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Experimental procedures and characterization of compounds

General

Melting points were determined on a capillary point apparatus equipped with a digital
thermometer and are uncorrected. The NMR spectra were recorded with TMS for 'H (300 MHz)
and °C (75 MHz) as an internal reference. Starting materials are available commercially. HPLC-
MS analyses were performed on reverse phase gradient Phenomenex Synergi Hydro-RP (C18):
(2 x 150 mm; 4 um) + C18 guard column (2 x 4 mm) using 0.2% acetic acid in H,O/acetonitrile
as mobile phases or 0.4 mM ammonium formate in H,O/methanol; wavelength = 254 nm; flow
rate 0.2 mL/min; and mass spectrometry was done with electro spray ionization (ESI).

General procedure for the preparation of N-(Z-a-aminoacyl)benzotriazoles

R z
Z. N
H&(OH _ H/S;o
| oh
1 N

N-(Z-a-Aminoacyl)benzotriazoles. Thionyl chloride (0.6 mL, 8.00 mmol, 1.2 equiv) was added

to a solution of 1H-benzotriazole (3.17 g, 26.67 mmol, 4 equiv) in methylene chloride to give a
clear yellow solution that was stirred for 15 min at room temperature. The amino acid 1 (6.67
mmol, 1 equiv) was then added to give a suspension which was stirred for 2.5 h at room
temperature. The suspension was filtered, the filtrate evaporated, the residue dissolved in EtOAc
and the solution was washed with a saturated solution of sodium carbonate. The organic portion
was dried over anhyd MgSOQO,, filtered, and dried to give the corresponding N-(Z-a-
aminoacyl)benzotriazole.

(S)-Benzyl (1-(1H-benzo[d][1,2,3]triazol-1-yl)-1-0x0-3-phenylpropan-2-yl)carbamate (Z-L-
Phe-Bt). White solid (90%); mp 150-152 °C (lit." mp 149.0-150.0 °C); 'H NMR (CDCls): ¢ 8.23
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(d, J=7.8 Hz, 1H), 8.15 (d, /= 7.8 Hz, 1H), 7.68 (t, J = 7.4 Hz, 1H), 7.54 (t, J= 7.5 Hz, 1H),
7.32-7.23 (m, 7H), 7.14 (br s, 3H), 6.09 (d, J = 4.2 Hz, 1H), 5.57 (d, J = 6.6 Hz, 1H), 5.08 (s,
2H), 3.48 (d, J= 9.6 Hz, 1H), 3.24 (d, J= 7.8 Hz, 1H); >C NMR (CDCl3): § 170.8, 155.7, 146.0,
135.9, 1349, 131.0, 130.8, 129.2, 128.7, 128.5, 128.1, 127.4, 126.5, 120.4, 114.3, 67.2, 55.6,
38.8.

(S)-Benzyl (1-(1H-benzo[d][1,2,3]triazol-1-yl)-1-oxopropan-2-yl)carbamate (Z-L-Ala-Bt).
White solid (90%); mp 115 °C (lit.> mp 113-115 °C); '"H NMR (CDCls): d 8.16 (d, J = 8.1 Hz,
1H), 8.04 (d, J = 8.4 Hz, 1H), 7.57 (t, J = 7.8 Hz, 1H), 7.43 (t,J= 7.7 Hz, 1H), 7.40-7.03 (m,
6H), 5.80-5.60 (m, 2H), 5.10-4.99 (m, 1H), 1.59 (d, J = 6.3 Hz, 3H); °C NMR (CDCl;): 6 172.2,
155.6, 145.9, 136.0, 131.0, 130.6, 128.4, 128.1, 126.4, 120.2, 114.3, 67.1, 50.5, 19.0.

General procedure for the preparation of N-(Boc-a-aminoacyl)benzotriazoles

R R

Boc,
Boc.. H N
ocC /H‘/O H/%;O
0 N,
N
N

N-(Boc-a-Aminoacyl)benzotriazoles. Boc-protected amino acid 1 (0.03 mol) was added to a

Y

- IZ

solution of DCC (1 equiv) in methylene chloride under an atmosphere of nitrogen. After 30 min.,
BtH (1 equiv) was added and this was stirred for 12 h.The suspension was filtered on a bed of
silica and celite, the filtrate evaporated, and the residue dissolved in EtOAc, then filtered on a
bed of silica and celite and washed with a solution of saturated sodium carbonate, then with
water and brine. The organic portion was dried over anhyd MgSOQ,, filtered on a bed of silica,
and dried to give the corresponding N-(Boc-o-aminoacyl)benzotriazole. "H NMR and mp of

Boc-L-Phe-Bt and Boc-Gly-Bt matched that reported in the literature.”
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General Procedure for the Preparation of Serine-containing dipeptides 2a-c

R L-Ser (1.5 equiv), R

Pa.\ TEA (3 equiv), Pg. o
H O MeCN:H,0 (9:1). 4h, it N OH

HO 2a-c

N-(Pg-a-Aminoacyl)benzotriazoles (1.0 mmol) in MeCN (5 mL) was added dropwise to a
solution of L-Ser (1.5 mmol) and Et;N (3.0 mmol) in MeCN/H,O (9:1, 15 mL) at room
temperature and stirred for 4 h. MeCN was evaporated and the residue dissolved in EtOAc (50
mL) and washed with 3N HCI (5 x 50 mL). The organic portion was dried over anhyd. NaSOs,
filtered and concentrated to give 2a-c.

(5)-2-((S)-2-(((Benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-hydroxypropanoic
acid (2a). White solid (85%); mp 156-157 °C; '"H NMR (CD;OD) § 8.16 (d, J = 7.8 Hz, 1H),
7.38-7.20 (m, 10 H), 5.05-4.80 (m, 2H), 4.52-4.42 (m, 2H), 3.95-3.80 (m, 2H), 3.23-3.16 (m,
1H), 2.90-2.81 (m, 1H); >*C NMR (CD;OD) ¢ 174.3, 173.2, 158.4, 138.7, 138.2, 130.5, 129.6,
129.0, 128.8, 127.8, 67.7, 63.0, 57.9, 56.2, 39.3; Anal. Calcd for C,0H22N2O¢: C, 62.17; H, 5.74;
N, 7.25; Found: C, 62.47; H, 5.82; N, 7.21.

(5)-2-((S)-2-((Tert-butoxycarbonyl)amino)-3-phenylpropanamido)-3-hydroxypropanoic
acid (2b). White solid (81%); 63.0 - 65.0 °C; '"H NMR (CDCl3) 6 7.52 (br s, 1H), 7.26-7.17 (m,
5H), 6.98 (br s, 1H), 4.62-4.57 (m, 2H), 4.05-3.87 (m, 2H), 3.16-2.88 (m, 2H), 1.34 (s, 9H); °C
NMR (CDCls) ¢ 172.7, 172.1, 156.1, 136.3, 129.4, 128.5, 126.9, 80.8, 62.6, 55.5, 54.7, 38.7,
28.2, 28.0; Anal. Calcd for C;7H24N»O¢: C, 57.94; H, 6.86; N, 7.95; Found: C, 57.83; H, 7.34; N,
7.47.

(5)-2-((S)-2-(((Benzyloxy)carbonyl)amino)propanamido)-3-hydroxypropanoic acid (2c).

White solid (73%); 195.0 - 197.0 °C; (lit.> mp 192.0 - 194.0 °C); 'H NMR (DMSO-dy) 5 7.99 (d,
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J=17.8 Hz, 1H), 7.46 (d, J = 7.8 Hz, 1H), 7.36-7.29 (m, 5H), 5.02 (s, 2H), 4.29-4.23 (m, 1H),
4.17-4.10 (m, 1H), 3.72 (dd, J= 11, 5 Hz, 1H) 3.62 (dd, J= 11, 4 Hz, 1H), 1.21 (d, J = 7.1 Hz,

3H); °C NMR (DMSO-ds) § 172.5, 171.9, 155.6, 137.0, 128.3, 127.8, 127.7, 65.4, 61.3, 54.6,
49.8, 18.3.
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General Procedure for the Preparation of O-Acyl Isopeptides 3a-c

Pg'-AA-Bt, Pg. (0]
R Acetonitrile, H

Pg. @) DIPEA (3 equiv) HN,,.
M/kf OH 12 rt ©

HN,,/(rgO . .o
N
o pg N

Ii'
3a-c

Compound 2 (1.0 mmol) was added to a solution of Pg'-AA-Bt (1.0 mmol) and DIPEA (3.0
mmol) in MeCN (20 mL) at room temperature and stirred for 12 h. MeCN was evaporated and
the residue dissolved in EtOAc (50 mL) and washed with 2N HCI (3 x 50 mL). The organic

portion was dried over anhyd. NaSQOy, filtered and concentrated to give 3.

(5)-2-((S)-2-(((Benzyloxy)carbonyl)amino)-3-phenylpropanamido)-3-(2-((tert-
butoxycarbonyl)amino)acetoxy)propanoic acid (3a). White solid. (86%); mp 86-90 °C; 'H
NMR (CDs;OD) ¢ 8.22 (d, J = 8.1Hz, 1H), 7.20-7.04 (m, 10 H), 4.88-4.85 (m, 2H), 4.64-4.60 (m,
1H), 4.44 (dd, J=11.4, 3.6 Hz, 1H), 4.35-4.23 (m, 2H), 3.65 (s, 2H), 3.05 (dd, J=13.8, 4.5 Hz,,
1H), 2.76-2.67 (m, 1H), 1.29 (s, 9H); >C NMR (CD;OD) ¢ 174.3, 171.8, 158.6, 158.3, 138.6,
138.2, 130.5, 129.5, 129.0, 128.8, 127.8, 80.9, 67.7, 65.0, 57.8, 53.0, 43.0, 39.2, 28.9; Anal.
Calcd for C,7H33N309. C, 59.66; H, 6.12; N, 7.73; Found C, 59.62; H, 6.13; N, 6.96.

(5)-3-(((S)-2-(((Benzyloxy)carbonyl)amino)propanoyl)oxy)-2-((.S)-2-((tert-
butoxycarbonyl)amino)-3-phenylpropanamido)propanoic acid (3b). White solid. (73%); mp
72.0 - 73.0 °C; "H NMR (CDCl3) § 7.85 (br s, 2H), 7.36-7.16 (m, 10H), 5.65 (br s, 1H), 5.21-
4.98 (m, 2H), 4.80-4.69 (m, 2H), 4.53-4.23 (m, 3H), 3.24-2.88 (m, 2H), 1.39-1.28 (m, 12H); "°C

NMR (CDCL) o 172.4, 172.1, 171.3, 156.4, 155.7, 136.7, 135.8, 129.3, 128.5, 128.2, 128.1,
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126.7, 80.3, 67.3, 63.7, 55.8, 51.8, 49.9, 38.3, 28.2, 17.5; Anal. Calcd for Cy3H35N304. C, 60.31;
H, 6.33; N, 7.54; Found C, 60.05; H, 6.77; N, 7.39.
(5)-2-((S)-2-(((Benzyloxy)carbonyl)amino)propanamido)-3-(((S)-2-((tert-

butoxycarbonyl)amino)-3-phenylpropanoyl)oxy)propanoic acid (3¢). White solid. (70%); mp
66.0 - 68.0 °C; '"H NMR (CDCl3) 6 7.03-7.09 (m, 10H), 5.17-4.83 (m, 3H), 4.53-4.36 (m, 4H),
3.07-2.78 (m, 2H), 1.38 (d, J = 2.5 Hz, 3H), 1.34 (s, 9H); >C NMR (CDCls) § 173.3, 171.9,
171.6, 156.4, 155.9, 136.3, 136.0, 129.4, 128.9, 128.7, 128.4, 128.3, 127.3, 80.8, 67.3, 64.0, 54.7,
51.8, 50.7, 38.0, 28.4, 18.8; Anal. Calcd for C,3H35N304. C, 60.31; H, 6.33; N, 7.54; Found C,

60.34; H, 6.74; N, 7.37.
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General Procedure for the Preparation of O-Acyl Isopeptides 4a-c and 7a-b

R

Pg.
gNJ\fOOH
H

H
HN ROy
/J/go deprotection of Pg Pg'\N/H(O NJ\/R
- N NT ™

y O NH,
Pg'/N.VgO 4a, Pg=Cbz, R= -CH,Ph,
Ii' Pg'= Boc, R'=-H
3a-c 4b, Pg=Boc, R=-CH,Ph,

Pg'= Cbz, R'=-CHj3
4c, Pg=Cbz, R=-CHj3,
Pg'= Boc, R'=-CH,Ph

Y

O R
Pgll\ O R
w L Ao
N oH deprotection HZN\)kN)\fO OH
HN,, o H
HN
of Pg" v

0]
H 9 o
Pg'/N\:/gO H\/&
R' Pg'” O 7
: a-b
6a, Pg"=Cbz R’
6b, Pg"=Boc

For deprotection of the Cbz- protecting group. Compound 3 (6) (1.0 mmol) was dissolved in
anhydrous MeOH (30 mL) and stirred under an atmosphere of hydrogen in the presence of a
catalytic amount of Pd/C for 4 h. Filtration through a bed of celite and evaporation afforded 4

(7).

For deprotection of the Boc- protecting group. Compounds 3 (6) (1.0 mmol) was dissolved in
either HCl-dioxane (4.0 M in dioxane) or freshly prepared HCI-MeOH (prepared by bubbling
HCI in MeOH) (30 mL) and stirred for 1 h. Solvent is evaporated, and ether was added to the
residue and stirred for 2h. Filtration gave a white solid 4 (7) (when sticky solid resulted,

decantation of ether several times was performed instead).
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(5)-2-((S)-2-Amino-3-phenylpropanamido)-3-(2-((tert-
butoxycarbonyl)amino)acetoxy)propanoic acid (4a). White solid (80%);mp 170 °C; '"H NMR
(CDs0OD) ¢ 7.32-7.30 (m, 5H), 4.60-4.50 (m, 1H), 4.39 (s, 2H), 4.25-4.18 (m, 1H), 3.77 (s, 2H),
3.30-3.00 (m, 2H) , 1.38 (s, 9H); °C NMR (CD;OD) § 174.2, 172.8, 169.5, 158.8, 135.5, 130.7,
130.3, 129.0, 81.5, 66.5, 55.9, 55.6, 43.1, 38.2, 28.8; HRMS m/z for C1oH»sN30; [M+H]" calcd.

410.1922, found 410.1909.

(5)-2-((S)-2-Amino-3-phenylpropanamido)-3-(((:S)-2-
(((benzyloxy)carbonyl)amino)propanoyl)oxy)propanoic acid (4b). White microcrystals
(79%);mp 103.0 - 104.0 °C; '"H NMR (DMSO-dy) 6 9.15 (d, J = 8.1 Hz, 1H), 8.37 (br s, 3H),
7.82 (d, J = 7.2 Hz, 1H), 7.39-7.23 (m, 10H), 4.99 (dd, J = 15.7, 12.6 Hz, 2H), 4.65-4.59 (m,
1H), 4.36 (dd, J = 11.3, 4.7 Hz, 1H), 4.27 (dd, J = 11.3, 5.9 Hz, 1H), 4.16-4.05 (m, 2H), 3.20
(dd, J = 14.3, 5.7 Hz, 1H), 3.03 (dd, J = 14.3, 7.5 Hz), 1.29 (d, J = 7.4 Hz, 3H); °C NMR
(DMSO-ds) 6 172.6, 170.0, 168.2, 155.9, 136.9, 134.8, 129.7, 128.5, 128.4, 127.8, 127.1, 66.4,
65.6,53.2,51.2,49.3,36.7, 16.9; Anal. Calcd for C4HssNeO1s.C, 54.93; H, 5.81; N, 8.35; Found
C, 54.63; H, 6.27; N, 8.02.

(5)-2-((S)-2-Aminopropanamido)-3-(((S)-2-((tert-butoxycarbonyl)amino)-3-
phenylpropanoyl)oxy)propanoic acid (4c). White solid (80%);mp 150.0-152.0 °C; 'H NMR
(CDs;0D) 0 7.26-7.19 (m, 5H), 4.53-4.33 (m, 4H), 3.18 (dd, J=13.9, 4.7 Hz, 1H), 2.87 (dd, J =
13.9, 9.5 Hz, 1H), 1.53 (d, J = 6.7 Hz, 3H), 1.36 (s, 9H); °C NMR (CD;OD) 6 174.2, 173.4,
170.8, 157.8, 138.5, 130.5, 130.3, 129.4, 127.7, 80.6, 66.5, 56.5, 55.6, 50.4, 38.4, 28.7, 17.5;
Anal. Calcd for Cy0Hy9N307. C, 56.73; H, 6.90; N, 9.92; Found C, 56.61; H, 7.33; N, 9.18.

(5)-2-((S)-2-(2-Aminoacetamido)-3-phenylpropanamido)-3-(2-((tert-

butoxycarbonyl)amino)acetoxy)propanoic acid (7a). White solid (85%) yield; mp 168-173 °C;
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'H NMR (CD;0D) § 7.18-6.88 (m, 5H), 4.55-4.40 (m, 1H), 4.39-4.26 (m, 2H), 4.20-4.10 (m,
1H), 3.70-3.40 (m, 3H), 3.04-2.95 (m, 1H), 2.78-2.40 (m, 4H), 1.20 (s, 9H); *C NMR (CD;OD)
5 174.9,173.2,172.2, 167.8, 158.7, 138.5, 130.5, 129.7, 128.0, 80.9, 66.0, 56.6, 54.7, 44.8, 43.1,
38.8, 28.9; HRMS m/z for C5;H30N4O5Na [M+Na]" calcd. 489.1956, found 489.1965.
(5S,9S,125)-12-Benzyl-9-carboxy-5-methyl-3,6,11,14-tetraoxo-1-phenyl-2,7-dioxa-4,10,13-
triazapentadecan-15-aminium chloride (7b). White solid (78%) yield; mp 93.0 - 94.0°C; 'H
NMR (CD;0D) ¢ 7.35-7.18 (m, 10H), 5.14-5.02 (m, 3H), 4.61 (dd, J = 10.6, 4 Hz, 1H), 4.39 (dd,
J=10.6, 5 Hz, 1H), 4.27-4.22 (m, 1H), 3.75-3.67 (m, 2H), 3.59-3.55 (m, 1H), 3.24 (dd, J =13.7,
5 Hz, 1H), 2.92 (dd, J =13.7, 9.2Hz, 1H), 1.38 (d, J = 6.7 Hz, 3H); °C NMR (CD;0D) 6 174.5,
173.4, 172.0, 167.4, 158.8, 138.2, 138.0, 130.4, 129.6, 129.6, 129.2, 128.9, 128.0, 68.2, 68.0,
65.1, 56.2, 53.2, 41.6, 38.9, 17.6; HRMS m/z for C,5H30N4Og [M+H]" calcd. 515.2136, found

515.2137.
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General Procedure for the Preparation of O-Acyl Isopeptides 6a-b

Pg" 0O R
~N

NH o)
Pg"-Gly-Bt, )J\N/kf OH

4a-b H N,
MeCN:H,0, ‘ (0]

12 h, rt
H
N
Pgl/ \:/go
é'
6a, Pg"=Cbz
6b, Pg"=Boc

Pg"-Gly-Bt (1.0 mmol) was added to a solution of 4 (1.0 mmol) and DIPEA (3.0 mmol) in
MeCN:H,0 (9.5:0.5, 20 mL) at room temperature and stirred for 12 h. MeCN was evaporated
and the residue dissolved in EtOAc (50 mL) and washed with 2N HCI (3 x 50 mL). The organic

portion was dried over anhyd. NaSQO,, filtered and concentrated to give 6.

(85,115)-8-Benzyl-11-((2-((tert-butoxycarbonyl)amino)acetoxy)methyl)-3,6,9-trioxo-1-
phenyl-2-0xa-4,7,10-triazadodecan-12-oic acid (6a). White solid (89%), converted to
compound 7 after checking NMR.6: mp 180 °C (decomposed). "H NMR (CD;OD) 6 7.20-7.03
(m, 10H), 4.89 (s, 2H), 4.56-4.44 (m, 2H), 4.38-4.30 (m, 1H), 4.24-4.18 (m, 1H), 3.60-3.47 (m,
4H), 3.11-2.87 (m, 1H), 2.78-2.58 (m, 4H), 1.23 (s, 9H); °C NMR (CD;OD) § 177.0, 173.6,
173.4, 172.1, 171.9, 171.8, 159.1, 138.3, 130.5, 129.6, 129.1, 129.0, 127.9, 127.2, 80.9, 68.0,

65.0, 55.7, 53.0, 44.0, 43.0, 38.7, 28.6.

(95,125)-9-Benzyl-12-((((S)-2-(((benzyloxy)carbonyl)amino)propanoyl)oxy)methyl)-2,2-
dimethyl-4,7,10-trioxo-3-0xa-5,8,11-triazatridecan-13-oic acid (6b). Colorless oil (89%);
converted to compound 7 after checking NMR; "H NMR (CDCls) 6 9.70 (br s, 2H), 7.34 (d, J =

7.4 Hz, 1H), 7.25-7.07 (m, 10H), 6.03 (d, J = 7.4 Hz, 1H), 5.07-4.57 (m, 4H), 4.29-4.14 (m, 2H),
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3.84-3.55 (m, 3H), 3.12-2.89 (m, 2H), 1.36 (d, J = 2.8 Hz, 3H), 1.32 (s, 9H); *C NMR (CDCl;)
0 155.5, 155.1, 135.1, 134.9, 128.2, 127.5, 127.4, 127.1, 127.0, 125.9, 124.4, 66.1, 62.6, 53.0,

50.9,48.8,42.8,36.5,29.3,27.2,16.4.
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Procedure for Ligation

R
H,N © oH
L HN,, o Piperidine-DMF, o 9 R oy O
“\ 20 viv% o Pgu/N\:)kN/kﬂ/N//, OH
W07, MW 50°C, 50 W, =L on
N_ 3K 1-3h
Pg'” ;Vgo
él
4a,c 9a,c
0 R
HZN\)LH/ka on
HN,
y O
Pgl/N\_/gO 7a_b
ﬁl

‘ piperidine-DMF (20v/v%),
MW 50 °C, 50 W, l

1-3h

1 Pl
PO~ \H ! o R ISNH o, 0 R
' H,N o .
. NJJ\N)\%O OH 2 \)J\N/kf OH R H(N\)LN/H%O OH
H ' H N i 0 H
o) HN,J/§o "N
HO HO (@]

8a-b H
9a-b - N
10a-b Pg' P \/&O

(95,125)-9-Benzyl-12-(hydroxymethyl)-2,2-dimethyl-4,7,10-trioxo-3-oxa-5,8,11-
triazatridecan-13-oic acid (5). Compound 4 (20 mg, 0.05 mmol) was dissolved in piperidine 20

v/v% in DMF (1 mL) and stirred at 50 °C and 50 W for 1h. The mixture was then evaporated and
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purified by HPLC to give ligated product 5 (for example Sa, 57%); The sample was analyzed via

reverse phase gradient C18 HPLC/UV/(-)ESI-MSn to give a retention time of 23.07 min (for Sa).

To confirm structure, HRMS for 5a m/z for C;9HysN;07 [M—H]+ caled. 408.1776, found

408.1794.

(125,155)-12-benzyl-15-(hydroxymethyl)-2,2-dimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-

tetraazahexadecan-16-oic acid (8). Compound 7 (20 mg, 0.04 mmol) was dissolved in piperidine
20 v/v% in DMF (1 mL) and stirred at 50 °C and 50 W for 1h (3h for 8b). The mixture was then
evaporated and purified by HPLC to give ligated product 8 (for example 8a, 99.39%); The sample
was analyzed via reverse phase gradient C18 HPLC/UV (254 nm/ESI-MSn to give a retention time
of 21.67 min (for 8a). To confirm structure, HRMS for 8a m/z for C,;Hy9N4Og [M-H]+ calcd.

465.2064, found 465.1992.
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