fluorinated γ-lactone 6b is rel-(2R,3S). A quantitative 
analysis of the heteronuclear NOE intensities was carried out taking into 
account that the volumes of the cross peaks are proportional to (nHnF/ 
nH+nF), where nH and nF are the number of equivalent H and F nuclei, 
respectively (Table S1) [40,41]. 

Average F-H distances in solution were derived from the NOE mea-
surements taking the distance between F and H-2 (2.5 Å) as reference 
(Table S1) [40,42]: the value of 2.5 Å is obtained from the most stable 
conformation, see below DFT geometry optimization. In addition, it was 
assumed that all protons have a slow local correlation time [43,44], see 
SI for details. It is well known that the structure of flexible molecules is 
much more difficult to be determined (this is beyond the scope of this 
paper) compared to rigid molecules, and only averaged NMR parameters 
are accessible in a qualitative manner. [45] The average distances be-
tween F and H-4 trans, H-4 cis, and hydrogens H-1’ obtained from 19F 
{1H}-HOESY experiments are 3.0, 2.4 and 3.6 Å, respectively. The dis-
tances compare well with those from DFT calculation (Table S2). Con-
cerning lactone 7b, a strong NOE cross-peak is present between the F 
and H-4 cis (at 3.25 ppm) (Figure 1b). Medium strength correlations are 
observed between F and H-2, H-4 trans (at 2.96 ppm) and hydrogens 
H-1’ of the first methylene of the pentyl chain, whereas F does not show 
any interaction with the ester ethyl chain. This NOE pattern indicates 
that F is located near the pentyl chain in the opposite side of H-2. With 
this pattern of NOE signal in hand, it is clear that the stereochemistry of 
fluorinated γ-lactone 7b is rel-(2R,3R). As previously described, the 
average distances between F and protons H-2 and H-4 trans obtained 
from 19F{1H}-HOESY experiments (taking the distance between F and 
H-4 cis atoms equal to 2.5 Å, obtained from the most stable conforma-
tion, as reference, see below DFT geometry optimization) are both 3.1 Å, 
in good agreement with DFT results (Table S2), and the average distance 
between F and H-1’ protons is 3.3 Å. 

2.3. Preliminary Molecular Mechanics conformational search and DFT 
geometry optimization 

The observed sizeable chemical shift difference of fluorine looks 
promising as a quick and easy method to differentiate the diastereomers 
of the substituted butyrolactone. Theoretical calculations were carried 
out aiming at understanding its origin. 

Owing to the high flexibility of the molecules and the consequent 
high number of possible conformers, a preliminary screening was per-
formed by generating 100 conformers for one enantiomer of each dia-
stereomer of the methyl esters, specifically for the (2R,3S)-6a and 
(2R,3R)-7a, where the carboxylic group and pentyl chain substituents 
are cis and trans, respectively. The same procedure was followed for the 
ethyl esters (2R,3S)-6b and (2R,3R)-7b. 

The most important degrees of freedom are those related to the ring 
puckering, with the C-3 atom lying, either above the average plane 
passing through the remaining ring atoms, conformation 3E, or below in 
conformation E3. We introduce the terms F pseudo-axial and F pseudo- 
equatorial [46] to address the conformation pairs in the racemic mixture 
that are equivalent under the respect of non chiral properties. Thus, with 
F pseudo-axial conformation for 6 we mean any member of the mirror 
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images pair E3 (2S,3R) and 3E (2R,3S) and with F pseudo-equatorial any 
member of the pair 3E (2S,3R) and E3 (2R,3S). For 7 F pseudo-axial 
conformation corresponds to 3E for (2S,3S) and E3 (2R,3R) and F 
pseudo-equatorial conformation to E3 (2S,3S) and 3E (2R,3R) (Figure 2). 

The presence of the rigid ester group imposes a planar constraint 
which allows just the two envelope conformations whereas the presence 
of substituents on the γ-lactone ring modulates the relative populations 
[31,32]. 

The conformers generated by the open source software RDKit [47, 
48], after energy minimization, clustered around the two 3E and E3 
envelope conformations. 

The energy values obtained through molecular mechanics based 
methods must be considered with caution, being not extremely accurate 
[49], but in the case of substituted paraconic esters proved rather reli-
able [32]. 

For the present compounds, interesting suggestions emerge from the 
analysis of the energy data. 

Considering the lowest energy structures for the F pseudo-axial and F 
pseudo-equatorial conformations for both molecules, it appears that the 
pseudo-axial (E3) conformation of (2R,3R)-7a is the most stable one. It is 
about 9 kJ/mol lower in energy than the F pseudo-equatorial, 3E, one of 
the same molecule, indicating that in the case of this diastereomer there 
is a by far more abundant conformer. Both conformers of (2R,3S)-6a are 
higher in energy than the 7a conformers. Moreover, they are close in 
energy, only about 0.7 kJ/mol apart, with the population of the F 
pseudo-axial 3E conformer somewhat higher than that of the F pseudo- 
equatorial E3. 

The geometry of these two pairs of conformers of the diastereomers 
6a and 7a were then optimized using DFT. A conformational search 
applied to the ethyl esters derivatives gave similar results and the ge-
ometry of the conformers with lower energy has been optimized at the 
DFT level as well as for compounds 10 and 11. 

The DFT optimized Cartesian coordinates for all conformers are lis-
ted in the SI (Tables S20-S27 and S38-S41), and the optimized 

Figure 1. a) 19F{1H}-HOESY NMR spectrum (376.65 MHz, 298K, CDCl3, 200mM) of 6b; b) 19F{1H}-HOESY NMR spectrum of 7b.  

Figure 2. Conformational equilibria for racemic mixtures of lactones 6 and 7.  
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geometries are reported in Figures 3 (compounds 7a and 6a), S7 
(compounds 7b and 6b), and S8 (compounds 10 and 11). For each 
conformer, the relative energy (in kJ/mol) including zero-point cor-
rections (ZPVE), the natural charge on the F atom derived from natural 
population analysis, and computed shifts (both unscaled and scaled 
according to Eq. (3), see Experimental) are reported in Table 1 for the 
conformers of 6a and 7a, in Table S3 for 6b and 7b and in Table S28 for 
10 and 11. 

An analysis of computed relative energies (enthalpies at T=0K, in 
vacuo) suggests that the conformers of 7a and 7b are more stable than 
the corresponding ones of 6a and 6b. However, by inspecting their 
relative Gibbs free energies at 298 K, one sees that the stability of 6a and 
7a is comparable. This is at variance with what found for compounds 10 
and 11, where the trend in relative Gibbs free energies parallel that of 
the total energies (see Table S28 in the SI). This is in agreement with 
earlier DFT conformational analysis on paraconic acid carried out both 
in vacuum and with implicit solvent (methanol) [50]. 

The optimized geometries of the two conformers of the (2R,3R)-7a 
differ mainly by the torsional angles of the lateral chains, while sharing 
the same puckering conformation of the 5-membered γ-lactone ring. 
This is at variance with the two low-energy conformers of (2R,3S)-6a 
which also keep the different conformations of the γ-lactone ring (see the 
C4-C3-C2-O1 dihedral angle values, Table S2). A similar analysis applies 
to the optimized geometries of the low-energy conformers identified for 
(2R,3R)-7b and (2R,3S)-6b (see Table S2, and Figure S7) and for 
(2R,3R)-11 and (2R,3S)-10 (see Figure S8). 

The analysis of the optimized DFT geometries reveals that the 
orientation of the F-C and C=O bond dipoles is almost antiparallel for 
the conformers of diastereomers 7 and 11 (the corresponding dihedral 
angle approaches the ideal value of 180◦) while the corresponding 
dihedral angle is appreciably lower than 180◦ for the conformers of 
diastereomers 6 and 10 (150-160◦) 

2.4. NBO/NLMO analysis of computed 19F NMR chemical shifts 

For a closed-shell molecule with N electrons, there will be N/2 
doubly occupied scalar relativistic MOs (and correspondingly N singly 
occupied two-component spinors). These canonical MOs are usually 
delocalized. One can obtain the same Kohn-Sham density matrix (and 
therefore electron density) with a set of localized orthonormal MOs. For 

the purpose of analyzing the results of NMR calculations, we used nat-
ural localized molecular orbitals (NLMOs) based on the localization 
criterium of Weinhold et al. [51-53]. This set of N/2 occupied spin-free 
NLMOs can be written as a linear combination of strongly localized 
natural bonding orbitals (NBOs), which can be thought as a quantum 
mechanical analog of a molecular Lewis structure. If the linear combi-
nation is written as: 

ϕNLMO
j = ΩjWjj +

∑NBO

i∕=j

ΩNBO
i Wij (1) 

Ωj being the strongly localized “parent” NBO, the first term of the 
right-hand side of Eq. (1) is called the Lewis part (L) of the NLMO, while 
the summation of the right-hand side represents the delocalization tail of 
the j-th NLMO, and will be termed non-Lewis (NL) in the analysis below. 
In the NLMO’s analysis of the 19F isotropic shielding, the diamagnetic 
(d) and paramagnetic+SO (p+SO) contributions have both L and NL 
parts, and their analysis can give an indication of the degree of deviation 
of the valence electron distribution from an idealized Lewis picture. 
NBOs can in fact be classified as core orbitals, non-bonding electron 
pairs (LP), bonding orbitals (BD), antibonding orbitals (BD*), and 
Rydberg orbitals. The degree of delocalization shows up also in a set of 
NBOs with low occupancy, and with occupations of the dominant N/2 
set of NBOs significantly below 2 [54]. NBO/NLMO analysis of 
computed 19F shielding contributions are reported in Tables S4-S19 of 
the SI. 

Focusing on computed 19F NMR shielding for the conformers with R 
= CH3 (a similar analysis can be carried out for the four low-energy 
conformers with R = CH2CH3, see Table S3), reported in Table 1, one 
notices that the two 7a conformers, with the same kind of ring puck-
ering, present a very similar value for σF (around 339-340 ppm). Lower 
values are predicted for the 6a conformers. Actually, for the two low- 
energy 3E and E3 conformations of 6a and 6b characterized in this 
work there is a somewhat larger difference (of about 8-10 ppm) between 
computed σF values, and whose origin will be investigated at the end of 
this section. Our primary task here is to get a qualitative insight into the 
origin of the computed 19F deshielding of about 30 ppm found in going 
from the (2R,3R)-7a E3 to the (2R,3S)-6a 3E. The observed trend in 
chemical shift cannot be rationalized by a simple inspection of the F 
natural charge (QF in Table 1). This is in line with previous DFT works 
[55,56]. To shed some light on the origin of the observed and calculated 
trend, we first inspect the results of the isotropic shielding analysis 
carried out in term of NLMOs, and reported in full in Tables S4 and S5 for 
conformers (2R,3R)-7a E3 and Tables S6 and S7 for (2R,3S)-6a 3E and 
E3, respectively. In doing so, we focus on the p+SO contributions, since 
the diamagnetic part, dominated by the contributions of F core and lone 
pairs (LPs), varies little along the series of conformers. The p+SO con-
tributions can further be broken down in contributions from i) the F core 
orbital (whose value is however similar for both conformers and will not 
be considered further), ii) O LPs of the COOR residue, iii) F LPs, further 
classified by symmetry into σ (directed along the C-F bond) and π 
components, and iv) contributions from C-H σ bonds of C atoms adjacent 
to the C-F bond and C-C σ bonds involving the C atom directly bonded to 
the F center, as can be seen from an inspection of Tables S4-S7. 

Figures 4a-c report a graphical representation of the columns of 
Tables S4-S11 and S30-33 reporting the p+SO contributes to shielding 
as incremental sums, so that the last point is the total contribution to 
shielding. The order reflects the magnitude of the L contributions. 

While the major contributions to the p+SO shielding are due, in both 
ring conformers, to the F LPs, their different magnitude alone cannot 
explain the observed 19F deshielding of about 30 ppm found in going 
from (2R,3R)-7a E3 to (2R,3S)-6a 3E. This difference is rather the 
combination of the above with C-H and C-C σ bonds contributions that 
change sign in going from the 7a to the 6a configuration, together with a 
stronger shielding effect of the C-F σ bond in 6a compared to 7a. The fact 
that the occupation of the relevant NLMOs, which deviates quite 

Figure 3. Optimized geometries of the four (2R,3S)-6a and (2R,3R)-7a, 3E and 
E3 conformers computed at the DFT ZORA TZ2P/BLYP level. * Starting from 3E 
conformation. 
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significantly from the value of 2 in most cases, and notably also for F LPs, 
indicates non-negligible electron delocalization effects. Effects of elec-
tron delocalization are also apparent from the corresponding NBOs 
analysis, reported in Tables S12 and S14-S15, and in particular from the 
contribution of antibonding orbitals, notably the σ*(C-F). Here the 
analysis parallels that done above in terms of NLMOs. A similar NLMOs/ 
NBOs analysis can also be used to rationalize the small difference of 
computed 19F shielding between the two 6a conformers. This is a results 
of differences among the magnitudes of C-H, C-C, and C-F σ bonds 
contributions. Selected NLMOs/NBOs for the two configurations are 
reported in Figure 5. The trend in computed 19F shieldings found for the 
7b and 6b configurations can be discussed along similar lines. 

To further supplement the analysis of the NBOs contributions to the 
19F shielding, we report in Table 2 selected electron delocalization in-
teractions (such as σ→σ*), based on second order perturbation theory 
analysis of the Kohn-Sham matrix in the NBO basis. 

The chemical shielding calculations carried out on compounds 10 
and 11 corroborate the results obtained for compounds 6 and 7. 

Finally, the introduction of fluorine did not cause any dramatic 
changes concerning structure and preferred conformations, as revealed 

by the comparison of the geometries calculated for 6a and 7a and the 
parent not fluorinated lactones cis and trans-14 [57] (see Figure S11) 
and those of 10 and 11 with literature results for cis and trans-13 [58] 
(Figure 6). 

3. Conclusion

The preparation of β-fluorinated paraconic acid derivatives has been
conveniently accomplished by lactonization, after reduction, of methyl 
and ethyl acylsuccinate fluorinated by Selectfluor. The reduction in 
acidic medium and the acidic treatment of the silica, used as stationary 
phase for chromatographic separation, suppressed the HF elimination 
reaction to a great extent. 

The product was isolated as a pair of diastereomers, possessing two 
chiral carbons. It is interesting to notice that a carbon-fluorine quater-
nary stereogenic center was formed [59] and this is a stimulating result 
in the perspective of achievement of enantiomerically pure final prod-
ucts e.g. either by asymmetric metal catalyzed fluorination [22] or by 
asymmetric reduction [18]. 

The stereochemistry of each diastereomer was assessed by NMR 

Table 1 
Computed relative energies (ΔE, including ZPVE), Gibbs free energies, Fluorine natural charge (QF, in units of the elementary charge, e), isotropic shielding (σF) 
together with the diamagnetic (σd) and paramagnetic plus SO terms (σp+SO), and computed (scaled) chemical shifts, for the conformers with R = CH3.  

conformer ΔE (kJ/mol) ΔG (kJ/mol) QF σd (ppm) σp+SO (ppm) σF (ppm) δcalc.
a(ppm) 

(2R,3R)-7a E3
b 0.0 0.05 -0.36327 476.4 -137.6 338.8 -174.7 

(2R,3R)-7a E3 3.94 4.01 -0.36355 476.5 -136.4 340.1 -175.8 
(2R,3S)-6a 3E 5.37 0.00 -0.36665 477.1 -171.4 305.6 -145.8 
(2R,3S)-6a E3 9.76 3.72 -0.36362 476.6 -161.4 315.2 -154.1  

a Calculated according to Eq. (3) in the Experimental. b Starting from an 3E conformation. 

Figure 4. Incremental sums of p+SO contributions for compounds: a) 7a and 6a (see Tables S4-S7), b) 7b and 6b (see Tables S8-S11) and c) 10 and 11 
(Tables S30-S33). 
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spectroscopy through 1H-19F heteronuclear Overhauser effect and thus 
the 19F NMR signals unambiguously assigned. This allows the use of a 
simple 1D 19F NMR spectrum as a diagnostic tool for the identification of 
the diastereomers, being the shift difference 20 ppm. 

On the basis of molecular mechanics conformational analysis and 
relativistic DFT calculations, it appears that the introduction of fluorine 
does not heavily affect the conformational equilibrium of the puckering 
of the lactone ring. 

To get insight into the observed 19F chemical shift difference for the 
two diastereomer, we applied a NBO/NLMO decomposition analysis of 
computed 19F nuclear shielding. Although it proves difficult to correlate 
the observed dependence of 19F NMR shielding on stereochemistry to a 
small number of localized orbitals and/or electron interactions, the 
important role of electron-delocalization effects (hyperconjugative 
interaction), also revealed from a perturbative analysis of interaction 
energies, appears quite clear. 

4. Experimental

4.1. General methods 

IR spectra were recorded on a Thermo Nicolet AVATAR 320 FT/IR 
spectrophotometer. 1H-NMR and 13CNMR spectra were run on a Varian 
400MR and on a Bruker AVANCE IIIHD spectrometers both operating at 
400 MHz for proton, 101 MHz for carbon and 376 MHz for fluorine, on a 
Varian 500VNMRS spectrometer, using deutero chloroform as a solvent 
and TMS as the internal standard. Coupling constants are given in Hz. 
NMR data were processed by MestReNova 10.0. 19F{1H}-HOESY NMR 
spectra were acquired using the standard four-pulse sequence [60]. The 
number of transients and data points was chosen according to the 
sample concentration and desired final digital resolution. 

Semi-quantitative spectra were acquired using a 2s relaxation delay and 
700 ms mixing times. High resolution mass spectra (HRMS) were 
recorded on a micrOTOF-Q – Bruker instrument. Exact masses were 
calculated by enviPat Web 2.2 (http://www.envipat.eawag.ch/index.ph 
p) [61]. Microwave irradiations were performed by a CEM Discover
System instrument. TLC’s were performed on Polygram Sil G/UV254 
silica gel pre-coated plastic sheets (eluent: light petroleum-ethyl ace-
tate). Flash chromatography was run on silica gel 230-400 mesh ASTM 
(Kieselgel 60, Merck, Darmstadt, Germany). Light petroleum refers to 
the fraction with b.p. 40–70◦C and ether to diethyl ether. Dimethyl 
acetylsuccinate was purchased from Sigma-Aldrich, dimethyl and 
diethyl hexanoylsuccinates 1a [36] and 1b [25] were prepared by 
radical addition of hexanal to dimethyl or diethyl maleate according to 
the literature [35]. 

4.2. Fluorination of hexanoyl succinate 1a under microwave irradiation 

In a tube (10 mL) for microwave irradiation, equipped with a teflon 
coated stirring bar, to 1a (0.250 g, 1.02 mmol) dissolved in 6 mL of a 
mixture of CH3CN : H2O (4 :1), Selectfluor® (0.700 g, 2.00 mmol) was 
added under stirring. The temperature was set to 80◦C and irradiated for 
4 h. The reaction was followed by TLC (light petroleum : ethyl acetate, 
80 : 20 v/v, visualised with I2 vapour and then by treatment with an 
acidic solution of KMnO4). After evaporation of the solvent water was 
added and extracted 5 times with ether. The organic phases were 
washed with water and brine, then dried on anhydrous Na2SO4. Evap-
oration of the solvent afforded a crude reaction mixture which was 
purified by flash chromatography (ethyl acetate-light petroleum, 
gradient from 2% up to 7%). Compound 2a (0.200 g, 0.76 mmol) was 
isolated in 44% yield. 

1,4-Dimethyl 2-fluoro-2-(1-oxohexyl)-butanedioate 2a 

Figure 5. Plot of selected NLMOs/NBOs for (2R,3R)-7a E3 with lower energy (top row) and (2R,3S)-6a 3E (bottom row). In all cases the MOs are plotted with an 
isovalue of 0.03. 
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Table 2 
Selected NBO E(2) energies (kcal/mol) for conformers (2R,3R)-7a E3

a, (2R,3S)-6a 3E and (2R,3S)-6a E3. Only E(2) energies larger than 0.5 kcal/mol are included.  

donor NBO acceptor NBO (2R,3R)-7a E3
a (2R,3S)-6a 3E (2R,3S)-6a E3

n(F, σ) Ryd. (C3) 7.77 7.52 8.12 
n(F, π1) σ*(C2-C3) 3.31 4.41 6.20 
n(F, π1) σ*(C3-C4) 5.54 4.14 1.77 
n(F, π1) σ*(C3-C12) 0.59  1.54 
n(F, π1) σ*(O1-C2)   0.77 
n(F, π1) Ryd(C3) 1.59 2.01 1.97 
n(F, π2) σ*(O13-C12) 0.53   
n(F, π2) π*(O13-C12)  0.57  
n(F, π2) σ*(C2-C3) 3.57 1.56  
n(F, π2) σ*(C3-C12) 7.28 7.08 6.15 
n(F, π2) σ*(C3-C4)  1.43 4.45 
n(F, π2) Ryd(C3) 1.49 1.86 2.07 
σ (C3-F) σ*(O13-C12) 0.99 0.86 0.93 
σ (C3-F) π*(O13-C12)  0.64  
σ (C3-F) σ*(O1-C2)   0.53 
σ (C3-F) σ*(C2-C6)  0.73  
σ (C3-F) σ*(C4-H18) 0.53   
σ (C3-F) σ*(C4-H19)  0.56  
n(O13, π) σ*(C3-F) 0.94 0.62 0.77 
σ(O13-C12) σ*(C3-F) 0.53   
σ(O1-C2) σ*(C3-F)   0.91 
π(O13-C12) σ*(C3-F)  1.10 0.54 
σ(C2-C6) σ*(C3-F) 0.71 1.46  
σ(C2-H17) σ*(C3-F) 3.09 2.15 2.05 
σ(C4-H18) σ*(C3-F) 2.93 1.97  
σ(C4-H19) σ*(C3-F) 1.88 3.12 2.36 
σ(C4-C5) σ*(C3-F)   1.86  

a Starting from an 3E conformation. 

Figure 6. Structures of not fluorinated lactones 13 and 14.  

Scheme 1. The strategy for the preparation of fluorinated lactones 6 and 7.  
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Oil. Yield = 44%. 1H NMR (400 MHz, CDCl3): δ 3.82 (s, 3H, OCH3), 
3.70 (s, 3H, OCH3), 3.32, 3.21 (AB part of an ABX system, 2H, 2JHH =

17.5 Hz, 3JHF = 19.9 Hz, 3JHF = 27.5 Hz, H-3), 2.86 (dtd, 1H, 2JHH = 18.6 
Hz, 3JHH = 7.3 Hz, 4JHF = 3.9 Hz, CH2COCF), 2.69 (dtd, 1H, 2JHH = 18.6 
Hz, 3JHH = 7.3 Hz, 4JHF = 2.6 Hz, CH2COCF), 1.61 (quintet, 2H, 3JHH =

7.3 Hz, CH2), 1.31 (m, 4H), 0.89 (t, 3H, 3JHH = 7.0 Hz, CH3). 19F NMR 
(376 MHz, CDCl3): δ -166.66 – -166.82 (m). 13C NMR (101 MHz, CDCl3): 
δ 204.02 (d, 2J = 27.2 Hz, C-1’), 168.72 (s, C-4), 165.90 (d, 2J = 25.0 Hz, 
C-1), 97.50 (d, 1J = 201.6 Hz, C-2), 53.74 (s, OCH3), 52.41 (s, OCH3), 
39.32 (d, 2J = 22.1 Hz, C-3), 37.73 (s), 31.18 (s), 22.53 (s), 22.46 (d, 4J 
= 1.6 Hz, C-3’), 14.03 (s, CH3). IR (film, cm− 1): 1750.6. HRMS (ESI) m/ 
z: calcd for C12H19FO5Na+ [M+Na]+ 285.1109, found 285.1110. 

4.3. Fluorination of acylsuccinates by conventional heating 

To the acylsuccinate (6.22 mmol) dissolved in 25 mL of a CH3CN : 
H2O (2:1 or 4:1) mixture, Selectfluor® (4.77 g, 13.43 mmol) was added. 
The mixture was heated at 75◦C for 20 h under stirring, then another 
portion of Selectfluor® (2.79 g, 7.8 mmol) was added and the solution 
was heated at 80◦C for another 8 h, this addition was not necessary for 
the fluorination of dimethyl acetylsuccinate. The reaction was allowed 
to stand for 18 h with stirring at room temperature. The progress of the 
reaction was monitored by TLC. After evaporation of the solvent, water 
was added and extracted 5 times with ether. The organic phases were 
washed with brine and dried on anhydrous Na2SO4. Evaporation of the 
solvent gave the corresponding fluorinated acylsuccinate. Compound 9 
was isolated in 74% yield after purification by flash chromatography, 
compound 2b (1.543 g, 5.28 mmol, 85% yield) didn’t need further 

Scheme 2. Synthesis of fluorinated succinates 2.  

Scheme 3. Synthesis of lactones 6 and 7.  
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purification. 
1,4-Diethyl 2-fluoro-2-(1-oxohexyl)-butanedioate 2b 
Oil. Yield = 85%. 1H NMR (400 MHz, CDCl3): δ 4.33 – 4.21 (m, 2H, 

OCH2CH3), 4.14 (q, 2H, 3JHH = 7.2 Hz, OCH2CH3), 3.30, 3.19 (AB part of 
an ABX system, 2H, 2JHH = 17.4 Hz, 3JHF = 19.8 Hz, 3JHF = 27.6 Hz, H- 
3), 2.89 – 2.77 (m, 1H, CH2COCF), 2.75 – 2.64 (m, 1H, CH2COCF), 1.60 
(quintet, 2H, 3JHH = 7.2 Hz, CH2), 1.37-1.23 (m, 4H), 1.29 (t, 3H, 3JHH 
= 7.1 Hz, OCH2CH3), 1.24 (t, 3H, 3JHH = 7.2 Hz, OCH2CH3), 0.88 (t, 3H, 
3JHH = 6.9 Hz, CH3). 19F NMR (376 MHz, CDCl3): δ -166.65 – -166.81 
(m). 13C NMR (101 MHz, CDCl3): δ 204.10 (d, 2J = 27.3 Hz, C-1’), 
168.23 (s, C-4), 165.42 (d, 2J = 24.9 Hz, C-1), 97.53 (d, 1J = 201.1 Hz, C- 
2), 63.04 (s, OCH2CH3), 61.45 (s, OCH2CH3), 39.48 (d, 2J = 22.0 Hz, C- 
3), 37.70 (s), 31.19 (s), 22.51 (2s), 14.15 (s, CH3), 14.03 (s, CH3), 13.99 
(s, CH3). IR (KBr, cm− 1): 1741.6. HRMS (ESI) m/z: calcd for 
C14H23FO5Na+ [M+Na]+ 313.1422, found 313.1423. 

1,4-Dimethyl 2-acetyl-2-fluorobutanedioate 9 
Oil. Yield = 74%. 1H NMR (400 MHz, CDCl3) δ 3.82 (s, 3H, OCH3), 

3.69 (s, 3H, OCH3), 3.33, 3.20 (AB part of an ABX system, 2H, 2JHH =

17.5 Hz, 3JHF = 19.0 Hz, 3JHF = 28.3 Hz, H-3), 2.41 (d, 3H, 4JHF = 5.1 
Hz, CH3). 19F NMR (376 MHz, CDCl3) δ -164.34 (ddq, 3JHF = 28.3, 3JHF 
= 19.0, 4JHF = 5.1 Hz). 13C NMR (101 MHz, CDCl3) δ 202.10 (d, 2J =
28.9 Hz, CO), 168.68 (s, C-4), 165.68 (d, 2J = 24.9 Hz, C-1), 97.31 (d, 1J 
= 201.6 Hz, C-2), 53.82 (s, OCH3), 52.45 (s, OCH3), 39.22 (d, 2J = 22.0 
Hz, C-3), 25.74 (d, 3J = 0.6 Hz, CH3). IR (film, cm− 1): 1732.1. HRMS 
(ESI) m/z: calcd for C8H11FO5Na+ [M+Na]+ 229.0483, found 229.0482. 

4.4. Reduction of ketodiester 2a with NaBH4 

To compound 2a (0.137 g, 0.52 mmol) dissolved in 2.5 mL of MeOH, 
NaBH4 (0.010 g, 0.26 mmol) was added under stirring. The progress of 
the reaction was monitored by TLC, after 1 h, the solvent was evapo-
rated, water was added and extracted with ether. Organic phases were 
dried on anhydrous Na2SO4. After evaporation of the solvent the crude 
reaction mixture was purified by flash chromatography (ethyl acetate- 
light petroleum, gradient from 3% up to 15%). Hydroxydiester 3a 
(0.035 g, 0.15 mmol, 25% yield), butenolide 5a (0.010 g, 0.047 mmol, 
9% yield) and its isomer 8a (0.05 g, 0.023 mmol, 4% yield) were 
isolated. 

rel-1,4-Dimethyl (2S)-2-fluoro-2-[(1R)-1-hydroxyhexyl]-buta-
nedioate 3a 

Oil. Yield = 25%. 1H NMR (400 MHz, CDCl3): δ 3.87 (s, 3H, OCH3), 
3.76 (m, 1H, CHOH), 3.71 (s, 3H, OCH3), 3.20 (dd, 1H, 3JHF = 36.0, 
2JHH = 16.6 Hz, H-3), 2.92 (dd, 1H, 2JHH =16.6, 3JHF = 10.2 Hz, 1H, H- 
3), 2.10 (dd, 1H,3JHH = 9.2, 4JHF = 1.1 Hz, OH), 1.58 (m, 2H), 1.32 (m, 
6H), 0.89 (t, 3H, 3JHH = 6.8 Hz, CH3). 19F NMR (376 MHz, CDCl3) δ 

-171.58 (m). 13C NMR (101 MHz, CDCl3): δ 170.45 (d, 2J = 24.5 Hz, C- 
1), 169.34 (s, C-4), 96.50 (d, 1J = 194.7 Hz, C-2), 74.43 (d, 2J = 24.4 Hz, 
CHOH), 53.02 (s, OCH3), 52.36 (s, OCH3), 38.84 (d, 2J = 23.1 Hz, C-3), 
31.64 (s, C-2’), 31.07 (d, 4J = 2.3 Hz, C-3’), 25.53 (s), 22.65 (s), 14.13 (s, 
CH3). IR (film, cm− 1): 3469 (OH),1745 (COO). HRMS (ESI) m/z: calcd 
for C12H21FO5Na+ [M+Na]+ 287.1265, found 287.1269. 

Methyl 5-oxo-2-pentyl-2,5-dihydrofuran-3-carboxylate 5a 
Oil. Yield = 9%. 1H NMR (400 MHz, CDCl3): δ 6.65 (d, 1H, 4J = 2.0 

Hz, H-4), 5.22 (ddd, 1H, 3J = 8.1, 3J = 3.1, 4J = 2.0 Hz, H-2), 3.89 (s, 3H, 
OCH3), 2.12 (m, 1H), 1.63 (m, 1H), 1.50 – 1.16 (m, 6H), 0.89 (t, 3H, 3J 
= 6.9 Hz). 13C NMR (101 MHz, CDCl3) δ 171.13 (s, C-5), 161.60 (s, 
COO), 157.45 (s, C-3), 127.05 (d, C-4), 82.77 (d, C-2), 52.96 (q, OCH3), 
32.62 (t), 31.47 (t), 24.52 (t), 22.52 (t), 14.08 (q, CH3). IR (film, cm− 1): 
1766, 1733, 1634. HRMS (ESI) m/z: calcd for C11H16O4Na+ [M+Na]+

235.0941, found 235.0942. 
Methyl 5-oxo-2-pentyl-4,5-dihydrofuran-3-carboxylate 8a [38]. 
Oil. 1H NMR (400 MHz, CDCl3): δ 3.77 (s, 3H, OCH3), 3.44 (t, 2H, 5J 

= 1.6 Hz, H-4), 2.81 (m, 2H, H-1’), 1.63 (m, 2H), 1.34 (m, 4H), 0.90 (t, 
3H, 3J = 7.1 Hz,). 13C NMR (101 MHz, CDCl3) δ 173.16 (s), 167.68 (s), 
163.60 (s), 105.64 (s, C-3), 51.73 (q, OCH3), 33.85 (d, C-4), 31.38 (t), 
27.42 (t, C-1’), 26.23 (t), 22.39 (t), 14.02 (q, CH3). 

4.5. Reduction of ketodiesters 2 with NaBH3CN 

To a solution of ketodiester 2a (0,235 g, 0,89 mmol) in 1mL of 
MeOH, NaBH3CN (0,112 g, 1,79 mmol) and glacial acetic acid (0,102 
mL, 1,79 mmol) were added. Reaction mixture was stirred for 23 h at 
room temperature then a saturated solution of NaHCO3 was added until 
basic pH, methanol was evaporated, H2O was added and extracted 5 
times with ether. Organic phases were dried on anhydrous Na2SO4. 
Evaporation of the solvent afforded a mixture (0.201g) of compounds 3a 
(67%, 19F NMR -171,6 ppm), 4a (22%,19F NMR -175,1 ppm) and 5a 
(11%) determined by 1H NMR analysis. The crude reaction mixture was 
purified by flash chromatography (ethyl acetate-light petroleum, 
gradient from 4% up to 16%). Before charging the column with the 
crude reaction mixture, the column was eluted with 3% ethyl acetate in 
light petroleum with 1ml of glacial acetic acid. A mixture of 3a and 4a 
(0.110 g, 0.42 mmol, 47% yield) was isolated. 

rel-1,4-Dimethyl (2R)-2-fluoro-2-[(1R)-1-hydroxyhexyl]-buta-
nedioate 4a 

Spectroscopic data of 4a were obtained by NMR spectra analysis of 
mixtures with different composition in 3a and 4a, for sake of clarity only 
the main data which differed from 3a were reported. 1H NMR (400 MHz, 
CDCl3): δ 3.85 (s, 3H, OCH3), 3.1 (m, 2H, H-3), 2.03 (d, 1H,3JHH = 7.4, 
OH). 19F NMR (376 MHz, CDCl3) δ -175.20 (m). 13C NMR (101 MHz, 

Scheme 4. Synthesis of lactones 10 and 11.  
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CDCl3): δ 170.21 (d, 2J = 24.2 Hz, C-1), 169.49 (d, 3J = 2.9 Hz, C-4), 
96.73 (d, 1J = 195.1 Hz, C-2), 74.17 (d, 2J = 22.2 Hz, CHOH), 38.99 (d, 
2J = 24.1 Hz, C-3). 

Reduction of ketodiester 2b (0.337 g, 1.16 mmol) in 1.2 mL of EtOH 
with NaCNBH3 (0.146 g, 2.32 mmol) and CH3COOH (0.133 mL, 2.32 
mmol) afforded a mixture (0.263 g, 0.90 mmol) of compounds 3b (60%, 
19F NMR -171,6 ppm) and 4b (40%,19F NMR -175,1 ppm) and traces of 
5b [39] which didn’t need purification. 

1,4-Diethyl 2-fluoro-2-(1-hydroxyhexyl)-butanedioates 3b and 
4b 

Oil. Yield = 78% as a mixture of about 60 and 40% of 3b and 4b 
respectively. 1H NMR (400 MHz, CDCl3): δ 4.40 – 4.25 (m, 2H, OCH2), 
4.16 (q, 2H, 3JHH = 7.1 Hz, OCH2), 3.86 – 3.65 (m, 1H, CHOH), 3.27 – 
3.02 (m, 1.4H, H-3), 2.90 (dd, 0.6H, 2JHH = 16.5, 3JHF = 10.1 Hz, H-3), 
2.08 (dd, 0.6H, 3JHH = 9.2, 4JHF = 1.7 Hz, OH), 2.06 (dd, 0.4H, 3JHH =

8.8, 4JHF = 1.0 Hz, OH), 1.69 – 1.49 (m, 2H), 1.38 – 1.24 (m, 6H), 1.35 
(t, 3H, 3JHH = 7.1 Hz, CH3), 1.25 (t, 3H, 3JHH = 7.1 Hz, CH3), 0.89 (t, 3H, 
3JHH = 6.8 Hz, CH3). 19F NMR (376 MHz, CDCl3) δ -171.44 – -171.62 (m, 
0.6F, 3b), -175.11 (m, 0.4F, 4b). 13C NMR (101 MHz, CDCl3) δ 169.91 
(d, 2J = 24.4 Hz, C-1), 168.81 (s, C-4), 96.56 (d, 1J = 194.5 Hz, C-2, 4b), 
96.31 (d, 1J = 194.5 Hz, C-2, 3b), 74.52 (d, 2J = 24.4 Hz, CHOH, 3b), 
74.18 (d, 2J = 22.1 Hz, CHOH, 4b), 62.25 (s, OCH2), 61.32 (s, OCH2), 
39.19 (d, 2J = 24.2 Hz, C-3, 4b), 39.06 (d, 2J = 23.1 Hz, C-3, 3b), 31.66 
(s, C-2’, 3b), 31.61 (s, C-2’, 4b), 31.10 (d, 4J = 2.1 Hz, C-3’, 3b), 31.02 
(d, 4J = 3.5 Hz, C-3’, 4b), 25.59 (s, 4b), 25.56 (s, 3b), 22.65 (s), 14.26 (s, 
CH3), 14.22 (s, CH3), 14.13 (s, CH3). IR (KBr, cm− 1): 3495 (OH),1743 
(COO). HRMS (ESI) m/z: calcd for C14H25FO5Na+ [M+Na]+ 315.1578, 
found 315.1578. 

4.6. General procedure for lactonisation of fluorinated hydroxydiesters 3 
and 4 

To the mixuture of 3 and 4 (0.86 mmol) dissolved in 10 mL of 
CH2Cl2, TFA (0.066 mL, 0.86 mmol) was added, the reaction mixture 
was stirred for 2h. The solvent was evaporated and traces of TFA were 
removed by coevaporation with diethyl ether (three times). 

Lactonisation of 3a (0.035 g, 0.13 mmol) afforded lactone 6a (0.027 
g, 0.12 mmol) in 92%yield. Lactonisation of the mixture of 3a and 4a 
(0.098 g, 0.37 mmol, 80 and 20% respectively), afforded a mixture of 
lactones 6a and 7a (0.094 g, 83 and 17% respectively) which was pu-
rified by flash chromatography (ethyl acetate-light petroleum, gradient 
from 4% up to 10%). Before charging the column with the crude reaction 
mixture, the column was eluted with 3% ethyl acetate in light petroleum 
with 1ml of glacial acetic acid to avoid decomposition of the lactones. 
Pure lactones 6a (0.059 g, 0.25 mmol, 67% yield) and 7a (0.010 g, 0.04 
mmol, 11% yield) were isolated. 

Lactonisation of the mixture of 3b and 4b (0.252 g, 0.86 mmol, 65 
and 35% respectively), afforded a mixture of lactones 6b and 7b (0.225 
g, 63 and 37% respectively) which after purification by flash chroma-
tography gave pure lactones 6b (0.092 g, 0.37 mmol, 43% yield), 7b 
(0.041 g, 0.17 mmol, 19% yield) and a mixture of 6b and 7b (0.032 g, 
13% yield). 

rel-(2R,3S)-Methyl 3-fluoro-5-oxo-2-pentyltetrahydrofuran-3- 
carboxylate 6a 

Oil. Yield = 92%. 1H NMR (400 MHz, CDCl3): δ 4.63 (ddd, 1H, 3JHF 
= 22.2, 3JHH = 8.9, 3JHH = 4.8 Hz, H-2), 3.88 (s, 3H, OCH3), 3.36 (dd, 
1H, 3JHF = 26.6, 2JHH = 18.4 Hz, H-4), 2.93 (dd, 1H, 3JHF = 21.4, 2JHH =

18.4 Hz, H-4), 1.58 – 1.46 (m, 2H), 1.43 – 1.23 (m, 6H), 0.89 (t, 3H, 
3JHH = 6.9 Hz, CH3). 19F NMR (376 MHz, CDCl3) δ -152.75 (dt, J = 26.6, 
21.8 Hz). 13C NMR (101 MHz, CDCl3) δ 171.53 (d, 3J = 2.4 Hz, C-5), 
166.99 (d, 2J = 27.3 Hz, COO), 98.01 (d, 1J = 197.0 Hz, C-3), 85.47 (d, 
2J = 28.7 Hz, H-2), 53.53 (s, OCH3), 38.29 (d, 2J = 23.5 Hz, C-4), 31.31 
(s), 30.93 (d, 3J = 4.9 Hz, C-1’), 25.14 (s), 22.50 (s), 14.04 (s, CH3). IR 
(film, cm− 1): 1799, 1753. HRMS (ESI) m/z: calcd for C11H17FO4Na+

[M+Na]+ 255.1003, found 255.1001. 
rel-(2R,3R)-Methyl 3-fluoro-5-oxo-2-pentyltetrahydrofuran-3- 

carboxylate 7a 
Oil. Yield = 11%. 1H NMR (400 MHz, CDCl3): δ 4.70 (ddd, 1H, 3JHF 

= 22.2, 3JHH = 8.7, 3JHH = 5.1 Hz, H-2), 3.89 (s, 3H, OCH3), 3.25 (dd, 
1H, 3JHF = 34.8, 2JHH = 18.3 Hz, H-4), 2.96 (dd, 1H, 3JHF = 20.6, 2JHH =

18.2 Hz, H-4), 1.93 – 1.81 (m, 1H), 1.70 (m, 1H), 1.54 – 1.22 (m, 6H), 
0.89 (t, 3H, 3JHH = 7.1 Hz, CH3). 19F NMR (376 MHz, CDCl3) δ -173.66 
(dt, J = 34.9, 21.3 Hz). 13C NMR (101 MHz, CDCl3) δ 171.51 (d, 3J = 0.5 
Hz, C-5), 167.95 (d, 2J = 26.4 Hz, COO), 96.49 (d, 1J = 203.3 Hz, C-3), 
84.90 (d, 2J = 23.0 Hz, C-2), 53.81 (s, OCH3), 40.78 (d, 2J = 26.2 Hz, C- 
4), 31.51 (s), 28.00 (d, 3J = 8.0 Hz, C-1’), 25.05 (s), 22.48 (s), 14.04 (s, 
CH3). IR (film, cm− 1): 1797, 1747. HRMS (ESI) m/z: calcd for 
C11H17FO4Na+ [M+Na]+ 255.1003, found 255.1003. 

rel-(2R,3S)-Ethyl 3-fluoro-5-oxo-2-pentyltetrahydrofuran-3- 
carboxylate 6b 

Oil. Yield = 43%. 1H NMR (400 MHz, CDCl3): δ 4.63 (m, 1H, 3JHF =

22.2 Hz, H-2), 4.34 (q, 2H, 3JHH = 7.1 Hz, OCH2), 3.36 (dd, 1H, 3JHF =

26.5, 2JHH =18.4 Hz, H-4 trans to F), 2.93 (dd, 1H, 3JHF = 21.5, 2JHH 
=18.4 Hz, H-4 cis to F), 1.60 – 1.47 (m, 3H), 1.36 (t, 3H, 3JHH = 7.1 Hz, 
CH3), 1.33 (m, 5H), 0.89 (t, 3H, 3JHH = 7.0 Hz, CH3). 19F NMR (376 
MHz, CDCl3) δ -152.59 (dt, J = 26.5, 21.8 Hz). 13C NMR (101 MHz, 
CDCl3) δ 171.64 (d, 3J = 2.7 Hz, C-5), 166.51 (d, 2J = 27.1 Hz, COO), 
97.90 (d, 1J = 196.8 Hz, C-3), 85.50 (d, 2J = 28.8 Hz, C-2), 63.11 (s, 
OCH2), 38.31 (d, 2J = 23.5 Hz, C-4), 31.31 (s), 30.91 (d, 3J = 4.9 Hz, C- 
1’), 25.13 (s), 22.49 (s), 14.22 (s, CH3), 14.05 (s, CH3). IR (KBr, cm− 1): 
1799, 1760, 1747. HRMS (ESI) m/z: calcd for C12H19FO4Na+ [M+Na]+

269.1159, found 269.1159. 
rel-(2R,3R)-Ethyl 3-fluoro-5-oxo-2-pentyltetrahydrofuran-3- 

carboxylate 7b 
Oil. Yield = 19%. 1H NMR (400 MHz, CDCl3): δ 4.70 (ddd, 1H, 3JHF 

= 22.1, 3JHH = 8.5, 3JHH = 5.4 Hz, H-2), 4.40 – 4.27 (m, 2H, OCH2), 3.25 
(dd, 1H, 3JHF = 34.8, 2JHH = 18.3 Hz, H-4 cis to F), 2.96 (dd, 1H, 3JHF =

20.6, 3JHH = 18.3 Hz, H-4 trans to F), 1.87 (m, 1H), 1.71 (m, 1H), 1.53 – 
1.09 (m, 6H), 1.35 (t, 3JHH = 7.1 Hz, 3H, CH3), 0.89 (t, 3H, 3JHH = 6.9 
Hz, CH3). 19F NMR (376 MHz, CDCl3) δ -173.71 (dt, J = 34.7, 21.3 Hz). 
13C NMR (101 MHz, CDCl3) δ 171.64 (d, 3J = 0.7 Hz, C-5), 167.47 (d, 2J 
= 26.4 Hz, COO), 96.43 (d, 1J = 203.3 Hz, C-3), 84.93 (d, 2J = 23.0 Hz, 
C-2), 63.30 (s, OCH2), 40.78 (d, 2J = 26.2 Hz, C-4), 31.52 (s), 28.02 (d, 
3J = 8.0 Hz, C-1’), 25.01 (s), 22.49 (s), 14.20 (s, CH3), 14.04 (s, CH3). IR 
(KBr, cm− 1): 1789, 1764, 1743. HRMS (ESI) m/z: calcd for 
C12H19FO4Na+ [M+Na]+ 269.1159, found 269.1160. 

4.7. Synthesis of lactones 10, 11 and 12 

Ketodiester 9 (0.58 g, 2.8 mmol) was reduced with NaBH3CN 
following the procedure described above, the crude reaction mixture 
was treated with TFA and the NMR analysis of the crude indicated the 
presence of lactones 10, 11 and 12 in 2:1:2.6 ratio respectively. Puri-
fication by flash chromatography (gradient from 10% ethyl acetate, 90% 
light petroleum + 0.5% acetic acid up to 20% ethyl acetate, 80% light 
petroleum + 0.5% acetic acid) afforded 0.166 g of an inseparable 
mixture of lactones 10 and 12 in 2:3 ratio respectively and 0.050 g (0.28 
mmol, 10% yield) of lactone 11. 

rel-(2R,3S)-Methyl 3-fluoro-2-methyl-5-oxotetrahydrofuran-3- 
carboxylate 10 and Methyl 2-methyl-5-oxo-2,5-dihydrofuran-3- 
carboxylate 12 

For sake of clarity NMR data are given separately. Compound 10: 1H 
NMR (400 MHz, CDCl3) δ 4.82 (dq, 1H, 3JHF = 22.1, 3JHH = 6.9 Hz, H-2), 
3.89 (s, 3H, OCH3), 3.40 (dd, 1H, 3JHF = 28.4, 2JHH = 18.5 Hz, H-4), 2.93 
(ddd, 1H, 3JHF= 21.5, 2JHH =18.5, 4JHH = 0.5 Hz, H-4), 1.33 (d, 3H, 
3JHH = 6.8 Hz). 19F NMR (376 MHz, CDCl3) δ -153.18 (dt, J = 28.4, 21.7 
Hz). 13C NMR (101 MHz, CDCl3) δ 171.27 (d, 3J = 2.2 Hz, C-5), 166.60 
(d, 2J = 27.2 Hz, COO), 98.16 (d, 1J = 196.5 Hz, C-3), 81.61 (d, 2J = 29.7 
Hz, C-2), 53.39 (s), 37.58 (d, 2J = 23.8 Hz, C-4), 16.46 (d, 3J = 6.1 Hz, 
CH3). HRMS (ESI) m/z: calcd for C7H9FO4Na+ [M+Na]+ 199.0377, 
found 199.0382 . 

Compound 12: 1H NMR (400 MHz, CDCl3) δ 6.66 (d, 1H, 4J = 1.9 Hz, 
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H-4), 5.28 (qd, 1H, 3J = 6.7, 4J = 1.9 Hz, H-2), 3.90 (s, 3H, OCH3), 1.59 
(d, 3H, 3J = 6.7 Hz, CH3). 13C NMR (101 MHz, CDCl3) δ 170.69 (s, C-5), 
161.30 (s, COO), 158.29 (s, C-3), 126.57 (d, C-4), 78.95 (d, C-2), 52.79 
(q, OCH3), 18.70 (q, CH3). HRMS (ESI) m/z: calcd for C7H8O4Na+

[M+Na]+ 179.0315, found 179.0311. 
rel-(2R,3R)-Methyl 3-fluoro-2-methyl-5-oxotetrahydrofuran-3- 

carboxylate 11 
Oil. Yield = 10%. 1H NMR (400 MHz, CDCl3) δ 4.83 (dq, 1H, 3JHF =

21.7, 3JHH = 6.5 Hz, H-2), 3.89 (s, 3H, OCH3), 3.28 (dd, 1H, 3JHF = 35.0, 
2JHH =18.3 Hz, H-4), 2.97 (dd, 1H, 3JHF = 20.4, 2JHH = 18.3 Hz, H-4), 
1.47 (dd, 3H, 3JHH = 6.6, 4JHF = 2.4 Hz, CH3). 19F NMR (376 MHz, 
CDCl3) δ -173.80 (dtq, J = 34.9, 22.4, 2.4 Hz). 13C NMR (101 MHz, 
CDCl3) δ 171.39 (s, C-5), 167.29 (d, 2J = 26.4 Hz, COO), 96.54 (d, 1J =
202.5 Hz, C-3), 80.78 (d, 2J = 23.5 Hz, C-2), 53.67 (s, OCH3), 40.27 (d, 
2J = 26.0 Hz, C-4), 12.86 (d, 3J = 10.3 Hz, CH3). HRMS (ESI) m/z: calcd 
for C7H9FO4Na+ [M+Na]+ 199.0377, found 199.0376. 

4.8. Computational details 

We wrote a Python script in a Jupiter notebook (see SI) for conformer 
generation by RDKit, version 2019.03.2 [47]. The molecules were 
loaded as SMILES, then added with hydrogens and embedded generating 
100 conformers [48], successively minimized employing the MMFF 
force field. The Cremer puckering parameters were calculated in the 
same notebook according to ref. [63]. 

The DFT protocol used for the calculation of 19F NMR shieldings is 
similar to that outlined in references [64,65]. The equilibrium structure 
of the four selected lowest energy conformers of methyl esters (2R, 
3S)-6a and (2R,3R)-7a, 3E and E3 for each, and the analogous four 
lowest energy conformers of ethyl esters (2R,3S)-6b and (2R,3R)-7b, 
were optimized at the density functional theory (DFT), within the 
generalized gradient approximation (GGA), using the BLYP functional 
[66,67] and a triple-ζ twice-polarized basis of Slater-type orbitals 
(TZ2P). Scalar relativistic effects were included within the zero-order 
regular approximation (ZORA). A subsequent vibrational frequency 
analysis yielded all positive frequencies, confirming that the stationary 
points were true minima of the potential energy surface. 

The calculation of 19F NMR chemical shifts has been carried out 
using two-component relativistic DFT based on the ZORA Hamiltonian 
and gauge-including basis functions (GIAOs) implemented in the ADF 
program [68,69], and the routines for the calculation of NMR properties 
[70,71]. Computed NMR shielding can be written as a sum of two 
contributions: 

σ = σd + σp+SO (2)  

where the different symbols stand for the diamagnetic (σd), and para-
magnetic plus spin-orbit (σp+SO) terms. Computed chemical shifts are 
referenced to CFCl3 (σref=120.96 ppm with the given combination of xc 
DFT functional and basis set). For a better comparison with the exper-
imental values, we have adopted the correlation between calculated and 
experimental 19F chemical shifts of Saielli et al. [64], namely: 

δcalc = a + bδexp (3)  

with a = -17 ppm and b = 1.15. 
The localized orbital-based NMR shielding analysis is carried out 

based on scalar relativistic natural bonding orbitals (NBOs), and natural 
localized molecular orbitals (NLMOs) [72-74] obtained with the NBO 
6.0 program [75], and included in the ADF distribution. The plots of 
p+SO contributions were performed using the open source software 
Matplotlib [76] version 3.3.4 [77] 
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