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Furans derived from carbohydrate feedstocks are a versatile class of bio-renewable building blocks and
have been used extensively to access 7-oxanorbornenes via Diels—Alder reactions. Due to their substi-
tution patterns these furans typically have two different n-faces and therefore furnish racemates in [4 +
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2]-cycloadditions. We report the use of an enantiopure glucosamine derived furan that under kinetic con-
ditions predominantly affords the exo-product with a high n-face selectivity of 6.5: 1. The structure of the
product has been resolved unequivocally by X-ray crystallography, and a multi-gram synthesis (2.8 g, 58%
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Introduction

With the emergence of carbohydrate-based furans, a readily
available class of versatile building blocks is now at the dispo-
sal of the synthetic chemist."”> Dehydration of carbohydrates
not only opens the door to a bio-renewable source of furan
derivatives, but also provides access to heterocyclic building
blocks with a substitution pattern that is not easily accessible
otherwise. Prime examples of such heterocycles are the
3-amido-furans derived from N-acetyl glucosamine: dihydroxy-
ethyl acetamidofuran (Di-HAF (1)) and 3-acetamido-5-acetyl-
furan (3A5AF (2)). Since practical methods for their prepa-
ration have become available in the last decade,*™® these build-
ing blocks have found several synthetic applications.”””

The use of furans in the Diels-Alder (DA) cycloaddition is
as old as the named reaction itself."®'" The reaction generates
a well-defined three-dimensional 7-oxanorbornene structure,
with up to four stereocenters, in a single step. Since their dis-
covery, 7-oxanorbornenes have found diverse synthetic
utility,* such as in natural product synthesis,"? in the field of
therapeutics,' as well as in polymer chemistry and material
science.'”™"” Furans make for atypical Diels-Alder reactions as
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yield) confirms the facile accessibility of this multifunctional enantiopure building block.

these not always adhere to the well-known “endo-rule”.'® This
rule states that under kinetic conditions the product with endo
topology is favored.'® Although the selectivity with furans is
strongly substrate and solvent dependent, typically a small
difference in AG* between the endo- and exo-products results
in low selectivity for one or the other isomer.?®*" In addition,
due to the regeneration of aromaticity combined with the
relief of ring strain, 7-oxanorbornenes readily undergo a retro-
cycloaddition, at a rate depending on their substituents.?>

The DA reaction has been applied extensively to carbo-
hydrate-derived furans.>*>® This normally requires that these
typically electron poor dienes are first converted into more
electron rich derivatives.””*® However, very recently examples
of the direct Diels-Alder reaction with carbohydrate-based
furans have been reported. The group of Bruijnincx®® overcame
the thermodynamic challenges by trapping the Diels-Alder
products of, among others, furfural (3) and 5-HMF (4) as
hydrates. And Gomes et al.* reported the use of the more elec-
tron rich 3A5AF (2) and attained high yields and exo-selectiv-
ities (Scheme 1).

In these examples, the products are formed as racemates
since the furans have nonequivalent n-faces. This characteristic
diminishes the application potential of their cycloaddition pro-
ducts as building blocks for optically active compounds, such
as pharmaceuticals and natural products. Research into n-face
selective Diels-Alder reactions with carbohydrate-based furans
is still in its infancy, and only a few examples have been
described in literature. Sakamoto reported the synthesis of the
DA adduct of 2-methyl furan and N-phenylmaleimide, in 90%
ee by an elegant dynamic stereoselective crystallization.*’ A
more common approach to induce enantioselectivity however,
is via m-facial differentiation. To achieve this for non-chiral

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Recent advances in the application of carbohydrate derived
furans in direct Diels—Alder cycloaddition reactions with maleimides.
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Scheme 2 The synthesis of Di-HAF (1) from GlcNAc (7).3

substrates, a source of chirality is required, typically in the
form of a temporary auxiliary group or a chiral catalyst.’>3*
Alternatively, if an appropriate enantiopure reactant is used,
stereochemical induction can in principle be achieved without
the need for external aids.

Recently, our group reported on the synthesis of enantio-
pure dihydroxyethyl acetamidofuran (Di-HAF (1)), an unique
enantiopure carbohydrate derived furan (Scheme 2).
Application of this chiral pool building block is part of our
ongoing research and we expected this electron rich diene to
be well suited for Diels-Alder reactions. With its stereogenic
center favorably positioned to induce =n-facial selectivity, we
were interested in its ability to transfer this chirality to the
stereocenters formed in a Diels-Alder reaction. After this chir-
ality transfer, the directing stereogenic center can be readily
removed if desired, by oxidative vicinal diol cleavage, produ-
cing an aldehyde function.

Herein, we report the effective chirality transfer in glucos-
amine-derived furans via stereocenter induced =n-facial selecti-
vity in a Diels-Alder reaction.

Results and discussion

As the aim of our research included the preparation of versatile
enantiopure amido-oxanorbornene based building blocks, we

This journal is © The Royal Society of Chemistry 2023
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looked for an amine protecting group complementing the acet-
amide found in Di-HAF (1). The benzyloxycarbonyl (-Cbz) pro-
tecting group, removable via hydrogenolysis, was chosen.
Glucosamine was reacted with benzyl chloroformate under
standard conditions to afford N-benzyloxycarbonyl glucos-
amine (9)** (Scheme 3). The dehydration procedure of N-acetyl
glucosamine (7) developed by our group, was applied to this
substrate. After adaptation of the work-up and purification pro-
tocol, Di-HCF (10) was isolated in high chemical- and enantio-
purity (97.4% ee). Compared to an acyl group, a Cbz group can
be cleaved under mild conditions, with a broad functional
group tolerance. This characteristic makes the cycloaddition
products of Di-HCF (10) more versatile as building blocks than
their acetamide analogues, and therefore the Cbz-derivative
was used for the Diels-Alder study discussed below.

endo/exo-selectivity

We started our study with the examination of the endo-exo
selectivity of the Diels-Alder reaction of Di-HCF (10) with sub-
stituted maleimides, which are reactive dienophiles. Because
of the stereocenter in the starting material, both n-face pro-
ducts are formed as a set of diastereomers. Four different dia-
stereomers can be formed, two with the endo-configuration
and two with the exo-configuration (Scheme 4, left side). Our
aim was to monitor the endo/exo-ratio by NMR, and to differen-
tiate between the endo and exo products in the "H-NMR spec-
trum, we resorted to the Karplus equation.’” The difference in
dihedral angle between the ether bridgehead proton (red
colored) and its adjacent proton (blue colored) gives rise to a
distinct difference in coupling constant. This feature has been
reported in literature for structurally similar compounds.*’
The endo- and exo-isomers were separated by flash column
chromatography, furnishing two sets of diastereomers with
matching topology. "H-NMR analysis was hampered by signal
overlap, and to resolve this issue, the vicinal diol-moiety was
oxidized with periodate, prior to analysis (Scheme 4, right
side). The oxidation removed the interfering protons, along
with the diastereogenic center, to furnish a set of racemates
with significantly simplified spectra. In case of the exo-con-
figuration, the dihedral angle between the bridgehead proton
and the adjacent proton approximates 90°, therefore the
Karplus equation predicts the *J-coupling to be minimal, and
the protons appear as a singlet and doublet (green colored,
3.3 ppm), respectively. In the endo-configuration, the dihedral
angle leads to a larger *J-coupling and a doublet (J = 5.4 Hz)
and double doublet (J = 7.6, 5.4 Hz, orange colored, 3.8 ppm)
are observed (all spectra can be found in the ESIf). After

1) PhB(OH),
OH OH TIOH
HO
O_~OH cbz-Cl 0. ,OH  2)pinacol °
NaHCO, KoCOs HO )
HO"™ “NHy " HO" “NHCbz —
* water pyridine / 115 °C NHCbz

OH OH .
molsieves (4 A)

Glucosamine (8) GlcNCbz (9) cy: 50% / >97% ee Di-HCF (10)

Scheme 3 Synthesis of Di-HCF (10), the Cbz-analogue of Di-HAF (1).
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Scheme 4 Diels—Alder reactions of Di-HCF (10) with substituted maleimides afford a mixture of four different diastereomers. Periodate oxidation
simplifies the structure to facilitate NMR analysis. Top IH-NMR spectrum: before periodate treatment, bottom *H-NMR spectrum: after periodate

treatment.

identification of the isomers, diagnostic signals in the spectra
were assigned to the products before periodate treatment. We
were fortunate to find that the proton of the primary alcohol of
each diastereomer appeared as a triplet with a different chemi-
cal shift (Fig. 1). This proved to be a highly beneficial charac-
teristic for both endo/exo- and facial selectivity determination.
Since the absolute stereochemistry of the newly formed chiral
centers could not be elucidated based on the NMR data alone,
the endo and exo diastereomers were provisionally assigned
the labels endo & endo’ and exo & exo'.

Aided by this convenient analysis, a dienophile screening
was performed and the effect of maleimide substitution on the
product distribution was recorded (Scheme 4 and Table 1).
The reactions were stirred for 24 h at room temperature,
although reaction monitoring revealed that steady state was
typically reached within the first hour. All dienophiles were
modestly exo-selective, except for methylmaleimide (entry 2)
that showed a ratio of 6 : 4 in favor of the endo-isomer.

To obtain insight into the thermodynamics of the reaction,
we probed its reversibility at different temperatures by
"H-NMR. Under thermodynamic control, e.g. when the reac-
tion is reversible, the product mixture will eventually reach an
equilibrium. Pure samples of the endo- and exo-isomers of the
DA reactions with N-methylmaleimide and N-phenylmaleimide
were dissolved in DMSO-ds and kept at room temperature,

o} exo'
4.54 ppm

exo  endo'
4.65 ppm 4.60 ppm

endo
4.71 ppm

Fig. 1 The 'H-NMR signal used to determine the product distribution.
The proton of the primary alcohol (highlighted in purple) has a different
chemical shift for each of the four diastereomeric products. NMR
solvent: DMSO-de.
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Table 1 Maleimides in the Diels—Alder reaction with Di-HCF (10) and
the effect of maleimide substitution on product distribution

b b

No. R endo : exo endo’ : endo® exo’ : exo
1 H 4:6 1.0:1 3.0:1
2 Me 6:4 1.1:1 2.8:1
3¢ Me 3:7 14:1 2.6:1
4 t-Bu 3:7 1.0:1 3.0:1
5¢ t-Bu 3:7 0.8:1 2.3:1
6 Bn 4:6 1.2:1 3.5:1
7¢ Bn 2:8 1.0:1 3.1:1
8 Ph 3:7 1.2:1 3.0:1
9 Ph 3:7 1.3:1 24:1
10 p-OMe-Ph 3:7 1.1:1 2.7:1
11 p-NO,-Ph 4:6 1.5:1 2.7:1

Conditions: THF, 1 M of

"H-NMR.

10, RT, 24 h. “66 °C. ”Determined by

40 °C, 50 °C, 60 °C and 70 °C. After 24 h, the degree of retro
reaction was determined, based on the amount of isomeriza-
tion and formation of starting materials (Fig. 2) (for more
details see ESIT). At room temperature, none of the isomers

DA product with Ph-maleimide

M Endo MExo

DA product with Me-maleimide

HEndo MExo

® X o
SS9 E5 28 s S35 88 e85 ¥
— 0 n ) © — & S o0
= M =0 o z PV &
5 s = 3 5
£ o £
g g 2
oo < o0
@ &
c =
© ‘®
£ I £
] 5]
o [
RT 40°C 50°C 60°C 70°C RT 40°C 50°C 60°C 70°C
Temperature Temperature
Fig. 2 Reversibilty experiments with the DA products of

N-phenylmaleimide (left) and N-methylmaleimide (right) at different
temperatures. The remaining isomer concentration was determined
after 24 h. At room temperature the reaction is under kinetic control and
above 40 °C a thermodynamic equilibrium sets in.

This journal is © The Royal Society of Chemistry 2023
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decreased in concentration. In other words, there is no equili-
brium, and therefore the corresponding Diels-Alder reaction is
under kinetic control. Above room temperature, the relative
isomer concentrations decreased due to the backward reaction.
In line with expectation, the retro-reaction accelerated as the
temperature increased and was faster with endo-products than
with exo-products. Based on these results we concluded that a
thermodynamic equilibrium is in operation when the reaction
is conducted above 50 °C.

The experiments with methyl-, ¢ert-butyl-, benzyl- and phe-
nylmaleimide were repeated in THF at reflux (66 °C). While the
endo-exo ratio in the reaction with phenylmaleimide and tert-
butylmaleimide remained unchanged (3:7, entries 5 and 9),
methylmaleimide now also showed the same 3 : 7 product dis-
tribution (entry 3). The reaction with benzylmaleimide showed
an increased exo-selectivity of 2 : 8 (entry 7). In all experiments,
prolonged heating was accompanied with decomposition and
after 48 h, accurate analysis was severely hampered by the
interference of degradation products.

Next, we focused our attention on n-face selectivity
(Scheme 5).

ni-Face selectivity

A clear difference in n-face selectivity was observed between
the endo- and exo-products (Table 1). For the endo-products,
n-facial differentiation was minimal. In contrast, a pronounced
facial selectivity was found for the exo-products. At room temp-
erature the exo'/exo-ratios were approximately 3 : 1. Notably, the
selectivity slightly decreased at higher temperature. For further
optimization of the n-facial selectivity, N-phenylmaleimide was
used as dienophile. It is reported in literature that n-facial
selectivity can be solvent dependent,®® and therefore a compre-
hensive solvent screening was performed (Table 2). With many
common solvents, the n-face selectivity remained approxi-
mately 3:1, hardly influenced by solvent polarity and the
protic or non-protic nature of the solvent. In chlorinated sol-
vents (DCE, DCM, CHCl;, entries 9-11), however, a jump in
selectivity was observed, with the highest selectivity found in
chloroform (4.3:1, entry 11). In other chlorinated solvents
(CCly, trichlorotoluene, chlorobenzene) no reaction occurred,
likely due to the poor solubility of the starting materials.

As earlier experiments at elevated temperatures showed
reduced n-facial selectivity, the temperature of the reaction in
chloroform was stepwise lowered, which ultimately led to a
high n-face selectivity of 6.5:1 at —10 °C (entry 17). This

OH
9 HO o y /bem o
. \ attack
Ph—N | / | N—Ph
Y/ \/ 10 NHcbz \
13 alpha face 13
attack

Scheme 5 =-facial selectivity in Di-HCF (10).
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Table 2 The influence of solvent and temperature on the exo'/exo-

ratio in the Diels—Alder reaction of Di-HCF (10) and N-phenylmaleimide
(13)

No. Solvent Temp. Ratio exo': exo
1 Tetrahydrofuran RT 3.0:1

2 Water RT 3.0:1

3 Acetonitrile RT 2.9:1

4 1,4-Dioxane RT 2.9:1

5 Ethyl acetate RT 3.1:1

6 2-Methyltetrahydrofuran RT No reaction®
7 t-Butyl methyl ether RT 2.8:1

8 Toluene RT No reaction?
9 1,2-Dichloroethane RT 3.7:1

10 Dichloromethane RT 4.1:1

11 Chloroform RT 4.3:1

12 Tetrachloromethane RT No reaction?
13 Chlorobenzene RT No reaction®
14 a,a,a-Trichlorotoluene RT No reaction?
15 2,2,2-Trifluoro ethanol RT 3.2:1

16 Chloroform 0°C 5.7:1

17 Chloroform —10°C 6.5:1

18 Chloroform —20 °C No reaction

Conditions: 0.75 M, 24 h. “ Di-HCF (10) was sparingly soluble.

exo'
65%

endo
13%

X0  endo'
12%

10%

m)

Fig. 3 'H-NMR spectrum of the highest n-face selectivity observed in
chloroform at —10 °C. With a 65% overall NMR yield of the major exo-
isomer.

corresponds to an overall NMR-yield of the major diastereomer
(exo’) of 65% (Fig. 3).

With n-face selectivity achieved, we set out to synthesize the
major product on a preparative scale and to resolve the absol-
ute stereochemistry by X-ray diffraction. Facile synthetic avail-
ability and full structure elucidation are key to enable the
future application of the DA product as chiral synthon.
Furthermore, the absolute configuration could provide clues to
get an understanding of the driving force behind the chiral
induction.

The major product of the Diels-Alder reaction with phenyl-
maleimide could easily be isolated by chromatography. A
mobile phase of dichloromethane and methanol was crucial
for peak separation. However, during manipulation and con-
centration of the column fractions, methanol addition to the
enamide function in 11 occurred (Scheme 6). A similar side
reaction of alcohol nucleophiles on amido-oxanorbornenes
has been reported by Bridson et al.>’ Removing the methanol

Org. Biomol. Chem., 2023, 21,1888-1894 | 1891
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Scheme 6 Methanol addition to amino-oxanorbornene 11.

from the collected column eluent by washing with water, com-
pletely suppressed this unwanted reaction. The major exo’-dia-
stereomer was isolated on preparative scale in 58% yield
(2.8 g). Because all attempts to crystallize the exo'-product were
unsuccessful, a crystalline derivative was synthesized as shown
in Scheme 7.

The oxanorbornene (14) was hydrogenated to afford oxanor-
bornane 15. This modification both blocked the retro-cyclo-
addition pathway and the addition of nucleophiles.
Hydrogenation with platinum selectively reduced the olefin

PUC

[e] (o]
3 r
.

HO Hz
\ /) B | oy —
CHCI3 -10°C THF, RT
NHCb: 3,
z cy: 58% GhatiN H ° cy: quant.
Di-HCF (10) DAP (14)
OH OBz
HO. HO.
o o
3 BzClI !
S B e
CbzHN DCM, RT CbzHN
H o cy: 81% H o
DAPRED (15) DAPRED-Bz (16)

Scheme 7 Synthesis of crystalline derivative 16 to enable X-ray
diffraction.

Fig. 4 X-Ray structure of compound 16.
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and a new stereocenter was formed exclusively in the endo-con-
figuration, bringing the chirality-transfer-sum to a total of five
new stereocenters. To obtain suitable crystals for X-ray diffrac-
tion, different forms of derivatization were explored.
Hydrazone synthesis, via the corresponding aldehyde, and salt
formation with the deprotected amine were fruitless.
Ultimately, benzoylation of the primary alcohol afforded
derivative 16, that was successfully crystallized from ethanol.
The obtained crystals were fine needles and diffracted rela-
tively weak. Therefore, data collection was only performed up
to theta 25 degrees and, ultimately the structure was success-
fully solved (Fig. 4). Details about the crystal structure determi-
nation and crystallographic data for 16 can be found in the
ESI.

Based on the resolved structure, we deduced that addition
of the dienophile takes place preferentially at the alpha face of
the furan (Scheme 8). This result is consistent with the trend
reported in literature of Diels-Alder reactions with dienes that
have stereogenic groups on the allylic position. An oxygen
bearing allylic chiral center with R-configuration, typically
directs dienophile attack to the Re-face of the diene,*® equi-
valent to the alpha face of our furan. Although rn-facial selecti-
vity has been the subject of numerous studies,*® there is no
consensus regarding the driving force behind facial
selectivity.*>*" Often the effect is rationalized with a combi-
nation of electrostatic-, secondary orbital- and steric inter-
actions. In this specific case, the model proposed by Cieplak
offers an adequate explanation. It postulates that each diaster-
eomeric transition state is stabilized to varying degrees by elec-
tron donation from the antiperiplanar c-bond into the ¢** of
the newly formed bond. The stabilization is governed by the
hyperconjugative capabilities of the substituents on the fur-
anylic position (6¢_y > 6c-¢ > 6¢c_o) in combination with the
conformation of the transition state.*>** Due to free rotation,
the stereocenter can adopt various conformations with the o-

43

DAPRED-Bz (16) 20

This journal is © The Royal Society of Chemistry 2023
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™ \ attack
Ph—N | / | 'N—Ph
Y/ \/ 10 NHCbz N
13 alpha face 13
attack

NHCbz | | CbzHN

exo'(14)
Major product

exo (17)
Minor product

Scheme 8 r-facial diastereomeric induction results in preferred alpha
face addition of the dienophile.

donor in different orientations relative to the z-plane. For
optimal stabilization the strongest donor (o ) needs to be
aligned parallel with the neighboring c**-orbital, which is
likely one of the major contributing conformers in alpha-face
attack (Fig. 5A). In this conformation the transition state can
be optimally stabilized by electron donation from oc_p,
assisted by lone-pair back-donation from the oxygen. Based on
the experimental results we can conclude that the transition
states of the other diastereomeric products are not stabilized
to the same extent. If the energy penalty of a combination of
steric interactions between the reactants and torsional strain
within the diene is larger than the possible hyperconjugative
effect, the transition state may be forced into a conformer less
suitable for hyperconjugation (Scheme 5B).

Temperature dependence of the selectivity is easily
explained by basic chemical kinetics, at lower temperature the
transition state with the lower activation energy is favored.
Meanwhile, we can only speculate on the exact role of chlori-
nated solvents. Although, as such solvents possess a unique
set of polarity descriptors** they may also play a role in stabiliz-
ing the contributing conformer for n-facial selectivity.

B torsional strain

.

- 9,

= SRS
o

NHCbz

steric repulsion

.
oh—N g newly formed o-bond CbzHN

@)

alpha face attack, exo-product beta face attack, exo-product

Fig. 5 (A) Transition state stabilization via electron donation of the -
bond (6c_p) into the o** of the newly formed bond (red arrow) and lone-
pair back donation (blue arrow). (B) Steric interactions and torsional
strain force the transition state in a conformer with less favourable
orbital overlap for hyperconjugation.

This journal is © The Royal Society of Chemistry 2023
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¢ cy: 59% AcHN b
(o}
Di-HAF (1) 18
Scheme 9 Diels—Alder  cycloaddition of Di-HAF (1) and

N-phenylmaleimide in chloroform-DMSO at —-10 °C. endo/exo-ratio:
2: 8 and exo-facial selectivity: 4: 1, isolated yield of major isomer: 59%.

To complete the study, we applied the optimized conditions
to N-acetyl glucosamine derived Di-HAF (1). Because of the low
solubility of Di-HAF (1), DMSO was added as co-solvent.
Compared to Di-HCF (10), a slightly lower facial selectivity was
observed; 4:1 instead of 6.5:1. However, this was compen-
sated by a higher exo-selectivity (2 : 8) which ultimately led to a
similar isolated yield of 59% of 18 (Scheme 9).

Conclusions

In this study, we demonstrate efficient chirality-transfer in a
Diels-Alder reaction with carbohydrate-based furan Di-HCF
(10) and maleimides. A solvent and temperature dependence
was found, and after optimization an exo'/exo-selectivity of
6.5:1 was obtained in combination with an endo/exo-selecti-
vity of 3: 7. Ultimately the multifunctional enantiopure amido-
oxanorbornene (14) building block was synthesized in 58%
yield. Subsequent stereoselective hydrogenation brought the
chirality-transfer-sum to a total of five new stereocenters and
afforded a chemically stable 7-oxanorbornane derivative (15).
Based on the structure resolved by X-ray crystallography, the
major product from the Diels-Alder reaction is the result of
dienophile addition to the alpha face of the diene. In addition,
the optimized Diels-Alder reaction conditions were also
applied to Di-HAF (1) to afford the acyl analogue 18 in 59%
yield.

The results show that Diels-Alder reactions with chiral
carbohydrate-based furans, which up until now provided mix-
tures of stereoisomers, can be steered to favor one product.
This is a conditio sine qua non for application in fine chemicals
and medicinal chemistry. The next step will be to access also
other stereoisomers, produced in this reaction. The current
results provide a good starting point for such a study.
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