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A B S T R A C T

Chemical modification of penicillin b-lactam ring was made. Six thiazolidine amides were produced

through N4-C7 b-lactam ring opening of penicillin V methyl ester with various aliphatic, aromatic, and

heterocyclic primary amines. Five 8-hydroxypenillic acid derivatives with side chains of methyl, propyl,

benzyl, and diethylaminoethyl groups were yielded via b-lactam ring rearrangement from 6-

aminopenicillanic acid (6-APA). Parallel synthetic methods were used for the alkylation of 8-

hydroxypenillic acid and b-lactam ring opening of penicillin V methyl ester. The biological activities of

the compounds were evaluated.

� 2014 Chun-Jing Liu. Published by Elsevier B.V. on behalf of Chinese Chemical Society. All rights

reserved.
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1. Introduction

Penicillins are b-lactam antibiotics to kill many gram-positive,
gram-negative and anaerobic organisms by blocking peptidogly-
can biosynthesis [1–8]. b-Lactams are 4-memebered cyclic amides,
depicted in 6-aminopenicillanic acid (6-APA) in Fig. 1 [9,10]. Vari-
ous bonds in b-lactam can undergo cleavage to give acyclic
systems or result into rearranged cyclic derivatives [11–15]. Cleav-
age of b-lactam bond (N4-C7) and conversion of b-lactam ring into
other cyclic systems have been studied [16–18]. Nucleophilic
opening of b-lactam bond using a primary amine forms
thiazolidine amides [19,20].

In this paper, chemical modification of penicillin b-lactam ring
was undertaken. b-Lactam ring rearrangement of 6-APA produced
8-hydroxypenillic acid derivatives with side chains of methyl,
propyl, benzyl, diethylaminoethyl, and 2-(bromomethyl)ben-
zo[d]thiazole groups. b-Lactam ring opening of penicillin V methyl
ester yielded thiazolidine amides with p-methoxybenzylamine,
anisidine, benzyl amine, thiophene methylamine, cyclopropane
methyl amine, and nonyl amine. Parallel synthetic methods
were developed for esterification of 8-hydroxypenillic acid and
b-lactam ring opening of penicillin V methyl ester.
49
50
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52
53
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2. Experimental

Column chromatography was carried out by employing silica
gel (230–400 mesh). Thin-layer chromatography (TLC) was
performed on a silica gel w/uv254 uniplateTM. Anhydrous organic
solvents were purchased. Parallel synthesis was conducted on
Mettler Toledo MiniBlock and MiniBlock XT. Melting points were
determined using a Barnstead International MET-TEMP1 capillary
melting point apparatus model 1001D-120VAC. IR spectra were
measured with a Perkin ElmerTM Spectrum One FT-IR spectrome-
ter. 1H NMR and 13C NMR spectra were recorded on a 400 MHz
spectrometer (400 and 100 MHz, respectively), or a 500 MHz
spectrometer (500 and 125.5 MHz, respectively). Abbreviations
were as follows: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet. High-resolution mass spectrometry (HRMS) spectra
were obtained on a double-focusing mass spectrometer.

2.1. Procedure for synthesis of intermediate penicillin V

Potassium (2S,5R,6R)-3,3-dimethyl-7-oxo-6-(2-phenoxyaceta-
mido)-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate (penicil-
lin V). To a cooled and stirred solution of 2.76 g (12.5 mmol) of
6-APA in 60 mL of water containing 5.25 g (62.5 mmol) of sodium
bicarbonate, a solution of 2.76 g (16.2 mmol) phenoxyacetyl
chloride in 5 mL of acetone was added in one minute. The
resulting mixture was stirred vigorously during 20 min while the
temperature was kept at 10–15 8C. The clear solution was
icillin derivatives as drug-like molecules for biological screening,
8
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Fig. 1. Chemical structure of 6-aminopenicillanic acid (6-APA).
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tracted twice with 15 mL portions of methyl isobutyl ketone
IBK). The clear aqueous solution was cooled to 5–10 8C and

idified to pH 2 with a cold 5.0 mol/L sulfuric acid solution. The
idified aqueous solution was extracted with 50 mL MIBK twice.
e MIBK extract was separated, washed with cold water, and
ied for 10 min over anhydrous sodium sulfate. After filtration,

 mL of a 25% solution of potassium 2-ethylhexanoate in butanol
as added. The white crystalline material was collected by
tration, washed on the filter with dry acetone and dried in

cuum, yield 3.5 g (80%) penicillin V as a white solid. Mp:
0–211 8C (dec.). 1H NMR (400 MHz, DMSO-d6): d 8.42 (d, 1H,

 8.0 Hz), 7.27 (m, 2H), 6.92 (m, 3H), 5.42 (dd, 1H, J = 8.0 Hz,
0 Hz), 5.40 (d, 1H, J = 4.0 Hz), 4.62 (d, 2H, J = 2.2 Hz), 3.88 (s, 1H),
52 (s, 3H), 1.46 (s, 3H); 13C NMR (100 MHz, DMSO-d6): d 172.8,
9.0, 168.1, 158.1, 130.0, 121.7, 115.0, 74.6, 67.3, 66.7, 65.0, 57.8,
.7, 27.8; HRMS (FAB) calcd. for C16H18KN2O5S [M+H]+: m/z
9.0584; found: 389.0995.

2. Procedure for synthesis of intermediate penicillin V methyl ester

)

(2S,5R,6R)-Methyl 3,3-dimethyl-7-oxo-6-(2-phenoxyaceta-
ido)-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate (1):
nicillin V (388 mg, 1.0 mmol) was suspended in 10 mL of
methylformamide (DMF). Methyl iodide (1.4 g, 12.0 mmol) was
ded and stirred for 1 h at room temperature. After most of
e solvent was removed under reduced pressure, the mixture
as loaded on silica gel column for chromatography with
OAc/hexane (1:9) as an eluent to yield product 1 (65%) as a
lorless oil. 1H NMR (400 MHz, CDCl3): d 7.32 (m, 2H), 7.04 (m,
), 6.93 (m, 2H), 5.75 (d, 1H, J = 4.0 Hz), 5.60 (d, 1H, J = 4.0 Hz),

57 (s, 2H), 4.49 (s, 1H), 3.80 (s, 3H), 1.61 (s, 3H), 1.51 (s, 3H); 13C
R (100 MHz, CDCl3): d 173.1, 168.1, 167.8, 156.9, 129.8, 122.4,

4.8, 70.5, 67.7, 67.1, 64.8, 58.0, 52.5, 31.8, 26.9; HRMS (FAB)
lcd. for C17H21N2O5S [M+H]+: m/z 365.1170; found: 365.1194.

3. Procedure for synthesis of thiazolidine derivatives 2a–2f

(2R,4S)-Methyl 2-((R)-2-(4-methoxybenzylamino)-2-oxo-1-(2-
enoxyacetamido)ethyl)-5,5-dimethylthiazolidine-4-carboxylate
a):penicillin V methyl ester (1, 182.0 mg, 0.5 mmol) was taken in a
und-bottomed flask and 15 mL of dry methylene chloride was
ded. Benzyl amine (108.0 mg, 1.0 mmol) was added at room
mperature and the mixture was stirred overnight. Water was
ded into the mixture and the mixture was extracted with
ethylene chloride (2 � 20 mL). After washing with brine, the
ganic layer was dried over NaSO4, concentrated and purified by
lumn chromatography with EtOAc/hexane (1:1) as the eluent to
eld product 2a (55%) as a semi-solid. 1H NMR (400 MHz, CDCl3): d
59 (d, 1H, J = 7.36 Hz), 7.33–7.29 (m, 5H), 7.01 (m, 2H), 6.93 (m,

), 5.27 (s, 1H), 4.65 (m, 1H), 4.61 (m, 1H), 4.51 (s, 2H), 4.37 (dd, 1H,
 5.9, 14.7 Hz), 3.75 (s, 3H), 3.55 (s, 2H), 1.48 (s, 3H), 1.20 (s, 3H); 13C

R (100 MHz, CDCl3): d 169.9, 168.9, 168.5, 157.1, 137.7, 129.7,
8.8, 127.9, 127.6, 122.1, 114.8, 72.6, 67.2, 65.4, 58.0, 56.8, 52.3,
.8, 26.6, 26.4; HRMS (FAB) calcd. for C24H30N3O5S [M+H]+: m/z
2.1906; found: 472.1910.
Please cite this article in press as: C.-J. Liu, et al., Synthesis of new pe
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(2R,4S)-Methyl 2-((R)-2-(4-methoxyphenylamino)-2-oxo-1-
(2-phenoxyacetamido)ethyl)-5,5-dimethylthiazolidine-4-car-
boxylate (2b): yield 62%; 1H NMR (400 MHz, CDCl3): d 8.59 (s, 1H),
7.67 (d, 1H, J = 6.4 Hz), 7.42 (m, 2H), 7.32 (m, 2H), 6.96 (m, 1H), 6.95
(m, 2H), 6.85 (m, 2H), 5.36 (m, 1H), 4.74 (m, 1H), 4.57 (s, 2H), 3.80
(s, 3H), 3.75 (s, 3H), 3.64 (s, 1H), 1.55 (s, 3H), 1.24 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 169.8, 169.3, 166.6, 157.1, 156.7, 129.5, 129.8,
122.2, 121.8, 114.8, 114.2, 72.8, 67.3, 65.3, 58.0, 57.3, 55.5, 52.4,
26.8, 26.5; HRMS (FAB) calcd. for C24H30N3O6S [M+H]+: m/z
488.1855; found: 488.1849.

(2R,4S)-Methyl 5,5-dimethyl-2-((R)-2-oxo-1-(2-phenoxyace-
tamido)-2-(thiophen-3-ylmethylamino)ethyl)thiazolidine-4-car-
boxylate (2c): yield: 63%; 1H NMR (400 MHz, CDCl3): d 7.61 (d, 1H,
J = 7.56 Hz), 7.32 (m, 3H), 7.18 (s, 1H), 7.01 (m, 2H), 6.91 (m, 3H),
5.24 (d, 1H, J = 4.9 Hz), 4.72 (m, 1H), 4.62 (m, 1H), 4.52 (m, 1H), 4.50
(m, 2H), 3.73 (s, 3H), 3.56 (s, 2H), 1.47 (s, 3H), 1.18 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 169.8, 168.9, 168.4, 157.1, 140.2, 129.7, 126.9,
126.2, 125.2, 122.1, 114.8, 72.5, 67.2, 65.5, 58.0, 56.7, 52.2, 38.2,
26.6, 26.5; HRMS (FAB) calcd. for C22H28N3O5S2 [M+H]+: m/z
478.1470; found: 478.1475.

(2R,4S)-Methyl 2-((R)-2-(benzylamino)-2-oxo-1-(2-phenox-
yacetamido)ethyl)-5,5-dimethylthiazolidine-4-carboxylate (2d):
yield 54%; 1H NMR (400 MHz, CDCl3): d 7.48 (d, 1H, J = 7.4 Hz),
7.46 (d, 1H, J = 8.0 Hz), 7.21 (m, 2H), 7.20 (m, 2H), 7.03 (m, 1H), 6.99
(m, 2H), 6.86 (m, 2H), 5.36 (m, 1H), 5.13 (m, 1H), 4.68 (m, 1H), 4.64
(m, 1H), 4.57 (m, 2H), 4.23 (m, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 1.48 (s,
3H), 1.18 (s, 3H); 13C NMR (100 MHz, CDCl3): d 172.8, 169.8, 168.3,
156.8, 137.8, 129.8, 128.6, 127.4, 122.0, 115.6, 74.9, 73.0, 72.4, 65.1,
58.0, 56.8, 52.3, 43.6, 26.5, 18.9; HRMS (FAB) calcd. for
C25H32N3O6S [M+H]+: m/z 5 02.2011; found: 502.1992.

(2R,4S)-Methyl 2-((R)-2-(cyclopropylamino)-2-oxo-1-(2-phe-
noxyacetamido)ethyl)-5,5-dimethylthiazolidine-4-carboxylate
(2e): yield 64%; 1H NMR (400 MHz, CDCl3): d 7.55 (d, 1H,
J = 7.7 Hz), 7.29 (m, 2H), 7.01 (m, 2H), 6.80 (m, 1H), 5.17 (d, 1H,
J = 8.0 Hz), 4.51 (s, 1H), 4.50 (s, 2H), 3.75 (s, 3H), 3.66 (s, 1H), 2.70
(m, 1H), 1.53 (s, 3H), 1.19 (s, 3H), 0.73 (m, 2H), 0.49 (m, 2H); 13C
NMR (100 MHz, CDCl3): d 170.1, 169.8, 168.9, 157.2, 129.7, 122.1,
114.8, 72.7, 67.2, 65.8, 58.3, 56.8, 52.3, 27.0, 26.6, 22.7, 6.5, 6.4;
HRMS (FAB) calcd. for C20H28N3O5S [M+H]+: m/z 422.1749; found:
422.1739.

(2R,4S)-Methyl 5,5-dimethyl-2-((R)-2-(nonylamino)-2-oxo-1-
(2-phenoxyacetamido)ethyl)thiazolidine-4-carboxylate  (2f):
yield 58%; 1H NMR (400 MHz, CDCl3): d 7.58 (d, 1H, J = 8 Hz),
7.24 (m, 2H), 6.98 (m, 1H), 6.90 (m, 2H), 6.84 (m, 1H), 5.15 (m, 1H),
4.57 (m, 1H), 4.48 (s, 1H), 3.71 (s, 3H), 3.68 (s, 1H), 3.51 (m, 1H),
3.17 (m, 2H), 1.51 (s, 3H), 1.45 (m, 2H), 1.21 (m, 14H), 1.17 (s, 3H),
0.83 (m, 3H); 13C NMR (100 MHz, CDCl3): d 169.8, 168.8, 168.7,
157.2, 129.6, 122.0, 114.8, 72.6, 67.3, 66.0, 58.3, 57.0, 52.1, 39.7,
31.8, 29.5, 29.4, 29.3, 29.2, 27.1, 26.9, 26.7, 22.6, 14.1; HRMS
(FAB) calcd. for C26H42N3O5S [M +H]+: m/z 508.2845; found:
508.2828.

2.4. Procedure for synthesis of intermediate disodium salt of 8-

hydroxypenillic acid (3)

Disodium 3,3-dimethyl-8-oxo-4-thia-1,7-diazabicyclo[3.3.0]
octane-2,6-dicarboxylic acid (3): compound 3 was prepared in
the method modified from Johnson and Hardcastle [17]. 4.5 g of
6-APA was dissolved in 100 mL of water containing 3.5 g
(2.0 equiv.) of sodium bicarbonate. Carbon dioxide from dry ice
was bubbled through the stirred mixture at room temperature for
24 h. The concentrated aqueous solution was then lyophilized
overnight to yield 6.2 g (90%) of the product 3 as a pale yellow
powder. Mp 228–230 8C (dec.). 1H NMR (400 MHz, D2O): d 5.44 (d,
1H, J = 2.0 Hz), 4.15 (s, 1H), 4.13 (d, 1H, J = 2.0 Hz), 1.47 (s, 3H), 1.42
(s, 3H); 13C NMR (125 MHz, D2O): d 177.5, 175.9, 164.4, 73.6, 69.4,
nicillin derivatives as drug-like molecules for biological screening,
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59.5, 57.7, 31.5, 25.8; HRMS (FAB) calcd. for C9H11N2Na2O5S
[M+H]+: m/z 305.0184; found: 305.0174.

2.5. Procedure for alkylation of 8-hydroxypenillic acid to synthesize

compounds 4a–4d

(3S,7R,7aR)-Dimethyl 2,2-dimethyl-5-oxohexahydroimi-
dazo[5,1-b]thiazole-3,7-dicarboxylate (4a): compound 4a was
prepared in the method of Johnson and Hardcastle [17]. The
synthesis of the dimethyl ester was initiated by dissolving the
disodium salt 3 (2.0 g, 6.6 mmol) in DMF (50 mL) and methyl
iodide (3.0 mL, 48.1 mmol) was added and stirred at room
temperature for 12 h, water was added to the reaction mixture
and extracted with (3 � 100 mL) diethyl ether, dried and
concentrated. The crude product was purified by flash silica gel
column chromatography using EtOAc/hexane (1:1) as an eluent.
Pure compound 4a (1.14 g, 60%) was isolated as a white solid. Mp:
164–166 8C. 1H NMR (400 MHz, CDCl3): d 5.89 (s, 1H), 5.78 (d, 1H,
J = 1.48 Hz), 4.70 (s, 1H), 4.35 (d, 1H, J = 1.52 Hz), 3.85 (s, 3H), 3.78
(s, 3H), 1.57 (s, 3H), 1.49 (s, 3H); 13C NMR (100 MHz, CDCl3): d
170.2, 169.3, 161.2, 70.8, 68.2, 58.6, 58.3, 53.2, 52.1, 33.7,
26.4. HRMS (FAB) calcd for C11H17N2O5S [M+H]+: m/z 289.0788;
found 289.0864.

(3S,7R,7aR)-Dipropyl 2,2-dimethyl-5-oxohexahydroimi-
dazo[5,1-b]thiazole-3,7-dicarboxylate (4b): yield 62%; mp
119–120 8C; 1H NMR (400 MHz, CDCl3): d 6.20 (s, 1H), 5.78 (s,
1H), 4.69 (s, 1H), 4.33 (s, 1H), 4.16 (d, 2H, J = 6.72 Hz), 4.10 (dd, 2H,
J = 6.8, 13.5 Hz), 1.66 (m, 4H), 1.55 (s, 3H), 1.48 (s, 3H), 0.95 (q, 6H,
J = 8.0 Hz); 13C NMR (100 MHz, CDCl3): d 169.9, 168.9, 161.5, 70.8,
68.4, 67.9, 66.9, 58.6, 58.5, 34.0, 26.4, 21.8, 10.5, 10.2; HRMS (FAB)
calcd. for C15H25N2O5S [M+H]+: m/z 345.1484; found: 345.1496.

(3S,7R,7aR)-Dibenzyl 2,2-dimethyl-5-oxohexahydroimi-
dazo[5,1-b]thiazole-3,7-dicarboxylate (4c): yield 63%; mp
133–134 8C; 1H NMR (400 MHz, CDCl3): d 7.35–7.28 (m, 10H),
5.95 (s, 1H), 5.83 (d, 1H, J = 1.4 Hz), 5.22 (m, 2H), 5.17 (s, 2H), 4.74
(s, 1H), 3.37 (d, 1H, J = 1.36 Hz), 1.54 (s, 3H), 1.42 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 169.6, 168.7, 161.3, 134.9, 134.7, 128.8, 128.7,
128.6, 128.5, 70.7, 68.3, 68.0, 67.2, 58.8, 58.4, 33.9, 26.4;
HRMS(FAB) calcd. for C23H25N2O5S [M+H]+: m/z 441.1484; found:
441.1485.

(3S,7R,7aR)-Bis(2-(diethylamino)ethyl) 2,2-dimethyl-5-oxohex-
ahydroimidazo[5,1-b]thiazole-3,7-dicarboxylate (4d): to a suspen-
sion of N,N-diethylaminoethyl bromide hydrobromide (1.05 g,
4.0 mmol) in 15 mL of dry DMF was added sodium bicarbonate
(1.26 g, 15 mmol). The suspension was stirred at room temperature
for 2 h, then disodium salt of 8-hydroxypenillic acid 3 (500 mg,
1.6 mmol) was added. The reaction mixture was allowed to stir at
room temperature overnight. Water (10 mL) was added to the
reaction mixture and extracted with diethyl ether (3 � 50 mL). The
organic layer was dried over Na2SO4 and concentrated to obtain a
colorless semi-solid 4d 189 mg (40%). IR: 3236, 3104, 2972, 2807,
1731, 1613, 1456, 1382, 1176, 1122 cm�1. 1H NMR (400 MHz,
CDCl3):d 6.65 (s, 1H), 5.73 (d, 1H, J = 1.58 Hz), 4.64 (s, 1H), 4.32(d, 1H,
J = 1.56 Hz), 4.24 (t, 2H, J = 5.64 Hz), 4.17 (t, 2H, J = 6.0 Hz),2.74–2.67
(m, 4H), 2.60–2.51 (m, 8H), 1.53 (s, 3H), 1.47 (s, 3H), 1.02–0.97 (m,
12H); 13C NMR (100 MHz, CDCl3): d 169.9, 168.8, 161.5, 70.8, 68.3,
64.0, 58.3, 58.5, 51.0, 50.8, 47.3, 47.2, 33.7, 26.4, 11.9, 11.6; HRMS
(FAB) calcd. for C21H39N4O5S [M+H]+: m/z 459.2641; found:
459.2640.

2.6. Procedure for alkylation of 8-hydroxypenillic acid methyl ester at

position N-7 to synthesize compounds 5a and 5b

(3S,7R,7aR)-Dimethyl 6-benzyl-2,2-dimethyl-5-oxohexahydroi-
midazo[5,1-b]thiazole-3,7-dicarboxylate (5a): benzyl bromide
(2.05 g, 1.2 mmol) and anhydrous K2CO3 (2.5 mg, 1.8 mmol) were
Please cite this article in press as: C.-J. Liu, et al., Synthesis of new pen
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added to a vigorously stirred solution of 4a (200 mg, 0.7 mmol) in
DMF and stirring was continued for 3 h at40–45 8C. The mixture was
filtered, and the filtrate was diluted with water and extracted with
diethyl ether. The extracts were dried over anhydrous Na2SO4 and
the organic solvent was evaporated. The crude product was purified
by flash column chromatography with EtOAc/hexane (1:2) as an
eluent to obtain a white semi-solid 5a. Yield 49%; IR: 2954, 1720,
1418, 1369, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d 7.36–7.25 (m,
5H), 5.63 (d, 1H, J = 1.2 Hz), 5.06 (d, 1H, J = 15.2 Hz), 4.83 (s, 1H), 4.21
(d, 1H, J = 15.2 Hz), 4.08 (d, 1H, J = 1.3 Hz), 1.57 (s, 3H), 1.49 (s, 3H);
13C NMR (100 MHz, CDCl3):d 169.6, 169.5, 160.1, 135.3, 128.8, 129.2,
127.9, 71.3, 67.0, 60.6, 58.3, 52.9, 52.0, 46.3, 33.9, 26.6; HRMS (FAB)
calcd. for C19H22N3O5S2 [M+H]+: m/z 379.1327; found: 379.1334.

(3S,7R,7aR)-Dimethyl 6-(benzo[d]thiazol-2-ylmethyl)-2,2-di-
methyl-5-oxohexahydroimidazo[5,1-b]thiazole-3,7-dicarboxylate
(5b): yield 40%; 1H NMR (400 MHz, CDCl3): d 7.99 (d, 1H,
J = 8.2 Hz), 7.89 (d, 1H, J = 8.0 Hz), 7.48 (t, 1H, J = 8.0 Hz), 7.43 (t,
1H, J = 8.0 Hz), 5.71 (d, 1H, J = 1.7 Hz), 5.38 (d, 1H, J = 16.6 Hz), 4.83
(s, 1H), 4.77 (d, 1H, J = 16.5 Hz), 4.51 (d, 1H, J = 1.7 Hz), 3.81 (s, 3H),
3.79 (s, 3H), 1.64 (s, 3H), 1.50 (s, 3H); 13C NMR (100 MHz, CDCl3): d
169.3, 166.7, 159.7, 153.0, 135.4, 126.3, 125.4, 123.2, 121.9, 71.2,
66.9, 61.5, 58.4, 53.1, 52.1, 44.9, 34.0, 26.7; HRMS (FAB) calcd. for
C18H22N3O5S2 [M+H]+: m/z 436.1001; found: 436.1014.

3. Results and discussion

3.1. Synthesis of thiazolidine amides through opening the b-lactam

ring of penicillin V

Treatment of penicillin V with methyl iodide in DMF was
carried out. Penicillin V methyl ester (1) as an intermediate was
isolated and purified. With compound 1 available we developed an
efficient procedure for generating a number of penicillin deriva-
tives. Based on a parallel synthesis strategy, our method was to
synthesize penicillin derivatives through opening the b-lactam
ring of intermediate 1 with amines, which attacks the carbonyl
group of b-lactam ring to form thiazolidine amides (Scheme 1).
This synthetic approach was developed amenable to automation,
enabling us to generate tens of compounds in a week using a
Mettler Toledo MiniBlock Suite for library preparation and
compound handling. In parallel, reaction of compound 1 with
various aromatic, aliphatic and heterocyclic amines was carried
out in six reactors, respectively. Six products (2a–2f) were
produced simultaneously. They were purified and characterized
by 1H NMR and 13C NMR spectra and HRMS.

3.2. Synthesis of 8-hydroxypenillic acid derivatives through b-lactam

ring rearrangement of 6-APA

The rearrangement of the b-lactam ring started from 6-APA
following our method (Scheme 2) modified from Johnson and
Hardcastle [17]. Treatment of 6-APA with carbon dioxide was
carried out in sodium bicarbonate aqueous solution. 6-APA was
dissolved in water containing sodium bicarbonate. Carbon dioxide
from a dry ice source was bubbled through the stirred mixture.
The concentrated aqueous solution was then lyophilized to obtain
the disodium salt of 8-hydroxypenillic acid in high yield. The
8-hydroxypenillic acid (isolated as the disodium salt by lyophiliza-
tion) was characterized by 1H NMR and 13C NMR spectroscopy and
HRMS. The NMR spectra of the disodium salt of 8-hydroxypenillic
acid were well resolved and displayed no unassigned signals of
significant intensity. The similar 1H NMR chemical shifts have been
previously observed [18,21]. Furthermore our 13C NMR chemical
shifts are the same as the previous report [18,21].

Using a parallel synthetic strategy, alkylation of 8-hydroxype-
nillic acid was initiated on MiniBlock by treatment of its disodium
icillin derivatives as drug-like molecules for biological screening,
8

http://dx.doi.org/10.1016/j.cclet.2014.09.008


293 sa
294 Sc
295 io
296 so
297 4a
298 no
299 4d
300 qu
301 ex
302 re
303 NM
304 tw
305 in
306 Th
307 be
308 pa
309 di

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326

Scheme 1. Ring opening of b-lactams of penicillin V methyl ester.

C.-J. Liu et al. / Chinese Chemical Letters xxx (2014) xxx–xxx4

G Model

CCLET 3089 1–5
lt 3 with various aliphatic and aromatic halides as shown in
heme 3. Disodium salt 3 was dissolved in DMF, and methyl
dide or benzyl bromide or propane iodide was added into the
lution. The crude residues were purified to obtain pure products
–4c as white solids in moderate yields. Since N,N-diethylami-
ethyl bromide hydrobromide was employed for the synthesis of
, excess sodium bicarbonate was added first into the solution to
ench the hydrobromide acid. Compound 4d was isolated by
tracting with diethyl ether from the water solution of the
action mixture. Products (4a–4d) were confirmed by 1H and 13C

R spectra and HRMS. In the 1H NMR spectra of compound 4b,
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Scheme 2. Synthesis of disodium salt of 8-hydroxypenillic acid from 6-APA.

Scheme 3. Synthesis of 8-hydroxypenillic acid esters.
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Furthermore, alkylation of 8-hydroxypenillic acid methyl ester
(4a) was carried out at its N-7 position with benzyl bromide or
2-(bromomethyl)benzo[d]thiazole using potassium carbonate as
base in DMF (Scheme 4). Benzyl bromide and anhydrous potassium
carbonate were added to a solution of 4a in DMF and the mixture
was stirred. The crude product was purified to obtain a pure
product 5a as a white semi-solid in modest yield. Similar
procedure was proceeded for the synthesis of 5b by using
2-(bromomethyl)benzo[d]thiazole as an alkylation reagent. Com-
pounds 5a and 5b were identified by 1H NMR and 13C NMR and
HRMS. In the 1H NMR spectra of compound 5a, the chemical shift of
the methylene in the benzyl group supported the benzyl alkylation
at N-7 position, and the signals from its b-lactam protons were
identical in position and pattern with those in the spectrum of the
starting penillic acid methyl ester 4a. For product 5b, the complex
patterns of benzo[d]thiazol-2-ylmethyl group confirmed the
achievement of alkylation at N-7 position by 2-(bromomethyl)-
benzo[d]thiazole.

In the past six decades, numerous penicillin derivatives were
synthesized [1–11] through chemical modification. This led to
marketing of several antibiotics [3–10]. According to our SciFinder
search, six amides from b-lactam ring opening and five esters by
penicillin b-lactam ring rearrangement in this work are new. The
compounds were deposited into NIH Small Molecule Repository.
They were screened and their biological results were deposited
into PubChem [22]. The biological activity can be found by using
compound identification (CID) numbers. Compound 2a (CID
24747544) inhibits human tyrosyl-DNA phosphodiesterase 1
(TDP1) [22]; compound 2e (CID 24747364) modulates the
interaction between C-terminal C-end Rule (CendR) and neuropi-
lin-1 (NRP-1) [22]; compound 2f (CID 24747549) inhibits KCNQ2
potassium channels [22]; compound 4b (CID 24747497) enhances
the survival of human induced plaripotent stem cells [22];
Scheme 4. Alkylation of 8-hydroxypenillic acid methyl ester at N-7 position.
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compound 4c (CID 24747437) can identify antagonists of the
human trace amine associated receptor 1 (TAAR1) [22].

4. Conclusion

Chemical arrangements of penicillin b-lactam ring were
undertaken in this work. Six thiazolidine amides were synthesized
through N4-C7 b-lactam ring opening of penicillin V methyl ester
with various aliphatic, aromatic, and heterocyclic primary amines.
Five 8-hydroxypenillic acid derivatives with side chains of methyl,
propyl, benzyl, diethylaminoethyl, and 2-(bromomethyl)ben-
zo[d]thiazole groups were yielded via b-lactam ring rearrange-
ment from 6-aminopenicillanic acid (6-APA). Parallel synthetic
methods were developed for esterification of 8-hydroxypenillic
acid and b-lactam ring opening of penicillin V methyl ester. The
compounds display biological activities.
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