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Abstract The enamination of Cyrene in the ketone a-site leading to the enamino Cyrene (EC) has been developed. The prac-
tical preparation of EC as a platform synthon opens broad space of chemical transformation for Cyrene biomass feedstock in
the synthesis of diverse value-added chemicals. In the present work, the transformation of the EC for the synthesis of many
different chiral organic derivatives, including NH-/N,N-disubstituted ECs, the cyanoalkenyl- and vinyl phosphine oxide-elabo-
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rated Cyrene, Cyrene fused furan, and 2,2-difluorodihydrofuran fused Cyrene, has been realized.
Keywords Cyrene; biomass feedstock; enamination; platform; value-added

1 Introduction

Cyrene, also known as dihydrolevoglucosenone, is a
biomass chemical derived from cellulose and various other
biomass with typical two-step procedure of Ilevoglu-
cosenone formation and its hydrogenation (Figure 1).
Besides the internal advantages associated with the bio-
renewable sources and the highly green production proce-
dures, the Cyrene itself has received extensive attention for
its very low toxicity [lower than the hazard standards in the
Globally Harmonized System of Classification and Label-
ling of Chemicals (GHS)!?!] and similar physical properties
with useful dipolar solvents such as N,N-dimethylfor-
mamide (DMF) and NMP ezc.3) The sustainability and
special physical property of Cyrene have thus attracted
extensive interest in the solvent replacement chemistry by
acting green medium of organic synthesis. Over the past

decade, Cyrene has been identified as practical medium in a
variety of different chemical processes!® and a series of
organic reactions, including the nucleophilic reactions,!
carbon dioxide reduction,!® cross coupling reactions,!’”!
alkenyl ester dimerization,'® reduction of a-ketoester,”! as
well as multicomponent heterocycle construction.['?
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Figure 1 General production of Cyrene from cellulose

Alongside the utilization as green reaction medium, the
transformation of Cyrene to other useful chemical products
is also inarguably an issue of strategic importance. For
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example, Cyrene can be polymerized to different poly-
mers,!'!l hydrolysed to gem-diols,!'” transformed into ester
by the Baeyer-Villiger oxidation,!"*! reduced to alcohol by
the hydrogenation on the carbonyl group,!'! and undertake
other reactions such as aldol condensation!'>] and Beckman
rearrangement.[') Regardless the known advances, it is
clear that the overall availability of the methods for Cyrene
transformation is yet rather scarce, which restricts the ad-
equate utilization of this biomass feedstock. Therefore,
developing new tactics, especially tactics with broad space
of chemical transformation is currently a critical issue in
exploring the value of Cyrene.

Over the last decade, the extensive efforts in the research
of enaminones have disclosed the powerful application
potential of the enaminone building block in organic syn-
thesis. The enriched transformation pathways in the vinyl
C—H bonds, the C=C double bond, the carbonyl, the C—
N bond, as well as the flexible combination of conversion in
different reactive sites of enaminones have demonstrated
their exceptionally excellent application in organic synthe-
sis.['”l Tnarguably, transforming Cyrene in its enaminone
derivative would significantly expand the space of utiliza-
tion for this biomass derived chemical, and reasonably
provides a powerful tool for engineering Cyrene to diverse
value-added compounds.

2 Results and discussion

To begin the study, the reaction of Cyrene 1 with
DMF-DMA (N,N-dimethylformamide dimethyl acetal) 2
was first conducted by using different solvents as reaction
medium. For the sake of developing conditions proper for
scale-up synthesis, the reaction was run at 1 mmol scale.
Generally, nonpolar media such as p-xylene and toluene, or
low polar tetrahydrofuran (THF) could be used to provide
the Cyrene derived enaminone 3 (Entries 1~3, Table 1). On
the other hand, most highly 62 polar solvents such as DMF,
ethyl lactate (EL), alcohols, dimethyl sulfoxide (DMSO),
acetone, dioxane, N-methyl pyrrolidone (NMP) and ace-
tonitrile were found to be inapplicable for this titled trans-
formation (Entries 4~12, Table 1). Additionally, by fixing
toluene as the selected medium, other parameters were
optimized for further improving the result. The reaction
with different stirring time proved that 4 hours of stirring
gave the best result (Entries 13~15, Table 1). On the other
hand, the comparison of the results at different temperatures
showed that either lowering or heightening the reaction
temperature led to decrease in the yield of product 3 (Entries
16 ~ 18, Table 1). The single crystal analysis provided
confirmatory information for the structure of 3.1'%1

Upon establishing the practical conditions for the syn-
thesis of EC 3, the efforts in disclosing the synthetic appli-
cation of this biomass derived scaffold were then made. One
applicable transformation is the transamination of the ter-
tiary enamine structure in 3 by reacting with a primary or
secondary amine. The resultant product of product 5 could
expand the synthetic application of such enamino Cyrene
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Table 1 Synthesis of N,N-dimethylenamino Cyrene in different

media®
0 o O
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1 2 3

CCDC 2201314
Entry Solvent Time/h 7/°C Yield”/%
1 p-Xylene 6 100 32
2 Toluene 6 100 84
3 THF 6 100 66
4 DMF 6 100 n.r
5 EL 6 100 n.r
6 EtOH 6 100 nr
7 i-PrOH 6 100 n.r
8 DMSO 6 100 nr
9 Acetone 6 100 n.r
10 1,4-Dioxane 6 100 n.r
11 NMP 6 100 n.r
12 MeCN 6 100 n.r
13 Toluene 5 100 87
14 Toluene 4 100 89
15 Toluene 3 100 56
16 Toluene 4 110 77
17 Toluene 4 90 83
18 Toluene 4 80 53

4 General conditions: Cyrene 1 (2 mmol), DMF-DMA 2 (3 mmol), in 3 mL of
solvent and heating at 100 ‘C or reflux. * Isolated yield.

(EC) in theory by introducing the additional NH group. To
ensure the practical transformation, systematical optimiza-
tion on the reaction conditions was carried out. To our de-
light, the simple oxalic acid was found as a highly practical
promoter allowing the synthesis of Sa with excellent yield
(85% yield) and Z-selectivity by simply heating in EtOH.['8]
The catalytic method also displayed excellent tolerance to
the synthesis of NH-based EC via the reactions of EC 3 with
diverse primary and secondary amines (5a~5z, Scheme 1).
The reaction with aromatic primary amines gave generally
good to excellent yields. The reaction using m-substituted
anilines (5h~5l, Scheme 1) gave products with lower
yields. In addition, the anilines with bulky o-substituent
(5p ~5q, Scheme 1), naphtha-1-yl (5r, Scheme 1) and
pyridin-2-yl amine (5s, Scheme 1) also gave low yield.
Notably, the clinical medicine Benzocaine reacted with EC
to provide the Cyrene decorated Benzocaine 3t with excel-
lent yield. In addition, alkyl primary amines (3u~ 3w,
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Scheme 1) and secondary amines (3x~3z, Scheme 1) could
also be used for the synthesis of correspond enamino func-
tionalized Cyrenes with fair to moderate yield. A few other
amines or ammonium such as diphenyl amine, benzylamine
or ammonium acetate did not react with 3 to provide cor-
responding ECs via such transamination. The unconven-
tional stereoselectivity in the formation of Z-NH-enamino-
nes 5 might be ascribed to the stronger hydrogen bond effect
between the NH group and the C(sp’)—O atoms in the

oxygen cycle.
NH, oxalic acid (0.5 equiv.) O@Q
+ | = N’R
R EtOH, sealed, 100 °C : H

4 5
5a, R = Ph, 85% 5j, R =3-Cl, 57%

5b, R = 4-CHa, 68%
5¢, R = 4-OCHj, 70%
5d, R = 4-F, 76%

5e, R = 4-Cl, 83%

5f, R = 4-Br, 85%

5g, R = 4-NO,, 68%
5h, R = 3-CHa, 56%
5i, R = 3-OCHj, 51%

5k, R = 3-ethynyl, 42%
51, R = 3- NO,, 65%

5m, R = 2-CH3, 72%
5n, R = 2-OCHj3, 82%
50, R = 2-Cl, 70%

5p, R = 2-1, 68%

5q, R = 2-Ph, 43%

5r, R = naphth-1-yl, 47%
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Scheme 1 Synthesis of diverse ECs by C—N bond transamina-
tion

In order to further explore the synthetic application of EC
3 to other types of organic compounds, following the re-
cently disclosed transformation modes, the reactions using
different reaction partners were conducted under proper
reaction conditions. Several new chiral products were out-
lined in Scheme 2, including the cyanovinyl Cyrene 6, furan
fused Cyrene 7, 2,2-difluorinated dihydrofuran fused Cy-
rene 8 as well as cyanomethyl and phosphoryl difunction-
alized Cyrene 9.I'! These results further documented the
promise of the EC scaffold 3 in the synthesis of structurally
diverse chiral molecules based on the versatile transfor-
mations of enaminone.
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Scheme 2 Synthesis of different chiral compounds with EC 3

3 Conclusions

In conclusion, we have disclosed a new tactic for the
Cyrene biomass feedstock transformation by building
enaminone platform, which open significantly broader
space of Cyrene transformation to diversity- and value-
added chemical products. The primary investigation has
verified in part the application of this newly prepared EC in
the synthesis of many different chiral Cyrene derivatives via
transamination, C—N bond cyanation, annulation and tri-
functionalization efc. Further works on developing trans-
formation of the EC to diverse and valuable molecules are
presently on going in our group.

4 Experimental section

4.1 General experimental information

All chemicals were obtained from commercial sources.
Reagents were used directly as obtained without further
purification. Solvents have been treated following standard
processes before use.

The 'H NMR and 3C NMR spectra were recorded on a
Bruker Avance 400 spectrometer. The frequencies for 'H
NMR and '3C NMR test are 400 and 100 MHz, respec-
tively. The chemical shifts were reported with TMS as
internal standard. Melting points were tested on a X-4A
instrument without correcting temperature. The HRMS
were obtained on a TripleTOF 6600 mass spectrometer
under ESI model equipped with time of flight (TOF) ana-
lyzer.

4.2 Procedure for the synthesis of 3

To a 50 mL round-bottom flask were charged with Cy-
rene 1 (2 mmol), DMF-DMA 2 (3 mmol) and xylene (3
mL). Then, the mixture was stirred at 100 “C with oil bath
heating for 4 h. Before being cooled down to room tem-
perature, petroleum ether (50 mL) was added dropwise into
the mixture while stirring. The precipitates were formed and
collected by filtration, and washed with petroleum ether to
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give the pure product 3.
(1S8,5R,E)-3-((Dimethylamino)methylene)-6,8-dioxabi-
cyclo[3.2.1]octan-4-one (3b): Yield 326.3 mg (89% yield).
Yellow solid, m.p. 168~170 C; 'H NMR (400 MHz,
CDCls) 0: 7.53 (s, 1H), 5.17 (s, 1H), 4.77 (t, J=5.4 Hz, 1H),
3.90 (t, J=6.0 Hz, 1H), 3.78 (d, /=7.0 Hz, 1H), 3.25 (dd,
J=14.6,5.1Hz, 1H), 3.11 (s, 6H), 2.63 (d, J/=14.4 Hz, 1H);
3C NMR (100 MHz, CDCls) é: 188.5, 151.9, 101.3, 93.9,
72.3, 68.1, 43.0, 30.9. HRMS (ESI-TOF) calcd for
CoH 4, NO; [M-+H]" 184.0968, found 184.0975.

4.3 General procedure for the synthesis of enam-
inocyrenes 5

In a 10 mL sealed tube were charged with EC 3 (0.3
mmol), amine 4 (0.6 mmol), oxalic acid (0.15 mmol), and
ethanol (2 mL). The tube was then sealed with Teflon cap
and stirred at 100 ‘C for 7 h with oil bath heating. Upon
completion of the reaction, the vessel was allowed to cool
down to room temperature. The products 5 were then puri-
fied by either methods A or B as noted below.

Method A (5a~5f, 5h, Sk, 5s~5t): The reaction mixture
was mixed with ethyl acetate (10 mL), and the resulting
mixture solution was washed with water (10 mL X 3). The
organic phase was dried over anhydrous Na,SO4 and fil-
trated. The solution was evaporated under reduced pressure
to remove the solvent, and the resulting filter residue was
dissolved in 2 mL of CHCl,. Petroleum ether (20 mL) was
then added, and the pure products were precipitated thereby.

Method B (5g, 5i~5j, 51~5r, Su~5z): The mixture was
transferred into a round bottom flask and evaporated under
reduced pressure to remove the solvent. The residue was
then subjected to flash column chromatography by using
mixed petroleum ether (PE) and ethyl acetate (EA) (V' :
V=0.5 : 1~8 I 1) as eluent to afford pure products.

(1S,5R,E)-3-((Phenylamino)methylene)-6,8-dioxabi-
cyclo[3.2.1]octan-4-one (5a): Yield 59.1 mg (85% yield).
Yellow solid, m.p. 235~237 ‘C; 'H NMR (400 MHz,
DMSO-ds) d: 9.16 (d, J=13.6 Hz, 1H), 7.96 (d, /=13.4
Hz, 1H), 7.32 (t, J=7.6 Hz, 2H), 7.27~7.19 (m, 2H), 7.01
(t, J=7.4 Hz, 1H), 5.09 (s, 1H), 4.96 (t, J=5.4 Hz, 1H),
3.82 (t, J=6.6 Hz, 1H), 3.72 (d, J=7.4 Hz, 1H), 2.85 (dd,
J=16.2, 5.4 Hz, 1H), 2.50 (d, J=7.0 Hz, 1H); '3C NMR
(100 MHz, DMSO- de) J: 188.4, 141.7, 139.9, 130.0, 123.0,
116.5, 100.9, 100.7, 72.0, 68.7, 29.9. HRMS (ESI-TOF)
caled for C;3HNO; [M + H] ©  232.0968, found
232.0973.

(1S,5R,E)-3-((p-Tolylamino)methylene)-6,8-dioxabi-
cyclo[3.2.1]octan-4-one (5b): Yield 50.2 mg (68% yield).
Yellow solid, m.p. 235~237 ‘C; 'H NMR (400 MHz,
DMSO-dg) 6: 9.13 (d, J=13.6 Hz, 1H), 7.92 (d, J=13.8
Hz, 1H), 7.12 (s, 4H), 5.07 (s, 1H), 4.95 (t, J/=5.4 Hz, 1H),
3.81 (t,J=7.2 Hz, 1H), 3.71 (dd, J=7.4, 1.6 Hz, 1H), 2.83
(dd, J=16.0, 5.6 Hz, 1H), 2.42 (dd, J=15.4, 7.6 Hz, 1H),
2.24 (s, 3H); '3C NMR (100 MHz, DMSO-ds) J: 188.1,
140.2, 139.3, 132.1, 130.4, 116.6, 100.7, 100.2, 72.0, 68.7,
29.9, 20.7. HRMS (ESI-TOF) calcd for C;4H;(NO; [M—+
H]" 246.1125, found 246.1126.
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(18,5R,E)-3-(((4-Methoxyphenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5¢): Yield 54.8 mg (70%
yield). White solid, m.p. 229~231 ‘C; "H NMR (400 MHz,
DMSO-dg) 6: 9.10 (d, J/=13.8 Hz, 1H), 7.88 (d, /=14.0
Hz, 1H), 7.19~7.14 (m, 2H), 6.93~6.88 (m, 2H), 5.07 (s,
1H), 4.95 (t, J/=5.4 Hz, 1H), 3.81 (t, J/=5.8 Hz, 1H), 3.72
(s,4H), 2.82 (dd, /=16.0,5.6 Hz, 1H), 2.41 (d, J=16.0 Hz,
1H); *C NMR (100 MHz, DMSO-ds) 5: 188.0, 155.7,
140.8, 135.2, 118.1, 115.2, 100.7, 99.6, 72.0, 68.7, 55.7,
29.8. HRMS (ESI-TOF) calcd for C4H;(NO; [M+H]"
262.1074, found 262.1079.

(18,5R,E)-3-(((4-Fluorophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5d): Yield 57.1 mg (76%
yield). White solid, m.p. 231~233 ‘C; "H NMR (400 MHz,
DMSO-dg) 6: 9.19 (d, J=13.6 Hz, 1H), 7.90 (d, J=13.6
Hz, 1H), 7.28~7.23 (m, 2H), 7.19~7.12 (m, 2H), 5.10 (s,
1H), 4.97 (t, J=5.4 Hz, 1H), 3.85~3.79 (m, 1H), 3.73 (d,
J=7.4 Hz, 1H), 2.84 (dd, J=16.1, 5.4 Hz, 1H), 2.45 (d,
J=16.0 Hz, 1H); 3C NMR (100 MHz, DMSO-d;) 6: 188.3,
158.43 (d, /J=238.0 Hz), 140.3, 138.3 (d, /J=2.4 Hz),
118.18 (d, J=28.0 Hz), 116.55 (d, J=22.6 Hz), 100.8,
100.6, 72.0, 68.7, 29.9. HRMS (ESI-TOF) calcd for
C;3H;3sFNO; [M+H]" 250.0874, found 250.0878.

(1S8,5R,E)-3-(((4-Chlorophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5e): Yield 66.0 mg (83%
yield). Green solid, m.p. 254~256 “C; '"H NMR (400 MHz,
DMSO-dg) 6: 9.22 (d, J=13.4 Hz, 1H), 791 (d, J=13.4
Hz, 1H), 7.34 (d, J=8.8 Hz, 2H), 7.24 (d, /=9.0 Hz, 2H),
5.11 (s, 1H), 4.97 (t, J=5.4 Hz, 1H), 3.85~3.78 (m, 1H),
3.73 (d, J/=7.2 Hz, 1H), 2.85 (dd, J/=16.2, 5.8 Hz, 1H),
2.46 (d, J=16.2 Hz, 1H); '3C NMR (100 MHz, DMSO-dj)
0: 188.4, 140.7, 139.4, 129.7, 126.6, 118.0, 101.6, 100.6,
72.0, 68.7, 29.9. HRMS (ESI-TOF) caled for Cj;3His-
CINO; [M-+H]" 266.0578, found 266.0586.

(1S8,5R,E)-3-(((4-Bromophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5f): Yield 78.9 mg (85%
yield). Yellow solid, m.p. 273~275 “C; 'H NMR (400
MHz, DMSO-ds) J: 9.23 (d, /=13.4 Hz, 1H), 7.90 (d, J=
13.4 Hz, 1H), 7.47 (d, J=8.6 Hz, 2H), 7.20 (d, /=8.6 Hz,
2H), 5.10 (s, 1H), 4.97 (t, J=5.4 Hz, 1H), 3.81 (t, J=6.8
Hz, 1H), 3.73 (d, /=7.4 Hz, 1H), 2.83 (dd, J=16.4, 5.4 Hz,
1H), 2.46 (d, J=16.0 Hz, 1H); 3C NMR (100 MHz,
DMSO-ds) o: 188.4, 141.2, 139.2, 132.6, 118.5, 114.5,
101.7, 100.6, 72.0, 68.7, 29.9. HRMS (ESI-TOF) calcd for
C;3H;3BrNO; [M-+H]" 310.0073, found 310.0079.

(18,5R,E)-3-(((4-Nitrophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5g): Eluent: Veg © Vpa=
4 > 1. Yield 56.6 mg (68% yield). Yellow solid, m.p. 220~
222 °C; 'TH NMR (400 MHz, DMSO-ds) 6: 9.66 (d, J=12.4
Hz, 1H), 8.18 (d, /=9.2 Hz, 2H), 7.97 (d, J/=12.0 Hz, 1H),
7.43 (d, J=9.2 Hz, 2H), 5.16 (s, 1H), 5.00 (t, J=5.4 Hz,
1H), 3.85~3.80 (m, 1H), 3.77 (d, /=7.0 Hz, 1H), 2.90 (dd,
J=16.2, 5.0 Hz, 1H), 2.57 (d, J=16.4 Hz, 1H); 1*C NMR
(100 MHz, DMSO-ds) 6: 188.9, 147.8, 141.7, 137.5, 126.1,
116.0, 105.3, 100.4, 72.0, 68.7, 30.1. HRMS (ESI-TOF)
caled for C;3H;3N,Os [M + H] ©  277.0819, found
277.0827.
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(18,5R,E)-3-((m-Tolylamino)methylene)-6,8-dioxabi-
cyclo[3.2.1]octan-4-one (5h): Yield 41.4 mg (56% yield).
White solid, m.p. 188~190 ‘C; 'H NMR (400 MHz,
DMSO-ds) 6: 9.12 (d, J=13.6 Hz, 1H), 7.95 (d, J=13.6
Hz, 1H), 7.19 (t, J/=7.8 Hz, 1H), 7.05 (s, 1H), 7.01 (d, J=
8.0 Hz, 1H), 6.83 (d, J=7.4 Hz, 1H), 5.09 (s, 1H), 4.96 (t,
J=5.4Hz, 1H), 3.81 (t, J/=6.4 Hz, 1H), 3.72 (d,J=7.2 Hz,
1H), 2.83 (dd, J=16.4, 5.2 Hz, 1H), 2.45 (d, J/=16.0 Hz,
1H), 2.29 (s, 3H); *C NMR (100 MHz, DMSO-d) §: 188.3,
141.7,139.9, 139.4, 129.8, 123.8, 116.9, 113.9, 100.7, 72.0,
68.7, 29.9, 21.6. HRMS (ESI-TOF) calcd for Ci4H;sNO;
[M+H]" 246.1125, found 246.1129.

(1S8,5R,E)-3-(((3-Methoxyphenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5i): Eluent: Veg © Vga =
2 1 1. Yield 40.1 mg (51% yield). White solid, m.p. 160~
162 °C; '"H NMR (400 MHz, DMSO-ds) 6: 9.14 (d, J=13.6
Hz, 1H), 7.93 (d, J=13.6 Hz, 1H), 7.21 (t, /=8.0 Hz, 1H),
6.83~6.75 (m, 2H), 6.59 (d, J/=8.6 Hz, 1H), 5.09 (s, 1H),
4.97 (t, J=5.4 Hz, 1H), 3.81 (t, J=6.6 Hz, 1H), 3.75 (s,
3H), 3.73~3.68 (m, 1H), 2.84 (dd, /=16.0, 5.4 Hz, 1H),
2.45 (d, J=16.0 Hz, 1H); '*C NMR (100 MHz, DMSO-dj)
o: 188.3, 160.7, 143.0, 139.7, 130.9, 108.8, 108.5, 102.4,
101.0, 100.6, 72.0, 68.7, 55.5, 29.9. HRMS (ESI-TOF)
caled for C,H;sNO, [M + H] " 262.1074, found
262.1079.

(18,5R,E)-3-(((3-Chlorophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5j): Eluent: Vpg @ Vea =
4 1 1. Yield 45.7 mg (57% yield). White solid, m.p. 189~
191 °C; 'H NMR (400 MHz, DMSO-ds) 6: 9.22 (d, J=13.0
Hz, 1H), 7.92 (d, J=13.0 Hz, 1H), 7.36~7.27 (m, 2H),
7.21 (d, J=8.4 Hz, 1H), 7.03 (d, /=8.0 Hz, 1H), 5.11 (s,
1H), 4.98 (t, J=6.0 Hz, 1H), 3.85~3.78 (m, 1H), 3.77~
3.70 (m, 1H), 2.85 (d, J/=15.6 Hz, 1H), 2.47 (d, J/=16.4
Hz, 1H); 1*C NMR (100 MHz, DMSO-ds) J: 188.5, 143.3,
139.1,134.4,131.6, 122.5,116.3, 114.8, 102.2, 100.6, 72.0,
68.7, 29.9. HRMS (ESI-TOF) caled for C;3H;3CINO;
[M+H]" 266.0578, found 266.0587.

(18,5R,E)-3-(((3-Ethynylphenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5k): Yield 32.2 mg (42%
yield). White solid, m.p. 222~224 “C; '"H NMR (400 MHz,
DMSO-ds) 6: 9.19 (d, J=13.2 Hz, 1H), 7.93 (d, J=13.2
Hz, 1H), 7.31 (s, 3H), 7.10 (s, 1H), 5.11 (s, 1H), 4.97 (s,
1H), 4.30~4.14 (m, 1H), 3.77 (d, J/=30.2 Hz, 2H), 2.84 (d,
J=16.0 Hz, 1H), 2.46 (d, J=17.4 Hz, 1H); *C NMR (100
MHz, DMSO-ds) o: 188.4, 142.0, 139.3, 130.4, 126.1,
123.2, 119.5, 116.9, 101.7, 100.6, 83.6, 81.3, 72.0, 68.7,
29.9. HRMS (ESI-TOF) caled for C;sH;sNO; [M+H]"
256.0968, found 256.0977.

(18,5R,E)-3-(((3-Nitrophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (51): Eluent: Veg : Vga =
3 1 1. Yield 54.2 mg (65% yield). Yellow solid, m.p. 200~
202 °C; "H NMR (400 MHz, DMSO-ds) 6: 9.47 (d, J=13.2
Hz, 1H), 8.06~8.02 (m, 1H), 7.98 (d, J=13.2 Hz, 1H),
7.80 (d, J/=8.0 Hz, 1H), 7.70 (d, J=38.2 Hz, 1H), 7.57 (4,
J=8.2 Hz, 1H), 5.15 (s, 1H), 5.01 (t, J=5.4 Hz, 1H),
3.87~3.80 (m, 1H), 3.76 (d, J/=7.4 Hz, 1H), 2.88 (dd, J=
16.4, 5.6 Hz, 1H), 2.51 (d, J/=12.6 Hz, 1H); *C NMR (100
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MHz, DMSO-ds) o: 188.7, 149.0, 143.1, 138.6, 131.3,
121.8, 116.8, 111.1, 103.0, 100.5, 72.0, 68.7, 29.9. HRMS
(ESI-TOF) caled for C;3H;3N,Os [M+H]" 277.0819,
found 277.0822.
(18,5R,E)-3-((o-Tolylamino)methylene)-6,8-dioxabi-
cyclo[3.2.1]octan-4-one (5m): Eluent: Vpg © Vpga=8 : 1.
Yield 52.9 mg (72% yield). Yellow liquid. '"H NMR (400
MHz, CDCl) o: 7.35 (d, J=12.2 Hz, 1H), 7.19 (d, J=7.8
Hz, 2H), 7.10 (d, /=8.2 Hz, 1H), 7.00 (t, J/=7.6 Hz, 1H),
5.24 (s, 1H), 4.85 (t, J=5.6 Hz, 1H), 3.97 (t, J/=7.0 Hz,
1H), 3.82(d,J=7.2 Hz, 1H), 3.13 (d,J=14.4 Hz, 1H), 2.39
(s, 1H), 2.35 (s, 5H); *C NMR (100 MHz, CDCl5) d: 190.3,
145.8, 138.4,131.2, 127.2, 126.3, 123.6, 113.5, 100.6, 96.6,
72.8, 68.2, 31.1, 17.6. HRMS (ESI-TOF) calcd for
Ci4sH sNO; [M+H]" 246.1125, found 246.1131.
(18,5R,E)-3-(((2-Methoxyphenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (Sn): Eluent: Vpg ©: Vea=
4 : 1. Yield 64.3 mg (82% yield). Yellow liquid; '"H NMR
(400 MHz, CDCl3) ¢: 7.30 (d, J=12.6 Hz, 1H), 7.10 (d,
J=17.8 Hz, 1H), 7.05~6.86 (m, 4H), 5.23 (s, 1H), 4.83 (t,
J=5.4 Hz, 1H), 3.92 (s, 3H), 3.90 (s, 1H), 3.81 (d, J=7.2
Hz, 1H), 3.13 (dd, /=14.8, 4.6 Hz, 1H), 2.37 (d, J=15.0
Hz, 1H); '*C NMR (100 MHz, CDCls) 6: 190.0, 148.3,
144.3, 129.5, 123.6, 121.0, 112.9, 111.1, 100.7, 96.6, 72.9,
68.2 55.9, 31.3. HRMS (ESI-TOF) calcd for C;4;H;(NO4
[M+H]" 262.1074, found 262.1084.
(1S8,5R,E)-3-(((2-Chlorophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (50): Eluent: Veg : Vea=
4 : 1. Yield 55.8 mg (70% yield). Yellow liquid. '"H NMR
(400 MHz, DMSO-dg) J: 7.87 (d, J=12.0 Hz, 1H), 7.63 (d,
J=8.0 Hz, 1H), 7.51 (d, /=8.0 Hz, 1H), 7.36 (t, /=7.6 Hz,
1H), 7.06 (t, J=7.4 Hz, 1H), 5.16 (s, IH), 491 (t, /=54
Hz, 1H), 3.83 (t, J/=6.4 Hz, 1H), 3.76 (d, J/=6.4 Hz, 1H),
2.98 (dd, J=15.2, 4.8 Hz, 1H), 2.47 (s, 1H); *C NMR (100
MHz, DMSO-ds) o: 191.3, 145.1, 137.0, 130.3, 129.0,
124.2, 121.0, 115.5, 100.0, 99.2, 72.8, 68.2, 30.9. HRMS
(ESI-TOF) caled for C;3H;3CINO; [M-+H]" 266.0578,
found 266.0587.
(1S,5R,E)-3-(((2-Iodophenyl)amino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (Sp): Eluent: Vpg © Vea=
4 : 1. Yield 73.2 mg (68% yield). Yellow liquid; '"H NMR
(400 MHz, CDCl3) 0: 7.74 (dd, J="7.8, 1.4 Hz, 1H), 7.25 (4,
J=8.4 Hz, 1H), 7.15 (d, /=11.8 Hz, 1H), 7.01 (d, J/=8.2
Hz, 1H), 6.71 (t, J=7.6 Hz, 1H), 5.19 (s, 1H), 4.78 (t, J=
5.4 Hz, 1H), 3.89 (t, J=6.6 Hz, 1H), 3.76 (d, /=6.8 Hz,
1H), 3.06 (dd, /=15.0, 4.6 Hz, 1H), 2.32 (d, /=15.0 Hz,
1H); 3C NMR (100 MHz, CDCI5) &: 190.6, 144.1, 140.1,
129.4, 124.8, 114.3, 100.6, 98.1, 88.0, 72.8, 68.3, 31.4.
HRMS (ESI-TOF) caled for C;;H;;INO; [M + H] '
357.9935, found 357.9941.
(18,5R,E)-3-(([1,1'-Biphenyl]-2-ylamino)methylene)-
6,8-dioxabicyclo[3.2.1]octan-4-one (5q): Eluent: Vpg -
Vea=4 @ 1. Yield 39.7 mg (43% yield). Yellow liquid. 'H
NMR (400 MHz, CDCl3) o: 7.51 (d, J=7.6 Hz, 2H), 7.45
(d, J/=7.2 Hz, 1H), 7.40 (d, /=7.0 Hz, 2H), 7.33 (t, J=7.2
Hz, 1H), 7.28 (d, J=4.4 Hz, 1H), 7.24 (d, /=8.4 Hz, 1H),
7.19 (d, J=8.4 Hz, 1H), 7.12 (t, J=7.4 Hz, 1H), 5.11 (s,
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1H), 4.77 (t, J/=4.8 Hz, 1H), 3.88 (t, /=6.0 Hz, 1H), 3.75
(d, J=7.2 Hz, 1H), 3.05 (dd, J/=14.8, 4.6 Hz, 1H), 2.30 (d,
J=14.8 Hz, 1H); *C NMR (100 MHz, CDCls) §: 189.9,
1449, 137.6, 137.5, 131.3, 129.2, 129.1, 128.7, 128.2,
123.6, 114.2, 100.5, 97.0, 72.8, 68.2, 31.4. HRMS (ESI-
TOF) caled for C;oH;sNO; [M-+H]" 308.1281, found
308.1287.

(18,5R,E)-3-((Naphthalen-1-ylamino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (5r): Eluent: Veg : Vea=
4 1. Yield 40.0 mg (47% yield). Yellow solid, m.p. 164~
166 C; '"H NMR (400 MHz, CDCl;) é: 8.10 (d, J=8.2 Hz,
1H), 7.84 (d, J=7.8 Hz, 1H), 7.62~7.50 (m, 3H), 7.49~
7.39 (m, 2H), 7.20 (d, J=7.4 Hz, 1H), 5.30 (s, 1H), 4.86 (t,
J=5.2Hz, 1H), 3.97 (t, J=6.4 Hz, 1H), 3.85 (d,J=7.2 Hz,
1H), 3.16 (dd, J=14.8, 4.8 Hz, 1H), 2.41 (d, J=14.6 Hz,
1H); 3C NMR (100 MHz, CDCI5) é: 190.7, 146.8, 136.1,
134.3, 128.5, 126.8, 126.7, 125.7, 124.7, 124.3, 120.8,
110.9, 100.7, 97.4, 72.9, 68.3, 31.2. HRMS (ESI-TOF)
caled for C;;H(NO; [M + H] " 282.1125, found
282.1131.

(18,5R,E)-3-((Pyridin-2-ylamino)methylene)-6,8-di-
oxabicyclo[3.2.1]octan-4-one (5s): Yield 20.3 mg (29%
yield). Yellow solid, m.p. 221~223 ‘C; 'H NMR (400
MHz, DMSO-d) o: 9.68 (d, J=12.8 Hz, 1H), 8.60 (d, J=
12.6 Hz, 1H), 8.26 (d, J=4.0 Hz, 1H), 7.74~7.67 (m, 1H),
7.10 (d, J=8.2 Hz, 1H), 7.01~6.97 (m, 1H), 5.11 (s, 1H),
4.98 (t, J=5.4 Hz, 1H), 3.82 (t, J/=6.8 Hz, 1H), 3.74 (d, J
=7.2 Hz, 1H), 2.87 (dd, J=16.4, 5.2 Hz, 1H), 2.54~2.51
(m, 1H); 3C NMR (100 MHz, DMSO-d) 6: 189.1, 152.9,
148.5, 138.9, 137.5, 118.4, 112.0, 102.4, 100.6, 72.0, 68.7 ,
30.0. HRMS (ESI-TOF) calcd for C;,H;3N,0; [M+H]"
233.0921, found 233.0927.

Ethyl 4-(((E)-((1S, 5R)-4-0x0-6,8-dioxabicyclo[3.2.1]-
octan-3-ylidene)methyl)amino)benzoate (5t): Yield 78.1
mg (86% yield). Yellow solid, m.p. 273~275 C; 'H NMR
(400 MHz, DMSO-dp) d: 9.45 (d, J/=13.0 Hz, 1H), 7.98 (d,
J=13.0 Hz, 1H), 7.89 (d, /=8.8 Hz, 2H), 7.33 (d, /=8.8
Hz, 2H), 5.13 (s, 1H), 4.98 (t, J=5.4 Hz, 1H), 4.27 (q, J=
7.2 Hz, 2H), 3.82 (t, J/=7.0 Hz, 1H), 3.74 (d, J/=7.2 Hz,
1H), 2.87 (dd, /=16.4, 5.4 Hz, 1H), 2.54 (s, 1H), 1.31 (t, J
=7.2 Hz, 3H); *C NMR (100 MHz, DMSO-dg) J: 188.7,
165.8, 145.9, 138.3, 131.4, 123.6, 115.8, 103.3, 100.5, 72.0,
68.7, 60.8, 30.0, 14.7. HRMS (ESI-TOF) calcd for
CisH sNOs [M+H]" 304.1179, found 304.1189.

(1S8,5R,E)-3-((Prop-2-yn-1-ylamino)methylene)-6,8-
dioxabicyclo[3.2.1]octan-4-one (Su): Eluent: Vpg © Vea=
1 7 1. Yield 20.5 mg (35% yield). White solid, m.p. 115~
117 °C; '"H NMR (400 MHz, DMSO-ds) 6: 7.54 (d, J=13.8
Hz, 1H), 7.50~7.39 (m, 1H), 4.98 (s, 1H), 4.87 (t, J=5.4
Hz, 1H), 4.08~4.04 (m, 2H), 3.76 (t, J/=6.6 Hz, 1H), 3.62
(d, J=7.2 Hz, 1H), 2.60 (dd, J=15.6, 5.4 Hz, 1H), 2.12 (d,
J=15.6 Hz, 1H); 3C NMR (100 MHz, DMSO-d;) 6: 187.1,
148.8,100.8,96.3,81.3,75.7, 72.0, 68.7, 36.9, 29.4. HRMS
(ESI-TOF) caled for C;0H;,NO; [M-+H]" 194.0812,
found 194.0818.

(1S,5R,E)-3-((Propylamino)methylene)-6,8-dioxabicy-
clo[3.2.1]octan-4-one (5v): Eluent: Vpg « Vga=S5 © 1. Yield
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27.8 mg (47% yield). White solid, m.p. 106~108 C; 'H
NMR (400 MHz, CDCls) d: 9.85 (s, 1H), 6.74 (d, J=12.8
Hz, 1H), 5.15 (s, 1H), 4.78 (t, J=5.4 Hz, 1H), 3.91 (t, J=
6.6 Hz, 1H), 3.75 (d, J=7.0 Hz, 1H), 3.18 (q, J=6.8 Hz,
2H), 2.98 (dd, J=14.2, 4.6 Hz, 1H), 2.18 (d, J=14.2 Hz,
1H), 1.65~1.54 (m, 2H), 0.94 (t, J=7.4 Hz, 3H); *C NMR
(100 MHz, CDCl;) o: 188.6, 155.6, 100.8, 91.8, 72.8, 68.1,
51.1, 309, 24.3, 11.1. HRMS (ESI-TOF) calcd for
CioH;sNO; [M+H]" 198.1125, found 198.1132.
(18,5R,E)-3-((Ethylamino)methylene)-6,8-dioxabicyclo-
[3.2.1]octan-4-one (Sw): Eluent: Vpg : Vga=5 © 1. Yield
14.5 mg (26% yield); White solid, m.p. 96~98 C; 'H
NMR (400 MHz, CDCls) d: 9.81 (s, 1H), 6.75 (d, J=12.8
Hz, 1H), 5.16 (s, 1H), 4.78 (t, J=5.2 Hz, 1H), 3.91 (t, J=
6.6 Hz, 1H), 3.75 (d, J/=7.0 Hz, 1H), 3.34~3.23 (m, 2H),
2.98 (dd, J=14.6, 4.6 Hz, 1H), 2.18 (d, J/=14.2 Hz, 1H),
1.24 (t, J=7.2 Hz, 3H); 3C NMR (100 MHz, CDCI;) ¢:
188.6, 155.0, 100.8, 91.9, 72.9, 68.1, 43.9, 30.9, 16.3.
HRMS (ESI-TOF) caled for CoH,NO; [M + H] '
184.0968, found 184.0972.
(18,5R,E)-3-(Piperidin-1-ylmethylene)-6,8-dioxabicy-
clo[3.2.1]octan-4-one (5x): Eluent: Vpg - Vea=1 : 1. Yield
17.6 mg (26% yield). Colorless liquid. '"H NMR (400 MHz,
CDCls) 0: 7.56 (s, 1H), 5.21 (s, 1H), 4.77 (t, J=5.6 Hz, 1H),
3.92 (t, J=6.6 Hz, 1H), 3.78 (d, J=7.0 Hz, 1H), 3.47 (t,
J=5.4 Hz, 4H), 3.19 (dd, J/=14.2, 5.2 Hz, 1H), 2.45 (d,
J=14.2 Hz, 1H), 1.69~1.60 (m, 6H); '*C NMR (100 MHz,
CDCls) 0: 188.7, 150.2, 101.4, 92.8, 72.2, 68.3, 31.7, 26.5,
23.9. HRMS (ESI-TOF) calcd for Cp,H;gNO; [M+H]"
224.1281, found 224.1284.
(1S8,5R,E)-3-(Morpholinomethylene)-6,8-dioxabicyclo-
[3.2.1]octan-4-one (Sy): Eluent: Vpg @ Vea=1 1. Yield
18.3 mg (27% yield). White solid, m.p. 147~149 C; 'H
NMR (400 MHz, CDCl;) d: 7.49 (s, 1H), 5.21 (s, 1H), 4.78
(t, J=4.8 Hz, 1H), 3.92 (t, J=6.4 Hz, 1H), 3.78 (d, J=7.4
Hz, 1H), 3.76~3.68 (m, 4H), 3.56~3.47 (m, 4H), 3.17 (dd,
J=14.6, 5.2 Hz, 1H), 2.47 (d, J=14.0 Hz, 1H); 1*C NMR
(100 MHz, CDCl;) o: 188.9, 149.5, 101.3, 94.6, 77.4, 77.0,
76.7, 72.1, 68.3, 66.7, 51.1, 31.4. HRMS (ESI-TOF) calcd
for C;;H;sNO, [M-+H]" 226.1074, found 226.1079.
(18,5R,E)-3-(Pyrrolidin-1-ylmethylene)-6,8-dioxabi-
cyclo[3.2.1]octan-4-one (5z): Eluent: Vpg : Vega=1 1 2.
Yield 20.1 mg (32% yield). White solid, m.p. 148~150 C;
"H NMR (400 MHz, CDCl3) &: 7.77 (s, 1H), 5.20 (s, 1H),
4.76 (t, J=5.6 Hz, 1H), 3.92 (t, J/=6.6 Hz, 1H), 3.78 (d,
J=7.0 Hz, 1H), 3.66~3.53 (m, 4H), 3.26 (dd, /=14.8, 5.0
Hz, 1H), 2.67 (d, J=14.6 Hz, 1H), 1.98~1.85 (m, 4H); 13C
NMR (100 MHz, CDCl3) J: 188.6, 148.5, 101.4, 94.6, 72.4,
68.2, 30.6, 25.4. HRMS (ESI-TOF) caled for C;;H;4NO3
[M-+H]" 210.1125, found 210.1128.

4.4 Procedure for the synthesis of 6

In a 10 mL sealed tube were charged with enaminone 3
(0.3 mmol), TMSCN (cyanotrimethylsilane) (0.6 mmol), I,
(0.045 mmol), oxalic acid (0.6 mmol) and CH;OH (2 mL).
The tube was then sealed with Teflon cap and stirred at
50 C for 24 h with oil bath heating. Upon completion
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(thin-layer chromatography, TLC), the vessel was allowed
to cool down to room temperature. The mixture was diluted
with ethyl acetate. The solution was directly transferred into
a round bottom flask for rotary evaporation. After removing
the solvent at reduced temperature, the resulting residue was
subjected to flash silica gel column chromatography to
provide the pure product with the elution of mixed petro-
leum ether/ethyl acetate (V' © V=5 I 1).

(E)-2-((18,5R)-4-0x0-6,8-Dioxabicyclo[3.2.1]octan-3-
ylidene)acetonitrile (6): Yield 18.8 mg (38% yield). Col-
ourless liquid. '"H NMR (400 MHz, CDCI5) &: 6.43~6.37
(m, 1H), 5.38 (s, 1H), 4.93 (t, J=5.4 Hz, 1H), 4.01~3.95
(m, 1H), 3.89 (d, J=7.6 Hz, 1H), 3.30~3.22 (m, 1H), 3.06
(d, J=18.8 Hz, 1H); '*C NMR (101 MHz, CDCl5) d: 185.0,
149.8, 114.9, 107.6, 100.0, 72.2, 68.7, 35.2. HRMS (ESI-
TOF) caled for CgHgNO; [M+H]" 166.0499, found
166.0488.

4.5 Procedure for the synthesis of 7

A mixture of enaminone 3 (0.5 mmol), ethyl diazoacetate
(1.1 mmol) and In(OTf)3 (0.025) in DCE (3 mL) was stirred
on an oil bath at reflux for 6 h. Upon completion, the mix-
ture was directly employed to reduced pressure to remove
the solvent, and the residue was employed to silica gel
column chromatography with the elution of mixed petro-
leum ether and ethyl acetate (V' . V=8 : 1) to provide pure
product.

Ethyl (5S,8R)-4,5,6,8-tetrahydro-5,8-epoxyfuro[2,3-c]-
oxepine-2-carboxylate (7): Yield 46.2 mg (41% yield).
Yellow liquid. "H NMR (400 MHz, CDCls) d: 7.04 (s, 1H),
6.07 (s, 1H), 4.89~4.85 (m, 1H), 4.36 (q, J=7.1 Hz, 2H),
4.09~4.03 (m, 1H), 3.61 (dd, J/=7.7, 2.2 Hz, 1H), 3.19~
3.16 (m, 1H), 2.38 (dd, J=16.1, 1.0 Hz, 1H), 1.37 (t, J=
7.1Hz, 3H); '3C NMR (101 MHz, CDCls) &: 185.3, 158.7,
153.7, 117.9, 114.9, 94.7, 72.2, 68.0, 61.0, 29.3, 14.3.
HRMS (ESI-TOF) caled for C;;H;;Ns [M + H] *
225.0757, found 225.0772.

4.6 Procedure for the synthesis of 8

In a 25 mL sealed tube were added enaminone 3 (0.3
mmol), BrCF,COOEt (0.75 mmol), Na,COj3 (0.3 mmol) and
MeCN (3 mL). After sealing the tube with Teflon cap, the
mixture was stirred at 130 C with oil bath heating for 10 h.
After being cooled down to room temperature, the mixture
was transferred into the round bottom flask, and solvent was
removed at reduced pressure. The residue obtained therein
was subjected to flash silica gel column chromatography to
provide the pure product with the elution of mixed petro-
leum ether and ethyl acetate (V' V=1 [ 1).

(35,58,8R)-2,2-Difluoro-N, N-dimethyl-2,3,4,5,6,8-
hexahydro-5,8-epoxyfuro[2,3-cJoxepin-3-amine (8): Yield
45.0 mg (64% yield). Yellow liquid. 'H NMR (400 MHz,
CDCl3) 0: 5.55 (d, J=12.5 Hz, 1H), 4.85~4.77 (m, 1H),
4.12~4.01 (m, 1H), 3.97~3.85 (m, 1H), 3.74~3.69 (m,
1H), 2.79 (d, J/=16.8 Hz, 1H), 2.45 (s, 6H), 1.97 (dd, J=
16.7, 10.4 Hz, 1H); '3C NMR (100 MHz, CDCl3) 6: 151.9
(dd, J=35.6, 3.5 Hz), 135.1~129.2 (m), 105.0 (ddd, J=
30.3, 4.0, 1.9 Hz), 93.6 (d, /=18.4 Hz), 72.1 (d, J=11.7
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Hz), 71.6~70.7 (m), 68.6 (d, J=19.7 Hz), 40.3 (d, J=3.3
Hz), 29.5 (d, J=24.5 Hz); '°F NMR (376 MHz, CDCL) 6:
—60.43 (dd, J=149.0, 103.2 Hz), —82.29 (dd, J=424.9,
149.0 Hz). HRMS (ESI-TOF) caled for C,oH,,ENO;
[M-++H]" 234.0936, found 234.0956.

4.7 Procedure for the synthesis of 9

Enaminone 3 (0.3 mmol), diphenyl phosphine oxide (0.4
mmol) and TMSCN (0.6 mmol) were dissolved in MeCN (1
mL) in a 25 mL round-bottom flask. Subsequently,
tetrabutyl ammonium hydroxide (TBAH) (0.06 mmol) was
added. The resulting mixture was heated up to 50 ‘C with
oil bath and stirred at the same temperature for 12 h (TLC).
After cooling down to room temperature, the mixture was
directly employed to reduced pressure to remove the sol-
vent, and the resulting residue was purified by flash column
chromatography by using mixed petroleum ether and ethyl
acetate (V' © V=3 ! 1) as eluent.

2-((18,35,5R)-3-(Diphenylphosphoryl)-4-0x0-6,8-
dioxabicyclo[3.2.1]octan-3-yl)acetonitrile (9): Yield 68.4
mg (62% yield). Yellow liquid. 'H NMR (400 MHz,
CDCl3) o: 7.89~7.78 (m, 4H), 7.58 (t, J=7.3 Hz, 2H),
7.53~7.46 (m, 4H), 5.76 (t, J=2.3 Hz, 1H), 5.47~5.43
(m, 1H), 4.92~4.88 (m, 1H), 4.72 (t, J=4.3 Hz, 1H),
3.85~3.77 (m, 2H), 2.98 (dd, J/=15.5, 1.5 Hz, 1H), 2.76~
2.69 (m, 1H); *C NMR (100 MHz, CDCls) 6: 156.5 (d, J=
5.0 Hz), 132.9, 131.6 (d, /=10.5 Hz), 131.4 (d, /=104
Hz), 128.9 (d, J/=13.4 Hz), 115.6, 101.4 (d, /=2.2 Hz),
98.6, 74.3 (d, J=5.5 Hz), 73.3, 69.0, 37.1; 3'P NMR (162
MHz, CDCls) o: 34.6. HRMS (ESI-TOF) caled for
CH;oNO,P [M-+H]" 368.1046, found 368.1047.

Supporting Information Full data for the optimization
toward S5a, and the NMR spectra of all products. The Sup-
porting Information is available free of charge via the In-
ternet at http://sioc-journal.cn/.
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