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 wherein R
4
 can be selected from methyl, ethyl, n-propyl, isopropyl, n-butyl, sec-butyl 

isobutyl, tert-butyl, 2-methoxyethyl, methylbenzene, oxetane-3-oxy-yl, cyclopentyl, cyclohexyl, and 

2-pyrrolidinyl. 

[129] In compounds of Formula (1)-(5),  

 each R
1
 can be methyl; 

 R
2
 can be a single bond; and 

 R
3
 can be–C(O)–O–R

4
;   

 wherein R
4
 can be selected from C1-10 alkyl, C1-10 heteroalkyl, C7-10 alkylarene, and C5-10 

heteroalkylcycloalkyl. 

[130] In compounds of Formula (1)-(5),  

 each R
1
 can be methyl; 

 R
2
 can be a single bond;  

 R
3
 can be–C(O)–O–R

4
;   

 wherein R
4
 can be selected from C1-10 alkyl, C1-10 heteroalkyl, C7-10 alkylarene, and C5-10 

heteroalkylcycloalkyl; 

 each of R
5
, R

6
, and R

7
 can be hydrogen; and 

 A is a single bond. 

[131] In compounds of Formula (1)-(5), A can be a single bond, and each of R
5
, R

6
, and R

7
 can be 

hydrogen. 

[132] In compounds of Formula (1)-(5), A can be a single bond; each R
1
 can be independently C1-3 

alkyl; each R
2
 can be a single bond; and each of R

5
, R

6
, and R

7
 can be hydrogen; 

[133] In compounds of Formula (1), the compound can be selected from: 

 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl benzoate (2); 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl benzoate (6); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl propionate (7); 

benzyl (4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl) adipate (8); 

6-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutoxy)-6-oxohexanoic acid (9); 
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methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 

hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13); 

tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl 1H-imidazole-1-sulfonate 

(34); 

ethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (35); 

hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36); 

heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37); 

2-methoxyethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (38); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl propionate (39); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl benzoate (40); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41); 
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(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl pivalate (43); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl 3-chloro-2,6-dimethoxybenzoate (44); 

4-(((((1R,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate (45); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl benzoate (46); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl propionate (47); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydro-2H-pyran-3-yl)methyl) sulfate (48); 

2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl)phenyl acetate (49); 

2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl)phenyl pivalate (50); 

S-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl) ethanethioate (51); 

S-(5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl) ethanethioate (52); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl 2,6-dimethylbenzoate (54); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl adamantane-1-carboxylate (55); 

diethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylmalonate (56); 

propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 

butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58); 

(5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 
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4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl pivalate (60); 

ethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-ethylbutanoate (61); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl 2,6-dimethylbenzoate (62); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl adamantane-1-carboxylate (63); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl 2,6-dimethoxybenzoate (64); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl benzoate (65); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl 2,6-dimethoxybenzoate (66); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl 2,6-dimethylbenzoate (67); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl 2-methylbenzoate (68); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl 3-chloro-2,6-dimethoxybenzoate (69); 

2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl dibenzoate (70); 

2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl diacetate (71); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72); 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylbutanoate (73); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3,5,5-trimethyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (74); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[134] In compounds of Formula (1), the compound can be selected from: 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4); 
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methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 

hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13); 

tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

 hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36); 

 heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

 propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 

 butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[135] In compounds of Formula (1), the compound can be selected from: 
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ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4); 

methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 

hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13); 

tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

 a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[136] In compounds of Formula (1), the compound can be selected from: 

 hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36); 

 heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

 propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 
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 butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[137] In a compound of Formula (2a),  

each R
1
 can be independently selected from C1-3 alkyl, or each R

1
 together with the geminal 

carbon atom to which they are bonded form a C3-6 cycloalkyl ring, a substituted C3-6 cycloalkyl ring, a C3-6 

heterocycloalkyl ring, or a substituted C3-6 heterocycloalkyl ring; 

R
2
 can be a single bond; 

 R
3
 can be –C(O)–O–R

4
; and 

 R
4 
can be selected from C1-8 alkyl, C1-8 heteroalkyl, C7-9 arylalkyl, C5-7 heterocycloalkyl, 

substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted C7-9 arylalkyl, and substituted C5-7 

heterocycloalkyl. 

[138] In a compound of Formula (2a), 

each R
1
 can be independently selected from C1-3 alkyl, or each R

1
 together with the carbon 

atom to which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 can be selected from single bond, methane-diyl, and ethane-diyl; and 

R
3
 can be selected from –C(O)–O–R

4
 and –S–C(O)–R

4
, wherein R

4
 can be selected from C1-10 

alkyl, C1-10 heteroalkyl, C5-10 arylalkyl, C3-6 heterocycloalkyl, and substituted C4-10 

heterocycloalkylalkyl. 

[139] In a compound of Formula (2a), 

each R
1
 can be independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 can be a single bond; and 

R
3
 can be –C(O)–O–R

4
, where R

4
 can be selected from C1-10 alkyl, C1-10 heteroalkyl, C5-10 

arylalkyl, C3-6 heterocycloalkyl, and substituted C4-10 heterocycloalkylalkyl. 

[140] In a compound of Formula (2a), 

each R
1
 can be independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 can be –(CH2)2–; and 

R
3
 can be –C(O)–O–R

4
 wherein R

4
 can be selected from C1-10 alkyl, C1-10 heteroalkyl, C5-10 

arylalkyl, C3-6 heterocycloalkyl, and substituted C4-10 heterocycloalkylalkyl. 

[141] In a compound of Formula (2a), 

each R
1
 can be selected from C1-3 alkyl, or each R

1
 together with the carbon atom to which they 

are bonded form a C3-6 cycloalkyl ring; 

R
2
 can be –CH2–; and 























 

 
41

R
3
 can be –C(O)–O–R

4
, wherein R

4
 can be selected from C1-10 alkyl, C1-10 heteroalkyl, C5-10 

arylalkyl, C3-6 heterocycloalkyl, and substituted C4-10 heterocycloalkylalkyl. 

[232] In compounds of sub-genus (4A), each R
1
 can be independently selected from C1-3 alkyl. 

[233] In compounds of sub-genus (4A), each R
1
 together with the carbon atom to which they are 

bonded form a C3-6 cycloalkyl ring. 

[234] In compounds of sub-genus (4A), R
4
 can be selected from C1-7 alkyl, C1-10 heteroalkyl wherein 

the one or more heteroatoms can be oxygen, –CH2–C4-6 cycloalkyl, –(CH2)2–C4-6 cycloalkyl, C3-6 

heterocycloalkyl wherein the one or more heteroatoms can be oxygen, –CH2–C3-6 substituted 

heterocycloalkyl, and –(CH2)2–C3-6 substituted heterocycloalkyl. 

[235] In compounds of sub-genus (4A), in the substituted C3-6 heterocycloalkyl the one or more 

heteroatoms can be oxygen, and the one or more substituents can be independently selected from C1-3 

alkyl and =O. 

[236] In compounds of sub-genus (4A), each R
1
 can be methyl, or each R

1
 together with the carbon 

atom to which they are bonded form a cyclohexyl ring or a cyclopentyl ring. 

[237] In compounds of sub-genus (4A), R
4
 can be selected from methyl, ethyl, n-propyl, iso propyl, 

n-butyl, n-hexyl, n-heptyl, –CH2–CH2–O–CH3, benzyl, 3-oxetanyl, and methyl-5-methyl-1,3-dioxol-

2-one. 

[238] In compounds of sub-genus (4A), 

each of R
5
, R

6
, and R

7
 can be hydrogen; 

A can be a single bond; 

R
2
 can be a single bond; and 

R
3
 can be –C(O)–O–R

4
, wherein R

4
 can be C1-10 alkyl. 

[239] A compound of Formula (4) can be selected from: 

ethyl2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (20);    

2-methoxyethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (21);  

4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (22); 

4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (23); 

4-((1R,2S,5R)-6-((((1-(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (24); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-

ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (25); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 
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[240] A compound of Formula (4) can be selected from: 

ethyl2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (20);    

4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (22); 

4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (23); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-

ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (25); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[241] A compound of Formula (5) can be selected from: 

ethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (27);   

2-methoxyethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (28); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-

oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate  TFA salt (29); 

hexyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (30); 

heptyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (31); 

ethyl 1-((((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate TFA salt (32); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[242] A compound of Formula (1)-(5) can be a solvate, a pharmaceutically acceptable salt, or a 

combination thereof. 

[243] In compounds of Formula (1)-(5), a pharmaceutically acceptable salt can be the hydrochloride 

salt. 

[244] In compounds of Formula (1)-(5), a pharmaceutically acceptable salt can be the 

dihydrochloride salt. 

[245] A compound of Formula (1)-(5) can be a pharmaceutically acceptable salt of a compound of 

Formula (1)-(5), a hydrate thereof, or a solvate of any of the foregoing. 

[246] The compound described herein may be synthesized using methods known in the art.  The 

synthesis of the various diazabicyclo[3.2.1]octane structures described herein are conventional and are 

well known to those of skill in the art (Tandiparthi et al., PCT International Application Publication 
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No. WO 2016/116788; Lampilas et al., U.S. Patent No. 7,112,592; King et al., ACS Chemical Biology 

2016; 11, 864; and Bush et al., Cold Spring Harb Perspect Med 2016; 6:a025247).  Formation of 

sulfate esters is also well-known in the art (Simpson et al., J. Am. Chem. Soc. 2006, 128, 1605; Li et 

al., U.S. Application Publication No. 2009/0099253; Jandeleit et al., PCT International Application 

Publication No. WO 2009/033054; Jandeleit et al., PCT International Application Publication No. 

WO 2009/033079; and Jandeleit et al., PCT International Application Publication No. WO 

2011/150380). 

[247] Sulfate monoester analogs of sulfate-containing compounds can be prepared by reacting a 

hydroxyl-substituted sulfate-containing compound with a chlorosulfate monoester to provide the 

corresponding sulfate monoester analog.  The methods can be useful in preparing prodrugs of sulfate-

containing pharmaceutical compounds. 

[248] Prodrugs are derivatized forms of drugs that following administration are converted or 

metabolized to an active form of the parent drug in vivo.  Prodrugs are used to modify one or more 

aspects of the pharmacokinetics of a drug in a manner that enhances the therapeutic efficacy of a 

parent drug.  For example, prodrugs are often used to enhance the oral bioavailability of a drug.  To 

be therapeutically effective, drugs exhibiting poor oral bioavailability may require frequent dosing, 

large administered doses, or may need to be administered by other than oral routes, such as 

intravenously.  In particular, many drugs with sulfate groups exhibit poor oral bioavailability.   

[249] Intramolecular cyclization prodrug strategies have been used to modify the pharmacokinetics 

of drugs.  Intramolecular cyclization release prodrug strategies have been applied to drugs containing 

sulfonic acid functional groups.  For example, prodrugs comprising a substituted neopentyl sulfonate 

ester derivative in which the neopentyl group is removed in vivo by unmasking a nucleophilic 

heteroatom bonded to a substituted neopentyl moiety followed by intramolecular cyclization to 

generate the parent drug in the sulfonic acid or sulfonic salt form have been described, for example, in 

U.S. Patent No. 7,994,218 and U.S. Patent No. 8,168,617.  In such prodrugs the nucleophilic 

heteroatom can be nitrogen or oxygen and the nitrogen or oxygen nucleophile can be masked with an 

amine or alcohol protecting group, respectively, capable of being deprotected in vivo.   

[250] Sulfate monoester analogs of a sulfate-containing compound can be prepared by reacting a 

hydroxyl-substituted analog of the sulfate-containing compound with a chlorosulfate monoester under 

basic conditions, to provide the corresponding sulfate monoester analog.  A chlorosulfate monoester 

can be prepared by reacting sulfuryl chloride with an alcohol having the desired promoiety.  

Neopentyl alcohols having neopentyl promoieties can be prepared by standard synthetic methods such 

as those described in U.S. Patent Nos. 7,994,218 and 8,168,617. 

[251] For example, sulfate monoester analogs of avibactam provided by the present disclosure can 

be synthesized by reacting (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide 

with a chlorosulfate monoester having a desired promoiety to provide the corresponding (1R,2S,5R)-

2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate monoester. 
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[252] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide can be prepared 

by hydrogenating (1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide 

using the methods described, for example, in U.S. Patent Nos. 8,772,490; 9,035,062; and 9,284,273. 

[253] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide can be reacted 

with the chlorosulfate monoester in the presence of a base to provide the corresponding sulfate 

monoester analog of avibactam.  Suitable methods are disclosed, for example, in J. Am. Chem. Soc. 

2006, 128, 1605-1610.   

[254] Similar methods can be adapted to prepare sulfate monoester analogs of relebactam and 

nacubactam.  For example, the tert-butyl carboxylate protected, 6-hydroxyl analog of relebactam can 

be reacted with a chlorosulfate monoester in the presence of a base to provide the corresponding tert-

butyl carboxylate protected sulfate monoester analog of relebactam.  The compound can then be 

deprotected in the presence of an acid to provide the sulfate monoester analog of relebactam.  

Methods similar to those used to prepare sulfate monoester analogs of relebactam can be used to 

prepare sulfate monoester analogs of nacubactam. 

[255] For example, a sulfate monoester analog of a sulfate monoester of Formula (80a) can be 

synthesized by reacting a cyclic hydroxamic acid of Formula (80b) with a chlorosulfonate monoester 

of Formula (80c) under basic conditions: 

   (80a)

    (80b) 

 

      (80c) 

where, 

 R is selected from C1-8 alkyl, C1-8 heteroalkyl, C5-8 cycloalkyl, C5-8 heterocycloalkyl, C5-10 

cycloalkylalkyl, C5-10 heterocycloalkylalkyl, C6-8 aryl, C5-8 heteroaryl, C7-10 arylalkyl, C5-10 

heteroarylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted C5-8 cycloalkyl, 
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[429] Aspect 50. The compound of any one of aspects 1 to 49, wherein, A is a single bond; each 

R
1
 is independently C1-3 alkyl; each R

2
 is a single bond; and each of R

5
, R

6
, and R

7
 is hydrogen. 

[430] Aspect 51. The compound of any one of aspects 1 to 50, wherein, each R
1
 is methyl; R

2
 is a 

single bond; and R
3
 can be–C(O)–O–R

4
; wherein R

4
 is selected from C1-10 alkyl, C1-10 heteroalkyl, C7-10 

alkylarene, and C5-10 heteroalkylcycloalkyl. 

[431] Aspect 52. The compound of any one of aspects 1 to 51, wherein, each R
1
 is methyl; R

2
 is a 

single bond; R
3
 can be–C(O)–O–R

4
; wherein R

4
 is selected from C1-10 alkyl, C1-10 heteroalkyl, C7-10 

alkylarene, and C5-10 heteroalkylcycloalkyl; each of R
5
, R

6
, and R

7
 is hydrogen; and A is a single bond. 

[432] Aspect 53. The compound of aspect 1, wherein the compound is selected from: 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropyl benzoate (2); 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (4); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl benzoate (6); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl propionate (7); 

benzyl (4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl) adipate (8); 

6-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutoxy)-6-oxohexanoic acid (9); 

methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 

hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (13); 

tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 
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ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl 1H-imidazole-1-sulfonate 

(34); 

ethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (35); 

hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36); 

heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37);  

2-methoxyethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (38); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl propionate (39); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl benzoate (40); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41); 

(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl pivalate (43); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl 3-chloro-2,6-dimethoxybenzoate (44); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate (45); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl benzoate (46); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl propionate (47); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydro-2H-pyran-3-yl)methyl) sulfate (48); 
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2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl)phenyl acetate (49); 

2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl)phenyl pivalate (50); 

S-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl) ethanethioate (51); 

S-(5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl) ethanethioate (52); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl 2,6-dimethylbenzoate (54); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl adamantane-1-carboxylate (55); 

diethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylmalonate (56); 

propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 

butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58); 

(5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl pivalate (60); 

ethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-ethylbutanoate (61); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl 2,6-dimethylbenzoate (62); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl adamantane-1-carboxylate (63); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl 2,6-dimethoxybenzoate (64); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl benzoate (65); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl 2,6-dimethoxybenzoate (66); 
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5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl 2,6-dimethylbenzoate (67); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl 2-methylbenzoate (68); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl 3-chloro-2,6-dimethoxybenzoate (69); 

2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl dibenzoate (70); 

2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl diacetate (71); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72); 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylbutanoate (73); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3,5,5-trimethyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (74);a pharmaceutically acceptable salt of any of the 

foregoing; and 

a combination of any of the foregoing. 

[433] Aspect 54.  A pharmaceutical composition comprising the compound of any one of 

aspects 1 to 53 and a pharmaceutically acceptable vehicle. 

[434] Aspect 55. The pharmaceutical composition of aspect 54, further comprising an 

antibiotic. 

[435] Aspect 56. The pharmaceutical composition of aspect 55, wherein the antibiotic 

comprises a β-lactam antibiotic. 

[436] Aspect 57. The pharmaceutical composition of any one of aspects 54 to 56, wherein the 

pharmaceutical composition comprises an oral dosage formulation. 

[437] Aspect 58. The pharmaceutical composition of any one of aspects 54 to 57, wherein the 

pharmaceutical composition comprises an oral dosage form. 

[438] Aspect 59. The pharmaceutical composition of any one of aspects 54 to 58, comprising 

an amount of the compound of claim 1 effective for treating a bacterial infection in a patient. 

[439] Aspect 60.  A method of treating a bacterial infection in a patient comprising 

administering to a patient in need of such treatment a therapeutically effective amount of the 

compound of any one of aspects 1 to 53. 

[440] Aspect 61.  The method of aspect 60, wherein administering comprises orally 

administering. 

[441] Aspect 62.  The method of any one of aspects 60 to 61, wherein administering comprises 

administering an oral dosage form. 





















 

 
88

[535] Aspect 156. The compound of aspect 155, wherein each R
1
 together with the carbon atom 

to which they are bonded form a tetrahydro-2H-pyran-2-one ring. 

[536] Aspect 157. The compound of aspect 155, wherein, 

each of R
5
, R

6
, and R

7
 is hydrogen; 

A is a single bond; 

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from C2-4 alkanediyl; and 

R
3
 is substituted C5-6 heterocycloalkyl, wherein the one or more heteroatoms is independently 

selected from N and O; and the one or more substituents is independently selected from C1-3 alkyl and 

=O. 

[537] Aspect 158. The compound of aspect 157, wherein R
4
 has the structure of Formula (6): 

 

      (6) 

 

wherein R
9
 is selected from hydrogen, C1-6 alkyl, C4-6 cycloalkyl, C1-6 heteroalkyl, C4-6 

heterocycloalkyl, substituted C1-6 alkyl, substituted C4-6 cycloalkyl, substituted C1-6 heteroalkyl, and 

substituted C4-6 heterocycloalkyl. 

[538] Aspect 159. The compound of aspect 158, wherein R
9
 is selected from hydrogen and C1-6 

alkyl. 

[539] Aspect 160. The compound of aspect 1, wherein the compound is selected from: 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4); 

methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 

hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13); 
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tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

 hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36); 

 heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

 propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 

 butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 

 a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[540] Aspect 161. A compound of Formula (4): 

N

N

O

NH

O O

S

O

R2

R1 R1

R
3

O O

HN

   (4) 

 

 or a pharmaceutically acceptable salt thereof, wherein, 
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each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon 

atom to which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is a single bond; and 

R
3
 is –C(O)–O–R

4
, wherein R

4
 is selected from C1-10 alkyl, C1-10 heteroalkyl, C5-10 

arylalkyl, C3-6 heterocycloalkyl, and substituted C4-10 heterocycloalkylalkyl. 

[541] Aspect 162. The compound of aspect 161, wherein each R
1
 is independently selected from 

C1-3 alkyl. 

[542] Aspect 163. The compound of aspect 161, wherein each R
1
 together with the carbon atom 

to which they are bonded form a C3-6 cycloalkyl ring. 

[543] Aspect 164. The compound of any one of aspects 161 to 163, wherein R
4
 is selected from 

C1-7 alkyl, C1-10 heteroalkyl wherein the one or more heteroatoms is oxygen, –CH2–C4-6 cycloalkyl, –

(CH2)2–C4-6 cycloalkyl, C3-6 heterocycloalkyl wherein the one or more heteroatoms is oxygen, –CH2–

C3-6 substituted heterocycloalkyl, and –(CH2)2–C3-6 substituted heterocycloalkyl. 

[544] Aspect 165. The compound of aspect 163, wherein in the substituted C3-6 heterocycloalkyl 

the one or more heteroatoms is oxygen, and the one or more substituents is independently selected 

from C1-3 alkyl and =O. 

[545] Aspect 166. The compound of aspect 161, wherein each R
1
 is methyl, or each R

1
 together 

with the carbon atom to which they are bonded form a cyclohexyl ring or a cyclopentyl ring. 

[546] Aspect 167. The compound of any one of aspects 161 to 166, wherein R
4
 is selected from 

methyl, ethyl, n-propyl, iso propyl, n-butyl, n-hexyl, n-heptyl, –CH2–CH2–O–CH3, benzyl, 3-

oxetanyl, and methyl-5-methyl-1,3-dioxol-2-one. 

[547] Aspect 168. The compound of aspect 161, wherein, 

each of R
5
, R

6
, and R

7
 is hydrogen; 

A is a single bond; 

R
2
 is a single bond; and 

R
3
 is –C(O)–O–R

4
, wherein R

4
 is C1-10 alkyl. 

[548] Aspect 169. A compound of Formula (4) is selected from: 

ethyl2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (20);    

2-methoxyethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (21);  

4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (22); 

4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (23); 

4-((1R,2S,5R)-6-((((1-(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (24); 
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 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-

ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (25); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[549] Aspect 170. A compound of Formula (4) is selected from: 

ethyl2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (20);    

4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (22); 

4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (23); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-

ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (25); 

 a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[550] Aspect 171. A compound of Formula (5) is selected from: 

ethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (27);   

2-methoxyethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (28); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-

oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate  TFA salt (29); 

hexyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (30); 

heptyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (31); 

ethyl 1-((((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate TFA salt (32); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

[551] Aspect 172. A pharmaceutical composition comprising the compound of any one of 

aspects 76 to 171 and a pharmaceutically acceptable vehicle. 

[552] Aspect 173. The pharmaceutical composition of aspect 172, further comprising an 

antibiotic. 

[553] Aspect 174. The pharmaceutical composition of aspect 173, wherein the antibiotic 

comprises a β-lactam antibiotic. 
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 R
3
 is selected from C1-6 alkyl, –O–C(O)–R

4
, –S–C(O)–R

4
, –NH–C(O)–R

4
, –O–C(O)–O–R

4
, –

S–C(O)–O–R
4
, –NH–C(O)–O–R

4
, –C(O)–O–R

4
, –C(O)–S–R

4
, –C(O)–NH–R

4
, –O–C(O)–O–R

4
, –O–

C(O)–S–R
4
, –O–C(O)–NH–R

4
, –S–S–R

4
, –S–R

4
, –NH–R

4
, –CH(–NH2)(–R

4
), C5-6 heterocycloalkyl, 

C5-6 heteroaryl, substituted C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted C5-6 aryl, 

substituted C5-6 heteroaryl, and –CH=C(R
4
)2, wherein, 

 R
4
 is selected from hydrogen, C1-8 alkyl, C1-8 heteroalkyl, C5-8 cycloalkyl, C5-8 

heterocycloalkyl, C5-10 cycloalkylalkyl, C5-10 heterocycloalkylalkyl, C6-8 aryl, C5-8 heteroaryl, 

C7-10 arylalkyl, C5-10 heteroarylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, 

substituted C5-8 cycloalkyl, substituted C5-8 heterocycloalkyl, substituted C5-10 cycloalkylalkyl, 

substituted C5-10 heterocycloalkylalkyl, substituted C6-8 aryl, substituted C5-8 heteroaryl, 

substituted C7-10 arylalkyl, and substituted C5-10 heteroarylalkyl; 

 R
5
 is selected from hydrogen, C1-6 alkyl, C5-8 cycloalkyl, C6-12 cycloalkylalkyl, C2-6 

heteroalkyl, C5-8 heterocycloalkyl, C6-12 heterocycloalkylalkyl, substituted C1-6 alkyl, substituted C5-8 

cycloalkyl, substituted C6-12 cycloalkylalkyl, substituted C2-6 heteroalkyl, substituted C5-8 

heterocycloalkyl, and substituted C6-12 heterocycloalkylalkyl; 

 R
6
 is selected from hydrogen, C1-6 alkyl, C5-8 cycloalkyl, C6-12 cycloalkylalkyl, C2-6 

heteroalkyl, C5-8 heterocycloalkyl, C6-12 heterocycloalkylalkyl, substituted C1-6 alkyl, substituted C5-8 

cycloalkyl, substituted C6-12 cycloalkylalkyl, substituted C2-6 heteroalkyl, substituted C5-8 

heterocycloalkyl, and substituted C6-12 heterocycloalkylalkyl; and 

 A is a single bond (–) and R
7
 is hydrogen, or A is a double bond (=) and R

7
 is C1-3 alkyl. 

EXAMPLES 

[581] The following examples describe in detail the synthesis of compounds of Formula (1), 

characterization of compounds of Formula (1), and uses of compounds of Formula (1).  It will be 

apparent to those skilled in the art that many modifications, both to materials and methods, may be 

practiced without departing from the scope of the disclosure. 

Example 1 

Synthesis of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) 

   
 

 

[582] Reference is made to International Application Publication No. WO 2012/086241 and 

International Application No. PCT/2012/016553, together with related procedures from the patent 

literature.  A stirred mixture of (1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-
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carboxamide (550 mg, 2.0 mmol), palladium on carbon (10% by weight; 340 mg, 0.3 mmol) and 

MeOH (18 mL) was hydrogenated under 1 atm (balloon) until analysis by thin-layer chromatography 

(TLC) indicated completion of the reaction (approximately, 30 min; reaction monitored by TLC using 

MeOH / CH2Cl2 5:95 as eluent).  The mixture was filtered through a pad of Celite® and the pad was 

rinsed thoroughly with MeOH (ca. 20 mL).  The filtrate was concentrated under vacuum (water bath 

temperature not exceeding 25 °C) to give the product as a clear and colorless oil.  The oil was dried 

under vacuum for 1 h, and the residue was used immediately in the next step without further 

purification.  Yield assumed quantitative.  LC-MS: m/z = 186.0 [M+H]
+
. 

Example 2 

Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl benzoate (2) 

 

[583] Step 1: Synthesis of 3-hydroxy-2,2-dimethylpropyl benzoate (2a). 

 

[584] Benzoyl chloride (4.0 mL, 34.5 mmol) was added dropwise to a stirred solution of 2,2-

dimethylpropane-1,3-diol (10.8 g, 103.4 mmol), pyridine (5.8 mL, 71.6 mmol) and N,N-4-

dimethylaminopyridine (840 mg, 6.9 mmol) in dichloromethane (207 mL) at ca. 0 °C.  The mixture 

was stirred overnight with gradual warming to room temperature, quenched by addition of 1N HCl 

(100 mL) at 0 °C and extracted twice with dichloromethane.  The combined organic extracts were 

washed with saturated aqueous NaHCO3 (100 mL), brine (100 mL), dried (Na2SO4), filtered and the 

solvent concentrated under vacuum to leave a crude residue.  The residue was split into two batches 

and purified by column chromatography on silica gel using EtOAc/hexanes (0:1 to 1:4) as eluent to 

give the product (5.95 g, 99%) as a colorless oil (note: oil dried under vacuum for 2 days).  LC-MS: 

m/z = 209.0 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): 8.05 (m, 2H), 7.58 (m, 1H), 7.45 (m, 2H), 4.19 (s, 

2H), 3.38 (d, J = 6.3 Hz, 2H), 2.29 (t, J = 6.3 Hz, 1H), 1.02 (s, 6H). 

[585] Step 2: Synthesis of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl benzoate (2b). 
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[586] Reference is made to J. Am. Chem. Soc. 2006, 128, 1605-1610.  A solution of 

distilled sulfuryl chloride (1.2 mL, 15.8 mmol) in Et2O (15 mL) was cooled to -78 °C under an 

atmosphere of argon.  A solution of 3-hydroxy-2,2-dimethylpropyl benzoate (2a) (3.0 g, 14.4 mmol) 

and pyridine (1.2 mL, 14.4 mmol) in Et2O (3.0 mL) was then added dropwise over 1 h via a syringe.  

The syringe was rinsed with Et2O (3 × 1 mL), each rinse being added to the reaction mixture.  The 

acetone/CO2 bath was removed, and the mixture allowed to warm to room temperature, then stirred at 

room temperature for 4 h.  TLC analysis (EtOAc/hexanes; 3:7) did not indicate complete reaction, so 

re-cooled to -78 °C and added more SO2Cl2 (0.1 mL), then allowed to warm to room temperature, and 

stirred for an additional 2 h.  The mixture was filtered and the filtrate was concentrated under vacuum 

to give the product (3.97 g, 89%) as an oil.  
1
H NMR (300 MHz, CDCl3): 8.03 (m, 2H), 7.61-7.57 (m, 

1H), 7.49-7.44 (m, 2H), 4.41 (s, 2H), 4.18 (s, 2H), 1.16 (s, 6H).  

[587] Step 3: Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl benzoate (2). 

 

[588] Reference is made to J. Am. Chem. Soc. 2006, 128, 1605-1610.  (1R,2S,5R)-6-Hydroxy-7-

oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 mmol) was dissolved in THF (7.0 

mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (3.0 mL), and the resulting solution was cooled 

to -78 °C under an atmosphere of argon.  A solution of NaHMDS in THF (1M; 2.2 mL, 2.2 mmol) 

was added dropwise, and the mixture was stirred at -78 °C for 10 min.  3-((Chlorosulfonyl)oxy)-2,2-

dimethylpropyl benzoate (2b) (674 mg, 2.2 mmol) was then added quickly to the reaction mixture.  

After 10 min at -78 °C, the reaction mixture was allowed to warm to room temperature and stirred at 

room temperature until judged complete by LC-MS and TLC analysis.  EtOAc (20 mL) and saturated 

aqueous NaHCO3 (20 mL) were added, and the organic and aqueous layers were partitioned.  The 

organic layer was washed with water (3 × 20 mL), brine (20 mL), dried (Na2SO4), and concentrated 

under vacuum to leave a crude residue.  The residue was purified by column chromatography on silica 

gel using EtOAc/hexanes (1:9 to 1:0) as eluent to give the product (400 mg, 43%) as a solid.  After 

purification by column chromatography, the product appeared to degrade to a certain extent after 

drying the compound under vacuum over the weekend - one degradant was presumably avibactam by 
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LC-MS, m/z = 529.0 [2M-H]
-
.  A portion of the material was subsequently re-purified by column 

chromatography on silica gel using the eluent system detailed above.  The product was then stored at -20 

°C immediately after isolation.  LC-MS: m/z = 456.2 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 8.05 (d, J = 

6.9 Hz, 2H), 7.59-7.54 (m, 1H), 7.47-7.42 (m, 2H), 6.49 (s, 1H), 5.91 (s, 1H), 4.69 (d, J = 9.3 Hz, 1H), 

4.44 (d, J = 9.3 Hz, 1H), 4.16-4.14 (m, 3H), 4.00 (d, J = 7.5 Hz, 1H), 3.24-3.20 (m, 1H), 2.96 (d, J = 11.7 

Hz, 1H), 2.43-2.36 (m, 1H), 2.16-2.09 (m, 1H), 1.97-1.80 (m, 2H), 1.13 (s, 3H), 1.12 (s, 3H).  
13

C NMR 

(300 MHz, CDCl3): δ 171.1, 167.1, 166.4, 133.3, 130.0, 129.8, 128.6, 80.7, 69.1, 62.0, 60.2, 47.1, 35.7, 

21.5, 20.8, 17.6. 

Example 3 

Synthesis of ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (3) 

 

[589] Step 1: Synthesis of ethyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (3a). 

 

[590] A solution of distilled sulfuryl chloride (0.55 mL, 7.5 mmol) in Et2O (10 mL) was cooled to -

78 °C under an atmosphere of argon.  A solution of ethyl 3-hydroxy-2,2-dimethylpropanoate (2a) (1.0 

g, 6.8 mmol) and pyridine (0.55 mL, 6.8 mmol) in Et2O (1.0 mL) was then added dropwise over 1 h 

via a syringe.  The syringe was rinsed with Et2O (3 × 1 mL), each rinse being added to the reaction 

mixture.  The acetone/CO2 bath was removed, and the mixture was allowed to warm to room 

temperature, then stirred at room temperature for 4 h.  TLC analysis (EtOAc/hexanes; 3:7) did not 

indicate that the reaction was complete.  The mixture was re-cooled to -78 °C and more SO2Cl2 (0.11 

mL) was added, and the mixture allowed to warm to room temperature and stirred for an additional 2 

h.  The mixture was filtered and the filtrate was concentrated under vacuum to give the product (yield 

assumed quantitative).  
1
H NMR (300 MHz, CDCl3): δ 4.50 (s, 2H), 4.19 (q, J = 6.9 Hz, 2H), 1.31 (s, 

6H), 1.28 (t, J = 6.9 Hz, 3H). 

[591] Step 2: Synthesis of ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-

6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (3). 
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[592] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 

mmol) was dissolved in THF (7.0 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (3.0 mL) and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS in 

THF (1M; 2.2 mL, 2.2 mmol) was added dropwise, and the mixture was stirred at -78 °C for 10 min.  

A solution of ethyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (3a) (538 mg, 2.2 mmol) in THF 

(1 mL) was then added quickly to the reaction mixture via syringe.  The syringe was rinsed with THF 

(3 × 0.5 mL), each rinse being added to the reaction mixture.  After 10 min at -78 °C, the reaction 

mixture was allowed to warm to room temperature and stirred at room temperature until judged 

complete by LC-MS and TLC analysis (ca. 2 h).  EtOAc (20 mL) and saturated aqueous NaHCO3 (20 

mL) were added and the organic and aqueous layers were partitioned.  The organic layer was washed 

with saturated NaHCO3 (20 mL), water (3 × 20 mL), brine (20 mL), dried (Na2SO4) and concentrated 

under vacuum to leave a crude residue.  The residue was purified by column chromatography on silica 

gel using EtOAc/hexanes (1:9 to 1:0) as eluent to give the product (318 mg, 39%) as a solid.  LC-MS: 

m/z = 394.1 [M+H]
+
 .  

1
H NMR (CDCl3, 300 MHz): δ 6.50 (s, 1H), 5.78 (s, 1H), 4.71 (d, J = 8.7 Hz, 

1H), 4.59 (d, J = 8.7 Hz, 1H), 4.22-4.12 (m, 3H), 4.05 (d, J = 6.9 Hz, 1H), 3.34-3.30 (m, 1H), 3.01 (d, 

J = 12.3 Hz, 1H), 2.46-2.40 (m, 1H), 2.18-2.12 (m, 1H), 2.00-1.79 (m, 2H), 1.28-1.24 (m, 9H).  
13

C 

NMR (300 MHz, CDCl3): δ 174.2, 171.2, 167.1, 80.5, 61.9, 61.4, 60.2, 47.2, 42.8, 22.2, 21.7, 20.8, 

17.5, 14.2. 

Example 4 

Synthesis of benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate  (4) 

 

[593] Step 1: Synthesis of benzyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (4a). 
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[594] A solution of distilled sulfuryl chloride (0.77 mL, 10.6 mmol) in Et2O (10 mL) was cooled to 

-78 °C under an atmosphere of argon.  A solution of ethyl 3-hydroxy-2,2-dimethylpropanoate (2a) 

(Sigma-Aldrich; 2.0 g, 9.6 mmol) and pyridine (0.85 mL, 10.6 mmol) in Et2O (2.0 mL) was then 

added dropwise over 1 h via a syringe.  The syringe was rinsed with Et2O with each rinse being added 

to the reaction mixture.  The acetone/CO2 bath was removed and the mixture allowed to warm to 

room temperature, then stirred at room temperature for 30 min.  TLC analysis (EtOAc/hexanes; 3:7) 

did not indicate complete reaction, so re-cooled to -78 °C and added more SO2Cl2 (0.07 mL), then 

allowed to warm to room temperature and stirred for an additional 1 h.  Et2O (5 mL) was added and 

the mixture stirred for a few min, then filtered and the filtrate concentrated under vacuum to give the 

product (2.19 g, 75%).  
1
H NMR (300 MHz, CDCl3): δ 7.41-7.32 (m, 4H), 5.18 (s, 2H), 4.52 (s, 2H), 

1.34 (s, 6H). 

[595] Step 2: Synthesis of benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4). 

 

[596] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 

mmol) was dissolved in THF (7.0 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2.0 mL) was 

added, and the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of 

NaHMDS in THF (1M; 2.2 mL, 2.2 mmol) was added dropwise, and the mixture was stirred at -78 °C 

for 10 min.  A solution of ethyl benzyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (4a) (674 mg, 

2.2 mmol) in THF (1 mL) was then added quickly to the reaction mixture via syringe.  The syringe 

was rinsed with THF (3 × 0.5 mL), each rinse being added to the reaction mixture.  After 10 min at -

78 °C, the reaction mixture was allowed to warm to room temperature and stirred at room temperature 

until judged complete by LC-MS and TLC analysis.  EtOAc (20 mL) and saturated aqueous NaHCO3 

(20 mL) were added, and the organic and aqueous layers were partitioned.  The organic layer was 

washed with saturated NaHCO3 (20 mL), water (3 × 20 mL), brine (20 mL), dried (Na2SO4) and 

concentrated under vacuum to leave a crude residue.  The residue was purified by column 

chromatography on silica gel using EtOAc/hexanes (1:9 to 1:0) as eluent to give the product (244 mg, 

26%) as a solid.  LC-MS: m/z = 456.2 [M+H]
+
.  

1
H NMR (CDCl3, 300 MHz): δ 7.39-7.28 (m, 4H), 

6.49 (s, 1H), 5.84 (s, 1H), 5.20-5.11 (m, 2H), 4.74 (d, J = 9.0 Hz, 1H), 4.61 (d, J = 9.0 Hz, 1H), 4.15-

4.14 (m, 1H), 4.04 (d, J = 6.9 Hz, 1H), 3.29-3.25 (m, 1H), 2.99 (d, J = 11.7 Hz, 1H), 2.45-2.38 (m, 

1H), 2.17-2.10 (m, 1H), 1.99-1.78 (m, 2H), 1.30 (s, 3H), 1.29 (s, 3H).  
13

C NMR (CDCl3, 75 MHz): δ 

174.1, 171.1, 167.1, 135.7, 128.7, 128.4, 128.0, 80.3, 67.0, 62.0, 60.2, 47.2, 43.0, 22.2, 21.7, 20.8, 

17.5.   
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Example 5 

Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl phenyl sulfate (5) 

 

[597] Step 1: Synthesis of phenyl sulfochloridate (5a). 

 

[598] Reference is made to J. Am. Chem. Soc. 2013, 135, 10638-10641.  A solution of 

distilled sulfuryl chloride (2.6 mL, 35.1 mmol) in Et2O (30 mL) was cooled to -78 °C under an 

atmosphere of argon.  A solution of phenol (3.0 g, 31.9 mmol) in Et2O (3.0 mL) and pyridine (2.6 mL, 

31.9 mmol) were then added concurrently, but from different syringes, dropwise over 1 h.  The 

syringes were each rinsed with Et2O and each rinse was added to the reaction mixture.  The mixture 

was allowed to warm to room temperature slowly, and stirred at room temperature overnight.  The 

mixture was filtered, and the filtrate concentrated under vacuum to give the product (4.65 g), 

contaminated with other products and phenol starting material.  The phenyl sulfochloridate product 

was not purified further and was used directly in the next step. 

[599] Step 2: Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl phenyl 

sulfate (5). 

 

[600] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 

mmol) was dissolved in THF (7.0 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2.0 mL) and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS in 

THF (1M; 2.2 mL, 2.2 mmol) was added dropwise and the mixture was stirred at -78 °C for 10 min.  

Neat phenyl sulfochloridate (5a) (423 mg, 2.2 mmol) was then added quickly to the reaction mixture 

via syringe.  The syringe was rinsed with THF (3 × 0.5 mL), each rinse being added to the reaction 
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mixture.  After 10 min at -78 °C, the reaction mixture was allowed to warm to room temperature and 

stirred at room temperature until judged complete by LC-MS and TLC analysis (ca. 1 h).  EtOAc (20 

mL) and saturated aqueous NaHCO3 (20 mL) were added, and the organic and aqueous layers were 

partitioned.  The organic layer was washed with saturated NaHCO3 (20 mL), water (3 × 20 mL), brine 

(20 mL), dried (Na2SO4), and concentrated under vacuum to leave a crude residue.  The residue was 

purified by column chromatography on silica gel using EtOAc/hexanes (1:9 to 1:0) as eluent to give 

the product (126 mg, 18%) as a solid.  LC-MS: m/z = 342.2 [M+H]
+
 .  1H NMR (300 MHz, CDCl3): 

δ 7.54-7.51 (m, 2H), 7.47-7.42 (m, 2H), 7.39-7.33 (m, 1H), 6.53 (s, 1H), 5.88 (s, 1H), 4.24 (fd, J = 2.4 

Hz, 1H), 4.09 (d, J = 6.9 Hz, 1H), 3.34 (d, J = 11.7 Hz, 1H), 3.05 (d, J = 12.3 Hz, 1H), 2.46-2.39 (m, 

1H), 2.19-2.11 (m, 1H), 2.02-1.81 (m, 2H).  
13

C NMR (75 MHz, CDCl3): δ 171.2, 166.8, 150.9, 130.2, 

128.1, 121.3, 62.1, 60.6, 47.0, 20.8, 17.6. 

Example 6 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl benzoate (6) 

 

[601] Step 1: Synthesis of 2,2-dimethylbutane-1,4-diol (6a). 

 

[602] A solution of 2,2-dimethylsuccinic acid (10.0 g, 68.4 mmol) in THF (150 mL) was added 

dropwise to a suspension of lithium aluminum hydride (8.3 g, 219.0 mmol) in THF (80 mL) at 0 °C 

(ice bath).  The mixture was warmed to room temperature over 20 min and then heated at reflux for 

1.5 h.  Upon completion (reaction monitored by TLC using MeOH/CH2Cl2 5:95 as eluent) the reaction 

was quenched very carefully and dropwise by the addition of water (10 mL), 3 M NaOH (15 mL), and 

water (20 mL).  The mixture was stirred at room temperature for 20 min, and the solids filtered over a 

pad of Celite®.  The filter cake was rinsed thoroughly with THF.  The filtrate was concentrated under 

vacuum giving a mixture of the title compound and unidentified by-products as a crude oil.  The oil 

was purified by column chromatography on silica gel using MeOH/CH2Cl2 (0:1 to 1:9) as eluent to 

afford the product (4.649 g, 57%) as an oil.
  1

H-NMR (300 MHz, CDCl3): δ 4.11 (s, 2H), 3.66 (t, J = 

5.9 Hz, 2H), 3.30 (s, 2H), 1.52 (t, J = 5.6 Hz, 2H), 0.89 (s, 6H). 

[603] Step 2: Synthesis of 4-hydroxy-3,3-dimethylbutyl benzoate (6b). 
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[604] To a stirred solution of 2,2-dimethylbutane-1,4-diol (6a) (0.30 g, 2.5 mmol) in anhydrous 

dichloromethane (9 mL) was added benzoyl chloride (0.30 mL, 2.5 mmol), Et3N (0.71 mL, 5.1 

mmol), and a catalytic amount of N,N-4-dimethylaminopyridine at 0 °C (ice bath).  The mixture was 

gradually warmed to room temperature and stirred overnight.  After the starting material was 

completely consumed (reaction monitored by TLC using EtOAc/hexanes 2:8 as eluent), the reaction 

was quenched by the addition of 1N HCl (20 mL) at 0 °C (ice bath), and the mixture was extracted 

twice with dichloromethane.  The combined organic layers were washed with saturated aqueous 

NaHCO3, brine, dried (Na2SO4), filtered and the solvent concentrated to yield a mixture, of at least 

two products, as a clear and colorless oil.  The oil was purified by column chromatography on silica 

gel using EtOAc/hexanes (0:1 to 4:6) as eluent to give the product (0.29 g, 51%) as an oil (which was 

dried under high vacuum for 2 d).  
1
H-NMR (300 MHz, CDCl3): δ 8.04-8.01 (m, 2H), 7.58-7.53 (m, 

1H), 7.46-7.41 (m, 2H), 4.41 (t, J = 7.4 Hz, 2H), 3.41 (s, 2H), 1.78 (t, J = 7.4 Hz, 2H), 1.70 (s, 1H), 

0.99 (s, 6H). 

[605] Step 3: Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl benzoate (6c). 

 

[606] A solution of freshly distilled sulfuryl chloride (0.11 mL, 1.5 mmol) in Et2O (3 mL) was 

cooled to -78 °C under an atmosphere of Ar.  A solution of 4-hydroxy-3,3-dimethylbutyl benzoate 

(6b) (0.28 g, 1.3 mmol) and pyridine (0.10 ml, 1.3 mmol) in Et2O (2 mL) was added dropwise (over 1 

h) to the cooled solution.  The mixture was warmed to room temperature and stirred for 30 min 

(reaction was monitored by TLC using EtOAc/hexanes 2:8 as eluent).  The mixture was re-cooled to -

78 °C and sulfuryl chloride (0.02 mL) was added.  The mixture was allowed to warm to room 

temperature, and stirred for 30 min.  Et2O (5 mL) was added and the mixture stirred for a few minutes.  

The mixture was filtered and the filtrate concentrated under vacuum to give the product (0.305 g, 

75%).  
1
H-NMR (300 MHz, CDCl3): δ 8.03 (d, J = 8.1 Hz, 2H), 7.60-7.54 (m, 1H), 7.47-7.42 (m, 2H), 

4.44-4.38 (m, 2H), 4.29 (s, 2H), 1.89-1.85 (m, 2H), 1.13 (s, 6H).   

[607] Step 4: Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl benzoate (6). 
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[608] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (176 mg, 1.0 

mmol) was dissolved in THF (4 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1 mL) and the 

resulting solution was cooled to -78 °C under an atmosphere of Argon.  NaHMDS (1.0 M in THF; 

1.05 mL, 1.05 mmol) was added dropwise to the cooled solution and the mixture was stirred at -78°C 

for 10 min.  4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl benzoate (6c) (305 mg, 1.0 mmol) in THF (0.5 

mL) was added quickly to the mixture.  The syringe was rinsed with THF (3 × 0.5 mL) and this was 

also added to the mixture.  After 10 min, the mixture was warmed to room temperature and stirred 

until judged complete by TLC analysis.  EtOAc (10 mL) and saturated aqueous NaHCO3 (10 mL) 

were added to the mixture and the organic and aqueous layers were partitioned.  The organic layer 

was washed with saturated aqueous NaHCO3 (10 mL), water (6 × 10 mL), brine (10 mL), dried 

(Na2SO4), filtered and concentrated under vacuum.  Purification by column chromatography on silica 

gel using EtOAc/hexanes (1:9 to 1:0) as eluent gave the product (6) (215 mg, 18%) as a solid.  LC-

MS: 470.2 [M+H]
+
.  1H-NMR (300 MHz, CDCl3): δ 8.04-8.01 (m, 2H), 7.58-7.53 (m, 1H), 7.46-7.41 

(m, 2H), 6.48 (s, 1H), 5.80 (s, 1H), 4.60 (d, J = 9.3 Hz, 1H), 4.40 (t, J = 6.9 Hz, 2H), 4.29 (d, J = 9.3 

Hz, 1H), 4.17-4.16 (m, 1H), 4.02 (d, J = 7.8 Hz, 1H), 3.34-3.30 (m, 1H), 3.00 (d, J = 12.3 Hz, 1H), 

2.45-2.35 (m, 1H), 2.17-2.11 (m, 1H), 1.98-1.78 (m, 4H), 1.10 (s, 6H).  
13

C-NMR (75 MHz, 

CDCl3): δ 171.1, 167.1, 166.6, 133.1, 130.2, 129.7, 128.5, 83.7, 61.9, 61.5, 60.2, 47.2, 36.9, 34.1, 

24.1, 23.8, 20.8, 17.5. 

Example 7 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl propionate (7) 

 

[609] Step 1: Synthesis of 4-hydroxy-3,3-dimethylbutyl propionate (7a). 
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[610] A solution of propionyl chloride (0.74 mL, 8.5 mmol) in anhydrous dichloromethane (5 mL) 

was added to a stirred solution of 2,2-dimethylbutane-1,4-diol (6a) (1.00 g, 8.5 mmol), Et3N (2.4 mL, 

16.9 mmol), and 4-N,N-dimethylaminopyridine (52 mg) in anhydrous dichloromethane (20 mL) at -78 

°C under an atmosphere of argon.  The mixture was stirred for 10 min and then allowed to warm to 

room temperature, stirred at room temperature for 1 h, then re-cooled to -78°C, and allowed to warm 

to room temperature slowly by allowing the mixture to stay in the cold bath and letting the dry ice 

sublime (recommended to allow warming to room temperature from -78 °C after addition of all the 

reagents).  After the starting material was completely consumed (TLC 50% EtOAc/hexanes), the 

reaction was quenched by the addition of 0.5 N HCl (10 mL) at 0 °C.  The organic and aqueous layers 

were partitioned, and the aqueous layer was extracted with dichloromethane (2 × 20 mL).  The 

combined organic layers were washed with saturated aqueous NaHCO3 (20 mL), brine (20 mL), then 

dried (Na2SO4), filtered and the solvent concentrated under vacuum to leave a crude oil.  The oil was 

purified by column chromatography on silica gel using EtOAc/hexanes (0:1 to 4:1) as eluent to give 

the product (7a) (463 mg, 22%) as an oil, contaminated with significant EtOAc solvent residues.  
1
H-

NMR (300 MHz, CDCl3): δ 4.14 (t, J = 7.4 Hz, 2H), 3.32 (s, 2H), 2.30 (q, J = 7.6 Hz, 2H), 1.88 (s, 

1H), 1.61 (t, J = 7.7 Hz, 2H), 1.13 (t, J = 7.5 Hz, 3H), 0.91 (fd, J = 1.2 Hz, 6H).   

[611] Step 2: Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl propionate (7b). 

 

[612] A solution of freshly distilled sulfuryl chloride (0.15 mL, 2.0 mmol) in Et2O (3.5 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of 4-hydroxy-3,3-dimethylbutyl 

propionate (7a) (73% purity, the remainder being EtOAc; 441 mg, 1.8 mmol) and pyridine (0.15 mL, 

1.8 mmol) in Et2O (2.5 mL) was added dropwise over 1 h to the cooled solution.  The mixture was 

allowed to warm to room temperature and was stirred for 30 min (monitored by TLC, 30% 

EtOAc/hexanes), re-cooled to -78 °C and sulfuryl chloride (0.03 mL) and pyridine (0.03 mL) was 

added, warmed to room temperature, and stirred for 30 min.  Again, the mixture was re-cooled to -

78°C and another portion of sulfuryl chloride (0.15 mL) was added.  The mixture was allowed to 

warm to room temperature, and stirred for 30 min.  Et2O (5 mL) was added and the mixture stirred for 

a few min.  The mixture was filtered and the filtrate was concentrated under vacuum to give the 

product (7b) (401 mg, 79%).  
1
H-NMR: (300 MHz, CDCl3): 4.22 (s, 2H), 4.14 (t, J = 6.8 Hz, 2H), 

2.30 (q, J = 7.6 Hz, 2H), 1.70 (t, J = 6.8 Hz, 2H), 1.11 (t, J = 7.7 Hz, 3H), 1.05 (s, 6H). 

[613] Step 3: Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl propionate (7). 
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[614] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (185 mg, 1.0 

mmol) was dissolved in THF (4 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1 mL) under 

an atmosphere of argon.  The resulting solution was cooled to -78 °C.  NaHMDS (1.0 M in THF; 1.1 

mL, 1.1 mmol) was added dropwise to the cooled solution and the mixture stirred for 10 min.  4-

((chlorosulfonyl)oxy)-3,3-dimethylbutyl propionate (7b) (272 mg, 1.0 mmol) in THF (1 mL) was 

added quickly to the reaction mixture.  The syringe was rinsed with THF (3 × 0.5 mL) and this was 

also added to the mixture.  Further THF (3 mL) was added to the mixture to allow efficient stirring of 

the reaction.  After 10 min, the mixture was allowed to warm to room temperature.  Upon completion 

(1 h; TLC, 70% EtOAc/hexanes), EtOAc (10 mL) and saturated aqueous NaHCO3 (10 mL) were 

added to the mixture.  The aqueous and organic layers were partitioned, and the organic layer was 

washed with saturated aqueous NaHCO3 (10 mL), water (6 × 10 mL), brine (10 mL), then dried 

(Na2SO4), filtered and the solvent concentrated under vacuum to leave a crude residue.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (1:0 to 1:0) as eluent to 

give the product (7) (93 mg, 22%) as a solid.  LC-MS: 422.1 [M
+
H]

+
.  

1
H-NMR (300 MHz, CDCl3): δ 

6.51 (s, 1H), 5.76 (s, 1H), 4.54 (d, J = 8.7 Hz, 1H), 4.25 (d, J = 8.7 Hz, 1H), 4.17-4.12 (m, 3H), 4.04 

(d, J = 6.9 Hz, 1H), 3.36-3.32 (m, 1H), 3.02 (d, J = 12.3 Hz, 1H), 2.47-2.40 (m, 1H), 2.32 (q, J = 7.6 

Hz, 2H), 2.18-2.15 (m, 1H), 2.00-1.79 (m, 2H), 1.75-1.61 (m, 2H), 1.13 (t, J = 7.7 Hz, 3H), 1.03 (s, 

6H).  
13

C-NMR (75 MHz, CDCl3): δ 174.5, 171.0, 167.1, 83.6, 62.0, 60.8, 60.2, 47.2, 36.8, 34.0, 27.7, 

24.1, 23.7, 20.8, 17.6, 9.2. 

Example 8 

Synthesis of benzyl (4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl) adipate (8) 

 

[615] Step 1: Synthesis of benzyl (perfluorophenyl) adipate (8a). 
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[616] To a stirring solution of adipic acid monobenzyl ester (1.03 g, 4.3 mmol) and 

pentafluorophenol (0.87 g, 4.7 mmol) in EtOAc (18.7 mL) at 0 °C was added N,N'-

dicyclohexylcarbodiimide (0.97 g, 4.7 mmol).  The mixture was allowed to warm to room 

temperature and then stirred overnight.  The resulting solid was removed by vacuum filtration through 

a pad of Celite®.  The filter cake was washed with EtOAc.  The filtrate was dry-loaded on to silica gel 

and purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 4:6) as eluent, to 

give the product (8a) (1.59 g, 93%) as a solid.  
1
H NMR (300 MHz, CDCl3): δ 7.37-7.35 (m, 5 H), 

5.13 (s, 2H), 2.68 (t, J = 6.8 Hz, 2H), 2.44 (t, J = 6.5 Hz, 2H), 1.82-1.78 (m, 4H). 

[617] Step 2: Synthesis of benzyl (4-hydroxy-3,3-dimethylbutyl) adipate (8b). 

 

[618] To a stirred solution of 2,2-dimethylbutane-1,4-diol (6a) (0.22 g, 1.8 mmol) in anhydrous 

dichloromethane (4 mL) at ca. 0 °C (ice bath), under an atmosphere of argon, was added benzyl 

(perfluorophenyl) adipate (8a) (0.36 g, 0.9 mmol), Et3N (0.25 mL, 1.8 mmol), and a catalytic amount 

of 4-N,N-dimethylaminopyridine (small unweighed amount).  The mixture was gradually warmed to 

room temperature, and then at room temperature overnight.  The mixture was dry-loaded on to silica 

gel and purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:7) as eluent 

to give the product contaminated with regio-isomeric product.  This mixture was re-purified by 

column chromatography on silica gel using EtOAc/hexanes (0:1 to 3:7) as eluent to give pure product 

(8b) (113 mg 38%).  
1
H-NMR (300 MHz, CDCl3): 7.36-7.34 (m, 5H), 5.11 (s, 2H), 4.14 (t, J = 7.2 

Hz, 2H), 3.34 (d, J = 5.7 Hz, 2H), 2.38-2.31 (m, 4H), 1.68-1.59 (m, 6H), 0.92 (s, 6H).  The reaction 

could be repeated to give larger amounts of material. 

[619] Step 3: Synthesis of benzyl (4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl) adipate (8c). 
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[620] A solution of freshly distilled sulfuryl chloride (0.12 ml, 1.6 mmol) in Et2O (5 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of benzyl (4-hydroxy-3,3-dimethylbutyl) 

adipate (8b) (446 mg, 1.3 mmol) and pyridine (0.11 mL, 1.3 mmol) in Et2O (3.5 mL) was added 

dropwise over 1 h to the cooled solution.  The mixture was allowed to warm to room temperature and 

was stirred for 30 min (monitored by TLC, 30% EA/hex).  The reaction was not complete, so the 

mixture was recooled to -78 °C, then sulfuryl chloride (0.05 mL) and pyridine (0.05 mL) were added.  

The mixture was allowed to warm to room temperature, and stirred for 30 min.  Et2O (5 mL) was 

added, and the mixture was stirred for a few mins.  The mixture was filtered and the filtrate was 

concentrated under vacuum to give the product (8c) (446 mg, 77%).  
1
H-NMR (300 MHz, CDCl3): δ 

7.39-7.29 (m, 5H), 5.11 (s, 2H), 4.22 (s, 2H), 4.15 (t, J = 6.8 Hz, 2H), 2.40-2.29 (m, 4H), 1.73-1.59 

(m, 6H), 1.06 (s, 6H). 

[621] Step 4: Synthesis of benzyl (4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl) adipate (8). 

 

 

[622] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (185 mg, 1.0 

mmol) was dissolved in THF (9 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1 mL), and the 

resulting solution was cooled to -78 °C under an atmosphere of argon.  NaHMDS (1.0 M solution in 

THF; 1.1 mL, 1.1 mmol) was added dropwise to the cooled solution and stirred for 10 min.  Benzyl 

(4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl) adipate (8c) (435 mg, 1.0 mmol) in THF (1 mL) was 

added quickly to the mixture.  The syringe was rinsed with THF (3 × 0.5 mL) and this was also added 

to the mixture.  After 10 min, the mixture was allowed to warm to room temperature.  Upon 

completion (30 min; TLC, 70% EtOAc/hexanes), EtOAc (10 mL) and saturated aqueous NaHCO3 (10 

mL) were added.  The aqueous and organic layers were partitioned and the organic layer was washed 

with saturated aqueous NaHCO3 (10 mL), water (3 × 10 mL), brine (10 mL), then dried (Na2SO4), 

filtered and concentrated under vacuum to leave a crude residue.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (1:9 to 1:0) as eluent to give a solid.  The solid 

was triturated with Et2O (2 × 2 mL) to give the product (8) (43 mg, 7%) as a solid [together with less 

pure material (99 mg, 93% purity), which was used in the next step without further purification].  

Data for the 43 mg of pure product is detailed below.  LC-MS: 584.2 [M+H]
+
.  

1
H-NMR (300 MHz, 

CDCl3): δ 7.39-7.30 (m, 5H), 6.52 (s, 1H), 5.65 (s, 1H), 5.11 (s, 2H), 4.54 (d, J = 9.6 Hz, 1H), 4.24 (d, 

J = 8.7 Hz, 1H), 4.16-4.08 (m, 3H), 4.04 (d, J = 7.2 Hz, 1H), 3.35-3.31 (m, 1H), 3.01 (d, J = 12.3 Hz, 

1H), 2.47-2.30 (m, 5H), 2.18-2.12 (m, 1H), 1.99-1.77 (m, 2H), 1.74-1.65 (m, 6H), 1.03 (s, 6H).  
13

C-
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NMR (75 MHz, CDCl3): δ 173.34, 173.31, 171.0, 167.1, 136.1, 128.7, 128.4, 128.3, 83.5, 66.4, 62.0, 

60.9, 60.2, 47.2, 36.8, 34.0, 24.5, 24.4, 24.2, 23.8, 20.8, 17.6. 

Example 9 

Synthesis of 6-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutoxy)-6-oxohexanoic acid (9) 

 

[623] Palladium on carbon (10% by weight; 13 mg) was added to a Parr flask charged with benzyl 

(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl) adipate (8) (93% purity; 50 mg, 0.1 mmol) in MeOH (14 mL).  The mixture was 

hydrogenated at 1 atm of H2 (balloon), at room temperature for 30 min (monitored by TLC, 100% 

EtOAc; PMA stain; LC-MS: product room temperature = 4.66 min and m/z = 494.2 [M+H]
+
, starting 

material room temperature = 5.48 min and m/z = 584.3 [M+H]
+
).  The mixture was filtered through a 

pad of Celite®, and the filter cake was rinsed with MeOH (ca. 20 mL).  The filtrate was concentrated 

under vacuum, then purified by column chromatography on silica gel using MeOH/CH2Cl2 (0:1 to 

4:96) as eluent, to give the product (9) (12 mg) as a solid [ca. 73% purity by LC/MS].  LC-MS: 494.2 

[M+H]
+
. 

Example 10 

Synthesis of methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10) 

O

OO

S

O

O
O

N
N

O

H2N

O

H
 

 

[624] Step 1: Reaction to produce methyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (10a). 

O

OO

S

O

O
Cl

 
 

[625] A solution of freshly distilled sulfuryl chloride (3.3 mL, 45.4 mmol) in Et2O (45 mL) was 

cooled to -78 °C under an atmosphere of Ar.  A solution of methyl 2,2-dimethyl-3-hydroxypropionate 

(3.0 g, 22.7 mmol) and pyridine (2.2 mL, 27.2 mmol) in Et2O (20 mL) was added dropwise to the 

sulfuryl chloride solution over 30 min.  The flask was rinsed with Et2O (3 × 5 mL) and the rinse was 
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added to the reaction mixture.  The mixture was stirred at -78 °C until completion (monitored by TLC, 

30% EA/hex, 30 min).  The precipitate was filtered, and the filtrate was concentrated under vacuum to 

afford methyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (10a) (5.6 g, 70% yield).  The mixture 

was stored at -78 °C and was used immediately for the next step without further purification.  
1
H-

NMR (300 MHz, CDCl3) δ 4.50 (s, 2H), 3.74 (s, 3H), 1.31 (s, 6H). 

[626] Step 2: Reaction to produce methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10). 

 
 

[627] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (673 mg, 3.6 

mmol) was dissolved in THF (35 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (5 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0M solution of NaHMDS 

solution in THF (4.0 mL, 4.0 mmol) was added dropwise to the cooled solution.  After complete 

addition, the mixture was stirred for 10 min.  Neat methyl 3-((chlorosulfonyl)oxy)-2,2-

dimethylpropanoate (10a) (1.27 g, 3.6 mmol, 1.0 equiv., 66% pure) was added quickly to the reaction 

mixture.  The syringe was rinsed with THF (3 × 2.5 mL) and the rinse added to the mixture.  After 10 

min, the reaction mixture was allowed to warm to 23 °C.  Upon completion by TLC (30 min; 70% 

EtOAc/hexanes), EtOAc (50 mL) and saturated aqueous NaHCO3 (50 mL) were added to the reaction 

mixture.  The layers were partitioned and the organic layer washed with saturated aqueous NaHCO3 

(50 mL), water (3 × 50 mL), brine (50 mL), then dried (Na2SO4), and concentrated under vacuum to 

leave a crude residue.  The residue was purified by column chromatography on silica gel using 

EtOAc/hexanes as eluent (1:9 to 1:0) to give the product (10) (98 mg, 7% yield).  LC-MS: 380.2 

[M+H]
+
.  

1
H-NMR (300 MHz, CDCl3): δ 6.47 (s, 1H), 5.61 (s, 1H), 4.72 (d, J = 9.3 Hz, 1H), 4.58 (d, 

J = 9.3 Hz, 1H), 4.18 (m, 1H), 4.05 (d, J = 6.9 Hz, 1H), 3.72 (s, 3H), 3.35-3.31 (m, 1H), 3.02 (d, J = 

12.3 Hz, 1H), 2.47-2.41 (m, 1H), 2.19-2.13 (m, 1H), 2.01-1.79 (m, 2H), 1.29 (s, 3H), 1.28 (s, 3H).
13

C-

NMR (75 MHz, CDCl3): δ 174.7, 171.1, 167.1, 80.4, 62.0, 60.2, 52.6, 47.2, 43.0, 22.2, 21.8, 20.9, 

17.6   

Example 11 

Synthesis of isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11) 
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[628] Step 1: Reaction to produce isopropyl 3-hydroxy-2,2-dimethylpropanoate (11a). 

O

OHO

 
 

[629] Reference is made to German Application Publication No. DE3045373.  A mixture of 3-

hydroxy-2,2-dimethylpropionic acid (4.7 g, 40 mmol), isopropanol (70 mL) and concentrated sulfuric 

acid (or fuming sulfuric acid; 1 mL) was heated to reflux and stirred overnight.  After allowing to 

cool, the mixture was concentrated under vacuum and the residue partitioned between EtOAc (100 

mL) and saturated aqueous NaHCO3 (100 mL).  The aqueous mixture was washed with H2O (50 mL), 

saturated NaHCO3 (50 mL) and brine (50 mL), then dried (Na2SO4), filtered and concentrated under 

vacuum to leave provide the product as an oil.  The product (11a) was used directly in the next step 

without further purification.  
1
H-NMR (300 MHz, CDCl3): δ 5.08-4.95 (m, 1H), 3.53 (fd, J = 1.8 Hz, 

2H), 2.49 (s, 1H), 1.25 (fd, J = 2.4 Hz, 3H), 1.22 (fd, J = 2.4 Hz, 3H), 1.17 (s, 3H), 1.16 (s, 3H). 

[630] Step 2: Reaction to produce isopropyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (11b). 

 
 

[631] A solution of sulfuryl chloride (2.7 mL, 37.5 mmol) in Et2O (45 mL) was cooled to -78°C 

under an atmosphere of Ar.  A solution of isopropyl 3-hydroxy-2,2-dimethylpropanoate (11a) (3.0 g, 

18.7 mmol) and pyridine (1.82 mL, 22.5 mmol) in Et2O (20 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 30 min.  The flask was rinsed with Et2O (3 × 5 mL) and the rinse 

added to the reaction mixture.  The mixture was stirred at -78 °C until completion by TLC (30 min; 

30% EA/hex).  The precipitate was filtered, and the filtrate was concentrated under vacuum to afford 

isopropyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (11b) (4.1 g, 85% yield).  The mixture was 

stored at -78 °C and was used immediately for the next step without further purification.  
1
H-NMR 

(300 MHz, CDCl3): δ 5.10-4.98 (m, 1H), 4.49 (s, 2H), 1.29 (s, 6H), 1.26 (s, 3H), 1.24 (s, 3H). 

[632] Step 3: Reaction to produce isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11). 

 
 

[633] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (673 mg, 3.6 

mmol) was dissolved in THF (35 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (5 mL), and 
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the resulting solution was cooled to -78°C under an atmosphere of Ar.  A 1.0M solution of NaHMDS 

in THF (4.0 mL, 4.0 mmol) was added dropwise to the cooled solution and stirred for 20 min.  

Neat isopropyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (11b) (0.94 g, 3.6 mmol) was added 

quickly to the reaction mixture.  The syringe was rinsed with THF (3 × 3 mL) and the rinse was also 

added to the mixture.  After 20 min, the mixture was allowed to warm to rt.  Upon completion of the 

reaction by TLC (30 min; 70% EtOAc/hexanes), EtOAc (50 mL) and saturated aqueous NaHCO3 (50 

mL) were added to the reaction mixture.  The aqueous and organic layers were separated, and the 

organic layer was washed with saturated aqueous NaHCO3 (50 mL), water (3 × 50 mL), brine (50 

mL), then dried (Na2SO4), and concentrated under vacuum to leave a crude residue.  The residue was 

purified by column chromatography (40 g ISCO column) on silica gel using EtOAc/hexanes (1:9 to 

1:0) as eluent to give the product (11) (63 mg, 4%) as a solid.  LC-MS: 408.2 [M+H]
+
.  

1
H-NMR (300 

MHz, CDCl3): δ 6.50 (s, 1H), 5.74 (s, 1H), 5.02 (quint, J = 6.3 Hz, 1H), 4.70 (d, J = 8.7 Hz, 1H), 4.60 

(d, J = 9.3 Hz, 1H), 4.17 (m, 1H), 4.05 (d, J = 7.2 Hz, 1H), 3.34-3.30 (m, 1H), 3.02 (d, J = 11.7 Hz, 

1H), 2.47-2.40 (m, 1H), 2.19-2.12 (m, 1H), 2.04-1.66 (m, 2H), 1.26-1.23 (m, 12H).  
13

C-NMR (75 

MHz, CDCl3): δ 173.7, 171.1, 167.0, 80.6, 68.8, 62.0, 60.2, 47.2, 42.9, 22.2, 21.7, 21.6, 20.9, 17.5. 

Example 12 

Synthesis of hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (12) 

 
 

 

[634] Step 1: Reaction to produce hexyl 3-hydroxy-2,2-dimethylpropanoate (12a). 

 
 

 

[635] Reference is made to German Application Publication No. DE3045373.  A mixture of 3-

hydroxy-2,2-dimethylpropionic acid (4.7 g, 40 mmol), 1-hexanol (70 mL) and concentrated sulfuric 

acid (or fuming sulfuric acid; 1 mL) was heated to 80 °C and stirred overnight.  After allowing to 

cool, the mixture was concentrated under vacuum (high vacuum pump required) and the residue 

partitioned between EtOAc (100 mL) and saturated aqueous NaHCO3 (100 mL).  The aqueous 

mixture was washed with H2O (50 mL), saturated NaHCO3 (50 mL) and brine (50 mL), then dried 

(Na2SO4), filtered and concentrated under vacuum to provide the product (12a) as an oil.  The product 

was used directly in the next step without further purification.  
1
H-NMR (300 MHz, CDCl3): δ 4.04-
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3.98 (m, 2H), 3.47-3.45 (m, 2H), 2.26 (s, 1H), 1.58-1.32 (m, 2H), 1.32-1.23 (m, 6H), 1.12 (s, 3H), 

1.11 (s, 3H). 

[636] Step 2: Reaction to produce hexyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (12b). 

 
 

 

[637] A solution of sulfuryl chloride (2.1 mL, 29.7 mmol) in Et2O (40 mL) was cooled to -78°C 

under an atmosphere of argon.  A solution of hexyl 3-hydroxy-2,2-dimethylpropanoate (12a) (3.0 g, 

14.8 mmol) and pyridine (1.4 mL, 17.8 mmol) in Et2O (15 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 30 min.  The flask was rinsed with Et2O (3 × 5 mL) and the rinse 

added to the reaction mixture.  The mixture was stirred at -78 °C until completion by TLC (30 min; 

30% EA/hex).  The precipitate was filtered, and the filtrate was concentrated under vacuum to afford 

the product (12b) (3.7 g, 83% yield).  The mixture was stored at -78 °C and was used immediately for 

the next step without further purification.  
1
H-NMR (300 MHz, CDCl3): 4.50 (s, 2H), 4.13 (t, J = 6.8 

Hz, 2H), 1.69-1.60 (m, 2H), 1.40-1.27 (m, 12H), 0.91-0.87 (m, 3H). 

[638] Step 3: Reaction to produce hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (12). 

 
 

 

[639] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (673 mg, 3.6 

mmol) was dissolved in THF (35 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (5 mL), and 

the resulting solution was cooled to -78°C under an atmosphere of Ar.  A 1.0 M solution of NaHMDS 

in THF (4.0 mL, 4.0 mmol) was added dropwise to the cooled solution and stirred for 20 min.  

Neat hexyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (12b) (1.1 g, 3.6 mmol) was added 

quickly to the reaction mixture.  The syringe was rinsed with THF (3 × 3 mL) and the rinse was also 

added to the mixture.  After 10 min, the reaction mixture was warmed to 23 °C and stirred until the 

reaction was complete as determined by TLC and LC-MS.  EtOAc (50 mL) and saturated aqueous 

NaHCO3 (50 mL) were added to the mixture.  The layers were partitioned, and the organic layer was 

washed with saturated aqueous NaHCO3 (50 mL), water (3 × 50 mL), brine (50 mL), then dried 

(Na2SO4), filtered and concentrated under vacuum to leave a crude residue.  The residue was purified 

by column chromatography on silica gel using EtOAc/hexanes (1:9 to 1:0) as eluent followed by high-

performance liquid chromatography to give the product (12) (44 mg, 3%) as a solid.  LC-MS: 450.1 
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[M+H]
+
.  

1
H-NMR (300 MHz, CDCl3): δ 6.49 (s, 1H), 5.71 (s, 1H), 4.71 (d, J = 8.7 Hz, 1H), 4.60 (d, 

J = 9.3 Hz, 1H), 4.17-4.04 (m, 4H), 3.34-3.30 (m, 1H), 3.04-3.00 (d, J = 12.6 Hz, 1H), 2.47-2.40 (m, 

1H), 2.18-2.13 (m, 1H), 2.01-1.79 (m, 2H), 1.66-1.59 (m, 2H), 1.37-1.27 (m, 12H), 0.91-0.86 (m, 

3H).  
13

C-NMR (75 MHz, CDCl3): δ 174.3, 171.1, 167.0, 80.5, 65.6, 62.0, 60.2, 47.2, 43.0, 31.5, 28.6, 

25.6, 22.6, 22.3, 21.8, 20.9, 17.6, 14.1. 

Example 13 

Synthesis of heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13) 

 
 

 

[640] Step 1: Reaction to produce heptyl 3-hydroxy-2,2-dimethylpropanoate (13a). 

 
 

[641] Reference is made to German Application Publication No. DE3045373.  A mixture of 3-

hydroxy-2,2-dimethylpropionic acid (4.7 g, 40 mmol), 1-heptanol (70 mL) and concentrated sulfuric 

acid (or fuming sulfuric acid; 1 mL) was heated to 80 °C and stirred overnight.  After allowing the 

mixture to cool, the mixture was concentrated under vacuum (high vacuum pump required) and the 

residue partitioned between EtOAc (100 mL) and saturated aqueous NaHCO3 (100 mL).  The aqueous 

was washing with H2O (50 mL), saturated NaHCO3 (50 mL) and brine (50 mL), then dried (Na2SO4), 

filtered and concentrated under vacuum to provide the product (13a) as an oil.  The product was used 

directly in the next step without further purification.  
1
H-NMR (300 MHz, CDCl3): δ 4.31 (t, J = 6.5 

Hz, 2H), 3.77 (s, 2H), 1.87-1.81 (m, 2H), 1.53-1.50 (m, 8H), 1.41 (s, 6H), 1.12-1.08 (m, 3H). 

[642] Step 2: Reaction to produce heptyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (13b). 

 

 
 

 

[643] A solution of sulfuryl chloride (2.0 mL, 27.7 mmol) in Et2O (40 mL) was cooled to -78°C 

under an atmosphere of argon.  A solution of heptyl 3-hydroxy-2,2-dimethylpropanoate (13a) (3.0 g, 

13.9 mmol) and pyridine (1.4 mL, 16.6 mmol) in Et2O (15 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 30 min.  The flask was rinsed with Et2O (3 × 5 mL) and the rinse 
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added to the reaction mixture.  The mixture was stirred at -78 °C until completion as monitored by 

TLC (30 min; 30% EA/hex).  The precipitate was filtered, and the filtrate was concentrated under 

vacuum to afford heptyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (13b) (3.3 g, 75%).  The 

mixture was stored at -78 °C and was used immediately for the next step without further purification.  

1
H-NMR (300 MHz, CDCl3): δ 4.46 (s, 2H), 4.11-4.00 (m, 2H), 1.64-1.55 (m, 2H), 1.26-1.24 (m, 

8H), 0.85-0.81 (m, 3H). 

[644] Step 3: Reaction to produce heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13). 

 
 

 

[645] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (673 mg) was 

dissolved in THF (35 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (5 mL) and the resulting 

solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0 M solution of NaHMDS in THF (4.0 

mL, 4.0 mmol) was added dropwise to the cooled solution and stirred for 20 min.  Neat heptyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (13b) (1.3 g, 4.0 mmol) was added quickly to the 

reaction mixture.  The syringe was rinsed with THF (3 × 3 mL) and the rinse was also added to the 

mixture.  After 10 min, the reaction mixture was warmed to 23 °C and stirred until complete as 

determined by TLC and LC-MS.  EtOAc (50 mL) and saturated aqueous NaHCO3 (50 mL) were 

added to the mixture.  The aqueous and organic layers were partitioned, and the organic layer was 

washed with saturated aqueous NaHCO3 (50 mL), water (3 × 50 mL), brine (50 mL), then dried 

(Na2SO4), filtered and concentrated under vacuum to leave a crude residue.  The residue was purified 

by column chromatography on silica gel using EtOAc/hexanes (1:9 to 1:0) as eluent, followed by 

purification using high-performance liquid chromatography to give the product (13) (65 mg, 4%) as a 

solid.  LC-MS: 464.3 [M+H]
+
.  

1
H-NMR (300 MHz, CDCl3): δ 6.48 (s, 1H), 5.71 (s, 1H), 4.71 (d, J = 

9.6 Hz, 1H), 4.60 (d, J = 9.3 Hz, 1H), 4.18-4.04 (m, 4H), 3.34-3.29 (m, 1H), 3.02 (d, J = 11.7 Hz, 

1H), 2.47-2.40 (m, 1H), 2.19-2.11 (m, 1H), 2.01-1.79 (m, 2H), 1.66-1.59 (m, 2H), 1.37-1.26 (m, 

14H), 0.90-0.86 (m, 3H).  
13

C-NMR (75 MHz, CDCl3): δ 174.3, 171.1, 167.0, 80.5, 65.6, 62.0, 60.2, 

47.2, 43.0, 31.8, 29.0, 28.6, 25.9, 22.7, 22.2, 21.8, 20.9, 17.6, 14.2. 

Example 14 

Synthesis of tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14) 
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[646] Step 1 and Step 2: Reaction to produce tert-butyl 3-hydroxy-2,2-dimethylpropanoate (14a). 

 
 

[647] The compound was synthesized in accordance with PCT International Application Publication 

No. WO 2007116922.  Sodium hydride (60% in mineral oil; 2.0 g) was added to a cooled solution of 

tert-butyl methyl malonate (4 g) in THF (100 mL) at 0 °C under an atmosphere of Ar.  The mixture 

was stirred at 0 °C for 10 min.  MeI (3.2 mL) was added to the mixture and the stirring was continued 

for 3 h (by this time the mixture was at room temperature).  Brine and EtOAc were added to the 

mixture, and the organic layer was separated, dried (Na2SO4), filtered and concentrated under vacuum 

to give the product (ca. 4.5 g), which was used directly in the next step.  

[648] Solid lithium tri-tert-butoxy-aluminohydride (7.1 g, 28 mmol) was added portion-wise over 

15 min to a solution of tert-butyl methyl 2,2-dimethyl-malonate (2.2 g) in THF (100 mL) under an 

atmosphere of Ar.  The mixture was then heated to reflux and stirred overnight.  After cooling to 

room temperature, a saturated solution of NH4Cl and EtOAc were added, and the aqueous and organic 

layers were separated.  The organic layer was washed with H2O and brine, then dried (Na2SO4), 

filtered and concentrated under vacuum to provide a crude residue.  The residue was purified by 

column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:7) as eluent to give the product 

(14a) (900 mg) as an oil.  
1
H-NMR (300 MHz, CDCl3): δ 3.50 (d, J = 5.1 Hz, 2H), 2.53 (t, J = 6.5 Hz, 

1H), 1.45 (s, 9 H), 1.14 (s, 6H) 

[649] Step 3: Reaction to produce tert-butyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (14b). 

 

 
 

[650] A solution of sulfuryl chloride (0.31 mL, 4.2 mmol) in Et2O (6 mL) was cooled to -78 °C 

under an atmosphere of Ar.  A solution of tert-butyl 3-hydroxy-2,2-dimethylpropanoate (14a) (0.49 g, 

2.8 mmol) and pyridine (0.25 ml, 3.1 mmol) in Et2O (6 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 10 min.  The mixture was stirred at -78 °C for 90 min and allowed 

to warm to 23 °C after TLC revealed that the reaction had not proceeded to completion (10% 
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EtOAc/hexanes).  The mixture was re-cooled to -78 °C and an additional 1 equivalent of sulfuryl 

chloride was added, stirred for 10 min, and the mixture allowed to warm to 23°C (note: the mixture 

was allowed to stir for a total of 1 h after the addition and during the warming period).  The 

precipitate was filtered, and the filtrate was concentrated under vacuum to give tert-butyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (14b) (961 mg, yield assumed quantitative) as a clear, 

oil.  
1
H-NMR (300 MHz, CDCl3): δ 4.46 (fd, J = 1.5 Hz, 2H), 1.47 (fd, J = 1.2 Hz, 9H), 1.27 (s, 6H). 

[651] Step 4: Reaction to produce tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14). 
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[652] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (463 mg, 2.5 

mmol) was dissolved in THF (25 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1.5 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0 M NaHMDS solution in 

THF (2.8 mL, 2.8 mmol) was added dropwise to the cooled solution, and the mixture stirred for 10 

min.  Neat tert-butyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (14b) (0.75 g, 2.8 mmol) was 

added quickly to the reaction mixture.  The syringe was rinsed with THF (3 × 3 mL) and these rinses 

were also added to the mixture quickly.  After 20 min, the reaction mixture was allowed to warm to 

23°C.  After stirring for 70 min, the reaction was complete as determined by TLC (70% EA/hexanes).  

The mixture was cooled to 0 °C, diluted with EtOAc (50 mL), and quenched with saturated aqueous 

NaHCO3 (50 mL).  The aqueous and organic layers were partitioned, and the organic layer was 

washed with saturated aqueous NaHCO3 (50 mL), water (3 × 50 mL), and brine (50 mL), then dried 

(Na2SO4), and concentrated under vacuum to provide a crude residue.  The residue was purified by 

column chromatography on silica gel using EtOAc/hexanes (1:9 to 1:0) as eluent to give the product 

(14) (368 mg, 35% yield) as a solid.  LC-MS: 422.1 [M+H]
+
.  

1
H-NMR (300 MHz, CDCl3): δ 6.50 (s, 

1H), 5.85 (s, 1H), 4.66 (d, J = 9 Hz, 1H), 4.56 (d, J = 8.7 Hz, 1H), 4.17 (s, 1H), 4.04 (d, J = 6.9 Hz, 

1H), 3.33-3.29 (m, 1H), 3.02 (d, J = 12 Hz, 1H), 2.46-2.39 (m, 1H), 2.17-2.12 (m, 1H), 2.00-1.79 (m, 

2H), 1.45 (s, 9H), 1.23 (s, 3H), 1.21 (s, 3H).  
13

C-NMR (75 MHz, CDCl3): δ 173.3, 171.1, 167.0, 81.6, 

80.9, 62.0, 60.2, 47.2, 43.4, 28.0, 22.2, 21.6, 20.8, 17.6. 

Example 15 

Synthesis of 2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15) 



 

 
119

 
 

[653] Step 1: Reaction to produce 2-methoxyethyl 3-hydroxy-2,2-dimethylpropanoate (15a). 

 
 

[654] 3-Hydroxy-2,2-dimethylpropanoic acid (1.2 g, 10.3 mmol) and Cs2CO3 (3.4 g, 10.4 mmol) 

were suspended in DMF (25 mL) at 23 °C, then 2-bromoethyl methyl ether (1.0 mL, 10.4 mmol) was 

added.  The resulting mixture was stirred at 70 °C overnight.  After cooling, the mixture was filtered 

through a pad of Celite®.  The filtrate was diluted with EtOAc (150 mL), and the mixture washed 

with water (3 × 100 mL) and brine, then dried (Na2SO4), filtered and concentrated to leave a crude 

residue.  The residue was purified by column chromatography on silica gel using EtOAc/hexanes (1:4 

to 4:1) as eluent to provide the product (15a) (1.3 g, crude weight) as an oil.  
1
H-NMR (300 MHz, 

CDCl3): δ 4.28 (t, J = 4.8 Hz, 2H), 3.62 - 3.55 (m, 4H), 3.38 (s, 3H), 2.65 (t, J = 6.0 Hz, 1H), 1.21 (s, 

6H). 

[655] Step 2: Reaction to produce 2-methoxyethyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate 

(15b). 

 
 

[656] A solution of freshly distilled sulfuryl chloride (0.2 mL, 2.8 mmol) in Et2O (7.0 mL) was 

cooled to -78 °C under an atmosphere of Ar.  A solution of 2-methoxyethyl 3-hydroxy-2,2-

dimethylpropanoate (15a) (0.48 g, 2.7 mmol) and pyridine (0.24 mL, 3.0 mmol) in Et2O (1 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 11 min.  The flask was rinsed with 

Et2O (3 × 1 mL) which was also added to the reaction mixture.  The mixture was stirred at -78 °C 

until completion (monitored by TLC, 30% EtOAc/hex, 30 min).  The precipitate was filtered, and the 

filtrate was concentrated under vacuum to afford the product (15b) (0.5 g, 67%) as an oil, which was 

used directly in the next step without further purification [Note: 
1
HNMR indicated desired product 

with residue of pyridine and along with starting material].  

[657] Step 3: Reaction to produce 2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15). 
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[658] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (162 mg, 0.9 

mmol) was dissolved in THF (2.5 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.3 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0 M solution of NaHMDS 

in THF (1.0 mL, 1.0 mmol) was added dropwise to the cooled solution and the mixture stirred for 10 

min.  2-Methoxyethyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (15b) (0.3 g, 1.1 mmol) in 

THF (2 mL) was added quickly to the reaction mixture.  After 10 min at -78 °C, the mixture was 

allowed to warm to 23 °C and stirred for 30 min.  The mixture was diluted with EtOAc (40 mL) and 

water.  The aqueous and organic layers were partitioned, and the organic layer was washed with water 

(3 × 20 mL), and brine (50 mL), then dried (Na2SO4), filtered and concentrated under vacuum to leave 

a crude residue.  The crude residue was purified by column chromatography on silica gel (4 g column) 

using EtOAc / hexanes (3:7 to 1:0) as eluent to give an impure solid.  The product was dissolved in 

Et2O (20 mL) with the aid of sonication, and precipitated with hexanes.  The resulting solid was 

filtered, and dried under vacuum to provide the product (15) (72 mg, 19.4%) as a solid.  LCMS: m/z = 

424.3 [M+H]
+
.  

1
H-NMR (300 MHz, CDCl3): δ 6.48 (br. s, 1H), 5.56 (br. s, 1H), 4.62 (dd, J = 28.8, 

8.7 Hz, 2H), 4.33-4.22 (m, 2H), 4.17 (br. s, 1H), 4.05 (d, J = 6.9 Hz, 1H), 3.60 (t, J = 4.6 Hz, 2H), 

3.38 (s, 3H), 3.33 (d, J = 11.1 Hz, 1H), 3.02 (d, J = 12.0 Hz, 1H), 2.46-2.41 (m, 1H), 2.18-2.13 (m, 

1H), 1.98-1.84 (m, 2H), 1.31 (s, 3H), 1.29 (s, 3H).  
13

C-NMR (75 MHz, CDCl3), δ 174.1, 170.8, 

166.9, 80.2, 70.2, 64.1, 61.8, 60.0, 59.0, 47.1, 42.9, 22.1, 21.6, 20.7, 17.4. 

Example 16 

Synthesis of oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16) 
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[659] Step 1: Reaction to produce oxetan-3-yl 3-hydroxy-2,2-dimethylpropanoate (16a). 
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[660] 3-Hydroxy-2,2-dimethylpropanoic acid (4.7 g, 40 mmol) and Cs2CO3 (13.0 g, 40 mmol) were 

suspended in DMF (100 mL) at 23 °C, then 3-iodooxetane (7.4 g, 40 mmol) was added.  The resulting 

mixture was stirred at 70 °C overnight.  After cooling, the mixture was diluted with EtOAc (150 mL), 

and the mixture washed with water (3 × 100 mL) and brine, then dried (Na2SO4), filtered and 

concentrated to provide a crude residue.  The residue was purified by column chromatography on 

silica gel using EtOAc/hexanes as eluent to give the product (16a) (3.6 g, 51%) as an oil. 

[661] Step 2: Reaction to produce oxetan-3-yl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate 

(16b). 

 
 

[662] A solution of freshly distilled sulfuryl chloride (0.2 mL, 2.7 mmol) in Et2O (3 mL) was 

cooled to -78 °C under an atmosphere of Ar.  A solution of oxetan-3-yl 3-hydroxy-2,2-

dimethylpropanoate (16a) (0.46 g, 2.6 mmol) and pyridine (0.2 mL, 2.7 mmol) in Et2O (2 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 11 min.  The flask was rinsed with 

Et2O (3 × 1 mL) which was also added to the reaction mixture.  The mixture was stirred at -78 °C 

until completion (monitored by TLC, 30% EtOAc/hex, 30 min).  The precipitate was filtered, and the 

filtrate was concentrated under vacuum to afford the product (16b) (0.5 g, 69%) as an oil, which was 

used directly in the next step without further purification.  
1
H-NMR (300 MHz, CDCl3): δ 5.50-5.46 

(m, 1H), 4.94-4.89 (m, 2H), 4.65-4.60 (m, 2H), 4.52 (s, 2H), 1.72 (br. s, 1H), 1.36 (s, 6H). 

[663] Step 3: Reaction to produce oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16). 

 

[664] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (200 mg, 1.1 

mmol) was dissolved in THF (3 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2 mL), DMPU 

was added, and the resulting solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0 M 

solution of NaHMDS in THF (1.2 mL, 1.2 mmol) was added dropwise to the cooled solution, and the 

mixture stirred for 10 min.  A solution of oxetan-3-yl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate 

(16b) (0.37 g, 1.4 mmol) in THF (2 mL) was added quickly to the reaction mixture.  After stirring at -

78
o
C for 10 min, the mixture was allowed to warm to 23 °C and stirred for a total of 1 h.  The mixture 

was diluted with EtOAc (40 mL) and H2O.  The aqueous and organic layers were partitioned, and the 
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organic layer washed with H2O (3 × 20 mL), brine (50 mL), then dried (Na2SO4), filtered and 

concentrated under vacuum to give a crude residue.  The crude residue was purified by column 

chromatography on silica gel (4 g column) using EtOAc / hexanes (3:7 to 1:0) as eluent to give an oil.  

The oil was triturated with Et2O with the aid of sonication, and the filter cake was washed with Et2O 

to provide the product (16) (170 mg, 37%) as a solid.  LCMS: m/z = 422.3 [M+H]
+
.  

1
H-NMR (300 

MHz, CDCl3): δ 6.48 (br. s, 1H), 5.54 (br. s, 1H), 5.48-5.44 (m, 1H), 4.89 (t, J = 7.4 Hz, 2H), 4.79 (d, 

J = 8.7 Hz, 1H), 4.66- 4.58 (m, 3H), 4.18 (br. s, 1H), 4.05 (d, J = 6.9 Hz, 1H), 3.33 (d, J = 12.3 Hz, 

1H), 2.44-2.42 (m, 1H), 2.20-2.16 (m, 1H), 2.00-1.80 (m, 2H), 1.32 (s, 3H), 1.31 (s, 3H).  13C-NMR 

(75 MHz, CDCl3): δ 173.4, 170.8, 167.0, 80.0, 68.6, 76.6, 61.9, 60.2, 47.1, 42.7, 21.9, 21.6, 20.7, 

17.4. 

Example 17 

Synthesis of ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17) 

2

 
 

[665] Step 1: Reaction to produce ethyl 1-(((chlorosulfonyl)oxy)methyl)cyclohexanecarboxylate 

(17a). 

 
 

[666] A solution of freshly distilled sulfuryl chloride (77 µL, 1.1 mmol) in Et2O (3 mL) was cooled 

to -78 °C under an atmosphere of Ar.  A solution of ethyl 1-(hydroxymethyl)cyclohexanecarboxylate 

(0.2 g, 1.0 mmol) and pyridine (85 µL, 1.1 mmol) in Et2O (2 mL) was added dropwise to the sulfuryl 

chloride solution over 11 min.  The flask was rinsed with Et2O (3 × 1 mL) and the rinse added to the 

reaction.  The mixture was stirred at -78 °C until completion (ca. 30 min; monitored by TLC, 30% 

EtOAc/hex).  The precipitate was filtered, and the filtrate was concentrated under vacuum to afford 

the title compound as an oil, which was used directly in the next step without purification.  A second 
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batch using 476 mg of the starting alcohol, afforded 600 mg of the product (17a) (approximately, 85% 

purity by 
1
H-NMR). 

[667] Step 2: Reaction to produce ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17). 
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[668] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.33 g, 1.8 

mmol) was dissolved in THF (7 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (3.5 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0 M solution of NaHMDS 

in THF (1.8 mL, 1.8 mmol) was added dropwise over 20 min, and the mixture stirred for 10 min.  

Ethyl 1-(((chlorosulfonyl)oxy)methyl)cyclohexanecarboxylate (17a) (0.51 g, 1.8 mmol) in THF (2 

mL) was added quickly to the reaction mixture.  After 10 min stirring at -78
 
°C the mixture was 

allowed to warm to 23 °C and stirred for a total of 1 h.  The reaction mixture was diluted with EtOAc 

(40 mL) and H2O at -60 °C.  The aqueous and organic layers were partitioned, and the organic layer 

was washed with H2O (3 × 20 mL), and brine (50 mL), then dried (Na2SO4), filtered and concentrated 

under vacuum to give the crude residue (330 mg).  The oil was purified by column chromatography 

on silica gel (4 g column) using EtOAc / hexanes (3:7 to 1:0) as eluent, followed by purification using 

preparative HPLC (10-90% MeCN / H2O over 20 min using UV detection at 254 / 220 nM) to give 

the product (17) (223 mg, 34%) as a solid.  LCMS: m/z = 434.3 [M+H]
+
.  

1
H-NMR (300 MHz, 

CDCl3): δ 6.50 (br. s, 1H), 5.80 (br.s, 1H), 4.66 (dd, J = 48.6, 12.8 Hz, 2H), 4.21-4.15 (m, 3H), 4.04 

(d, J = 6.9 Hz, 1H), 3.31 (d, J = 3.0 Hz, 1H), 3.01 (d, J = 11.7 Hz, 1H), 2.44-2.39 (m, 1H), 2.16-1.78 

(m, 5H), 1.57-1.39 (m, 8H), 1.27 (t, J = 7.1 Hz, 3H).  
13

C-NMR (75 MHz, CDCl3): δ 173.2, 171.0, 

167.0, 80.2, 61.8, 61.1, 60.1, 47.1, 30.4, 30.0, 25.4, 22.2, 22.0, 20.7, 17.4, 14.1. 

Example 18 

Synthesis of ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopentane-1-carboxylate (18) 
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[669] Step 1: Reaction to produce ethyl 1-(((chlorosulfonyl)oxy)methyl)cyclopentane-1-carboxylate 

(18a). 
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[670] A solution of freshly distilled sulfuryl chloride (200 µL, 2.7 mmol) in Et2O (3 mL) was 

cooled to -78 °C under an atmosphere of Ar.  A solution of ethyl 1-

(hydroxymethyl)cyclopentanecarboxylate (0.48 g, 2.7 mmol) and pyridine (222 µL, 2.7 mmol) 

in Et2O (2 mL) was added dropwise to the sulfuryl chloride solution over 7 min.  The flask was rinsed 

with Et2O (2 × 1 mL) and both rinses were added to the reaction mixture.  The mixture was stirred at -

78 °C for 1.5 h.  The precipitate was filtered, and the filter-cake washed with Et2O (4 mL).  The 

filtrate was concentrated under vacuum to afford the title compound (18a) as an oil, which was used 

directly in the next step without further purification. 

[671] Step 2: Reaction to produce ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)cyclopentane-1-carboxylate (18). 

 
 

[672] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (200 mg, 1.1 

mmol) was dissolved in THF (5 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2 mL), and the 

resulting solution was cooled to -78 °C under an atmosphere of Ar.  A 1.0 M solution of NaHMDS in 

THF (1.3 mL, 1.3 mmol.  Note: since the sulfonyl chloride contains about 20% starting alcohol, 
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additional 0.2 eq NaHMDS was added) was added dropwise over 10 min.  Note: the reaction mixture 

was immersed and lifted from the cooling bath, to get the solution to stir, otherwise it was a gel.  Ethyl 

1-(((chlorosulfonyl)oxy)methyl)cyclopentanecarboxylate (18a) (0.47 g, 1.7 mmol) in THF (2 × 1 mL) 

was added quickly to the reaction mixture.  After 10 min, the mixture was allowed to warm to 23 °C 

and stirred for a total of 2 h.  The reaction mixture was diluted with EtOAc (40 mL) and brine at -60 

°C.  The aqueous and organic layers were partitioned, and the organic layer was dried (Na2SO4), 

filtered and concentrated under vacuum to leave a crude residue.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (3:7 to 1:0) as eluent, followed-by reverse-phase 

preparative HPLC to afford the title compound (18) (62 mg, 14%) as a solid.  LCMS: m/z = 420.3 

[M+H]
+
.
  1

H-NMR (300 MHz, CDCl3): δ 6.55 (br. s, 1H), 6.15 (br. s, 1H), 4.69 (dd, J = 20.9, 9.3 Hz, 

2H), 4.20-4.10 (m, 3H), 4.02 (d, J = 6.6 Hz, 1H), 3.29 (d, J = 12.3 Hz, 1H), 3.01 (d, J = 11.7, 1H), 

2.40-2.36 (m, 1H), 2.14-1.66 (m, 11 H), 1.24 (t, J = 7.4 Hz, 3H).
  13

C-NMR (75 Hz, CDCl3): δ 174.4, 

171.2, 167.0, 78.9, 61.8, 61.2, 60.1, 53.0, 47.0, 33.9, 32.9, 25.6, 25.5, 20.7, 17.5, 14.1. 

Example 19 

Synthesis of ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19) 

 

 

[673] Step 1: Reaction to produce ethyl 1-(((chlorosulfonyl)oxy)methyl)cyclobutanecarboxylate 

(19a).  

[674] A solution of freshly distilled sulfuryl chloride (451 µL, 6.2 mmol) in Et2O (5 mL) was 

cooled to -78°C under an atmosphere of Ar.  A solution of ethyl 1-

(hydroxymethyl)cyclobutanecarboxylate (1.0 g, 6.1 mmol) and pyridine (500 µL, 6.2 mmol) in Et2O 

(10 mL) was added dropwise to the sulfuryl chloride solution over the course of 11 min.  The flask 

was rinsed with Et2O (3 × 1 mL), which was also added to the reaction mixture.  The mixture was 

stirred at -78 °C, which was allowed to warm to ambient temp. within 4 h.  The precipitate was 

filtered, and the filtrate was concentrated under vacuum to afford the title compound (1.2 g, 76%) as 

an oil, which was used directly in the next step without further purification.  Note: 
1
HNMR indicated 

desired product (19a), together with starting material. 

[675] Step 2: Reaction to produce ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19). 
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[676] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.33 g, 1.8 

mmol) was dissolved in THF (8 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2 mL), and the 

resulting solution was cooled to -78 °C under an atmosphere of argon.  A 1.0 M solution of NaHMDS 

in THF (2 mL, 2.1 mmol.  Note: since the sulfonyl chloride contains about 30% starting alcohol, an 

additional 0.3 eq NaHMDS was added.) was added dropwise over 10 min.  Ethyl 1-

(((chlorosulfonyl)oxy)methyl)cyclobutanecarboxylate (19a) (1.0 g, 3.9 mmol) in THF (2 × 1 mL) was 

added quickly to the reaction mixture.  After 10 min, the mixture was allowed to warm to 23 °C and 

stirred for 1 h.  The mixture was diluted with EtOAc (40 mL) and H2O at -60 °C.  The aqueous and 

organic layers were partitioned, and the organic layer was washed with brine, dried (Na2SO4), filtered 

and concentrated under vacuum to give a crude residue.  The oil was purified by preparative HPLC to 

give a solid (303 mg).  The solid was dissolved in DCM and filtered through a filtered syringe, to give 

the product (19) (273 mg, 35%) as a solid.  LCMS: m/z = 406.1 [M+H]
+
.
1
H-NMR (300 MHz, CDCl3): 

δ 6.57 (br. s, 1H), 6.28 (br. s, 1H), 4.85 (dd, J = 63.9, 9.3 Hz, 2H), 4.30-4.13 (m, 3H), 4.01 (d, J = 7.2 

Hz, 1H), 3.27 (d, J = 10.8 Hz, 1H), 3.01 (d, J = 11.7 Hz, 1H), 2.50-2.35 (m, 3H), 2.13-1.76 (m, 8H), 

1.24 (t, J = 7.3 Hz, 3H).  
13

C-NMR (75 MHz, CDCl3): δ173.1, 171.3, 167.2, 77.9, 61.8, 61.2, 60.7, 

60.1, 47.0, 46.3, 27.1, 26.1, 20.7, 17.5, 15.6, 14.0. 

Example 20 

Synthesis of ethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (20) 

 

 

[677] Step 1:  Synthesis of (1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxylic acid (20a). 
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[678] A solution of distilled sulfuryl chloride (0.61 mL, 7.5 mmol) in Et2O (10 mL) was cooled to -

78 °C under nitrogen.  A solution of ethyl 3-hydroxy-2,2-dimethylpropanoate (2a) (1.0 g, 6.8 mmol) 

and pyridine (0.55 mL, 6.8 mmol) in Et2O (2.0 mL) was then added dropwise over 1 h via a syringe.  

The reaction was stirred at -78 °C for 1 h, and the mixture was allowed to warm to room temperature 

and stirred for additional 2 h.  After the mixture was filtered, the filtrate was concentrated under 

vacuum to give the product (20a) as a colorless liquid (1.46 g, yield 87%).  
1
H NMR (300 MHz, 

CDCl3): δ 4.50 (s, 2H), 4.19 (q, J = 6.9 Hz, 2H), 1.31 (s, 6H), 1.28 (t, J = 6.9 Hz, 3H). 

[679] Step 2:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-carboxylate (20b). 

 

 

[680] To a mixture of (1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxylic 

acid (20a) (10 g, 36.2 mmol), tert-butyl 4-aminopiperidine-1-carboxylate (7.26 g, 36.2 mmol) in 

DCM (200 mL) was added HATU (13.76 g, 36.2 mmol) and DIPEA (6.31 mL, 36.2 mmol).  The 

reaction was stirred at room temperature overnight.  The mixture was washed with saturated NH4Cl 

solution, water and brine.  The organic layer was dried with anhydrous Na2SO4, filtered, and 

concentrated under vacuum to give a crude residue.  The residue was purified by silica gel column 

chromatography using EtOAc / hexane (1:1) as eluent to give the product (20b) (10.3 g, yield 62%) as 

a white solid. 
1
H NMR (300 MHz, CDCl3): δ 7.36-7.44 (m, 5H), 6.55 (d, 1H, J = 8.1 Hz), 5.05 (d, 1H, 

J = 11.7 Hz), 4.90 (d, 1H, J = 11.1 Hz), 4.02 (br, s, 1H), 3.87-3.99 (m, 2H), 3.29 (s, 1H), 3.01 (d, 1H), 
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2.85 (t, 2H), 2.64 (d, 1H), 2.37 (dd, 1H), 1.84-2.05 (m, 4H), 1.55-1.67 (m, 2H), 1.45 (s, 9H), 1.23-

1.36 (m, 2H).  MS (ESI) C24H34N4O5 = 459.1 (M+1)
+
.   

[681] Step 3:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-hydroxy-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-carboxylate (20c). 

  

 

[682] To a solution of tert-butyl 4-((1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-

2-carboxamido)piperidine-1-carboxylate (20b) (0.6 g, 1.31 mmol) in MeOH (6 mL) was added 10% 

palladium on carbon (0.2 g).  The reaction mixture was stirred under 1 atm hydrogen pressure for 1 h.  

After the mixture was filtered through a pad of Celite®, the filtrate was concentrated under vacuum to 

give a crude product (20c) (0.48 g, yield 100%) that was used directly for the next step.  
1
H NMR 

(300 MHz, CDCl3): δ 6.62 (d, 1H, J = 7.8 Hz), 3.86-4.01 (m, 4H), 3.75 (s, 1H), 3.17 (d, 1H), 2.91 (t, 

2H), 2.81 (d, 1H), 2.42 (m, 1H), 2.13 (m, 1H), 1.88 (m, 4H), 1.74 (m, 1H), 1.45 s, 9H), 1.31 (m, 2H).   

[683] Step 4:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-(((3-ethoxy-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-

carboxylate (20d). 

 

 

[684] tert-Butyl 4-((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate (20c) (1.31 mmol) was dissolved in THF (7.0 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (3 mL), and the resulting solution was cooled to -78 °C under 

a nitrogen atmosphere.  A solution of NaHMDS in THF (1M, 1.31 mL, 1.31 mmol) was added 

dropwise, and the mixture was stirred at -78 °C for 10 min.  A solution of ethyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (3a) (352 mg, 1.44 mmol) in THF (1 mL) was then 
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added to the reaction mixture via syringe.  After 10 min at -78 °C, the reaction mixture was allowed to 

warm to room temperature and stirred overnight.  The reaction mixture was diluted with EtOAc and 

washed with saturated NaHCO3, water, and brine.  The organic layer was dried with anhydrous 

Na2SO4, filtered, and concentrated under vacuum to give a crude residue.  The residue was purified by 

silica gel column chromatography using EtOAc / hexane (1:1) as eluent to give the product (20d) (330 

mg, yield 44%) as a white foam.  
1
H NMR (300 MHz, CDCl3): δ 6.44 (d, 1H, J = 8.1 Hz), 4.59-4.73 

(dd, 2H, J = 8.7 Hz), 3.89-4.23 (m, 7H), 3.28 (d, 1H), 2.83-2.92 (m, 3H), 2.42-2.49 (m, 1H), 2.14-2.17 

(m, 1H), 1.80-1.97 (m, 4H), 1.46 (s, 9H), 1.58-1.23 (m, 11H).  MS (ESI) C24H40N4O10S = 577 (M+1)
+
. 

[685] Step 5:  Synthesis of ethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-

1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (TFA salt) (20). 

 

 

[686] To a mixture of tert-butyl 4-((1R,2S,5R)-6-(((3-ethoxy-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-

carboxylate (20d) (240 mg, 0.42 mmol) in DCM (1.4 mL) was added trifluoroacetic acid (1.4 mL) at -

10 °C.  The reaction was stirred at -10 °C for 30 min.  LC/MS analysis indicated that the stating 

material was completely consumed.  The mixture was concentrated under vacuum to give a crude 

residue.  The residue was purified by prep-HPLC on C18 column eluting with MeCN/H2O containing 

0.1% TFA (5-100%) to give the title compound (20) (103 mg, yield 42%) as an off-white powder.  
1
H 

NMR (300 MHz, CDCl3): δ 9.42 (br s, 1H), 9.06 (br s, 1H), 6.71 (d, 1H, J = 7.8 Hz), 4.57-4.73 (dd, 

2H, J = 9.0 Hz), 3.99-4.19 (m, 5H), 3.48 (d, 2H), 3.26 (d, 1H), 3.00 (m, 2H), 2.88 (d, 1H), 1.82-2.39 

(m, 7H), 1.23-1.30 (m, 9H).  
13

C NMR (75 MHz, CDCl3): δ 174.5, 168.9, 167.3, 80.8, 62.0, 61.6, 

60.4, 46.8, 44.9, 43.6, 43.3, 28.7, 22.3, 21.9, 20.9, 18.0, 14.4.  
19

F NMR (282 MHz, CDCl3): δ -75.8. 

MS (ESI) C19H32N4O8S = 477 (M+1)
+
. 

[687] Analytical HPLC was performed on Agilent 1200 system using a Phenomenex® C18 column 

(150 × 4.6 mm i.d.).  The mobile phase was a linear gradient of MeCN and water (0.1% TFA, 5% 

MeCN to 100% MeCN in 15 min).  The flow rate was maintained at 1 mL/min and the eluent was 

monitored with UV detector at 220 and 254 nm.  HPLC retention time: 7.31 min. 

Example 21 

Synthesis of 2-methoxyethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (21). 
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[688] Step 1: Synthesis of 2-methoxyethyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (21a). 

 

 

[689] A solution of distilled sulfuryl chloride (0.51 mL, 6.2 mmol) in Et2O (10 mL) was cooled to -

78 °C under nitrogen.  A solution of 2-methoxyethyl 3-hydroxy-2,2-dimethylpropanoate (15a) (1.0 g, 

5.68 mmol) and pyridine (0.46 mL, 5.68 mmol) in Et2O (2.0 mL) was then added dropwise over 1 h 

via a syringe.  The reaction was stirred at -78 °C for 1 h, and then the mixture was allowed to warm to 

room temperature and stirred for 2 h.  After the mixture was filtered, the filtrate was concentrated 

under vacuum to give the product (21a) as a colorless liquid (1.5 g, yield 96%).  
1
H NMR (300 MHz, 

CDCl3): δ 4.40 (s, 2H), 4.29 (t, 3H), 3.59 (t, 3H), 3.37 (s, 3H), 1.32 (s, 6H). 

[690] Step 2:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-(((3-(2-methoxyethoxy)-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-

carboxylate (21b). 

 

 

[691] tert-Butyl 4-((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate (20c) (3.26 mmol) was dissolved in THF (14 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (6 mL), and the resulting solution was cooled to -78 °C under 

a nitrogen atmosphere.  A solution of NaHMDS in THF (1M, 3.59 mL, 3.59 mmol) was added 

dropwise, and the mixture was stirred at -78 °C for 10 min.  A solution of 2-methoxyethyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (21a) (878 mg, 3.59 mmol) in THF (2 mL) was then 

added to the reaction mixture via a syringe.  After 10 min at -78°C, the reaction mixture was allowed 

to warm to room temperature and stirred overnight.  The reaction mixture was diluted with EtOAc and 

washed with saturated NaHCO3, water, and brine.  The organic layer was dried with anhydrous 

Na2SO4, filtered, and concentrated under vacuum to give a crude residue.  The residue was purified by 
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silica gel column chromatography using EtOAc / hexane (1:1) as eluent to give the product (21b) 

(0.96 g, yield 48%) as a white foam.  MS (ESI) C25H42N4O11S = 607.0 (M+1)
+
. 

[692] Step 3:  Synthesis of 2-methoxyethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-

ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (TFA salt) (21). 

 

 

[693] To a mixture of tert-butyl 4-((1R,2S,5R)-6-(((3-(2-methoxyethoxy)-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-

carboxylate (21b) (0.86 g, 1.42 mmol) in DCM (4.3 mL) was added trifluoroacetic acid (4.3 mL) at -

10 °C.  The reaction mixture was stirred at -10 °C for 30 min.  LC/MS analysis indicated that the 

stating material was completely consumed.  The mixture was concentrated under vacuum to give a 

crude residue.  The residue was purified by prep-HPLC on a C18 column eluting with MeCN/H2O 

containing 0.1% TFA (5-75%) to give the title compound (21) (513 mg, yield 58%) as a yellow 

powder.  
1
H NMR (300 MHz, CDCl3): δ 9.09 (br s, 1H), 8.75 (br s, 1H), 6.83 (d, 1H, J = 7.8 Hz), 

4.59-4.71 (dd, 2H, J = 9.3 Hz), 3.99-4.36 (m, 5H), 3.60 (m, 2H), 3.50 (d, 2H), 3.39 (s, 3H), 3.30 (d, 

1H), 3.02 (m, 2H), 2.89 (d, 1H), 1.87-2.40 (m, 7H), 1.25-1.30 (m, 9H).  
13

C NMR (75 MHz, CDCl3): 

δ 174.4, 168.9, 167.4, 80.6, 70.6, 64.5, 62.0, 60.4, 59.3, 46.8, 44.9, 43.6, 43.2, 28.7, 22.4, 21.8, 20.9, 

18.0.  19F NMR (282 MHz, CDCl3): δ -75.8.  MS (ESI) C20H34N4O9S = 507 (M+1)
+
.  HPLC retention 

time (MeCN/H2O in 0.1% TFA): 6.75 min. 

Example 22 

Synthesis of 4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (22). 

 

 

[694] Step 1:  Synthesis of hexyl 3-hydroxy-2,2-dimethylpropanoate (22a). 

 

[695] A mixture of 3-hydroxy-2,2-dimethylpropionic acid (4.7 g, 40 mmol), 1-hexanol (70 mL) and 

concentrated sulfuric acid (or fuming sulfuric acid, 1 mL) was heated to 80 °C and stirred overnight.  
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After allowing to cool, the mixture was concentrated under vacuum (high vacuum pump required) and 

the residue was then partitioned between EtOAc (100 mL) and saturated aqueous NaHCO3 (100 mL).  

The aqueous phase was washed with H2O (50 mL), saturated NaHCO3 (50 mL) and brine (50 mL), 

and then dried over anhydrous Na2SO4, filtered and concentrated under vacuum to provide the product 

as an oil.  The product was difficult to purify using silica gel chromatography; and therefore the 

product was distilled under high vacuum at 47 °C to provide 4.92 g of the pure ester product (22a) 

(yield 61%).  
1
H NMR (300 MHz, CDCl3) δ 4.10 (td, J = 6.7, 1.3 Hz, 2H), 3.55 (d, J = 5.1 Hz, 2H), 

2.42 (s, 1H), 1.64 (s, 1H), 1.72-1.56 (m, 1H), 1.35 (s, 1H), 1.31 (s, 6H), 1.27-1.11 (m, 6H), 0.95-0.84 

(m, 3H).  MS (ESI) C11H22O3 = 203 (M+1)
+
. 

[696] Step 2:  Synthesis of hexyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (22b). 

 

[697] A solution of freshly distilled sulfuryl chloride (0.60 mL, 7.4 mmol) in Et2O (10 mL) was 

cooled to -78 °C under an atmosphere of N2.  A solution of hexyl 3-hydroxy-2,2-dimethylpropanoate 

(22a) (1.0 g, 4.94 mmol) and pyridine (0.48 mL, 5.93 mmol) in Et2O (5 mL) was added dropwise to 

the sulfuryl chloride solution over the course of 20 min.  The flask was rinsed with Et2O (3 × 1 mL) 

and the rinse added to the reaction mixture.  The mixture was stirred at -78 °C until completion by 

TLC (30 min; 30% EA/hexane).  The precipitate was filtered, and the filtrate was concentrated under 

vacuum to afford the crude product (22b) as a solid foam and was used in the next step without further 

purification.  
1
H-NMR (300 MHz, CDCl3): δ 4.50 (s, 2H), 4.13 (t, J = 6.8 Hz, 2H), 1.69-1.60 (m, 2H), 

1.40-1.27 (m, 12H), 0.91-0.87 (m, 3H). 

[698] Step 3:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-

carboxylate (22d). 

 

 

[699] The hydroxamic acid (2.39 mmol) was dissolved in THF (12 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (3.4 mL), and the resulting solution was cooled to -78 °C 

under an atmosphere of N2.  A solution of NaHMDS in THF (2.4 mL, 1.0 M, 2.4 mmol) was added 

dropwise to and the mixture stirred for 20 min.  Neat hexyl 3-((chlorosulfonyl)oxy)-2,2-

dimethylpropanoate (22b) (0.973 g, 2.64 mmol) was added quickly to the reaction mixture.  The 

syringe was rinsed with THF (3 × 4 mL) and the rinse was also added to the mixture.  After 10 min, 
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the reaction mixture was warmed to room temperature and stirred until complete as determined by 

TLC and LC-MS.  EtOAc (30 mL) and saturated aqueous NaHCO3 (30 mL) were added to the 

mixture.  The layers were partitioned, and the organic layer was washed with saturated aqueous 

NaHCO3 (30 mL), water (3 × 20 mL), and brine (30 mL), and then dried (Na2SO4), filtered and 

concentrated under vacuum to leave a crude residue.  The residue was purified by silica gel column 

chromatography using EtOAc/hexane (1:9 to 1:0) as eluent, followed by high-performance liquid 

chromatography to give the product (22d) (740 mg, yield 49% for 3 steps) as a solid foam.  
1
H NMR 

(300 MHz, CDCl3) δ 6.43 (d, J = 8.2 Hz, 1H), 4.76-4.64 (m, 1H), 4.60 (d, J = 9.0 Hz, 1H), 4.19-4.03 

(m, 5H), 3.98 (d, J = 7.5 Hz, 2H), 3.28 (d, J = 12.0 Hz, 1H), 2.90 (d, J = 12.0 Hz, 2H), 2.45 (dd, J = 

14.8, 6.2 Hz, 1H), 2.14 (s, 1H), 1.97-1.84 (m, 3H), 1.62 (q, J = 7.0 Hz, 11H), 1.46 (s, 9H), 1.34-1.19 

(m, 14H), 0.88 (d, J = 7.0 Hz, 3H).  MS (ESI) C28H48N4O10S = 633 (M+1)
+
. 

[700] Step 4:  Synthesis of 4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 

2,2,2-trifluoroacetate (22). 

 

 

[701] tert-Butyl 4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-

1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-carboxylate (22d) (300 mg, 0.474 mmol) 

was dissolved in DCM (2 mL) and cooled to -10 
o
C.  To the solution was added TFA (2 mL) 

dropwise.  The reaction was monitored with LCMS or TLC until completion (ca. 10 min).  The 

solvent was removed in vacuo and the residue was purified using prep-HPLC with MeCN/H2O 

containing 0.1% TFA (20-100%) as an eluent to provide, after lyophilization, the title compound (22) 

(212.4 mg, yield 84%) as a foam.  
1
H NMR (300 MHz, CDCl3) δ 9.08 (s, 1H), 8.74 (s, 1H), 6.88 (d, 

J = 7.9 Hz, 1H), 4.70-4.51 (m, 2H), 4.23-3.92 (m, 6H), 3.47 (d, J = 12.6 Hz, 2H), 3.31-3.19 (m, 1H), 

2.95 (dd, J = 19.6, 11.0 Hz, 3H), 2.34 (dd, J = 15.0, 6.2 Hz, 1H), 2.10 (s, 2H), 1.91 (ddd, J = 15.8, 

12.6, 8.0 Hz, 1H), 1.61 (ddd, J = 12.5, 8.1, 6.3 Hz, 3H), 1.40-1.16 (m, 14H), 0.91-0.80 (m, 3H).  
13

C 

NMR (75 MHz, CDCl3) δ 174.2, 168.6, 167.1, 80.4, 65.5, 61.7, 60.1, 46.6, 44.7, 43.3, 42.9, 42.9, 

31.4, 31.4, 28.5, 25.6, 25.5, 22.2, 22.2, 21.6, 20.7, 17.8, 14.0.  
19

F NMR (282 MHz, CDCl3) δ -75.6.  

MS (ESI) C23H40N4O8S = 533 (M+1)
+
.  HPLC retention time (MeCN/H2O in 0.1% TFA): 8.18 min.  

Example 23 

Synthesis of 4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (23) 
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[702] Step 1:  Synthesis of heptyl 3-hydroxy-2,2-dimethylpropanoate (23a). 

 

 

[703] A mixture of 3-hydroxy-2,2-dimethylpropionic acid (4.7 g, 40 mmol), 1-heptanol (70 mL) 

and concentrated sulfuric acid (1 mL) was heated to 80 °C and stirred overnight.  After allowing to 

cool, the mixture was concentrated under vacuum (high vacuum pump required) and the residue 

partitioned between EtOAc (100 mL) and saturated aqueous NaHCO3 (100 mL).  The aqueous phase 

was washed with H2O (50 mL), saturated NaHCO3 (50 mL) and brine (50 mL), and then dried 

(Na2SO4), filtered and concentrated under vacuum to provide the product as an oil.  The product was 

distilled under high vacuum at 65 
o
C to provide the title compound (23a) as an oil (6.7 g, 77% yield).  

1
H NMR (300 MHz, CDCl3) δ 4.09 (td, J = 6.7, 0.9 Hz, 2H), 3.55 (d, J = 6.1 Hz, 2H), 2.43 (t, J = 6.7 

Hz, 1H), 1.60 (d, J = 22.8 Hz, 4H), 1.3-1.58 (m, 6H), 1.27-1.14 (m, 6H), 0.92-0.83 (m, 3H). 

[704] Step 2:  Synthesis of heptyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (23b) 

 

 

[705] A solution of sulfuryl chloride (0.6 mL, 7.4 mmol) in Et2O (15 mL) was cooled to -78 °C 

under an atmosphere of N2.  A solution of heptyl 3-hydroxy-2,2-dimethylpropanoate (23a) (1.0 g, 4.94 

mmol) and pyridine (479 µL, 5.93 mmol) in Et2O (1 mL) was added dropwise to the sulfuryl chloride 

solution over the course of 30 min.  The flask was rinsed with Et2O (3 × 1 mL) and the rinse added to 

the reaction mixture.  The mixture was stirred at -78 °C until completion as monitored by TLC (30 

min; 30% EA/hexane).  The precipitate was filtered, and the filtrate was concentrated under vacuum 

to afford heptyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (23b) (1.37 g, yield 92%).  The 

mixture was stored at -78 °C and used in the next step without further purification.  
1
H NMR (300 

MHz, CDCl3) δ 4.50 (s, 2H), 4.20-4.02 (m, 2H), 1.68 (m, 2H), 1.31 (d, J = 3.1 Hz, 13H), 1.23 (s, 1H), 

0.95-0.83 (m, 3H). 

[706] Step 3:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-

carboxylate (23c). 
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[707] Hydroxamic acid (1) (2.399 mmol, from hydrogenation, without further purification) was 

dissolved in THF (12 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (3 mL) and the resulting 

solution was cooled to -78 °C under a nitrogen atmosphere.  A 1.0 M solution of NaHMDS in THF 

(2.4 mL, 2,4 mmol) was added dropwise to the cooled solution and stirred for 20 min.  Heptyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (23b) (0.79 g, 2.63 mmol) in THF (5 mL) was rapidly 

added to the reaction mixture.  The syringe was rinsed with THF (3 × 2 mL) and the rinse was also 

added to the mixture.  After 10 min, the reaction mixture was warmed to room temperature and stirred 

until completion as determined by TLC and LC-MS.  EtOAc (50 mL) and saturated aqueous NaHCO3 

(50 mL) were added to the mixture.  The aqueous and organic layers were partitioned, and the organic 

layer was washed with saturated aqueous NaHCO3 (10 mL), water (3 × 10 mL), brine (20 mL), and 

then dried (Na2SO4), filtered and concentrated under vacuum to provide a crude residue.  The residue 

was purified by silica gel column chromatography using EtOAc/hexane (5% to 95%) as eluent, to 

give 740.0 mg (49% yield) of the product (23c). 

[708] Step 4:  Synthesis of 4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-

oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 

2,2,2-trifluoroacetate (23). 

 

 

[709] tert-Butyl 4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-

oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-carboxylate (23c) (472.1 mg, 0.73 

mmol) dissolved in DCM (5 mL) was cooled to -10 °C, to which was added TFA (5 mL) dropwise.  

After completion, the solvent was evaporated in vacuo and the residue was purified with prep-HPLC 

using MeCN/H2O containing 0.1% TFA (20-100%) to give the title compound (23) (390 mg, 81% 

yield) as a solid foam.  
1
H NMR (300 MHz, CDCl3) δ 8.93 (d, J = 10.4 Hz, 1H), 8.62 (s, 1H), 6.90 (d, 

J = 7.8 Hz, 1H), 4.70-4.51 (m, 2H), 4.18-3.92 (m, 6H), 3.48 (d, J = 12.2 Hz, 2H), 3.26 (d, J = 11.5 

Hz, 1H), 2.98 (dt, J = 24.4, 11.7 Hz, 3H), 2.34 (dd, J = 15.1, 6.3 Hz, 1H), 2.10 (s, 2H), 1.60 (h, J = 6.6 

Hz, 3H), 1.24 (q, J = 11.1, 9.8 Hz, 18H), 0.90 – 0.79 (m, 4H).  
13

C NMR (75 MHz, CDCl3) δ 174.2, 

168.6, 167.1, 80.3, 73.9, 65.4, 61.6, 60.1, 46.5, 44.6, 43.4, 42.8, 42.8, 31.6, 28.8, 28.4, 28.3, 25.8, 

25.7, 22.5, 22.1, 22.1, 21.5, 20.6, 17.8, 14.0.  
19

F NMR (282 MHz, CDCl3) δ -75.7.  MS (ESI) 

C24H42N4O8S = 547 (M+1)
+
.  HPLC retention time (MeCN/H2O in 0.1% TFA): 9.59 min. 



 

 
136

Example 24 

Synthesis of 4-((1R,2S,5R)-6-((((1-(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (24) 

 

[710] Step 1:  Synthesis of ethyl 1-(hydroxymethyl)cyclohexanecarboxylate (24a). 

 

 

[711] Diethyl cyclohexane-1,1-dicarboxylate (2.12 g, 9.29 mmol) was dissolved in THF (50 mL) 

and to which was added LiAl(OtBu)3 (5.9 g, 23.2 mmol) in portions.  The reaction mixture was stirred 

at reflux overnight.  The reaction was cooled in an ice bath and treated carefully with 10% KHSO4 aq. 

solution (30 mL) with stirring for 10 min.  The precipitate formed was filtered out through a pad of 

Celite®.  The filtrate was extracted with EtOAc (3 × 40 mL) and the organic phase was combined and 

washed with brine (50 mL), dried over NaSO4, filtered and concentrated in vacuo.  The residue was 

purified with CombiFlash (SiO2) in 0-5% MeOH/DCM to obtain the desired product (24) as an oil 

(1.23 g, 71% yield).  
1
H NMR (300 MHz, CDCl3) δ 4.19 (qd, J = 7.1, 0.8 Hz, 2H), 3.62 (d, J = 6.4 Hz, 

2H), 3.46 (s, 1H), 2.00 (dt, J = 11.5, 6.4 Hz, 4H), 1.57-1.22 (m, 9H). 

[712] Step 2:  Synthesis of ethyl 1-(((chlorosulfonyl)oxy)methyl)cyclohexanecarboxylate (24b). 

 

[713] A solution of freshly distilled sulfuryl chloride (294 µL, 3.63 mmol) in Et2O (10 mL) was 

cooled to -78 °C under an atmosphere of nitrogen.  A solution of ethyl 1-

(hydroxymethyl)cyclohexanecarboxylate (24a) (0.615 g, 3.3 mmol) and pyridine (294 µL, 3.63 mmol) 

in Et2O (6 mL) was added dropwise to the sulfuryl chloride solution during 15 min.  The flask was 

rinsed with Et2O (3 × 1 mL) and the rinse added to the reaction.  The mixture was stirred at -78 °C 
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until completion (ca. 30 min; monitored by TLC, 30% EtOAc/hexane).  The precipitate was filtered, 

and the filtrate was concentrated under vacuum to afford the title compound (24b) as an oil, 0.94 g in 

quantitative yield, which was used directly in the next step without purification.  
1
H-NMR (300 MHz, 

CDCl3): δ 4.52 (s, 2H), 4.21 (q, J = 7.1 Hz, 2H), 2.04 (s, 2H), 1.53-1.39 (m, 8H), 1.39-1.21 (m, 3H). 

[714] Step 3:  Synthesis of tert-Butyl 4-((1R,2S,5R)-6-((((1-

(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate (24c). 

 

 

[715] Hydroxamic acid (2.73 mmol) was dissolved in THF (14 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (7 mL), and the resulting solution was cooled to -78 °C under 

an atmosphere of nitrogen.  A 1.0 M solution of NaHMDS in THF (2.73 mL, 2.73 mmol) was added 

dropwise over 20 min, and the mixture stirred for 10 min.  Ethyl 1-

(((chlorosulfonyl)oxy)methyl)cyclohexanecarboxylate (24b) (0.94 g, 3.3 mmol) in THF (2 mL) was 

rapidly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was allowed to 

warm to room temperature and stirred for 1 h.  The reaction mixture was diluted with EtOAc (60 mL) 

and H2O at -60 °C.  The aqueous and organic layers were partitioned, and the organic layer was 

washed with H2O (3 × 30 mL), and brine (50 mL), then dried (Na2SO4), filtered and concentrated 

under vacuum to give the crude residue (330 mg).  The oil was purified by silica gel column 

chromatography using EtOAc / hexane (3:7 to 1:0) as eluent to give the product (24c) (0.98 g, yield 

59%) as a solid.  
1
H-NMR (300 MHz, CDCl3): δ 6.43 (d, J = 8.2 Hz, 1H), 4.75 (d, J = 9.2 Hz, 1H), 

4.59 (d, J = 9.1 Hz, 1H), 4.28-4.05 (m, 5H), 4.04-3.90 (m, 3H), 2.87 (t, J = 12.4 Hz, 3H), 2.45 (dd, J = 

15.0, 5.7 Hz, 1H), 2.08-1.84 (m, 4H), 1.56 (d, J = 10.6 Hz, 3H), 1.46 (s, 9H), 1.46-1.34 (m, 5H), 1.37-

1.20 (m, 8H).  MS (ESI) C27H44N4O10S: 617 (M+H)
+
. 

[716] Step 4:  4-((1R,2S,5R)-6-((((1-(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (24). 
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[717] tert-Butyl 4-((1R,2S,5R)-6-((((1-(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-

1,6-diazabicyclo[3.2.1]octane-2-carboxamido)piperidine-1-carboxylate (24c) (403.3 mg, 0.65 mmol) 

dissolved in DCM (4 mL) was cooled to -10 °C (salt ice bath) to which was added TFA (4 mL) 

dropwise.  The reaction monitored by LCMS.  After 30 min, it was complete.  The solvent was 

removed in vacuo and the residue was purified with prep-HPLC in MeCN/ H2O containing 0.1% 

TFA (20-100%) to give the title compound (24) (263.7 mg, yield 78%) as a solid foam.  
1
H NMR 

(300 MHz, CDCl3) δ 9.02 (d, J = 10.6 Hz, 1H), 8.66 (s, 1H), 6.87 (d, J = 7.8 Hz, 1H), 4.70 (d, J = 9.1 

Hz, 1H), 4.54 (d, J = 9.0 Hz, 1H), 4.16 (dtd, J = 12.9, 6.7, 6.3, 3.1 Hz, 4H), 4.00 (q, J = 8.7, 7.2 Hz, 

3H), 3.47 (d, J = 12.3 Hz, 2H), 3.26 (d, J = 11.5 Hz, 1H), 2.95 (dd, J = 25.8, 11.9 Hz, 3H), 2.35 (dd, 

J = 15.3, 6.3 Hz, 1H), 2.11 (t, J = 10.3 Hz, 4H), 1.99 (s, 2H), 2.08-1.87 (m, 2H), 1.89-1.72 (m, 4H), 

1.54 (d, J = 8.0 Hz, 5H), 1.25 (dd, J = 14.4, 3.8 Hz, 2H).  
13

C NMR (75 MHz, CDCl3) δ 173.2, 168.5, 

167.0, 80.2, 61.7, 61.1, 60.0, 47.0, 46.6, 44.6, 43.3, 30.4, 29.9, 28.3, 25.3, 22.4, 22.2, 22.0, 20.6, 17.7, 

14.1.  
19

F NMR (282 MHz, CDCl3) δ -75.7.  MS (ESI) C22H36N4O8S = 517 (M+1)
+
.  HPLC retention 

time (MeCN/H2O in 0.1% TFA): 8.15 min. 

Example 25 

Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-

(piperidin-4-ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (25) 

 

 

[718] Step 1:  Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-hydroxy-2,2-

dimethylpropanoate (25a). 
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[719] To a stirred solution of 3-hydroxy-2,2-dimethylpropanoic acid (4.0 g, 33.9 mmol) and 

potassium carbonate (4.68 g, 33.9 mmol) in DMF (45 mL) at 0 °C was added 4-(hydroxymethyl)-5-

methyl-1,3-dioxol-2-one (5.03 g, 33.9 mmol) in DMF (5 mL) dropwise over 1 h.  The reaction was 

stirred at room temperature overnight.  The reaction mixture was diluted with EtOAc and washed with 

water and brine.  The organic layer was dried with anhydrous Na2SO4, filtered, and concentrated 

under vacuum to give a crude residue.  The residue was purified by silica gel column chromatography 

using EtOAc / hexane (1:4 to 2:3) as eluent to give the product (25a) as a yellow liquid (1.6 g, yield 

21%).  
1
H NMR (300 MHz, CDCl3): δ 4.86 (s, 2H), 3.58 (s, 2H), 2.18 (s, 3H), 1.20 (s, 6H).  

[720] Step 2:  Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-((chlorosulfonyl)oxy)-2,2-

dimethylpropanoate (25b). 

 

 

[721] A solution of distilled sulfuryl chloride (0.61 mL, 7.53 mmol) in Et2O (15 mL) was cooled to 

-78 °C under nitrogen.  A solution of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-hydroxy-2,2-

dimethylpropanoate (25a) (1.48 g, 6.43 mmol) in Et2O (1 mL) was added.  Subsequently, a solution 

of pyridine (0.55 mL, 6.86 mmol) in Et2O (1 mL) was added over a period of 1 h.  The reaction was 

stirred at -78 °C for 1 h.  After the mixture was filtered, the filtrate was concentrated under vacuum to 

give the product (25b) as a yellow oil (1.6 g, yield 76%).  
1
H NMR (300 MHz, CDCl3): δ 4.90 (s, 2H), 

4.49 (s, 2H), 2.19 (s, 3H), 1.33 (s, 6H).   

[722] Step 3:  Synthesis of tert-butyl 4-((1R,2S,5R)-6-(((2,2-dimethyl-3-((5-methyl-2-oxo-1,3-

dioxol-4-yl)methoxy)-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate (25c). 
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[723] tert-Butyl 4-((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate(20c) (2.18 mmol) was dissolved in THF (14 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (6 mL), and the resulting solution was cooled to -78 °C under 

nitrogen.  A solution of NaHMDS in THF (1M, 2.62 mL, 2.62 mmol) was added dropwise, and the 

mixture was stirred at -78 °C for 10 min.  A solution of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (25b) (106b) (0.86 g, 2.62 mmol) in THF (1 mL) was 

then added to the reaction mixture via a syringe.  After stirring for 1 h at -78 °C, the reaction mixture 

was diluted with EtOAc and washed with saturated NaHCO3, water, and brine.  The organic layer was 

dried with anhydrous Na2SO4, filtered, and concentrated under vacuum to give a crude residue.  The 

residue was purified by silica gel column chromatography using EtOAc / hexane (1:3 to 1:1) as eluent 

to give the product (25c) as a yellow paste (0.44 g, yield 31%).  
1
H NMR (300 MHz, CDCl3): δ 6.73 

(d, 1H, J = 8.1 Hz), 4.78-4.98 (m, 3H), 4.47 (d, 1H, J = 8.7 Hz), 3.93-4.15 (m, 5H), 3.27 (d, 1H), 

2.83-2.92 (m, 3H), 2.41-2.45 (m, 1H), 2.18 (s, 3H), 2.15 (m, 1H), 1.78-1.92 (m, 4H), 1.45 (s, 9H), 

1.23-1.58 (m, 8H).  MS (ESI) C27H40N4O13S = 661 (M+1)
+
. 

[724] Step 5:  Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-

7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate 

(TFA salt) (25). 

 

 

[725] To a solution of tert-butyl 4-((1R,2S,5R)-6-(((2,2-dimethyl-3-((5-methyl-2-oxo-1,3-dioxol-4-

yl)methoxy)-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate (25c) (100 mg, 0.15 mmol) in DCM (3 mL) was added 

trifluoroacetic acid (0.4 mL) at -10 °C.  The reaction was stirred at -10 °C for 1 h.  LC/MS analysis 

indicated that the stating material was consumed.  The mixture was concentrated under vacuum to 

give a crude residue.  The residue was purified by prep-HPLC on a C18 column eluting using 

MeCN/H2O containing 0.1% TFA (5-80%) to give the title compound (25) as off-white powder (55.2 

mg, yield 55%).  
1
H NMR (300 MHz, CDCl3): δ 9.43 (br s, 1H), 9.05 (br s, 1H), 7.14 (d, 1H, J = 6.9 

Hz), 4.99 (d, 1H, J = 13.5 Hz), 4.95 (d, 1H, J = 8.1 Hz), 4.78 (d, 1H, J = 14.1 Hz), 4.41 (d, 1H, J = 9.3 

Hz), 4.14 (s, 1H), 4.06 (m, 1H), 3.98 (d, 1H, J = 6.3 Hz), 3.47 (d, 2H), 3.29 (d, 1H), 3.04 (m, 2H), 

2.86 (d, 1H), 1.82-2.40 (m, 11H), 1.29-1.33 (ds, 6H).  
13

C NMR (75 MHz, CDCl3): δ 173.9, 169.1, 

167.3, 152.9, 141.0, 133.7, 80.3, 62.0, 60.4, 54.8, 46.8, 44.7, 43.4, 43.3, 28.5, 22.3, 22.0, 20.8, 18.0, 

9.6.  
19

F NMR (282 MHz, CDCl3): δ -75.9.  MS (ESI) C22H32N4O11S = 561 (M+1)
+
. 
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[726] Analytical HPLC was performed on an Agilent 1200 system using a Phenomenex® C18 

column (150 × 4.6 mm i.d.).  The mobile phase was a linear gradient of MeCN and water (0.1% TFA, 

5% MeCN to 100% MeCN in 15 min).  The flow rate was maintained at 1 mL/min and the eluent was 

monitored with UV detector at 220 nm and 254 nm.  HPLC retention time: 7.25 min. 

Example 26 

Synthesis of (1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl 

hydrogen sulfate (26) 

S

O

O

OH

O

N

N

N
H

O

HN

O

H  

 

[727] Step 1:  Synthesis of tetrabutylammonium (1R,2S,5R)-2-((1-(tert-butoxycarbonyl)piperidin-4-

yl)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (26a). 

  

 

 

[728] To a solution of tert-butyl 4-((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)piperidine-1-carboxylate (20c) (1.92 g, 5.21 mmol) in DCM (30 mL) was added 

triethylamine (3 mL) and pyridine-sulfur trioxide complex (3.34 g, 21.0 mmol).  The reaction was 

stirred at 35 °C overnight.  The mixture was concentrated under vacuum to give a crude residue.  The 

residue was stirred with 0.5 N aqueous potassium dihydrogen phosphate solution (30 mL) for 1 h.  

The resulting solution was extracted three times with DCM.  The combined organic layer was dried 
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with anhydrous Na2SO4, filtered, and concentrated under vacuum to give triethylamine salt of 

(1R,2S,5R)-2-((1-(tert-butoxycarbonyl)piperidin-4-yl)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl sulfate (26a) (2.3 g, yield 80%).   

[729] To a solution of above product (26a) (2.2 g, 4.0 mmol) in DCM (30 mL) was added 0.5 N 

aqueous dipotassium hydrogen phosphate (12.4 mL) at 0 °C.  After stirred at 0 °C for 10 min, 

tetrabutyl ammonium hydrogen sulfate (1.49 g, 4.4 mmol) was added.  The resulting solution was 

stirred at room temperature for 30 min.  After the organic layer was separated, the aqueous layer was 

extracted three times with DCM.  The combined organic layer was dried with anhydrous Na2SO4, 

filtered, and concentrated under vacuum to give a residue.  The residue was purified by silica gel 

column chromatography using 10% MeOH in DCM as eluent to give the product (26a) (1.35 g, yield 

49%) as a white solid.  
1
H NMR (300 MHz, CDCl3): δ 6.55 (d, 1H, J = 8.1 Hz), 4.33 (br s, 1H), 4.03 

(m, 2H), 3.91-3.95 (m, 1H), 3.86 (d, 1H), 3.48 (m, 1H), 3.25-3.31 (m, 10H), 2.85 (m, 2H), 2.73 (d, 

1H), 2.39 (dd, 1H), 2.13 (m, 1H), 1.81-1.92 (m, 4H), 1.60-1.71 (m, 11H), 1.29-1.50 (m, 14H), 1.00 (t, 

12H).  MS (ESI) C17H28N4O8S = 446.9 (M-1)
+
. 

[730] Step 2:  Synthesis of (1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl hydrogen sulfate (26). 

  

 

[731] To a solution of tetrabutylammonium (1R,2S,5R)-2-((1-(tert-butoxycarbonyl)piperidin-4-

yl)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (26a) (1.35 g, 1.96 mmol) in DCM (15 

mL) at -10 °C was added TFA (15 mL).  After the starting material was consumed as indicated by 

LC/MS, the mixture was concentrated under vacuum to give a crude residue.  The residue was stirred 

with diethyl ether to provide a precipitate.  The solid was filtered, and washed twice with acetone to 

provide the title compound (26) as off-white solid (0.56 g, yield 82%).  
1
H NMR (300 MHz, DMSO-

d6): δ 8.30 (br s, 2H), 8.21 (d, 1H, J = 7.5 Hz), 3.97 (s, 1H), 3.86 (m, 1H), 3.71 (d, 1H), 3.25 (m, 2H), 

2.97 (m, 4H), 2.06 (m, 1H), 1.83 (m, 3H), 1.64 (m, 4H).  
13

C NMR (75 MHz, DMSO-d6): 169.5, 

166.7, 59.6, 58.0, 46.7, 43.9, 42.5, 28.0, 20.6, 18.6.  MS (ESI) C12H20N4O6S = 346.9 (M+1)
+
.  HPLC 

retention time (MeCN/H2O in 0.1% TFA): 1.60 min.  

Example 27 

Synthesis of ethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (27). 
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[732] Step 1: Synthesis of N-(2-tert-Boc-aminoethoxy)phthalimide (27a). 

 

 

[733] To a mixture of tert-butyl (2-bromoethyl)carbamate (5.0 g, 22.3 mmol) and N-

hydroxyphthalimide (3.64 g, 22.3 mmol) in acetonitrile (80 mL) at room temperature was added 

triethylamine (7.46 mL, 53.5 mmol).  The reaction was stirred at 70 °C for 20 h and was then 

concentrated.  The mixture was diluted with ethyl acetate, and washed extensively with 1 N HCl, 

saturated NaHCO3, and water.  The organic layer was dried with anhydrous Na2SO4, filtered, and 

concentrated under vacuum to give the crude product (27a) as an off-white solid (3.8 g, yield 56%).  

1
H NMR (300 MHz, CDCl3): δ 7.76-7.87-4.90 (m, 4H), 5.65 (m, 1H), 4.25 (t, 3H), 3.44 (t, 3H), 1.46 

(s, 9H).  

[734] Step 2: Synthesis of tert-butyl (2-(aminooxy)ethyl)carbamate (27b). 

 

 

[735] To a solution of N-(2-tert-Boc-aminoethoxy)phthalimide (27a) (3.8 g, 12.4 mmol) in EtOH 

(38 mL) at room temperature was added hydrazine monohydrate (0.63 mL, 13.0 mmol).  The reaction 

was stirred at room temperature for 2 h.  The mixture was filtered and washed with ethyl acetate.  The 

filtrate was concentrated and a white solid was formed.  The white solid was removed by filtration 

and washed with ethyl acetate.  This process was repeated three additional times.  The combined 

filtrate was then concentrated to give the product (27b) as a yellow paste (2.16 g, yield 99%).  
1
H 

NMR (300 MHz, CDCl3): δ 5.46 (br s, 2H), 4.91 (br s, 1H), 3.70 (m, 2H), 3.35 (m, 2H), 1.44 (s, 9H).  

[736] Step 3: Synthesis of tert-butyl (2-(((1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)oxy)ethyl)carbamate (27c). 
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[737] To a mixture of (1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxylic 

acid (20a) (3.19 g, 11.6 mmol), tert-butyl (2-(aminooxy)ethyl)carbamate (27b) (2.06 g, 11.7 mmol) in 

DCM (20 mL) was added HATU (4.39 g, 11.6 mmol) and DIPEA (2.02 mL, 11.6 mmol).  The 

reaction was stirred at room temperature overnight.  The mixture was washed with saturated NH4Cl 

solution, water and brine.  The organic layer was dried with anhydrous Na2SO4, filtered, and 

concentrated under vacuum to give a crude residue.  The residue was purified by silica gel column 

chromatography using EtOAc / hexane (1:1 to 3:1) as an eluent to give the product (27c) as a white 

paste (4.0 g, yield 79%).  
1
H NMR (300 MHz, CDCl3): δ 9.46 (br, s, 1H), 7.26-7.43 (m, 5H), 5.46 (t, 

1H), 4.80-5.10 (dd, 2H, J = 11.1 Hz), 2.75-3.97 (m, 8H), 1.61-2.33 (m. 4H), 1.43 (t, 9H).  MS (ESI) 

C21H30N4O6 = 435 (M+1)
+
. 

[738] Step 4: Synthesis of tert-butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)oxy)ethyl)carbamate (27d). 

 

 

[739] To a solution of tert-butyl (2-(((1R,2S,5R)-6-(benzyloxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)oxy)ethyl)carbamate (27c) (1.0 g, 2.30 mmol) in MeOH 

(10 mL) was added 10% palladium on carbon (0.3 g).  The reaction mixture was stirred under 1 atm 

hydrogen pressure for 1 h.  After the mixture was filtered through a pad of Celite®, the filtrate was 

concentrated under vacuum to give a crude product (27d) (0.79 g, yield 100%) that was used directly 

in the next step.  

[740] Step 5: Synthesis of ethyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (27e). 
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[741] tert-Butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)oxy)ethyl)carbamate (27d) (0.79 g, 2.30 mmol) was dissolved in THF (14 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (6 mL), and the resulting solution was cooled to -78 °C under 

a nitrogen atmosphere.  A solution of NaHMDS in THF (1M, 3.45 mL, 3.45 mmol) was added 

dropwise, and the mixture was stirred at -78 °C for 10 min.  A solution of ethyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (3a) (675 mg, 2.76 mmol) in THF (2 mL) was then 

added to the reaction mixture via a syringe.  After 10 min at -78°C, the reaction mixture was allowed 

to warm to room temperature and stirred overnight.  The reaction mixture was diluted with EtOAc and 

washed with saturated NaHCO3, water, and brine.  The organic layer was dried with anhydrous 

Na2SO4, filtered, and concentrated under vacuum to give a crude residue.  The residue was purified by 

silica gel column chromatography using EtOAc / hexane (1:1 to 3:1) as eluent to give the product 

(27e) as an off-white foam (0.68 g, yield 54%).  
1
H NMR (300 MHz, CDCl3): δ 9.60 (br, s, 1H), 5.27 

(br, t, 1H), 4.58-4.73 (dd, 2H, J = 9.3 Hz), 3.02-4.22 (m, 10H), 1.62-2.40 (m. 4H), 1.44 (t, 9H), 1.26-

1.28 (m, 9H).  MS (ESI) C21H36N4O11S = 553 (M+1)
+
. 

[742] Step 6: Synthesis of ethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (27). 

 

 

 

 

[743] To a mixture of ethyl 3-(((((1R,2S,5R)-2-((2-((tert-butoxycarbonyl)amino)ethoxy)carbamoyl)-

7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (27e) (340 mg, 

0.62 mmol) in DCM (4 mL) was added trifluoroacetic acid (4 mL) at -10 °C.  The reaction mixture 
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was stirred at -10 °C for 30 min.  LC/MS analysis indicated that the starting material was completely 

consumed.  The mixture was concentrated under vacuum to give a crude residue.  The residue was 

purified by prep-HPLC on a C18 column eluting with MeCN/H2O containing 0.1% TFA (5-80%) to 

give the title compound (27) as an off-white foam (243 mg, yield 72%).  
1
H NMR (300 MHz, CDCl3): 

δ 8.10 (br s, 3H), 4.52-4.67 (dd, 2H, J = 9.3 Hz), 3.12-4.21 (m, 10H), 1.93-2.23 (m, 4H), 1.19-1.29 

(m, 9H).  
13

C NMR (75 MHz, CDCl3): δ 174.7, 169.5, 167.6, 80.8, 73.0, 61.7, 60.7, 60.2, 46.5, 43.1, 

38.5, 22.3, 21.9, 20.6, 18.5, 14.3.  
19

F NMR (282 MHz, CDCl3): δ -75.6.  MS (ESI) C16H28N4O9S = 

453 (M+1)
+
. 

[744] Analytical HPLC was performed using an Agilent 1200 system with a Phenomenex® C18 

column (150 × 4.6 mm i.d.).  The mobile phase was a linear gradient of MeCN and water (0.1% TFA, 

5% MeCN to 100% MeCN in 15 min).  The flow rate was maintained at 1 mL/min and the eluent was 

monitored with UV detector at 220 nm and at 254 nm.  HPLC retention time: 7.10 min. 

Example 28 

Synthesis of 2-methoxyethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (28) 

 

 

[745] Step 1: Synthesis of 2-methoxyethyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (28a). 

 

 

 

[746] tert-butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)oxy)ethyl)carbamate (27d) (0.79 g, 2.30 mmol) was dissolved in THF (14 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (6 mL), and the resulting solution was cooled to -78 °C under 
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a nitrogen atmosphere.  A solution of NaHMDS in THF (1M, 2.76 mL, 2.76 mmol) was added 

dropwise, and the mixture was stirred at -78 °C for 10 min.  A solution of 2-methoxyethyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (15b) (758 mg, 2.76 mmol) in THF (2 mL) was then 

added to the reaction mixture via a syringe.  After 10 min at -78 °C, the reaction mixture was allowed 

to warm to room temperature and stirred overnight.  The reaction mixture was diluted with EtOAc and 

washed with saturated NaHCO3, water, and brine.  The organic layer was dried with anhydrous 

Na2SO4, filtered, and concentrated under vacuum to give a crude residue.  The residue was purified by 

silica gel column chromatography using EtOAc / hexane (1:1 to 3:1) as eluent to give the product 

(28a) as a white foam (0.65 g, yield 49%).  
1
H NMR (300 MHz, CDCl3): δ 9.60 (br, s, 1H), 5.30 (br, t, 

1H), 4.60-4.72 (dd, 2H, J = 8.7 Hz), 3.02-4.22 (m, 15H), 1.62-2.40 (m. 4H), 1.45 (t, 9H), 1.21-1.30 

(m, 6H).  MS (ESI) C22H38N4O12S = 583 (M+1)
+
. 

[747] Step 2:  Synthesis of 2-methoxyethyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-

1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (28). 

 

 

[748] To a mixture of 2-methoxyethyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (28a) (0.33 g, 0.57 mmol) in DCM (4 mL) was added 

trifluoroacetic acid (4 mL) at -10 °C.  The reaction was stirred at -10 °C for 30 min.  LC/MS analysis 

indicated that the stating material was completely consumed.  The mixture was concentrated under 

vacuum to give a crude residue.  The residue was purified by prep-HPLC on a C18 column eluting 

using MeCN/H2O containing 0.1% TFA (5-80%) to give the title compound (28) as off-white foam 

(128 mg, yield 39%).  
1
H NMR (300 MHz, CDCl3): δ 8.10 (br s, 3H), 4.53-4.68 (dd, 2H, J = 8.7 Hz), 

3.11-4.21 (m, 15H), 1.96-2.23 (m, 4H), 1.28 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 174.6, 169.5, 

167.6, 80.6, 72.9, 70.6, 64.5, 60.6, 60.1, 59.2, 46.5, 43.2, 38.4, 22.2, 21.9, 20.5, 18.5.  
19

F NMR (282 

MHz, CDCl3): δ 75.6.  MS (ESI) C17H30N4O10S = 483 (M+1)
+
.  HPLC retention time (MeCN/H2O in 

0.1% TFA): 6.59 min. 

Example 29 

Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-((2-

aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropanoate TFA salt (29) 
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[749] Step 1: Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (29a). 

 

 

[750] tert-Butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)oxy)ethyl)carbamate (27d) (0.80 g, 2.32 mmol) was dissolved in THF (23 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (3.3 mL), and the resulting solution was cooled to -78 °C 

under an atmosphere of nitrogen.  A solution of NaHMDS in THF (1M, 2.32 mL, 2.32 mmol) was 

added dropwise, and the mixture was stirred at -78 °C for 10 min.  A solution of (5-methyl-2-oxo-1,3-

dioxol-4-yl)methyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (25b) (916 mg, 2.8 mmol) in 

THF (2 mL) was then added to the reaction mixture via a syringe.  After 10 min at -78 °C, the reaction 

mixture was allowed to warm to room temperature and stirred overnight.  The reaction mixture was 

diluted with EtOAc and washed with water, and brine.  The organic layer was dried with anhydrous 

Na2SO4, filtered, and concentrated under vacuum to give a crude residue.  The residue was purified by 

silica gel column chromatography using EtOAc / hexane (0-99%) as eluent to give the product (29a) 

as off-white foam (399.8 mg, yield 27%).  
1
H NMR (300 MHz, chloroform-d) δ 9.75 (s, 1H), 5.37 (s, 

1H), 5.30 (d, J = 0.7 Hz, 2H), 5.00 – 4.76 (m, 2H), 4.46 (d, J = 9.3 Hz, 1H), 4.16 – 4.00 (m, 2H), 3.94 

(s, 4H), 3.42 (s, 2H), 3.38 – 3.26 (m, 4H), 3.03 (d, J = 12.2 Hz, 2H), 2.19 (s, 6H), 2.16 (d, J = 5.5 Hz, 

2H), 2.02 (d, J = 14.0 Hz, 3H), 1.92 (s, 2H), 1.56 (m, 1H), 1.48 – 1.41 (m, 9H), 1.41 – 1.20 (m, 6H).  

MS (ESI) C24H36N4O14S: 637 (M+1)
+
. 
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[751] Step 2:  Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-((2-

aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropanoate  TFA salt (29) 

 

 

[752] To a mixture of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (29a) (0.33 g, 0.52 mmol) in DCM (3 mL) was added 

trifluoroacetic acid (0.3 mL) at -10 °C.  The reaction was stirred at -10 °C for 4 h.  LC/MS analysis 

indicated that the stating material was completely consumed.  The mixture was concentrated under 

vacuum to give a crude residue.  The residue was purified by prep-HPLC on C18 column eluting 

using MeCN/H2O containing 0.1% TFA (0-80%) to give the title compound (29) as off-white foam 

(9.1 mg, yield 3.2%).  
1
H NMR (300 MHz, MeCN-d3): δ 7.61 (s, 1H), 4.97 – 4.83 (m, 3H), 4.74 – 

4.60 (m, 1H), 4.55 (d, J = 9.3 Hz, 1H), 4.24 – 4.00 (m, 2H), 3.94 – 3.83 (m, 1H), 3.73 – 3.62 (m, 2H), 

3.29 (d, J = 12.3 Hz, 2H), 3.19 (s, 3H), 2.15 (dq, J = 1.3, 0.6 Hz, 3H), 1.93 (s, 1H), 1.39 – 1.07 (m, 

8H).  
19

F NMR (282 MHz, MeCN-d3): δ -76.1, -76.3.  MS (ESI) C19H28N4O12S: 537 (M+1)
+
 

Example 30 

Synthesis of hexyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (30) 

 

 

[753] Step 1: Synthesis of hexyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (30a). 
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[754] tert-Butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)oxy)ethyl)carbamate (27d) (0.51 g, 1.48 mmol) was dissolved in THF (18 mL) and 1,3-

dimethyltetrahydropyrimidin-2(1H)-one (2.8 mL), and the resulting solution was cooled to -78 °C 

under a nitrogen atmosphere.  A solution of NaHMDS in THF (1M, 1.9 mL, 1.9 mmol) was added 

dropwise, and the mixture was stirred at -78 °C for 10 min.  A solution of hexyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (730 mg, 2.42 mmol) in THF (2 mL) was then added to 

the reaction mixture via a syringe.  After 10 min at -78 °C, the reaction mixture was allowed to warm 

to room temperature and stirred overnight.  The reaction mixture was diluted with EtOAc and washed 

with water, and brine.  The organic layer was dried with anhydrous Na2SO4, filtered, and concentrated 

under vacuum to give a crude residue.  The residue was purified by silica gel column chromatography 

using EtOAc / hexane (0-99%) as eluent to give the product (30a) as off-white foam (194.3 mg, yield 

22%).  
1
H NMR (300 MHz, CDCl3): δ 9.54 (s, 1H), 5.26 (s, 1H), 4.60 (d, J = 9.0 Hz, 2H), 4.21-4.02 

(m, 7H), 3.46 (d, J = 16.3 Hz, 1H), 3.31 (s, 2H), 3.03 (d, J = 12.0 Hz, 1H), 2.39 (dd, J = 14.9, 6.3 Hz, 

1H), 2.19 (s, 1H), 2.08-1.89 (m, 2H), 1.65-1.55 (m, 2H), 1.45 (s, 10H), 1.35-1.19 (m, 10H), 0.94-0.79 

(m, 3H).  MS (ESI) C25H44N4O11S: 607 (M-1)
+
. 

[755] Step 2:  Synthesis of hexyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (30). 

 

 

[756] To a solution of hexyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (30a) (144.3 mg, 0.237 mmol) in DCM (3 mL) was 

added trifluoroacetic acid (0.15 mL) at 0 °C.  The reaction was stirred at 0 °C for 1 h.  LC/MS 

analysis indicated that the stating material was completely consumed.  The mixture was concentrated 
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under vacuum to give a crude residue.  The residue was purified by prep-HPLC on a C18 column 

eluting using MeCN/H2O containing 0.1% TFA (0-80%) to give the title compound (30) as a brown 

oil (68.1 mg, yield 56%).  
1
H NMR (300 MHz, CDCl3): δ 7.80-7.73 (m, 2H), 6.94 (s, 1H), 4.57 (dt, J 

= 28.2, 14.1 Hz, 2H), 4.22 (s, 1H), 4.08 (ddt, J = 17.3, 13.2, 8.0 Hz, 6H), 3.96 (s, 2H), 3.28 (d, J = 

10.2 Hz, 2H), 2.10 (s, 1H), 1.93 (s, 1H), 1.62 (m, 2H), 1.28 (ddd, J = 12.8, 6.5, 3.7 Hz, 12H), 1.19 (s, 

2H), 0.94-0.82 (m, 3H).  
13

C NMR (75 MHz, CDCl3): δ 176.6, 174.3, 169.2, 167.3, 161.6, 118.2, 

114.3, 80.4, 73.7, 72.6, 65.5, 65.3, 60.3, 59.9, 46.3, 42.9, 42.8, 38.4, 31.4, 28.4, 28.3, 25.5, 25.5, 22.5, 

22.1, 22.0, 21.6, 20.3, 18.2, 14.0.  
19

F NMR (282 MHz, CDCl3): δ -75.8.  MS (ESI) C20H36N4O9S: 509 

(M+1)
+
.  HPLC retention time (MeCN/H2O in 0.1% TFA): 8.96 min. 

Example 31 

Synthesis of heptyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (31). 

 

[757] Step 1:  Synthesis of heptyl 3-(((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (31a). 

 

 

[758] A method similar to that of Step 1 of Example 30 was used to obtain 274.0 mg of the title 

compound (31a) (44% yield) as off white solid.  
1
H NMR (300 MHz, CDCl3): δ 9.75 (s, 1H), 5.37 (t, J 

= 6.2 Hz, 1H), 4.72-4.52 (m, 2H), 4.09 (dddd, J = 18.6, 10.4, 3.8, 2.1 Hz, 3H), 3.91 (t, J = 4.8 Hz, 

2H), 3.51-3.19 (m, 3H), 3.05 (d, J = 12.1 Hz, 1H), 2.43-2.29 (m, 1H), 2.21-2.07 (m, 1H), 2.06-1.77 

(m, 3H), 1.62 (t, J = 6.9 Hz, 2H),1.40 (s, 9H), 1.40-1.17 (m, 16H), 0.92-0.81 (m, 3H).  MS (ESI) 

C26H46N4O11S: 523 (M+1-Boc)
+
. 

[759] Step 2:  Synthesis of heptyl 3-(((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate TFA salt (31). 
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[760] A method similar to that of Step 2 of Example 30 was used to prepare the title compound (31) 

(214.5 mg, 93%) as a brown oil.  
1
H NMR (300 MHz, CDCl3): δ 10.61 (s, 1H), 8.02 (s, 3H), 4.63 (d, J 

= 8.7 Hz, 1H), 4.53 (d, J = 8.9 Hz, 1H), 4.17 (d, J = 13.3 Hz, 3H), 4.12-3.97 (m, 4H), 3.95 (s, 1H), 

3.26 (s, 3H), 3.18-3.08 (m, 1H), 2.22 (s, 1H), 2.10 (s, 1H), 1.61 (q, J = 7.0 Hz, 2H), 1.25 (m, 12H), 

1.18 (s, 2H), 0.87 (m, 3H).  
13

C NMR (75 MHz, CDCl3): δ 176.5, 174.3, 169.1, 167.3, 80.3, 73.7, 

72.6, 65.5, 65.3, 60.3, 59.9, 46.3, 42.9, 42.8, 38.3, 31.7, 31.7, 28.9, 28.9, 28.4, 25.8, 25.8, 22.6, 22.1, 

22.0, 22.0, 21.6, 20.3, 18.3, 14.0.  
19

F NMR (282 MHz, CDCl3): δ -75.71.  MS (ESI) C21H38N4O9S: 

523 (M+1)
+
.  HPLC retention time (MeCN/H2O in 0.1% TFA): 9.37 min. 

Example 32 

Synthesis of ethyl 1-((((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate TFA salt (32) 

 

 

[761] Step 1:  Synthesis of ethyl 1-((((((1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (32a). 
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[762] A method similar to that of Step 1 of Example 30 was applied for the coupling between tert-

butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)oxy)ethyl)carbamate and ethyl 1-(((chlorosulfonyl)oxy)methyl)cyclohexanecarboxylate 

(27d) to give 122.2 mg of the title compound (32a) (14% yield for 3 steps as) off white solid.  
1
H 

NMR (300 MHz, CDCl3): δ 9.92 (d, J = 5.6 Hz, 1H), 5.46 (d, J = 5.7 Hz, 1H), 4.68 (d, J = 9.2 Hz, 

1H), 4.52 (d, J = 9.2 Hz, 1H), 4.24-3.98 (m, 5H), 3.88 (t, J = 4.8 Hz, 2H), 3.37 (d, J = 6.7 Hz, 1H), 

3.25 (dt, J = 10.1, 5.1 Hz, 2H), 3.04 (d, J = 12.1 Hz, 1H), 2.30 (t, J = 6.8 Hz, 1H), 2.16-1.80 (m, 6H), 

1.52 (d, J = 9.3 Hz, 3H), 1.4 (s, 9H), 1.34 (m, 2H), 1.22 (td, J = 7.2, 5.0 Hz, 3H).  MS (ESI) 

C24H40N4O11S: 593 (M+1)
+
. 

[763] Step 2:  Synthesis of ethyl 1-((((((1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate TFA salt (32). 

 

 

[764] A method similar to that of Step 2 of Example 30 was applied to obtain 91.4 mg of the title 

compound (32) (90% yield) as off white solid.  
1
H NMR (300 MHz, CDCl3): δ 10.74 (s, 1H), 7.98 (s, 

3H), 4.65 (d, J = 9.2 Hz, 1H), 4.50 (d, J = 9.1 Hz, 1H), 4.26-4.04 (m, 3H), 4.13 (s, 3H), 3.95 (s, 1H), 

3.26 (d, J = 9.9 Hz, 3H), 3.14 (d, J = 11.6 Hz, 1H), 2.02 (s, 4H), 1.92 (s, 3H), 1.50-1.22 (m, 8H), 1.22 

(d, J = 7.5 Hz, 2H).  
13

C NMR (75 MHz, CDCl3): δ 175.6, 173.5, 169.2, 167.3, 118.5, 114.6, 80.3, 

73.6, 72.6, 61.3, 61.1, 60.3, 60.0, 47.2, 47.1, 46.2, 38.2, 30.6, 30.2, 30.1, 25.5, 25.3, 22.4, 22.1, 22.0, 

20.3, 18.3, 14.1.  
19

F NMR (282 MHz, CDCl3): δ -75.7.  MS (ESI) C19H32N4O9S: 493 (M+1)
+
.  HPLC 

retention time (MeCN/H2O in 0.1% TFA): 8.05 min. 

Example 33 

Synthesis of (1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl 

hydrogen sulfate (33) 
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[765] Step 1:  Synthesis of tetrabutylammonium (1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (33a). 

  

 

 

[766] To a solution of tert-butyl (2-(((1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamido)oxy)ethyl)carbamate (27d) (0.79 g, 2.30 mmol) in pyridine (35 mL) was added pyridine-

sulfur trioxide complex (1.46 g, 9.2 mmol).  The reaction was stirred at room temperature for 64 h.  

Additional pyridine-sulfur trioxide complex (1.46 g, 9.2 mmol) was added and the reaction was stirred 

at 35 °C for 16 h.  The mixture was concentrated under vacuum to give a crude residue.  To a solution 

of above product in DCM (30 mL) was added 0.5 N aqueous dipotassium hydrogen phosphate (7.4 

mL) at 0 °C.  After stirred at 0 °C for 10 min, tetrabutyl ammonium hydrogen sulfate (0.86 g, 2.53 

mmol) was added.  The resulting solution was stirred at room temperature for 30 min.  After the 

organic layer was separated, the aqueous layer was extracted three times with DCM.  The combined 

extracted organic layers were dried with anhydrous Na2SO4, filtered, and concentrated under vacuum 

to give a residue.  The residue was purified by silica gel column chromatography using 10% MeOH in 

DCM as eluent to give the product (33a) as an off-white solid (0.51 g, yield 33%).  MS (ESI) 

C14H24N4O9S = 423 (M-1)
+
. 

[767] Step 2:  Synthesis of (1R,2S,5R)-2-((2-aminoethoxy)carbamoyl)-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl hydrogen sulfate (33). 

 

 

[768] To a solution of tetrabutylammonium (1R,2S,5R)-2-((2-((tert-

butoxycarbonyl)amino)ethoxy)carbamoyl)-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl sulfate (33a) 

(0.51 g, 0.77 mmol) in DCM (10 mL) at -10 °C was added TFA (10 mL).  LC/MS analysis indicated 
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that the reaction was complete after 1 h.  The mixture was concentrated under vacuum to give a crude 

residue.  The residue was stirred with diethyl ether to provide a yellow precipitate.  The solid was 

filtered, and washed with acetone.  The residue was dissolved in water and acetonitrile (1:1) and 

lyophilized to provide a yellow solid.  The residue was washed with acetone again.  The residue was 

dissolved in water and acetonitrile (1:1) and lyophilized to provide the title compound (33) as a 

yellow solid (68 mg, yield 27%).  
1
H NMR (300 MHz, DMSO-d6): δ 7.84 (br s, 3H), 3.82-4.00 (m, 

3H), 2.92-3.33 (m, 5H), 2.00 (m, 1H), 1.87 (m, 1H), 1.68 (m, 2H).  
13

C NMR (75 MHz, DMSO-d6): 

169.1, 166.5, 72.8, 58.6, 58.3, 47.7, 38.2, 21.3, 19.0.  MS (ESI) C9H16N4O7S = 323 (M-1)
+
.  HPLC 

retention time (MeCN/H2O in 0.1% TFA): 1.52 min.  

Example 34 

Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl 1H-imidazole-1-

sulfonate (34) 

 

 

[769] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (741 mg, 4.0 

mmol) was dissolved in tetrahydrofuran (36 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2 

mL), and the resulting solution was cooled to -78 °C.  A solution of NaHMDS, 1.0M in THF (4.4 mL, 

4.4 mmol) was added dropwise to the cooled solution and stirred for 10 min.  1-((1H-Imidazol-1-

yl)sulfonyl)-3-methyl-1H-imidazol-3-ium trifluoromethanesulfonate (prepared according to Org. Lett. 

2013, 15, 18-21 & J. Org. Chem. 2003, 68, 115-119) (2.90 g, 8.0 mmol) was added quickly to the 

reaction mixture.  After 10 min, the reaction mixture was warmed to 0 °C (reaction monitored by TLC 

using 70% EtOAc / hexanes).  The mixture was stirred for 1 h at room temperature, then diluted with 

EtOAc (50 mL) and quenched with saturated aqueous NaHCO3 (50 mL).  The organic and aqueous 

layers were separated, and the organic layer washed with saturated aqueous NaHCO3 (50 mL), H2O (3 

× 50 mL), and brine (50 mL), and then dried (Na2SO4), and concentrated under vacuum to leave a 

crude residue.  The residue was purified by column chromatography on silica gel using EtOAc / 

hexanes (1:9 to 1:0) as eluent to give the product (34) (0.393 g, 31%) as a solid.  LC-MS: m/z = 316.0 

[M+H]
+
.  

1
H NMR (300 MHz, 1,4-dioxane-d8): δ 8.15 (s, 1H), 7.58 (ft, J = 1.5 Hz, 1H), 7.15 (s, 1H), 

6.92 (s, 1H), 6.48 (s, 1H), 3.95 (d, J = 6.3 Hz, 1H), 3.70 (s, 1H), 3.08 (s, 2H), 2.23-2.17 (m, 1H), 2.04-

1.97 (m, 1H), 1.88-1.74 (m, 2H).  
13

C NMR (75 MHz, 1,4-dioxane-d8): δ 171.4, 167.6, 139.2, 132.0, 

119.9, 62.9, 61.8, 46.9, 21.5, 18.7. 

Example 35 
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Synthesis of ethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (35) 

 

 

[770] Step 1:  Synthesis of ethyl 5-hydroxy-4,4-dimethylpentanoate (35a). 

 

 

[771] To a suspension of sodium 5-ethoxy-2,2-dimethyl-5-oxopentanoate (3.77 g, 17.9 mmol) in a 

mixture of tetrahydrofuran (39 mL) and DMF (13 mL) was added a solution of isopropyl 

chloroformate, 1.0M in toluene (27.0 mL, 27.0 mmol) at 0 °C.  The mixture was stirred at 0 °C for 10 

min, and then allowed to warm to room temperature, and stirred for 2 h.  The solution was cooled to 0 

°C and sodium borohydride (1.21 g, 35.9 mmol) was added.  The mixture was stirred for 20 min then 

methanol (6.5 mL) was added to the solution.  After 10 min of stirring, ethyl acetate (25 mL) modified 

with a few drops of triethylamine and a saturated aqueous solution of NH4Cl (25 mL) were added.  

The layers were separated, and the aqueous layer was extracted with EtOAc (2 × 40 mL).  The 

combined organic layers were washed with brine, dried (MgSO4), filtered and the filtrate was 

concentrated under vacuum.  The residue was purified by column chromatography on silica gel using 

EtOAc / hexanes modified with 0.1% TEA (5:95 to 4:6) to give the product (35a) (2.01 g, 64% crude) 

as a colorless oil.  One drop of triethylamine was added to the product to suppress lactonization. 

[772] Step 2:  Synthesis of ethyl 5-((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (35b). 

 

 

[773] A solution of sulfuryl chloride (0.64 mL, 8.7 mmol) in Et2O (10 mL) was cooled to -78 °C 

under an atmosphere of nitrogen.  A solution of ethyl 5-hydroxy-4,4-dimethylpentanoate (35a) (0.76 

g, 4.4 mmol) and pyridine (0.39 mL, 4.8 mmol) in Et2O (10 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 10 min.  The syringe was rinsed with Et2O (3 × 1 mL) and this 

was also added to the mixture.  The mixture was stirred at -78 °C for 1.5 h, additional pyridine (0.9 

equiv.) was added, and the mixture was filtered through a pad of Celite®.  The filtrate was 

concentrated under vacuum to give the product (35b) (0.897 g) as a colorless oil.  This was used in the 

next step without further purification. 
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[774] Step 3:  Synthesis of ethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-

6-yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (35). 

 

 

[775] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (278 mg, 1.5 

mmol) was dissolved in THF (14 mL) and HMPA (0.6 mL), and the resulting solution was cooled to -

78 °C under a nitrogen atmosphere.  A solution of ethyl 5-((chlorosulfonyl)oxy)-4,4-

dimethylpentanoate (35b) (0.45 g, 1.6 mmol) in THF (3 mL) was cooled to -78 °C and quickly added 

to the mixture.  The flask containing the sulfating reagent was rinsed with THF (1 mL), while the 

flask temperature was maintained at -78 °C, and this was added quickly to the reaction mixture.  After 

stirring for 15 min, the mixture was warmed to room temperature and stirred for 45 min.  The mixture 

was diluted with EtOAc (30 mL) and the reaction quenched with saturated aqueous NaHCO3 (30 

mL).  The organic and aqueous layers were partitioned, and the organic layer was washed with water 

(3 × 30 mL), and brine (30 mL), dried (MgSO4), and the solvent removed under vacuum.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (3:7 to 4:1) to give the 

product (35) (157 mg, 25%) as a solid.  LC-MS: m/z = 422.2 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 

5.52 (s, 1H), 5.83 (s, 1H), 4.49 (d, J = 9.3 Hz, 1H), 4.21-4.08 (m, 4H), 4.03 (d, J = 6.9 Hz, 1H), 3.34-

3.30 (m, 1H), 3.02 (d, J = 12.3 Hz, 1H), 2.43-2.38 (m, 1H), 2.32-2.26 (m, 2H), 2.17-2.11 (m, 1H), 

1.99-1.82 (m, 2H), 1.72-1.66 (m, 3H), 1.25 (t, J = 7.1 Hz, 3H), 0.98 (s, 6H).  
13

C NMR (75 MHz, 

CDCl3): δ173.5, 171.1, 167.1, 83.4, 62.0, 60.6, 60.3, 47.2, 34.2, 33.3, 29.3, 23.6, 23.3, 20.8, 17.6, 

14.3. 

Example 36 

Synthesis of hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36) 

 

 

[776] Step 1:  Synthesis of sodium-5-(hexyloxy)-2,2-dimethyl-5-oxopentanoate (36a). 

 



 

 
158

 

 

[777] To a solution of 2,2-dimethylglutaric anhydride (5.0 g, 35.2 mmol) in 1-hexanol (50 mL) was 

added a solution of sodium hexan-1-olate (5.4 g, 43.5 mmol) in 1-hexanol.  After 20 h of stirring, the 

solvent was evaporated and the resulting solid was suspended in diethyl ether (80 mL).  The mixture 

was filtered and the solid was washed with diethyl ether (2 × 40 mL).  The solid was dried under high 

vacuum to afford the product(36a) (3.84 g, 41%) as a solid.  
1
H NMR (300 MHz, D2O): δ 4.14 (t, J = 

6.5 Hz, 2H), 2.38-2.33 (m, 2H), 1.82-1.77 (m, 2H), 1.75-1.63 (m, 2H), 1.43-1.28 (m, 6H), 1.12 (s, 

6H), 0.92-0.88 (m, 3H).  The spectrum revealed that the product was contaminated with a small 

amount of an unidentified substance. 

[778] Step 2:  Synthesis of hexyl 5-hydroxy-4,4-dimethylpentanoate (36b). 

 

 

[779] To a suspension of sodium 5-(hexyloxy)-2,2-dimethyl-5-oxopentanoate (36a) (3.84 g, 14.4 

mmol) in a mixture of THF (31 mL) and DMF (10 mL) was added isopropyl chloroformate, 1.0M in 

toluene (21.6 mL, 21.6 mmol) at 0 ° C and the mixture was stirred for 10 min.  After 3.3 h of stirring 

at room temperature, the solution was cooled to 0 °C and sodium borohydride (0.98 g, 28.8 mmol) 

was added.  The mixture was stirred for 20 min and MeOH (5.2 mL) was added to the solution 

(reaction monitored by TLC using 2:8 ethyl acetate / hexanes as eluent).  After 15 min, a few drops of 

triethylamine were added.  After another 15 min of stirring, ethyl acetate (25 mL) and a solution of 

saturated aqueous NH4Cl was added (25 mL).  The organic and aqueous layers were separated, and 

the aqueous layer was extracted with EtOAc (2 × 40 mL).  The combined organic layers were washed 

with brine, dried (MgSO4), and filtered, and the filtrate was concentrated in vacuo.  The residue was 

purified by column chromatography on silica gel using EtOAc / hexanes modified with 0.1% Et3N 

(5:95 to 3:7) to give the product (36b) (2.16 g, 65%) as a colorless oil.  One drop of Et3N was added 

to suppress lactonization. 

[780] Step 3:  Synthesis of hexyl 5-((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (36c). 
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[781] A solution of sulfuryl chloride (0.38 mL, 5.2 mmol) in Et2O (8.5 mL) was cooled to -78 °C 

under a nitrogen atmosphere.  A solution of hexyl 5-hydroxy-4,4-dimethylpentanoate (36b) (0.60 g, 

2.6 mmol) and pyridine (0.42 mL, 5.2 mmol) in Et2O (8.5 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 10 min.  The syringe was rinsed with Et2O (3 × 1 mL) and the 

rinse was also added to the mixture.  The mixture was stirred for 4.5 h (reaction monitored by TLC 

using 2:8 EtOAc / hexanes as eluent).  The solids were filtered off and the solvent was concentrated in 

vacuo to give the product (36c) as a colorless oil with a quantitative yield.  To this was added 3 mL of 

THF and the solution was stored at -78 °C.  This was used in the next step without further 

purification. 

[782] Step 4:  Synthesis of hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-

6-yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (36). 

 

 

[783] (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 

mmol) was dissolved in tetrahydrofuran (19 mL) and HMPA (0.8 mL), and the resulting solution was 

cooled to -78 °C under an atmosphere.  A solution of NaHMDS, 1.0 M in THF (2.2 mL, 2.2 mmol) 

was added dropwise to the cooled solution and stirred for 10 min.  A solution of hexyl 5-

((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (36c) (0.72 g, 2.2 mmol) in THF (3 mL) was cooled to 

-78 °C and quickly added to the reaction mixture.  The flask containing the sulfating reagent was 

rinsed with THF (3 × 1 mL), while the flask temperature was maintained at -78 °C, and the rinse was 

quickly added to the reaction mixture.  After stirring for 10 min the mixture was warmed to room 

temperature and stirred overnight.  The reaction was then quenched with saturated NaHCO3 (40 mL) 

and extracted with EtOAc (40 mL).  The organic layer was concentrated, and the oily residue 

partitioned between H2O (40 mL) and EtOAc (40 mL).  The organic layer was washed with brine, 

dried (MgSO4), filtered and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes as eluent (1:9 to 8:2) to give the product (36) 

(421 mg, 44%) as a solid.  LC-MS: m/z = 478.0 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.48 (s, 1H), 

5.59 (s, 1H), 4.51 (d, J = 8.7 Hz, 1H), 4.22-4.18 (m, 2H), 4.08-4.04 (m, 3H), 3.36-3.32 (m, 1H), 3.02 

(d, J = 12.6 Hz, 1H), 2.47-2.41 (m, 1H), 2.33-2.28 (m, 2H), 2.18-2.13 (m, 1H), 2.01-1.79 (m, 2H), 

1.72-1.59 (m, 4H), 1.35-1.31 (m, 6H), 0.99 (s, 6H), 0.91-0.87 (m, 3H). 
13

C NMR (75 MHz, CDCl3): δ 

173.6, 170.9, 167.1, 83.5, 64.9, 62.0, 60.2, 47.3, 34.3, 33.3, 31.6, 29.3, 28.7, 25.7, 23.6, 23.3, 22.7, 

20.9, 17.6, 14.1. 

Example 37 
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Synthesis of heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37) 

 

 

[784] Step 1:  Synthesis of sodium 5-(heptyloxy)-2,2-dimethyl-5-oxopentanoate (37a). 

 

 

[785] To a solution of 2,2-dimethylglutaric anhydride (5.0 g, 35.2 mmol) in 1-heptanol (40 mL) was 

added a solution of sodium heptan-1-olate (6.01 g, 43.5 mmol) in 1-heptanol (30 mL).  After stirring 

overnight the solvent was evaporated and the resulting solid was suspended in Et2O (80 mL).  The 

mixture was filtered and the solid was washed with Et2O (2 × 40 mL).  The solid was dried under high 

vacuum to afford the product (37a) (7.89 g, 80%) as a solid.  
1
H NMR (300 MHz, D2O): δ 4.14 (t, J = 

6.5 Hz, 2H), 2.36-2.32 (m, 2H), 1.82-1.77 (m, 2H), 1.74-1.63 (m, 2H), 1.40-1.31 (m, 8H), 1.11 (s, 

6H), 0.92-0.87 (m, 3H).  The spectrum revealed that the product was contaminated with a small 

amount of an unidentified substance. 

[786] Step 2:  Synthesis of heptyl 5-hydroxy-4,4-dimethylpentanoate (37b). 

 

 

[787] To a suspension of sodium 5-(heptyloxy)-2,2-dimethyl-5-oxopentanoate (37a) (7.89 g, 28.1 

mmol) in a mixture of THF (61 mL) and DMF (20 mL) was added isopropyl chloroformate, 1.0M in 

toluene (42.2 mL, 42.2 mmol) at 0° C and the mixture was stirred for 10 min.  After 4 h of stirring at 

room temperature, the suspension was cooled to 0 °C and sodium borohydride (1.9 g, 56.3 mmol) was 

added.  The mixture was stirred for 20 min and then MeOH (10 mL) was added to the solution 

(reaction monitored by TLC using 2:8 ethyl acetate / hexanes).  After 30 min of stirring, EtOAc (50 

mL), a few drops of Et3N, and a saturated aqueous solution of NH4Cl were added (50 mL).  The 

aqueous and organic layers were separated, and the aqueous layer was extracted with EtOAc (2 × 80 

mL).  The combined organic layers were washed with brine (80 mL), and the filtrate was 

concentrated in vacuo.  The residual solution was washed with H2O (3 × 100 mL), brine (100 mL), 

and dried (Na2SO4), and concentrated.  During all extractions, several drops of Et3N were added to the 
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organic layer to suppress lactonization.  The residue was purified by column chromatography on silica 

gel using EtOAc / hexanes modified with 0.1% Et3N (0:1 to 3:7) as eluent to give the product (37b) 

(3.35 g, 49% crude) as a colorless oil. 

[788] Step 3:  Synthesis of heptyl 5-((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (37c). 

 

 

[789] A solution of sulfuryl chloride (0.60 mL, 8.2 mmol) in Et2O (13 mL) was cooled to -78 °C 

under a nitrogen atmosphere.  A solution of heptyl 5-hydroxy-4,4-dimethylpentanoate (37b) (1.0 g, 

4.1 mmol) and pyridine (0.66 mL, 8.2 mmol) in Et2O (13 mL) was added dropwise to the sulfuryl 

chloride solution over the course of 10 min.  The syringe was rinsed with diethyl ether (3 × 1 mL) and 

this was also added to the mixture.  The mixture was stirred for 4.5 h (reaction monitored by TLC 

using 2:8 ethyl acetate / hexanes as eluent).  The solids were filtered-off, and the filtrate concentrated 

in vacuo to give the product (37c) (1.13 g) as a colorless oil.  To this was added 3 mL of THF and the 

solution stored at -78 °C.  This was used in the next step without further purification. 

[790] Step 4:  Synthesis of heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37). 

 

 

[791] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.56 g, 3.0 

mmol) was dissolved in THF (28 mL) and HMPA (1.2 mL), and the resulting solution was cooled to -

78 °C under an atmosphere of nitrogen.  A solution of NaHMDS, 1.0 M in THF (3.3 mL, 3.3 mmol) 

was added dropwise to the cooled solution and stirred for 10 min.  A solution of heptyl 5-

((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (37c) (1.13 g, 3.3 mmol) was dissolved in THF (3 mL, 

with the temperature maintained at -78 °C) and quickly added to the reaction mixture.  The flask 

containing the sulfating reagent was rinsed with THF (3 × 1 mL), while the flask temperature was 

maintained at -78 °C, and this was also added quickly to the reaction mixture.  After stirring for 10 

min, the mixture was warmed to room temperature and stirred overnight.  The mixture was quenched 

with a saturated aqueous solution of sodium bicarbonate (60 mL) and extracted with EtOAc (60 mL).  

The organic layer was concentrated, and the oily residue diluted with EtOAc (60 mL) and washed 

with water (2 × 60 mL).  The organic layer was washed with brine, dried (MgSO4), and concentrated 

under vacuum.  The residue was purified by column chromatography on silica gel EtOAc / hexanes 

(1:9 to 8:2) as eluent to give the product (37) (473 mg, 32%) as a solid.  LC-MS: m/z = 492.0 [M+H]
+
. 
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1
H NMR (300 MHz, CDCl3): δ 6.48 (s, 1H), 5.62 (s, 1H), 4.51 (d, J = 9.3 Hz, 1H), 4.22-4.18 (m, 2H), 

4.08-4.04 (m, 3H), 3.36-3.31 (m, 1H), 3.02 (d, J = 12.6 Hz, 1H), 2.47-2.41 (m, 1H), 2.33-2.28 (m, 

2H), 2.18-2.13 (m, 1H), 2.01-1.80 (m, 2H), 1.72-1.60 (m, 4H), 1.31-1.28 (m, 8H), 0.99 (s, 6H), 0.91-

0.86 (m, 3H).  
13

C NMR (75 MHz, CDCl3): δ 173.6, 170.9, 167.1, 83.4, 64.9, 62.0, 60.2, 47.2, 34.2, 

33.3, 31.8, 29.2, 29.0, 28.7, 26.0, 23.6, 23.3, 22.7, 20.8, 17.6, 14.2. 

Example 38 

Synthesis of 2-methoxyethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (38) 

 

 

[792] Step 1:  Synthesis of sodium 5-(2-methoxyethoxy)-2,2-dimethyl-5-oxopentanoate (38a). 

 

 

[793] To a solution of 2,2-dimethylglutaric anhydride (5.0 g, 35.2 mmol) in 2-methoxyethanol (30 

mL) was added a solution sodium 2-methoxyethanolate (4.27 g, 43.5 mmol) in 2-methoxyethanol (30 

mL).  After 20 h of stirring, the solvent was evaporated and the resulting solid was suspended in Et2O 

(80 mL). The mixture was filtered and the solid was washed with Et2O (2 × 40 mL).  The solid was 

dried under high vacuum to afford the product (38a) (6.44 g, 76%) as a solid.  
1
H NMR (300 MHz, 

D2O): δ 4.30-4.27 (m, 2H), 3.75-3.72 (m, 2H), 3.42 (s, 3H), 2.41-2.36 (m, 2H), 1.83-1.78 (m, 2H), 

1.12 (s, 6H).  The spectrum revealed that the product was contaminated with a small amount of an 

unidentified substance. 

[794] Step 2:  Synthesis of 2-methoxyethyl 5-hydroxy-4,4-dimethylpentanoate (38b). 

 

[795] To a suspension of sodium 5-(2-methoxyethoxy)-2,2-dimethyl-5-oxopentanoate (38a) (6.44 g, 

26.8 mmol) in a mixture of THF (58 mL) and DMF (19 mL) was added isopropyl chloroformate, 

1.0M in toluene (40.2 mL, 40.2 mmol) at 0° C and stirred for 10 min.  After 4 h of stirring at room 

temperature, the mixture was stored at -78 °C overnight.  The suspension was cooled to 0 °C 

and sodium borohydride (1.81 g, 53.6 mmol) was added.  The mixture was stirred for 20 min and then 

MeOH (9.6 mL) was added to the solution (reaction monitored by TLC using 3:7 EtOAc / hexanes as 
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eluent).  After 30 min of stirring, EtOAc (50 mL) with a few drops of Et3N followed by a saturated 

aqueous solution of NH4Cl (50 mL) were added.  The layers were separated and the aqueous layer 

was extracted with EtOAc (2 × 80 mL).  The combined organic layers were washed with brine, dried 

(MgSO4), filtered, and the filtrate was concentrated in vacuo.  The residue was purified by column 

chromatography on silica gel to give the product (38b) (2.54 g, 46% crude). 

[796] Step 3:  Synthesis of 2-methoxyethyl 5-((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (38c). 

 

 

[797] A solution of sulfuryl chloride (0.36 mL, 4.9 mmol) in Et2O (8 mL) was cooled to -78 °C 

under a nitrogen atmosphere.  A solution of 2-methoxyethyl 5-hydroxy-4,4-dimethylpentanoate (38b) 

(0.50 g, 2.4 mmol) and pyridine (0.40 mL, 4.9 mmol) in Et2O (8 mL) was added dropwise to the 

sulfuryl chloride solution over the course of 10 min.  The syringe was rinsed with Et2O (3 × 1 mL) 

and the rinse was also added to the mixture.  The mixture was stirred for 4.5 h (reaction monitored by 

TLC using 2:8 EtOAc / hexanes as eluent).  The solids were filtered-off and the filtrate concentrated 

in vacuo to give the product (38c) (0.60 g, 2.0 mmol) as a colorless oil.  To this was added 3 mL of 

THF and the solution was stored at -78 °C.  This was used in the next step without further 

purification. 

[798] Step 4:  Synthesis of 2-methoxyethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (38). 

 

 

[799] (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 

mmol) was dissolved in THF (19 mL) and HMPA (0.8 mL), and the resulting solution was cooled to -

78 °C under an atmosphere of nitrogen.  A 1.0 M solution of NaHMDS in THF (2.2 mL, 2.2 mmol) 

was added dropwise to the cooled solution and stirred for 10 min.  2-Methoxyethyl 5-

((chlorosulfonyl)oxy)-4,4-dimethylpentanoate (38c) (0.60 g, 2.0 mmol) dissolved in THF (3 mL, its 

temperature maintained at -78 °C) was quickly added to the reaction mixture.  The flask containing 

the sulfating reagent was rinsed with THF (3 × 1 mL), while the flask temperature was maintained at -

78 °C, and the rinse was quickly added to the reaction mixture.  After stirring for 10 min, the mixture 

was warmed to room temperature and stirred overnight.  The reaction was quenched with a saturated 

solution of aqueous sodium bicarbonate (40 mL) and extracted with EtOAc (40 mL).  The organic 
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layer was concentrated, and the oily residue partitioned between H2O (40 mL) and EtOAc (40 mL).  

The organic layer was washed with brine, dried (MgSO4), and concentrated under vacuum.  The 

residue was purified by column chromatography on silica gel using EtOAc / hexanes (1:9 to 8:2) as 

eluent to give the product (38) (164 mg, 18%) as a solid.  LC-MS: 452.0 [M+H]
+
.  

1
H NMR (300 

MHz, CDCl3): δ 6.53 (s, 1H), 5.62 (s, 1H), 4.51 (d, J = 9.3 Hz, 1H), 4.24-4.18 (m, 4H), 4.05-4.03 (m, 

1H), 3.61-3.58 (m, 2H), 3.39-3.32 (m, 4H), 3.01 (d, J = 11.7 Hz, 1H), 2.47-2.33 (m, 3H), 2.18-2.13 

(m, 1H), 2.00-1.82 (m, 2H), 1.73-1.68 (m, 2H), 0.99 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 173.6, 

171.0, 167.1, 83.4, 70.6, 63.7, 62.0, 60.2, 59.1, 47.2, 34.2, 33.2, 29.1, 23.6, 23.3, 20.8, 17.6. 

Example 39 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl propionate (39) 

 

 

[800] Step 1:  Synthesis of 5,5-dimethyltetrahydro-2H-pyran-2-one (39a). 

 

 

[801] To a solution of ethyl 5-hydroxy-4,4-dimethylpentanoate (35a) (26.5 g, 152.1 mmol) in 

dichloromethane (683 mL) was added trifluoroacetic acid (1.75 mL, 22.8 mmol).  The mixture was 

stirred at room temperature for 3 d.  The reaction was quenched with a saturated aqueous sodium 

bicarbonate solution (150 mL), stirred rapidly for 30 min, and the layers were separated.  The organic 

layer was washed with brine (150 mL), dried (Na2SO4), and concentrated under vacuum.  The residue 

was purified by column chromatography on silica gel flash using EtOAc / hexanes (0:1 to 45:55) as 

eluent to give the product (39a) (8.79 g, 45%) as a colorless oil.  The product was used in the next 

step without further purification and was contaminated with small amounts of unidentified 

byproducts.  
1
H NMR (300 MHz, CDCl3): δ 3.97 (s, 2H), 2.56 (t, J = 7.4 Hz, 2H), 1.69 (t, J = 7.4 Hz, 

2H), 1.05 (s, 6H). 

[802] Step 2:  Synthesis of 3,3,5,5-tetramethyltetrahydro-2H-pyran-2-one (39b). 
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[803] 5,5-Dimethyltetrahydro-2H-pyran-2-one (39a) (8.79 g, 68.6 mmol) was dissolved in 

anhydrous DMF (150 mL) and the resulting solution was cooled to 0 °C under an inert atmosphere of 

argon.  Sodium hydride, 60% in mineral oil (8.23 g, 205.7 mmol) was added in one portion and the 

mixture stirred for 20 min.  This was followed by the drop-wise addition of MeI (17.1 mL, 274.3 

mmol).  The resulting solution was stirred at 0 °C for 20 min and then at room temperature for 3 d.  

The mixture was diluted with EtOAc (350 mL) and then quenched at 0 °C via the careful dropwise 

addition of a saturated aqueous solution of NH4Cl (100 mL).  The aqueous and organic layers were 

separated, and the aqueous layer was extracted with EtOAc (350 mL).  The combined organic layers 

were washed with H2O (6 × 300 mL), brine (300 mL), dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by column chromatography on silica using EtOAc / hexanes (1:9) 

as eluent to give the product (39b) (3.42 g, 32%).  The product was used in the next step without 

further purification and was contaminated with small amounts of various unidentified byproducts.  
1
H 

NMR (300 MHz, CDCl3): δ 4.01 (s, 2H), 1.62 (s, 2H), 1.30 (s, 6H), 1.02 (s, 6H). 

[804] Step 3:  Synthesis of 2,2,4,4-tetramethylpentane-1,5-diol (39c). 

 

 

[805] A necked round bottom flask containing a stirring slurry of 95% LiAlH4 (0.87 g, 21.6 mmol) 

in Et2O (126 mL) was cooled to 0 °C under an atmosphere of argon.  To this slurry was added a 

solution of 3,3,5,5-tetramethyltetrahydro-2H-pyran-2-one (39b) (2.94 g, 18.8 mmol) in Et2O (50 mL) 

under an inert atmosphere of argon.  This was warmed to room temperature and stirred overnight.  

The mixture was cautiously quenched with H2O (80 mL) then 3 M NaOH (120 mL) and stirred for 30 

min.  The mixture was filtered through a pad of Celite®, and the pad was rinsed thoroughly with 

Et2O.  The aqueous and organic layers were separated, and the aqueous layer was extracted with Et2O 

(3 × 100 mL).  The combined organic layers were concentrated under vacuum and the residue was 

purified by column chromatography on silica gel using EtOAc / hexanes (2:8 to 6:4) as eluent to give 

the product (39c) (2.59 g, 86%) as a solid.  
1
H NMR (300 MHz, CDCl3): δ 3.41 (s, 4H), 2.55 (s, 2H), 

1.34 (s, 2H), 0.95 (s, 12H) 

[806] Step 4:  Synthesis of 5-hydroxy-2,2,4,4-tetramethylpentyl propionate (39d). 

 

 

[807] To a stirring solution of 2,2,4,4-tetramethylpentane-1,5-diol (39c) (0.48 g, 3.0 mmol) 

and pyridine (0.24 mL, 3.0 mmol) in DCM (20 mL) was added propionyl chloride (0.26 mL, 3.0 

mmol) dropwise over the course of 30 min at ca. 0 °C (ice bath).  The reaction mixture was stirred 
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overnight at room temperature.  The mixture was diluted with H2O (20 mL), and the layers were 

separated.  The aqueous layer was extracted with DCM (2 × 20 mL), and the combined organic layers 

were washed with brine (20 mL), dried (Na2SO4), and concentrated under vacuum.  The residue was 

purified by column chromatography on silica gel EtOAc / hexanes (5:95 to 6:4) as eluent to give the 

product (39d) (411 mg, 63%).  
1
H NMR (300 MHz, CDCl3): δ 3.85 (s, 2H), 3.32 (s, 2H), 2.37 (q, J = 

7.7 Hz, 2H), 1.50 (s, 1H), 1.36 (s, 2H), 1.16 (t, J = 7.5 Hz, 3H), 1.03 (s, 6H), 0.99 (s 6H). 

[808] Step 5:  Synthesis of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl propionate (39e). 

 

 

[809] A solution of sulfuryl chloride (0.136 mL, 1.9 mmol) in Et2O (6.4 mL) was cooled to -78 °C 

under an atmosphere of argon.  A solution of 5-hydroxy-2,2,4,4-tetramethylpentyl propionate (39d) 

(404 mg, 1.9 mmol) and pyridine (0.15 mL, 1.9 mmol) in Et2O (6.4 mL) was added dropwise to the 

sulfuryl chloride solution over the course of 10 min.  The mixture was warmed to room temperature 

and stirred for 70 min.  The solids were filtered to give a solution of the product (39e) in Et2O as the 

filtrate.  The yield was assumed quantitative, and the mixture was used in the next step without further 

purification. 

[810] Step 6:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl propionate (39). 

 

 

[811] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (346 mg, 1.9 

mmol) was dissolved in THF (21.8 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1.0 mL), 

and the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of 

NaHMDS, 1.0 M in THF (1.9 mL, 1.9 mmol) was added dropwise to the cooled solution and stirred 

for 90 min.  A solution of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl propionate (39e) (0.59 g, 

1.9 mmol) in Et2O (ca. 20 mL) was added to the reaction mixture (cannula).  After stirring for 10 min 

the mixture was warmed to room temperature and stirred for 4 h.  The reaction was then quenched 

with a saturated aqueous solution of sodium bicarbonate (40 mL) and extracted with EtOAc (40 mL).  

The organic layer was washed with H2O (3 × 40 mL), brine (40 mL), dried (Na2SO4), and 

concentrated under vacuum.  The residue was purified by silica gel flash column chromatography 

using EtOAc / hexanes (1:9 to 8:2) as eluent to give the product (39) (254 mg, 29%) as a solid.  LC-
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MS: m/z = 464.1 [M+H]
+
. 

1
H NMR (300 MHz, CDCl3): δ 6.53 (s, 1H), 5.64 (s, 1H), 4.53 (d, J = 9 Hz, 

1H), 4.23 (d, J = 9 Hz, 1H), 4.18 (m, 1H) 4.06-4.04 (m, 1H), 3.80 (s, 2H), 3.36-3.32 (m, 1H), 3.01 

(d, J = 12.3 Hz, 1H), 2.47-2.33 (m, 3H), 2.19-2.13 (m, 1H), 2.01-1.79 (m, 2H), 1.43 (s, 2H), 1.16 (t, J 

= 7.7 Hz, 3H), 1.09 (s, 6H), 1.03 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 174.6, 171.1, 167.1, 84.9, 

73.3, 61.9, 60.2, 47.2, 46.2, 36.0, 35.3, 27.8, 26.6, 26.3, 25.9, 25.3, 20.8, 17.5, 9.3. 

Example 40 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl benzoate (40) 

 

 

[812] Step 1:  Synthesis of 5-hydroxy-2,2,4,4-tetramethylpentyl benzoate (40a). 

 

[813] To a stirred solution of 2,2,4,4-tetramethylpentane-1,5-diol (39c) (0.48 g, 3.0 mmol) 

and pyridine (0.24 mL, 3.0 mmol) in DCM (20 mL) was added benzoyl chloride (0.37 mL, 3.0 mmol) 

dropwise over the course of 30 min at ca. 0 °C (ice bath) under an atmosphere of argon.  The reaction 

mixture was stirred overnight at room temperature.  The mixture was diluted with H2O (20 mL), and 

the layers were separated.  The aqueous layer was extracted with DCM (2 × 20 mL), and the 

combined organic layers were washed with brine (20 mL), dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / hexanes 

(5:95 to 1:1) as eluent to give the product (40a) (548 mg, 69%) as an oil.  
1
H NMR (300 MHz, 

CDCl3): δ 8.06 (d, J = 8.4 Hz, 2H), 7.59-7.55 (m, 1H), 7.48-7.43 (m, 2H), 4.09 (s, 2H), 3.35 (s, 2H), 

1.48 (s, 2H), 1.13 (s, 6H), 1.02 (s, 6H). 

[814] Step 2:  Synthesis of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl benzoate (40b). 

 

 

[815] A solution of sulfuryl chloride (0.15 mL, 2.0 mmol) in Et2O (8.5 mL) was cooled to -78 °C 

under an atmosphere of argon.  A solution of 5-hydroxy-2,2,4,4-tetramethylpentyl benzoate (40a) 
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(541 mg, 2.0 mmol) and pyridine (0.17 mL, 2.0 mmol) in Et2O (8.5 mL) was added dropwise to the 

sulfuryl chloride solution over the course of 10 min.  The mixture was stirred at 0 °C for 20 min, then 

at room temperature for 90 min.  The mixture was filtered and the filtrate used to provide a solution of 

the product (40b) in Et2O (ca. 20 mL).  The yield was assumed quantitative and the product was used 

in the next step without further purification. 

[816]  Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl benzoate (40). 

O
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[817] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (370 mg, 2.0 

mmol) was dissolved in THF (23 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1.5 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 

1.0M in THF (2.0 mL, 2.0 mmol) was added dropwise to the cooled solution and stirred for 90 min.  

A solution of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl benzoate (40b) (0.73 g, 2.0 mmol, 1.0 

equiv.) dissolved in Et2O (ca. 20 mL) was added to the reaction mixture (cannula).  After stirring for 

10 min the mixture was warmed to room temperature and stirred for 4 h.  The mixture was quenched 

with a saturated aqueous solution of sodium bicarbonate (40 mL) and extracted with EtOAc (40 mL).  

The organic layer was washed with H2O (3× 40 mL), brine (40 mL), dried (Na2SO4), and concentrated 

under vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / 

hexanes (1:9 to 8:2) as eluent to give the product (40) (282 mg, 27%) as a solid.  LC-MS: m/z = 

512.15 [M+H]
+
. 

1
H NMR (300 MHz, CDCl3): δ 8.06 (d, J = 7.8 Hz, 2H), 7.59-7.55 (m, 1H), 7.49-7.43 

(m, 2H), 6.49 (s, 1H), 5.70 (s, 1H), 4.57 (d, J = 9 Hz, 1H), 4.26 (d, J = 8.7 Hz, 1H), 4.17 (s, 1H), 4.10-

4.01 (m, 3H), 3.29-3.25 (m, 1H), 2.98 (d, J = 11.7 Hz, 1H), 2.45-2.35 (m, 1H), 2.17-2.11 (m, 1H), 

1.99-1.77 (m, 2H), 1.56 (s, 2H), 1.14-1.13 (m, 12H).  
13

C NMR (75 MHz, CDCl3): δ 171.0, 167.0, 

166.6, 133.1, 130.4, 129.7, 128.6, 85.0, 73.9, 61.9, 60.2, 47.2, 46.2, 36.1, 35.7, 26.7, 26.4, 25.9, 25.4, 

20.8, 17.5. 

Example 41 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41) 
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[818] Step 1:  Synthesis of 5-hydroxy-2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41a). 

O

O OH

 

 

[819] To a stirred solution of 2,2,4,4-tetramethylpentane-1,5-diol (39c) (0.48 g, 3.0 mmol) 

and pyridine (0.24 mL, 3.0 mmol) in DCM (20 mL) was added 2,6-dimethylbenzoyl chloride (0.45 

mL, 3.0 mmol) dropwise over the course of 30 min at 0 °C (ice bath) under an atmosphere of argon.  

The reaction mixture was stirred overnight at room temperature.  The mixture was diluted with H2O 

(20 mL), and the layers were separated.  The aqueous layer was extracted with DCM (2 × 20 mL), and 

the combined organic layers were washed with brine (20 mL), dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / hexanes 

(5:95 to 1:1) as eluent to give the product (41a) (462 mg, 53%) as an oil.  
1
H NMR (300 MHz, 

CDCl3): δ 7.22-7.17 (m, 1H), 7.04 (d, J = 7.5 Hz, 2H), 4.10 (s, 2H), 3.32 (s, 2H), 2.33 (s, 6H), 1.41 (s, 

2H), 1.10 (s, 6H), 1.00 (s, 6H). 

[820] Step 2:  Synthesis of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate 

(41b). 

 

 

[821] A solution of sulfuryl chloride (0.11 mL, 1.5 mmol) in Et2O (7 mL) was cooled to -78 °C 

under an atmosphere of argon.  A solution of 5-hydroxy-2,2,4,4-tetramethylpentyl 2,6-

dimethylbenzoate (41a) (453 mg, 1.5 mmol) and pyridine (0.13 mL, 1.5 mmol) in Et2O (7 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 10 min.  The mixture was stirred in 

an ice bath for 20 min, then at room temperature for 90 min.  The mixture was filtered and the filtrate 

stored to give a solution of the product(41b) in Et2O (ca. 20 mL).  The yield assumed quantitative.  

This mixture was used in the next step without further purification (a small quantity was concentrated 

under vacuum and the NMR taken of the residue).  
1
H NMR (300 MHz, CDCl3): δ 7.21 (t, J = 7.7 Hz, 

1H), 7.05 (d, J = 7.2 Hz, 2H), 4.20 (s, 2H), 4.07 (s, 2H), 2.32 (s, 6H), 1.50 (s, 2H), 1.14 (s, 6H), 1.12 

(s, 6H). 

[822] Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41). 
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[823] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (286 mg, 1.5 

mmol) was dissolved in THF (18 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (2.3 mL) and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 

1.0 M in THF (1.5 mL, 1.5 mmol) was added dropwise to the cooled solution and stirred for 90 min.  

A solution of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41b) (0.61 g, 

1.5 mmol) in Et2O (ca. 20 mL) was added to the reaction mixture (cannula).  After stirring for 10 min 

the mixture was warmed to room temperature, stirred for 4 h.  The mixture was quenched with a 

saturated aqueous solution of sodium bicarbonate (40 mL) and extracted with EtOAc (40 mL).  The 

organic layer was washed with H2O (3 × 40 mL), brine (40 mL), dried (Na2SO4), and concentrated 

under vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / 

hexanes (1:9 to 8:2) as eluent to give the product (41) (490 mg, 58%) as a solid.  LC-MS: m/z = 

540.07 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.20 (t, J = 7.7 Hz, 1H), 7.04 (d, J = 7.5 Hz, 2H), 

6.50 (s, 1H), 5.63 (s, 1H), 4.54 (d, J = 8.7 Hz, 1H), 4.23 (d, J = 8.7 Hz, 1H), 4.17 (s, 1H), 4.06-4.03 

(m, 3H), 3.34-3.29 (m, 1H), 3.00 (d, J = 11.7 Hz, 1H), 2.47-2.40 (m, 1H), 2.32 (s, 6H), 2.18-2.14 (m, 

1H), 2.00-1.78 (m, 2H), 1.49 (s, 2H), 1.11 (s, 12H).  
13

C NMR (75 MHz, CDCl3): δ 170.9, 170.4, 

167.0, 135.0, 134.2, 129.4, 127.7, 84.9, 74.5, 62.0, 60.2, 47.2, 46.2, 36.1, 35.4, 26.5, 26.4, 26.0, 25.3, 

20.8, 20.0, 17.5. 

Example 42 

Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42) 

 

 

[824] Step 1:  Synthesis of (3-methyl-2-oxotetrahydrofuran-3-yl)methyl sulfochloridate (42a). 
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[825] Pyridine (0.28 mL, 3.5 mmol) was added to a stirred mixture of 3-(hydroxymethyl)-3-

methyldihydrofuran-2(3H)-one (prepared according to Synlett 2010, 2625-2627) (0.30 g, 2.3 mmol) 

and Et2O (8 mL) under an atmosphere of argon.  The solution was cooled to -78 °C and sulfuryl 

chloride (0.28 mL, 3.5 mmol) in Et2O (3 mL) was slowly added at -78 °C.  The mixture was stirred at 

-78 °C for 1 h and then warmed to room temperature, and stirred for 1 h.  The reaction mixture was 

filtered to remove the pyridine salt, and the filtrate was concentrated under vacuum to give the 

product (42a) as an oil, that was used directly in the next step without further purification (yield 

assumed quantitative). 

[826] Step 2:  Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-

methyl-2-oxotetrahydrofuran-3-yl)methyl) sulfate (42).  

 

 

[827] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide (1) (0.24 g, 1.3 mmol) in THF (20 mL) under an atmosphere of argon was added several 

drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and stirred 

for 10 min, then a solution of NaHMDS, 1.0M in THF (1.4 mL, 1.4 mmol) was added dropwise.  The 

mixture was stirred at -78 °C for 8 min, then (3-methyl-2-oxotetrahydrofuran-3-yl)methyl 

sulfochloridate (42a) (0.30 g, 1.3 mmol) in THF (30 mL) was added at -78 °C.  The mixture was 

stirred at -78 °C for 10 min, then allowed to warm to room temperature and stirred overnight.  The 

mixture was diluted with EtOAc and saturated sodium bicarbonate solution.  The aqueous and organic 

layers were separated, and the organic layer was washed with water, dried (Na2SO4), and concentrated 

under vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / 

hexanes (0: 1 to 1:0) as eluent to give a solid (150 mg).  NMR indicated a trace impurity, which was 

removed by trituration with EtOAc to give the product (42) (35 mg) as a solid.  LC/MS: m/z = 378.0 

[M+H]
+
.  

1
H NMR (300 MHz, d6-DMSO): δ 7.53 (s, 1H), 7.38 (s, 1H), 4.68-4.64 (m, 1H), 4.54 (d, J = 

9.3 Hz, 1H), 4.32-4.27 (m, 2H), 4.09 (s, 1H), 3.89 (d, J = 6.0Hz, 1H), 3.21-3.13(m, 2H), 2.38-2.28 (m, 
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1H), 2.13-2.00 (m, 2H), 1.91-1.66 (m, 3H), 1.21 (s, 3H).  
13

C NMR (75 MHz, d6-DMSO): δ 178.3, 

171.0, 168.7, 77.9, 65.6, 61.7, 61.2, 46.3, 43.2, 31.2, 20.8, 19.1, 18.9. 

[828] (1R,2S,5R)-2-Carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42) was separated into its (S) and (R) isomers, (1R,2S,5R)-2-

carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl (((S)-3-methyl-2-oxotetrahydrofuran-3-yl)methyl) 

sulfate (42(S) and (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl (((R)-3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42(R): 

    

 

Example 43 

Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl pivalate (43) 

 

 

[829] Step 1:  Synthesis of 3-hydroxy-2,2-dimethylpropyl pivalate (43a). 

 

 

[830] To a stirred solution of 2,2-dimethylpropane-1,3-diol (5.07 g, 48.7 mmol) in DCM (50 mL) at 

0 °C under an atmosphere of argon was added trimethylacetyl chloride (2.0 mL, 16.2 mmol), pyridine 

(2.63 mL, 32.5 mmol) and N,N-4-dimethylaminopyridine (0.4 g, 3.2 mmol).  The mixture was 

allowed to warm to room temperature and stirred at room temperature overnight.  The mixture was 

cooled to 0 °C and the reaction was quenched with the addition of 1N HCl (50 mL), then extracted 

with DCM (twice).  The combined organic layers were washed with sat. sodium bicarbonate and 

brine, then dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 1:5) as eluent to give the product (43a) as 

an oil.  
1
H NMR (300 MHz, CDCl3): δ 3.92 (s, 2H), 3.27 (s, 2H), 1.22 (s, 9H), 0.92 (s, 6H). 
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[831]  Step 2:  Synthesis of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl pivalate (43b). 

 

 

[832] Pyridine (0.75 mL, 9.3 mmol) was added to a stirred mixture of 3-hydroxy-2,2-

dimethylpropyl pivalate (43a) (1.17 g, 6.2 mmol) and Et2O (20 mL) under an atmosphere of argon.  

The solution was cooled to -78 °C and sulfuryl chloride (0.75 mL, 9.3 mmol) in Et2O (8 mL) was 

slowly added at -78 °C.  The mixture was stirred at -78 °C for 1 h and then warmed to room 

temperature, and stirred for 1 h.  The reaction mixture was filtered to remove the pyridine salt, and the 

filtrate was concentrated under vacuum to give the product (43b) as an oil, that was used directly in 

the next step without further purification (yield assumed quantitative). 

[833] Step 3: Reaction to produce 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl pivalate (43). 

 

 

[834] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide (1) (1.1 g, 5.9 mmol) in THF (20 mL) under an atmosphere of argon was added several 

drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and stirred 

for 10 min, then a solution of NaHMDS, 1.0M in THF (6.5 mL, 6.5 mmol) was added dropwise.  The 

mixture was stirred at -78 °C for 8 min, then 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl pivalate 

(43b) (1.7 g, 5.9 mmol) in THF (30 mL) was added at -78 °C.  The mixture was stirred at -78 °C for 

10 min, then allowed to warm to room temperature and stirred overnight.  The mixture was diluted 

with EtOAc and saturated sodium bicarbonate solution.  The aqueous and organic layers were 

separated, and the organic layer was washed with water, dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / hexanes (0: 

1 to 1:0) as eluent to give the product (43) (654 mg) as a solid.  LC/MS: m/z = 436.0 [M+H]
+
.  

1
H 

NMR (300 MHz, CDCl3): δ 6.48 (s, 1H), 5.58 (s, 1H), 4.60 (d, J = 8.7 Hz, 1H), 4.36 (d, J = 9.0 Hz, 

1H), 4.17 (s, 1H), 4.04 (d, J = 6.3 Hz, 1H), 3.95-3.84 (q, 2H), 3.35-3.31 (m, 1H), 3.02 (d, J = 12.3 Hz, 

1H), 2.50-2.41 (m, 1H), 2.20-2.05 (m, 1H), 1.99-1.78 (m, 2H), 1.22 (s, 9H), 1.04 (s, 6H).  
13

C NMR 

(75 MHz, CDCl3): δ 178.2, 171.1, 167.1, 80.6, 68.4, 62.0, 60.2, 47.2, 39.1, 35.6, 27.3, 21.3, 21.3, 

20.8, 17.6. 

Example 44 
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Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl 3-chloro-2,6-dimethoxybenzoate (44) 

 

 

[835] Step 1:  Synthesis of 3-hydroxy-2,2-dimethylpropyl 2,6-dimethoxybenzoate (44a). 

 

 

 

[836] To a stirred solution of 2,2-dimethylpropane-1,3-diol (3.89 g, 37.4 mmol) in DCM (40 mL) at 

0 °C under an atmosphere of argon was added 2,6-dimethoxybenzoyl chloride (80% purity; 3.13 g, 

12.5 mmol), pyridine (2.02 mL, 24.9 mmol), and N,N-4-dimethylaminopyridine (0.3 g, 2.5 mmol).  

The mixture was allowed to warm to room temperature and stirred at room temperature overnight.  

The mixture was cooled to 0 °C and the reaction was quenched by the addition of 1N HCl (50 mL), 

then extracted with DCM (twice).  The combined organic layers were washed with sat. sodium 

bicarbonate and brine, then dried (Na2SO4), and concentrated under vacuum.  The residue was 

purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 1:5) as eluent to give 

the product (44a) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 7.19 (t, J = 5.0 Hz, 1H), 6.48 (d, J = 8.1 

Hz, 2H), 4.09 (s, 2H), 3.71 (s, 6H), 3.33 (s, 2H), 0.89 (s, 6H). 

[837]  Step 2:  Synthesis of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl 3-chloro-2,6-

dimethoxybenzoate (44b). 

 

 

[838] Pyridine (0.16 mL, 2.0 mmol) was added to a stirred mixture of 3-hydroxy-2,2-

dimethylpropyl 2,6-dimethoxybenzoate (44a) (0.35 g, 1.3 mmol) and Et2O (10 mL) under an 

atmosphere of argon.  The solution was cooled to -78 °C and sulfuryl chloride (0.16 mL, 2.0 mmol) in 

Et2O (8 mL) was slowly added at -78 °C.  The mixture was stirred at -78 °C for 1 h and then warmed 

to room temperature, and stirred for 1 h.  The reaction mixture was filtered to remove the pyridine 
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salt, and the filtrate was concentrated under vacuum to give the product (44b) as an oil, that was used 

directly in the next step without further purification (yield assumed quantitative).  
1
H NMR (300 

MHz, CDCl3): δ 7.36 (d, J = 8.7 Hz, 1H), 6.66 (d, J = 8.7 Hz, 1H), 4.35 (s, 2H), 4.21 (s, 2H), 3.89 (s, 

3H), 3.81 (s, 3H), 1.13 (s, 6H). 

[839]  Step 3:  Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl 3-chloro-2,6-dimethoxybenzoate (44). 

 

 

[840] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide (1) (237 mg, 1.3 mmol) in THF (15 mL) under an atmosphere of argon was added 

several drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and 

stirred for 10 min, then a solution of NaHMDS, 1.0M in THF (1.4 mL, 1.4 mmol) was added 

dropwise.  The mixture was stirred at -78 °C for 8 min, then 3-((chlorosulfonyl)oxy)-2,2-

dimethylpropyl 3-chloro-2,6-dimethoxybenzoate (44b) (0.47 g, 1.2 mmol) in THF (8 mL) was added 

at -78 °C.  The mixture was stirred at -78 °C for 10 min, then allowed to warm to room temperature 

and stirred overnight.  The mixture was diluted with EtOAc and saturated sodium bicarbonate 

solution.  The aqueous and organic layers were separated, and the organic layer was washed with 

water, dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0: 1 to 1:0) as eluent to give the product (44) as 

a solid.  LC/MS: m/z = 550.0 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.36-7.32 (dd, J = 1.2 Hz, 1.2 

Hz, 1H), 6.65 (d, J = 8.1 Hz, 1H), 6.51 (s, 1H), 5.82 (s, 1H), 4.55 (d, J = 8.7 Hz, 1H), 4.38 (d, J = 9.0 

Hz, 1H), 4.25-4.07 (m, 3H), 4.01 (d, J = 6.6 Hz, 1H), 3.88 (s, 3H), 3.81 (s, 3H), 3.27 (d, J = 11.7 Hz, 

1H), 2.98 (d, J = 11.7 Hz, 1H), 2.41-2.37 (m, 1H), 2.14-2.10 (m, 1H), 1.94-1.74 (m, 2H), 1.08 (s, 6H).  

13
C NMR (75 MHz, CDCl3): δ 171.1, 167.1, 165.2, 156.1, 153.7, 131.7, 119.8, 119.5, 107.9, 80.4, 

69.3, 62.2, 62.0, 60.2, 56.3, 47.1, 35.7, 21.3, 21.2, 20.8, 17.5. 

Example 45 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate (45) 
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[841] Step 1:  Synthesis of 2,2,3,3-tetramethylbutane-1,4-diol (45a). 

 

 

[842] A solution of 3,3,4,4-tetramethyldihydrofuran-2(3H)-one (prepared according to U.S. Patent 

No. 3,658,849) (1.0 g, 7.0 mmol) in Et2O (28 mL) was added to a stirring slurry of LiAlH4 (95%; 0.32 

g, 8.1 mmol) in Et2O (28 mL) at 0 °C under an atmosphere of argon.  The mixture was warmed to 

room temperature and stirred overnight.  Sodium sulfate decahydrate was slowly added until 

effervescence in the flask ceased.  The solid was filtered through a pad of Celite®, and the pad was 

washed with EtOAc.  The filtrate was concentrated under vacuum, and the residue was purified by 

column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to give the product 

(45a) (0.7 g) as a solid.  
1
H NMR (300 MHz, CDCl3): δ 3.41 (s, 4H), 0.88 (s, 12H). 

[843]  Step 2:  Synthesis of 4-hydroxy-2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate (45b). 

 

 

[844] To a stirred solution of 2,2,3,3-tetramethylbutane-1,4-diol (45a) (0.71 g, 4.9 mmol) in DCM 

(15 mL) at 0 °C under an atmosphere of argon was added 2,6-dimethylbenzoyl chloride (0.2 mL, 1.6 

mmol), pyridine (0.26 mL, 3.2 mmol) and N,N-4-dimethylaminopyridine (0.04 g, 0.3 mmol).  The 

mixture was allowed to warm to room temperature and stirred at room temperature overnight.  The 

mixture was cooled to 0 °C and the reaction was quenched by the addition of 1N HCl (15 mL), then 

extracted with DCM (twice).  The combined organic layers were washed with sat. sodium bicarbonate 

and brine, then dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 3:2) as eluent to give the product (45b) as 

an oil (266 mg).  
1
H NMR (300 MHz, CDCl3): δ 7.18 (t, J = 8.4 Hz, 1H), 7.02 (d, J = 6.9 Hz, 2H), 

4.25 (s, 2H), 3.51 (s, 2H), 2.31 (s, 6H), 0.98 (s, 6H), 0.93 (s, 6H). 

[845]  Step 3:  Synthesis of 4-((chlorosulfonyl)oxy)-2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate 

(45c). 

O

O

O

S

O

O
Cl

 

 



 

 
177

[846] Pyridine (0.11 mL, 1.3 mmol) was added to a stirred mixture of 4-hydroxy-2,2,3,3-

tetramethylbutyl 2,6-dimethylbenzoate (45b) (0.26 g, 0.9 mmol) and Et2O (10 mL) under an 

atmosphere of argon.  The solution was cooled to -78 °C and sulfuryl chloride (0.11 mL, 1.3 mmol) in 

Et2O (3 mL) was slowly added at -78 °C.  The mixture was stirred at -78 °C for 1 h and then warmed 

to room temperature, and stirred for 1 h.  The reaction mixture was filtered to remove the pyridine 

salt, and the filtrate was concentrated under vacuum to give the product (45c) as an oil, that was used 

directly in the next step without further purification (yield assumed quantitative). 

[847] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate (45). 

O

O

O

S

O

O
O

N
N

O

NH2

O

H
 

 

[848] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide (1) (255 mg, 1.4 mmol) in THF (10 mL) under an atmosphere of argon was added 

several drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and 

stirred for 10 min, then a solution of NaHMDS, 1.0M in THF (1.5 mL, 1.5 mmol) was added 

dropwise.  The mixture was stirred at -78 °C for 8 min, then 4-((chlorosulfonyl)oxy)-2,2,3,3-

tetramethylbutyl 2,6-dimethylbenzoate (45c) (0.52 g, 1.4 mmol) in THF (5 mL) was added at -78 °C.  

The mixture was stirred at -78 °C for 10 min, and then allowed to warm to room temperature and 

stirred for 1 h.  The mixture was diluted with EtOAc and saturated sodium bicarbonate solution.  The 

aqueous and organic layers were separated, and the organic layer was washed with water, dried 

(Na2SO4), and concentrated under vacuum.  The residue was purified by column chromatography on 

silica gel using EtOAc / hexanes (0: 1 to 1:0) as eluent to give the product (45) as a solid.  LC/MS: 

m/z = 526.16 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.19 (t, J = 7.7 Hz, 1H), 7.03 (d, J = 6.9 Hz, 

2H), 6.47 (s, 1H), 5.58 (s, 1H), 4.76 (d, J = 9.3 Hz, 1H), 4.40 (d, J = 9.6 Hz, 1H), 4.20-4.16 (m, 3H), 

4.04 (d, J = 6.3 Hz, 1H), 3.33 (d, J = 12.3 Hz, 1H), 2.99 (d, J = 12.3 Hz, 1H), 2.45-2.40 (m, 1H), 2.32 

(s, 6H), 2.17-2.13 (m, 1H), 2.04-1.83 (m. 2H), 1.05-1.03 (m, 12H).  
13

C NMR (75MHz, CDCl3): δ 

170.9, 170.4, 167.1, 134.9, 134.2, 129.4, 127.6, 82.1, 70.8, 62.0, 60.2, 47.3, 39.1, 38.5, 21.0, 20.9, 

20.8, 20.5, 20.3, 20.0, 17.5. 

Example 46 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl benzoate (46) 
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[849] Step 1:  Synthesis of 4-hydroxy-2,2,3,3-tetramethylbutyl benzoate (46a). 

 

 

[850] To a stirred solution of 2,2,3,3-tetramethylbutane-1,4-diol (45a) (0.74 g, 5.0 mmol) in DCM 

(15 mL) at 0 °C under an atmosphere of argon was added benzoyl chloride (0.25 mL, 2.0 mmol), 

pyridine (0.33 mL, 4.0 mmol) and N,N-4-dimethylaminopyridine (0.05 g, 0.4 mmol).  The mixture 

was allowed to warm to room temperature and stirred at room temperature overnight.  The mixture 

was cooled to 0 °C and the reaction was quenched by the addition of 1N HCl (15 mL), then extracted 

with DCM (twice).  The combined organic layers were washed with sat. sodium bicarbonate and 

brine, then dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 3:2) as eluent to give the product (46a) as 

an oil.  
1
H NMR (300 MHz, CDCl3): δ 8.05 (d, J = 7.2 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 

7.4 Hz, 2H), 4.27 (s, 2H), 3.59 (s, 2H), 1.05 (s, 6H), 0.99 (s, 6H). 

[851]  Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-2,2,3,3-tetramethylbutyl benzoate (46b). 

 

 

[852] Pyridine (0.29 mL, 3.6 mmol) was added to a stirred mixture of 4-hydroxy-2,2,3,3-

tetramethylbutyl benzoate (46a) (0.70 g, 2.8 mmol) and Et2O (10 mL) under an atmosphere of argon.  

The solution was cooled to -78 °C and sulfuryl chloride (0.29 mL, 3.6 mmol) in Et2O (3 mL) was 

slowly added at -78 °C.  The mixture was stirred at -78 °C for 1 h and then warmed to room 

temperature, and stirred for 1 h.  The reaction mixture was filtered to remove the pyridine salt, and the 

filtrate was concentrated under vacuum to give the product (46b) as an oil, that was used directly in 

the next step without further purification (yield assumed quantitative). 

[853] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl benzoate (46). 
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[854] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide (1) (0.52 g, 2.8 mmol) in THF (10 mL) under an atmosphere of argon was added several 

drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and stirred 

for 10 min, then a solution of NaHMDS, 1.0M in THF (3.1 mL, 3.1 mmol), was added dropwise.  The 

mixture was stirred at -78 °C for 8 min, and then 4-((chlorosulfonyl)oxy)-2,2,3,3-tetramethylbutyl 

benzoate (46b) (0.98 g, 2.8 mmol) in THF (5 mL) was added at -78 °C.  The mixture was stirred at -

78 °C for 10 min, and then allowed to warm to room temperature and stirred for 1 h.  The mixture was 

diluted with EtOAc and saturated sodium bicarbonate solution.  The aqueous and organic layers were 

separated, and the organic layer was washed with water, dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / hexanes (0: 

1 to 1:0) as eluent to give the product (46) as a solid.  LC/MS: m/z = 498.10 [M+H]
+
.  

1
H NMR (300 

MHz, CDCl3): δ 8.05 (d, J = 7.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.4 Hz, 2H), 6.47 (s, 

1H), 5.61 (s, 1H), 4.87 (d, J = 9.0 Hz, 1H), 4.52 (d, J = 9.3 Hz, 1H), 4.22-4.17 (m, 3H), 4.01 (d, J = 

6.3 Hz, 1H), 3.35-3.31 (m, 1H), 2.99 (d, J = 14.7 Hz, 1H), 2.43-2.39 (m, 1H), 2.17-2.12 (m, 1H), 

1.92-1.81 (m, 2H), 1.10-1.06 (m, 12H).  
13

C NMR (75 MHz, CDCl3): δ 170.9, 167.1, 166.6, 133.1, 

130.3, 129.7, 128.6, 82.4, 70.5, 62.0, 60.2, 47.3, 39.2, 38.8, 21.1, 21.0, 20.8, 20.5, 20.3, 17.5. 

Example 47 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl propionate (47) 

 

 

[855] Step 1:  Synthesis of 4-hydroxy-2,2,3,3-tetramethylbutyl propionate (47a). 

 

 

[856] To a stirred solution of 2,2,3,3-tetramethylbutane-1,4-diol (45a) (0.59 g, 4.0 mmol) in DCM 

(15 mL) at 0 °C under an atmosphere of argon was added propionyl chloride (0.25 mL, 3.1 mmol), 

pyridine (0.33 mL, 4.0 mmol) and N,N-4-dimethylaminopyridine (0.05 g, 0.4 mmol).  The mixture 
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was allowed to warm to room temperature and stirred at room temperature overnight.  The mixture 

was cooled to 0 °C and the reaction was quenched by the addition of 1N HCl (15 mL), and then 

extracted with DCM (twice).  The combined organic layers were washed with sat. sodium bicarbonate 

and brine, then dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 3:2) as eluent to give di-acylated 

material, followed by the product (47a) (300 mg) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 3.99 (s, 

2H), 3.49 (s, 2H), 2.38-2.31 (q, 2H), 1.15 (t, J = 7.8 Hz, 3H), 0.91 (d, J = 4.8 Hz, 12H). 

[857]  Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-2,2,3,3-tetramethylbutyl propionate (47b). 

 

 

[858] Pyridine (0.16 mL, 1.9 mmol) was added to a stirred mixture of 4-hydroxy-2,2,3,3-

tetramethylbutyl propionate (47a) (0.30 g, 1.5 mmol) and Et2O (10 mL) under an atmosphere of 

argon.  The solution was cooled to -78 °C and sulfuryl chloride (0.16 mL, 1.9 mmol) in Et2O (3 mL) 

was slowly added at -78 °C.  The mixture was stirred at -78 °C for 1 h and then warmed to room 

temperature, and stirred for 1 h.  The reaction mixture was filtered to remove the pyridine salt, and the 

filtrate was concentrated under vacuum to give the product (47b) as an oil, that was used directly in 

the next step without further purification (yield assumed quantitative). 

[859] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl propionate (47). 

 

 

[860] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide 91) (271 mg, 1.5 mmol) in THF (10 mL) under an atmosphere of argon was added 

several drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and 

stirred for 10 min, then a solution of NaHMDS, 1.0M in THF (1.6 mL, 1.6 mmol) was added 

dropwise.  The mixture was stirred at -78 °C for 8 min, then 4-((chlorosulfonyl)oxy)-2,2,3,3-

tetramethylbutyl propionate (47b) (0.44 g, 1.5 mmol) in THF (5 mL) was added at -78 °C.  The 

mixture was stirred at -78 °C for 10 min, then allowed to warm to room temperature and stirred for 1 

h.  The mixture was diluted with EtOAc and saturated sodium bicarbonate solution.  The aqueous and 

organic layers were separated, and the organic layer was washed with water, dried (Na2SO4), and 

concentrated under vacuum.  The residue was purified by column chromatography on silica gel using 
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EtOAc / hexanes (0: 1 to 1:0) as eluent to give the product (47) (300 mg) as a solid.  LC/MS: m/z = 

450.09 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.49 (s, 1H), 5.62 (s, 1H), 4.77 (d, J = 8.7 Hz, 1H), 

4.45 (d, J = 9.3 Hz, 1H), 4.19 (s, 1H), 4.05 (d, J = 6.3 Hz, 1H), 3.95 (s, 2H), 3.35 (d, J = 12.0 Hz, 1H), 

3.01 (d, J = 12.3 Hz, 1H), 2.46-2.34 (m, 3H), 2.19-2.15 (m, 1H), 1.92-1.83 (m, 2H), 1.16 (t, J = 7.7 

Hz, 3H), 1.01 (d, J = 9.3 Hz, 6H), 0.96 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 174.5, 171.0, 167.1, 

82.5, 70.0, 62.0, 60.2, 47.3, 39.1, 38.4, 27.8, 21.0, 20.9, 20.8, 20.4, 20.2, 17.5, 9.3. 

Example 48 

Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydro-2H-pyran-3-yl)methyl) sulfate (48) 

 

 

[861] Step 1:  Synthesis of 3-((benzyloxy)methyl)-3-methyltetrahydro-2H-pyran-2-one (48a). 

 

 

[862] δ-Valerolactone (5.23 g, 52.2 mmol) was dissolved in a mixture of THF (120 mL) and HMPA 

(9.2 mL) under an atmosphere of argon.  The reaction mixture was cooled to -78 °C and stirred for 10 

min.  A solution of lithium diisopropylamide, 2.0 M in THF (28.7 mL, 57.5 mmol) was added 

dropwise over 5 min.  The reaction was stirred at -78 °C for 30 min and then neat MeI (3.3 mL, 52.8 

mmol) was added to the reaction over 5 min.  The mixture was stirred at -78 °C for 30 min then 

removed from the cooling bath and allowed to warm to 0 °C and stirred for 30 min (note: the mixture 

gradually became yellow during this time).  The mixture was re-cooled to -78 °C and stirred for 10 

min, and then an additional amount of lithium diisopropylamide, 2.0 M in THF (28.7 mL, 57.5 mmol) 

was added over 5 min.  The reaction was stirred at -78 °C for 30 min, then neat benzyl chloromethyl 

ether (70%; 10.5 mL, 52.8 mmol) was added over 5 min.  The mixture was left to warm to room 

temperature and stirred for 16h.  The solvent was then removed under vacuum and the residue was 

partitioned between saturated ammonium chloride (200 mL) and EtOAc (200 mL).  The aqueous layer 

was extracted with EtOAc (2 × 100 mL) and the combined organic layers were washed with brine (2 

× 100 mL), dried (Na2SO4), filtered, and concentrated under vacuum (19 g).  The residue was dry-

loaded onto silica gel and purified by column chromatography on silica gel (120 g cartridge) using 

EtOAc / hexanes as eluent to give the product contaminated with an impurity (6.9 g).  The residue 
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was re-purified by column chromatography on silica gel using DCM / hexanes (0:1 to 4:1) as eluent to 

give the product (48a) (1.76 g) as a liquid.  
1
H NMR (300 MHz, CDCl3): δ 7.29-7.37 (m, 5H), 4.61 

(dd, J = 21.0, 12.3 Hz, 2H), 4.32-4.38 (m, 2H), 3.26-3.81 (dd, J = 15.8, 8.1 Hz, 2H), 2.21-2.30 (m, 

1H), 1.87-1.94 (m, 2H), 1.59-1.66 (m, 1H), 1.23 (s, 3H). 

[863] Step 2:  Synthesis of 3-(hydroxymethyl)-3-methyltetrahydro-2H-pyran-2-one (48b).  

 

 

[864] 3-((Benzyloxy)methyl)-3-methyltetrahydro-2H-pyran-2-one (48a) (0.52 g, 2.2 mmol) was 

dissolved in 2-propanol (25 mL) and the solution was degassed and back-flushed with argon.  (Note: 

do not use MeOH as solvent, as it may ring-open the lactone during hydrogenation).  Palladium on 

carbon, 10% (0.26 g, 0.2 mmol), was added to the mixture and the system was sealed.  The reaction 

was degassed and back-flushed with hydrogen (3 times) and stirred under an atmosphere of hydrogen 

for 2 h.  The suspension was filtered through a pad of Celite®, and the filter cake washed with fresh 

2-propanol (2 × 50 mL).  The filtrate was concentrated under vacuum, and the product (48b) was used 

without further purification.  
1
H NMR (300 MHz, CDCl3): δ 4.27-4.45 (m, 2H), 3.67 (d, J = 11.4 Hz, 

1H), 3.52 (d, J = 11.1 Hz, 1H), 1.84-2.03 (m, 2H), 1.58-1.64 (m, 1H), 1.29 (s, 3H). 

[865] Step 3:  Synthesis of (3-methyl-2-oxotetrahydro-2H-pyran-3-yl)methyl sulfochloridate (48c). 

 

 

[866] A solution of 3-(hydroxymethyl)-3-methyltetrahydro-2H-pyran-2-one (48b) (0.32 g, 2.2 

mmol) and pyridine (0.21 mL, 2.6 mmol) in Et2O (10 mL) was cooled to -78 °C under an atmosphere 

of argon.  Neat sulfuryl chloride (0.21 mL, 2.6 mmol) was added dropwise to the above solution via a 

syringe.  The mixture was stirred at -78 °C for 10 min, then the flask was warmed to room 

temperature and stirred for 1 h (monitored by TLC EtOAc / hexanes, 3:7).  A precipitate formed to 

give a thick suspension.  The suspension was filtered through a 0.45 µM Teflon® filter, and the filter 

cake rinsed with fresh Et2O (2 × 5 mL).  An aliquot (0.5 mL) was taken and concentrated, and an 

NMR was obtained for the mixture.  The remaining solution containing the product (48c) was used 

directly in the next step.  
1
H NMR (300 MHz, CDCl3): δ 4.87 (d, J = 9.3 Hz, 1H), 4.25-4.50 (m, 2H), 

4.32 (d, J = 8.7 Hz, 1H), 2.00-2.20 (m, 2H), 1.75-2.00 (m, 2H), 1.39 (s, 3H). 

[867] Step 4:  Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-

methyl-2-oxotetrahydro-2H-pyran-3-yl)methyl) sulfate (48). 
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[868] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.39 g, 2.1 

mmol) was dissolved in THF (18 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.65 mL), 

and the resulting solution was cooled to -78 °C under an atmosphere of argon.  NaHMDS, 1.0 M in 

THF (2.3 mL, 2.3 mmol) was added dropwise to the cooled solution and stirred for 1h.  A solution of 

(3-methyl-2-oxotetrahydro-2H-pyran-3-yl)methyl sulfochloridate (48c) (0.51 g, 2.1 mmol) in Et2O 

(from the previous reaction) was added quickly to the reaction mixture.  The mixture was allowed to 

warm to room temperature and stirred overnight.  Brine (100 mL) and EtOAc (100 mL) were added to 

the reaction mixture and the aqueous and organic layers were separated.  The aqueous layer was 

extracted with EtOAc (2 × 100 mL), and the combined organic layers were washed with brine (3 × 

100 mL), dried (Na2SO4), and concentrated under vacuum.  The residue was dry-loaded onto silica gel 

(8 g) and purified by column chromatography on silica gel using with EtOAc / hexanes (1:4 to 1:0) as 

eluent to give the desired product (48) (0.21 g,) as a solid.  LC-MS: m/z = 392 [M+H]
+
.  

1
H NMR 

(300 MHz, CDCl3): δ 6.55 (br. d, J = 9.3 Hz, 1H), 5.77 (br. s, 1H), 4.83-5.03 (m, 1H), 4.56 (m, 0.5H), 

4.33-4.45 (m, 2.5H), 4.17 (m, 1H), 4.06 (m, 1H), 3.35 (d, J = 9.3 Hz, 1H), 3.04 (m, 1H), 2.38-2.44 (m, 

1H), 1.68-2.20 (m, 7H), 1.36 (d, J = 7.2 Hz, 3H).  
13

C NMR (75 MHz, CDCl3): δ 172.8, 172.5, 171.2, 

171.0, 167.3, 167.1, 80.4, 79.9, 76.7, 70.8, 70.8, 62.0, 60.3, 60.2, 47.2, 47.1, 43.1, 43.0, 29.8, 29.6, 

22.9, 22.9, 20.9 20.8, 20.17.  (Note: there are several signals that are split due to chirality in the 

lactone product). 

Example 49 

Synthesis of 2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl)phenyl acetate (49) 

 

 

[869] Step 1:  Synthesis of ethyl 3-(2-methoxyphenyl)-2,2-dimethylpropanoate (49a). 
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[870] A stirred solution of lithium diisopropylamide, 2.0 M in THF (26.6 mL, 53.2 mmol) was 

diluted with THF (100 mL) was cooled to -78 °C under an atmosphere of argon, and stirred for 5 min.  

Neat ethyl isobutyrate (6.68 mL, 49.7 mmol) was added dropwise over 15 min, and the mixture 

allowed to stir at -78 °C for 1h.  A solution of 1-(bromomethyl)-2-methoxybenzene (prepared 

according to J. Am. Chem. Soc. 2013, 135, 11951) (12.0 g, 59.7 mmol) in THF (100 mL) was added 

dropwise over 30 min.  The mixture was allowed to warm to room temperature and stirred for 20 h.  

The reaction was quenched with brine (100 mL) and extracted with Et2O (4 × 100 mL).  The 

combined organic layers were dried (MgSO4), filtered, and concentrated under vacuum.  The crude 

residue was purified by column chromatography on silica gel (120 g column) using EtOAc / hexanes 

(0:1 to 5:95) as eluent to give the product (49a) as a liquid (8.06 g, 68%).  
1
H NMR (300 MHz, 

CDCl3): δ 7.18 (dt, J = 1.8, 8.1 Hz, 1H), 7.06 (dd, J = 1.5, 8.1 Hz, 1H), 6.82-6.87 (m, 2H), 4.12 (q, J = 

6.9 Hz, 2H), 3.77 (s, 3H), 2.92 (s, 2H), 1.26 (t, J = 6.9 Hz, 3H), 1.15 (s, 6H). 

[871] Step 2:  Synthesis of 3,3-dimethylchroman-2-one (49b). 

 

 

[872] Ethyl 3-(2-methoxyphenyl)-2,2-dimethylpropanoate (49a) (8.1 g, 34.2 mmol) was dissolved 

in DCM (200 mL) and cooled to 0 °C under an atmosphere of argon.  A solution of BBr3 (3.6 mL, 

37.7 mmol) in DCM (100 mL) was added dropwise to the cold solution.  The mixture was warmed to 

room temperature and stirred overnight (a solid formed during the reaction).  The colored suspension 

was cooled in an ice water bath and water (150 mL) was added to the mixture.  The organic and 

aqueous layers were separated, and the aqueous layer was extracted with DCM (3 × 75 mL).  The 

combined organic layers were dried (MgSO4; note: the solution became darker), filtered, and 

concentrated under vacuum to give the product (49b) (4.85 g, 80%) as an oil.  This material was used 

without further purification.  
1
H NMR (300 MHz, CDCl3): δ 7.01-7.25 (m, 3H), 2.85 (s, 2H), 1.29 (s, 

6H). 

[873] Step 3:  Synthesis of 2-(3-hydroxy-2,2-dimethylpropyl)phenol (49c). 
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[874] LiAlH4 (1.94 g, 51.1 mmol) was suspended in Et2O (52.5 mL) under an atmosphere of argon 

and the mixture was cooled to 0 °C in an ice water bath.  A solution of 3,3-dimethylchroman-2-one 

(49b) (4.85 g, 27.5 mmol) in Et2O (50 mL) and added dropwise to the suspension over 30 min.  The 

mixture was warmed to room temperature and stirred for 20 h.  The mixture was cooled in an ice 

water bath and water (2 mL), 15 % aqueous sodium hydroxide (2 mL), and water (6 mL), were 

sequentially added by slow addition.  The mixture was warmed to room temperature and stirred for 15 

min.  Anhydrous MgSO4 was added to the suspension and the mixture stirred for 15 min.  The mixture 

was filtered, and the filter cake washed with Et2O (3 × 50 mL).  The filtrate was concentrated under 

vacuum to give the product (49c) (4.34 g, 88%) as a solid.  This material was used without further 

purification.  
1
H NMR (300 MHz, CDCl3): δ 7.15 (dt, J = 8.1, 1.5 Hz, 1H), 7.04 (dd, J = 7.5, 1.8 Hz, 

1H), 6.82-7.01 (m, 2H), 3.22 (s, 2H), 2.61 (s, 2H), 0.98 (s, 6H). 

[875] Step 4:  Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenol (49d). 

 

 

[876] A solution of 2-(3-hydroxy-2,2-dimethylpropyl)phenol (49c) (4.0 g, 22.2 mmol) and 

imidazole (3.8 g, 56.0 mmol) was dissolved in DMF (50 mL) and tert-butyldimethylsilyl chloride (4.0 

g, 26.6 mmol) was added to the solution and stirred for 2 h.  The solvent was removed under high 

vacuum and the residue was purified by column chromatography on silica gel (40 g cartridge) with 

hexanes (5:95 to 2:3) as eluent to give the product (49d) as an oil (7.34 g, >100%).  The compound 

was approximately 90% pure and was used directly in the next step without further purification.  
1
H 

NMR (300 MHz, CDCl3): δ 7.11 (dt, J = 7.5, 1.8 Hz, 1H), 7.10 (dd, J = 7.5, 1.8 Hz, 1H), 6.90 (dd, J = 

8.1, 1.5 Hz, 1H), 6.79 (dt, J = 6.9, 0.9 Hz, 1H), 3.17 (s, 2H), 2.57 (s, 2H), 0.97 (s, 9H), 0.92 (s, 6H), 

0.13 (s, 6H). 

[877] Step 5:  Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenyl acetate 

(49e). 

 

 

[878] A solution of 2-(3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenol (49d) (ca. 90% 

purity; 2.5 g, 7.6 mmol) and Et3N (2.3 g, 22.9 mmol) in THF (90 mL) was cooled to 0 °C in an ice 
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bath under an atmosphere of argon.  Acetyl chloride (0.65 mL, 9.2 mmol) was added dropwise to the 

mixture, and after complete addition the ice bath was removed.  The reaction was allowed to warm to 

room temperature and stirred for 2 h.  The suspension was filtered and the solid washed with fresh 

THF (2 × 20 mL).  The filtrate was concentrated under vacuum and the residue dry-loaded onto silica 

gel, then purified by column chromatography on silica gel (40 g cartridge) using 0-8% EtOAc / 

hexanes (0:1 to 8:92) as eluent to give the product (49e) (2.16 g, 84%) as an oil.  
1
H NMR (300 MHz, 

CDCl3): δ 7.11-7.27 (m, 3H), 7.04 (d, J = 7.5 Hz, 1H), 3.25 (s, 2H), 2.51 (s, 2H), 2.30 (s, 3H), 0.93 (s, 

9H), 0.81 (s, 6H), 0.06 (s, 6H). 

[879] Step 6:  Synthesis of 2-(3-hydroxy-2,2-dimethylpropyl)phenyl acetate and 3-(2-

hydroxyphenyl)-2,2-dimethylpropyl acetate (49f). 

O O

HO

   

 

[880] Pyridine hydrofluoride (70%, 1.3 mL, 10.4 mmol) was added to a stirred solution of 2-(3-

((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenyl acetate (49e) (0.70 g, 2.1 mmol) and 

pyridine (2.5 mL, 31.2 mmol) in THF (25 mL) at room temperature under an atmosphere of argon, 

and the mixture was stirred for 24 h.  The solvent was removed under vacuum (bath temperature set to 

25 °C), and the residue was dissolved in EtOAc (100 mL), washed with brine (3 × 75 mL), dried 

(Na2SO4), filtered, and concentrated under vacuum to give a mixture of the desired alcohol and 3-(2-

hydroxyphenyl)-2,2-dimethylpropyl acetate in a 65:35.  NMR analysis showed the presence of both 

esters of the product (49f).  This material was used directly in the next step without further 

purification.  
1
H NMR (300 MHz, CDCl3) of desired product: δ 6.8-7.26 (m, 4H), 3.79 (s, 2H), 3.27 

(s, 2H), 2.62 (s, 2H), 2.53 (s, 2H), 2.33 (s, 3H), 2.13 (s, 3H), 0.974 (s, 6H), 0.90 (s, 6H). 

[881] Step 7:  Synthesis of 2-(3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl)phenyl acetate (49g). 

 

 

[882] A solution of sulfuryl chloride (172 µL, 2.1 mmol) in Et2O (6.8 mL) was cooled to -78 °C 

under an atmosphere of argon.  A solution of 2-(3-hydroxy-2,2-dimethylpropyl)phenyl acetate (49f) 

(0.43 g, 1.9 mmol) and pyridine (172 µL, 2.1 mmol) in Et2O (2.0 mL) was added dropwise to the 

sulfuryl chloride solution via cannula.  The mixture was stirred at -78 °C for 10 min, then the flask 
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was warmed to room temperature and stirred for 1.5 h (monitored by TLC 30% EtOAc / hexanes).  

The suspension was filtered through a 0.45 µm PTFE syringe filter, and the syringe filter was rinsed 

with fresh Et2O (10 mL) to provide the product (49g).  The filtrate was used immediately in the next 

step without further purification.  The yield was assumed to be quantitative. 

[883] Step 8:  Synthesis of 2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl)phenyl acetate (49). 

 

 

[884] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.44 g, 2.4 

mmol) was dissolved in THF (22 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.8 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 

1.0 M in THF (2.1 mL, 2.1 mmol) was added dropwise to the cooled solution and stirred for 10 min.  

A solution of 2-(3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl)phenyl acetate (49g) (0.62 g, 1.9 mmol) 

in Et2O from the previous reaction was quickly added to the reaction mixture.  After 10 min, the 

reaction mixture was warmed to room temperature and stirred overnight.  Brine (100 mL) was added 

to the reaction mixture and the aqueous and organic layers were separated.  The aqueous layer was 

extracted with EtOAc (2 × 200 mL) and the combined organic layers were washed with brine (3 × 75 

mL), dried (Na2SO4), filtered, and concentrated under vacuum.  The residue was dissolved in DMF (6 

mL) and filtered through a 0.45 µm frit, and then purified by preparative HPLC with 20-90% MeCN / 

water (no modifier) as eluent.to give the product (49) (0.18 g, 20 %) as a solid.  LC-MS: m/z = 470 

[M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.23-7.29 (m, 1H), 7.18-7.20 (m, 2H), 7.08 (d, J = 7.5 Hz, 

1H), 6.52 (br. s, 1H), 5.78 (br. s, 1H), 4.55 (d, J = 7.5 Hz, 1H), 4.19-4.22 (m, 2H), 4.05 (br. d, J = 7.2 

Hz, 1H), 3.30 (br. d, J = 11.7 Hz, 1H), 2.99 (d, J = 11.7 Hz, 1H), 2.51-2.62 (m, 2H), 2.39-2.44 (m, 

1H), 2.34 (s, 3H), 2.10-2.19 (m, 1H), 1.84-2.00 (m, 2H), 0.98 (d, J = 3.0 Hz, 6H).  
13

C NMR (75 

MHz, CDCl3): δ 171.1, 169.6, 167.1, 149.6, 132.8, 129.1, 128.0, 125.8, 122.7, 83.4, 62.0, 60.3, 47.2, 

38.1, 36.3, 23.7, 21.3, 20.8, 17.6.  

Example (50) 

Synthesis of 2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl)phenyl pivalate (50) 
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[885] Step 1:  Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenyl pivalate 

(50a). 

 

 

[886] 2-(3-((tert-Butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenol (0.9 g, 3.1 mmol) and N,N-4-

dimethylaminopyridine (0.93 g, 7.6 mmol) were dissolved in THF (50 mL) under an atmosphere of 

argon. Trimethylacetyl chloride (0.45 mL, 3.7 mmol) was added dropwise to the mixture at room 

temperature to immediately form a white solid, and the addition was continued until a suspension was 

formed.  The reaction was stirred at room temperature for 2 h, and then filtered and the filter cake 

washed with THF (10 mL).  The filtrate was dry-loaded on to silica gel (15 g) and purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 6:94) as eluent to give the product (50a) 

contaminated with ca. 3 % of starting material by NMR analysis.  This material was used without 

further purification.  
1
H NMR (300 MHz, CDCl3): δ 7.27 (dd, J = 7.2, 2.1 Hz, 1H), 7.21 (dt, J = 7.5, 

1.8 Hz, 1H), 7.15 (dt, J = 7.8, 1.8 Hz, 1H), 6.97 (dd, J = 8.1, 1.8 Hz, 1H), 3.25 (s, 2H), 2.49 (s, 2H), 

1.38 (s, 9H), 0.92 (s, 9H), 0.82 (s, 6H), 0.05 (s 6H). 

[887] Step 2:  Synthesis of 2-(3-hydroxy-2,2-dimethylpropyl)phenyl pivalate (50b). 

O

O

OH

 

 

[888] Pyridine hydrofluoride (70%, 1.3 mL, 10.4 mmol) was added to a stirred solution of 2-(3-

((tert-butyldimethylsilyl)oxy)-2,2-dimethylpropyl)phenyl pivalate (50a) (0.70 g, 1.8 mmol) and 
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pyridine (2.5 mL, 31.2 mmol) in THF (25 mL) at room temperature under an atmosphere of argon, 

and the mixture was stirred for 24 h.  The solvent was removed under vacuum (bath temperature set to 

25 °C), and the residue was dissolved in EtOAc (100 mL) and washed with brine (3 × 75 mL), dried 

(Na2SO4), filtered, and concentrated under vacuum to give the desired product (50b) as an oil.  This 

material was used directly in the next step without further purification.  
1
H NMR (300 MHz, CDCl3): 

δ 7.12-7.26 (m, 3H), 6.98 (m, 1H), 3.31 (s, 2H), 2.51 (s, 2H), 1.39 (s, 9H), 0.89 (s, 9H). 

[889] Step 3:  Synthesis of 2-(3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl)phenyl pivalate (50c). 

 

 

[890] A solution of sulfuryl chloride (173 µL, 2.1 mmol) in Et2O (7.5 mL) was cooled to -78 °C 

under an argon atmosphere.  A solution of 2-(3-hydroxy-2,2-dimethylpropyl)phenyl pivalate (50b) 

(0.47 g, 1.8 mmol) and pyridine (173 µL, 2.1 mmol) in Et2O (2.2 mL) was added dropwise to the 

sulfuryl chloride solution via cannula.  The mixture was stirred at -78 °C for 10 min, and then the 

flask was warmed to room temperature and stirred for 1.5 h (monitored by TLC 30% EtOAc / 

hexanes).  The suspension was filtered through a 0.45-µm PTFE syringe filter, and the syringe filter 

was rinsed with fresh Et2O to provide the product (50c).  The filtrate was used immediately in the next 

step without further purification.  The yield was assumed to be quantitative. 

[891] Step 4:  Synthesis of 2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl)phenyl pivalate (50). 

 

 

[892] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.41 g, 2.2 

mmol) was dissolved in THF (23 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.8 mL), and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 

1.0 M in THF (2.2 mL, 2.2 mmol) was added dropwise to the cooled solution and the solution stirred 

for 10 min.  A solution of 2-(3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl)phenyl pivalate (50c) (0.65 
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g, 1.8 mmol) in Et2O from the previous reaction was added quickly to the reaction mixture.  After 10 

min, the reaction mixture was warmed to room temperature and stirred overnight.  Brine (100 mL) 

was added to the reaction mixture and the aqueous and organic layers were separated.  The aqueous 

layer was extracted with EtOAc (2 × 200 mL) and the combined organic layers were washed with 

brine (3 × 75 mL), dried (Na2SO4), filtered, and concentrated under vacuum.  The residue was 

dissolved in DMF (6 mL) and filtered through a 0.45-µm frit, and then purified by preparative HPLC 

to give the product (50) (0.21 g, 23 %) as a solid.  LC-MS: m/z = 512 [M+H]
+
.  

1
H NMR (300 MHz, 

CDCl3): δ 7.12-7.28 (m, 3H), 6.99 (d, J = 7.5 Hz, 1H), 6.50 (br. s, 1H), 5.78 (br. s, 1H), 4.57 (d, J = 

9.3 Hz, 1H), 4.26 (d, J = 8.7 Hz, 1H), 4.17 (br. s, 1H), 4.04 (d, J = 6.3 Hz, 1H), 3.28 (br. d, J = 11.7 

Hz, 1H), 3.03 (d, J = 11.7 Hz, 1H), 2.52-2.62 (m, 2H), 2.39-2.50 (m, 1H), 2.10-2.20 (m, 1H), 1.78-

1.98 (m, 2H), 1.38 (s, 9H), 0.97 (d, J = 4.2 Hz, 6H).  
13

C NMR (75 MHz, CDCl3): δ 177.2, 171.1, 

167.0, 150.1, 132.5, 129.2, 127.9, 125.6, 122.6, 83.7, 61.9, 60.2, 47.2, 39.3, 37.5, 36.2, 27.4, 23.5, 

20.8, 17.6. 

Example 51 

Synthesis of S-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl) ethanethioate (51) 

O

S

O

S

O

O
O

N
N

O

NH2

O

H
 

 

[893] Step 1:  Synthesis of S-(4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl) ethanethioate (51a). 

 

 

[894] A solution of freshly distilled sulfuryl chloride (271 µL, 3.7 mmol) in Et2O (5 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of S-(4-hydroxy-3,3-dimethylbutyl) 

ethanethioate (prepared according to Chem. Commun. 2011, 47, 2038) (500 mg, 2.8 mmol) and 

pyridine (267 µL, 3.3 mmol) in Et2O (3 mL) was added dropwise to the sulfuryl chloride solution over 

the course of 5 min.  The flask was rinsed with diethyl ether (2 × 5 mL) and the rinse was also added 

to the reaction mixture.  The mixture was stirred at -78 °C for 1 h and allowed to warm to room 

temperature and stirred at room temperature for another 20 min.  The precipitate was filtered (quickly) 

and the filter cake rinsed with Et2O (12 mL).  The filtrate was concentrated under vacuum at room 

temperature to afford the title compound (51a) as an oil which was used immediately for the next step 

without further purification. 
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[895]  Step 2:  Synthesis of S-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl) ethanethioate (51). 

 

 

[896] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (430 mg, 2.3 

mmol) was dissolved in pyridine (8 mL) and cooled to 0 °C under an atmosphere of argon.  A solution 

of S-(4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl) ethanethioate (51a) (0.75 g, 2.7 mmol) in THF (4 

mL) was added to the reaction mixture at 0 °C.  The resulting mixture was stirred for 1 h and the 

solvents were removed under high vacuum at room temperature.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 9:1) as eluent to afford the product (50) 

as a solid.  LCMS: m/z = 424.2 [M+1]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.47 (br. s, 1H), 5.61 (br. s, 

1H), 4.53 (d, J = 8.7 Hz, 1H), 4.24 (d, J = 9.0 Hz, 1H), 4.17 (br. s, 1H), 4.05-4.03 (m, 1H), 3.39-3.30 

(m, 1H), 3.01 (d, J = 9.0 Hz, 1H), 2.85-2.80 (m, 2H), 2.48-2.40 (m, 1H), 2.32 (s, 3H), 2.20 - 2.18 (m, 

1H), 2.01-1.80 (m, 2H), 1.03 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 195.4, 170.9, 166.9, 83.1, 61.8, 

60.0, 47.1, 38.4, 34.8, 30.5, 23.9, 23.4, 23.2, 20.6, 17.4. 

Example 52 

Synthesis of S-(5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl) ethanethioate (52) 

 

 

[897] Step 1:  Synthesis of 5-bromo-2,2-dimethylpentan-1-ol (52a). 

 

 

[898] DCM (18 mL) was added to LiBH4 (0.66 g, 30.4 mmol) followed by dropwise addition of 

anhydrous MeOH (1.2 ml, 30.4 mmol) over 20 min under an atmosphere of argon.  After the H2 

effervescence had ceased, a solution of ethyl 5-bromo-2,2-dimethylpentanoate (prepared according to 

PCT Application Publication No. 2011046771) (4.5 g, 19.0 mmol) in DCM (10 mL) was added 

dropwise over 20 min.  The reaction mixture was heated to reflux for 16 h, cooled to room 

temperature, and carefully hydrolyzed with a saturated NH4Cl solution (30 mL).  The suspension was 
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extracted with DCM (3 × 50 mL).  The combined organic layers were washed with 1N HCl (26 mL) 

and brine (40 mL), dried, and concentrated under vacuum to give the product (52a) (3.61 g, 97%) as 

an oil.  
1
H NMR (300 MHz, CDCl3): δ 3.39 (t, J = 6.9 Hz, 2H), 3.24 (s, 2 H), 1.90-1.76 (m, 2 H), 1.48 

(br. s, 1H), 1.41-1.36 (m, 2H), 0.88 (s, 6H). 

[899] Step 2:  Synthesis of S-(5-hydroxy-4,4-dimethylpentyl) ethanethioate (52b). 

 

 

[900] A solution of 5-bromo-2,2-dimethylpentan-1-ol (52a) (2.0 g, 10.3 mmol) and potassium 

thioacetate (2.34 g, 20.5 mmol) in acetone (22 mL) was stirred under an inert atmosphere at room 

temperature for 23 h.  After removing the solvents under vacuum at room temperature, the residue 

was purified by column chromatography on silica gel column using EtOAc / hexanes (0:1 to 2:3) as 

eluent to give the product (52b) (1.2 g, 61%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 3.31 (s, 2H), 

2.85 (t, J = 7.8 Hz, 2H), 2.32 (s, 3 H), 1.62-1.48 (m, 2 H), 1.32-1.21 (m, 2H), 0.86 (s, 6H). 

[901] Step 3:  Synthesis of S-(5-((chlorosulfonyl)oxy)-4,4-dimethylpentyl) ethanethioate (52c). 

O

S O

S

O

O
Cl

 

 

[902] A solution of freshly distilled sulfuryl chloride (379 µL, 5.2 mmol) in Et2O (8 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of S-(5-hydroxy-4,4-dimethylpentyl) 

ethanethioate (52b) (700 mg, 3.6 mmol) and pyridine (374 µL, 4.6 mmol) in Et2O (4 mL) was added 

dropwise to the sulfuryl chloride solution over the course of 5 min.  The mixture was stirred at -78 °C 

for 1 h, and then allowed to warm to room temperature.  The precipitate was filtered (quickly) and the 

filter cake rinsed with Et2O (10 mL).  The filtrate was concentrated under vacuum at room 

temperature to afford the title compound (52c) as an oil which was used immediately for the next step 

without further purification.  

[903] Step 4:  Synthesis of S-(5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl) ethanethioate (52). 

 

 

[904] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (600 mg, 3.2 

mmol) was dissolved in pyridine (9 mL) and cooled to 0 °C under an atmosphere of argon.  A solution 
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of S-(5-((chlorosulfonyl)oxy)-4,4-dimethylpentyl) ethanethioate (52c) (857 mg, 3.0 mmol) in THF (5 

mL) was added to the reaction mixture at 0 °C.  The resulting mixture was stirred for 1 h and the 

solvents were removed under high vacuum at room temperature.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 9:1) as eluent to afford the product (52) 

(70 mg, 5%) as a solid.  LC-MS: m/z = 438.2 [MH]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.48 (br. s, 1H), 

5.56 (br. s, 1H), 4.49 (d, J = 9.0 Hz, 1H), 4.19 (d, J = 9.6 Hz, 1H), 4.17 (br. s, 1H), 4.05-4.03 (m, 1H), 

3.38-3.30 (m, 1H), 3.01 (d, J = 9.0 Hz, 1H), 2.85 (t, J = 6.9 Hz, 2H), 2.46-2.40 (m, 1H), 2.32 (s, 3H), 

2.21-2.18 (m, 1H), 1.98-1.82 (m, 2H), 1.40-1.33 (m, 2H), 0.97 (s, 3H), 0.96 (s, 3H).  
13

C NMR (75 

MHz, CDCl3): δ 175.7, 170.8, 166.9, 83.6, 61.8, 60.0, 47.1, 37.4, 34.3, 30.6, 29.4, 23.9, 23.6, 23.4, 

20.6, 17.4. 

Example 53 

Synthesis of S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl) ethanethioate (53) 

 

 

[905] Step 1:  Synthesis of S-(3-hydroxy-2,2-dimethylpropyl) ethanethioate (53a). 

 

 

[906] Potassium thioacetate (4.1 g, 35.8 mmol) was dissolved in DMF (20 mL) under an 

atmosphere of argon.  3-Hydroxy-2,2-dimethylpropyl 4-methylbenzenesulfonate (prepared according 

to PCT Application Publication No. 2012165648) (4.2 g, 16.3 mmol) was added, and the mixture was 

stirred at 80 °C for 2.5 h.  After cooling, brine (100 mL) was added, and the mixture was extracted 

with Et2O (3 × 100 mL).  The combined organic layers were washed with brine (5 × 50 mL), dried 

(Na2SO4), filtered, and concentrated under vacuum (residual DMF was removed by high vacuum).  

The residue was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 

15:85) as eluent to provide the product (53a) (1.06 g, 40%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 

3.23 (br. s, 2H), 2.89 (s, 2H), 2.62 (br. s, 1H), 2.37 (s, 3H), 0.94 (s, 6H). 

[907] Step 2:  Synthesis of S-(3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl) ethanethioate (53b). 
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[908] A solution of freshly distilled sulfuryl chloride (283 µL, 3.9 mmol) in Et2O (4 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of S-(3-hydroxy-2,2-dimethylpropyl) 

ethanethioate (53a) (520 mg, 3.1 mmol) and pyridine (327 µL, 4.0 mmol) in Et2O (6 mL) was added 

dropwise to the sulfuryl chloride solution over the course of 5 min.  The mixture was stirred at -78 °C 

for 1 h, then allowed to warm to room temperature.  The precipitate was filtered (quickly) and the 

filter cake rinsed with Et2O (10 mL).  The filtrate was concentrated under vacuum at room 

temperature to afford the title compound (53b) as an oil which was used immediately for the next step 

without further purification.  

[909] Step 3:  Synthesis of S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl) ethanethioate (53). 
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[910] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (600 mg, 3.2 

mmol) was dissolved in pyridine (10 mL) and cooled to 0 °C under an atmosphere of argon.  A 

solution of S-(5-((chlorosulfonyl)oxy)-4,4-dimethylpentyl) ethanethioate (53b) (800 mg, 3.1 mmol) in 

THF (6 mL) was added to the reaction mixture at 0 °C.  The resulting mixture was stirred for 2 h and 

the solvents were removed under high vacuum at room temperature.  The residue was purified by 

column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to afford the 

product (53) (90 mg, 7%) as a solid.  LCMS: m/z = 410.1 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 

6.47 (br. s, 1H), 5.56 (br. s, 1H), 4.51 (d, J = 9.3 Hz, 1H), 4.25 (d, J = 9.6 Hz, 1H), 4.17 (br. s, 1H), 

4.06-4.03 (m, 1H), 3.36-3.24 (m, 1H), 3.06-2.88 (m, 2H), 2.51-2.41 (m, 1H), 2.36 (s, 3H), 2.21-2.08 

(m, 1H), 1.98-1.82 (m, 2H), 1.36-1.22 (m, 1H), 1.04 (s, 3H), 1.02 (s, 3H).  
13

C NMR (75 MHz, 

CDCl3): δ 194.7, 170.8, 166.9, 81.9, 61.8, 60.1, 47.1, 36.7, 35.6, 30.6, 23.2, 22.9, 20.6, 17.4. 

Example 54 

Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl 2,6-dimethylbenzoate (54) 

 

 

[911] Step 1:  Synthesis of 3-hydroxy-2,2-dimethylpropyl 2,6-dimethylbenzoate (54a). 
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[912] To a stirred solution of 2,2-dimethylpropane-1,3-diol (2.5 g, 24.3 mmol) in DCM (60 mL) at 

ca. 0 °C (ice bath) under an atmosphere of argon, was added 2,6-dimethylbenzoyl chloride (1.2 mL, 

8.1 mmol), pyridine (1.1 mL, 13.7 mmol), and N,N-4-dimethylaminopyridine (99 mg, 0.8 mmol).  

The reaction mixture was allowed to gradually warm to room temperature and the mixture was stirred 

overnight.  The reaction was quenched by the addition of 1N HCl, and the mixture was extracted with 

DCM (twice).  The combined organic extracts were washed with a saturated aqueous solution of 

NaHCO3 and brine, dried (MgSO4), filtered and concentrated under vacuum.  The residue was purified 

by column chromatography on silica gel using EtOAc / hexanes (1:9 to 2:3) as eluent to give the 

product (54a) (1.5 g, 78%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 7.21 (m, 1H), 7.04 (m, 2H), 4.18 

(s, 2H), 3.41 (s, 2H), 2.32 (s, 6H), 2.20 (br. s, 1H), 0.99 (s, 6H). 

[913] Step 2:  Synthesis of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl 2,6-dimethylbenzoate (54b). 

 

 

[914] A solution of freshly distilled sulfuryl chloride (0.25 mL, 3.9 mmol) in Et2O (6 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of 3-hydroxy-2,2-dimethylpropyl 2,6-

dimethylbenzoate (54a) (500 mg, 2.1 mmol) and pyridine (0.26 mL, 3.3 mmol) in Et2O (6 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 5 min.  The mixture was stirred at -

78 °C for 1 h, and then allowed to warm to room temperature.  The precipitate was filtered (quickly) 

and the filter cake rinsed with Et2O (12 mL).  The filtrate was concentrated under vacuum at room 

temperature to afford the title compound (54b) as an oil, which was used immediately in the next step 

without further purification.  

[915] Step 3:  Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl 2,6-dimethylbenzoate (54). 

 

 

[916] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (420 mg, 2.3 

mmol) was dissolved in THF (12 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.7 mL), and 
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the resulting solution was cooled to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 

M in THF (2.3 mL, 2.3 mmol) was added dropwise to the cooled solution and stirred for 10 min.  A 

solution of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl 2,6-dimethylbenzoate (54b) (660 mg, 2.0 

mmol) in THF (8 mL) was added quickly to the reaction mixture.  After stirring at -78 °C for 10 min, 

the mixture was allowed to warm to room temperature and stirred for 2 h.  EtOAc (400 mL), and 

saturated aqueous NaHCO3 (40 mL) and water (40 mL) were added.  The organic layer was separated 

and washed with saturated aqueous NaHCO3 (60 mL), H2O (3 × 50 mL), brine (60 mL), amnd then 

dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to give the product (180 

mg, 19%) as a solid.  LC-MS: m/z = 484.01 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.19 (m, 1H), 

7.04 (m, 2H), 6.47 (s, 1H), 5.55 (s, 1H), 4.58 (d, J = 9.3 Hz, 1H), 4.39 (d, J = 9.0 Hz, 1H), 4.22 (d, J = 

11.1 Hz, 1H), 4.16 (m, 1H), 4.11 (d, J = 11.1 Hz, 1H), 4.04-4.02 (m, 1H), 3.33-3.29 (m, 1H), 3.01-

2.98 (m, 1H), 2.45-2.40 (m, 1H), 2.32 (s, 6H), 2.20-2.08 (m, 1H), 1.93-1.76 (m, 2H), 1.10 (s, 6H).  
13

C 

NMR (75 MHz, CDCl3): δ 170.8, 169.9, 166.9, 134.9, 133.6, 129.4, 127.5, 80.2, 69.1, 61.8, 60.1, 

47.1, 35.2, 21.4, 21.3, 20.7, 19.8, 17.4. 

Example 55 

Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl adamantane-1-carboxylate (55) 

 

 

[917] Step 1:  Synthesis of 3-hydroxy-2,2-dimethylpropyl (3r,5r,7r)-adamantane-1-carboxylate 

(55a). 

 

 

[918] To a stirred solution of 2,2-dimethylpropane-1,3-diol (2.5 g, 24.3 mmol) in DCM (60 mL) at 

ca. 0 °C (ice bath) under an argon atmosphere, was added 1-adamantane-carbonyl chloride (1.36 g, 

6.9 mmol), pyridine (1.1 mL, 13.7 mmol), and N,N-4-dimethylaminopyridine (99 mg, 0.8 mmol).  

The reaction mixture was allowed to gradually warm to room temperature and the mixture was stirred 

overnight.  The reaction was quenched by the addition of 1N HCl, and the mixture was extracted with 

DCM (twice).  The combined organic extracts were washed with a saturated aqueous solution of 

NaHCO3 and brine, dried (MgSO4), filtered, and concentrated under vacuum to give the product (55a) 
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(1.82 g, 100%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 3.91 (s, 2H), 3.25 (s, 2H), 2.01 (br. s, 3H), 

1.89 (br. s, 6H), 1.71 (br. s, 7H), 0.91 (s, 6H). 

Step 2:  Synthesis of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl (3r,5r,7r)-adamantane-1-

carboxylate (55b).  

O O

O

S

Cl

O O

 

 

[919] A solution of freshly distilled sulfuryl chloride (266 µL, 3.3 mmol) in Et2O (4 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of 3-hydroxy-2,2-dimethylpropyl-

adamantane-1-carboxylate (55a) (600 mg, 2.2 mmol) and pyridine (0.28 mL, 3.5 mmol) in Et2O (4 

mL) was added dropwise to the sulfuryl chloride solution over the course of 5 min.  The flask was 

rinsed with Et2O (5 mL), and the rinse was also added to the reaction mixture.  The mixture was 

stirred at -78 °C for 1 h, and then allowed to warm to room temperature.  The precipitate was filtered 

(quickly) and the filter cake rinsed with Et2O (12 mL).  The filtrate was concentrated under vacuum at 

room temperature to afford the title compound (55b) as an oil, which was used immediately in the 

next step without further purification.  

[920] Step 3:  Synthesis of 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropyl adamantane-1-carboxylate (55). 

 

 

[921] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (442 mg, 2.4 

mmol) was dissolved in THF (14 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.8 mL), and 

the resulting solution was cooled to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 

M in THF (2.6 mL, 2.6 mmol) was added dropwise to the cooled solution and stirred for 10 min.  A 

solution of 3-((chlorosulfonyl)oxy)-2,2-dimethylpropyl-adamantane-1-carboxylate (55b) (750 mg, 2.1 

mmol) in THF (8 mL) was quickly added to the reaction mixture.  After stirring at -78 °C for 10 min, 

the mixture was allowed to warm to room temperature and stirred for 2 h.  EtOAc (400 mL) and 

saturated aqueous NaHCO3 (40 mL) and H2O (40 mL) were added.  The organic layer was separated 

and washed with saturated aqueous NaHCO3 (60 mL), H2O (3 × 50 mL), brine (60 mL), then dried 

(Na2SO4), and concentrated under vacuum.  The residue was purified by column chromatography on 

silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to give the product (55) (180 mg, 17%) as a 

solid.  LC-MS: m/z = 514.12 [M+H]
+
. 

1
H NMR (300 MHz, CDCl3): δ 6.48 (s, 1H), 5.55 (s, 1H), 4.58 
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(d, J = 8.7 Hz, 1H), 4.36 (d, J = 9.3 Hz, 1H), 4.17 (m, 1H), 4.05 (d, J = 6.9 Hz, 1H), 3.93 (d, J = 11.1 

Hz, 1H), 3.84 (d, J = 11.1 Hz, 1H), 3.34-3.32 (m, 1H), 3.03-2.99 (m, 1H), 2.49-2.41 (m, 1H), 2.20-

2.14 (m, 1H), 2.04 (br. s, 3H), 1.91-1.8 (m, 8H), 1.87 (br. s, 6H), 1.03 (s, 7H).  
13

C NMR (75 MHz, 

CDCl3): δ 178.0, 171.7, 167.7, 81.3, 68.7, 62.6, 60.8, 47.8, 41.6, 39.5, 37.2, 36.2, 28.6, 22.0, 21.9, 

21.4, 18.1. 

Example 56 

Synthesis of diethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylmalonate (56) 

 

 

[922] Step 1:  Synthesis of diethyl 2-(hydroxymethyl)-2-methylmalonate (56a). 

 

 

[923] To a suspension of paraformaldehyde (1.3 g, 43.3 mmol) and K2CO3 (11 g, 79 mmol) in EtOH 

(150 mL) was added diethyl 2-methylmalonate (4.5 mL, 26.3 mmol).  The mixture was stirred at 

room temperature for 17 h, then filtered through a pad of Celite
®
, and the filter cake washed with 

EtOH (2 × 30 mL).  The filtrate was concentrated under vacuum and the residue was purified by 

column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:2) as eluent to afford the 

product (56a) (4.0 g, 74%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 4.22 (q, J = 6.9 Hz, 4H), 3.83 (d, 

J = 6.9 Hz, 2H), 2.90 (t, J = 7.8 Hz, 1H), 1.42 (s, 3H), 1.26 (t, J = 6.9 Hz, 6H). 

[924] Step 2:  Synthesis of diethyl 2-(((chlorosulfonyl)oxy)methyl)-2-methylmalonate (56b). 

 

 

[925] A solution of freshly distilled sulfuryl chloride (248 µL, 3.0 mmol) in Et2O (8 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of diethyl 2-(hydroxymethyl)-2-
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methylmalonate (56a) (500 mg, 2.4 mmol) and pyridine (0.26 mL, 3.2 mmol) in Et2O (4 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 5 min.  The flask was rinsed with 

Et2O (5 mL), and the rinse was also added to the reaction mixture.  The mixture was stirred at -78 °C 

for 1 h, and then allowed to warm to room temperature.  The precipitate was filtered (quickly) and the 

filter cake rinsed with Et2O (12 mL).  The filtrate was concentrated under vacuum at room 

temperature to afford the title compound (56b) as an oil which was used immediately in the next step 

without further purification.  

[926] Step 3:  Synthesis of diethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)-2-methylmalonate (56). 

 

 

[927] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (390 mg, 2.1 

mmol) was dissolved in THF (10 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (0.8 mL), and 

the resulting solution was cooled to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 

M in THF (2.2 mL, 2.2 mmol) was added dropwise to the cooled solution and stirred for 10 min.  A 

solution of diethyl 2-(((chlorosulfonyl)oxy)methyl)-2-methylmalonate (56b) (638 mg, 2.1 mmol) in 

THF (8 mL) was quickly added to the reaction mixture.  After stirring at -78 °C for 10 min, the 

mixture was allowed to warm to room temperature and stirred for 2 h.  EtOAc (400 mL) and saturated 

aqueous NaHCO3 (40 mL) and H2O (40 mL) were added.  The organic layer was separated and 

washed with saturated aqueous NaHCO3 (60 mL), H2O (3 × 50 mL), brine (60 mL), then dried 

(Na2SO4), and concentrated under vacuum.  The residue was purified by column chromatography on 

silica gel using EtOAc / hexanes (0:1 to 9:1) as eluent to give the product (56) (166 mg, 17%) as a 

solid.  LC-MS: m/z = 452.03 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.49 (s, 1H), 5.58 (s, 1H), 5.02 

(d, J = 8.7 Hz, 1H), 4.93 (d, J = 9.3 Hz, 1H), 4.24 (q, J = 7.2 Hz, 4H), 4.17 (m, 1H), 4.05 (d, J = 6.9 

Hz, 1H), 3.35 (m, 1H), 3.01 (d, J = 11.1 Hz, 1H), 2.49-2.41 (m, 1H), 2.20-2.14 (m, 1H), 1.98-1.81 (m, 

2H), 1.56 (s, 3H), 1.28 (t, J = 7.2 Hz, 6H).  
13

C NMR (75 MHz, CDCl3): δ 171.1, 168.6, 168.5, 167.1, 

76.5, 62.3, 61.9, 60.2, 53.9, 47.1, 20.8, 17.8, 17.5, 14.0. 

Example 57 

Synthesis of propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57) 
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[928] Step 1:  Synthesis of propyl 3-hydroxy-2,2-dimethylpropanoate (57a). 

 

 

[929] A mixture of 3-hydroxy-2,2-dimethylpropanoic acid (1.15 g, 9.7 mmol) was charged and 1-

propanol (15 mL) and conc. H2SO4 (70 µL, 1.3 mmol) in a 20 mL-microwave vial was stirred at room 

temperature and then heated in a microwave at 80 °C for 2 h, and stirred at room temperature 

overnight.  When the desired product was identified by TLC (EtOAc / hexanes; 3:7) the mixture was 

concentrated under vacuum (40 °C) and diluted with EtOAc (80 mL) and H2O (30 mL).  The organic 

layer was washed with H2O (twice), and brine, then dried (Na2SO4), filtered, and concentrated to give 

the product (57a) (1.18 g, 76%) as an oil.  The material was used next step directly without 

purification.  
1
H NMR (300 MHz, CDCl3): δ 4.07 (t, J = 6.6 Hz, 2H), 3.55 (s, 2H), 2.42 (br. s, 1H), 

1.70-1.61 (m, 2H), 1.19 (s, 6H), 0.95 (t, J = 7.5 Hz, 3H). 

[930] Step 2:  Synthesis of propyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (57b). 

 

 

[931] A solution of freshly distilled sulfuryl chloride (194 µL, 2.7 mmol) in Et2O (1.0 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of propyl 3-hydroxy-2,2-

dimethylpropanoate (57a) (0.42 g, 2.6 mmol) and pyridine (215 µL, 2.7 mmol) in Et2O was added 

dropwise to the sulfuryl chloride solution over the course of 5 min.  The flask was rinsed with Et2O (3 

× 1 mL), and the rinse was added to the reaction mixture.  The mixture was stirred at -78 °C for 5 min 

and then allowed to warm to room temperature and stirred for 1 h.  The mixture was filtered and the 

filtrate was concentrated under vacuum to afford the title compound (57b) (0.56 g, 83%) as an oil, 

which was used immediately in the next step without further purification.  
1
H NMR (300 MHz, 

CDCl3): δ 4.50 (s, 2H), 4.10 (t, J = 6.6 Hz, 2H), 1.72-1.64 (m, 2H), 1.32 (s, 6H), 0.95 (t, J = 7.2 Hz, 

3H). 

[932] Step 3:  Synthesis of propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57). 
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[933] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (5.5 mL) and HMPA (1.0 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.5 mL, 1.5 

mmol) was added to the mixture, and then a solution of propyl 3-((chlorosulfonyl)oxy)-2,2-

dimethylpropanoate (57b) (0.40 g, 1.5 mmol) in THF (2 × 1 mL) was quickly added to the reaction 

mixture.  After 10 min stirring at -78 °C, the mixture was allowed to warm to room temperature and 

stirred for 1 h.  The mixture was quenched with H2O and diluted with EtOAc (40 mL).  The aqueous 

and organic layers were separated and the organic layer was washed with brine, dried (Na2SO4), and 

concentrated under vacuum.  The residue was purified by column chromatography on silica gel using 

EtOAc / hexanes (3:7 to 1:0) as eluent to give the desired product (57) (190 mg, 39%) as a solid.  

LCMS: m/z = 408.1 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.47 (br. s, 1H), 5.57 (br. s, 1H), 4.66 

(dd, J = 9.0, 35.1 Hz, 2H), 4.17-4.04 (m, 4H), 3.32 (d, J = 12.3 Hz, 1H), 3.02 (d, J = 10.8 Hz, 1H), 

2.46-2.41 (m, 1H), 2.14-2.13 (m, 1H), 1.99-1.83 (m, 2H), 1.71-1.66 (m, 2H), 1.29 (s, 3H), 1.28 (s, 

3H), 0.95 (t, J = 7.6 Hz, 3H).  
13

C NMR (75 MHz, CDCl3): δ174.1, 170.9, 166.8, 80.3, 66.8, 61.8, 

60.1, 47.1, 42.9, 22.1, 21.9, 21.6, 20.7, 17.4, 10.3. 

Example (58) 

Synthesis of butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58) 

 

 

[934] Step 1:  Synthesis of butyl 3-hydroxy-2,2-dimethylpropanoate (58a). 

 

 

[935] A mixture of 3-hydroxy-2,2-dimethylpropanoic acid (1.15 g, 9.7 mmol) was charged and 1-

butanol (15 mL) and conc. H2SO4 (70 µL, 1.3 mmol) in a 20 mL-microwave vial was stirred at room 

temperature then heated in a microwave at 80 °C for 2 h, then stirred at room temperature overnight.  
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When the desired product was identified by TLC (EtOAc / hexanes; 3:7) the mixture was 

concentrated under vacuum (40 °C; co-evaporated with toluene × 3) and diluted with EtOAc (80 mL) 

and H2O (30 mL).  The organic layer was washed with H2O (twice), and brine, then dried (Na2SO4), 

filtered and concentrated to give the product (58a) (1.24 g, 81%) as an oil.  The material was used 

next step directly without purification.  
1
H NMR (300 MHz, CDCl3): δ 4.11 (t, J = 6.5 Hz, 2H), 3.55 

(s, 2H), 2.42 (br. s, 1H), 1.65-1.58 (m, 2H), 1.43-1.35 (m, 2H), 1.19 (s, 6H), 0.94 (t, J = 7.5 Hz, 3H). 

[936] Step 2:  Synthesis of butyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (58b). 

 

 

[937] A solution of freshly distilled sulfuryl chloride (198 µL, 2.7 mmol) in Et2O (1.0 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of propyl 3-hydroxy-2,2-

dimethylpropanoate (58a) (0.47 g, 2.7 mmol) and pyridine (219 µL, 2.7 mmol) in Et2O was added 

dropwise to the sulfuryl chloride solution over the course of 5 min.  The flask was rinsed with Et2O (3 

× 1 mL), which was added to the reaction mixture.  The mixture was stirred at -78 °C for 5 min and 

then allowed to warm to room temperature and stirred for 1 h.  The mixture was filtered, and the 

filtrate was concentrated under vacuum to afford the title compound (58b) (0.52 g, 72%) as an oil, 

which was used immediately in the next step without further purification.  
1
H NMR (300 MHz, 

CDCl3): δ 4.50 (s, 2H), 4.14 (t, J = 6.8 Hz, 2H), 1.66-1.59 (m, 2H), 1.43-1.35 (m, 2H), 1.32 (s, 6H), 

0.94 (t, J = 7.4 Hz, 3H). 

[938] Step 3:  Synthesis of butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-

6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (58). 

 

 

[939] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (5 mL) and HMPA (1 mL), and the resulting stirred solution was cooled 

to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 M in THF (1.5 mL, 1.5 mmol) 

was added, and the mixture stirred for 10 min.  A solution of butyl 3-((chlorosulfonyl)oxy)-2,2-

dimethylpropanoate (58b) (0.41 g, 1.5 mmol) in THF (5 × 1 mL) was quickly added to the reaction 

mixture.  After 10 min stirring at -78 °C, the mixture was allowed to warm to room temperature and 

stirred for 1 h.  The mixture was quenched with H2O and diluted with EtOAc (40 mL).  The aqueous 

and organic layers were separated, and the organic layer was washed with brine, dried (Na2SO4), and 
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concentrated under vacuum.  The residue was dissolved in DMF and purified by preparative HPLC to 

give the desired product (58) (70 mg, 14%) as a solid.  LCMS: m/z = 422.2 [M+H]
+
.  

1
H NMR (300 

MHz, CDCl3): δ 6.47 (br. s, 1H), 5.67 (br. s, 1H), 4.65 (dd, J = 34.8, 9.0 Hz, 2H), 4.16-4.04 (m, 4H), 

3.32 (d, J = 11.7 Hz, 1H), 3.02 (d, J = 12.3 Hz, 1H), 2.47-2.40 (m, 1H), 2.18-2.13 (m, 1H), 2.01-1.80 

(m, 2H), 1.67-1.58 (m, 3H), 1.45-1.32 (m, 2H), 1.28 (s, 3H), 1.27 (s, 3H), 0.94 (t, J = 7.4 Hz, 3H).  

13
C NMR (75 MHz, CDCl3): δ 174.1, 170.8, 166.8, 80.3, 65.1, 61.8, 60.1, 47.1, 42.8, 30.5, 22.1, 21.6, 

20.7, 19.0, 17.4, 13.6. 

Example 59 

Synthesis of (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59) 

 

 

[940] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (10 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.3 mL, 1.3 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of (5-methyl-2-oxo-

1,3-dioxol-4-yl)methyl 3-((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (0.42 g, 1.3 mmol) in THF (5 

× 1 mL) was quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was 

allowed to warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and 

quenched with H2O and diluted with EtOAc (40 mL).  The aqueous and organic layers were 

separated, and the organic layer was washed with brine, dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by preparative HPLC to give the desired product (59) (189 mg, 

34%) as a solid.  LCMS: m/z = 478.1 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.68 (br. s, 1H), 5.74 

(br. s, 1H), 4.95-4.79 (m, 3H), 4.50 (d, J = 9.3 Hz, 1H), 4.14 (br. s, 1H), 4.03 (d, J = 7.2 Hz, 1H), 3.32 

(d, J = 12.3 Hz, 1H), 3.02 (d, J = 12.3 Hz, 1H), 2.45-2.39 (m, 1H), 2.17-2.09 (m, 4H), 1.98-1.79 (m, 

2H), 1.30 (s, 3H), 1.29 (s, 3H).  
13

C NMR (75 MHz, CDCl3): δ 177.6, 171.0, 167.0, 152.2, 140.5, 

133.2, 80.0, 61.8, 60.2, 54.4, 47.0, 43.0, 21.8, 21.7, 20.7, 17.5, 9.3. 

Example 60 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl pivalate (60) 
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[941] Step 1:  Synthesis of 4-hydroxy-3,3-dimethylbutyl pivalate (60a). 

 

 

[942] To a stirred solution of 2,2-dimethylbutane-1,4-diol (0.86 g, 7.3 mmol) in DCM (9 mL) at ca. 

0 °C (ice bath) under an argon atmosphere, was added trimethylacetyl chloride (0.89 mL, 7.3 mmol), 

Et3N (1.17 mL, 14.5 mmol), and N,N-4-dimethylaminopyridine (catalytic amount).  The reaction 

mixture was allowed to gradually warm to room temperature and the mixture was stirred overnight.  

The mixture was quenched by the addition of 1N HCl (50 mL).  The organic and aqueous layers were 

partitioned and the aqueous layer was extracted with DCM (twice).  The combined organic layers 

were washed with saturated NaHCO3 and brine, then dried (Na2SO4), and concentrated under vacuum.  

The residue was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:7) 

as eluent to give the desired product (60a) (0.42 g, 28%).  
1
H NMR (300 MHz, CDCl3): δ 4.13 (t, J = 

7.1 Hz, 2H), 3.35 (s, 2H), 1.61 (q, J = 6.9 Hz, 2H), 1.19 (s, 9H), 0.93 (s, 6H). 

[943] Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl pivalate (60b). 

 

 

[944] A solution of freshly distilled sulfuryl chloride (153 µL, 2.1 mmol) in Et2O (4.5 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of 4-hydroxy-3,3-dimethylbutyl pivalate 

(60a) (0.42 g, 2.1 mmol) and pyridine (203 µL, 2.5 mmol) in Et2O (3 mL) was added dropwise to the 

sulfuryl chloride solution over the course of 60 min.  The mixture was allowed to warm to room 

temperature and stirred for 30 min.  The mixture was filtered, and the filtrate was concentrated under 

vacuum to afford the title compound (60b) as an oil, which was used immediately in the next step 

without further purification.  
1
H NMR (300 MHz, CDCl3): δ 4.23 (s, 2H), 4.13 (t, J = 6.8 Hz, 2H), 

1.71 (t, J = 6.6 Hz, 2H), 1.19 (s, 9H), 1.08 (s, 6H). 

[945] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl pivalate (60). 
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[946] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.41 g, 2.2 

mmol) was dissolved in THF (18.5 mL) and HMPA (0.9 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (2.2 mL, 2.2 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 4-

((chlorosulfonyl)oxy)-3,3-dimethylbutyl pivalate (60b) (0.73 g, 2.4 mmol) in THF (20 mL) was 

quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was allowed to 

warm to room temperature and stirred for 16 h.  The mixture was quenched with H2O and diluted with 

EtOAc.  The aqueous and organic layers were separated, and the organic layer was washed with brine, 

dried (Na2SO4), and concentrated under vacuum. The residue was purified by column chromatography 

on silica gel using EtOAc / hexanes (0:1 to 1:0) as eluent to give the product (60) (176 mg) as a solid.  

LCMS: m/z = 450.15 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.49 (br. s, 1H), 5.59 (br. s, 1H), 4.55 

(d, J = 9.3 Hz, 1H), 4.26-4.04 (m, 5H), 3.34 (d, J = 11.7 Hz, 1H), 3.02 (d, J = 12.3 Hz, 1H), 2.45-2.41 

(m, 1H), 2.19-2.15 (m, 1H), 2.01-1.85 (m, 2H), 1.69 (t, J = 6.8 Hz, 2H), 1.19 (s, 9H), 1.05 (s, 6H).  

13
C NMR (75 MHz, CDCl3): δ178.6, 171.0, 167.0, 83.8, 61.9, 60.8, 60.2, 47.2, 38.7, 36.9, 34.0, 27.2, 

24.0, 23.7, 20.8, 17.5.  

Example 61 

Synthesis of ethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-ethylbutanoate (61) 

 

 

[947] Step 1:  Synthesis of ethyl 2-(((chlorosulfonyl)oxy)methyl)-2-ethylbutanoate (61a). 
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[948] A solution of freshly distilled sulfuryl chloride (126 µL, 1.7 mmol) in Et2O (3.2 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of ethyl 2-ethyl-2-(hydroxymethyl)butanoate 

(ex-enamine) (0.30 g, 1.7 mmol) and pyridine (153 µL, 1.9 mmol) in Et2O (2.1 mL) was added 

dropwise to the sulfuryl chloride solution over the course of 60 min.  The mixture was allowed to 

warm to room temperature and stirred for 30 min.  The mixture was re-cooled to -78 °C and sulfuryl 

chloride (20 µL) was added, and the reaction allowed to warm to room temperature and stirred for a 

further 30 min.  Et2O (5 mL) was added and the mixture stirred for 5 min, then filtered, and the filtrate 

was concentrated under vacuum to afford the title compound (61a), which was used immediately in 

the next step without further purification.  
1
H NMR (300 MHz, CDCl3): δ 4.62 (s, 2H), 4.21 (q, J = 

7.3 Hz, 2H), 1.78-1.58 (m, 4H), 1.28 (t, J = 7.1 Hz, 3H), 0.88 (t, J = 7.7 Hz, 6H). 

[949] Step 2:  Synthesis of ethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)methyl)-2-ethylbutanoate (61). 

 

 

 

 

 

 

 

[950] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.25 g, 1.4 

mmol) was dissolved in THF (11.2 mL) and HMPA (0.6 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.4 mL, 1.4 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of ethyl 2-

(((chlorosulfonyl)oxy)methyl)-2-ethylbutanoate (61a) (0.41 g, 1.5 mmol) in THF (20 mL) was 

quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was allowed to 

warm to room temperature and stirred for 16 h.  The mixture was quenched with H2O and diluted with 

EtOAc.  The aqueous and organic layers were separated, and the organic layer was washed with brine, 

dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel to give the product (61) (162 mg, 29%) as a solid.  LCMS: m/z = 422.03 

[M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 6.50 (br. s, 1H), 5.66 (br. s, 1H), 4.87 (d, J = 9.9 Hz, 1H), 

4.70 (d, J = 9.9 Hz, 1H), 4.22-4.14 (m, 3H), 4.06 (d, J = 7.2 Hz, 1H), 3.33 (d, J = 11.7 Hz, 1H), 3.02 

(d, J = 12.3 H, 1H), 2.47-2.41 (m, 1H), 2.22-2.12 (m, 1H), 2.01-1.60 (m, 6H), 1.27 (t, J = 7.1 Hz, 3H), 
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0.92-0.83 (m, 6H).  
13

C NMR (75 MHz, CDCl3): δ 173.3, 171.1, 167.1, 75.2, 62.0, 61.1, 60.2, 50.6, 

47.2, 26.2, 25.8, 20.9, 17.5, 14.3, 8.4, 8.3. 

Example 62 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethylbenzoate (62) 

O

O

O
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O
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O
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[951] Step 1:  Synthesis of 4-hydroxy-3,3-dimethylbutyl 2,6-dimethylbenzoate (62a). 

 

 

[952] To a stirred solution of 2,2-dimethylbutane-1,4-diol (0.84 g, 7.1 mmol) in DCM (9 mL) at ca. 

0 °C (ice bath) under an argon atmosphere, was added 2,6-dimethylbenzoyl chloride (1.0 g, 5.9 

mmol), pyridine (0.96 mL, 11.9 mmol), and N,N-4-dimethylaminopyridine (catalytic amount).  The 

reaction mixture was allowed to gradually warm to room temperature and the mixture was stirred 

overnight.  The mixture was quenched by the addition of 1N HCl (50 mL).  The organic and aqueous 

layers were partitioned and the aqueous layer was extracted with DCM (twice).  The combined 

organic layers were washed with saturated NaHCO3, and then dried (Na2SO4), and concentrated under 

vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / hexanes 

(0:1 to 3:7) as eluent to give the desired product (62a) (0.42 g, 28%).  
1
H NMR (300 MHz, CDCl3): δ 

7.18 (t, J = 7.6 Hz, 1H), 7.04-7.01 (m, 2H), 4.41 (t, J = 7.6 Hz, 2H), 3.37 (s, 2H), 2.31 (s, 6H), 1.76 (t, 

J = 7.5 Hz, 2H), 0.97 (s, 6H). 

[953] Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethylbenzoate (62b). 

 

 

[954] A solution of freshly distilled sulfuryl chloride (122 µL, 1.7 mmol) in Et2O (1.0 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of 4-hydroxy-3,3-dimethylbutyl 2,6-

dimethylbenzoate (62a) (0.42 g, 1.7 mmol) and pyridine (136 µL, 1.7 mmol) in Et2O (1.5 mL) was 
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added dropwise to the sulfuryl chloride solution over the course of 15 min.  The flask was rinsed with 

Et2O (2 × 20 mL), and the rinse was added to the reaction mixture.  The mixture was stirred at -78 °C 

for 10 min then allowed to warm to room temperature and stirred for 1 h.  The mixture was filtered, 

and the filtrate was concentrated under vacuum to afford the title compound (62b) as an oil, which 

was used immediately in the next step without further purification (not pure).  
1
H NMR (300 MHz, 

CDCl3): δ 7.19 (t, J = 7.7 Hz, 1H), 7.03 (d, J = 7.5 Hz, 2H), 4.41 (t, J = 7.4 Hz, 2H), 4.23 (s, 2H), 2.31 

(s, 6H), 1.84 (t, J = 6.9 Hz, 2H), 1.11 (s, 6H).  

[955] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethylbenzoate (62). 

 

 

[956] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (10 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.2 mL, 1.2 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 4-

((chlorosulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethylbenzoate (62b) (0.42 g, 1.2 mmol) in Et2O (20 

mL) was quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was 

allowed to warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and 

quenched with H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the 

organic layer was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to 

give the product (62) (192 mg, 32%) as a solid.  LCMS: m/z = 498.08 [M+H]
+
.  

1
H NMR (300 MHz, 

CDCl3): δ 7.18 (t, J = 7.5 Hz, 1H), 7.02 (d, J = 7.5 Hz, 2H), 6.48 (br. s, 1H), 5.63 (br. s, 1H), 4.57 (d, 

J = 9.0 Hz, 1H), 4.40 (t, J = 7.5 Hz, 2H), 4.25 (d, J = 8.7 Hz, 1H), 4.17 (br. s, 1H), 4.04 (d, J = 6.3 Hz, 

1H), 3.32 (d, J = 12.3 Hz, 1H), 3.00 (d, J = 12.3 Hz, 1H), 2.47-2.40 (m, 1H), 2.31 (s, 6H), 2.18-2.14 

(m, 1H), 1.97-1.80 (m, 4H), 1.08 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 170.9, 170.0, 167.1, 134.8, 

133.8, 129.4, 127.6, 83.4, 61.9, 61.3, 60.1, 47.1, 36.7, 33.9, 23.9, 23.6, 20.7, 19.8, 17.4. 

Example 63 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl adamantane-1-carboxylate (63) 
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[957] Step 1:  Synthesis of 4-hydroxy-3,3-dimethylbutyl adamantane-1-carboxylate (63a). 

 

[958] To a stirred solution of 2,2-dimethylbutane-1,4-diol (0.72 g, 6.1 mmol) in DCM (20 mL) at 

ca. 0 °C (ice bath) under an atmosphere of argon, was added 1-adamantane-carbonyl chloride (1.1 g, 

10.1 mmol), pyridine (0.82 mL, 10.1 mmol), and N,N-4-dimethylaminopyridine (0.03 g, 0.3 mmol).  

The reaction mixture was allowed to gradually warm to room temperature and the mixture was stirred 

overnight.  The mixture was quenched by the addition of 1N HCl.  The organic and aqueous layers 

were partitioned, and the aqueous layer was extracted with DCM (twice).  The combined organic 

layers were washed with saturated NaHCO3 and brine, and then dried (MgSO4), and concentrated 

under vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / 

hexanes (0:1 to 1:1) as eluent to give the desired product (63a) (0.49 g, 35%).  
1
H NMR (300 MHz, 

CDCl3): δ 4.14-4.09 (m, 2H), 3.34 (s, 2H), 2.00 (m, 3H), 1.90-1.86 (m, 6H), 1.75-1.59 (m, 6H), 1.59 

(t, J = 7.1 Hz, 2H), 0.92 (s, 6H). 

[959] Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl adamantane-1-carboxylate 

(63b). 
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[960] A solution of freshly distilled sulfuryl chloride (127 µL, 1.7 mmol) in Et2O (1.2 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of 4-hydroxy-3,3-dimethylbutyl 

adamantane-1-carboxylate (63a) (0.48 g, 1.7 mmol) and pyridine (141 µL, 1.7 mmol) in Et2O (1.7 

mL) was added dropwise to the sulfuryl chloride solution over the course of 15 min.  The flask was 

rinsed with Et2O (2 × 20 mL), and the rinse was added to the reaction mixture.  The mixture was 

stirred at -78 °C for 10 min and then allowed to warm to room temperature and stirred for 1 h.  The 

mixture was filtered, and the filtrate was concentrated under vacuum to afford the title compound 

(63b) as an oil, which was used immediately in the next step without further purification (not pure).  



 

 
210

1
H NMR (300 MHz, CDCl3): δ 4.25 (s, 2H), 4.13 (t, J = 6.8 Hz, 2H), 2.01 (m, 3H), 1.90-1.85 (m, 6H), 

1.73-1.69 (m, 8H), 1.08 (s, 6H). 

[961] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl adamantane-1-carboxylate (63). 

 

 

[962] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (10 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.2 mL, 1.2 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 4-

((chlorosulfonyl)oxy)-3,3-dimethylbutyl adamantane-1-carboxylate (63b) (0.66 g, 1.7 mmol) in Et2O 

(20 mL) was added quickly to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was 

allowed to warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and 

quenched with H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the 

organic layer was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to 

give a solid, which was triturated with hexanes to give the product (63) (230 mg, 36%) as a solid.  

LCMS: m/z = 528.17 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.18 (t, J = 7.5 Hz, 1H), 7.02 (d, J = 

7.5 Hz, 2H), 6.48 (br. s, 1H), 5.63 (br. s, 1H), 4.57 (d, J = 9.0 Hz, 1H), 4.40 (t, J = 7.5 Hz, 2H), 4.25 

(d, J = 8.7 Hz, 1H), 4.17 (br. s, 1H), 4.04 (d, J = 6.3 Hz, 1H), 3.32 (d, J = 12.3 Hz, 1H), 3.00 (d, J = 

12.3 Hz, 1H), 2.47-2.40 (m, 1H), 2.31 (s, 6H), 2.18-2.14 (m, 1H), 1.97-1.80 (m, 4H), 1.08 (s, 6H).  

13
C NMR (75 MHz, CDCl3): δ 177.8, 171.0, 167.1, 83.9, 62.0, 60.7, 60.2, 47.2, 40.7, 39.0, 39.0, 37.0, 

36.6, 34.1, 28.0, 24.0, 23.8, 20.8, 17.5. 

Example 64 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethoxybenzoate (64) 

 

 

[963] Step 1:  Synthesis of 4-hydroxy-3,3-dimethylbutyl 2,6-dimethoxybenzoate (64a). 
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[964] To a stirred solution of 2,2-dimethylbutane-1,4-diol (1.85 g, 15.7 mmol) in DCM (28 mL) at 

ca. 0 °C (ice bath) under an atmosphere of argon, was added 2,6-dimethoxybenzoyl chloride (80%; 

3.93 g, 15.7 mmol), Et3N (2.5 mL, 31.3 mmol), and N,N-4-dimethylaminopyridine (catalytic amount).  

The reaction mixture was allowed to gradually warm to room temperature and the mixture was stirred 

overnight.  The mixture was concentrated under vacuum and suspended in EtOAc, and then filtered 

and the filter cake washed with EtOAc.  The filtrate was concentrated under vacuum and the residue 

purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 2:3) as eluent to give 

the desired product (64a) (ca. 80% purity; 0.92 g).  
1
H NMR (300 MHz, CDCl3): δ 7.29-7.26 (m, 1H), 

6.57-6.53 (m, 3H), 4.43-4.39 (m, 2H), 3.83 (s, 6H), 3.36 (s, 2H), 1.74 (t, J = 6.5 Hz, 2H), 0.95 (s, 6H). 

[965] Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethoxybenzoate 

(64b). 

 

 

[966] A solution of freshly distilled sulfuryl chloride (0.2 mL, 2.7 mmol) in Et2O (1.9 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of 4-hydroxy-3,3-dimethylbutyl 2,6-

dimethoxybenzoate (64a) (ca. 80% purity; 0.97 g, 2.7 mmol) and pyridine (222 µL, 2.7 mmol) in 

Et2O (2.7 mL) was added dropwise to the sulfuryl chloride solution over the course of 15 min.  The 

flask was rinsed with Et2O (2 × 20 mL), and the rinse was added to the reaction mixture.  The mixture 

was stirred at -78 °C for 10 min then allowed to warm to room temperature and stirred for 1 h.  The 

mixture was filtered, and the filtrate was concentrated under vacuum to afford the title compound 

(64b) as an oil, which was used immediately in the next step without further purification (not pure). 

[967] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethoxybenzoate (64). 
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[968] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.21 g, 1.1 

mmol) was dissolved in THF (9.4 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 M in THF (1.1 mL, 1.1 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 4-

((chlorosulfonyl)oxy)-3,3-dimethylbutyl 2,6-dimethoxybenzoate (64b) (0.65 g, 1.7 mmol) in Et2O (20 

mL) was quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was 

allowed to warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and 

quenched with H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the 

organic layer was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 1:0) as eluent to 

give the product (64) (100 mg, 17%) as a solid.  LCMS: m/z = 530.01 [M+H]
+
.  

1
H NMR (300 MHz, 

CDCl3): δ 7.31-7.25 (m, 1H), 6.54 (d, J = 9.0 Hz, 2H), 6.50 (br. s, 1H), 5.58 (br. s, 1H), 4.54 (d, J = 

8.7 Hz, 1H), 4.40 (t, J = 6.8 Hz, 2H), 4.28 (d, J = 8.7 Hz, 1H), 4.16 (br. s, 1H), 4.03 (d, J = 6.9 Hz, 

1H), 3.81 (s, 6H), 3.33 (d, J = 11.7 Hz, 1H), 2.99 (d, J = 7.2 Hz, 1H), 2.44-2.39 (m, 1H), 2.21-2.13 

(m, 1H), 1.93-1.79 (m, 4H), 1.07 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ171.0, 167.1, 166.7, 157.3, 

131.2, 113.1, 103,9, 84.0, 62.0, 61.8, 60.2, 56.0, 47.2, 36.6, 34.1, 23.8, 23.6, 20.8, 17.5. 

Example 65 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl benzoate (65) 

 

 

[969] Step 1:  Synthesis of 5-hydroxy-4,4-dimethylpentyl benzoate (65a). 

 

[970] To a stirred solution of 2,2-dimethylpentane-1,5-diol (J. Org. Chem. 2010, 75, 1892-1897; 

PCT International Publication No. WO 2002092606) (1.55 g, 11.7 mmol) in DCM (20 mL) at ca. 0 

°C (ice bath) under an argon atmosphere, was added benzoyl chloride (1.5 mL, 12.9 mmol).  The 

reaction mixture was stirred at room temperature for 2.5 h and concentrated under vacuum.  EtOAc 

was added to the residue and the mixture was stirred.  The filtrate was concentrated under the residue 

purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 1:4) as eluent to give 
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the product (65a) (1.38g, 50%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 8.04 (d, J = 6.9 Hz, 2H), 

7.56 (t, J = 7.5 Hz, 1H), 7.44 (t, J = 7.5 Hz, 2H), 4.31 (t, J = 6.8 Hz, 2H), 3.36 (s, 2H), 1.81-1.71 (m, 

2H), 1.42-1.36 (m, 2H), 0.92 (s, 6H). 

[971] Step 2:  Synthesis of 5-((chlorosulfonyl)oxy)-4,4-dimethylpentyl benzoate (65b). 

 

 

[972] A solution of freshly distilled sulfuryl chloride (0.2 mL, 2.7 mmol) in Et2O (1.9 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of 4-hydroxy-3,3-dimethylpentyl benzoate 

(65a) (0.76 g, 3.2 mmol) and pyridine (218 µL, 2.7 mmol) in Et2O (2.7 mL) was added dropwise to 

the sulfuryl chloride solution over the course of 15 min.  The flask was rinsed with Et2O (2 × 20 mL), 

and the rinse was added to the reaction mixture.  The mixture was stirred at -78 °C for 10 min then 

allowed to warm to room temperature and stirred for 1 h.  The mixture was filtered, and the filtrate 

was concentrated under vacuum to afford the title compound (65b) as an oil, which was used 

immediately in the next step without further purification (not pure).  
1
H NMR (300 MHz, CDCl3): δ 

8.04 (d, J = 7.5 Hz, 2H), 7.57-7.55 (m, 1H), 7.48-7.33 (m, 1H), 4.35-4.29 (m, 2H), 4.23 (s, 2H), 1.81-

1.74 (m, 2H), 1.53-1.21 (m, 2H), 1.06 (s, 6H). 

[973] Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl benzoate (65). 

 

 

[974] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.21 g, 1.1 

mmol) was dissolved in THF (9.4 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 M in THF (1.1 mL, 1.1 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 5-

((chlorosulfonyl)oxy)-4,4-dimethylpentyl benzoate (65b) (0.42 g, 1.2 mmol) in Et2O (20 mL) was 

quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was allowed to 

warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and quenched with 

H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the organic layer 

was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue was purified by 

column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to give the product 
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(65) (160 mg, 29%) as a solid.  LCMS: m/z = 484.10 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 8.04 

(d, J = 7.5 Hz, 2H), 7.57-7.54 (m, 1H), 7.47-7.42 (m, 2H), 6.43 (br. s, 1H), 5.51 (br. s, 1H), 4.56 (d, J 

= 9.0 Hz, 1H), 4.32-4.17 (m, 4H), 4.02 (d, J = 7.2 Hz, 1H), 3.28 (d, J = 12.3 Hz, 1H), 2.97 (d, J = 12.3 

Hz, 1H), 2.44-2.40 (m, 1H), 2.20-2.14 (m, 1H), 1.94-1.72 (m, 4H), 1.51-1.45 (m, 2H), 1.02 (s, 6H).  

13
C NMR (75 MHz, CDCl3): δ 171.0, 167.1, 166.8, 133.1, 130.4, 129.7, 128.5, 83.6, 65.3, 61.9, 60.2, 

47.2, 34.8, 34.3, 23.9, 23.6, 23.3, 20.8, 17.5. 

Example 66 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethoxybenzoate (66) 
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[975] Step 1:  Synthesis of 5-hydroxy-4,4-dimethylpentyl 2,6-dimethoxybenzoate (66a). 

O

O

O

O

OH

 

 

[976] To a stirred solution of 2,2-dimethylpentane-1,5-diol (1.5 g, 11.3 mmol) in pyridine (8.3 mL) 

at 0 °C under an argon atmosphere was added 2,6-dimethoxybenzoyl chloride (80%; 1.4 g, 5.6 mmol) 

in one portion.  The reaction mixture was allowed to warm to room temperature and for 3 h.  The 

reaction mixture was concentrated to dryness and EtOAc was added.  The mixture was filtered and the 

filtrate was concentrated under vacuum.  The residue was purified by column chromatography on 

silica gel using EtOAc / hexanes (0:1 to 3:7) as eluent to give the product (66a) (0.65 g, 39%) as an 

oil.  
1
H NMR (300 MHz, CDCl3): δ 7.31-7.26 (m, 2H), 6.55 (d, J = 8.1 Hz, 2H), 4.33 (t, J = 6.2 Hz, 

2H), 3.82 (s, 6H), 3.33 (s, 2H), 1.77-1.67 (m, 2H), 1.41-1.35 (m, 2H), 0.92 (s, 6H). 

[977] Step 2:  Synthesis of 5-((chlorosulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethoxybenzoate 

(66b). 
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[978] A solution of freshly distilled sulfuryl chloride (0.16 mL, 2.2 mmol) in Et2O was cooled to -

78 °C under an atmosphere of argon.  A solution of 5-hydroxy-4,4-dimethylpentyl 2,6-

dimethoxybenzoate (66a) (0.65 g, 2.2 mmol) and pyridine (177 µL, 2.2 mmol) in Et2O was added 

dropwise to the sulfuryl chloride solution over the course of 15 min.  The flask was rinsed with Et2O 

(2 × 20 mL), and the rinse was added to the reaction mixture.  The mixture was stirred at -78 °C for 

10 min and then allowed to warm to room temperature and stirred for 1 h.  The mixture was filtered, 

and the filtrate was concentrated under vacuum to afford the title compound (66b) as an oil, which 

was used immediately in the next step without further purification (not pure).  
1
H NMR (300 MHz, 

CDCl3): δ 7.32-7.26 (m, 1H), 6.56 (d, J = 8.7 Hz, 2H), 4.34 (t, J = 6.2 Hz, 2H), 4.21 (s, 2H), 3.81 (s, 

6H), 1.77-1.71 (m, 2H), 1.52-1.46 (m, 2H), 1.03 (s, 6H). 

[979] Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethoxybenzoate (66). 

 

 

[980] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.21 g, 1.1 

mmol) was dissolved in THF (9.4 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.1 mL, 1.1 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 5-

((chlorosulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethoxybenzoate (66b) (0.49 g, 1.2 mmol) in Et2O 

(20 mL) was quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was 

allowed to warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and 

quenched with H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the 

organic layer was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 1:0) as eluent to 

give the product (66) (115 mg, 18%) as a solid.  LCMS: m/z = 544.17 [M+H]
+
 & 589.11 

[M+HCOOH]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.31-7.25 (m, 1H), 6.55 (d, J = 8.7 Hz, 2H), 6.51 (br. 

s, 1H), 5.51 (br. s, 1H), 4.53 (d, J = 9.0 Hz, 1H), 4.33 (t, J = 6.2 Hz, 2H), 4.23-4.16 (m, 2H), 4.03 (d, J 

= 7.5 Hz, 1H), 3.82 (s, 6H), 3.31 (d, J = 12.3 Hz, 1H), 2.98 (d, J = 11.7 Hz, 1H), 2.42-2.39 (m, 1H), 

2.20-2.18 (m, 1H), 2.00-1.68 (m, 4H), 1.49-1.44 (m, 2H), 1.00 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 

171.0, 167.0, 166.7, 157.4, 131.2, 110.1, 104.1, 83.9, 65.6, 62.0, 60.2, 56.1, 47.2, 34.7, 34.3, 23.8, 

23.6, 23.4, 20.8, 17.6. 

Example 67 
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Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethylbenzoate (67) 

 

 

[981] Step 1:  Synthesis of 5-hydroxy-3,3-dimethylpentyl 2,6-dimethylbenzoate (67a). 

O

O OH

 

 

[982] To a stirred solution of 2,2-dimethylpentane-1,5-diol (1.1 g, 8.3 mmol) in pyridine (8.3 mL) 

at 0 °C under an argon atmosphere was added 2,6-dimethylbenzoyl chloride in one portion.  The 

reaction mixture was allowed to warm to room temperature for 3 h.  The reaction was concentrated to 

dryness and EtOAc was added.  The mixture was filtered and the filtrate was concentrated under 

vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / hexanes 

(0:1 to 1:4) as eluent to give the product (67a) (0.44 g, 25%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 

7.18 (t, J = 7.7 Hz, 1H), 7.03 (d, J = 7.5 Hz, 2H), 4.32 (t, J = 6.3 Hz, 2H), 3.34 (s, 2H), 2.32 (s, 6H), 

1.78-1.68 (m, 2H), 1.40-1.34 (m, 2H), 0.90 (s, 6H). 

[983] Step 2:  Synthesis of 5-((chlorosulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethylbenzoate (67b). 

 

 

[984] A solution of freshly distilled sulfuryl chloride (122 µL, 1.7 mmol) in Et2O was cooled to -78 

°C under an atmosphere of argon.  A solution of 5-hydroxy-4,4-dimethylpentyl 2,6-dimethylbenzoate 

(67a) (0.44 g, 1.7 mmol) and pyridine (135 µL, 1.7 mmol) in Et2O was added dropwise to the sulfuryl 

chloride solution over the course of 15 min.  The flask was rinsed with Et2O (2 × 20 mL), and the 

rinse was added to the reaction mixture.  The mixture was stirred at -78 °C for 10 min and then 

allowed to warm to room temperature and stirred for 1 h.  The mixture was filtered, and the filtrate 

was concentrated under vacuum to afford the title compound (67b), which was used immediately in 

the next step without further purification.  
1
H NMR (300 MHz, CDCl3): δ 7.19 (t, J = 7.5 Hz, 1H), 
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7.03 (d, J = 7.5 Hz, 2H), 4.33 (t, J = 6.2 Hz, 2H), 4.20 (s, 2H), 2.32 (s, 6H), 1.81-1.71 (m, 2H), 1.51-

1.45 (m, 2H), 1.04 (s,6H). 

[985] Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethylbenzoate (67).  

 

 

[986] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.21 g, 1.1 

mmol) was dissolved in THF (9.4 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an argon atmosphere.  A solution of NaHMDS, 1.0 M in THF (1.1 mL, 1.1 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 5-

((chlorosulfonyl)oxy)-4,4-dimethylpentyl 2,6-dimethylbenzoate (67b) (0.49 g, 1.4 mmol) in Et2O (20 

mL) was quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was 

allowed to warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and 

quenched with H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the 

organic layer was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue 

was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to 

give the product (67) (200 mg, 32%) as a solid.  LCMS: m/z = 512.18 [M+H]
+
.  

1
H NMR (300 MHz, 

CDCl3): δ 7.19 (t, J = 7.5 Hz, 1H), 7.03 (d, J = 7.5 Hz, 2H), 6.45 (br. s, 1H), 5.52 (br. s, 1H), 4.54 (d, 

J = 9.3 Hz, 1H), 4.31 (t, J = 7.4 Hz, 2H), 4.23-4.17 (m, 2H), 4.03 (d, J = 7.2 Hz, 1H), 3.31 (d, J = 11.7 

Hz, 1H), 2.99 (d, J = 12.3 Hz, 1H), 2.45-2.40 (m, 1H), 2.32 (s, 6H), 2.18-2.14 (m, 1H), 1.98-1.70 (m, 

4H), 1.48-1.42 (m, 2H), 1.00 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 170.9, 170.2, 167.1,135.0, 134.1, 

129.4, 127.7, 83.6, 65.4, 62.0, 60.2, 47.2, 34.9, 34.3, 23.7, 23.6, 23.3, 20.8, 19.9, 17.5. 

Example 68 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl 2-methylbenzoate (68) 

 

 

[987] Step 1:  Synthesis of4-hydroxy-3,3-dimethylbutyl 2-methylbenzoate (68a). 
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[988] To a stirred solution of 2,2-dimethylbutane-1,4-diol (0.80 g, 6.8 mmol) in pyridine (5 mL) at 

ca. 0 °C (ice bath) under an argon atmosphere, was added toluoyl chloride (0.89 mL, 6.8 mmol) 

dropwise.  The reaction mixture was allowed to gradually warm to room temperature and the mixture 

was stirred for 4 h.  The mixture was concentrated under vacuum and suspended in EtOAc, and then 

filtered and the filter cake washed with EtOAc.  The filtrate was concentrated under vacuum and the 

residue purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:7) as eluent 

to give the desired product (68a) (0.7 g, 44%).  
1
H NMR (300 MHz, CDCl3): δ 7.88 (d, J = 8.4 Hz, 

1H), 7.40 (t, J = 7.1 Hz, 1H), 7.26-7.24 (m, 2H), 4.38 (t, J = 7.3 Hz, 2H), 3.41 (s, 3H), 2.60 (s, 3H), 

1.78 (t, J = 7.5 Hz, 2H), 0.98 (s, 6H). 

[989] Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-3,3-dimethylbutyl 2-methylbenzoate (68b). 

 

[990] A solution of freshly distilled sulfuryl chloride (96 µL, 1.3 mmol) in Et2O (0.8 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of 4-hydroxy-3,3-dimethylbutyl 2-

methylbenzoate (68a) (0.31 g, 1.3 mmol) and pyridine (106 µL, 1.3 mmol) in Et2O (1.1 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 15 min.  The flask was rinsed with 

Et2O (2 × 20 mL), which was added to the reaction mixture.  The mixture was stirred at -78 °C for 10 

min then allowed to warm to room temperature and stirred for 30 min.  The mixture was filtered, and 

the product (68b) was used immediately in the next step without further purification.  
1
H NMR (300 

MHz, CDCl3): δ 7.89 (d, J = 8.1 Hz, 1H), 7.41-7.39 (m, 1H), 7.26-7.25 (m, 2H), 4.41-4.35 (m, 2H), 

4.28 (s, 2H), 2.61 (s, 3H), 1.87 (t, J = 7.2 Hz, 2H), 1.13 (s, 6H). 

[991] Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentyl 2-methylbenzoate (68). 
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[992] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (10 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.2 mL, 1.2 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of 4-

((chlorosulfonyl)oxy)-3,3-dimethylbutyl 2-methylbenzoate (68b) (0.42 g, 1.3 mmol) in Et2O (20 mL) 

was quickly added to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was allowed to 

warm to room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and quenched with 

H2O and diluted with EtOAc.  The aqueous and organic layers were separated, and the organic layer 

was washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue was purified by 

column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to give the product 

(68) (231 mg, 40%) as a solid.  LCMS: m/z = 484.06 [M+1]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.90 (d, 

J = 7.5 Hz, 1H),7.40 (t, J = 7.5 Hz, 1H), 7.26-7.24 (m, 2H), 6.44 (br. s, 1H), 5.53 (br. s, 1H), 4.60 (d, 

J = 8.7 Hz, 1H), 4.35 (t, J = 7.1 Hz, 2H), 4.28 (d, J = 9.0 Hz, 1H), 4.17 (br. s, 1H), 4.03 (d, J = 7.2 Hz, 

1H), 3.33 (d, J = 12.3 Hz, 1H), 2.99 (d, J = 11.7 Hz, 1H), 2.60 (s, 3H), 2.47-2.40 (m, 1H), 2.18-2.14 

(m, 1H), 1.95-1.82 (m, 4H), 1.10 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 171.0, 167.5, 167.1, 140.5, 

132.2, 131.9, 130.7, 129.5, 125.9, 83.7, 62.0, 61.2, 60.2, 47.2, 36.9, 34.0, 24.1, 23.8, 21.9, 20.8, 17.5. 

Example 69 

Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl 3-chloro-2,6-dimethoxybenzoate (69) 

 

 

[993] Step 1:  Synthesis of 4-hydroxy-2,2,3,3-tetramethylbutyl 2,6-dimethoxybenzoate (69a). 

 

 

[994] To a stirred solution of 2,2,3,3-tetramethylbutane-1,4-diol (45a) (0.7 g, 4.8 mmol) in DCM 

(20 mL) at 0 °C under an atmosphere of argon was added 2,6-dimethoxybenzoyl chloride (80%; 0.55 

g, 2.2 mmol), pyridine (0.36 mL, 4.4 mmol) and N,N-4-dimethylaminopyridine (0.05 g, 0.4 mmol).  

The mixture was allowed to warm to room temperature and stirred at room temperature overnight.  

The mixture was cooled to 0 °C and the reaction was quenched by the addition of 1N HCl (15 mL), 
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and then extracted with DCM (twice).  The combined organic layers were washed with sat. sodium 

bicarbonate and brine, then dried (Na2SO4), and concentrated under vacuum.  The residue was 

purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:2) as eluent to give 

the product (69a) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 7.29 (t, J = 8.4 Hz, 1H), 6.56 (d, J = 8.1 

Hz, 2H), 4.24 (s, 2H), 3.81 (s, 6H), 3.49 (s, 2H), 0.98 (s, 6H), 0.92 (s, 6H). 

[995] Step 2:  Synthesis of 4-((chlorosulfonyl)oxy)-2,2,3,3-tetramethylbutyl 3-chloro-2,6-

dimethoxybenzoate (69b). 

 

 

[996] Pyridine (0.15 mL, 1.8 mmol) was added to a stirred mixture of 4-hydroxy-2,2,3,3-

tetramethylbutyl propionate (69a) (0.30 g, 1.5 mmol) and Et2O (10 mL) under an atmosphere of 

argon.  The solution was cooled to -78 °C and sulfuryl chloride (0.15 mL, 1.8 mmol) in Et2O (3 mL) 

was slowly added at -78 °C.  The mixture was stirred at -78 °C for 1 h and then warmed to room 

temperature, and stirred for 1 h.  The reaction mixture was filtered to remove the pyridine salt, and the 

filtrate was concentrated under vacuum to give the title compound (69b) as an oil, that was used 

directly in the next step without further purification (yield assumed quantitative). 

[997] Step 3:  Synthesis of 4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,3,3-tetramethylbutyl 3-chloro-2,6-dimethoxybenzoate (69). 

 

 

[998] To a stirred mixture of (1R,2S,5R)-6-hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-

carboxamide (1) (235 mg, 1.3 mmol) in THF (10 mL) under an atmosphere of argon was added 

several drops of 1,3-dimethyltetrahydropyrimidin-2(1H)-one.  The mixture was cooled to -78 °C and 

stirred for 10 min, then a solution of NaHMDS, 1.0M in THF (1.4 mL, 1.4 mmol) was added 

dropwise.  The mixture was stirred at -78 °C for 8 min, then 4-((chlorosulfonyl)oxy)-2,2,3,3-

tetramethylbutyl 3-chloro-2,6-dimethoxybenzoate (69b) (0.52 g, 1.2 mmol) in THF (5 mL) was added 

at -78 °C.  The mixture was stirred at -78 °C for 10 min, then allowed to warm to room temperature 

and stirred for 1 h.  The mixture was diluted with EtOAc and saturated sodium bicarbonate solution.  

The aqueous and organic layers were separated, and the organic layer was washed with water, dried 

(Na2SO4), and concentrated under vacuum.  The residue was purified by column chromatography on 
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silica gel using EtOAc / hexanes (0: 1 to 1:0) as eluent to give the product (69) as a solid.  
1
H NMR 

(300 MHz, CDCl3): δ 7.33 (d, J = 9.0 Hz, 1H), 6.65 (d, J = 8.7 Hz, 1H), 6.51 (s, 1H), 5.74 (s, 1H), 

4.75 (d, J = 9.6 Hz, 1H), 4.44 (d, J = 8.7 Hz, 1H), 4.22-4.15 (m, 3H), 4.02 (d, J = 6.3 Hz, 1H), 3.88 (s, 

3H), 3.81 (s, 3H), 3.31 (d, J = 11.7 Hz, 1H), 2.99 (d, J = 12.3 Hz, 1H), 2.43-2.39 (m, 1H), 2.16-2.12 

(m, 1H), 1.91-1.80 (m, 2H), 1.05-1.01 (m, 12H).  
13

C NMR (75 MHz, CDCl3): δ 171.1, 167.1, 165.6, 

156.0, 153.6, 131.6, 120.1, 119.5, 107.8, 82.4, 71.2, 62.2, 61.9, 60.2, 56.2, 47.2, 39.0, 38.7, 20.8, 20.7, 

20.3, 20.2, 17.5. 

Example 70 

Synthesis of 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl dibenzoate (70) 

 

 

[999] Step 1: Reaction to produce 2-(hydroxymethyl)-2-methylpropane-1,3-diyl dibenzoate (70a). 

 

 

[1000] Benzoyl chloride (2.46 mL, 20.0 mmol) was added dropwise to a mixture of 2-

(hydroxymethyl)-2-methylpropane-1,3-diol (1.2 g, 10.0 mmol), pyridine (2.02 mL, 25.0 mmol), and 

N,N-4-dimethylaminopyridine (0.06 g, 0.4 mmol) in DCM (30 mL) at room temperature.  After 

stirring at room temperature overnight, the organic phase was washed with 1 M HCl, water, and brine, 

dried (MgSO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 2:3) as eluent to give the product (70a) 

(1.3 g, 40%) as an oil.  
1
H NMR (300 MHz, CDCl3): δ 8.06-8.02 (m, 4H), 7.62-7.56 (m, 2H), 7.49-

7.42 (m, 4H), 4.39 (s, 2H), 4.38 (s, 2H), 3.59 (s, 2H), 1.16 (s, 3H). 

[1001] Step 2:  Synthesis of 2-(((chlorosulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl dibenzoate 

(70b). 
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[1002] A solution of freshly distilled sulfuryl chloride (0.3 mL, 3.7 mmol) in Et2O (5 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of 2-(hydroxymethyl)-2-methylpropane-

1,3-diyl dibenzoate (70a) (800 mg, 2.4 mmol) and pyridine (0.32 mL, 3.9 mmol) in Et2O (5 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 5 min.  The flask was rinsed with 

Et2O (3 mL), which was also added to the mixture.  The mixture was stirred at -78 °C for 1 h, and 

then allowed to warm to room temperature.  The precipitate was filtered (quickly) and the filter cake 

rinsed with Et2O (12 mL).  The filtrate was concentrated under vacuum at room temperature to afford 

the title compound (70b) as an oil which was used immediately in the next step without further 

purification. 

[1003] Step 3:  Synthesis of 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl dibenzoate (70). 

 

[1004] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (400 mg, 2.2 

mmol) was dissolved in THF (10 mL) and HMPA (1.1 mL), and the resulting solution was cooled to -

78 °C under an argon atmosphere.  A 1.0 M NaHMDS solution in THF (2.3 mL) was added dropwise 

to the cooled solution and stirred for 10 min.  2-(((Chlorosulfonyl)oxy)methyl)-2-methylpropane-1,3-

diyl dibenzoate (70b) (922 mg, 2.2 mmol) was dissolved in THF (8 mL) and was added quickly to the 

reaction mixture.  After stirring at -78 °C for 10 min, the reaction mixture was allowed to warm to 

room temperature.  After stirring at room temperature for 2 h, EtOAc (400 mL) and saturated aqueous 

NaHCO3 (40 mL) and H2O (40 mL) were added.  The aqueous and organic layers were separated, and 

the organic layer washed with saturated aqueous NaHCO3 (60 mL), water (3× 50 mL), brine (60 mL), 

then dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 1:9) as eluent to give the product (70) 
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(186 mg, 15%) as an oil.  LC-MS: m/z = 576 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 8.06-8.03 (m, 

4H), 7.60-7.55 (m, 2H), 7.44-7.26 (m, 4H), 6.41 (s, 1H), 5.49 (s, 1H), 4.97 (d, J = 9.3 Hz, 1H), 4.68 

(d, J = 9.3 Hz, 1H), 4.43-4.39 (m, 4H), 4.13 (m, 1H), 4.01-3.99 (m, 1H), 3.13 (m, 1H), 2.95-2.91 (m, 

1H), 2.45-2.40 (m, 1H), 2.20-2.08 (m, 1H), 1.93-1.76 (m, 2H), 1.12 (s, 3H).  
13

C NMR (75 MHz, 

CDCl3): δ 170.8, 167.1, 166.1, 133.3, 129.8, 129.7, 128.5, 77.2, 66.1, 65.9, 61.8, 60.1, 46.9, 39.4, 

20.6, 17.4, 16.9. 

Example 71 

Synthesis of 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl diacetate (71) 

O

S
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O

O

O

H

 

 

[1005] Step 1:  Synthesis of 2-(hydroxymethyl)-2-methylpropane-1,3-diyl diacetate (71a). 

 

 

[1006] Acetic anhydride (3.46 mL, 36.6 mmol) was added dropwise to a mixture of 2-

(hydroxymethyl)-2-methylpropane-1,3-diol (2.2 g, 18.0 mmol), pyridine (12 mL, 25.0 mmol), and 

N,N-4-dimethylaminopyridine (0.05 g) at room temperature.  After stirring at room temperature 

overnight, the mixture was concentrated under vacuum.  The mixture was suspended in EtOAc (100 

mL), and H2O (20 mL) was slowly added at 0 °C.  The aqueous and organic layers were partitioned, 

and the organic layer was washed with and brine, dried (Na2SO4), then concentrated under vacuum.  

The residue was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 3:2) 

as eluent to give the product (71a) (1.0 g, 26%).  
1
H NMR (300 MHz, CDCl3): δ 4.02 (s, 4H), 3.41 (s, 

2H), 2.08 (s, 6H), 0.96 (s, 3H). 

[1007] Step 2:  Synthesis of 2-(((chlorosulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl diacetate 

(71b). 
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[1008] A solution of freshly distilled sulfuryl chloride (0.33 mL, 4.0 mmol) in Et2O (4 mL) was 

cooled to -78 °C under an atmosphere of argon.  A solution of 2-(hydroxymethyl)-2-methylpropane-

1,3-diyl diacetate (71a) (550 mg, 2.7 mmol) and pyridine (0.35 mL, 4.3 mmol) in Et2O (4 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 5 min.  The flask was rinsed with 

Et2O (5 mL), which was also added to the mixture.  The mixture was stirred at -78 °C for 1 h, then 

allowed to warm to room temperature.  The precipitate was filtered (quickly) and the filter cake rinsed 

with Et2O (12 mL).  The filtrate was concentrated under vacuum at room temperature to afford the 

title compound (71b) as an oil which was used immediately for the next step without further 

purification. 

[1009] Step 3:  Synthesis of 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl diacetate (71). 

 

[1010] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (430 mg, 2.3 

mmol) was dissolved in THF (8 mL) and HMPA (0.8 mL), and the resulting solution was cooled to -

78 °C under an atmosphere of argon.  NaHMDS, 1.0 M in THF (2.4 mL, 2.4 mmol) was added 

dropwise to the cooled solution and stirred for 10 min.  2-(((Chlorosulfonyl)oxy)methyl)-2-

methylpropane-1,3-diyl diacetate (71b) (703 mg, 2.3 mmol) was dissolved in THF (8 mL) and was 

added quickly to the reaction mixture.  After stirring at -78 °C for 10 min, the reaction mixture was 

allowed to warm to room temperature.  After stirring at room temperature for 2 h, EtOAc (400 mL) 

and saturated aqueous NaHCO3 (40 mL) and H2O (40 mL) were added.  The aqueous and organic 

layers were separated, and the organic layer washed with saturated aqueous NaHCO3 (60 mL), H2O (3 

× 50 mL), brine (60 mL), and then dried (Na2SO4), and concentrated under vacuum.  The residue was 

purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 1:9) as eluent to give 

the product (71) (198 mg, 19%) as an oil.  LC-MS: m/z = 452 [M+H]
+
.
 
  

1
H NMR (300 MHz, CDCl3): 

δ 6.50 (s, 1H), 5.68 (s, 1H), 4.72 (d, J = 9.3 Hz, 1H), 4.46 (d, J = 9.3 Hz, 1H), 4.16 (m, 1H), 4.12-4.08 
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(m, 4H), 3.36-3.32 (m, 1H), 3.04-3.00 (m, 1H), 2.45-2.40 (m, 1H), 2.20-2.12 (m, 1H), 2.09 (s, 6H), 

1.91-1.76 (m, 2H), 1.11 (s, 3H).  
13

C NMR (75 MHz, CDCl3): δ 171.1, 170.8, 170.7, 167.1, 76.9, 65.2, 

61.9, 60.2, 47.1, 38.8, 20.8, 20.7, 17.5, 16.6. 

Example 72 

Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72) 

 

 

[1011] Step 1:  Synthesis of 5-hydroxy-2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72a). 

 

 

[1012] To a stirred solution of 2,2,4,4-tetramethylpentane-1,5-diol (39c) (0.64 g, 4.0 mmol) 

and pyridine (0.32 mL, 4.0 mmol) in DCM (27 mL) was added 2,6-dimethoxybenzoyl chloride (80%; 

1.0 g, 4.0 mmol) in DCM (10 mL) dropwise over the course of 30 min at 0 °C (ice bath) under an 

atmosphere of argon.  The reaction mixture was allowed to warm to room temperature and stirred 

overnight.  The mixture was diluted with H2O (30 mL), and the layers were separated.  The aqueous 

layer was extracted with DCM (2 × 30 mL), and the combined organic layers were washed with brine 

(30 mL), dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (0:1 to 2:98) as eluent to give the product (72a) 

(927 mg, 71%) as an oil.  The compound was contaminated, presumably with the diacylated 

byproduct.  The material was used in the next step without further purification. 

[1013] Step 2:  Synthesis of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-

dimethoxybenzoate (72b).  
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[1014] A solution of sulfuryl chloride (0.21 mL, 2.8 mmol) in Et2O (13 mL) was cooled to -78 °C 

under an argon atmosphere.  A solution of 5-hydroxy-2,2,4,4-tetramethylpentyl 2,6-

dimethoxybenzoate (72a) (921 mg, 2.8 mmol) and pyridine (0.23 mL, 2.8 mmol) in Et2O (13 mL) was 

added dropwise to the sulfuryl chloride solution over the course of 10 min.  The mixture was stirred at 

-78 °C for 5 h.  The mixture was filtered and the filtrate stored to give a solution of the product (72b) 

in Et2O (ca. 20 mL).  The yield was assumed to be quantitative.  This mixture was used in the next 

step without further purification. 

[1015] Step 3:  Synthesis of 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72). 

O
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[1016] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (525 mg, 2.8 

mmol) was dissolved in THF (33 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (4 mL) and 

the resulting solution was cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 

1.0 M in THF (2.8 mL, 2.8 mmol) was added dropwise to the cooled solution and stirred for 90 min.  

A solution of 5-((chlorosulfonyl)oxy)-2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72b) (1.2 g, 

2.8 mmol) in Et2O (ca. 20 mL) was added to the reaction mixture (cannula).  After stirring for 10 min 

the mixture was warmed to room temperature, and stirred for 2 h.  The mixture was quenched with a 

saturated aqueous solution of sodium bicarbonate (40 mL) and extracted with EtOAc (40 mL).  The 

organic layer was washed with H2O (3 × 40 mL), brine (40 mL), dried (Na2SO4), and concentrated 

under vacuum.  The residue was purified by column chromatography on silica gel using EtOAc / 

hexanes (2:3 to 9:1) as eluent to give the product (72) (726 mg, 43%) as a solid.  LC-MS: m/z = 

572.08 [M+H]
+
.  

1
H NMR (300 MHz, CDCl3): δ 7.32-7.26 (m, 1H), 6.56 (d, J = 8.1 Hz, 2H), 6.52 (s, 

1H), 5.64 (s, 1H), 4.53 (d, J = 8.7 Hz, 1H), 4.24 (d, J = 9.0 Hz, 1H), 4.17 (s, 1H), 4.07-4.04 (m, 3H), 

3.81 (s, 6H), 3.34-3.30 (m, 1H), 3.00 (d, J =  12.3 Hz, 1H), 2.47-2.40 (m, 1H), 2.14 (m, 1H), 2.05-

1.84 (m, 2H), 1.48 (s, 2H), 1.11 (s, 6H), 1.10 (s, 6H).  
13

C NMR (75 MHz, CDCl3): δ 171.0, 167.0, 

166.8, 157.5, 131.1, 113.3, 103.9, 85.2, 74.2, 61.9, 60.2, 56.0, 47.2, 46.1, 36.0, 35.7, 26.4, 26.3, 25.9, 

25.2, 20.8, 17.5. 

Example 73 

Synthesis of ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylbutanoate (73) 
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[1017] Step 1:  Synthesis of R/S-ethyl 3-((chlorosulfonyl)oxy)-2,2-dimethylbutanoate (73a). 

 

 

[1018] A solution of freshly distilled sulfuryl chloride (148 µL, 2.0 mmol) in Et2O (0.2 mL) was 

cooled to -78 °C under an argon atmosphere.  A solution of ethyl 3-hydroxy-2,2-dimethylbutanoate 

(prepared according to J. Med. Chem. 1987, 30, 366-374 and Ad. Synth. Catal. 2009, 351, 3128-3132) 

(324 mg, 2.0 mmol) and pyridine (164 µL, 2.0 mmol) in Et2O (0.2 mL) was added dropwise to the 

sulfuryl chloride solution over the course of 15 min.  The flask was rinsed with Et2O (2 × 20 mL), 

which was added to the reaction mixture.  The mixture was stirred at -78 °C for 30 min.  The mixture 

was filtered and the product (73a) was used directly in the next step with an assumed quantitative 

yield.  
1
H NMR (300 MHz, CDCl3): δ 5.34-5.29 (m, 1H), 4.22-4.14 (m, 2H), 1.55-1.52 (m, 3H), 1.35-

1.08 (m, 9H). 

[1019] Step 2:  Synthesis of ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-

6-yl)oxy)sulfonyl)oxy)-2,2-dimethylbutanoate (73). 

 

 

[1020] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.22 g, 1.2 

mmol) was dissolved in THF (10 mL) and HMPA (0.5 mL), and the resulting stirred solution was 

cooled to -78 °C under an atmosphere of argon.  A solution of NaHMDS, 1.0 M in THF (1.2 mL, 1.2 

mmol) was added to the mixture, and the mixture stirred for 10 min.  A solution of ethyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylbutanoate (73a) (0.51 g, 2.0 mmol) in Et2O (20 mL) was added 

quickly to the reaction mixture.  After 10 min stirring at -78 °C, the mixture was allowed to warm to 

room temperature and stirred for 1 h.  The mixture was cooled to 0 °C and quenched with H2O and 

diluted with EtOAc.  The aqueous and organic layers were separated, and the organic layer was 

washed with brine, dried (Na2SO4), and concentrated under vacuum.  The residue was purified by 
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column chromatography on silica gel using EtOAc / hexanes (0:1 to 7:3) as eluent to give the product 

(73) (70 mg, 15%) as a solid.  
1
H NMR (300 MHz, CDCl3): δ 6.51 (br. s, 1H), 5.66 (br. s, 1H), 5.32 

(q, J = 6.3 Hz,1H), 4.21-4.14 (m, 3H), 4.07 (t, J = 6.3 Hz, 1H), 3.35-3.31 (m, 1H), 3.04-2.98 (m, 1H), 

2.44-2.39 (m, 1H), 2.17-2.09 (m, 1H), 1.95-1.83 (m, 2H), 1.58-1.48 (m, 3H), 1.31-1.20 (m, 9H).  
13

C 

NMR (75 MHz, CDCl3): δ 174.5, 174.4, 171.2, 171.1, 166.8, 166.6, 91.1, 90.6, 62.0, 62.0, 61.5, 61.5, 

60.2, 47.2, 47.2, 47.1, 21.2, 20.9, 20.8, 20.8, 20.6, 20.3, 17.5, 17.5, 15.9, 15.5, 14.2 (Note: 
13

C NMR 

showed some duplicated peaks, due to a mixture of diastereomers). 

Example 74 

Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3,5,5-trimethyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (74) 

 

 

[1021] Step 1:  Synthesis of 3,5,5-trimethyldihydrofuran-2(3H)-one (74a). 

 

 

[1022] 5,5-Dimethyldihydrofuran-2(3H)-one (4.7 g, 41.2 mmol) was dissolved in THF (94 mL) and 

the mixture was cooled to -78 °C under an atmosphere of argon.  A solution of lithium 

diisopropylamide, 2.0 M solution in THF (22.6 mL, 45.2 mmol) was added dropwise over 10 min.  

The reaction was stirred at -78 °C for 2 h, and then neat MeI (2.6 mL, 41.6 mmol) was added to the 

reaction over 5 min.  The reaction was stirred at -78 °C for 45 min, and then the mixture was allowed 

to warm to room temperature and stirred for 16 h.  The reaction was quenched with saturated NH4Cl 

(25 mL) and the mixture concentrated to remove THF.  The aqueous residue was diluted with H2O to 

dissolve solid and then extracted with ethyl acetate (3 × 40 mL).  The combined organic layer was 

concentrated under vacuum, and the residue was purified by column chromatography on silica gel 

using EtOAc / hexanes (0:1 to 2:3) as eluent to provide a liquid which solidified on standing.  This 

solid was purified further via Kugelrohr distillation to give the product (74a) (3.2 g) as an oil.  
1
H 

NMR (300 MHz, CDCl3): δ 2.78-2.87 (m, 1H), 2.33 (dd, J = 9.3, 12.3 Hz, 1H), 1.71 (t, J = 12.3 Hz, 

1H), 1.45 (s, 3H), 1.38 (s, 3H), 1.29 (d, J = 6.9 Hz, 3H). 

[1023] Step 2:  Synthesis of 3-((benzyloxy)methyl)-3,5,5-trimethyldihydrofuran-2(3H)-one (74b). 
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[1024] 3,5,5-Trimethyldihydrofuran-2(3H)-one (74a) (3.2 g, 25.0 mmol) was dissolved in THF (60 

mL) and the mixture was cooled to -78 °C under an atmosphere of argon.  A solution of lithium 

diisopropylamide, 2.0 M in THF (13.7 mL, 27.5 mmol) was added dropwise over 10 min.  The 

mixture was stirred at -78 °C for 30 min, then neat benzyl chloromethyl ether (90%; 4.2 mL, 27.5 

mmol) was added over 5 min.  The mixture was allowed to warm to room temperature and was stirred 

for 16 h.  Saturated NH4Cl (10 mL) and H2O (10 mL) was added and the solvent was removed under 

vacuum.  The residue was extracted with EtOAc (2 × 75 mL) and the combined organic layers were 

washed with brine (2 × 75 mL), dried (Na2SO4), filtered and concentrated under vacuum (5.8 g).  The 

residue was purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 2:3) as 

eluent to give the product (2.27 g) and impure fractions (1.35 g).  The impure fractions were re-

purified by column chromatography on silica gel using EtOAc / hexanes (0:1 to 1:4) as eluent to give 

additional pure product (74b) (1.39 g).  The product (3.66 g) was an oil.  
1
H NMR (300 MHz, CDCl3): 

δ 7.28-7.34 (m, 5H), 4.62 (dd, J = 11.7, 35.1 Hz, 2H), 3.61 (d, J = 11.7 Hz, 1H), 3.32 (d, J = 11.7 Hz, 

1H), 2.48 (d, J = 12.9 Hz, 1H), 1.89 (d, J = 12.9 Hz, 1H), 1.45 (d, J = 6.9 Hz, 6H), 1.26 (s, 3H). 

[1025] Step 3:  Synthesis of 3-(hydroxymethyl)-3,5,5-trimethyldihydrofuran-2(3H)-one (74c). 

 

 

[1026] 3-((Benzyloxy)methyl)-3,5,5-trimethyldihydrofuran-2(3H)-one (74b) (1.8 g, 7.2 mmol) was 

dissolved in 2-propanol (60 mL) and the solution was degassed with argon.  Solid 10.0% palladium 

on carbon (0.31 g, 0.3 mmol) was added to the flask.  The flask was sealed and vacuum degassed, and 

then back flushed with hydrogen (3 times).  The reaction was stirred for 6 h.  The suspension was 

filtered through Celite® and the filter cake washed with 2-propanol (15 mL).  The filtrate was 

concentrated under vacuum to provide the product (74c) as a crude oil.  
1
H NMR (300 MHz, CDCl3): 

δ 3.75 (dd, J = 6.9, 11.1 Hz, 1H), 3.51 (dd, J = 5.7, 11.1 Hz, 1H), 2.33 (d, J = 12.9 Hz, 1H), 2.23 (t, J 

= 6 Hz, 1H), 1.94 (d, J = 12.9 Hz, 1H), 1.48 (d, J = 6.9 Hz, 6H), 1.32 (s, 3H). 

[1027] Step 4:  Synthesis of (3,5,5-trimethyl-2-oxotetrahydrofuran-3-yl)methyl sulfochloridate (74d). 
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[1028] A solution of 3-(hydroxymethyl)-3,5,5-trimethyldihydrofuran-2(3H)-one (74c) (0.50 g, 3.2 

mmol) and pyridine (0.28 mL, 3.5 mmol) in Et2O (10 mL) was cooled to -78 °C under an atmosphere 

of argon.  Neat sulfuryl chloride (0.28 mL, 3.5 mmol) was added dropwise to the above solution via 

syringe.  The mixture was stirred at -78 °C for 10 min, then the flask was warmed to room 

temperature and stirred for 1 h (monitored by TLC 30% EA/hexanes).  A precipitate formed to give a 

thick suspension.  The suspension was filtered through a 0.45-µM Teflon® filter and the filter cake 

rinsed with fresh Et2O (2 × 5 mL).  An aliquot (0.5 mL) was taken and concentrated and an NMR was 

obtained for the mixture.  The remaining solution containing the product (74d) was used directly in 

the next step.  
1
H NMR (300 MHz, CDCl3): δ 4.60 (d, J = 9.3 Hz, 1H), 4.36 (d, J = 9.3 Hz, 1H), 2.37 

(d, J = 14.1 Hz, 1H), 2.09 (d, J = 13.5 Hz, 1H), 1.51 (d, J = 8.4 Hz, 6H), 1.44 (s, 3H). 

[1029] Step 5:  Synthesis of (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl 

((3,5,5-trimethyl-2-oxotetrahydrofuran-3-yl)methyl) sulfate (74). 

 

 

[1030] (1R,2S,5R)-6-Hydroxy-7-oxo-1,6-diazabicyclo[3.2.1]octane-2-carboxamide (1) (0.64 g, 3.5 

mmol) was dissolved in THF (30 mL) and 1,3-dimethyltetrahydropyrimidin-2(1H)-one (1.4 mL), and 

the resulting solution was cooled to -78 °C under an argon atmosphere.  NaHMDS, 1.0 M solution in 

THF (3.5 mL, 3.5 mmol) was added dropwise to the cooled solution and the mixture stirred for 1h.  A 

solution of (3,5,5-trimethyl-2-oxotetrahydrofuran-3-yl)methyl sulfochloridate (74d) (0.81 g, 3.2 

mmol) in Et2O from the previous reaction was added quickly to the reaction mixture.  The mixture 

was allowed to warm to room temperature and stirred overnight.  Brine (100 mL) and EtOAc (100 

mL) were added, and the aqueous and organic layers were separated.  The aqueous layer was 

extracted with EtOAc (2 × 100 mL) and the combined organic layers were washed with brine (3×100 

mL), dried (Na2SO4), and concentrated under vacuum.  The residue was purified by column 

chromatography on silica gel using EtOAc / hexanes (1:4 to 1:0) as eluent to give a solid (0.42 g).  

The solid was triturated with Et2O (100 mL) for 16h, filtered and the filter cake washed with fresh 

Et2O (3 × 20 mL) to give the product (74) (0.28 g) as a solid.  LC-MS: m/z = 406 [M+H]
+
.  

1
H NMR 
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(300 MHz, CDCl3): δ, 6.55 (br. d, J = 44.7 Hz, 1H), 5.82 (br. s, 1H), 4.86 (dd, J = 9.3, 63.6 Hz, 1H), 

4.55 (dd, J = 9.3, 46.2 Hz, 1H), 4.03-4.16 (m, 2H), 3.30-3.35 (m, 1H), 3.06 (dd, J = 4.8, 12.3 Hz, 1H), 

2.38-2.45 (m, 2H), 2.10-2.20 (m, 1H), 1.8-2.04 (m, 3H), 1.48 (s, 3H), 1.477 (d, J = 6.6 Hz, 3H), 1.40 

(d, J = 4.2 Hz, 3H).  
13

C NMR (75 MHz, CDCl3): δ 177.3, 177.0, 170.9, 170.8, 167.3, 167.0, 82.0, 

81.9, 78.6, 77.8, 61.9, 60.2, 60.2, 47.1, 46.9, 45.8, 45.7, 43.6, 43.2, 30.1, 29.8, 29.7, 22.5, 20.7, 20.7, 

17.4 (Note: 
13

C NMR showed some duplicated peaks, due to a mixture of diastereomers). 

Example 75 

Synthesis of ethyl 3-(((((1R,2S,5R)-2-carbamoyl-3-methyl-7-oxo-1,6-diazabicyclo[3.2.1]oct-3-en-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (75) 

 

 

[1031] (1R,2S,5R)-6-(Benzyloxy)-3-methyl-7-oxo-1,6-diazabicyclo[3.2.1]oct-3-ene-2-carboxamide 

(1) (3.6 mg, 0.01 mmol) was dissolved in a mixed solvent (EtOAc/H2O/EtOH: 0.22/0.34/0.11 mL), to 

which was added Et3N (0.25 µL, 0.002 mmol) and Pd/C (dry, 10%; 1.3 mg, 20 mol%) under N2 at 

room temperature.  A hydrogen balloon was placed on the reaction flask to replace nitrogen.  The 

reaction mixture was degassed under vacuum and recharged with hydrogen (3 times).  The mixture 

was stirred at room temperature for 5 h and monitored by LCMS.  When the reaction was complete 

the mixture was diluted with EtOAc (2 mL) and washed with brine.  The organic phase was isolated 

and dried (Na2SO4), filtered and concentrated under vacuum.  The residue (4.3 mg, 0.02 mmol) was 

dissolved in THF (0.4 mL) and cooled to -78 °C.  NaHMDS (1M in THF; 21.3 µL, 0.02 mmol) was 

added dropwise.  The reaction mixture was stirred at -78 °C for 20 min, and then ethyl 3-

((chlorosulfonyl)oxy)-2,2-dimethylpropanoate (7.8 mg, 0.03 mmol) was added.  The reaction was 

stirred at -78 °C for 20 min and then slowly warmed up to room temperature and stirred overnight (the 

reaction was monitored with LCMS).  After the reaction was complete, EtOAc (5 mL) was added and 

the organic layer washed with saturated NaHCO3, followed by brine.  The organic phase was isolated 

and dried (Na2SO4), and the product (75) concentrated under vacuum.  LC/MS: m/z = 406 [M+H]
+
 

Example 76 

Oral Bioavailability in Rats 

[1032]  A pharmacokinetic (PK) study was performed in three male Sprague-Dawley (SD) rats 

following intravenous (IV) and oral (PO) administrations of avibactam at 2 mg/kg and test 

compounds at 10 mg/kg, respectively and avibactam measured in plasma.   

[1033] Avibactam, was dissolved in phosphate buffered saline (PBS) (pH 7.5) at 0.4 mg/mL for 

intravenous (IV) injection.  Compounds for oral administration were formulated in 10% ethanol / 40% 
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polyethylene glycol (PEG) 400 / 50% water for injection (WFI) (pH 6.5) at 1 mg/mL.  The dosing volumes 

were 5 mL/kg for IV and 10 mL/kg for PO.  All aspects of this work including housing, experimentation, 

and animal disposal were performed in general accordance with the “Guide for the Care and Use of 

Laboratory Animals: Eighth Edition” (National Academies Press, Washington, D.C., 2011); and Suckow et 

al., Ed. The Laboratory Rat. 2nd Edition. Academic Press. New York. 2005.  Animals had access to 

standard lab diet and autoclaved tap water ad libitum.   

[1034] Blood aliquots (300 µL to 400 µL) were collected from jugular vein-catheterized rats into tubes 

coated with lithium heparin at various times.  The tubes were mixed gently and kept on ice and then 

centrifuged at 2,500 rpm for 15 min at 4 °C, within 1 h after collection.  For animals in the control groups, 

blood was collected by cardiac puncture and the plasma was harvested and kept frozen at -70 °C until 

further analysis.  Beaudoin et al., Bioanalytical method validation for the simultaneous determination of 

ceftazidime and avibactam in rat plasma. Bioanalysis. 2016 8:111-22.   

[1035] Plasma samples were processed using acetonitrile precipitation and analyzed by LC-MS/MS. A 

plasma calibration curve was generated with aliquots of drug-free plasma were spiked with the test 

substance at the specified concentration levels.  The spiked plasma samples were processed together with 

the unknown plasma samples using the same procedure.  The processed plasma samples were stored at -70 

°C until receiving LC-MS/MS analysis, at which time peak areas were recorded, and the concentrations of 

the test substance in the unknown plasma samples were determined using the respective calibration curve.  

The reportable linear range of the assay was determined, along with the lower limit of quantitation (LLQ).  

Plots of plasma concentration of compound versus time are constructed.  The pharmacokinetic parameters 

of compound after IV and PO dosing (AUClast, AUCINF, T1/2, Tmax, and Cmax) are obtained from the non-

compartmental analysis (NCA) of the plasma data using WinNonlin.  WinNonlin® Certara L.P. Pharsight, 

St. Louis, MO. 

[1036] In these tests, avibactam exhibited an oral bioavailability (%F) of 1.2%, and compounds (3), (4), 

(10), (11), (12), (13), (14), (15), (16), (17), (18), and (19) exhibited an oral bioavailability (%F) greater 

than 10%.  Also, compounds (36), (37), (42), (53), (57), (58), and (59)  exhibited an oral bioavailability 

(%F) greater than 10%.   

[1037] In these tests, relebactam exhibited an oral bioavailability (%F) of 1.8%, and compounds (20), 

(22), (23), and (25) exhibited an oral bioavailability (%F) greater than 5%. 

Example 77 

Minimum Inhibitory Concentration 

[1038] Minimum inhibitor concentration (MIC) values of the investigational monobactams and β-

lactamase inhibitors were determined by broth microdilution susceptibility testing conducted in accordance 

with guidelines from the Clinical and Laboratory Standards Institute (Clinical and Laboratory Standards 

Institute (CLSI).  Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow 

Aerobically; Approved Standard-Tenth Edition. CLSI document M07-A10. CLSI, 950 West Valley Road, 

Suite 2500, Wayne, PA 19087-1898 USA, 2015; CLSI. Performance Standards for Antimicrobial 

Susceptibility Testing: Twenty-Sixth Informational Supplement. CLSI document M100-S26, CLSI, 950 
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West Valley Road, Suite 2500, Wayne, PA 19087 USA, 2016) against a panel of bacterial strains 

expressing characterized β-lactamases that confer resistance to β-lactams.  Zasowski et al., The β-Lactams 

Strike Back: Ceftazidime-Avibactam. Pharmacotherapy, 2015 35:755-70; Levasseur et al., In vitro 

antibacterial activity of the ceftazidime-avibactam combination against enterobacteriaceae, including 

strains with well-characterized β-lactamases. Antimicrob Agents Chemother, 2015 59:1931-4.  Compounds 

were stored as dry powder and stored at -20°C prior to testing.  These compounds and comparator drugs 

were solubilized in the appropriate solvent on the day of the assay.  All drugs were tested using a drug 

concentration range of 0.001 µg/mL to 64 µg/mL.  β-lactamase inhibitors were tested at a constant 

concentration of 4 µg/mL.  Isolates were streaked onto appropriate media and incubated overnight at 35°C.  

The MIC values were determined using cation-adjusted Mueller Hinton broth (MHBII; BD, Sparks, MD) 

in accordance with CLSI guidelines in 96-well format plates.  MICs were recorded after 18 h incubation at 

35°C.  The MIC was read and recorded as the lowest concentration of drug that inhibited visible growth of 

the organism. 

Example 78 

Oral Bioavailability in Dogs 

[1039] The oral bioavailability of certain avibactam prodrugs provided by the present disclosure in dogs 

was evaluated. 

[1040] Dosing formulations were prepared on the day of dosing.  Intravenous formulations were prepared 

under aseptic conditions, sterile filtered, and brought to room temperature prior to dosing.  The intravenous 

formulation included avibactam at a final concentration of 2.0 mg/mL in PBS at pH 7.5. 

[1041] The oral dosing formulations had a final concentration of either avibactam or an avibactam 

prodrug of 2 mg/mL in a solution of 1 mL ethanol, 4 mL PEG400, and 5 mL water for injection, with the 

pH adjusted to 7 with 1N NaOH. 

[1042] The formulations were administered to male Beagle dogs weighing from 8 kg to 410 kg.  The 

animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals, 

National Research Council, The National Academies Press, Washington, DC, 2011. 

[1043] The dogs received either an IV bolus dose of 10 mg/kg, or a peroral dose of 20 mg/kg.  The dose 

levels were selected to bridge the gap between primary historical control data and the NHP study 

(American Veterinary Medial Association. AVMA Guidelines on Euthanasia. 2013) to accurately predict 

the prodrug activity in humans.  Intravenous administration was into the cephalic vein followed by a 0.5 

mL flush with sterile saline.  Oral administration via to the stomach using an 18-French catheter followed 

by a 15-mL flush with deionized water.  Two dogs were used for each arm of the study. 

[1044] The plasma concentration of avibactam was measured at intervals following administration.  

Within 2 minutes of collection, 100 µL of whole blood was transferred to K2EDTA tubes containing 300 

µL acetonitrile.  Each via with the blood/acetonitrile mixture was vortexed for about 30 seconds and 

immediately frozen on dry ice and maintained frozen (-55 °C to -85 °C) until analysis.  The avibactam 

concentration was determined using LC/MS/MS. 
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[1045] The area under the concentration vs. time curves (AUC) was calculated using the linear 

trapezoidal method with linear interpolation.  The percent oral bioavailability (%F) of avibactam was 

determined by comparing the AUC following oral administration with the AUC following IV 

administration on a dose normalized basis. 

[1046] Compounds (3), (13), and (15) exhibited an avibactam oral bioavailability in male Beagle dogs of 

greater than 50%F. 

Example 79 

Oral Bioavailability in Monkeys 

[1047] The oral bioavailability of certain avibactam prodrugs provided by the present disclosure in male 

Cynomolgus monkeys was evaluated. 

[1048] Dosing formulations were prepared on the day of dosing.  Intravenous formulations were prepared 

under aseptic conditions, sterile filtered, and brought to room temperature prior to dosing.  The intravenous 

formulation included avibactam at a final concentration of 2.0 mg/mL in PBS at pH 7.5. 

[1049] The oral dosing formulations had a final concentration of either avibactam or an avibactam 

prodrug of 2 mg/mL in a solution of 1 mL ethanol, 4 mL PEG400, and 5 mL water for injection, with the 

pH adjusted to 7 with 1N NaOH. 

[1050] The formulations were administered to male Cynomolgus monkeys weighing from 2 kg to 4 kg.  

The animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals, 

National Research Council, The National Academies Press, Washington, DC, 2011. 

[1051] The monkeys received either an IV bolus dose of 10 mg/kg, or a peroral dose of 20 mg/kg.  The 

dosing levels were selected to mimic therapeutically effective systemic concentrations in humans.  

Intravenous administration was into the saphenous vein.  Oral administration was via oral intubation via a 

flexible oral tube.  Two monkeys were used for each arm of the study. 

[1052] The plasma concentration of avibactam was measured at intervals following administration.  

Within 2 minutes of collection, 100 µL of whole blood was transferred to K2EDTA tubes containing 300 

µL acetonitrile.  Each via with the blood/acetonitrile mixture was vortexed for about 30 seconds and 

immediately frozen on dry ice and maintained frozen (-55 °C to -85 °C) until analysis.  The avibactam 

concentration was determined using LC/MS/MS. 

[1053] The area under the concentration vs. time curves (AUC) was calculated using the linear 

trapezoidal method with linear interpolation.  The percent oral bioavailability (%F) of avibactam was 

determined by comparing the AUC following oral administration with the AUC following IV 

administration on a dose normalized basis. 

[1054] Compounds (3), (13), and (15) exhibited an avibactam oral bioavailability in Cynomolgus 

monkeys of greater than 50%F. 

[1055] Finally, it should be noted that there are alternative ways of implementing the embodiments 

disclosed herein.  Accordingly, the present embodiments are to be considered as illustrative and not 

restrictive, and the claims are not to be limited to the details given herein, but may be modified within the 

scope and equivalents thereof. 
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CLAIMS 

 

1. A compound of Formula (1): 

   (1) 

or a pharmaceutically acceptable salt thereof, wherein, 

each R
1
 is independently selected from C1-6 alkyl, or each R

1
 and the geminal carbon atom to 

which they are bonded forms a C3-6 cycloalkyl ring, a C3-6 heterocycloalkyl ring, a substituted C3-6 

cycloalkyl ring, or a substituted C3-6 heterocycloalkyl ring; 

R
2
 is selected from a single bond, C1-6 alkanediyl, C1-6 heteroalkanediyl, C5-6 cycloalkanediyl, 

C5-6 heterocycloalkanediyl, C6 arenediyl, C5-6 heteroarenediyl, substituted C1-6 alkanediyl, substituted 

C1-6 heteroalkanediyl, substituted C5-6 cycloalkanediyl, substituted C5-6 heterocycloalkanediyl, 

substituted C6 arenediyl, and substituted C5-6 heteroarenediyl; 

R
3
 is selected from C1-6 alkyl, –O–C(O)–R

4
, –S–C(O)–R

4
, –NH–C(O)–R

4
, –O–C(O)–O–R

4
, –

S–C(O)–O–R
4
, –NH–C(O)–O–R

4
, –C(O)–O–R

4
, –C(O)–S–R

4
, –C(O)–NH–R

4
, –O–C(O)–O–R

4
, –O–

C(O)–S–R
4
, –O–C(O)–NH–R

4
, –S–S–R

4
, –S–R

4
, –NH–R

4
, –CH(–NH2)(–R

4
), C5-6 heterocycloalkyl, C5-

6 heteroaryl, substituted C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted C5-6 aryl, 

substituted C5-6 heteroaryl, and –CH=C(R
4
)2, wherein, 

R
4
 is selected from hydrogen, C1-8 alkyl, C1-8 heteroalkyl, C5-8 cycloalkyl, C5-8 heterocycloalkyl, 

C5-10 cycloalkylalkyl, C5-10 heterocycloalkylalkyl, C6-8 aryl, C5-8 heteroaryl, C7-10 arylalkyl, C5-10 

heteroarylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted C5-8 cycloalkyl, 

substituted C5-8 heterocycloalkyl, substituted C5-10 cycloalkylalkyl, substituted C5-10 

heterocycloalkylalkyl, substituted C6-8 aryl, substituted C5-8 heteroaryl, substituted C7-10 arylalkyl, and 

substituted C5-10 heteroarylalkyl; 

R
5
 is selected from hydrogen, C1-6 alkyl, C5-8 cycloalkyl, C6-12 cycloalkylalkyl, C2-6 heteroalkyl, 

C5-8 heterocycloalkyl, C6-12 heterocycloalkylalkyl, substituted C1-6 alkyl, substituted C5-8 cycloalkyl, 

substituted C6-12 cycloalkylalkyl, substituted C2-6 heteroalkyl, substituted C5-8 heterocycloalkyl, and 

substituted C6-12 heterocycloalkylalkyl; 

R
6
 is selected from hydrogen, C1-6 alkyl, C5-8 cycloalkyl, C6-12 cycloalkylalkyl, C2-6 heteroalkyl, 

C5-8 heterocycloalkyl, C6-12 heterocycloalkylalkyl, substituted C1-6 alkyl, substituted C5-8 cycloalkyl, 

substituted C6-12 cycloalkylalkyl, substituted C2-6 heteroalkyl, substituted C5-8 heterocycloalkyl, and 

substituted C6-12 heterocycloalkylalkyl; and 

A is a single bond (–) and R
7
 is hydrogen, or A is a double bond (=) and R

7
 is C1-3 alkyl. 
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2.  The compound of claim 1, wherein each R
1
 is independently C1-6 alkyl, or each R

1
 

together with the geminal carbon atom to which they are bonded form a C5-6 cycloalkyl ring, a 

substituted C5-6 cycloalkyl ring, a C5-6 heterocycloalkyl ring, or a substituted C5-6 heterocycloalkyl ring. 

   

3.  The compound of claim 1, wherein R
2
 is independently selected from a single bond, 

C1-2 alkanediyl, and substituted C1-2 alkanediyl. 

 

4.  The compound of claim 1, wherein R
3
 is –C(O)–O–R

4
, wherein R

4
 is selected from C1-

8 alkyl, C1-8 heteroalkyl, C5-7 cycloalkyl, C5-7 heterocycloalkyl, C6 aryl, C7-9 arylalkyl, substituted C1-8 

alkyl, substituted C1-8 heteroalkyl, substituted C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, 

substituted C6 aryl, and C7-9 arylalkyl.   

 

5.  The compound of claim 1, wherein the compound has the structure of Formula (2a): 

   (2a) 

  

 or a pharmaceutically acceptable salt thereof. 

 

6.  The compound of claim 5, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the geminal 

carbon atom to which they are bonded form a C3-6 cycloalkyl ring, a substituted C3-6 cycloalkyl ring, a 

C3-6 heterocycloalkyl ring, or a substituted C3-6 heterocycloalkyl ring; 

R
2
 is a single bond; 

R
3
 is –C(O)–O–R

4
; and 

R
4 
is selected from C1-8 alkyl, C1-8 heteroalkyl, C7-9 arylalkyl, C5-7 heterocycloalkyl, substituted 

C1-8 alkyl, substituted C1-8 heteroalkyl, substituted C7-9 arylalkyl, and substituted C5-7 heterocycloalkyl. 

 

7.  The compound of claim 5, wherein the compound is selected from: 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropyl benzoate (2); 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl benzoate (6); 
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4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl propionate (7); 

benzyl (4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-3,3-dimethylbutyl) adipate (8); 

6-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutoxy)-6-oxohexanoic acid (9); 

methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 

hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13); 

tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl 1H-imidazole-1-sulfonate 

(34); 

ethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentanoate (35); 

hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentanoate (36); 

heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37); 

2-methoxyethyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (38); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl propionate (39); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl benzoate (40); 
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5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl 2,6-dimethylbenzoate (41); 

(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropyl pivalate (43); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropyl 3-chloro-2,6-dimethoxybenzoate (44); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl 2,6-dimethylbenzoate (45); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl benzoate (46); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl propionate (47); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-oxotetrahydro-

2H-pyran-3-yl)methyl) sulfate (48); 

2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl)phenyl acetate (49); 

2-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl)phenyl pivalate (50); 

S-(4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

3,3-dimethylbutyl) ethanethioate (51); 

S-(5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentyl) ethanethioate (52); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropyl 2,6-dimethylbenzoate (54); 

3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-

dimethylpropyl adamantane-1-carboxylate (55); 

diethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylmalonate (56); 

propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 

butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (58); 

(5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl pivalate (60); 
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ethyl 2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-ethylbutanoate (61); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl 2,6-dimethylbenzoate (62); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl adamantane-1-carboxylate (63); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-3,3-

dimethylbutyl 2,6-dimethoxybenzoate (64); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-4,4-

dimethylpentyl benzoate (65); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-4,4-

dimethylpentyl 2,6-dimethoxybenzoate (66); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-4,4-

dimethylpentyl 2,6-dimethylbenzoate (67); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-4,4-

dimethylpentyl 2-methylbenzoate (68); 

4-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,3,3-tetramethylbutyl 3-chloro-2,6-dimethoxybenzoate (69); 

2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl dibenzoate (70); 

2-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)-2-methylpropane-1,3-diyl diacetate (71); 

5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2,4,4-tetramethylpentyl 2,6-dimethoxybenzoate (72); 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylbutanoate (73); 

 (1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3,5,5-trimethyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (74); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

 

8.  The compound of claim 5, wherein the compound is selected from: 

ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (3); 

benzyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (4); 

methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (10); 

isopropyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (11); 
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hexyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (12); 

heptyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (13); 

tert-butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (14); 

2-methoxyethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (15); 

oxetan-3-yl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (16); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclohexanecarboxylate (17); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclopropanecarboxylate (18); 

ethyl 1-((((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)methyl)cyclobutanecarboxylate (19); 

hexyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

4,4-dimethylpentanoate (36); 

heptyl 5-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-4,4-dimethylpentanoate (37); 

(1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl ((3-methyl-2-

oxotetrahydrofuran-3-yl)methyl) sulfate (42); 

S-(3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropyl) ethanethioate (53); 

propyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-

yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (57); 

butyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-

2,2-dimethylpropanoate (58); 

(5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate (59); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

 

9.  The compound of claim 5, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is selected from single bond, methane-diyl, and ethane-diyl; and 

R
3
 is selected from –C(O)–O–R

4
 and –S–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 

heteroalkyl, C5-7 cycloalkyl, C5-7 heterocycloalkyl, C6 aryl, C7-9 arylalkyl, substituted C1-8 alkyl, 
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substituted C1-8 heteroalkyl, substituted C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted 

C6 aryl, and C7-9 arylalkyl. 

 

10.  The compound of claim 5, wherein,  

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is a single bond; and 

R
3
 is –C(O)–O–R

4
, where R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C5-7 cycloalkyl, C5-7 

heterocycloalkyl, C6 aryl, C7-9 arylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted 

C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted C6 aryl, and C7-9 arylalkyl. 

 

11.  The compound of claim 5, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is –(CH2)2–; and 

R
3
 is –C(O)–O–R

4
 wherein R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C5-7 cycloalkyl, C5-7 

heterocycloalkyl, C6 aryl, C7-9 arylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted 

C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted C6 aryl, and C7-9 arylalkyl. 

 

12.  The compound of claim 5, wherein, 

each R
1
 is selected from C1-3 alkyl, or each R

1
 together with the carbon atom to which they 

are bonded form a C3-6 cycloalkyl ring; 

R
2
 is –CH2– ; and 

R
3
 is –S–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C5-7 cycloalkyl, C5-7 

heterocycloalkyl, C6 aryl, C7-9 arylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted 

C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted C6 aryl, and C7-9 arylalkyl. 

 

13.  The compound of claim 5, wherein,  

each R
1
 together with the carbon atom to which they are bonded form a C3-6 cycloalkyl ring, a 

C3-6 heterocycloalkyl ring, a C3-6 cycloalkyl ring, or a C3-6 heterocycloalkyl ring; 

R
2
 is a single bond; and 

R
3
 is C1-3 alkyl. 

 

14.  The compound of claim 5, wherein,  

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from a single bond and methanediyl; and 

R
3
 is selected from –O–C(O)–R

4
 and –C(O)–O–R

4
, wherein R

4
 is selected from C1-8 alkyl and 

substituted phenyl. 

 

15.  The compound of claim 5, wherein,  
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each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is a single bond;  

R
3
 is –CH=C(R

4
)2, wherein each R

4
 is –C(O)–O–R

8
; and 

each R
8
 is C1-4 alkyl. 

 

16.  The compound of claim 5, wherein,  

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from a single bond and methanediyl; and 

R
3
 is substituted phenyl, wherein the one or more substituents is independently selected from 

–CH2–O–C(O)–R
4
 and –O–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl and phenyl. 

 

17.  The compound of claim 5, wherein,  

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from –C(R

8
)2– and –CH2–C(R

8
)2–, wherein each R

8
 is independently selected 

from C1-3 alkyl; and 

R
3
 is selected from –C(O)–O–R

4 
and –O–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 

heteroalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, and 4(yl-methyl)-5-methyl-1,3-dioxol-2-

one. 

 

18.  The compound of claim 5, wherein, 

each R
1
 together with the carbon atom to which they are bonded form a substituted C5-6 

heterocyclic ring;  

R
2
 is a single bond; and 

R
3
 is C1-3 alkyl. 

 

19.  The compound of claim 1, wherein the compound has the structure of Formula (4): 

  (4) 

or a pharmaceutically acceptable salt thereof. 

 

20.  The compound of claim 19, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is a single bond; and 

R
3
 is –C(O)–O–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C7-10 arylalkyl, C5-8 

heterocycloalkyl, and substituted C5-10 heterocycloalkylalkyl. 

 

N
N

O

NH

O O

S
O

R2

R1 R1

R3

O O
HN
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21.  The compound of claim 19, wherein the compound is selected from: 

ethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (20);    

2-methoxyethyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-ylcarbamoyl)-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (21);  

4-((1R,2S,5R)-6-(((3-(hexyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (22); 

4-((1R,2S,5R)-6-(((3-(heptyloxy)-2,2-dimethyl-3-oxopropoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (23); 

4-((1R,2S,5R)-6-((((1-(ethoxycarbonyl)cyclohexyl)methoxy)sulfonyl)oxy)-7-oxo-1,6-

diazabicyclo[3.2.1]octane-2-carboxamido)piperidin-1-ium 2,2,2-trifluoroacetate (24); 

 (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl 2,2-dimethyl-3-(((((1R,2S,5R)-7-oxo-2-(piperidin-4-

ylcarbamoyl)-1,6-diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)propanoate (25); 

a pharmaceutically acceptable salt of any of the foregoing; and 

a combination of any of the foregoing. 

 

22.  The compound of claim 1, wherein the compound has the structure of Formula (5): 

  (5) 

or a pharmaceutically acceptable salt thereof. 

 

 23.  The compound of claim 1, wherein the compound has the structure of Formula (2a): 

   (2a) 

 or a pharmaceutically acceptable salt thereof, wherein, 

 each R
1
 is independently selected from C1-6 alkyl, or each R

1
 and the geminal carbon atom to 

which they are bonded forms a C3-6 cycloalkyl ring, a C3-6 heterocycloalkyl ring, a substituted C3-6 

cycloalkyl ring, or a substituted C3-6 heterocycloalkyl ring; 

 R
2
 is selected from a single bond, C1-6 alkanediyl, C1-6 heteroalkanediyl, C5-6 cycloalkanediyl, 

C5-6 heterocycloalkanediyl, C6 arenediyl, C5-6 heteroarenediyl, substituted C1-6 alkanediyl, substituted 

C1-6 heteroalkanediyl, substituted C5-6 cycloalkanediyl, substituted C5-6 heterocycloalkanediyl, 

substituted C6 arenediyl, and substituted C5-6 heteroarenediyl; and 

 R
3
 is selected from C1-6 alkyl, –O–C(O)–R

4
, –S–C(O)–R

4
, –NH–C(O)–R

4
, –O–C(O)–O–R

4
, –

S–C(O)–O–R
4
, –NH–C(O)–O–R

4
, –C(O)–O–R

4
, –C(O)–S–R

4
, –C(O)–NH–R

4
, –O–C(O)–S–R

4
, –O–

N
N

O

NH

O O

S
O

R2

R1 R1

R3

O O
O

H2N

bhang
Typewritten Text
MCSLLP



244 
 

C(O)–NH–R
4
, –S–S–R

4
, –S–R

4
, –NH–R

4
, –CH(–NH2)(–R

4
), C5-6 heterocycloalkyl, C5-6 heteroaryl, 

substituted C5-6 cycloalkyl, substituted C5-6 heterocycloalkyl, substituted C5-6 aryl, substituted C5-6 

heteroaryl, and –CH=C(R
4
)2, wherein, 

 R
4
 is selected from hydrogen, C1-8 alkyl, C1-8 heteroalkyl, C5-8 cycloalkyl, C5-8 heterocycloalkyl, 

C5-10 cycloalkylalkyl, C5-10 heterocycloalkylalkyl, C6-8 aryl, C5-8 heteroaryl, C7-10 arylalkyl, C5-10 

heteroarylalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, substituted C5-8 cycloalkyl, 

substituted C5-8 heterocycloalkyl, substituted C5-10 cycloalkylalkyl, substituted C5-10 

heterocycloalkylalkyl, substituted C6-8 aryl, substituted C5-8 heteroaryl, substituted C7-10 arylalkyl, and 

substituted C5-10 heteroarylalkyl. 

 

 24.  The compound of claim 23, wherein each R
1
 is independently selected from C1-2 

alkyl. 

 

 25.  The compound of claim 23, wherein R
2
 is selected from a single bond, C1-6 

alkanediyl, C5-6 cycloalkanediyl, and C6 arenediyl. 

 

 26.  The compound of claim 23, wherein, 

 each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is a single bond; 

R
3
 is –C(O)–O–R

4
; and 

 R
4
 is selected from C1-10 alkyl and substituted phenyl. 

 

 27.  The compound of claim 1, wherein, 

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is a single bond; 

R
3
 is –C(O)–O–R

4
; and 

 R
4
 is selected from C1-3 alkyl. 

  

28.  The compound of claim 23, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is selected from single bond, methane-diyl, and ethane-diyl; and 

R
3
 is selected from –C(O)–O–R

4
 and –S–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 

heteroalkyl, C7-10 arylalkyl, C5-8 heterocycloalkyl, and substituted C5-10 heterocycloalkylalkyl. 

 

29.  The compound of claim 23, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is a single bond; and 
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R
3
 is –C(O)–O–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C7-10 arylalkyl, C5-8 

heterocycloalkyl, and substituted C5-10 heterocycloalkylalkyl. 

 

30.  The compound of claim 23, wherein, 

each R
1
 is independently selected from C1-3 alkyl, or each R

1
 together with the carbon atom to 

which they are bonded form a C3-6 cycloalkyl ring; 

R
2
 is –(CH2)2–; and 

R
3
 is –C(O)–O–R

4
 wherein R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C7-10 arylalkyl, C5-8 

heterocycloalkyl, and substituted C5-10 heterocycloalkylalkyl. 

 

 31.  The compound of claim 23, wherein,  

each R
1
 is selected from C1-3 alkyl, or each R

1
 together with the carbon atom to which they 

are bonded form a C3-6 cycloalkyl ring; 

R
2
 is –CH2–; and 

R
3
 is –S–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 heteroalkyl, C7-10 arylalkyl, C5-8 

heterocycloalkyl, and substituted C5-10 heterocycloalkylalkyl. 

 

32.  The compound of claim 23, wherein, 

each R
1
 together with the carbon atom to which they are bonded form a C3-6 cycloalkyl ring, a 

C3-6 heterocycloalkyl ring, a C3-6 cycloalkyl ring, or a C3-6 heterocycloalkyl ring; 

R
2
 is a single bond; and 

R
3
 is C1-3 alkyl. 

 

33.  The compound of claim 23, wherein, 

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from a single bond and methanediyl; and 

R
3
 is selected from –O–C(O)–R

4
 and –C(O)–O–R

4
, wherein R

4
 is selected from C1-8 C1-10 alkyl 

and substituted phenyl. 

 

 34.  The compound of claim 23, wherein, 

 each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is a single bond; and 

R
3
 is –CH=C(R

4
)2, wherein each R

4
 is –C(O)–O–R

8
; and 

each R
8
 is C1-4 alkyl. 

 

 35.  The compound of claim 23, wherein, 

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from a single bond and methanediyl; and 

R
3
 is substituted phenyl, wherein the one or more substituents is independently selected from 

–CH2–O–C(O)–R
4
 and –O–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl and phenyl. 
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36.  The compound of claim 23, wherein, 

each R
1
 is independently selected from C1-3 alkyl; 

R
2
 is selected from –C(R

8
)2– and –CH2–C(R

8
)2–, wherein each R

8
 is independently selected 

from C1-3 alkyl; and 

R
3
 is selected from –C(O)–O–R

4 
and –O–C(O)–R

4
, wherein R

4
 is selected from C1-8 alkyl, C1-8 

heteroalkyl, substituted C1-8 alkyl, substituted C1-8 heteroalkyl, and 4(yl-methyl)-5-methyl-1,3-dioxol-2-

one. 

 

 37.  The compound of claim 23, wherein, 

each R
1
 together with the carbon atom to which they are bonded form a substituted C5-6 

heterocyclic ring;  

R
2
 is a single bond; and 

R
3
 is C1-3 alkyl. 

 

 38.  The compound of claim 1, having a formula: 

 

  

 or a pharmaceutically acceptable salt thereof, wherein,  

 each R
1
 can be independently selected from C1-3 alkyl;  

  R
4
 can be selected from C1-10 alkyl and substituted phenyl. 

 

 39. The compound of claim 1, which is ethyl 3-(((((1R,2S,5R)-2-carbamoyl-7-oxo-1,6-

diazabicyclo[3.2.1]octan-6-yl)oxy)sulfonyl)oxy)-2,2-dimethylpropanoate): 

    

 or a pharmaceutically acceptable salt thereof.   

 

40.  A pharmaceutical composition comprising the compound of any one of claims 1 to 39 

and a pharmaceutically acceptable vehicle. 

 

41.  The pharmaceutical composition of claim 40, further comprising an antibiotic. 
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42.  The pharmaceutical composition of claim 41, wherein the antibiotic comprises a β-

lactam antibiotic. 

 

43.  The pharmaceutical composition of any one of claims 40 to 42, wherein the 

pharmaceutical composition is an oral dosage formulation. 

 

44.  The pharmaceutical composition of any one of claims 40 to 43, wherein the 

pharmaceutical composition is an oral dosage form. 

 

45. Use of a compound of any one of claims 1 to 39 or a pharmaceutically acceptable salt 

thereof in the manufacture of a medicament for the treatment of a bacterial infection. 

 

46. Use according to claim 45 wherein the medicament is for coadministration with a 

therapeutically effective amount of a β-lactam antibiotic, and wherein the bacteria causing the 

bacterial infection produces a β-lactamase.  

 

47. Use according to claim 46, wherein the bacterial infection is capable of being treated 

with a therapeutically effective amount of the β-lactam antibiotic when co-administered with a 

therapeutically effective amount of avibactam, relebactam, or nacubactam.  

 

48. Use according to any one of claims 45 to 47, wherein the medicament is an oral 

formulation. 
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