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Abstract

Derivatives of 3-methyl-3,6-dihydro-2H-1,2-oxazine-6-carboxylic acid prepared by regiose-

lective hetero Diels-Alder reaction of arylnitroso compounds with sorbic acid were used for

solid-phase synthesis of a library of derivatives that included modification of carboxylic

group, dihydroxylation of double bond and cleavage of N-O bond. Derivatives of 2,3,4-trihy-

droxyhexanoic acid obtained from 3,6-dihydro-2H-1,2-oxazines after double bond dihydrox-

ylation and N-O cleavage were used for simple and stereoselective formation of chiral

lactones derived from 3,4-dihydroxydihydrofuran-2(3H)-one. The final compounds obtained

as a mixture of stereoisomers were analyzed with use of chiral HPLC and SFC. HPLC analy-

ses were not successful for all derivatives or required lengthy chromatography. On the other

hand SFC afforded much shorter analyses and was effective for all studied derivatives. The

method of synthesis and analysis is thus suitable for future study of stereoselective synthe-

sis of lactones and other derivatives from single oxazine derivatives and application of high-

throughput synthesis on solid-support and combinatorial chemistry.

Introduction

3,6-Dihydro-1,2-oxazine belongs to very interesting scaffold, which is compatible with a wide

variety of transformations. These cycloadducts have become valuable key intermediates for the

synthesis of biologically interesting molecules especially because they offer plethora of modifi-

cation possibilities including N-O bond cleavage mediated by titanocene(III) chloride,[1] Mo

(CO)6[2;3] or other reducing agents providing ready access to 1,4-amino alcohols.[4;5] Before

or after N-O reduction, the double bond can be hydroborated or oxidized to give epoxides,

diols or even diacids after complete cleavage. Epoxidation, hydroboration[6] or hydroxylation

[7] has been used for the synthesis of aminosugars. Alternatively, the alkene has been used in a

domino metathesis reaction to give isoxazolopyridines.[8] Additional modifications of
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3,6-dihydro-1,2-oxazines have been reviewed and include applications for the syntheses of var-

ious biologically important compounds including carbocyclic nucleosides, azasugars, tropane

alkaloids and other natural compounds.[9] Thus, although chemical transformations of oxa-

zines have been extensively explored in solution, the only reported solid phase based oxazine

conversions were described by Krchnak et al, who described acid-mediated cleavage of oxazine

C-O bond.[10;11] Apart from wide variety of interesting products, 3,6-dihydro-1,2-oxazine

derivatives were also used for the preparation of lactones via quite complex synthesis.[12;13]

The lactone moiety occurs in wide range of natural biologically active compounds including

compounds such as vitamin C,[14] kavain having anxiolytic and sedative effects,[15] helena-

lin,[16] the anti- inflammatory active component of Arnica or parthenolide[17;18] with anti-

inflammatory, anticancer and antiviral properties, contained in feverfew (Pyrethrum
parthenium).

Due to their biological properties, synthetic methods compatible with preparation of struc-

turally varied lactones are of considerable interest. Many synthetic approaches to lactones have

been reported[19–23] but only a few were developed for solid-phase chemistry[24–26] that

could additionally facilitate the extensions of related molecular diversity via application of

combinatorial chemistry in high throughput mode. In addition none of these solid-phase

methods employs the oxazine core as the lactone precursor. Here we report the solid-phase

syntheses of 3,6-dihydro-1,2-oxazines derived from hetero Diels-Alder (HDA) reactions of

sorbic acid and arylnitroso derivatives and their further transformation to 3,6-dihydro-

1,2-oxazines and their 4,5-dihydroxyanalogues, as well as stereoselective conversion to

3,4-dihydroxy-ɤ-lactones. Development of chiral separation of enantiomeric products with

use of chiral HPLC and SFC, that would facilitate development of stereoselective synthetic

routes in future, is also described.

Results and Discussion

Synthesis

The synthesis of the final ɤ-lactones 8(R1,X) as well as oxazines 11(R1,X,R2) and 12(R1,X, R2)

is depicted in Fig 1.

The synthesis of the starting oxazine system 5(R1,X) was adopted from that described previ-

ously.[27] However, the products were diversified by incorporation of Rink resin-bound

amino acid or dipeptide (Fig 1). The amino group of the Rink linker or immobilized amino

acids 1(R1) was acylated by fluoroaromatic carboxylic acids using traditional HOBt active

esters to give derivative 2(R1,X). The use of two different acids (6-fluoronicotinic acid or

4-fluoro-3-nitrobenzoic acid) provided the second element of diversity. Nucleophilic aromatic

substitution of fluorine afforded hydroxylamine derivatives 3(R1,X) ready for subsequent oxi-

dation to the intermediate nitroso compounds 4(R1,X). The nitroso dieonophiles were gener-

ated in situ by tetrabutyl ammonium(meta)periodate (TBAPI) oxidation and reacted with

sorbic acid to give related 3,6-dihydro-1,2-oxazines 5(R1,X). Typically, the reaction was com-

plete in 3 h. Although use of the unsymmetrical diene could give two regioisomeric cycload-

ducts, in this case only one isomer was detected, consistent with the literature precedents,

[27;28] in which the authors reported the preferential formation of the regioisomer with bulk-

ier substituents on the C6 carbon. The treatment of compounds 5(R1,X) with OsO4 yielded

the dihydroxyoxazines 6(R1,X). Following cleavage of N-O bond led to the trihydroxy deriva-

tives 7(R1,X). The reaction was first performed with Mo(CO)6 in wet acetonitrile (MeCN)

under the overnight reflux similarly to conditions described for reaction in solution.[2;3] The

use of dimethylformamide (DMF) instead of MeCN enabled increasing of the reaction temper-

ature and thus the full conversion was reached in one hour.
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The final step, the formation of the lactone ring, was performed by cyclization of trihydroxy

derivatives 7(R1,X) in acidic cleavage cocktail during its releasing from the resin. The final

Fig 1. The synthetic pathway for preparation of 4,5-dihydroxy-3,6-dihydro-1,2-oxazines 11(R1,X,R2) and dihydroxy ɤ-lactones 8(R1,X). Reagents

and conditions: i) HOBt, DIC, DMF/DCM, rt, o.n.; ii) NH2OH�HCl, pyridine, 75˚C, o.n. (for X = C-NO2), DMSO, DBU, 80˚C, 20 h (for X = N); iii) TBAPI, sorbic

acid, DCM, rt, 3 h; iv) OsO4, NMMO, DCM, rt, o.n.; v) Mo(CO)6, H2O, DMF, 100˚C, 1 h; vi) TFA/DCM (1:1), rt, 1 hr; vii) amine, DMAP, HOBt, DIC, DMF/

DCM, rt.

doi:10.1371/journal.pone.0166558.g001
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lactones 8(R1,X) were obtained after one-hour treatment of the resins 7(R1,X) with 50% trifluor-

oacetic acid (TFA) in dichlormethane (DCM) at room temperature in acceptable yield (Fig 2).

Compounds 5(R1,X) were subsequently converted to the corresponding amides 9(R1,X,R2)

by coupling with amines listed in Fig 3.

Further transformation consisted in dihydroxylation of the oxazine double bond. The

smooth reaction with osmium tetroxide (OsO4) and N-methyl morpholine oxide (NMMO) as

an oxidative agent in DCM afforded dihydroxy derivatives 10(R1,X,R2), which were subse-

quently cleaved from the resin to afford final dihydroxyoxazines 11(R1,X,R2) in acceptable

yields (see Fig 4).

The other final compounds 12(R1,X,R2) were obtained by cleavage of derivatives 9(R1,X,

R2) from the resin (see Fig 5).

The study was focused on the synthesis development with not full combination of used

building blocks. The summary of the prepared compounds is showed in Figs 2, 4 and 5.

Stereochemistry

We supposed that the steric hindrance of carboxylic and methyl group in oxazine 5(R1,X)

directed the dihydroxylation with osmium tetraoxide to the opposite part of the molecule to

afford dihydroxyderivative 6(R1,X) (and subsequently 7(R1,X)) with high stereoselectivity.

Taking this fact into account subsequent cyclization of carboxylic group and γ-hydroxygroup

of derivative 7(R1,X) can afford the final lactone 8(R1,X) in major form having the two

hydroxyl groups in cis-configuration (Fig 6).

Because the oxazine 5(R1,X) is formed as the racemic mixture, we should get mainly two

enantiomers of dihydroxyderivative 6(R1,X) and finally two enantiomers of lactone 8(R1,X).

Due to this fact it is finally possible to expect the formation of lactones predominantly in mix-

ture of only two enantiomers, where stereoisomery comes from HDA reaction itself. Stereose-

lectivity of the final lactones is thus directed only in step of HDA reaction. To confirm the

stereoselectivity of lactone 8(R1,X) formation, we did the ROESY NMR experiment for deriva-

tive 8(1,1) which showed the spatial interaction between HA and HB protons (Fig 7), giving

the evidence of cis-configuration.

Fig 2. Summary of the final lactones 8(R1,X). [a] Purity was determined from LC traces with use of PDA detector;

[b] Overall yield after the HPLC purification.

doi:10.1371/journal.pone.0166558.g002
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Chiral separation

For the checking of the optical purity as well as a stereoselective control of the reaction it is

necessary to develop suitable analytical methods, which must be i) able to determine the opti-

cal purity of final products after isolation ii) able to determine optical purity of compound of

interest in crude reaction mixtures to give response for modification of the conditions for pos-

sible stereoselective synthesis iii) fast enough to reflect synthetic quickness and high-through-

put approach and thus enable rapid optimization of reaction conditions as well as rapid

control of optical purity.

In previous report we studied in detail analytical conditions for chiral analysis of various

3,5-dihydro-1,2-oxazines prepared on solid support.[29] For study of enantiomers resolution

of oxazines 11(R1,X,R2) and 12(R1,X,R2) as well as lactones 8(R1,X) we used this knowledge

Fig 3. Amines used for synthesis of carboxamides 9(R1,X, R2).

doi:10.1371/journal.pone.0166558.g003

Fig 4. Summary of the final oxazines 11(R1,X,R2). [a] Purity was determined from LC traces with use of PDA detector;

[b] Overall yield after the HPLC purification.

doi:10.1371/journal.pone.0166558.g004
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and chose the Chiracel columns CHIRALPAK IA, CHIRALPAK ID and CHIRALPAK IF,

where the sorbents are based on amylose (see Fig 8).

The HPLC separation conditions were studied for selected representatives of oxazines 11

(R1,X,R2) and 12(R1,X,R2) (see Table 1). The analytical conditions were first optimized for

pure compounds to achieve sufficient resolution and as fast analysis as possible. In the begin-

ning of the study we performed screening of columns by mixture of hexane/alcohol. For this

purpose ethanol and isopropanol were tested and the results showed the use of ethanol with

lower elution solvent power more suitable for the analysis. Ethanol provided good enantiomers

separations, but long time analysis was needed. While, the use of isopropanol decreased the

time of analysis, but the resolution was too low. From this reason ethanol was used for majority

of the HPLC analyses. Very important role was played by TFA used as an additive. In all cases

mobile phase without this additive afforded the analysis with broad and hardly detectable

peaks. However, the adding of TFA to the mobile phase significantly improved the separation

and peak shapes.

When comparing columns IA and ID, which have the same dimension, the column IA pro-

vided the elution of the sample in lower retention time. Therefore column IA was more prefer-

able in the majority of the separations. Since in one case of derivative 12(4,1,1) enantiomers

were not resolved with any of these two columns, another column using 3-chloro-4-methylani-

line as a sorbent (column IF–see Fig 8), successfully applied in separation of lactones 8(R1,X)

(see later) was included to the screening. Unfortunately, the sufficient resolution was accom-

plished neither with this column. The HPLC conditions for chiral separation tested for selected

derivatives of the compounds 11(R1,X,R2), 12(R1,X,R2) and 8(R1,X) are summarized in

Table 1.

For future development of conditions for stereoselective synthesis of the mentioned oxa-

zines it is necessary to have an analytical method robust and fast enough also for monitoring

of stereoisomers in the reaction. Therefore we tried to apply the developed analytical

Fig 5. Summary of the final oxazines 12(R1,X,R2). [a] Purity was determined from LC traces with use of PDA detector;

[b] Overall yield after the HPLC purification.

doi:10.1371/journal.pone.0166558.g005
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conditions for separation of enantiomers of derivatives 11(R1,X,R2) and 12(R1,X,R2) in crude

reaction mixtures. The chiral separation of derivatives 12(R1,X,R2) was implemented to the

study despite the fact that the amidation of oxazine 5(R1,X) does not contribute to stereoisom-

ery. But it could do, when HDA reaction is performed with amides of sorbic acid in a future

study. For both compounds 11(R1,X,R2) and 12(R1,X,R2) we found out, that the separation

conditions were suitable also for crude mixtures, when impurities were sufficiently separated

(Fig 9).

Fig 6. Stereoselective formation of lactone 8(R1,X) demonstrated on one enantiomer of oxazine 5(R1,X).

doi:10.1371/journal.pone.0166558.g006
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The HPLC separation afforded good separation for all lactones and two oxazines mixtures.

For three racemic mixtures the Rs was lower than standard 1.5 and one derivative was not sep-

arated at all (Table 1). The time of the analyses was 22–60 minutes, what limits the applicability

in development and monitoring of stereoselective synthesis in high-throughput mode–main

advantage of solid-phase synthesis. Therefore we decided to apply supercritical fluid chroma-

tography (SFC), modern method for easier and fast separation especially of chiral compounds.

For the optimization study we chose the same sorbent as for HPLC based on amylose. Metha-

nol was used as the organic modifier. The suitable resolution and elution was achieved with

alcohol content about 15–60%. As the additive 0.1% of DEA/TFA mixture was supplemented

to the mobile phase. Unlike the HPLC, where the derivative 12(4,1,1) was not possible to sepa-

rate, the SFC method provided the separation of enantiomers with Rs factor 1.83 (see Table 2).

The time of analyses varied between 7 and 9 minutes what means that the SFC analysis is

up to 10x faster than classical HPLC with keeping or improvement of good resolution of peaks

of enantiomers. The examples of oxazine separation are shown in Fig 10.

Because the stereoisomery of lactone 8(R1,X,R2) reflects stereoisomery of derivative 5(R1,

X), we studied conditions only for pure derivatives 8(R1,X) to develop method for the final

enantiomeric purity control of lactones 8(R1,X) as the final compounds. Fig 11 demonstrates

the rapidity of the SFC method in comparison to HPLC.

Conclusion

We used solid supported hetero-Diels-Alder cycloaddition of arylnitroso derivatives and sor-

bic acid for the synthesis of oxazine derivatives and their subsequent transformation. The

stereoselective hydroxylation of double bond of oxazine cycle following by N-O cleavage pro-

vided trihydroxy precursors for ɤ-lactones cyclization. The lactone formation is keeping con-

figuration of all chiral centers and therefore the method is suitable for stereoselective synthesis

of substituted 3,4-dihydroxy-ƴ-lactones. The same precursors are then used for synthesis of

derivatives of 3,6-dihydro-1,2-oxazines. For stereoselectivity control analytical methods based

on chiral HPLC and SFC separation were developed and compared. While the HPLC analyses

suffer from the low versatility of chiral columns, longer time of analysis and generally lower

resolution, SFC was found to be able separate all derivatives in very short time with acceptable

resolution and application of only two sorbents. The synthetic and analytical conditions are

Fig 7. The ROESY experiment for derivative 8(1,1) with spatial interaction between HA and HB.

doi:10.1371/journal.pone.0166558.g007
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thus possible to use for development of stereoselective synthesis of oxazine as well as ƴ-lactone

derivatives and the products of their transformation on solid support.

Materials and Methods

Apparatus

HPLC chiral analyses were performed using an HPLC Alliance Waters e2695 system equipped

with a Waters PDA detector 2998 and several 250 x 4.6 mm (i.d.) Chiracel columns, including

CHIRALPAK IA, CHIRALPAK ID and CHIRALPAK IF with sorbents based on amylose

immobilized on 5 μm silica particles. Different mobile phase systems were investigated in this

study. The eluting strength of the mobile phases was adjusted in such a way so that each race-

mic compound could be eluted within a reasonable time window. The proportion of each

mobile phase component or mobile phase additive was always measured by volume. The

Fig 8. Structures of the chiral selectors present on the amylose-derived CSPs.

doi:10.1371/journal.pone.0166558.g008
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chromatographic runs were performed at a flow rate of 1.0 ml/min and at a column tempera-

ture of 25˚C.

SFC chiral analyses were performed using an Acquity UPC2 system (Waters) consisting of

a binary solvent manager, sample manager, column manager, column heater, convergence

manager, PDA detector 2998, QDa mass detector and 4.6x100mm, 3 μm particle chiral analyti-

cal columns CHIRALPAK IA3 and CHIRALPAK ID3,. The eluting strength of the mobile

phases was adjusted in such a way so that each racemic compound could be eluted within a

reasonable time window. The chromatographic runs were performed at a flow rate of 2.5 ml/

min and at a column temperature of 38˚C.

LC/MS analyses were performed by UHPLC/MS using an Acquity UHPLC chromatograph

equipped with a PDA detector and a single quadrupole mass spectrometer (Waters) with an

X-Select C18 column at 30˚C at a flow rate of 600 μl min-1. The mobile phase consisted of (A)

0.01 M ammonium acetate in water and (B) acetonitrile, with B linearly programmed to shift

from 10% to 80% over the course of 2.5 min and then maintained this concentration for 1.5

min. The column was re-equilibrated at 10% B for 1 min. The ESI ionization operated at a dis-

charge current of 5 μA, a vaporizer temperature of 350˚C and a capillary temperature of

200˚C.

Purification was performed by semipreparative HPLC using a Waters 1500 series HPLC

equipped with an Autosampler 2707, a Binary HPLC pump 1525, a Waters Photodiode Array

Detector 2998 and a Waters Fraction Collector III with a 20x100 mm, 5 μm particle YMC C18

reverse phase column. The mobile phase consisted of acetonitrile and a 10 mM aqueous

ammonium acetate gradient over 6 min.

NMR spectra were measured in DMSO-d6 using a Jeol ECX-500SS (500 MHz, 1H) spec-

trometer and Jeol ECA-400 II (400 MHz, 1H). Chemical shifts (δ) are reported in parts per mil-

lion (ppm) relative to DMSO resonance signal, and coupling constants (J) are reported in

Hertz (Hz).

HRMS analysis was performed using an Orbitrap Elite high-resolution mass spectrometer

(Thermo Fischer Scientific, MA,USA) operating in positive full scan mode (120 000 FWMH)

with a mass range of 200–900 m/z. The settings for electrospray ionization were as follows: an

oven temperature of 300˚C, a sheath gas of 8 arb. units and a source voltage of 1.5 kV. The

acquired data were internally calibrated with diisooctyl phthalate as a contaminant in metha-

nol (m/z 391.2843). Samples were diluted to a final concentration of 20 μmol l-1 with 0.1%

Table 1. The results of chiral HPLC separation of oxazines 11(R1,X,R2) and 12(R1,X,R2) and lactones 8(R1,X).[a]

Product Column Mobile phase mixture Proportion Time of analysis (min) Rs α
12(3,1,1) IA Hexane/EtOH/TFA 85/15/0.1 60 0.64 1.08

12(1,1,3) ID A:Hexane B:2-PrOH Gradient 30–50% 35 2.47 1.44

12(4,1,1) IA, ID, IF Hexane/EtOH/TFA various 45 — —

11(3,1,1) IA A:Hexane B:EtOH Gradient 30–50% 60 2.50 1.47

11(1,1,3) IA Hexane/EtOH/TFA 75/25/0.1 22 0.90 1.18

11(4,1,1) IA Hexane/EtOH/TFA 50/50/0.1 60 1.37 1.49

8(2,1) IF A:Hexane/TFA B:EtOH Gradient 30–50% 35 2.22 5.90

8(4,1) IF A:Hexane/TFA B:EtOH Gradient 30–50% 35 3.83 4.32

8(3,1) IA Hexane/EtOH/TFA 60/40/0,1 55 3.98 2.51

8(1,1) IA A:Hexane/TFA B:EtOH Gradient 40–50% 35 7.15 4.07

8(1,2) ID A:Hexane/TFA B:EtOH Gradient 40–50% 30 3.05 3.5

[a] In all cases the two peaks of enantiomers were observed. The only exception is derivative 12(4,1,1), where enantiomers were not separated.

doi:10.1371/journal.pone.0166558.t001
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formic acid in water and methanol (50: 50, v/v). The samples were injected by direct infusion

into the mass spectrometer.

Sample preparation

Samples for UHPLC/MS analysis were prepared by treatment of the analytical sample of the

resin (~ 5 mg) with cleavage cocktail 50% TFA in DCM for 30 min. The cleavage cocktail was

evaporated by a stream of nitrogen and sample was extracted into 1 mL of 50% MeOH/water

and analyzed by LC/MS.

For HPLC purification of final compounds, resin (~ 0.5 g) was treated with cleavage cock-

tail 50% TFA in DCM for 1 hour. The solution was collected and the resin was washed 3 times

Fig 9. Examples of HPLC chromatograms of pure and crude oxazines 11(R1,X,R2) and 12(R1,X,R2). a) 12(1,1,3) pure compound; b) 12(1,1,3) crude

mixture; c) 12(4,1,1) pure compound (no chiral separation); d) 12(4,1,1) crude mixture (no chiral separation); e) 11(1,1,3) pure compound; f) 11(1,1,3) crude

mixture.

doi:10.1371/journal.pone.0166558.g009
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with 50% TFA in DCM. The combined extracts were evaporated under a stream of nitrogen

and dissolved in MeOH/DMSO (4/1).

Crude samples for HPLC chiral analysis and SFC chiral analysis were prepared by cleaving

20 mg of dried resin in 50% TFA in DCM for 30 minutes and evaporating the solvent with a

stream of nitrogen. The samples were then extracted into 1 mL of HPLC grade EtOH/hexane

(1:1) or EtOH/THF (1:1) for MS analysis and filtered before being used for chiral analysis.

Pure samples for HPLC chiral analysis and SFC chiral analysis were prepared at a concen-

tration of 1mg/mL in HPLC grade EtOH/hexane (1:1).

Synthetic procedures

Amino acid (dipeptide) linker (resin 1(R1)). Rink resin (1 g) was washed 3x with DCM

and 3 x with DMF, treated with 50% piperidine in DMF and the slurry was shaken for 15 min.

The resin was washed 5 x with DMF and 3 x with DCM and the solution of amino acid (2

mmol), HOBt�H2O (2 mmol) and DIC (2 mmol) in DMF/DCM (10 mL, 1:1) was added and

the slurry was shaken for 3 h. The resin was washed 3 x with DMF and 3 x with DCM. For the

synthesis of dipeptide 1(4) the procedure was repeated to bind the second amino acid.

Acylation with carboxylic acid (resin 2(R1,X)). The resin 1(R1) (1 g) was washed 3 x

with DCM and 3 x with DMF and treated with 50% piperidine in DMF for 15 min. The resin

was washed 5 x with DMF and 3 x with DCM and a solution of carboxylic acid (3 mmol),

HOBt�H2O (3 mmol) and DIC (3 mmol) in DMF (10 mL) was added. The resin slurry was

shaken overnight. Then the resin was washed 3 x with DMF and 3 x with DCM.

Resins 2(1,1) and 2(1,2) were prepared according to previously described procedure.[9]

Substitution with hydroxylamine hydrochloride (resin 3(R1,X)). Resins 3(R1,1) were

prepared according to previously described procedure.[27]

The appropriate resin 3(R1,2) was prepared from appropriate resin 2(R1,2) (1 g), which

was washed 3x with DCM and 3 x with DMSO and treated with a solution of NH2OH�HCl (14

mmol) and DBU (6 mmol) in DMSO (10 mL). The slurry was shaken at 80˚C for 20 h. The

resin was washed 3 x with DMSO, 3 x with DMF and 3 x with DCM.

HDA reaction with sorbic acid (resin 5(R1,X)). Resin 3(R1,X) (1 g) was washed 3 x with

DCM and treated with a solution of sorbic acid (3.5 mmol) and TBAPI (1.75 mmol) in DCM

(10 mL). The slurry was shaken for 3 h at room temperature. The resin was washed 3 x with

DCM, 3 x with THF and 3 x with DCM.

Table 2. The results of chiral SFC separation of oxazines 11(R1,X,R2) and 12(R1,X,R2) and lactones 8(R1,X).[a]

Product Column Mobile phase mixture Proportion Time of analysis (min) Rs α
12(3,1,1) IA3 CO2/MeOH/TFA+DEA 70/30/0.1 7 1.46 1.32

12(1,1,3) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 15–35% 9 0.99 1.06

12(4,1,1) ID3 CO2/MeOH/TFA+DEA 60/40/0.1 7 1.83 1.38

11(3,1,1) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 15–35% 9 1.52 1.13

11(1,1,3) IA3 CO2/MeOH/TFA+DEA 75/25/0.1 7 0.84 1.16

11(4,1,1) ID3 CO2/MeOH/TFA+DEA 60/40/0.1 7 2.17 2.29

8(2,1) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 40–55% 7 2.22 2.45

8(4,1) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 40–55% 7 1.34 2.14

8(3,1) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 30–55% 7 1.70 2.17

8(1,1) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 40–60% 7 5.8 4.76

8(1,2) ID3 A:CO2 B:MeOH/TFA+DEA Gradient 40–55% 7 3.85 3.9

[a] In all cases the two peaks of enantiomers were observed.

doi:10.1371/journal.pone.0166558.t002
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Dihydroxylation of alkene bond (resin 6(R1,X) and resin 10(R1,X, R2)). Resin 5(R1,X)

or 9(R1,X,R2) was washed 3 x with DCM and treated with a solution of OsO4 2.5 wt. % in tert-
butanol (0.25 mL) and 4-methylmorpholine N-oxide 50% wt. in water (0.75 mL) in DCM (10

mL). The slurry was shaken overnight at room temperature. The resin was washed 5 x with

DCM.

N-O bond cleavage (resin 7(R1,X)). Resin 6(R1,X) (1 g) was washed 3 x with DCM and 3

x with DMF and treated with a solution of [Mo(CO)6] (2 mmol) in H2O/DMF (10 mL, 1:9).

The slurry was heated at 100˚C for 1 h. The resin was washed 5 x with DMF and 3 x with

DCM.

Amidation of carboxylic acid (resin 9(R1,X,R2)). Resin 5(R1,X) (1 g) was washed 3 x

with DCM and 3 x with DMF and treated with a solution of amine (3 mmol), HOBt�H2O (3

Fig 10. Example of SFC chromatograms of pure and crude mixtures of oxazines 11(R1,X,R2) and 12(R1,X,R2). a) 12(1,1,3) pure compound; b) 12

(1,1,3) crude mixture; c) 12(4,1,1) pure compound; d) 12(4,1,1) crude mixture; e) 11(1,1,3) pure compound; f) 11(1,1,3) crude mixture.

doi:10.1371/journal.pone.0166558.g010

Derivatives of 1,2-Oxazines and Their Chiral Analysis

PLOS ONE | DOI:10.1371/journal.pone.0166558 November 28, 2016 13 / 23



mmol), DIC (3 mmol) and DMAP (0.5 mmol) in DMF/DCM (10 mL, 1:1). The resin slurry

was shaken for 24 h at room temperature. The resin was washed 3 x with DCM, 3 x with DMF

and 3 x with DCM.

Preparation of the lactone (8(R1,X)). Lactones 8(R1,X) were formed during the cleavage

of resin 7(R1,X) under the standard conditions (see HPLC purification of final compounds in

section Sample preparation).

Preparation of the compound 11(R1,X,R2). Resin 9(R1,X,R2) was cleaved under stan-

dard conditions (see HPLC purification of final compounds in section Sample preparation).

Preparation of the compound 12(R1,X,R2). Resin 10(R1,X,R2) was cleaved under stan-

dard conditions (see HPLC purification of final compounds in section Sample preparation).

Analytical data

4-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8

(1,1). Yield 14 mg (29%). 1H NMR (500 MHz, DMSO-d6, 25˚C, TMS): δ = 1.25 (d, J = 6.5

Hz, 3 H, CH3), 4.08 (d, J = 5.3 Hz, 1 H, C3-H), 4.25–4.32 (m, 1H, C6-H), 4.38 (d, J = 7.4 Hz,

1 H, C2-H), 4.44 (d, J = 5.3 Hz, 1 H, C4-H), 5.49 (br. s., 1 H, OH), 5.82 (br. s., 1 H, OH), 7.22

(d, J = 9.2 Hz, 1 H, C9-H), 7.28 (br. s., 1 H, NH2), 7.95–7.99 (m, C10-H, NH2), 8.09 (d, J = 9.2

Hz, 1 H, NH), 8.62 ppm (d, J = 2.1 Hz, 1 H, C12-H); 13C NMR (126 MHz, DMSO-d6, 25˚C,

TMS): δ = 17.3(C17), 48.7(C6), 68.6(C3,4), 87.1(C2), 115.0(C9), 122.0(C11), 127.1(C12),

131.5(C13), 135.5(C10), 146.1(C8), 166.3(C18), 176.1(C5) ppm; HRMS (ESI): m/z calcd for

C13H15N3O7+H+: 326.0983 [M + H] +; found 326.0983.

The structure of the compound is available in Supporting Information–S42 Fig.

N-(2-Amino-2-oxoethyl)-4-((1-(3,4-dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)

amino)-3-nitrobenzamide 8(2,1). Yield 22 mg (38%). 1H NMR (500 MHz, DMSO-d6, 25˚C,

TMS): δ = 1.29 (d, J = 6.3 Hz, 3 H), 3.79 (d, J = 6.3 Hz, 2 H), 4.12 (t, J = 5.2 Hz, 1 H), 4.37–4.31

(m, 1 H), 4.43 (d, J = 7.5 Hz, 1 H), 4.48 (dd, J = 6.9, 5.2 Hz, 1H), 5.52 (d, J = 4.6 Hz, 1 H), 5.86

(d, J = 7.5 Hz, 1 H), 7.02 (br. s., 1 H), 7.29 (d, J = 9.2 Hz, 1 H), 7.37 (br. s., 1 H), 8.02 (d, J = 8.6

Hz, 1 H), 8.15 (d, J = 9.2 Hz, 1 H), 8.68 (s, 1 H), 8.76 ppm (t, J = 5.7 Hz, 1 H); 13C NMR (126

MHz, DMSO-d6, 25˚C, TMS): δ = 17.3, 42.9, 48.7, 68.6, 87.1, 115.1, 121.8, 126.9, 131.5, 135.4,

146.1, 164.9, 171.6, 176.1 ppm; HRMS calcd for C15H18N4O8+H+: 383.1197 [M + H]+; found

383.1198.

N-(3-Amino-3-oxopropyl)-4-((1-(3,4-dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)

amino)-3-nitrobenzamide 8(3,1). Yield 15 mg (25%). 1H NMR (500 MHz, DMSO-d6, 25˚C,

Fig 11. Comparison of HPLC (a) and SFC (b) method for analysis of lactone 8(1,2).

doi:10.1371/journal.pone.0166558.g011
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TMS): δ = 1.25 (d, J = 6.3 Hz, 3 H), 2.30 (t, J = 7.2 Hz, 2 H), 3.35–3.41 (m, 2 H), 4.07 (d, J = 5.7

Hz, 1 H), 4.23–4.32 (m, 1 H), 4.38 (d, J = 7.5 Hz, 1 H), 4.44 (d, J = 5.2 Hz, 1 H), 5.49 (br. s., 1

H), 5.82 (br. s., 1 H), 6.78 (br. s., 1 H), 7.23 (d, J = 9.2 Hz, 1 H), 7.30 (br. s., 1 H), 7.95 (dd,

J = 9.2, 2.3 Hz, 1 H), 8.09 (d, J = 9.2 Hz, 1 H), 8.54 (t, J = 5.4 Hz, 1 H), 8.60 ppm (d, J = 1.7 Hz,

1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS) δ 17.3, 35.5, 36.5, 48.7, 68.6, 87.1, 115.1,

122.1, 126.6, 131.5, 135.2, 146.0, 164.6, 173.1, 176.1 ppm; HRMS calcd for C16H20N4O8+H+:

397.1354 [M + H]+; found 397.1352.

N-(2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)-4-((1-(3,4-dihydroxy-5-oxotetrahy-

drofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(4,1). Yield 20 mg (30%). 1H NMR (500

MHz, DMSO-d6, 25˚C, TMS): δ = 1.29 (d, J = 6.3 Hz, 3 H), 2.22 (t, J = 7.2 Hz, 2 H), 3.21–3.29

(m, 2 H), 3.80 (d, J = 5.7 Hz, 2 H), 4.12 (t, J = 4.6 Hz, 1 H), 4.29–4.37 (m, 1 H), 4.43 (d, J = 7.4

Hz, 1 H), 4.45 (dd, J = 6.9, 5.2 Hz, 1 H), 5.52 (d, J = 4.6 Hz, 1 H), 5.86 (d, J = 7.4 Hz, 1 H), 6.81

(br. s., 1 H), 7.26–7.37 (m, 2 H), 7.92 (t, J = 5.4 Hz, 1 H), 8.02 (d, J = 8.0 Hz, 1 H), 8.15 (d,

J = 9.2 Hz, 1 H), 8.68 (d, J = 1.7 Hz, 1 H), 8.80 ppm (t, J = 5.7 Hz, 1 H); 13C NMR (126 MHz,

DMSO-d6, 25˚C, TMS): δ = 17.3, 35.5, 36.5, 48.7, 68.6, 87.1, 115.1, 122.1, 126.6, 131.5, 135.2,

146.0, 164.6, 173.0, 173.1, 176.1 ppm; HRMS calcd for C18H23N5O9+H+: 454.1569 [M + H]+;

found 454.1569.

6-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)amino)nikotinamide 8(1,2).

Yield 8 mg (19%). 1H NMR (400 MHz, DMSO-d6, 25˚C, TMS): δ = 1.17 (d, J = 6.4 Hz, 3 H),

4.08 (d, J = 5.5 Hz, 1 H), 4.12 (d, J = 7.8 Hz, 1 H), 4.30–4.39 (m, 1 H), 4.48 (d, J = 5.0 Hz, 1 H),

6.51 (d, J = 8.7 Hz, 1 H), 7.05 (br. s., 1 H), 7.12 (d, J = 8.7 Hz, 1 H), 7.69 (br. s., 1 H), 7.83 (dd,

J = 8.7, 2.3 Hz, 1 H), 8.52 ppm (d, J = 2.3 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C,

TMS): δ = 17.8, 46.4, 68.8, 88.3, 108.0, 118.7, 136.8, 149.0, 160.0, 167.4, 176.5 ppm; HRMS

calcd for C12H15N3O5+H+: 282.1084 [M + H]+; found 282.1085.

2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-4,5-dihydroxy-3-methyl-N-

propyl-1,2-oxazinane-6-carboxamide 11(3,1,1). Yield 26 mg (39%). 1H NMR (500 MHz,

DMSO-d6, 25˚C, TMS): δ = 0.83 (t, J = 7.5 Hz, 3 H, C28-H3), 1.10 (d, J = 6.9 Hz, 3 H, C22-H3),

1.4 (sxt, J = 7.5 Hz, 2 H, C27-H2), 2.30 (t, J = 7.2 Hz, 2 H, C4-H2), 2.94–3.06 (m, 2 H, C26-H2),

3.34–3.42 (m, 2 H, C5-H2), 3.71 (t, J = 2.9 Hz, 1 H, C20-H), 3.85 (dd, J = 9.2, 2.9 Hz, 1 H, C19-

H), 4.04–4.09 (m, 1 H, C21-H), 4.25 (d, J = 9.2 Hz, 1 H, C18-H), 6.79 (br. s., 1 H, NH2), 7.22 (d,

J = 8.6 Hz, 1 H, C11-H), 7.31 (br. s., 1 H, NH2), 7.79 (t, J = 5.7 Hz, 1 H, N25-H), 7.93 (dd,

J = 9.2, 1.7 Hz, 1 H, C10-H), 8.05 (d, J = 1.7 Hz, 1 H, C15-H), 8.56 ppm (t, J = 5.4 Hz, 1 H, N6-

H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.5(C28), 11.8(C22), 22.8(C27), 35.4(C4),

36.6(C5), 40.7(C26), 59.5(C21), 65.4(C19), 70.0(C20), 80.1(C18), 116.9(C11), 124.4(C15), 127.3

(C9), 131.6(C10), 140.2(C13), 142.0(C12), 164.3(C7), 167.1(C23), 173.0(C2) ppm; HRMS calcd

for C19H27N5O8+H+: 454.1932 [M + H]+; found 454.1933.

The structure of the compound is available in Supporting Information–S43 Fig.

2-(4-((2-Amino-2-oxoethyl)carbamoyl)-2-nitrophenyl)-N-benzyl-4,5-dihydroxy-

3-methyl-1,2-oxazinane-6-carboxamide 11(2,1,2). Yield 25 mg (34%). 1H NMR (500 MHz,

DMSO-d6, 25˚C, TMS): δ = 1.14 (d, J = 6.9 Hz, 3 H), 3.74–3.77 (m, 3 H), 3.90 (d, J = 8.6 Hz, 1

H), 4.09–4.15 (m, 1 H), 4.29 (d, J = 6.3 Hz, 2 H), 4.38 (d, J = 9.2 Hz, 1 H), 4.86 (br. s., 1 H), 5.08

(br. s., 1 H), 7.00 (br. s., 1 H), 7.17–7.29 (m, 6 H), 7.35 (br. s., 1 H), 7.97 (dd, J = 8.6, 1.7 Hz, 1

H), 8.13 (d, J = 1.7 Hz, 1 H), 8.43 (t, J = 6.0 Hz, 1 H), 8.75 ppm (t, J = 5.7 Hz, 1 H); 13C NMR

(126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.4, 42.4, 43.0, 59.5, 65.6, 70.0, 80.2, 116.7, 124.8,

126.9, 127.1, 127.4, 128.6, 131.9, 139.6, 140.1, 142.0, 164.7, 167.4, 171.4 ppm; HRMS calcd for

C22H25N5O8+H+: 488.1776 [M + H]+; found 488.1778.

4-(4,5-Dihydroxy-3-methyl-6-(piperidine-1-carbonyl)-1,2-oxazinan-2-yl)-3-nitrobenza-

mide 11(1,1,3). Yield 25 mg (41%). 1H NMR (500 MHz, DMSO-d6, 25˚C, TMS): δ = 1.08 (d,

J = 6.9 Hz, 3 H,), 1.38–1.61 (m, 6 H), 3.33–3.42 (m, 2 H), 3.45–3.51 (m, 2 H), 3.76 (m, 1 H),
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3.87–3.92 (m, 1 H), 4.06–4.08 (m, 1 H), 4.82 (d, J = 9.2 Hz, 1 H), 5.01 (d, J = 6.9 Hz, 1 H), 5.04

(d, J = 4.0 Hz, 1 H), 7.22 (d, J = 8.6 Hz, 1 H), 7.41 (br. s., 1 H), 7.96 (dd, J = 8.9, 2.0 Hz, 1 H),

8.00 (br. s., 1 H), 8.05 ppm (d, J = 2.3 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS):

δ = 11.6, 24.6, 25.9, 26.4, 42.9, 46.8, 59.5, 66.1, 70.3, 75.6, 117.2, 124.6, 131.9, 142.0, 165.7,

166.0 ppm; HRMS calcd for C18H24N4O7+H+: 409.1718 [M + H]+; found 409.1717.

2-(4-((2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)carbamoyl)-2-nitrophenyl)-

4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11(4,1,1). Yield 35 mg

(46%). 1H NMR (400 MHz, DMSO-d6, 25˚C, TMS): δ = 0.83 (t, J = 7.3 Hz, 3 H), 1.11 (d,

J = 6.4 Hz, 3 H), 1.33–1.45 (m, 2 H), 2.19 (t, J = 7.1 Hz, 2 H), 2.94–3.04 (m, 2 H), 3.21 (q,

J = 6.9 Hz, 2 H), 3.69–3.73 (m, 1 H), 3.77 (d, J = 6.0 Hz, 2 H), 3.85 (dd, J = 9.6, 3.2 Hz, 1 H),

4.08–4.11 (m, 1 H), 4.26 (d, J = 9.2 Hz, 1 H), 6.79 (br. s., 1 H), 7.23 (d, J = 9.2 Hz, 1 H), 7.29

(br. s., 1 H), 7.82 (t, J = 5.7 Hz, 1 H), 7.89–7.98 (m, 2 H), 8.09 (d, J = 1.8 Hz, 1 H), 8.82 ppm (t,

J = 6.0 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.5, 11.8, 22.8, 35.5, 35.7,

40.7, 43.2, 59.4, 65.4, 70.0, 80.1, 116.7, 124.7, 126.8, 131.9, 140.1, 142.1, 164.7, 167.0, 169.2,

173.1 ppm; HRMS calcd for C21H30N6O9+H+: 511.2147 [M + H]+; found 511.2145.

2-(5-((2-Amino-2-oxoethyl)carbamoyl)pyridin-2-yl)-4,5-dihydroxy-3-methyl-N-pro-

pyl-1,2-oxazinane-6-carboxamide 11(2,2,1). Yield 11 mg (19%). 1H NMR (400 MHz,

DMSO-d6, 25˚C, TMS): δ = 0.84 (t, J = 7.6 Hz, 3 H), 1.11 (d, J = 6.9 Hz, 3 H), 1.40–1.47 (m, 2

H), 3.03–3.10 (m, 2 H), 3.73–3.76 (m, 3 H), 3.98 (dd, J = 9.6, 3.2 Hz, 1 H), 4.30 (d, J = 10.1 Hz,

1 H), 4.78–4.82 (m, 1 H), 6.86 (d, J = 8.7 Hz, 1 H), 7.00 (br. s, 1 H), 7.35 (br. s., 1 H), 8.04 (dd,

J = 8.7, 2.2 Hz, 1 H), 8.28 (t, J = 5.5 Hz, 1 H), 8.58 (t, J = 6.0 Hz, 1 H), 8.63 ppm (d, J = 1.8 Hz,

1 H);13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.9, 13.2, 22.7, 40.8, 42.8, 57.1, 65.4,

69.9, 79.0, 107.2, 121.1, 137.5, 148.2, 161.2, 165.5, 167.4, 171.7 ppm; HRMS calcd for

C17H25N5O6+H+: 396.1878 [M + H]+; found 396.1873.

N-Benzyl-2-(5-carbamoylpyridin-2-yl)-4,5-dihydroxy-3-methyl-1,2-oxazinane-6-car-

boxamide 11(1,2,2). Yield 15 mg (26%). 1H NMR (400 MHz, DMSO-d6, 25˚C, TMS): δ =

1.13 (d, J = 6.9 Hz, 3 H), 3.76 (t, J = 2.9 Hz, 1 H), 4.04 (dd, J = 9.9, 3.2 Hz, 1 H), 4.28–4.43 (m,

3 H), 4.82 (m, 1 H), 6.88 (d, J = 8.7 Hz, 1 H), 7.18–7.34 (m, 6 H), 7.83 (br. s., 1 H), 8.03 (dd,

J = 8.9, 2.3 Hz, 1 H), 8.62 (d, J = 2.3 Hz, 1 H), 8.83 ppm (t, J = 6.1 Hz, 1 H); 13C NMR (126

MHz, DMSO-d6, 25˚C, TMS): δ = 13.3, 42.5, 57.1, 65.4, 69.9, 79.0, 107.1, 121.2, 127.3, 127.6,

128.8, 137.7, 139.6, 148.5, 161.3, 167.0, 167.7 ppm; HRMS calcd for C19H22N4O5+H+: 387.1663

[M + H]+; found 387.1666.

N-(3-((2-Amino-2-oxoethyl)amino)-3-oxopropyl)-6-(4,5-dihydroxy-3-methyl-6-(piperi-

dine-1-carbonyl)-1,2-oxazinan-2-yl)nikotinamide 11(4,2,3). Yield 12 mg (16%). 1H NMR

(400 MHz, DMSO-d6, 25˚C, TMS): δ = 1.05 (d, J = 6.9 Hz, 3 H), 1.43–1.49 (m, 2 H), 1.51–1.60

(m, 4 H), 2.37 (t, J = 7.1 Hz, 2 H), 3.38–3.61 (m, 8 H), 3.77 (t, J = 2.8 Hz, 1 H), 4.08 (dd, J = 9.6,

3.2 Hz, 1 H), 4.74–4.80 (m, 2 H), 6.85 (d, J = 8.7 Hz, 1 H), 7.02 (br. s., 1 H), 7.29 (br. s., 1 H),

8.01 (dd, J = 8.9, 2.1 Hz, 1 H), 8.10 (t, J = 5.7 Hz, 1 H), 8.38 (t, J = 5.5 Hz, 1 H), 8.60 ppm (d,

J = 1.8 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 12.7, 24.6, 25.8, 27.0, 35.9,

36.4, 42.4, 42.9, 46.6, 57.7, 65.1, 70.0, 74.9, 107.7, 121.8, 137.5, 148.1, 161.3, 165.1, 165.2, 171.4,

171.7 ppm; HRMS calcd for C22H32N6O7+H+: 493.2405 [M + H]+; found 493.2404.

2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-3-methyl-N-propyl-3,6-dihy-

dro-2H-1,2-oxazine-6-carboxamide 12(3,1,1). Yield 22 mg (35%). 1H NMR (500 MHz,

DMSO-d6, 25˚C, TMS): δ = 0.79 (t, J = 7.5 Hz, 3 H, C28-H3), 1.17 (d, J = 6.3 Hz, 3 H, C22-H3),

1.38 (sxt, J = 7.5 Hz, 2 H, C27-H2), 2.31 (t, J = 7.2 Hz, 2 H, C4-H2), 2.91–2.97 (m, 1 H, C26-H),

3.04–3.10 (m, 1 H, C26-H), 3.37–3.43 (m, 2 H, C5-H2), 4.34–4.40 (m, 1 H, C21-H), 4.77–4.82

(m, 1 H, C18-H), 5.80–5.86 (m, 1 H, C19-H), 6.06 (m, 1 H, C20-H), 6.79 (br. s., 1 H, NH2), 7.30

(br. s., 1 H, NH2), 7.38 (d, J = 8.6 Hz, 1 H, C11-H), 7.53 (t, J = 6.0 Hz, 1 H, N25-H), 8.00 (dd,

J = 8.6, 2.3 Hz, 1 H, C10-H), 8.13 (d, J = 2.3 Hz, 1 H, C15-H), 8.60 ppm (t, J = 5.4 Hz, 1 H, N6-
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H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.6 (C28), 14.8(C22), 22.7(C27), 35.4(C4),

36.6(C5), 40.1(C26), 53.3(C21), 78.8(C18), 118.2(C11), 124.3(C15+C19), 128.4(C9), 130.2(C20),

131.6(C10), 140.5(C13), 141.5(C12), 164.3(C7), 166.8(C23), 172.9(C2) ppm; HRMS calcd for

C19H25N5O6+H+: 420.1878 [M + H]+; found 420.1900.

The structure of the compound is available in Supporting Information–S44 Fig.

4-(3-Methyl-6-(piperidine-1-carbonyl)-3,6-dihydro-2H-1,2-oxazin-2-yl)-3-nitrobenza-

mide 12(1,1,3). Yield 17 mg (31%). 1H NMR (500 MHz, DMSO-d6, 25˚C, TMS): δ = 1.08 (d,

J = 6.3 Hz, 3 H), 1.36–1.47 (m, 4 H), 1.47–1.60 (m, 2 H), 3.35–3.46 (m, 4 H), 4.23–4.38 (m, 1

H), 5.31 (d, J = 1.7 Hz, 1 H), 5.83–5.85 (m, 1 H), 6.05 (m, 1 H), 7.38 (d, J = 9.12 Hz, 1 H), 7.48

(br. s., 1 H), 8.01–8.11 (m, 2 H), 8.17 ppm (d, J = 1.7 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6,

25˚C, TMS): δ = 15.0, 24.5, 25.8, 26.6, 43.1, 46.4, 54.2, 77.0, 119.0, 124.2, 124.6, 128.9, 129.9,

132.1, 140.8, 142.2, 164.6, 165.9 ppm; HRMS calcd for C18H22N4O5+H+: 375.1663 [M + H]+;

found 375.1614.

2-(4-((2-Amino-2-oxoethyl)carbamoyl)-2-nitrophenyl)-N-benzyl-3-methyl-3,6-dihy-

dro-2H-1,2-oxazine-6-carboxamide 12(2,1,2). Yield 22 mg (33%). 1H NMR (400 MHz,

DMSO-d6, 25˚C, TMS): δ = 1.20 (d, J = 6.2 Hz, 3 H), 3.77 (d, J = 6.2 Hz, 2 H), 4.18 (dd,

J = 15.3, 5.7 Hz, 1 H), 4.34 (dd, J = 15.5, 6.3 Hz, 1 H), 4.38–4.45 (m, 1 H), 4.89 4.91 (m, 1 H),

5.85–5.87 (m, 1 H), 6.07–6.14 (m, 1 H), 7.03 (br. s., 1 H), 7.17–7.22 (m, 3 H), 7.25–7.31 (m, 2

H), 7.39 (br. s., 1 H), 7.42 (d, J = 8.7 Hz, 1 H), 8.04 (dd, J = 8.8, 2.0 Hz, 1 H), 8.20 (d, J = 1.8 Hz,

1 H), 8.26 (t, J = 6.1 Hz, 1 H), 8.82 ppm (t, J = 6.0 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6,

25˚C, TMS): δ = 14.7, 42.2, 43.0, 53.2, 78.9, 118.1, 124.1, 124.6, 127.2, 127.3, 128.0, 128.7, 130.5,

131.8, 139.7, 140.4, 141.6, 164.6, 167.1, 171.4 ppm; HRMS calcd for C22H23N5O6+H+: 454.1721

[M + H]+; found 454.1720.

2-(4-((2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)carbamoyl)-2-nitrophenyl)-

3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(4,1,1). Yield 21 mg

(29%). 1H NMR (500 MHz, DMSO-d6, 25˚C, TMS): δ = 0.79 (t, J = 7.5 Hz, 3 H), 1.18 (d,

J = 6.3 Hz, 3 H), 1.38 (sxt, J = 7.5 Hz, 2 H), 2.19 (t, J = 7.2 Hz, 2 H), 2.91–2.97 (m, 1 H), 3.04–

3.10 (m, 1 H), 3.21 (m, 2 H), 3.75–3.80 (m, 2 H), 4.35–4.44 (m, 1 H), 4.76–4.83 (m, 1 H), 5.79–

5.87 (m, 1 H), 6.02–6.12 (m, 1 H), 6.78 (br. s., 1 H), 7.28 (br. s., 1 H), 7.40 (d, J = 8.6 Hz, 1 H),

7.54 (t, J = 6.0 Hz, 1 H), 7.93 (t, J = 5.7 Hz, 1 H), 8.03 (dd, J = 8.9, 2.00 Hz, 1 H), 8.17 (d, J = 1.7

Hz, 1 H), 8.84 ppm (t, J = 6.0 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.6,

14.8, 22.8, 35.5, 35.7, 41.0, 43.2, 53.2, 78.8, 118.1, 124.3, 124.5, 127.9, 130.2, 131.8, 140.4, 141.6,

164.6, 166.8, 169.2, 173.0 ppm; HRMS calcd for C21H28N6O7+H+: 477.2092 [M + H]+; found

477.2091.

2-(5-((2-Amino-2-oxoethyl)carbamoyl)pyridin-2-yl)-3-methyl-N-propyl-3,6-dihydro-

2H-1,2-oxazine-6-carboxamide 12(2,2,1). Yield 14 mg (25%). 1H NMR (500 MHz, DMSO-

d6, 25˚C, TMS): δ = 0.81 (t, J = 7.5 Hz, 3 H), 1.17 (d, J = 6.3 Hz, 3 H), 1.44 (sxt, J = 7.2 Hz, 2 H),

3.00–3.13 (m, 2 H), 3.77 (d, J = 6.3 Hz, 2 H), 4.86–4.91 (m, 1 H), 4.97–4.99 (m, 1 H), 5.85–5.90

(m, 1 H), 6.05–6.10 (m, 1 H), 6.99 (br. s., 1 H), 7.21 (d, J = 8.6 Hz, 1 H), 7.34 (br. s., 1 H), 8.00

(t, J = 6.0 Hz, 1 H), 8.11 (dd, J = 8.6, 2.3 Hz, 1 H), 8.61 (t, J = 6.0 Hz, 1 H), 8.70 ppm (d, J = 1.7

Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C, TMS): δ = 11.8, 16.4, 22.8, 40.8, 42.8, 51.0,

77.6, 108.5, 122.2, 124.2, 130.5, 137.7, 148.3, 160.7, 165.7, 167.1, 171.6 ppm; HRMS calcd for

C17H23N5O4+H+: 362.1823 [M + H]+; found 362.1823.

N-Benzyl-2-(5-carbamoylpyridin-2-yl)-3-methyl-3,6-dihydro-2H-1,2-oxazine-6-carbox-

amide 12(1,2,2). Yield 16 mg (30%). 1H NMR (400 MHz, DMSO-d6, 25˚C, TMS): δ = 1.18

(d, J = 6.4 Hz, 3 H), 4.30–4.35 (m, 2 H), 4.86–4.91 (m, 1 H), 5.07–5.09 (m, 1 H), 5.90–5.93 (m,

1 H), 6.07–6.13 (m, 1 H), 7.18–7.33 (m, 7 H), 7.89 (br. s., 1 H), 8.10 (dd, J = 8.7, 2.3 Hz, 1 H),

8.60 (t, J = 6.0 Hz, 1 H), 8.69 ppm (d, J = 2.3 Hz, 1 H); 13C NMR (126 MHz, DMSO-d6, 25˚C,

TMS): δ = 16.4, 42.5, 51.1, 77.7, 108.7, 122.3, 124.1, 127.3, 127.6, 128.8, 130.8, 137.9, 139.8,
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148.5, 160.7, 166.9, 167.4 ppm; HRMS calcd for C19H20N4O3+H+: 353.1608 [M + H]+; found

353.1610.

N-(3-((2-Amino-2-oxoethyl)amino)-3-oxopropyl)-6-(3-methyl-6-(piperidine-1-car-

bonyl)-3,6-dihydro-2H-1,2-oxazin-2-yl)nikotinamide 12(4,2,3). Yield 14 mg (20%). 1H

NMR (500 MHz, DMSO-d6, 25˚C, TMS): δ = 1.09 (d, J = 6.3 Hz, 3 H), 1.47–1.52 (m, 2 H),

1.59–1.65 (m, 4 H), 2.38 (t, J = 7.2 Hz, 2 H), 3.40–3.48 (m, 4 H), 3.52–3.67 (m, 4 H), 4.79–4.85

(m, 1 H), 5.47–5.50 (m, 1 H), 5.86–5.90 (m, 1 H), 6.05–6.08 (m, 1 H), 7.00 (m, 2 H), 7.26 (br.

s., 1 H), 8.04–8.11 (m, 2 H), 8.41 (t, J = 5.7 Hz, 1 H), 8.66 ppm (d, J = 2.3 Hz, 1 H); 13C NMR

(126 MHz, DMSO-d6, 25˚C, TMS): δ = 15.7, 24.5, 25.8, 26.9, 35.9, 36.5, 42.4, 43.0, 46.6, 51.5,

76.5, 108.0, 122.5, 124.4, 129.7, 137.8, 148.2, 160.7, 164.6, 165.2, 171.4, 171.7 ppm; HRMS calcd

for C22H30N6O5+H+: 459.2350 [M + H]+; found 459.2349.

Supporting Information

S1 Fig. HPLC chromatograms of pure and crude oxazines 11 and 12. a) 12(3,1,1) pure com-

pound; b) 12(3,1,1) crude mixture; c) 11(3,1,1) pure compound; d) 11(3,1,1) crude mixture;

e) 11(4,1,1) pure compound; f) 11(4,1,1) crude mixture.

(TIF)

S2 Fig. SFC chromatograms of pure and crude oxazines 11 and 12. a) 12(3,1,1) pure com-

pound; b) 12(3,1,1) crude mixture; c) 11(3,1,1) pure compound; d) 11(3,1,1) crude mixture;

e) 11(4,1,1) pure compound; f) 11(4,1,1) crude mixture.

(TIF)

S3 Fig. HPLC and SFC chromatograms of lactones 8. a) 8(2,1) HPLC; b) 8(2,1) SFC; c) 8

(4,1) HPLC; d) 8(4,1) SFC; e) 8(3,1) HPLC; f) 8(3,1) SFC; g) 8(1,1) HPLC; h) 8(1,1) SFC.

(TIF)

S4 Fig. 1H NMR spectrum of 4-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)

amino)-3-nitrobenzamide 8(1,1).

(TIF)

S5 Fig. 13C NMR spectrum of 4-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)

amino)-3-nitrobenzamide 8(1,1).

(TIF)

S6 Fig. 1H NMR spectrum of N-(2-Amino-2-oxoethyl)-4-((1-(3,4-dihydroxy-5-oxotetrahy-

drofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(2,1).

(TIF)

S7 Fig. 13C NMR spectrum of N-(2-Amino-2-oxoethyl)-4-((1-(3,4-dihydroxy-5-oxotetrahy-

drofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(2,1).

(TIF)

S8 Fig. 1H NMR spectrum of N-(3-Amino-3-oxopropyl)-4-((1-(3,4-dihydroxy-5-oxotetra-

hydrofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(3,1).

(TIF)

S9 Fig. 13C NMR spectrum of N-(3-Amino-3-oxopropyl)-4-((1-(3,4-dihydroxy-5-oxotetra-

hydrofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(3,1).

(TIF)
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S10 Fig. 1H NMR spectrum of N-(2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)-4-((1-

(3,4-dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(4,1).

(TIF)

S11 Fig. 13C NMR spectrum of N-(2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)-4-((1-

(3,4-dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)amino)-3-nitrobenzamide 8(4,1).

(TIF)

S12 Fig. 1H NMR spectrum of 6-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)

amino)nikotinamide 8(1,2).

(TIF)

S13 Fig. 13C NMR spectrum of 6-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)

amino)nikotinamide 8(1,2).

(TIF)

S14 Fig. 1H NMR spectrum of 2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-

4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11(3,1,1).

(TIF)

S15 Fig. 13C NMR spectrum of 2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-

4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11(3,1,1).

(TIF)

S16 Fig. 1H NMR spectrum of 2-(4-((2-Amino-2-oxoethyl)carbamoyl)-2-nitrophenyl)-N-

benzyl-4,5-dihydroxy-3-methyl-1,2-oxazinane-6-carboxamide 11(2,1,2).

(TIF)

S17 Fig. 13C NMR spectrum of 2-(4-((2-Amino-2-oxoethyl)carbamoyl)-2-nitrophenyl)-N-

benzyl-4,5-dihydroxy-3-methyl-1,2-oxazinane-6-carboxamide 11(2,1,2).

(TIF)

S18 Fig. 1H NMR spectrum of 4-(4,5-Dihydroxy-3-methyl-6-(piperidine-1-carbonyl)-

1,2-oxazinan-2-yl)-3-nitrobenzamide 11(1,1,3).

(TIF)

S19 Fig. 13C NMR spectrum of 4-(4,5-Dihydroxy-3-methyl-6-(piperidine-1-carbonyl)-

1,2-oxazinan-2-yl)-3-nitrobenzamide 11(1,1,3).

(TIF)

S20 Fig. 1H NMR spectrum of 2-(4-((2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)carba-

moyl)-2-nitrophenyl)-4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11

(4,1,1).

(TIF)

S21 Fig. 13C NMR spectrum of 2-(4-((2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)carba-

moyl)-2-nitrophenyl)-4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11

(4,1,1).

(TIF)

S22 Fig. 1H NMR spectrum of 2-(5-((2-Amino-2-oxoethyl)carbamoyl)pyridin-2-yl)-

4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11(2,2,1).

(TIF)
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S23 Fig. 13C NMR spectrum of 2-(5-((2-Amino-2-oxoethyl)carbamoyl)pyridin-2-yl)-

4,5-dihydroxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11(2,2,1).

(TIF)

S24 Fig. 1H NMR spectrum of N-Benzyl-2-(5-carbamoylpyridin-2-yl)-4,5-dihydroxy-

3-methyl-1,2-oxazinane-6-carboxamide 11(1,2,2).

(TIF)

S25 Fig. 13C NMR spectrum of N-Benzyl-2-(5-carbamoylpyridin-2-yl)-4,5-dihydroxy-

3-methyl-1,2-oxazinane-6-carboxamide 11(1,2,2).

(TIF)

S26 Fig. 1H NMR spectrum of N-(3-((2-Amino-2-oxoethyl)amino)-3-oxopropyl)-6-

(4,5-dihydroxy-3-methyl-6-(piperidine-1-carbonyl)-1,2-oxazinan-2-yl)nikotinamide 11

(4,2,3).

(TIF)

S27 Fig. 13C NMR spectrum of N-(3-((2-Amino-2-oxoethyl)amino)-3-oxopropyl)-6-

(4,5-dihydroxy-3-methyl-6-(piperidine-1-carbonyl)-1,2-oxazinan-2-yl)nikotinamide 11

(4,2,3).

(TIF)

S28 Fig. 1H NMR spectrum of 2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-

3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(3,1,1).

(TIF)

S29 Fig. 13C NMR spectrum of 2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-

3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(3,1,1).

(TIF)

S30 Fig. 1H NMR spectrum of 4-(3-Methyl-6-(piperidine-1-carbonyl)-3,6-dihydro-2H-

1,2-oxazin-2-yl)-3-nitrobenzamide 12(1,1,3).

(TIF)

S31 Fig. 1C NMR spectrum of 4-(3-Methyl-6-(piperidine-1-carbonyl)-3,6-dihydro-2H-

1,2-oxazin-2-yl)-3-nitrobenzamide 12(1,1,3).

(TIF)

S32 Fig. 1H NMR spectrum of 2-(4-((2-Amino-2-oxoethyl)carbamoyl)-2-nitrophenyl)-N-

benzyl-3-methyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(2,1,2).

(TIF)

S33 Fig. 13C NMR spectrum of -(4-((2-Amino-2-oxoethyl)carbamoyl)-2-nitrophenyl)-N-

benzyl-3-methyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(2,1,2).

(TIF)

S34 Fig. 1H NMR spectrum of 2-(4-((2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)carba-

moyl)-2-nitrophenyl)-3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12

(4,1,1).

(TIF)

S35 Fig. 13C NMR spectrum of 2-(4-((2-((3-Amino-3-oxopropyl)amino)-2-oxoethyl)carba-

moyl)-2-nitrophenyl)-3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12

(4,1,1).

(TIF)
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S36 Fig. 1H NMR spectrum of 2-(5-((2-Amino-2-oxoethyl)carbamoyl)pyridin-2-yl)-

3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(2,2,1).

(TIF)

S37 Fig. 13C NMR spectrum of 2-(5-((2-Amino-2-oxoethyl)carbamoyl)pyridin-2-yl)-

3-methyl-N-propyl-3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(2,2,1).

(TIF)

S38 Fig. 1H NMR spectrum of N-Benzyl-2-(5-carbamoylpyridin-2-yl)-4,5-dihydroxy-

3-methyl-1,2-oxazinane-6-carboxamide 12(1,2,2).

(TIF)

S39 Fig. 13C NMR spectrum of N-Benzyl-2-(5-carbamoylpyridin-2-yl)-4,5-dihydroxy-

3-methyl-1,2-oxazinane-6-carboxamide 12(1,2,2).

(TIF)

S40 Fig. 1H NMR spectrum of N-(3-((2-Amino-2-oxoethyl)amino)-3-oxopropyl)-6-

(3-methyl-6-(piperidine-1-carbonyl)-3,6-dihydro-2H-1,2-oxazin-2-yl)nikotinamide 12

(4,2,3).

(TIF)

S41 Fig. 13C NMR spectrum of N-(3-((2-Amino-2-oxoethyl)amino)-3-oxopropyl)-6-

(3-methyl-6-(piperidine-1-carbonyl)-3,6-dihydro-2H-1,2-oxazin-2-yl)nikotinamide 12

(4,2,3)

(TIF)

S42 Fig. Structure of 4-((1-(3,4-Dihydroxy-5-oxotetrahydrofuran-2-yl)ethyl)amino)-

3-nitrobenzamide 8(1,1).

(TIF)

S43 Fig. Structure of 2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-4,5-dihy-

droxy-3-methyl-N-propyl-1,2-oxazinane-6-carboxamide 11(3,1,1).

(TIF)

S44 Fig. 2-(4-((3-Amino-3-oxopropyl)carbamoyl)-2-nitrophenyl)-3-methyl-N-propyl-

3,6-dihydro-2H-1,2-oxazine-6-carboxamide 12(3,1,1.)

(TIF)
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