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Abstract - -- A family of carbapenem antibiotics, represented 

by thienamycin, exhlblts strong and broad antibacterial 

activities. In this review, recent enantioselectlve syntheses 

of naturally occurring carbapenems are summarized as a main 

subject. 

Content 

[I] Introduction 

[I11 Syntheses of 

Intermediates 

llly Active d Their Key 

1 Synthesis from Amino Acids 

2 Synthesis from Chlral y-Butyrolactone 

3 Synthesis from D-Glucosamine 

4 Synthesis from D-Glucose 

5 Synthesis from D-Glyceraldehyde Acetonide 

6 Synthesis from Chiral Hydroxybutyric Acid 

7 Synthesis from 6-Aminopenicillanic Acid 

8 Synthesis using Chemicoenzymatic Hydrolysis 

9 Synthesis from (28.3RI-2.3-Epoxybutyric Acid 

10 Asymmetric Synthesis 

11 Synthesis from Malic Acid 



12 Synthesis from Chiral 1.3-Glycol 

13 Synthesis using optical Resolution 

[III] Methods for Construction of the Bicyclic Ring System 

1 Construction by Photochemical Transformation of 

Cephalosporins 

2 Construction using Dieckmann-type Cyclizatlon 

3 Construction using Reductive Cyclization 

4 Construction by Sulfeno-cycloamlnation 

5 Construction by a New Type of [3+2lCyclizatlon 

6 Construction using Intramolecular Cyclization of a 

Tricarbonyl Derivative 

[IVj Conclusion 

[Ij Introduction 

Just a decade has passed since the discovery of a new 8-lactam antibiotic, 

thienamycin (11,l from fermentation broths of the soil microorganism Streptomyces 

Cattleya by the Merck research group1 in 1976. It was named thienamycin owing to 

its novel 0-thioenamine chromophore. 

Since the discovery of thienamycin (11, nearly forty compounds of this cacbapenern 

family have been found by many research groups. They are summarized i n  Table 1. 

Table 1 

Numerous efforts have been made for the syntheses of the carbapenem famlly of 

compounds and its derivatives, because of their unique antibacterial activity and 

the low fermentation yields. In the synthesis of these compounds, the following 

two points are always the main problems; 

i )  the control of their absolute stereochemistry. 

ii) the construction of a highly strained bicycl~c rlng system. 

Here, we would llke to summarize rcccnt studies of the chizal synthesis of 

carbapenem antibiotics, published so far in journalsrl' regardrng the above two 

points, especrally the chiral synthesis of the 0-lactam rlng. 



HETEROCYCLES, VoI. 25, 1967 

Table I - ( I 1  
Thienamycin and Epithienarnycins 

Absolute 
configuration 

( I  ) ~hienarnycinl OH SCH2CH2NH2 R S R trans 
(21 Epithienamycin OH p12CH2NHCOMe R R S cis 

Olivanic acid ~ ~ 2 2 3 8 0 ~ ~  
(I7927 AI4 H 

(31 Epithienarnycin 82 OH )SC=f;NHCOMe R R S cis 
Olivanic acid ~ ~ 2 2 3 8 2 ~ ~  

( I7927  1\24 
(4) Epithienarnycin c2 OH SCH2CH2NHCOMe R S S trans 

(Olivanic acid ~ ~ 2 2 3 8 1 ~ ~  ) 
H 

(5) Epithienarnycin D~ OH SCsCNHCOMe 
H 

R S S trans 
(Olivanic acid ~ ~ 2 2 3 8 3 3 ~  1 

(6) Epithienornycin E~ 0S03H SC-CNHCOMe 
H 

R R S cis 
(Olivanic acid MM 139023b ) 

(7)  Epithienarnycin F~ OSO3H SCH2CH2NHCOMe R R S cis 
(Olivanic acid MM178803a ) 9 H 

(8)  Olivanic acid ~ ~ 4 4 5 0 ~ ~  OSO3H SC=CNHCOMe R R S cis 
(MC 6 9 6 - ~ ~ 2 - ~ ~  1 H 

H 
(91 Olivanic acid ~ ~ 2 7 6 9 6 ~ ~  0S03H SC=CNHCOEt R R S cis 

H 
(10) N-Acetylthienarnycin6 OH SCH2CHpNHCOMe R S R trans - - 
(I I) N-Aceiyl-l I. 12- H 

dehydrothienamycin7 OH SC=CNHCOMe R S R trans 
H 

(12) C-19393 ~ 5 '  OH 9 SCzCNHCOMe H R R S cis 
H 



Table 1 - (2) 
PS- series Cornpouds 

Absolute 
Configuration 

R? 5 6 5-H/6-H 

MeCH2- -SCH2CH2NHCOMe R S trons 

Me2CH- -SCH2CH2NHCOMe R S trans 
H 

MeCH2- -SC=CNHCOMe R S trans 
H 

Me2CH- -SC=CNHCOMe N.D. N.D. trans 
H 

N.D. Not Determined 
;ins 

Me$+ RI 0 R~ Absolute 

conf~guration 

C02H 
RI R~ 5 6 5-H/6-H 

H 
(18) Carpetirnycin A"" H -SC=CNHCOMe R R cis 

(C-19393 H ~ '  lb' (R) I H  
0 

H 
(19) Carpetimycin 9' la -S03H -SC=CNHCOMe R R cis 

( C-19393 s2' lb ) (RIbH 

(20) Corpetirnycin CI IC H (F()TCH~CH~NHCOM~ R R cis 

U 

(21) Carpetirnycin d l C  - S g H  -SCH2CH2NHCOMe R R cis 
(R) I 

Asparenornycins 0 
HOH2F 

- 

(22) Asparenomycin A 12a-d R 
H 

- SC=CNHCOMe 
(R) l  H 

0 - 
(23) Asparenornycin ~ l ~ ~ - ~  R - SCH2CH2NHCOMe 

(R) I 

(24) Asparenomycin C 12b-d R 
O H  

-SC=CNHCOMe 
H 
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Table 1 - (3) 
Pluracidomvcins , 

Absolute 
configuration 

C02X 
X Y  R 5 6 8 5-H/6-H 

(26) Pluracidomycin ~ ~ 3 0  No No -SO3Na R R S cis - 
(27) Pluracidomycin d 3 a  No Na -SCH2C02No R R S cis 

(RIA 
0 

(28) Pluracidomycin c~~~ No No -SCHIOH)2 R R S cis 
(R) 1 

0 
(29) SF-2103 H H -S03H N.D. N.D. N.D. - 

N.D. Not Determined 
0A-6129 Compounds 

9Me& / S-CH2- l2 CH2-NH-CO-CH2-CH2-~~-c0-c~- 13 14 15 l6 YH C-CH~OH 21 y$ I9 

I C02H l7 h e  
10 Absolute configuration 2 0  

R' 5 6 8 Pantoyl 
(30) 0A-6129 H R R -  R 

(31) OA-6129 B~~~ OH R R N.D. R 

OH y e  
I 

-CO-CH~-CH~-NH- CO-CH-C-CH~OH 

C02H Absolute configuration 
h e  

R' 2 3 5 6 8  
(34)  OA-6129 H S S R R N.D. 

(35) 0A-6129 €I5 Me S S R R N.D. 

N.D. Not Determined 



[11] synthesis of Optically Active Carhapenems and Their Key Intermediates 

11-1 Syntheses from Amino Acids 

m i n o  acids are recognized to be one of the most important chiral sources. The 

18.19.20 
Sankyo group prepared chiral precursors of thienamycin from L-threonine 

and D-allo-threonine. 18'21p22 Chiral butyric acid (371, 23 derived easily from 

L-threonine, was coupled with glycinate (381 to give an amide (391. Azetidinone 

(41) was constructed from 39 through an epoxide intermediate (40) uslng two 

equivalents of lithium hexamethyldisilazide. When this reaction was carried out 

at -78 x, a small amount of *-isomer (42) (4.8%) was formed along with 41 (2881 

and the epoxide (401 (5081. On the other hand, when the same reaction was run at 

20-23 "c, no cis-isomer (421 was observed. 20 These results were explained by - 

assuming that this reaction proceeded through the preferred conformational isomer 

(A) rather than B. Compound 41 could be converted into a key intermediate 1481 

for the synthesis of thienamycin by two alternative routes; one using the Wolff 

rearrangement and the other the MerCk procedure,24 as shown in Scneme I .  

Scheme 1 

On the basis of the same strategy, a convenient &step synthesis of the key 

lntermedlate (551 of the ~ a r b a p e n e m ~ ~  and penemZ6 antibiotics from L-threonine was 

reported by the same group. 19 

Scheme 2 

D-Allo-threomne could also be used as a chiral precursor. 
18.21.22 

2 7 
D-Allo-threonine was converted to (2R.3RI-butyryl chloride (561 with retention 

of the configuration. After condensation of 56 with a 2.4-dimethoxybenrylamine 

derivative (57), the amide (58) was subjected to the key step by treatmeni with 

DBu and this aretidinone formation proceeded a complete SN2 mechanism to give 

azetidinone (59). Monosaponification of 59, followed by decarboxylation afforded 

the ester (601, whose hydrolysis with sodium hydroxide and subsequent treatment 

with hydrochloric acid gave a lactone (61) and trans carboxylic acid (431 in 62% 

and 148 yields. respectively. Lactone (611 and carboxylic acid (43) are 

transformed into useful intermediates (65). (701. (481 and (66) for the synthesis 
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L- threonine -+ 
Br DCC Br 

(37) (39) (84%) 

- 

[A1 [Bl 

CF3C02H 
4 1 

(43) 
(37%) 

DMAP (44) (23.6% from 41) 

'DMB 
But~e2s i0  ButMe2si0 

! co2But 
ButMe2sic!, @ I) IN  NoOH ~ C O C H N ~ ]  ~ d f f  - 

4 1 reorrengement 
DMAP N~~~~ 2) (COCI)~  ' ~ g - ~ o m p  

(46)(97%) 
N'DMB in Ph M20H 

3) CH2N2 (47) (66% from 46) (46 %) 

Scheme I 



50% NoOH 
H2N - Ar , $CONHAr wcH2NEt31+ AcoNHAr PhSCH2CI 

37 
DCC,r.t. CH2C12. r.t. 50% NoOH 

Br PhCHzNEt31 
(49a) ( 90%) (500)  (quant.) CH2C12, r.t. 
(49b) ( 5 0  b) 

CH2SPh CH2S02Ph 
0 I rnCPBA 0 I 

e C O N A r  -3 W C O N A r  
BuLi 

CH2C12. r .  t. HMPT : THF ' 
(510) (87%)  (520) (80%) ( I  : 6 )  

OH OCH20Me 
1 CICHzOMe 1 

S02Ph N.N-diethyloniline /%, 

f lAr  

a r s o 2 P h  1 )  ozonolysis 

CH2C12, r .  t. 0 2) aq Na2S203 ' 
0 

OCH20Me a :  A r =  

(55) (57% from 54a)  
(71% from 54b) HMPT : hexomethylphosphoric triomide 

Scheme 2 
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of penens*' and ~ a r b a ~ e n e r n s l ~ ~ ' ~ ~  by several steps utilizing ~aeyer-villiger 

oxidation and Barrett's displacement method ot 4-acetoxyazetidinon? as key 

reactions. 

Scheme 3 

The first total synthesis of (+I-thienamycin (1)31 was accomplished from 

L-aspartic acid by the Merck group. They also reported a practical stereospeciflc 

synthesis of I+)-thienamycin 11) from the same starting material as described in 

Scheme 4. A lead tetraacetate oxidative decarboxylatron of 76 and subsequent 

introduction of a four carbon diazo-containing unit into 4-acetoxy-2-azetidinone 

(721 afforded the diazo compound (781, which had been converted into 

(+I-thienamycin I1 I. 32 

Scheme 4 

11-2 Synthesis from Chiral y-Butyrolactone 

Takano and his coworkers have published the synthesis of optically active 6-keto 

ester ( 9 4 1 , ~ ~  which has been converted into the ~arbapenam~~ and carbapenem 34b 

ring systems, using the chiral lactone ( 7 9 )  as a starting materral, and this 

procedure involved Ohno's method3' for the preparation of the aretidinone ring. 

Scheme 5 

11-3 Synthesis from D-Glucosamine 

Yoshikoshi and his coworkers reported a synthesis of the precursor of 

~+)-thienamycln~~ from D-glucosamine. Hydroxyethylation, followed by silylation 

of 106, gave a separable desired diastereoisomer (65,8R)-(108) via 107 with a 39% - 

yield. The undesired diastereoisomers, (6S,85)-, (6R.8R)-, and (6R,8S)-(1081, 

could be recycled to (6S.8R)-107 by successive desilylation, Swern oxidation and 

K-selectride reduction. The selective oxidation of the primary hydroxy group of 

103 was achieved by Pt-catalyzed autoxidation yielding a hydroxy acid (1101, which 

was further esterified and then oxidized to afford the intermediate (111)~' for 



fH(C02Et l2 

HN 

NH2 ef 
Et3N / THF 

D- allo- threonine (56 )  

AcO AcO 

DBU I)  leq I N  NaOH C02E t 
benzene/2o0? 2) 2,4,6 - collidine 

160 "C 
(60)  

( 4 7 %  . cis 8 trans=4: I )  

( 2  : 1 )  
I )  2.  l eq I N  NaOH- pyridine 

2) HCI 

Scheme 3 - ( 1 )  
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6 1 
1.8eq MeMgBr 

(98%) 

43 DM AP 

(67) (89%) (68) (66% from 15) 

Scheme 3-(2) 



3 8 fl+ a C00CH2Ph a )E Iu tMe2~ i~ l .E t~N(98%1 

HOOC NH2 
n b)Pd/C. H2 ( 9 2 % )  u 

L - asportic acid (71) 

LiNpra > @Aco0@ 3, CH CHO 

0 S i ~ e 2 E I d  90 % 

( 7 8 )  ( 8 1 % )  
Scheme 4 
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I ) c. HCI - MeOH 

0 0  
& 2)KOH-%OH, HS-SH 

r - 
1"' 0 ~ 0 1 0 ~  

~2 
BF3.Et20 

TrO TrO 
(79) (80) (81) R' = C H ~ O H .  $=  H 
Tr = CPh3 (82) RI, R ~ = O H . H  
Py = Pyridine (79% from 80) 
Bz = CH2Ph I )  KQH 

Y $ diphenylphosphory azide 2) 3) CICOCH2CC13.Py Me1 . NoHC03 

fi4) pyridinium 
0 dichromate 

( 8 3 )  ( 8 6 % )  5) zinc. MeOH 
[do -5.50" (84) 

+y 

X NHR 

(85) R = H . X = CH(SCH2I2CH2 . Y = CH=CH2 

(86) R =C02CH2CC13, X = CH(SCH2)2CH2. Y= CH=CH2 (72% from 83) 

(87) R =C02CH2CC13. X = CHO, Y=  CH=CH2 (92%) [a]D + 1.66" 

(88) R =C02CH2CC13, X = C02H. Y =CH=CH2 (quant.) [aD + 0.64" 

(89) R=H.  X=C02H, Y=CH=CH2 

I )  Ph3P. PySSPy , ax (Et0)2POCH2CO2CH2Ph, NOH) 

2) Me3SiCI. Et3N 

3) 0s04 - ~ 0 1 0 ~  
0 

(90) R =  H .  X=CH=CH2 ( 7 6 %  from 88) 
(91) R = S ~ M ~ ~ B U ~ .  X=CH=CH2 

(92) R = SiMe2But. X =CHO 

(93)  ( 9 0 %  from 911 (94)(56%) 
LOCID -25.1° WD t 2 2 . 6 '  

Scheme 5 (Lit. [ulD +43.Z0) 



I+)-thienamycin synthesis. The optical purity of 1111) was determined by the 

transformation of 106 into the known 94.33'34a On the basis of the obtained 

optical rotational value, the stereocontrolled transformation from D-glucosamine 

to the target molecule was performed throughout without loss of optical purity. 

Scheme 6 

The above @-amino acid 1103) was converted into p-nitrobenzyl ester ( I I ~ ) , ~ ~  whose 

spectral data (i.r. and 'H NMR) and optical rotation are identical with those 

of SQ-27860 p-nitrobenzyl ester.'' Thus, the absolute configuration of 59-27860 16 - 

was confirmed to be 5-R by this synthesis. 

Scheme 7 

11-4 Syntheses from g-Glucose 

D-Glucose is readily available and an inexpensive startlng material as a chiral - 

source in organic synthesis. Independently, three groups have published the 

preparation of the key intermediates for the synthesis of (+)-thienamycin, such as 

125 1P.L. Durette - Scheme 8) .38 135 (K. Koga - Scheme 9),39 and 144 IS. Hanessian 

- Scheme 1 0 ) , ~ ~  with the desired stereochemistry, from D-glucose. - 

Scheme 8 

Scheme 9 

Scheme 10 

On the other hand, Vasella and Knierzinger prepared 6-epithienamycin 1158) from 

D - g l u c ~ s e , ~ ~  as shown in Scheme 11. The compound possessing a 5R-6R-8R - 

configuration, like 158, had not been found in nature. 

Scheme 11 



HETEROCYCLES, Vol 25, 1987 

HO I)a Me2C(OMe)2. H+ 

&Me 

b) Ac20. Py 
D - glucosarnine 

21 hV, HMPT 
HO 

NHC02Me 0 NHC02Me 
(95)  (96)  R = OAc (86%) 

RO 
I) a )  HCI. oqAcOH 

b )  (CHZSH)~, BF3.Et20 
I )  oq AcOH c I Ac20. Py > 
2) PhCHzBr. NaH 2) a) Me1 

b) Ph3PCH20MeCI. 
NHC02Me EtMe2CONa 

(98) R=H (85%) 
(99) R= PhCH2 3 )  aq AcOH 

(8Wd c o 2 ~  
I ) PyS-Spy , PPh3 

a) Jones reagent, 1:; 2)  a ) B u t ~ e 2 s i ~ l .  Et3N 
b) oqBalOHj2 OCH2Ph b) CS2, NOH, then Me1 

0CH2ph 3) Bu3SnH. AIBN 
(100) R = CH(SCH& (78%) 
(1011 R=CH=CHOMe(70%) (103) (85%) 

(102) R =CH2CHO ( 7 4  %) 

I) LDA. MeCHO 

0 2) ButMe2Sicl 
Y imidazole 

(1041 X = O H . Y = H  (89%)  [ u I ~ ~ + z . ~ ~  (107) R =  H 
( 105) X -0CS2Me. ~ = ~ i ~ e ~ ~ u t ( 9 0 % )  pJg4-53. 10 (108) R =  S ~ M ~ Z B U ~  
(106) X =  H. Y= S i ~ e 2 B u ~ ( 1 0 0 % )  [0(1$~-41.9~ ( 8 0 %  from 106) 

I )cyclohexane 
Pd(OH)2. EtOH 

2) Pt . 0 2  
PhCH2Br. DBU 

H 

0 
Scheme 6 



I) a ) MeS02CI. Py 
b ) ( Prt)2NEt, DMF &,+OR 90 - IOO°C 

(103) 
2) CH2N2 OCH2Ph 2)  Hz. Pd(OH)2-C. E ~ o H ' ~ ~ O ~ C  ' 

3) PhCOCI. Py I EH~o@ 
c o 2 ~ u t  

(112) 9 0 %  (113) R I = R ~ = c H ~ P ~  
(88% 

( 1\41 RI= R2= H 
(quant.) 

( I  15) RI= H.R~=COR 
I) o MeO(CH2)20CH2CI (84%) [@+63. lo 

(Pr'12NEt 
b MeONa 
c ) Jones oxidation 
d ) PNB- Br. NaHC03 Ph3P. P ~ S S P ~ ~ ~  

2)  a ) LiOH 
b )  HCI 
C )  Et3N 

( I  16) RI= Me. R2=co2But 
R3= PNB (CH2C6H4N02- - p )  
R ~ = c H ~ o ( c H ~ ) ~ O M ~  
(81%) klg3 -14.8" 

1\17) RI= R2= R4= H . R3= PNB 

H 

moH 

I) a b) ) MeS02CI. Et3N Py 

CO2PNB 
8 0 %  0 

0 > A  (119) C02PNB + 99.0" 
(118) ( 5 8 %  from 116) 

[&IF + 163" 

Scheme 7 
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i ) P. L .  Durette 

I )  TsCI. P 
D - glucose 2) a ) NaO 

b )  NaN3 
HO OMe HO OF . 

(121) X = OTs (69%) 
(122) X = N 3  (77%) 

a ) (CF3CO)20 
P~ a)  (CF3C0120, Py 

b ) BuqNOAc b) Bu4NCN 
C )  MeONa OMe 

-------- > (+) - thienamycin (I) 

Scheme 8 



ii) K. Koqo & OH ---+ Ph <& I )  NBS, BaC033 8 
2) Raney - Ni 

HO OMe H2 RO OMe 
OH 0 

D- glucose ( 1 2 6 ) ~ ~  (127) R =  t p h  

DMSO 
(CF3CO)@ , o& 

OMe 
( 129) (93%) 

(Z:  C O ~ C H ~ P ~ )  
(52%) & KH 

Ph2P-C __j /, HO 
OMe 

(130) ( 9 2 % )  
[a$0 +91.2" major less polar 

isomer was used for next 
reaction 

Me Me Me 
0 b 1 ) Jones H+. Hz0 reagent> b0 

OMe Me02C OMe Me02C 
(131) ( 7 5 % )  (132) (30%) (133) 

deprotection 

hydrolysis ., H02C w C 0 2 C H 2 P h  NH2HCI 
esterif icotion 

(134) ( 1 3 5 ) ~ ~  [alEO t 9.90 

3 ( + I -  thienamycin ( I ) 

Scheme 9 
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i i i) S. Hanessian 

Me 
i )  Pd -C /H2(90%)  
ii) BuqNN3(85%) , & - (MeO)2POCti(SMe)$ 
iii) NaOMe (93%)  BuLi  

i )  L iA IH4 ( 8 4 % )  i )  HgC12. HgO (76%) 
i i) (CFC0)20. Py ii) Cr03.  H2S04 (88% 

MeS Mes>& ( 8 7 % )  i i i)  CH2N2 ( 9 0 % )  ' 
OMe (MeSl2CH OMe 

L 
7 +co2~ --------- > (i-1 - thienamycin ( 1 )  

~6 NH2-HCI 
(144) [UID +4.2" 

Scheme 10 



iv) A. Vasella 

NaOMe 
D- glucose + 

0 
p h t 0  OMe 

OR 
i )  BU+OOH, PdC12 

i )  Ph3P= CH-C02PNB Na2PdCI2 

ii) CIC02PNB. DMAP oq AcOH 
> 

iii l  MeC6H4S02N3. NEt3 
(152) R = H  (35%)  

i)  a ( Ph0)2P(O)CI 
(Pr1)2EtN 

b )  ( p r i ) 2 ~ t ~  
HS - NHC02PNB 

ii) Pd - C/ H2 
PNB= p -  nitrobenzyl (157) RI= CO~PNB. RZ= PNB ( 8 2 % )  
DMAP =-4-dimetylaminopyridine ( 158) RI= R ~ =  H (60  %) 

Scheme I I 
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11-5 Synthesis from D-Glyceraldehyde Acetonide 

Yamada and h ~ s  coworkers synthesized 14s)-azetidinone (169Iz4' a synthetic 

intermediate for (+I-thienamycin (11, using the highly stereoselectlve 

1.4-addition reaction as a key step. Addition of benzylamine to the chiral 

a,@-unsaturated ester (16Oa1, prepared from D-glyceraldehyde acetonide I15a1, 
48 

gave 161 stereoselectively. The product ratio of 161 and 162 in thls addition 

reaction was not dependent on either the z or E conformation of 160 but on the 

reaction temrxrature. The conversion of 161 into 169 is outlined in Scheme 12. 

Scheme 12 

11-6 Synthesis from Chiral Hydroxybutyric Acid 

Retrosynthetic analysis of I+)-thienamycin lil suggests the possibility of 

3R-hydronybutyric acid as a chiral precursor. 

Azetidinone formation by the reactlon of ester enolates and N-trimethylsilylimines 

was investigated by Hart and coworkers. 49 The stereochemical course of the 

enolate-imine condensation reactlon depends on the ester enolate geometry. 

Usually. (El-enolate gave malnly &-azetidlnone. The reaction of racemic 170 

wlth imine I1711 gave partially separable 6-lactams (1721-(1751, whose structures 

were confirmed by their conversion into known 0-lactams. On the other hand, the 

ester (+IF170 and lrnine I1761 afforded a mixture of 6-lactams (1771, which could 

be converted into separable forms by silylation. 

Scheme 13 

Syntheses of chiral intermediates for the preparation of I+)-thienamycin (11 using 

enalate-mtine condensation methodology was reported by two groups, independently. 

Nakai and coworkers prepared the known (+IF70 from azetidinone (-1-(l721, 50 easily 

derived from R-I-1-11811. 51 The optlcal purity of the obtained (+I-(701 was 

o 52 
deduced to be 69% by comparison with the highest literature [olD-value [+50.0 I. 

Scheme 14 

Shibasaki and coworker prepared the (+I-thienamycin I11 intermediate 11351 5 3  



(160a) ( Z  form) 
(160b) (E form) 

Ph3P-CHOMe y 0 1 ~ 2 M e  I aq AeOH X YCO~M~ 
2) Jones reogen? 0 N 

Bz' 'CO~BZ 62' 'CO~BZ 
(166) (75% from 164 ) (167) X =  H 

[ a D + !  1.7" 
1 )  10% Pd-C/H2 (168) X =OH 

MeOH. 50°C C02Me (92% from 166) 

2) Ph3P- P ~ S S P ~ ~ ~  LalD +I16.I0 

(169) (81%) 
mD + 64.5' 

Scheme 12 
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LDA 

C02Et Me3SiN =CHCsCSiMe3 
(*I  - (170) (171) (172) R ' = c : c s ~ M ~ ~ .  R ~ = H  (44%) 

(173) R ' =  H. R2 = CtCSiMe3 (5%) 

H 
Me3SiN =CH-C=CHSph 

+ 
(176) I LDA 

I 

(174) R '=H .  R2= CGCSiMe3 
(175) R ' = C Z C S ~ M ~ ~ .  R ~ = ~  

(172)+(173)+(174)  : (17%) 
(177) ( 4 6 % )  

DMF. Et3N 

R O ~  H R0 H H H RO r vsph NR + NR "SF% + NR 

Scheme 13 



R -  (-)-(I811 ( 7 9 %  optical purity) (-1- (172) 
(mo'or product) 
[a,$ - I I .a0 

(+)-(I751 R1=OH. R ~ = H  
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utilizing the aldol-type condensation of the vinyloxyborane (1851 with the 

enolizable imine (186). The reaction product, 8-benzylamino thiol ester, (1871 

was assumed to have the configuration leading to the stereoisomer (190bl. The 

authors anticipated that the epimerization required at C-3 to obtain the 

(+I-tienamycin intermediate (101 could be achieved during azetidinone formation. 

Indeed, the stereoisomer (190a) was stereoselectively obtained by the subsequent 

ring closure reaction and 190a was further transformed to the known compound 

(1351. 39 

Scheme 15 

Georg investigated a highly diastereoselective method to synthesize 194 having the 

correct relative stereochemistry of thienamycin (11 from the racemzc 
* 

35 -hydroxybutyrate employing the chelation-controlled aldol-type reaction as a 

key step. Their study is shown in Scheme 16. 

Scheme 16 

A similar enolate-imine condensation was applied to the reaction of S-(+I-(1701 

with 195 by Panunzio and coworkers.55 The reaction product was a mixture of 4s 

and 4R diastereoisomers in a ratio of 7:3, respectively. This low 

stereoselectivity at the C-4 position was ignored because of the C-4 configuration 

in a later step. Inversion of the hydroxy group of 196 was achieved by applying 

the Mitsunobu procedure to give 198. Compound (1981 was transformed into reported 

compound ( 2 0 1 1 ~ ~  through two alternative routes, as described in Scheme 17. 

Scheme 17 

11-7 Synthesis from 6-Aminopenicillanic Acid 

Although 6-aminopenicillanic acid (6-APAI is considered a readily available and 

inexpensive source of natural carbapenam compounds or its intermediates, it is 

necessary to convert C-5 thio and C-6 amino groups of penicillins into two 

properly functionalized alkyl groups with correct stereochemistry. 

Karady and coworkers reported a stereospecific conversion of penicillin to 



. 
ii) DH 7 buffer R O ~  ~ H C H ~ P ~  

[ 9-BEN-0 "'1 SPh 

(187) R=SPh (36% from 184) 
(188) R=OH 

H O ~  H B U ~ M ~ S ~ O S O ~ C F ~  Eu t~e2s i0  
L o c H 2 p h  2,6- lutidine 

H H  ~ O C H ~ P ~  

(189) ( 72% from 187) 

Eut~e2s i0  

%02H i PhCH20H. DMAP (80%) DCC v (89%)  ~ c o 2 c H 2 p h  
(191 (135) 
la160 t 1 6 . 1 9 ~  tc13g0 t 9 . 8 4 0  

Scheme 15  it. [a]gO t 9.9" ) 



HETEROCYCLES, Vol 25,  1987 

( U S R ,  3SR. 4RS) (URS, 3SR, 4 R S )  

ii) MeOH. HCI 

Scheme 16 

Hg! HO - - HC02H 
Et02CN=NC02Et  

C02Et N \  Ph3P SiMe3 
S-( t ) - (170) (195) (196) (50%) OH- 

/iCoH Cu(OAc)2 Pb(0Ac)q 
( 8 5 % )  

RO 8-$' ~ 1 0 2 -  RO 

THF. AcOH - 
( 8 0 % )  

/ 
>kcoAc 

Scheme 17 



(ti-thienamycin. 32 This synthesis involved two noteworthy features, which were 

the stereospecific amine-borane reduction of the acetyl group and the one-step 

introduction of an a-diazaacetoacetate unit required for the construction of the 

bicyclic system. Namely, the reaction of benzyl 6-dia~openicillanate~~ (202) with 

acetaldehyde afforded an unstable benzyl acetyl penicillanatei8 (2031. Highly 

stereospecific reduction of the rnagnessium chelate of 1203) with 

diisopropylamine-borane yielded the desired (Rl(S)(Rl and (S)(S)(R) alchols (2041 

and (205) in a ratio of 96:4. The opening reaction of the thiazolidine ring of 

0-protected (204) with methyl bromoacetate and 'BUOK gave 206a. Permanganate - 

oxidation, successive protection of an amide nitrogen, and chlorinolysis at the 

C-4 position afforded 206d: The silver-mediated coupling reaction of a four 

carbon diazo-containing unit 12071 with (206d) yielded 208. Ring closure of 78 

ldeprotected 2081 to the bicyclic keto ester (209ii9 according to the carbenoid 

insertion method34b accomplished the formal total synthesis of (+I-thienamycin 

(11. 

Scheme 18 

Preparation of 70 from 6-APA was a150 independently reported by three groups. 

Previously, DiNinno et 2.1. reported that hydroxyethylation at the C-6 position of 

penicillanate enolate gave 211.~' Reductive debromination of 211 was achieved by 

using three different methods; Zn-Ag catalytic hydrogenation60 or Zn in 

a mixture of diethyl ether and aqueous armonium acetate,52 to give stereoisomers 

(2041 and 12121. Ozda and coworkers have published the conversion of protected 

204 (213al to 70 by two steps,26a which involved treatment with mercuric acetate 

in acetic acid and permanganate oxidation. DiNinno also reported a synthesis of 

70 from methyl ester 1 2 0 4 b ) . ~ ~  The synthesis of 70 by the Sankyo group was 

essentially the same as the above two groups. 61 

Scheme 19 

Syntheses of versatile starting materials (2221 and (60) for carbapenam type 

compounds were reported by the Sankyo group.62 Treatment of the diphenylseleno 

derivative (2161 63'64 with methylmagnesium bromide, followed by reaction with an 

excess of acetaldehyde afforded 217 and 218 in a ratio of 30:l. When 
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n-butyllithium was used instead of methylmagnesium bromide, the ratio changed to 

2:3. Tin hydride reduction of 217 removed the phenylselenyl group to give 212. 

Silylation of 212, followed by oxidation with m-chloroperbenzoic acid gave sulfone 

12191. Epimerization at the C-6 position was achieved by treatment with a 

catalytic amount of diazabicyclo[4.3.0]n~nene to afford 220. After the ring 

opening of its thiazalidine, the N-substituent of 221 was oxidatively removed to - 

give 222. The compound 12221 could be transformed into 66. These reactions were 

also applicable to 2llb. Transformation of 222 or 66 to the known iniermediate 31 

for the preparation of I+)-thienamycin is shown in Scheme 20. 6 5 

Scheme 20 

The above 4-iodomethylazetidinane ( 2 2 9 1 ~ ~  was further converted into an important 

precursor for the synthesis of carbapenam derivatives "la the 
- 

translodopropenylation method.66 Reaction of protected (2291 112301 i 6 5  wlth the 

lithium salt of allylthiothiazoline gave 231. Rearrangement with methyl iodide, 

fallowed by Kornblum oxidation afforded aldehyde 12331. The carboxylic acid 12341 

was obtained from 233 by the method of Smith and Holm.67 After esterification of 

234, palladium-catalyzed oxidatlo" of the 6-position of the a.0-unsaturated ester 

gave the 8-keto ester (2371. Cyclization of 237 using the Merck method afforded 

the known 238. 31 

Scheme 21 

The Sankyo group developed a new ally1 unit substztution reaction at the C-4 

position of the 4-acetaxyazetidinone derivative6' 170I6l with tetraallyltin 12391 

in the presence of 0.1 eq. of trifluoroborane etherate. The 4-allylazetidinone 

(2401 obtained was converted to dethiathienamycin 12501, which showed half of the 

antibacterial activity a£ I+)-thienamycin Ill. The synthesis of 250 is outlined 

in Scheme 22. 

Scheme 22 

A mixture of the R- and S-carbonates (2541 and (2551, separable by silica gel 

chromatography, was obtained69 by protection of the hydroxy group in an epirneric 
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mixture of (2531, 26a prepared from (252I7O by diethylaluminum chlocide-zinc 

mediated hydroryethylatlon with a 2-nitrobenryloxycarbonyl group. The Fujisawa 

group derived 261 and 262 from (2541 and 1255).'~ which could then be converted 

into natural carbapenam compounds. Chlorination of 254 gave an inseparable 

mixture of the C-4 epimeric chlorides 256 (cis:trans=9:ll), while 255 afforded a 

separable mixture of the two C-4 epimers, 258 and its trans isomer. The 

silver-promoted coupling reaction of allylsilane (2581 wlth 256 or 257 proceeded 

stereo- and regiospecifically to give 259 or 260, respectively. Oxidative removal 

of the N-substituents of 259 or 260 afforded 261 or 262, respectively. 

Scheme 23 

The Fujisawa group synthesized optically active 6-epicarpetimycin and 

carpetimycin. 71p72 Aldol type condensation of (2631 ( (264) I easily obrained from 

6-APA in chiral form, with acetone, followed by treatment with triethylamine gave 

trans-azetidinone I2671 and its &-isomer (2681. The =-isomer (2671 was 

converted into optically active 6-epicarpetimycins (2751, (2761. and (2771 by 

employing the Merck method. 7 1 

Scheme 24 

On the other hand, an aldol reaction of 27g7' with acetone was conducted to form a 

5:l mixture of 279 and 280. Radical reduction of 271 using tributyltin hydride rn 

the presence of arobisisobutyronitrile afforded the cis compound 281 as a major 

product. The reduction of 282 also gave a similar result. The G-selectivity 

was explained by the u-face attack of the hydride owing to a steric influence of 

the 60-substituents. Protection of the hydroxy group in 281, followed by removal 

of the acetonide group gave 283. Carborylic acid 284 was transformed to 

carpetimycin derivatives7 (2851, (2861, and (2871 by employing the Merck method. 4 3 

The improved synthesis of 6.7-&-azetidinone (2811 was achieved the aldol 

reaction of 288 with acetone followed by kinetic protonation with 

triphenyltinhydride as a soft proton source. 7 2 

Scheme 25 
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11-8 Synthesis using Chemicoenzymatic Hydrolysis 

Optically active 4-methoxycarbonylmethyl-2-azetidinone (169) had been obtained by 

selective cyclization of the prochiral 0-aminoglutaric acid derivative (291) 

involving an enzymatic hydrolysis step. 35 The optically active compound (16;) 

obtained was converted to the key intermediates (2981, (2961, (271). and (3021 7 3 

for the synthesis of natural carbapenem antibiotics (+I-PS-5 i14!.74 (+I-PS-6 

(15) ,74 6-epicarpetimycin homologue (276). and (+I-thienamycin (11. respectively. 

Ohno and coworker reported two stereocontrolled syntheses of natural carbapenem 

compounds, i - -carpetimycin A i 18) 75 and i- -asparenomycin c'~ (24 ! using the 

compounds (2921~' and ( 2 9 3 1 ~ ~  as starting materials. 

Scheme 26 

Reduction of 292, followed by cyclization gave &-lactone (3031. Stereocontrolled 

hydroxyisopropylation of 303 was achieved by the reaction of the enolate anion of 

303 wlth acetone to yield 304. The base-catalyzed reaction of 6-lactone (304) 

easily brought about a retroaldol type reaction by releasing the acetone moiety 

and did not afford the desired hydrolyzed product (305). On the other hand, the 

lactone 13041  was opened by acid-catalyzed cleavage to afford an equilibrium 

mixture of 305 and 304 (about 3:ll. The mixture of 305 and 304 was separated by 

column chromatography. Silylation of deprotected 305, followed by 

Grignard-mediated cyclization and selective removal of N- and 0-iprimarylsilyl 

groups gave 307. The G-carboxylic acid (308) was obtained by oxidation of the 

alcohol (307 I using Sarett reagent. Applying Masamune's procedure, 77 followed by 

construction of the bicyclic ring system according to the Merck groupv3l to 

carboxylic acid (3081 afforded keto ester (309). Conversion of 309 to 310 was 

carried out through the vinyl phosphate, 31'78 followed by treatment wiih 

E-chloroperbenzoic acid to give 311 and 312. Catalytic hydrogenation of 311 or 

312 gave natural carpetimycln A (18) or 313, respectively. Reaction of 293 with 

trimethylsilyl chloride in the presence of lithium diisopropylamide and then with 

[(methylthio)methoxylacetone gave E-eihylideneazetidinone 314 as a single product. 

The E-selectivity of this reaction was explained by assuming that the 

chelation-controlled aldol reaction occurred from the o-face and was followed by 

Peterson olefineckion or syn elimination of Me SiOLi. The chelation between the 
3 



HETEROCYCLES, Vol. 25. 1987 

i )  a : E d M e 2 S i ~ l  
NEt3 yoR i) siMe2But 6 

1169)- "y NSiMe2Bu t - i) N-HCi p2~ NR 
b:LiAIH4 o ySiMezBut iilEt1.or'o 

i i )  
MeOH 0 

Pri1.0r (295) R = E ~  iiloxidation 1298IR=Et.R'.~ 
B u t ~ e ~ ~ i c l  1293) R=H acetone 129 R p r i  

iii)N-HCI 2 8  = Cu1:-48.980 ( 2 9 4 )  R=SiMe2But PID -67.53 
1271) R=C(OHlMe2 

(297) R=ClOH)Me2 

i )  a : E d M e 2 S i ~ l  
NEt3 yoR i) siMe2But 6 

1169)- "y NSiMe2Bu t - i) N-HCi p2~ NR 
b:LiAIH4 o ySiMezBut iilEt1.or'o 

i i )  
MeOH 0 

Pri1.0r (295) R = E ~  iiloxidation 1298IR=Et.R'.~ 
Bt/Me2SiCl 1293) R=H acetone 129~qR;_~r\~ iii) N-HCI Cu1:-48.980 

( 2 9 4 )  R=SiMe2But Cb: 

LDA 
0 OC02PNB 

N-acetyl- 0SiMe2But 
imidazOe s e  

1293)- - 
O \ 

S ~ M ~ ~ B U ~  1301) R ' = ~ i M e ~ B u t  
( 2 9 9 1  1300) 1302)R'=H 

* R:S=9: I ~ a 1 ~ ~ + 0 . 8 5 "  

Z : C02CH2Ph 
P N B  : - p-nitrobenzyl 

DMAP :4-dimethylaminopyridine 

Scheme 2 6  



lithium cation and oxygens was considered to play a key role in controlling the 

stereochemistry via transitlo" state A affording the intermediate B. The 
- 

methylthiomethyl group was selectively cleaved by treatment with mercuric chloride 

and calcium carbonate: the resultant ally1 alcohol 13151 was reprotected with 

p-nitrobenryl (PNB) chloroformate in the presence of 4-dimethylaminopyridine to 

give 316. Deprotection of the silyl group of 316 wlth hydrochloric acid afforded 

317. The alcohol (3171 was transformed to asparenamycin C 121) by the method 

similar to that of carpetimycin A 1181. 

Scheme 27 

Shlbasaki and coworkers reported a stereoselective synthesis of 307'~ by the use 

of direct aldol condensation of 13221 with acetone + the titanium enolate. 79 
The predominant formation of the a-0-lactam 13241 would be expected in the aldol 

condensation of 1322) and acetone, because a metal cation would be coordinated by 

the neighboring rnethoxyethoxymethyl group, thus the metal cation is located on the 

8-face of the molecule, and the aldol condensation would proceed + the tightly 
coordinated 6-membered transition state as in the case of 13231. Indeed, the 

predominant formation of 13241 was observed in the aldol condensation as expected, 

although the streoselectivity was not very satisfactory. 

Scheme 28 

11-9 Synthesis from 12R.3RI-2.3-EpoxybutyriC Acid 

The Sankyo group reported an alternative short step synthesis8' of the compound 

1223) which had already been prepared from penicillin by the same group. 6 5 

Condensation of 12R, 3R)-2,3-epoxybuty11~ acid 13281 with - p-methorybenzyl- 

aminoacetonitrile 1329)'~ gave epoxyamide 13301, whose azetidinone formation with 

lithium hexamethyldisilazide afforded the azetidinones 13311 and 13321 in 51% and 

22% yrelds respectively. Protection of the hydrovy group, and then deprotection 

of the methoxybenzyl group of 1333) gave the desired compound 12231. 

Scheme 29 
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11-10 Asymmetric Synthesis 

Treatment of 33482 with 5 equivalents of thiophenol in benzene containing 1.2 

equivalents of cinchonidine at 35 T for 62.5 h provided optically active 

4-phenylthioazetidinone 1+)-335,83 whose recrystallization afforded crystalline 

(+I-335 with low optical purity which could be recycled to I+)-335 by successive 

oxidation and treatment under the same conditions as described above. Optically 

pure I+)-335 was obtained from the mother liquor of the above recrystallization 

and was transformed into the known key intermediate 13431'~ for thienamycin Ill 

synthesis. The undesired alcohol (340) could be converted into 341 using the 

modified Mitsunobu reaction. 

Scheme 30 

Ley and coworkers reported a synthesis of optically pure 353 through the 

n-allyltricarbonyliron lactone complexes. 85 Reaction of epoxide 1345) with 

pentacarboxyliron [FelC0)5] and ultraviolet lrrad~ation gave the stable 

n-allyltricarbonyliron lactone complex 13461. Insert~on of I-)-11s)-a- 

methylbenzylamine into 346 afforded the desired 1347) along with 348 and 349. 

Cerium ( I V I  ammonium nitrate oxidation of 341 provided e-azetidinone 1350). 

Ozonolysis of 350, followed by reduction with K-selectride-KI yielded the 

l 1 ' R ) - h y d r o n y a z e t i d i n o n e  13521 and its 11'S)-epimer in the ratio of 9:l. 

Reductive removal of the N-a-methylbenzyl group of 352 gave the acetal 353, which 

had been converted into thienam~cin.'~ The absolute configuration of 353 and its 

optical purity were determined by the conversion of 353 into its diastereomeric 

IRI- and IS)-a-methoxy-a-1trifluoromethyl)-a-phenylacetyl IMTPA) ester according 

to Mosher's NMR configuration-correlation method. 

Scheme 31 

Srnale modified their tetrahydro-1.3-oxazine route to provide (5R)-thienamycin 

analogues.87 Their key concept was replacement of the cyclohexane, used in the 

original synthesis," by chiral ketone. 3-Amino-1-propanol was reacted with 

IRI-3-methylcyclohexanone to form a tetrahydro-1.3-oxazine. which was then acylated 

with diketene to produce the B-ketoamide 1354). Diazo transfer reaction of 354 
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with methanesulfonylazide in the presence of triethylamine gave 355. The 

carbenoid insertion reaction was accomplished by the treatment of 355 with rhodium 

(I11 acetate to give a 3:2 mixture of 356 and 357. Reduction of 356 wlth 

potassium tri-set.-butylborohydride3' gave (Rl-358 along with the ($1-isomer. 

Protected 358 (3591 was hydrolyzed to the versatile intermediate (3021,73 bearing 

the three asymmetric centers with correct stereochemi~try. 

Scheme 32 

Previously, we reported a synthesis of (il-thienamycin analogue (3731 bearing the 

hydroxyethyl function at the 6-position with the desired stereochemistry using 

1.3-dipolar cycloaddition of the nitrone (3631 with benzyl crotonate (365) 

The (?I-azetidinone (3691 was also synthesized by Stevens and Alblzati 

independently on the basis of the same achiral route.90 As a continuation of our 

work, the enantioselective [3+2lcycloaddition of a chlral nitrone, prepared from 

the condensation of the aldehyde (3601 and (Sl-(-1-N-(a-phenylethy1)hydroxylamine 

(3621, with benzyl crotonate (365) was examined.89b The 1.3-dipolar cycloaddition 

of 364 with benzyl crotonate furnished the desired adduct (3671, which is 

homogeneous on TLC and HPLC, with its stereoisomer (3681. Catalytic hydrogenation 

of the isorazolidine (3671, followed by cyclization with dicyclohenylcarbodiimide 

gave the (+I-azetidinone (3691. The formal total synthesis was accomplished by 

the transformation of 369 lnto the known key intermediate (2731 f o r  the synthesis 

of (+I-thienamycin (1). 31 From the obtained [alD value of 237, none of the 

diastereoisomers of the desired products were detected in any step of the 

conversion of 367 into 237. Therefore we deduced that the enantioselectivity of 

rhe 1.3-dipolar cycloaddition reaction was greater than 98%. Moreover, (-1-237 

was also synthesized using (Rl-(+I-(a-phenylethyllhydroxylamine by adopting the 

same procedure. 

scheme 33 

11-11 Synthesis from Malic Acid 

Optically pure (ISI(3Sl-azetidinone (3791-(SSI was enantioselectively synthesized 
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Scheme 33 



from diethyl D-malate by Miller and coworkers. On the other hand, 

(4S)(3R)-azetidinone (379)-(SR), having adequate substituents with correct 

stereochemistry of PS-5 (14), was obtained from diethyl L-malate 13741-1s) the 

inversion of the stereochemistry at the hydroxy carbon through the intramolecular 

formation of 6-lactone (3801-lRRl.91 The synthetic route is shown in Scheme 34. 

Furthermore, two other stereoisomers, 1379)-IRR) and 13791-IRSI, could be 

obtained. 

Scheme 34 

11-12 Synthesis from Chiral 1.3-Glycol 

Takano and coworkers developed a 1.2-glycol chirality inversion method, and they 

applied this method to the synthesis of the key intermediate of the carbapenam 

a n t i b ~ o t i c s . ~ ~  Both 382-E and 382-2 were obtained from the corresponding E-381 

and 2-381 by the Sharpless meihod. 93 Reduction of E-382 or 2-382 gave 

R-1.3-glycol IR-383) or S-1.3-glycol 15-383). Each enantiomer was convertible 

inio each other. Mesylation of 383, fallowed by treatment with potassium acetate 

in boiling acetic anhydride gave diacetate 13861. Methanolysis of the diacetate 

13861 regenerated the 1.3-glycol 383 having the opposite optical rotation of the 

original one 1383). Conversion of R-383 into the imide (389) was achieved using 

Micsunobu's c o n d l t i ~ n s . ~ ~  The imide 13891 was oxidized to the acid 13901. 

Hydrazinolysis followed by cyclization gave the azetidinone 13921, which was 

1 estimated to 90% ee by H-NMR spectroscopy using a shift reagent. Hydrogenolysis 

of 392 furnished the known compound 13931. 

Scheme 35 

11-13 Synthesis using Opiical Resolution 

Favara  and coworkers prepared optically active carboxylic acid 1 + 1 - 1 2 9 8 1 ~ ~  by the 

optical resolution of (51-298 using a-1.4-dimethylamino-1,2-diphenyl-3- 

methyl-2-b~tanol.~~ The (+I-1298) obtained was converted into PS-5 (14). 95 

Scheme 36 
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The Bristol group reported a synthesis of the p-nitrobenzyl ester of a natural - 
product, 58-27860 (36).g7 Optical resolution of the methyl ester (405) was 

achieved by recrystallization. The compound R-405 obtalned was transformed into 

(+IF119 the intramolecular Wittig reaction, as shown in Scheme 37. 

LDA 
_3 

CSI 
C02Men __j 

Scheme 37 
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[I111 Methods for Construction of the Bicyclic Ring System 

111-1 Con~truction by Photochemical Transformation oi Cephalosporins 

The Pfizer group reported a synthesis of oxocarbapenem ring system (4131, using 

the photochemical transformation of a cephalosporin derivative (4111.98 

Photolysis of 411a-c gave keto-carbapenems 1413a-c) through intermediates 

1412a-cl, respectively. The reduction of 413b with tetrabutylamonium 

borohydride, followed by acetylation afforded the stable acetate 415. The 

formation of sulfines 412 was anticipated as mechanistically analogous to the 

formation of ketenes durlng the Wolff rearrangement of a-diazo ketones. 

Scheme 38 

111-2 Construction using Dieckrnann-type Cycliration 

Shibuya and coworkers prepared trans-carbapenems 1 4 3 1 1 ~ ~  by a Dieckmann-type 

condensation reaction and an efficient deprotection method. loo Namely, the 

reaction of !-protected azetidinone (417) with lithium diisopropylamide followed 

by treatment with excess acetaldehyde gave a mixture of 418, 419, and 420. 

Separated derivatives 418 and 419 were deprotected to yield 421 and 422, which 

could be obtained by the reaction of the dlllthiated 416 and acetaldehyde, 

alternatively. Condensation of 421 and 422 with bromoacetate followed by 

protection of the hydroxyl group, ozonolysis and Jones oxidation gave the 

carboxylic acid (425). Treatment of 425 with oxalyl chloride followed by 

cyclizatlon to a bicyclic ring system with lithium hexamethyldisilazide a 

Dieckmann-type reaction provided 2-oxocarbapenems (426). Reduction of 426 gave 

carbinols (427) stereoselectively. The relative stereochemistry at C-2, C-3 and 

C-5 of 427 was substantiated by the NMR nuclear overhauser effect. Mesylatlon of 

427 with methanesulfonic anhydride followed by dehydrornesylation of 428 by use of 

3.3,6,9,9-pentamethyI-2,10diazabi~y~10[4.4.0]-1-d IPDBD) gave the carbapenems 

(4291. Deprotection of 429 was efficiently achieved by hydrogenation in the 

presence of 1 equivalent of PDBD to afford PDBD salts 1430). Treatment of 430 

Wlth 1 equivalent of potassium 2-ethylhexanone gave the corresponding potassium 

salts 1431).99 

Scheme 39 
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K-2-EH potassium 2-ethylhexanoate Scheme 39 

Scheme 39 



Hatanaka and coworkers synthesized (?I-PS-5 (14) and its 6-epi analogueLo2 by 

applying their regioselective Dieckmann-type reaction for constructing a 

2-oxocarbapenem ring system. lo' Reductive amination of 432 and successive 

hydrolysis gave a mixture of amino acids (4331 and (434). !-Protected amino acids 

(435) and (436) could be separated. Each compound was transformed into monobenzyl 

esters (437) and (4381 by hydrogenolysis of the N-benzyloxycarbonyl group followed 

by selective esterification. Four component condensation of (437) or (438) with 

formaldehyde and p-nitrobenzyl isocyanzde gave 439a or 440.3, respectively. These 

two azetidinones were converted into 439d and 440d, respectively, by successive 

cleavage of the benzyl ester, condensation with thiophenol, and transformation of 

the p-nitrobenzyl amide into the p-nitrobenzyl ester. Cyclizatlon of 439d and 

440d was achieved by a modified Dieckmann reaction to yield 441 and 442, 

respectively. The 2-oxocarbapenems 441 and 442 were converted into PS-5 (14) and 

its 6-epi derivative (444) using the Merck procedure43 and successive 

hydrogenolysis. 

Scheme 40 

111-3 Construction using Reductive Cyclization 

Two groups independently reported a n e w  method for construction of a carbapenem 

ring system by an intramolecular Wittig reaction. 

The Farmitalia Calro Erba group applied the carboxyl-carbonyl ring closure 

reactlo", which had been developed for the formation of the penem framework, to 

the synthesis of a carbapenam bicyclic rlng system. lo3 After the N-acylation of 

240, the oxalimlde derivative 445 obtained was ozonized, providing crude 446. 

Cyclization of the crude 446 was achieved by refluxing in toluene with triethyl 

phosphite. 

Scheme 41 

The carbapenem cyclization reaction reported by the Sankyo group was based on an 

intramolecular Wittig reaction of trialkoxyphosphorane-thiolesters which can be 

applied to "on-activated thioesters. lo4 N-Silylated compound (448) was treated 

with 1 - b e n z y l o x y - 1 - ( t r l m e t h y l s i l y l o x y l ~  in the presence of trimethylsilyl 
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trifluoromethanesulf~nate~~ to afford 48. After N-desilylation and debenzylation 

of the ester, the acid (191) was transformed into various thloesters (449). 

Phenyl thioester could be obtained directly by the reaction of 448 with 

1 - p h e n y l t h l o - 1 - ( t r i m e t h y l s i l y l ~  The hydroxy-protecting group in some 

of the thioesters (449) was changed to a p-nltrobenryloxycarbonyl group (450). An 

alternative preparation of thioesters (449) and (450) was accomplished by the 

reaction of acetoxyazetidinones 1448) and (451) with trimethylsilylacetyl 

thioesters (452).lo5 The thioesters (449) and (450) were treated with 

p-n~trobenzyloxalyl - chloride to give the corresponding oxalimides (453). 

Conversion of the oralim~des (453) into the tr~alkoxyphosphoranes (456) were 

effected by heating 453 with excess trlethyl or triisopropyl phosphite in benzene 

or toluene. The crude phosphoranes were heated in toluene or xylene in the 

presence of hydroquinone to afford the carbapenams (4571. When the hydroxy group 

was not protected as in the case of 454, cyclization with trialkyl phosphite did 

not occur. 

Scheme 42 

Table I1 

111-4 Construction by Sulfeno-cycloamination 

The azetidinone (4591, which had already been converted into (i1-epithienamycins A 

(2) and B ( 3 1 ,  was transformed into the unsaturated esier (460) acetal 

(459) using the Wittig reaction. Treatment of 460, obtained as the E form, with 

phenylsulfenyl chloride, gave N-sulfenyl compound (461) as a major product 

together with a small amount of 462. On treatment with sodium borohydrlde, 

compound 461 was converted into 462. Cyclizatlon of 462 by refluxing with 

triethylamine and potassium carbonate in the presence of sodium iodide afforded 

the carbapenam (465), whose structure was determined by direct comparison with the 

sample prepared by the alternative route, involving the established 

method. 107'108'10g Thus, a new construction method for the synthesis of a 

1-carbapenam ring system, which had a possibility of being converted to 

carbapenem derivatives by employing ~eechams'~~ and sanraku-Ohcianlll methods, was 

established, although the above yield of 465 was not satisfactory. 



- - 
CF3C03SiMe3 0 

PPTS (48)  R=CH2Ph 
t 

( 70 )  R= H (449) RI=OSIBU Me2 

(448)P= i i )  10% Pd-C (191) R=H i BF3-Et20 

SiMe3 i i )  CIC02PNB 
sR2 R'=CO~PNB 
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CICOC02PNB (449) heat S R ~  
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( 457 )  
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  able 11. C y c l i z a t i o n  R e a c t i o n  o f  T r i a l k o x y p h o s p h o r a n e s  456 t o  Carbapenern E s t e r  457 

R e a c t i o n  c o n d i t i o n s  
Y i e l d  o f  457 1%)  

S o l v e n t  Temp l D C )  Time (h) 

i 
P T  E t  x y l e n e  1 2 0  7 0  5 1  

E t  t o l u e n e  95 1 8  6 8 
E t  t o l u e n e  1 0 0  4 4  40 
E t  t o l u e n e  1 0 0  2 4  4  8 
E t  t o l u e n e  95 7 0  8 3  

x y l e n e  1 2 0  1 8  6 1  
E t  t o l u e n e  1 0 0  80 57 

t o l u e n e  95  2  4 7 5  
E t  t o l u e n e  1 0 5  5  0 6 3 

M e  E t  t o l u e n e  1 0 0  1 8  88 
i-Pr t o l u e n e  1 0 0  1 8  7 7 

n PNZ i-PI  t o l u e n e  1 0 5  48 6 7 



Scheme 43 

111-5 Construction by a New Type of 13+21 Cyclization 

The Sankyo group prepared carbapenam derivatives 14681, 14691, and (4701 using a 

new type of cyclization.'12 Namely, the reaction of 4-iodomethyl-2-azetidinone 

12291 and 466 lR=Phl using potassium hydride in the presence of one equivalent of 

18-crown-6 gave the desired compounds 468, and 479 lR=Phl. On the other hand, the 

compounds 468 and 469 lR=Mel were also obtained by the reaction of 229 and 466 

(R=Me) using diphenylmethane carbanion in the presence of one equivalent of 

18-crown-6. The compound 468 (R=Me) was hydrolyzed wlth sodium hydroxide to 

disodium salt 14701. 

Scheme 44 

111-6 Construction using Intramolecular Cyclization of a Tricarbonyl Derivat~ve 

Wasserman and Han reported a formal total synthesis of I ~ I - P S - ~ ~ ~ ~  using the 

intramolecular cyclization of a tricarbonyl residue, through 3.4-bond 

formation. 4-Allylazetidinone was converted into 8-keto ester 14751 in 4 steps. 

The active methylene group in 475 was converted to an enamino function (476). 

Photooxidative cleavage with the singlet oxygen of 475 gave a diketo ester 1477). 

After treatment of 477 with HF-pyrldine, the desilylated and hydrated tricarbonyl 

derivative underwent cyclization in the presence of molecular sieves to 478. The 

carbinol 478 was directly reduced by trlmethylsilyl iodide to afford 

('1-carbapenarn 1479). Chiral 479 had already been converted to I+)-PS-5 1141 by 

Favara. 9 5 

Scheme 45 

IV Conclusion 

From the vlew point of antibacterial activity, the synthesis of carbapenems in an 
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optically active form was in great demand. Although stereocontrolled syntheses 

uslng chiral precursors such as penicillin, D-glucouse, amino acld, and so on were 

practical, these syntheses usually require multiple steps. On the other hand, in 

the case of chemical asymmetric induction, the optical yield is always the main 

problem. 

Only a few new methods for construction of the bicyclic ring system were reported 

in the past four years because of the difficulty of this reaction. For the 

industrial production of synthetic carbapenem compounds, further development of 

the effective synthesis of chiral azetidinone and an efficient method for 

construction of the bicyclic ring system are desired. 
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