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General information

All reagents were purchased from commercial suppliers (Fluorochem, Sigma-Aldrich and Alfa
Aesar) and used without further purification. Inorganic salts (e.g. Na2CO3z, KoHPOj4) were dried
prior to use by heating under reduced pressure. Mechanochemical experiments were carried out
in a FTS-1000 shaker mill at 30 Hz frequency by using 14 mL ZrO»-coated grinding jar with 7
mm ZrO2 milling balls.

Silica gel 40 — 100 um was used for column chromatography; silica gel 60 F2s4 plates were used
for TLC. *H NMR (400 MHz), *C NMR (101 MHz), **F (376 MHz) and P (162 MHz) spectra
were recorded on Bruker Avance I11 spectrometer. Chemical shifts were referenced to residual
protio solvent peaks and solvent resonances (8 *H 7.26 and § *C 77.16 measured in CDCls; &
'H 1.73 and & *C 67.57 measured in THF-ds) as internal standards for *H NMR and *C NMR
spectra, respectively. All chemical shifts are reported in ppm units. For 3P NMR spectra, 85%
aq. HsPO4 was used as an external reference with & 3P 0.00. For *°F NMR spectra, CFCl3 was
used as an external reference & '°F 0.00. FT-IR spectra were recorded on a Bruker Tensor 27 FT
spectrometer. HPLC determination of enantiomeric excess was performed with Agilent
Technologies 1200 series chromatograph using Chiralpak AD-H column (250 x 4.6 mm) and
OD-H column (250 x 4.6 mm). Specific rotations were measured using an Anton Paar MCP
500 polarimeter. HRMS data was obtained on Agilent Technologies 6540 UHD Accurate-Mass
Q-TOF/LC-MS Spectrometer using AJS-ESI method in positive ion detection mode. HPLC
separation and analysis were carried out on Agilent 1200 Series HPLC system equipped with a
multiple wavelength detector (MWD) and a single quadrupole mass detector (MSD). Melting
points were determined with Stuart SMP40 apparatus.
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1. Optimization Studies

1.1. Amide coupling of Cbz-protected L-phenylalanine 2 and benzocaine 3

Amide coupling of Cbz-protected L-phenylalanine (2) and ethyl 4-aminobenzoate

(benzocaine 3) was selected as a model process.

Coupling reagent,

Base, LAG additive
Cbz\ OH + >

CO,Et
3 (1 equiv)

30 min,
30 Hz, 3 balls

Ph

H
CbZ\H/Ef(N\Q\

° CO,Et

4
General procedure: Benzocaine 3 (0.182 mmol, 1 equiv., Chz-protected L-phenylalanine 2
(0.200 mmol, 1.1 equiv.), Coupling reagent (0.200 mmol, 1.1 equiv.) and Base (0.55-1.82
mmol, 3-10 equiv.) were placed into a 14 mL ZrO»-coated jar charged with 3x7 mm ZrO; balls.
Then LAG additive was added to the jar, which was then set to mill at 30 Hz for 10-60 minutes.
The resulting crude reaction mixture was analysed by *H NMR using CDCls as a solvent, after

separation of insoluble inorganic material.

2 (1.1 equiv)

Table S1. Optimization studies on the amide coupling of compounds 2 and 3 (extended data
set)

Conversion by

Entry Coupling agent Base LAG (pl/mg) 'H NMR, %°
10 min 30 min 1 hr
1 Effect of LAG
1.1 COMU (1.1 equiv.) Na,COs (10 equiv.) EtOAc, n =0 38 44 -
1.2 COMU (1.1 equiv.) Na,COs (10 equiv.) EtOAc, n =0.14 62 75 -
1.3 COMU (1.1 equiv.) Na,COs (2 equiv.) EtOAc, n =0.24 - 72 -
1.4 COMU (1.1 equiv.) Na2COs3 (10 equiv.) EtOAc, 1 =0.40 63 63 63
15 COMU (1.1 equiv.) Na,COs (10 equiv.) EtOAc, n =0.82 - 63 -
2 Effect of Base
2.1 COMU (1.1 equiv.) DIPEA (2 equiv.)® DIPEA, 7 =0.11 - 72 -
2.2 COMU (1.1 equiv.) Na,COs (10 equiv.) EtOAc, n =0.14 62 75 -
2.3 COMU (1.1 equiv.) K>COs (7.6 equiv.) EtOAc, # =0.40 41 41 41
24  COMU (1.1equiv.) K3PO4 (5 equiv.) EtOAc, n =0.14 - 72 -
25 COMU (1.1 equiv.) K2HPO4 (6 equiv.) EtOAc, n =0.14 - 96 -
2.6 COMU (1.1 equiv.) K2HPO, (3 equiv.) EtOAc,#=0.19 93 96 96
2.7 COMU (1.1equiv.) KH2PO, (6 equiv.) EtOAc, n=0.15 - 18 -
2.8 COMU (1.1 equiv.) NaxHPO, (3 equiv.) EtOAc, n=0.19 - 33 -
29 COMU (1.1 equiv.) Na;HPO4 (3.7 equiv.)  EtOAc, n=0.19 - 37 -
2.10 COMU (1.1 equiv.) K4P207 (3 equiv.) EtOAc, n=0.19 - 88 -
2.11 COMU (1.1 equiv.) NasP-07 (3 equiv.) EtOAc, n=0.19 - 44 -
3 Effect of Coupling Reagent
3.1 COMU (1.1equiv.) K2HPO4 (3 equiv.) EtOAc, n =0.19 93 96 96
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32 TCFH (1.1 equiv.) K.HPO4 (3 equiv.) EtOAc, 7=0.19 97 97 -

3.3 HATU (1.1 equiv.) K2HPO4 (3 equiv.) EtOAc, n=0.19 - 67 -
3.4 EDC (1.1equiv.) K2HPO4 (3 equiv.) EtOAc,  =0.19 - 63 -
35 EDC - MeNO., n = 0.25 - 87° -
3.6 EDC DMAP (2 equiv.) MeNO., n = 0.25 - 32° -

a Conversion of amine 3 (as limiting reagent) into amide 4, determined by *H NMR (characteristic signals of
aromatic protons from starting benzocaine 3 at 6 6.63 and product 4 at § 7.93 were integrated and recalculated into
conversion). ®NaCl (18 equiv.) was used as grinding auxiliary. ¢ Following the published procedure.!

1.2. Challenging Amide Bond Formation

1.2.1. Amide coupling of 4-aminobenzonitrile 20 with 2-methyl-2-phenylpropanoic acid 21.

NH, )
Coupling reagent H
©><”/OH Base ©><”/N
+
(0] (0] \©\
& on

CN
21 20

20-90 min,
30 Hz, 3 balls

22
General procedure: 4-aminobenzonitrile 20 (0.200 mmol, 1 equiv.), 2-methyl-2-
phenylpropanoic acid 21 (0.200 mmol, 1 equiv.), Coupling reagent (0.220-0.260 mmol, 1.1-
1.3 equiv.) and Base (0.600-1.200 mmol, 3-6 equiv.) were placed into a 14 mL ZrO»-coated
jar charged with 3x7 mm ZrO> balls. Then LAG additive was added into the jar if required
(Table S2, entries 1-4), which was then set to mill at 30 Hz for 1 hour. The resulting crude
reaction mixture was analysed by *H NMR using CDCIs as a solvent, after separation of
insoluble inorganic material.

Table S2. Optimization studies on the amide coupling of compounds 20 and 21

Conversion by

Err;/t Coupling agent Base LAG (ul/mg) 'H NMR, %"
20-30 min  1hr 15hrs

1 EDC (1equiv.)? - MeNO., n =0.25 - 9 9

2 COMU (1.1equiv.) K3;HPO.(3equiv.) EtOAc, #=0.19 6.5 10 -

3 TCFH(1.lequiv.) K;HPOs(3equiv.) EtOAc, n=0.19 8.2 22 -

4 TCFH (1.1equiv.) K3HPO4 (6 equiv.) EtOAc, n=0.13 - 24 -

5 TCFH(1.1equiv.) NMI (3 equiv.) NMI, 7 =0.40 74 79 -

6 TCFH (1.3equiv.) NMI (3equiv.) NMI, » =0.37 - 84 88

7 TCFH (1.3 equiv.)  NMI (3 equiv.)° NMI,  =0.35 - 80 82

aFollowing the published procedure.*® Conversion of 20 into 22, determined by *H NMR (characteristic signals
of aromatic protons from starting 4-aminobenzonitrile 20 at § 6.64 and product 22 at & 7.54/5 7.48 were
integrated and recalculated into conversion). ¢ 1.3 equiv. of amine 20 was used.
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1.2.2. Amide coupling of mesitoic acid with benzocaine 3.

Coupling reagent
Base O
HNOCOZEt

CO,Et
20-60 min,
30 Hz, 3 balls

CO,H

General procedure: Benzocaine 3 (0.400-0.440 mmol, 1-1.1 equiv.), mesitoic acid (0.400
mmol, 1 equiv.), Coupling reagent (0.440-0.520 mmol, 1.1-1.3 equiv.) and Base (1.201 mmol,
3 equiv.) were placed into a 14 mL ZrO.-coated jar charged with 3x7 mm ZrO balls. Then
LAG additive was added to the jar if required (Table S3, entries 1-4), which was then set to
mill at 30 Hz for 20-60 minutes. The resulting crude reaction mixture was analysed by *H NMR
using CDCls as a solvent, after separation of insoluble inorganic material.

Table S3. Optimization studies on the amide coupling of mesitoic acid with benzocaine 3

Conversion by

Coupling agent Base LAG (pl/mg) 'H NMR, %?*
20min 40 min 60 min
1 COMU (1.1equiv.) KzHPO: (3equiv.) EtOAc, n =0.19 22 22 24
2 TCFH(1.1equiv) KyHPO: (3 equiv.) EtOAc, n =0.19 90 92 -
3 TCFH (1.3 equiv.) K;HPO4(3equiv.) EtOAc, #=0.19 95 - 99
4  TCFH (1.3equiv.)  K:HPO;(3equiv.)” EtOAc, 5 =0.19 91 - 93
5 TCFH (1.3equiv.) NMI (3 equiv.)° NMI, n =0.36 18 - -
6 TCFH (1.3equiv.) NMI (3 equiv.)° NMI, » =0.38 18 - 18

aConversion of 3 into 14 was determined by *H NMR (characteristic signals of aromatic protons from starting
benzocaine 3 at & 6.64 and product 14 at & 7.54-7.48 were integrated and recalculated into conversion).
®1.1 equiv. of amine 3 was used.

2. Kinetics

2.1. Mechanochemistry

Benzocaine 3 (0.182 mmol, 1 equiv., 30 mg), Cbz-protected L-phenylalanine 2 (0.200 mmol,
1.1 equiv., 60 mg), COMU (0.200 mmol, 1.1 equiv., 86 mg) and K>HPO4 (0.545 mmol,
3 equiv., 95 mg) were placed into a 14 mL ZrO»-coated jar charged with 3x7 mm ZrO; balls.
Then ethyl acetate as a LAG was added into the jar, which was then set to mill at 30 Hz. Samples
of the crude reaction muxture were taken in 5, 10, 20, 30, 45 and 60 minutes. Conversion of 3
into 4 was determined by *H NMR spectra (characteristic signals of aromatic protons from
starting benzocaine 3 at 6 6.63 and product 4 at & 7.93 were integrated and recalculated into
conversion) (Table S4, Figure S1).
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Table S4. Conversion data, mechanochemistry

Time of Conversion by
reaction, min 'H NMR, %
5 73
10 93
20 96
30 96
45 96
60 96
100 T T _ 1
:Q:: S0 I I - 1
g ao
1=
'E. J0
= B0
g 50
o
— 40
g
E 30
[=F]
E 20
] 10 T T N ]
) o o = o
] 10 20 30 40 50 60

Time of reaction, min

—e— Conversion to amide 4, % —s— Consumption of amine 3, %

Figure S1. Accumulation of amide 4 (violet) and consumption of starting amine 3 (green)
over time.

2.2. Kinetics in solution

A solution of benzocaine 3 (0.088 mmol, 1 equiv., 14.5 mg), Cbz-protected L-phenylalanine 2
(0.097 mmol, 1.1 equiv., 28.9 mg) and DIPEA (0.176 mmol, 2 equiv., 30.5ul) in DMF-d;
(0.5 mL) was transfered into the NMR tube. Then a solution of COMU (0.097 mmol, 1.1 equiv.,
41.4 mg) in DMF-d7 (0.2 mL) was added and the reaction progress was monitored by *H NMR.
Conversion of 3 into 4 was determined (characteristic signals of aromatic protons from starting
benzocaine 3 at 6 7.73/6 6.72 and product 4 at & 7.99/6 7.87 were integrated and recalculated
into conversion) (Table S5, Figure S2).

Table S5. Conversion data in the solution of DMF-d-

Time of reaction, hrs Conversion by 'H NMR, %
0.083 43
0.250 13.6
0.417 21.4
0.583 26.7
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0.750 311

0.917 36.3
1.083 39.6
1.250 43.6
1.417 46.2
1.583 48.4
2.583 56.2
3.583 60.5
4.583 63.3
5.583 65.4
18.583 69.6
28.583 70.2
42.583 70.9
62.583 71.1
66.583 71.1

Since COMU is hydrolytically unstable in DMF solution,>® one more experiment was carryed
out to monitor decomposition of the coupling reagent. A solution of COMU (41.4 mg) in
DMF-d; (0.7 mL) was transfered into the NMR tube and degradation of the reagent was
monitored by *H NMR by following the growing signals of N,N-dimethylmorpholine-4-
carboxamide product (characteristic signal at 6 2.80, see Table S6 and Figure S2).

Table S6. Degradation of COMU in DMF-d7 over time
COMU degradation by

Time, hrs

'H NMR, %
0.333 96.6
0.833 92.0
1.833 88.5
2.833 85.0
6.500 78.3
7.833 77.4
11.833 72.4
16.833 71.7
21.833 71.7
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Conversion / Consumption / Decomposition, %o
&
(=]

) 10 20 30 40 50 60 70

Time of reaction, hrs

—eo— Consumption of amine 3, % —e—Conversion to amide 4, % —e— COMU decomposition,%

Figure S2. Accumulation of amide 4 (violet), consumption of starting amine 3 (green) and
decomposition of COMU (red) over time.

3. Optimized procedure for the amide coupling of Cbz-protected

L-phenylalanine 2 and benzocaine 3

Benzocaine 3 (0.363 mmol, 60.0 mg, 1 equiv.), Cbz-protected L-phenylalanine 2 (0.363
mmol, 108.7 mg, 1 equiv.), COMU (0.400 mmol, 171.0 mg, 1.1 equiv.) and KoHPO4
(2.090 mmol, 190.0 mg, 3 equiv.) were placed into a 14 mL ZrO-coated jar charged with
3x7 mm ZrO; balls (Figure S3). Then 100 pul of ethyl acetate (LAG, # = 0.19 pl mg™?) was
added into the jar (Figure S4), which was then set to mill at 30 Hz for 20 minutes (Figure
S5). The resulting crude reaction mixture (Figure S6) was transferred to the filter (Figure
S7) and washed with distilled water (3-5x%10 mL; Figures S8, S9). The filtered product
was then dried in air to afford amide 4 in 96% yield. '"H NMR and HPLC of the crude
product were recorded (Figures S10 and S11), evidencing high purity of the obtained
product (98.6% purity based on HPLC peak area). See page S11 below for the full set of
characterization data.
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Figure S7 Figure S8

Figures S3—-S9. General procedure for the amide coupling of Cbz-protected L-phenylalanine 2
and benzocaine 3.
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Figure S10. *H NMR of the crude product 4 after washing with distilled water.
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Figure S11. HPLC chromatogram of amide 4 after washing with distilled water, HPLC purity
98.6% (based on peak area percentage). MN Nucleoshell RP18 column, 150 mmx3.0 mm,
2.7 um, eluents A (H20) and B (CH3CN) in a 10-minute gradient mode from A:B 90:10 to A:B
10:90, injection volume 2 pl.
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4. Experimental protocols and characterization of products

4.1. Synthesis of amides with COMU/K;HPO,

General procedure A. Amine (1 equiv.), acid (1 equiv.), COMU (1.1 equiv.) and K;HPO4
(3 equiv.) were placed into a 14 mL ZrO»-coated jar charged with 3x7 mm ZrO> balls. Then
ethyl acetate (7 = 0.19 pl mg™) was added into the jar, which was then set to mill at 30 Hz for
20 minutes. The resulting crude reaction mixture was transferred to the glass filter and washed
with distilled water (3-5x10 mL). The obtained solid amide product was then dried in air.

Ethyl (S)-4-(2-(((benzyloxy)carbonyl)amino)-3 phenylpropanamido) benzoate 4.

PhH Prepared by following general procedure A from ethyl

Cbz. N 4-aminobenzoate (0.363 mmol, 60.0 mg, 1 equiv.), Chz-
” protected L-phenylalanine (0.363 mmol, 108.7 mg, 1 equiv,),
(8?4 co,Et COMU (0.400 mmol, 171.0 mg, 1.1 equiv.), K2HPO4 (1.090

mmol, 190.0 mg, 3 equiv.) and ethyl acetate ( = 0.19 pl
?§ mg 1). Amide (S)-4 was obtained as white solid (156 mg,
- 96%). Analytically pure sample was prepared by
recrystallization (petroleum ether/ethyl acetate = 3:1). (R)-4
enantiomer was obtained analogously from Cbhz-protected D-
phenylalanine. Rf = 0.48 (2:1 petroleum ether/ ethyl acetate,
UV 254 nm). mp = 160.7-161.2 °C. *H NMR (CDCls, 400
MHz): & 8.03 (s, 1H), 7.93 (d, J = 8.3 Hz, 2H), 7.44 — 7.14
") . ‘ - (m, 12H), 5.59-5.40 (m, 1H), 5.09 (s, 2H), 4.66 — 4.48 (m,
© " % " 1H),4.35(q, J = 7.0 Hz, 2H), 3.14 (d, J = 6.6 Hz, 2H), 1.38
(t, J=7.0 Hz, 3H). *C NMR (CDCls, 100.6 MHz): § 169.64,
166.17, 156.54, 141.35, 136.23, 135.93, 130.79, 129.40,
129.05, 128.75, 128.52, 128.15, 127.44, 126.39, 119.18,
67.58, 61.02, 57.34, 38.46, 14.47. [a]p®®=-11.4 (c 0.33,
CHCI). IR (KBr): v = 3325, 3285, 3032, 2986, 1712, 1695,
1667, 1524, 1281, 1259, 1177, 769, 742 cm™. HRMS (AJS-
ESI) calcd. for CosH26N20sNa* [M+Na]* 469.1734, found
m/z 469.1737. Enantiomeric excess was determined by HPLC
[AD-H column (7:3 n-hexane/2-propanol), flow rate 0.8
mL-min, detection at 210 nm]: major (S)-4 tz = 16.0 min, minor (R)-4 tr = 24.8 min (see HPLC
signals provided). No (R)-4 enantiomer was detected.

24.817

15.969

T T T T
10 15 20 25

Ethyl (R)-4-(2-((((9H-fluoren-9-yl) methoxy) carbonyl) amino)-3-phenylpropanamido)
benzoate 5.

_Ph Prepared following general procedure A from ethyl 4-
Fmoc H H aminobenzoate (0.400 mmol, 66.0 mg, 1 equiv.), Fmoc-D-
\N/\ff \©\ phenylalanine (0.400 mmol, 155.0 mg, 1 equiv.), COMU

H o CO.Et (0.440 mmol, 189.0 mg, 1.1 equiv.), KoHPO4 (1.200 mmol,

(R)-5 2= 209.0 mg, 3 equiv.) and ethyl acetate (5 = 0.19 pl mg™).

Amide 5 was obtained as white solid (203 mg, 95% vyield).

Analytically pure sample was prepared by recrystallization (ethyl acetate). Rf =0.24 (2:1
petroleum ether/ ethyl acetate, UV 254 nm). mp = 209.1-212.8 °C. *H NMR (400 MHz, THF-
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dg): 6 9.42 (s, 1H), 7.97 — 7.87 (m, 2H), 7.77 (d, J = 7.5 Hz, 2H), 7.68 — 7.57 (m, 4H), 7.34 (t,
J=7.5Hz, 2H), 7.30 - 7.10 (m, 8H), 4.48 (9, J = 7.6 Hz, 1H), 4.42 — 4.22 (m, 4H), 4.18 (t, J =
7.0 Hz, 1H), 3.16 (dd, J = 13.5, 7.3 Hz, 1H), 2.97 (dd, J = 13.5, 7.3 Hz, 1H), 1.34 (t, J = 7.1
Hz, 3H). 3C NMR (100.6 MHz, THF- dg): § 171.25, 166.13, 157.10, 145.24, 144.18, 142.29,
142.27, 138.54, 131.08, 130.24, 129.07, 128.34, 127.78, 127.33, 126.08, 126.00, 120.63,
119.46, 67.16 (overlapped with solvent peak), 61.11, 58.22, 48.27, 39.39, 14.73. [a]p®® = -36.7
(c 0.43, DMSO). IR (KBr): v = 3331, 3296, 1711, 1687, 1669, 1596, 1525, 1450, 1256, 1176,
1105, 1034 cm™. HRMS (AJS-ESI) calcd. for CssHziN.Os" [M+H]" 535.2227, found m/z

535.2220.

Methyl (((9H-fluoren-9-yl) methoxy) carbonyl)-L-phenyl-alanyl-L-phenylalaninate 6.

Ph
H
Fmoc\N/g(NvCOZMe
H :
O
“Ph

6
un [=2)
a %
{=] =)
Iru hA
|I I|I I|I I|I
I| III II| III
III.' I'\/.'I |III
— N
?IU 619 6:8
g:
=]
v
[
|
||
II II
)\
?ID 6:9 6I8
'H NMR fragment for (S,S)-
and (R,S)-6

Prepared following general procedure A from L-phenylalanine
Me-ester hydrochloride (0.400 mmol, 86.3 mg, 1 equiv.), Fmoc-
L-phenylalanine (0.400 mmol, 155.0 mg, 1 equiv.), COMU
(0.440 mmol, 189.0 mg, 1.1 equiv.), KoHPO4 (1.200 mmol,
209.0 mg, 3 equiv.) and ethyl acetate (3 = 0.19 pl mg?).
Amide 6 was obtained as white solid (220 mg, 94%).
Analytically pure sample was prepared by recrystallization
(petroleum ether/ethyl acetate = 2:1). (R,S)-6 diastereomer was
obtained analogously from Fmoc-D-phenylalanine. Rf = 0.40
(2:1 petroleum ether/ethyl acetate, UV 254 nm). mp = 174.1-
174.7 °C; lit. mp = 171-173 °C.* *H NMR (CDCls, 400 MHz):
8776 (d,J =7.5Hz, 2H), 7.52 (t, J = 6.4 Hz, 2H), 7.40 (t, J =
7.4 Hz, 2H), 7.34 — 7.22 (m, 5H), 7.22 — 7.10 (m, 5H), 7.00 —
6.90 (m, 2H), 6.30 - 6.16 (m, 1H), 5.35 -5.23 (m, 1H), 4.77 (q,
J=6.1Hz, 1H), 4.47 — 4.35 (m, 2H), 4.33 — 4.23 (m, 1H), 4.17
(t, J =6.9 Hz, 1H), 3.66 (s, 3H), 3.18 — 2.90 (m, 4H). *C NMR
(CDCls, 100.6 MHz): 6 171.40, 170.41, 155.92, 143.86, 143.83,
141.42,136.32, 135.62, 129.52, 129.29, 128.85, 128.68, 127.88,
127.28, 127.24, 127.21, 125.24, 125.14, 120.13, 67.27, 56.08,
53.45, 52.46, 47.21, 38.48, 38.01. [a]p® = +22.8 (¢ 0.37,
CHCIy). IR (KBr): v = 3301, 3030, 2951, 1737, 1698, 1653,
1536, 1445, 1288, 1257, 1034, 740 cm . HRMS (AJS-ESI)
calcd. for C3sH33N20s" [M+H]" 549.2384, found m/z 549.2382.
The diastereomeric ratio was determined by NMR: major (S,S)-
6 dublet at 6.95 ppm, minor (R,S)-6 dublet at 6.89 ppm (see *H

NMR spectra fragment provided). Spectral data are in agreement with previously reported.*®
No (R,S)-6 diasteremer was detected.
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Methyl ((benzyloxy)carbonyl)-L-phenylalanyl-L-valinate 7.

Ph Prepared following general procedure A from L-valine Me-

Cbz. /EH/HVCOZMG ester hydrochloride (0.400 mmol, 119.7 mg, 1 equiv.), Cbz-L-
H : phenylalanine (0.400 mmol, 119.7 mg, 1 equiv.), COMU (0.440

7 O~ mmol, 189.0 mg, 1.1 equiv.), K2HPO4 (1.200 mmol, 209.0 mg,

oo @ o 3 equiv.) and _ethyl acetate (7 = 0.19 pl mg_'l). Amide 7 was

g, Mo obtained as white solid (158 mg, 96%). Analytically pure sample
0o ' was prepared by recrystallization (petroleum ether/ ethyl acetate

= 3:1). (R,S)-7 diastereomer was obtained analogously from
Cbz-D-phenylalanine. Rf = 0.43 (2:1 petroleum ether/ethyl
acetate, UV 254 nm). mp = 114.2-115.5 °C; lit. mp = 103-105
: —_ °C.* IH NMR (CDCls, 400 MHz): & 7.45 — 7.13 (m, 10H), 6.46

ook s w617 (m, 1H), 5.47 — 5.29 (m, 1H), 5.16 — 5.00 (m, 2H), 4.55 —
© @ 4.39 (m, 2H), 3.69 (s, 3H), 3.15 —3.00 (M, 2H), 2.16 — 1.96 (m,
o | 1H), 0.84 (d, J = 6.8 Hz, 3H), 0.80 (d, J = 6.8 Hz, 3H). 1*C NMR

i (CDCls, 100.6 MHz): 6 171.84, 170.93, 156.08, 136.37, 136.24,
129.45, 128.83, 128.66, 128.33, 128.16, 127.16, 67.23, 57.44,
56.36, 52.26, 38.43, 31.33, 18.91, 17.89. [0]o® = -16.3 (c 0.56,

r
- MeOH). IR (KBr): v = 3333, 3299, 3086, 3034, 2957, 2928,
oo ow o ow 0w em om 1742, 1683, 1656, 1529, 1438, 1286, 1243, 1134, 1024, 737
cm . HRMS (AJS-ESI) calcd. for CasHzN20s" [M+H]*
"H NMR fragment for (S,S)- 413 2071, found m/z 413.2070. The diastereomeric ratio was
and (R,S)-7 determined by NMR: major (S,S)-7 two dublets at 0.80 and 0.84
ppm, minor (R,S)-7 two dublets at 0.72 and 0.76 ppm (see *H NMR fragments provided).
Spectral data are in agreement with previously reported.*® No (R,S)-7 diasteremer was detected.

Ethyl (S)-4-(2-(6-methoxynaphthalen-2-yl) propanamido) benzoate 8.

:H
L
MeO ° CO,Et
(

S)-8

Prepared following general procedure A from (S)-2-(6-
Methoxy-2-naphthyl) propionic acid (0.400 mmol, 92.1 mg,
1 equiv.), ethyl 4-aminobenzoate (0.400 mmol, 66.0 mg, 1
% -~ equiv.), COMU (0.440 mmol, 189.0 mg, 1.1 equiv.),
K2HPO4 (1.200 mmol, 209.0 mg, 3 equiv.) and ethyl acetate
(7 =0.19 pl mg™t). Amide 8 was obtained as pale-coloured
solid (130 mg, 86%). Analytically pure sample was
prepared by recrystallization (petroleum ether/ethyl acetate
= 3:1). Racemic mixture was obtained analogously from
racemic 2-(6-Methoxy-2-naphthyl) propionic acid. R =
0.48 (2:1 petroleum ether/ethyl acetate, UV 254 nm). mp =
— 166.2 - 167.5 °C.*H NMR (CDCls, 400 MHz): § 7.93 (d, J

" =8.7Hz, 2H),7.79 - 7.67 (m, 3H), 7.49 (d, J = 8.7 Hz, 2H),
7.45—-7.34 (m, 2H), 7.21 —7.10 (m, 2H), 4.32 (q, J = 7.1 Hz, 2H), 3.92 (s, 3H), 3.86 (9, J = 7.1
Hz, 1H), 1.66 (d, J = 7.1 Hz, 3H), 1.36 (t, J = 7.1 Hz, 3H). 3C NMR (CDCls, 100.6 MHz): §

3

o w » o w s ek

?MSZU» 14.394
20.886
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172.83, 166.24, 158.08, 142.09, 135.68, 134.08, 130.78, 129.36, 129.13, 128.12, 126.51,
126.10, 125.95, 119.56, 118.77, 105.81, 60.97, 55.48, 48.31, 18.64, 14.44. [a]p® = +112.9 (c
0.43, CHCIs). IR (KBr): v=3303, 2985, 1714, 1657, 1606, 1531, 1276, 1107, 1028, 767 cm™.
HRMS (AJS-ESI) calcd. for C23H24NO4* [M+H]* 378.1700, found m/z 378.1701. Enantiomeric
excess was determined by HPLC [OD-H column (9:1 n-hexane/2-propanol), flow rate 1
mL-min, detection at 210 nm]: major (S)-8 tr = 14.3 min, minor (R)-8 tr = 20.9 min (see HPLC
signals provided). No (R)-8 enantiomer was detected.

Ethyl 4-benzamidobenzoate 11.

H Prepared following general procedure A from ethyl 4-
Ph\n/N aminobenzoate (0.400 mmol, 66.0 mg, 1 equiv.), benzoic acid (0.400
o \©\ mmol, 49.0 mg, 1 equiv.), COMU (0.440 mmol, 189.0 mg, 1.1
COEt  equiv.), K2HPO4 (1.200 mmol, 209.0 mg, 3 equiv.) and ethyl acetate
1 (7 = 0.19 pl mgt). Amide 11 was obtained as white solid (100 mg,
93%). Analytically pure sample was prepared by recrystallization (ethyl acetate). Rf= 0.30 (8:2
petroleum ether/ethyl acetate, UV 254 nm). mp = 149.4-152.5 °C; lit. mp = 146 °C,! 147-
148 °C.2 'H NMR (400 MHz, CDCls): § 8.13 — 7.97 (m, 3H), 7.96 — 7.81 (m, 2H), 7.80 — 7.69
(m, 2H), 7.68 — 7.54 (m, 1H), 7.53 - 7.43 (m, 2H), 4.37 (9, J = 7.1 Hz, 2H), 1.40 (t, J = 7.1 Hz,
3H). 13C NMR (100.6 MHz, CDCl3): § 166.25, 165.93, 142.18, 134.69, 132.35, 131.00, 129.04,
127.21, 126.35, 119.28, 61.06, 14.50. IR (KBr): v = 3332, 2986, 1705, 1657, 1595, 1529, 1410,
1279, 1107 cm™. HRMS (AJS-ESI) calcd. for CisHisNOs* [M+H]* 270.1125, found m/z
270.1119. Spectral data are in agreement with previously reported.5-1°

5.2. Synthesis of amides with TCFH/K2HPO4

General procedure B. Amine (1 equiv.), acid (1 equiv), TCFH (1.1-1.3 equiv,) and K;HPO4
(3 equiv.) were placed into a 14 mL ZrO»-coated jar charged with 3x7 mm ZrO> balls. Then
ethyl acetate (y = 0.19 ul mg™) was added to the jar, which was then set to mill at 30 Hz for 20-
60 minutes.

Work-up procedure 1. The resulting crude reaction mixture was transferred to the glass filter
and washed with distilled water (3-5x10 mL). The filtered product was then dried in air and, if
required, further purified by silica gel chromatography with petroleum ether/ethyl acetate as
eluent to give the desired amide product.

Work-up procedure 1l. The resulting crude reaction mixture was diluted with ethyl acetate,
filtered, and concentrated under reduced pressure before purification by silica gel
chromatography with petroleum ether/ethyl acetate as eleunt to give the desired product.

Work-up procedure 111. The resulting crude reaction mixture was diluted with ethyl acetate
(15 mL) and washed with water (3x10 mL). The organic layer was separated, dried over
Na>SOqs, filtered, and concentrated under reduced pressure before purification by silica gel
chromatography with petroleum ether/ethyl acetate as eleunt to give the desired product.

Comment: Since the crude amide product 10 appeared as oil after the water treatment, the
previously applied isolation protocol (filtration of solid product) became unsuitable. Similar
problem was noticed for a few other amides (e.g. 12 and 15). For such cases, a modified
isolation protocols were developed (procedures Il and I11), involving the initial treatment of the
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crude reaction mixtures with either ethyl acetate or ethyl acetate-water, followed by silica gel
column chromatography. We found that use of TCFH is more advantageous than COMU in
these cases, since TCFH produces single and easily removable tetramethylurea by-product.
Short column chromatography had to be applied in some cases to remove trace impuritires
(procedure 1), e.g. compound 14 was purified by column chromatography due to the
contamination of mesitoic anhydride.

Ethyl (S)-4-(2-(((benzyloxy)carbonyl)amino)-3 phenylpropanamido) benzoate 4.

%F:H Prepared by following general procedure B and work-up

Cbz. N procedure | from ethyl 4-aminobenzoate (0.363 mmol,

” \©\ 60.0 mg, 1 equiv.), Cbz-protected L-phenylalanine (0.363

© CO,Et mmol, 108.7 mg, 1 equiv,), TCFH (0.400 mmol, 112.0 mg,

1.1 equiv.), KaHPO4 (1.090 mmol, 190.0 mg, 3 equiv.) and

ethyl acetate (5 = 0.19 pul mg 1). Amide 4 was obtained as white solid (150 mg, 92%) after

filtration and washing with water (3x10 mL). Enantiomeric excess was determined by HPLC

[AD-H column (7:3 n-hexane/2-propanol), flow rate 0.8 mL-min, detection at 210 nm]: major

(S)-4 tr = 16.0 min, minor (R)-4 tr = 24.8 min (see HPLC signals provided). No (R)-4
enantiomer was detected. See above for full characterization data.

(S)-4

tert-Butyl (S)-4-(2-(6-methoxynaphthalen-2-yl) propanoyl) piperazine-1-carboxylate 9.

Prepared following general procedure B and work-up

: OBOC procedure | from (S)-2-(6-methoxy-2-naphthyl)

propionic acid (0.400 mmol, 92.1 mg, 1 equiv.), N-Boc-

MeO OO o} piperazine (0.400 mmol, 75.0 mg, 1 equiv.), TCFH (0.440
mmol, 123.5 mg, 1.1 equiv.), K2HPO4 (1.200 mmol, 209.0

(S)-9 mg, 3 equiv.) and ethyl acetate (# = 0.19 pl mg™), milling

mav 4 - . time — 20 minutes. Amide 9 was purified by silica gel
S 2 chromatography with petroleum ether/ethyl acetate (7:3)

as eluent and obtained as white solid (138 mg, 87 %).
Analytically  pure sample was prepared by
recrystallization (petroleum ether/ethyl acetate = 3:1).
Racemic mixture was obtained analogously from racemic

2-(6-Methoxy-2-naphthyl) propionic acid. Rf = 0.43 (1:1
] petroleum ether/ethyl acetate, UV 254 nm). mp = 131.3—
132.3 °C.'H NMR (CDCls, 400 MHz): § 7.73 — 7.65 (m,
S — —— 2H),7.61-7.57 (m, 1H), 7.33 (dd, J = 8.5, 1.9 Hz, 1H),

" 714 (dd, J = 9.0, 2.5 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H),

3.97 (9, J = 6.8 Hz, 1H), 3.91 (s, 3H), 3.87 — 3.77 (m, 1H),
3.54 —3.39 (m, 2H), 3.39 — 3.23 (m, 3H), 3.23 - 3.11 (m,
1H), 2.72 — 2.62 (m, 1H), 1.51 (d, J = 6.8 Hz, 3H), 1.39
(s, 9H). 3C NMR (CDCls, 100.6 MHz): 5 172.44, 157.81,
154,53, 137.08, 133.61, 129.25, 129.22, 127.85, 126.03,
125.59, 119.32, 105.76, 80.26, 55.47, 45.47, 43.53, 41.96,
28.45, 20.88. [0]p?® = +19.1 (c 0.33, CHCls). IR (KBr): v
o = 3442, 3002, 2978, 2934, 2853, 1693, 1638, 1606, 1432,
1239, 1164, 858 cm'*. HRMS (AJS-ESI) calcd. for
Ca23H30N204Na™ [M+Na]* 421.2098, found m/z 421.2099.

33.552
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Enantiomeric excess was determined by HPLC [OD-H column (95:5 n-hexane/2-propanol),
flow rate 1 mL-min?, detection at 210 nm]: minor (R)-9 tr = 29.5 min, major (S)-9 tr = 33.6
min (see HPLC signals). No (R)-9 enantiomer was observed.

Ethyl (S)-4-(2-(4-isobutylphenyl) propanamido) benzoate 10.

IH Prepared following general procedure B and work-up
N procedure Il from (S)-2-(4-(2-methylpropyl) phenyl)
m \©\C02Et propanoic acid (0.400 mmol, 82.5 mg, 1 equiv., 98% ee),
ethyl 4-aminobenzoate (0.400 mmol, 66.0 mg, 1 equiv,),
(S)-10 TCFH (0.440 mmol, 123.5 mg, 1.1 equiv.), KoHPO4
(1.200 mmol, 209.0 mg, 3 equiv.) and ethyl acetate (n =
0.19 pl mg™), milling time — 20 minutes. Amide 10 was
purified by silica gel chromatography with petroleum
ether/ethyl acetate (9:1) as eluent and obtained as white
solid (99 mg, 70%). Analytically pure sample was
prepared by recrystallization (petroleum ether/ethyl
acetate = 3:1). Racemic mixture was obtained analogously
from racemic 2-(4-(2-methylpropyl) phenyl) propanoic
acid. Rf = 0.56 (3:1 petroleum ether/thyl acetate, UV 254
" nm). mp = 70.8-76.7 °C. *H NMR (CDCls, 400 MHz): §
o : ® =~ 7.95(d,J=8.8Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.26 (d,
J=8.1Hz, 2H),7.17 (d, J = 8.1 Hz, 2H), 7.14 (s, 1H), 4.34
(9, =7.1Hz, 2H), 3.71 (9, J = 7.1 Hz, 1H), 2.48 (d, J =
7.2 Hz, 2H), 1.93 - 1.80 (m, 1H), 1.60 (d, J = 7.2 Hz, 3H),
1.37 (t,J=7.1 Hz, 3H), 0.91 (d, J = 6.6 Hz, 6H). *C NMR
(CDCls, 100.6 MHz): 6 172.90, 166.25, 142.11, 141.48,
137.79, 130.82, 130.14, 127.56, 125.97, 118.72, 60.98,
48.06, 45.14, 30.31, 22.51, 18.59, 14.47. [a]p® = +66.1 (C
7 0.39, CHCIs). IR (KBr): v=3339, 2959, 2868, 1709, 1669,
1520, 1285, 1175, 767 cm™. HRMS (AJS-ESI) calcd. for
C22H2sNOs™ [M+H]* 354.2064, found m/z 354.2063.
Enantiomeric excess (ee = 93%) was determined by HPLC [OD-H column (9:1 n-hexane/2-
propanol), flow rate 1 mL-min, detection at 210 nm]: major (S)-10 tr = 6.8 min, minor (R)-10
tr = 7.8 min (see HPLC signals).
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tert-Butyl 4-benzoylpiperazine-1-carboxylate 12.

ﬁNBOC Prepared following general procedure B and work-up procedure 11 from
N

Ph N-Boc-piperazine (0.40 mmol, 75.0 mg, 1.0 equiv.), benzoic acid (0.40
\ﬂ/ mmol, 49.0 mg, 1 equiv.), TCFH (0.44 mmol, 124.0 mg, 1.1 equiv.),
© 12 K2HPO4 (1.21 mmol, 210.0 mg, 3 equiv.) and ethyl acetate ( = 0.19

ul mg 1), milling time — 20 minutes. Amide 12 was purified by silica gel chromatography with
petroleum ether/ethyl acetate (7:3) as eluent and obtained as white solid (102 mg, 87%). R¢ =
0.21 (7:3 petroleum ether/ethyl acetate, UV 254 nm). mp = 107.8-108.7 °C. 'H NMR (400
MHz, CDCl3) 6 7.52 —7.29 (m, 5H), 3.91 — 3.60 (br m, 2H), 3.60-3.17 (br m, 6H), 1.46 (s, 9H).
13C NMR (100.6 MHz, CDCls) § 170.72, 154.67, 135.58, 130.03, 128.70, 127.15, 80.47, 47.62
(br), 43.90 (br), 42.24 (br), 28.49. IR (KBr): v = 1694, 1624, 1434, 1245 cm™. HRMS (AJS-
ESI) calcd. for C16H23N203" [M+H]" 291.1703, found m/z 291.1697.
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Ethyl 4-(3,5-bis(trifluoromethyl) benzamido)benzoate 13.

CF; Prepared following general procedure B and work-up

procedure | from ethyl 4-aminobenzoate (0.40 mmol, 66.0

H mg, 1.0 equiv.), 3,5-bis(trifluoromethyl)benzoic acid (0.40

FsC mmol, 103.0 mg, 1.0 equiv.), TCFH (0.52 mmol, 146.0 mg,

13 ) \©\C02Et 1.3 equiv.), KoHPO4 (1.20 mmol, 209.0 mg, 3 equiv.) and

ethyl acetate (4 = 0.19 pl mg?), milling time — 20 minutes.

Amide 13 was purified by silica gel chromatography with petroleum ether/ethyl acetate (8:2)

as eluent and obtained as white solid (155 mg, 96%). Analytically pure sample was prepared

by recrystallization (petroleum ether/ethyl acetate = 1:1). Rf = 0.62 (8:2 petroleum ether/ethyl

acetate, UV 254 nm). mp = 183.0-184.3 °C. 'H NMR (400 MHz, CDCls): § 8.36 — 8.31 (m,

2H), 8.22 (s, 1H), 8.12 — 8.03 (m, 3H), 7.79 — 7.70 (m, 2H), 4.38 (q, J = 7.1 Hz, 2H), 1.40 (t, J

= 7.1 Hz, 3H). C NMR (100.6 MHz, CDCls) & 166.18, 163.05, 141.28, 136.79, 132.69 (q, J

=34.1 Hz), 131.06, 127.63 (d, J = 3.1 Hz), 127.21, § 125.76 (dt, J = 7.4, 3.6 Hz), 122.92 (g, J

=273.2 Hz), 119.78, 61.26, 14.47. **F NMR (CDCls, 376 MHz): § =-62.9. IR (KBr): v = 3300,

1708, 1669, 1601, 1544, 1281, 1148 cm™. HRMS (AJS-ESI) calcd. for C1gH14FsNO3" [M+H]"*
406.0872, found m/z 406.0865.

Ethyl 4-(2,4,6-trimethylbenzamido) benzoate 14.

Prepared following general procedure B and work-up

\Q;(H procedure | from ethyl 4-aminobenzoate (0.40 mmol, 66.0
N mg, 1.0 equiv.), 2,4,6-trimethylbenzoic acid (0.40 mmol, 66.0
0 \©\ mg, 1.0 equiv.), TCFH (0.52 mmol, 146.0 mg, 1.3 equiv.),
COzEt  K,HPO4 (1.20 mmol, 209.0 mg, 3equiv.) and ethyl acetate
(7= 0.19 pl mg?), milling time — 1 hour. Amide 14 was
purified by silica gel chromatography with petroleum ether/ethyl acetate (8:2) as eluent and
obtained as white solid (113 mg, 89%). Analytically pure sample was prepared by
recrystallization (ethyl acetate). Rt = 0.47 (8:2 petroleum ether/ethyl acetate, UV 254 nm). mp
= 231.1-232.5 °C. 'H NMR (400 MHz, CDCls): § 8.10 — 7.97 (m, 2H), 7.72 — 7.65 (m, 2H),
7.56 (s, 1H), 6.89 (s, 2H), 4.36 (q, J = 7.1 Hz, 2H), 2.34 (s, 6H), 2.31 (s, 3H), 1.40 (t, J = 7.1
Hz, 3H). 3C NMR (100.6 MHz, CDCls): § 169.13, 166.21, 142.04, 139.35, 134.71, 134.41,
131.03, 128.58, 126.38, 118.88, 61.05, 21.28, 19.34, 14.50. IR (KBr): v = 3239, 1713, 1653,
1597, 1537, 1403, 1281 cm™. HRMS (AJS-ESI) calcd. for CigH22NOs" [M+H]* 312.1594,
found m/z 312.1590.

14

tert-Butyl 4-(2,6-difluorobenzoyl)piperazine-1-carboxylate 15.

F Prepared following general procedure B and work-up procedure 11
ﬁNBOC from N-Boc-piperazine (0.40 mmol, 75.0 mg, 1.0 equiv.), benzoic acid
Q;(NJ (0.40 mmol, 64.0 mg, 1.0 equiv.), TCFH (0.52 mmol, 147.0 mg,

F O 1.3 equiv.), KaHPO4(1.21 mmol, 210.0 mg, 3 equiv.) and ethyl acetate

15 (7 = 0.19 pl mg™t), milling time — 40 minutes. Amide 15 was purified

by silica gel chromatography with petroleum ether/ethyl acetate (7:3)

as eluent and obtained as white solid (120 mg, 91%). Rs = 0.36 (7:3 petroleum ether/ethyl
acetate, UV 254 nm). mp = 105.1-106.6 °C. *H NMR (400 MHz, CDCls): § 7.41 — 7.30 (m,
1H), 7.00 — 6.89 (m, 2H), 3.82 — 3.74 (m, 2H), 3.56 — 3.48 (m, 2H), 3.48 — 3.36 (m, 2H), 3.32
—3.25 (m, 2H), 1.45 (s, 9H).13C NMR (100.6 MHz, CDCls): & 160.35, 158.99 (dd, J = 250.4,
7.8 Hz), 154.55, 131.40 (t, J = 9.8 Hz), 113.56 (t, J = 22.9 Hz), 112.49 — 111.50 (m), 80.55,
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46.82, 43.72 (br), 41.96, 28.47. °F NMR (CDCls, 376 MHz): 5 = -111.9. IR (KBr): v = 1690,
1633, 1471, 1421, 1248 cm. HRMS (AJS-ESI) calcd. for CigHaoFaN2OsNa* [M+Na]*
349.1334, found m/z 349.1332.

Ethyl 4-(2,6-difluorobenzamido)benzoate 16.

E Prepared following general procedure B and work-up
Q;(H procedure | from ethyl 4-aminobenzoate (0.40 mmol, 66.0 mg,

N 1.0 equiv.), 2,6-difluorobenzoic acid (0.40 mmol, 63.0 mg,

F 0O \©\ 1.0 equiv.), TCFH (0.52 mmol, 146.0 mg, 1.3 equiv.), K;HPO4
COzEt  (1.20 mmol, 210.0 mg, 3 equiv.) and ethyl acetate (» = 0.19 pl

16 mg™), milling time — 1 hour. Amide 16 was purified by silica gel
chromatography with petroleum ether/ethyl acetate (7:3) as eluent and obtained as white solid
(109 mg, 88%). Analytically pure sample was prepared by recrystallization (petroleum
ether/ethyl acetate = 1:2). R = 0.40 (7:3 petroleum ether/ethyl acetate, UV 254 nm). mp =
169.4-170.1 °C. *H NMR (400 MHz, CDCls): & 8.08 — 8.01 (m, 2H), 7.98 (s, 1H), 7.75 — 7.67
(m, 2H), 7.46 — 7.37 (m, 1H), 7.04 - 6.93 (m, 2H), 4.36 (9, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz,
3H). 1*C NMR (100.6 MHz, CDCls): & 166.19, 160.15 (dd, J = 253.4, 6.6 Hz), 158.64, 141.50,
132.61 (t, J = 10.4 Hz), 130.96, 126.80, 119.36, 114.14 (t, J = 19.3 Hz), 112.67 — 112.10 (m),
61.12, 14.48. *F NMR (CDCls, 376 MHz): § = -111.6. IR (KBr): v = 3315, 1693, 1596, 1531,
1291 cm™. HRMS (AJS-ESI) calcd. for CisH14F2NOs* [M+H]* 306.0936, found m/z 306.0933.

5.3. Challenging Amide Bond Formation with TCFH/NMI

General procedure C. Amine (1 equiv.), acid (1 equiv.), TCFH (1.3 equiv.) and N-methyl
imidazole (3 equiv.) were placed into a 14 mL ZrO»-coated jar charged with 3x7 mm ZrO> balls
and milled at 30 Hz for 1.5 hours. The resulting crude reaction mixture was transferred to the
glass filter and washed with distilled water (3-5x10 ml). The solid product was then dissolved
in ethyl acetate (15 mL), filtered through the layer of silica gel and concentrated under reduced
pressure. The obtained solid amide product was then dried in air.

N-(4-Cyanophenyl)-2-methyl-2-phenylpropanamide 22.

Prepared following general procedure C from 4-

H aminobenzonitrile (0.40 mmol, 47.3 mg, 1.0 equiv.), 2-methyl-2-
5 \©\ phenylpropanoic acid (0.40 mmol, 65.7 mg, 1.0 equiv.), TCFH
CcN (0.52 mmol, 146.0 mg, 1.3 equiv.) and N-methyl imidazole (1.20

22 mmol, 96 ul, 3 equiv.). Amide 22 was obtained as pale-cream

colored solid (97 mg, 92%). Analytically pure sample was

prepared by recrystallization (petroleum ether/ethyl acetate=2:1). Rs = 0.47 (3:1 PE/EA, UV

254 nm). mp = 143.1-143.7 °C; lit. mp = 140-141 °C.! *H NMR (CDCls, 400 MHz): § 7.54

d, J=8.9 Hz, 2H), 7.48 (d, J = 8.9 Hz, 2H), 7.42 (d, J = 4.4 Hz, 4H), 7.38 — 7.31 (m, 1H), 6.95

(br s, 1H), 1.67 (s, 6H). *C NMR (CDCls, 100.6 MHz): § 176.08, 143.92, 142.07, 133.26,

129.35, 127.87, 126.52, 119.50, 118.92, 107.09, 48.50, 27.00. IR (KBr): v = 3295, 3000, 2966,

2919, 1650, 1516, 1260, 1168, 852, 698 cm™*. HRMS (AJS-ESI) calcd. for C17H17N20* [M+H]*
265.1335, found m/z 265.1337. Spectral data are in agreement with previously reported.!**2
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N-Mesityl-2-methyl-2-phenylpropanamide 23.

H Prepared following general procedure C from 2,4,6-
N trimethylaniline (0.40 mmol, 57.3 pl, 1.0 equiv.), 2-methyl-2-
5 phenylpropanoic acid (0.40 mmol, 65.7 mg, 1.0 equiv.), TCFH

(0.52 mmol, 146.0 mg, 1.3 equiv.) and N-methyl imidazole (1.20

23 mmol, 96 ul, 3 equiv.). Amide 23 was obtained as white solid

(104 mg, 92%). Analytically pure sample was prepared by

recrystallization (petroleum ether/ethyl acetate=2:1). Rf = 0.51 (4:1 PE/EA, UV 254 nm). mp =

156.3 -156.9 °C. 'H NMR (CDCls, 400 MHz): 6 7.57 — 7.52 (m, 2H), 7.46 — 7.39 (m, 2H), 7.36

—7.29 (m, 1H), 6.81 (s, 2H), 6.25 (br s, 1H), 2.22 (s, 3H), 2.01 (s, 6H), 1.71 (s, 6H). *C NMR

(CDCls, 100.6 MHz): 6 175.68, 145.19, 136.71, 135.07, 131.34, 128.97, 128.94, 127.43,

126.74, 47.60, 27.11, 21.00, 18.32. IR (KBr): v = 3347, 2982, 2224, 1699, 1588, 1513, 1309,

1135, 699 cm®. HRMS (AJS-ESI) calcd. for CigH4NO* [M+H]* 282.1852, found m/z
282.1851.
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5. Mechanistic studies

5.1. Generation of acyl phosphates

Generation and NMR detection of acetyl phosphates: A 14-mL milling jar was loaded with
a potassium phosphate salt (274 mg, 1.56 mmol, 3 equiv.), coupling reagent (247 mg,
0.58 mmol, 1.1 equiv.), acetic acid (30 pl, 0.52 mmol, 1 equiv.) and milled for 20 min. The
residue was dissolved in DO, NMR spectra were immediately recorded.

For the reactions with K;HPO4 and K3POa, 3P NMR spectra indicated formation of acetyl
phosphate 17 along with formation of minor amounts of inorganic pyrophosphate (Table S7,
entries 1, 2 and 3). In the case of K4P207, the formation of acyl pyrophosphate 18 was observed.
For the entry 1, addition of morpholine in D20 solution caused disappearance of acetyl
phosphate signal.

Table S7. Mechanochemical generation of acetyl phosphates from acetic acid and phosphate
salts.?

conditions )O]\ 9 o j\ 9 9
CH;COOH > _PZ or PP
3 &) HsC~ O™ “OH HyC™ 7071707170
20 min 17 18
Entry Coupling Phosphate Phosphorus-containing Yield, %"
reagent salt products
1 COMU KoHPO4 acetyl phosphate 17 60
HP20737 10
2 cComMuU K3PO4 acetyl phosphate 17¢ 15
P,O* 7
3 COMU K4P207 acetyl pyrophosphate 18 50
4 TCFH KoHPO4 acetyl phosphate 17 30
HP,O* 10

@ Reaction conditions: Acetic acid (0.524 mmol, 1 equiv.), phosphate salt (3 equiv.), coupling
reagent (1.1 equiv.), 20 min milling time. ® NMR vyields, calculated relative to PFs~ signal in
3P NMR. Integration of *H NMR spectra gives virtually the same yield for acetyl phosphate
products. ¢ Likely as dipotassium salt

Acetyl phosphate 17. 3P NMR (D20, 162 MHz): § = —2.1 ppm. **C NMR (D0, 100.6 MHz):
& =168.1 (d, Jcp = 8.0 Hz, CO), 17.9 (d, Jcp = 4.7 Hz, CH3). *H NMR (D;0, 400 MHz): § =
2.27 (d, Jup = 1.0 Hz, CHy).

Acetyl pyrophosphate 18. 3P NMR (D20, 162 MHz): § = —=5.0 (d, Jep = 21.7 Hz,
ACOPO3P03), —17.9 (d, Jep = 21.7 Hz, AcOPO3P0O3). *C NMR (D20, 100.6 MHz): § = 166.7
(d, Jcp = 8.8 Hz, CO), 18.0 (d, Jcp = 6.3 Hz, CH3). 'H NMR (D20, 400 MHz): & = 2.37 (d, Jup
=1.1 Hz, CHy).
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Inorganic phosphates: 3P NMR (D20, 162 MHz): § = 2.8 (K3POa), 0.7 (K2HPO4), —6.5
(K4P207), —8.5 (K3HP.O7; generated in solution by mixing K4P.O7and HCI in 1:1 ratio).

PA0;!
A AcOP0* AcOR0s™
L I
P, 074'
5 |
HP :LZ’ AcOPGH
Cc H HR.O*>
Il JL JIL
P :)43'
D AcOPO? PO/
L | L
HRO
E
i

T T T T T T T T T T T T T T T T T T T T T T T
b 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7 -8 -9 10 -1 -2 13 -14 -15 -6 17 -18 -19 -20 -21 -2

3P NMR, & (ppm)

Figure S12. 3'P NMR spectra of the reaction mixtures and reference compounds: (A) COMU /
acetic acid / K4P207; (B) K4P2O7 (reference); (C) COMU / acetic acid / KoHPO4; (D) COMU /
acetic acid / KsPOg; (E) KsHP207 (reference, generated from KsP207 + HCI).

Mechanochemical amidation of acetic acid with morpholine and COMU / K2HPO4
system:

A 14-mL milling jar was loaded with K;HPO4 (274 mg, 1.57 mmol, 3 equiv.), COMU (247 mg,
0.58 mmol, 1.1 equiv.), acetic acid (30 pl, 0.52 mmol, 1 equiv.) and milled for 20 min. A sample
of the reaction mixture was dissolved in D0, 3P NMR spectrum was immediately recorded
(Sample 1, Figure S13). Then morpholine (46 ul, 0.52 mmol, 1 equiv.) was added and reaction
mixture was milled for additional 20 min. The residue was dissolved in D20, 3P NMR spectrum
was immediately recorded (Sample 2).

Control experiment: A 14-mL milling jar was loaded with K;HPO4 (274 mg, 1.57 mmol,
3 equiv.), COMU (247 mg, 0.58 mmol, 1.1 equiv.), acetic acid (30 ul, 0.52 mmol, 1 equiv.),
morpholine (46 pl, 0.52 mmol, 1 equiv.) and milled for 40 min. The residue was dissolved in
D0, 3P NMR spectrum was immediately recorded (Sample 3, see Figure S13).
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Figure S13. Reaction scheemes of mechanochemical amidation of acetic acid with morpholine
and COMU/K;HPO4 system and the corresponding 'P NMR spectra.

Generation of acyl phosphate from Cbz-Phe-OH: A 14-mL milling jar was loaded with
K2HPO4 (380 mg, 2.18 mmol, 6 equiv.), COMU (171 mg, 0.40 mmol, 1.1 equiv.), Cbz-Phe-
OH (108.7 mg, 0.36 mmol, 1 equiv.), ethylacetate (90 ul) and milled for 20 min. The residue
was dissolved in DO / DMSO mixture (ratio 2.7:1), and 3P NMR spectrum was immediately
recorded evidencing formation of the corresponding acyl phosphate 19 in 50% vyield (6 = —7.6
ppm, see Figure S14). The signal of 19 disappears after addition of benzylamine.
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Figure S14. 3P NMR (D.0 / DMSO) spectrum of the crude reaction mixture, showing

generation of acyl phosphate from acid 2.

I e
> 4 3 2

Reaction of Chz-Phe-OH potassium salt with benzocaine 3.

HZNO—COZEt

3
Ph Ph COMU (1.1 equiv.), Ph
t-BuOK EtOAC H
Cbz . OH —> Cbz. OK » Cbz. N
N THF N N
H o g & o J
? 20 min COE
2 2 30 Hz, 3 balls 4

(potassium salt)

Praparation of Cbz-Phe-OH potassium salt: A solution of t-BuOK (112 mg, 1 mmol,
1 equiv.) in anhydrous THF (1.5 mL) was added dropwise to the solution of Cbz-Phe-OH (300
mg, 1 mmol, 1 equiv.) in anhydrous THF (3 mL). Then the solvent was evaporated, and the
residue was dryed for 1-2 hours at 60°C under reduced pressure. The obtained potassium salt
was transferred to the glass filter, washed with with diethyl ether (3x10 ml) and dryed under
reduced pressure to afford 270 mg of salt as a white solid (80% vyield).

Reaction of Cbz-Phe-OH potassium salt with benzocaine 3. Benzocaine 3 (0.200 mmol,
33.7 mg, 1 equiv.), Cbz-protected L-phenylalanine 2 (0.220 mmol, 74.2 mg, 1.1 equiv.),
COMU (0.220 mmol, 94.0 mg, 1.1 equiv.) were placed into a 14 mL ZrO,-coated jar
charged with 3x7 mm ZrO; balls. Then ethylacetate (37 pl, # = 0,19 pl mg™?) was added to
the jar, which was then set to mill at 30 Hz for 20 minutes. *H NMR spectra of the crude
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reaction mixture was recorded using CDClIs as a solvent, after separation of insoluble
inorganic material. Conversion (80%) was determined by *H NMR. Conversion in the
same reaction with KoHPO4 was 96% (see above). Thus, KaHPO4 mostly acts as a base
performing deprotonation of 2, but also contributes at least 16% to the formation of
amide 4 via acyl phosphate 19.

5.2. Generation and reactivity of N-benzoyl imidazoliums

Reaction of benzoic acid with TCFH and N-methylimidazole (NMI)

_TCFH, NMI_ N/\®
T CDCN
45 min, rt SI-1, 50% 50%

X =ClorPFg

Following the published protocol,! to a solution of TCFH (93.5 mg, 0.33 mmol, 1.0 equiv.) in
CD3CN (0.6 mL) was added a solution of NMI (54.7 mg, 0.66 mmol, 2.0 equiv.) in the same
solvent (0.2 mL). The mixture was aged for 30 min and added to a suspension of benzoic acid
(36.6 mg, 0.3 mmol, 0.9 equiv.) in CD3CN (0.2 mL). Clear solution was immediately obtained.
'H NMR of the crude reaction mixture was recorded after 45 min, evidencing formation of N-
benzoyl methylimidazolium derivative SI-1 (50%) and benzoic anhydride (50%). Signal
assignment was performed with an aid of HSQC and HMBC correlation spectra.

NMR data:
IH NMR (CD3CN, 400 MHz): § 9.41 (s, 1H, H-d), 7.94— a 9y
7.90 (m, 3H, H-a and f), 7.82 (m, 1H, H-c), 7.66-7.62 b h N«@/
(m, 3H, H-band e), 4.01 (s, 3H, H-g). *C NMR (CDsCN, @N g
100.6 MHz): § 164.4 (CO-h), 139.6 (CH-d), 136.2 (CH- f

c), 131.6 (CH-a), 130.3 (CH-b), 125.4 (CH-e), 121.6
(CH-f), 37.5 (CHs-Q).

IH NMR (CD:CN, 400 MHz): & 8.14 (m, 4H, H-a), 7.75

O O
s s s 1 a
(m, 2H, H-c), 7.58 (m, 4H, H-b). 3C NMR (CDsCN, b Nyg 0
100.6 MHz): 5 163.5 (CO-e), 135.7 (CH-c), 131.2 (CH- .

a), 130.0 (CH-b), 129.5 (C-d).

Amidation of benzoic acid with ethyl 4-aminobenzoate promoted by TCFH and NMI

0
/©/0025t TCFH, NMI /©/
OH *+
HoN CD3CN @
> 60 min, rt

11, quant.

CO,Et

Following the published protocol,*! to a solution of benzoic acid (16.5 mg, 0.135 mmol, 0.9
equiv.), ethyl 4-aminobenzoate (24.8 mg, 0.15 mmol, 1 equiv.) and NMI (43 mg, 0.53 mmol,
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3.5 equiv.) in CD3CN (0.6 mL) was added TCFH (42 mg, 0.15 mmol, 1.0 equiv.). Progress of
the reaction was monitored by *H NMR, evidencing fast formation of the amide product: 96%
yield of 11 was achieved already in 12 min, and total consumption of starting material was
observed within 60 min.

Reaction of 2,4,6-trimethylbenzoic acid with TCFH and N-methylimidazole

o xX°
H N4< >—Co Et
_TCFH, NMI N 2 2
= no reaction
T CDCN - CD4CN

45 min, rt SI-2, 55% 20 h, rt

X =ClorPFg

Following the published protocol,!! to a solution of TCFH (93.5 mg, 0.33 mmol, 1.0 equiv.) in
CD3CN (0.6 mL) was added a solution of N-methylimidazole (54.7 mg, 0.66 mmol, 2.0 equiv.)
in the same solvent (0.2 mL). The mixture was aged for 30 min and added to a suspension of
2,4,6-trimethylbenzoic acid (49.2 mg, 0.3 mmol, 0.9 equiv.) in CD3CN (0.2 mL). Clear solution
was immediately obtained. 'H NMR of the crude reaction mixture was recorded after 45 min,
evidencing formation of N-acyl imidazolium derivative SI-2 (55%, based on characteristic
singlet signal of aromatic protons at & 7.06 ppm), along with two other mesityl-containing
components (30% + 15%, singlet signals at 6 6.94 and 6.84 ppm respectively), which likely
could be attributed to mesitoic anhydride and starting acid. Signal assignment for SI-2 was
performed with an aid of HSQC and HMBC correlation spectra (see NMR data below).

Addition of ethyl 4-aminobenzoate (49.5 mg, 0.3 mmol, 1.0 equiv.) to the obtained solution did
not lead to the formation of the corresponding amide product even after 20 h, thus
demonstrating inertness of SI-2

Key characteristic NMR signals for SI-2:

'H NMR (CDsCN, 400 MHz): § 9.16 (s, 1H, H-d), o 4

7.73 (br s, 1H, H-f), 7.62 (t, J = 1.9 Hz, 1H, H-e), b h N
7.06 (s, 2H, H-b), 3.94 (s, 3H, H-g). 3C NMR \i/ g
(CDsCN, 100.6 MHz): § 166.2 (CO-h), 139.0 (CH- f

d), 129.9 (CH-b), 126.5 (CH-¢), 119.8 (CH-f), 37.7

(CHz-9).

HRMS (AJESI), m/z: [M]" calcd. for C14H17N>O"
229.1335; found 229.1329.

Amidation of 2,4,6-trimethylbenzoic acid with ethyl 4-aminobenzoate promoted by TCFH
and NMI

Following the published protocol,** to a solution of mesitoic acid (24.6 mg, 0.15 mmol, 1
equiv.), ethyl 4-aminobenzoate (24.8 mg, 0.15 mmol, 1 equiv.) and NMI (43 mg, 0.53 mmol,
3.5 equiv.) in CD3CN (0.6 mL) was added TCFH (42 mg, 0.15 mmol, 1.0 equiv.). Progress of
the reaction was monitored by *H NMR. The first tH NMR was run after 20 min, and no further
changes were observed after 1 h and 20 h reaction time. Only 10% of ethyl 4-aminobenzoate
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was converted into the corresponding amide, while nearly 80% of mesitoic acid transformed
into the inert imidazolium derivative SI-2.

CO,Et S)
0] X
CO,Et _TCFH, NMI /©/ ®
NN
T CDCN (N
20 min, rt
no further changes 11, 10% SI-2, 78%
after 20 h
TCFH, X = Cl or PFg
NMI 5 3

)@f Sars

Since imidazolium derivative SI-2 is inert towards ethyl 4-aminobenzoate, minor amount of
amide 11 could be formed via the corresponding uronium intermediate A, although generation
of the corresponding chloroanhydride cannot be also excluded.

Inertness of carbonyl group in SI-2 towards nucleophilic attack in this case can be explained
by steric shielding introduced by the nearby imidazolium and mesityl moieties. According to
MM2 simulation in Chem3D program, in the lowest energy conformer of SI-2 plane of the
imidazolium ring is tilted (OCNC dihedral angle = 130°, Figure S15) in respect to the plane of
2,4,6-trimethylbenzoyl moiety. As a result, the carbonyl group in SI-2 is efficiently blocked
against attack of a nucleophile approaching along the Blirgi—Dunitz trajectory.

Figure S15. The lowest energy conformer of imidazolium intermediate SI1-2 with sterically
shielded carbonyl group.
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6. Functionalization of Biotin[6]uril

Amide coupling of biotin[6]uril 1 and L-phenylalanine methyl ester hydrochloride 24 was
selected as a model process.

Ph

HCI* Ho,N™ >CO,Me
24 (7-7.8 equiv.) H

: % /~s s\, NN T ~s
. l 5 ji ! Coupling reagent (7-7.2 equiv.) - i g ji _
H (N o o© N) H Base, LAG additive H <N o O N) H
H (0] o) H H o) Oo_N H
S Uz —5N\-S S U7 SN\ S
HOoN NoH 60—90 min, HON NH

30 Hz, 3 balls

biotin[6]uril 1 @ = +coH ; hexa-amide 25

General procedure: Biotin[6]uril 1 (0.033-0.046 mmol, 1 equiv.), L-phenylalanine methyl ester
hydrochloride 24 (0.231-0.356 mmol, 7-7.8 equiv.), Coupling reagent (0.231-0.331 mmol, 7—
7.2 equiv.) and Base (0.594-0.966 mmol, 18-21 equiv.) were placed into a 14 mL ZrO2-coated
jar charged with 3x7 mm ZrO- balls. Then LAG additive was added to the jar, which was then
set to mill at 30 Hz for 60—90 minutes. The resulting crude reaction mixture was analysed using
HPLC/HRMS analysis.

General conditions for HRMS characterization of products and intermediates

The samples were introduced into a mass spectrometer by direct injection of test solutions
(injection volume 2 pul). Acetonitrile with 0.05% formic acid additive was used as an eluent, the
flow rate was set at either 0.1 ml/min or 0.2 mL/min. For analysis, ca. 1 mM solution of the
sample was prepared in a suitable solvent or solvents mixture.

General conditions for HPLC analysis

Macherey-Nagel Nucleoshell RP18 column (150 mmx3.0 mm, 2.7 um) was employed in the
measurements. Eluents A (water / 0.1% formic acid) and B (acetonitrile / 0.1% formic acid)
were used in a 10-minute gradient mode from A:B 85:15 (v/v) to A:B 10:90 (v/v) with the flow
rate of 0.5 mL/min. The column temperature was set at 30 °C, injection volume at either 5 or
10 ul and detection wavelength at 254 nm.

MSD was involved in some measurements with the purpose of additional identification of the
sample components by ESI-MS. The ionization source conditions were kept consistent
throughout the measurements with following parameters: positive polarity, capillary voltage
2000 V, charging electrode voltage 2000 V, drying gas temperature 300 °C, drying gas flow
5 L/min, nebulizer pressure 60 psig, vaporizer temperature 150 °C.

Sample preparation included sampling ~5 mg of the crude reaction mixture, dissolving in
DMSO (1 mL), followed by centrifuging the solution and analyzing the clear supernatant. For
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purity determination, ~2 mg of product was dissolved in 1 mL of DMSO or

methanol/chloroform mixture.

Distribution of products was calculated by using the corresponsing HPLC peak areas. Only
identified peaks were taken into account, namely: biotin[6]uril, mono-, di-, tri-, tetra-, penta-,
hexa-amides. Relative peak areas (Srel, %) were calculated as follows:

Y
Srel(%) = 2_;, - 100,
i

where Sj—area of an individual peak, mAu-s; > Si—sum of areas of all peaks considered, mAu-s.

HPLC-HRMS conditions for identification of different L-phenylalanine-biotin[6]uril
amides

Test solution from Entry 2 (see Table S9 below) was used for identification of products. HPLC-
UV chromatogram of the sample (Figure S18) contained a series of peaks, which were assumed
to be mono-, di-, tri-, tetra-, penta- and hexa-amide in detectable amounts, and then confirmed
by MS measurements (Figure S16 and Table S8).

%] [#%) =
1 1
—— Penta

— Tetra

)
Y Monao

Absorbance at 254 nm, mAu x ‘I[]2

Retention time, min
Figure S16. HPLC chromatogram with MS-identified peaks of various amide prodcuts.

Table S8. Calculated and found m/z values for differnent amide products.

Amide lon Formula m/z calc m/z found
Mono- [M+H]* C76H109N13019S6 1698.6203 1698.6227
Di- [M+2H]? CesH120N14020S6 930.3558 930.3553
Tri- [M+2H]? CoeH131N15021S6 1010.8979 1010.8999
Tetra- [M+2H]? C106H142N16022S6 1091.4399 1091.4388
Penta- [M+2H]? C116H153N17023S6 1171.9819 1171.9843
Hexa-amide [M+2H]? C126H164N18024S6 1252.5240 1252.5244

HPLC chromatograms of the crude reaction mixtures are shown below (Figures S17-S28).
Summary of quantitative analysis results is presented in Table S9.

Optimization experiments (see Table S9)

Entry 1: 14-mL milling jar was loaded with biotin[6]uril 1 (0.046 mmol, 70 mg, 1 equiv.), L-
phenylalanine methyl ester hydrochloride 24 (0.319 mmol, 69 mg, 7 equiv.), COMU (0.319
mmol, 137 mg, 7 equiv.), KzHPO4 (0.820 mmol, 143 mg, 18 equiv.), ethyl acetate ( = 0.19
ulL/mg) and milled for 90 min. The resulting crude reaction mixture was analysed by
HPLC/HRMS (Entry 1, Table S9).
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Figure S17. HPLC chromatogram of the crude reaction mixture, obtained with
COMU/K2HPOy4 after 90 min of milling with ethyl acetate as a LAG (Entry 1, Table S9).

Entry 2: A 14-mL milling jar was loaded with biotin[6]uril 1 (0.046 mmol, 70 mg, 1 equiv.),
L-phenylalanine methyl ester hydrochloride 24 (0.319 mmol, 69 mg, 7 equiv.), TCFH (0.319
mmol, 90 mg, 7 equiv.), K2HPO4 (0.820 mmol, 143 mg, 18 equiv.), ethyl acetate (y = 0.19
uL/mg) and milled for 90 min. The resulting crude reaction mixture was analysed by
HPLC/HRMS (Entry 2, Table S9).
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Figure S18. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/K;HPQO4

after 90 min of milling with ethyl acetate as a LAG (Entry 2, Table S9).

Entry 3: Following the published protocol,! a 14-mL milling jar was loaded with biotin[6]uril
1 (0.046 mmol, 70 mg, 1 equiv.), L-phenylalanine methyl ester hydrochloride 24 (0.319 mmol,
69 mg, 7 equiv.), EDC-HCI (0.319 mmol, 62.4 mg, 7 equiv.), DMAP (0.547 mmol, 67 mg, 12
equiv.), MeNO: ( = 0.25 uL/mg) and milled for 90 min. The resulting crude reaction mixture
was analysed by HPLC/HRMS (Entry 3, Table S9).
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Figure S19. HPLC chromatogram of the crude reaction mixture, obtained with EDC/DMAP

after 90 min of milling with MeNO> as a LAG (Entry 3, Table S9).

Entry 4: A 14-mL milling jar was loaded with biotin[6]uril 1 (0.046 mmol, 70 mg, 1 equiv.),
L-phenylalanine methyl ester hydrochloride 24 (0.319 mmol, 69 mg, 7 equiv.), TCFH (0.319
mmol, 90 mg, 7 equiv.), N-methyl imidazole (0.820 mmol, 66 pl, 18 equiv., 7 = 0.29 pL/mg)
and milled for 90 min. The resulting crude reaction mixture was analysed by HPLC/HRMS
(Entry 4, Table S9).
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Figure S20. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 90 min of milling with NMI as a LAG (Entry 4, Table S9).

Entry 5. A 14-mL milling jar was loaded with biotin[6]uril 1 (0.033 mmol, 50 mg, 1 equiv.),
L-phenylalanine methyl ester hydrochloride 24 (0.254 mmol, 55 mg, 7.8 equiv.), TCFH (0.234
mmol, 66 mg, 7.2 equiv.), N-methyl imidazole (0.684 mmol, 55ul, 21 equiv., # = 0.32 pL/mg)
and milled for 60 min. The resulting crude reaction mixture was analysed by HPLC/HRMS
(Entry 5, Table S9).
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Figure S21. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI

after 60 min of milling with NMI as a LAG (Entry 5, Table S9).

Entry 6: A 14-mL milling jar was loaded with biotin[6]uril 1 (0.033 mmol, 50 mg, 1 equiv.),
L-phenylalanine methyl ester hydrochloride 24 (0.254 mmol, 55 mg, 7.8 equiv.), TCFH (0.234
mmol, 66 mg, 7.2 equiv.), N-methyl imidazole (0.684 mmol, 55ul, 21 equiv., # = 0.16 pL/mg),
NaCl (3.092 mmol, 180 mg, 95 equiv) and milled for 60 min. The resulting crude reaction
mixture was analysed by HPLC/HRMS (Entry 6, Table S9).
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Figure S22. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of milling with NMI as a LAG and NaCl as a grinding additive (Entry 6, Table
S9).

Entry 7: A 14-mL milling jar was loaded with biotin[6]uril 1 (0.033 mmol, 50 mg, 1 equiv),
L-phenylalanine methyl ester hydrochloride 24 (0.254 mmol, 55 mg, 7.8 equiv), TCFH (0.234
mmol, 66 mg, 7.2 equiv), N-methyl imidazole (0.684 mmol, 55pl, 21 equiv), DMF (35 pl, =
0.53 pulL/mg) and milled for 60 min. The resulting crude reaction mixture was analysed by
HPLC/HRMS (Entry 7, Table S9).
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Figure S23. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of milling with DMF as a LAG (Entry 7, Table S9).

Entry 8: A 14-mL milling jar was loaded with biotin[6]uril 1 (0.033 mmol, 50 mg, 1 equiv),
L-phenylalanine methyl ester hydrochloride 24 (0.254 mmol, 55 mg, 7.8 equiv), TCFH (0.234
mmol, 66 mg, 7.2 equiv), N-methyl imidazole (0.684 mmol, 55ul, 21 equiv), heptane (55 pl, #
= 0.64 ulL/mg) and milled for 60 min. The resulting crude reaction mixture was analysed by
HPLC/HRMS (Entry 8, Table S9).
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Figure S24. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of milling with heptane as a LAG (Entry 8, Table S9).

Entry 9: A 14-mL milling jar was loaded with biotin[6]uril 1 (0.033 mmol, 50 mg, 1 equiv),
L-phenylalanine methyl ester hydrochloride 24 (0.254 mmol, 55 mg, 7.8 equiv), TCFH (0.234
mmol, 66 mg, 7.2 equiv), N-methyl imidazole (0.684 mmol, 55ul, 21 equiv), ethyl acetate (55
pl, # = 0.64 uL/mg) and milled for 60 min. The resulting crude reaction mixture was analysed
by HPLC/HRMS (Entry 9, Table S9).
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Figure S25. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of milling with ethyl acetate as a LAG (Entry 9, Table S9).

Entry 10: A slurry of biotin[6]uril 1 (0.033 mmol, 50 mg, 1 equiv), L-phenylalanine methyl
ester hydrochloride 24 (0.254 mmol, 55 mg, 7.8 equiv), TCFH (0.234 mmol, 66 mg, 7.2 equiv),
N-methyl imidazole (0.684 mmol, 55pl, 21 equiv) and ethyl acetate (55 pl, # = 0.64 uL/mg)
was stirred for 60 min. The resulting crude reaction mixture was analysed by HPLC/HRMS
(Entry 10, Table S9).
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Figure S26. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of slurry stirring with ethyl acetate as a LAG (Entry 10, Table S9).

Entry 11: A solution of biotin[6]uril 1 (0.046 mmol, 70 mg, 1 equiv), L-phenylalanine methyl
ester hydrochloride 24 (0.356 mmol, 77 mg, 7.8 equiv), HATU (0.319 mmol, 121 mg, 7 equiv),
DIPEA (0.319 mmol, 56 pl, 7 equiv) in anhydrous DMF (0.5 mL, » = 2.1 uL/mg) was stirred
for 60 min. The resulting reaction mixture was analysed by HPLC/HRMS (Entry 11, Table S9).
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Figure S27. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of stirring in DMF solution (Entry 11, Table S9).

Entry 12: A solution of biotin[6]uril 1 (0.046 mmol, 70 mg, 1 equiv), L-phenylalanine methyl
ester hydrochloride 24 (0.356 mmol, 77 mg, 7.8 equiv), TCFH (0.328 mmol, 92 mg, 7.2 equiv),
N-methyl imidazole (0.957 mmol, 77 pl, 21 equiv) in anhydrous DMF (0.5 mL, # = 2.4 uL/mg)
was stirred for 60 min. The resulting reaction mixture was analysed by HPLC/HRMS (Entry 12,
Table S9).
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Figure S28. HPLC chromatogram of the crude reaction mixture, obtained with TCFH/NMI
after 60 min of stirring in DMF solution (Entry 12, Table S9).
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Table S9. Amide coupling of biotin[6]uril with L-phenylalanine methyl ester, distribution of products according to HPLC.

Srel, %
Liquid
Ent : e chemicals n, Time, .= . . | Lo
ry Reaction conditions (additives, pL/mg  min % = % < & & 8 % =
=Ry = @ D e
solvents) m = — a T
1 COMU / Kz2HPO4 EtOAC 0.19 90 - 2.7 55 16 30 31 16
2 TCFH / KoHPO4 EtOAC 0.19 90 - 3.3 8.0 17 28 29 16
3 EDC / DMAP® CH3NO2 0.25 90 2.8 0.7 1.1 1.7 7.1 31 55
4 TCFH / NMI NMI 0.29 90 1.7 11 11 6.9 5.6 5.7 52
5 Ball milling TCFH / NMI¢ NMI 0.32 60 - 1.1 2.7 3.3 3.1 3.9 86
6 TCFH/NMI¢/NaCl¢  NMI 0.16 60 0.6 2.4 4.0 5.4 6.8 8.3 73
7 TCFH / NMI¢ NMI, DMF 0.53 60 - - - - 0.9 1.8 97
8 TCFH / NMI¢ NMI, heptane 0.64 60 0.8 1.8 15 4.3 1.8 5.6 84
9 TCFH / NMI¢ NMI, EtOAC 0.64 60 - 0.5 - - 0.8 0.6 98
10 Slurrystirring TCFH/NMI NMI, EtOAC 0.64 60 - - - - 0.9 3.8 95
11 ) HATU, DIPEA DIPEA, DMF 2.1 60 55 5.9 3.7 3.3 5.0 8.3 68
12 Solution (DMF) “gery Nmie NMI, DMF 24 60 ; i i - 06 15 98

2Reaction conditions: biotin[6]uril (50—70 mg, 0.03-0.05 mmol), 24 (7 equiv.), coupling reagent (7 equiv.), base (18 equiv.), unless other specified.
b HPLC area percentage of hexa-amide 25, relative to other amides. ¢12 equiv. of DMAP was used. ¢ With 7.2 equiv. of TCFH, 7.8 equiv. of L-
phenylalanine 24 and 21 equiv. of NMI. ¢ NaCl was used as grinding additive.
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Synthesis of hexa-amide 25: effect of milling time.

Prolonged milling times (60-90 min) are required to complete the reaction, especially at higher
loadings. Representative examples are shown below.

Experiment 1: Entry 4 from Table S9 (Samples were taken in 60 and 90 minutes).
Experiment 2: Entry 9 from Table S9, 2xscale-up (Samples were taken in 30 and 90 minutes).

Table S10. HPLC conversion (based on area percentage) after 30 min, 60 and 90 min.

Srela%
Reaction Time, . — . \ ; Lo
BNty conditions  min %i g s = g £ %E
n < b = it a I
. 60 13 21 11 6.2 3.6 4.1 41
1 Ball milling

TCFH/NMI 90 7.7 11 11 68 56 57 52

Ball milling 30 - - 17 20 29 46 89

2 TCFH/NMI,
EtOAC 90 - - - - 1.2 2 97
8 2xscale-up of Entry 9 from Table S9

Optimized procedure for the synthesis of hexa-amide 25.

Biotin[6]uril 1 (0.098 mmol, 150 mg, 1 equiv.), L-phenylalanine methyl ester
hydrochloride 24 (0.762 mmol, 164.3 mg, 7.8 equiv.), TCFH (0.703 mmol, 197.3 mg,
7.2 equiv.) and N-methyl imidazole (2.051 mmol, 165 uL, 21 equiv.) were placed into a
14 mL ZrO»-coated jar charged with 3x7 mm ZrO; balls. Then ethyl acetate (165 pL) as a
LAG additive was added to the jar, which was then set to mill at 30 Hz for 90 minutes. The
resulting crude reaction mixture was transferred with water (40 mL) to the beaker with
a magnetic stir bar and was vigorously stirred for 90 minutes. Then the solid product
was filtered, washed with water (3x5 mL), dried in air (249 mg of the crude product was
obtained; see below the results of *H NMR and HPLC analysis, Figure S29A and Figure
S30). The crude product was dissolved in chloroform (15-20 mL), filtered through 5
mm layer of Celite® and evaporated under the reduced pressure to afford a solid residue
(225 mg; see below the results of *H NMR and HPLC analysis, Figures S29B and S31).
To remove traces of reagent-derived impurities (NMI, tetramethylurea), the residue was
dissolved in ethyl acetate (7-10 mL) under heating, filtered and solid 25 was precipitated
by addition of n-hexane (15-20 mL), to give 196 mg of pure hexa-amide 25 as white solid
(80 % vyield, see the results of tH NMR and HPLC analysis below, Figures S29C and S32).
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O%NH
16/

o)

Rt = 0.43 (10:1 CHCIls/MeOH, UV 254 nm). *H NMR (CDCls, 400 MHz): & 7.32 — 7.20 (m,
3H, m, p-Ph), 7.12 — 7.07 (m, 2H, 0-Ph), 6.15 (d, J = 8.0 Hz, 1H, NH), 4.90 (dt, J = 8.0, 6.0 Hz,
1H, CH(13)), 4.86 (br s, 1H, CH2(11)), 4.73 (br s, 1H, CH2(12)), 4.07 — 3.93 (m, 1H, CH(2)),
3.93 - 3.80 (M, 1H, CH(3)), 3.71 (s, 3H, CH3(16)), 3.41 — 3.25 (m, 1H, CH(5)), 3.14 (dd, J =
13.9, 6.0 Hz, 1H, CHy(15a)), 3.12 — 3.04 (m, 1H, CHa(4b)), 3.06 (dd, J = 13.9, 6.0 Hz, 1H,
CH2(15b)), 2.93 (dd, J = 12.5, 4.9 Hz, 1H, CH2(4a)), 2.33 — 2.07 (m, 2H, CH2(9)), 1.82 — 1.65
(m, 2H, CH2(8a)+CH2(6a)), 1.65 — 1.48 (m, 2H, CHa(8b)+CH2(7a)), 1.48 — 1.26 (m, 2H,
CHa(6b)+CHa(7h)). 3C NMR (CDCls, 100.6 MHz): § 172.42 (C10), 172.25 (C14), 160.47
(C1), 136.00 (i-Ph), 129.30 (0-Ph), 128.65 (m-Ph), 127.19 (p-Ph), 62.02 (C2), 59.75 (C3), 53.55
(C5), 53.02 (C13), 52.43 (C16), 51.44 (C11), 46.96 (C12), 38.03 (C15), 35.92 (C9), 34.73 (C4),
27.97 (C7), 27.50 (C6), 24.79 (C8). [o]o? = -67.3 (C 0.62, MeOH). IR (KBr): v = 3319, 2935,
1745, 1702, 1539, 1443, 1373, 1211, 701 cm™2. HRMS (AJS-ESI) calcd. for Ci26H16sN16024S62*
[M+2H]?* 1252.5240, found m/z 1252.5244.
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Figure S29. 'H NMR spectra of hexa-amide 25, A — after washing with water, B — after
filtration through Celite® and C — after precipation with n-hexane from ethyl acetate solution.
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Figure S30. HPLC chromatogram of hexa-amide 25 after washing with water.
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Figure S31. HPLC chromatogram of hexa-amide 25 after filtrataton through Celite®
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Figure S32. HPLC chromatogram of hexa-amide 25 after precipation with n-hexane from
ethyl acetate solution.

Table S11. HPLC purity of hexa-amide product 25

e . HPLC
Entry Purification technique Durity?, %
1 Washing with water 95
2 Filtrataton through Celite® 99
3 Purification with ethyl acetate/n-hexane 99

@ Based on HPLC area percentage relative to all other peaks
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7. Green Chemistry Metrics

7.1. Safety considerations

Table S12. Hazards of the coupling reagents and by-products derived from them.

Hazard . -

Compound statements Meaning Thermal stability

comu H315 Causes skin irritation Decomposes,
H319 Causes eye irritation thermal onset 127 °C,
H335 May cause respiratory irritation decomposition energy is

-736J/g*®
Oxyma H315 Causes skin irritation n/a
CN H319 Causes eye irritation
HO. /)\ H302, H312,  Acute toxicity
N™ "CO,Et H332
N,N-dimethylmorpholine-  H315 Causes skin irritation n/a
4-carboxamide H319 Causes eye irritation
0 H335 May cause respiratory irritation
Acute toxicit
ﬁN/U\NMeZ H302 y

o]

TCFH H315 Causes skin irritation Probably highly stable
H319 Causes eye irritation (see comments below)
H335 May cause respiratory irritation

Tetramethylurea H302 Acute toxicity n/a
H360 May damage fertility or the

unborn child

Comments: DMF as being flammable (H226), acute toxic (H312, 332) and reproductive toxin
(H360) can be undoubtedly tagged as the major hazard contributor for the solution-based
process. COMU and by-products derived from it (Oxyma, N,N-dimethylmorpholine-4-
carboxamide) poses skin, eye and respiratory irritation and acute oral toxicity as potential
threats, which, however, cannot be considered as severe hazards. On the other hand, COMU
contains energetic N—O bond and was listed among the least preferred coupling reagents in the
recent study.'® It possesses quite large exothermic decomposition energy (-736 J/g) with
thermal onset at 127 °C.

To the best of our knowledge, thermal stability of TCFH was not evaluated, however its fluorine
analog, N,N,N’,N'-tetramethylfluoroformamidinium hexafluorophosphate (TFFH) was listed
among the most preferred coupling reagents with high thermal decomposition onset 361 “C and
low thermal decomposition energy (—209 J/g).=

No known risks can be attributed to potassium phosphates, nevertheless KPFg by-product
possesses acute toxicity (LDso = 460 mg/kg for rat).!*
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COMU/K,HPO, mechanochemistry
Yield, AE, RME, MI/PMI and OE

7.2. First pass green metrics
7.2.1. COMU/K;HPO,4, mechanochemistry

Summary of First Pass Metrics Toolkit

Reactant (Limiting | Mass (g) MW Mol Catalyst (Mass(g)| Reagent Mass (g) Reaction Volume (cm®) | Density | Mass(g) [ Workup Mass (g) Workup Volume Density | Mass (g)
Reactant First) solvent (gml™) chemical solvent (cm3) (gml™?)
0.109 29933 | 0.000364 EtOAC 0.098 089 | 0.087 water 30.00 1.00 30.00
p-NH,CgH,CO,Et 0.060 165.19 | 0.000363 K,HPO, 0.190 0.000 0.00
COMU 0.171 428.30 | 0.000399 0.000 0.00
0.000 0.00
0.000 0.00
0.000 0.00
0.000 0.00
Total 0.34 892.82 0.00 0.19 0.087 0.00 30.00
Flag
@ 95.9
[Conversion 1000(" 100.0
mass of isolated product @ 9.9 MW Mol
RME=—————Xx100 Product LrIRyIVNN 0.000349368
total massof reactants
molecular weight of product 100 Unreacted limiting reactant

~ total molecualr weight of reactants

total mass in a process or process step

mass tntensity =

Solvents (First Pass)

mass of product

PMI Reaction

reagents,
catlyst

PMl reaction
solvents

PMI Workup
PMI Workup
chemical
PMI workup
solvents

0.6

192.3

0.0

192.3

List solvents below

Preferred solvents

water, EtOH, nBuOH, AcOipr, AcOnBu, PhOMe, MeOH,
tBuOH, BnOH, ethylene glycol, acetone, MEK, MIBK,
AcOEt, sulfolane

advantages)

Highly hazardous solvents: The
solvents which are agreed not to

Problematic solvents: (acceptable
only if substitution does not offer

DMSO, cyclohexanone, DMPU, AcOH, Ac20, Acetonitrile,
AcOMe, THF, heptane, Me-cyclohexane, toluene, xylene,

MTBE, cyclohexane, chlorobenzene, formic acid,

pyridine, Me-THF

Et,0, Benzene, CCl,, chloroform, DCE, nitromethane, CS,,
HMPA

be used, even in screening

Experimental:

Ethyl 4-aminobenzoate (0.363 mmol, 60.0 mg, 1 equiv), Cbz-protected L-phenylalanine
(0.363 mmol, 108.7 mg, 1 equiv), COMU (0.400 mmol, 171.0 mg, 1.1 equiv) and K,HPO,
(1.090 mmol, 190.0 mg, 3 equiv) were placed into a 14 mL ZrO,-coated jar charged with
3x7 mm ZrO, balls. Then ethyl acetate (98 ul, n =0.19 pl mg?) was added into the jar,
which was then set to mill at 30 Hz for 20 minutes. The resulting crude reaction mixture
was transferred to the glass filter, washed with distilled water (3x10 mL) and dried in air.
Amide 4 was obtained as white solid (156 mg, 96%).

Catalyst/enzyme (First Pass) Tick Tick
Catalyst d, ction tak G )
atalys or.enzyme U, CI I ELES reen Facile recovery of catalyst/enzyme Green Flag
place without any catalyst/reagents. Flag
Use of stoichiometric quantities of reagents A:;ber + catalyst/enzyme not recovered Amber Flag
ag
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Critical elements

7.2.1. COMU/K;HPO,4, mechanochemistry

- Note ! Remaining years. ,
Supply remaining | Flag colour H until depletion of He
element i known reserves O
5.50vears 1 N (based on current rate of y s B . 0
y u | Be ) B | c| N o F|nNe
so | soumm R x| 1w | o | iaonse | s
50-500 years Amber Flag + m m » w ® W m
Na | Mg Al si | p | s | d | oar
warr | auseso suomiss | monss | Snarane | s | 5517 | s
+500 years Green Flag : T a [w r w Ju [= ™
K | ca | se|Ti | v |er Fe | Co | Ni | Cu se | Br | Kr
soon | sasssmn | armsr | savars | snoma sasso | snwmn | wsee Am | o | wm
Rb Y | 2 | Nb [ Mo | Tc Pd Te | | | X
s sssom | ovzzs | szsoean | ssae | o 10012 | vssons | 1310
W |w ; ™ ™ " = I
Cs Ba | La* Ta Re Hg Pb Po At Rn
1zoose | imvaor | issooss oot 10s207 saase ma
Fr Ra Act Rf Db Sg Bh Hs Mt Ds Rq Uub | Uut | Uug | Uup v Uus | Uuo
= » - @ = 5 = = " e w e ™ 7
Lanthanides* | Ce Pr Nd Pm sm Eu Gd Tb Dy Ho Er Tm Yb Lu
B e e I e
Actinides ¥ | Th Pa Np Pu Am | Cm Bk cf Es Fm | md No Lr
o | 2 @ e |ew Jom  Jom | os7) e
Energy (First Pass) Tick Tick
R o
Reaction run between 0to 70°C Green Flag o Reaction run at reflux
Reaction run between -20to Oor
o Amber Flag
70to 140°C Reaction run 5°C or more below the
- Green Flag +
Reaction run below -20 or above solvent boiling point
140°C
Batch/flow Tick Work Up List
Flow Green Flag quenching
Batch Amber Flag + filtration
trifi ti
centrl tfga fon Green Flag +
crystallisation
Low temperature
distillation/evaporation/ sublimation
solvent exchange, quenching into
g€ d i Amber Flag
aqueous solvent
chromatography/ion exchange
high temperature
multiple recrystallisation
List substances and List substances and H-codes List substances and H-codes
Health & safety
Red Flag Amber Flag Green Flag comMu
Highly explosive MPIos Pl MEPIEN  H205, H220, H224 If no red or amber
flagged H codes Oxyma

Explosive thermal
runaway

Long Term toxicity

Environmental

implications

H300, H310, H330
H340, H350, H360, H370,
H372
H400, H410, H411, H420

|
‘ H230, H240, H250
|

H301, H311, H331,
H341, H351, H361,
H371, H373
H401, H412

present then green
flag

Use of chemicals of environmental concern

Chemical identified as Substances of Very High Concern
by ChemSec which are utilised

Red Flag

List substances of very high concern
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7.2.2. TCFH/K;HPQ,4, mechanochemistry

TCFH/K,HPO,, mechanochemistry Summary of First Pass Metrics Toolkit
Yield, AE, RME, MI/PMI and OE
Reactant (Limiting | Mass (g) MW Mol Catalyst [Mass (g)[ Reagent Mass (8) Reaction Volume (cm®) | Density | Mass(g) | Workup |Mass (g) Workup Volume Density | Mass (g)
Reactant First) solvent (gml™) chemical solvent (cm3) (gml?)
0109 | 29933 |0.000364 EtOAC 0.098 089 | 0087 water 30.00 1.00 30.00
p-NH,CH,CO,Et 0.060 165.19 | 0.000363 K,HPO, 0.190 0.000 0.00
TFCH 0.112 280.58 0.000399 0.000 0.00
0.000 0.00
0.000 0.00
0.000 0.00
0.000 0.00
Total 0.28 745.10 0.00 0.19 0.087 0.00 30.00
Flag
@ 92.3
[Conversion 10007 100.0
mass of isolated product ® 923 MW Mo
RME=————————x 100 Product LYIRyIol 0.000335931
total massof reactants

Unreacted limiting

molecular weight of product

= - x 100 PMI total reactant
total molecualr weight of reactants PMI Reaction 37
3 reagents,
total mass in @ process or process step
mass intensity = mass of product catlyst 3.1 Experimental:
PMI reaction Ethyl 4-aminobenzoate (0.363 mmol, 60.0 mg, 1 equiv), Cbz-protected L-phenylalanine
0F = RME %100 solvents 0.6 (0.363 mmol, 108.7 mg, 1 equiv), TCFH (0.400 mmol, 112.0 mg, 1.1 equiv) and K,HPO,
AE (1.090 mmol, 190.0 mg, 3 equiv) were placed into a 14 mL ZrO,-coated jar charged with
3x7 mm ZrO, balls. Then ethyl acetate (98 ul, n =0.19 ul mg!) wasadded into the jar,
BMIWoIRp 20010 which wasthzen set tomill atgo Hz for gO r:inZtes. Theuresﬁlt)i ng crude reaction m;xture
PMI Workup was transferred to the glass filter, washed with distilled water (3x10 mL) and dried in air.
chemical 0.0 Amide 4 was obtained as white solid (150 mg, 92.3%).
PMI workup
solvents 200.0
Solvents (First Pass) List solvents below
Preferred solvents water, EtOH, nBuOH, AcOipr, AcOnBu, PhOMe, MeOH,
tBuOH, BnOH, ethylene glycol, acetone, MEK, MIBK, +

AcOEt, sulfolane

Problematic solvents: (acceptable [ DMSO, cyclohexanone, DMPU, AcOH, Ac20, Acetonitrile,

only if substitution does not offer [AcOMe, THF, heptane, Me-cyclohexane, toluene, xylene,
advantages) MTBE, cyclohexane, chlorobenzene, formic acid,

pyridine, Me-THF

Highly hazardous solvents: The  Et,0, Benzene, CCl,, chloroform, DCE, nitromethane, CS,,
solvents which are agreed not to HMPA
be used, even in screening

Catalyst/enzyme (First Pass) Tick Tick
Catalyst d, ction tak G .
atalys or'enzyme used, orreaction takes reen Facile recovery of catalyst/enzyme Green Flag
place without any catalyst/reagents. Flag
Use of stoichiometric quantities of reagents A:;ber + catalyst/enzyme not recovered Amber Flag
ag

$43



Critical elements

Supply remaining

5-50years

50-500 years

Note

Flag colour
element

Amber Flag +

+500 years

Green Flag

Energy (First Pass)

7.2.2. TCFH/K;HPO,4, mechanochemistry

1 Remaining years 2
H until depletion of He
Looros known reserves 000
3 [ [based on current rate of s & 7 » ] w
tract
u | Be e B | c | N |0 F [N
s | soumm e | vmer | saooera | 1ssee | smonsen | saem
n 7] 50-100 years [ " i 1% o "
Na | Mg Al | si | B S | d | ar
aasaor7 | ausose ssomss | snasss | smarere [ ames | mas | mss
" 0 n u ) ) ,h o w ) ) = ™
K Ca Sc Ti v Cr Fe Co Ni Cu Se Br Kr
s | saors | sassm [ armr | sans | simen se | saomm | sness | eases s | o | mm
] = w o ) a “ E) = "
Rb Y r Nb | Mo Tc Pd Te I Xe
was7 msooen | onrae | szooess fwsse | e 10642 w0 | ussou | i
- ) 0 ™ » - " .n - 3
Cs Ba La* Ta Re Hg Pb Po At Rn
i 0sa | 137 227 158 055 0 are 186 207 05 2 209) 210 22%)
W 0] 0] 0 [ 106 o7 108 [T 1 a1 r m m 115 e I [
Fr Ra | Act | Rf Db sg Bh Hs Mt Ds Rq | Uub | Uut | Uug | Uup | Lv | Uus | Uuo
e |amos e |esn Jeso Jes  fes  |we  few  |em Jem e [ese [ om as) | am)
- - w o @ > o ) M [ o @ £l "
Lanthanides* | Ce Pr Nd | Pm | Sm Eu Gd | Tb Dy Ho Er Tm | Yb Lu
wosrr sz |pes  |aseas fusaos [1mas | ssewsy | vsmerss [ asese | ieisom [ | smeser | oo | sraser
O] m 100 o 102 103
Actinides ¥ | Th Pa Np Pu | Am | Cm Bk cf Es Fm | Mmd | No Lr
sos | mvon an | ow e | an y st @7l s 0| e
Tick Tick

. o
Reaction run between 0to 70°C Green Flag + Reaction run at reflux
Reaction run between -20to O or
o Amber Flag
70t0 140°C Reaction run 5°C or more below the
- Green Flag +
Reaction run below -20 or above solvent boiling point
140°C
Batch/flow Tick Work Up List
Flow Green Flag quenching
Batch Amber Flag & filtration
centnfl,_lgat_lon e Ao +
crystallisation
Low temperature
distillation/evaporation/ sublimation
solvent exchange, quenching into Amber Flag
aqueous solvent
chromatography/ion exchange
high temperature
multiple recrystallisation
(B HENEEN G EGLEEE List substances and H-codes
Health & safety
Red Flag Amber Flag Green Flag Tetramethylurea

Highly explosive

Explosive thermal
runaway

Long Term toxicity

Environmental

implications

H200, H201, H202, H203

H230, H240, H250

H300, H310, H330
H340, H350, H360, H370,
H372
H400, H410, H411, H420

Use of chemicals of environmental concern

H205, H220, H224

H301, H311, H331,
H341, H351, H361,
H371, H373
H401, H412

If no red or amber
flagged H codes
present then green
flag

Chemical identified as Substances of Very High Concern
by ChemSec which are utilised

Red Flag

List substances of very high concern

Tetramethylurea

S44

List substances and H-codes

TCFH




7.2.3. COMU/DIPEA, in solution (following the published procedure®®)

COMU/DIPEA, in solution Summary of First Pass Metrics Toolkit
Yield, AE, RME, MI/PMI and OE
Reactant (Limiting | Mass (g) MW Mol Catalyst (Mass(g)| Reagent Mass (8) Reaction Volume (cm®) | Density [ Mass(g) [ Workup Mass (g) Workup Volume Density
Reactant First) solvent (gml?) chemical solvent (cm3) (gml™)
0029 | 299.33 |0.000095 DMF 0.600 094 | 0566 HCl 037 water 30.00 1.00
p-NH,CsH,CO,Et 0.015 165.19 0.000091 DIPEA 0.024 0.000 NaHCO, 1.00 EtOAc 10.00 0.89
COMU 0.043 428.30 | 0.000100 0.000 NaCl 3.00
0.000
0.000
0.000
0.000
Total 0.0865 892.8200 0.0000 0.0240 0.5664 4.3650
Flag
(@) 70.6
Conversion 100.0{ ] 100.0
mass of isolated product - 70.6 MW Mol
RME=——"—"—""—"——"—x100

Product LZRYIO 6.71862E-05

total massof reactants

molecular weight of product

— Unreacted limiting reactant
total molecualr weight of reactants

PMI Reaction 22.6
total mass in a process or process step e
mass intensity = catlyst 3.7 Experimental:
mass-of produt PMI . COMU (0.01 mmol, 43 mg, 1.1 equiv) was added to a mixture of ethyl 4-aminobenzoate (0.091
aME solver::tlon e mmol, 15.0 mg, 1 equiv), Cbz-protected L-phenyl alanine (0.095 mmol, 29.0 mg, 1.05 equiv) and
0F = —=—x100 2 DIPEA (0.182 mmol, 32pl, 2 equiv) in anhydrous DMF (0.5 ml) at 0 °C and the reaction mixture
was stirred at0 °C for 1 h and at r.t. overnight. The reaction mixture was then diluted with EtOAc
PMI Workup 1442.2 (10 mL) and washed with 1 M HCl (2 x5 mL), 10% NaHCO;(2 x 5 mL) and saturated NaCl (2x 5
PMI Workup mL). Then EtOAclayerwas separated, dried with Na,SO, and concentrated under reduced
dhenmie] 145.5 pressure. The residue was then purified on silica gel (petroleum ether/EtOAc, 8:2) to give 30 mg
of amide 4 as white solid (70.6%).
PMI workup
solvents 1296.7

Solvents (First Pass)
Preferred solvents water, EtOH, nBuOH, AcOipr, AcOnBu, PhOMe, MeOH,
tBuOH, BnOH, ethylene glycol, acetone, MEK, MIBK, +
AcOEt, sulfolane
Problematic solvents: (acceptable | DMSO, cyclohexanone, DMPU, AcOH, Ac20, Acetonitrile,
only if substitution does not offer [AcOMe, THF, heptane, Me-cyclohexane, toluene, xylene,
advantages) MTBE, cyclohexane, chlorobenzene, formic acid,
pyridine, Me-THF

List solvents below

Highly hazardous solvents: The  Et,0, Benzene, CCl,, chloroform, DCE, nitromethane, CS,,
solvents which are agreed not to HMPA

be used, even in screening

Catalyst/enzyme (First Pass) Tick Tick
Catalyst or enzyme used, or reaction takes Green .
4 ) ¥ Facile recovery of catalyst/enzyme Green Flag
place without any catalyst/reagents. Flag
A . . Amber
Use of stoichiometric quantities of reagents q + catalyst/enzyme not recovered Amber Flag
ag
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Critical elements

7.2.3. COMU/DIPEA, in solution (following the published procedure®)

Supply remaining
5-50years

50-500 years

Note
element

Flag colour

Amber Flag +

+500 years

Green Flag

Energy (First Pass)

3 T
Li Be

som

Mg

aomn | a0

Remaining years
until depletion of
known reserves

(based on current rate of ry
extraction)

10811

50-100 years I

Al

asoms3

K Ca

Act

Hg
a5
ur

Uub

) |esa | e

C N (] F
m 1 " o W
Si P s

masss

ma o) 210 a2

Lanthanides *

Actinides #

Pr Nd

j1as)

Pm

15038 saas

1843303

10sar? | ez 1125 | 1smsss

Bk

@) 44

Am Cm

Th Pa

Es

Tick

Reaction run between 0to 70°C

Green Flag

Reaction run between
70 to 140°C

-20toOor
Amber Flag

140°C

Reaction run below -20 or above

Batch/flow

Tick

Flow

Green Flag

Batch

Amber Flag

Health & safety

Highly explosive
Explosive thermal
runaway

Long Term toxicity

Environmental

implications

Reaction run at reflux

Reaction run 5°C or more below the

. A Green Flag
solvent boiling point

Work Up

List

quenching

filtration
centrifugation
.g - Green Flag

crystallisation
Low temperature

distillation/evaporation/ sublimation

solvent exchange, quenching into

Amber Flag

aqueous solvent

chromatography/ion exchange
high temperature
multiple recrystallisation

List substances and H-codes

Red Flag

Amber Flag

Green Flag DMF

H200, H201, H202, H203
H230, H240, H250

H300, H310, H330
H340, H350, H360, H370,
H372
H400, H410, H411, H420

H205, H220, H224

H301, H311, H331,
H341, H351, H361,
H371, H373
H401, H412

If no red or amber
flagged H codes
present then green
flag

Use of chemicals of environmental concern

Chemical identified as Substances of Very High Concern

by ChemSec which are utilised

Red Flag

List substances of very high concern

DMF

S46

List substances and H-codes

List substances and H-codes

DIPEA

coMu

Oxyma

N,N -dimethylmorpholine-4-carboxamide
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9. 'H and *C NMR spectra
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