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Abstract: The rcaction of the titanium cnolate of a 2-pyridylthioester derived from (R)-3-
hydroxybutyric acid with chiral imines affords 3,3"-anti-3 4-trans configurated B-lactams in a highly
sclective fashion. The methodology has been applicd 1o the synthesis of a precursor of the carbapenem
antibiotic 1B-methylthicnamycin.

We recently reported! a synthesis of B-lactams by the mild and efficient, one-pot condensation of the
titanium enolates23 of 2-pyridylthioesters with imines. Extension of this methodology to the reaction of (R)-(S-
2-pyridyl)-3-[(t-butyldimethylsilyl)oxy|-thiobutyrate 1 with achiral imines!® (Equation 1) afforded with good
stereoselectivity B-lactams 2 featuring the 3,3"-anii-3.4-1rans configuration required for their conversion into
some of the carbapenem antibiotics of the thienamycin family 34
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In order to improve the stereoselection of this process we decided to investigate the reaction of the titanium
enolate of thioester (R)-1 with a series of chiral imines derived from (R)- and (S)-1-phenylethanamine, that has
already proved to be an efficient chiral auxiliary for the condensation of achiral titanium enolates.!f The results
of this study are here reported.

The matching5 combination between the configuration of (R)-1 and of the chiral residue on the imine was
established using benzaldehyde derived imines (S)- and (R)-3 (Scheme 1). The reaction of (R)-1 with (8)-3
afforded a 66 : 34 mixture of the 3,3"-anti-3,4-trrans compound 4a and of its 3,3"-syn -3,4-trans isomer 4b in
30% yield (see Eq. 1 for numbering). On the other hand, the condensation of (R)-1 with the enantiomeric imine
(R)-3 gave compound 4c¢ as a single product in 65% yield. The diastereoisomeric ratios (d.r.) were determined
by 300 MHz 'H NMR analysis of the crude reaction products. The configuration of these compounds was
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determined as follows.

First of all, the 3,4-rrans stereochemistry was assigned 1o azetidinones 4a-c on the basis of the value of the
HC-3/HC-4 coupling constant. The configuration at C-4 (and hence at C-3) was determined by 1H NMR
following an empirical rule,® the reliability of which has been recently confirmed.!'%? On these bases, to p-
lactams 4a, 4b, and 4¢ the (1'S, 3R, 35, 45), (1'S, 3'R, 3R, 4R), and (1'R,3'R,3S, 45) configurations were

assigned, respectively.
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From these results it was concluded that the (R)-1/(R)-3 combination represents the matching pair,> while the
(R)-1/(S)-3 is the mis-matching® one. It is also worth mentioning that the common stereochemistry at C-3 and
C-4 feawured by the major isomers of 2, and by da and d¢ clearly suggests that the thioester overrides the imine
in determining the sense of the stereoselectivity of the reaction.®

Having established the imine chiral auxiliary configuration that secures the best stereocontrol in the
condensation with compound (R)-1, we extended our reaction to the aromatic, heteroaromatic, unsaturated, and
aliphatic imines (R)-5 - (R)-14 to give f-lactams 15 - 24 (Scheme! and Table 1).Y The diastereoisomeric ratios
were determined as described above. The contigurational assignments were based as before on NMR evidencel0
in the case of 4-aryl and 4-heteroaryl substituted azetidinones 15 - 21, and on the reasonable extension of the
observed trend of stercoselectivity in the case of compounds 22 - 24.

As can be seen from the data reported in Table 1, the reaction occurs in low to good yields, and affords
virtually a single 3,3 -anti-3,4-1rrans product in all cases, with the only exception of the condensation involving
the linear aliphatic imine 14 leading to p-lactam 24. It is interesting to note the marked difference in the 3,3%-anti
/ 3,3"-syn ratio observed for the rrans and the ciy isomer of 24: the trans product is produced in a highly
selective fashion (d.r. 96 : 4). while for the cis one shows no stereoselectivity is found (d.r. 50 : 50).

A tentative rationalization of the stereochemical result can be based on a model of stereoselection!! that
combines the model proposed for the reaction of thioester (R)-1 with achiral imines!® with that used for the

condensation of achiral thioesters with imines featuring the same chiral auxiliary present in 3.1 In this model
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Table 1. Synthesis of B-Lactams 15-24 from Thioester (R)-1 and Imines (R)-5 -(R)-14.

TBDMSO
H H
1) TiCl/ExN Me LR
(R)-1 2—-'—>) R
\|| o” N Me
No_.Me w
W Ph
Ph 15-24
(R)-5-(R)-14
, ) b Diastereoisomeric ratio®
Imine R* Product  Yield% ) .
3, 4-transi/cis 3, 3-antilsyn
5 2-MeOC4H, 15 83 >98/2 >98/2
6 2-BnOC,H, 16 65 >98/2 95/5
7 2-AIOCH, 17 64 >98/2 >98/2
8  2-Bn0O-3MeOCH;4 18 47 >98/2 >98/2
9 4-BnO-3MeOC¢H; 19 63 >98/2 >98/2
10 2-Furyl 20 6l >98/2 >98/2
11 2-Thienyl 21 54 >08/2 >98/2
12 CoHy ¢ 22 45 >98/2 >98/2
13 (E)-PhCH=CMe 23 30 >98/2 >98/2
14 TBDMSO(CH,), 24 37 76/24 96/4¢

2Abbreviations: Bn = PhCHa; All = CHo=CH-CHa; TBDMS = 1-BuMe,Si. P Isolated yields after flash
chromatography. As determined by 'H NMR analysis of the crude products; only the major 3,3"-anti-
-34-trans isomer of B-lactams 15-24 is shown for simplicity. 9 Of the trans isomer; d.r. of the cis
isomer was S(/50.

(Fig. 1) the (Z)-enolate!™!? und the (E)-imine's-1t13 approach each other placing the small H substituent at their
stereocenter in the sterically more congested position, i.e. inside the core of the transition state. Attack on the
opposite face of the enolate (leading to 3,3"-sya compounds) appears to be hindered by the methyl group at the
thioester stereocenter,'P while attack on the opposite face of the imine should suffer from destabilizing
interactions between the phenyl group at the imine stereocenter and the pyridine residue. 114,15

The reaction was then applied to the synthesis of an advanced precursor of 1B-methylthienamycin!®
(Scheme 2). Thus, imine (R.R)-25 was condensed with the titanium enolate of (R)-1 to give a single trans
product 26a in 23% yield.!” Scarce stereoselection and an even poorer yield (7%) were obtained in the
condensation involving (R.S)-25, that gave two trans isomers 26b and 26¢ in a 70:30 ratio.!8

Compound 26a was converted into the known 1B-methylthienamycin precursor 27 (Scheme 2)16abby
reaction with Na in lig. NH3 19 (74% yield), followed by BugNF (1.0 mol. eq., THF, 10 min, RT) promoted
partial desilylation.?® This transformation confirmed the indicated stereochemical assignments to compounds
26a. In analogy with the above mentioned rationalization. the completely stereoselective synthesis of 26a can be
explained by model B of Fig. 1. In this model the (R)-stereocenter at the carbon atom of imine (R,R)-25 can
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Figure 1. Proposed model of stereoselection for the synthesis of 4¢ and 26a.

2 L TBDMSOQ
“H H OH .,
A\ S Me L—T
[ H Me N e
Cl 10, T \\\‘““ N O j\‘.
okl l‘\o W’—— OTBDMS Ph
a R
4c
A R=Ph EE—— ¢
B R-= Me’J\,OSiPhZBu-t > 26a
H
Scheme 2,
TBDMSO Me
H . TBDMSO Me
DTICLEGN PN OSiPh,Bu-t H H
vie z
R}l —— N 1) Na, lig NH; Me
— —
) Me o” W\\MC 2) Buy,NF o#—N oH
Ph

I\|; OSiPh,Bu-1
Me - 26a 27

Ph (R.R)-25

1) TiCl/EN BDMSO Me
H H

(R)-1 —_—
Me Me
2 L OSiPh,Bu-t
| 0 o *Me
N OSiPh;Bu-t
Me-q Ph
Ph (R,5)-25 26b, ¢

adopt a sterically convenient conformation, placing the small H substituent toward the approaching enolate.

Experimental

General procedure for the synthesis of B-lactams: The synthesis of 3-[1-[[(1,1-dimethylethyl)
dimethylsilyljoxylethyl]-4-phenyl-1-[(R)-(1-phenylethyl)]-2-azetidinone d4c is illustrative of the
procedure. To a stirred 0.1M solution of (R)-1 (311 mg, 1 mmol) in CHyCly cooled at -78°C was added a 1.0M
solution of TiClg in CH3Cl2 (1mL, 1 mmol) dropwise. After 5 min of stirring at -78°C, EtsN (0.140 mL, 1
mmol) was added over a 1 min period. After 30 min of stirring at -78°C, a CH2Cl2 (5 mL) solution of crude

imine (R)-3 (prepared from 1 mmol of freshly distilled benzaldehyde and 1 mmol of (R)-1-phenylethanamine in
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the presence of anhydrous MgSQy4) was added over a 5 min period, and the mixture was stirred while the
temperature was allowed to raise 1o 0°C. After Sh the reaction was quenched by addition of saturated NaHCO3
solution and the mixture was filtered through celite. The organic phase was separated, washed with water, dried,
and concentrated. The unreacted thiogster was removed by hydrolysis with 1IN KOH in THF. This procedure
was shown! not to alter the diastereoisomeric ratios, and greatly simplified the NMR analysis of the crude
product. This was then purified by flash chromatography with a 60 : 40 hexanes : EtpO mixture as eluant.
Compound 4¢ was an oil, [a|p?? -22.3 (¢ 1.67, CHCl3). IR: 1745 em-). Selected NMR data are collected in
Tables 2 and 3. Anal. Caled. for CosH3sNO2Si: C, 73.30; H, 8.61; N, 3.42. Found: C, 73.18; H, 8.66; N,
3.38. For p-lactams 15-24, and 26 hexanes : EtpO eluting mixtures are reported in parentheses after the name of
the compound. All products were thick oils or low melting materials. Yields and diastereomeric ratios are
reported in Table 1 or in the text. Selected NMR data are collected in Tables 2 and 3.
3-{1-[{(1,1-Dimethylethyl)dimethylsilylJoxy]ethyl]-4-(2-methoxyphenyl-1-[(R)-(1-phenyl
ethyl)]-2-azetidinone 15 (70 : 30) had [a|p°2 -8.7 (¢ 2.24, CHCl3). IR: 1745 ¢!, Anal. Caled. for
CoeH37NO38i: C, 71.03: H, 8.48: N, 3.19. Found: C, 70.94; H, 8.52; N, 3.28.
3-[1-f{(1,1-Dimethylethyl)dimethylsilyl]Joxy]ethyl]-4-(2-phenylmethoxy)-phenyl-1-[(R)-(1-
phenylethyl)]-2-azetidinone 16 (70 : 30) had [«|p2? -5.8 (¢ 2.16, CHCl3). IR: 1745 c¢m-!. Anal. Caled.
for C3pH41NO3S1: C, 74.52; H, 8.01: N, 2.72. Found: C, 74.59: H. 7.92; N, 2.77.
3-[1-[[(1,1-Dimethylethyl)dimethyisilylJoxy]ethyl]-4-[2-(2-propenyl-1-0oxy)-phenyl]-1-[(R)-
(1-phenylethyl)]-2-azetidinone 17 (60 : 40) had [«]|p2? -7.3 (¢ 1.00, CHCl3). IR: 1745 cm-!. Anal.
Calced. for CogH39NO3Si: C, 72.21; H, 8.44; N, 3.01. Found: C, 72.09; H, 8.40; N, 2.97.
3-[1-[[{1,1-Dimethylethyl)dimethylsilylJoxv]ethyl]-4-(3-methoxy-2-phenylmethoxy)-phenyl-
1-[(R)-(t-phenylethyl)]-2-azetidinone 18 (70 : 30) had [a|p22 +5.1 {¢ 1.64, CHCl3). IR: 1745 cml.
Anal. Caled. for C33H43NO4Si: C, 72.62; H, 7.94. N. 2.57. Found: C, 72.50; H, 7.99; N, 2.62.
3-[1-[[(1,1-Dimethylethyl)dimethylsilyl]Joxy]ethyl]-4-(3-methoxy-4-phenylmethoxy)-phenyl-
1-[(R)-(1-phenylethyl)]-2-azetidinone 19 (70 : 30) had [a]p2? -28.0 (¢ 2.16, CHCI3). IR: 1745 cm-l.
Anal. Caled. for C33H43NO4Si: C, 72.62; H, 7.94; N, 2.57. Found: C, 72.66; H, 7.90; N, 2.67.
3-[1-[[(1,1-Dimethylethyl)dimethylisilylJoxy]ethyl]-4-(2-furyl)-1-[(R)-(1-phenylethyl)]-2-
azetidinone 20 (80 : 20) hud |a|p?? +2.2 (¢ 1.69, CHCl3). IR: 1750 em-1. Anal. Caled. for C23H33NO3Si:
C, 69.13; H, 8.32; N, 3.50. Found: C, 69.02; H, 8.40; N, 3.47.
3-[1-[[(1,1-Dimethylethyl)dimethylsilylJoxy]ethyl]-4-(2-thienyl)-1-[(R)-(1-phenylethyl)]-2-
azetidinone 21 (80 : 20) had [ap22 -2.5 (¢ 1.0S, CHCl3). IR: 1750 em-1. Anal. Caled. for C23H33N02SSi:
C. 66.46; H, 8.00: N, 3.37. Found: C, 66.55; H, 8.08; N, 3.44.
3-[1-[[(1,1-Dimethylethyl)dimethylsilyljoxylethyl]-4-cyclohexyl-1-[(R)-(1-phenylethyl)]-2-
azetidinone 22 (60 : 40) had [«|p2? -38.7 (¢ 0.85. CHCI3). IR: 1750 em-. Anal. Caled. for CosHaiNO3Si:
C, 72.23; H, 9.94; N, 3.37. Found: C, 72.21: H, 10.01; N, 3.43,
3-[1-[[(1,1-Dimethylethyl)dimethylsilylJoxy]ethyl]-4-[(E)-(1-methyl-2-phenyl)ethenyl]-1-
[(R)-(1-phenylethyl}]-2-azetidinone 23 (80 : 20) had [«|p2? +4.5 (¢ 0.66, CHCl3). IR: 1750 cm-l.
Anal. Caled. for CagH39NO3S1: C, 74.78; H, 8.74: N, 3.11. Found: C, 74.86; H, 8.86; N, 3.03.
3-[t-[[(1,1-Dimethylethyl)dimethylsilylJoxyJlethyl]-4-[2-[[(1,1-dimethylethyl)dimethylsilyl]-
oxylethyl]-1-[(R)-(1-phenylethyl)]-2-azetidinone 24 (60 : 40). The IR spectrum and the elemental
analysis were obtained on the diastereoisomeric mixture. IR: 1745 cm™1. Anal. Caled. for Ca7H49NO3Sin: C,
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65.93; H, 10.04; N, 2.85. Found: C, 66.06; H, 9.96. N, 2.93.

Table 2. Selected 'H-NMR Data of B—Lactams 4, 15-24, and 26.

Product HC-3 HC-4 HC-3'  HC-1' MeC-3  MeC-1' J5, Jyy

4a 295 448 4.24 441 1.14 1.72 22 40
b 3,08 410 411 495 1.18 1.33 27 45
4c 296 440 414 4.90 1.10 1.34 27 40
15 315 4.81 4.16 478 1.11 1.33 20 45
16a°  3.11 506 422 483 1.07 1.40 23 29
I6b® 303 508 4.17 473 1.06 1.30 26 26
17 312 498 4.20 481 1.09 1.36 22 36
18 292 511 423 4.65 1.05 1.40 20 40
19 206 436 416 4.77 1.12 1.43 20 45
20 330 4.48 4.20 4.90 1.10 1.30 2250
21 312 471 4.16 4.8% 1.13 1.42 22 60
22 274 334 4m 4.66 1.17 1.65 2260
23 292 405 4.12 4.83 1.15 1.5% 2360
2d4a® 272 365 4.10 474 1.16 1.63 20 46
24b° 288 358 4.10 480 1.15 1.60 28 40
24¢¢ 307 353 425 479 1.37 1.62 55 25
244 308 375 427 4.70 1.33 1.70 60 80
22 290 372 4.11 4,39 1.17 1.56 23 50
26b% 295 369 4.11 4.50 1.16 1.61 25 50
26¢” 287 363 4.06 4.56 1.20 1.58 25 30

2 Of the major trans isomer. ® OF the minor trans isomer. © Of one of ¢is isomers.

3-[1-[I{1,1-Dimethylethyl)dimethylsilylJoxylethyl]-4-[2-[[(1,1-dimethylethyl)diphenylsilyl]-
oxyl-1-methyethyl]-1-(1-phenylethyl)-2-azetidinone 26. 26a (80 : 20) had [a]p22 -22.5 (c 1.5,
CHCI3). IR: 1745 ¢!, Anal. Caled. for CaxHs5sNO3Siz: C, 72.44; H, 8.80; N, 2.22. Found: C, 72.29; H,
8.86; N, 2.33; 26b and 26¢ (80 : 20) were obtained as a diastereoisomeric mixture. IR: 1745 cm-!. Found:
C, 72.34; H, 892 N, 2.1%.
3-[1-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]ethyl]-4-(2-hydroxy-1-methylethyl)-2-azetidin-
one 27. Na metal (23 mg, 1 mmol) was added in small pieces to a stirred solution of 26a (100 mg, 0.16 mmol)
in THF (5 ml) and liq. NH3 (4 ml) cooled at -78°C. After 30 min stirring, the reaction was warmed up to room
temperature and NH3 was evaporated. A sat. solution of NH4Cl was added, the organic phase was separated,
dried, concentrated, and the residue was purified by flash chromatography with a 50 : 50 hexanes : ErpO mixture
as eluant to give the product in 74% yield. This was reacted with BugNF hydrate (31 mg, 0.12 mmol) in THF
(3 ml) at room temperature for 10 min. After addition of water, extraction with Et0, anhydrification, and
concentration in vacuum, the residue was purified by flash chromatography with ErO as eluant 1o give 27 in
53% yield. It had m.p. 87-89°C, [a)p22 -21.0 (¢ 0.3. CHCly), lit.1%": m.p. 86-88°C, [a|p22 -21.4 (c 1.01,
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CHCl3). IR: 1755 cml.TH NMR: § 6.35 (bs. 1H); 4.15 (dq, IH, J=6.2, 8.8Hz); 3.55 (dd, 1H, J=4.6,
11.8Hz); 3.47 (dd, 1H, J=8.4, 11.8Hz); 3.28 (dd, 1H, J=2.0, 8.8Hz); 3.13 (dd, 1H, J=2.0, 8.6Hz); 1.70-

1.90 (m, 1H); 1.35 (d, 3H. J=6.2Hz); 0.92 (s, 9H); 0.90 (d, 3H, J=7.0Hz); 0.14 and 0.12 (2s, 3H each).

Table 3. Sclected '*C-NMR Data of B-Lactams 4, 15-24, and 26.

Product  C-3 C-4 C-3 C-1'  MeC-1' MeC-3
4a 53.7 55.9 66.7 65.5 19.3 22.5
4b 52.4 56.2 66.7 66.0 18.0 20.6
4c 52.6 56.6 66.7 65.6 19.7 22.6
15 52.8 51.8 65.6 64.9 192 224
16a* 52.8 49.6 65.9 64.9 19.8 222
17 52.8 50.7 65.3 65.2 196 223
18 52.9 49.1 66.9 64.7 20.1 22.1
19 532 56.7 66.4 63.6 199 226
20 518 48.8 65.0 63.0 18.5 22.4
21 52.6 51.8 67.5 65.4 19.3 22.4
22 53.7 57.9 65.0 60.3 20.1 23.0
23 52.8 61.1 65.9 61.5 19.0 22.6
24a* 52.1 528 63.4 59.7 20.5 22.6
24¢P 533 52.6 63.4 58.8 200 234
24d® 520 528 655 594 190 232
26a 54.0 57.0 65.7 58.6 19.2 22.8
26b* 54.7 57.0 65.8 59.0 18.8 22.8
26¢¢ 53.8 57.2 66.2 56.0 20.1 20.9

* Of the major iraas isomer. » Ot one of ¢is isomers. € Of the minor trans isomer.
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