STEREOCHEMISTRY OF ELECTROPHILIC SUBSTITUTION
IN B-LACTAM SYSTEMS (REVIEW)

N. N. Romanova UDC 547.718'466.3:541.632(047)

The literature data on the synthesis of 3-monosubstituted and 3,3-disubstituted B-lactams on the basis of
reactions of lithium derivatives of 2-azetidinones with electrophiles are systematized.

The search for B-lactam antibiotics of a new generation that have a broad spectrum of antimicrobial activity and simulta-
neously are B-lactamase inhibitors has recently become one of the most important scientific and practical tasks of medicine [1,
2]. The complex relationships between the structure and biological activity of preparations of this class [3) require the devel-
opment of the specific synthesis of compounds that model the pharmacologically active biomolecules. A correlation of the
literature data on methods for the introduction of various substituents into the 3 position of the azetidine ring and the stereo-
chemistry of this process (in the case of both monocyclic and condensed 8-lactam systems) seems of interest in this connec-
tion.

1. ELECTROPHILIC SUBSTITUTION IN MONOCYCLIC B-LACTAMS
1.1. N-Monosubstituted 2-Azetidinones

At the beginning of the 1970s a group of Canadian chemists, under the supervision of Durst, developed a method for the
synthesis of 3-substituted 2-azetidinones that has currently become a universally recognized method [4]. The essence of this
method consists in the action of various electrophiles on lithium derivatives of 2-azetidinones obtained by the action of
lithium diisopropylamide (LDA). In particular, a preparative method for the synthesis of 1,3-disubstituted 2-azetidinones such
as II (in ~100% yield), IV (55% yield), and VI (96% yield) has been developed on the basis of this [5-7].
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In 1989, the hydroxylation of the lithium derivative of the enolate of azetidinone V was accomplished using the
MoOs-Py-HMPT complex as the oxidizing agent [8]:
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The methylation of the lithium derivative of azetidinone VIII, which has an exocycﬁc chiral center with an (S) configura-
tion, proceeds stereoselectively: A mixture of the (1!S,3S) and (1'S,3R) diastereomers of 3-methyl-1-(a-methylbenzyl)-2-
azetidinone (IX) is formed in a ratio of 2:1 [9, 10]:
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1.2. 4-Monosubstituted 2-Azetidinones

The metallation of 2-azetidinones that are not substituted at the nitrogen atom and in the 3 position leads to the forma-
tion of 1,3-dilithium derivatives, the subsequent reactions of which with electrophiles in the overwhelming majority of cases
lead to the formation of 3-substituted 2-azetidinones, despite the existence of two reaction centers in intermediate XI.

It is known [11, 12] that 3 4-disubstituted azetidinones XII are formed in good yields when azetidinones X are treated suc-
cessively with two equivalents of butyllithium at 0°C in THF and then with the electrophile (see Table 1).*
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The regiospecificity of these reactions was confirmed by data from the IR spectra of the resulting p-lactams XII, in which
bands of NH stretching vibrations at 3360-3400 cm™! are present.

The only known example of reaction at the nitrogen atom is the formation of XIII in the reaction of the metallated 4-
vinyl-2-azetidinone with diethyl vinylphosphonate [13]:

CH=CIL,
*y-xp 1. Buld, TOF, -50°C R
-)-2 2. R°CH=CR'PO(OEt), o Nj)\l,,(om)2
1l
_ R® 0
xm

The stereochemical compositions of the azetidinones formed were evaluated on the basis of PMR data; a criterion of the
stereochemical assignments in the spin-spin coupling constants (SSCC) of the trans- and cis-oriented protons of the -lactam
ring (J34 = 2-3 Hz and 5-6 Hz, respectively) [14].

A general tendency toward trans stereochemistry of the substitution is evident from an analysis of the data in Table 1, as
one should have expected from steric considerations; thus, 100% trans stereoselectivity is observed for 4-vinyi- (Xb) and 4-
ethyl-2-azetidinone (Xc), and 80-91% trans stereoselectivity is observed for 4-phenyl-2-azetidinone (Xa) {11]. At the same
time, stereoselectivity is absent in the case of 4-(3-butenyl)-2-azetidinone (Xd) [12]. Hamlet and Durst [12] explain this fact
by the greater reactivity of the dilithium derivative of starting azetidinone Xd as compared with the monolithium derivative of
4-(3-butenyl)-2-azetidinone XXb, which has a protective group attached to the nitrogen atom.

1.3. ~ 1,4-Disubstituted 2-Azetidinones

For p-lactams the ideal protective group, which is stable to the action of organometallic compounds and is then easily
removed (by heating in a solution of hydrogen chloride in methanol), is the tert-butyldimethylsilyl group {7, 8, 15, 16, 19-
22]. As in the case of 4-monosubstituted acetidinones X, their N-silylated analogs display a tendency toward stereoselective
trans substitution. Thus, the formation of only trans-3,4-disubstituted derivatives was observed in the carboxylation [15],
ethylation [16], and silylation [7] of N-(tert-butyldimethylsilyDazetidinones XIV, X VI, and XVIII (Table 1).

A fundamentally new N-protective group, viz., the dialkylaminomethyl group, which, like the tert-butyldimethylsilyl
group, is introduced and removed under mild conditions, was proposed in [12].
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*For brevity here and subsequently, the diastereomeric racemates are represented by one of the enantiomers in the scheme.

962



‘paruasald ST wole uaSoniu Y} WOl JUAMIISQNS Y} JO [BAOWII puk uonmusqns Sndondd]s 03 19adsar Yiim PiaIA [[BIA0 A L«

963

05— \Uey! 03 03 % 1Aprakd-z W HD =*HD THIXN | JINY
06— VAl 0 001 64 NS oW HO—*1D YilIxXxX | 9INY
82— val 0 001 19 7g ud iid SHIXY | Q@M
81— val 0 001 v 110D CHD) Ud U FHIXY | aQilIxX
81— val 0 001 39 (HO)DW ud Ud B11NX | qlINX
8L VAl 0 00l Y (HO) DWW Ug ud PIHIXX iNN
8L— VAl 0 001 0% {(HO)D*d id oW allINY
8.~ Vvl 0 001 68 W HD -2 1D W qllINX | ®INY
8L val 0 001 08 (HO) DWW HO=*HD Zﬁo.m%%: “® ellIXX | "IXX
8L — val 0 001 69 oW tid IpIjox JINX NN
8L— Val 0 001 6. v L) HO=“HD ﬁﬁmaoc%zo.ﬁ d| ajx\YX qxX
8L val ¢ 16 RO (HO) DPW ZEHD)HD 1D TAUISWOUTPT[OLI&d| pryy avx
8L~ vl ¢ L6 e (HO) D%W HO=t1D TAY3BWOUTPITOIIAd | 5(\N BXX
8.~ Va1l 0 001 €8 (HOYD%d HD=HD TAy3swourprioxikg| qi\ Y B\ X
0L— vanl 0 001 £9 W HO=*11D TAyjawoutproiibd | e XX XX
8L— val 0 001 ar NI Uds 1SPowng-1 qxIx m::, X
8L— VAl 0 001 €8 NI B! IStapyng - eNIx HAYX
0L— VIO 0 001 64 K| —HD2 “HD'HD 1S%swng -/ HAX IAX
0g— val 0 001 6g HOO0D SHDDO0H 1% Wng-/ AX ALY
0 g 0¢ 04 ¢ (HO)D%W SCEHD)HD= "D H 81X 159
0 ing 0 001 69 e K] H FIIRN oN
0 ring 0 001 ¢t 1q-1 HD="HD H 3ilx aX
0 g 0 001 Ll ng HD=*HD H p.IX qx
0 g 6 16 99 1g] td H 3N ey
0 g 03 08 €8 W Ud H Q11X ey
0 g L £8 eg (HO)D%W Ud H elN ey
2L g STO suel1l} pawIoy dut
aany siot % 2 | o : “HEYS
~BI9}T] 3 ot3eY ‘pIaIX punoduiog

-IPUOD UOTI}OEaY

swieoe-g S1[oA20uoy ul uonmnsqng dijiydonsorq Jo s1onpoid sy Jo uonisodwo)) [ed1woyd0211S ' F14V.L

IIXX ‘XX °IIIAX ‘IAX "AIX "X



As in the case of N-silyl derivatives XIV, XVI, and XVIII, electrophilic substitution for azetidinones XX is a trans-
stereoselective process. In all of the investigated reactions of N-dialkylaminomethyl derivatives XXa-c trans-3,4-disubstituted
azetidinones XXIa-f are formed either as the only product or (in reactions with acetone) are the predominant products (97%
trans-XXIc and trans-XX1d) (see Table 1).

N-Methyl, N-phenyl, and N-vinyl derivatives XXII belong to the same class of 1,4-disubstituted 2-azetidinones.

When various substituents are present in the 4 position, reactions with the most diverse electrophiles proceed trans-
stereoselectively (Table 1) {4, 17, 18]. The only exception is the reaction with pyridine N-oxide, which leads to the
formation of a mixture of trans and cis isomers (XXIIIi) in a ratio of 4:1 [18].

In concluding this section, it seems expedient to attempt to ascertain the factors that affect the stereochemistry of the
electrophilic substitution of metallated derivatives of 4-mono- and 1,4-disubstituted 2-azetidinones. According to the data in
Table 1, neither the nature of the electrophile and the substituents nor the reaction conditions have virtually any effect on the
trans selectivity. Thus, for example, cases of 100% selectivity are observed for both N-substituted -lactams (XIV, XVI, XX,
XXII) and for N-unsubstituted azetidinones, as well as for compounds for aliphatic (X1If, XIXa, XXIIIh), aromatic (XXIf,
XXIllc-g), and vinyl (X1Id, e, XVII, XXIa, b, XXIIIa, b) substituents in the 4 position in reactions with electrophiles with
different chemical natures, viz., alkyl halides (XIId-f, XVII, XXIf, XXIIIb), trimethylchlorosilane (XIXa, b, XXIIIh), ketones
(XXIb, XXIlla, c-f), acid esters (XX]la, ¢, XXIIIg), and carbon dioxide (XV), and with different steric requirements, viz.,
methyl iodide, ethyl iodide, and isopropy! bromide (XXIf, XXIIIb, XVII, XIie). It should be noted that an increase in the
temperature from —78°C to 0°C does not decrease the selectivity of the process, which also is not affected by varying the met-
allating agents (BuLi, LDA, LCIA*).

One can only certify the decreased (to 80%) trans stereoselectivity of the reactions of N-unsubstituted 4-phenyl-2-azetidi-
none (Xa -+ Xlla-c) and the absence of stereoselectivity in the formation of XIIg from 4-(3-butenyl)-2-azetidinone (Xd). The
decrease in the stereoselectivity of the electrophilic substitution reactions is possibly associated with epimerization at the
asymmetric Cg) center. Instances of cis,trans isomerization of 3 4-disubstituted 2-azetidinones are known. Thus it was estab-
lished by PMR data that an equilibrium mixture of the cis and trans forms is formed in a solution of the potassium salt of
cis-3,4-diphenyl-2-azetidinone (XXIV) in D,0; the deuterium label is detected in the 3 position of the azetidinone [23).

[ pn Pb Ph Ph
DH o= o
% AN - e NH
cia- (1 y~xxv

cis,trans Isomerization is also observed for azetidinones XXV in the presence of catalytic amounts of LDA in a mixture
of THF and hexametapol (isomerization does not occur in the absence of hexametapol) or in tert-BuOD in the presence of tert-
BuOK [24].

2 Ph u Ph t ~BuCONH
FN— T S
1", ra 2 & i
u | R —-—-# R H LA S
0 v o7 Mg 0
cis—~XXV : trans—-XXV (S)-Xxvi

R'=4.CH;OCsH,. SiMes: R?=SiMe,Ph

The tendency for epimerization evidently depends on the character of the substituent attached to the C3) atom, and race-
mization of azetidinone XXVI therefore does not occur in the presence of sodium methoxide [25], while instances of
epimerization, even under the influence of a weaker base, are known (see following page).

* LCIA is lithium cyclohexylisopropylamide.
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The ability of cis-azetidinone XXVII to undergo isomerization in the step involving the formation of intermediate
XXVIII in the case of silylation with triflat in the presence of triethylamine (20°C, 48 h) was used in the synthesis of trans-

carbapenem antibiotics [26].
OSiMe,Bu~t 0SiMe,Bu~t "f
Me— C=CSiMe, Me—1 CECsiMe, |
Me,SiOT?
r ‘T — | " ——
_A——NH N_
o Me Si0 SiMe,
(3'R, 3R, 45)~XXVIl Xxvin
OStMe,Bu—!
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el ;
nmﬂ ——e —= trans-carbapenem
o o

| Xxix
{4 'F, 38, 45)-XXVII

On the other hand, trans-azetidinone XXIf undergoes partial epimerization at the C3) atom in an attempt to silylate its

lithium derivative in the presence of tetramethylethylenediamine (TMEDA) [7].

The joint action of the two inducing centers C, and C, ensures the complete trans stereospecificity of processes in-
volving methylation at the C3, atom of the (1!S,4S) and (1!S,4R) diastereomers of 4-methyl-1-(a-methylbenzyl)-2-azetidi-
none (XXX) [27, 28]. Only the C(y4 exocyclic chiral center undergoes epimerization, while the asymmetric centers of the

azetidinone ring are not involved:

Py o
"opn”i TMe Me”: Ph
H ]
(178, 4S)-XxXX (1's, 35, 45)-x00K (1'R, 39S, 45)~XXX1

It seemed evident that the tendency for epimerization at the C(3) atom should be determined by its CH acidity; however,
100% trans stereoselectivity is observed even in the formation of XXIIIg and XV with acceptor substituents such as benzoyl
and carboxy groups. This fact, and all of the data on the stereochemistry of the products of similar reactions presented in
Table 1, make it possible to assume that epimerization does not make a substantial contribution to the stereochemical result
of the reactions of lithium derivatives of 2-azetidinones with various electrophiles.

1.4. 1,3-Disubstituted 2-Azetidinones

A preparative method for the synthesis of 3-hydroxy-3-alkyl-2-azetidinones XXXV from the commercially accessible
(Aldrich) azetidinone XXXII was developed on the basis of the reaction of alkyl halides with the lithium derivatives of 3-
trimethylsilyloxyazetidinone XXXIII {8]:

I 1 ~BuMe,SiCl 1. LD Me,SiCl MeJSiO\[__g
_A——NB 2. 101 ! o s S
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(CESRI CHCH.B 73 ' #-BuMe,SiOCH,CH-1 83
“Ho=. 2Br 85 ' 1.2-1 i ioxy-4-iodobut 72
CH—CH(CH,) Br 59 ; ’ sopropylidenedioxy-4-iodo |
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1.5. 1,3,4-Trisubstituted 2-Azetidinones

The introduction of a second substituent into the 3 position of 3 ,4-trans-disubstituted azetidinones proved to be a difficult
problem. Ogilvie and Durst [7] assert that the anion of trans-azetidinone XXIf is not formed at all under the standard metalla-
tion conditions (LDA, 78°C, THF). However, the addition of one equivalent of TMEDA leads to the formation of an anion,
by metallation of which 3,3-dimethy] derivative XXXVI was obtained:

Me.
o Xt £ 1. LDA, THF, TMEDA, --78"C ,»---r
ans- Me | “H
2.

Mel o ,;L*”N\¥

N
(]
XXXVI (368%)

If, however, an allyl group is located in the 3 position of the azetidinone ring, the presence of TMEDA is not required for
the formation of lithium enolate XXXVIII. The hydroxylation of lithium derivatives of azetidinones XXXVII with molybde-
num peroxide was carried out under standard conditions; the hydroxy group in the 3,3-disubstituted XXXIX obtained is always
trans-oriented with respected to the phenyl substituent attached to the Cyy, atom [7]:

R k]

Lba —— i 101
| J—— - I
P N ~ ] " - S‘ 3
(e Ar ) Ar
i .
XXXV XXXV

R=H {67%), R=Alk (37...53%}

A high degree of stercoselectivity of asymmetric alkylation (>99.5%) is observed for optically active 1,3,4-trisubstituted
azetidinones XL and XLII with a cis orientation of the substituents. Here, lithium hexamethyldisilazide (LHMDS) was used
as the metallating agent [29].
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{35, 4R)-XL: ma,h pediif XLy

(35, 4R)-X1I1 84...95%
XL, XLL: X = N = CHCH;Ph; Ar = Ph, R! = (R)-1-benzyloxymethyl-3-methylbutyl; XLI: a)
R2 = Me; b) R? = CH,CH=CHy; XLH, XLII: X = (R)-2-oxo-4-phenyl-3-oxazolidinyl, Ar =
CgH3(OMe),-3.4, Rl = CH,Ph, RZ = Me.

Ojima and coworkers [29] explain the stereospecificity of the reactions by the possible formation of rigid, chelated,
lithium enolates XLIV, the electrophilic attack on which is possible only from the side opposite the bulky aryl substituent in
the 4 position.

2. ELECTROPHILIC SUBSTITUTION IN BICYCLIC B-LACTAM SYSTEMS
One of the most important methods for expanding the number of synthetic analogs of natural g-lactam antibiotics is the

chemical stereochemical modification of natural penicillins XLV and cephalosporins XLVI in the 3 position of the B-lactam
ring (the 6 position of penicillin, and the 7 position of cephalosporin).



TABLE 2. Stereochemistry of the Products of Electrophilic Substitution in Azomethine
Derivatives of Esters of Penicillanic (XL.IX) and Cephalosporanic (L) Acids

2

H R‘ H )33 CH—I;« }_i
®'CH=N H RICH=N_: RO s
j—_—_—r \ _ LB \[——/ \ . N—— \
G - I N
(8R)-XLIX, (7R)~L a-Ll, a-LI F-Ll, g~LI1
NXLIX. LI ¥X=CMe,CH(COOR); L. L1l X=CH.C(CH,00CMc)=C(COOR)
Compounds. [Reaction conditions Ratio_'- Litera-
. ] , t
S sigzrt form R R 5. |/ ¢| solvent P
{
|
1 |XLiNa| Lla|Ph Me NaH ODimethoxy~ | 100 | 0} |31}
ethane
2 lal Llla |Ph Me Nall ODimethoxy 100 § 0 [31]
e
3 INLIxa| Lla [Ph Me Phli | — 73 {IHF-DMF: 100 | o} 132
4 la| Lila |Ph Me PhLi | —7s8 THF-DMFA 106 | 0 {32
5 NLINb| LIb [4-NO,Cylly |CLCCH,OCO | LDA | —78 |THF-DMFA 100 | 0 [33
6 Lb| Llc [4-NOJCiH, |PhCOCH, LDA | —78|THF-DMFA oo | 01 |33
7 1b| LId |4-NO,CgH, [AlK LDA | —7s|THE-DMFA 100 | 0f |33
8 1P| Lie |4-NO,CeH, [CHy=CHCI,|LDA | —78/THF-DMFA 100 {0} (33
9 Lb| LIIb [4-NO,CeH, [CI,CCH,OCO [LDN | —78/THF-DMFA . 00 | 0| [33
10 1b| Llle |4-NO,CsH, {PhCOCH; LDA | —78|THF-DMFA 100 | 0 |33
11 Lb{ LIld |4-NO,CeHl, |Alk LDA | —78|THF-DMFA 100 | 0] 133
12 1b| Lile [4-NO,CiH, |CHy==CHCH,!LDA —78{THF-DMFA 100 | 0 [ ]33
13 INLixa| Lla {Ph Me {-BuOK ——4()Anhydrous i 95 | 5§ [34]
.glyme
I 1a| Llla |Ph Me {-BuOK{ —30/|Anhydrous ] g7 3| 134}
glyme
15 laj L1If {Ph Me,NCH, {-BuOK | —30|Anhydrous 50 50| {34!
glyme ! -
16 INLIXH LIf |+-NOyCeH, {NCCH,CH, |LDA 20 100 | 0 |35
catal~ ! ‘
ysis |

Thus, for example, epimerization, which occurs under mild conditions (aqueous alkali, 20°C), makes it possible to make
the transition from the natural antibiotic chetacillin (XL VII), with a cis orientation of the substituents attached to the C3) and
C(sy atoms, to the isomeric antibiotic epichetacillin (XL VIII), with a trans orientation of these substituents [30].
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One of the forms of chemical modification of penicillin systems is the introduction of a second substituent into the 6 po-
sition through their metallated derivatives.

The electrophilic attack on azomethine derivatives of esters of 6-aminopenicillanic and 7-aminocephalosporanic acids in
the presence of a base generally takes place on the sterically less-hindered a side with the formation of the a isomer (in most
natural B-lactam antibiotics the five- or six-membered ring annelated with the azetidinone ring is oriented on the B side). The
structures of the 6,6-disubstituted derivatives were established not only by means of PMR data, but also, for many of them,
using x-ray diffraction analysis. The results of the electrophilic substitution reactions of metallated derivatives of penicillin
and cephalosporin systems have been investigated (Table 2).

Under similar conditions a-methyl derivative LIV was obtained as the oily product on the basis of the synthetic B-lactam
system LIII, which differs from cephalosporins with respect to the presence of an ester grouping in the 3 position of the p-lac-
tam ring and the position of the sulfur atom in the thiazine ring [36].
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A general tendency in electrophilic substitution reactions in natural and synthetic bicyclic B-lactam systems is retention
of the stereochemistry of the starting substrate with an a orientation of the substituent entering the 3 position (Table 2; also
see [36]). The only exception is the complete absence of stereoselectivity in carrying out the Mannich reaction with La (No.
15 in Table 2); this is probably associated with the nature of the electrophilic agent.

The electrophilic substitution reactions of bicyclic systems that are not substituted in the 3 position of the p-lactam ring
also proceed selectively with the formation of the a isomers (which corresponds to trans stereochemistry in the monocyclic
analogs). Thus, for example, the principal product of the reaction of the lithium derivative of (x)-LV with diphenyl disulfide
is the a isomer of LVI (a:p = 10:1) [37].

SPh W H &
1. LDA, -76°C; THF —{ / .
—] \ c-——e— R \, “ Phs” ! |
———wz 0 2. (Phs)2 A N_ .0 A—-N_ ©
Me SMe Me‘/ Me Mp/\Me
(2)-Lv a~LVl f—LV1

The possibility of the facile reductive elimination of the phenylthio group stimulated an attempt to use it as a stereo-
chemical protective group for the a side of the B-lactam ring in the synthesis of B isomers that are not accessible under the
conditions of direct electrophilic substitution. However, the reaction of the lithium derivative of the a isomer of LVI with
acetone under standard conditions leads to the formation of LVII isomers with preponderance of the product of attack by the
new electrophile on the a side* (a8 =3.4:1) [37]:

5Ph I SPh H
Me Me
1LDA o N : :
a2 oy LI ] . "?’J___LAA
. Me e S e
2 0~ > 0% >
Me Me Me Me
a-LvIl A-Lv1l
: 3401

Although attempts to directly use stereochemical protection of the a side to obtain the B isomer have not been successful,
encouraging results were obtained in a study of the stereochemistry of the reductive elimination of the phenylthio group.
Whereas reduction with the participation of Raney nickel proceeds with retention of the configuration of the starting azetidi-
none LVII, reduction of the a and g isomers of LVII by means of tin hydrides leads to the formation of primarily the g isomer
of LVIII. The maximum enrichment of the mixture in the B isomer of LVIII was achieved when triphenylstannane was used
(371

H 1

Me :
QT “;/ . m,_.,... [""“‘1 ;
Me 0//**}1/)(:‘\0 Me S —N\){\/(l)
Me M=z Me” “Me
A-Lvi a—LVII
Overall isom i0
Starting LVII isomer | Reagent yield, LVII isomer ratio
0, B o
2-LVI] Raney Ni 68 1 2.2
g-LVI1 Raney Ni 93 3.2 1
o-LVII Bu;SnH 94 33 1
f-LVII Bu:SnH 93 3.2 1
a-LVII+B-LVIE (3.4 :1) |BuSnil 94 37 ]
o-LVI+B-LVIT (20D |Ph Skl 46 | 4.8 1

*Here, «, § isomerism with respect to the a-hydroxyethyl substituent is examined.
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TABLE 3. Stereochemistry of the products of the trans-a-Hydroxybenzylation of 2-Aze-

tidinones
oH C.H,R®
R? RcH, | ¢ W no.\_!b .
— 1. LDA P ﬂ—{l !
Z——N__, 2. R°C_H.CHO Hj_i_f " " iy
0 R 0¥ ~R' 0o R’
xxa, xxrhb, wx (T)~trans-1X1 (I)~trana-1x1’
Compound -
P vielgp fto | .
start- R R: R’ 9
ing formed % 1x1 | Lx|- | ature
XXIIb LXI2 | Ph Ph H 25 67 33 | 7.
N _ 35)
.\"\'Hb LXIb | Ph Ph 4-Ct 65 67 33 38
\XI1b LXlc | Ph Ph $-NO, 90 67 33 38
XX1b LXld | Ph Ph 4-Br 68 67 33 1 |38
XXIIb LXle | Ph Ph 4-OH 32 67 33 | |38
‘\’XHb L,"\lf Ph Ph 4-NMco 70 67 33 38
XX1Ib LXIg | Ph Ph 4-Me 62 67 33 | |38
XXIlp LXIh | Ph Ph 2-NO, 80 100 0| |38
XXIlp LXI4 | Ph Ph 3-NO, 57 100 0] (38
XX1ib LX1J 1 Ph Ph 2-Cl 86 67 33 | [38
LX LXTE | 4-BrCeH, Ph 1-NO, 71 70 30 17
LX LX1114.BrCill, Ph 2-Cl 451 100) 0| |17
LX LXI™ 1 4-BrCeHy Ph 4.Cl 32 100 0 12
Xia LxIn Pyrrolldlnomethy}CHz:w 1 81 671 331 17}

Despite all of the complexity of this reaction sequence, it can be used to obtain difficult-to-obtain (by other methods) p
isomers of bicyclic B-lactam systems,

3. STEREOCHEMISTRY OF a-HYDROXYALKYLATION REACTIONS WITH
THE DEVELOPMENT OF AN EXOCYCLIC CHIRAL CENTERS

The synthesis of thienamycin (LIX), which is a natural -lactam antibiotic of a new generation, and its structural analogs
required the development of methods for the stereospecific introduction of an a-hydroxyalkyl group into the 3 position of the
B-lactam ring. In this connection, the reaction of lithium derivatives of 2-azetidinones with aldehydes, as a result of which, in
addition to the chiral center at the C(3y atom, an additional (exocyclic) asymmetric center develops, became especially
important. In this connection, in analyzing the stereochemistry of a-hydroxyalkylation reactions one must consider both the
cis,trans orientation of the substituents in the ring and the configuration of the developing exocyclic chiral center.

e

H

H
Ho, 5
\u """" T
ue N
¢ = +
o™ \{ “S(CH,),NB,

coo
(+)-11x

3.1. Reactions of 2-Azetidinones with Benzaldehydes

All of the research carried out thus far provides evidence for the trans-3,4-stereospecificity of the reaction of lithium
derivatives of 1,4-diaryl- and 1-dialkylaminomethyl-4-vinyl-2-azetidinones with aromatic aldehydes (Table 3) [7, 12, 17, 38].

Mixtures of unequal amounts of diastereomeric racemates LXI and LXT' (characterized by 3J33 = 3.4 and 6.5 Hz), which
differ with respect to the absolute configuration of the exocyclic C1y center vis-a-vis a trans orientation of the substituents in
the ring, are usually formed in these reactions; the preponderant (67-70%) isomer has a lower 3Ja; value; complete stereospeci-
ficity in the development of an exocyclic chiral center is observed only in a few cases (LXIh, i, 1, m).
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TABLE 4. Stereochemical Composition of the Products of a-Hydroxyethylation of 2-

Azetidinones
Me
5 #o], ®?
/E-{/ 1. B:, -78°C - '»,,WE
SA—N__, 2. MeCHO " SN *
o R o R
(Y)-xab, xaid, LXi, IX trans~LXV’
LXI, LXIV, Xxa, Xxb,
{49)-1XV1
Me
+ +
Compound Ratio®
- Yield ;
start-{ form- I H % 2 _ p. (Litera-
ing od % trans-LXV e is-LXV] ture
XXIIb| LXVa| Ph Ph 70 100 (3:2) — {LDA |17
XX1d L,\EVb Me Ph 63 100 (3:2) — LDA {-I?]
XXI1d| LXVb|Me Ph 721 100(2:1) | — |LCIA| [16]
L?'\l! LI\_VC i-Pr Ph 64 100 (3:2) — |LDA [17}
LX | LX\d|4-BrCeH, Ph 55 100 (4:1) — |LDA | 17}
XIV I LXVel{-BuMe,Si HOOCCH, | 70 100** — |LDA | {15]
LXHI| LXVE|PhP= CHy= 65 76 24 JLCIA | {39]
] =CHCOOCH,Ph |=CHCH,
LXIV |LXV 8]7-BuMe,Si CH,=CH 08 85 (46:37) 15 [LDA | {19]
i . A (7:1)
XXa| Lxvh|Pyrrolidinomethyloy _cpp | 58%x+| 100 (1.1 ~ ;
XXb| LXvi Pyrrolidinametiyl.chy’ 74xrs :oofui — Iigg %ig%
. =CH(CH,),
{45)- { LXV3i/-BuMe,Si 2-Trimeth-| 97 >95 (1:1 <5 JLDA 20
LXVI vlsilyl-1, t:0) 1201
3~-dithian-
2-yl)-methyl

*The ratio of the diastereomeric racemates is given in parentheses.
**The ratio of the diastereomeric racemates in the mixture was not determined.
**+*The overall yield (with respect to electrophilic substitution and removal of the protec-
tive group from the nitrogen atom) is presented.

3.2.

The stereocontrolled introduction of an a-hydroxyethyl group into the 3 position of 2-azetidinones through their lithium
derivatives has become the most important reaction in the chemistry of thienamycin (LIX). Despite the significantly smaller
steric requirements of acetaldehyde (as an electrophile) as compared with benzaldehydes, the a-hydroxyethylation reactions pro-

ceed with high trans-3,4-selectivity (Table 4).

A number of azetidinones with various substituents attached to the nitrogen atom (aromatic, aliphatic, dialkyl-
aminomethyl) and in the 4 position (aromatic and alkenyl) form only trans-3 4-substitution products in reactions of this type.
However, in the remaining cases (for example, in the reaction with LXIV), a-hydroxyethyl derivative LXVg is produced in

Reactions of 2-Azetidinones with Acetaldehyde

the form of a mixture of trans and cis isomers in a ratio of 5.7:1 {19].

Even lower trans-stereoselectivity of a-hydroxyethylation was observed in the reaction with azetidinone LXTII; the ratio
of the trans and cis isomers of LXV formed (~3:1) was established by means of the PMR spectra from the composition of the

products of their subsequent intramolecular condensation (LXVII) [39].
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1. LCIA t\§—~—./_‘_,

LKl - ] u (
2. MeCHO /l——' M
o g o)—-

COOCH,Ph COOCH,Ph
A-1XV1I a-LXVII
R=C(COOCH,Ph)=FPh,

The selection of the protective group plays a substantial role in the development of methods for the synthesis of ()-
thienamycin LIX and its analogs on the basis of 4-vinylazetidinone Xb and 4-(3-butenyl)azetidinone X1Ig. In the case of a tri-
alkylsilyl protective group in azetidinone LXIV only 85% trans-3,4-stereoselectivity of a-hydroxyethylation was achieved
(Table 4) [19]. It should be noted that, by varying the nature of the substituent attached to the C, atom while maintaining
the same protective group (in the reactions of XIV and LXVI) one can achieve virtually complete trans-3 4-stereoselectivity
(LXVe, j).

Complete trans-3,4-stereoselectivity was also observed in reactions of azetidinones XXa, b, which have a dialkyl-
aminomethyl protective group attached to the nitrogen atom [12]; this is-associated with the chelated state of lithium in in-
termediate LXVIIL. In the opinion of Hamlet and Durst [12], electrophilic attack on the enolate system of the B-lactam on the
side of the chelate group is facilitated in this case; this promotes trans-stereoselective substitution.

Thus, the a-hydroxyethylation of 1,4-disubstituted monocyclic B-lactams, like other electrophilic substitution reactions in
these systems, displays a distinct tendency for trans-3,4-stereoselectivity, while a-hydroxybenzylation proceeds trans-stereo-
specifically. In the opinion of Ogilvie and Durst [7], this is determined by the fact that, of the two possible pathways of at-
tack, the one in which steric interaction of the substituents attached to the Cy atom and in the electrophile is realized.

In discussing the stereochemistry of the formation of the exocyclic C3 center in a-hydroxyethylation reactions one must
note the appreciably lower diastereoselectivity of this process as compared with a-hydroxybenzylation. Nowhere (Table 4) is
100% diastereoselectivity observed: The ratios of the trans-3,4-diastereomers vary from 4:1 (LXVd) to 1:1 (LXVh, i). It
might be assumed that the absence of stereoselectivity in the latter case is associated with the smaller steric requirements pf
the methyl group of acetaldehyde as compared with the substituted phenyl ring of benzaldehydes. The greater diastereoselec-
tivity of the formation of cis-3,4-diastereomers (in a ratio of 7:1 in the case of LXVg) is evidently due to the drawing together
in space of the developing a-hydroxyethyl center and the substituent attached to the C4y atom within the framework of the
overall cis geometry of the molecule.

The use of the traditional method for establishing the stereochemistry of the Cg, center of a-hydroxyethyl derivatives of
azetidinones from the SSCC is hindered in many cases by the small differences in the values of these constants (*Js31 = 5.0
and 5.5 Hz) in the PMR criteria by means of chemical correlations seems particularly important. Thus, only one of the two
trans-diastereomeric racemates L. XVe was converted to (+)-thienamycin LIX [15]:

OH

“”'\IU,, CH,COOH
H: g e e —m  (I)~LIX
0?7 N “SiMe Bu-!
{(")-LxvV e

Thus, in contrast to the high trans-3,4-selectivity of reactions involving the a-hydroxyalkylation of monocyclic B-lac-
tams, the diastereoselectivity of the formation of the exocyclic chiral center is extremely moderated: 67-70% in the case of a-
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hydroxybenzylation (100% stereoselectivity was observed in only three cases, while it reaches 75-80% in a-hydroxyethyla-
tion.

Spectral studies [17] have shown that the spatial orientation of the substituents with respect to the plane of the 8-lactam
ring and the configuration of the asymmetric C1y center in the primarily formed trans isomer of azetidinone LXVa call to
mind the stereochemistry of the g-lactam fragment of the thienamycin LIX molecules. Thus, the a-hydroxyethylation of con-
densed B-lactam system LV was accomplished in developing approaches to the synthesis of (+)-thienamycin under standard
conditions [4]; 7-a-hydroxyethyl derivative LXVII, which, according to PMR data, contains two diastereomeric racemates in a
ratio of 3:2, was isolated in 89% yield by means of preparative chromatography [40]:

OH Me
Me | H no. | 4
. 1. LDA - 2N y 7
)LV e H i ; + H ;
2. MeCHO N O A—N_ 0
0~ e o >
Me ‘Me M “Me
trens-LXVL trans~1XVI1"”

A mixture of 7a and 7B isomers of LXXI, in which the percentage of the necessary (9R)-trans isomer is 33%, was iso-
lated in the synthesis of (~)-homothienamycin under the same conditions of a-hydroxyethylation of optically active LXX [41]:

OH
OMe\]"“ H . ]
H: ! . 2{ b
NH A
o~ = S/\/ 3 of//j—N\\f_’/l\oTs
- {€R)-LXX
‘pk
(LXIX) B '“/GC“O

0///.~--~N\g
a-{98)-1LXXI a-{9R)-1xu £ {8R)-LXN
(95) :-(9R) :B-(9R) =52:33:15

In most cases, metallated derivatives of optically active bicyclic B-lactam systems are obtained not on the basis of azetidi-
nones themselves, but rather on the basis of their monohalo and dihalo derivatives with respect to the 3 position of the four-
membered ring; not only the traditional butyllithium but also methylmagnesium bromide are used as bases. Let us note that
when dihalo derivatives are used, the a-hydroxyethylation products contain a reactive halogen atom in the 3 position. In par-
ticular, 6a-halo- (LXXII), 6,6-dihalopenicillanic (LXXIII), and 7a-halocephalosporanic (LXXIV) acid esters react successively
with the base and acetaldehyde to give mixtures of diastereomers of the a and g forms in various ratios (Table 5).

On the whole, an impression of low a,8-stercoselectivity of processes of this type is created on the basis of the data in
Table 5: The percentage of the B isomer in the mixtures ranged from 18% (No. 2) to 80% (No. 9) and varies as a function of
the degree of halogenation of the starting azetidinone (21% and 80% for monobromo- and dibromo-substituted compounds
Nos. 1 and 9, respectively) and the nature of the halogen (27% and 40% in the case of bromo and iodo derivatives Nos. 3 and
4, respectively) and the solvent (67% and 40% when the reaction is carried out in THF and toluene, respectively, Nos. 5 and
8); the nature of the base has virtually no effect on the a,8-stereoselectivity (Nos. 1 and 3 and 5 and 6). The 100% 8 stereose-
lectivity observed in the reaction of diiodo derivative LXXIIIb (No. 11) constitutes an exception.

In contrast to the low a8 stereoselectivity, one's attention is drawn to the diastereospecificity of the development of the
exocyclic chiral center within the framework of the 8 form — only the (R)-8 isomer is formed in virtually all cases (Table 5).
On the other hand, the formation of the diastereomers of the a form does not proceed stereoselectively.

Carrying out the reaction in the presence of Zn?* ions opens up an interesting possibility for modification of the stereo-
chemistry of the a-hydroxyethylation process [43]. Whereas all four possible stereoisomers, viz., the (R)-8, ()-8, (R)-a, and
(S)-a isomers in a ratio of 39:1:30:30, are formed in the reaction of dibromo derivative LXX1Ila in toluene, the same reaction
in the presence of zinc ions makes it possible to obtain >95% of the (S)-a isomer (Nos. 8 and 10, Table 5). Aimetti and
Kellogg [43] link the high diastereoselectivity of the formation of the (S)-a isomer of LXXVIa with the formation of chelate
intermediate LXXVIII, which provides evidence for the preferableness of the pro-(S) configuration of the exocyclic chiral
center in the a isomer of LXXVIa:
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The development of preparative methods for the highly stereoselective synthesis of bicyclic a-hydroxyethylated mono-
halo-substituted azetidinones (R)-8-LXXVIb and (S)-a-LXXVIa was the result of detailed investigations of the stereochemistry
of reactions involving the a-hydroxyethylation of lithium derivatives of dihalo-substituted bicyclic structures.

It is interesting to note that the electrolytic dehalogenation of an individual isomer of one compound of this type, viz.,
(R)-8-LXXVIa, is accompanied by inversion of the configuration at the C(3) center of the p-lactam with the primary formation
of the (R)-a isomer of bicyclic system LXXV [42]:

(R)-A-LXXVI . — —e= (R}=A-1XXV + (R)—a-LXXV
87 047

In summing up this analysis of the results of investigation of electrophilic substitution reactions of metallated deriva-
tives of mono- and bicyclic azetidinones, it may be noted that, at the present time, this process opens up extensive possibili-
ties for modification of the structures of p-lactams; the general tendency toward trans stereochemistry of the introduction of
substituents into the 3 position is particularly valuable.
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