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Supplementary Figure 1. 'H and "C-NMR spectra for catalyst 1a
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Supplementary Figure 3. 'H and C-NMR spectra for 21
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Supplementary Figure 10. H and C-NMR spectra for catalyst 1f
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Supplementary Figure 11. H and C-NMR spectra for catalyst 1g
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Supplementary Figure 14. H and C-NMR spectra for catalyst 1j
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Supplementary Figure 15. H and C-NMR spectra for catalyst 1k
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Supplementary Figure 16. H and C-NMR spectra for catalyst 11
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Supplementary Figure 17. H and C-NMR spectra for catalyst 1m
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Supplementary Figure 18. H and C-NMR spectra for catalyst 1j”
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Supplementary Figure 19. H and C-NMR spectra for 27
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Supplementary Figure 21. H and C-NMR spectra for catalyst In
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Supplementary Figure 22. H and C-NMR spectra for 29
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Supplementary Figure 23. H and C-NMR spectra for catalyst 1o
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Supplementary Figure 24. H and C-NMR spectra for 31
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Supplementary Figure 25. H and C-NMR spectra for 32
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Supplementary Figure 26. H and C-NMR spectra for 1p




Supplementary Figure 27. X-ray structure of catalyst 1e

Supplementary Figure 28. X-ray structure of catalyst 1g
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Supplementary Figure 29. H and C-NMR spectra for substrate 9q
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Supplementary Figure 30. H and C-NMR spectra for substrate 9r
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Supplementary Figure 31. H and C-NMR spectra for product 10n
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Supplementary Figure 32. H and C-NMR spectra for product 100
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Supplementary Figure 33. Hand C-NMR spectra for product 10p
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Supplementary Figure 34. H and C-NMR spectra for product 10q
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Supplementary Figure 35. HPLC spectra for product 10n of Steglich rearrangement with catalyst 1j (see

Supplementary Table 3)
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Supplementary Figure 36. HPLC spectra for product 100 of Steglich rearrangement with catalyst 1j (see

Supplementary Table 3)
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Supplementary Figure 37. HPLC spectra for product 10p of Steglich rearrangement with catalyst 1j (see
Supplementary Table 3)
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Supplementary Figure 38. HPLC spectra for product 10q of Steglich rearrangement with catalyst 1j (see

Supplementary Table 3)
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Supplementary Figure 39. H and C-NMR spectra for product 10a



0
Me, A opn
CL-
N
~opPh
0
10a
Racemic sample of 10a (S)-10a
g
Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 13.513 102652 50.170 1 13.023 35585727 97.805
2 14.575 90628 49.830 2 14.006 286167 2.195

Supplementary Figure 40. HPLC spectra for product 10a of Steglich rearrangement on multi-gram scale
| (see Figure 4b_and Supplementary Methods).
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Supplementary Figure 41. HPLC spectra for product 10a of Steglich rearrangement with recovered catalyst

| 1j_(see Supplementary Methods).
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Supplementary Figure 42. H and C-NMR spectra for substrate 9¢
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Supplementary Figure 43. H and C-NMR spectra for product 10b
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Supplementary Figure 44. H and C-NMR spectra for product 10¢
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Supplementary Figure 45. H and C-NMR spectra for product 10d
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Supplementary Figure 46. H and C-NMR spectra for product 10e
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Supplementary Figure 47. H and C-NMR spectra for product 10f



oy JKF-4-205_proton-2-4jdf MeO,CHN
dCreation_Time = 4JUL-2015 00:41:54
—3X Freq =399.285[MHz]
4 Ysotvent =CHLOROFORM-D
g—Scms =8 -y
o {Temp_Get =22.8[dC] e
o0
= 3
= f ¥
=3 H
o -
- a
o]
; :
2 3
o
=
o e
3 3 (% = &
= - =
0]
§-: J J
K|
x|
e
g3
£ i i
2.7 . e e P A SR T
100 9.0 ) 70 60 50 40 30 20 1.0 0
|
28 SRIREES228% 8 & 8§ ¥85REE  §
o0 oo Lol ol ol - - - R L N ) - o R NI NN -
X: parts per Million : Proten
JKF-4205_carbon-1-3jdf
_ JCreation_Time = 4.JUL-2015 00:56:51
=X Freq =100.40028[MHz]
Solvent =CHLOROFORM.D
Scans =3
=3Temp Get  =23(dC]
g_
-
% 3
=3
o
]
=x
b’.:
e
=3
=3
)
hE
I E
o
;_
g
_,g o
=
e —— ———
20001900 1800 1700 1600 1500 1400 1300 1200 1100 1000 700 600 500 400 300 200
|
LA A | | I
- (- [> Lt =2 YNV N—=MmOoo - - o
88 B325 § ZSBARREREZ £ & g4
=5 2228 & RIRRREVSSZ g & L
X: parts per Million : Catbonl3 -

1 13
Supplementary Figure 48. H and C-NMR spectra for product 10g
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Supplementary Figure 49. H and C-NMR spectra for product 10h



(KF-3-158-crude_proton-1-4,jdf
Creation_Time = 9-JUL-2014 22:23:15
S 3X Freq =399.285MHZ]
~ {Solvent =CHLOROFORMD
Scans =3
Temp Get =21.3[dC] A
= -
Er =
23
-
23
b=
23
=3
=
<4
2= 1 =
o4 o4
JS ‘IS 5
=4 -_ =
o J
2
: | |
g° .
- T T T T T T T T T T
10.0 9.0 8.0 70 6.0 50 40 3.0 20 1.0 0
—_ o S T win e
B= RRSSHENS8EEE SSEE P
L A R R o en o o —
X : parts per Mallion : Proton

KF-3-158-13C_Carbon-1-7,jdf
(Creation_Time = 10-JUL-2014 02:06:35

X _Freq = 100.40028[MHz]
Solvent =CHLOROFORMD
Y5cans = 4000

Temp Get  =20.8[4C]

1

0 001002003 004005006 007008009 0.1 0.11 012013014 0.150.16 0.17 0.18 0.19 0.3

abundance

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 8

700 600 500 400 300 200 100 0 -100

T7.485
T7.160
76,845
56.826
23442 —

|
2
:

65322 —

X : parts per Million : Carbonl

1 13
Supplementary Figure 50. H and C-NMR spectra for product 10i
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Supplementary Figure 51. Hand C-NMR

spectra for product 10j



KF-3-150_proton-1-4.jdf
Creation_Time = 30-JUN-2014 02:21:07
1% Freq = 399.285[MHz]
= Jsolvent = CHLOROFORMD
o ]5cans =32
Temp Get =20.7[4C] I
[ .
2]
=]
=
=]
o
=]
™~
] 8
=1
| )
=2 : -
-
5 LJ«_L_._
3o -
100 90 80 70 60 50 ) 30 20 1.0 0
nn
A S A
—_—0 =T =0 = 11 = o [
52 §53348 83383 8% B
Mo e 222 3
X parts per Million : Proton
TF-3-126-128scan_carbon-1-3,jdf
o0 {Creation_Time = 19.JUL-2014 00:21:29
= 1solvent =CHLOROFORMD
Scans =128
Temp Get  =209[dC]
=1
(=}
==
(=]
™
2]
=1
(-]
g_
™~
(=]
;-
- e
E
z
= T T T T T T T T T ¥
20001900 1800 170. 600 500 400 300 200 100 0
=
z
X : parts per Milion : Carl

1 13
Supplementary Figure 52. H and C-NMR spectra for product 10k
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Supplementary Figure 53. H and C-NMR spectra for product 101
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Supplementary Figure S4. H and C-NMR spectra for product 10m
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Racemic sample of 10b (S)-10b
V2000 “Ys0000
Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 22.013 514169  49.559 1 21.834 2020595 2.198
2 27.979 523324  50.441 2 26.573 89913781 97.802
Supplementary Figure 55. HPLC spectra for product 10b of Steglich rearrangement with catalyst 1j (see
Figure 5)
0
re Mopn
CL-
N
»~oph
ol
10c
Racemic sample of 10c (S)-10c
Peak # Ret. Time  Area Area % Peak # Ret. Time  Area Area %
1 13.706 756612  49.881 1 13.735 175480  3.656
2 25.494 760216  50.119 2 22.339 4624284 96.344

Supplementary Figure 56. HPLC spectra for product 10c of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Racemic sample of 10d (S)-10d
Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 13.233 743275  50.426 1 13.117 21032544 95.986
2 15.221 730703  49.574 2 15.166 879600 4.014

Supplementary Figure 57. HPLC spectra for product 10d of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Racemic sample of 10e (S)-10e

Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 24.855 555399  50.042 1 24.876 129407 0.627
2 31.123 554476  49.958 2 30.748 20522041 99.373

Supplementary Figure 58. HPLC spectra for product 10e of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Racemic sample of 10f (S)-10f
Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 12.016 3434305 49.724 1 12.383 27117262 96.847
2 32.969 3472435 50.276 2 37.147 882922 3.153
Supplementary Figure 59. HPLC spectra for product 10f of Steglich rearrangement with catalyst 1j (see
Figure 5)
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Peak # Ret. Time  Area Area % Peak # Ret. Time  Area Area %
1 17171 2182252 50.054 1 16.962 8578049 97.257
2 21777 2177545 49.946 2 21.595 241908  2.743

Supplementary Figure 60. HPLC spectra for product 10g of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 7.440 1325957 49.786 1 7.267 45012007 92.209
2 20.109 1337333 50.214 2 20.369 3803269  7.791
Supplementary Figure 61. HPLC spectra for product 10h of Steglich rearrangement with catalyst 1j (see
Figure 5)
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Racemic sample of 10i (S)-10i
Peak # Ret. Time  Area Area % Peak # Ret. Time  Area Area %
1 17.244 424561  50.356 1 17.605 1596012 90.985
2 18.787 418559  49.644 2 19.232 158136  9.015

Supplementary Figure 62. HPLC spectra for product 10i of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Racemic sample of 10j (S)-10j
Peak # Ret. Time  Area Area % Peak # Ret. Time Area Area %
1 15.723 409768 49.925 1 15.748 3645897 16.244
2 23.099 410996 50.075 2 22.915 18798408 83.756

Supplementary Figure 63. HPLC spectra for product 10j of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Racemic sample of 10k (R)-10k
Peak # Ret. Time Area Area % Peak # Ret. Time Area Area %
1 19.654 39311038 50.136 1 20.457 6376265 21.396
2 25.735 39098419 49.864 2 26.827 23424552 78.604

Supplementary Figure 64. HPLC spectra for product 10k of Steglich rearrangement with catalyst 1j (see

Figure 5)
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Peak # Ret. Time Area Area % Peak # Ret. Time Area Area %
1 13.236 13821916 49.348 1 13.133 10516782  8.030
2 18.296 14187024 50.652 2 17.469 120452064 91.970
Supplementary Figure 65. HPLC spectra for product 101 of Steglich rearrangement with catalyst 1j (see
Figure 5)
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Supplementary Figure 66. HPLC spectra for product 10m of Steglich rearrangement with catalyst 1j (see

Figure 5)




Supplementary Figure 67. X-ray structure of product 10¢
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Supplementary Figure 68. HPLC spectra for cross over products 10a, 10n, 10a” and 10n” in Fig. 6
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Supplementary Figure 69. H and C-NMR spectra for product 11
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Supplementary Figure 70. H and C-NMR spectra for product 12



OH

P~ Me
(R)-1

Racemic sample of 11 (R)-11
Peak # Ret. Time  Area Area % Peak # Ret. Time  Area Area %
1 57.848 316410  50.055 1 57.555 369292  12.022
2 62.629 315721  49.945 2 61.422 2702792 87.974

Supplementary Figure 71. HPLC spectra for substrate 11 of kinetic resolution of secondary carbinol with

catalyst 1j (see Figure 9a)

OCO/-Pr
Ph” ~Me
(8)-12
Racemic sample of 12 (R)-12
Peak # Ret. Time  Area Area % Peak # Ret. Time  Area Area %
1 12.265 1376503 50.322 1 12.074 616839  16.386
2 13.711 1358904 49.678 2 13.705 3147745 83.614

Supplementary Figure 72. HPLC spectra for product 12 of kinetic resolution of secondary carbinol with

catalyst 1j (see Figure 9a)
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Supplementary Figure 73. H and C-NMR spectra for product 13
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Supplementary Figure 74. H and C-NMR spectra for product 14



OH
o J\\\OH
Ph
(1R, 2R)-13
Racemic sample of 13 (1S, 2R)-13
l 1 DetA Chl / 254nm E ” ;R I 1 DetA Cht/ 254nm E 5 7R
Peak # Ret. Time Area Area % Peak # Ret. Time Area Area %
1 18.724 627240 49.798 1 18.872 1172564 98.787
2 19.905 632317 50.202 2 21.340 14395 1.213

Supplementary Figure 75. HPLC spectra for substrate 13 of kinetic resolution of racemic acyclic 1,2-diol

with catalyst 1g (see Figure 9b)

OH
phy ~~\pOCOFPr
Ph
(1S, 25)-14
Racemic sample of 14 (1S, 2R)-14
_I Det.A Ch1 / 254nm E 7 7'.: m _1 Det.A Ch1 / 254nm E 7 ;'.: m
Peak # Ret. Time Area Area % Peak # Ret. Time Area Area %
1 8.809 1527948 50.365 1 8.818 43462 3.406
2 10.701 1505824 49.635 2 11.771 1232480 96.594

Supplementary Figure 76. HPLC spectra for product 14 of kinetic resolution of racemic acyclic 1,2-diol

with catalyst 1g (see Figure 9b)
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Supplementary Figure 77. H and C-NMR spectra for product 16



OH

Ph OCOi-Pr

Ph
(1S, 2R)-16

Racemic sample of 16

(1S, 2R)-16

10000

29319

7500+

5000

2500

ol 1Det A Chi
2Det.B Ch1

T T T T T
25 30 35 40 45

12500

10000

7500

5000

2500

o

27554

2
1 DetA Cht / 254nm

Peak # Ret. Time Area Area %
1 29.319 405052  50.262
2 38.592 400827 49.738

Peak #
1
2

Ret. Time
27.554
37.624

Area Area %
800955 97.230
22819 2.770

Supplementary Figure 78. HPLC spectra for product 16 of kinetic resolution of desymmetrization of

acyclic meso-1,2-diol with catalyst 1g (see Figure 9c)




Supplementary Table 1. The screening of the solvent for the explore of optimal reaction conditions

Me O ?
; O>—0Ph 5 mol % 1j Me .»\\*gPh
)‘OPh so(l)v?cnt’(?.;hM) r}\ -
0 o
9a 10a
Entry Solvent Conv (%)° er°
1 THF >08 98:2
2 Et,O >908 98:2
3 CPME >908 97:3
4 acetone >908 95:5
5 EtOAc >908 98:2
6 CH,ClI, >08 97:3
7 toluene >08 98:2
8 hexane 74 93:7
9 t-amyl alcohol 88 64:36

#Reactions were performed on 0.10 mmol scale under Ar
atmosphere. "Conversions were determined by 'H NMR
analysis of unpurified reaction mixture. “Enantioselectivi-
ties were determined by HPLC analysis.

We conducted several screening in order to explore the optimal reaction conditions. After screening of
catalyst (Figure 4a), we carried out screening of solvent (Supplementary Table 1). Various solvents could be
used in these reaction to afford the product 10a with complete conversions (>98% conv) and a high
enantioselectivity (>95:5 er, entries 1-7) except in the case of hexane and t-amyl alcohol (entries 8 and 9). In
addition, the t-amyl alcohol significantly decreased the enantioselectivity (64:36 er) which might be stem
largely from inhibition of hydrogen bonding network between the catalyst 1j and substrate 9a in the
transition state. Since the highest enantiomeric ratio (98:2 er) was achieved in the reaction in THF (entry 1),

we selected THF as an optimal solvent.



Supplementary Table 2. The screening of the reaction temperature for the explore of optimal reaction

conditions Me O Me O\L
\ oy_ophﬂ, o
}Oph tomp. 121 b omn
%a 10a
Entry Temp. (°C) Conv (%)° er
1 25 >08 96:4
2 0 >08 97:3
3 -20 >08 98:2
4 —40 >08 98:2
5 —-60 97 99:1
6 78 39 99:1

#“See footnotes a-c of Supplementary Table 1.

Next, we also carried out the reaction at various temperature (Supplementary Table 2). The reaction at above
—40 °C proceeded smoothly (>98% conv; >96:4 er; entries 1-4), whereas below —60 °C decreased the
reaction conversions with maintaining almost the same enantiomeric ratios (99:1 er, entries 5 and 6).
Interestingly, synthetically useful enantioselectivity (96:4 er) was also maintained even if the reaction at
25 °C. The catalyst 1j, however, could be used and tolerated in various solvents and the reaction temperature
to deliver the desired product 10a with a high enantiomeric ratio. Judging from practicality and efficiency of
the reaction, the reaction at —20 °C was determined to be optimal in the enantioselective Steglich

rearrangement of oxindoles.

Supplementary Table 3. The screening of the migrating and N-protected group for the explore of optimal

reaction conditions

o)
iﬂe Z}—OR 5 mol % 1] Me ,,~\\\OR
O)\OR -20°C,12h O)\OR
9a 10a
entry Product (R =) Conv (%)° er°
1 10a: Ph >98 98:2
2 10n: 4-MeO-CgH, >98 98:2
3 100: 4-F-CgH4 >98 96:4
4 10p: Bn 94 92:8
5 10g: Me 82 95:5
6 10r: i-Pr <2 —

#“See footnotes a-c of SupplementaryTable 1.

We carried out the reaction with different migrating group (Supplementary Table 3). As a result, phenyl
carbonate gave the best enantioselectivity (98:2 er, entry 1). Therefore phenyl carbonate thought to be the



optimal migrating group, and was used for further screening. The procedures and the compounds data were
shown in the later part of this supporting information.

Supplementary Table 4. The screening of the catalyst loading for the explore of optimal reaction conditions

0

iﬂ e Z>\‘—0Ph X mol % 1j Me ..-X\*§Ph
O'}\ OPh j2|-(|)F°g):112/|21 o'}\oph
9a 10a

Entry X (mol %) Conv (%)’ er®

1 5 >08 98:2

2 3 >08 98:2

3 1 >08 98:2

4 0.5 >98 98:2

5 0.3 73 98:2

6 0.1 15 98:2

#“See footnotes a-c of Supplementaly Table 1.

We carried out the reaction in the presence of various catalyst loading (Supplementary Table 4). The reaction
with at least 0.5 mol % of catalyst 1j also proceeded smoothly, and the desired product 10a was obtained in
>98% conv with 98:2 er (entries 1-4). The use of less than 0.3 mol % of 1j in the reaction decreased the
conversion of 9a after 12 h but still maintaining high enantioselectivities (entries 5 and 6).

Supplementary Table 5. The screening of the concentration of substrate for the explore of optimal reaction

conditions Me O Me ({\\
N O>\‘_0Ph 0.5 mol % 1j gPh
N
JOR G O
9a 10a
Entry Conc. (M) Conv (%)’ er°
1 0.1 71 98:2
2 0.2 92 98:2
3 04 >98 98:2
4¢ 04 >08 98:2

*‘See footnotes a-c of Supplementary Table 1.
“The reaction was carried out in THF (0.4 M) at
-20 °C for 5 h.

Further tuning of the reaction conditions, concentration of substrate 9a and reaction time, allowed to find the

optimal reaction conditions to afford 10a within 5 hours (>98% conv; 98:2 er; entry 4).



Supplementary Table 6. The time course analysis of the enantioselective Steglich rearrangement of

oxindole catalyzed by 1j, 1j ’and DMAP for kinetic experiments

catalyst 1j
time (h) 033 |067 |1 2 3 4 5
conversion (%) 348 |552 [69.0 [914 |975 |[100 100
In(1-conv/100) 0428 |0803 |[1.17 |[245 |369 |- -
kinetic constant (k, h™") | 1.22

DMAP
time (h) 033 [067 |1 2 3 4 5
conversion (%) 0 1.7 2.2 4.4 6.8 9.4 13.5
In(1-conv/100) 0 0.0171 | 0.0222 | 0.0450 | 0.0704 | 0.0987 | 0.1450

kinetic constant (k, h™') | 7.47 x 107

catalyst 1j
time (h) 033 |067 |1 2 3 4 5
conversion (%) 2.3 4.7 6.4 124 19.5 24.3 33.2
In(1-conv/100) 0.0233 | 0.0481 | 0.0661 | 0.132 | 0.217 | 0.278 | 0.404
kinetic constant (k, k™) | 2.62 x 102

Supplementary Table 7. Cartesian coordinates of calculation results.

TS-1
Thermal Free Energies =-3620.205898 A.U.
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y V4

-1.720045 0.343494 0.023893
-1.762828  -0.955341 0.734540
-2.918775 0.673857 -0.771863
-2.259812  -2.047920  -0.205066
-4.182510 0.334396 0.001469
-3.619018  -2.036893  -0.514847
-4.155708  -2.950315  -1.486004
-3.283962  -3.938645  -2.035405
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Supplementary Table 8. Cartesian coordinates of calculation results.

Thermal Free Energies =-3620.200904 A.U.

-1.366490
-3.412564
-3.443544
-4.263585
-2.430884
-2.466962
-0.589758
-4.192423
-0.429172
0.750324
0.993852
1.631841
2.826422
4.008430
2.838239
5.227336
3.961206
4.062151
1.905940
5.257522
6.152002
4.079172
6.206525

TS-11

Coordinates (Angstroms)

Center Atomic Atomic

Number Number Type X
1 7 0 -1.220106
2 6 0 -1.586879
3 6 0 -2.094750
4 6 0 -1.785909
5 6 0 -3.551742
6 6 0 -2.905229
7 6 0 -3.052879
8 6 0 -2.080579

Y

-0.483495
0.750048
-0.856158
1.893306
-0.573070
1.816430
2.706800
3.736826

-0.893117
-1.633615
0.238383
-0.640459
-0.070077
0.188160
1.305972
1.481839
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-1.022857
-0.842046
-4.501600
-5.809612
-6.232349
-5.282965
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-7.575806
-7.966724
-7.021078
-5.714709
-4.085566
-4.159458
-3.208982
-2.189837
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0.610317
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2.741596
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4.719507
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3.854954

3.860020
2.974046
-1.614776
-1.260539
0.091662
1.133911
0.763614
0.424981
1.738694
2.773803
2.480934
2.583156
3.449003
4.485873
4.622793
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1.787974
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5.406311
-1.888656
-2.445683
-1.098749
-0.410911
-3.102590
-3.349935
-4.896838
-5.136496
-5.922252
-0.133256
0.129234
0.488212

0.544402
-0.496043
-0.344156
-0.592602
-0.653988
-0.424205
-0.083377
-0.973942
-1.092221
-0.902305
-0.577666

2.276656

3.346512

3.502092

2.586868
-0.934006

0.160373

0.156977
-2.028718
-2.076836
-0.903246
-0.693130

0.281431
-1.980284
-2.263658
-1.403751
-3.532883
-1.831352
-3.948040
-3.096177
-2.333684
-2.197363

0.427612

1.138995

0.671745
-0.777306
-1.136678
-1.342739
-1.017377
-0.441448

2.177636

4.079450

4.347141

2.700482

1.063320

1.004026
-2.866856
-2.993769
-0.427794
-4.180186
-1.162945
-4.937319
-3.416172

1.684825

-0.418208

0.598499
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2.724823
4.787678
3.760425
5.225543
5.352682
6.083460
6.815267
7.388952
8.405179
9.426546
8.117750
8.916476
6.591793
7.612182
4.434417
3.804215
4.378288
2.458326
1.582161
0.491436
1.716570
-0.485823
0.433163
0.732180
2.574796
-0.366334
-1.334989
0.829470
-1.125194
-4.093939
0.306560
1.106515
1.574385
-0.260247
0.547533
-1.532353
0.088710
1.536869
-1.990935
-2.173973
-1.183978
0.729463
-2.982950
-1.541241
1.191524
2.304580
0.897654
3.098374
2.567426
1.690051
0.047156
2.797077
3.957577
1.441702
3.418712
-2.918582

0.973263
0.850208
1.108838
0.245346
1.791439
-0.091388
-0.373368
-0.282486
-0.520392
-0.663328
-0.571662
-0.755930
-0.386305
-0.247883
0.142569
0.120749
0.141298
0.024026
0.224908
1.048664
-0.414176
1.241441
1.526336
-0.206607
-1.043331
0.614665
1.885215
-0.694692
0.766975
-3.106328
3.195804
2.015216
1.798513
3.404823
3.095688
3.942628
3.307036
2.687589
4.158310
4.193524
3.838568
3.059092
4.574026
4.002683
4.414115
4.247812
5.706022
5.338346
3.268805
6.796964
5.866526
6.618146
5.180813
7.786281
7.465142
-3.194200

0.472191
-1.745394
-2.019449
-2.545354
-1.695339

0.301639

2.623620
-0.150165

0.781140

0.437941

2.147810

2.861286

3.681694
-1.212948

1.872596

3.110034

4.176843

2.947192

4.012912

3.733987

5.245012

4.710178

2.761176

6.213866

5.441638

5.953070

4.497909

7.180006

6.715740

-0.319547
-1.519268
-1.619260
-0.785268
-2.940875
-4.045168
-3.172846
-5.344657
-3.872792
-4.475464
-2.334086
-5.566400
-6.187171
-4.632355
-6.579602
-1.144154
-0.306987
-1.603830

0.052606

0.079128
-1.242593
-2.257907
-0.413386

0.699410
-1.618525
-0.135212

-1.155732



121 1 0 -2.853174  -4.112717  -1.462494
122 6 0 -5.168570  -4.017594  -0.952340
123 6 0 -5.994505  -4.867455  -0.207559
124 6 0 -5.309265  -4.004300 -2.351262
125 6 0 -6.935219  -5.683159  -0.842570
126 1 0 -5.903482  -4.902520 0.872335
127 6 0 -6.245834  -4.819120  -2.984138
128 1 0 -4.679073  -3.344725  -2.939641
129 6 0 -7.063856  -5.664287  -2.230457
130 1 0 -7.562792  -6.339272  -0.245314
131 1 0 -6.337222  -4.792913  -4.066791
132 1 0 -7.793311  -6.302205  -2.722113
133 6 0 -3.758347  -3.552192 1.121455
134 6 0 -2.720572  -4.462989 1.358919
135 6 0 -4.500163  -3.088273 2.216753
136 6 0 -2.430625  -4.898065 2.652908
137 1 0 -2.116713  -4.821460 0.531468
138 6 0 -4.215220  -3.526216 3.511318
139 1 0 -5.302511  -2.374086 2.057821
140 6 0 -3.178460  -4.432774 3.735185
141 1 0 -1.615790  -5.599053 2.813296
142 1 0 -4.800795  -3.149684 4.345822
143 1 0 -2.950808  -4.767897 4.743242

All calculations were performed with the Gaussian 03 program'. Geometries were fully optimized and char-
acterized by frequency calculation using the the B3LYP density functional theory (DFT)>* with the
6-31G(d) basis set. Free energies (298.15 K, 1 atm) were initially computed for the gas phase. Weak hydro-
gen bond (between the benzene ring of I and the enolate II), C-H: - - O. However, the interaction of TS-I is
stronger than that of TS-II (2.5 kcal/mol vs. 1.0 kcal/mol), which were evaluated by second order perturba-
tion theory analysis in NBO at the M062X/6-31g** level.



Supplementary Methods
General

Nuclear Magnetic Resonance (NMR) spectra were recorded on Varian 600 MR (‘H 600 MHz, *C 150
MHz), Varian 400 MR (‘H 400 MHz, *C 100 Mz) and JEOL ECS-400 (‘H 400 MHz, “C 100 Mz)
spectrometer. Chemical shifts for 'H NMR were reported in parts per million (ppm) relative to residual
CHCI; in CDCI; (8 7.26 ppm). Data is reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, quin =quintet, sext = sextet, sep = septet, b = broad, m = multiplet), coupling
constants, and integration. Chemical shifts for >C NMR were reported in parts per million (ppm) relative to
CDCl; (6 77.16 ppm) with complete proton decoupling. Infrared (IR) spectra were recorded on JASCO
FT/IR-4100 spectrophotometer and Varian 7000e FT-IR spectrometer, Vmax in cm”'. High-resolution mass
spectrometry was performed on a JEOL JMS-700 MStation (FAB-MS and EI-MS), Agilent 6520 Accurate
Mass Q-TOF LC/MS (ESI-MS) and Thermo Fisher Scientific EXACTIVE Plus (ESI-MS). Optical rotations
were measured on a JASCO DIP-1000. Melting point was recorded on a SANSYO SMP-300. Enantiomeric
ratios were determined by analytical liquid chromatography (HPLC) Shimadzu chromatograph (DAICEL
CHIRALPAK® AS-3 (4.6 x 150 mm), DAICEL CHIRALPAK® AD-H (4.6 x 250 mm) in comparison with
authentic racemic materials. Column chromatography was performed with silica gel 60 N (spherical, neutral,
40-50 um) purchased from Kanto Chemical. All experiments were carried out under argon atmosphere

unless otherwise noted.

Materials
All reagents were obtained commerically available and used as received unless otherwise noted. MeCN,

CH,Cl,, toluene, and Et;N were distilled over CaH,. Dry tetrahydrofuran [THF] and dry Et,O were
purchased from Wako Pure Chemical Industries, Ltd. and used without further purification. Dry
dimethylformamide [DMF] and 3-methyl-2-oxindole were purchased from Sigma-ALDRICH Japan and
used without further purification. (S)-(-)-1,1"-Bi-2-naphthol [(S)-BINOL] (>99% ee) was purchased from
KANTO CHEMICAL CO.INC. and used without further purification. (+)-1-Phenylethanol 11 was
purchased from NAKARAI TESQUE, INC. and used without further purification. (+)-Hydrobenzoin 5 was
purchased from Tokyo Chemical Industry Co., Ltd. and used without further purification. 18%,19°, 23°, 24°,
3-4°% 6-7°, 257, 30°, 31°, 92°, 9b'°, 9d-i'°, 9§ ', 9k1'"°, 9m’, 9n—0'’, 9p'* " and 15" were prepared by
reported procedures. All of new compounds were descried spectral data at following. 2, 3", 5° was

synthesized by modified known method.

Synthesis of catalyst 1a—1p

Synthesis of Catalyst 1a
\ /N HCI

d(OAc),, DPPP

NaOt Bu C
foluene, 70 °C, 15 h \

88% vyield

(S)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-C:1°,2"-e|azepine (1a)

To a suspension of 18* (52.4 mg, 0.177 mmol), 4-bromopyridine hydrochloride (69.0 mg, 0.355 mmol),
NaOt-Bu (68.0 mg, 0.708 mmol) and 1,3-bis(diphenylphosphino)propane [DPPP] (2.90 mg, 7.03 pmol) in
toluene (1.61 mL) was added Pd(OAc), (1.60 mg, 7.13 umol) at room temperature. The reaction mixture was




warmed up to 70 °C and stirred for 15 h. After being cooled to room temperature, saturated aqueous
NaHCO; (30 mL) was added to reaction mixture and extracted with toluene (10 mL x 2). The organic layer
was washed with saturated aqueous NaHCOj; (5 mL % 2), dried over MgSOy, and concentrated in vacuo. The
purification of the crude product by flash column chromatography on silica gel (eluent: CH,Cl,/MeOH = 5/1
to 2/1, v/v) gave 1a (58.0 mg, 0.156 mmol, 88% yield) as a colorless solid.

'H NMR (600 MHz, CDCl3) & 8.30 (d, J = 6.6 Hz, 2H), 7.96 (d, J = 8.4 Hz, 4H), 7.57-7.47 (m, 6H), 7.32 (td,
J=17.8, 1.4 Hz, 2H), 6.80 (d, J = 6.6 Hz, 2H), 4.67 (d, J = 12.6 Hz, 2H), 3.89 (d, J = 12.6 Hz, 2H); °*C NMR
(150 MHz, CDCls) & 153.5, 150.3, 135.0, 133.5, 132.9, 131.5, 129.4, 128.5, 127.6, 127.4, 126.3, 126.1,
108.6, 50.7; IR (KBr) 1593, 1505, 1232, 827, 760 cm'; HRMS (FAB") calculated for C,;Hy N, [M+H] ™
373.1699, found 373.1693; mp 261.0-261.7 °C; [a]**p —439.8 (¢ 1.15, CHCL,, (S)-configuration).

An overview for synthesis of catalyst 1b

OMe OMe OMe
OO Me NBS AIBN allylamine OO N—/=
Me benzene MeCN/toluene = 3:1
OO reflux, 7 h 50°C, 20 h OO
OMe 82% yield OMe OMe
19 21
Br —CN-HCI
OMe \_/ OMe
NDMBA OO Pd(dba),, RuPhos OO
Pd(OAc),, PPhj3 NaOt-Bu
PG -0
CHCly, reflux, 13 h toluene, 90 °C, 23 h Y
96% yield (2 steps) OO 72% yield OO
OMe OMe

22 1b

Synthesis of 20

OMe OMe
OO OO B
Me NBS, AIBN r

%
M
e benzene Br
reflux, 7 h
OMe 82% yield OMe
19 20

(5)-2,2"-bis(bromomethyl)-3,3 -dimethoxy-1,1"-binaphthalene (20)

To a solution of 19° (6.19 g, 18.1 mmol) and N-bromosuccinimide [NBS] (7.08 g, 39.8 mmol) in benzene

(90.5 mL) was added azobisisobutyronitrile [AIBN] (297 mg, 1.81 mmol) at room temperature. The reaction
mixture was warmed up to refluxed temperature and stirred for 7 h. After being cooled to room temperature,
water (30 mL) was added to reaction mixture. The resulting solution was extracted with toluene (30 mL x 2),
and the organic layer was washed with saturated aqueous NaHCO; (20 mL X 2), and brine (20 mL x 2), dried
over MgSO, and concentrated in vacuo. The purification of the crude product by recrystallizition from
CH,Cly/hexane gave 20 (7.39 g, 14.8 mmol, 82% yield) as a colorless solid.
'H NMR (400 MHz, CDCl5) & 7.81 (d, J = 8.2 Hz, 2H), 7.44 (ddd, J = 8.2, 6.9, 1.5 Hz, 2H), 7.33 (s, 2H),
7.11 (ddd, J = 8.2, 6.9, 1.5 Hz, 2H), 6.99 (bd, J = 8.2 Hz, 2H), 4.34 (d, J = 9.4 Hz, 2H), 4.28 (d, J = 9.4 Hz,
2H), 4.11 (s, 6H); °C NMR (100 MHz, CDCl3) & 155.7, 136.5, 134.8, 127.8, 127.4, 127.4, 126.8, 124.3,
106.5, 56.0, 27.9; IR (KBr) 3060, 2935, 1599, 1170, 750 cm”; HRMS (FAB") [M+H]" calculated for
CoH Br,O, 500.9883, found 500.9875; mp 189.9-190.5 °C; [0]*p +163.5 (¢ 0.22, CHCI;,
(S)-configuration).



Synthesis of 21

OMe OMe
OO Br allylamine OO —
N—

R
>

gr MeCN/toluene = 3:1
O 50°C, 20 h O
OMe OMe

20 21

(S)-4-allyl-2,2'-dimethoxy-4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e]azepine (21)

To a solution of 20 (1.58 g, 3.16 mmol) in MeCN (31.6 mL) and toluene (10.5 mL) was added allylamine

(781 pL, 10.4 mmol) at room temperature. The reaction mixture was warmed up to 50 °C and stirred for 20 h.
After being cooled to room temperature, water (50 mL) was added to reaction mixture. The resulting solution
was extracted with EtOAc (50 mL x 2), and the organic layer was washed with water (30 mL x 2) and brine
(10 mL x 2), dried over MgSO, and concentrated in vacuo. The crude product was directly used for the
following reaction without further purification. The analytical data of 21 was obtained by the purification of
the crude product by flash column chromatography on silica gel (eluent: hexane/EtOAc = 3/1 to 2/1, v/v) as a
colorless solid.
'H NMR (400 MHz, CDCl5) & 7.83 (d, J = 8.3 Hz, 2H), 7.41 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 7.34 (d, J = 8.3
Hz, 2H), 7.28 (s, 2H), 7.10 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 6.08-5.98 (m, 1H), 5.23-5.14 (m, 2H), 4.36 (d, J
= 12.4 Hz, 2H), 4.02 (s, 6H), 3.25 (dd, J = 13.2, 6.7 Hz, 1H), 2.98 (dd, J = 13.2, 6.7 Hz, 1H), 2.78 (d, J =
12.4 Hz, 2H); "C NMR (100 MHz, CDCl;) 8 155.5, 137.1, 136.6, 134.2, 127.7, 127.2, 127.0, 126.3, 126.1,
123.5, 117.5, 105.6, 59.2, 55.6, 46.7; IR (KBr) 2950, 2827, 1596, 1226, 752 cm™'; HRMS (FAB") calculated
for Cp7HyNO, [M+H]" 396.1958, found 396.1961; mp 158.0-158.7 °C; [0]*’p +438.8 (¢ 0.23, CHCl;,
(S)-configuration).

Synthesis of 22

OMe OMe

0 oo, OO

— Pd(OAc),, PPhj
N—/_ > NH
CH2C|2, reﬂUX, 13 h

OO 96% vyield (2 steps) OO

OMe OMe

21 22

(S)-2,2'-dimethoxy-4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e]azepine (22)

To a solution of 21 (1.21 g, 3.06 mmol), N,N’-dimethylbarbituric acid [NDMBA] (1.43 g, 9.15 mmol),

PPh; (160 mg, 0.608 mmol) in CH,Cl, (30.4 mL) was added Pd(OAc), (34.5 mg, 0.153 mmol) at room
temperature. The reaction mixture was warmed up to refluxed temperature and stirred for 13 h. After being
cooled to room temperature, saturated aqueous NaHCO; (30 mL) was added to reaction mixture. The
resulting solution was extracted with EtOAc (30 mL x 2) and the organic layer was washed with saturated
aqueous NaHCO; (10 mL x 2) and brine (10 mL x 2), dried over MgSO, and concentrated in vacuo. The
purification of the crude product by flash column chromatography on silica gel (eluent: EtOAc to EtOAc +
1% Et;N) gave 22 (1.08 g, 3.04 mmol, 96% yield based on 20) as a pale yellow solid.
'H NMR (400 MHz, CDCl5) & 7.83 (d, J = 8.3 Hz, 2H), 7.41 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 7.34 (d, J = 8.3
Hz, 2H), 7.29 (s, 2H), 7.11 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 4.47 (d, J = 12.0 Hz, 2H), 4.03 (s, 6H), 3.04 (d, J
=12.0 Hz, 2H), 1.69 (bs, 1H); >C NMR (100 MHz, CDCl;) & 155.0, 137.0, 134.1, 127.6, 127.4, 127.2, 127.0,
126.0, 123.5, 106.0, 55.6, 40.1; IR (KBr) 2934, 1595, 1231, 832, 748 cm’'; HRMS (FAB") [M+H]"
calculated for Cp3H,,NO, 356.1645, found 356.1655; mp 101.8-102.4 °C; [a]”p +388.5 (¢ 0.20, CHCI;,
(S)-configuration).



Synthesis of 1b

Br N HCI
oM 7 OMe
d(dba),, RuPhos OO
NaOt Bu _C
toluene, 90 °C, 23 h
72% vyield OO
OMe OMe

1b

(S)-2,6-dimethoxy-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:1",2"-¢]azepine (1b)

To a solution of 22 (733 mg, 2.06 mmol), 4-bromopyridine hydrochloride (801 mg, 4.12 mmol), NaOt-Bu

(1.19 g, 12.4 mmol), 2-dicyclohexylphosphino-2°,6"-di-i-propoxy-1,1'-biphenyl [RuPhos] (77.2 mg, 0.165
mmol) in toluene (20.6 mL) was added bis(dibenzylideneacetone)palladium(0) [Pd(dba),] (47.4 mg, 82.4
umol) at room temperature. The reaction mixture was warmed up to 90 °C and stirred for 23 h. After being
cooled to room temperature, water (20 mL) was added to reaction mixture, and passed through a short pad of
celite. The resulting solution was extracted with toluene (30 mL x 2), and the organic layer was washed with
brine (10 mL x 2), dried over MgSO, and concentrated in vacuo. The purification of the crude product by
flash column chromatography on silica gel (eluent: EtOAc to EtOAc + 2% Et;N) gave 1b (639 mg, 1.48
mmol, 72% yield) as a pale yellow solid.
'H NMR (400 MHz, CDCl3) & 8.25 (d, J = 6.6 Hz, 2H), 7.83 (d, J = 8.0 Hz, 2H), 7.44 (t, J = 8.0 Hz, 2H),
7.38 (d, J= 8.0 Hz, 2H), 7.28 (s, 2H), 7.15 (t, J = 8.0 Hz, 2H), 6.85 (d, J= 6.6 Hz, 2H), 5.38 (d, J = 12.6 Hz,
2H), 3.96 (s, 6H), 3.36 (d, J = 12.6 Hz, 2H); °C NMR (100 MHz, CDCl;) & 154.7, 154.0, 149.7, 137.2,
134.3, 127.7, 127.3, 126.9, 126.6, 125.4, 123.9, 108.9, 106.4, 55.8, 41.4; IR (KBr) 3421, 3003, 2937, 1507,
749 cm’l; HRMS (FAB") calculated for C,H,sN,O, [M+H] " 433.1910, found 433.1907; mp 154.3—
155.3 °C; [a]*°p —293.7 (¢ 0.20, CHCl;, (S)-configuration).

Synthesis of 1c

N-HCI
Ph \ / Ph
d(dba),, RuPhos OO
NaOt Bu —
- OO
toluene, 90 °C, 24 h \_7
61% yield OO
Ph

1c

(S)-2,6-diphenyl-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho([2,1-c:1°,2"-e]azepine (1c)

To a solution of 23’ (58.0 mg, 0.130 mmol), 4-bromopyridine hydrochloride (50.9 mg, 0.262 mmol),
NaOt-Bu (75.1 mg, 0.781 mmol), RuPhos (4.90 mg, 10.5 pmol) in toluene (1.30 mL) was added Pd(dba),
(3.00 mg, 5.22 pumol) at room temperature. The reaction mixture was warmed up to 90 °C and stirred for 24 h.
After being cooled to room temperature, water (2 mL) was added to reaction mixture, and then passed
through a short pad of celite. The resulting solution was extracted with toluene (5 mL % 2) and the organic
layer was washed with brine (5 mL x 2), dried over MgSQO, and concentrated in vacuo. The purification of
the crude product by flash column chromatography on silica gel (eluent: hexane/EtOAc = 5/1 + 1% Et;N to
EtOAc + 1% Et;N, v/v) gave 1¢ (41.8 mg, 79.7 umol, 61% yield) as a colorless solid.

'H NMR (400 MHz, CDCl;) § 7.98-7.93 (m, 6H), 7.56-7.49 (m, 4H), 7.43—7.27 (m, 12H), 6.16 (d, J = 6.8
Hz, 2H), 4.88 (d, J = 13.0 Hz, 2H), 3.66 (d, J = 13.0 Hz, 2H); °*C NMR (100 MHz, CDCl;) & 152.4, 149.6,
140.9, 140.0, 136.4, 132.9, 131.3, 130.8, 130.0, 129.8, 128.6, 128.5, 127.8, 127.6, 126.6, 126.3, 108.5, 45.9;
IR (KBr) 3053, 2925, 2852, 2360, 1593, 703 cm™'; HRMS (FAB™) calculated for C3H,0N, [M+H]™ 525.2325,



found 525.2325; mp 143.5-144.0 °C; [a]*’p —170.3 (¢ 0.20, CHCls, (S)-configuration).

Synthesis of 1d
(D) = e
Pd(dba),, RuPhos
NaOt Bu

NH

toluene, 90 °C, 24 h
OO 81% yield

(5)-2,6-di(naphthalen-2-yl)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:1",2 -e]azepine (1d)

To a solution of 24° (201 mg, 0.367 mmol), 4-bromopyridine hydrochloride (143 mg, 0.734 mmol),

NaOt-Bu (212 mg, 2.21 mmol), RuPhos (13.7 mg, 29.4 pmol) in toluene (3.70 mL) was added Pd(dba),
(8.60 mg, 15.0 umol) at room temperature. The reaction mixture was warmed up to 90 °C and stirred for 24 h.
After being cooled to room temperature, CHCl; (10 mL) and water (5 mL) was added to reaction mixture,
and then passed through a short pad of celite. The resulting solution was extracted with CHCl; (5 mL x 2)
and the organic layer was washed with brine (10 mLx2), dried over MgSO, and concentrated in vacuo. The
purification of the crude product by recrystallization from CHCly/hexane gave 1d (187 mg, 0.299 mmol,
81% yield) as a colorless solid.
'H NMR (400 MHz, CDCl;) & 8.07 (s, 2H), 7.99 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.0 Hz, 4H), 7.83 (bd, J =
5.6 Hz, 4H), 7.57-7.49 (m, 10H), 7.36 (t, J = 7.4 Hz, 4H), 6.05 (d, J = 5.6 Hz, 2H), 4.97 (bd, J = 13.2 Hz,
2H), 3.79 (bd, J = 13.2 Hz, 2H); *C NMR (150 MHz, CDCl5) § 152.4, 149.5, 139.9, 136.4, 133.3, 133.0,
132.6, 131.4, 130.9, 130.4, 128.9, 128.6, 128.2, 127.8, 126.8, 126.7, 126.5, 126.4, 108.6, 46.3; IR (KBr)
3053, 2866, 2359, 1589, 749 cm’'; HRMS (FAB") calculated for C4;Hs3N, [M+H]™ 625.2638, found
625.2656; mp >280 °C; [a]*’p —173.6 (¢ 0.20, CHCls, (S)-configuration).

An overview for synthesis of catalyst le
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Synthesis of 2

OO oH NaH, MOMCI OO OMOM

_—
OH DMF/THF = 3.6:1 OMOM
SO He®
98% yield
(S)-BINOL 2

(S)-2,2'-Bis(methoxymethoxy)-1,1'-binaphthalene (2)"

We modified solvent, substrate concentration, and purification method of known procedure. "

To a suspension of NaH (60% dispersion in paraffin liquid, 15.4 g, 385 mmol) in DMF (77.0 mL) was
added dropwise solution of (S)-BINOL (50.0 g, 175 mmol) in THF (40.0 mL) and DMF (65.5 mL) for 10
min at 0 °C. The resulting solution was warmed up to room temperature and stirred for 5 min at room
temperature, then chloromethyl methyl ether [MOMCI] (29.2 mL, 384 mmol) was added dropwise for 40
min at room temperature. The reaction mixture was stirred for 3 h. After stirring for 3 h, the reaction mixture
was poured into cold water (200 mL). The resulting solution was extracted with EtOAc (300 mL x 3),
washed with brine (300 mL), dried over Mg,SO, and concentrated in vacuo. The purification of the crude
product by recrystallization from toluene/hexane gave 2 (64.5 g, 172 mmol, 98% yield) as a colorless solid.
'H NMR (400 MHz, CDCl;) & 7.96 (d, J = 9.0 Hz, 2H), 7.88 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 9.0 Hz, 2H),
7.35(ddd, J = 8.3, 6.8, 1.3 Hz), 7.23 (ddd, J = 8.3, 6.8, 1.4 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 5.10 (d, J=6.8
Hz, 2H), 4.99 (d, J = 6.8 Hz, 2H), 3.15 (s, 6H); °C NMR (100 MHz, CDCl;) § 152.8, 134.1, 130.0, 129.5,
128.0, 126.4, 125.7, 124.2, 121.4, 117.4, 95.3, 56.0; IR (KBr) 2952, 1622, 1593, 1507, 1478, 1241, 1089,
1041 cm™.

Synthesis of 3

CO,Et
OO 1) n-BuLi, EtO,CCI OO
OMOM THF, -78°C tort, 3 I’L OH

OMOM 2) conc. HCI OH
OO THF, 60 °C, 1 h OO
98% yield (2 steps) CO.Et

2 3

(S)-Diethyl 2,2'-dihydroxy-[1,1'-binaphthalene]-3,3'-dicarboxylate (3)°

We modified substrate concentration and purification method of known procedure."

To a solution of 2 (29.5 g, 78.8 mmol) in THF (200 mL) was added dropwise solution of n-BuLi (1.58 M,

125 mL, 197 mmol) in hexane for 10 min at —78 °C. The reaction solution was warmed up to room
temperature and stirred for 1 h. After stirring for 1 h, the reaction suspension was re-cooled to —78 °C and
Et,CO,Cl was carefully added dropwise for 20 min at —78 °C. The reaction mixture was warmed up room
temperature and stirred for 2 h, then water was carefully added to quench the reaction. After removal water
using syringe from the mixture, 6 M aqueous HCI (200 mL, 1.20 mol) was added to resulting solution. The
reaction solution was heated to 60 °C and sirred for 1 h. Afetr being cooled to room temperature, the
resulting solid was collected by filtration and washed with copious hexane. After drying of the solid, 3 (33.1
g, 76.9 mmol, 98% yield based on 2) was isolated as a yellow solid.
'H NMR (400 MHz, CDCl;) & 10.81 (s, 2H), 8.69 (s, 2H), 7.94-7.92 (m, 2H), 7.36-7.32 (m, 4H), 7.16-7.14
(m, 2H), 4.49-4.55 (m, 4H), 1.56 (t, J = 7.0 Hz, 6H); °C NMR (100 MHz, CDCl;) § 170.3, 154.2, 137.3,
132.9, 129.9, 129.5, 127.3, 124.8, 124.0, 117.1, 114.5, 62.0, 14.4; IR (KBr) 2921, 1840, 1665, 1580, 1072,
846, 680 cm'; [a]*'p —112.9 (c 1.04, CH,Cl,, (S)-configuration) [lit.° [a]*’p +168.5 (¢ 1.0, CH,Cl,
(R)-configuration)].



Synthesis of 4

] ! CO,Et CO.Et
OH Tf,0, DMAP ‘ ‘ oTf
B e
OH pyridine oTf
O O°Ctort.,18h
CO.Et 98% yield CO.Et
4

3

(S)-Diethyl 2,2'-bis(((trifluoromethyl)sulfonyl)oxy)-[1,1'-binaphthalene]-3,3'-dicarboxylate (4)°

To a solution of 3 (14.6 g, 33.9 mmol) and DMAP (828 mg, 6.78 mmol) in pyridine (188 mL) was added
dropwise trifluoromethanesulfonic anhydride [Tf,0] (17.3 mL, 103 mmol) for 10 min at 0 °C. The reaction
mixture was warmed up to room temperature and stirred for 18 h at room temperature. The resulting solution
was poured carefully into cold water and extracted with Et;0 (200 mL x 3), washed with 6 M aqueous HCl
(200 mL x 3), dried over MgSQ,, and concentration in vacuo. Subsequently, the resulting solid was
subsequently thoroughly washed with MeOH. After filtration and drying of the solid, 4 (23.0 g, 33.1 mmol,
98% yield) was isolated as a colorless solid.
'H NMR (400 MHz, CDCl3) & 8.75 (s, 2H), 8.08 (d, J = 8.2 Hz, 2H), 7.63 (t, J = 7.5 Hz, 2H), 7.45 (t, = 7.7
Hz 2H), 7.19 (d, J = 8.6 Hz, 2H), 4.62-4.54 (m, 2H), 4.47-4.39 (m, 2H), 1.46 (t, J = 7.0 Hz, 6H); °C NMR
(100 MHz, CDCl;) ¢ 164.6, 142.7, 135.8, 134.9, 131.5, 129.8, 129.6, 128.3, 127.7, 125.0, 124.1, 118.0 (q,
Jor = 1275.5), 62.6, 14.2; IR (KBr) 2900, 2359, 1987, 1836, 1750, 1587, 1498, 693 cm'; [a]*'p +116.2 (¢
1.03, CH,Cl,, (S)-configuration) [lit.° [a]*'p —159.2 (¢ 1.0, CH,CL,, (R)-configuration)].

Synthesis of 5

CO,Et CO,Et
OO g OO
OTf n-BU4NC| Me

L.

OTf  DMF, 120 °C, 24 h Me
83% yield
CO,Et CO.Et

4 5

(S)-Diethyl-2,2 -dimethyl-1,1"-binaphthyl-3,3 -dicarboxylate (5)°
Initially, Negishi cross coupling (with Me,Zn) was conducted in according literature,’ but we modified
this procedure to Migita-Kosugi-Stille cross coupling (with Me,Sn) because Me,Zn is costly and pyrophoric

reagent, and unsuitable for scale up.

Small scale reaction (2.00 mmol scale)

To a solution of 4° (139 mg, 2.00 mmol), LiCl (86.5 mg, 2.04 mmol), n-Buy,NCI (223 mg, 0.803 mmol)
and MesSn (83.0 pL, 0.600 mmol) in DMF (2.70 mL) was added PdCl, (3.70 mg, 20.9 pmol) at room
temperature. The reaction mixture was heated at 120 °C and stirred for 24 h, then the reaction mixture was
under reduced pressure to removed excess Me,Sn, and the resulting suspension was filtered through a short
pad of silica gel with copious washing Et,O. The resulting solution was extracted with Et,0O (10 mL x 3).
The organic layer was washed with water (5 mL x 3), dried over MgSO, and concentrated in vacuo. The
purification of the crude product by flash column chromatography on silica gel (eluent: hexane/EtOAc = &/1,

v/v) gave 5 (75.1 mg, 0.176 mmol, 88% yield) as a pale yellow solid.

Large scale reaction (32.0 mmol scale)
To a solution of 4° (22.2 g, 32.0 mmol), LiCl (6.85 g, 162 mmol), n-BuyNCI (25.3 g, 91.0 mmol) and Me,Sn
(9.00 mL, 65.0 mmol) in DMF (175 mL) was added PdCl, (397 mg, 2.24 mol) at room temperature. The



reaction mixture was heated at 120 °C and stirred for 20 h, then the reaction mixture was under reduced
pressure to removed excess MesSn, and the resulting suspension was filtered through a short pad of silica gel
with copious washing Et,O. The resulting solution was extracted with Et,O (150 mL x 3). The organic layer
was washed with water (150 mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the
crude product by flash column chromatography on silica gel (eluent: hexane/Et,O = 5/1, v/v) gave 5 (11.3 g,
26.5 mmol, 83% yield) as a pale yellow solid.

'H NMR (400 MHz, CDCl;) & 8.53 (s, 2H), 7.93 (d, J = 8.4 Hz, 2H), 7.45 (t, J = 7.3 Hz, 2H), 7.29 (ddd, J =
8.4,7.3, 1.4 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 4.47 (q, J = 7.2 Hz, 4H), 2.22 (s, 6H), 1.48 (t, J = 7.2 Hz, 6H);
C NMR (100 MHz, CDCl;) & 168.6, 136.9, 134.2, 133.9, 131.2, 129.9, 129.1, 128.5, 126.0, 125.9, 61.3,
18.1, 14.4; IR (KBr) 2927, 1926, 1726, 1622, 1202, 1062, 905, 788 cm'; [a]*p —23.4 (¢ 0.76, CH,Cl,,
(S)-configuration) [lit.° [a]*"p +74.2 (¢ 0.76, CH,Cl,, (R)-configuration)].

Synthesis of 6

COLEt COEt
OO Me NBS, AIBN OO Br

R

?

Me  penzene, reflux, 3 h Br
97% yield
COLEt CO,Et

5 6

(S)-Diethyl 2,2 -bis(bromomethyl)-1,1"-binaphthyl-3,3"-dicarboxylate (6)°

To a suspension of 5° (11.3 g, 26.5 mmol), NBS (10.4 g, 58.4 mmol) in benzene (73.0 mL) was added
AIBN (442 mg, 2.69 mmol) at room temperature. The reaction mixture was heated to refluxed temperature
and stirred for 2 h, and then additional AIBN (218 mg, 1.22 mmol) was added to the reaction mixture at
room temperature. After addition was completed, the reaction mixture was stirred for 1 h at refluxed
temperature. After being cooled to room temperature, the reaction mixture was poured into water (100 mL)
and extracted with Et,0 (100 mL x 3). The organic layer was washed with brine (50 mL), dried over MgSO,
and concentrated in vacuo. The crude product was passed through a short pad of silica gel (eluent:
hexane/Et,0 = 3/1, v/v) to give a pale yellow solid (15.1 g, 25.8 mmol, 97% yield). This crude product was
directly used for the following reaction without further purification. The analytical data of 6 was obtained by
the purification of the crude product by flash column chromatography on silica gel (eluent: hexane/Et,O =
5/1 to 3/1, v/v) as a pale yellow solid.
'H NMR (400 MHz, CDCls) & 8.66 (s, 2H), 8.01 (d, J = 8.5 Hz, 2H), 7.56 (ddd, J = 8.5, 7.2, 1.0 Hz, 2H),
7.36 (ddd, J = 8.5, 7.2, 1.6 Hz, 2H), 7.02 (d, J = 7.2 Hz, 2H), 4.80 (d, J = 9.8 Hz, 2H), 4.66 (d, J = 9.8 Hz,
2H), 4.52 (q, J = 7.2 Hz, 4H), 1.51 (t, J = 7.2 Hz, 6H); *C NMR (100 MHz, CDCl;) & 167.2, 135.8, 133.5,
133.4, 133.2, 132.1, 129.0, 128.9, 128.4, 127.7, 127.1, 61.7, 30.0, 14.2; IR (KBr) 2980, 1716, 1425, 1242,
1057, 800, 752 cm'; [0]*p —48.9 (¢ 0.64, CH,Cl,, (S)-configuration) [lit.° [a]*'p +96.7 (¢ 0.64, CH,Cl,,
(R)-configuration)].

Synthesis of 7

CO.Et OO CO,Et
O ‘ Br allylamine N /
R A
MeCN, 50 °C, 16 h
OO Br 82% yield
CO.Et COEt

6 7

(S)-Diethyl 4-allyl-4,5-dihydro-3H-dinaphtho[2,1-c:1",2"-¢]azepine-2,6-dicarboxylate (7)°



To a solution of 6° (23.4 g, 40.0 mmol) in MeCN (400 mL) was added allylamine (8.90 mL, 119 mmol) at
0 °C. The reaction mixture was heated to 50 °C and stirred for 16 h, then poured into water (300 mL). The
resulting solution was extracted with CH,Cl, (100 mL x 3). The organic layer was dried over MgSO, and
concentrated in vacuo. The purification of the crude product by flash column chromatography on silica gel
(eluent: hexane/EtOAc = 9/2, v/v) gave 7 (15.7 g, 32.7 mmol, 82% yield) as a colorless foam.
'H NMR (400 MHz, CDCl) & 8.58 (s, 2H), 8.03 (d, J = 8.0 Hz, 2H), 7.50 (t, J = 8.0 Hz, 2H), 7.32 (t, J = 8.0
Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 6.05-5.90 (m, 1H) 5.18-5.08 (m, 2H), 4.80 (d, J = 12.9 Hz, 2H), 4.53 (q, J
= 7.1 Hz, 4H), 3.30 (dd, J = 13.1, 5.6 Hz, 1H), 3.01-2.89 (m, 3H), 1.49 (td, J = 7.1, 2.1 Hz, 6H); °C NMR
(100 MHz, CDCl3) 6 168.0, 136.9, 136.5, 132.7, 132.0, 131.7, 129.3, 128.8, 128.0, 127.2, 126.3, 117.1, 61.4,
58.9, 49.8, 14.4; IR (KBr) 2979, 2790, 1721, 1443, 1241, 1204, 1056, 754 cm'; [a]*p +202.6 (¢ 1.00,
CH,Cl,, (S)-configuration) (lit.° [a]*’p —431.5 [c 1.0, CH,Cl,, (R)-configuration]).

Synthesis of 8 CO.Et CO.Et
0 o O
— Pd(OAc),, PPh
N—/_ (OAc)2 3

NH
CH,Cly, t, 15 h
ool Tllee
CO.Et COLEt
7 2! 8 2!

(S)-Diethyl 4,5-dihydro-3H-dinaphtho|[2,1-c:1",2"-e]azepine-2,6-dicarboxylate (8)

To a solution of 7° (15.7 g, 32.7 mmol), NDMBA (10.3 g, 66.0 mmol) and PhsP (1.84 g, 7.02 mmol) in

CH,Cl, (110 mL) was added Pd(OAc), (377 mg, 1.68 umol) at room temperature. The reaction mixture was
stirred for 15 h at room temperature, then water (100 mL) was added. The resulting solution was extracted
with CH,Cl, (100 mL x 3). The organic layer was washed saturated aqueous NaHCO; (100 mL x 3) dried
over MgSO,4 and concentrated in vacuo. The purification of the crude product by flash column
chromatography on silica gel (eluent: EtOAc to EtOAc/MeOH = 30/1, v/v) gave 8 (13.7 g, 31.2 mmol, 95%
yield) as a pale yellow foam.
'H NMR (400 MHz, CDCl3) & 8.58 (s, 2H), 8.01 (d, J = 8.0 Hz, 2H), 7.49 (dt, J = 8.0, 1.2 Hz, 2H), 7.31 (dt,
J=28.0, 1.2 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 4.78 (d, J = 12.5 Hz, 2H), 4.48 (qd, J = 7.1, 3.1 Hz, 4H), 3.22
(d, J = 12.5 Hz, 2H), 2.41 (bs, 1H), 1.48 (t, J = 7.1 Hz, 6H); C NMR (100 MHz, CDCl;) § 168.1, 136.7,
133.6, 132.7, 132.2, 131.7, 129.4, 128.5, 128.0, 127.3, 126.3, 61.5, 44.0, 14.5; IR (KBr) 2984, 1722, 1242,
1137, 1053, 909, 773, cm '; HRMS (FAB") calculated for C,sH,sNO, [M+H]™ 440.1856, found 440.1857;
[a]*p +433.4 (¢ 0.53, CH,CL, (S)-configuration).

Synthesis of 1e

Br N+HCI

CO.Et \_ CO.Et
Pd(dba),, RuPhos
K,CO4 __

NH - N\ N

t-BuOH, reflux, 24 h
O, T OO
CO,Et CO.Et

8 le

(S)-Diethyl 4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e]azepine-2,6-dicarboxylate (1e)
Small scale reaction (0.200 mmol scale)

To a suspension of 8 (87.9 mg, 0.200 mmol), 4-bromopyridine hydrochloride (77.7 mg, 0.400 mmol),
RuPhos (7.70 mg, 16.5 mmol) and potassium carbonate (167 mg, 1.21 mmol) in t-BuOH (2.00 mL) was
added Pd(dba), (4.70 mg, 8.17 umol) at room temperature. The reaction mixture was heated to refluxed



temperature and vigorously stirred for 24 h, and then water (3 mL) was added and filtered off. After filtrate
was concentrated in vacuo, the resulting solution was extracted with CH,Cl, (5 mL x 3) dried over MgSO,
and concentrated in vacuo. The purification of the crude product by flash column chromatography on silica
gel (eluent: EtOAc + 3% Et;N) gave 1e (80.0 mg, 0.155 mmol, 78% yield) as a pale yellow solid.

Large scale reaction (31.2 mmol scale)

To a suspension of 8 (13.7 g, 31.2 mmol), 4-bromopyridine hydrochloride (12.2 g, 62.7 mmol), RuPhos

(1.10 g, 2.36 mmol) and potassium carbonate (26.0 g, 188 mmol) in t-BuOH (313 mL) was added Pd(dba),
(721 mg, 1.25 mmol) at room temperature. The reaction mixture was heated to refluxed temperature and
vigorously stirred for 24 h, and then water (100 mL) was added and filtered off. After filtrate was
concentrated in vacuo, the resulting solution was extracted with CH,Cl, (100 mL x 3), dried over MgSO, and
concentrated in vacuo. The purification of the crude product by flash column chromatography on silica gel
(eluent: EtOAc + 3% Et;N) gave 1e (11.2 g, 21.7 mmol, 70% yield) as a pale yellow solid.
'H NMR (400 MHz, CDCl;) § 8.60 (s, 2H), 8.22 (d, J = 5.7 Hz, 2H), 8.04 (d, J = 7.9 Hz, 2H), 7.55 (t, J= 7.9
Hz, 2H), 7.37 (t, J = 7.9 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 6.78 (d, J = 5.7 Hz, 2H), 5.95 (d, J = 13.1 Hz, 2H),
4.46-4.32 (m, 4H), 3.53 (d, J = 13.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 6H); °C NMR (100 MHz, CDCl5) & 168.0,
153.5, 150.1, 137.0, 132.8, 132.7, 132.0, 131.2, 129.6, 128.6, 128.1, 127.4, 127.0, 109.1, 61.9, 44.3, 14.4; IR
(KBr) 2963, 2501, 2352, 1972, 1726, 986, 754, 588 cm '; HRMS (FAB™) calculated for C33HoN,0,4 [M+H]"
517.2121, found 517.2099; mp 195.5-196.6 °C; [a]'’p —388.9 (¢ 0.53, CH,Cl,, (S)-configuration).
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Synthesis of 1f

(S)-N?,N°-diphenyl-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e] azepine-2,6-dicarboxamide
(1f)

To a solution of aniline (7.30 uL, 80.1 umol) in THF (0.145 mL) was added a solution of n-BuLi in

hexane (1.62 M, 99.0 puL, 160 umol) at 0 °C. The reaction mixture was warmed up to room temperature and
stirred for 1 h. After re-cooling to 0 °C, solution of 1e (8.30 mg, 16.1 umol) in THF (0.290 mL) was added
dropwise to reaction mixture. The reaction mixture was warmed up to room temperature and stirred for 6 h.
Then, the reaction mixture was poured into water (1 mL) and extracted with EtOAc (3 mL x 3). The organic
layer was dried over MgSO, and concentrated in vacuo. The purification of the crude product by flash
column chromatography on silica gel (eluent: EtOAc) gave 1f (7.80 mg, 12.8 umol, 80% yield) as a pale
brown solid.
'H NMR (400 MHz, CDCl;) & 8.68 (bs, 2H), 8.23 (s, 2H), 7.93 (d, J = 7.6 Hz, 2H), 7.59-7.21 (m, 14H), 7.11
(t, J=7.2 Hz, 2H), 6.45 (d, J = 5.6 Hz, 2H), 5.28 (d, J = 13.2 Hz, 2H), 3.53 (d, J = 13.2 Hz, 2H), 2.44 (bs,
2H); *C NMR (100 MHz, CDCl3) § 167.7, 153.4, 149.1, 137.9, 136.9, 134.4, 132.2, 131.8, 129.7, 129.2,
129.1, 129.0, 128.1, 127.5, 127.3, 125.0, 120.3, 109.4, 77.4, 45.9; IR (KBr) 3055, 2924, 1645, 1597, 1533,
1437, 1319, 1250, 901, 752 cm'; HRMS (EI") calculated for C4H3N40, [M]" 610.2363, found 610.2390;
mp >280 °C; [0]*’p —208.0 (¢ 0.29, CHCl;, (S)-configuration).



Synthesis of 1g

CO,Et
oo @
THF, =78 °C, 2 h
OO 88% yield
CO,Et

1e
(S)-2,6-bis(hydroxydiphenylmethyl)-4-(pyridin-4-yl)-4,5-dihydro-3 H-dlnaphtho [2,1-c:17,2"-e]azepine
(1g)

To a solution of 1e (103 mg, 0.200 mmol) in THF (2.00 mL) was added a solution of PhLi in n-Bu,O (1.6
M, 750 pL, 1.20 mmol) at =78 °C. The reaction mixture was stirred for 2 h at =78 °C. Then, water (30 mL)
was added to reaction mixture and extracted with CHCI; (10 mL x 3). The organic layer was washed with
brine (10 mL x 3), dried over MgSQ, and concentrated in vacuo. The purification of the crude product by
recrystallization from CHCI5/Et,O gave 1g (130 mg, 0.176 mmol, 88% yield) as a colorless solid.

'H NMR (400 MHz, CDCl3) §7.77 (d, J = 6.0 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.49-7.17 (m, 18H),
7.15-6.95 (m, 10H), 5.91 (d, J = 6.0 Hz, 2H), 5.23 (d, J = 13.2 Hz, 2H), 3.40 (d, J = 13.2 Hz, 2H), 3.34 (bs,

H); °C NMR (150 MHz, CDCls) & 152.9, 147.9, 147.6, 145.6, 142.5, 138.3, 132.3, 131.6, 131.2, 130.7,
128.8, 128.3, 127.9, 127.8, 127.5, 127.4, 127.2, 126.6, 126.2, 108.7, 83.2, 45.6; IR (KBr) 3057, 1597, 1447,
1396, 1242, 997, 748, 696 cm'; HRMS (ESI") calculated for Cs3sHyN,O, [M+H]" 737.3163, found
737.3130; mp >280 °C; [a]"’p —260.5 (¢ 0.27, CHCl;, (S)-configuration).

Ar_ Ar
Cr SOR.
— ArBr, n-BulLi —
N N - N—CN
\_7 THF, —78°C, 1.5 h \_
OO Ar= 4-MeOCqH, OO OH
CO,Et 79% yield
Ar - Ar
1h

1e

Synthesis of 1h

(S)-2,6-bis(bis(4-methoxyphenyl)(hydroxy)methyl)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:1",
2’-e]azepine (1h)

To a solution of 4-bromoanisole (37.0 puL, 0.300 mmol) in THF (0.250 mL) was added dropwise a solution
of n-BuLi in hexane (1.60 M, 190 pL, 0.304 mmol) for 1 min at —78 °C and stirred for 20 min. After stirring
for 20 min at =78 °C, a solution of 1e (25.7 mg, 49.7 pumol) in THF (1.00 mL) was added to reaction mixture
at —78 °C. The reaction mixture was stirred for 1.5 h at —78 °C. Then, additional solution of n-BulLi in
hexane (1.60 M, 190 uL, 0.304 mmol) was added to reaction mixture to destroy 1-bromobutane which was
generated in the reaction. The reaction mixture was warmed up to room temperature and stirred for 1 h, and
then water (20 mL) was added. The resulting solution was extracted with CHCI; (10 mL x 3), dried over
MgSO, and concentrated in vacuo. The resulting solid was subsequently thoroughly washed with Et,O. After
filtration and drying of the solid, 1h (33.6 mg, 39.2 pmol, 79% yield) was isolated as a pale yellow solid.

'H NMR (400 MHz, CDCl;) § 7.68-7.56 (m, 4H), 7.36 (ddd, J = 7.9, 5.5, 2.5 Hz, 2H), 7.25-7.17 (m, 6H),
7.13 (d, J=8.5 Hz, 4H), 6.91 (d, J = 8.5 Hz, 4H), 6.84 (d, J = 8.5 Hz, 4H), 6.47 (d, J = 8.5 Hz, 4H), 5.87 (d,
J=6.4 Hz, 2H), 5.35 (d, J = 13.2 Hz, 2H), 3.98 (bs, 1.4H), 3.80 (s, 6H), 3.60 (s, 6H), 3.37 (d, J = 13.2 Hz,
2H); *C NMR (100 MHz, CDCl;_ 50 °C) § 159.0, 158.8, 153.0, 147.8, 143.1, 140.7, 138.3, 138.3, 132.7,
131.7, 131.3, 130.5, 129.2, 128.9, 128.7, 127.5, 126.4, 126.1, 113.6, 113.1, 108.8, 82.8, 55.4, 55.1, 45.6; IR



(KBr) 2363, 1603, 1506, 1248, 1175, 1031, 993, 829, 750 cm'; HRMS (ESI") calculated for Cs;H4oN,O5
[M+H]" 857.3585, found 857.3546; mp 235 °C dec; [a]**p —206.4 (¢ 0.29, CHCl;, (S)-configuration).

Ar
CO.Et
OO — ArBr, n-BuLi
@
Y THF, —-78°C, 1 h
OO Ar= 4-PhCgH4
CO.Et 62% yield
Ar

1e
(S)-2,6-bis(di([1,1 -biphenyl] -4-yl)(hydroxy)methyl)-4-(pyrld1n-4-yl)-4,5-d1hydr0-3 H-dinaphtho|2,1-c:1
,2'-e]azepine (1i)

To a solution of 4-bromobiphenyl (280 mg, 1.20 mmol) in THF (3.00 mL) was added dropwise a solution
of n-BuLi in hexane (1.55 M, 775 uL, 1.20 mmol) for 1 min at —78 °C and stirred for 20 min. After stirring
for 20 min at =78 °C, a solution of 1e (103 mg, 0.200 mmol) in THF (1.50 mL) was added to reaction
mixture at —78 °C. The reaction mixture was stirred for 1 h at —78 °C. Then, additional solution of n-BuLi in
hexane (1.55 M, 775 pL, 1.20 mmol) was added to reaction mixture to destroy 1-bromobutane which was

Synthesis of 1i

generated in the reaction. The reaction mixture was warmed up to room temperature and stirred for 1 h, and
then water (20 mL) was added. The resulting mixture was extracted with CHCl; (20 mL x 3), dried over
MgSO, and concentrated in vacuo. The purification of the crude product by flash column chromatography on
silica gel (eluent: CHCl3/MeOH = 30/1, v/v) gave 1i (128 mg, 0.123 mmol, 62% yield) as a colorless solid.
'H NMR (400 MHz, CDCl;) & 7.69 (d, J = 7.8 Hz, 2H), 7.64-7.54 (m, 10H), 7.47-7.54 (m, 36 H), 6.01 (d, J
= 5.4 Hz, 2H), 5.43 (d, J = 12.9 Hz, 2H), 4.39 (bs, 1.2H), 3.46 (d, J = 12.9 Hz, 2H); °C NMR (100 MHz,
CDCly) 6 153.2, 147.0, 145.0, 142.5, 140.5, 140.4, 140.1, 140.1, 138.4, 132.4, 131.7, 131.2, 130.6, 128.9,
128.9, 128.2, 127.6, 127.3, 127.2, 127.2, 127.0, 126.6, 126 5,126.2, 108.9, 83.0, 45.8; IR (KBr) 3055, 3028,
1593, 1508, 1485, 1398, 1242, 995, 893, 837, 748 cm '; HRMS (ESI") calculated for C;,Hs;N,O, [M+H]"
1041.4415, found 1041.4385; mp 257 °C dec; [0]*p —172.6 (¢ 0.26, CHCls, (S)-configuration).

Ar_ Ar

Ot L™
— ArBr, n-BulLi —

G S OO
\_7" THF 78°C,15h \_/
Ar= 4-f—BUC5H4 OO
COLEt 91% yield OH
Ar Ar

1e

(S)-2,6-bis(bis(4-(tert-butyl) phenyl)(hydroxy)methyl)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:
1°,2"-e]azepine (1j)

To a solution of 1-bromo-4-tert-butylbenzene (2.00 g, 9.38 mmol) in THF (9.75 mL) was added dropwise
a solution of n-BuLi in hexane (1.63 M, 5.75 mL, 9.37 mmol) for 1 min at —78 °C and stirred for 20 min.
After stirring for 20 min at —78 °C, a solution of 1e (1.01 g, 1.96 mmol) in THF (19.5 mL) was added to
reaction mixture at —78 °C. The reaction mixture was stirred for 1 h at =78 °C, then water (30 mL) was
added. The resulting mixture was extracted with CHCl; (75 mL % 3), dried over MgSO, and concentrated in
vacuo. The purification of the crude product by twice flash column chromatography on silica gel (eluent:
EtOAc to EtOAc + 3% Et;N and Et,0 to EtOAc to EtOAc + 3% Et;N) gave 1j (1.71 g, 1.78 mmol, 91%

Synthesis of 1j




yield) as a pale yellow solid.

'H NMR (400MHz, CDCl;) § 7.77-7.62 (m, 6H), 7.49-6.97 (m, 22H), 6.37 (d, J = 7.2 Hz, 2H), 5.58 (d, J =
13.2 Hz, 2H), 3.60 (d, J = 13.2 Hz, 2H), 1.32 (s, 18H), 1,26 (s, 18H); *C NMR (150 MHz, CDCl;) & 153.0,
149.8, 149.8, 147.6, 145.2, 143.6, 143.2, 138.1, 132.7, 131.6, 131.1, 130.3, 128.8, 127.7, 127.5, 127.4, 126.2,
125.8, 125.0, 124.5, 108.6, 82.6, 45.5, 34.6, 34.4, 31.5, 31.5; IR (KBr) 2961, 1595, 1508, 1398, 1233, 1107,
993, 829, 748 cm‘l; HRMS (ESI) calculated for CgoH73N,O, [M+H]" 961.5667, found 961.5626; mp 231.0
°C dec; [a]*'p —280.4 (¢ 0.26, CHCLs, (S)-configuration).

CO.Et
OO — ArBr, n-BuLi
O @
\_/" THE, _78°C,40min \_/
OO Ar = 4-(i-Pr)3SiCgHy4
CO.Et 97% vyield
Ar

1e

Synthesis of 1k

(S)-2,6-bis(hydroxybis(4-(triisopropylsilyl)phenyl)methyl)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho|
2,1-c:17,2"-e]azepine (1k)

To a solution of 1-bromo-4-[tris(iso-propyl)silyl)-benzene'* (175 pL, 0.603 mmol) in THF (0.500 mL) was

added dropwise a solution of n-BuLi in hexane (1.60 M, 375 pL, 0.600 mmol) for 1 min at =78 °C and
stirred for 20 min. After stirring for 20 min at —78 °C, a solution of 1e (51.9 mg, 0.100 mmol) in THF (1.50
mL) was added to reaction mixture at —78 °C. The reaction mixture was stirred for 40 min at =78 °C. Then,
additional solution of n-BuLi in hexane (1.60 M, 375 pL, 0.600 mmol) was added to reaction mixture to
destroy 1-bromobutane which was generated in the reaction. The reaction mixture was warmed up to room
temperature and stirred for 1 h, and then water (20 mL) was added. The resulting mixture was extracted with
CHCI; (20 mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the crude product by
flash column chromatography on silica gel (eluent: CHCl; to CHCl;/MeOH = 4/1, v/v) gave 1k (132 mg,
96.9 umol, 97% yield) as a greenish yellow solid.
'H NMR (400MHz, CDCl3) & 7.87 (d, J = 6.0 Hz, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.50-7.35 (m, 12H), 7.33—
7.23 (m, 8H), 7.19 (d, J = 8.0 Hz, 2H), 7.08 (bs, 2H), 6.24 (bd, J = 6.0 Hz, 2H), 5.26 (bd, J = 12.6 Hz, 2H),
3.43 (bd, J = 12.6 Hz, 2H), 1.50-1.30 (m, 12H), 1.16-0.96 (m, 72H); *C NMR (100 MHz, CDCl;) & 153.7,
147.7, 146.9, 143.0, 138.2, 135.2, 134.9, 134.1, 132.2, 131.8, 131.2, 130.9, 128.8, 127.6, 127.3, 126.5, 126.4,
126.2,109.2, 82.9, 46.2, 18.8, 10.9, 10.9; IR (KBr) 2943, 2864, 1595, 1464, 1242, 1101, 995, 883, 750 cm ';
HRMS (ESI+) calculated for CgoH 2 N,0,Sis [M+H]" 1361.8500, found 1361.8480; mp 250 °C dec; [a]MDf
172.8 (¢ 0.29, CHCI;, (S)-configuration).



Synthesis of 11

COEt
OO — ArBr, n-BuLi
O @
\_/ THF, -78°C,1h \_/
OO Ar = 3,5-(MeO),CgH3
CO.Et 57% yield
Ar

1e

(S)-2,6-bis(bis(3,5-dimethoxyphenyl)(hydroxy)methyl)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-
c:1°,2’-e]azepine (11)

To a solution of 1-bromo-3,5-dimethoxybenzene (522 mg, 2.40 mmol) in THF (2.00 mL) was added
dropwise solution of n-BuLi in hexane (1.60 M, 1.50 mL, 2.40 mmol) for 1min at —78 °C and stirred for 20
min. After stirring for 20 min at =78 °C, a solution of 1e (207 mg, 0.400 mmol) in THF (2.50 mL) was added
to reaction mixture at —78 °C. The reaction mixture was stirred for 1 h at =78 °C. Then, additional solution of
n-BuLi in hexane (1.60 M, 1.50 mL, 2.40 mmol) was added to reaction mixture to destroy 1-bromobutane
which was generated in the reaction. The reaction mixture was warmed up to room temperature and stirred
for 1 h at room temperature, and then water (30 mL) was added. The resulting mixture was extracted with
CHCI; (30 mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the crude product by
flash column chromatography on silica gel (eluent: CHCl;/MeOH = 20/1 + 3% Et;N, v/v) gave 11 (224 mg,
0.229 mmol, 57% yield) as a colorless solid.

'H NMR (400 MHz, CDCl3) & 7.68 (d, J = 7.8 Hz, 4H), 7.39 (ddd, J = 7.1, 3.8, 2.9 Hz, 2H), 7.30 (s, 2H),
7.24-7.16 (m, 4H), 6.42 (s, 4H), 6.40 (s, 2H), 6.27 (s, 4H), 5.99-5.93 (m, 4H), 5.26 (d, J = 13.2 Hz, 2H),
3.70 (s, 12H), 3.59 (s, 12H), 3.46 (d, J = 13.2 Hz, 2H); >C NMR (100 MHz, CDCl;) & 160.7, 160.4, 150.0,
147.5, 141.8, 138.2, 131.9, 131.7, 131.2, 130.7, 128.9, 127.4, 126.6, 126.2, 108.7, 106.6, 106.5, 99.4, 97.8,
83.3, 55.5, 55.2, 45.6; IR (KBr) 2935, 1597, 1458, 1204, 1155, 1057, 752 cm™'; HRMS (ESI") calculated for
Ce1Hs7N,O19 [M+H]™ 977.4008, found 977.3993; mp 242 °C dec; [a]”p —212.1 (c 0.28, CHCI;,

(S)-configuration).
COEt
OO — ArBr, n-BuLi
O @
\_7 THF, —78°C,1h \_/
OO Ar = 3,5(t-Bu),-4-MeOCgH,
CO,Et 61% yleld
Ar

1e
(S)-2,6-bis(bis(4-(tert-butyl)-3,S-dimethoxyphenyl)(hydroxy)methyl)-4-(pyr1d1n-4-yl)-4,5-dihydr0-3H-d
inaphtho[2,1-c:1°,2"-e]azepine (1m)

To a solution of 4-bromo-2,6-di-tert-butylanisole'> (178 mg, 0.595 mmol) in THF (1.00 mL) was added
dropwise a solution of n-BuLi in hexane (1.60 M, 375 uL, 0.600 mmol) for 1 min at —78 °C and stirred for
20 min. After stirring for 20 min at —78 °C, a solution of 1e (51.7 mg, 0.100 mmol) in THF (1.50 mL) was
added to the reaction mixture at —78 °C. The reaction mixture was stirred for 1 h at —78 °C. Then, additional

Synthesis of 1m

solution of n-BuLi in hexane (1.60 M, 375 uL, 0.600 mmol) was added to reaction mixture to destroy
I-bromobutane which was generated in the reaction. The reaction mixture was warmed up to room
temperature and stirred for 1 h, and then water (10 mL) was added. The resulting mixture was extracted with
CHCI; (20 mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the crude product by



flash column chromatography on silica gel (eluent: Et,O/MeOH = 30/1, v/v) gave 1m (80.1 mg, 61.3 pumol,
61% yield) as a pale yellow solid.

'H NMR (600 MHz, CDCl5) & 7.82 (bd, J = 5.4 Hz, 2H), 7.64 (d, J = 7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H),
7.23-6.85 (m, 14H), 6.35 (bd, J = 5.4 Hz, 2H), 5.30 (d, J = 13.2 Hz, 2H), 3.67 (s, 6H), 6.03 (s, 6H), 3.33 (d, J
= 13.2 Hz, 2H), 3.02 (bs, 1H), 2.94 (bs, 1H), 1.30 (s, 36H), 1.22 (s, 36H); °C NMR (150 MHz, CDCl;)
6 158.7, 158.7, 143.2, 143.0, 143.0, 141.4, 140.2, 138.4, 131.8, 131.0, 130.4, 128.8, 127.2, 127.0, 126.5,
126.4, 125.7, 124.1, 109.2, 83.0, 64.4, 64.3, 46.7, 36.0 (2), 32.3, 32.2; IR (KBr) 2961, 1645, 1595, 1539,
1227, 1115, 1012, 887, 748 cm'; HRMS (EST") caluculated for CgoH;;3N,0s [M+H]™ 1305.8593, found
1305.8599; mp 202 °C dec; [a]**p —218.6 (¢ 0.26, CHCls, (S)-configuration).

Ar Ar
_@ MeOH reflux, 4h _@
= 4-t- BUCBH4
64% yield
Ar

(S)-2,6-bis(bis(4-(tert-butyl)phenyl)(meth0xy)methyl)-4-(pyridin-4-yl)-4,5-dihydr0-3 H-dinaphtho|2,1-C:
1°,2"-e]azepine (1)

To a solution of 1j (172 mg, 0.179 mmol) in MeOH (2.00 mL) was added trifluoroacetic acid [TFA] (89.2
uL, 1.20 mmol) at room temperature. The reaction mixture was heated to refluxed temperature and stirred for
4 h, and then 2 M aqueous NaOH (5 mL) was added. The resulting mixture was extracted with CH,Cl, (5 mL
x 3), dried over MgSQO, and concentrated in vacuo. The purification of the crude product by flash column

Synthesis of 1j~

chromatography on silica gel (eluent: hexane/EtOAc = 1/1, v/v) gave 1j' (113 mg, 0.114 mmol, 64% yield)
as a pale yellow solid.

'H NMR (400 MHz, CDCl3) & 8.13 (s, 2H), 8.09 (d, J = 5.4 Hz, 2H), 7.86 (d, J = 8.1 Hz, 2H), 7.49 (ddd, J =
8.1, 5.5, 2.5 Hz, 2H), 7.39-7.22 (m, 16H), 7.19 (d, J = 8.0 Hz, 4H), 6.08 (d, J = 5.4 Hz, 2H), 5.02 (d, J =
12.8 Hz, 2H), 3.12 (d, J = 12.8 Hz, 2H), 2.79 (s, 6H), 1.29 (s, 18H), 1,24 (s, 18H); *C NMR (100 MHz,
CDCl;,40 °C) 6 153.5, 149.5, 149.4, 149.0, 144.5, 140.3, 138.3, 138.2, 133.1, 132.1, 131.7, 131.5, 128.9,
128.1, 127.5, 126.7, 126.4, 126.1, 125.0, 124.8, 109.1, 87.8, 53.0, 45.1, 34.5, 31.5; IR (KBr) 2961, 1591,
1508, 1244, 1074, 750 cm™'; HRMS (ESI") calculated for C;;H7;N,0, [M+H"] 989.5980, found 989.5981;
mp 221 °C dec; [0]**5 —78.7 (¢ 0.26, CHCI;, (S)-configuration).
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27

(S)-4-allyl-2-methoxy-4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e]azepine (27)

To a suspension of 25’ (4.45 g, 14.3 mmol), NBS (5.58 g, 31.3 mmol) in benzene (71.0 mL) was added
AIBN (234 mg, 1.43 mmol) at room temperature. The reaction mixture was heated to refluxed temperature
and stirred for 3 h. After being cooled to room temperature, the reaction mixture was poured into water (100
mL) and extracted with EtOAc (100 mL x 3). The organic layer was washed with brine (50 mL x 3), dried
over MgSO, and concentrated in vacuo to give the crude product of 26 (7.58 g) as a colorless solid. This
crude product was directly used for the following reaction without further purification.

To a solution of 26 (4.03 g, 8.57 mmol) in THF (28.0 mL) was added allylamine (2.12 mL, 28.3 mmol) at

room temperature. The reaction mixture was heated to 50 °C and stirred for 15 h. After being cooled to room
temperature, the reaction mixture was poured into water (50 mL). The resulting solution was extracted with
toluene (30 mL x 3) and the organic layer was washed with water (10 mL x 3), dried over MgSO,4 and
concentrated in vacuo. The purification of the crude product by flash column chromatography on silica gel
(eluent: hexane/EtOAc = 5/1 to 2/1 to 1/1, v/v) gave 27 (2.12 g, 5.80 mmol, 77% yield based on 23) as a pale
yellow foam.
'H NMR (600 MHz, CDCl3) & 7.99 (t, J = 8.1 Hz, 2H), 7.89 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 7.8 Hz, 1H),
7.56 (d, J =9.0 Hz, 1H), 7.51-7.41 (m, 3H), 7.35 (s, 1H), 7.30 (bt, J= 7.8 Hz, 1H), 7.15 (bt, J = 7.8 Hz, 1H),
6.15-6.05 (m, 1H), 5.31 (d, J=17.4 Hz, 1H), 5.26 (d, J = 9.6 Hz, 1H), 4.46 (d, J = 12.6 Hz, 1H), 4.06 (s, 3H),
3.82 (d, J = 12.3 Hz, 1H), 3.30-3.22 (m, 2H), 3.12 (dd, J = 13.2, 6.0 Hz, 1H), 2.88 (d, J = 12.6 Hz, 1H); °C
NMR (150 MHz, CDCl;) § 155.5, 137.2, 136.4, 134.9, 134.1, 133.6, 133.1 131.4, 128.4, 128.3, 127.8, 127.6,
127.5, 127.1, 126.9, 126.1, 126.0, 125.8, 125.4, 123.4, 117.7, 105.5, 58.8, 55.5, 55.0, 46.6; IR (KBr) 3069,
2807, 1508, 1334, 752; HRMS (FAB") calculated for C,sH,sNO [M+H]" 366.1852, found 366.1848; [a]”p
+375.9 (c 1.18, CHCI;, (S)-configuration).



Synthesis of 28
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27 28
(S)-2-methoxy-4,5-dihydro-3H-dinaphtho|[2,1-c:1°,2"-e]azepine (28)
To a solution of 27 (2.12 g, 5.80 mmol), NDMBA (2.72 g, 17.4 mmol) and PPh; (122 mg, 0.460 mmol) in
CH,Cl, (29.0 mL) was added Pd(OAc), (26.0 mg, 0.115 mmol) at room temperature. The reaction mixture
was heated to refluxed temperature, and stirred for 6 h. After being cooled to room temperature, the reaction

mixture was added saturated aqueous NaHCO; (20 mL). The resulting solution was extracted with CH,Cl,
(30 mL x 3). The organic layer was washed with saturated aqueous NaHCO; (20 mL x 3), dried over MgSO4
and concentrated in vacuo. The purification of the crude product by flash column chromatography on silica
gel (eluent: EtOAc +1% Et;N to EtOAc/MeOH = 10/1 to 1/1, v/v) gave 28 (1.77 g, 5.43 mmol, 94% yield) as
a pale yellow foam.

'H NMR (600 MHz, CDCl;) & 7.97 (d, J = 8.4 Hz, 1H), 7.94 (dd, J = 7.5, 1.5 Hz, 1H), 7.84 (bd, J = 8.4 Hz,
1H), 7.59 (d, J = 8.4 Hz, 1H), 7.48-7.43 (m, 2H), 7.42 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H), 7.32 (bd, J = 8.4 Hz,
1H), 7.30 (s, 1H), 7.28-7.25 (m, 1H), 7.11 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H), 4.53 (d, J = 12.9 Hz, 1H), 4.02 (s,
3H), 3.90 (d, J = 12.0 Hz, 1H), 3.53 (d, J = 12.0 Hz, 1H), 3.09 (d, J = 12.9 Hz, 1H), 2.60 (bs, 1H); °C NMR
(150 MHz, CDCls) & 154.9, 137.1, 135.0, 134.3, 134.2, 133.3, 131.5, 129.2, 128.4, 127.6, 127.5, 127.3,
127.2, 126.9, 126.6, 126.2, 126.0, 125.6, 123.6, 106.1, 55.6, 48.4, 39.6; IR (KBr) 3060, 3002, 2956, 2362,
1951, 1596, 1288, 752 cm '; HRMS (FAB") calculated for C,3H,oNO [M+H]" 326.1539, found 326.1555;
[a]*'p +413.3 (¢ 1.14, CHCl;, (S)-configuration).

Synthesis of 1n

Br—CN-HCI
OMe W OMe
OO Pd(dba),, RuPhos OO
NaOt-Bu —
NH - N—@N
toluene, 90 °C, 15 h Y
s s ""llee

28 1n

(S)-2-methoxy-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e]azepine (1n)

To a suspension of 28 (1.66 g, 5.06 mmol), 4-bromopyridine hydrochloride (1.97 g, 10.1 mmol), RuPhos
(94.0 mg, 0.201 mmol) and NaOt-Bu (1.95 g, 20.2 mmol) in toluene (25.0 mL) was added Pd(dba), (57.0 mg,
99.1 umol) at room temperature. The reaction mixture was heated to 90 °C and vigorously stirred for 15 h.
Then, the reaction mixture was added water (30 mL) and filtered throught celite. The filtrate was extracted
with toluene (30 mL % 3), washed with brine (20 mL x 3), dried over MgSO, and concentrated in vacuo. The
purification of the crude product by flash column chromatography on silica gel (eluent: EtOAc to CH,Cl, to
CH,Cl,/MeOH = 2/1, v/v) gave 1n (1.61 g, 4.00 mmol, 79% yield) as a pale brown solid.

'H NMR (600 MHz, CDCl5) & 8.27 (dd, J = 5.3, 1.7 Hz, 2H), 7.95 (dd, J = 8.1, 2.1 Hz, 2H), 7.84 (d, J = 8.4
Hz, 1H), 7.55-7.47 (m, 3H), 7.45 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.39 (d, J= 8.4 Hz, 1H), 7.31 (ddd, J = 8.4,
7.1, 1.4 Hz, 1H), 7.28 (s, 1H), 7.15 (ddd, J = 8.4, 7.1, 1.4 Hz, 1H), 6.79 (dd, J = 5.3, 1.7 Hz, 2H), 5.40 (d, J =
13.2 Hz, 1H), 4.59 (d, J = 12.6 Hz, 1H), 3.95 (s, 3H), 3.78 (d, J = 12.6 Hz, 1H), 3.41 (d, J = 13.2 Hz, 1H);
C NMR (150 MHz, CDCl;) § 154.7, 153.6, 150.1, 137.0, 135.2, 134.3, 133.4, 132.9, 131.5, 129.4, 128 4,



127.7, 127.6 (2), 127.3, 126.8, 126.6, 126.3, 126.1, 125.6, 123.9, 108.7, 106.3, 55.8, 50.8, 41.3; IR (KBr)
3047, 2363, 1595, 1507, 752; HRMS (FAB") calculated for C,sH,3N,0 [M+H]" 403.1804, found 403.1796;
mp 223.7-224.6°C; [a]*p —338.4 (¢ 1.11, CHCL,, (S)-configuration).

An overview for synthesis of catalyst 1o

OMe OTf
CO e O o
— CH,Cl,, 0°C, 3h d(dppf)CloCHCly
\ /" 2) Tf,0, EtsN _<\:\// K3PO,, THF/H,0 = 3: 1
OO CH,Cl,, —78°Ctort, 15 h OO 50 °C, 18 h OO
24% vyield 11% yield

1n 29 10

90

Synthesis of 29

OMe oTf
CC CC
— CH,Cl,, 0°C, 3h —
O - O
W 2) Tf,0, EtsN \_
OO CH,Cl,, -78°Ctort, 15 h OO
24% yield

1n 29

(S)-4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho[2,1-C:1°,2"-e]azepin-2-yl trifluoromethanesulfonate (29)
To a solution of 1n (256 mg, 0.636 mmol) in CH,Cl, (6.40 mL) was added a solution of BBr; in CH,Cl,
(1.00 M, 1.50 mL, 1.50 mmol) at 0 °C. The reaction mixture was stirred for 3 h at 0 °C, then poured into
MeOH (10 mL) and concentrated in vacuo. The residue was dissolved in CH,Cl, (6.40 mL) and Et;N (0.270
mL, 1.92 mmol) was added. To this solution was added Tf,0 (0.130 mL, 0.773 mmol) at —78 °C. The
reaction mixture was warmed up to room temperature and stirred for 15 h, then water (15 mL) was added.
The resulting solution was extracted with CH,Cl, (15 mL x 3), washed with saturated aqueous NaHCO; (20
mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the crude product by flash clumn
chromatography on silica gel (eluent: EtOAc/MeOH = 50/1, v/v) gave 29 (80.2 mg, 0.154 mmol, 24% yield)
as a pale yellow foam.
'H NMR (600 MHz, CDCl3) & 8.31 (d, J = 6.3 Hz, 2H), 8.04 (d, J = 8.4 Hz, 1H), 8.00 (t, J = 6.6 Hz, 2H),
7.95 (s, 1H), 7.62 (t, J = 6.6 Hz, 1H), 7.59-7.51 (m, 3H), 7.44 (d, J = 8.4 Hz, 1H), 7.42-7.35 (m, 2H), 6.81
(d, J=6.3 Hz, 2H), 5.15 (d, J = 13.5 Hz, 1H), 4.68 (d, J=12.6 Hz, 1H), 3.82 (d, J = 12.6 Hz, 1H), 3.69 (d, J
=13.5 Hz, 1H); >C NMR (150 MHz, CDCl3) § 153.0, 150.0, 144.6, 139.1, 133.4, 133.3, 132.9, 132.7, 131.0,
130.4, 130.2, 128.5, 127.8, 127.7, 127.4, 127.2, 127.0, 126.7, 126.3, 125.7, 120.2, 118.6 (q, J = 319.0 Hz),
108.6, 50.3, 42.5; IR (KBr) 1593, 1508, 1421, 1215, 810, 752 cm '; HRMS (FAB") calculated for
CasH0F3N,05S [M+H]" 521.1141, found 521.1124; [a]le —220.4 (¢ 0.27, CHCIs, (S)-configuration).

Synthesis of 10

B(OH),
OO = Pd(dppf)Cl,*CH,Cl, OO —
O - IO
\_ KsPO,, THF/H,O = 3:1 \_7
0 e OO
11% yield

29 1o

To a suspension of 29 (26.1 mg, 0.501 mmol), 2-naphthaleneboronic acid (8.60 mg, 50.0 umol) and K5PO,
(43.4 mg, 0.204 mmol) in THF (0.500 mL) and water (0.170 mL) was added Pd(dppf)Cl,-CH,Cl, (3.30 mg,



4.04 pumol) at room temperature. The reaction mixture was heated to 50 °C and stirred for 18 h. After cooled
to room temperature, the reaction mixture was diluted with CH,Cl, (2 mL). The resulting solution was
extracted with CH,Cl, (5 mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the
crude product by flash column chromatography on silica gel (eluent: EtOAc to EtOAc + 3% Et;N) gave 1o
(2.70 mg, 5.41 pmol, 11% yield) as a colorless solid.

'H NMR (600 MHz, CDCl;) & 8.05 (s, 1H), 7.99-7.97 (m, 6H), 7.89 (d, J = 7.8 Hz, 2H), 7.58-7.49 (m, 8H),
7.36-7.31 (m, 3H), 6.36 (bs, 2H), 4.87 (d, J = 12.9 Hz, 1H), 4.71 (d, J = 12.6 Hz, 1H), 4.06 (d, J = 12.6 Hz,
1H), 3.59 (d, J = 12.9 Hz, 1H); "C NMR (150 MHz, CDCl;) & 153.0, 149.4, 139.9, 138.2, 136.0, 135.3,
133.5,133.3, 132.9, 132.6, 132.5, 131.5, 130.8, 130.2, 129.5, 128.8, 128.5, 128.5, 128.2, 127.8, 127.7, 127.6,
127.4, 126.7, 126.6, 126.5, 126.4, 126.3, 126.1, 108.5, 50.7, 46.3; IR (KBr) 3651, 3049, 2963, 2365, 1506
cm'; HRMS (FAB") calculated for C3;H,;N, [M+H]™ 499.2168, found 499.2168; mp 181 °C dec; [a]22D -
157.6 (¢ 0.27, CHCl;, (S)-configuration).

An overview for synthesis of catalyst 1p

Br N * HCI

COLEt CO.Et COLEt
OO NDMBA d(dba),, RuPhos
__ Pd(OAc),, PPhs K,COs
T =
CHClI, reflux, 6 h t-BUOH, reflux, 24 h
59% vyield 39% yield

(27% recovery)
30 32

Ar_ Ar
OH
ArBr, n-BuLi
THF, -78 °C, 2h N_@N
Ar= 4-t-BUCeH4
22% yield
1p

Synthesis of 31

CO.Et CO.Et
NDMBA
OO — Pd(OAc), PPhy OO
CHJCl,, reflux, 6 h
Y T OO

30 31

(S)-Ethyl 4,5-dihydro-3H-dinaphtho[2,1-c:1°,2"-e]azepine-2-carboxylate (31)

To a solution of 30° (2.52 g, 6.17 mmol), NDMBA (1.94 g, 12.4 mmol) and PhsP (324 mg, 1.23 mmol) in
CH,Cl, (20.6 mL) was added Pd(OAc), (69.6 mg, 0.310 mmol) at room temperature. The reaction mixture
was heated to refluxed temperature and stirred for 6 h, then water (20 mL) was added. The resulting solution
was extracted with CH,Cl, (20 mL x 3). The organic layer was washed with saturated aqueous NaHCO; (20
mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the crude product by flash column
chromatography on silica gel (eluent: Et,O to Et,0/MeOH = 20/1 to 10/1, v/v) gave 31 (1.35 g, 3.68 mmol,
59% yield) as a pale yellow foam.

'H NMR (400 MHz, CDCl;) NMR (400 MHz, CDCl;) & 8.55 (s, 1H), 8.00 (t, J = 8.1 Hz, 2H), 7.95 (d, J =
8.1 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H), 7.52-7.42 (m, 2H), 7.41-7.29 (m, 3H), 7.29-7.22 (m, 1H), 4.63 (d, J =
13.3 Hz, 1H), 4.56-4.43 (m, 2H), 3.86 (d, J = 11.2 Hz, 1H), 3.50 (d, J = 11.2 Hz, 1H), 3.26 (d, J = 13.3 Hz,
1H), 2.53 (bs, 1H), 1.50 (t, J = 7.1 Hz, 3H); °C NMR (100 MHz, CDCl;) & 168.1, 136.6, 135.0, 134.6, 133.9,



133.0, 132.6, 131.6 (2), 131.2, 129.2 (2), 128.3, 127.7, 127.4, 127.3, 127.1, 126.1, 125.8, 125.4, 61.3, 48.4,
443, 14.4; IR (KBr) 3053, 2953, 2384, 2349, 1717, 1294 cm™'; HRMS (FAB") calculated for C,sH,,NO,
[M+H]" 368.1639, found 368.1637; [a] >’ +413.7 (¢ 1.02, CH,Cl,, (S)-configuration).

Synthesis of 32

CO.Et CO.Et
Pd(dba),, RuPhos
OO K2CO3 OO —
NH - N—CN
t-BUOH, reflux, 24 h \_/
OO 39% vyield O
(27% recovery)

31 32

(S)-Ethyl 4-(pyridin-4-yl)-4,5-dihydro-3H-dinaphtho|2,1-c:1°,2"-e]azepine-2-carboxylate (32)

To a suspension of 31 (1.30 g, 3.54 mmol), 4-bromopyridine hydrochloride (1.37 g, 7.07 mmol), RuPhos
(132 mg, 0.283 mmol) and potassium carbonate (2.94 g, 21.2 mmol) in t-BuOH (35.4 mL) was added
Pd(dba), (81.4 mg, 0.142 mmol) at room temperature. The reaction mixture was heated to refluxed tempera-
ture and vigorously stirred for 24 h, and then subsequently thoroughly washed with CH,Cl,. After filtrate was
concentrated in vacuo, the purification of the crude product by flash column chromatography on silica gel
(eluent: Et,0 to Et,0/MeOH = 20/1 to 10/1 to 4/1, v/v) gave 32 (616 mg, 1.39 mmol, 39% yield) as a pale
brown solid, along with recovered of 31 (357 mg, 0.972 mmol, 27% yield).

'H NMR (400 MHz, CDCl;) NMR (400 MHz, CDCl;) & 8.55 (s, 1H), 8.25 (d, J = 5.3 Hz, 2H), 7.99 (d, J =
8.0 Hz, 1H), 7.93 (d, J= 8.0 Hz, 2H), 7.54-7.23 (m, 7H), 6.71 (d, J = 5.3 Hz, 2H), 5.96 (d, J = 13.3 Hz, 1H),
4.52 (d, J = 12.4 Hz, 1H), 4.46—4.30 (m, 2H), 3.72 (d, J = 12.4 Hz, 1H), 3.62 (d, J = 13.3 Hz, 1H), 1.35 (¢, J
= 7.1 Hz, 3H); "C NMR (100 MHz, CDCl;) & 168.0, 153.3, 150.0, 137.0, 134.6, 133.3, 132.7, 132.6, 132.4,
131.8, 131.3, 131.2, 129.6, 129.3, 128.4, 128.3, 128.1, 127.5, 127.2 (2), 126.8, 126.4, 126.0, 108.7, 61.7,
50.5, 44.1, 14.3; IR (KBr) 2382, 1717, 1591, 1508, 1296, 1244 cm™'; HRMS (FAB") calculated for
C30HN,O, [M+H]" 445.1905, found 445.1896; mp 86.6-88.0 °C; [a] **p —243.4 (¢ 0.585, CH,Cl,,

(S)-configuration).
CO,Et Ar
OO — ArBr, n-BuLi
O
\_ THF 78°C,2h _@
OO = 4-t- BUC6H4
22% yield

32
(S)-2-(bis(4-(te rt-butyl)phenyl)(methoxy)methyl)-4-(pyrldln-4-yl)-4,5-d1hydr0-3 H-dinaphtho[2,1-c:1",2"
-e]azepine (1p)

Synthesis of 1p

To a solution of 1-bromo-4-tert-butylbenzene (104 benzene of thoxy)methyl)-4-(pyridin-4-yl)-4,5-pwise a
solution of n-BuLi in hexane (1.63 M, 375 uL) at —78 °C and stirred for 20 min. After stirring for 20 min at
=78 °C, a solution of 32 (88.9 mg, 0.200 mmol) in THF (2.00 mL) was added to reaction mixture at =78 °C.
The reaction mixture was stirred for 2 h at =78 °C. Then, water (5 mL) was added to the reaction mixture and
extracted with CHCl; (10 mL x 3), dried over MgSO,, and concentrated in vacuo. The purification of the
crude product by flash column chromatography on silica gel (eluent: CHCl;/MeOH = 20/1 to 10/1, v/v) and



the resulting solid was subsequently thoroughly washed with EtOAc. After filtration and drying of the solid,
1p (29.1 mg, 43.6 pmol, 22% yield) was obtained as a pale yellow solid.

'H NMR (400 MHz, CDCl;) & 8.07 (d, J = 6.6 Hz, 2H), 7.92 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H),
7.72 (d, J = 8.2 Hz, 1H), 7.52-7.30 (m, 9H), 7.28-7.21 (m, 5H), 7.16 (d, J = 8.2 Hz, 2H), 6.41 (d, J = 6.6 Hz,
2H), 5.23 (d, J = 12.4 Hz, 1H), 4.63 (d, J = 13.3 Hz, 1H), 3.89 (d, J = 13.3 Hz, 1H), 3.49 (bs, 1H), 3.15 (d, J
= 12.4 Hz, 1H), 1.32 (s, 9H), 1.26 (s, 9H); >C NMR (100 MHz, CDCl3) § 153.1, 150.2, 150.0, 149.1, 144.7,
143.8, 143.1, 138.4, 134.8, 133.3, 132.9, 132.2, 132.0, 131.5, 130.9, 130.3, 129.4, 129.0, 128.4, 127.8, 127.5,
127.3, 126.6, 126.4, 126.2, 125.9, 125.1, 124.7, 108.5, 82.9, 50.3, 45.7, 34.6, 34.4, 31.5 (2); IR (KBr) 2961,
2384, 1607, 1506, 1236, 995 cm™'; HRMS (FAB") calculated for C4HiN,O [M+H]™ 667.3677, found
667.3709; mp 222 °C dec; [a] *’p —340.5 (¢ 0.305, CHCl;, (S)-configuration).

Synthesis of substrate 3¢, 3q and 3r

Synthesis of 3¢

i-Pr phenyl chloroformate i-Pr O

Et,N OPh
o) > N0
H THF, rt, 4 h N
A
99% vyield )\ OPh
33 O

Phenyl 3-isopropyl-2-((phenoxycarbonyl)oxy)-1H-indole-1-carboxylate (3c)

To a solution of 33* (262 mg, 1.50 mmol) and triethylamine (850 uL, 6.10 mmol) in THF (5.00 mL) was

added phenyl chloroformate (753 pL, 6.00 mmol) at room temperature. The reaction mixture was stirred for
4 h at room temperature, and then 1 M aqueous HCI (10 mL) was carefully added. The resulting solution was
extracted with EtOAc (10mL x 3), dried over MgSO, and concentrated in vacuo. The purification of the
crude product by flash column chromatography on silica gel (eluent: hexane/Et,O = 5/1, v/v) gave 9¢ (619
mg, 1.49 mmol, 99% yield) as a colorless solid.
'H NMR (400 MHz, CDCl3) & 8.19 (d, J = 7.6 Hz, 1H), 7.66 (d, J = 7.2 Hz, 1H), 7.47 (t, J = 7.9 Hz, 2H),
7.39-7.29 (m, 8H), 7.11 (d, J = 7.9 Hz, 2H), 3.27 (quin, J = 7.0 Hz, 1H), 1.46 (d, J = 7.0 Hz, 6H); °C NMR
(100 MHz, CDCl3) & 151.4, 150.9, 149.9, 148.6, 136.0, 132.4, 129.7, 129.6, 126.7, 126.6, 126.5, 124.9,
123.6, 121.6, 120.7, 119.9, 115.7, 115.7, 24.5, 21.6; IR (KBr) 2963, 1790, 1749, 1456, 1364, 1120, 748 cm ';
HRMS (FAB") calculated for C,sH,,NOs [M+H]" 416.1492, found 416.1505; mp 75.9-76.6 °C.

Synthesis of 9q
0
Me Cl )j\ OMe Me O
EtN N—oMe
o > N—o0
N THF,rt, 1.5 h N
H 75% yield )\ OMe
3-methyl-2-oxindole (6]

Methyl 2-((methoxycarbonyl)oxy)-3-methyl-1H-indole-1-carboxylate (9q)

To a solution of 3-methyl-2-oxindole (1.47 g, 9.99 mmol) and triethylamine (5.60 mL, 40.2 mmol) in THF
(30.0 mL) was added methyl chloroformate (3.10 mL, 40.1 mmol) at room temperature. The reaction mixture
was stirred for 1.5 h at room temperature, and then 1 M aqueous HCI (10 mL) was carefully added. The
resulting solution was extracted with EtOAc (30 mLx 3), dried over MgSO, and concentrated in vacuo. The



purification of the crude product by flash column chromatography on silica gel (eluent: hexane/Et,O = 3/1 to
1/1, v/v) gave 9q (1.97 g, 7.48 mmol, 75% yield) as a orange solid.

'H NMR (600 MHz, CDCl;) & 8.02 (d, J = 7.7 Hz, 1H), 7.47 (d, J = 7.7 Hz, 1H), 7.33 (td, J = 7.7, 1.6 Hz,
1H), 7.28 (td, J = 7.7, 1.0 Hz, 1H), 4.01 (s, 3H), 3.98 (s, 3H), 2.16 (s, 3H); °C NMR (150 MHz, CDCl;) &
153.3, 150.9, 137.6, 132.0, 128.1, 124.8, 123.4, 119.0, 115.4, 105.4, 56.3, 53.9, 7.0; IR (KBr) 2961, 1775,
1732, 1653, 1460, 1356, 1273, 1040, 934, 754 cm'; HRMS (FAB") calculated for C;3H,NOs [M+H]"
264.0866, found 264.0877; mp 51.3-51.9 °C.

Synthesis of 9r

0

Me CI)LOi-Pr Me O
EtsN Qi-Pr

o) > N—o
N THF, rt, 15 h N
H 99% yield )\ OLPr
3-methyl-2-oxindole O

9r

Isopropyl 2-((isopropoxycarbonyl)oxy)-3-methyl-1H-indole-1-carboxylate (9r)

To a solution of 3-methyl-2-oxindole (1.47 g, 9.99 mmol) and triethylamine (5.60 mL, 40.2 mmol) in THF

(30.0 mL) was added isopropyl chloroformate (5.50 mL, 40.0 mmol) at room temperature. The reaction
mixture was stirred for 1.5 h at room temperature, and then 1 M aqueous HCI (10 mL) was carefully added.
The resulting solution was extracted with EtOAc (30 mL x 3), dried over MgSO, and concentrated in vacuo.
The purification of the crude product by flash column chromatography on silica gel (eluent: hexane/Et,0 =
6/1, v/v) gave 9r (3.16 g, 9.90 mmol, 99% yield) as a pale yellow oil.
'H NMR (600 MHz, CDCl;) & 8.07 (d, J = 7.8 Hz, 1H), 7.46 (d, J = 7.8 Hz, 1H), 7.31 (td, J = 7.8, 1.6 Hz,
1H), 7.28-7.22 (m, 1H), 5.26 (sep, J = 6.1 Hz, 1H), 5.02 (sep, J = 6.1 Hz, 1H), 2.15 (s, 3H), 1.43 (d, J =6.2
Hz, 6H), 1.42 (d, J = 6.2 Hz, 6H); >C NMR (150 MHz, CDCl;) § 152.1, 150.0, 137.9, 132.2, 128.1, 124.5,
123.1, 118.8, 115.5, 74.3, 71.5, 22.0, 21.8, 7.0; IR (KBr) 2984, 1755, 1708, 1651, 1456, 1099, 912, 752 cm ';
HRMS (FAB") calculated for C;,H,,NOs [M+H]" 320.1492, found 320.1487.

General procedure for the Steglich rearrangement of oxindole derivatives
0
R'" O R! \L OH
_ ~~OR2
»\ORZ 0.5 mol % recovered 1j —
A\ -
0 d 0 !
N THF N /
)\ Ar = 4-t-BuCgH4 )\
o7 TOR? —20°C, 5h o7 TOR? OH

9b—q 10b—q Ar Ar

When the catalytic amounts was less than 0.5 mol %, a solution of the catalyst in THF (50.0 mM) was
prepared in advance and this stock solution was used the following reaction.

To a solution of substrate 9b—r in THF was added a catalyst or a solution of the catalyst at =20 °C. The
reaction mixture was stirred for 5 h and then 1 M aqueous HCI was added. The resulting mixture was
extracted with EtOAc, dried over MgSO,4 and concentrated in vacuo. The purification of the crude product by
flash column chromatography on a short pad of silica gel (eluent: hexane/Et,O = 1/1, v/v) gave the
corresponding product 10b—m (>98% yield). The enantiomeric ratio was determined by chiral HPLC
analysis.

The absolute configuration of the product 10j was assigned to be (S)—configuration according to Vedejs’s



paper’ and 10b, 10d—1 and 10n—p were assigned to be (S)—configuration according to our previous paper
(10k; (R)-configuration)'®. For product 10c, the absolute configuration was determined by single crystal
X-ray structure analysis (Supplementary Figure 67).

Steglich rearrangement on multi-gram scale (Figure 4b)
Ar_ Ar

0
Me O Me, V. opp, OO OH
{ O)Loph 0.5 mol % 1j N 5 N—CN
N THF (0.4 M) N \
)\ Ar = 4-t-BuCgH,4 )\ OO
o OPh -20°C,5h o OPh OH
Ar Ar
9a 10a 1j
15.00 g (40.2 mmol) 14.99 g (40.2 mmol)
>98% vyield (plug filtration) with 98:2 er
95% recovery of 1j

We carried out large scale reaction (15 g, 40.2 mmol). The reaction proceeded smoothly and 10a’ was ob-
tained in >98% yield (14.99 g, 40.2 mmol) along with 95% recovery of catalyst 1j after simple plug filtration
(eluent: hexane/Et,O = 1/1 for obtaining 10a; then Et;O/MeOH = 5/1 for catalyst recovery). 'H NMR spectra
of 10a clearly indicated that simple plug filtration was enough for obtaining analytically pure 10a. The pro-
cedure was as follows.

To a solution of 9a° (15.0 g, 42.0 mmol) in THF (95.5 mL) was added solution of 1j (193.2 mg, 0.2 mmol)
in THF (5.00 mL) at —20 °C. The reaction mixture was stirred for 5 h at —20 °C, then monitored by TLC. Af-
ter checking of disappearance of 9a, the reaction solution was transferred to other flask using Et;O to wash
the reaction vessel and concentrated in vacuo. The purification of the crude product by flash column chro-
matography on a short pad of silica gel (eluent: hexane/Et,O = 1/1, v/v) gave the 10a (15.0 g, 42.0 mmol,
>98% yield) and the catalyst 1j was recovered by elution of polar solvent (Et2O/MeOH = 5/1, v/v): enantio-
meric ratio was determined by HPLC with DAICEL CHIRALPAK® AS-3 (hexane/i-PrOH = 85/25, v/v, flow
rate = 0.30 mL/min, 30 °C, UV = 254 nm), Tr= 13.0 min (major) and Tr= 14.0 min (minor), 98:2 er (Sup-
plementary Figure 40); 'H NMR (400 MHz, CDCl5) § 8.10 (d, J = 7.6 Hz, 1H), 7.51-7.27 (m, 10H), 7.22 (d,
J=17.6 Hz, 1H), 6.97 (d, J = 8.0 Hz, 2H), 1.90 (s, 3H); >*C NMR (100 MHz, CDCl5) & 172.4, 167.6, 150.2,
150.1, 149.3, 139.1, 129.9, 129.6, 129.5, 128.6, 126.6, 126.4, 125.7, 123.0, 121.5, 121.1, 115.9, 55.9, 20.9;
IR (KBr) 3069, 1802, 1741, 1724, 1591, 1477, 1341, 1209, 1092, 959, 758 cm'; [a]*'p +74.1 (¢ 1.03,
CH,Cl,, 98:2 er, (S)-configuration) [lit."" [a]*’p +34.0 (¢ 0.16, CHCls, 92:8 er, (S)-configuration)].

The Steglich rearrangement with the recovered catalyst 1j

(0}
e Q me, M opn OO "
N »‘OPh 0.5 mol %recovered 1j N —
(@) > (0] N N
N THF (0.4 M) N _@
)\ Ar = 4-t'BU06H4 )\
o OPh -20°C,5h o OPh OH

9a 10a 1j
37.4 mg (0.100 mmol) 36.9 mg (98.8 pmol)
99% yield (plug filtration) with 98:2 er

Furthermore, the same reaction (37.4 mg of 9a, 0.1 mmol scale) was carried out with recovered catalyst 1j

from large scale reaction, and the reaction proceeded smoothly to give desired product in 99% yield with



98:2 er. '"H NMR spectra of 10a after simple plug filtration showed analytically pure 10a. It was indicated
that our catalyst can be used at least twice without loss of any catalytic activity and enantioselectivity.

To a solution of recovered 9a (37.4 mg, 0.100 mmol) in THF (0.250 ml) was added solution of 1j (50 mM,
10 pL, 2.50 pmol) in THF at —20 °C. The reaction mixture was stirred for 5 h at =20 °C and then 1 M aque-
ous HCI was added. The resulting mixture was extracted with EtOAc, dried over MgSO, and concentrated in
vacuo. The purification of the crude product by flash column chromatography on a short pad of silica gel
(eluent: hexane/Et,O = 1/1, v/v) gave the 10a (36.9 mg, 98.9 umol, 99% yield): enantiomeric ratio was de-
termined by HPLC with DAICEL CHIRALPAK® AS-3 (hexane/i-PrOH = 85/25, v/v, flow rate = 0.30
mL/min, 30 °C, UV = 254 nm), Tr= 13.0 min (major) and Tr= 14.0 min (minor), 98:2 er (Supplementary

Figure 41). Other analytical data was shown as above.

Analytical data for products 9b—q of Steglich rearrangement

(S)-Diphenyl 3-ethyl-2-oxoindoline-1,3-dicarboxylate (10b)"
Et iLoph According to general procedure, substrate 9b'* (80.9 mg, 0.202 mmol) with a solution of
@:o catalyst 1j (20.0 pL, 50.0 mM in THF, 1.00 umol) in THF (0.500 mL) at —20 °C gave a
N yellow solid (80.2 mg, 0.200 mmol, >98% yield): enantiomeric ratio was determined by
o)\oph HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 97.5/2.5, v/v, flow rate = 1.00
100 mL/min, 30 °C, UV = 254 nm), Tg = 21.8 min (minor) and Tg = 26.6 min (major), 98:2 er
(Supplementary Figure 55); '"H NMR (400 MHz, CDCl;) & 8.05 (d, J = 8.4 Hz, 1H), 7.50-7.39 (m, 4H),
7.38-7.27 (m, 6H), 7.22 (t,J = 7.2 Hz, 1H), 6.98 (d, J = 8.8 Hz, 2H), 2.56 (dq, J =13.9, 7.4 Hz, 2H), 2.42 (dq,
J=13.9, 7.4 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H); >C NMR (100 MHz, CDCl;) & 171.8, 167.5, 150.3, 150.2,
149.4, 140.0, 130.0, 129.8, 129.6, 126.7, 126.6, 126.5, 125.8, 123.3, 121.6, 121.3, 115.9, 60.9, 28.4, 8.3; IR
(KBr) 3078, 2970, 1811, 1784, 1749, 1722, 1591, 1476, 1206 cm '; HRMS (FAB") calculated for C,4H,NOs
[M+H]" 402.1335, found 402.1363; mp 133.1-133.7 °C; [a] *°» +60.3 (¢ 0.51, CH,Cl,, 98:2 er,

(S)-configuration) [lit."’ [a]**p +19.8 (¢ 0.49, CHCl;, 91:9 er, (S)-configuration)].

(S)-Diphenyl 3-isopropyl-2-oxoindoline-1,3-dicarboxylate (10c)

According to general procedure, substrate 9¢ (41.1 mg, 0.0989 mmol) with catalyst 1j
(3.00 mg, 3.12 umol) in THF (0.250 mL) at 25 °C gave a colorless solid (40.9 mg, 0.0984
N mmol, >98% yield): enantiomeric ratio was determined by HPLC with DAICEL

~oPn  CHIRALPAK AD-H” (hexane/i-PrOH = 99.3/0.7, v/v, flow rate = 1.50 mL/min, 30 °C, UV

10c = 254 nm), Tg = 13.7 min (minor) and Tr = 22.3 min (major), 96:4 er (Supplementary

Figure 56); '"H NMR (400 MHz, CDCl;) & 8.03 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 7.6 Hz, 1H),

7.50-7.19 (m, 10H), 7.02 (d, J = 7.2 Hz, 2H), 2.96 (sep, J = 7.1 Hz, 1H), 1.31 (d, J= 7.1 Hz, 3H), 0.94 (d, J

= 7.1 Hz, 3H); “C NMR (100 MHz, CDCl5) & 170.5, 167.2, 150.4, 150.2, 149.4, 139.7, 129.8, 129.7, 129.6,

126.7, 126.6, 126.5, 125.6, 123.9, 121.7, 121.4, 115.5, 63.8, 36.3, 17.5, 17.2; IR (KBr) 2968, 1811, 1748,

1489, 1207, 761 cm'; HRMS (ESI) calculated for CosH»NOs [M+H]" 416.1486, found 416.1489; mp
153.1-154.1 °C; [a]** +30.0 (¢ 0.62, CH,Cl,, 96:4 er, (S)-configuration).

o)
I-Pr ,e\LOPh

O

(S)-Diphenyl 3-benzyl-2-oxoindoline-1,3-dicarboxylate (10d)'°

According to general procedure, substrate 9d'° (92.6 mg, 0.200 mmol) with a solution of catalyst 1j (20.0
uL, 50.0 mM in THF, 1.00 pmol) in THF (0.500 mL) at —20 °C gave a pale yellow solid (91.6 mg, 0.198
mmol, >98% vyield): enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK AD-H”



Bn i\‘OPh (hexane/i-PrOH = 90/10, v/v, flow rate = 1.00 mL/min, 30 °C, UV = 254 nm), Tx = 13.1 min
@ﬁ( o (major) and T = 15.2 min (minor), 96:4 er (Supplementary Figure 57); 'H NMR (400
N MHz, CDCl;) 6 7.78 (d, J= 7.8 Hz, 1H), 7.52 (dd, J = 7.8, 1.2 Hz, 1H), 7.48-7.05 (m, 13H),
O)NOPh 7.04-6.99 (m, 2H), 6.93 (d, J = 6.8 Hz, 2H), 3.78 (d, J = 13.6 Hz, 1H), 3.68 (d, J=13.6 Hz,
10d 1H); °C NMR (100 MHz, CDCl3) § 171.3, 167.4, 150.4, 150.1, 148.9, 139.9, 133.4, 130.2,
130.1, 129.7, 129.6, 128.2, 127.5, 126.7, 126.6, 126.3, 125.5, 123.7, 121.6, 121.3, 115.8, 61.8, 41.1; IR
(KBr) 3062, 1809, 1778, 1747, 1497, 1350, 1184, 744 cm'; HRMS (FAB") calculated for C,0H,,NOs
[M+H]" 464.1492, found 464.1473; mp 147.9-148.3 °C; [a]*p +37.9 (c 0.45, CH,Cl, 96:4 er,
(S)-configuration) [lit."" [a]*p +13.9 (¢ 0.50, CHCls, 99:1 er, (S)-configuration)].

(S)-Diphenyl 3-allyl-2-oxoindoline-1,3-dicarboxylate (10e)'’
\

g\\OPh According to general procedure, substrate 9¢'® (82.7 mg, 0.200 mmol) with a solution of
\ catalyst 1j (20.0 uL, 50.0 mM in THF, 1.00 pmol) in THF (0.500 mL) at —20 °C gave a pale
N yellow solid (82.5 mg, 0.200 mmol, >98% yield): enantiomeric ratio was determined by
O)NOPh HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 98/2, v/v, flow rate = 1.00
10e mL/min, 30 °C, UV = 254 nm), Tr = 24.9 min (minor) and Tg = 30.7 min (major), 99:1 er
(Supplementary Figure 58); '"H NMR (400 MHz, CDCl;) & 8.03 (d, J = 8.0 Hz, 1H), 7.55-7.39 (m, 5H),
7.55-7.26 (m, 6H), 6.99 (d, J = 8.0 Hz , 2H) 5.60-5.45 (m, 1H), 5.18 (dd, J=17.0, 1.4 Hz, 1H), 5.09 (d, J =
10.4, 1H), 3.17 (d, J = 7.2 Hz); °C NMR (100 MHz, CDCl;) & 171.2, 167.1, 150.3, 150.2, 149.3, 139.8,
130.1, 129.7, 129.6, 126.7, 126.5, 126.4, 126.3, 125.7, 123.6, 121.6, 121.3, 121.1, 115.9, 60.2, 39.2; IR
(KBr) 3066, 1788, 1751, 1477, 1224, 1159, 750 cm'; HRMS (FAB") calculated for CpsH,0NOs [M+H]"
414.1335, found 414.1329; mp 164.1-165.0 °C; [a]*'p +67.4 (¢ 0.76, CH,Cl,, 99:1 er, (S)-configuration)
[lit." [oa]**p +29.1 (¢ 0.49, CHCls, 89:11 er, (S)-configuration)].

(S)-Diphenyl 3-(but-2-yn-1-yl)-2-oxoindoline-1,3-dicarboxylate (10f)"°
Mo < 2\\0% According to general procedure, substrate 9f'° (42.0 mg, 0.0987 mmol), THF (0.250
E E\/ mL) with a solution of catalyst 1j (10.0 pL, 50.0 mM in THF, 0.500 umol) at —20 °C
N gave a colorless solid (41.7 mg, 0.0980 mmol, >98% yield): enantiomeric ratio was
o)‘ OPh " determined by HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 85/15, v/v,
10f flow rate = 1.00 mL/min, 30 °C, UV = 254 nm), Tg = 12.4 min (major) and Ty = 37.1
min (minor), 97:3 er (Supplementary Figure 59); 'H NMR (400 MHz, CDCl;) & 8.06 (d, J = 8.0 Hz, 1H),
7.52-7.42 (m, 4H), 7.38-7.28 (m, 6H), 7.23 (t, J = 7.6 Hz, 1H), 6.99 (d, J = 8.0 Hz, 2H), 3.25 (dd, J = 2.3,
2.0 Hz, 2H), 1.64 (t, J = 2.3 Hz, 3H); *C NMR (100 MHz, CDCl;) & 170.9, 166.5, 150.2, 150.2, 149.3, 140.1,
130.2, 129.7, 129.6, 126.7, 126.4, 125.7, 123.4, 121.6, 121.2, 115.8, 79.5, 71.8, 59.5, 25.8, 3.5; IR (KBr)
2627, 2359, 2340, 1778, 1748, 1732, 1348, 1217, 1157, 689 cm'; HRMS (EI") calculated for CyH;oNOs
[M] " 425.1257, found 425.1257; mp 99.3-100.2 °C; [0]*'5 +9.9 (¢ 0.85, CH,Cl,, 97:3 er, (S)-configuration)

[lit."" [a]*?p +17.0 (c 0.48, CHCls, 91:9 er, (S)-configuration)].

(0]

(R)-Diphenyl 3-(2-((methoxycarbonyl)amino)ethyl)-2-oxoindoline-1,3-dicarboxylate (10g)10

MeO,CHN CiL According to general procedure, substrate 9g'° (47.4 mg, 0.100 mmol), THF (0.250
~=0Ph

o mL) with a solution of catalyst 1j (10.0 uL, 50.0 mM in THF, 0.500 pmol) at —20 °C
N gave a pale yellow solid (47.2 mg, 0.0991 mmol, >98% yield): enantiomeric ratio was
o)‘oph determined by HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 80/20,

109 v/v, flow rate = 1.00 mL/min, 30 °C, UV = 254 nm), Tr = 17.0 min (major) and Ty =



21.6 min (minor), 97:3 er (Supplementary Figure 60); "H NMR (400 MHz, CDCl;) & 8.06 (d, J = 8.0 Hz, 1H),
7.55-7.40 (m, 4H), 7.39-7.27 (m, 6H), 7.22 (t, J = 7.2 Hz, 1H), 6.97 (d, J = 8.0 Hz, 2H), 4.81 (bs, 1H), 3.57
(s, 3H), 3.37-3.15 (m, 2H), 2.28-2.75 (m, 1H), 2.67-2.52 (m, 1H); *C NMR (100 MHz, CDCl;) & 171.8,
167.1, 156.7, 150.2, 150.1, 149.2, 139.7, 130.3, 129.7, 129.6, 126.7, 126.6, 126.0, 123.4, 121.6, 121.2, 116.2,
58.7, 52.3, 36.7, 34.6; IR (KBr) 3404, 2951, 1748, 1593, 1479, 1350, 1221, 910, 750 cm™'; HRMS (EI")
calculated for C,sH2,N,O; [M]™ 474.1421, found 474.1409; mp 54.3-55.0 °C; [OL]23 p 168.7 (¢ 0.51, CH,Cl,,
97:3 er, (S)-configuration) [lit."° [a]*’p +47.8 (¢ 0.52, CHCl, 92:8 er, (S)-configuration)].

(S)-diphenyl 3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-oxoindoline-1,3-dicarboxylate (10h)"°
TBSO o]
,eXLOPh

0]

According to general procedure, substrate 10h'® (53.0 mg, 0.0997 mmol) with a
solution of catalyst 1j (10.0 uL, 50.0 mM in THF, 0.500 pmol) in THF (0.250 mL) at —20
N °C gave a colorless oil (52.7 mg, 0.0991 mmol, >98% yield): enantiomeric ratio was
o)“OPh determined by HPLC with DAICEL CHIRALPAK AD-H" (hexane/i-PrOH = 90/10, v/v,
10h flow rate = 1.00 mL/min, 30 °C, UV = 254 nm), T = 7.3 min (major) and Tr = 20.4 min
(minor), 92:8 er (Supplementary Figure 61); '"H NMR (400 MHz, CDCl;)  8.08 (d, J = 8.4 Hz, 1H), 7.48—
7.46 (m, 3H), 7.38-7.27 (m, 7H), 7.21 (t, J = 7.6 Hz, 1H), 6.95 (d, J = 7.6 Hz, 2H), 3.71 (ddd, J = 10.2, 4.8,
3.1 Hz, 1H), 3.41 (td, J=10.2, 4.8 Hz, 1H), 2.89 (ddd, J = 14.9, 10.2, 4.8 Hz, 1H), 2.67 (dt, J = 14.9, 3.1 Hz,
1H), 0.76 (s, 9H), —0.12 (s, 3H), —0.15 (s, 3H); *C NMR (100 MHz, CDCl3) & 171.7, 167.8, 150.4, 150.3,
149.6, 140.5, 129.9, 129.6, 129.5, 126.5, 126.5, 125.9, 125.2, 123.5, 121.7, 121.3, 116.1, 58.9, 58.8, 36.2,
259, 18.4, —5.8, —5.8; IR (KBr) 2930, 1811, 1790, 1748, 1479, 1350, 1186, 752 cm'; HRMS (ESI")
calculated for C3H34NOgSi [M+H]" 532.2146, found 532.2128; [a]ZZD +29.4 (c 1.12, CH,Cl,, 92:8 er,
(S)-configuration) [lit."® [a]*p +38.2 (¢ 0.48, CHCl3, 92:8 er, (S)-configuration)].

(S)-Diphenyl 3-(cyanomethyl)-2-oxoindoline-1,3-dicarboxylate (10i)"°
NG 2\\0 According to general procedure, substrate 9i'° (41.0 mg, 0.0994 mmol) with a solution of
Q?S:o catalyst 1j (10.0 puL, 50.0 mM in THF, 0.500 pumol) in THF (0.250 mL) at —20 °C gave a
N pale yellow solid (40.8 mg, 0.0989 mmol, >98% yield): enantiomeric ratio was determined
o>\oph by HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 82/18, v/v, flow rate =
101 1.00 mL/min, 30 °C, UV = 254 nm), T = 17.6 min (major) and Ty = 19.2 min (minor), 91:9
er (Supplementary Figure 62); 'H NMR (400 MHz, CDCl;) & 8.12 (d, J = 8.4 Hz, 1H), 7.59-7.22 (m, 11H),
6.97 (d, J = 8.4 Hz, 2H), 3.51 (d, J = 16.8 Hz, 1H), 3.31 (d, J = 16.8 Hz, 1H); °C NMR (100 MHz, CDCl;) &
169.4, 165.3, 150.0, 150.0, 148.9, 140.0, 131.5, 129.9, 129.8, 127.1, 127.0, 126.4, 124.1, 123.4, 121.5, 121.0,
116.7, 115.0, 56.8, 23.4; IR (KBr) 3059, 2978, 1809, 1782, 1755, 1602, 1481, 1348, 1217, 746, 689 cm ';
HRMS (EI") calculated for Co4sH;sN>,Os [M]" 412.1053, found 412.1079; mp 130.0-130.9 °C; [a]*'p +35.2 (C
0.50, CH,Cl,, 91:9 er, (S)-configuration) [lit." [a]**p +19.3 (¢ 0.52, CHCls, 99:1 er, (S)-configuration)].
(S)-Diphenyl 3-phenyl-2-oxoindoline-1,3-dicarboxylate (10j)° '* '
Ph i\\oph According to general procedure, substrate 95 '® (45.2 mg, 0.101 mmol) with a catalyst
©\)S:o 1j (2.90 mg, 3.00 pmol) in THF (0.250 mL) at =20 °C gave a colorless solid (45.0 mg, 0.100
N mmol, >98% yield): enantiomeric ratio was determined by HPLC with DAICEL
o)‘ OPh CHIRALPAK AD-H® (hexane/i-PrOH = 90/10, v/v, flow rate = 1.00 mL/min, 30 °C, UV =
101 254 nm), Tr = 15.7 min (minor) and Tg = 22.9 min (major), 84:16 er (Supplementary Figure
63); '"H NMR (400 MHz, CDCl5) § 8.15 (d, J = 8.4 Hz, 1H), 7.65 (dd, J = 7.4, 1.0 Hz, 1H), 7.56 (td, J = 7.8,
1.5 Hz, 1H), 7.48-7.20 (m, 14H), 7.04 (d, J = 7.6 Hz, 2H); C NMR (100 MHz, CDCl;) & 170.0, 167.2,



150.5. 150.2, 149.5, 140.2, 135.0, 130.6, 129.7, 129.6, 129.1, 129.0, 128.4, 126.7, 126.6, 126.0, 125.8, 125.6,
121.6, 121.2, 116.3, 64.8; IR (KBr) 3043, 2925, 1813, 1749, 1725, 1596, 1492, 1229, 841 cm'; [a]*p
+165.6 (¢ 0.27, CH,ClL, 84:16 er, (S)-configuration) [lit."" [a]?p +139.5 (¢ 0.49, CHCls;, 92:8 er,
(S)-configuration)].

(R)- dlphenyl 2-0x0-3-(thiophen-2-yl)indoline-1,3-dicarboxylate (10k)"

According to general procedure, substrate 9k'’ (45.3 mg, 0.0995 mmol) with a catalyst
1j (3.00 mg, 3.12 pmol) in THF (0.250 mL) at —20 °C gave a brown solid (45.2 mg, 0.0992
mmol, >98% yield): enantiomeric ratio was determined by HPLC with DAICEL
CHIRALPAK AD-H® (hexane/i-PrOH = 90/10, v/v, flow rate = 1.00 mL/min, 30 °C, UV =
9k 254 nm), Tr = 20.5 min (minor) and Tr = 26.8 min (major), 79:21 er (Supplementary Figure
64); "H NMR (400 MHz, CDCl;) & 8.12 (d, J = 8.2 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.54 (t,
8.2 Hz, 1H), 7.49-7.18 (m, 11H), 7.09-6.99 (m, 3 H); °C NMR (100 MHz, CDCl3) § 169.3, 166.2, 150.4,
150.1, 149.3, 139.7, 136.6, 130.8, 129.7, 129.6, 128.3, 128.3, 127.5, 127.4, 127.1, 127.1, 126.7, 126.5, 125.8,
125.3, 121.5, 121.2, 116.2, 61.4; IR (KBr) 3108, 2929, 1813, 1749, 1722, 1600, 1491, 846 cm'; HRMS
(ESI") calculated for C,6H sNOsS [M+H]™: 456.0821; found: 456.0911; mp 165.8-166.3 °C; [o]p”' +112.6 (C

0.51, CH,Cl,, 79:21 er, (R)-configuration) [lit." [o]*, +60.4 (¢ 0.48, CHCl;, 99:1 er, (R)-configuration)].

(S)-Diphenyl 5-bromo-3-methyl-2-oxoindoline-1,3-dicarboxylate (101)"°
Me ci\\ According to general procedure, substrate 91'° (93.5 mg, 0.201 mmol) with a solution
Br\©\)€:§Ph of catalyst 1j (20.0 pL, 50.0 mM in THF, 1.00 pmol) in THF (0.500 mL) at —20 °C gave
N a colorless solid (92.5 mg, 0.198 mmol, >98% yield): enantiomeric ratio was determined
o% OPh by HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 90/10, v/v, flow rate =
101 1.00 mL/min, 30 °C, UV = 254 nm), Tg = 13.1 min (minor) and Tr = 17.5 min (major),
92:8 er (Supplementary Figure 65); '"H NMR (400 MHz, CDCl;) & 7.95 (d, J = 8.4 Hz, 1H), 7.60-7.51 (m,
2H), 7.45 (t, J = 7.8 Hz, 2H), 7.40-7.20 (m, 6H), 7.00 (dd, J = 8.0 Hz, 2H), 1.89 (s, 3H); °C NMR (100
MHz, CDCl;) 6 171.6, 167.1, 150.3, 150.0, 149.3, 138.2, 133.0, 130.5, 129.8, 129.7, 126.8, 126.7, 126.3,
121.5, 121.2, 118.7, 117.7, 55.9, 21.0; IR (KBr) 3072, 2630, 1813, 1782, 1739, 1475, 1340, 742 cm ';
HRMS (FAB") calculated for C,3H;BrNOs [M+H]™ 464.1492, found 464.1482; mp 59.8-60.3 °C; [a]**p
+2.52 (¢ 0.52, CH,Cl,, 92:8 er, (S)-configuration) [lit."” [a]**p +3.90 (c 0.50, CHCl;, 90.5:9.5 er,

(S)-configuration)].

(S)-Phenyl 1,3-dimethyl-2-oxoindoline-3-carboxylate (10m)> "’

Me Ci\\oph According to general procedure, substrate 9m” '’ (27.9 mg, 0.100 mmol) with a solution
o of catalyst 1j (10.0 uL, 50.0 mM in THF, 0.500 pmol) in THF (0.250 mL) at —20 °C gave a
Me colorless solid (27.9 mg, 0.100 mmol, >98% yield): enantiomeric ratio was determined by

tom HPLC with DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 90/10, v/v, flow rate = 1.00

mL/min, 30 °C, UV = 254 nm), Tg = 9.8 min (minor) and Tr = 15.0 min (major), 87:13 er (Supplementary
Fugure 66); '"H NMR (400 MHz, CDCls) & 7.46-7.22 (m, 4H), 7.21-7.09 (m, 2H), 6.97-6.88 (m, 3H), 3.29
(s, 3H), 1.76 (s, 3H); C NMR (100 MHz, CDCl3) & 174.8, 168.6, 150.6, 143.9, 129.9, 129.5, 126.2, 123.2,
123.1, 121.4, 108.8, 55.3, 26.8, 20.1; IR (KBr) 1761, 1728, 1610, 1491, 1182, 1086, 743 cm'; [0]*p +28.4
(c 0.50, CH,Cl,, 87:13 er, (S)-configuration).



(S)-Bis(4-methoxyphenyl) 3-methyl-2-oxoindoline-1,3-dicarboxylate (10n)"
OMe According to general procedure, substrate 9n'’ (40.1 mg, 0.0993 mmol) with a
Me 3\\0 catalyst 1j (4.80 mg, 5.00 umol) in THF (1.00 mL) at —20 °C gave a brown oil (40.0
mg, 0.0991 mmol, >98% yield): enantiomeric ratio was determined by HPLC with
N DAICEL CHIRALPAK AS-3" (hexane/i-PrOH = 95/5, v/v, flow rate = 0.5 mL/min,
o)/'\o 30 °C, UV = 254 nm), Tr = 47.8 min (major) and Tx = 62.8 min (minor), 98:2 er
Q (Supplementary Figure 35); "H NMR (400 MHz, CDCl5) & 8.04 (d, J = 8.0 Hz, 1H),
7.47-7.38 (m, 2H), 7.32-7.16 (m, 3H), 6.98-6.80 (m, 6H), 3.83 (s, 3H), 3.77 (m, 3H),
10n 1.88 (s, 3H); °C NMR (100 MHz, CDCl5) § 172.6, 168.1, 157.9, 157.7, 149.8, 143.8,
143.7, 139.2, 129.9, 128.8, 125.8, 123.0, 122.4, 122.0, 116.0, 114.7, 114.5, 56.0, 55.7, 55.7, 21.0; IR (KBr)
2359, 1807, 1780, 1748, 1715, 1504, 1348, 1221, 1175, 1099, 764 cm'; HRMS (FAB™) calculated for
C,sHNO; [M+H]" 448.1390, found 488.1417; [a]*'p +103.3 (¢ 0.25, CH,Cl,, 98:2 er, (S)-configuration)
[1it." [a]**p +30.5 (¢ 0.45, CHCls, 91:9 er, (S)-configuration)].

(S)-Bis(4-fluorophenyl) 3-methyl-2-oxoindoline-1,3-dicarboxylate (100)"°
F According to general procedure, substrate 90' (42.9 mg, 0.101 mmol) with a
Me %\OQ catalyst 1j (5.00 mg, 5.20 umol) in THF (1.00 mL) at —20 °C gave a colorless solid
(42.7 mg, 0.101 mmol, >98% yield): enantiomeric ratio was determined by HPLC with
N DAICEL CHIRALPAK AD-H® (hexane/i-PrOH = 97.5/2.5, v/v, flow rate = 1.00
o)*o mL/min, 30 °C, UV =254 nm), Tg = 33.6 min (minor) and Tr = 68.6 min (major), 96:4
Q er (Supplementary Figure 36); '"H NMR (600 MHz, CDCl3) § 8.04 (d, J = 7.9 Hz, 1H),
7.46 (td, J =79, 1.1 Hz, 1H), 7.41 (dd, J=7.9, 1.1 Hz, 1H), 7.38-7.20 (m, 3H), 7.19—
90 6.90 (m, 6H), 1.89 (s, 3H); °C NMR (100 MHz, CDCl;) § 172.2, 167.6, 160.6 (d, J =
244.4 Hz), 160.5 (d, J = 244.4 Hz), 149.2, 145.9 (d, J = 13.4 Hz), 138.9, 130.0, 128.6, 125.8, 123.0 (d, J =
8.6 Hz), 122.6 (d, J=8.6 Hz), 116.4, 116.3, 116.2, 116.0, 115.9, 55.8, 20.9; IR (KBr) 1780, 1751, 1506, 1179,
831, 768 cm'; HRMS (FAB") calculated for C,3H F,NOs [M+H]™: 424.0991, found: 424.0995; mp 127.8—
128.7 °C; [a]**p +73.9 (¢ 0.58, CH,Cl,, 96:4 er, (S)-configuration) [lit."" [a]*’p +57.8 (¢ 0.28, CHCI;, 68:32 er,

(S)-configuration)].

(S)-Dibenzyl 3-methyl-2-oxoindoline-1,3-dicarboxylate (10p)'* "
Me SLOBn According to general procedure, substrate 9p'® (37.1 mg, 0.100 mmol) with a catalyst 1j
Cﬁz o (4.80 mg, 5.00 umol) in THF (1.00 mL) at —20 °C gave a colorless solid (36.9 mg, 94%
N conv): enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK AD-H®
(hexane/i-PrOH = 97.5/2.5, v/v, flow rate = 1.00 mL/min, 30 °C, UV = 254 nm), Ty = 25.8
10p min (major) and Tg = 30.6 min (minor), 92:8 er (Supplementary Figure 37); "H NMR (400
MHz, CDCl;) 6 7.93 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 7.2 Hz, 2H), 7.44-7.31 (m, 4H), 7.26-7.06 (m, 7H),
5.46 (s, 2H), 5.11 (s, 2H), 1.74 (s, 3H); °C NMR (100 MHz, CDCl;) § 173.0, 168.8, 150.8, 139.3, 135.2,
134.9, 129.5, 128.8, 128.6, 128.6, 128.3, 128.2, 127.4, 125.2, 123.1, 115.7, 68.9, 67.6, 55.8, 20.7; IR (KBr)
2359, 1776, 1738, 1288, 1227, 696 cm '; [0]*’p +26.9 (¢ 0.52, CH,Cl,, 92.5:7.5 er, (S)-configuration) [lit."
[a]*p +37.6 (¢ 0.13, CHCl;, 88:12 er, (S)-configuration)].



(S)-dimethyl 3-methyl-2-oxoindoline-1,3-dicarboxylate (10q)
Me iLOMe According to general procedure, substrate 9q (26.1 mg, 0.0991 mmol) with a catalyst 1j
@:o (4.70 mg, 4.89 pmol) in THF (1.00 mL) at =20 °C gave a colorless solid (25.8 mg, 88%
N conv): enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK AD-H"
o}\OMe (hexane/i-PrOH = 97.5/2.5, v/v, flow rate = 1.00 mL/min, 30 °C, UV = 254 nm), Tg = 14.0
109 min (major) and Tg = 15.7 min (minor), 95:5 er (Supplementary Figure 38); 'H NMR (400
MHz, CDCl;) 6 7.96 (d, J= 7.7 Hz, 1H), 7.38 (td, J = 7.7, 1.3 Hz, 1H), 7.28 (dd, J=7.7, 1.3 Hz, 1H), 7.22 (t,
J=17.7 Hz, 1H), 4.04 (s, 3H), 3.67 (s, 3H), 1.73 (s, 3H); °*C NMR (100 MHz, CDCl;) § 173.2, 169.5, 151.4,
139.2, 129.5, 128.9, 125.3, 123.0, 115.6, 55.6, 54.2, 53.4, 21.0; IR (KBr) 1801, 1778, 1742, 1439, 1350,
1244, 770 cm’l; HRMS (FAB+) calculated for C3H4NOs [M+H]+ 264.0866, found 264.0849; mp 89.3—89.9

°C; [a]*p +80.3 (€ 0.57, CH,Cl,, 95:5 er, (S)-configuration).

Considerations for the scrambling in Steglich rearrangement

Crossover experiment showed that treatment of 1:1 mixture of enol carbonates 9a and 9n using 0.5 mol %
1j gave 9a and 9n; enol carbonates probably 9a” and 9n”; 10a and 10n; and 10a"and 10n” due to scrambling.
This reaction was quenched after 30 min and the conversion was 30% that was determined by 'H NMR
analysis of unpurified reaction mixture. Consequently, scrambling was occurred rapidly before C-C bond
forming step. Same scrambling results were reported in the Steglich rearrangement of azlactone.'®*’

When the reaction quenched after 5 h, the conversion to products was >98% and the enantiomeric ratios of
products were determined by HPLC analysis as 96:4 er (10a), 97:3 er (10n), 96.5:3.5 er and 97:3 er (10a’or
10n") respectively. The enantiomeric ratio was determined by HPLC with CHIRALPAK AD-H"

(hexane/i-PrOH = 92.5/7.5, v/v), flow rate = 1.00 mL/min, 30 °C, UV = 254 nm) (Supplementary Figure 68).

General procedure for kinetic experiment and data in Steglich rearrangement

To a solution of 9a (112 mg, 0.299 mmol) in THF (0.750 mL) was added a solution of 1j, 1j", or DMAP
(50.0 mM, 2.50 pL, 1.50 umol) in THF at —20 °C. After stirring the indicated periods in Supplementaly
Table 6, the reaction mixture was sucked 100 pL by syringe, poured into 1 M aqueous HCI (2 mL), extracted
with EtOAc (3 mL x 3), dried over MgSQ,, and concentrated in vacuo. The crude product was passed
through a short pad of silica gel (eluent: hexane/Et,0 = 1/1, v/v) and 'H NMR and HPLC were measured.
The conversion was calculated by 'H NMR analysis and the enantiomeric ratio was determined by HPLC

analysis.
Ar_ Ar
e OR

Me O 0.5 mol% Me, W opn OO

A M opn 1.1, or DMAP ' =

o) —> o NN
N THF (0.4 M), —20°C N Y,
O)‘OPh O)"OPh OR 1j:R=H
9a 10a A’ CAr M0t R=Me

Ar= 4-t—BUCGH4



Kinetic resolution of secondary carbinol (Figure 9a)

Ar_ Ar
5 mol % 1j OH
0.75 equiv (i-PrC0O),0 OO
OH 0.75 equiv Cs,COg3 OCOi-Pr OH —
1 o L O
Ph” ~Me Et;0(0.03M), -60°C,15h Ph” “Me Ph” ~Me 7
rac-11 53% conv. s=11 (S)-12 (R)-11 OO OH
ArAr

1
Ar= 4-t-BUC6H4

To a solution of racemic 11 (9.20 pL, 76.3 umol), Cs,CO; (18.7 mg, 57.4 pmol) and 1j (3.50 mg, 3.64
umol) in THF (2.25 mL) was added (i-PrCO),0 (9.48 uL, 57.2 umol) at —60 °C. The reaction mixture was
stirred for 15 h at —60 °C, then MeOH (3 mL) was added to reaction vessel and stirred for 15 min at room
temperature. The resulting solution was transferred to other flask using Et,O to wash the reaction vessel and
concentrated in vacuo. The residue was through a short pad of silica gel (eluent: hexane/Et,O = 1/1, v/v) to
give the crude mixture (11.9 mg, 53% conv, s = 11.4, er of acylate 12 = 84:16, er of substrate 11 = 88:12).
The conversion was determined by 'H NMR analysis of the crude mixture and, enantiomeric ratios were
determined by HPLC analysis. The conversion (C) and selectivity factor (S) of kinetic resolution were
calculated by following Kagan’s equation.”'

In[1-C(1+ee’)] In[(1-0C)(A—ee)] kfqst
$= In[1-C(1 — ee")] - In[(1 - C)(1 + ee)] - ksiow

ee = enantiomeric excess measured for the starting material
; . .
ee' = enantiomeric excess measured for the product

ee
C = — 100 = conversion
ee + ee

Analytical data for 11 and 12
(R)-1-Phenylethanol (11)22
. /?\HM Enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK® OJ-H (hexane/i-PrOH
(R)-11 ° = 99/1, v/v, flow rate = 0.500 mL/min, 30 °C, UV = 254 nm), Tx = 57.6 min (minor) and Tg =
61.4 min (major), 88:12 er (Supplementary Figure 71); "H NMR (400 MHz, CDCl3) § 7.42—7.30 (m, 4H),
7.30-7.21 (m, 1H), 491 (q, J = 6.5 Hz, 1H), 1.51 (d, J = 6.5Hz, 3H); °C NMR (100 MHz, CDCl;) & 145.9,
128.5, 127.5, 125.5, 70.4, 25.2; IR (KBr) 3354, 2974, 1454, 1282, 899, 760, 698 cm '; [a]*’p +12.4 (¢ 0.49,
CHCl;, 68:32 er) [lit.** [a]*’p +27.0 [c 0.270, CHCl3, 38% ee, (R) form].
(S)-1-Phenylethyl isobutyrate (12)*
QCO"P" Enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK® OJ-H (hexane
" sas  /i-PrOH = 99/1, v/v, flow rate = 0.500 mL/min, 30 °C, UV = 254 nm), T = 12.1 min
(minor) and Tg = 13.7 min (major), 84:16 er (Supplementary Figure 72); '"H NMR (400 MHz, CD
Cl;) 7.40-7.21 (m, 5H), 5.87 (q, J = 6.7 Hz, 1H), 2.57 (sep, J = 6.9 Hz, 1H), 1.52 (d, J = 6.7 H
z, 3H), 1.18 (d, J = 6.9 Hz, 3H), 1.16 (d, J = 6.9 Hz, 3H); “C NMR (100 MHz, CDCl;) & 176.4,
142.1, 128.6, 127.8, 126.0, 72.0, 34.2, 22.4, 19.0; IR (KBr) 3034, 2978, 2934, 2876, 1732, 1454,



1192, 1157, 1065, 760, 698 em™’; [0] % —29.7 (¢ 1.09, CHCls, 81:19 er).

Kinetic resolution of racemic 1,2-diol (Figure 9b)

Ar_ Ar
0.5 mol % 1g OH
OH 0.75 equiv (i-PrCO),0 OH OH OO
0.75 equiv TMEDA , =
OH - 0COiPr )\.\\OH \ CN
Ph Y THF (0.2 M), -78°C,9h " Y Ph W
Ph Ph Ph OO
rac-13 (1S, 25)-14 (1R, 2R)-13 OH
Al Ar
19

97:3 er 99:1 er r

52% conv, s =125

To a solution of racemic 13 (64.1 mg, 0.299 mmol), TMEDA (33.5 pL, 0.225 mmol) and 1g (1.1 mg, 1.50
umol) in THF (1.50 mL) was added (i-PrCO),0 (37.3 pL, 0.225 mmol) at —78 °C. The reaction mixture was
stirred for 9 h at —78 °C, then MeOH (3 mL) was added to reaction vessel and stirred for 15 min at room
temperature. The resulting solution was transferred to other flask using Et,O to wash the reaction vessel and
concentrated in vacuo. The residue was through a short pad of silica gel (eluent: hexane/Et,O = 1/1, v/v) to
give the crude mixture (75.1 mg, 52% conv, S = 125, er of monoacylate 14 = 97:3, er of substrate 13 = 99:1).
The conversion was determined by 'H NMR analysis of the crude mixture and, enantiomeric ratios were
determined by HPLC analysis. The conversion (C) and selectivity factor (S) of kinetic resolution were
calculated by preceding Kagan’s equation.”'

Analytical data for 13 and 14
(1R,2R)-hydrobenzoin (13)**

™ OH Colorless solid. Enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK"
Ph /HPh AS-3 (hexane/i-PrOH = 97/3, v/v, flow rate = 0.85 mL/min, 30 °C, UV = 254 nm), Tr= 18.9
(1R, 2R13  min (major) and Tr = 21.3 min (minor), 99:1 er (Supplementary Figure 75); '"H NMR (400 MHz,
CDC15+0.03% TMS) & 7.29-7.19 (m, 6H), 7.17-7.09 (m, 4H), 4.72 (s, 2H), 2.84 (s, 2H); *C NMR (100
MHz, CDCl;) 6 140.0, 128.2, 128.0, 127.1, 79.2; IR (KBr) 3499, 3395, 2895, 1452, 1198, 1045, 777, 706,
694 cm™'; [a]**p +14.6 (¢ 1.03, EtOH, 72:28 er, (IR, 2R)-configuration) [lit**. [a]**p +92.7 (c 1.0, EtOH,

97% ee, (1R, 2R)-configuration)].

(1S,2S)-2-hydroxy-1,2-diphenylethyl isobutyrate (14)>
o oH ocoipr  Colorless solid. Enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK"
Ph AS-3 (hexane/i-PrOH = 95/5, v/v, flow rate = 0.95 mL/min, 30 °C, UV = 254 nm), Tr= 8.8

(15, 25)-14 min (major) and Tr= 11.8min (minor), 97:3 er (Supplementary Figure 76); "H NMR (400
MHz, CDCl;+0.03% TMS) & 7.51-7.27 (m, 10H), 7.22 (d, J= 7.6 Hz, 1H), 6.97 (d, J = 8.0 Hz, 2H), 1.90 (s,
3H); >C NMR (100 MHz, CDCl3) § 176.2, 139.2, 137.2, 128.2, 127.1, 79.8, 34.2, 19.1, 19.0; IR (KBr) 3445,
3032, 2972, 1740, 1705, 1456, 1209, 1159, 766, 700 cm'; [a]*’p +4.91 (¢ 1.05, MeOH, 84:16 er (1S,

2S)-configuration) [lit.** [a]*p +1.7 (¢ 1.0, MeOH, 65% ee, (1S, 2S)-configuration)].

Enantioselective desymmetrization of meso-1,2-diol



0.1 mol % 1g OH
OH 1.3 equivl(i-F’rCO)zo OH OCOI-Pr OO
. )\(OH 13 equiv TMEDA on /kroco/.Pr A /'\rOCOi-Pr N @N
t-BuOMe (0.1 M), —20°C, 3 h Y,
Ph Ph Ph OO
meso-15 (1S, 2R)-16 17 OH

79% yield 6% yield
97:3 er ArAr

To a reaction vessel was added solution of catalyst 1g (10.0 mM in chloroform, 40.0 uL, 0.400 pmol) and
reaction vessel was evaporated and dried under reduced pressure. The reaction vessel was added
meso-hydrobenzoin 15 (85.6 mg, 0.400 mmol), Et;N (72.2 pL, 0.519 mmol) and, TBME (4.00 mL) at room
temperature. The mixture was cooled to —20 °C and then isobutyric anhydride (86.2 uL, 0.520 mmol) was
added. The reaction mixture was stirred at —20 °C for 3 h, then methanol was added to reaction vessel and
stirred for 1 h at room temperature. The resulting solution was transferred to other flask using Et,0O to wash
the reaction vessel and concentrated in vacuo. The residue was through a short pad of silica gel (eluent:
Et,0) to dive the crude mixture. The purification of the crude product by flash column chromatography on a
silica gel (eluent: hexane/Et,O = 5/1 to 3/1 tol/1 to Et,0O, v/v) gave the 16 (89.7 mg, 0.315 mmol, 79% yield,
97:3 er), 17 (8.6 mg, 24.3 pmol, 6% yield), recovered substrate 15 (10.3 mg, 0.0481 mmol, 12% yield of
recovered).

Analytical data for products meso-15—-17

meso-1,2-diphenylethane-1,2-diol (15)"

™ oy Colorless solid. 'H NMR (400 MHz, CDCl5+0.03% TMS) & 7.35-7.21 (m, 10H), 4.83 (s, 2H),
Ph 2.20 (s, 2H); *C NMR (100 MHz, CDCl3) & 139.9, 128.3, 128.2, 127.2, 78.2; IR (KBr) 3375,

15 3321, 2901, 1452, 1279, 1034, 1022, 754, 700 cm’'

Ph

(1S,2R)-2-hydroxy-1,2-diphenylethyl isobutyrate (16)*

o OCOLPr Colorless solid. Enantiomeric ratio was determined by HPLC with DAICEL CHIRALPAK®
Fh )\P’h 0J-H (hexane/i-PrOH = 98/2, v/v, flow rate = 1.0 mL/min, 30 °C, UV = 254 nm), Tg = 27.6

(1S, 2R)-16 min (major) and Ty = 37.6 min (minor), 97:3 er (Supplementary Figure 78); '"H NMR (400
MHz, CDCl3+0.03% TMS) 6 7.36-7.24 (m, 10H), 5.90 (d, J = 6.5 Hz, 1H), 4.96 (dd, J = 6.5, 3.5 Hz, 1H),
2.48 (sep., J = 7.0 Hz, 1H), 2.11 (d, J = 3.5 Hz, 1H), 1.05 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 7.0 Hz, 3H); °C
NMR (150 MHz, CDCl;) & 175.8, 139.8, 137.1, 128.5, 128.4, 128.2, 128.2 (2), 127.7, 127.6, 127.2, 78.5,
76.7,34.1, 18.8; 3536, 2974, 2866, 1717, 1452, 1389, 1152, 970, 748, 706 cm™'; [a]*'p +16.9 (¢ 0.85, EtOAc,

96:4 er, (1S, 2R)-configuration) [lit.*® [o]p +27.2 (¢ 0.85, EtOAc, 99:1 er, (1S, 2R)-configuration)].

(1R,2S)-1,2-diphenylethane-1,2-diyl bis(2-methylpropanoate) (17)*
P e Colorless solid. 'H NMR (400 MHz, CDCI3, 0.03% TMS) & 7.31-7.19 (m, 10H), 6.07 (s,
18 2H), 2.48 (sep., J = 7.0 Hz, 2H), 1.06 (d, J = 7.0 Hz, 6H), 1.03 (d, J = 7.0 Hz, 6H); "°C
17 NMR (100 MHz, CDCLy) 8 175.5, 136.6, 128.4, 128.2, 127.7, 76.3, 34.2, 18.9, 18.8; IR
(KBr) 2974, 2936, 1728, 1458, 1192, 1157, 762, 700 cm’

Ph
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