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General Information

Unless otherwise noted, all commercial reagents were used without further purification.
Dichloromethane, toluene, diethyl ether, THF were purified by passage through an activated alumina
column under argon. Thin-layer chromatography (TLC) analysis of reaction mixtures were performed
using Huanghai silica gel HSGF254 TLC plates, and visualized under UV or by staining with ceric
ammonium molybdate or potassium permanganate. Flash column chromatography was carried out on
Huanghai Silica Gel HHGJ-300, 300-400 mesh. Nuclear magnetic resonance (NMR) spectra were
recorded using Bruker Avance Il HD spectrometer (FT, 600 MHz for *H, 151 MHz for *C, 565 MHz
for *°F, 500 MHz for 'H, 126 MHz for **C, 471 MHz for *F or 400 MHz for *H, 101 MHz for *°C, 376
MHz for *°F). *H and *C chemical shifts are reported in ppm downfield of tetramethylsilane and
referenced to residual solvent peak (CDCls; 0H = 7.26 and 6C = 77.16; toulene-dg, dH = 2.08, 6.97,
7.01, 7.09 and 6C = 20.43, 125.13, 127.96, 128.87, 137.48; acetone-ds, SH = 2.05 and 3C = 29.84,
206.26). Multiplicities are reported using the following abbreviations: s = singlet, d = doublet, t =
triplet, g = quartet, m = multiplet, br = broad resonance. Mass spectral data were obtained from the
Thermo Fisher Scientific Q-Exactive Focus quadrupole orbital trap LC/MS spectrometer in
electrospray ionization (ESI* or ESI) mode. Optical rotations were measured with an Autopol V
Plus/VI digital polarimeter. X-Ray structure analyses were performed using a Bruker D8 Venture X-ray
single crystal diffractometer. Enantiomeric excesses were determined on an Agilent 1260 Chiral HPLC
using 1A, IB, IC, ID columns under the detective wavelength of 210, 254 or 280 nm. The racemic

products were synthesized by using diphenyl phosphate as catalyst.



Optimization of reaction conditions

Table S1. Optimizations of reaction conditions of 5.2

13 CPA cat. 13

. NN (10 mol%) Ve
HN NH cb7 Sol. Temp. H NH@/NH
\©/ cbz-N,
2a ,N
4a Cbz  5a

A1, BINOL, Ar = Ph
A2, BINOL, Ar = 2-naphthyl
Ar A3, BINOL, Ar = 9-anthracenyl
‘O o 0 A4 BINOL Ar=246(Me);CH,
s A13, BINOL, Ar = 2,4,6-(Pr)sCgHa
O" "OH As, BINOL, Ar = 2,4,6-(Cy)sCcH,
GO A12, BINOL, Ar = 2,6-(Pr),-CqH,
A14, BINOL. Ar = 2.6-(Pr).4 1Bu-CgH, A16. AT = 24,6-(Pr)sCoHy
A15, H8-BINOL, Ar = 2,4,6-(Pr)3CeH,

Entry  CPA Sol. Temp (°C)  Yield (%)" Er°

1 Al Tol. 20 23 53:47

2 A2 Tol. 20 21 51.5:48.5

3 A3 Tol. 20 65 87.5:12.5
4 A4 Tol. 20 37 53:47

5 Al3 Tol. 20 46 87:13

6 A5 Tol. 20 45 74.5:25.5

7 Al2 Tol. 20 72 91:9

8 Al4d Tol. 20 51 76:24

9 Al5 Tol. 20 75 82.5:17.5
10 Al6 Tol. 20 trace N.D.
11 Al2 DCM 20 79 88.5:11.5
12 Al2 Et,0O 20 80 90.5:9.5
13 Al2 c-hexane 20 76 93.5:6.5
14d Al2 Tol. -20 85 94.5:5.5
15e Al2 Tol. -40 86 95.5:4.5

a Reactions were performed with 4a (0.05 mmol), 2a (0.05 mmol), and the CPA catalyst (0.005 mmol,
10 mol%) in solvent (0.5 mL) at 20 °C for 12 h.

b Isolated yield.

¢ The ee values were determined by HPLC analysis on a chiral stationary phase.

d The reaction was performed at -20 °C for 48h.

e The reaction was performed at -40 °C for 48h.



Synthesis of substrates

1. Synthetic of Metacyclophane 1

R R R
//I //| //I
cl I
Cu N Fe, NH,CI (aq) X Boc,0, DIPEA N
O,N NO, , A > > e
| 120 C ON NO,  EtOH, 85°C, reflux ~ HaN NH,  dry THF, 50 C BocHN NHBoc
X
R
s1 s2
S3 sS4 S5
Br- Br
ST
S6
1a+n) R HCIEA 14+n /R X =0/C
B
\
/_\ /_ NaH, Nal
HN NH BocN NBoc  dry THF, 70 C, reflux
1 s7

General procedure: To a Schlenk tube equipped with a stir bar were added S1 (1.5 g, 7.5 mmol, 1.0
equiv), S2 (15.0 mmol, 2.0 equiv) and Cu (2.0 g, 30.75 mmol, 4.1 equiv) sequentially at rt, and the
mixture was stirred at 120 <C overnight under N, atmosphere. After completion of the reaction if
indicated by TLC analysis, the mixture was cooled to room temperature and filtered over celite with
DCM. The filtrate was concentrated under vacuum to give a residue, which was purified by flash
column chromatography to give the product S3.

To a solution of S3 (4.0 mmol, 1.0 equiv) in EtOH (20 mL) and saturated NH,CI solution (20 mL) was
added Fe powder (2 g), and the mixture was allowed to stir overnight at 85 <C. After the consumption
of the starting materials as monitored by TLC, the reaction mixture was filtered over celite and
extracted with ethyl acetate for 3 times. The combined organic phases were washed with water and
brine, dried over Na,SO,, and concentrated under vacuum to give a residue, which was purified by
flash column chromatography to give the product S4.

To a solution of S4 (3.5 mmol, 1.0 equiv) in anhydrous THF (17.5 mL, ¢ = 0.2 M) was added DIPEA
(1.8 mL, 10.5 mmol, 3.0 equiv) and Boc,0O (2.4 mL, 10.5 mmol, 3.0 equiv). Then the mixture was
stirred at 50 T for 24-48 h. After the consumption of the starting materials as monitored by TLC, the
reaction mixture was extracted with ethyl acetate for 3 times. The combined organic phases were
washed with water and brine, dried over Na,SO,, and concentrated under vacuum to give a residue,
which was purified by flash column chromatography to give the product S5.

To a suspension of sodium hydride (60% in mineral oil, 360 mg, 9 mmol, 3.0 equiv) in dry THF (150
mL) was added Nal (45.0 mg, 0.3 mmol, 0.1 equiv). Then the mixture was added with a solution of S5

(3.0 mmol, 1.0 equiv) and S6 (3.0 mmol, 1.0 equiv) in dry THF (50.0 mL) dropwise using syringe
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pump (3.0 mL/h) over a 17 h period at 70<C. After stirring for another 12 h at this temperature, the
reaction mixture was cooled to room temperature and quenched with saturated NH,CI solution, and
extracted with ethyl acetate for 3 times. The combined organic phases were washed with water and
brine, dried over Na,SO,, and concentrated under vacuum to give a residue, which was purified by
flash column chromatography to give the product S7.

The solution of S7 (0.3 mmol, 1.0 equiv) in HCI/EtOAc (8 mL, 2 mol/L in ethyl acetate) was allowed
to stir for 5-8 h at room temperature. After the consumption of the starting materials as monitored by
TLC, the reaction mixture was quenched with saturated NaHCO; solution, and extracted with ethyl
acetate for 3 times. The combined organic phases were washed with water and brine, dried over
Na,SO,, and concentrated under vacuum to give a residue, which was purified by flash column

chromatography to give the product 1.

1%-phenyl-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1a)

15
Ph
HN\©/NH
la was prepared in 5.0 mmol scale (S5) and isolated by flash chromatography (petroleum ether: DCM:
ethyl acetate = 100: 50: 1 to 20: 10: 3) as a yellow solid (206.8 mg, 13% yield for two steps from S5).
R¢ = 0.2 (petroleum ether: DCM: ethyl acetate = 20: 10: 1, v/v). '"H NMR (600 MHz, CDCls) & 7.60 —
7.47 (m, 3H), 7.42 (tt, J = 7.4, 1.4 Hz, 1H), 7.25 (d, J = 7.3 Hz, 1H), 7.10 (t, J = 8.1 Hz, 1H), 6.33 (d, J
= 8.1 Hz, 2H), 3.44 (ddd, J = 14.8, 5.9, 3.5 Hz, 2H), 2.91 (ddd, J = 14.8, 9.0, 3.1 Hz, 2H), 1.80 — 1.72
(m, 2H), 1.27 — 1.00 (m, 14H). *C NMR (151 MHz, CDCls) & 146.6, 135.4, 133.3, 130.6, 129.6, 129.5,
128.5,128.2, 117.1, 105.9, 45.2, 28.9, 28.8, 28.2, 25.4. HRMS (ESI): [M+H]" calculated for C,,Ha;N,":

323.2482; found: 323.2478.

1% (p-tolyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1c)

15 M

&

NH

HN



1c was prepared in 2.0 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl
acetate = 30: 1 to 15: 1) as a yellow solid (69.6 mg, 10% vyield for two steps from S5). Ry = 0.4
(petroleum ether: ethyl acetate = 10: 1, v/v). *H NMR (600 MHz, CDCly) § 7.43 — 7.34 (m, 2H), 7.31
(d, J = 7.8 Hz, 1H), 7.12 (dd, J = 7.8, 1.8 Hz, 1H), 7.08 (t, J = 8.1 Hz, 1H), 6.31 (d, J = 8.1 Hz, 2H),
3.44 (ddd, J = 14.8, 5.9, 3.4 Hz, 2H), 2.90 (ddd, J = 14.9, 9.1, 3.0 Hz, 2H), 2.42 (s, 3H), 1.80 — 1.70 (m,
2H), 1.26 — 0.98 (m, 14H).13C NMR (151 MHz, CDCls) 6 146.9, 137.9, 133.1, 132.1, 131.3, 130.3,
129.3, 128.3, 117.0, 105.7, 45.2, 28.9, 28.8, 28.2, 25.4, 21.4. HRMS (ESI): [M+H]" calculated for

Ca3Ha3N,": 337.2639; found: 337.2635.

1%-(4-(tert-butyl)phenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1d)

15 tB

()
NH

1d was prepared in 3.2 mmol scale (S5) and isolated by flash chromatography (petroleum ether: DCM:

HN

ethyl acetate = 100: 50: 1 to 20: 10: 1) as a yellow solid (151.1 mg, 13% yield for two steps from S5).
R¢ = 0.4 (petroleum ether: DCM: ethyl acetate = 20: 10: 1, v/v). *H NMR (600 MHz, CDCls) & 7.58 —
7.48 (m, 2H), 7.44 — 7.38 (m, 1H), 7.19 — 7.13 (m, 1H), 7.08 (t, J = 8.1 Hz, 1H), 6.31 (d, J = 8.1 Hz,
2H), 3.45 (ddd, J = 14.8, 5.8, 3.5 Hz, 2H), 3.29 (s, 2H), 2.92 (ddd, J = 14.8, 9.2, 2.9 Hz, 2H), 1.81 —
1.72 (m, 2H), 1.38 (s, 9H), 1.28 — 0.98 (m, 14H).*C NMR (151 MHz, CDCly) 5 150.9, 146.9, 132.8,
132.1, 129.0, 128.2, 127.6, 126.3, 117.0, 105.6, 45.1, 34.8, 31.5, 28.9, 28.8, 28.2, 25.4. HRMS (ESI):

[M+H]" calculated for C,gHzgN,": 379.3108; found: 379.3104.

1%-(4-fluorophenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1e)

15 F

()
NH

1e was prepared in 1.2 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl

HN

acetate = 20: 1 to 10: 1) as a yellow solid (37.8 mg, 9% vyield for two steps from S5). R; = 0.5

(petroleum ether: ethyl acetate = 10: 1, v/v). 'H NMR (600 MHz, CDCls) & 7.54 — 7.41 (m, 1H), 7.30 —
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7.17 (m, 3H), 7.10 (t, J = 8.1 Hz, 1H), 6.31 (d, J = 8.1 Hz, 2H), 3.45 (ddd, J = 14.9, 5.9, 3.5 Hz, 2H),
3.17 (s, 2H), 2.92 (ddd, J = 14.9, 9.1, 3.1 Hz, 2H), 1.83 — 1.71 (m, 2H), 1.27 — 0.98 (m, 14H). °C
NMR (151 MHz, CDCly) 5 162.6 (d, J = 247.6 Hz), 146.9, 135.3, 131.2 (d, J = 3.6 Hz), 128.6, 117.7 (d,
J =208 Hz), 116.6 (d, J = 21.4 Hz), 115.7, 105.7, 45.1, 28.9, 28.8, 28.3, 25.4.°F NMR (565 MHz,

CDCls) 6 -113.8. HRMS (ESI): [M+H]" calculated for C,,H30FN,": 341.2388; found: 341.2384.

1%-(4-chlorophenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1f)

15 Cl

()
NH

1f was prepared in 1.3 mmol scale (S5) and isolated by flash chromatography (petroleum ether: DCM:

HN

ethyl acetate = 50: 25: 1 to 20: 10: 1) as a yellow solid (60.7 mg, 12% vyield for two steps from S5). R¢
= 0.4 (petroleum ether: DCM: ethyl acetate = 20: 10: 1, v/v). 'H NMR (600 MHz, CDCl3) & 7.55 (d, J
= 8.2 Hz, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.19 (d, 1H), 7.09 (t, J = 8.1 Hz, 1H),
6.31 (d, J = 8.1 Hz, 2H), 3.44 (ddd, J = 14.9, 5.9, 3.5 Hz, 2H), 3.12 (s, 2H), 2.91 (ddd, J = 14.9, 9.0, 3.0
Hz, 2H), 1.81 — 1.70 (m, 2H), 1.29 — 0.96 (m, 14H). °C NMR (151 MHz, CDCls) & 146.7, 134.9,
134.2, 133.9, 131.0, 130.8, 129.9, 128.8, 115.5, 105.8, 45.1, 28.9, 28.8, 28.3, 25.4. HRMS (ESI):

[M+H]" calculated for C,,H3CIN,": 357.2093; found: 357.2089.

1%-(4-bromophenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1g)

15 Br

()
NH

1g was prepared in 4.4 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl

HN

acetate = 20: 1 to 10: 1) as a yellow solid (276.7 mg, 16% vyield for two steps from S5). Rf = 0.4
(petroleum ether: ethyl acetate = 10: 1, v/v). *H NMR (600 MHz, CDCl5) & 7.70 (d, J = 8.2 Hz, 1H),
7.64 (d, J = 8.2 Hz, 1H), 7.38 (d, J = 8.2 Hz, 1H), 7.14 (d, J = 8.2 Hz, 1H), 7.09 (t, J = 8.1 Hz, 1H),
6.31 (d, J = 8.1 Hz, 2H), 3.44 (ddd, J = 14.9, 5.9, 3.5 Hz, 2H), 3.15 (s, 2H), 2.91 (ddd, J = 14.8, 9.1, 3.1
Hz, 2H), 1.81 — 1.71 (m, 2H), 1.33 — 0.95 (m, 14H). *C NMR (151 MHz, CDCly) & 146.6, 135.2,

8



134.4, 133.8, 132.9, 131.3, 128.8, 122.4, 115.5, 105.8, 45.1, 28.9, 28.8, 28.3, 25.4.HRMS (ESI):

[M+H]" calculated for C,,HzoBrN,": 401.1587; found: 401.1612.

1%-(4-methoxyphenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1h)

15 MeO

>
= 7

1h was prepared in 3.0 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl

HN

acetate = 20: 1 to 10: 1) as a yellow solid (151.2 mg, 14% yield for two steps from S5). Ry = 0.2
(petroleum ether: ethyl acetate = 20: 1, v/v). *H NMR (600 MHz, CDCls) & 7.42 (dd, J = 8.5, 2.3 Hz,
1H), 7.16 (dd, J = 8.4, 2.2 Hz, 1H), 7.11 — 7.02 (m, 3H), 6.31 (d, J = 8.1 Hz, 2H), 3.87 (s, 3H), 3.45
(ddd, J = 14.8, 5.9, 3.4 Hz, 2H), 3.28 (s, 2H), 2.91 (ddd, J = 14.8, 9.1, 3.0 Hz, 2H), 1.81 — 1.68 (m, 2H),
1.29 — 0.97 (m, 14H). *C NMR (151 MHz, CDCl3) § 159.4, 147.1, 134.5, 130.6, 128.3, 127.0, 116.6,
115.9, 115.1, 105.6, 55.4, 45.1, 28.9, 28.8, 28.2, 25.4. HRMS (ESI): [M+H]" calculated for

C,3H33N,0": 353.2588; found: 353.2583.

1%-(4-(trifluoromethyl)phenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1i)

15 CF3

7
= 7

1i was prepared in 2.3 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl

HN

acetate = 20: 1 to 10: 1) as a yellow solid (178.9 mg, 20% vyield for two steps from S5). R; = 0.5
(petroleum ether: ethyl acetate = 10: 1, v/v). *H NMR (600 MHz, CDCl;) § 7.81 (d, J = 34.0 Hz, 2H),
7.65 (s, 1H), 7.41 (s, 1H), 7.12 (t, J = 8.1 Hz, 1H), 6.33 (d, J = 8.1 Hz, 2H), 3.45 (ddd, J = 14.8, 6.0,
3.4 Hz, 2H), 3.09 (s, 2H), 2.92 (ddd, J = 14.9, 9.0, 3.1 Hz, 2H), 1.91 — 1.69 (m, 2H), 1.31 — 0.96 (m,
14H). 3C NMR (151 MHz, CDCls) 6 146.6, 139.8, 134.0, 130.4 (q, J = 32.6 Hz), 129.0, 127.4, 126.7,
124.2 (q, J =272.2 Hz), 115.4, 105.9, 45.1, 28.9, 28.8, 28.3, 25.4. BFNMR (565 MHz, CDCly) 6 -62.6.

HRMS (ESI): [M+H]" calculated for C,3H3oF3N,": 391.2356; found: 391.2350.



1%-(m-tolyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1j)

15
)
=5 NH

1j was prepared in 3.4 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl

HN

acetate = 20: 1 to 10: 1) as a yellow solid (137.5 mg, 12% vyield for two steps from S5). Ry = 0.4
(petroleum ether: ethyl acetate = 10: 1, v/v). *H NMR (600 MHz, CDCl;) § 7.44 (t, J = 7.6 Hz, 0.6H),
7.39 (t, J = 7.6 Hz, 0.4H), 7.34 — 7.28 (m, 1H), 7.22 (d, J = 7.7 Hz, 1H), 7.13 - 7.03 (m, 2H), 6.32 (d, J
= 8.1 Hz, 2H), 3.51 — 3.38 (m, 2H), 2.91 (ddd, J = 14.9, 9.2, 2.9 Hz, 2H), 2.45 (s, 1.3H), 2.36 (s, 1.7H),
1.82 — 1.66 (m, 2H), 1.29 — 0.99 (m, 14H). *C NMR (151 MHz, CDCl5) & 146.8, 146.7, 140.3, 139.1,
135.3, 135.2, 133.8, 130.4, 130.3, 130.1, 129.5, 128.9, 128.8, 128.3, 128.3, 126.4, 117.2, 105.7, 45.3,
45.1, 29.1, 29.1, 28.9, 28.7, 28.3, 28.2, 25.5, 25.4, 21.7, 21.5. HRMS (ESI): [M+H]" calculated for

Ca3Ha3N,": 337.2639; found: 337.2634.

1%-(thiophen-2-y1)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1k)

HN NH

1k was prepared in 3.0 mmol (S5) scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 30: 1 to 10: 1) as a yellow solid (214.0 mg, 22% vyield for two steps from S5). R; = 0.5
(petroleum ether: ethyl acetate = 10: 1, v/v). *H NMR (600 MHz, CDCl3) § 7.52 (dd, J = 5.2, 1.2 Hz,
1H), 7.21 (dd, J = 5.2, 3.4 Hz, 1H), 7.11 (t, J = 8.1 Hz, 1H), 7.06 (dd, J = 3.4, 1.1 Hz, 1H), 6.27 (d, J =
8.1 Hz, 2H), 3.58 (s, 2H), 3.47 (ddd, J = 14.7, 5.9, 3.4 Hz, 2H), 2.95 (ddd, J = 14.8, 9.1, 3.2 Hz, 2H),
1.80 — 1.69 (m, 2H), 1.36 — 0.82 (m, 14H). **C NMR (151 MHz, CDCl,) § 148.6, 135.6, 129.8, 129.6,
128.4, 128.0, 108.4, 105.2, 45.0, 28.9, 28.4, 28.3, 25.3. HRMS (ESI): [M+H]" calculated for

CaoH2oN,S™: 329.2046; found: 329.2050.

1% (thiophen-3-yl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (11)

10



HN NH

11 was prepared in 2.8 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl
acetate = 20: 1 to 10: 1) as a yellow solid (137.3 mg, 15% yield for two steps from S5). Ry = 0.4
(petroleum ether: ethyl acetate = 10: 1, v/v). '"H NMR (600 MHz, CDCl;) & 7.56 (dd, J = 4.8, 2.9 Hz,
1H), 7.38 — 7.31 (m, 1H), 7.16 — 7.10 (m, 1H), 7.08 (t, J = 8.0 Hz, 1H), 6.29 (d, J = 8.1 Hz, 2H), 3.45
(ddd, J = 14.8, 5.7, 3.5 Hz, 2H), 2.93 (ddd, J = 14.6, 9.3, 3.0 Hz, 2H), 1.81 — 1.70 (m, 2H), 1.37 — 0.91
(m, 14H). *C NMR (151 MHz, CDCly) & 147.5, 135.2, 128.7, 127.7, 111.7, 105.5, 45.0, 28.8, 28.5,

28.2, 25.3. HRMS (ESI): [M+H]" calculated for CxoHN,S": 329.2046; found: 329.2046.

1%-phenyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (1m)

14
Ph
NH@NH

1m was prepared in 3.0 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl
acetate = 20: 1 to 10: 1) as a pink solid (104.9 mg, 11% yield for two steps from S5). Rs = 0.4
(petroleum ether: ethyl acetate = 10: 1, v/v). '"H NMR (600 MHz, CDCly) § 7.70 — 7.45 (m, 3H), 7.45 —
7.39 (m, 1H), 7.24 (s, 1H), 7.09 (t, J = 8.1 Hz, 1H), 6.43 (d, J = 8.1 Hz, 2H), 3.40 (ddd, J = 14.9, 8.4,
2.8 Hz, 2H), 3.10 (s, 2H), 3.00 (ddd, J = 14.8, 6.8, 2.8 Hz, 2H), 1.77 — 1.65 (m, 2H), 1.29 — 1.04 (m,
11H), 0.92 — 0.85 (m, 1H). *C NMR (151 MHz, CDCl) & 148.1, 135.2, 128.5, 128.2, 119.3, 107.8,
46.9, 31.7, 29.8, 27.4, 26.0. HRMS (ESI): [M+H]" calculated for C,HxN,": 309.2326; found:

309.2323.

1%-phenyl-2,14-diaza-1(1,3)-benzenacyclotetradecaphane (1n)

16

Ph

11



1n was prepared in 2.0 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl
acetate = 20: 1 to 10: 1) as a white solid (124.1 mg, 18% yield for two steps from S5). R; = 0.4
(petroleum ether: ethyl acetate = 10: 1, v/v). *H NMR (600 MHz, CDCls) § 7.55 (t, 1H), 7.51 (t, J= 1.5
Hz, 1H), 7.44 — 7.39 (m, 2H), 7.28 (d, J = 1.7 Hz, 1H), 7.09 (t, J = 8.1 Hz, 1H), 6.29 (d, J = 8.1 Hz,
2H), 3.53 (ddd, J = 14.8, 5.9, 3.3 Hz, 2H), 2.86 (ddd, J = 14.8, 9.4, 3.1 Hz, 2H), 1.93 — 1.81 (m, 2H),
1.32 - 1.12 (m, 11H), 1.08 — 0.98 (m, 4H), 0.87 — 0.77 (m, 1H). *C NMR (151 MHz, CDCls) & 146.1,
135.6, 133.2, 130.5, 129.9, 129.5, 128.5, 128.1, 115.7, 104.2, 44.3, 28.7, 27.9, 27.7, 27.7, 24.3. HRMS

(ESI): [M+H]" calculated for Co3H43N,": 337.2639; found: 337.2633.

1%-phenyl-5,8,11-trioxa-2,14-diaza-1(1,3)-benzenacyclotetradecaphane (10)
o)
O/Te-; \O
& Ph /
HN©/NH
1o was prepared in 3.2 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 2: 1) as a yellow solid (60.7 mg, 12% yield for two steps from S5). R; = 0.6
(petroleum ether: ethyl acetate = 1: 1, v/v). '"H NMR (600 MHz, CDCls) & 7.85 (dt, J = 7.8, 1.6 Hz, 1H),
7.53 (td, J = 7.5, 1.5 Hz, 1H), 7.45 (id, J = 7.5, 1.5 Hz, 1H), 7.37 (tt, J = 7.5, 1.3 Hz, 1H), 7.26 — 7.23
(m, 1H), 7.09 (t, J = 8.1 Hz, 1H), 6.33 (d, J = 8.1 Hz, 2H), 3.73 (ddd, J = 10.1, 8.0, 2.8 Hz, 2H), 3.64
(ddd, J =11.9, 7.5, 2.4 Hz, 2H), 3.55 (ddd, J = 15.2, 5.2, 2.9 Hz, 2H), 3.48 — 3.30 (m, 7H), 3.11 — 3.02
(m, 4H). ®C NMR (151 MHz, CDCly) & 146.5, 135.5, 132.2, 131.7, 129.7, 129.5, 128.0, 127.9, 119.0,
105.1, 70.7, 70.0, 68.5, 45.2. HRMS (ESI): [M+H]" calculated for C,H»N,O3": 343.2017; found:

343.2013.

1%-phenyl-2,15-diaza-1(1,3)-benzenacyclopentadecaphane (1p)

17
Ph
1p was prepared in 2.5 mmol scale (S5) and isolated by flash chromatography (DCM: ethyl acetate =
100: 1 to 30: 1) as a yellow solid (129.9 mg, 15% yield for two steps from S5). R; = 0.1 (DCM: ethyl
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acetate = 50: 1, v/v). 'H NMR (600 MHz, CDCly) 5 7.58 — 7.49 (m, 2H), 7.41 (t, J = 1.4 Hz, 1H), 7.35
~7.32(m, 1H), 7.29 (d, J = 1.7 Hz, 1H), 7.09 (t, J = 8.1 Hz, 1H), 6.23 (d, J = 8.1 Hz, 2H), 3.50 — 3.39
(m, 2H), 3.21 (s, 2H), 2.94 — 2.86 (m, 2H), 1.83 — 1.73 (m, 2H), 1.28 — 1.03 (m, 18H). *C NMR (151
MHz, CDCly) § 146.0, 135.8, 132.9, 130.4, 130.3, 129.8, 128.8, 128.1, 114.4, 102.6, 43.8, 28.9, 28.5,

28.4,28.3, 25.6. HRMS (ESI): [M+H]" calculated for Cy4H3sN,": 351.2795; found: 351.2790.
1%-phenyl-2,16-diaza-1(1,3)-benzenacyclohexadecaphane (1q)

18

HN@TzNH
1qg was prepared in 2.5 mmol scale (S5) and isolated by flash chromatography (petroleum ether: ethyl
acetate = 40: 1 to 10: 1) as a yellow solid (168.1 mg, 18% vyield for two steps from S5). R = 0.7
(petroleum ether: ethyl acetate = 10: 1, v/v). '"H NMR (600 MHz, CDCls) § 7.58 — 7.49 (m, 2H), 7.41 (t,
J=1.4 Hz, 1H), 7.34 — 7.28 (m, 2H), 7.09 (t, J = 8.1 Hz, 1H), 6.20 (d, J = 8.1 Hz, 2H), 3.62 — 3.43 (m,
2H), 3.30 (s, 2H), 2.85 — 2.75 (m, 2H), 1.86 — 1.72 (m, 2H), 1.35 — 1.00 (m, 20H). *C NMR (151 MHz,
CDCl3) 6 145.2, 135.9, 132.7, 130.6, 130.4, 129.8, 128.8, 128.1, 114.3, 102.0, 43.3, 28.9, 28.3, 27.9,

27.6, 26.6, 24.5.HRMS (ESI): [M+H]" calculated for CasH3;N,": 365.2952; found: 365.2943.

13



2. Synthetic of Metacyclophane 4.

Procedure a

Bt B 13+n 13+n
Me m
__ B0c20. DIPEA L BocHN NHBoc s6 > Me HCVEA Me 4a,n=0
dry THF, 50 c NaH. Nal BOCN@/NBOC HN©/NH 4d,n=1
dry THF, 70 C, reflux
s9 s10 4
Procedure b
- m
Fe, NH4CI (aq) PN NH, Boczo DIPEA  BocHN NHBoc Procedure a 4?, X =Br
4, X =Cl
TE(OH, 85 °C, refine TayTHR 0T @’ 49, X=F
X X
s12 s13
Procedure ¢
O o
BocHN NHBoc Pd(PPh3)4 Na,COs BocHN NHBoc
Dioxane/H,0, No, 90 C
Ph
S13e $13h
HO. g OH .
Procedure a Me 4h R =Ph
NH :
© > ¢/NH 4i,R=Cy
—_—
Pd(PPhg)s, Na,COs R
Dioxane/H,0, Ny, 90 'C 4
Me
BocHN NHBoc Me
BocHN NHBoc
Pd/C (10 wi%), Hp
—_—

THF
@ o
S13i

S$15i

General Procedure a: To a solution of S8 (10.0 mmol, 1.0 equiv) in anhydrous THF (50 mL, ¢ = 0.2
M) was added DIPEA (5.1 mL, 30.0 mmol, 3.0 equiv) and Boc,O (7.0 mL, 30.0 mmol, 3.0 equiv).
Then, the mixture was stirred at 50 <C for 24-48 h. After the consumption of the starting materials as
monitored by TLC, the reaction mixture was extracted with ethyl acetate for 3 times. The combined
organic phases were washed with water and brine, dried over Na,SO,, and concentrated under vacuum
to give a residue, which was purified by flash column chromatography to give the product S9.

To a suspension of sodium hydride (60% in mineral oil, 360 mg, 9 mmol, 3.0 equiv) in dry THF (150
mL) was added Nal (45.0 mg, 0.3 mmol, 0.1 equiv). Then, the mixture was added with a solution of S9
(3.0 mmol, 1.0 equiv) and S6 (3.0 mmol, 1.0 equiv) in dry THF (50.0 mL) dropwise using syringe
pump (3.0 mL/h) over a 17 h period at 70 <TC. After stirring for another 12 h at this temperature, the
reaction mixture was cooled to room temperature and quenched with saturated NH,CI solution, and
extracted with ethyl acetate for 3 times. The combined organic phases were washed with water and
brine, dried over Na,SO,, and concentrated under vacuum to give a residue, which was purified by

flash column chromatography to give the product S10.
14



The solution of S10 (0.3 mmol, 1.0 equiv) in HCI/EA (8 mL, 2 mol/L in ethyl acetate) was allowed to
stir for 5-8 h at room temperature. After the consumption of the starting materials as monitored by TLC,
the reaction mixture quenched with saturated NaHCOj; solution, and extracted with ethyl acetate for 3
times. The combined organic phases were washed with water and brine, dried over Na,SO,, and
concentrated under vacuum to give a residue, which was purified by flash column chromatography to

give the product 4.

General procedure b: To a solution of S11 (5.0 mmol, 1.0 equiv) in EtOH (25 mL) and saturated
NH,CI solution (25 mL) was added Fe powder (1 g). Then the mixture was stirred at 85 <C overnight.
After the consumption of the starting materials as monitored by TLC, the reaction mixture was filtered
over celite and extracted with ethyl acetate for 3 times. The combined organic phases were washed
with water and brine, dried over Na,SO,, and concentrated under vacuum to give a residue, which was
purified by flash column chromatography to give the product S12.

Through general procedure a, product 4 was prepared from S12.

General procedure c: To an oven dried round bottom flask equipped with a stir bar, S13e(2.3 mmol,
1.0 equiv), aryl boric acid (4.6 mmol, 2.0 equiv), Pd(PPhs), (0.2 mmol, 0.1 equiv), Na,COj3 (6.9 mmol,
3.0 equiv), dioxone (30 mL) and H,O (10 mL) were successively added at room temperature under N,
atmosphere. Then, the mixture was heated to 90°C and stirred overnight. After the consumption of the
starting materials as monitored by TLC, the reaction mixture was filtered over celite and extracted with
ethyl acetate for 3 times. The combined organic phases were washed with water and brine, dried over
Na,SO,, and concentrated under vacuum to give a residue, which was purified by flash column
chromatography to give the product S13h and S15i.

To a solution of S15i (2.0 mmol, 1.0 equiv) in THF (20 mL) was added Pd/C (200 mg, 10 wt%). The
reaction mixture was evacuated and purged with H, for three times, and then allowed to stir at room
temperature under H, atmosphere (1 atm) overnight. After the consumption of the starting materials as
monitored by TLC, the reaction mixture was filtered over celite and extracted with ethyl acetate for 3
times. The combined organic phases were washed with water and brine, dried over Na,SO,, and
concentrated under vacuum to give a residue, which was purified by flash column chromatography to

give the product S13i.
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Through general procedure a, product 4h and 4i were synthesized from S13h and S13i.

1%-methyl-2,11-diaza-1(1,3)-benzenacycloundecaphane (4a)

4a was prepared in 6.0 mmol scale (S9) according to the procedure a and isolated by flash
chromatography (petroleum ether: ethyl acetate = 10: 1 to 2: 1) as a white solid (147.7 mg, 10% yield
for two steps from S9). R; = 0.2 (petroleum ether: ethyl acetate = 5: 1, v/v). '"H NMR (600 MHz,
CDCly) 8 6.96 (t, J = 7.9 Hz, 1H), 6.46 (d, J = 7.9 Hz, 2H), 3.29 (ddd, J = 14.7, 5.7, 3.5 Hz, 2H), 3.24 —
3.03 (m, 4H), 2.18 (s, 3H), 1.49 — 1.40 (m, 2H), 1.29 — 1.21 (m, 2H), 1.12 — 1.03 (m, 2H), 0.94 — 0.74
(m, 6H). *C NMR (151 MHz, CDCl;) & 148.5, 126.3, 116.9, 113.1, 47.1, 29.3, 27.1, 24.1, 12.6.

HRMS (ESI): [M+H]" calculated for C,5H,sN,": 233.2013; found: 233.2008.

1%-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4d)

14
Me

NH©/NH
4d was prepared in 3.0 mmol scale (S9) according to the procedure a and isolated by flash
chromatography (petroleum ether: ethyl acetate = 5: 1 to 2: 1) as a white solid (165.1 mg, 22% yield for
two steps from S9). R; = 0.2 (petroleum ether: ethyl acetate = 5: 1, v/v). *H NMR (600 MHz, CDCls) &
6.92 (t, J = 7.9 Hz, 1H), 6.37 (d, J = 7.9 Hz, 2H), 3.39 — 3.31 (m, 2H), 3.32 — 2.87 (m, 4H), 2.13 (s, 3H),
1.69 — 1.56 (m, 2H), 1.28 — 1.17 (m, 2H), 1.13 — 0.89 (m, 9H), 0.69 — 0.61 (m, 1H). *C NMR (151
MHz, CDCly) & 148.2, 126.2, 113.7, 110.6, 45.6, 28.6, 26.9, 26.5, 24.4, 12.3. HRMS (ESI): [M+H]*

calculated for CigH,7N,": 247.2169; found: 247.2165.

1°-bromo-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4e)

16



14
Me

NH@NH
Br

4e was prepared in 3.7 mmol scale (S13) according to the procedure b and isolated by flash
chromatography (petroleum ether: ethyl acetate = 15: 1 to 5: 1) as a yellow solid (165.1 mg, 22% yield
for two steps from S13). R = 0.1 (petroleum ether: ethyl acetate = 10: 1, v/v).'H NMR (600 MHz,
CDCly) § 6.50 (s, 2H), 3.37 — 3.29 (m, 2H), 3.15 — 3.06 (M, 2H), 2.05 (s, 3H), 1.69 — 1.60 (m, 2H), 1.27
—1.18 (m, 2H), 1.13 — 0.92 (m, 9H), 0.73 — 0.64 (m, 1H). *C NMR (151 MHz, CDCl;) 5 149.4, 119.8,
112.9, 112.2, 455, 28.5, 27.0, 26.6, 24.4, 12.2. HRMS (ESI): [M+H]" calculated for CisH,sBIN,":

325.1274; found: 325.1273.

1°-chloro-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4f)

14

Me
NH NH

Cl

4f was prepared in 2.5 mmol scale (S13) according to the procedure b and isolated by flash
chromatography (petroleum ether: ethyl acetate = 40: 1 to 5: 1) as a yellow solid (181.0 mg, 26% yield
for two steps from S13). R = 0.4 (petroleum ether: ethyl acetate = 10: 1, v/v).'"H NMR (600 MHz,
CDCly) § 6.35 (s, 2H), 3.37 — 3.30 (m, 2H), 3.16 — 3.08 (m, 2H), 2.06 (s, 3H), 1.69 — 1.60 (m, 2H), 1.26
—1.18 (m, 2H), 1.12 — 0.93 (m, 9H), 0.73 — 0.65 (M, 1H). *C NMR (151 MHz, CDCl5) & 149.2, 131.8,
111.6, 109.9, 45.5, 28.5, 27.0, 26.6, 24.4, 12.1. HRMS (ESI): [M+H]" calculated for C;gH2CIN,":

281.1780; found: 281.1775.

1°-fluoro-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4g)
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Me
NH NH

F

4g was prepared in 2.5 mmol scale (S13) according to the procedure b and isolated by flash
chromatography (petroleum ether: ethyl acetate = 40: 1 to 5: 1) as a white solid (149.1 mg, 23% yield
for two steps from S13). Ry = 0.5 (petroleum ether: ethyl acetate = 3: 1, v/v).'"H NMR (600 MHz,
CDCl3) 6 6.09 (d, J = 10.7 Hz, 2H), 3.34 (ddd, J = 14.7, 5.3, 4.0 Hz, 2H), 3.13 (ddd, J = 14.7,9.7, 3.6
Hz, 2H), 2.05 (s, 3H), 1.71 — 1.62 (m, 2H), 1.25 — 1.17 (m, 2H), 1.14 — 0.90 (m, 9H), 0.74 — 0.66 (m,
1H).®C NMR (151 MHz, CDCls) & 162.4 (d, J = 238.7 Hz), 149.3 (d, J = 11.9 Hz), 108.47, 96.7 (d, J
= 24.0 Hz), 45.7, 28.6, 27.1, 26.7, 24.5, 11.9. F NMR (565 MHz, CDCl;) §  -117.2. HRMS (ESI):

[M+H]" calculated for CygH26FN,": 265.2075; found: 265.2067.

1%-methyl-1°-phenyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4h)

Me
NH NH

Ph

4h was prepared in 1.2 mmol scale (S13h) according to the procedure ¢ and isolated by flash
chromatography (petroleum ether: ethyl acetate = 5: 1 to 4: 1) as a white solid (75.6 mg, 19% vyield for
two steps from S13h). R¢ = 0.2 (petroleum ether: ethyl acetate = 3: 1, v/v). 'H NMR (600 MHz, CDCl5)
§7.61 — 7.54 (m, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.31 (t, J = 7.4 Hz, 1H), 6.61 (s, 2H), 3.46 — 3.40 (m,
2H), 3.17 (ddd, J = 14.3, 9.8, 3.8 Hz, 2H), 2.17 (s, 3H), 1.75 — 1.66 (m, 2H), 1.27 — 1.20 (m, 2H), 1.15
—0.91 (m, 9H), 0.71 — 0.61 (M, 1H). *C NMR (151 MHz, CDCly) & 148.5, 142.1, 139.4, 128.7, 127.1,
127.0, 112.9, 109.4, 45.6, 28.6, 27.0, 26.6, 24.5, 12.2. HRMS (ESI): [M+H]" calculated for CyHz;N,":

323.2482; found: 323.2478.

1°-cyclohexyl-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4i)
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Me
NH NH

Cy

4i was prepared in 2.8 mmol scale (S13i) according to the procedure ¢ and isolated by flash
chromatography (petroleum ether: ethyl acetate = 10: 1 to 5: 1) as a white solid (197.8 mg, 21% yield
for two steps from S13i). R¢ = 0.1 (petroleum ether: ethyl acetate = 10: 1, v/v). 'H NMR (600 MHz,
CDCly) § 6.23 (s, 2H), 3.39 — 3.34 (m, 2H), 3.31 — 2.80 (M, 4H), 2.38 — 2.29 (m, 1H), 2.08 (s, 3H), 1.87
—1.78 (m, 4H), 1.75 — 1.61 (m, 3H), 1.42 — 1.31 (m, 4H), 1.29 — 1.15 (m, 3H), 1.12 — 0.87 (m, 9H),
0.64 — 0.53 (m, 1H).®C NMR (151 MHz, CDCl5) & 147.8, 146.2, 111.1, 109.3, 77.4, 77.2, 76.9, 45.4,
44.7, 34.6, 28.7, 27.1, 26.9, 26.5, 26.4, 24.3, 12.0. HRMS (ESI): [M+H]" calculated for C,,Hs;N,"

329.2952; found: 329.2946.

Catalytic enantioselective synthesis of planar-chiral metacyclophanes 3

14+n ; 14+n
+ COR"  CPA (R)-A11 (10 mol%)
N=N > R
R R10,C HN N
HN©/NH ’ CCla, ~20 °C, CO,R!
2 3R Ms N 2
1 (1.0 equiv) 3 R'O,C

Procedure: To a precooled solution of 1 (0.1 mmol, 1.0 equiv.), CPA (R)-A11 (0.01 mmol, 10 mol%)
and 3A MS (70 mg) in CCl, (2 mL, 0.05 M) was add 2 (0.1 mmol, 1.0 equiv.) at -20 °C. After stirring
for 48-72 hours at this temperature, the reaction mixture was quenched with a solution of EtsN (0.2 mL,
1.0 M in DCM). Then the reaction mixture was then concentrated under vacuum to give a residue,
which was purified by flash column chromatography to give the product 3.

Due to the presence of rotamers of the amide moieties in the products, the NMR spectra of the products
appear complex at room temperature. However, their quality could be enhanced by performing the
NMR analysis at elevated temperatures. (Unless otherwise noted, all NMR experiments of product 3

were recorded at 373 K in DMSO-dg).
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Metacyclophanes 3a

15
Ph

HN\@NH
NbeZ

Cbz-NH
3a was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 4: 1) as a yellow solid (56.5 mg, 91% yield). R¢ = 0.4 (petroleum ether: ethyl acetate
= 3: 1, vv). *H NMR (500 MHz, DMS0-d6, 373 K) § 9.59 (s, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.43 —
7.24 (m, 13H), 7.07 (d, J = 8.6 Hz, 1H), 6.30 (d, J = 8.7 Hz, 1H), 5.30 — 5.00 (m, 4H), 4.34 (s, 1H),
4.01 — 3.81 (m, 1H), 3.50 — 3.38 (M, 1H), 2.48 — 2.42 (m, 1H), 2.42 — 2.32 (m, 1H), 1.83 — 1.71 (m,
1H), 1.46 — 1.20 (m, 5H), 1.16 — 0.85 (m, 10H). *C NMR (126 MHz, DMSO0-d6, 373 K) & 155.9,
155.1, 146.3, 144.8, 136.5, 135.9, 130.1, 128.6, 128.0, 127.7, 127.6, 127.3, 127.1, 127.1, 126.7, 126.4,
122.3, 116.3, 104.2, 66.8, 65.9, 44.0, 43.0, 29.0, 28.9, 28.0, 27.1, 26.7, 24.9, 24.6. HRMS (ESI):
[M+H]" calculated for CsgH4sN,O,": 621.3436; found: 621.3419. [«]3® = -27.59 (c = 1.0, CHCIy).
HPLC: Chiralpak 1A column, hexanes/isopropanol = 85/15, 1 mL/min; tg = 12.2 min (minor), 13.2

min (major); 97:3 er.

Metacyclophanes 3b

3b was prepared in 0.05 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 5: 1) as a yellow solid (28.0 mg, 81% yield). Rs = 0.4 (petroleum ether: ethyl acetate
= 3: 1, viv).'H NMR (500 MHz, DMSO-d6, 373 K) & 9.63 (s, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.42 —
7.26 (m, 11H), 7.04 (d, J = 8.6 Hz, 1H), 6.30 (d, J = 8.7 Hz, 1H), 5.26 — 4.99 (m, 4H), 4.27 (s, 1H),
3.95 — 3.85 (m, 1H), 3.48 — 3.38 (m, 1H), 2.48 — 2.40 (m, 1H), 2.40 — 2.30 (m, 1H), 1.81 — 1.70 (m,
1H), 1.41 — 0.84 (m, 16H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.0, 146.3, 144.8, 136.4,
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134.9, 132.3, 132.2, 130.1, 129.0, 128.6, 127.8, 127.7, 126.5, 122.2, 104.2, 66.1, 65.2, 44.0, 43.0, 29.0,
28.9, 28.0, 27.1, 26.7, 24.9, 24.6. HRMS (ESI): [M+H]" calculated for C3sH43C;,N,O,": 689.2656;
found: 689.2645. [a]3% =-19.08 (c = 1.0, CHCI3). HPLC: Chiralpak IC column, hexanes/isopropanol

=70/30, 1 mL/min; tg = 10.5 min (major), 18.5 min (minor); 95.5:4.5 er.

Metacyclophanes 3¢

15 m

NH
a N,Cbz

_NH
Cbz

HN

3c was prepared in 0.05 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (25.3 mg, 80% yield). R = 0.1 (petroleum ether: ethyl acetate
=5: 1, viv). *H NMR (500 MHz, DMSO-d6, 373 K) § 9.56 (s, 1H), 7.45 — 7.27 (m, 12H), 7.22 (d, J =
7.7 Hz, 2H), 7.04 (d, J = 8.6 Hz, 1H), 6.27 (d, J = 8.7 Hz, 1H), 5.26 — 5.01 (m, 4H), 4.27 (s, 1H), 3.92
—3.82 (M, 1H), 3.46 — 3.37 (m, 1H), 2.48 — 2.38 (m, 2H), 2.37 (s, 3H), 1.81 — 1.75 (m, 1H), 1.43 — 1.20
(m, 5H), 1.13 — 0.85 (m, 10H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.8, 155.1, 146.3, 144.8,
135.9, 135.7, 133.3, 129.9, 129.2, 127.7, 127.6, 127.3, 127.1, 127.1, 126.7, 122.2, 116.2, 104.1, 66.7,
65.9, 44.0, 43.0, 29.0, 28.8, 27.9, 27.1, 26.7, 26.7, 24.9, 24.6, 20.1. HRMS (ESI): [M+H]" calculated
for CaoHN4O,": 635.3592; found: 635.3579. [a]3® = -16.26 (c = 1.0, CHCI;). HPLC: Chiralpak IB

column, hexanes/isopropanol = 75/25, 1 mL/min; tz = 7.3 min (major), 18.3 min (minor); 95.5:4.5 er.

Metacyclophanes 3d

3d was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 5: 1) as a yellow solid (62.5 mg, 92% yield). R¢ = 0.5 (petroleum ether: ethyl acetate
= 3: 1, viv).'H NMR (500 MHz, DMSO-d6, 373 K) & 9.57 (s, 1H), 7.52 (d, J = 8.2 Hz, 2H), 7.44 —

7.22 (m, 13H), 7.06 (d, J = 8.7 Hz, 1H), 6.28 (d, J = 8.7 Hz, 1H), 5.26 — 5.03 (M, 4H), 4.31 (s, 1H),
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3.97 — 3.84 (m, 1H), 3.49 — 3.39 (m, 1H), 2.48 — 2.43 (m, 1H), 2.43 — 2.32 (m, 1H), 1.83 — 1.71 (m,
1H), 1.36 (s, 9H), 1.33 — 0.82 (m, 15H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.8, 155.1, 149.1,
146.3, 144.9, 135.9, 133.3, 129.7, 127.7, 127.6, 127.3, 127.1, 127.1, 126.6, 125.2, 122.2, 116.2, 104.0,
66.7, 65.9, 43.9, 43.0, 33.7, 30.6, 29.1, 28.7, 27.9, 27.1, 26.8, 26.7, 24.9, 24.6. HRMS (ESI): [M+H]"
calculated for CyHssN4O,": 677.4062; found: 677.4044. [a]3® = -27.27 (¢ = 1.0, CHCIls). HPLC:
Chiralpak 1A column, hexanes/isopropanol = 90/10, 1 mL/min; tg = 12.2 min (minor), 16.4 min (major);

95:5 er.

Metacyclophanes 3e

3e was prepared in 0.05 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 5: 1) as a yellow solid (27.7 mg, 87% vyield). R¢ = 0.4 (petroleum ether: ethyl acetate
= 4: 1, viv)."H NMR (500 MHz, DMSO-d6, 373 K) & 9.59 (s, 1H), 7.42 — 7.21 (m, 14H), 7.06 (d, J =
8.6 Hz, 1H), 6.30 (d, J = 8.7 Hz, 1H), 5.26 — 5.01 (m, 4H), 4.35 (s, 1H), 3.98 — 3.85 (m, 1H), 3.49 —
3.37 (m, 1H), 2.48 — 2.43 (m, 1H), 2.38 — 2.27 (m, 1H), 1.81 — 1.70 (m, 1H), 1.44 — 1.19 (m, 5H), 1.15
— 0.82 (m, 10H). *C NMR (126 MHz, DMSO-d6, 373 K) & 160.7 (d, J = 244.5 Hz), 155.8, 155.1,
146.4, 144.9, 135.9, 132.6, 132.1 (d, J = 7.8 Hz), 128.1, 127.7, 127.6, 127.3, 127.2, 127.1, 126.7, 122.3,
1155 (d, J = 21.2 Hz), 104.2, 66.8, 65.9, 43.9, 42.9, 29.0, 28.8, 28.0, 27.1, 26.7, 26.7, 24.9, 24.6. BF
NMR (471 MHz, DMSO-d6, 373 K) & -115.3. HRMS (ESI): [M+H]" calculated for CssHasFN4O,":
639.3342; found: 639.3327. [a]3® = -35.44 (c = 1.0, CHCIl;). HPLC: Chiralpak IB column,

hexanes/isopropanol = 70/30, 1 mL/min; tg = 8.5 min (major), 17.7 min (minor); 96:4 er.

Metacyclophanes 3f
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15 Cl

= "
_Cb

N
Cbz-NH

HN

3f was prepared in 0.05 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 7.5: 1 to 5: 1) as a yellow solid (23.3 mg, 71% yield). Rf = 0.4 (petroleum ether: ethyl acetate
= 4: 1, viv).*H NMR (500 MHz, DMSO-d6, 373 K) & 9.59 (s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.39 —
7.16 (m, 12H), 7.06 (d, J = 8.7 Hz, 1H), 6.30 (d, J = 8.7 Hz, 1H), 5.26 — 4.99 (m, 4H), 4.38 (s, 1H),
4.02 — 3.92 (m, 1H), 3.48 — 3.37 (m, 1H), 3.12 — 2.99 (m, 1H), 2.40 — 2.27 (m, 1H), 1.80 — 1.70 (m,
1H), 1.43 — 1.19 (m, 5H), 1.14 — 0.82 (m, 10H). *C NMR (126 MHz, DMSO0-d6, 373 K) & 155.9,
155.0, 146.2, 144.9, 135.8, 135.4, 131.9, 131.2, 128.7, 128.3, 127.7, 127.6, 127.3, 127.2, 127.1, 126.7,
122.3, 109.6, 104.3, 66.8, 65.9, 44.0, 42.8, 28.9, 28.7, 28.0, 27.1, 26.7, 24.9, 24.6. HRMS (ESI):
[M+H]" calculated for C3gH,CIN,O,": 655.3046; found: 655.3031. [a]3® = -18.96 (c = 1.0, CHCly).
HPLC: Chiralpak 1B column, hexanes/isopropanol = 80/20, 1 mL/min; tg = 9.6 min (minor), 12.5 min

(major); 94:6 er.

Metacyclophanes 3g

N\
Cbz-NH

3g was prepared in 0.2 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (107.4 mg, 77% yield). R = 0.6 (petroleum ether: ethyl acetate
= 3: 1, v/v). 'H NMR (500 MHz, DMSO-d6, 373 K) & 9.62 (s, 1H), 7.67 (d, J = 8.2 Hz, 2H), 7.41 —
7.24 (m, 12H), 7.09 (d, J = 8.7 Hz, 1H), 6.31 (d, J = 8.7 Hz, 1H), 5.31 — 5.00 (m, 4H), 4.42 (s, 1H),
4.03 — 3.93 (m, 1H), 3.50 — 3.39 (m, 1H), 3.06 — 3.00 (m, 1H), 2.41 — 2.29 (m, 1H), 1.82 — 1.71 (m,
1H), 1.45 — 1.20 (m, 5H), 1.17 — 0.84 (m, 10H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.9,
155.1, 146.2, 144.8, 135.9, 132.3, 131.6, 128.4, 127.7, 127.6, 127.3, 127.2, 127.1, 126.7, 122.4, 119.6,

114.9, 104.3, 66.8, 66.0, 44.1, 42.9, 29.0, 28.8, 28.0, 27.2, 26.7, 25.0, 24.6. HRMS (ESI): [M+H]"
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calculated for CsgH44BrN,4O,": 699.2541; found: 699.2529. [a]3® = -15.58 (¢ = 1.0, CHCl;). HPLC:
Chiralpak 1B column, hexanes/isopropanol = 80/20, 1 mL/min; tz = 9.0 min (minor), 18.3 min (major);

90:10 er.

Metacyclophanes 3h

N\
Cbz-NH

3g was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (58.1 mg, 89% vyield). R = 0.2 (petroleum ether: ethyl acetate
=3: 1, viv). '"H NMR (500 MHz, DMSO-d6, 373 K) & 9.56 (s, 1H), 7.43 — 7.28 (m, 10H), 7.26 (d, J =
8.2 Hz, 2H), 7.10 — 7.02 (m, 3H), 6.27 (d, J = 8.7 Hz, 1H), 5.26 — 5.02 (m, 4H), 3.92 — 3.85 (m, 1H),
3.83 (s, 3H), 3.47 — 3.40 (m, 1H), 2.47 — 2.37 (m, 1H), 1.83 — 1.70 (m, 1H), 1.41 — 1.20 (m, 5H), 1.14 —
0.85 (m, 10H). 3C NMR (126 MHz, DMSO-d6, 373 K) & 157.9, 155.8, 155.1, 146.5, 144.9, 135.9,
131.2, 128.2, 127.7, 127.6, 127.3, 127.2, 127.1, 127.1, 127.0, 126.7, 122.2, 116.1, 114.4, 104.1, 66.8,
65.9, 54.7, 44.0, 43.0, 29.1, 28.8, 28.0, 27.1, 26.8, 26.7, 25.0, 24.6. HRMS (ESI): [M+H]" calculated
for CyoHs7N4Os": 651.3541; found: 651.3523. [a]3® = -13.82 (¢ = 1.0, CHCI,). HPLC: Chiralpak 1A

column, hexanes/isopropanol = 75/25, 1 mL/min; tg = 8.3 min (minor), 11.2 min (major); 91.5:8.5 er.

Metacyclophanes 3i

Cbz=NH
3i was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl acetate
=10: 1to 5: 1) as a yellow solid (56.5 mg, 91% yield). Rs = 0.4 (petroleum ether: ethyl acetate = 3: 1,
Vviv).'H NMR (500 MHz, DMSO-d6, 373 K) § 9.63 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 7.9
Hz, 2H), 7.47 — 7.16 (m, 9H), 7.09 (d, J = 8.7 Hz, 1H), 6.33 (d, J = 8.8 Hz, 1H), 5.30 — 4.97 (m, 4H),

4.46 (s, 1H), 4.12 — 3.98 (m, 1H), 3.48 — 3.38 (m, 1H), 3.06 — 2.99 (M, 1H), 2.48 — 2.40 (m, 1H), 2.29 —
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2.19 (m, 1H), 1.81 — 1.68 (m, 1H), 1.41 — 0.86 (m, 14H).*C NMR (126 MHz, DMSO-d6, 373 K) &
155.9, 155.1, 146.2, 144.9, 141.3, 135.8, 131.0, 128.6, 127.7, 127.6, 127.4, 127.1 (q, J = 32.6 Hz),
127.1, 127.0, 126.7, 125.4, 123.8 (q, J = 271.9 Hz), 122.4, 104.4, 66.8, 66.0, 44.1, 42.8, 28.9, 28.7,
28.0, 27.2, 26.7, 26.7, 25.0, 24.6. F NMR (471 MHz, DMSO-d6, 373 K) & -61.1.HRMS (ESI):
[M+H]" calculated for CsoH,4F3N,O,": 689.3310; found: 689.3291. [a]3° = -19.03 (¢ = 1.0, CHCls).
HPLC: Chiralpak IA column, hexanes/isopropanol = 75/25, 1 mL/min; tg = 6.6 min (minor), 8.4 min

(major); 90:10 er.

Metacyclophanes 3j

15 O

NH
a N,Cbz

Cbz-NH

HN

3j was prepared in 0.2 mmol scale and isolated by flash chromatography (petroleum ether: ethyl acetate
=10: 1to 4: 1) as a yellow solid (90.8 mg, 72% yield). R; = 0.6 (petroleum ether: ethyl acetate = 3: 1,
viv). 'H NMR (500 MHz, DMSO-d6, 373 K) § 9.59 (s, 1H), 7.48 — 7.25 (m, 11H), 7.21 — 7.12 (m, 3H),
7.09 (d, J = 8.6 Hz, 1H), 6.30 (d, J = 8.7 Hz, 1H), 5.33 — 5.01 (m, 4H), 3.89 (s, 1H), 3.49 — 3.34 (m,
1H), 3.01 — 2.95 (m, 1H), 2.46 — 2.38 (m, 1H), 2.36 (s, 3H), 1.82 — 1.70 (m, 1H), 1.48 — 0.85 (m, 16H).
BC NMR (126 MHz, DMSO-d6, 373 K) 6 155.9, 155.1, 146.3, 144.7, 137.8, 136.3, 135.9, 130.7,
128.5, 128.0, 127.7, 127.6, 127.3, 127.1, 127.1, 127.0, 126.7, 122.4, 116.6, 104.2, 66.8, 66.0, 44.1, 43.2,
29.0, 27.9, 27.2, 26.7, 26.7, 24.9, 24.6, 20.4. HRMS (ESI): [M+H]" calculated for CsgHsN4O,":
635.3592; found: 635.3584. [a]3® = -32.28 (¢ = 1.0, CHCI;). HPLC: Chiralpak IB column,

hexanes/isopropanol = 80/20, 1 mL/min; tg = 8.4 min (major), 24.0 min (minor); 89.5:10.5 er.

Metacyclophanes 3k

HN NH
_Cbz

Cbz-NH
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3k was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (58.0 mg, 93% yield). R¢ = 0.6 (petroleum ether: ethyl acetate
= 3: 1, viv). *H NMR (500 MHz, DMSO-d6, 373 K) & 9.59 (s, 1H), 7.64 (d, J = 5.1 Hz, 1H), 7.38 —
7.27 (m, 10H), 7.20 (dd, J = 5.2, 3.5 Hz, 1H), 7.14 — 7.04 (m, 2H), 6.26 (d, J = 8.7 Hz, 1H), 5.28 — 5.03
(M, 4H), 4.27 (s, 1H), 3.54 — 3.34 (m, 1H), 3.06 — 3.00 (m, 1H), 2.68 — 2.55 (m, 2H), 1.81 — 1.70 (m,
1H), 1.38 — 0.86 (m, 15H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.8, 155.0, 147.3, 146.2,
137.1, 135.9, 135.8, 129.1, 127.7, 127.6, 127.3, 127.1, 127.1, 126.8, 126.6, 126.5, 121.6, 108.1, 103.6,
66.8, 66.0, 43.8, 42.9, 29.4, 28.1, 28.0, 27.1, 26.9, 26.8, 25.0, 24.6. HRMS (ESI): [M+H]" calculated
for CasH43sN40,S™: 627.3000; found: 627.2988. [a]3® = -20.08 (¢ = 1.0, CHCIs). HPLC: Chiralpak IB

column, hexanes/isopropanol = 80/20, 1 mL/min; tz = 10.1 min (major), 22.0 min (minor); 99:1 er.

Metacyclophanes 3l

HN NH

_Cbz
N

Cbz-NH
3l was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl acetate
=10: 1 to 3: 1) as a yellow solid (51.9 mg, 83% yield). R¢ = 0.5 (petroleum ether: ethyl acetate = 3: 1,
viv). *H NMR (500 MHz, DMSO-d6, 373 K) 5 9.59 (s, 1H), 7.70 — 7.62 (m, 1H), 7.42 — 7.23 (m, 11H),
7.11 (d, J = 4.9 Hz, 1H), 7.03 (d, J = 8.6 Hz, 1H), 6.25 (d, J = 8.7 Hz, 1H), 5.28 — 4.94 (m, 4H), 4.42 (s,
1H), 4.15 — 4.03 (m, 1H), 3.49 — 3.38 (m, 1H), 2.56 — 2.50 (m, 1H), 2.42 — 2.33 (m, 1H), 1.81 — 1.68
(m, 1H), 1.44 — 0.84 (m, 15H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.9, 155.1, 146.6, 145.4,
136.0, 135.9, 129.0, 128.1, 127.7, 127.6, 127.3, 127.1, 127.1, 126.7, 126.0, 123.2, 121.9, 111.2, 103.8,
66.8, 65.9, 43.7, 42.9, 29.2, 28.4, 28.0, 27.1, 26.8, 26.7, 25.0, 24.6. HRMS (ESI): [M+H]" calculated
for CasH43sN,0,S": 627.3000; found: 627.2997. [a]3® = -22.77 (¢ = 1.0, CHCI;). HPLC: Chiralpak IB

column, hexanes/isopropanol = 80/20, 1 mL/min; tz = 10.7 min (major), 19.5 min (minor); 94:6 er.

Metacyclophanes 3m

26



_Cbz
N\

Cbz-NH
3m was prepared in 0.2 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (87.2 mg, 72% yield). R¢ = 0.5 (petroleum ether: ethyl acetate
=3: 1, viv)."H NMR (500 MHz, DMSO0-d6, 373 K) & 9.61 (s, 1H), 7.49 (t, J = 7.6 Hz, 2H), 7.43 —
7.39 (m, 2H), 7.38 — 7.25 (m, 11H), 7.07 (d, J = 8.6 Hz, 1H), 6.28 (d, J = 8.6 Hz, 1H), 5.35 — 4.97 (m,
4H), 4.28 (s, 1H), 3.98 (s, 1H), 3.52 — 3.38 (m, 1H), 2.70 — 2.56 (m, 1H), 1.93 — 1.77 (m, 1H), 1.39 —
0.75 (m, 14H). ®*C NMR (126 MHz, DMSO-d6, 373 K) & 155.9, 155.0, 146.1, 145.6, 136.7, 135.9,
135.8, 129.8, 128.6, 127.7, 127.6, 127.3, 127.2, 127.1, 126.7, 126.4, 122.5, 117.0, 105.9, 66.8, 65.9,
435, 43.4, 30.8, 27.6, 26.5, 26.5, 25.0, 23.5. HRMS (ESI): [M+H]" calculated for Cs;Hs3N4O,":

607.3279; found: 607.3265. [a]3® = -15.01 (¢ = 1.0, CHCI;). HPLC: Chiralpak 1A column,

hexanes/ethanol = 80/20, 1 mL/min; tg = 10.1 min (minor), 13.4 min (major); 92.5:7.5 er.

Metacyclophanes 3n

Cbz-NH
3n was prepared in 0.2 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 4: 1) as a yellow solid (95.3 mg, 77% yield). R¢ = 0.5 (petroleum ether: ethyl acetate
=31, v/v).lH NMR (500 MHz, DMSO-d6, 373 K) 6 9.61 (s, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.40 —
7.16 (m, 13H), 7.07 (d, J = 8.6 Hz, 1H), 6.23 (d, J = 8.7 Hz, 1H), 5.38 — 4.92 (m, 4H), 4.50 (s, 1H),
4.02 — 3.91 (m, 1H), 3.50 — 3.39 (m, 1H), 2.96 — 2.88 (m, 1H), 2.48 — 2.38 (m, 1H), 2.26 — 2.14 (m,
1H), 1.88 — 1.76 (m, 1H), 1.41 — 0.89 (m, 17H). ®*C NMR (126 MHz, DMSO-d6, 373 K) & 155.9,
155.1, 145.1, 144.3, 136.6, 135.9, 135.9, 130.0, 128.7, 128.2, 127.7, 127.6, 127.3, 127.1, 126.6, 126.5,
121.8, 115.4, 102.6, 66.7, 65.9, 43.9, 41.8, 28.5, 27.2, 27.0, 26.9, 26.7, 26.2, 24.3, 24.1. HRMS (ESI):

[M+H]" calculated for CsgH,/N,O,": 635.3592; found: 635.3594. [a]3® = -30.39 (c = 1.0, CHCIy).
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HPLC: Chiralpak IB column, hexanes/isopropanol = 80/20, 1 mL/min; tg = 8.1 min (major), 17.7 min

(minor); 97.5:2.5 er.

Metacyclophanes 30

N\
Cbz-NH

30 was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 3: 1to 1: 1) as a yellow solid (66.3 mg, 99% vyield). R; = 0.3 (petroleum ether: ethyl acetate =
1: 1, viv). *H NMR (500 MHz, DMSO0-d6, 373 K) 5 9.57 (s, 1H), 7.68 — 7.47 (m, 2H), 7.45 (t, J = 7.4
Hz, 2H), 7.40 — 7.26 (m, 11H), 7.05 (d, J = 8.6 Hz, 1H), 6.25 (d, J = 8.7 Hz, 1H), 5.23 — 5.07 (m, 4H),
4.49 (s, 1H), 3.94 — 3.84 (m, 1H), 3.75 — 3.68 (m, 1H), 3.67 — 3.59 (m, 1H), 3.53 — 3.43 (m, 2H), 3.40 —
3.21 (m, 7H), 3.08 — 3.00 (m, 3H), 2.65 — 2.54 (m, 1H), 2.33 — 2.23 (M, 1H).*C NMR (126 MHz,
DMSO-d6, 373 K) 6 155.9, 155.1, 145.5, 143.2, 136.4, 136.0, 135.9, 130.8, 128.3, 127.8, 127.7, 127.5,
127.4,127.2, 126.7, 126.4, 121.9, 117.8, 103.5, 70.6, 70.1, 69.5, 69.1, 68.8, 66.8, 66.7, 66.0, 43.6, 43.1.
HRMS (ESI): [M+H]" calculated for CsH4;N,O;": 641.2970; found: 641.2952. [a]3® = -31.97 (c =
1.0, CHCIs). HPLC: Chiralpak 1B column, hexanes/ethanol = 80/20, 1 mL/min; tz = 14.4 min (minor),

26.1 min (major); 97.5:2.5 er.

Metacyclophanes 3p

17

Ph
HN\@,NH
Cbz
N\
Cbz-NH
3p was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (56.5 mg, 87% yield). R = 0.5 (petroleum ether: ethyl acetate
= 3: 1, viv).'H NMR (500 MHz, DMSO-d6, 373 K) & 9.58 (s, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.42 —
7.18 (m, 13H), 7.06 (d, J = 8.6 Hz, 1H), 6.18 (d, J = 8.7 Hz, 1H), 5.29 — 5.00 (m, 4H), 4.42 (s, 1H),

3.92 — 3.83 (m, 1H), 3.45 — 3.24 (m, 1H), 2.94 — 2.87 (m, 1H), 2.47 — 2.38 (m, 1H), 2.26 — 2.09 (m,
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1H), 1.82 — 1.63 (m, 1H), 1.37 — 0.95 (m, 18H), 0.87 — 0.77 (m, 1H). *C NMR (126 MHz, DMSO-ds,
373 K) 6 155.9, 155.2, 145.2, 144.0, 136.6, 136.0, 135.9, 130.2, 128.6, 128.4, 127.7, 127.6, 127.4,
127.1, 126.6, 126.6, 121.2, 114.8, 101.3, 66.7, 66.0, 44.1, 41.8, 29.1, 27.8, 27.7, 27.5, 27.4, 27.3, 27.0,
25.3, 24.4. HRMS (ESI): [M+H]" calculated for CsHN4O,": 649.3749; found: 649.3738. [a]2® =
-37.10 (c = 1.0, CHCI;). HPLC: Chiralpak IB column, hexanes/isopropanol = 80/20, 1 mL/min; tg =

10.1 min (major), 21.2 min (minor); 92.5:7.5 er.

Metacyclophanes 3q

18

Ph
_Cbz
N\
Cbz-NH
3q was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 3: 1) as a yellow solid (65.9 mg, 99% yield). R¢ = 0.5 (petroleum ether: ethyl acetate
=3: 1, viv)."H NMR (500 MHz, DMSO-d6, 373 K) & 9.61 (s, 1H), 7.49 (t, J = 7.5 Hz, 2H), 7.43 —
7.17 (m, 13H), 7.06 (d, J = 8.6 Hz, 1H), 6.16 (d, J = 8.7 Hz, 1H), 5.27 — 4.97 (m, 4H), 4.61 (s, 1H),
3.85 — 3.74 (m, 1H), 3.36 — 3.24 (m, 1H), 2.96 — 2.85 (m, 1H), 2.43 — 2.30 (m, 1H), 2.07 — 1.93 (m,
1H), 1.76 — 1.63 (m, 1H), 1.38 — 0.91 (m, 20H), 0.81 — 0.70 (m, 1H).*C NMR (126 MHz, DMSO-d6,
373 K) & 155.9, 155.1, 145.1, 143.5, 136.6, 136.0, 135.9, 130.1, 128.6, 127.7, 127.6, 127.4, 127.1,
127.1, 126.7, 126.5, 121.4, 114.8, 100.9, 66.7, 66.0, 44.1, 41.3, 27.7, 27.4, 27.2, 27.0, 26.8, 26.7, 24.5,
23.9. HRMS (ESI): [M+H]" calculated for C4Hs;N,O,": 663.3905; found: 663.3893. [a]3® = --29.09

(c = 1.0, CHCI3). HPLC: Chiralpak IB column, hexanes/isopropanol = 80/20, 1 mL/min; tg = 7.7 min

(major), 9.8 min (minor); 86:14 er.
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Catalytic enantioselective synthesis of planar-chiral metacyclophanes 5

13+n 13+n
CO,R!
M + N=N CPA (R)-A12 (10 mol%) \H Me
e )
HN NH  R'OC Tol., 40 °C N @NH
. R102C/ \N
|
4 2 R10,C 5

Procedure: To a precooled solution of 4 (0.1 mmol, 1.0 equiv.) and CPA (R)-A12 (0.01 mmol, 10
mol%) in toluene (1 mL, 0.1 M) was add 2 (0.1 mmol, 1.0 equiv.) at -40 °C. After stirring for 48-72 h at
this temperature, the reaction mixture was quenched with Et;N (0.2 mL, 1 mol/L in DCM), Then the
reaction mixture was concentrated under vacuum to give a residue, which was purified by flash column
chromatography to give the product 5.

Due to the presence of rotamers of the amide moieties in the products, the NMR spectra of the products
appear complex at room temperature. However, their quality could be enhanced by performing the
NMR analysis at elevated temperatures. (Unless otherwise noted, all NMR experiments of product 5

were recorded at 373 K in DMSO-dg).

Metacyclophanes 5a

13
Me
H NH@NH
Cbz \/N
Cbz

5a was prepared in 0.1 mmol scale and isolated by flash chromatography (DCM: ethyl acetate = 20: 1
to 5: 1) as a yellow solid (45.6 mg, 86% vyield). R; = 0.4 (DCM: ethyl acetate = 5: 1, v/v).'H NMR
(500 MHz, DMSO-d6, 373 K) 8 9.61 (s, 1H), 7.46 — 7.20 (m, 10H), 6.91 (d, J = 8.4 Hz, 1H), 6.34 (d, J
= 8.4 Hz, 1H), 5.20 — 5.00 (m, 4H), 4.57 (s, 1H), 3.27 — 3.19 (m, 1H), 3.12 — 3.05 (m, 2H), 2.15 (s, 3H),
1.48 — 0.64 (m, 14H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.8, 155.1, 149.2, 145.5, 135.9,
135.8, 127.7, 127.6, 127.4, 127.1, 126.7, 125.5, 125.1, 115.9, 110.0, 66.8, 66.0, 44.8, 44.4, 28.5, 26.8,
26.0, 24.9, 22.9, 14.4. HRMS (ESI): [M+H]" calculated for C3;H3sN,O,": 531.2966; found: 531.2963.
[a]3% =17.01 (c = 1.0, CHCI;). HPLC: Chiralpak IA column, hexanes/isopropanol = 70/30, 1 mL/min;

tg = 11.5 min (major), 16.5 min (minor); 95.5:4.5 er.
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Metacyclophanes ent-5a

Me
NH NH

N—Cbz
!
Cbz

To a stirred solution of 3a (0.1 mmol, 1.0 equiv.), CPA (R)- A11 (0.01 mmol, 10 mol%) and 3 A MS in
CCl, (2 mL, 0.05 M) was add 2a (0.1 mmol, 1.0 equiv.) and the reaction was stirred at -20 °C. After
stirring for 48 h, the reaction mixture quenched with EtzN (0.2 mL, 1 mol/L in DCM) Then the reaction
mixture was concentrated under vacuum to give a residue, which was purified by flash column
chromatography to give the product ent-5a. [a]3® = -14.57 (c = 1.0, CHCI;). HPLC: Chiralpak IA

column, hexanes/isopropanol = 70/30, 1 mL/min; tz = 10.3 min (minor), 14.7 min (major); 11:89 er.

Metacyclophanes 5b

13

Me

H NH©/NH
(p-C1-Bn)0,C-N.

N
(p-C1-Bn)0,C

5b was prepared in 0.1 mmol scale and isolated by flash chromatography (DCM: ethyl acetate = 20: 1
to 5: 1) as a yellow solid (54.0 mg, 90% vyield). R; = 0.5 (DCM: ethyl acetate = 3: 1, v/v).'H NMR
(500 MHz, DMS0-d6, 373 K) § 9.65 (s, 1H), 7.42 — 7.23 (m, 8H), 6.89 (d, J = 8.4 Hz, 1H), 6.34 (d, J =
8.4 Hz, 1H), 5.17 — 4.99 (m, 4H), 3.27 — 3.20 (m, 1H), 3.11 — 3.03 (m, 2H), 2.14 (s, 3H), 1.49 — 1.15
(m, 5H), 1.08 — 0.68 (m, 9H).*C NMR (126 MHz, DMSO-d6, 373 K) & 155.6, 154.9, 149.2, 145.5,
134.9, 134.8, 134.6, 132.3, 132.1, 129.0, 128.8, 128.7, 128.6, 128.3, 127.8, 127.6, 125.4, 124.9, 116.0,
110.0, 66.0, 65.1, 44.8, 44.4, 28.5, 26.8, 26.0, 24.9, 22.9, 14.4. HRMS (ESI): [M+H]" calculated for
Ca1H3,CILN,O,*: 599.2187; found: 599.2183. [a]3® = 21.17 (¢ = 1.0, CHCI3). HPLC: Chiralpak IC

column, hexanes/isopropanol = 60/40, 1 mL/min; tg = 12.7 min (major), 18.1 min (minor); 93:7 er.

Metacyclophanes 5¢
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13

Me

H NH NH
Et02C‘N\NZj

EtO,C

5¢ was prepared in 0.1 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 20: 1 to 3: 1) as a yellow solid (32.5 mg, 80% yield). R = 0.5 (petroleum ether: ethyl acetate
=3: 1, viv). 'H NMR (500 MHz, DMSO-d6, 373 K) & 9.30 (s, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.35 (d, J
= 8.5 Hz, 1H), 4.67 (s, 1H), 4.16 — 4.02 (m, 4H), 3.29 — 3.19 (m, 1H), 3.14 — 3.00 (m, 3H), 2.16 (s, 3H),
1.51 - 1.41 (m, 1H), 1.34 — 1.26 (m, 3H), 1.21 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H), 1.13 - 0.75
(m, 9H). *C NMR (126 MHz, DMSO-d6, 373 K) & 155.9, 155.1, 149.1, 145.5, 125.5, 125.3, 115.8,
110.0, 61.2, 60.3, 44.8, 44.3, 28.5, 26.9, 26.0, 25.0, 22.9, 14.4, 13.8, 13.6. HRMS (ESI): [M+H]"
calculated for CpHasN,O4": 407.2653; found: 407.2650. [a]2® = 9.97 (c = 1.0, CHCI3). HPLC:
Chiralpak 1A column, hexanes/isopropanol = 80/20, 1 mL/min; tz = 9.0 min (minor), 10.6 min (major);

88:12 er.

Metacyclophanes 5d

14
Me
§ NH©/NH
Cbz \IN
Cbz

5d was prepared in 0.05 mmol scale and isolated by flash chromatography (DCM: ethyl acetate = 10: 1)
as a yellow solid (25.9 mg, 96% yield). R; = 0.5 (DCM: ethyl acetate = 5: 1, v/v). 'H NMR (500 MHz,
DMSO0-d6, 373 K) § 9.60 (s, 1H), 7.45 — 7.17 (m, 10H), 6.90 (d, J = 8.5 Hz, 1H), 6.26 (d, J = 8.5 Hz,
1H), 5.22 — 5.01 (m, 4H), 4.63 (s, 1H), 3.39 — 3.30 (m, 1H), 3.18 — 3.00 (m, 3H), 2.09 (s, 3H), 1.59 —
1.46 (m, 1H), 1.26 — 0.99 (m, 8H), 0.94 — 0.79 (m, 4H), 0.77 — 0.66 (m, 1H). *C NMR (126 MHz,
DMSO-d6, 373 K) 6 155.8, 155.1, 148.0, 145.6, 135.9, 127.7, 127.6, 127.5, 127.4, 127.1, 127.1, 126.6,
125.6, 123.7, 113.6, 107.5, 66.7, 65.9, 43.9, 43.4, 28.2, 26.3, 25.3, 25.2, 25.2, 24.6, 22.7, 14.1. HRMS
(ESI): [M+H]" calculated for Cs,H,;N,0,": 545.3123; found: 545.3120. [a]3®> = 20.89 (c = 1.0,
CHCI3). HPLC: Chiralpak IC column, hexanes/isopropanol = 60/40, 1 mL/min; tg = 12.2 min (major),

19.1 min (minor); 80.5:19.5 er.
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Metacyclophanes 5e

14
Me
H NH NH
Cbz \IN
Cbz Br

5e was prepared in 0.05 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 20: 1 to 5: 1) as a yellow solid (23.8 mg, 76% yield). R; = 0.7 (petroleum ether: ethyl acetate
= 3: 1, viv). 'H NMR (500 MHz, DMSO-d6, 373 K) & 9.44 (s, 1H), 7.66 — 6.97 (m, 10H), 6.55 (s,
0.5H), 6.51 (s, 0.5H), 5.49 — 4.98 (m, 5H), 4.79 — 4.47 (m, 1H), 3.19 — 3.01 (m, 2H), 2.93 — 2.82 (m,
1H), 2.08 — 2.00 (m, 3H), 1.57 — 1.43 (m, 1H), 1.31 — 1.05 (m, 7H), 1.02 — 0.63 (m, 6H). *C NMR
(126 MHz, DMSO-d6, 373 K) & 156.6, 154.6, 149.4, 149.1, 148.1, 135.7, 127.8, 127.7, 127.6, 127.5,
127.4, 127.4, 127.3, 127.2, 127.0, 126.7, 122.0, 121.0, 120.3, 113.1, 112.1, 110.9, 110.3, 67.1, 66.3,
43.9,43.8,43.4,43.1, 28.6, 27.0, 26.2, 25.3, 25.3, 25.2, 25.0, 24.6, 24.6, 22.9, 22.9, 14.7, 14.5. HRMS
(ESI): [M+H]" calculated for Ca,HaBrN,O,": 623.2228; found: 623.2217. [a]3® = 25.60 (c = 1.0,
CHCIy). HPLC: Chiralpak IA column, hexanes/isopropanol = 90/10, 1 mL/min, >20:1 dr. 97:3 er, tg =

17.5 min (minor), 26.3 min (major);

Metacyclophanes 5f

14
Me
H NH NH
Cbz’N\N
CbZ CI

5f was prepared in 0.2 mmol scale and isolated by flash chromatography (petroleum ether: acetone =
10: 1to 5: 1) as a yellow solid (89.5 mg, 77% yield). R; = 0.4 (petroleum ether: acetone = 5: 1, v/v).'H
NMR (500 MHz, DMSO-d6, 373 K) 6 9.57 (s, 1H), 7.75 — 6.96 (m, 10H), 6.41 (s, 0.5H), 6.37 (s, 0.5H),
5.42 —5.01 (m, 5H), 4.64 (d, J = 44.0 Hz, 1H), 3.33 (d, J = 20.0 Hz, 1H), 3.22 — 3.03 (m, 2H), 2.96 —
2.82 (m, 1H), 2.11 — 2.01 (m, 3H), 1.58 — 1.45 (m, 1H), 1.31 — 0.70 (m, 13H). *C NMR (126 MHz,
DMSO-d6, 373 K) & 156.6, 154.9, 149.0, 148.7, 148.1, 148.0, 135.7, 129.8, 129.6, 127.8, 127.7, 127.6,
1275, 127.4, 127.4, 127.3, 127.2, 126.9, 126.7, 120.8, 119.6, 112.4, 111.4, 107.7, 107.1, 67.4, 67.1,

66.2, 43.9, 43.8, 43.4, 43.2, 28.8, 27.1, 26.3, 25.4, 25.3, 25.2, 25.0, 24.7, 24.6, 24.5, 22.9, 22.9, 14.6,
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14.3. HRMS (ESI): [M+H]" calculated for C3,H4CIN,O,": 579.2733; found: 579.2723. [a]3® = 45.06
(c =1.0, CHCIs). HPLC: Chiralpak 1B column, hexanes/EtOH = 90/10, 1 mL/min, 14:1 dr.
Major diastereomer: 91.5:8.5 er, tg = 12.6 min (major), 45.7 min (minor); Minor diastereomer: 83:17 er,

tz = 11.6 min (minor), 23.8 min (major)

Metacyclophanes 59

14
Me
H NH NH
Cbz’N\N
CcbZz F

5g was prepared in 0.15 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 15: 1 to 2: 1) as a yellow solid (57.2 mg, 67% yield). R¢ = 0.4 (petroleum ether: ethyl acetate
=3: 1, viv). *H NMR (500 MHz, DMSO-d6, 373 K) & 9.76 (s, 1H), 7.49 — 7.09 (m, 10H), 6.17 — 6.07
(m, 1H), 5.22 — 5.09 (m, 4H), 5.08 — 5.00 (M, 1H), 4.71 — 4.51 (m, 1H), 3.40 — 3.28 (m, 1H), 3.23 —
3.03 (M, 2H), 2.94 — 2.85 (m, 1H), 2.05 (s, 3H), 1.62 — 1.48 (m, 1H), 1.27 — 0.78 (m, 13H). °C NMR
(126 MHz, DMSO-d6, 373 K) & 157.6, 156.2, 155.7, 154.8, 149.0, 148.9, 148.7, 148.6, 147.4, 135.8,
135.4,127.7,127.7, 127.6, 127.5, 127.4, 127.3, 127.2, 127.2, 127.1, 127.0, 126.8, 126.5, 111.48 (d, J =
14.6 Hz), 110.1, 108.6, 107.7, 94.22 (d, J = 23.4 Hz), 93.83 (d, J = 23.4 Hz), 67.1, 66.9, 66.0, 43.9,
43.8, 43.4, 43.2, 29.0, 27.5, 26.4, 26.4, 255, 25.4, 25.3, 25.2, 25.1, 24.7, 24.6, 22.8, 14.2, 13.6. F
NMR (471 MHz, DMSO-d6, 373 K) & -123.0, -124.2. HRMS (ESI): [M+H]" calculated for
CaoHaoFN,4O,4": 563.3029; found: 563.3025. [a]3® = 36.41 (c = 1.0, CHCls). HPLC: Chiralpak IB
column, hexanes/isopropanol = 80/20, 1 mL/min, 1.8:1 dr.

Major diastereomer: 93.5:6.5 er, tg = 9.3 min (minor), 17.8 min (major); minor diastereomer: 94:6 er, tx

= 11.7 min (major), 25.7 min (minor)

Metacyclophanes 5h

14

Me
HNH NH
Cbz-N.
2N

cbZ Ph
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5h was prepared in 0.05 mmol scale and isolated by flash chromatography (petroleum ether; DCM:
ethyl acetate = 20: 20: 1 to 10: 10: 1) as a yellow solid (30.6 mg, 99% yield). R; = 0.7 (petroleum ether:
DCM: ethyl acetate = 2: 2: 1, viv/v). 'H NMR (500 MHz, DMSO-d6, 373 K) & 9.20 — 8.02 (m, 1H),
7.51 — 7.16 (m, 14H), 7.13 — 7.06 (m, 1H), 6.16 (s, 0.6H), 6.15 (s, 0.4H), 5.30 — 5.06 (M, 3H), 5.04 —
4.67 (m, 2H), 4.50 — 4.23 (M, 1H), 3.45 — 3.25 (m, 1H), 3.21 — 3.06 (M, 2H), 2.92 — 2.81 (m, 1H), 2.18
—2.03 (m, 3H), 1.72 — 1.55 (m, 1H), 1.31 — 0.79 (m, 13H). *C NMR (126 MHz, DMSO-d6, 373 K) &
156.3, 154.8, 147.7, 147.6, 146.5, 139.5, 137.8, 135.6, 135.5, 128.1, 127.9, 127.8, 127.7, 127 .6, 127.5,
127.3,127.3, 127.2, 126.9, 126.2, 126.0, 121.1, 120.2, 112.5, 112.3, 109.2, 109.0, 66.7, 66.4, 44.0, 43.9,
43.2, 43.1, 28.5, 27.0, 26.5, 26.3, 25.3, 25.3, 25.0, 24.7, 24.7, 24.5, 22.8, 14.6, 14.2. HRMS (ESI):
[M+H]" calculated for CaygHasN4O,": 621.3436; found: 621.3423. [a]3® = 14.03 (c = 1.0, CHCIy).
HPLC: Chiralpak 1A column, hexanes/EtOH = 90/10, 1 mL/min, 1.2:1 dr.

Major diastereomer: 99:1 er, tg = 12.8 min (minor), 17.7 min (major); minor diastereomer: >99.5:0.5 er,

tgr = 14.1 min (major), 19.1 min (minor)

Metacyclophanes 5i

14
Me
H NH NH
Cbz \IN
Cbz Cy

5i was prepared in 0.2 mmol scale and isolated by flash chromatography (DCM: ethyl acetate = 50: 1 to
5: 1) as a yellow solid (107.6 mg, 86% yield). R = 0.6 (DCM: ethyl acetate = 10: 1, v/v). *H NMR
(500 MHz, DMSO-d6, 373 K) & 10.35 — 9.88 (m, 1H), 8.15 — 7.60 (m, 10H), 6.71 (s, 0.6H), 6.69 (s,
0.4H), 5.78 — 5.45 (m, 5H), 3.91 — 3.80 (m, 1H), 3.65 — 3.53 (m, 2H), 3.45 — 3.33 (m, 1H), 3.13 - 3.03
(m, 1H), 2.58 (s, 3H), 2.32 — 1.33 (m, 25H). °*C NMR (126 MHz, DMSO-d6, 373 K) & 156.8, 156.4,
155.4, 147.7, 147.4, 146.2, 145.5, 142.7, 142.5, 135.9, 135.8, 135.7, 127.7, 127.7, 127.6, 127.5, 127.5,
127.4,127.3, 127.2, 126.9, 121.9, 120.6, 111.8, 110.6, 106.6, 105.7, 66.7, 66.2, 66.1, 59.1, 44.0, 44.0,
43.5, 43.2, 37.7, 37.5, 33.8, 33.5, 33.3, 33.0, 28.7, 27.2, 26.3, 26.3, 26.1, 26.0, 25.7, 25.5, 25.4, 25.3,
25.3, 25.3, 25.2, 24.8, 24.6, 22.9, 22.7, 20.0, 14.2, 14.0, 13.4. HRMS (ESI): [M+H]" calculated for

CagHs:N,O,": 627.3905; found: 627.3896. [a]3® = 34.66 (¢ = 1.0, CHCI;). HPLC: Chiralpak 1D
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column, hexanes/EtOH = 95/05 35 min to 80/20 20 min, 1 mL/min; tg = 26.6 min, 30.2 min, 35.5 min,
41.3 min; 12:1 dr, 89:11 er (major), 92:8 er (minor). 12:1 dr.
Major diastereomer: 89:11 er, tz = 26.6 min (minor), 41.3 min (major); minor diastereomer: 92:8 er, tg

= 30.2 min (minor), 35.5 min (major).

Determination of t;," and racemization barrier

The configurational stability of the atropisomers was determined by measuring the energy barrier of
rotation and the racemic half-life. Measurements were conducted at 1 mg/mL concentration.
Enantiomeric excess values were determined by chiral HPLC.

Metacyclophanes 5d

14
Me
H NH©/NH
Cbz \,N
Cbz

Racemization of 5d in diphenyl ether at 358 K

Time (s) ee (%) -In(ee)
1740 41.0 -3.7145
3540 40.5 -3.7016
5220 38.6 -3.6522
7740 37.7 -3.6304

21600 28.3 -3.3428
25140 255 -3.2403
29460 22.8 -3.1263
41220 17.9 -2.8830
46620 15.3 -2.7268
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Employing the Eyring equation:

Kente X h 1.100 x 1075 X 6.626 x 10734

AG, ot = —RTln( ) = —8.314 x 358 x In(

kg XT 1.381 x 10723 x 358

=122.2 kd/mol = 29.2 kcal/mol

Metacyclophanes 5e

14
Me

H NH NH
Cbz \N

Cbz Bf
Racemization of 5e in diphenyl ether at 323 K

Time (s) ee (%) de(%) -In(de)
0 93.9 93.0 -4.5331
5700 94.4 83.8 -4.4285
7440 93.6 82.6 -4.4135
16200 94.5 70.8 -4.2594
18300 94.2 68.3 -4.2238
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Employing the Eyring equation:

Kene X h) 0.8225 x 1075 X 6.626 x 10734

# __ —
AGpy* = —RTln( fo) = 8314 x323x In( X105 <323

=108.4 kJ/mol = 25.9 kcal/mol

Mechanistic studies through control experiments

Metacyclophanes 3ac

15
Ph
HN NH
N
NN,
E
Eto,¢ O

3ac was prepared in 0.02 mmol scale and isolated by flash chromatography (petroleum ether: ethyl
acetate = 10: 1 to 4: 1) as a yellow solid (6.9mg, 70% yield). R¢ = 0.3 (petroleum ether: ethyl acetate =
3: 1, viv). *H NMR (500 MHz, DMSO-d6, 373 K) 5 9.28 (s, 1H), 7.57 — 7.46 (m, 2H), 7.42 — 7.28 (m,
3H), 7.02 (d, J = 8.7 Hz, 1H), 6.30 (d, J = 8.7 Hz, 1H), 4.34 (s, 1H), 4.19 — 4.02 (m, 4H), 3.97 — 3.84
(m, 1H), 3.50 — 3.35 (m, 1H), 3.04 — 2.99 (m, 1H), 2.43 — 2.30 (m, 1H), 1.83 — 1.72 (m, 1H), 1.51 —
1.42 (m, 1H), 1.40 — 1.32 (m, 2H), 1.30 — 1.08 (m, 16H), 1.00 — 0.90 (m, 2H). *C NMR (126 MHz,
DMSO-d6, 373 K) & 155.8, 155.0, 146.0, 144.6, 136.4, 129.9, 128.4, 127.9, 126.2, 122.4, 104.0, 61.0,
60.1, 43.8, 42.9, 28.8, 27.8, 27.0, 26.6, 26.6, 24.8, 24.5, 13.6, 13.5. HRMS (ESI): [M+H]" calculated
for CsHuN4O,": 497.3123; found: 497.3118. HPLC: Chiralpak IA column, hexanes/isopropanol =

90/10, 1 mL/min; tg = 8.8 min (minor), 12.8 min (major); 66:34 er.

Metacyclophanes 3ae

HN NH

3ae was prepared in 0.05 mmol scale and isolated by flash chromatography (DCM: MeOH = 100: 1 to
20: 1) as a yellow solid (19.2 mg, 77% vyield). R¢ = 0.3 (DCM: MeOH = 20: 1, v/v)."H NMR (600

MHz, CDCly) & 7.66 — 7.59 (m, 3H), 7.58 — 7.52 (m, 3H), 7.51 — 7.46 (m, 3H), 7.40 — 7.35 (m, 1H),
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7.16 (d, J = 7.5 Hz, 1H), 6.54 (d, J = 8.9 Hz, 1H), 3.60 — 3.51 (m, 1H), 2.99 — 2.90 (m, 2H), 2.90 — 2.82
(m, 1H), 1.95 — 1.88 (m, 1H), 1.41 — 1.36 (m, 2H), 1.29 — 1.22 (m, 6H), 1.16 — 1.09 (m, 5H), 1.02 —
0.97 (m, 2H). *C NMR (151 MHz, CDCl5) & 152.6, 145.6, 134.0, 132.5, 131.8, 130.8, 129.9, 129.9,
129.2, 128.9, 128.1, 125.8, 125.2, 120.9, 116.8, 107.2, 46.8, 43.9, 28.5, 28.3, 27.7, 27.7, 26.9, 26.8,
26.0, 14.3. HRMS (ESI): [M+H]" calculated for CsH3sNsO,": 498.2864; found: 498.2858. HPLC:
Chiralpak 1B column, hexanes/isopropanol = 70/30, 1 mL/min; tz = 6.6 min (minor), 11.5 min (major);

56:44 er.

Synthesis of macrocyclic substrate 1a’

15 15
NaH, CHsl (2.5 eq.)
Ph 3 Ph
THF Mé Me
1a 1a'

To a solution of sodium hydride (60% in mineral oil, 15.0 mg, 0.375 mmol, 2.5 equiv.) in THF (1.5 mL)
was added 1a (48.4 mg, 0.15 mmol, 1.0 equiv.) at 0 <C. The reaction mixture was allowed to warm to rt
and stirred for 30 minutes. Then methyl iodide (24.0 pL, 0.375 mmol, 2.5 equiv) was added. After
stirring overnight, water was added carefully with ice-cooling and the resulting solution was extracted
with ethyl acetate. The organic phases was washed with water for three times, dried over Na,SO,, and
concentrated under vacuum to give a residue, which was purified by flash column chromatography
(petroleum ether: ethyl acetate = 50:1) to give the product 1a' as a brown solid (50.7 mg, 96% vyield).

R¢ = 0.7 (petroleum ether: ethyl acetate = 10: 1, v/v). '"H NMR (600 MHz, CDCl;) & 7.56 — 7.43 (m,
2H), 7.36 (td, J = 7.3, 1.3 Hz, 2H), 7.25 — 7.22 (m, 1H), 7.20 (t, J = 8.0 Hz, 1H), 6.87 (d, J = 8.0 Hz,
2H), 2.82 — 2.71 (m, 4H), 2.43 (s, 6H), 1.42 — 1.34 (m, 4H), 1.24 — 1.06 (m, 8H), 1.00 — 0.93 (m, 2H),
0.90 — 0.83 (m, 2H). *C NMR (151 MHz, CDCl3) & 151.6, 139.2, 132.5, 131.1, 127.6, 127.4, 125.8,
116.1, 53.5, 42.6, 27.4, 27.3, 25.8, 25.7. HRMS (ESI): [M+H]" calculated for C,;HzsN,": 351.2795;

found: 351.2784.

Synthesis of macrocyclic substrate 1a"
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15 15

NaH, CHal (1.0 eq.)
Ph 3 Ph
\
THF Mé H
1a 1a"

To a solution of sodium hydride (60% in mineral oil, 40.0 mg, 1.0 mmol, 5 equiv.) in THF (1.5 mL)
was added 1a (64.5 mg, 0.2 mmol, 1.0 equiv.) at 0 <C. The reaction mixture was allowed to warm to rt
and stirred for 30 minutes. Then a solution of methyl iodide (12.8 pL, 0.2 mmol, 1.0 equiv) in THF (0.5
mL) was added. After stirring overnight, water was added carefully with ice-cooling and the resulting
solution was extracted with ethyl acetate. The organic phases was washed with water for three times,
dried over Na,SO,, and concentrated under vacuum to give a residue, which was purified by flash
column chromatography (petroleum ether: ethyl acetate = 50:1 to 40: 1) to give the product 1a™ as a
brown solid (37.8 mg, 56% yield).

R¢ = 0.5 (petroleum ether: ethyl acetate = 20: 1, v/v). '"H NMR (600 MHz, CDCly) & 7.62 — 7.38 (m,
3H), 7.34 — 7.30 (m, 1H), 7.19 (s, 1H), 7.13 (t, J = 8.1 Hz, 1H), 6.62 — 6.56 (m, 1H), 6.54 — 6.50 (m,
1H), 3.52 — 3.43 (m, 1H), 3.07 — 2.99 (m, 1H), 2.91 — 2.80 (M, 1H), 2.63 (s, 3H), 2.45 — 2.35 (m, 1H),
1.80 — 1.71 (m, 1H), 1.66 — 1.54 (m, 2H), 1.45 — 1.37 (m, 2H), 1.34 — 1.14 (m, 6H), 1.10 — 0.88 (m,
5H).13C NMR (151 MHz, CDCls) 6 151.1, 148.0, 138.0, 128.0, 126.9, 122.7, 110.6, 109.1, 52.8, 45.3,
40.2, 31.5, 28.2, 28.1, 27.0, 26.9, 25.7, 25.6, 23.0. HRMS (ESI): [M+H]" calculated for CpHa3N,":

337.2639; found: 337.2627.

Asymmetric reactions of substrate 1a' and 1a"

15
15 Cbz CPA (R)-A11
+ N:N/ (10 mol%) Ph
Ph cvy 00000 Tttt > N N=R'
N~ ::: N CCly, -20 °C R? NHCb
R2 R‘1 N~ z
3A Ms Noz
1a",R'=R2=Me 3a’, R"=R? = Me, N.D.
1a",R'=Me, RZ=H 3a",R'=Me, RZ=H, N.D.
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To a precooled solution of 1a' or 1a" (0.05 mmol, 1.0 equiv.), CPA (R)- A1l (0.005 mmol, 10 mol%)
and 3A MS in CCl, (1 mL, 0.05 M) was added 2a (0.0.05 mmol, 1.0 equiv.) at -20 °C. However, after

stirring for 48 hours, no desired products 3a" or 3a"" were isolated from the reaction mixture.

Synthesis of macrocyclic substrate 13a and 13a’

Ph Ph Ph

H H NaH, CHal (2.5 eq.) | | HCIEA | | NaH,CHjl (1.0eq) | |
THF THF

S5 13a 13a’

To a solution of sodium hydride (60% in mineral oil, 18.0 mg, 0.75 mmol, 2.5 equiv.) in THF (1.5 mL)
was added S5 (115.4 mg, 0.3 mmol, 1.0 equiv.) at 0 <C. The reaction mixture was allowed to warm to rt
and stirred for 30 minutes. Then a solution of methyl iodide (48.0 pL, 0.75 mmol, 2.5 equiv) in THF
(1.5 mL) was added. After stirring overnight, water was added carefully with ice-cooling and the
resulting solution was extracted with ethyl acetate. The organic phases was washed with water for three
times, dried over Na,SO, and concentrated under vacuum to give a residue, without further
purification.

The residue was dissolved into HCI/EA (1.0 M) and stirred. After stirring overnight, NH4CI (aq) was
added carefully with ice-cooling and the resulting solution was extracted with ethyl acetate. The
organic phases was washed with water for three times, dried over Na,SO,, and concentrated under
vacuum to give a residue, which was purified by flash column chromatography (petroleum ether: ethyl
acetate = 10:1 to 5: 1) to give the product 13a as a brown solid (63.1 mg, 99% yield).

13a, *H NMR (600 MHz, CDCl3) § 7.51 (dd, J = 8.4, 6.9 Hz, 2H), 7.43 — 7.36 (m, 1H), 7.31 — 7.27 (m,
2H), 7.21 (t, = 8.1 Hz, 1H), 6.21 (d, J = 8.1 Hz, 2H), 3.31 (s, 2H), 2.73 (s, 6H). *C NMR (151 MHz,
CDCl;) & 147.0, 135.6, 131.5, 130.1, 129.5, 128.0, 112.5, 100.4, 31.1. HRMS (ESI): [M+H]"
calculated for C,4H;7N,": 213.1387; found: 213.1384.

To a solution of sodium hydride (60% in mineral oil, 9.0 mg, 0.375 mmol, 2.5 equiv.) in THF (1.5 mL)
was added 13a (31.8 mg, 0.15 mmol, 1.0 equiv.) at 0 <C. The reaction mixture was allowed to warm to
rt and stirred for 30 minutes. Then a solution of methyl iodide (8.6 uL, 0.135 mmol, 0.9 equiv) in THF
(1.5 mL) was added. After stirring overnight, water was added carefully with ice-cooling and the
resulting solution was extracted with ethyl acetate. The organic phases was washed with water for three

times, dried over Na,SO,, and concentrated under vacuum to give a residue, which was purified by
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flash column chromatography (petroleum ether: ethyl acetate = 50:1 to 20: 1) to give the product 13a’
as a yellow solid (14.1 mg, 42% vyield)

13a’, 'H NMR (600 MHz, CDCl3) & 7.46 (t, J = 7.6 Hz, 2H), 7.38 — 7.30 (m, 3H), 7.23 (t, J = 8.1 Hz,
1H), 6.55 (d, J = 8.1 Hz, 1H), 6.42 (d, J = 8.1 Hz, 1H), 3.67 (s, 1H), 2.74 (s, 3H), 2.45 (s, 6H). °C
NMR (151 MHz, CDCly) 6 152.5, 147.6, 137.7, 131.2, 129.1, 128.9, 126.9, 120.8, 107.7, 104.5, 43.9,

31.2. HRMS (ESI): [M+H]" calculated for C,5H1gN,": 227.1543; found: 227.1538.

Asymmetric reactions of substrate 13a and 13a’

Ph CPA (R)-A11 | Pho
| | Cbz (10 mol%) r2N Negi
N NJ =N/ —_————
R2 R1 + N=N Cbz
cb? CCly, -20 °C r}r
3AMS _NH
Cbz
13a,R'=R2=H 14a,R'=R2=H, 59 %
13a’,R'=Me, R?=H 14a', R' = Me, R? = H, 50 %

To a precooled solution of 13a or 13a’ (0.05 mmol, 1.0 equiv.), CPA (R)- A1l (0.005 mmol, 10 mol%)
and 3A MS in CCl, (1 mL, 0.05 M) was added 2a (0.0.05 mmol, 1.0 equiv.) at -20 °C. After stirring
48h, water was added carefully with ice-cooling and the resulting solution was extracted with ethyl
acetate. The organic phases was washed with water for three times, dried over Na,SO, and
concentrated under vacuum to give a residue, which was purified by flash column chromatography
(petroleum ether: ethyl acetate = 20:1 to 10: 1) to give the product 14a as a yellow oil (15.1 mg, 59%
yield) or 14a’ as a yellow oil (13.1 mg, 50% yield).

14a, *H NMR (600 MHz, CDCl3) & 7.58 — 7.27 (m, 16H), 6.33 — 6.07 (m, 1H), 5.34 — 5.01 (m, 4H),
3.56 — 3.39 (m, 1H), 2.72 (s, 3H), 2.45 — 2.16 (m, 3H).*C NMR (151 MHz, CDCly) & 156.2, 147.6,
145.2, 141.0, 136.3, 135.7, 131.4, 131.1, 129.7, 128.7, 128.7, 128.6, 128.5, 128.4, 128.3, 128.1, 127.9,
127.7, 127.1, 68.3, 67.9, 34.6, 30.8. HRMS (ESI): [M+H]" calculated for CsH3;N,O,": 511.2340;
found: 511.2336.

14a’, *H NMR (600 MHz, CDCl3) & 7.55 — 7.27 (m, 16H), 6.50 — 6.10 (m, 1H), 5.27 — 5.02 (m, 4H),
3.51 (s, 1H), 2.71 (s, 3H), 2.36 — 2.16 (m, 6H). *C NMR (151 MHz, CDCl) & 156.2, 147.9, 147.3,
136.6, 136.4, 135.9, 131.2, 130.3, 129.2, 129.0, 128.7, 128.7, 128.7, 128.6, 128.5, 128.4, 128.3, 128.1,
128.0,127.8,127.1, 125.5, 68.1, 67.7, 43.6, 30.9. HRMS (ESI): [M+H]" calculated for C3;H33N,O,":

525.2497; found: 525.2499.
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Derivatizations of the chiral products

Metacyclophanes 7a

15 NBS & KOH 15
Ph ph Ph
HN\@NH DCM HNH'\& EtOH HNUNH
Cbz Br N/\ Z Br
N-\H ~NH
Cbz” Cbz
3a, 95.5:4.5er L 6a _ 7a, 87%, 93.5:6.5 er

To solution of 3a (31.0 mg, 0.05 mmol, 1.0 equiv.) in DCM (2 mL) was added NBS (9 mg, 0.05 mmol,
1.0 equiv.) at -40 °C. After stirring at -40 °C for 4 h, the reaction mixture was warmed to room
temperature, poured into water and extracted with EtOAc for 3 times. The combined organic layer was
dried over Na,SO,, filtered and concentrated in vacuo to give a residue, which was purified by flash
chromatography (petroleum ether/ethyl acetate = 5:1) to afford the product 6a as yellow oil.

To solution of 6a in EtOH (2 mL) was added KOH (22 mg, 0.4 mmol, 10 equiv.) and the mixture was
warmed to 78 °C and allowed to stir for 20 h. After completion of this reaction as monitored by TLC,
the reaction mixture was cooled to room temperature, poured into water and extracted with EtOAc for
3 times. The combined organic layer was dried over Na,SO,, filtered and concentrated in vacuo to give
a residue, which was purified by flash chromatography (petroleum ether/ethyl acetate = 50:1 to 20:1) to
afford the product 7a (17.5 mg, 87% for two steps) as a yellow solid.

R¢ = 0.6 (petroleum ether: ethyl acetate = 10: 1, v/v).'"H NMR (600 MHz, CDCls) & 7.60 — 7.41 (m,
3H), 7.38 (ddd, J = 8.7, 7.3, 1.5 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H), 7.16 (s, 1H), 6.39 (d, J = 8.8 Hz, 1H),
3.45 (ddd, J = 15.0, 8.0, 2.8 Hz, 1H), 3.00 (ddd, J = 14.9, 7.5, 3.1 Hz, 1H), 2.90 (ddd, J = 14.6, 6.6, 5.5
Hz, 1H), 2.64 (ddd, J = 14.6, 7.3, 5.5 Hz, 1H), 1.85 — 1.76 (m, 1H), 1.71 (s, 1H), 1.44 — 1.28 (m, 5H),
1.22 — 0.97 (m, 10H). *C NMR (151 MHz, CDCly) & 147.0, 145.7, 136.5, 132.1, 127.8, 120.6, 108.6,
104.8, 45.9, 44.8, 30.6, 30.3, 28.3, 27.9, 27.4, 27.2, 25.8, 25.7. HRMS (ESI): [M+H]" calculated for
C,H3BrN,": 401.1587; found: 401.1576. [a]3® = 15.10 (¢ = 1.0, CHCIs). HPLC: Chiralpak IC

column, hexanes/isopropanol = 98/02, 1 mL/min; tz = 5.2 min (minor), 6.9 min (minor); 93.5:6.5 er.

Metacyclophanes 9a
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15
o H,, Pd/C Boc.O 15
HN NA Ph EtsN Ph
Cbz HN\@NH HN NH
CbZ;NH NH, NHBoc
8a
3a, 95.5:4.5 er 9a, 85%, 95:5 er

To a solution of 3a (18.1 mg, 0.05 mmol, 1.0 equiv.) in THF (2 mL) was added Pd/C (5 mg, 10 wt %),
and the flask was evacuated and purged with H, fort 3 times. After stirring at room temperature under
H, atmosphere (1 atm) for 4 hours, Boc,O (12.9 uL, 0.055 mmol, 1.1 equiv.), NEt; (20.8 uL, 0.15
mmol, 3.0 equiv.) was added under H,, the mixture was allowed to stir for another 5 hours. After
completion, the mixture was filtered through Celite and concentrated under vacuum to give a residue,
which was purified by column chromatography (petroleum ether/ethyl acetate = 20:1 to 5:1) to give the
product 9a as a yellow solid (18.5 mg, 85 % vyield).

R: = 0.5 (petroleum ether: ethyl acetate = 3: 1, v/v). '"H NMR (600 MHz, CDCl5) & 7.66 (s, 1H), 7.61 —
7.47 (m, 3H), 7.46 — 7.39 (m, 1H), 7.13 (d, J = 7.6 Hz, 1H), 6.82 (s, 1H), 6.52 (d, J = 8.9 Hz, 1H), 3.50
(ddd, J = 14.9, 6.0, 3.1 Hz, 1H), 2.96 — 2.86 (m, 2H), 2.84 — 2.75 (m, 1H), 1.92 — 1.82 (m, 1H), 1.50 (s,
9H), 1.35 — 1.08 (m, 14H), 1.02 — 0.92 (m, 2H). *C NMR (151 MHz, CDCly) & 135.6, 132.4, 130.4,
129.9, 129.4, 128.2, 47.2, 44.6, 30.0, 29.8, 28.6, 28.3, 27.9, 27.6, 27.4, 26.7, 25.8. HRMS (ESI):
[M+H]" calculated for C,HsN;O,": 438.3116; found: 438.3103. [a]3® = -23.44 (c = 1.0, CHCIy).
HPLC: Chiralpak 1A column, hexanes/isopropanol = 98/02, 1 mL/min; tg = 9.5 min (minor), 14.4 min

(major); 95: 5 er.

Metacyclophanes 10a

H,, Pd/C 15 Dl 15
Ph — —
HN NH Ph Ph
ﬁ HN@NH HN@N
N=Cbz N)=O
CNH NH,
Cbz H
8a
3a, 95.5:14.5 er 10a, 77%, 93.5:6.5 er

To a solution of 3a (31.0 mg, 0.05 mmol, 1.0 equiv.) in THF (2 mL) was added Pd/C (5 mg, 10 wt %),
and the flask was evacuated and purged with H, fort 3 times. After stirring at room temperature under
H, atmosphere (1 atm) for 4 hours, the mixture was filtered through Celite under N, atmosphere and
concentrated in vacuo to give a residue 8a.
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To solution of 8a in THF (2 mL) was added CDI (16.2 mg, 0.1 mmol, 2 equiv.) and the mixture was
stirred at room temperature for 24 h. After completion of this reaction as monitored by TLC, the
mixture was poured into water and extracted with EtOAc for 3 times. The combined organic layer was
dried over Na,SO,, filtered and concentrated in vacuo to give a residue, which was purified by flash
chromatography (petroleum ether/ethyl acetate = 10:1 to 2:1) to afford the product 10a (13.9 mg, 77%
for two steps) as a yellow solid.

R¢ = 0.2 (petroleum ether: ethyl acetate = 3: 1, v/v). 'H NMR (600 MHz, CDCl5) & 9.41 (s, 1H), 7.80 (d,
J=7.6Hz, 1H), 7.56 (t, J = 7.4 Hz, 1H), 7.51 — 7.40 (m, 2H), 7.15 (d, J = 7.4 Hz, 1H), 6.97 (dd, J =
8.5, 1.8 Hz, 1H), 6.61 (d, J = 8.5 Hz, 1H), 3.91 (ddd, J = 14.4, 10.2, 4.3 Hz, 1H), 3.56 (dt, J = 14.9, 4.1
Hz, 1H), 3.04 (ddd, J = 14.9, 10.3, 2.7 Hz, 1H), 2.70 (dt, J = 14.4, 4.7 Hz, 1H), 1.95 — 1.86 (m, 1H),
1.72 (s, 1H), 1.48 — 1.40 (m, 1H), 1.35 — 1.22 (m, 5H), 1.15 — 1.01 (m, 4H), 0.98 — 0.91 (m, 1H), 0.89 —
0.82 (m, 1H), 0.73 — 0.59 (m, 3H). *C NMR (151 MHz, CDCly) 5 157.5, 134.6, 133.2, 129.8, 129.6,
128.8, 128.5, 128.4, 109.4, 45.3, 41.6, 29.8, 28.7, 27.9, 27.7, 27.2, 26.2, 24.4, 24.4. HRMS (ESI):
[M+H]" calculated for C,sH3oN3;O': 364.2384; found: 364.2380. [a]3® = -18.77 (c = 1.0, CHCIy).
HPLC: Chiralpak IA column, hexanes/isopropanol = 90/10, 1 mL/min; tzg = 9.9 min (major), 17.8 min

(minor); 93.5:6.5 er.

Metacyclophanes 11a

15 . 15
H,, Pd/C 15 triphosgene
Ph — — Ph
HN NFi 0 \@:
N,Cbz ﬁ ﬁ/ § o
Cby _NH NH, cl H
8a 11a, 70%, 95:5 er
3a, 95.5:4.5 er

To a solution of 3a (31.0 mg, 0.05 mmol, 1.0 equiv.) in THF (2 mL) was added Pd/C (5 mg, 10 wt %),
and the flask was evacuated and purged with H, fort 3 times. After stirring at room temperature under
H, atmosphere (1 atm) for 4 hours, the mixture was filtered through Celite under N, atmosphere and
concentrated in vacuo to give a residue 8a.

To solution of 8a in DCM (2 mL) was added triphosgene (14.8 mg, 0.05 mmol, 1.0 equiv.), NEt; (34.7
ulL, 0.25 mmol, 5.0 equiv.) at rt, and the mixture was stirred at room temperature for 3 h. After

completion of this reaction as monitored by TLC, the mixture was poured into water and extracted with
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EtOAc for 3 times. The combined organic layer was dried over Na,SO,, filtered and concentrated in
vacuo to give a residue, which was purified by flash chromatography (petroleum ether/ethyl acetate =
10:1 to 2:1) to afford the product 11a (14.9 mg, 70% for two steps) as a yellow solid.

R¢ = 0.5 (petroleum ether: ethyl acetate = 3: 1, v/v). *H NMR (600 MHz, CDCls) & 10.66 (s, 1H), 7.60
—7.36 (M, 4H), 7.21 — 7.12 (m, 2H), 6.95 (d, J = 8.0 Hz, 1H), 4.09 — 3.95 (m, 2H), 3.59 — 3.46 (M, 1H),
2.86 — 2.74 (m, 1H), 1.52 — 1.36 (m, 3H), 1.29 — 1.05 (m, 10H), 0.88 — 0.73 (m, 2H), 0.68 — 0.55 (m,
1H). ®C NMR (151 MHz, CDCl3) & 157.9, 149.4, 133.6, 132.7, 129.6, 129.5, 129.0, 128.6, 128.2,
127.6, 125.0, 124.5, 109.1, 52.0, 41.5, 29.8, 27.3, 26.8, 26.2, 25.2, 25.1, 24.9, 23.0. [M+H]" calculated
for C4H20CIN;O,": 426.1943; found: 426.1941. [a]3® =-9.21 (c = 1.0, CHCI3). HPLC: Chiralpak IB

column, hexanes/EtOH = 95/05, 1 mL/min; tz = 18.3 min (major), 19.7 min (minor); 95:5 er.

Metacyclophanes 12a

15 1) NaNO,, HOAG -
Hp, Pd/C 15 2) Zn, MeOH
AN % Ph ph
N=Cbz N
ONH NH,
Cbz
8a

12a, 68%, 93:
3a,95.5:4.5er a, 68%, 93:7 er

To a solution of 3a (31.0 mg, 0.05 mmol, 1.0 equiv.) in THF (2 mL) was added Pd/C (5 mg, 10 wt %),
and the flask was evacuated and purged with H, fort 3 times. After stirring at room temperature under
H, atmosphere (1 atm) for 4 hours, the mixture was filtered through Celite under N, atmosphere and
concentrated in vacuo to give a residue 8a.

To solution of 8a in AcOH (0.5 mL) was added NaNO, (5.2 mg, 0.075 mmol, 1.5 equiv.). After stirring
for 30 min, Zn powder (65 mg, 1.0 mmol, 20 equiv.) and MeOH (1 mL) was added, and the mixture
was allowed to stir for 2h. After completion of this reaction as monitored by TLC, the mixture was
quenched by adding saturation Na,CO; solution and extracted with EtOAc for 3 times. The combined
organic layer was dried over Na,SO,, filtered and concentrated in vacuo to give a residue, which was
purified by flash chromatography (petroleum ether/ethyl acetate = 20:1 to 5:1) to afford the product
12a (11.9 mg, 68%) as a yellow solid.

R¢ = 0.5 (petroleum ether: ethyl acetate = 3: 1, v/v). *H NMR (600 MHz, CDCly) & 7.87 (d, J = 9.0
Hz, 2H), 7.66 — 7.50 (m, 2H), 7.47 (t, J = 7.5 Hz, 1H), 7.14 (s, 1H), 7.01 (d, J = 9.0 Hz, 1H), 4.47 (ddd,
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J=14.0,9.6,4.2 Hz, 1H), 3.72 — 3.55 (m, 2H), 3.09 (ddd, J = 14.5, 10.6, 3.2 Hz, 1H), 1.91 — 1.80 (m,
1H), 1.48 — 1.29 (m, 6H), 1.19 — 1.13 (m, 1H), 1.07 — 1.00 (m, 2H), 0.96 — 0.89 (m, 2H), 0.71 — 0.67
(m, 1H), 0.60 — 0.50 (m, 1H), 0.50 — 0.36 (M, 1H), -0.19 — -0.32 (m, 1H). *C NMR (151 MHz, CDCls)
6 145.6, 141.5, 134.1, 134.1, 132.9, 130.2, 128.6, 128.2, 119.5, 115.5, 107.2, 49.2, 44.8, 28.8, 28.1,
28.1, 27.4, 27.1, 27.1, 25.0, 24.0. HRMS (ESI): [M+H]" calculated for C,,H,oN,": 349.2387; found:
349.2367. [a]3® = -26.07 (c = 1.0, CHCI;). HPLC: Chiralpak IB column, hexanes/isopropanol =

95/05, 1 mL/min; tg = 10.0 min (major), 11.9 min (minor); 93: 7 er.
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X-Ray structures

The compound 5e (5 mg) was dissolved in Tol. and MTBE (0.5 mL) at room temperature, which was
filtered through the filter membrane into a vial. The single crystal of 5e was obtained by slowly

evaporating the solvent at room temperature.
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Figure S1. X-ray structure of 5e (CCDC number 2500738)
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Table S2. Crystal data and structure refinement for 5e.

Identification code

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

/e

Volume/A®

Z

Peaicg/em’

wmm™*

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A’
Flack parameter

C48H59F6NZO7

889.97

299.0

monoclinic

P2./c

9.808(2)

30.241(6)

16.042(3)

90

102.515(7)

90

4645.4(16)

4

1.273

0.539

1884.0

0.1 <0.1 x0.1

GaKa (A= 1.34138)

5.084 t0 113.93
-12<h<12,-37<k<23,-19<1<20
46824

9463 [Rin; = 0.0775, Rigma = 0.0687]
9463/0/582

0.955

R; =0.0597, wR, = 0.1539
R; =0.0927, wR, = 0.1723
0.53/-0.32

0.06(4)
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The compound 11a (5 mg) was dissolved in Tol. and MTBE(0.5 mL) at room temperature, which was
filtered through the filter membrane into a vial. The single crystal of 11a was obtained by slowly

evaporating the solvent at room temperature.
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Figure S12. X-ray structure of 11a (CCDC number 2500739)
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Table S3. Crystal data and structure refinement for 11a

Identification code

Empirical formula C24H2CIN3O,

Formula weight 425.94

Temperature/K 150.0

Crystal system triclinic

Space group P-1

alA 8.6243(3)

b/A 9.9669(3)

c/lA 16.1910(5)

al® 78.7430(10)

B/° 82.7240(10)

vlI° 82.149(2)

Volume/A® 1344.99(7)

Z 2

0 cacg/cm’ 1.052

u/mm™* 0.932

F(000) 452.0

Crystal size/mm® 01 X 0.1 X 0.1
Radiation GaKa (A =1.34138)
2® range for data collection/° 4.868 to 107.798

Index ranges A0S h<9,- 11l <sk=<1,-19< 1| <19
Reflections collected 10406

Independent reflections 4762 [Rin; = 0.0573, Ryigma = 0.0843]
Data/restraints/parameters 4762/0/271
Goodness-of-fit on F2 1.057

Final Rindexes [I>=20 (I)] R;=0.0656, wR, =0.1955
Final R indexes [all data] R; =0.0732, wR, = 0.2041

Largest diff. peak/hole /e A®  0.58/-0.47
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HPLC traces
Metacyclophanes 3a

15
Ph
HN@NH
.Cb
N
Cbz-NH
Chiral HPLC spectrum of rac-3a

210+ DAD1 A, Sig=254,100 Ref=360,100

2
2
11.907

12,876

mal
=
2

10 105 1 115 12 125 13 135 14 145 15 155 16
Time [rmin]

RT [min] Width [min] Area Height Area%

11.907 0.4035 3449.3264 142.4593 49.1289

12.876 0.4387 3571.6472 135.6884 | 50.8711

Chiral HPLC spectrum of 3a

o DAD1 A, Sig=254,100 Ref=360,100
1054
100-

-
=]
13167

maALl
@
=]

=
12.174

0 105 11 15 12 125 13 135 14 w5 15 155 15
Time [min]

RT [min] Width [min] Area Height Area%

12.174 0.3040 51.5702 2.0393 3.0533

13.167 0.4041 1637.4069 60.4380 96.9467



Metacyclophanes 3b

Chiral HPLC spectrum of rac-3b

mAL

Chiral HPLC spectrum of 3b

mAL

Ph

DAD1 A, Sig=254,100 Ref=360,100

10.859

C))fo\/@/c'

19.162

5 1B 17
Time [min]

13

%

RT [min]

Width [min]

Area

Height

Area%

10.859

0.7974

1353.0159

24.1583

51.3009

224

19.162

1.1269

DAD1 A, Sig=254,100 Ref=360,100

10473

1284.3962

5 16 17
Tirme [min)

18

13.4406

Lu{ss

48.6991

£

19 20

21 2 B

%

RT [min]

Area

Height

Area%

10.473

766.9416

13.9076

96.2381

18.459

29.9794

0.5474

55

3.7619
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Metacyclophanes 3c

15 M
AN~ =S
_Cb
N‘NHZ
Cbz”

Chiral HPLC spectrum of rac-3c

i DaD1 B, Sig=254.4 Ref=off
3804

3604
3404
3204
300+
2804
260+
2404
2204
2004
1804
1604
140+
1204
100+

&0+

604

404

204

7413

maL

18.733

-204

7 13

1% 15 16 17 18 19 20

Time [min]

i

RT [min] Width [min]

Area

Height

7.413 0.2047

3278.8667

244.1093 49.9322

18.733 0.6266

Chiral HPLC spectrum of 3c

DAl B, Sig=254 .4 Ref=off
380

360
340
320+
300
280+
260+
240
220+
200
1804
1604
1404
1204
1004

804

604

404

204

47279

mal

3287.7776

80.8259 50.0678

>ﬁ18 32

2

-204

12 13

1 15 18 17 18 19 20

Time [min)

21

RT [min] Width [min]

Area

Height

1.279

0.2010

3492.6609

262.8201

95.4477

18.320

0.5181

166.5793

4.2801

56

4.5523
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Metacyclophanes 3d

Chiral HPLC spectrum of rac-3d

maALl

Chiral HPLC spectrum of 3d

mal

3404
320
300+

260+
2404
2204
200+

160-
140-
120-
100+

tB

N\
_NH
Cbz

DAD1 A, Sig=254 100 Ref=360,100

11.804

>16 191

10

105 11

115 12 125 13

135

14

145 15

155

% 185 17 175

Time [min)

18

185 19

165

RT [min]

Width [min]

Area

Area%

11.904

0.3265

8520.4688

309.1951

50.2354

240+
2304
2204
2104
200+
190+
180+
170+
1604
150+

100+

16.191

0.4436

DAD1 A, Sig=234,100 Ref=360,100

Bo o3y
Lﬁ?o:ﬁ

125 B

B8440.6162

223.4819

49.7646

135

13

145 15
Time [min]

155

16 185 17 175

13

RT [min]

Width [min]

Area

Height

12.203

0.4239

377.8768

14.8566

5.1185

16.425

0.4199

7004.6348

195.7961

94.8815
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Metacyclophanes 3e

15 F
HNNH
_Cbz
N\
NH
Cbz”

Chiral HPLC spectrum of rac-3e

DAD1 B, Sig=254 4 Ref=off

2
x10 %
3.4+
32

2.8+
261
2.4+
rlvay

17.665

1.6
1.4
1.2

0.8+

0.6

0.24

T T — T T T T T T NP B —| LY LS B S E— —T
65 7 75 8 85 9 95 10 105 11 115 12 125 13 13.5 14 145 15 155 16 165 17 17.5 18 185 19 19.5 20

Time [min]
RT [min] Width [min] Area Height Area%
8.460 0.2325 4972.7520 332.4079 50.0154
17.665 0.5409 4969.6841 142.4897 49.9846

Chiral HPLC spectrum of 3e

DAD1 B, Sig=254 4 Ref=off

x10 2 S
36 5
3.4
324

28
26
244
224

mal

1.8+
1.6+
1.44
1.249

0.8+
0.6

0.4+
0.2+

>017 715

T — T T T T T T T T T T T T T T T T T T T T T T T
65 7 75 8 85 9 95 10 105 11 115 12 125 13 135 14 145 15 155 16 165 17 175 18 185 19 195 20
Time [min]

RT [min] Width [min] Area Height Area%
8473 0.2308 5200.4927 347.1692 96.1957
17.715 0.5132 205.6664 5.8632 3.8043
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Metacyclophanes 3f

15 Cl

_Cb
N
Cbz-NH

HN

Chiral HPLC spectrum of rac-3f

DAD1 B, Sig=254,4 Ref=off

-1
=
ra
432

i
12.316

mAl
=
hd

0.8+
0.7+
0.6
0.5
0.44
0.3+
0.24
014

T T T T T T T T T T T T T T
105 11 115 12 125 13 135 14 145 15 155 16 165 17

Time [min]

w-
ol
wn
o

T
65 7 75 8 85

RT [min] Width [min] Area Height Area%
9.432 0.2939 3305.6104 172.2102 50.0827
12.316 0.3970 3294.6946 126.8561 49.9173

Chiral HPLC spectrum of 3f

DAD1 B, Sig=254 4 Ref=off

x10 24

457

1.8+
1.7
1.6
1.5
1.4+
1.34
1.24
1.1+

mAU
i

0.94
0.8
0.7
0.6
0.54
0.4+
0.34

m
3
0.2
0.1

T T T T T T T T T T T T
8.5 7 75 8 8.5 9 95 10 105 11 115 12 125 13 135 14 145 15 155 16

Time [min]
RT [min] Width [min] Area Height Area%
9.593 0.2929 297.7907 15.8747 6.0076
12.457 0.4010 4659.1004 177.0538 93.9924
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Metacyclophanes 3g

15 Br

()

g

.Cb
Nk
Cbz-NH

HN

Chiral HPLC spectrum of rac-3g

DAD1 A, Sig=2%4,100 Ref=360,100

650
6254
600+
3754
550+
5254
5004
475~
450+
425
400+
3754
3504
3254
300+
2754
2504
2254
200+
1754
150+
1254
1004
754
504
254

0z4

maL

17.65

-254 |
7T 75 8 85 9 95 10105 11 115 12 125 13 135 14 145 15 155 16 165 17 17.5 18 185 18 195 20 205 1
Time [min]

Chiral HPLC spectrum of 3g

mall

RT [min]

Width [min]

Area

Height

Area%

9.024

0.2101

8799.5752

516.8346

50.4360

3804
3604
340+
320+
300+
2804
2604
240+
220+
2004
1804
1604
140+
1204
1004
804
604
40+
204
04
=20+
-40-‘
i

17.650

LAD1 A, Sig=2%4.1

9,048

75 & 85 9

0.4005

00 Ref=360,100

8647.4502

253.8306

49,5640

>‘18.333

95 10 105 11 115 12 125 13 135 14 146 15 155 16 165 17 17.5 18 186 10 195 20 20.6 21

Time [min]

RT [min]

Width [min]

Area

Height

Area%

9.048

0.2272

5296.2275

305.5137

89.7823

18.333

0.4153

602.7365

17.0753
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Metacyclophanes 3h

15 MeO

()

=

_Cbz
N\
Cbz-NH

HN

Chiral HPLC spectrum of rac-3h

DAD A, $ig=254,100 Ret=360,100
4404

4204
4004
3804
3604
340+
3204
3004
2804
260+
2404
2204
2004
1804
160+
1404
1204
1004

804

B0+

40+

204

mal
5.284

11.294

=204
40+ |
5 55 6 65 7 75 & 85 O 95 10 105 11 1156 12 125 13 135 14 145 15 155 16 165 17
Time [min]

RT [min] Width [min] Area Height Area%
8.284 0.2459 42100132 205.1597 49.9542
11.394 0.3396 4217.7378 149.9837 50.0458

Chiral HPLC spectrum of 3h

DAD1 A, Sig=254,100 Ref=360,100
5504

5254
5004
4754
450+
4254
4004
375+
3804
325+
3004
2754
2504
2254
200+
1754
1504
1254
100+
754
S04
254

0 4
=254
501 |

5 55 6 65 7 75 8 85 9 95 10 105 11 115 12 125 13 135 13 145 15 155 16 165 17
Tirne [min]

11.223

mal

261

RT [min] Width [min] Area Height Area%
8.261 0.3273 1073.5323 54 6650 8.7086
11.223 0.3275 11253.7627 408.4196 91.2014
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Metacyclophanes 3i

15 CF3

()

NH
O N,Cbz

Cbz-NH

HN

Chiral HPLC spectrum of rac-3i

DAD1 A, Sig=254,100 Ref=360,100

708

585

malL
b
13
=]

5 55 ] 65 7 75 3 85 E 95 0 105 T
Tirme [min]

RT [min] Width [min] Area Height Area%

6.706 0.2152 5248.0200 347.5489 49.9052

8.585 0.2676 5267.9551 256.9937 50.0948

Chiral HPLC spectrum of 3i

DAD1 A, 5ig=254 100 Ref=360,100
2204

2104
200+
1804
1804
170+
160+
1504

#.306

130-

malL
=
S

55

5 55 § 65 7 75 3 85 g a5 0 105 1 115
Time [min]

RT [min] Width [min] Area Height Area%

6.550 0.2335 360.8478 25.7563 10.2445

8.396 0.3245 3161.5188 162.3886 89.7555
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Metacyclophanes 3j

Me
15
HN a NH
.Cb
Nans
Cbz-NH

Chiral HPLC spectrum of rac-3j

6504
6254
600+
3754
5504
5254
500+
4754
450+
4254
400+
3754
3504
3254
3004
275
2504
2254
200+
1754
150+
1254
100+

754

504

254

mAL

-254

9504
300+
850
800
750+
700
650
600
550
500
4504
400+
3501
300+
250
200+
150+
100+

50+

mall

DAD1 A, Sig=254,100 Ref=360,100

"
2
Y
(=3
b
3
& 9 1 11 12 13 14 15 16 17 18 18 20 21 22 25 24 25 26 27
Time [min]
RT [min] Width [min] Area Height Area%
8.503 0.2420 6619.4453 410.8215 50.1305
24.539 0.6191 6584.9907 124.7032 49.8695
Chiral HPLC spectrum of 3j
DAD1 A, Sig=254,100 Ref=360,100
3
3
P
7 & 8 1o 11 12 13 14 15 16 17 13 18 20 H 22 25 24 5 ;I
Time [min]
RT [min] Width [min] Area Height Area%
8.441 0.2399 117737012 747.1131 89.3309
24.030 0.8404 1406.1808 27.8886 10,6691
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Metacyclophanes 3k

HN

N\
Cbz-NH

Chiral HPLC spectrum of rac-3k

440- DAD1 A, Sig=254, 100 Ref=360 100

420
400+
3804
3604
340
3204
3004
2804
2604
2404
2204
2004
1804
160+
1404
1204
100+

804

604

40

10494

mAl

22.481

20+

04

7 8 9 10 11 12 12 14 15 16 17 18 19 20 21
Tirne [min]

2 23 M 5

RT [min] Area Height

Area%

10.494 5794.4956 287.5751

50.2897

22.481 5727.7275 126.3762

Chiral HPLC spectrum of 3k

DAD1 A, Sig=254.100 Ref=360,100
6504

600+

10,068

350+

500+

450+

400+

3504

300+

mAL

250+

2004

150+

1004

49.7103

504
04

0 11 12 13 14 15 18 17 18 18 20 21
Time [min]

22 P&l 24 5

Area Height

Area%

11527.0400 552.3176

98.7740

143.0754 2.8672
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Metacyclophanes 3l

HN NH

N\
Cbz-NH

Chiral HPLC spectrum of rac-3l

DAD1 A, Sig=254,100 Ref=360,100
x10 24 2
24
18-
18
1.74
164
154
144
134
1.2
114
14
0.94
0.8
0.74
064
05
0.4+
034
0.24
0.1
0=
-0.14
7 75 & 85 9 95 1010511 11512 135 13 135 14 14.5 15 15.5 16 165 17 175 18 185 19 195 20 205 21 215 22
Tirne [min]

0.98

19,959

maL

RT [min]

Width [min]

Area

Height

Area%

10.989

0.2526

3909.2754

199.7023

50.4760

19.959

0.4476

Chiral HPLC spectrum of 3l

malL
s
=

7 75 & 85 ¢ 95 1010511 11512 135 13 135 13 145 15 155 16 16.5 17 175 13 185 19 195 20 205 21 215 22

DAD1 A, Sig=254.100 Ref=360,100
z

&
-
=}

3923.8398

102.6243

49.5240

>o|g 497

Time [min]
RT [min] Width [min] Area Height Area%
10.736 0.2299 8676.0830 446.0255 93.8215
19.497 0.4234 571.3498 15.7985 6.1785
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Metacyclophanes 3m

NH

14

Ph

NH

Cb
N z

Cbz-NH

Chiral HPLC spectrum of rac-3m

4404
4204
4004
3804
3604
340+
3204
3004
2804
2604
2404
2204
200+
1804
160+
1404
1204
100+

804

B0+

40+

mALl

_DAD1 A, Sig=254,100 Ref=360,100

10.27

13.691

=204
404

11

M5 12 125

13

Time [min]

135 14

145

15

185

1%

185

RT [min]

Width [min]

Area

Area%

10.270

0.3003

6640.4873

329.9007

50.1458

Chiral

13.691

0.5722

HPLC spectrum of 3m

_DAD1 A, Sig=254,100 Ref=360,100

mAL

120+

10.05

6601.8784

137.2400

13.386

49.8542

7

g5 ¢

95 105

1

12
Time [min]

175

125

135

RT [min]

Width [min]

Area

Height

10.050

0.2366

966.8636

49.8798

7.2913

13.386

0.5312

12293.6260

271.2996
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Metacyclophanes 3n

Chiral HPLC spectrum of rac-3n

maL

Chiral HPLC spectrum of 3n

maL

16

Ph
HN

NH

-Cb
N z

Cbz-NH

_DAD1 A, Sig=254,100 Ref=360,100

4804
460+
4404
4204
4004
3804
3604
3404
3204
3004
2804
2604
2404
2204
2004
180
160
1404
120
100

804

604

404
204
04

§.094

17.748

-204
404

€ 65 7 75 & 85 © 05 10 105 11 115 12 125 13 135 14 145 15 155 16 165 17 17.5 15 185 19 195 20

Time [min]

RT [min]

Width [min]

Area

Height

Area%

8.004

0.2076

5604.5791

391.2414

49.9956

17.748

0.4075

DAD1 A, Sig=254,100 Ref=380 100

700+
650+

600+

8.058

5504
500+
4504
4004
3504
3004

2504

200+
1504
1004

504

0=

5605.5688

161.2935

50.0044

%17?11

6 65 7 75 &

85 & 95 10 105 11 115 12 125 13 135 14 145 15 155 16 165 17 175 15 185 19 185 20
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Tirne [min]
RT [min] Width [min] Area Height Area%
8.058 0.1925 8208.8174 576.9684 97.5526
17.711 0.4187 205.9443 5.8073 2.4474



Metacyclophanes 30

(o] 16 o
\ Ph
N N
.Cb
Nahs
Cbz-NH

Chiral HPLC spectrum of rac-30

_DAD1 A, Sig=254,100 Ref=360,100

maL
&y - e B B G G B 4 ey
72 h o 0 3R BHERSEE DY S
%ncs
25922

-15
-201 T T T T T T ™ T T T T T T ™ T T
1213 1% 15 6 7T 18 19 2 21 2 B X 25 Bk I B
Time [min]
RT [min] Width [min] Area Height Area%
14.365 0.5412 2521.4146 64.3432 49.7677
25922 0.7543 2544.9529 39.5735 50.2323
Chiral HPLC spectrum of 30
DAD1 A, Sig=254,100 Ref=360,100
160+
150+ g
140+ =
130+
120+
104
100+
90+
o 80
R
60+
50+
40+
30+
20+
10 g
o4 o
-104
12 13 14 15 16 17 18 18 20 21 22 23 24 25 28 21 28 20
Time [min]
RT [min] Width [min] Area Height Area%
14.442 0.5807 5511.4536 139.5659 97.4557
26.078 0.8060 143.8878 21357 2.5443
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Metacyclophanes 3p

17
Ph
HN\@,NH
_Cb
NZ 0%
Cbz-NH

Chiral HPLC spectrum of rac-3p

DAD1 B, Sig=254 4 Ref=off

x10 2
3.24

B

1]
2.6

2.6

2.4

229

mAU
20.721

0.8+

0.6+

0.4+

0.2+

T T T T T T T T T T
10 LAl 12 13 14 15 16 17 18 19 20 21 22 23 24

Time [min]

RT [min] Width [min] Area Height Area%
9.961 0.2615 5153.6362 306.2105 49.9776
20721 0.6295 5158.2539 127.6317 50.0224

Chiral HPLC spectrum of 3p

DAD1 B, Sig=254 4 Ref=off

x10 2 2
5.54 py

5.25
5

o
i
9
>¢21.195

T T T T T T T T T T T T T T T T T
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time [min]

RT [min] Width [min] Area Height Area%
10.136 0.2648 9020.6709 527.4586 92.4437
21.195 0.6108 737.3474 17.8281 7.5563
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Metacyclophanes 3q

18

Ph
=
Cbz’NH

Chiral HPLC spectrum of rac-3q

NH
_Cbz

DAD1 A, Sig=254,100 Ref=360,100
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Area

Height Area%

7.753
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Chiral HPLC spectrum of 3q

0.2305

DADA1 A, Sig=254.100 Ref=360,100
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a4
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3.64
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0.2178

858.8307

46.4332 14.2258
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Metacyclophanes 3ac

HN

Na

!
EtO,C

“CO,Et

Chiral HPLC spectrum of rac-3ac

mal

x10 27
324
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284
264
244
2.24
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184
164
144
1.24
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064
0.4+
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DAD1 A, Sig=254,100 Ref=360,100
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]
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Area

Height Area%

8.770

0.2421

6094.5415

315.8858 50.6750
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0.3192

Chiral HPLC spectrum of 3ac
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1.54
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-0.55
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DAD1 A, Sig=254,100 Ref=360,100
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175
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0.3416
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Metacyclophanes 3ae

15
Ph
HN NH
H
N-N

A

Chiral HPLC spectrum of rac-3ae

DAD1 B, Sig=254 4 Ref=off

140+
1304
120+
o 11+

w

£ 1004 @
a0
80|
70
60
50
404
30
20
10
o

13.082

— T T | — T L — — L —
1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22 23 24 325
Time [min]

RT [min] Width [min] Area Height Area%
6.550 0.7185 3635.36884 84.3273 46.1854
13.082 2.1551 4235.9072 32.7581 53.8146

Chiral HPLC spectrum of 3ae

DAD1 B, Sig=254 4 Ref=off
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240
220
200+
180 w
o]
160
140
2
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E 1204
100+
=
80 S
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40
20
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-20+
— T T T T T T T T T T T T T T T
1 2 3 4 5 6 T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time [min]
RT [min] ‘Width [min] Area Height Area%
6.550 0.4924 4648.0972 141.0896 44.1243
11.474 1.5569 5887.2593 51.4150 55.8757
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Metacyclophanes 5a

13
Me
Cbz \IN
Cbz

Chiral HPLC spectrum of rac-5a

_DAD1 A, Sig=254,100 Ref=360,100
654

60+

16.245

mAal

65 7 75 & 85 & 95 10 105 11 115 12 135 13 135 14 145 15 155 16 165 17 175 18 185 19 195 20
Time [min]

RT [min] Width [min] Area Height Area%
11.486 0.3561 1122.6080 45.2969 19,6766
16.248 0.4281 1137.2250 31.3930 _ 50.3234

Chiral HPLC spectrum of 5a

a4 DAD1 A, Sig=254,100 Ref=360,100

424
40+
38
364
344
324
30-
28+
264
24
224
204
18+
164
144
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11.522

mAl

oM B o

P’16462

65 7 75 & 85 9 45 10 105 11 115 12 125 13 135 14 145 15 155 16 185 17 175 18 185 19 195 20
Tirne [min]

RT [min] Width [min] Area Height Area%
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Chiral HPLC spectrum of ent-5a

DAD A, Sig=254,100 Ref=360,100
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65 7 75 & 85 ¢ 95 10 105 11 115 12 135 13 1395 14 145 15 155 16 165 17 175 18 185 19 195 20

Time [min]
RT [min] Width [min] Area Height Areat
10.226 0.3151 193.2676 7.2722 11.2567
14.679 0.4527 1523.6492 41.5639 88.7433
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Metacyclophanes 5b
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Chiral HPLC spectrum of rac-5b
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Chiral HPLC spectrum of 5b
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§ 85 9§ 95 10 105 11 115 12 135 13 135 14 145 15 135 16 165 17 175 18 185 19 195 20
Time [min]
RT [min] Width [min] Area Height Area%
11.974 0.7644 362.7295 6.3693 49.3555
16.935 1.2174 3722025 5.0055 50.6445

?»18 096

§ 85 9 95 10 105 11 115 12 135 13 135 14 145 15 135 16 185 17 175 13 185 19 195 20
Time [min]
RT [min] Width [min] Area Height Area%
12.675 0.6900 B8424.8828 143.6964 93.1610
18.096 0.7785 618.4733 9.2919 6.8390
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Metacyclophanes 5¢

13
Me
EtO,C \,N
EtO,C
Chiral HPLC spectrum of rac-5¢

_DAD1 A, Sig=254,100 Ref=360,100
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§ 82 84 86 88 § 92 94 96 98 10 102104 106 108 11 112114 116 118 12 132 124 126 128 13
Time [min]

RT [min] Width [min] Area Height Area%
8.991 0.2113 1375.2261 76.6646 505139
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Chiral HPLC spectrum of 5¢
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RT [min] Width [min] Area Height Area%
8.977 0.2527 356.3554 1.6419 12.2178
10.636 0.3330 254.0205 8.9412 | 87.7822

76



Metacyclophanes 5d

14
Me
Cbz \IN
Cbz

Chiral HPLC spectrum of rac-5d
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Metacyclophanes 5e

H NH
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CbZz Br
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Chiral HPLC spectrum of rac-5e
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Chiral HPLC spectrum of 5e
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Metacyclophanes 5f
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Chiral HPLC spectrum of rac-5f

DAD1 A, Sig=2304 Ref=off
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Chiral HPLC spectrum of 5f

DAD1 A, Sig=250 4 Ref=off
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Metacyclophanes 59
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Chiral HPLC spectrum of rac-5g
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iral HPLC spectrum of 5g

DAD1 A, Sig=254 100 Ref=360,100
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Metacyclophanes 5h
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Chiral HPLC spectrum of rac-5h
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Chiral HPLC spectrum of 5h
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Metacyclophanes 5i
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Chiral HPLC spectrum of rac-5i
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Chiral HPLC spectrum of 5i
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Metacyclophanes 7a

Ph
HN NH

Br

Chiral HPLC spectrum of rac-7a

DAD1 B, Sig=254,4 Ref=off
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T T T T T T T T T T T T T T T T T T T T T T
46 48 S5 652 54 56 58 6 62 64 66 68 7 72 74 76 78 8 B2 84 BE6 BB 9
Time [min]

RT [min] Width [min] Area | Height Area%
5.000 0.1344 2363.1582 269.3032 50.1828
6.763 0.1700 2345.9431 210.4652 49.8172

Chiral HPLC spectrum of 7a

DAD1 B, Sig=254 4 Ref=off
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5.187 0.1448 324.2075 34.7515 6.6628
6.901 0.1698 4541.7017 408.2646 93.3372
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Metacyclophanes 9a
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NHBoc

Chiral HPLC spectrum of rac-9a

DAD1 B, Sig=254,4 Ref=off
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Chiral HPLC spectrum of 9a

DAD1 B, Sig=254,4 Ref=off
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Metacyclophanes 10a

HN

Chiral HPLC spectrum of rac-10a
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Chiral HPLC spectrum of 10a
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Metacyclophanes 11a
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Chiral HPLC spectrum of rac-11a
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Chiral HPLC spectrum of 11a
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Metacyclophanes 12a
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N
Chiral HPLC spectrum of rac-12a
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Chiral HPLC spectrum of 12a
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NMR Spectrums
1%-phenyl-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1a)

'H NMR (600 MHz, CDCl3)
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1%-(p-tolyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1c)

'H NMR (600 MHz, CDCl3)
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1%-(4-(tert-butyl)phenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1d)
'H NMR (600 MHz, CDCl3)
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1%-(4-fluorophenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1e)

'H NMR (600 MHz, CDCl5)
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YF NMR (565 MHz, CDCl5)
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1%-(4-chlorophenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1f)

'H NMR (600 MHz, CDCl5)
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1%-(4-bromophenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1g)

'H NMR (600 MHz, CDCl5)
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1%-(4-methoxyphenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1h)

'H NMR (600 MHz, CDCl5)
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1%-(4-(trifluoromethyl)phenyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1i)

'H NMR (600 MHz, CDCl5)
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YF NMR (565 MHz, CDCl5)
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1%-(m-tolyl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1j)

'H NMR (600 MHz, CDCl5)
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1% (thiophen-2-yl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1K)

'H NMR (600 MHz, CDCl5)
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1% (thiophen-3-yl)-2,13-diaza-1(1,3)-benzenacyclotridecaphane (1)

'H NMR (600 MHz, CDCl5)
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1%-phenyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (1m)

'H NMR (600 MHz, CDCl5)
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1%-phenyl-2,14-diaza-1(1,3)-benzenacyclotetradecaphane (1n)

'H NMR (600 MHz, CDCl5)
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1%-phenyl-5,8,11-trioxa-2,14-diaza-1(1,3)-benzenacyclotetradecaphane (10)

'H NMR (600 MHz, CDCl5)
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1%-phenyl-2,15-diaza-1(1,3)-benzenacyclopentadecaphane (1p)

'H NMR (600 MHz, CDCl5)
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1%-phenyl-2,16-diaza-1(1,3)-benzenacyclohexadecaphane (1q)

'H NMR (600 MHz, CDCl5)
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1%-methyl-2,11-diaza-1(1,3)-benzenacycloundecaphane (4a)

'H NMR (600 MHz, CDCl5)
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1%-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4d)

'H NMR (600 MHz, CDCl5)
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1°-bromo-1%-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4e)

'H NMR (600 MHz, CDCl5)
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1°-chloro-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4f)

'H NMR (600 MHz, CDCly)
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1°-fluoro-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4g)

'H NMR (600 MHz, CDCl5)
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YF NMR (565 MHz, CDCl5)
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1%-methyl-1°-phenyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4h)

'H NMR (600 MHz, CDCl5)
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1°-cyclohexyl-12-methyl-2,12-diaza-1(1,3)-benzenacyclododecaphane (4i)

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 3a

'H NMR (500 MHz, DMSO-d6, 373 K)
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3C NMR (126 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3b

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3c

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3d

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3e

'H NMR (500 MHz, DMSO-d6, 373 K)
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F NMR (471 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3f

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3g

'H NMR (500 MHz, DMSO-d6, 373 K)

a.62

15 Br

()

13000

12000

11000

F10000

Fa000

FRO00

7000

F6000

5000

1000

3000

1000

F-1000

="
_Cbz
N\
Cbz-NH
|
I
1l
J \II
A L 1 .
i e by T
B 8Zg 8 i
> ——a = <
T T T T T T T T T T T T T
.o 0.5 1.0 a5 9.0 85 R.0 7.5 7.0 B f.0 3.6 a0
I (ppm

B3C NMR (126 MHz, DMSO-d6, 373 K)

N

59

146,19
14

N N

=072 =

66, 82
S5, o7

1200

1o

1000

(900

00

700

GO0

00

100

300

100

100

T T T T T T
210 200 190 180 170 160

T T
150 110 150 120 1 100 a0

1 (ppm)

122



Metacyclophanes 3h

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3i

'H NMR (500 MHz, DMSO-d6, 373 K)
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F NMR (471 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3j

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3k

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3l

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3m

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3n

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 30

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3p

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3q

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3ac

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 3ae

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 1a’

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 1a"

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 13a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 13a’

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 5a and ent-5a

'H NMR (500 MHz, DMSO-d6, 373 K)

13000

p SRV, e e U U0 | i e

12000

11000

H NH
CbZ’N\ F1ooao

C bZl Fa000

8000

7000
a0
o000
1000
3000
2000
1000

o I Y
. U@J‘ . #L,uiyjuwwL § u‘,ﬂ“’\fmtg_ ,

-
g 38 & 3 F-1000
@ 2 s
1 1

m
@
c\
9.5

T
6.0 A6
I (oo

T T T T T T
120 1.6 1.0 1006 1000 9.0 8B B0 T

700

=

680

GO0

350

300

m 200
150
100

-5l

u

50

T T T T T T T T T T
210 200 190 180 170 160 150 n 130 120 110 100 0 80 T 601 0 A0 a0 20 mn [1} 0
1 (opm

140



Metacyclophanes 5b

'H NMR (500 MHz, DMSO-d6, 373 K)

o463

13
Me

(p-CI-Bn)OzC' \N

(p-C1-Bn)O,C

ZT

. J JJ “ l MJ L 'JI

e
2
~

13000

12000

F11000

f 10000

(000

FR000

7000

G000

FR000

1000

f-3000

2000

1000

]

1000

~
]
=1
T
9.5 6.8 6.0 a8
I (oo

T T T T T
12,0 115 1.0 105 10,0

B3C NMR (126 MHz, DMSO-d6, 373 K)

W SRR g |

F1200

F1100

1000

900

(800

700

f-600

f-500

400

300

{200

{100

F-100

T T T T T T T T
210 200 140 180 170 160 150 110 130 120 110 100 a0 &0 0 601 A0 A0 30 20 0 0
1 (opm

141



Metacyclophanes 5¢

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 5d

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 5e

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 5f

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 59

'H NMR (500 MHz, DMSO-d6, 373 K)
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F NMR (471 MHz, DMSO-d6, 373 K)
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Metacyclophanes 5h

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 5i

'H NMR (500 MHz, DMSO-d6, 373 K)
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Metacyclophanes 7a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 9a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 10a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 11a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 12a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 14a

'H NMR (600 MHz, CDCl5)
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Metacyclophanes 14a’

'H NMR (600 MHz, CDCl5)
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