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General methods:

Unless stated otherwise, all reactions were carried out in flame dried glassware. All solvents were
purified and dried according to standard methods prior to use. Methyleneindolinonesl ',
N,N’-cyclic azomethine imines 2° and catalysts 3’ were prepared according to literature. 'H and
C NMR spectra were recorded on a Varian instrument (300 MHz and 75 MHz, respectively) and
internally referenced to tetramethylsilane signal or residual protio solvent signals. Data for 'H
NMR are recorded as follows: chemical shift (8, ppm), multiplicity (s = singlet, d = doublet, t =
triplet, m = multiplet, q = quartet or unresolved, coupling constant(s) in Hz, integration). Data for
C NMR and *'P are reported in terms of chemical shift (5, ppm). IR spectra were recorded on a
FT-IR spectrometer and only major peaks were reported in cm™ . Optical rotations were reported as
follows: [a]p" (c: g/100 mL, in solvent). High resolution mass spectra (HRMS) were obtained by
the ESI ionization sources. The ee value determination was carried out using chiral HPLC with

Daicel Chiracel IA column on Waters with a 996 UV-detector.

(1) B. Tan, N. R. Candeias, C. F. Barbas III, Nat. Chem. 2011, 3, 473.

(2) R. Shintani, G. C. Fu, J. Am. Chem. Soc. 2003, 125, 10778.

(3) (a) D. Uraguchi, M. Terada, J. Am. Chem. Soc. 2004, 126, 5356. (b) T. Akiyama, J. Itoh, K.
Yokota, K. Fuchibe, Angew. Chem. Int. Ed. 2004, 43, 1566. (c) X.-H. Chen, W.-Q. Zhang, L.-Z.

Gong, J. Am. Chem. Soc. 2008, 130, 5652.
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General procedure and spectral data for the synthesis of catalyst 31

BBr; (8 eq)
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(8)-Tetranaphthol D was prepared in a modified procedure according to literature *: From easily
available starting materials A and B, compound C was prepared through typical Suzuki coupling

reaction. Subsequent deprotection provided (S)-Tetranaphthol D.

Spectral data for compound C:

"H NMR (300 MHz, DMSO) & 8.19 (dd, J = 2.25, 6.9 Hz, 1H), 8.05 (s, 1H), 7.85 (d, J= 8.1 Hz,
1H), 7.81 (dd, J = 2.25, 5.49 Hz), 7.61 (s, 2H), 7.49 — 7.41 (m, 2H), 7.35 (dt, J = 1.8, 8.0 Hz, 1H),
7.29 —7.20 (m, 1H), 3.63 (s, 1H), 3.16 (s, 1H);

BC NMR (75 MHz, DMSO) ¢ 153.4, 152.5, 133.5, 132.9, 131.1, 130.3, 129.5, 128.2, 127.3,
127.1, 126.8, 126.1, 125.4, 125.3, 125.0, 124.7, 124.4, 123.9, 122.4, 121.7, 60.2, 59.6;

IR: 2935, 1359, 908, 732 cm’';

HRMS (ESI): C44H3404+Na, Calc: 649.2349, Found: 649.2369.

Spectral data for compound D:

"H NMR (300 MHz, DMSO) & 7.99 (t,J=3.3 Hz, 2H), 7.62 — 7.53 (m, 4H), 7.44 (d, /= 7.5 Hz,
1H), 7.41 (s, 2H), 7.19 (t,J = 7.5 Hz, 1H), 6.75 (bs, 1H), 6.61 (t, J = 6.75 Hz, 1H), 5.99 (bs, 1H);
BC NMR (75 MHz, DMSO) & 150.4, 147.5, 134.1, 132.7, 129.8, 128.7, 128.2, 127.3, 127.1,
126.2, 126.1, 126.0, 125.2, 124.5, 122.5, 121.3, 120.7, 114.0;

IR: 3399, 1251, 906, 732 cm™';

HRMS (ESI): C4Hy604+Na, Calc: 593.1723, Found: 593.1741.

(4) K. Ishihara, H. Kurihara, M. Matsumoto, H. Yamamoto, J. 4m. Chem. Soc. 1998, 120, 6920.
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D (2.0 mmol, 1.14g) was dissolved in pyridine (15 mL) under N, atmosphere in a flame-dried two
necked 50-ml round-bottom flask equipped with a magnetic stir bar. To the resulting solution was
added phosphorus oxychloride (5.0 equiv.) at room temperature and the reaction mixture was
stirred at 70 C for 20 h. Then water (15 mL) was added and the resulting suspension was stirred
for additional 12 h. The resulting mixture was diluted with CH,Cl, (100 mL), washed with 6N
HCI (3x20 mL) to remove pyridine, and combined organic layers were concentrated under
reduced pressure. The resultant solids were dissolved in MeOH (15 mL). To the resulting solution
was added conc. HCI (10 mL) at room temperature, and stirred further at this temperature for 1 h.
The mixture was extracted with CH,Cl, (3%x30 mL), and then, the organic layers were dried over
Na,SO,4 and concentrated under reduced pressure after filtration. The residual crude product was
purified by column chromatography on silica gel with elution by CH,Cl,/ MeOH (100:1 - 20:1) to
yield a white solid. The product was recrystallized from CH,Cly/hexane to give pure
(S)-bis-phosphoric acid 31 as a white solid.

"H NMR (300 MHz, DMSO) & 8.40 (s, 1H), 8.32 (bs, 1H), 8.08 (d, J = 8.4 Hz, 1H), 8.04 (bs, 1H),
7.94 (s, 2H), 7.62 (bs, 2H), 7.42 (t,J = 7.2 Hz, 1H), 7.24 (t, J= 7.5 Hz, 1H), 7.02 (d, J = 7.8 Hz,
1H), 3.43 (bs, 1H);

C NMR (75 MHz, DMSO) § 147.2 (d, Jp.c= 9.75 Hz), 145.9 (d, Jp.c= 8.25 Hz), 134.1, 132.9,
130.4, 130.3, 130.1, 128.3, 127.5, 127.3 (d, Jp.c= 2.25 Hz), 126.9, 126.4, 126.3, 126.2, 125.1 (d,
Jp.c=2.25Hz), 124.9, 124.2, 123.5, 123.3, 123.2;

3p NMR (DMSO, 121.5 MHz) 5 -3.05;

IR: 3421, 1627, 1255, 1091 cm™;

HRMS (ESI): C40H2405P; -H, Calc: 693.0874, Found: 693.0871.
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Catalyst screening and evolution:

Table 1.Catalyst Screening and Evolution.”

O 0]
EtOOC

/ o) N~N N~

N
EtOOCum.{ |
.

1a

3a-3g 31, current work

3i: R=H; 3j: R=Me; 3k: R =Ph
Design of new catalyst

3a: Ar=Ph

3b: Ar = biphenyl

3c: Ar = 3,5-(CF3),Ph
3d: Ar =2,4,6-iPr3Ph
3e: Ar = B -Naphthyl

e <)

g A

entry  catalyst solvent additive  conversion (%)’  dr (4aa:4aa’)’  ce of 4aa(%)"

1 3a CH,Cl, - 35 1:1 10
2 3b CH,Cl, - 42 1:1 17
3 3c CH,Cl, - 30 1:1 <5
4 3d CH,Cl, - 29 1:1 <5
5 3e CH,Cl, - 32 1:1 5

6 3f CH,Cl, - 30 1:1 11
7 3g CH,Cl, - 28 1:1 11
8 3b Toluene - 36 1:1 37
9 3b Ether - 28 1:1 47
10 3b THF - 34 1:1 rac

11 3b MTBE - 34 I:1 37
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12 3b DME - 29 1:1 rac
13 3b CPME - 32 1:1 37
14 3b Hexane - 15 1:1 rac
15 3b Ether ~ 3AMS 26 1:1 46
16 3b Ether ~ 4AMS 28 1:1 45
17 3b Ether ~ 5AMS 28 1:1 43
18 3h CH,Cl, - 42 1:1 39
19 3h Ether - 34 1:1 72
20 3i CH,Cl, - 89 1:1 74
21 3i Toluene - 79 1:1 17
22 3i Ether - 62 1:1 13
23 3i MTBE - 70 1:1 rac
24 3i CHCl, - 87 1:1 56
25 3i DCE - 89 1:1 66
26 3i Hexane - <10 1:1 n.d.
27 3i THF - 86 1:1 rac
28 3i CH,Cl, 3AMS 86 1:1 77
29 3i CH,Cl, 4AMS 85 1:1 79
30 3i CH,Cl, 5AMS 84 1:1 72
314 3i CH,Cl, - 65 1:1 80
32° 3i CH,Cl, - <15 n.d. n.d.
33 3j CH,Cl, - 96 2:1 89
34 3k CH,Cl - 68 1:1 5

35/ 3l CH,CL - >99 8:1 92
36/¢ 3l CH,Cl, - >99 16:1 94
37t 3l CH,CL - 95 8:1 97
3g/e 3l CH,Cl, - >99 16:1 92
39'¢/ 3l CH,Cl, - >99 (93) 16:1 98

“ Unless otherwise specified, the reaction was carried out with 1a (0.05 mmol), 2a (0.05 mmol),
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catalyst 3 (0.005 mmol) in solvent (1.0 mL) at room temperature for 72 h. ” Determined by 'H
NMR spectroscopy of the crude mixture. © Determined by chiral HPLC on a Chiralcel IA column.
“The reaction was was performed at 0 ‘C. “The reaction was was performed -40 °C /The reaction
was carried out for 4 h. € The reaction was performed at 15 °C. "The reaction was performed at
10 °C. "The reaction was carried out in 2 ml CH,Cl, “The reaction was carried out in 0.1 M scale

with a 1/2 = 1:1.3 ratio, the isolated yield is given in the parenthesis.
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General procedure and spectral data for the synthesis of 4

N~
% cat3si(tomols)  RPOOCH RS
+ + - \
NN AN
R3-Z - CH,Cly, 15 C RT | o
XN
\
Boc
1 2 4

In an ordinary vial, methyleneindolinonel (0.1 mmol) was added to a stirred mixture of
azomethine imine 2 (0.13 mmol) and catalyst 31 (0.01 mmol) in CH,Cl, (1.0 mL) at 15 C. The
mixture was stirred at this temperature for 4 h. The reaction mixture was then directly purified by
silica gel chromatography (petroleum ether/AcOEt 2:1 - 1:1) without workup and fractions were

collected and concentrated in vacuo to provide the pure desired products 4.

(1'S,2'S,3'R)-1-tert-butyl 3'-ethyl 2,5'-dioxo-1'-phenyl-3',5',6',7'-tetrahydro-1'H-spiro[indoline-3,2'-
pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4aa. (Table 2, entry 1)

Ny

N~

N
EtOOC .
Ph
o)

N

\
Boc

4aa was isolated by column chromatography in 93% yield;

"H NMR (300 MHz, CDCl3) § 7.68 (d, J = 8.1 Hz, 1H), 7.40 (d, J= 7.5 Hz, 1H), 7.35 (td, J = 7.9,
1.3 Hz, 1H), 7.22 (ddd, J= 7.4, 6.3, 1.2 Hz, 2H), 7.13 (t, J = 7.2 Hz, 2H), 6.96 (d, J = 7.2 Hz, 2H),
4.68 (s, 1H), 4.30 - 4.19 (m, 1H), 4.15 — 4.04 (m, 1H), 4.12 (s, 1H), 3.64 (t,J = 8.4 Hz, 1H), 3.34
—3.15 (m, 1H), 2.99 (dt, J=13.5, 8.1 Hz, 1H), 2.79 (dd, J = 15.6, 7.5 Hz, 1H), 1.48 (s, 9H), 1.07
(t,J="7.2 Hz, 3H);

BC NMR (75 MHz, CDCly) & 172.1, 166.4, 164.8, 148.2, 140.2, 130.2, 130.2, 129.0, 128.2,
127.2,124.4,123.7,121.8, 114.9, 84.3, 77.2, 65.3, 62.2, 59.4, 52.6, 36.3, 27.8, 13.7;

IR: 2982, 2933, 2844, 1767, 1737, 1697, 1605, 1467, 1413, 1353, 1294, 1252, 1152, 1106, 1072,
841,753,700 cm’';

[alp™ =-17 (c = 0.99, CHCl;);

HRMS (ESI): C7Hy9N306+H, Calc: 492.2129, Found: 492.2134;
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HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.1, tminor = 9.1, 98% ee.

(1'R,2'S,3'R)-1-tert-butyl  3'-ethyl 1'-(2-chlorophenyl)-2,5'-diox0-3',5",6',7"-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ab. (Table 2, entry 2)

4ab was isolated by column chromatography in 89% yield;

"H NMR (300 MHz, CDCly) § 7.82 (d, J = 7.5 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.46 (d,J=17.5
Hz, 1H), 7.32 (t, J="7.8 Hz, 1H), 7.22 (dd, J=12.4, 4.5 Hz, 1H), 7.14 (t, J = 8.2 Hz, 3H), 4.91 (s,
1H), 4.70 (s, 1H), 4.32 — 4.16 (m, 1H), 4.16 — 4.00 (m, 1H), 3.48 (t, / = 8.0 Hz, 1H), 3.23 — 3.08
(m, 1H), 3.08 — 2.95 (m, 1H), 2.78 (dd, J = 14.4, 6.5 Hz, 1H), 1.52 (s, 9H), 1.05 (t, J = 7.2 Hz,
3H);

BC NMR (75 MHz, CDCly) & 172.5, 166.2, 165.1, 148.2, 139.7, 134.5, 130.3, 130.1, 130.0,
129.7,128.1, 126.7, 125.5, 124.2, 120.7, 114.5, 84.4, 71.3, 65.1, 62.1, 60.1, 52.1, 36.3, 27.9, 13.7;

IR: 2982, 29322, 2852, 1792, 1765, 1738, 1707, 1605, 1477, 1412, 1354, 1294, 1252, 1199, 1152,
1108, 1071, 1039, 841, 756 cm’™';

[alp™ =+ 1 (c = 1.02, CHCL);

HRMS (ESI): C,7H,5CIN3Og+H, Calc: 526.1739, Found: 526.1735;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmgjor= 8.1, tminor = 10.7, 97% ee.

(1'R,2'S,3'R)-1-tert-butyl  3'-ethyl 1'-(2-bromophenyl)-2,5'-dioxo-3',5",6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ac. (Table 2, entry 3)
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4ac was isolated by column chromatography in 92% yield;

"H NMR (300 MHz, CDCl;) & 7.81 (dd, J = 7.9, 1.6 Hz, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.50 (d, J
=17.8 Hz, 1H), 7.32 (t, J = 7.5 Hz, 2H), 7.29 — 7.23 (m, 1H), 7.20 — 7.05 (m, 2H), 4.93 (d, /= 2.6
Hz, 1H), 4.71 (d, J=2.6 Hz, 1H), 4.31 —4.17 (m, 1H), 4.14 — 4.04 (m, 1H), 3.46 (dd,J=10.6, 5.0
Hz, 1H), 3.26 — 2.96 (m, 2H), 2.90 — 2.72 (m, 1H), 1.54 (d, J = 2.9 Hz, 9H), 1.05 (t, /= 7.2 Hz,
3H);

BC NMR (75 MHz, CDCly) & 172.5, 166.1, 165.1, 148.2, 133.1, 130.5, 130.3, 130.4, 130.3,
129.7,127.3,125.9, 124.8, 124.1, 120.5, 114.5, 84.4, 73.5, 65.2, 62.1, 60.1, 51.9, 36.2, 27.9, 13.7;
IR: 2981, 2930, 2852, 1765, 1736, 1707, 1605, 1469, 1412, 1367, 1353, 1294, 1251, 1198, 1152,
1107, 1071, 1021, 840, 756 cm’™";

[alp™ =+ 11 (c = 1.03, CHCL);

HRMS (ESI): Cy7H,8BrN;O6+H, Calc: 570.1234, Found: 570.1241;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.9, tminor = 10.8, 96% ee.

(1'S,2'S,3'R)-1-tert-butyl  3'-ethyl 1'-(3-bromophenyl)-2,5'-dioxo0-3',5',6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ad. (Table 2, entry 4)

EtOOC .

4ad was isolated by column chromatography in 88% yield,
"H NMR (300 MHz, CDCls)  7.73 (d, J = 8.6 Hz, 1H), 7.36 (dd, J = 13.4, 6.1 Hz, 4H), 7.24 (dd,
J=15.6, 8.0 Hz, 1H), 6.96 (t, J = 7.8 Hz, 1H), 6.67 (d, J = 7.6 Hz, 1H), 4.66 (s, 1H), 4.33 — 4.19

(m, 1H), 4.16 — 3.96 (m, 1H), 4.08 (s, 1H), 3.65 (t, J= 8.1 Hz, 1H), 3.24 (td, J = 14.7, 8.4 Hz, 1H),
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3.06 —2.91 (m, 1H), 2.79 (dd, J = 15.5, 7.6 Hz, 1H), 1.52 (s, 9H), 1.08 (t,J= 7.2 Hz, 3H);

C NMR (75 MHz, CDCly) & 171.8, 166.5, 165.0, 148.2, 140.2, 132.7, 132.2, 130.5, 130.0,
129.7, 126.0, 124.6, 123.7, 122.5, 121.3, 115.1, 84.7, 76.3, 65.3, 62.3, 59.4, 52.7, 36.3, 27.8, 13.8;

IR: 2980, 2927, 2853, 1767, 1737, 1700, 1603, 1569, 1468, 1413, 1352, 1336, 1294, 1252, 1198,
1151, 1076, 1070, 1011, 841, 795, 760 cm™;

[alp™ =- 41 (c=1.01, CHCL);

HRMS (ESI): Cy7H,5BrN;O6tNa, Calc: 592.1054, Found: 592.1048;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmgjor= 7.6, tminor = 9.3, 98% ee.

(1'S,2'S,3'R)-1-tert-butyl 3'-ethyl 1'-(3-methoxyphenyl)-2,5'-dioxo-3",5',6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ae. (Table 2, entry 5)

OMe

4ae was isolated by column chromatography in 82% yield;

"H NMR (300 MHz, CDCls) § 7.70 (d, J = 8.2 Hz, 1H), 7.37 (dd, J = 15.8, 7.9 Hz, 2H), 7.21 (t, J
=17.5 Hz, 1H), 7.01 (t, J= 7.9 Hz, 1H), 6.75 (d, J = 8.1 Hz, 1H), 6.59 (s, 1H), 6.43 (d, J= 7.6 Hz,
1H), 4.67 (s, 1H), 4.33 —4.22 (m, 1H), 4.19 —4.01 (m, 1H), 4.09 (s, 1H), 3.66 (t, J = 8.4 Hz, 1H),
3.65 (s, 3H), 3.35 = 3.16 (m, 1H), 3.11 — 2.92 (m, 1H), 2.80 (dd, J = 15.6, 7.7 Hz, 1H), 1.49 (s,
9H), 1.07 (t,J = 7.2 Hz, 3H);

BC NMR (75 MHz, CDCl3) 5 172.2, 166.5, 164.9, 159.4, 140.4, 131.7, 130.2, 129.2, 124.5,
123.8,121.9, 119.6, 115.7, 115.1, 111.4, 84.4, 77.2, 65.4, 62.2, 59.5, 55.1, 52.7,36.4, 27.8, 13.8;
IR: 2925, 2854, 1741, 1699, 1603, 1463, 1414, 1369, 1354, 1294, 1254, 1199, 1153, 1107, 1071,
1043, 842, 801, 759 cm™;

[alp™ = - 20 (c = 1.05, CHCLy);

HRMS (ESI): CysH31N507+Na, Calc: 544.2054, Found: 544.2061;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention
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time: tmajor= 7.7, tminor = 8.5, 93% ee.

(1'S,2'S,3'R)-1-tert-butyl ~ 3'-ethyl 1'-(4-fluorophenyl)-2,5'-dioxo-3',5',6',7'-tetrahydro-1'H-spiro
[indoline-3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4af. (Table 2, entry 6)
OY»
N~N
EtOOC !

we

0]
N F

\
Boc

4af was isolated by column chromatography in 92% yield;

"H NMR (300 MHz, CDCl3) & 7.69 (d, J = 8.1 Hz, 1H), 7.37 (dd, J = 11.6, 7.8 Hz, 2H), 7.23 (d, J
=7.6 Hz, 1H), 6.96 (dd, J = 8.4, 5.6 Hz, 2H), 6.83 (t,J= 8.5 Hz, 2H), 4.67 (s, 1H), 4.34 —4.17 (m,
1H), 4.17 — 4.01 (m, 1H), 4.11 (s, 1H), 3.62 (t, J = 8.4 Hz, 1H), 3.22 (td, J = 14.5, 8.4 Hz, 1H),
3.09-2.92 (m, 1H), 2.79 (dd, J = 15.5, 7.6 Hz, 1H), 1.50 (s, 9H), 1.07 (t,J= 7.2 Hz, 3H);

BC NMR (75 MHz, CDCl3) § 172.0, 166.4, 164.9, 163.1 (J = 246.75 Hz), 148.1, 140.4, 130.4,
129.0 (J = 9.0 Hz), 126.0 (J = 3.0 Hz), 124.6, 123.7, 121.6, 115.4, 115.1(J = 9.0 Hz), 84.5, 76.4,
65.2,62.2,59.4,52.6,36.3,27.8,13.8;

IR: 2980, 2926, 2853, 1792, 1766, 1739, 1696, 1605, 1510, 1466, 1414, 1370, 1351, 1335, 1294,
1252, 1200, 1153, 1105, 1072, 1013, 843, 757 cm™;

[alp™ =- 25 (c = 0.96, CHCLy);

HRMS (ESI): C,7H,3FN306+Na, Calc: 532.1854, Found: 532.1862;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.0, tminor = 11.5, >99% ee.

(1'S,2'S,3'R)-1-tert-butyl ~ 3'-ethyl 1'-(4-chlorophenyl)-2,5'-dioxo0-3',5',6',7"-tetrahydro-1'H-spiro

[indoline-3,2'"-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ag. (Table 2, entry 7)
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EtOOC !

N Cl

4ag was isolated by column chromatography in 93% yield;

"H NMR (300 MHz, CDCl3) & 7.63 (d, J = 8.1 Hz, 1H), 7.30 (t,J = 8.0 Hz, 2H), 7.15 (dt, /= 8.1,
0.9 Hz, 1H), 7.05 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 4.59 (s, 1H), 4.19 - 4.13 (m, 1H),
4.07 —3.94 (m, 1H), 4.03 (s, 1H), 3.54 (t, /= 8.3 Hz, 1H), 3.27 — 3.04 (m, 1H), 2.92 (dt, J = 13.5,
8.0 Hz, 1H), 2.72 (dd, J=15.6, 7.5 Hz, 1H), 1.43 (s, 9H), 0.99 (t, /= 7.2 Hz, 3H);

BC NMR (75 MHz, CDCLy) & 171.9, 166.4, 164.9, 148.0, 140.1, 135.0, 130.4, 128.9, 128.5,
128.4, 124.6, 123.7, 121.5, 115.0, 84.6, 76.3, 65.2, 62.2, 59.4, 52.6, 36.3, 27.8, 13.7;

IR: 2981, 2927, 2853, 1793, 1767, 1738, 1708, 1604, 1485, 1466, 1412, 1353, 1294, 1251, 1199,
1152, 1092, 1071, 1014, 840, 761 cm;

[alp™ =-35 (c=1.01, CHCL);

HRMS (ESI): C,7H5CIN3;Og+H, Cale: 526.1739, Found: 526.1744;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 8.2, tminor = 13.7, 97% ee.

(1'S,2'S,3'R)-1-tert-butyl  3'-ethyl 1'-(4-bromophenyl)-2,5'-dioxo0-3',5',6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ah. (Table 2, entry 8)
o

N~N
EtOOC!

w

(0]
N Br

Boc

4ah was isolated by column chromatography in 94% yield;

"H NMR (300 MHz, CDCl;) § 7.63 (td, J = 7.8, 1.5 Hz, 1H), 7.36 — 7.08 (m, 5H), 6.77 (dd, J =
8.4,2.7 Hz, 2H), 4.58 (d, /= 2.7 Hz, 1H), 4.20 — 4.10 (m, 1H), 4.07 — 3.96 (m, 1H), 4.02 (s, 1H),
3.54 (dt, J= 8.1, 2.1 Hz,1H), 3.02 — 2.81 (m, 1H), 2.94 — 2.88 (m, 1H), 2.71 (ddd, J = 15.6, 7.6,

3.1 Hz, 1H), 143 (d, J = 3.5 Hz, 9H), 0.99 (dd, J = 8.9, 5.4 Hz, 3H);
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BC NMR (75 MHz, CDCly) 5 171.9, 166.4, 164.9, 148.1, 140.2, 131.4, 130.5, 129.4, 128.8,
124.6,123.7,123.2, 121.5, 115.1, 84.6, 76.3, 65.2, 62.2, 59.4, 52.6, 36.3, 27.8, 13.7,

IR: 2981, 293, 2846, 1793, 1767, 1737, 1705, 1604, 1483, 1467, 1412, 1352, 1294, 1251, 1198,
1152, 1104, 1071, 1011, 839, 759 cm™;

[a]p™ =- 39 (c = 1.00, CHCLy);

HRMS (ESI): C,7H3BrN3;O¢+Na, Cale: 592.1054, Found: 592.1060;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 9.1, tminor = 15.4, >99% ee.

(1'S,2'S,3'R)-1-tert-butyl 3'-ethyl 2,5'-dioxo-1'-(p-tolyl)-3',5',6',7'-tetrahydro-1"H-spiro[indoline-

3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4ai. (Table 2, entry 9)

4ai was isolated by column chromatography in 91% yield;

"H NMR (300 MHz, CDCls) 5 7.70 (d, J = 7.8 Hz, 1H), 7.36 (ddd, J = 9.4, 8.4, 1.1 Hz, 2H), 7.21
(td, J=17.8, 1.0 Hz, 1H), 6.94 (d, J = 7.8 Hz, 2H), 6.84 (d, J = 8.1 Hz, 2H), 4.67 (s, 1H), 4.29 —
4.18 (m, 1H), 4.17 — 4.02 (m, 1H), 4.19 (s, 1H), 3.62 (t,J = 8.4 Hz, 1H), 3.31 — 3.10 (m, 1H), 2.97
(dt, J=13.5, 8.1 Hz, 1H), 2.78 (dd, J = 15.6, 7.6 Hz, 1H), 2.23 (s, 3H), 1.49 (s, 9H), 1.06 (t, J =
7.2 Hz, 3H);

BC NMR (75 MHz, CDCLy) & 172.3, 166.4, 164.8, 148.3, 140.2, 138.9, 130.2, 128.9, 127.1,
127.0, 124.5,123.8, 121.9, 115.0, 84.2, 77.2, 65.3, 62.2, 59.4, 52.5, 36.4, 27.8, 21.0, 13.8;

IR: 2925, 2854, 1765, 1738, 1697, 1605, 1513, 1465, 1413, 1370, 1351, 1335, 1294, 1251, 1197,
1152, 1106, 1071, 1013, 840, 757 cm’;

[alp™ =- 19 (c = 0.98, CHCL);

HRMS (ESI): CysH31N304+H, Calc: 506.2286, Found: 506.2285;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tgjor= 7.8, tminor = 10.4, 95% ee.
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(1'S,2'S,3'R)-1-tert-butyl 3'-ethyl 1'-(4-methoxyphenyl)-2,5'-dioxo-3",5',6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4aj. (Table 2, entry 10)

EtOOC!

N OMe

4aj was isolated by column chromatography in 86% yield;

"H NMR (300 MHz, CDCls) § 7.69 (d, J = 8.1 Hz, 1H), 7.35 (dt, J = 8.1, 4.2 Hz, 2H), 7.20 (td, J
=7.5,0.9 Hz, 1H), 6.89 (d, J= 8.7 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 4.67 (s, 1H), 4.26 — 4.18 (m,
1H), 4.15 — 4.03 (m, 1H), 4.07 (s, 1H), 3.71 (s, 3H), 3.61 (t,J = 8.4 Hz, 1H), 3.19 (dd, J = 14.5,
8.6 Hz, 1H), 2.97 (dt,J=13.4, 8.1 Hz, 1H), 2.78 (dd, /= 15.6, 7.6 Hz, 1H), 1.50 (s, 9H), 1.06 (t, J
=7.2 Hz, 3H);

BC NMR (75 MHz, CDCLy) 5 172.4, 166.5, 164.9, 160.1, 148.3, 140.2, 130.2, 128.5, 124.4,
123.7,122.0, 121.9, 115.0, 113.6, 84.3, 66.3, 62.1, 59.5, 55.1, 52.5, 36.4, 28.0, 27.9, 13.8;

IR: 2956, 2926, 2854, 1792, 1764, 1735, 1699, 1609, 1513, 1464, 1369, 1351, 1295, 1252, 1173,
1152, 1102, 1030, 839, 800, 758 cm™;

[alp™ =- 8 (c = 1.04, CHCL;);

HRMS (ESI): CysH31N507+Na, Calc: 544.2054, Found: 544.2060;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 8.4, tminor = 10.4, 94% ee.

(1'R,2'S,3'R)-1-tert-butyl 3'-ethyl 1'-(furan-2-yl)-2,5'-diox0-3',5',6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ak. (Table 2, entry 11)

EtOOC!

\
Boc

4ak was isolated by column chromatography in 68% yield,

"H NMR (300 MHz, CDCl3) § 7.79 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 7.5 Hz, 1H), 7.35 (dd, J =
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10.9, 3.8 Hz, 2H), 7.16 (t, J = 7.6 Hz, 1H), 6.30 (s, 2H), 4.99 (s, 1H), 4.25 (s, 1H), 4.09 — 3.79 (m,
2H), 3.36 (t, /= 8.4 Hz 2H), 2.72 (t,J = 6 Hz, 2H), 1.59 (s, 9H), 0.87 (t,J = 7.1 Hz, 3H);

BC NMR (75 MHz, CDCl3) 5 170.9, 166.4, 148.7, 145.5, 143.7, 139.6, 130.0, 124.6, 124.4,
114.9, 114.6, 111.7, 110.6, 84.7, 77.2, 69.7, 62.9, 61.8, 61.5, 34.4, 28.0, 13.5;

IR: 2955, 2925, 2854, 1744, 1603, 1462, 1416, 1372, 1348, 1296, 1257, 1153, 1096, 1018, 799,
756 cm'l;

[a]p™ =- 8 (c = 1.03, CHCLy);

HRMS (ESI): C,5H,7N3;07+Na, Calc: 504.1741, Found: 504.1748;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 6.6, tminor = 8.9, 91% ee.

(1'S,2'S,3'R)-1-tert-butyl ~ 3'-ethyl  5-chloro-2,5'-dioxo-1'"-phenyl-3',5",6',7'-tetrahydro-1"H-spiro

[indoline-3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4ba. (Table 2, entry 12)
OY»

EtOOC..,,
cl
T
N

\

Boc

4ba was isolated by column chromatography in 84% yield;

"H NMR (300 MHz, CDCl3) § 7.65 (d, J= 8.7 Hz, 1H), 7.39 (d, J= 2.1 Hz, 1H), 7.33 (dd, J = 8.7,
2.1 Hz, 1H), 7.27 (t, J = 8.8 Hz, 1H), 7.16 (t, J = 7.4 Hz, 2H), 7.00 (d, J = 7.2 Hz, 2H), 4.66 (s,
1H), 4.33 — 4.14 (m, 2H), 4.10 (s, 1H), 3.63 (t, /= 8.3 Hz, 1H), 3.32 — 3.12 (m, 1H), 3.00 (dt, J =
13.5, 8.0 Hz, 1H), 2.79 (dd, /= 15.6, 7.5 Hz, 1H), 1.48 (s, 9H), 1.13 (t,J = 7.2 Hz, 3H);

BC NMR (75 MHz, CDCl3) 5 171.4, 166.4, 165.0, 148.0, 138.8, 130.3, 130.0, 129.9, 129.3,
128.4, 127.3,124.0, 123.5, 116.3, 84.7, 77.2, 65.2, 62.5, 59.3, 52.6, 36.3, 27.8, 13.9;

IR: 2925, 2854, 1769, 1739, 1697, 1600, 1469, 1371, 1335, 1293, 1254, 1196, 1153, 1119, 1072,
1025, 827, 757 cm’™;

[alp™ =-17 (c = 1.05, CHCL);

HRMS (ESI): Cy7H,3CIN;O¢+Na, Calc: 548.1559, Found: 548.1561;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention
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time: tmajor= 8.2, tminor = 14.0, 96% ee.

(1'S,2'S,3'R)-1-tert-butyl ~ 3'-ethyl  5-bromo-2,5'-dioxo-1'-phenyl-3',5",6',7"-tetrahydro-1"H-spiro

[indoline -3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4ca. (Table 2, entry 13)

Y

etooc.,, NN
Br =
(0]
N
Boc

4ca was isolated by column chromatography in 84% yield;

"H NMR (300 MHz, CDCl3) § 7.59 (d, J= 8.7 Hz, 1H), 7.52 (d, J = 1.8 Hz, 1H), 7.47 (dd, J = 8.7,
2.1 Hz, 1H), 7.26 (d, J = 5.5 Hz, 1H), 7.17 (t, J = 7.4 Hz, 2H), 7.00 (d, J = 7.2 Hz, 2H), 4.66 (s,
1H), 4.37 — 4.15 (m, 2H), 4.10 (s, 1H), 3.63 (t, /= 8.4 Hz, 1H), 3.33 — 3.10 (m, 1H), 3.00 (dt, J =
13.6, 8.1 Hz, 1H), 2.79 (dd, J=15.5, 7.5 Hz, 1H), 1.47 (s, 9H), 1.14 (t, /= 7.2 Hz, 3H);

BC NMR (75 MHz, CDCl3) 5 171.3, 166.4, 165.0, 148.0, 139.3, 133.2, 129.9, 129.3, 128.4,
127.3,126.8,123.9, 117.4, 116.6, 84.8, 77.2, 65.1, 62.6, 59.4, 52.6, 36.3, 27.8, 13.9;

IR: 2980, 2927, 2854, 1770, 1737, 1709, 1601, 1471, 1415, 1369, 1334, 1294, 1253, 1198, 1153,
1120, 1068, 1011, 837, 748, 701 cm™;

[alp™ =- 14 (¢ = 0.99, CHCL);

HRMS (ESI): C7H,8BrN3;O¢+Na, Calc: 592.1054, Found: 592.1055;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.7, tminor = 13.2, 98% ee.

(1'S,2'S,3'R)-1-tert-butyl ~ 3'-ethyl 5-methyl-2,5'-dioxo-1"-phenyl-3',5",6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4da. (Table 2, entry 14)
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4da was isolated by column chromatography in 93% yield;

"H NMR (300 MHz, CDCl3) & 7.55 (d, J = 8.3 Hz, 1H), 7.26 — 7.19 (m, 2H), 7.14 (t, J = 7.4 Hz,
3H), 6.96 (dd, J = 8.4, 1.2 Hz, 2H), 4.66 (s, 1H), 4.26 — 4.07 (m, 2H), 4.10 (s, 1H), 3.64 (t, J=8.4
Hz, 1H), 3.34 — 3.13 (m, 1H), 2.99 (dt, /= 13.6, 8.1 Hz, 1H), 2.79 (dd, J = 15.6, 7.5 Hz, 1H), 2.39
(s, 3H), 1.47 (s, 9H), 1.07 (t, /= 7.2 Hz, 3H);

BC NMR (75 MHz, CDCLy) & 172.2, 166.5, 164.9, 148.2, 137.8, 134.1, 130.7, 130.3, 129.0,
128.2,127.2,124.2,121.7, 114.7, 84.1, 65.4, 62.1, 59.4, 52.6, 36.4, 27.8, 21.1, 13.7;

IR: 2980, 2926, 2854, 1768, 1735, 1696, 1598, 1491, 1454, 1414, 1369, 1338, 1284, 1251, 1195,
1155, 1125, 1072, 1030, 1011, 823, 753 cm’;

[a]p™ =- 26 (c = 0.98, CHCLy);

HRMS (ESI): CysH3N304+H, Calc: 506.2286, Found: 506.2293;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.4, tminor = 9.2, 96% ee.

(1'S,2'S,3'R)-1-tert-butyl 3'-ethyl 5-methoxy-2,5'-dioxo-1'-phenyl-3',5',6',7'-tetrahydro-1'H-spiro

[indoline-3,2'-pyrazolo[ 1,2-a]pyrazole]-1,3'-dicarboxylate, 4ea. (Table 2, entry 15)

@)
Etooc,,, NN
MeO =
0]
N
Boc

4ea was isolated by column chromatography in 87% yield;

"H NMR (300 MHz, CDCl3) 5 7.61 (d, J = 9.0 Hz, 1H), 7.21 (dd, J = 4.9, 3.6 Hz, 1H), 7.18 —
7.11 (m, 2H), 6.98 (m, 3H), 6.86 (dd, J=9.0, 2.7 Hz, 1H), 4.68 (s, 1H), 4.32 — 4.07 (m, 2H), 4.10
(s, 1H), 3.84 (s, 3H), 3.63 (t, /= 8.3 Hz, 1H), 3.34 — 3.11 (m, 1H), 2.99 (dt, /= 13.5, 8.1 Hz, 1H),

2.79 (dd, J=15.6, 7.5 Hz, 1H), 1.47 (s, 9H), 1.10 (t,J = 7.2 Hz, 3H);
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BC NMR (75 MHz, CDCly) 5 172.2, 166.4, 164.8, 156.8, 148.3, 133.6, 130.3, 129.1, 128.3,
127.3, 123.0, 115.9, 115.0, 110.0, 84.1, 76.6, 65.6, 62.2, 59.5, 55.7, 52.6, 36.4, 27.9, 13.8.

IR: 2926, 2853, 1743, 1599, 1489, 1458, 1415, 1368, 1282, 1251, 1215, 1155, 1070, 1045, 1010,
840, 814, 746, 700 cm™;

[a]p™ =- 33 (c =0.94, CHCLy);

HRMS (ESI): C,3H31N3;07+Na, Calc: 544.2054, Found: 544.2061;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 9.4, tminor = 15.9, 99% ee.

(1'S,2'S,3'R)-1-tert-butyl ~ 3'-ethyl  6-bromo-2,5'-dioxo-1'-phenyl-3',5',6',7'-tetrahydro-1"H-spiro

[indoline-3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4fa. (Table 2, entry 16)

etooc.,, NN
cr - _
Br N
Boc

4fa was isolated by column chromatography in 81% yield;

"H NMR (300 MHz, CDCl3) § 7.92 (d, J= 1.8 Hz, 1H), 7.37 (dd, J = 8.2, 1.7 Hz, 1H), 7.26 (dd, J
=10.9, 5.1 Hz, 2H), 7.17 (t, J = 7.4 Hz, 2H), 6.98 (d, /= 7.3 Hz, 2H), 4.65 (s, 1H), 4.33 — 4.14 (m,
1H), 4.13 — 4.03 (m, 1H), 4.08 (s, 1H), 3.63 (t, /= 8.4 Hz, 1H), 3.32 — 3.13 (m, 1H), 2.98 (dt, J =
13.5, 8.1 Hz, 1H), 2.79 (dd, /= 15.6, 7.7 Hz, 1H), 1.48 (s, 9H), 1.12 (t, J = 7.2 Hz, 3H);

BC NMR (75 MHz, CDCl3) 5 171.6, 166.4, 164.9, 148.0, 141.3, 129.9, 129.3, 128.4, 127.5,
127.2,125.1,124.2, 120.8, 118.5, 84.9, 77.1, 65.1, 62.4, 59.3, 52.6, 36.3, 27.8, 13.9;

IR: 2981, 2929, 2852, 1770, 1737, 1697, 1600, 1477, 1418, 1368, 1351, 1331, 1285, 1248, 1191,
1151, 1116, 1072, 1021, 981, 841, 754 cm™;

[a]p™ = - 28 (c = 1.00, CHCly);

HRMS (ESI): Cy7H,3BrN;O6+Na, Calc: 592.1054, Found: 592.1062;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.4, tminor = 13.8, 97% ee.
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(1'S,2'S,3'R)-1-tert-butyl 3'-methyl 2,5'-dioxo-1'-phenyl-3',5',6',7'-tetrahydro-1'H-spiro[indoline
-3,2'-pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4ga. (Table 2, entry 17)
O%

Me0oC,,,, NN

4ga was isolated by column chromatography in 94% yield;

"H NMR (300 MHz, CDCly) & 7.68 (dd, J= 7.8, 1.2 Hz 1H), 7.35 (t, J = 7.4 Hz, 2H), 7.24 (dd, J
=14.2, 6.7 Hz, 2H), 7.13 (t, J = 7.4 Hz, 2H), 6.95 (d, J = 7.2 Hz, 2H), 4.70 (s, 1H), 4.11 (s, 1H),
3.68 (s, 3H), 3.64 (t,J = 8.1 Hz, 1H), 3.34 — 3.14 (m, 1H), 3.00 (dt, /= 13.6, 8.1 Hz, 1H), 2.80 (dd,
J=15.6,7.6 Hz, 1H), 1.48 (s, 9H);

BC NMR (75 MHz, CDCly) & 172.1, 167.0, 164.9, 148.2, 140.3, 130.3, 130.2, 129.1, 128.3,
127.2,124.6, 123.5, 121.8, 115.1, 84.4,77.2, 65.4, 59.3, 52.8, 52.7, 36.4, 27.8;

IR: 2925, 2853, 1742, 1696, 1604, 1463, 1414, 1358, 1340, 1295, 1252, 1213, 1153, 1107, 1072,
995, 841, 751 cm’';

[alp™ =- 21 (c=1.02, CHCLy);

HRMS (ESI): C6H,7N;30¢+H, Calc: 478.1973, Found: 478.1977,

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 7.3, tminor = 12.3, >99% ee.

(1'S,2'S,3'R)-di-tert-butyl 2,5'-dioxo-1"-phenyl-3',5",6',7'-tetrahydro-1'H-spiro[indoline-3,2'-

pyrazolo[1,2-a]pyrazole]-1,3'-dicarboxylate, 4ha. (Table 2, entry 18)
O%

t8u00C,, NN
Qi =

Boc

4ha was isolated by column chromatography in 92% yield;
"H NMR (300 MHz, CDCls) § 7.67 (d, J= 7.7 Hz, 1H), 7.57 (dd, J = 7.7, 1.0 Hz, 1H), 7.35 (td, J

= 7.9, 1.4 Hz, 1H), 7.26 — 7.17 (m, 2H), 7.13 (dd, J = 8.1, 6.7 Hz, 2H), 7.01 — 6.90 (m, 2H), 4.56
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(s, 1H), 4.14 (s, 1H), 3.62 (t, J= 8.3 Hz, 1H), 3.29 — 3.11 (m, 1H), 2.98 (dt, /= 13.5, 8.1 Hz, 1H),
2.77 (dd, J=15.6, 7.4 Hz, 1H), 1.48 (s, 9H), 1.39 (s, 9H);

BC NMR (75 MHz, CDCl3) 5 172.4, 165.6, 164.9, 148.3, 140.3, 130.4, 130.2, 129.0, 128.2,
127.3,125.1,124.3, 121.8, 114.7, 84.3, 84.2, 77.5, 65.3, 60.3, 52.6, 36.2, 27.9, 27.8;

IR: 2980, 2930, 2852, 1767, 1736, 1698, 1605, 1478, 1413, 1365, 1294, 1252, 1221, 1152, 1106,
1072, 843, 755 cm™;

[alp™ =-19 (c=1.01, CHCL);

HRMS (ESI): Cy9H33N;304+H, Calc: 520.2442, Found: 520.2446;

HPLC: DAICEL CHIRALCEL IA, Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min, retention

time: tmajor= 5.9, tminor = 6.6, 98% ee.



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

General procedure and spectral data for the synthesis of 5:

EtOOC . TFA, CH,Cl, - EtOOC .
(0] 0°C O
N N
Boc
4aa

To a stirred solution of 4aa (0.1 mmol, 49.1mg) was added 0.1 ml TFA slowly under 0 ‘C. The
reaction mixture was stirred at this temperature and monitored by TLC, and extracted by CH,Cl,
after completion in 15 min. The combined organic layer was dried over anhydrous Na,SOy,
concentrated after filtration and purified by silica gel chromatography (CH,Cl,:MeOH 20:1) and
fractions were collected and concentrated in vacuo to provide the pure desired products 5 in 94%

yield.

"H NMR (300 MHz, CDCl;) § 8.69 (s, 1H), 7.34 (d, J = 7.5 Hz, 1H), 7.29 — 7.21 (m, 2H), 7.19 —
7.06 (m, 3H), 7.01 (d, J = 7.2 Hz, 2H), 6.78 (d, J = 7.5 Hz, 1H), 4.63 (s, 1H), 4.24 (s, 1H), 4.24 —
4.03 (m, 2H), 3.62 (t, J = 8.1 Hz, 1H), 3.20 — 3.02 (m, 1H), 2.96 (dd, J = 13.5, 8.1 Hz, 1H), 2.74
(dd, J=15.3,7.2 Hz, 1H), 1.03 (t, /= 7.2 Hz, 3H);

3C NMR (75 MHz, CDCLy) § 176.4, 166.6, 165.4, 141.5, 130.7, 130.1, 128.9, 128.2, 127.3,
124.4, 1232, 122.6, 110.5, 76.1, 65.0, 62.1, 59.3, 53.0, 36.3, 13.7;

IR: 3239, 1725, 1693, 1620, 1599, 1474, 1413, 1200, 912, 732 cm’;

HRMS (ESI): C52H,1N304+Na, Calc: 414.1424, Found: 414.1429.
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General procedure and spectral data for the synthesis of 6

o% 0%

ocC NN N~N
EtO m M i,
N _ Sm e00C \~Ph
0 MeOH/THF, rt ‘ 0
N 1% y. N
\ H
Boc
4aa 6

To a stirred solution of 4aa (0.1 mmol, 49.1mg) in MeOH (0.1 ml) was added a 0.1 M THF
solution of Sml, (0.4 mmol, 4 ml) at room temperature. After stirring for 10 min at r.t., the
reaction solution was poured into saturated NaHCOj; aq. and extracted with EtOAc. The organic
extracts were washed with brine, dried over Na,SO4 and evaporated in vacuo. The residue was
purified by silica gel chromatography (CH,Cl,:MeOH 20:1), fractions were collected and

concentrated in vacuo to provide the pure desired products 6 in 71% yield.

"H NMR (300 MHz, CDCL3) § 8.19 (s, 1H), 7.39 (d, J = 7.3 Hz, 1H), 7.26 (dd, J = 11.8, 3.6 Hz,
1H), 7.20 (d, J = 8.7 Hz, 1H), 7.18 — 7.14 (m, 1H), 7.12 (s, 1H), 7.09 (d, J = 5.0 Hz, 1H), 6.98 (d,
J=7.4Hz, 2H), 6.75 (d,J= 7.8 Hz, 1H), 5.06 (s, 1H), 3.91 (s, 1H), 3.80 (dt, J= 10.4, 6.2 Hz, 1H),
3.60 (s, 3H), 3.08 — 2.72 (m, 3H);

3C NMR (75 MHz, CDCls) § 175.7, 174.3, 167.9, 141.2, 130.9, 129.7, 128.9, 128.2, 127.6,
127.4,123.1, 122.7, 110.3, 80.2, 65.6, 62.0, 52.7, 46.4, 30.9;

IR: 3276, 1765, 1724, 1620, 1474, 1337, 1294, 1218, 1107, 1026, 910, 732 cm’’;

HRMS (ESI): C,;H9N;3;04+Na, Calc: 400.1268, Found: 400.1272.
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The absolute configuration determination:

o]
o) o
EtOOC N N .
+ N~N r
/ "{ 31 (10 mol %) EtOOCum. EtOOC. ‘ @
+ - = 'w
o) ;
. d CH,Cly, 15°C @\ @\ o
Boc N
Boc
Br
4ad 4ad’
determined by X-ray
TFA
CH,Cl,
on
N~N Br
EtOOC . @
150
N
H
7
determined by X-ray
X-ray Structure of 4ad:
Chirality at C4 S
Chirality at C5 S
Chirality at C6 R

Y

PLATON-Sep B 02:06:05 2012 - (40712)

Z-29 1 PZI112(1)2(11R = 0.04

RES=

Datablock:

EtOOC .

@)
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Bond precision: C-C=0.0044 A Wavelength=0.71073
Cell: a=9.930(2) b=11.163(3) c=24.219(6)
alpha=90 beta=90 gamma=90

Temperature: 293 K

Calculated Reported
Volume 2684.6(11) 2684.7(11)
Space group P212121 P2(1)2(1)2(
Hall group P 2ac 2ab ?
Moiety formula C27 H28 Br N3 O6 ?
Sum formula C27 H28 Br N3 O6 C27 H28 Br N3 06
Mr 570.42 570.43
Dx,g cm-3 1.411 1.411
V4 4 4
Mu (mm-1) 1.577 1.577
F000 1176.0 1176.0
F000' 1175.37
h.k,lmax 11,13,28 11,13,28
Nref 2698[ 4733] 4706
Tmin, Tmax 0.610,0.664 0.632,0.685
Tmin' 0.598

Correction method= MULTI-SCAN
Data completeness= 1.74/0.99 Theta(max)= 25.000
R(reflections)= 0.0356( 4096) wR2(reflections)= 0.0923( 4706)

S=1.051 Npar= 338
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X-ray Structure of 7:

Chirality at C7 R
Chirality at C8 R
Chirality at C16 R

Prab = _5
=29

(7=}

-
™
o4

EtOOC .

™ PLATON-Sep & 02:31:28 2012 - (40712)

7
88 1 PZU112(1)2(1)R = 0.04 RES= 0 -57 X
Datablock: 1
Bond precision: C-C=0.0047 A Wavelength=0.71073
Cell: a=8.967(3) b=11.953(4) c=19.728(6)
alpha=90 beta=90 gamma=90

Temperature: 293 K

Calculated Reported
Volume 2114.5(12) 2114.4(11)
Space group P212121 P2(1)2(1)2(1
Hall group P 2ac 2ab ?
Moiety formula C22 H19 Br N3 04 ?
Sum formula C22 H19 Br N3 04 C22 H19 Br N3 04

Mr 469.30 469.31
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Dx,g cm-3 1.474 1.474

V4 4 4

Mu (mm-1) 1.978 1.978

F000 956.0 956.0
F000' 955.25

h,k,lmax 11,15,25 11,15,25
Nref 2629[ 4617] 4552

Tmin, Tmax 0.628,0.673 0.588,0.693
Tmin' 0.547

Correction method= MULTI-SCAN
Data completeness= 1.73/0.99 Theta(max)= 26.970
R(reflections)= 0.0398( 3277) wR2(reflections)= 0.0979( 4552)

S =1.005 Npar= 272
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MS experiment

The reaction mixture was monitored by MS (ESI) (negative).

The observed 346.0, 433.11, 520.1 and 591.6 are double charged.

Analysis Info
Analyss Name
Method
Sample Name
Comment

638

Generic Display Report

Acquisibon Cate

DADatal 201212201212
POS_TuneWids NEG.m
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Operator
Instrument
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08

08
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02

0.0

3450032
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5201086
L

450 550

Intens.
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20

0.5

BET 1487

10412243

800

Bruker Compass DataAnalysis 4.0

850

200 1000 1050 100 1150

printed: 121152012 11.42.23 AM

Generic Display Report

Analysis Info Acquisition Date 1201562012 11:32:18 AM
Analyss Narme DAData 20121 220121 21 Ssurwangsheng 15.d
Method POS_TuneWide_MNEG.m Operator BDAL@DE
Sample Marme Instrument makXis 4G
Corrrment 838
fntens: 916315 W, G50 Trmin #1-0]
sezam8
25004
2008
1508
10084 562 6345
B
S83.1370
o I NU Y, Y n
EE) 520 5 &30 5535 5940 miz

Bruker Compass DataAnalyss 4.0

printed 12152012 11:47.52 AM
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Intens. | -MS5, 0.0-0.1min, Deconvoluted
x1

8671457
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0.5+

11842697

0.0

800 850 900 950 1000 1050 1100 1150 1200 1250 mz



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

The DFT Calculation of Intermediates in the Reaction

To gain deeper insight into this asymmetric 1,3-dipolar cycloaddition reaction involving
BINOL-derived bisphosphoric acid catalysts, the Gaussian 09 program package’ was employed
and the DFT variant B3LYP® was used in conjunction with the 6-31G(d) basis set’ to optimize all
intermediates structures. The geometries of the reaction intermediates were identified using the
IRC (intrinsic reaction coordinate) and IRCMAX method.® The calculations are carried out

without explicit consideration of solvent effects.

M cat1 (0.00, 0.00) JHJ\ cat2 (1.54, 2.16)

(5) M. J. Frisch, et al., Gaussian 03, Revision C. 02, Gaussian, Inc., Wallingford CT, 2004.
(6) A. D. Backe, J. Chem. Phys. 1983, 98, 5648.
(7) P. M. W. Gill, B. G. Johnson, J. A. Pople, M. Frisch, J. Chem. Phys. Lett. 1992, 197, 499.
(8) a) C. Gonzalez, H. B. Schlegel, J. Chem. Phys. 1989, 90, 2154;

b) C. Gonzalez, H. B. Schlegel, J. Phys. Chem. 1990, 94, 5523.
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EtOOC eN
1 EtOOC . w EtOOC . &
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Boc
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=-1090.17 E =-3142.87 E =-4233.07 E =-4233.06

Figure 1. Calculated structures of catalyst, substrates and products relative energies E in Hartree.

The 4ad have its X-ray structure, the model of 4ad’ determined by X-ray structure of substrates
7, the model of our catalyst originated from X-ray structure of chiral bis-phosphoric acid
catalyst.” The optimized structures of the catalyst, catl/cat2, the substrates 1a and 2d, the products
4ad and 4ad’, are shown in Figure 1.

Because of both substrates can only offer O or N atom as the receptor of hydrogen bond which
connected the substrates and catalyst, the two hydrogen atom donors should be provided by the

two hydroxyls of phosphoric acid moiety of catalyst in this reaction.

d /CC3N°N]CO

Figure 2. Electron distribution of 2d, N1 have one set lone pair electrons and O atoms have two
set lone pair electrons. So N1 and O can from hydrogen bond with hydrogen atom donors in our

catalyst.

(9) N. Momiyama, T. Konno, Y. Furiya, T. Iwamoto, M. Terada, J Am Chem Soc. 2011, 133,
19294.
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In the transition-state structures for the formation of both conformers 4ad and 4ad’, two
substrates are clearly non-planar. The O atom on the oxo-indole ring of the 1a connected the
hydrogen atom on the hydroxyl of left phosphoric acid moiety, consistent with Gong’s
study.'” The N1 atom on the 2d interact the hydrogen atom on the hydroxyl of right phosphoric
acid moiety, by the reason of only N1 and O atoms in 2d have lone pair electrons can from

hydrogen bond with hydrogen atom donors (Figure 2) and our catalyst bond with N1 superior to O.

(Figure 3)

o N o fh o /
;N 235A ’,‘ \ EtOOC /
. : \ ; e—N1
- O Et00C. N-ToN ~2 3A
i 2
N 4\ Y N A NBoc
E —=0
NBoc \ Br NBoc
. . Br >45A
>43A 290 A Br
intermediates C with cat2 bonding N4 intermediates C with cat1 bonding N4 intermediates C with cat1 bonding O

Figure 3. Calculated structures of intermediates C relative distance in angstrom (A). A is cat2

binding with N1 of 2d, B is catl binding with N1 of 2d , C is catl binding with O of 2d.

As illustrated in Figure 3B, the best transition structure for the reaction is intermediates C with
catl bonding with N1 of substrate 2d. In this model, two substrates are tightly aligned, relative the
NI1- C5 (2.35 A) and C3-C4 bonds (2.90 A). The intermediates C with cat2 bonding with N1 of
substrate 2d shown in Figure 3A, the relative position of two substrates are dislocated (both

~0.7A), the bonds of N1-C5 > 49 A and C3-C4 > 4.3A, the reaction can't happen. In the

(10) X.-H. Chen, Q. Wei, S.-W. Luo, H. Xiao, L.-Z. Gong, J. Am. Chem. Soc. 2009, 131, 13819.
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intermediates C with catl bonding with O (Figure 3C), the substrate 2d is about 2.3A away from
its “best location” and hardly attack the substrate la (N1-C5 > 4.0 A and C3-C4 > 4.5A). In
summary, the asymmetric 1,3-dipolar cycloaddition reaction can be best explained by the

proposed reaction models of activated intermediate C with catl bonding with N1 of substrate 2d.

Notably, the formation of the stereochemical C3 center might lead to two different final products:
4ad and 4ad’. DFT calculations revealed that the 3-bromide-substituted phenyl ring on the 2d had
almost no interactions with the COOEt group (6.27 A) under a frans relationship and had
attractive interactions with ring A (3.81 A) and ring B (4.76 A) when (S)-C3 was formed in
product 4ad. Conversely, in product 4ad’ ((R)-C3), this 3-bromide-substituted phenyl ring
underwent a steric repulsion with the COOEt group (4.21 A) under a cis relationship and pointed
away from ring A (4.60 A) and ring B (4.76 A). Compared to compound 4ad’, the distance of
adverse approach is longer (by 2.06 A) in product 4ad and the distance of beneficial approach is
shorter (by 0.79 A ). Thus, structure 4ad is more-favorably formed over 4ad’ in keeping with the

experimental results (Figure 4).

(@)
NN, Br
EtOOC::.
5N3
\\‘4
B
\
Boc

D (C - COOEY) = 6.27 A
D(C A)=381A
D(C-B)=4.76A

O

EtOOC/
4ad' \
Disfavored

Boc
D (C - COOEt) = 4.21 A

D(C-A)=4.60A
D(C-B)=4.76 A

Figure 4. Plausible reaction models for the asymmetric 1,3-DC reaction.
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HPLC Analytic Conditions:

Unless otherwise specified, all products are separated by using DAICEL CHIRALCEL IA column,

Hexane/iPrOH = 70/30, flow rate = 1.0 mL/min.

Retention ee
entry product "
time %
@)
EtOOC . t =71
major .
1 w 98
@)
tminor =9.1
N\ 9
Boc
4aa
tmajor =8.1
2 97
tminor = 10.7
tmajor =79
3 96
tminor = 10.8
O
N\N Br
EtOOCH. R
major .
4 w 98
O
tminor = 9.3
N\
Boc
4ad
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tmajor =77
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O _
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(e}
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Boc
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0
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8 [:j:‘ o Br >99
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Boc
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Y
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9 @ o Me 95
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4aa (Table 2, entry 1)

@)
EtOOC .
@)
N

\
Boc

4aa

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.60; 52
0.40;
2 4
0.20-
o.ooi N
0.700‘ o ‘1.‘00‘ . ‘2.(‘)0‘ . ‘3.‘00‘ o ‘4.‘00‘ . ‘5.‘00‘ o ‘6.‘00‘ o ‘7.(‘)0‘ . ‘8.‘00‘ o ‘9.60‘ . ‘10}06 o ‘11‘.00‘ . ‘12‘.00‘ . ‘13.‘00‘ ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
7.072 7269713 | 49.76 |623077 \'AY%
2 8.945 7338760 | 50.24 |454864 VvV
1.0(%7
2]
0.50—
0.007 7 ’*‘7
2.‘00 ‘ ‘ ‘ 4,‘00 ‘ ‘ ‘ 6.60 ‘ ‘ ‘ 8.‘00 ‘ ‘ ‘ 10ﬁ00 ‘ ‘ ‘ 12.‘00 ‘ ‘ ‘ 14ﬁ00

Minutes

Name | Retention time Area % Area | Height | Integral type
7.099 15828804 | 98.97 |1328657 bb
2 9.104 165305 1.03 13328 bb
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4ab (Table 2, entry 2)

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.15{
0.10{
2
0.05*:
0.007 AN
0?00 ‘ ‘ ‘ 260 4.‘00 ‘ ‘ ‘ 6.60 ‘ ‘ ‘ 8.60 ‘ ‘ ‘ 10}00 ‘ ‘ ‘ 12ﬁ00 ‘ ‘ 14.‘00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.085 2421415| 50.49 |169529 bb
2 10.633 2374205 | 49.51 | 119984 bb
0.50
0A4o§
0.30]
2
0.20]
0.10] R
0.00 Nf\”—/\\/#‘ A ~ ::ng
0.00 ‘ ‘ ‘ 2.‘00 ‘ ‘ 4.‘(D ‘ ‘ ‘ 6.‘00 ‘ ‘ ‘ 8.‘00 ‘ ‘ ‘ 10‘.00 ‘ ‘ ‘ 12.‘00 ‘ 14.‘00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.110 7157306 | 98.62 |501657 bb
2 10.722 100167 | 1.38 5769 bb
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4ac (Table 2, entry 3)

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.15*: e
0.10;
2
0.05;
0.007 A A AN
0.00‘ o ‘1.‘00‘ o ‘2.‘00‘ o ‘3.‘00‘ o ‘4.‘00‘ o ‘5.‘00‘ o ‘6.‘00‘ o ‘7.‘00‘ o ‘8.‘00‘ o ‘9.‘00‘ o ‘10.‘0(5 a ‘11i00‘ o ‘12}00‘ - ‘13i0(‘)
Minutes
Name | Retention time | Area | % Area | Height | Integral type
7.986 2361180 | 50.81 | 168214 bb
2 10.741 2285572 | 49.19 | 114658 bb
0.80{
0.60{
2]
0.40i
0.20{ §
0.007 AN N 7/%“‘7
0.00 ‘ ‘ ‘ 2}00 ‘ ‘ ‘ 44‘00 ‘ ‘ ‘ 64‘00 ‘ ‘ &‘00 ‘ ‘ ‘ 10‘.00 ‘ ‘ ‘ 12‘.00 ‘ ‘ ‘ 14.‘00
Minutes

Name | Retention time | Area | % Area | Height | Integral type
7.989 13005704 | 97.94 | 928847 bb
2 10.793 273754 | 2.06 | 15465 bb
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4ad (Table 2, entry 4)

N~ Br

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.30

0.20

AU

0.10

0.00

Minutes

Name | Retention time | Area | % Area | Height | Integral type

7.440 3693154 | 50.18 |303749 bb

2 9.057 3666155 | 49.82 |228757 bb

[ e S B
11.00 12.00

T
13.00

AU

L T e B B s B L L B B ey B B B s By B T [ L S S B B D
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

Minutes

Name | Retention time | Area | % Area | Height | Integral type

7.610 6256188 | 99.07 |481125 bb

2 9.301 59026 0.93 4776 bb

13.00
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AU

AU

4ae (Table 2, entry 5)

OMe

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

T
5.00

I
6.00

A A
L B Sy B B B B B
7.00 8.00 9.00

I
10.00

T
11.00

T
12.00

1.00 2.00 3.00 4.00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
1 7.519 1051713 | 49.19 | 80468 BV
2 8.219 1086500 | 50.81 | 74534 VB
0207
0.15%
0107
0.05% §
o.oof yay =~
0.00‘ B ‘1.60‘ 2.00 ‘3.‘00 B 460 5.‘00‘ 6.‘00‘ ‘7.60‘ . ‘8.60‘ . ‘9.‘00‘ B ‘10}00‘ B ‘11.‘00‘ . ‘12‘.00‘ o
Minutes
Name | Retention time | Area | % Area | Height | Integral type
1 7.733 2957377 96.45 | 225593 BV
2 8.469 108834 | 3.55 6811 VB
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4af (Table 2, entry 6)

EtOOC .

QK

@)
T§
~N
O
N

Boc

4af

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.4&:
03] g
2 0.2(%:
0.1(%:
o.oo: iV yay
0.00 ‘ 2.60 ‘ ‘ 4,‘00 ‘ ‘ ‘ 6.(‘)0 ‘ 8.60 ‘ ‘ 10ﬁ00 ‘ ‘ 12ﬁ00 ‘ ‘ 14.‘00 ‘ ‘ 16.‘00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type

6.997 5223725 | 51.01 | 435342 \'AY%
11.366 5017657 | 48.99 |231359 bb

0.80-

0.60;

2 0.40;
0.20; <
0.007 AN N \j“
0.00 2.“30 4.60 6.‘(1) ‘ ‘ 8.“30 ‘ ‘ 10}00 ‘ ‘ 12}00 ‘ ‘ 14‘.00 ‘ ‘ 16‘.00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type

6.981 9257452 | 99.69 |789147 bb
11.534 28960 0.31 2368 bb
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4ag (Table 2, entry 7)
O%

N~N
EtOOC .
w Cl
@)
N
\
Boc

4ag

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.30;

020 §
2

0.10{

0.00 'JU\MQ PaN A K

0.00 o 2.‘00 o 4.60 o 6.‘00 o 8.60 o 10‘.00 o 12‘,00 o 14‘.00 o 16‘.00 o 18‘.00‘ ‘ 20.‘00‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.120 4271995 | 49.90 [306436 bb
2 13.349 4288418 | 50.10 |[158720 bb

1,00

0.80
- 0.0
< 4

0.40{

020 5

0001 A 1

: A A ZAIA

0.00 o 2‘00 o 4.60 o 6.‘00 o 8.‘00 o 10‘.00 o 12‘.00 o 14ﬁ00 o 16&]0 o 18}00‘ ‘ 20.‘00 ‘
Minutes

Name | Retention time Area % Area | Height | Integral type
8.193 15540033 | 98.51 [1081514 bb
2 13.721 234255 1.49 11487 bb
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4ah (Table 2, entry 8)
O%

N~N
EtOOC .
w Br
@)
N
\
Boc

4ah

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.10]
0.08{
0.06*: 5
] :
5 ]
< 0.04
0.02-|
0.00 N
-0.02]
‘ ‘6.&)0‘ o ‘7.‘00‘ . ‘8.‘00‘ . ‘9.‘00‘ o ‘10ﬁ00‘ o ‘11.‘00‘ . ‘12.‘00‘ o ‘13‘.00‘ o ‘14‘.00‘ o ‘15ﬁ00‘ . ‘16ﬁ00‘ o ‘17.‘00‘ Y
Minutes
Name | Retention time | Area | % Area | Height | Integral type
9.081 1496376 | 50.11 | 84860 bb
2 15.230 1489819 | 49.89 | 42809 bb
0.6(;
5 040
< 4
0.20:
1 3
i ™
ootgh 7 i —f—
‘ ‘6.(‘)0‘ . ‘7}00‘ o ‘8.60‘ . ‘9}00‘ o ‘10.‘00‘ . ‘11‘.00‘ o ‘12.‘00‘ . ‘13&]0‘ o ‘14.‘00‘ . ‘15‘.00‘ o ‘16.‘00‘ . ‘17‘.00‘ o ‘18‘.00‘
Minutes

Name | Retention time Area % Area | Height | Integral type
9.089 12634095 | 99.61 |698171 bb
2 15.394 49556 0.39 2366 bb
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AU

AU

4ai (Table 2, entry 9)

Ny

N~N
EtOOC .
we Me
0]
N
\

Boc
4ai

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.3(%:
02%:
0A1W:
0.00- NS NI K
0.00 2.‘00 ‘ ‘ 4.60 ‘ ‘ 6.60 ‘ ‘ ‘ 12i00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
7.931 5056673 | 52.68 |329378 bb
2 10.411 4542977 | 47.32 |231652 bb
0.8(%:
06[%:
0,4(%:
0.20{ §
0.00- MM i A :J‘RL
0.00 2.60 ‘ ‘ 4}00 ‘ ‘ 6“00 ‘ 8.60 10‘.00 ‘ ‘ 12‘.00 ‘ 14ﬁ00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
7.812 13318845 | 97.30 | 948524 bb
2 10.397 369046 2.70 | 21858 bb
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4aj (Table 2, entry 10)

Y

N~N
EtOOC .
@\ OMe
0
N
\

Boc
4aj

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.40

0.30

AU

0.20)

0.10{
0.0
0.00 ‘ ‘ 2.60 ‘ 14‘.00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.546 6101557 | 50.39 (411950 bb
2 10.604 6006282 | 49.61 |[304965 bb
0.60;
o
0.2&7 <
0.007 ‘M : : : :
2 60 4.60 6 60 8.‘00 10‘.00 12‘.00 14ﬁ00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.446 9867510 | 96.87 |702638 bb
2 10.424 319296 | 3.13 20613 bb
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AU

AU

4ak (Table 2, entry 11)

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.15;
0.10{
0.05;
0.0G: JAN
0400‘ . ‘14‘00‘ 2.00 ‘BA‘OO . 4‘0() ‘5.‘00‘ 6.00 7.00‘ 8.60‘ ‘ ‘9.‘(30‘ . ‘10ﬁ0(‘] o "I’IﬁOO‘ o “IZﬁOO‘ o ‘13.‘00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
6.570 1895159 | 49.99 |157535 bb
2 8.789 1895856 | 50.01 | 109888 bb
1.60i
1.40
1.20;
1.00]
0.80
0.60-
0.40
0.20 §
0.00] _/L ~ Lj\g
1.‘00 2‘00 . 34‘00‘ o ‘400‘ L ‘5.‘00 6.60‘ ‘ 7.60‘ 8.‘00 L ‘9‘[1)‘ L ‘10‘.00‘ o ‘11‘.00‘ o ‘12.‘00
Minutes
Name | Retention time Area % Area | Height | Integral type
6.627 19129580 | 95.62 | 1576672 bb
2 8.906 875507 4.38 54373 bb
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AU

4ba (Table 2, entry 12)

N~
EtOOC .
Cl ~
o
N
\
Boc
4ba

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.60—
o :
0.20:
0.00: —
2.1‘30 ‘ 10.‘00 ‘ ‘ 12ﬁ00 ‘ ‘ 14.‘00 ‘ ‘ 16‘.00 ‘ ‘ 18ﬁ00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.051 7228904 | 49.44 | 587383 bb
2 13.718 7392375 | 50.56 |289400 bb
0.50
0.40%
0.30]
0.20%
0.10; g”
0.00] 7~ ,“L
-0.10
0.00 ‘ 2.(‘)0 4.60 ‘ 6.‘00 8.‘00 ‘ 10.‘00 ‘ ‘ 12ﬁ00 o 14ﬁ00 ‘ ‘ 18.‘00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
8.192 6552697 | 97.81 |491672 bb
2 13.994 146611 | 2.19 7007 bb
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AU

AU

4ca (Table 2, entry 13)

EtOOCu.
Br -
o
N
\
Boc
4ca

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.4(%:
O.3W: N
0.2(%: N
0.1(%:
0.007 VN N
0.00 2.60 4.60 6.60 8.‘00 ‘ 10‘.00 12‘.00 ‘ L 14‘.00 L ‘ 16.‘00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
7.635 5049104 | 50.38 | 407676 VB
2 13.572 4973409 | 49.62 | 193953 bb
1.00]
0.80-]
0.60
o.4<r:
0.20] §
0.00 :J_‘m
0.00 ‘ 2.60 4.‘00 6.‘00 ‘ 8.‘00 ‘ ‘ 10‘.00 ‘ ‘ 12}00 ‘ ‘ ‘ 14.‘00 ‘ ‘ ‘ 16‘.00 ‘
Minutes
Name | Retention time | Area | % Area | Height |Integral type
7.660 12734229 | 98.84 | 1109190 bb
13.156 148959 1.16 9024 bb
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4da (Table 2, entry 14)

Y

N~
EtOOC .
Me o
O
N
\
Boc
4da

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.407
0.30{
<D( 0.20{
010
0.007
0.30‘ 1.00 2.60‘ 3.00 4.‘00‘ 5.‘00 ‘ ‘11‘.00‘ o ‘12.‘00‘ Y
Name | Retention time | Area | % Area | Height | Integral type
7.183 4526589 | 50.33 |380202 bb
2 8.958 4467158 | 49.67 |287334 bb
1,501
1.00;
0.5(%:
000 - o A
0.00‘ o “I.‘OO‘ o ‘2.‘00‘ o 3.60‘ 4.‘00‘ ‘5.‘00 ‘ ‘6.‘00‘ o ‘7.‘00‘ . ‘8.‘00‘ . ‘9.‘00‘ o ‘10‘.00‘ o ‘11.‘00‘ o ‘12i00‘ .
Minutes
Name | Retention time | Area | % Area | Height |Integral type
7.398 22382356 | 97.94 | 1763685 bb
2 9.228 470838 2.06 32693 bb
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4ea (Table 2, entry 15)

EtOOC .
MeO "
O
N
\
Boc
4ea

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.40;
0.30; g
2 ] \
0.2(%7
o]
0.0(é /N N
0.00 2‘00 4.‘00 6‘00 8.00 ‘ 10.‘00 o 12‘.00 o 14ﬁ00 o 16.‘00‘ L 18.‘00 o 20.‘00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
9.419 7891394 | 50.23 |468753 bb
2 15.558 7818975 | 49.77 | 229824 bb
O.5CF7
0.40
0.30-]
2
O.ZCﬁ
0.10] 3
0.00 Ay \_T—/
0.00 o 2.60 ‘ L 4,60 L ‘ S.‘OO o 8.60 o 10‘.00 L ‘ 12ﬁ00 o 14‘.00 L ‘ 16ﬁ00 L ‘ 18‘.00 L ‘ 20ﬁ00

Minutes

Name | Retention time | Area | % Area | Height | Integral type
9.424 8190993 | 99.26 |485232 bb
2 15.884 61115 0.74 | 2743 bb




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

AU

4fa (Table 2, entry 16)

Ny

N~
EtOOCm.
0]
Br N\
Boc
4fa

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

‘ 10‘.00 ‘ ‘ 12.‘00/7‘ ‘ 14?700 ‘ ‘ 16.‘00 ‘
Minutes
Name | Retention time | Area | % Area | Height | Integral type
7.308 3568736 | 49.97 |290257 bb
2 12.928 3573412 | 50.03 | 132443 bb
1204
1003
o.scé
O.G(é
00’
o.2cé é
o.oof ‘ | ‘ — — — /yl‘_-T —
0.00 2.00 4.00 6.00 &,\z:utes 10.00 12.00 14.00 16.00
Name | Retention time Area % Area | Height | Integral type
7.422 17491517 | 98.74 |1290847 bb
13.768 222344 1.26 10405 bb
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4ga (Table 2, entry 17)

@)
T

MeOOC .

we

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

AU

12.320

\ N

T T T T T T T T T T T T T T T T T
2.00 4.00 6.00 8.00 10.00 12.00 14.00

Minutes

Name | Retention time | Area | % Area | Height | Integral type

7.335 3748475 | 51.07 |290538 \'AY%

2 12.320 3591842 | 48.93 | 160000 bb

! I
16.00

0.60
0.50]

0.40

AU

0.30
0.20

0.10

12,279

0.001

\ / 7\

0.00

—— T T T
2.00 4.00 6.00 8.00 10.00 12.00 14.00

Minutes

Name | Retention time | Area | % Area | Height | Integral type

7.273 7537825 | 99.61 |598751 bb

2 12.279 29532 0.39 1952 bb

' I
16.00



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

AU

AU

4ha (Table 2, entry 18)

Ny

N~N

'BUOOC .

we

N

\

0]

Boc

4ha

Chiralpak IA column, hexane/iPrOH (70:30), flow rate 1.0 mL/min

0.60-{ %
040]
0.20-
o.ooi S ~ A A
O.DD‘ - ‘1.‘00 2.00 ‘3.‘00‘ . ‘460‘ - ‘5.‘00‘ ‘ ‘6.60‘ - ‘7.‘00‘ . ‘8.60‘ - ‘9.‘00‘ . "IOﬁOO‘ - ‘11.‘0(; . "IZﬁOD‘ - ‘13.‘00
Minutes
Name | Retention time | Area | % Area | Height | Integral type
5.910 6008932 | 49.96 | 627254 bb
2 6.541 6019401 | 50.04 |514127 bb
0.40{
0.30{
0.20-|
0.10: -
0.00: AN — +—/4\
0.00‘ ‘I.‘(I) 2.00 ‘3.‘00 - 460 ‘ ‘5.60‘ 6.60 - ‘7.‘00‘ . ‘8.60‘ - ‘9.‘00‘ - ‘10‘.00‘ . ‘11ﬁ00‘ - ‘12‘.06 -
Minutes
Name | Retention time | Area | % Area | Height | Integral type
5.897 3963121 | 99.19 | 409516 bb
2 6.553 32253 0.81 3418 bb




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

0000~ ——

LST”

629"

8GT"
cve”
X
06¢C"
8ce”
ree”
gGge”
SLE”
I8¢€"
STV
6EV”
167"
rov”
LY
687"
8LG”
909"
0r9-

S08"
918"
88"
6€8°
998"
970"

€ —

€ —

L

N

4.0

0.0 ppm

2.5 2.0 15 1.0 0.5

3.0

35

4.5

7.0 6.5 6.0 5.5 5.0

7.5
oj{\.
bl
il

.WB.O

[+
(=]
o

8.5

96°C

00°€

0
e
o

j

<
-
-

3 5

4

[=2]
(<]
o



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

19°
6T"

9G6°

(7

1ZT
zzt
ezt
‘vl
‘vl
‘vzl
GzT
'SZIX
97T —
92T — -
Lzl
Lzl
8ZT
62T
C0ET
CTET

Tcel
TeeT

ST ——

TEST—

OI\%MG

Ol\%lvle

150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

160



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000°0-——

822" 1
ZGZ‘I>
CYRAR

2L0" b
5607 L

61T v — 7~
€T71’f7/

986°G ——

066G~
c19°
7E9”
6L
€9T"
881"
cre”
0sc-

ppm

|

0.5

1.0

1.5

2.0

J

L
25

3.0

35

4.0

4.5

5.0

5.5

T

|

g

S0%”
297
667"
0€sg”
[41°n
LLS”
966"
6T9°
186°
266"
700"

T

Lo R e e T e e e T e e e e L A “ANC I e

SNE v

ECL



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

PIT
‘oct
AN
Tt
‘vl
TGCT
TGCT
‘9CT
‘9¢t
“Let
“Let
"8¢CT
"8¢CT
‘6CT
TCeT
‘vET

SSWe

LYT ——
0T ——

or"
°"bH

L B B B B B B B B B B B B B B B B B

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 ppm

180



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

005" C——

LCYy € ——

0.0 ppm

0.5

2.5 2.0 1.5 1.0

3.0

10
(3]

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

8.5

9.0

9¢'LL




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Te€CT
A
Te€CT
‘et
‘vet
AN
"6t
"9¢1T
‘9¢tT
‘9¢T
‘9¢CT
LT
LTl
LTt
"8¢l
T0€T

T0€T
TCeT
vET
GvT
AN
TLYT
TLYT

SNUEEEN—

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

180



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

™ iy

il
MWL

A

Ll

Mo ol

e

S0 € ——

"

okt el

FTTY PIRTRNY ppeey )

it

At A AL

ik

m

N S o

ORI

L e U

E
-

i

Gl

hAliA

Ll

iy W

-10 -15 -20 -25 -30 -35 -40 ppm

-5

35 30 25 20 15 10

40



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

ppm

000°0-——

0.5

Tv0°
G90°
680"

1.0

[~ 662

W

8% " €6'8
€GL”
8LL"
go8-
0€8"
€ve”
oL6”"
886"
L66 "
910"
[474N
7oT”
T6T"
€6T"
€1e”
ves
6GC"
88¢C"

1.5

6€9°
L99"
€vo-
L90~"
6L0"°
T60°
€0T”
0ct”
9¢T*
IGT”
68T"
€1e”
§cer
Leec:
6vC”
192"
eLe”
L6zZ"
089°

\
4.0

e\
EtOOCu
55 5.0
3
o

4.5

J\ AN‘UMJL“\ N UL PULLIN /JLW\ JU\M A fJ L/AL A
L
3.5 3.0 2.5 2.0
2 5l |
- o | |-

vve”
896"
80T~
(453
LST"
S6T~”
00¢-
voc-
91¢"
61C"
vee:
ve”
vves
88¢"°
€ce”
8ce”
0s€e”

w
6.0

7.5

9LE"
08¢~
0e€”
91F "
81v "
L99"
769"

O S e e el o ol ol o o ol o e ol ol o S S )
T

e
7.0 6.5
dals

8.5




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

€L’

6L"

re”

86"

(07
A
45

LT*

€8°

€T

€T —

L ——

9€ —

G ——

66 —
9 —
9 ——

8V T ——

POT ——

99T —

LT ——

Q
o]
Q
b

180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

08"

98"

7

G9-

LY”
Tce

ves

€T ——

L ——

9¢€ ——

G ——

65 —
9 —

LL——

PIT——

ez
'ﬁZI&
LTT ~
18T ——
621
"0€T

O
o
Q
]

0 ppm

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000°0-——

920"
0G0~
7LO”

6vL”
TLL®
LeL-:
618"

666"
810"
€v0-
990"
€60°
8TT"
ortT"
PoT”
€1e”
0S¥ "
LLY®
€06~
430
960"
890"

¢60°
OTT"
91T~
PET”
6T
9LT"
661"

See”
8vc”
6G6¢”
€8¢"
ooL”
806"

TTT"
LET®
991"
€61”
661"
sce:
6ve”
43
T6¢C"
LTE”"
rre”
9"
LY
879"
9L9"
T18°
9€8”

L

A

\

<

S\

S S e i T S o o

O
o
Q
]

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 ppm

7.5

8.0

s

©
q
-

o
-
-

[}
e
-

WF

,_
Q
-




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

L

L8"

S¢*

[

0T~
€T
A

ve:

89"

47

€v”

G0°
LT

87"

T —

L ——

8 ——

GOT ——
99T —

LT —

O
o
Q
]

WL

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

O
o
Q
(L

|

(o))
—
—
S T T T T T T T TSSO MMM NNNNNNNNANN A A A A A A

€
o
o
o]
o
Q
- G0¢
I'r! YT
~ 968
Q
AN
o
N
Yo'l
o
)
@ 6ie
ﬁ
1 " 90'k
o
Q
< 01
S0t
o]
<
~960
o 001
0
0
[e]
Q
o
o]
({]
Q
™~ a1z
=660
N4
2 —Z01
NN
~90't
~00't
Q
(o]
]
o]



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

69

98"
S6°

Tce

26°

€T’
oT"
Tce

90"
[

I6”

T —

6 ——

09 —
9 ——
§9 —

O
o]
Q
]

(BT -

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000°0-——

€60°
9L0"
00T"

TeS”

caL”
8LL”
708"
628"
876"
SL6"
766"
0co-
LVO"
ELT
00c*
cee”
6ve”
69¢"
86C"
T29°
879"
9L9"
00"

S60°
0TT"
cct”
PET”
LGT"
661"
€ce”

9¢¢”
6G¢C"
TLe”
€8¢”
Loeg-
c99°

8G9
789"
€€6°
666"
G86 "
102"
9ce:
47
08¢
cee”
rve”
Lve”
TLE”
96¢€"
ocL:
6vL”

A MRS A A S S S A O

T

W/

T

1V i

0 <

I 4

L

L
L

Ny

L

S}
o
Q
]

ppm

0.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0
s
(3]

8.0

,_
°.
)

~
@
™

o
o
-



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

9L

18"

6C"

cL:

[47%

Le:
9¢-°

86"
9"

LL

€T ——

L ——

9€ —

8 ——

66—
9 —
9 —

‘9L
'9L&
L

P8 ——

7POT ——
99T —

LT ——

)
o
Q
]

ppm

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

= —=s\e———

OMe

)
o
Q
T

—
o
™
NCE NN NN NN NN N0V 0V VO I TSI TTOONNONNNNNNNONNNNNNNNNAAAAAAAAAAAAA A A OO O OO O OO OO

nwum A

r--r——rr—r-—~+~—"f1r-~+~‘+~‘"r—~+~"T1+~"~~"~"T1° ~"‘"“"“"“"‘"rT~—*“‘"“"r-~~“"“"r/ "““‘*“r-"~"“*“1r - ~“~"“r1°"— 1T rrrrTrrrTrrrr T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

T

9.5

ppm

(2]
-
[y}

[oo]
o
©




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

6L"

28"

6€"

L
80"
L?”
€ec’
8¢ "

0e-

8¢€"

S6°
06"

ve:

€T ——

L ——

9€ —

G —
GG —

66—
9 —
§9 ——

8V T ——

66T —

7POT ——
99T —

LT ——

OV S

OMe

s)
o]
Q
b,

ppm

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

180



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

ppm

0007 0-——

0.5

€r0°T
L90°T
T60°T

\/

1.5
8
=

40

€GqL”
6LL"
S08°
T€8”
8€6”
996"
€86 °

LEO”
96T~
781"
soc”
€ec”
[
I8¢

90°}

819"
Sv9-
0vo-
790"
LLO"
680"
90T~
rer”
8V T”
88T~
c1e”
€ce”
9eeC”
8v¢”
09¢"
cLe”
96¢”
L99"

o
Q
-

'

e—

4.0

|

<
-
-

W |

Q
o
Q
]

ASAESAERS AN AN U U S S O
5.0

908"
reE8”

9
9
2989
LEG9
55679
T796'9X

7869 —=
P61 L

617" L~
Sve L—~

G8C L
6€€'L/
99€° L
6LE L
7oV "L
089°L

LOL"L

6.5

8.0

8.5

el




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

SL

18"

0€

09~

a7

4%
ve”

[

T —

L ——

96 ——

8 ——

66—
9 —
§9 —

"STT
'EII\

SIT ———

"TZT
€Tt
72T~
"92T
71—
'SZI/
62T
"0€T
0rT——

8T —

Q
o
Q
]

ATy

0 ppm

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

000" 0~ ——

G96°
686"
€10°

8¢ "

6L9"
roL-”
TEL”
9GL”
998"
€68°
TT6"
616"
6€6°
G96°
080"
80T~
6CT"
LST”
9LT"
4
ST1G”
€ra”
TLS”
L86"
666"
T10°
Gco-
LVO"
PET”
86T~
0LT"
reT”
886"

0z8-
678"
T€0”
660"
TCT”
veT”
LVT"
CLT”
QLT
LIC"
69¢"
€Le”
00€"
9ce”
S19°
v

0
0
T

\/

I TTONDONONOD NN MANNNNNNNNNN

AL A —

Q
o
Q
]

|

ppm

0.5

2.0 15 1.0

25

3.0

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

|

‘_
o
-—

7.5

8.0

0'6

3

|

]
o
[y']

<
o
-



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

cL

8L"

8¢"

86"

17

1"
1c¢”

70-°

L8
9¢”

T6”

T ——

L ——

8 ——

68 ——
9 —
§9 —

‘9L
'9L§
LL—7
LL

v —

8V T ——

7POT ——
99T —

LT —

Q
o
Q
]

ppm

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Mk
N A E L
0.0 -05 -1.0 ppm

T

T

80°¢

T

1.0

T

T

T

4.0

T

T

47.5

I
. 35 30 25 20

J ol

- Ol [v=|[lv=

T

T

6.5

-
e
o

T

7.0

,_
N
)

T

0
Q
N

T

7.5

L B
85 8.0

-

Q

-

—
o
o
T T 00V VUYL LIS LOONONNDOONDN DM MNANANNNANNNNNNNNNNNNNNNAAAADO OO
I

B Vi = — Vg
3

T




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

vL

4N

0e-

68"

16"

ET —

L ——

9¢€ —

G ——

65—
29—
"G99 ——

9L
‘oL N
LL—7
“LL
‘pg——

TGTT ~
121

XA

'EZI&
TPCT —
80T ——

62T —~
‘OEI/
TTET

0P T ——

8YT ——

POT ——

99T —

TLT ——

O
o
Q
]

ppm

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210 200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

§6°0

4.5

. L £
000°0 &
| =
[0
=)
€€0° T =)
LSO'Il | ~™ bI'e
180 1 |
987" T~ F e — s
zez T - - 406
ShL T r
0LL T r
L6L"T r
zz8°¢ o
126°¢ ol
8v6°¢ r _
G96°2 r 10
SL6°C [ -
€66°C )
020°€ I o
GST' ¢ I
08T"¢€ T~
€81°¢ | o
€ L2 €01
.g\ R
'E\ —
'gl [ 160
'g/ r —
g\ | 0
[ P
[ 10}
| ©
L e
—

L ¢6°0

EtOOCm..
—
5.0

w
5.5

w
6.0

g8’
68"
9¢6°
256 °
€0¢”
Loz
622"
cee”
vLe:
LTE"
cece”
vre”
8rE”
vLE"
007"
€0V

w
6.5

7.0
8
N

7.5

[ e O ol S Sl ol ol ol ol S e VeIV I ]
I

=\

80L"




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

9L

40

Z8”

8¢

A

97

ST”

e

78’
Sv°

0€”

€T ——

¢——

L ——

9 ——

28—

68—
29 ——
‘99—

POT ——
99T —

LT —

0
o
Q
b

TN S | b -

el

|

A

180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

€€0”
LSO
180"

vvL”
69L"
96L"
TZ8”
LT6"
Ak
296"
TL6"
066"

0GT"
6LT"
66T
Lece:
Sve”
SLZ
086"

9€9°
60L"
760"
690"
LLO"
680"
ETT”
reET”
coc”
9¢c”
8eccC”
c9¢”
L9

€V9°
cL9”
6L8"
806"
PLT®
9LT"
66T"
4%
vece:”
Lece:
€Le”
STE”
6TE"
44
ore”
Log"
T6€"
9L9"
€oL”

LIS ILONONDNNDOD NN NONNNNNNNNN

T

\/

T

= NI\

==\

N N N S e - C R

e

OMe

O
o
Q
]

e

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0 ppm

8.0

o
<
-

©
Q
-

coj
e
o

©
o
-

I}
<
o




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

oL"

98"

Se”

8¢C"

IT*

L8
LY

9€"

ET——

L ——

9€ —

8 ——
GG —
68 ——
29—
G9 ——

09T —

POT ——
99T —

LT ——

O
o
Q
]

OMe

ppm

70 60 50 40 30 20 10

80

190 180 170 160 150 140 130 120 110 100

210 200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

J | E
S
o
L0
o
L78°0 I
ILS'Ol % [4%>
v68 0—" L e
L h
LY
€66 T—— LT _206
)
o
)
869°2 E N
ZZL'Z> r 26’}
voL z—" I cb b
Lo
)
pee-e »
z9€'€& N
898°¢ I 68°1L
0
6L8°¢ -
z68°¢€ '
€06°¢ '
P16 € ' -~
176 E % ' o 102
e T -
LE6"E <
056°¢€ I
196°¢€ [ 10"k
986'€/ % I
L66°€ 0
AT @) 8‘ <
(@]
m .
586"y —— % -2 160
0
0
| ©
I ©
€0€°9 —— ' 66'1
;)
" ©
GET"L I
O9I'L\ o
981'L\ T~
T7LZ'L§ I €01
628" L~ I —
Z€€'L/ L 86°L
99€'L/ L@
8LE"L L ™~ "760
LLS'L% L
ZO9'L/ t 00°L
SLL'L/ L
£08° L %g



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

67 €T ——

86" L ——

GETE——

Le:

06

T6ET ——
TTET ~_
TERT——
SR —

8T —

99T ——

OLT ——

8]
o
Q
i

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

- E
000°0- —— - o

-y

| 0

o

o
60T"T _—
esm} - T g0t
LGT"T [

N
SLp T —— e

EEEE

o
ssLUz 4 i
08L"T
L08° T
ze8 z
28672 L ©
6L6°2 N
L66°C
500°€ Yo'l
FZ0°€
160 s & -2 o0t
09T €~ »
L8T € ——= » 760
602'€f P
LET € 0
L06-¢ ® 50
9€9'sf T
799 ¢ I
00T"F )
SLT" ¥ <t —fnr
18T 7 N\ =0t
661'[77 _96°L
112" %
9€T" ¥ L ©
8cz ¥ ; < ____
292 ¥ o i — | 260
SLZ Y O
182" ¥ 8 °
862" < - &
099° % i

)

7o)

=]

©
¥86°9 %g
800°L
6€T" L
79T L
88T" L e
vzToL - 256l
8T72'L\ /80T
897 L X ~00°t
908 L—F —90'}
PTE" L [ w w0t
9ce" L ~
€reEL S0’k
68€° L
96€° L
FE9 L L <
£€99°L ©




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

L8

8-

€€

€9°

e

AN

ST

7o-

T0°

(O

T ——

L ——

96 ——

28—
66—

9 —
§9 ——

9L
'LL§
LL

'LL/

P8 ——

8V T ——

S9T ——

99T —

LT ——

EtOOCu..
Cl

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000°0-——

STT”
6€T
€9T"

€LY

raL”
6LL"
908"
T€8”
€G66°
186°
666"
LOO"

[4°1eh
09T"
88T~
60¢”
LET®
9¢¢”
v8c”

reo”
c99°
860"
8GT"
Z8T”
reT”
soc:
LTIC"
ive”
g9c¢”
oLC”
88¢C"
00€-
969"

T

MM MMM NNNNNNN

I ARAWNT.

I~
1—

”m ™M

Mmoo om

ASEESS

SRS S S R R A A

Eto OC U

Y

2.0

Lo

ppm

1.0 0.5

1.5

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

7.5

8.0

|0
[~ 1(=]
ol

3



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

16

8-

e

€0”

70~

8¢"

T ——

L ——

96 ——

G ——

65—
9 —
"G9 ——

8V T ——

S9T ——

99T —

TLT ——

EtOOC..

180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 ppm

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000°0-——

I
-
ppm

0.5

670" 1
cLO"T
960" 1

\/

oLy"T gvo.s

|
1.5

68€"
osL”
SLL®
c08”
L8
76"
896"
986"
766"

2.0

80°¢

070"
€91
681"
6T
(AN
ove:
8G¢"

00°L

019"
8¢9
G99°
7OT”
44
veET”
LGT"®
ELT”
I8T°
L6T"
1ce”
€ee”
Sve:
Lsc"
99"

4.0

02
co’L

4.5

T T L T
3.5 3.0 25
g lells
o | |-

3]
o
Q
i

[
= -

= NN ee=—=———

TP ITONNDNONODNONONONDNMANNNNNNNNN

6.0

976"
0G6°
7L6"
ETT”
6TT"
LET®
42
00c¢*
ST1C*
€ce”
ceT”
€ve”
Lve:
G8¢”
LES” L
G9G°L *

6.5

-7

I
7.0

a8

o

|

©
<
o

|

7.5
8

7

8.0




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

€L’
80"

18"

Le:

z9°
(O

8¢€"

8G”°

4
60"

88"
97"

sc”

ET——

¢ —

L ——

9¢€ —

G ——

65 —
29—
§9 ——

POT ——
99T —

LT ——

3]
o]
Q
i

[
=

|

e

l

L

ppm

70 60 50 40 30 20 10

80

190 180 170 160 150 140 130 120 110 100

210 200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

00070 ——

7LO”
860"
TCctT”

L9V "

9¢€6°

186"
066"
600"
Seo0”
AN
I8T°
781"
€0¢”
cee”
6ve”
[4a
8LC”
L09"
SE9”
c99-°
8€8"
cLO”
860"
80T~
0cT”
453
AN
961"
08T"
60¢C"
€ec’”
Sve”
LST"
69¢"
18¢”
€6¢C°

SLY”"

Sr8-”
7a8”
GL8"
788"
996"
oLe6”
186°
066"
LTT®
Tete”
Let:
A
67T
oLT”
00c-
voc”
60¢C"
1ce”
8¢¢"
Lee:
(2
€6¢”
€Le”
066"
0c9-

MNMHMMOMOMNMOMMNOMONNNN

AN HES A R S S S S A A

”m ™M

< N M

ASESH

Eto OC [[S

MeO

It

|

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
3
N

8.0

8.5

v0'€

v0'6

¥6°0

o
|-

L

o
o
-



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

08

98"

LE

§G°

cL
08§

1¢”
96"

Te”

18"

78"

€v”

(O

€T ——

L ——

9 ——

28—
‘GG ——
6§ ——
9 ——
9 —

‘9L
'LL&
“LL
P8 ——

OTT ——

8V T ——

96T —

PoOT ——
99T —

LT ——

"

Eto OC [T

MeO

.

ppm

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000°0-——

S60°
6TT"
€EvT”

LvL®
cLL”
66L"
[24h
0€6”
866"
SL6”
786"

0€0"
[4 3
08T~
T0¢C”
6cC”
8ve”
LLe:
€09°
0€9"
859"
7eo”
LGSO
0LO”
780"
€60°
60T"
LTT®
€eT”
IrT”
oce:
vves
9¢¢”
89¢”
08¢"
c6C”
roe”
8ce”
769"

€96°

OO~ NMT O O W~
— O~ LWOoS NN WO S O
DM MMMANNNN A — O

44N

—

[ R  a  a o S ol Sl el Ce}

NS\

T

W/

T

™

[

P

ASAIRSAERS S ES A S R R oS S

EtOOC.u.

Ll

L B B s e s B 5 B ey B B B By B L B B A B B

U

ppm

4.0 3.5 3.0 2.5 2.0 15 1.0 0.5

4.5

6.5 6.0 5.5 5.0

3

8.0 7.5

8.5

N
e
-

10
2
-

g

|

|

N
N
N

~
Q
-

o
]
S

©
7)‘\!
[

~
ro.
-



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

98

18"

6¢"

96"

I3

6€"

€T

68"
197

LS*

el ——

L ——

28—

65—
9 —
‘G9 ——

PoOT ——
99T —

LT ——

EtOOCu.

0 ppm

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

£
o
[
ol ] ]
000°0 I o
)
o
L e
-
08p° T —— 9 706
L —
L <
LSL"Z o
Z8L" 2
608"
78 T 0
9v6° ¢ ai
bL6° 2
A\
610" € —X -3 ot
9170'€?
CLT € [ 00°L
ooz‘s/ -
A4ARS %g
052" € -
8977 ¢ {144
L6Z°€
819" ¢ 7 L
Sv9°¢€ ) q.JLO'l-
T789.€/ &=
PTT b >
@] 3 )
8 <
S0L Y —— l®) ﬁ =60
Q
= o
0
)
0
L Q
©
86679 [0
29679 ©
90T" L
0T L
SRR\ S
: N s
zzzm& gg.g
8v2 L —— ~e0¢
69Z'L/ o ~90C
gze"L S
€Ge" L ~20°L
8L€'L/ ALl
G997 L
699" L %g
G697 L
n
I




Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

8"

Le:

oL
LL

ge’

9¢€"

68"
10°

[

L ——

9¢€ —

Zs
2o —>
66 ——
9 ——
9L

LL

'LL>

TLL
V8 —

7POT ——
LOT —

LT ——

MeOOC...

ey

m

ppm

70 60 50 40 30 20 10

80

190 180 170 160 150 140 130 120 110 100

210 200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

000" 0-——

reeE”

7

A I I I B
00 -05 -1.0 ppm

T

T

1.0

T

6LV
8CL"
€qL”
o8L”
S08°
926"
7S6”
TL6”
086"
666"
Gco-
PET”
19T
roT”
€8T"
A
62¢C"
cee”
8G¢”
76G°
T29°
679"
A
€9G6°

9€6”
6"
G96°
080"

K

o)
@]
o
=]
m

901"
Sect”
6CT”
0GST"
08T~
781"
981"

961"
soc*
80¢"
S1C”
vece:”
Tee”
vee”
ove:
LLe”
81E”
cece”
Sve”
6veE”
oLe”
SLE”
966"
6GG"
186"
78G°

—
o
—
NN NN NN NN NN NN NN NN NSO O0O FITOMNONONONONMNONOMNNNNNNNNN N

BV S

,,,,[,,,,[,,,,[
25 20

T

3.0

T
60 55 50 45 4.0 3.5

T

6.5

‘ﬁ
o

w
7.0
:

Fo
dhe
o

T

[=2]
o
~—

.

o
-

w
7.5

|

[=2)

©

.

{{
85 8.0

T

9.0

T



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

78-

S6

ve:

68°
19"

Se”

Lz
N

9€ —

O

O
o
@]

=
o

4ha

i

o

‘ |
A

NPT Dyt

TN e

VW

ppm

70 60 50 40 30 20 10

80

190 180 170 160 150 140 130 120 110 100

210 200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

0000~ ——

LOO”
T€0”
GG0°

969"
ocL:
LvL®
TLL
926"
766"
cLe”
666"
7co-
180°
LOT”
6CT"
9¢1"
SLT®
A
L6G"
€29°
1599°
110"
GeE0"
Lv0O"
650"
TLO®
€80°
§60°
7OoT”
6TT"
GET”
8GT"
TLT®
Z8T”
rel”
Loc-
€ce”
cve”
T€9°

EvL”
89L"
S00°
620"
LSO
780°
ETT”
6T
681"
60¢C"
9eC”
voc”
8LC”
88¢C"
€ee”
8G¢"

—

\/

W ——""

\

LIS TONONNDONONONNDNONNNNNNNN

=\lw=="

N S T S o SR t=}

)
O
Q
h,

Lk

‘[“[“[“[‘{
6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0

I
7.0

3

o

[[
8.0 7.5

1
8.5

9.0

T

ppm

-7

o
o
-

o
-
(2]

)
N
o

©
q
-

|

|



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

€L’

cec”

9€"
09

A

ET —

9€ —

"6 ——
‘66 ——
29—
"G9 ——
9L

'9L&
LL—
'LL/

SOT ——

99T —

ILT ——

)
O
Q
h,

ppm

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

200



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

0007 0-——

LLL:
108"
I 4h
res”
98-
7L8”
S68°
S06°
LC6"
066"
L96"
166"
c00”
7co-
967"
c09°
9GL”
G8L”
oeL-”
G18°
618"
ces”
[4°3°h
c16”

6eEL”
SoL”
§96°

280"
660"
€CT”
8ET"
67T
€9T"
68T"
8IC”
vve:
ovc”
vLZ"
§6¢C°
Lec:
6LE"
rov -
061"

N

="

MeOOCuu..

J

B B e B s ) ) B 5 By By B ) B

1.0 0.5 ppm

1.5

2.0

25

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

7.0
1]

8.0 7.5

8.5

qf
-
[x]

©
2
-

-7

o
o
—

F

-7

~
o
o

|

o
Q
-

™
oj
N

'ﬁ
-
-

|

©
ﬁ?
—



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

68"

(037

§9°

S6°

09

9¢”

88"

8¢"
69°

0€ —

9y ——

8 ——

9 —
‘69 ——

0TT —

L9T ——

VLT ——
SLT—

MeOOCh...

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

190



	si1
	SI2

