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1. General Methods

'"H NMR and ">C NMR spectra were recorded on a 400 MHz Bruker Biospin
Avance III spectrometer or a 400 MHz JEOL JNM-ECZ400S spectrometer. The
chemical shifts (8) for 'TH NMR spectra, given in ppm, are referenced to the residual
proton signal of the deuterated solvent. Mass spectra were recorded on a Bruker
IMPACT-II spectrometer. Crystallographic data was collected on a Mercury single
crystal diffractometer at room temperature. The structures were solved with direct
methods by using SHELXS-97 and refined with the full-matrix least-squares
technique based on F2. Deuterium solvents were purchased from Aldrich. All other
reagents were obtained from commercial sources and were used without further
purification, unless indicated otherwise. The experimental details of dynamic
covalent reactions, computational studies, and imine formation in water are shown

in page S15, S42, and S59, respectively.

2. Synthesis and Characterization

(1) Synthesis of 1(X) and 1(p-X)

Br B(OH), [Pd] catalyst O
X0 . X Base X
1,4-Dioxane ‘ o
X = NMe,, OMe, SMe, F, CI, Br, | 1(X)
X
B B(OH),
r [Pd] catalyst O
X0 + Base _
1,4-Dioxane
e
X
X = NMe,, OMe, SMe, F, CI, Br 1(p-X)

Scheme S1. General synthetic routes of 1(X) and 1(p-X).
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O 2'-(methylthio)-[1,1'-biphenyl]-2-carbaldehyde: To a mixture of
2-bromobenzaldehyde (1.0 mmol, 185 mg), (2-(methylthio)phenyl)boronic acid (1.2
mmol, 202 mg), potassium carbonate (2.0 mmol, 276 mg), and
tetrakis(triphenylphosphine)palladium (0.005 mmol, 58 mg), was added 1,4-dioxane
(10 mL) under N; atmosphere. The reaction was stirred at 80 ‘C for 12 h. After the
reaction was cooled to room temperature, H>O (25 ml) was added, and the mixture
was extracted with ethyl acetate (EA; 25 ml x 3). The combined organic layer was
washed with saturated aqueous NH4Cl (50 ml x 3) and dried over anhydrous Na;SOs.
After removal of solvent under vacuum and further purification performed on the
column chromatography (silica gel, petroleum ether (PE) / EA = 40:1 to 20:1), the
title compound was obtained as a white solid (216 mg, 95%). 'H NMR (DMSO-d): &
9.61 (s, 1H), 7.91 (dd, J=7.7, 1.1 Hz, 1H), 7.77 (td, J= 7.5, 1.3 Hz, 1H), 7.61 (t, J =
7.6 Hz, 1H), 7.48 (t,J= 6.6 Hz, 1H), 7.35 (t, /= 8.2 Hz, 2H), 7.32-7.23 (m, 2H), 2.36
(s, 3H). 3C NMR (CDCl): § 191.9, 143.8, 138.3, 136.3, 133.9, 133.9, 131.0, 130.4,
129.0, 128.5, 127.0, 124.7, 124.6, 15.5. ESI-HRMS: m/z calcd for C14H12OSNa [M +
Na']: 251.0501; found: 251.0501.

O O/
S

was used to afford the title compound as a white crystal (yield: 90%). 'H NMR

2'-methoxy-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure®!

(CDCls): § '"H NMR (CDCls) § 9.81 (s, 1H), 8.02 (dd, J= 7.8, 1.3 Hz, 1H), 7.67 (td, J
= 7.5, 1.4 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.48-7.42 (m, 1H), 7.39 (d, J = 7.7 Hz,
1H), 7.32 (dd, J= 7.5, 1.7 Hz, 1H), 7.11 (t, J = 7.0 Hz, 1H), 7.01 (d, J = 8.1 Hz, 1H),
3.77 (s, 3H).
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2'-(dimethylamino)-[1,1'-biphenyl]-2-carbaldehyde: The reported
procedure®? was used to afford the title compound as a yellow solid (yield: 96%). 'H
NMR (CD3CN): 9.54 (s, 1H), 7.88 (dd, J=7.7, 1.2 Hz, 1H), 7.74 (td, J= 7.5, 1.4 Hz,
1H), 7.52 (t, J = 7.5 Hz, 1H), 7.48-7.45 (m, 1H), 7.42 (td, /= 7.9, 1.7 Hz, 1H), 7.38
(dd, J=17.5, 1.6 Hz, 1H), 7.23-7.14 (m, 2H), 2.37 (s, 6H).

F

=0

2'-fluoro-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure®’
was used to afford the title compound as a colorless oil (yield: 60%). 'H NMR
(DMSO-de): 6 9.83 (s, 1H), 7.96 (d, J = 7.3 Hz, 1H), 7.80 (t, J = 7.5 Hz, 1H), 7.65 (t,
J=1.5Hz, 1H), 7.56-7.46 (m, 3H), 7.38-7.32 (m, 2H).

2'-chloro-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure™
was used to afford the title compound as a white solid (yield: 55%). 'H NMR (CDCl5):
09.83 (s, 1H), 8.07 (dd, J=7.8, 1.1 Hz, 1H), 7.70 (td, J= 7.5, 1.4 Hz, 1H), 7.58 (t, J
=7.6 Hz, 1H), 7.55-7.51 (m, 1H), 7.45-7.39 (m, 2H), 7.37 (m, 2H).

/
o

vy)
=

2'-bromo-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure®
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was used to afford the title compound as a yellow solid (yield: 63%). 'H NMR
(DMSO-de): 6 9.71 (s, 1H), 7.95 (dd, /= 7.7, 1.1 Hz, 1H), 7.81-7.74 (m, 2H), 7.65 (t,
J=17.5Hz, 1H), 7.52 (td, J=7.5, 1.1 Hz, 1H), 7.47-7.35 (m, 3H).

I I
e

used to afford the title compound as a drab solid (yield: 57%). 'H NMR (DMSO-dg):

2'-iodo-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure* was

$9.68 (s, 1H), 8.00 (dd, J= 7.9, 0.9 Hz, 1H), 7.95 (dd, J= 7.8, 1.1 Hz, 1H), 7.78 (td,
J=175,1.4Hz, 1H), 7.64 (t, J=7.6 Hz, 1H), 7.53 (td, J= 7.5, 1.1 Hz, 1H), 7.41 (dd,
J=17.6,1.6 Hz, 1H), 7.31 (d, J= 7.6 Hz, 1H), 7.21 (td, J= 7.7, 1.7 Hz, 1H).

NMe,

O ~o

4'-(dimethylamino)-[1,1'-biphenyl]-2-carbaldehyde: The reported
procedure® was used to afford the title compound as a yellow solid (yield: 97%). 'H
NMR (CDCls): 8 10.03 (s, 1H), 7.99 (dd, J = 7.8, 1.2 Hz, 1H), 7.60 (td, J = 7.7, 1.5
Hz, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.41 (t, J= 7.5 Hz, 1H), 7.27 (d, J = 8.8 Hz, 2H),
6.81 (d, J = 8.8 Hz, 2H), 3.03 (s, 6H).

OMe

e

was used to afford the title compound as a white solid (yield: 95%). 'H NMR (CDCls):

4'-methoxy-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure®

5 10.02 (s, 1H), 8.05 (dd, J=7.8, 1.1 Hz, 1H), 7.66 (td, J= 7.5, 1.5 Hz, 1H), 7.52 (t, J
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=7.6 Hz, 1H), 7.48 (d, J= 7.7 Hz, 1H), 7.43 — 7.37 (t, J= 7.5 Hz, 1H), 7.04 — 6.93 (m,
3H), 3.88 (s, 3H).

SMe

O S0

4'-(methylthio)-[1,1'-biphenyl]-2-carbaldehyde: = The  reported
procedureS® was used to afford the title compound as a white solid (yield: 96%). 'H
NMR (CDCl3) 6 9.99 (s, 1H), 8.02 (d, J = 7.8 Hz, 1H), 7.64 (t, J = 7.5 Hz, 1H), 7.49
(t,J=7.4Hz, 1H), 7.43 (d, J="7.7 Hz, 1H), 7.33 (q, J = 8.3 Hz, 4H), 2.55 (s, 3H).

F

S

used to afford the title compound as a white solid (yield: 58%). 'H NMR (CDCls) §

4'-fluoro-[1,1'-biphenyl]-2-carbaldehyde: The reported procedureS® was

9.97 (s, 1H), 8.05 — 8.00 (m, 1H), 7.64 (td, J = 7.5, 1.4 Hz, 1H), 7.51 (t, J = 7.6 Hz,
1H), 7.42 (d, J = 7.7 Hz, 1H), 7.35 (m, 2H), 7.17 (t, J = 8.6 Hz, 2H).

Cl

O S0

4'-chloro-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure’
was used to afford the title compound as a white solid (yield: 70%). '"H NMR (CDCI;)
0 9.97 (s, 1H), 8.03 (dd, J=7.8, 1.3 Hz, 1H), 7.65 (td, /= 7.5, 1.4 Hz, 1H), 7.52 (t, J
=7.6 Hz, 1H), 7.46 (d, /= 8.4 Hz, 2H), 7.41 (dd, J=17.7,0.9 Hz, 1H), 7.32 (d, /= 8.4
Hz, 2H).
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N
O 0]
4'-bromo-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure™
was used to afford the title compound as a yellow solid (yield: 66%). 'H NMR

(CDCl3) § 9.97 (s, 1H), 8.03 (dd, J = 7.8, 1.1 Hz, 1H), 7.68 — 7.59 (m, 3H), 7.52 (t, J
=7.6 Hz, 1H), 7.41 (d, J= 7.7 Hz, 1H), 7.27 — 7.25 (m, 2H).

(2) Synthesis of water soluble compounds

Br O
B(OH), Pd(PPh3), O X 1. BrCH,CH,Br X
Yo X KCO; KOs <
1,4-Dioxane O S0 2. NMe, ‘ 0

OH

(@) + -
OH ~
X = H, OMe el NMe,Br
_O -0
1. BrCHchzBr
K,CO3
2. NMes
OH O\/\ + -
NMe;Br

5

Scheme S2. General Synthetic routes of water soluble compounds 3(X) and 5.

O O/
e

O~y -
NMeBr 2-((2-formyl-2'-methoxy-[1,1'-biphenyl]-4-yl)oxy)-N, N, N-

trimethylethan-1-aminium bromide: To a suspension of
4-hydroxy-2'-methoxy-[1,1'-biphenyl]-2-carbaldehyde (1.0 mmol, 228 mg) and
potassium carbonate (3.0 mmol, 414 mg) in 10 ml anhydrous DMF, was added
1,2-dibromoethane (2.0 mmol, 376 mg) was added dropwise. The reaction was stirred
at 90 C until the starting material was completely consumed. After the reaction was

cooled to room temperature, H>O (50 mL) was added, and the mixture was extracted
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with EA (25 ml x 3). The combined organic layer was washed with brine (50 ml x 3),
dried over anhydrous Na>SO4, and concentrated under vacuum. Toluene (7 mL), a
solution of trimethylamine (2 M in THF, 3 mL) was added to the resulting residue,
and the mixture was transferred to a sealed tube. The reaction was stirred at 60 C
for 2 days, and H,O (20 mL) was next added. The aqueous layer was washed with PE
(20 ml x 3) and EA (20 ml x 3), concentrated under vacuum, and dried to afford the
title compound as a white solid (389 mg, 96%). 'H NMR (D20): & 9.57 (s, 1H),
7.50-7.47 (m, 2H), 7.37-7.30 (m, 3H), 7.15 (t, J = 6.6 Hz, 2H), 4.58 (br, 2H), 3.85 (t, J
= 4.5 Hz, 2H), 3.71 (s, 3H), 3.26 (s, 9H). °C NMR (D20): § 194.9, 156.7, 155.8,
134.8, 134.2, 132.8, 131.1, 130.2, 125.6, 121.5, 121.3, 111.5, 111.3, 64.9, 62.1, 55.2,
54.0. ESI-HRMS: m/z calcd for C19oH24NO3" [M']: 314.1751; found: 314.1751.

S

0] + -
> NMesBr 5 ((2-formyl-[1,1"-biphenyl]-4-yl)oxy)-N, N, N-trimethylethan-

1-aminium bromide: To a suspension of 4-hydroxy-[1,1'-biphenyl]-2-carbaldehyde
(1.0 mmol, 198 mg) and potassium carbonate (3.0 mmol, 414 mg) in 10 ml anhydrous
DMF, was added 1,2-dibromoethane (2.0 mmol, 376 mg) was added dropwise. The
reaction was stirred at 90 C until the starting material was completely consumed.
After the reaction was cooled to room temperature, H>O (50 mL) was added, and the
mixture was extracted with EA (25 ml x 3). The combined organic layer was washed
with brine (50 ml x 3), dried over anhydrous Na,;SOj4, and concentrated under vacuum.
Toluene (7 mL), a solution of trimethylamine (2 M in THF, 3 mL) was added to the
resulting residue, and the mixture was transferred to a sealed tube. The reaction was
stirred at 60 ‘C for 2 days, and H>O (20 mL) was next added. The aqueous layer was
washed with PE (20 ml x 3) and EA (20 ml x 3), concentrated under vacuum, and
dried to afford the title compound as a yellowish solid (360 mg, 95%). 'H NMR

(D20): 5 9.73 (s, 1H), 7.50-7.43 (m, SH), 7.36-7.31 (m, 3H), 4.53 (br, 2H), 3.83 (br,
S9



2H), 3.24 (s, 9H). *C NMR (D:0): § 193.9, 156.5, 139.4, 136.7, 133.5, 132.3, 130.0,
128.4, 127.9, 121.4, 111.7, 64.9, 62.1, 54.0. ESI-HRMS: m/z calcd for CisH2»NO>"
[M']: 284.1645; found: 284.1645.

O O/
e

OH 4-hydroxy-2'-methoxy-[1,1'-biphenyl]-2-carbaldehyde: The reported
procedure®’ was used to afford the title compound as a white solid (yield: 90%). 'H

NMR (DMSO-de): 8 9.98 (br, 1H), 9.55 (s, IH), 7.40 (t, J = 8.1 Hz, 1H), 7.25 (d, J =
7.2 Hz, 1H), 7.21-7.18 (m, 2H), 7.12-7.05 (m, 3H), 3.67 (s, 3H).

(e

OH 4-hydroxy-[1,1'-biphenyl]-2-carbaldehyde: The reported procedure®®
was used to afford the title compound as a yellowish solid (yield: 92%). 'H NMR
(DMSO-ds): 6 10.05 (br, 1H), 9.81 (s, 1H), 7.50 - 7.41 (m, 3H), 7.41 - 7.36 (m, 3H),
7.35-7.28 (m, 2H), 7.16 (dd, J= 8.2, 2.2 Hz, 1H).

O\/\KIM Br
©3br 2-(4-formylphenoxy)-N, N, N-trimethylethan-1-aminium

bromide: The reported procedure®® was used to afford the title compound as a white
solid (yield: 98%). 'H NMR (D,0): § 9.77 (s, 1H), 7.93 (d, J = 8.5 Hz, 2H), 7.16 (d, J
= 8.4 Hz, 2H), 4.61 (br, 2H), 3.86 (t, J = 4.1 Hz, 2H), 3.24 (s, 9H).

(3) NMR spectrum of synthetic compounds
S10
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Figure S1. "H NMR spectrum of 1(SMe) in DMSO-ds.
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Figure S2. 3C NMR spectrum of 1(SMe) in CDCl;.
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Figure S3. '"H NMR spectrum of 3(OMe) in D2O.
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Figure S4. 3C NMR spectrum of 3(OMe) in D2O.
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Figure S6. ’°C NMR spectrum of 3(H) in DO.
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(4) Crystal structures of 1(X)

a

Rec S

/

Figure S7. Crystal structure of 1(OMe) (a) and 1(SMe) (b).

Table S1. Summary of crystallographic data for 1(OMe) and 1(SMe).

1(OMe) 1(SMe)
Formula Ci14H1202 Ci4sH120S
Formula weight 212.24 228.30
T/K 100 293
Crystallization solvent Cyclohexane Cyclohexane
Color Colorless Colorless
Crystal system monoclinic monoclinic
Space group P1211 P121/cl
alA 7.6256(4) 10.530(4)
b/A 7.4766(3) 7.555(3)
c/A 9.9777(5) 15.466(6)
al® 90.00 90.00
pl° 108.663(2) 105.601(5)
yl° 90.00 90.00
VA3 538.95(4) 1185.1(8)
z 2 4
Dx/gcm? 1.308 1.280
wlmm? 0.087 0.247
F(000) 224.0 480.0
frange/° 2.950 to 25.414 2.7167 to 27.5126
GOF on F? 1.294 1.049
R1 [I > 20(1)] 0.0269 0.0359
wWR> (all data) 0.0970 0.1029
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3. Dynamic Covalent Reactions

Dynamic Covalent Reactions (DCRs) were performed in situ in CD3CN without
isolation and purification. To a stirred solution of 1 (20 mM, 1.0 equiv.) in CD3;CN
(0.60 mL), were added 1-butylamine (22 mM, 1.2 equiv.) and activated 3 A molecular
sieves (MS, 4-8 mesh). The mixture was stirred at room temperature overnight and
characterized by 'H NMR and ESI-MS. For imine exchange, another aldehyde (20
mM, 1.0 equiv.) was then added, and the exchange was monitored by 'H NMR. For
competition experiments, both aldehydes (20 mM each, 1.0 equiv.) were mixed with
I-butylamine (24 mM, 1.2 equiv.) in CD3CN (0.60 mL), and the mixture was stirred
overnight and characterized by 'H NMR. To ensure reproducibility all competition

experiments were performed twice.

(1) Imine formation

------------------------------------------

Figure S8. '"H NMR spectrum of the reaction of 1(H) and 1-butylamine in CD3CN.
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x10 [M + H]+
14+
238.1590 O
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O \N/\/\
Chemical Formula: Cy7H;gN
Exact Mass: 237.1517
4 M
2
165.0697 l 559.1312 633.1501 707.1687
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Figure S9. ESI-MS spectrum of the reaction of 1(H) and 1-butylamine in CD3CN.

)\ L__U_du______

95 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0 05 0.0
f1 (ppm)

Figure S10. 'H NMR spectrum of the reaction of 1(OMe) and 1-butylamine in
CDsCN.
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Figure S11. 'H NMR spectra of the reaction between 1(OMe) (20 mM, 1.0 equiv.)
and 1-butylamine (24 mM, 1.2 equiv.) in CD3CN at varied time. The reaction was

complete in 300 min.

Intenss. +MS, 0.5min #28|
x1200_ [M + H]+
. 1+
268.1696 O
O/
O \N/\/\
1.5
Chemical Formula: CygHoNO
Exact Mass: 267.1623
M
1.0
0.51
1+
314.1751
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Figure S12. ESI-MS spectrum of the reaction of 1(OMe) and I-butylamine in
CD;CN.
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Figure S13. 'H NMR spectrum of the reaction of 1(NMez) and 1-butylamine in

CD;CN.
Intensﬁ. +MS, 0.2min #10
x10 [M + H]+
1.50- 14
281.2012 O
NMe,
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210.1276
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Figure S14. ESI-MS spectrum of the reaction of 1(NMez) and 1-butylamine in
CD;CN.
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Figure S15. 'H NMR spectrum of the reaction of 1(SMe) and 1-butylamine in

CDsCN.
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Figure S16. ESI-MS spectrum of the reaction of 1(SMe) and 1-butylamine in
CDsCN.
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Figure S17. '"H NMR spectrum of the reaction of 1(F) and 1-butylamine in CD3CN.

IntensS +MS, 0.2min #9|
x10 [M + H]+
1+
256.1496 O
1.5 F
O '\N/\/\
Chemical Formula: C;HgFN
Exact Mass: 255.1423
1.0+ M
0.5
307.2169
00 , NENNINTE BT 1 — . ; , — , .
100 200 300 400 500 600 700 800 900 m/z

Figure S18. ESI-MS spectrum of the reaction of 1(F) and 1-butylamine in CD3CN.
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Figure S19. '"H NMR spectrum of the reaction of 1(Cl) and 1-butylamine in CD3CN.
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Figure S20. ESI-MS spectrum of the reaction of 1(Cl) and 1-butylamine in CD3CN.
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Figure S21. '"H NMR spectrum of the reaction of 1(Br) and 1-butylamine in CD3CN.
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Figure S22. ESI-MS spectrum of the reaction of 1(Br) and 1-butylamine in CD3;CN.
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Figure S23. '"H NMR spectrum of the reaction of 1(I) and 1-butylamine in CD;CN.
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Figure S24. ESI-MS spectrum of the reaction of 1(I) and 1-butylamine in CD3CN.
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Figure S25. 'H NMR spectrum of the reaction of 1(p-NMez) and 1-butylamine in

CD3CN.
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Figure S26. ESI-MS spectrum of the reaction of 1(p-NMe3) and 1-butylamine in
CDsCN.
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Figure S27. 'H NMR spectrum of the reaction of 1(p-OMe) and 1-butylamine in

CD3CN.
Intenss.
x10:
M + H]*
2.0 [ ]
1+ OMe
268.1699 l
\NM
2 Q)
Chemical Formula: CygHzNO
Exact Mass: 267.1623
M
1.0
0.5
0.0 T —it T h—L Ly T T T — T T
100 200 300 400 500 600 700 800 900 miz

Figure S28. ESI-MS spectrum of the reaction of 1(p-OMe) and 1-butylamine in
CDsCN.
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Figure S29. '"H NMR spectrum of the reaction of 1(p-SMe) and 1-butylamine in

CD;CN.
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Figure S30. ESI-MS spectrum of the reaction of 1(p-SMe) and 1-butylamine in
CDsCN.
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Figure S31. '"H NMR spectrum of the reaction of 1(p-F) and 1-butylamine in CD3CN.
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Figure S32. ESI-MS spectrum of the reaction of 1(p-F) and 1-butylamine in CD3;CN.
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Figure S33. 'H NMR spectrum of the reaction of 1(p-Cl) and 1-butylamine in

CD;CN.
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Figure S34. ESI-MS spectrum of the reaction of 1(p-Cl) and 1-butylamine in CD3;CN.
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Figure S35. 'H NMR spectrum of the reaction of 1(p-Br) and 1-butylamine in

CD3CN.
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Figure S36. ESI-MS spectrum of the reaction of 1(p-Br) and I-butylamine in
CDsCN.
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(2) Imine exchange

Table S2. The equilibrium constant and equilibrating time of the imine exchange with

different sequence of reagents addition in different solvents.

C,  C . O, C
O SN O o Solvent O o O SN
2(OMe) 1(H) 1(OMe) 2(H)
Sequence of adding
Panel Solvent K Equilibrating time
reagents
a CDs;CN 1.63 180 day
Generate 2(OMe) in situ, 5% D20
b 1.53 100 day
then add 1(H) 95% CD;CN
10% D20
c 1.44 55 day
90% CDsCN
d CD;CN 1.64 150 day
Generate 2(H) in situ, 5% D>0O
e 1.54 58 day
then add 1(OMe) 95% CD3CN
10% D20
f 1.44 30 day
90% CD:CN
g CDsCN 1.64 1 day
1(H) and 1(OMe) 5% D;0
h . 1.52 1 day
simultaneously reacted 95% CDsCN
with 1-butylamine 10% DaO
1 1.45 1 day
90% CDsCN
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Figure S37. 'H NMR spectra of the reaction of preformed 2(OMe) and 1(H) in

CDsCN at varied time (the corresponding spectra of panel a in Table S2).
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Figure S38. '"H NMR spectra of the reaction of preformed 2(OMe) and 1(H) in mixed

solvent (5% D20, 95% CD3CN) at varied time (the corresponding spectra of panel b

in Table S2).
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Figure S39. 'H NMR spectra of the reaction of preformed 2(OMe) and 1(H) in mixed

solvent (10% D>0O, 90% CD3CN) at varied time (the corresponding spectra of panel ¢

in Table S2).
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Figure S40. 'H NMR spectra of the reaction of preformed 2(H) and 1(OMe) in

CDsCN at varied time (the corresponding spectra of panel d in Table S2).
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Figure S41. "H NMR spectra of the reaction of preformed 2(H) and 1(OMe) in mixed

solvent (5% D>0, 95% CD3CN) at varied time (the corresponding spectra of panel e
in Table S2).
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Figure S42. 'H NMR spectra of the reaction of preformed 2(H) and 1(OMe) in mixed

solvent (10% D0, 90% CD3;CN) at varied time (the corresponding spectra of panel f
in Table S2).
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Figure S43. Kinetic profile of the reaction of preformed 2(H) and 1(OMe) in different

solvent.

Table S3. The equilibrium constants of imine exchange reactions. The representative

NMR spectrums were shown in Figures S44-S56.

Exchange 1:

agy

2(X)
Exchange 2:

aSvs

2(p-X)
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CHN-nBu
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2(x) 1(0-X) 2(pX) 1)
X = NMe,, OMe, SMe, F, CI, Br, |
X K; K> K;
NMe; 2.42 0.98 2.38
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OMe 1.64 1.04 1.58

SMe 1.39 1.04 1.33
F 1.19 1.03 1.13
Cl 1.06 1.01 1.08
Br 1.04 0.99 1.06
I 1.02 - -
H 1 1 1
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Figure S44. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the

reaction with 1-butylamine in CD3;CN.
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Figure S45. "H NMR spectrum of the competition between 1(H) and 1(NMe,) for the

reaction with 1-butylamine in CD3CN.
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Figure S46. 'H NMR spectrum of the competition between 1(H) and 1(F) for the

reaction with 1-butylamine in CD3CN.
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Figure S47. 'H NMR spectrum of the competition between 1(H) and 1(Cl) for the

reaction with 1-butylamine in CD3;CN.
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Figure S48. (a) log K of imine exchange 1 (Figure 2 and Table S3) versus om. (b) log

K of imine exchange 1 versus op.
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Figure S49. 'H NMR spectrum of the competition between 1(H) and 1(p-NMe;) for

the reaction with 1-butylamine in CD3CN.
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Figure S50. '"H NMR spectrum of the competition between 1(H) and 1(p-OMe) for

the reaction with 1-butylamine in CD3CN.
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Figure S51. '"H NMR spectrum of the competition between 1(H) and 1(p-F) for the

reaction with 1-butylamine in CD3;CN.
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Figure S52. '"H NMR spectrum of the competition between 1(H) and 1(p-Cl) for the

reaction with 1-butylamine in CD3CN.
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Figure S53. 'H NMR spectrum of the competition between 1(NMe:) and 1(p-NMe:)
for the reaction with 1-butylamine in CD3CN.
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Figure S54. 'H NMR spectrum of the competition between 1(OMe) and 1(p-OMe)
for the reaction with 1-butylamine in CD3CN.
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Figure S55. 'H NMR spectrum of the competition between 1(F) and 1(p-F) for the

reaction with 1-butylamine in CD3;CN.
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Figure S56. 'H NMR spectrum of the competition between 1(Cl) and 1(p-Cl) for the

reaction with 1-butylamine in CD3CN.
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4. Correlation with n—z* Interaction

All calculations were performed by using Gaussian 09 packages.>!’ The method and
basis set of M062X-D3/Def2-TZVP, M062X/Def2-TZVP, and B3LYP/Def2-TZVP
was employed for the optimization and frequency analysis of model compounds 1(X)
and 2(X) (X = NMe; and OMe), respectively. PCM solvent model is also included for
acetonitrile. By frequency analysis, the number of imaginary frequencies for minima
is 0. Conformers 1 and 2 (with or without n—=z* interaction, Figure 3) were found,
and the corresponding G were calculated. Conformers 1 and 2 were also revealed to
account for more than 95% of the population of 1(OMe) and 2(OMe), respectively,
and other isomers, such as Z-isomer of 2(OMe) and structures in which the
carbonyl/imine points toward the other phenyl plane, were not considered further. AG
of the exchange reaction was then calculated based on Boltzmann distribution of
conformers, and summarized in Table S4. Both M062X and M062X-D3 were able to
correctly predict the trend of experimental substituent effect, but with D3 correction,
AGeacld from M062X-D3 is more close to AGex than M062X. Therefore,
M062X-D3/Def2-TZVP (with an ultrafine integration grid) was employed for the
subsequent Natural bond orbital (NBO) calculation, nocovalent interaction (NCI)
analysis. In order to focus on n—=z* interaction, only conformer 1 was calculated for
other X substituents. NBO was implemented by NBO 3.1 module®'! in Gaussian 09
packages. The electronic density cubes for NCIS'? were generated by Multiwfn 3.38

using the optimized structures.5** NBO and NCI plot were presented by VMD1.90.5

Table S4. Summary of calculated AG with different DFT functions.

o, O .0 O,
] CHN-nBu ] CHO l CHN-nBu ! CHO
2(X)

1(H) 2(H) 1(X)

M062X-D3 M062X B3LYP Experimental AG

X (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol)
NMe» -0.464 -0.779 -0.345 -0.524
OMe -0.252 0.282 -0.348 -0.293
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Table S5. The values of second order stabilization energy (kcal/mol) for each natural
bond orbital (based on the number of lone pairs of X) and their sums for conformer 1

of 1(X).

1(X) NBO! NBO2 NBO3 SUM

de
e
e

-1.07
-0.78 -0.22 -0.07
Br % % % -1.29
-0.86 -0.32 -0.11
N - -
-0.81 -0.38 -0.14
-0.47 -0.36 -0.22
SMe % % -1.68
-1.37 -0.31
OMe @% % -1.74
-0.96 -0.78
NMe, @ -4.59

-4.59
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Table S6. The comparison of the values of NBOs (kcal/mol) and their sums of

conformer 1 of 2(OMe) incorporating 1-butylamine or methylamine.

Conformer 1 NBOI NBO2 SUM

methylamine -1.21

-0.55

1-butylamine -1.22

-0.68 -0.54

Table S7. The values of second order stabilization energy (kcal/mol) for each natural

bond orbital and their sums for conformer 1 of 2(X).

2(X) NBO1 NBO2 NBO3 SUM

g@
4
do

I 10.89
0.61 0.19 1009
0.64 1024 0.12

T
0.62 029

F % ’% 10.94

-0.41 -0.29 -0.24
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Figure S57. The NCI plot of conformer 1 for 1(X) and 2(X). For clarity only focused

interactions were shown.

Table S8. The values of the sterimol parameters (L and Bl, in 107'° m), the
stabilization energy difference (AAE® ?) between conformer 1 of 1(X) and 2(X) for
multivariate correlation, as well as predicted and measured AG ° of imine exchange.
The units of AE® and AG are kcal/mol. The predicted AG value was calculated

based on multivariate linear correlation of measured AG versus L, B1, and AAE®,

C, O O L,

JR——

_—

! CHN-nBu i CHO i CHN-nBu l CHO

2(x) 1(H) 2(H) 1(X)
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< L B, AE®-1(X) AEP2(X)  AAE®: Predicted  Measured
AG AGP
F 2.65 1.35 -1.05 -0.94 -0.11 -0.095 -0.103
Cl 3.52 1.80 -1.33 -1.06 -0.27 -0.052 -0.035
Br 3.83 1.95 -1.29 -0.98 -0.31 -0.038 -0.023
I 4.23 2.15 -1.07 -0.89 -0.18 0.014 -0.012
NMe, 3.53 1.50 -4.59 -2.11 -2.48 -0.521 -0.524
SMe 4.30 1.70 -1.68 -1.09 -0.59 -0.209 -0.195
OMe 3.98 1.35 -1.74 -1.21 -0.53 -0.285 -0.293

s AAE® = [AE@-1(X)] - [AE®-2(X)]
b Measured AG = -0.281 - 0.0900L + 0.328B1 + 0.167AAE®

The quality of multivariate linear regression of measured AG versus L, Bi, and

AAE®@ was supported by a good linear relationship (Measured AG = 1.0001*(Predicted

AG) +8.06%107, R? = 0.993, as shown in Figure 4f) between the experimental and the

predicted data. By using a standardization method of regression coefficient, the

distribution of L, By, and AAE® can be determined by their corresponding values of

regression coefficient of -0.270, 0.535, 0.742, respectively.
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5. Solvent Effect

(1) Solvent effect on thermodynamics

Aldehydes 1(H) and 1(OMe) (20 mM each, 1.0 equiv.) were mixed with 1-butylamine
(24 mM, 1.2 equiv.) in different solvents (0.6 mL), and the mixture was stirred
overnight in the presence of molecular sieves and characterized by 'H NMR. For
reactions in aqueous media, aldehydes 3(H) and 3(OMe) (40 mM each) were used.
The equilibrium constant of imine exchange was next calculated. The data is listed in

Table S9, with representative NMR spectra shown in Figures S58-S64.

Table S9. Solvent parameters,>'> K, measured AG of exchange reactions. Solvent
mixtures are reported in v/v %. Cohesive energy density (ced) for solvent mixtures are

calculated assuming these values scale linearly with the v/v % solvent composition.

AGexp.
Solvent ced (cal/cm®) o K (keal/mol)
Toluene 79.4 0 0.71 0.203
Chloroform 85.4 0.2 0.72 0.194
Dichloromethane 93.7 0.13 0.78 0.147
60% CDCl3
106.8 1.03 -0.017
40% CD;s;CN
Pyridine 112.4 0 1.24 -0.127
20% CDCl;
128.2 1.47 -0.228
80% CD;CN
Acetonitrile 138.9 0.19 1.64 -0.293
DMF 139.2 0 2.10 -0.439
DMSO 168.6 0 2.99 -0.648
Isopropanol 132.3 0.76 1.70 -0.314
Ethanol 161.3 0.86 1.46 -0.224
Methanol 209 0.98 1.22 -0.118
80% CD;OD 277.2 1.04 -0.023
20% D>O
60% CD;OD 345.4 0.88 0.076
40% D,O
40% CD;0D 413.6 0.68 0.228
60% D,0O
20% CD;0D 4818 0.53 0.375
80% D,0O
DO 550 1.17 0.44 0.486
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Figure S58. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the

reaction with 1-butylamine in toluene-ds.
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Figure S59. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the
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reaction with 1-butylamine in CDCls.
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Figure S60. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the

reaction with 1-butylamine in CD>Cl.
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Figure S61. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the
reaction with 1-butylamine in DMSO-ds.
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Figure S62. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the

reaction with 1-butylamine in ethanol-de.
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Figure S63. '"H NMR spectrum of the competition between 1(H) and 1(OMe) for the

reaction with 1-butylamine in CD3;OD (the corresponding spectra of panel c in Table

S10).
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Figure S64. '"H NMR spectrum of the competition between 3(H) and 3(OMe) for the

reaction with 1-butylamine in D>O (the corresponding spectra of panel f in Table

S10).
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Figure S65. Plot of log K of imine exchange in varied solvents versus Taft parameter
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(2) Solvent effect on kinetics
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Figure S66. 'H NMR spectra of the reaction between 1(OMe) (20 mM, 1.0 equiv.)
and 1-butylamine (24 mM, 1.2 equiv.) in CD30D. The reaction was complete in 100

min.

Table S10. The equilibrium constant and equilibrating time of the imine exchange

with different sequence of reagents addition in CD30D or D20O.

., O ., O

+ +

O SN O X0 CD3;0D ‘ X0 O SN

2(OMe) 1(H) 1(OMe) 2(H)
Panel Sequence of adding reagents K Equilibrating time
a Generate 2(OMe) in situ, then add 1(H) 1.22 22 day
b Generate 2(H) in situ, then add 1(OMe) 1.23 22 day

1(H) and 1(OMe) simultaneously reacted
C 1.22 1 day
with 1-butylamine

S52



G e+ 5

O™ Me, O™ M, O™\ Me, O™ Mes
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Panel Sequence of adding reagents K Equilibrating time
d Generate 4(OMe) in situ, then add 3(H) 0.44 15 min
e Generate 4(H) in situ, then add 3(OMe) 0.43 15 min

3(H) and 3(OMe) simultaneously reacted )
f . . 0.43 15 min
with 1-butylamine
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Figure S67. 'H NMR spectra of the reaction of preformed 2(OMe) and 1(H) in

CDsOD at varied time (the corresponding spectra of panel a in Table S10).
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Figure S68. The kinetic profile of the reaction of preformed 2(OMe) and 1(H) in

CD30D: (a) component distribution; (b) reaction quotient (Q).
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Figure S69. 'H NMR spectra of the reaction of preformed 2(H) and 1(OMe) in

CDs;OD at varied time (the corresponding spectra of panel b in Table S10).
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Figure S70. The kinetic profile of the reaction of preformed 2(H) and 1(OMe) in

CD30D: (a) component distribution; (b) reaction quotient (Q).
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Figure S71. '"H NMR spectra of the reaction of preformed 4(OMe) and 3(H) in D,O

at varied time (the corresponding spectra of panel d in Table S10).
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Figure S73. '"H NMR spectra of the reaction of preformed 4(H) and 3(OMe) in D,O

at varied time (the corresponding spectra of panel e in Table S10).
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Figure S74. The kinetic profile of the reaction of preformed 4(H) and 3(OMe) in D>O:

(a) component distribution; (b) reaction quotient (Q).

(3) Solvent effect on n—x* interaction

To explore the impact of protic solvents, one methanol molecule was added to reflect
the weak interaction between the solvent and aldehyde, and this complex was
subjected for computation in methanol (with PCM solvent model). The difference in
free energies (AG) of conformers was summarized in Figure S75. The NBO
stabilization energy (AE®) of n—x* interaction and associated structure features are

summarized in Table S11.

CH,CN
AG =-1.06

Conformer 2 Conformer 1 Conformer 2 Conformer 1

Cc

Conformer 2 - Confo;'mer1 ; Conformer 2 7 Conformer 1
Figure S75. Calculated structures and free energy difference (kcal/mol) for

S57



conformational equilibrium of 1(OMe) and 2(OMe) in acetonitrile and methanol,
respectively. Based on Boltzmann distribution of conformers, AG of the exchange
reaction (Figure 4A) was found to be -0.251 and -0.103 kcal/mol in acetonitrile and
methanol, respectively. The trend is in agreement with measured AG of -0.293 (K =
1.64) and -0.118 (K = 1.22) kcal/mol in acetonitrile and methanol, respectively
(Figure 4B and Table S9).

Table S11. The comparison of n—x* interaction (AE®) and structural parameters of

conformer 1 for 1(OMe) and 2(OMe) in acetonitrile and methanol, respectively.

Calculated structures of 1(OMe) in . o 5 8
CH3CN or CH3OH o, "]
e
Conformer 1 (CHsCN) | Conformer 1 (CH3;OH)
AE® (kcal/mol) -1.74 -1.81
a(2-3-4-5) (°) 54.3 54.3
B(4-5-6-7) (°) 14.4 13.1
D(1-6) (A) 2.78 2.77
D(6-8) (A) 1.21 1.21
D(8-9) (A) None 1.91

Calculated structures of 2(OMe) in
CH3CN or CH3OH

Conformer 1 (CHsCN) | Conformer 1 (CH3;OH)

AE® (kcal/mol) -1.21 -2.34
(2-3-4-5) () 57.5 46.1
B(4-5-6-7) (°) 15.0 21.0

D(1-6) (A) 2.86 2.69
D(6-8) (A) 1.26 1.26
D(8-9) (A) None 1.86
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6. Imine Formation in Aqueous Phase

Imine formation in aqueous phase was performed in sifu without isolation and
purification. To a solution of 3 or § (20 mM, 1.0 equiv.) in D>O (0.60 mL), was added
the amine (22 mM, 1.2 equiv.). The mixture was characterized by 'H NMR and
ESI-MS after the equilibrium was reached.

For imine formation in D>O buffer solution, 3 (20 mM, 10.0 equiv.) were dissolved in
600 pL KPi buffer in DO (20 mM, pH = 7.8), and a buffer solution of amine (1.09 M,
pH = 7.8: 1.1 pL, 1.0 equiv.; the final concentration of amine was 2 mM) was next
added. The mixture was characterized by 'H NMR and ESI-MS.

For imine formation in buffer solution, 3 (0.20 mM, 100 equiv.) were dissolved in 600
uL KPi buffer (20 mM, pH = 7.4), and a buffer solution of amine (1.2 mM, pH = 7.4:
1.0 uL, 1.0 equiv.; the final concentration of amine was 2 uM) was next added. The

mixture was characterized by ESI-MS.

o/

H

\N,H—Bu
O/

(0] +
~""NMe,

/
l m v

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
1 (ppm)

O Q
g (9]
=2

g ©
3]
&

<~

833

| 1oo= =

o |3

11.0 10.0 9.0 8.

Figure S76. 'H NMR spectrum of the reaction of 3(OMe) (20 mM, 1.0 equiv.) and
1-butylamine (24 mM, 1.2 equiv.) in D20O. The yield of imine is 79%.
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Figure S77. 'H NMR spectra of the reaction of 3(OMe) (20 mM, 1.0 equiv.) and

I-butylamine (1.2 equiv.) in D>0O at varied time. No decomposition of imine occurred.
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Figure S78. ESI-MS spectrum of the reaction of 3(OMe) (20 mM, 1.0 equiv.) and

1-butylamine (1.2 equiv.) in D2O.
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Figure S79. '"H NMR spectrum of the reaction of 3(H) (20 mM, 1.0 equiv.) and

I-butylamine (1.2 equiv.) in D20. The yield of imine is 60%.
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Figure 80. 'H NMR spectra of the reaction of 3(H) (20 mM, 1.0 equiv.) and

I-butylamine (1.2 equiv.) in D;0O at varied time. No decomposition of imine occurred.
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Figure S81. ESI-MS spectrum of the reaction of 3(H) (20 mM, 1.0 equiv.) and

1-butylamine (1.2 equiv.) in D;0.
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Figure S82. 'H NMR spectrum of the reaction of 5 (20 mM, 1.0 equiv.) and

I-butylamine (1.2 equiv.) in D,0. The yield of imine is 35%.
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Figure S83. 'H NMR spectra of the reaction of 5 (20 mM, 1.0 equiv.) and

I-butylamine (1.2 equiv.) in D>0O at varied time. No decomposition of imine occurred.
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Figure S84. ESI-MS spectrum of the reaction of § (20 mM, 1.0 equiv.) and

1-butylamine (1.2 equiv.) in D2O.

S63



C O/
X
O o~ O N/\/\CHa

i ;
O e O e

IR B A e

a3

L
i
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

Figure S85. '"H NMR spectrum of the reaction of 3(OMe) (20 mM, 10.0 equiv.) and
I-butylamine (2 mM, 1.0 equiv.) in KPi buffer solution in D20 (20 mM, pH = 7.8).
The yield of imine is 44%.
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Figure S86. 'H NMR spectra of the reaction of 3(OMe) (20 mM, 10.0 equiv.) and
I-butylamine (2 mM, 1.0 equiv.) in KPi buffer solution in DO (20 mM, pH = 7.8) at

varied time. No decomposition of imine occurred.
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Figure S87. ESI-MS spectrum of the reaction of 3(OMe) (20 mM, 10.0 equiv.) and
I-butylamine (2 mM, 1.0 equiv.) in KPi buffer solution in D>O (20 mM, pH = 7.8).
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Figure S88. 'H NMR spectrum of the reaction of 3(OMe) (20 mM, 10.0 equiv.) and
ethanolamine (2 mM, 1.0 equiv.) in KPi buffer solution in D>O (20 mM, pH = 7.8).

The yield of imine is 54%.
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Figure S89. 'H NMR spectra of the reaction of 3(OMe) (20 mM, 10.0 equiv.) and
ethanolamine (2 mM, 1.0 equiv.) in KPi buffer solution in DO (20 mM, pH = 7.8) at

varied time. No decomposition of imine occurred.
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Figure S90. ESI-MS spectrum of the reaction of 3(OMe) (20 mM, 1.0 equiv.) and
ethanolamine (10 mM, 1.0 equiv.) in KPi buffer solution in D>O (20 mM, pH = 7.8).
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