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1. Materials and General Methods

All reagents and solvents were purchased from commercial sources and used
without further purification. Manipulations were performed under a normal atmosphere
unless otherwise indicated. Nuclear magnetic resonance (NMR) spectra were recorded
at ambient temperature using Bruker AVANCE III 400/500 and Agilent DD2 600
spectrometers, with working frequencies of 400/500/600 and 100/125/150 MHz for 'H
and BC, respectively. Chemical shifts are reported in ppm relative to the residual
internal non-deuterated solvent signals (CDCls: 6 = 7.26 ppm). High-resolution mass
spectra (HRMS) were performed on an Agilent 6545 Quadruple-Time-Of-flight (Q-
TOF) mass spectrometer and TIMS-TOF-FLEX MALDI2, Bruker. X-ray
crystallographic data were collected on a Bruker D8 Venture diffractometer. All the
reactions that require elevated temperature used oil bath to provide heat. Structural
assignments were made with additional information from gCOSY, NOESY

experiments.
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2. Synthesis of 1b-1f
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Scheme S1. The synthetic procedure of 1bS!

Compound S1: 5 mL of trifluoromethanesulfonic acid was added dropwise to 2-fluoro-
4-methylbenzonitrile (5.00 g, 37.0 mmol) under nitrogen atmosphere at 0 °C. The
mixture was kept at 0 °C for an hour and gradually warmed to room temperature and
stirred overnight. 30 mL of saturated aqueous NaHCOj; solution was added slowly to
neutralize the mixture. The resulting precipitate was extracted with DCM (3 x 20 mL)
and wash with saturated brine for three times. The organic phase was dried with
anhydrous Na,SO, and the solvent was evaporated to obtain pure S1 (4.95 g, 99%) as
white solid. "TH NMR (400 MHz, CDCls): 6 =8.35 (t,J=8.0 Hz, 3H), 7.12 (dd, J = 8.2,
1.6 Hz, 3H), 7.05 (dd, J = 12.0, 1.6 Hz, 3H), 2.44 (s, 9H). 13C NMR (100 MHz, CDCls):
0=170.5(d,J=5.6 Hz), 162.4 (d, J = 260.1 Hz), 144.9 (d, J = 9.0 Hz), 132.1, 125.1
(d,J=3.2Hz), 121.8 (d,J=8.1 Hz), 117.6 (d,J=21.9 Hz), 21.5. ’F NMR (376 MHz,
CDCl3): 6 =111.2. MS (ESI-HRMS): m/z [M+H]* calcd for Co4H9F3N5*™: 406.1531;
found: 406.1528.

Compound S2: S1 (500.0 mg, 1.23 mmol) was dissolved in acetic anhydride (6.0 mL)
and sulfuric acid (1.0 mL; 98%) under —20 °C. A solution of CrO; (1.11 g, 11.1 mmol)
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in acetic anhydride (5.0 mL) was added slowly to the mixture over a period of 3.5 hours.
Then the reaction was stirred under 0 °C for an hour and was subsequently poured into
50 mL of iced water. The resulting yellow solid was filtered off and wash with water.
The residue was purified by column chromatography (dichloro-methane/ethyl acetate
(80:1); silica gel, 200-300 mesh) to yield S2 (57.0 mg, 6 %) as colorless solid. 'H NMR
(400 MHz, CDCl;): 6 = 8.46 (t, J = 7.8 Hz, 3H), 7.73 (s, 3H), 7.48 (dd, J = 8.1, 1.6 Hz,
3H), 7.42 (dd, J=11.3, 1.6 Hz, 3H), 2.17 (s, 18H). 13C NMR (100 MHz, CDCl5): 6 =
170.4, 168.6, 162.3 (d, ] =262.0 Hz), 141.4 (d, J = 8.2 Hz), 132.8, 125.4, 122.6, 115.7
(d, J = 23.9 Hz), 88.4, 20.8. F NMR (376 MHz, CDCls): 6 = 109.1. MS (ESI-
HRMS): m/z [M+H]" calcd for C36H3,F3N30,": 754.1860; found: 754.1856.

Compound 1b: 98% sulfuric acid (0.1 mL) was added dropwise to the solution of S2
(50.0 mg, 0.066 mmol) in a mixture of EtOH (1.0 mL) and H,O (0.8 mL). The reaction
was refluxed for 12 h and then cooled to room temperature. Saturated aqueous NaHCO;
solution (2 mL) was added to neutralize the mixture. The resulting precipitation was
filtered off and washed with water. The residue was dried under vaccum to obtain pure
1b (28.0 mg, 95%) as yellow solid. 'TH NMR (600 MHz, CDCl;): 6=10.12 (d,J=1.4
Hz, 3H), 8.64 (t, J = 7.5 Hz, 3H), 7.88 (dd, J = 8.0, 1.5 Hz, 3H), 7.79 (dd, J = 10.4, 1.5
Hz, 3H). 3C NMR (150 MHz, CDCl3): 6 =190.3, 170.4 (d, J = 5.5 Hz), 162.7 (d, ] =
264.2 Hz), 140.6 (d, J = 7.1 Hz), 133.3, 129.1 (d, J = 8.3 Hz), 125.4 (d, ] = 3.9 Hz),
117.6 (d, J = 22.9 Hz). ’F NMR (376 MHz, CDCl;): 6 = 108.4. MS (ESI-HRMS):
m/z [M+H]" calcd for C,4H3F3N;305": 448.0909; found: 448.0901.
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Scheme S2. Synthesis of 1¢.

Compound S3: 5 mL of trifluoromethanesulfonic acid was added dropwise to 2-
chloro-4-methylbenzonitrile (5.00 g, 33.0 mmol) under nitrogen atmosphere at 0 °C.
The mixture was kept at 0 °C for an hour and gradually warmed to room temperature
and stirred overnight. 30 mL of saturated aqueous NaHCOj; solution was added slowly
to neutralize the mixture. The resulting precipitate was extracted with DCM (3 x 20
mL) and wash with saturated brine for three times. The organic phase was dried with
anhydrous Na,SO, and the solvent was evaporated, yielding a white solid. The latter
was purified by column chromatography (petroleum ether/ethyl acetate (8:1); silica gel,
200-300 mesh) to yield S3 (3.76 g, 75%) as a white solid. 'H NMR (400 MHz, CDCls):
0 =28.06 (d, J=7.9 Hz, 3H), 7.38 (d, /= 1.6 Hz, 3H), 7.23 (dd, /= 7.9, 1.7 Hz, 3H),
2.41 (s, 9H).BC NMR (100 MHz, CDCl;): =172.4,142.7,133.5,132.7,132.6, 131.7,
127.8, 21.2. MS (ESI-HRMS): m/z [M+H]* calcd for C,4H9Cl3N5*: 454.0645; found:
454.0639.

Compound S4: S3 (360.0 mg, 0.79 mmol) was dissolved in 2.6 mL of acetic anhydride
and 0.8 mL of sulfuric acid (98%) under —20 °C. The solution of CrO; (713.0 mg, 7.13

mmol) in 3.3 mL of acetic anhydride was added slowly to the mixture over a period of
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3.5 hours. Then the reaction was stirred under 0 °C for an hour and was subsequently
poured into 50 mL of iced water. The resulting yellow solid was filtered off and wash
with water. The residue was purified by column chromatography (dichloro-
methane/ethyl acetate, 80:1); silica gel, 200-300 mesh) to yield S4 (50.0 mg, 8%) as a
colorless solid. '"H NMR (400 MHz, CDCls): 6 =8.16 (d, /= 8.1 Hz, 3H), 7.73 (d, J =
1.6 Hz, 3H), 7.71 (s, 3H), 7.58 (dd, J= 8.1, 1.7 Hz, 3H), 2.17 (s, 18H). 13C NMR (100
MHz, CDCl;): 6 = 172.2, 168.6, 139.6, 136.1, 134.2, 133.0, 129.5, 125.4, 88.4, 20.8.
MS (ESI-HRMS): m/z [M+Na]" calcd for C;5H3¢CI13N3;NaO;,*: 824.0793; found:
824.0787.

Compound 1c: Sulfuric acid (0.15 mL; 98%) was added dropwise to a solution of S6
(100.0 mg, 0.12 mmol) in 2.5 mL of EtOH and 2 mL of H,O. The reaction was refluxed
for 12 h and then cooled to room temperature. 2.5 mL of saturated aqueous NaHCO;
solution was added to neutralize the mixture. The resulting precipitation was filtered
off and washed with water. The residue was dried under vaccum to obtain pure 1b (56.0
mg, 94%) as pale solid. 'TH NMR (600 MHz, CDCls): 8 = 10.10 (s, 3H), 8.29 (d, J =
7.9 Hz, 3H), 8.10 (d, /= 1.5 Hz, 3H), 7.97 (dd, J = 8.0, 1.5 Hz, 3H). 3C NMR (151
MHz, CDCls): & = 190.3, 172.3, 139.5, 138.8, 135.0, 133.4, 132.1, 127.7. MS (ESI-
HRMS): m/z [M+H]* calcd for C,4H3C13N505%: 824.0793; found: 824.0787.
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Scheme S3. Synthesis of 1d.

Compound S5: Trifluoromethanesulfonic acid (5 mL) was added dropwise to 2-
bromo-4-methylbenzonitrile (5.00 g, 25.5 mmol) under nitrogen atmosphere at 0 °C.
The mixture was kept at 0 °C for an hour and gradually warmed to room temperature
and stirred overnight. 30 mL of saturated aqueous NaHCOj; solution was added slowly
to neutralize the mixture. The resulting precipitate was extracted with DCM (3 x 20
mL) and wash with saturated brine for three times. The organic phase was dried with
anhydrous Na,SO, and the solvent was evaporated to yield a white solid, which was
purified by column chromatography (petroleum ether/ethyl acetate (10:1); silica gel,
200-300 mesh) to yield S5 (3.12 g, 62%) as a white solid. 'TH NMR (400 MHz, CDCls):
6 =28.07 (d, J = 7.9 Hz, 3H), 7.59 (s, 3H), 7.28 (d, J = 8.2 Hz, 3H), 2.41 (s, 9H). 13C
NMR (101 MHz, CDCly): 6 = 172.9, 142.7, 135.0, 134.3, 132.7, 128.4, 122.0, 21.1.
MS (ESI-HRMS): m/z [M+H]" calcd for C,4H9Br;N;*: 587.9109; found: 587.9107.

Compound S6: S5 (500.0 mg, 0.85 mmol) was dissolved in 3 mL of acetic anhydride
and 0.6 mL of sulfuric acid (98%) under —20 °C. The solution of CrO; (765.0 mg, 7.65

mmol) in 3.75 mL of acetic anhydride was added slowly to the mixture over a period
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of 3.5 hours. Then the reaction was stirred under 0 °C for an hour and was subsequently
poured into 50 mL of iced water. The resulting yellow solid was filtered off and wash
with water. The residue was purified by column chromatography (dichloro-
methane/ethyl acetate, 100:1); silica gel, 200-300 mesh) to yield S6 (198.0 mg, 25%)
as colorless solid. "TH NMR (400 MHz, CDCls): 6 =8.16 (d, J = 8.1 Hz, 3H), 7.93 (d,
J=1.7 Hz, 3H), 7.70 (s, 3H), 7.63 (dd, J = 8.1, 1.7 Hz, 3H), 2.16 (s, 18H). 13C NMR
(101 MHz, CDCly): 6 = 172.9, 168.6, 139.5, 137.9, 132.9, 132.8, 126.0, 122.3, 88.3,
20.8. MS (ESI-HRMS): m/z [M+Na]" calcd for C3sH30BrsN3NaO;,": 955.9277; found:
955.9274.

Compound 1d: Sulfuric acid (0.25 mL; 98%) was added dropwise to the solution of
S6 (250.0 mg, 0.27 mmol) in 2.5 mL of EtOH and 2mL of H,0. The reaction was
refluxed for 12 h and then cooled to room temperature. 5 mL of saturated NaHCO;
solution was added to neutralize the mixture. The resulting precipitation was filtered
off and washed with water. The residue was dried under vaccum to obtain pure 1d
(165.0 mg, 97%) as yellow solid. '"H NMR (600 MHz, CDCls): 6 = 10.09 (s, 3H), 8.29
(d, J=1.5Hz, 3H), 8.27 (d,J= 7.9 Hz, 3H), 8.02 (dd, J= 7.9, 1.5 Hz, 3H). 3C NMR
(150 MHz, CDCls): & = 190.1, 173.0, 141.3, 138.7, 135.4, 133.3, 128.3, 123.0. Mass
spectrum was recorded. However, molecular ion peaks were not found, probably due

to the molecule is difficult to undergo ionization.
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Scheme S4. Synthesis of 1e.
Compound S7: S5 (520.0 mg, 0.88 mmol) and phenylboronic acid (539.0 mg, 4.42

mmol) were dissolved in a mixture solvent consisting of dioxane (10 mL) and H,O (2
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mL). The reaction mixture was degassed for 30 min, before Pd(PPh;), (51.0 mg, 0.044
mmol) and K,CO; (1.10 g, 8.0 mmol) were added. The reaction mixture was stirred at
100 °C under an N, atmosphere for 36 h. After cooling to room temperature, the solvent
was removed under vacuum and the residue was poured into water and then extracted
with CH,Cl, (3 x 20 mL). The resulting organic extract was washed with water (2 x 15
mL) and brine (3 x 10 mL), dried over anhydrous Na,SO,, and then concentrated to
give the crude product, which was purified by column chromatography (petroleum
ether/ethyl acetate (10:1); silica gel, 200-300 mesh) to yield S7 (500.0 mg, 98%) as
white solid. 'H NMR (400 MHz, CDCls): & = 7.37 — 7.27 (m, 9H), 7.17 (dt, J = 6.0,
1.6 Hz, 9H), 7.02 (dd, J = 8.0, 1.8 Hz, 3H), 6.77 (d, J = 7.9 Hz, 3H), 2.40 (s, 9H). 13C
NMR (100MHz, CDCly): 6 = 173.4, 142.7, 142.5, 140.5, 133.2, 131.6, 131.4, 129.2,
128.0, 127.8, 126.4, 21.4. MS (ESI-HRMS): m/z [M+H]" calcd for C4H34N5™:
580.2753; found: 580.2747.

Compound 1e: A mixture of S7 (600.0 mg, 1.04 mmol), N-bromosuccinimide (NBS,
833.0 mg, 4.68 mmol), and azodiisobutyronitrile (AIBN, 16.0 mg, 0.1 mmol) in CCl,
(30 mL) was stirred and heated to reflux for 12 h. When the reaction was complete, the
solvent was removed under reduced pressure and the residue was poured into water.
The aqueous mixture was extracted with CH,Cl,. The organic phase was washed with
brine and dried over anhydrous Na,SO,4. The solvent was removed under reduced
pressure to give a white solid, to which KOAc (1.53 g, 15.6 mmol), TBABr (503.0 mg,
1.56 mmol) and DMF (20 mL) was added. The reaction mixture was then stirred at
100°C overnight. After cooling down to room temperature, the mixture was extracted
with ethyl acetate and water. The organic phase was washed with brine and dried over
anhydrous Na,SO,, and then concentrated to give yellow liquid, which was dissolved
in 10 mL of MeOH. KOH (0.88 g, 15.6 mmol) was added to the solution and the
reaction was refluxed overnight. After cooling down to room temperature, the mixture
was extracted with ethyl acetate and water, dried over anhydrous Na,SO,, and the
solvent was evaporated under reduced pressure. The residue was dissolved in 10 mL of
THF and 15 mL of CH,Cl,. Dess-Martin periodinane (1.76 g, 4.16 mmol) was added
S8



in small portions under 0 °C and then the reaction was stirred for another 4 h under
room temperature. The resultant mixture was filtered and the filtrate was concentrated
to give crude product, which was then purified by column chromatography on silica gel
(Petroleum Ether / CH,Cl,, 1:9); silica gel, 200-300 mesh) to give 1e as white solid
(126.0 mg, 20%). '"H NMR (400 MHz, CDCl3): 8 = 10.10 (s, 3H), 7.90 (d, /= 1.6 Hz,
3H), 7.77 (dd, /= 8.0, 1.6 Hz, 3H), 7.38 (dd, /= 5.2, 1.9 Hz, 9H), 7.19 — 7.12 (m, 6H),
7.02 (d, J=7.9 Hz, 3H). 13C NMR (100 MHz, CDCl;): 6 = 191.7, 173.4, 143.6, 140.8,
140.3, 137.5, 132.2, 131.9, 129.1, 128.5, 127.8, 127.4. MS (ESI-HRMS): m/z
[M+Na]* calcd for C4,H,7N3NaO5*: 644.1950; found: 644.1945.
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Scheme S5. Synthesis of 1f.
Compound S8: S5 (550.0 mg, 0.94 mmol) and 4-(trifluoromethyl)phenylboronic acid
(888 mg, 4.68 mmol) were dissolved in a mixture solvent consisting of dioxane (10
mL) and H,O (2 mL). The reaction mixture was degassed for 30 min, before Pd(PPh3),
(54.0 mg, 0.047 mmol) and K,COs5 (1.16 g, 8.42 mmol) were added. The reaction was
stirred at 100 °C under an N, atmosphere for 48 h. After cooling to room temperature,
the solvent was removed under vacuum and the residue was poured into water and then
extracted with CH,Cl, (3 x 20 mL). The resulting organic extract was washed with
water (2 x 15 mL) and brine (3 % 10 mL), dried over anhydrous Na,SO,, and then
concentrated to give the crude product, which was purified by column chromatography
(petroleum ether/ethyl acetate (15:1); silica gel, 200-300 mesh) to yield S8 (552.0 mg,
75%) as white solid. "TH NMR (400 MHz, CDCl;): 6 = 7.59 (d, J = 8.1 Hz, 6H), 7.26
(d, /J=8.0 Hz, 6H), 7.13 (d, /= 1.7 Hz, 3H), 7.05 (dd, J = 8.2, 1.8 Hz, 3H), 6.73 (d, J
= 7.9 Hz, 3H), 2.41 (s, 9H). 13C NMR (100 MHz, CDCly): 8 = 172.4, 146.9, 141.5,
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141.3, 132.3, 131.6, 131.1, 129.3, 128.6, 124.9, 124.9, 21.4. YF NMR (376 MHz,
CDCl): 6 = 62.24. MS (ESI-HRMS): m/z [M+H]" calcd for C4sH3, FoN5*: 784.2374;
found: 784.2369.

Compound 1f: A mixture of S8 (1.05 g, 1.34 mmol), NBS (1.07 g, 6.03 mmol), and
AIBN (16.0 mg, 0.1 mmol) in CCls (50 mL) was stirred and heated to reflux for 12 h.
When the reaction was complete, the solvent was removed under reduced pressure and
the residue was extracted with CH,Cl, and water. The organic phase was washed with
brine and dried over anhydrous Na,SO,. The solvent was removed under reduced
pressure to give white solid, to which KOAc (1.97 g, 20.1 mmol), TBABr (648.0 mg,
2.01 mmol) and DMF (25 mL) was added. The reaction mixture was then stirred at 100
°C overnight. After cooling down to room temperature, the mixture was extracted with
ethyl acetate and water. The organic phase was washed with brine and dried over
anhydrous Na,SO,, and then concentrated to give yellow liquid, which was dissolved
in 15 mL of MeOH. KOH (1.13 g, 20.1 mmol) was added to the solution and the
reaction was refluxed overnight. After cooling down to room temperature, the mixture
was extracted with ethyl acetate and water, dried over anhydrous Na,SO,, and the
solvent was evaporated under reduced pressure. The residue was dissolved in 20 mL of
THF and 30 mL of CH,Cl,. Dess-Martin periodinane (2.56 g, 6.03 mmol) was added
in small portions under 0 °C and then the reaction was stirred for another 4 h under
room temperature. The resultant mixture was filtered and the filtrate was concentrated
to give crude product, which was then purified by column chromatography on silica gel
(Petroleum Ether / CH,Cl,, 1:4); silica gel, 200-300 mesh) to give 1f as white solid
(260.0 mg, 23%). '"H NMR (400 MHz, CDCl;): 6 = 10.11 (s, 3H), 7.89 (d, /= 1.5 Hz,
3H), 7.79 (dd, J = 8.0, 1.6 Hz, 3H), 7.65 (d, J = 8.1 Hz, 6H), 7.29 — 7.26 (m, 6H), 7.02
(d,J=7.9 Hz, 3H).3C NMR (100 MHz, CDCl3): 6 =191.1, 172.6, 144.9, 142.2, 139.5,
137.9,131.7,131.4,129.4, 129.1, 125.4, 125.3, 125.3. F NMR (376 MHz, CDCl;): §
= 62.43. MS (ESI-HRMS): m/z [M+Na]* calcd for C4sHysFoN3;NaO;™: 848.1572;
found: 848.1566.
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3. NMR Spectroscopic Characterization
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Figure S13. 3C NMR spectrum of S4 (100 MHz, CDCls, 298 K).
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Figure S15. 3C NMR spectrum of 1¢ (150 MHz, CDCl;, 298 K).
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Figure S19. 3C NMR spectrum of S6 (100 MHz, CDCl;, 298 K).
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Figure S20. '"H NMR spectrum of 1d (600 MHz, CDCI3, 298 K).
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Figure S21. 3C NMR spectrum of 1d (150 MHz, CDCl;, 298 K).
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Figure S23. 3C NMR spectrum of S7 (100 MHz, CDCl3, 298 K).
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Figure S24. "H NMR spectrum of 1e (400 MHz, CDCI3, 298 K).
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Figure S25. 3C NMR spectrum of 1e (100 MHz, CDCl;, 298 K).
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Figure S27. 3C NMR spectrum of S8 (100 MHz, CDCl;, 298 K).
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Figure S29. '"H NMR spectrum of 1f (400 MHz, CDCl;, 298 K).
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Figure S31. '°F NMR spectrum of 1f (376 MHz, CDCls, 298 K).
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4. Synthesis and Characterization of the Cage Products
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jaee }ii e X w S S
S AT =

4 Na SN N

TR T \—"
1aX=H 2aX=H <5% 3axX=H 47 %
1b X =F 2b X =F 29 % 3bX=F 8 %
1c X=Cl 2c X=Cl 82 %2 3cX=Cl <5%
1d X = Br 2d X =Br 87 %2 3d X =Br <5%
1e X=Ph 2e X=Ph 85 %2 3e X=Ph <5%
1f X = 4-CF;-Ph 2f X =4-CF;-Ph  45% 3fX=4-CF;-Ph <5%

Scheme S6. Condensation of 1a-1f with TREN.
3.8 mg of 1b (0.0085 mmol, 1 equiv.) were suspended in 0.6 mL of CDCls;, after which
tris(2-aminoethyl)amine (TREN) (1.25 mg, 0.0085 mmol, 1 equiv.) were added. The
reaction was kept at 55 °C for 12 h without stirring. The reaction progress was
monitored by "TH NMR spectroscopy, which indicates that the aldehyde-to-imine was
completed and two sets of resonances were observed. 1,3,5-Trimethoxybenzene (1.68
mg, 0.01 mmol) was used as internal standard to calculate the yield of 2b and 3b.
The tetrahedral cage 2¢ was prepared by condensing the 1¢ (84.0 mg, 0.17 mmol, 1
equiv.) and tris(2-aminoethyl)amine (TREN) (25.0 mg, 0.17 mmol, 1 equiv.) in CHCl;
(30 mL). The mixture was stirred at 55 °C for 12 h to obtain the corresponding cage as
major product. A small amount of insoluble polymeric byproducts were removed by
filtration. The filtrate was collected and condensed under reduced pressure. Petroleum
ether was added to precipitate the desired product 2¢ as a yellow powder (82.0 mg, 82
%).
Similar procedure was used to prepared the tetrahedral cages 2d and 2e, whose yields
were measured to be 87 % and 85 %, respectively.
2f was prepared by condensing 1f (2.0 mg, 0.002 mmol, 1 equiv.) and tris(2-
aminoethyl)amine (TREN) (0.3 mg, 0.002 mmol, 1 equiv.) in CDCl; (0.6 mL). The
mixture was heated at 55 °C for 12 h, which produced 2f as the only observable product
without further purification as indicated by the |H NMR spectrum. The yield of 2f was
calculated by using 1,3,5-trimethoxybenzene as an internal standard in the 'H NMR

spectrum.
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Figure S32. '"H NMR spectra (600 MHz, CDCl;, 298 K) of 2b and 3b. The molar ration
of 2b to 3b was 2:1 by integration of "H NMR signals.
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Figure S33. ESI-HRMS of 2b and 3b. Peaks corresponding to molecular ions of 2b
and 3b bearing one or two positive charges by taking either or two protons, or Na™ are

observed.
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Figure S35. '"H NMR spectra (500 MHz, CDCl3, 298 K) of 2c¢.
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Figure S38. 'H-'H NOESY spectrum of cage 2¢ (500 MHz, CDCls, 298K). Through-

space proton couplings between some protons are labeled in the spectrum.
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Figure S39. ESI-HRMS of 2¢. Peaks corresponding to molecular ions bearing one or

two positive charges by taking protons or Na* are observed.
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Figure S40. "H NMR spectra (600 MHz, CDCl3, 298 K) of a) 1d, b) 2d and ¢) TREN.
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Figure S41. 'H NMR spectra (600 MHz, CDCl;, 298 K) of 2d.
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Figure S42. 3C NMR spectra (125 MHz, CDCl;, 298 K) of 2d.
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Figure S43. 'H-'H COSY spectrum of 2d (500 MHz, CDCls, 298 K). The key

correlation peaks are labeled in the spectrum.
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Figure S44. "H-'"H NOESY spectrum of cage 2d (500 MHz, CDCl;, 298K). Through-

space proton couplings between some protons are labeled in the spectrum.
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Figure S45. ESI-HRMS of 2d. Peaks corresponding to molecular ions bearing one or

two positive charges by taking proton or sodium cations are observed.
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Figure S46. 'H NMR spectra (500 MHz, CDCl;, 298 K) of a) 1e, b) 2e and ¢) TREN.
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Figure S47. 'H NMR spectra (500 MHz, CDCl;, 298 K) of 2e.
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Figure S48. 3C NMR spectra (125 MHz, CDCl3, 298 K) of 2e.
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Figure S49. '"H-'H COSY spectrum of 2e (500 MHz, CDCIl;, 298 K). The key

correlation peaks are labeled in the spectrum.
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Figure S50. '"H-'H NOESY spectrum of cage 2e (500 MHz, CDCl3, 298K). Through-

space proton couplings between some protons are labeled in the spectrum.
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Figure S51. MALDI-QTOF MS of 2e. Peaks corresponding to molecular ions bearing

one positive charge by taking a proton are observed. M is referred to as the cage 2e.
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Figure S52. 'H NMR spectra (600 MHz, CDCl;, 298 K) of a) 1f, b) 2f and ¢) TREN.
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Figure S53. 'H NMR spectra (600 MHz, CDCl;, 298 K) of 2f.
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Figure S54. 'H-'"H COSY spectrum of 2f (400 MHz, CDCl;, 298 K). The key

correlation peaks are labeled in the spectrum.
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space proton couplings between some protons are labeled in the spectrum.
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Figure S56. MALDI-QTOF MS of 2f. Peaks corresponding to molecular ions bearing

one positive charge by taking a proton are observed.
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5. Kinetic and thermodynamic Studies of binding anionic

guests based on 'TH NMR Spectroscopic results

5.1 Host-guest recognition investigation of 2¢

2¢ + TBAH,PO,
J_J‘J_JL___L
2C + TBAHSO4
) LmJ[JU\ | R _

2¢ + TBAOAc I
2¢c + TBANO;
2¢ + TBAI
2¢ + TBABr

| M H
2¢ + TBACI
2¢ + TBAF

| '\_JL M — .J l_ I
2¢

[l E N

10 8 7 4 3

& (ppm)
Figure S57. Partial '"H NMR spectra (400 MHz, 298K) of 2¢ in 500 uL. CDCl; with 7.5
molar equivalents of different salts with TBA™ cation. The spectra were recorded 24 h
after the addition of salt. No signals corresponding to anionc2¢ complexes were found.

Addition of TBA*-HSO," led to partial cage decomposition.
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Figure S58. Partial '"H NMR spectra (400 MHz, 298K) of 1 mM of 2¢ in 500 pL CDCl;
after addition of different amounts of TBA*-PF¢~. The concentration of 2¢, PFs C2¢
and PF¢~ were determined by integrating the corresponding resonances in the 'H NMR
spectra to calculate the binding constant. From the three independent measurements, K,
was measured to be 843 M-1, 774 M-! and 844 M-!. The averaged value K, = (8.2 £ 0.3)

x 102 M! was thus calculated.

S42



2¢+10eq TBACIO,
*2¢

N n L

2¢+2eq TBACIO,

;
%‘

2c+1eq TBACIO,

-
|

2¢ +0.5eq TBACIO,

*
¥
=

T T T T
7 6 4 3
8 (ppm)

Figure S59. Partial 'H NMR spectra (400 MHz, 298K) of 1 mM of 2¢ in 500 uL CDCl;
after addition of different amounts of TBA*-ClO,~. The concentration of 2¢, C10, C2¢
and C104~ were determined by integrating the corresponding resonances in the 'H NMR
spectra to calculate the binding constant. From the two independent measurements, K,
was found to be 223 M! and 217 M-!. The averaged value K, = (2.2 + 0.03) x 10> M-!

was thus calculated.
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Figure S60. Partial 'H NMR spectra (600 MHz, 298K) of 0.35 mM of 2¢ in 600 pL
CDCI; with different amounts of TBA*-10,4~. The concentration of 2¢, IO, c2¢ and
10, were determined by integrating the corresponding resonances in the 'H NMR
spectra to calculate the binding constant. From the three independent measurements, K,
was found to be 61 M-!, 74 M-! and 78 M-!. The averaged value K, = (0.7 = 0.07) x 10?

M-! was calculated.
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Figure S61. Partial 'H NMR spectra (600 MHz, 298K) of 0.35 mM of 2¢ in 600 uL
CDCl; with different amounts of TBA*-BF,~. The concentration of 2¢, BF, c2¢ and

BF4 were determined by integrating the corresponding resonances in the 'H NMR
spectra to calculate the binding constant. From the three independent measurements, K,
was found to be 23 M1, 29 M-! and 30 M!. The averaged value K, = (0.3 + 0.04) x 10?

M-! was calculated.
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5.2 Thermodynamic studies of 2d

2d + TBAHSO,
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Figure S62. Partial 'H
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NMR spectra (400 MHz, 298K) of 2d in 500 pL CDCl; with 5

molar equivalents of different anions whose counterion are all TBA™ cation. The spectra

were taken 24 h after

the salt addition, indicating no resonances corresponding to

anionc2d complexes were found.
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Figure S63. Partial '"H NMR spectra (400 MHz, 298K, CDC]l;) of 2d in CDCl; (500
pL) with different amounts of TBA™-PF4 ™. The concentration of 2d, PF¢"c2d and PF4~
were determined by integrating the resonances in 'H NMR spectra to calculate the
binding constant. From the three independent measurements, K, was calculated to be
5812 M1, 6246 M-! and 4928 M-!. The average K, was thus determined to be (5.6 +
0.5) x 103 M.
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Figure S64. Partial 'H NMR spectra (600 MHz, 298 K) of 2d (0.5 mM) with TBAPF
(3.0 mM) in CDCI3/CD3SOCD; (5:1 v/v). K, was thus determined to be 1.5 x 10> M.,

S47



2d+10 eq TBACIO, | 24 N
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Figure S65. Partial 'H NMR spectra (400 MHz, 298K, CDCls) of 2d (1 mM) in CDCl;
(500 pL) with different amounts of TBA*-Cl0,". The concentration of 2d, C10, c2d
and ClO4 were determined by integrating the resonances in 'H NMR spectra to
calculate the binding constant. From the three independent measurements, K, was
calculated to be 1007, 1111 and 973 M-!. The average K, was thus determined to be
(1.0 £0.06) x 10°> M-1,
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Figure S66. Partial '"H NMR spectra (400 MHz, 298K, CDCl;) of 2d (1 mM) in CDCl;
(500 pL) with different amounts of TBA*-104~. The concentration of 2d, [0, c2d and
104~ were determined by integrating the resonances in '"H NMR spectra to calculate the
binding constant. From the three independent measurements, K, was calculated to be

241, 247 and 265 M-!. The average K, was thus determined to be (2.5 +0.1) x 10> M.,
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Figure S67. Partial '"H NMR spectra (400 MHz, 298K, CDCls) of 2d (1 mM) in CDCl;
(500 uL) with different amounts of TBA™-BF,~. The concentration of 2d, BF, c2d and
BF,” were determined by integrating the resonances in 'H NMR spectra to calculate the
binding constant. From the three independent measurements, K, was calculated to be

155, and 158 M-!. The average K, was thus determined to be (1.6 + 0.02) x 10> M-,
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Figure S68. Partial 'H NMR spectra (600 MHz, 298K, CDCl;) of 0.5mM 2d after
addition of TBA™-PF4s, TBA"-BF,~, TBA*-ClO,4~, and TBA*-10,4". The concentration

of each salt is 3 mM. The 'H NMR spectrum was recorded 12 h after anion addition, in

order to allow the cage-anion complexation reach the equilibrium.
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5.3 Thermodynamic studies of 2b, 2e

1b + TREN + TBAIO,
DY va T ) u_wuL

1b + TREN + TBACIO,
1b + TREN + TBAPF,
1b+ TREN + TBABF,

AJ\.)._JJ L JJAA A JUL)L._J \__AJ\‘_N‘-L_A
2b/3b

M fich Al

8 7 6 5 4 3

8 (ppm)
Figure S69. The spectra of mixtures each containing 1b (0.002 mmol) and TREN
(0.002 mmol) in 600 pL CDCl; in the presence of 0.6 equiv. of different TBA™ salts.
The spectra indicated that “free” cage 2b was produced, without forming the putative

cage-anion complexes.
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Figure S70. Partial '"H NMR spectra (400 MHz, 298K) of 2e in 500 uL CDCl; after
adding 20 molar equivalents of TBA™ salts. The spectra were taken 8 d after the salt

addition. No resonances corresponding to anionC2e complexes were observed.
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Figure S71. The 'H NMR spectra of mixtures each containing 1e (0.0016 mmol) and
TREN (0.0016 mmol) in 600 pL. CDCl; in the presence of 0.5 equiv. of TBA™ salts.

The spectra indicated that “free” cage 2e was produced in most cases. In the presence

of F~, the self-assembly was unsuccessful.

S54



5.4 Thermodynamic studies of 2f

The rates of association of 2f with the anionic guests proved to be small, which often
took days. The binding constants were thus determined by using the corresponding
anionic guests to template the cage formation. General procedure: 1f (0.002 mmol) and
TREN (0.002 mmol) were condensed in 500 pL. CDCljat 55 °C for 12 h in the presence
of the anionic guests that are 0.25 eq, 0.5eq, and 1 eq relative to 1f. The overall
concentration of the anions added were equal to the counterion namely TBA™, whose
concentration could be determined by integrating its resonances. The concentrations of
2f, anionc2f could be determined by integrating the corresponding resonances in the
'H NMR (400 MHz, 298 K) spectra. The concentrations of the free anions were

calculated by using the equation, namley [anion] = [TBA*]—[anioncC2f].

1f + TREN % [PF,C2{]TBA
with leq TBAPF, % 2f

J JULL . JL |
1f + TREN
with 0. 5 eq TBAPF, JM
1f + TREN

with 0.25 eq TBAPF,

) N B

2

2f

5 (ppm)
Figure S72. The '"H NMR spectra of a mixture 1f (0.002 mmol) and TREN (0.002
mmol) in 500 pL CDCl; in the presence of 0, 0.25, 0.5 and 1 equiv. of TBA*-PF¢~
relative to 1f. The resonances corresponding to the free cage 2f were labelled with red
asterisks in the bottom spectrum, while those corresponding to the complex were
labelled with blue asterisks in the top one. By using these spectra, K, was determined

to be (5.7  0.4) x 103 M.
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2f
+* * * . * N
_L_..L._.-.J\_JL,L__}L A —_n N M
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Figure S73. The '"H NMR spectra of a mixture 1f (0.002 mmol) and TREN (0.002
mmol) in 500 pL. CDCl; in the presence of 0, 0.25, 0.5 and 1 equiv. of TBA™-ClO,4~
relative to 1f. The resonances corresponding to the free cage 2f were labelled with red
asterisks in the bottom spectrum, while those corresponding to the complex ClO4~c2f
were labelled with blue asterisks in the top one. By using these spectra, K, of Cl104,~c2f
was determined to be (1.1 +0.3) x 103 M-1.

S56



1f + TREN

.k
with 0. 5 eq TBAIO, [10,<2f]TBA

*2f

* % * ® #* . ﬁ
w~
______A_,ljl._JLAJLULJu_M*L . M o e

% %
* * % *
l___L J‘_Ju_-u | . M M , m
T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.54.0 3.5 3.0

5 (ppm)
Figure S74. The '"H NMR spectra of a mixture 1f (0.002 mmol) and TREN (0.002
mmol) in 500 pL CDCl; in the presence of 0, and 0.5 equiv. of TBA™- 104~ relative to
1f. The resonances corresponding to the free cage 2f were labelled with red asterisks in
the bottom spectrum, while those corresponding to the complex 10,-C2f were labelled
with blue asterisks in the top one. By using these spectra, K, of [0,~c2f was determined

to be (1.2 = 0.02) x 103 M.
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Figure S75. The '"H NMR spectra of a mixture 1f (0.002 mmol) and TREN (0.002
mmol) in 500 uL CDCl; in the presence of 0, and 0.5 equiv. of TBA*-BF,™ relative to
1f. The resonances corresponding to the free cage 2f were labelled with red asterisks in
the bottom spectrum, while those corresponding to the complex BF,~c2f were labelled
with blue asterisks in the top one. By using these spectra, K, of BF,~c2f was determined

to be (0.9 = 0.07) x 10> ML,
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Figure S76. The 'H NMR spectra of mixtures each containing 1f (0.002 mmol) and
TREN (0.002 mmol) in 500 uL. CDCl; in the presence of 1 equiv. of TBA™ salts. The
spectra indicated that “free” cage 2e was produced in most cases. In the presence of F~,
the self-assembly was unsuccessful. In the case of HSO,~ and H,PO,", the cage was

partially decomposed due to the acidity.
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5.5 Kinetic studies of 2d to recognize anions

2d + 10 eq TBAPF,

6h .

I MM A M
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5 (ppm)

Figure S77. Partial "H NMR spectra (600 MHz, 298 K, CDCl3) of a mixture of 2d (0.3
mM) and TBA*-PFs~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and blue asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 11.3 x 102 h!, assuming that

the concentration of free anion remained constant.
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Figure S78. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2d (0.3
mM) and TBA*-PFs~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and blue asterisks, respectively. The
pseudo-first-order rate constant, k,,,, was calculated to be 16.2 x 102 h-!, assuming that

the concentration of free anion remained constant.
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2d + 30 eq TBAPF * [PF,C2d]TBA
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Figure S79. Partial 'H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2d (0.3
mM) and TBA"-PF¢~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and blue asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 29.8 x 102 h-!, assuming that

the concentration of free anion remained constant.
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Figure S80. Plots of In[2d],/[2d]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the "H NMR spectroscopic results in Figure S76-S78. [2d], and [2d];
are the relative concentration of cage 2d in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear
fitting was performed in each case, producing three straight lines. The rates of host-
guest complexation namely ks in each case is the slope of the linear, by using the

following equation In[2d]o/[2d]; = kopst.
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Figure S 81. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2d (0.3
mM) and TBA*-ClO4~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and green asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 9.0 x 10-2 h-!, assuming that

the concentration of free anion remained constant.
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Figure S82. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2d (0.3
mM) and TBA*-ClO4~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and green asterisks, respectively. The
pseudo-first-order rate constant, k.ps, was calculated to be 14.1 x 102 h-!, assuming that

the concentration of free anion remained constant.
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Figure S83. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2d (0.3
mM) and TBA*-ClO4~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and green asterisks, respectively. The
pseudo-first-order rate constant, k.ps, was calculated to be 20.0 x 102 h-!, assuming that

the concentration of free anion remained constant.
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Figure S84. Plots of In[2d],/[2d]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the "H NMR spectroscopic results in Figure S80-S82. [2d], and [2d];
are the relative concentration of cage 2d in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear
fitting was performed in each case, producing three straight lines. The rates of host-

guest complexation namely k., in each case is the slope of the linear, namely

In[2d]o/[2d]; = Kopst.
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Figure S85. Partial 'H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2d (0.3
mM) and TBA™ 104~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 24 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and purple asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 8 x 10-3 h!, assuming that

the concentration of free anion remained constant.
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Figure S86. Partial 'H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2d (0.3
mM) and TBA* 104~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 24 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and purple asterisks, respectively. The
pseudo-first-order rate constant, k.ps, was calculated to be 18.3 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S87. Partial 'H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2d (0.3
mM) and TBA* 104~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 24 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and purple asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 22 x 10 h-!, assuming that

the concentration of free anion remained constant.
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Figure S88. Plots of In[2d],/[2d]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the "TH NMR spectroscopic results in Figure S84-S86. [2d], and [2d];
are the relative concentration of cage 2d in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear
fitting was performed in each case, producing three straight lines. The rates of host-

guest complexation namely ks in each case is the slope of the linear, namely

In[2d]o/[2d]; = kopst.
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Figure S89. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2d (0.3
mM) and TBA*-BF,~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and yellow asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 8.1 x 10-2 h'!, assuming that

the concentration of free anion remained constant.
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Figure S90. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2d (0.3
mM) and TBA™-BF,~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and yellow asterisks, respectively. The

pseudo-first-order rate constant, ks, was calculated to be 8.1 x 10-2 h'!, assuming that

3 (ppm)

the concentration of free anion remained constant.
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Figure S91. Partial "H NMR spectra (600 MHz, 298 K, CDCl3) of a mixture of 2d (0.3
mM) and TBA"-BF;~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 6 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and yellow asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 11.9 x 102 h-!, assuming that

the concentration of free anion remained constant.
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Figure S92. Plots of In[2d]o/[2d]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the "TH NMR spectroscopic results in Figure S88-S90. [2d], and [2d];
are the relative concentration of cage 2d in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear
fitting was performed in each case, producing three straight lines. The rates of host-
guest complexation namely ks in each case is the slope of the linear, namely

In[2d]o/[2d]; = kopst.
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5.6 Kinetic studies of 2f to recognize anions

2f+20 eq TBAPF, * [PF,C2f]TBA
66 h *2f

DN i

80 ' 75 | 7.0 6.5 ' 6.0
& (ppm)

Figure S93. Partial 'H NMR spectra (600 MHz, 298 K, CDC]ls) of a mixture of 2f (0.15

mM) and TBA*-PFs~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 66 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and blue asterisks, respectively. The
pseudo-first-order rate constant, k., was calculated to be 8.14 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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2f+40 eq TBAPF, * |[PF,C2f]TBA
66 h *2f

48 h

40 h

33h

24h

8.0 75 7.0 6.5 6.0
S (ppm)

Figure S94. Partial "H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2f (0.15
mM) and TBA*-PFs~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 66 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and blue asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 10.68 x 10 h-!, assuming

that the concentration of free anion remained constant.
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Figure S95. Partial 'H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2f (0.15
mM) and TBA*-PFs~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 66 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and blue asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 14.48 x 10-3 h-!, assuming

that the concentration of free anion remained constant.
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Figure S96. Plots of ln[Z(f]())/ [2f]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the "TH NMR spectroscopic results in Figure S92-S94. [2f], and [2f];
are the relative concentration of cage 2f in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear

fitting was performed in each case, producing three straight lines. The rates of host-

guest complexation namely ko in each case is the slope of the linear, namely

ln[zﬂo/[zﬂt = kobst-
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Figure S97. Partial 'H NMR spectra (60()(‘)1:;[1112, 298 K, CDCl;) of a mixture of 2f (0.2
mM) and TBA"-ClO4~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 62 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and green asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 2.72 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S98. Partial 'H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2f (0.2
mM) and TBA"-ClO4~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 62 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and green asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 6.64 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S99. Partial 'H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2f (0.2

mM) and TBA*-ClO4~ (9 mM), which were recorded for a certain amount of time

including 0 (bottom) and 62 h (top). The resonances corresponding to the free cage and

cage-anion complex were labelled with red and green asterisks, respectively. The

pseudo-first-order rate constant, k., was calculated to be 9.36 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S100. Plots of In[2f](/[2f]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the 'TH NMR spectroscopic results in Figure S96-S98. [2f], and [2f];

are the relative concentration of cage 2f in the beginning and a special time after

addition of the anion, respectively, which was determined by integrating the

corresponding resonances corresponding to the cage and complex respectively. Linear

fitting was performed in each case, producing three straight lines. The rates of host-

guest complexation namely ks in each case is the slope of the linear, namely

1n[2ﬂo/[2ﬂt = kobst-
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2f + 15 eq TBAIO, * [10,c2d] TBA
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Figure S101. Partial '"H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2f (0.2

—

mM) and TBA* 104~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 117 h (top). The resonances corresponding to the free cage
and cage-anion complex were labelled with red and purple asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 0.6 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S102. Partial "H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2f (0.2

mM) and TBA* 104~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 117 h (top). The resonances corresponding to the free cage
and cage-anion complex were labelled with red and purple asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 1.6 x 10-3 h'!, assuming that

the concentration of free anion remained constant.
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Figure S103. Partial "H NMR spectra (600 MHz, 298 K, CDCls) of a mixture of 2f (0.2

=

mM) and TBA* 104~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 117 h (top). The resonances corresponding to the free cage
and cage-anion complex were labelled with red and purple asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 2.6 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S104. Plots of 11:[(22%0/ [2f]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the 'TH NMR spectroscopic results in Figure S100-S102. [2t], and
[2f]; are the relative concentration of cage 2f in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear
fitting was performed in each case, producing three straight lines. The rates of host-

guest complexation namely ks in each case is the slope of the linear, namely

In[2f]o/[2f]; = Kopst.
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Figure S105. Partial '"H NMR spectra (600 MHz, 298 K, CDCl;) of a mixture of 2f

;;-*:‘
—

(0.15 mM) and TBA"-BF,~ (3 mM), which were recorded for a certain amount of time
including 0 (bottom) and 66 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and yellow asterisks, respectively. The
pseudo-first-order rate constant, ks, was calculated to be 3.24 x 10-3 h-!, assuming that

the concentration of free anion remained constant.
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Figure S106. Partial 'H NMR spectra (600 MHz, 298 K, CDC]l;) of a mixture of 2f
(0.15 mM) and TBA™-BF,~ (6 mM), which were recorded for a certain amount of time
including 0 (bottom) and 66 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and yellow asterisks, respectively. The

pseudo-first-order rate constant, k.ps, was calculated to be 6.73 x 10-3 h-!, assuming that

7.0
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the concentration of free anion remained constant.
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Figure S107. Partial '"H NMR spec‘[(;;m()600 MHz, 298 K, CDCIl;) of a mixture of 2f
(0.15 mM) and TBA*-BF4~ (9 mM), which were recorded for a certain amount of time
including 0 (bottom) and 66 h (top). The resonances corresponding to the free cage and
cage-anion complex were labelled with red and yellow asterisks, respectively. The

pseudo-first-order rate constant, ks, was calculated to be 10.93 x 103 h'!, assuming

that the concentration of free anion remained constant.
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Figure S108. Plots of In[2f](/[2f]; versus time (t) when the anion added is a) 3, b) 6 and
¢) 9 mM, based on the 'H NMR spectroscopic results in Figure 104-S106. [2f], and
[2f]; are the relative concentration of cage 2f in the beginning and a special time after
addition of the anion, respectively, which was determined by integrating the
corresponding resonances corresponding to the cage and complex respectively. Linear
fitting was performed in each case, producing three straight lines. The rates of host-

guest complexation namely ks in each case is the slope of the linear, namely

1n[2ﬂo/[2ﬂt = kobst-
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Figure S109. Plots of ks vs the concentration of anions for the formation of complexes

namely a) anionc2d and b) anionc2f. Linear fitting was performed to yield the rate of

association namely k¢, while the rates of dissociation (k,) were determined from the

equation ky, = k¢K,.

Table S1. Kinetic parameters for the complexation between cage 2d, 2f and four

anions.
2d 2f
PFe~ CIO4~ BF, 1047 PRy CIO, BFs 104
(105&_1) 5.6 1.0 0.16  0.25 5.7 1.1 0.09 1.2
ki

(M-"h-") 30.8 183 11.3 2.3 1.06 111 128 0.33

(1073 h-1) 5.5 183 70.6 9.2 0.19 1.0 14.2 0.03
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6. Computational Studies

Density functional theory (DFT) calculations

DFT calculations were performed using Gaussian 16> package. The geometries of all
structures have been optimized at the wb97xd/def2-SVP3*+# level of theory with the
IEFPCM? solvation model (chloroform). Initial structures were obtained or modified
based on the single crystal structures. Harmonic vibrational analyses have been
performed to confirm each stationary point as an equilibrium structure (i.e., all real
frequencies). Single-point energy calculations were carried out with the M06-2X-D3/6-
311+G(2d,p)%-1° level in the SMD3 implicit solvent model (chloroform). Gibbs free
energies were corrected with the quasi-rigid-rotor-harmonic-oscillator (quasi-RRHO)!!
method. Energy decomposition analysis (EDA) was conducted at the BHandHLYP-
D3(BJ)/6-311+G(2d,p)'> w.CB level using the sobEDA!* method. Wave function
analyses including IGMH'* and ESP'S were obtained using the Multiwfn 3.8(dev)
program.'® The corresponding plots and maps were rendered using the VMD software!”

with the plotting scripts included in the Multiwtn package.

Energy decomposition analysis (EDA)

We first of all employed EDA for the interactions between ClO,~ and the tetrahedral
cage using the sobEDAw method. This approach provides an efficient and universal
protocol for quantifying contributions to interfragment interaction energies.
Calculations were performed on the optimized complex geometries and the results are

summarized in Table S2.

The EDA results reveal a total interaction energy trend that aligns well with the
experimental results. For the halogen-substituted series (2b, 2¢ and 2d), a closer
inspection of the energy components shows that while the exchange-repulsion (AEy),
orbital interaction (AE,), and dispersion (AEgs,) terms each exhibit monotonic
variations across the series, their differences are modest compared to that of the
electrostatic term and are largely countervailing. This analysis underpins the primacy

of electrostatic contribution in governing the overall binding affinity. Similarly, a
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significant drop of the electrostatic interaction accounts for the low affinity observed in
2e, which features electron-donating phenyl substituents. While in the case of 2f, the
high anion affinity arises not only from reasonable electrostatic attractions but also from

a significant reduction in Pauli repulsion.

Table S2. Physical components of the interaction energy (kcal mol™) for ClO4~
complexes in the gas state calculated by sobEDAw method. AE, AE,, AE, ¢, AE
and AEg;, represent the electrostatic energy, exchange energy, Pauli repulsion
energy, orbital interaction energy and dispersion energy, respectively. AE; and
AE, ., are merged into one term, as exchange-repulsion term, namely, AE, ., = AE,

+ AE,,. Total interaction energy AE;, = AEs + AEyp + AE o, + AE gigp.

Complexes AE int AE, els AE Xrep AE, orb AE disp AE. X AE, rep

ClOsc2b  —56.67 —37.59 46.63 —2579 3992 -3190 82.06

ClO,c2¢ —-61.33 —4229 47.79 2640 —4042 -32.80 83.97

ClOsyc2d —-61.62 —43.01 4939 2697 —41.02 -34.13 86.95

ClOsc2e —51.78 —31.80 4545 —-27.01 -3842 -31.14 80.28

ClOo,c2f —65.25 -39.83 3958 2648 —3851 —2581  68.55

Independent gradient model based on Hirshfeld partition of molecular density

(IGMH) Analysis

In order to reveal the noncovalent interactions in the host-guest complex, we employed
a real-space function, named the interaction region indicator independent gradient
model based on the Hirshfeld partition of molecular density (IGMH) method to
investigate noncovalent interactions. The complex was partitioned into two fragments:
the guest C1O4 anion as one fragment and the tetrahedral cage as the other. Thereby,
the resulting isosurfaces reveal exclusively host-guest interactions. It can be observed
that the IGMH analysis clearly visualizes all types of interactions between the two

fragments, including hydrogen-bonding (H-bond) interactions and anion—n
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interactions. In the IGMH analyses, the isosurfaces correspond to oginter = 0.003 a.u.,

and the generated cube files represent high-quality data.

Quantitative assessment of anion-7 and hydrogen bond interactions

It 1s well-established that the electrostatic component of the anion-m interaction is
correlated to the quadrupole moment of the electron deficient aromatic ring. We
therefore computed the average magnitudes of traceless quadrupole moments for the
triazine rings in each cage (Table S3). The result shows that all the triazine rings exhibit
positive traceless quadrupole moments, consistent with their electron-deficient nature.
The average values, however, showed neither significant difference nor a discernible
trend across the halide series. Furthermore, higher value was observed for 2e than those
for 2¢ and 2d which is inconsistent with the experimental results, suggesting that
differential anion-w interactions are unlikely to be the key determinant of the observed

trend in binding affinity.

Table S3. Calculated average magnitudes of quadrupole moments (Debye-A) for

the four triazine rings in each cage.

2b 2¢ 2d 2e 2f
Otraceless 1.77 1.46 1.49 2.72 3.82
10| 2.55 1.96 2.17 4.61 6.00

The strength of CH-O hydrogen bonds can be estimated'® as the half value of the
potential energy density V(r) at the bond critical point (BCP) for the hydrogen bonds.
Data derived from the same level of theory with the EDA analyses reveal (Table S4) a
minor progression of the sum of hydrogen bond interactions between the cage and
CIO4, that the hydrogen bond interactions within complex ClO, c2d is larger than that
of the C1IO4 c2b by merely 1.0 kcal/mol. This difference accounts for only 20% of the
distinction of the total interaction energy between ClO, c2d and ClOs C2b. As a
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result, the observed differential binding trend should be attributed to a more dominant

electrostatic contribution.

Table S4. Sum of hydrogen bond interaction energies (kcal mol ') within the C104~
complexes estimated as the half value of V(r) at the BCP for the hydrogen bonds.

ClO4,c2b ClO4s c2¢ ClO,c2d ClO4c2e ClO s c2f

Eup —17.63 —18.06 —18.68 —12.78 —16.77

Electrostatic potential (ESP) Analysis

To validate that the anion and the cage tend to interact through electrostatic
complementarity, we analyzed the electrostatic potential (ESP) distribution both over
the entire vdW surface of the cages and across a defined cross-sectional plane within
the cage. This plane was selected parallel to a triazine plane of the tetrahedral cage
(Figure S109 f) and positioned 3 A above it. We selected (150, 150) grid points to
generate the .cube file. The plane selected for each of the five molecular cages was

defined by three points, with their coordinates provided in the table below:

Table S5. The coordinates (A) of the three points selected to define the plane within

the cage.
Name 2b 2c 2d 2e 2f
(—-1.9609716,  (0.0199476,  (—1.5987199, (—1.5639241, (—1.2678594,
Pointl1 —0.2465801, —1.2945553, —0.9065082, —0.9827590, —0.4435849,
0.1461176) —1.1136127)  —0.4487543)  —0.0247870) 1.0656113)
(0.2700272, (-1.6123706, (0.6528679, (—0.6800759,  (—0.1979343,
Point2 —0. 6316981, —0.3197284, —1.1461509, 0.5713110, 1.6839671,
—0.6979060) 0.3774232) —1.2918809) —1.6501258) 0.6569803)
(—0.2962742, (0.6083530, (—0.2874632,  (—0.9799766, (1.1430890,
Point3 1.4985254, —0.8279752, 1.0557544, 1.2642624, —0.2846621,
0.2921583) 1.1829346) —0.9667587) 0.6450466) 1.0625282)
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The results demonstrate that, among the five cages studied, both the global and local
ESP analyses consistently reveal the same trend: the 2b and 2e exhibit the least
electron-deficient character, followed by the 2¢, while the 2d and 2f show the most

pronounced electron-deficient properties (Figure S109).

Restrained electrostatic potential charge (RESP)!° analysis

The above ESP analysis surprisingly showed that both the electron-withdrawing
fluorine groups and the electron-donating phenyl groups result in the least electron-
deficient cavity. In order to clarify this counterintuitive effect, we derived RESP for
each atom. The average values of the net atomic charge for key fragments are

summarized in Table S6.

Table S6. The average values of the net RESP charge (a.u.) for key fragments in
the empty cages.

Fragments 2b 2c 2d 2e 2f
Triazines 0.33 0.12 0.07 0.18 0.20
HB donor

0.13 0.16 0.19 0.16 0.16
hydrogens
Halogen

—-0.22 —0.083 —0.054 — —

atoms

RESP charge analysis reveals a progressive increase in the net positive charge on the
triazine fragments across the series 2d to 2b, consistent with the enhanced inductive
electron-withdrawing effect of the increasingly electronegative halogen substituents.
Correspondingly, the halogen atoms bear substantial negative charges, with average
values decreasing monotonically: 2d (—0.054 a.u.) > 2¢ (—0.083 a.u.) >>2b (-0.22 a.u.).
This charge localization is visually corroborated by the ESP maps (Figure S110), which

show pronounced electron-rich regions over the halogen surfaces.
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The significant negative charge localized on the halogen atoms prompted a quantitative
assessment of their electrostatic influence. This was achieved by computing the
interaction energy between the key fragments and an imaginary unit (—1) charge

positioned at the cage center. The result are summarized in Table S7.

Table S7. The electrostatic potential energies (kcal mol™') exerted by key

fragments towards an imaginary unit (—1) charge positioned at the cage center.

Fragments 2b 2c 2d 2e 2f
Triazines —110.85 —40.97 —23.75 —56.44 —64.63
Halogen

135.15 47.02 29.67 — 1.59°
atoms

Triazines

and 24.30 6.05 5.92 - -
halogens

All atoms —9.78 —10.96 —21.14 —6.45 —25.48

* Electrostatic potential energies exerted by twelve CF3 groups.

The four triazine units induce attractive electrostatic potentials of —110.8 kcal/mol,
—41.0 kcal/mol, and —23.8 kcal/mol for 2b, 2¢, and 2d, respectively. These attractions,
however, are effectively overshadowed by the repulsive potentials arising from the
halogen atoms, calculated as 135.2 kcal/mol for 2b, 47.0 kcal/mol for 2¢, and 29.7
kcal/mol for 2d, respectively. Consequently, the strongest net electrostatic repulsion is
observed for 2b (24.3 kcal/mol) which aligns with the experimental anion affinity series

and rationalize the existence of repulsive field effect from the halogen atoms.
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Electric Field Gradient Diagram

The external electric field (EEF) is conventionally defined as the negative of the first-
order derivative vector with respect to the coordinate, which is the gradient vector of
the electrostatic potential (ESP) of Figure S109. Hence, by generating a gradient line
or vector field representation of the ESP, the characteristics and behavior of the electric
field can be illustrated. We selected (100, 100) grid points. In all the electric field

gradient distribution diagrams, we set the upper limit of the absolute value for scaling

arrows to 0.05.
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Figure S110. The 2D electrostatic potential map of 2b (a), 2¢ (b), 2d (c), 2e (d), 2f (e).

The selected plane was constructed based on the coordinates of the three points shown
in Table S2.
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l—0.03 a.u.

Figure S111. Surface electrostatic potential distribution of 2b (a),2¢ (b), 2d (c), 2e (d),
2f (e).
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Figure S112. The 2D electrostatic potential map of 2b (a), 2¢ (b), 2d (c), 2e (d), 2f (e).

The selected plane was constructed based on the coordinates of the three nitrogen atoms

located on the triazine ring, as shown in ().

a)

——— Clo; c2c

CIO, c 2f

Anion-r

ClO,  2f

Anion-w

Figure S113. The reduced density gradient isosurface map of the ClO4C2c¢ (a),
Cl04c2c (b), ClO4c2f (¢), with the isosurfaces corresponding to dg™r = 0.003 a.u.

For clarity, only the noncovalent interaction between Cage and anion was displayed.
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7. X-Ray Crystallography

Single crystal X-ray diffraction data were performed on Bruker D8 Venture metaljet
diffractometer (Bruker, Ettlingen, Germany) with GaKo (4 = 1.34139 A) radiation.
Using Olex2?°, the crystal structure was solved using intrinsic phasing and refined with
full-matrix least-squares methods with anisotropic thermal parameters for all
nonhydrogen atoms on F? using SHELXL?! package. Hydrogen atoms were found from
the difference Fourier map but placed in the calculated positions and refined
isotropically.

Solid-state structure of complex BF,c2c-TBA*

Methods

Single crystals of BF,c2¢-TBA™, suitable for X-ray crystallography, were grown by
slow solvent diffusion of isopropyl ether into a solution of 2¢ with 10 equiv. of
TBA*-BF, in chloroform after three days. Data were collected at 170 K on a Bruker
D8 Venture Diffractometer equipped with a GaKa IuS source and MX optic.

Crystal parameters of BF,c2c- TBA™*

[C141.9H13790BCly7F4N29], 0.17%0.17x0.05 mm?, M = 3389.18, Triclinic, space group
P-1,a=17.5969(6) A, b =21.9736(7) A, ¢ = 22.7357(9) A, o = 102.3817(19)°, B =
93.1489(18)°, v = 94.7641(16)°. V = 8533.1(5) A3, Z=2, T =170 K, pe. = 1.319
mg/m3, u(GaKa) = 3.249 mm!. 136792 reflections collected, 32470 independent
reflections, R(int) = 0.0856. Final R; (I > 20(1)) = 0.0760 and wR, = 0.2067. The
structure was solved by intrinsic phasing and different Fourier syntheses. Using Olex2,
the structure was solved with the ShelXT structure solution program using Intrinsic
Phasing and refined with the ShelXL refinement package using Least Squares
minimization. The SQUEEZE procedure was done (see details in the cif file). CCDC
number: 2483576.
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Figure S114. Different views of the solid-state structure of BF, c2¢-TBA*. Color
code: carbon, grey; boron, pink; nitrogen, blue; fluorine, cyan; chlorine, green.
Disordered solvent molecules, other counterions, and hydrogen atoms are omitted for

clarity.
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Figure S115. Thermal ellipsoid plot for BF; c2¢-TBA* crystal. Color code: carbon,
grey; boron, pink; nitrogen, blue; fluorine, cyan; chlorine, green. And displacement

ellipsoids are drawn at the 50% probability level.
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Solid-state structure of complex ClO4C2c- TBA*
Methods

Single crystals of C1O4,c2¢- TBA*, suitable for X-ray crystallography, were grown
by slow solvent diffusion of isopropyl ether into a solution of 2¢ with 10 equiv. of
TBA"-ClO4 in chloroform after three days. Data were collected at 170 K on a Bruker
D8 Venture Diffractometer equipped with a GaKa IuS source and MX optic.
Crystal parameters of C10,C2c- TBA*
[C141.20H137.20Cl25 86N2904], 0.17x0.17x0.05 mm?3, M = 3328.73, Triclinic, space group
P-1,a=17.6131(10) A, b=22.0166(14) A, ¢ = 22.7591(14) A, o =102.389(3)°, B =
93.067(3)°, y = 94.661(2)°. V = 8568.7(9) A3, Z=2, T= 170 K, peac = 1.290 mg/m?,
w(GaKa) = 3.140 mm'. 133242 reflections collected, 25510 independent reflections,
R(int) = 0.1274. Final R; (I > 20(I)) = 0.0743 and wR, = 0.1904. The structure was
solved by intrinsic phasing and different Fourier syntheses. Using Olex2, the structure
was solved with the ShelXT structure solution program using Intrinsic Phasing and
refined with the ShelXL refinement package using Least Squares minimization. The

SQUEEZE procedure was done (see details in the cif file). CCDC number: 2483577.

Figure S116. Different views of the solid-state structure of ClO4,c2¢-TBA*. Color
code: carbon, grey; nitrogen, blue; oxygen, red; chlorine, green. Disordered solvent

molecules, other counterions, and hydrogen atoms are omitted for clarity.
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Figure S117. Thermal ellipsoid plot for C1O4 c2¢-TBA™ crystal. Color code: carbon,
grey; nitrogen, blue; oxygen, red; chlorine, green. And displacement ellipsoids are

drawn at the 50% probability level.
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