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The quest for antibacterial agents which are more 
effective than the penicillins and cephalosporins is a 
major objective of contemporary fl-lactam research. 
Some measure of the phrenetic activity currently devoted 
to the chemistry of fi-lactam derivatives is provided by 
the publication of a monograph’ and three review? in 
this area during the past three years. 

An intriguing facet of the chemistry of penicillins and 
related molecules is their propensity to undergo reorgan- 
ization reactions. Indeed, in the history of molecular 
rearrangements, few compounds can boast such an 
extensive repertoire. The understanding of this behaviour 
is, therefore, not only of vital importance to the specialist, 
who seeks to control how penicillins react, but it is also of 
inherent general interest. 

The purpose of this review is to assess the current 
interpretations of the rearrangements undergone by 
penicillanic acid derivatives. Only those reorganizations 
in which the bonds of the bicyclic framework are cleaved 
will be discussed. As far as possible, the reactions will be 
classified according to the bond-breaking processes by 
which they are considered to be triggered. 

Nomenclature 
The fused thiazolidine-azetidinone system (l), which 

comprises the framework of penicillins, is denoted by the 
trivial name penam. When this structure bears Me 
groups at position 2 and a carboxy-moiety at position 3, it 
is referred to as penicillanic acid (2). The bicyclic units (3) 
and (4) are named cepkam and ceph-3-em, respectively. 
The terms 1 ,Zsecoceph -3-em and 1 &secoceph -2-em are 

proposed for the respective structures (5) and (6). 

Although two stereoisomers are possible for penam, 
cepham, ceph3cm and 1,2-secoceph-2-em. and four 
stereoisomers for penicillanic acid and l&se.coceph-3- 
em, in this review the names refer to compounds depicted 
by the formulae (l-6). The stereochemistry of sub 
stituents is designated by the Q-notation. Accordingly, 
natural penicillins are derivatives of 6/L!- 
formamidopenicillanic acid (7; R’ = OH, R2 = NHCHO); 
for example, benzylpenicillin ’ 68 
phenylacetamidopenicillanic acid (7; R’ =‘s)H, R2 = 
NHCOCHzPh). 

1-2 BONDCLEAVAGES 

The sulphonium salt (g), derived from the reaction of a 
penicillanoyl derivative with an electrophilic reagent, 
R’Y, is potentially activated for a l-2 bond heterolysis. 
The expected primary products of such a reaction are the 
derivatives p-11). 
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There appears to be only one example in which all three 
products are formed concurrently. This involves’ the 
reaction of the imino-chloride (12; R = F) with silver(I) 
perchlorate in aqueous NNdime~ylfo~~de to afford 
a mixture of the thiazohnes (15-17). The products are 
probably derived from the tertiary carbenium ion (14), 
formed by a 1-2 bond cleavage and cyclization of the 
intermediate (13; R = F). 

Under comparable conditions the imin~~o~de (12; 

1s 19 

R = H) undergoes hy~olysis to give the 68 
benzamidopenicillanate (7; R’ = OCIiXCb, R* = 
NHCOPh), suggesting that the electrophilicity of the 
nitrilium ion (13) is an important factor in the reorganiza- 
tion. 
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In general, reactions involving a 1-2 bond rupture give 
rise to either a secoceph-2cm (9) or a secoceph3em 
~te~~ate (10). Products o~~nating from the former 
species are usually obtained when the substituent, R2, of 
the sulphonium salt (8) is capable of sustaining an anionic 
change. Products derived from a secoceph-3em inter- 
mediate are typically formed when a penicillanoyl 
derivative is treated under basic con~tions; these 
reactions are probably triggered by the removal of the 3-H 
atom as a proton. 

Rearrangements invoking secoceph-Zem derivatives 
The fo~ation of a secoceph-2-em derivative (19) 

probably involves an intramolecukr, [1,41-H shift of an 
ylide (HI). Such reactions have been observed when the 
substituent, X, is a C- or N-bearing group or oxygen. 

With a C- or N-containing substituent, the 
yhde (18) is not isolable; it is, however, believed to be 
generated as an intermediate when an ~~orn~und is 
thermolysed in the presence of a penicilhtnoyl deriva- 
tive.” Thus, the secoceph-2-em 120; R’ = OMe, R* = 

CH(CO&fek or NHC02Et) is produced when the 
penicilianate (7; R’ = OMe, R’ = NHCOCH2-OPh) is 
heated with dime~y~ ~om~onate or ethyl ~doformate 
and a copper(H) salt. 

The thermal rearrangements of penicillanoyl I-oxides 
(18; X = 0) to secoceph-2-em l-oxides (19; X = 0) have 
been extensively studied; these reactions will now be 
considered in detail. 

~nte~onveTsion o~pe~~i~l&~yi l-oxides and secoceph- 
2-em i-oxides. The tint indication that a penicillanoyl 
l-oxide could equilibrate with a secoceph-2cm Ioxide 
was noted in 1969 by two group~.‘~~ The la-oxide (21; 
R’ = OMe, R’ = NHCOCH2Ph or NHCOMe) was cort- 
verted into the I&oxide (23; R’=OMe, R” = 
NHCOCH2Ph or NHCOMe) in refiuxing benzene and 
the sulphenic acid (22; R’ = OMe, R’ = NHCOCHzPh or 
NHCOMe) was proposed as the reaction intermediate. 
Since that time such isomerizations have been investi- 
gated on several occasions and both their the~~yn~c 
and kinetic aspects have been chuified. 

Thermodynamic aspects. With a penicillanoyl deriva- 
tive bearing a 6/Samido_substituent, the l@xide is 
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thermodynamically preferred-none of the la-oxide is 
detectable at equilibrium.‘e’J A similar situation prevails 
with a 6a-amidop-enicillanoyl l+xide.” In the case of a 
derivative possessing the phthalimidc+group at position 6, 
the la-oxide is overwhelmingly favoured when the 
substituent occupies the 6@ite,” whereas the l/?-oxide 
predominates (cu. 9: 1) when the group resides at the 
6a-position.‘6 These results indicate that, unless a bulky 
group is present at the 6/3-position, there is a marked 
preference for the l@xide. Although the amid*H atom 
of a 6/3-amidopenicillanoyl la-oxide is strongly H 
bonded with the sulphinyl-0 atom?” this is 
evidently not the overriding feature in determining the 
thermodynamic stability. 

Until recently it was generally assumed that secoceph- 
&em l-oxides were fleeting intermediates in the foregoing 
isomerizations. However, in 1974 Chou et al.” reported 
that the sulphenic acid (22; R’ = OCH&IQN&p, 
R’= phthalimido) comprised cu. 20% of the mixture 
obtained by brief heating of the la-oxide (21; R’= 
OCH&H,~NO+I, R* = phthalimido) in ethyl acetate. 
The sulphenic acid, which was isolated in crystalline 
form, slowly reverted to the starting oxide at 38”. 

Kinetic aspects. Barton et al.” observed that when the 
isomerization of the la-oxide (21; R’=OCH&CI,, 
R’ = NHCOCHzPh) to the lj?-oxide (23; R’ = 
OCHXCI,, R’ = NHXOCH2Ph) was conducted in 2- 
methylpropan-2-[‘H,]ol (80” for 3 hr), the l&oxide con- 
tained deuterium (60% ‘HI) in the 2fl-Me group. 
Cooper” also noted that the lmxide (23; R’= OMe, 
R’ = NHCOCH2*OPh) incorporated deuterium (43% 
*HI, 11% *HZ) in the 2/l-Me group when it was heated 
in benzene containing deuterium oxide (80” for 24 hr). 
Evidently, the formation of a penicillanoyl l-oxide from a 
secoceph-f-em l-oxide involves a syn-addition. There- 
fore, the converse reaction is an example of a syn- 
elimination-in present-day terminology a sigmatropic, 
[1,41-H shift-of the type first studied by Kings- 
bury and Cram.19 

On the basis of deuterium-incorporation studies,“.‘2.‘*.” 
the free-energy change for the conversion of a 68 or a 
6~amidopenicillanoyI la-oxide into the corresponding 
l/&oxide possesses a profile similar to that depicted in Fig. 
1. Thus, a 1 u-oxide affords a secoceph-2em l-oxide more 
readily than does a l/&oxide and there is a kinetic 
preference for the intermediate lo isomerize to the 
l/&oxide. 

The conversion of sulphoxides into sulphenic acids and 
olefins is considered to occur by way of the co-planar 
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Fig. 1. Free-energy profile for the isomerization of a b 
amidopenicillanoyl looxide lo the la-oxide. 

transition state (%4).19 Consequently, the geometries (25) 
and (26) should provide approximate models for the 
transition states leading to the la- and l/l-oxides, 
respectively. An important difference between these 
geometries is that in the former the CO substituent is 
eclipsed with the methylene group whereas in the latter it 
is eclipsed with the Me moiety. Dreiding models 
reveal that there is a greater steric interaction in the 
former situation (the internuclear distance between the 
CO-C atom and H. in ca 2.4A) than in the 
latter (the internuclear distance between the CO- 
C atom and H. is co. 2.9A). This interaction may be 
responsible for the higher energy of geometry (U) and, 
therefore, the preferential formation of the l@xide from 
the sulphenic-acid intermediate. 

H. H. 
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For sulphenic acid formation to occur from a penicil- 
lanoyl 1,9-oxide, it is necessary for the Z/3-Me group 
and the sulphinyl-0 atom to be eclipsed. The 
attainment of this geometry (27) necessitates the eclipsing 
of the Za-Me group and the 3-CO moiety (the internuclear 
distance between the CO-C atom and H. is cu. 2.2 A). In 
the conformer (28), required for sulphenic acid formation 
from the la-oxide, the Za-Me group and the sulphinyl- 
0 atom are eclipsed. Since the C-Hb bond must be 
co-planar with the S(l)-C(Z) bond, H. must approach 
close to the 3-substituent (the internuclear distance 
between the CO-C atom and H. is co. 1.7 A). It is clear 
that sulphenic acid formation from either a I/L?- or a 
la-oxide relieves compression between the 2a-Me group 
and the 3-CO substituent. In the case of the l&oxide this 
relief may be approximated with the change in the 
internuclear distance between the CO-C atom and H. 
(from 2.2 to 2.9 A). With the la-oxide the relief may be 
equated with the corresponding change in internuclear 
distance (from I.7 to 2.4 A). The increase in the rate of 
sulphenic acid formation from a la-oxide compared with 
the corresponding l/l-oxide may, therefore, be due to the 
greater alleviation of strain in the former instance. 

A prediction of the foregoing model is that the rate of 
sulphenic acid formation from a given penicillanoyl 
l-oxide is expected to increase with the size of the 
3-substituent. Although no quantitative studies are avail- 
able, there is some qualitative support for this proposal. 
Thus, Allan et aLM have noted that the conversion of the 
pemcdlanoyl l/&oxides (23; R* = NHCOXHzPh) into the 
I-tosylsecoceph-f-em derivatives (20; R’ = SO&&*Me- 
p)-reactions which probably involve the rate- 
determining formation of the sulphenic-acid intermediates 
(22; R* = NHCOCHzPh)acurred more rapidly with a 
bulky substituent, R’ (i.e. R’ = NPr’.NHPr’ > R’ = 
NMe.NMe2 > R’ = OCHXCI,). 

The rate of sulphenic acid formation is also expected to 
be sensitive to the acidity of the migrating H atom. A 
possible illustration of this effect is provided” by the 
recovery of the derivative (29) under conditions in which 
the la-oxide (31) was converted into the isomer (30). 

It is possible to convert 6/3-amidopenicillanoyl l/3- 
oxides into the thermodynamically less stable la-oxides 
by UV irradiation in acetone.9.‘o A cleavage of the 1-2 
bond is implicated since a mixture of the four isomers 
(29-32) was produced when the ISoxide (32) was 
photolysed. 

Reactions of secoceph-2-em intermediates. The possi- 
bility of intercepting secoceph-Zem intermediates is of 
intrinsic interest and, moreover, the products of such 

reactions are of potential value for the construction of 
plactam antibiotic analogues. Three types of interception 
have been observed; these involve reactions with 
dienophiles, electrophiles and nucleophiles. 

Cycloaddition reactions. The tendency for secoceph-2- 
em l-oxides to undergo intramolecular syn-additions has 
already been discussed (p. 2323). The first indication that a 
sulphenic acid could be trapped by an external olefin was 
provided by Barton et al.“” who obtained the adduct (JJ), 
as one major isomer, from the pyrolysis of the l@oxide 
(23; R’ = OMe, R* = NHCOCH2Ph) in benzene contain- 
ing norbomadiene. Analogous cycloadducts were subse- 
quently obtained with dimethyl acetylenedicarboxy- 
late,“‘n ethyl propiolate” and diethyl azodicarboxylate.2) 
In the case of 4-methyleneoxetan-2-one:’ the cycloaddi- 
tion was accompanied by an isomerization of the double 
bond to give the secoceph3em derivative (34). 

In some instances the expected cycloadducts were not 
obtained. Thus, pyrolysis of the penam l@-oxide (35; 
R=COG.H,~N&-o) in the presence of dimethyl 
acetylenedicarboxylate” afforded the derivative (36)-the 
product of allylic rearrangement of the expected material. 
Thermolysis of the penam l/%oxide (35; R = H) in the 
presence of acrylaldehyde” gave the cepham l-oxide (Js), 
as a mixture of stereoisomers; evidently, the initially 
formed cycloadduct (37) loses 2-methylpropenal and 
then undergoes cyclization. 

Reactions with electrophiles. In principle a sulphenic 
acid may exist in two tautomeric forms. 

Spectroscopic studies have shown” that the 0-protonated 
form is preferred for the derivative (22; 
R’ = OCH&H~-NO*-p, R2 = phthalimido). A sulphenic 
acid may also behave as an ambident nucleophile, reacting 
with an electrophilic species at either the 0 or the 
S atom. Secoceph-Z-em l-oxides display both types 
of reactivity. 

Possible examples of the interception of the S 
atom of a sulphenic acid by an electrophilic C atom are 
supplied by the thermal reactions of the penam l@xide 
(35; R = COC6HI.N02-o) and the penicillanoyl la-oxide 
(21; R’=CHN*, R*= phthalimido). Pyrolysis of the 
former compound yields the ceph3em l-oxide (39), as a 
mixture of isomers, presumably by a SJ’-like reaction of 
the sulphenic-acid intermediate.” The la-oxide (21; 
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R’ = CHN2, R2 = phthahmido) affords the cepham l-oxide 
(40), as a mixture of isomers, when heated in the presence 
of copper sulphate.” Treatment of the alcohol (41) 
with lead tetra-acetate and iodine gives the sultine (42); 
this reaction possibly involves the interception of the S 
atom of the sul henic-acid intermediate by an elec- 
trophilic 0 atom. E 

Although the foregoing examples illustrate that the 
S atom of a sulphenic acid displays nucleophilic 
properties, their intramolecular nature precludes them 

39 

36 

PhO.CHyCO.NH 

0 

from being a reliable indication of the relative nucleophil- 
icity of the S and 0 atoms. The ambident nucleophilic 
character of sulphenic acids is demonstrated in certain 
intermolecular reactions. For example, pyrolysis of the 
penicillanoyl la-oxide (21; R’ = OCH&.H.~NOr-p, R’ = 
phthalimido) in benzene containing NO- 
bis(trimethylsilyl)acetamide yields the 0-sibyl derivative 
(43; R’ = OCH&HxN02-p, R* = 0+GMe3) in high 
yield.‘6 Moreover, the lithium sulphenate (43; 
R’ = OXH&,H,~NO~-p, R2 = OLi), obtained by treating 

0 

PhO.CHyCO.NH 

COR 
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the sulphenic acid (43; R’ = OCH&IGN~-p, R2 = OH) 
with lithium di-isopropylamide in tetrahydrofuran at 
-126”, undergoes exclusive 0-alkylation with methyl 
fluorosulphonate.n Sulphuryl chloride reacts” with the 
1/3-oxide (21; R’ = OMe, R’=phthahmido) to give the 
sulphinyl chloride (44; R = OMe); a sulphenic-acid inter- 
mediate is indicated since the sulphinyl chloride (44; 
R = 0CH&.H,~N02-p) is formed in almost quantitative 
yield’* from the secoceph-2em l-oxide (43; 
R’ = OCH&H,.N02-p, R2 = OH). 

Reactions with nucleophiles. In principle, the protona- 
tion of a sulphenic acid on the 0 atom renders the S atom 
susceptible to nucleophilic attack. 

+HY = 
R&H 

s Y-- s 

R’ ‘&H 1 
R/ \y +H,o. 

The first indication that a secoceph-2cm l-oxide could 
undergo such a reaction (in which the nucleophile was the 
internal double bond) was provided by Morin et ai.= In 
these pioneering studies it was noted that the lpoxide 
(23; R’ = Ohfe, R’ = NHCOCH2*OPh) was converted by 
refluxing acetic anhydride into a 2: 1 mixture of the 
Z/&acetoxymethylpenam (45; R’ = OMe, R’= 

NHCOCHI-OPh) and the 3/&acetoxycepham (46; R’ = 
OMe, R’ = NHCOCHI*OPh) in 60% yield. However, in 
xylene containing a trace of toluene-p-sulphonic acid, the 
ceph-3-em (47; R’ = OMe, R’ = NHCOCHI-OPh) was 
the only /&lactamcontaining product (15%). The 3/3- 
acetoxycepham (46; R’ = OMe, R’ = NHCOCHz*OPh) 
afforded the ceph3em (47; R’ = OMe, R’= 
NHCOCH2.0Ph) under mildly basic conditions. 

Because of the structural similarity of the ceph3em 
product with a cephalosporin (e.g. 48; R’ = OH, R2 = 
NHCOCHI*OPh) the foregoing rearrangements have 
been extensively studied. The outcome of the reaction is 
not only dependent on the structure of the penicillanoyl 
l-oxide but also upon the solvent, the temperature and the 
Lewis acid. 

Conceptions concerning the mechanisms of the reor- 
ganizations are based, in large measure, on the 
stereochemistry of the compounds isolated from the 
acetic-anhydride reactions;‘0”2~“3e)2 such products are 
generally derived under kinetically controlled conditions. 
In the case of a 6~amidopenicillanoyl l-oxide,‘2.“29 the 
major product is typically a Z/+acetoxymethylpenam (45) 
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and a 3/3-acetoxycepham (46); a ceph3-em (47) is often 
formed as a minor product. Decarboxylation is usually 
observed” with a 6~amidopenicillanic acid l-oxide (e.g. 
23; R’=OH, R’=NHCOCH2*OPh), resulting in the 
production of a ceph3em (e.g. 49; R = 
NHCOCHI.OPh). The usually proposed, common pre- 
cursor of these derivatives is the thiiranium ion (XI), 
which is considered to be formed from the sulphenic acid 
(22) by way of the sulphenic anhydride. In the reactions 
leading to the derivatives (45) and (46) the acetate anion 
behaves as a nucleophile, whereas in that affording the 
ceph3-em (47) it acts as a base. It has been noted” in the 
case of the ISoxide (23; R’ = OMe, R2 = NHCOCHIPh) 
that an increase in the acetate-ion concentration favours 
the elimination to give the ceph3-em (47; R’ = OMe, 
R’ = NHCOCH2Ph). However, by reducing the acidity 
of the 3-H atom of the penicillanoyl derivative-as 
with the amide (23; R’ = NHBu’, R2 = NHCOCH2Ph)- 
ceph3em formation can be excIuded.‘2.‘4 

Thermolysis of the l@-oxide (23; R’=OCH2CCI,, 
R2 = NHCOCH2Ph) in tetrachloromethane containing 
pyridinium hydrochloride and pyridine gave a mixture of 
the Z@chloromethylpenam (51; R’ = OCH~CCIJ, R* = 
NHCOCH2Ph) and the 3fihlorocepham (52; R’= 
OCRCCh, R2 F NHCOCH2Ph) in moderate yield.Y 
Although stable in the solid state, the former product was 
converted into the latter in NNdimethylformamide. Both 
derivatives afforded the ceph3-em (47; R’ = OCHXCI,, 
R2 = NHCOCH2Ph) when heated in benzene containing 
pyridine. It is evident, therefore, that the ceph3-em is the 
most stable product and that the cepham is thermodynam- 
ically preferred to the penam. 

The direct conversion of a penicihanoyl l-oxide into the 
corresponding ceph-3-em-the thermodynamically stable 
product-can be effected with a wide range of reagents, 
including toluene-p-sulphonic acid,~323M7 methanesul- 
phonic acid:‘s dipyridinium phosphate,B*‘9 diethyl 
azodicarboxylate,23 aa’-azobis(N-methylformamide)” 
and acetic anhydride (above 130”)” 

In contrast with an aryl- or alkyl-sulphonic acid, 
sulphuric acid and its ester? react with a penicillanoyl 
l-oxide, (e.g. 23; R’ = O~CHAX~NO~-p, R’ = 
NHCOCH2-OPh) to give a 3/3-hydroxycepham (e.g. 53; 
R’ = 04ZH&H,~NO~-p, R’ = NHCOCH2.OPh). 
Moreover, whereas the former reagents induce the 
decarboxylation’9J’ of a penicillanic acid l-oxide (e.g. 23; 

CH,.O*COMe 
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R’ = OH, R2 = NHCOCH2*OPh) to a ceph3-em (e.g. 49; 
R= NHCOCHz*OPh), the latter afford a 38 
hydroxycepham (e.g. 53; R’ = OH, R2 = 
NHCOCH2.0Ph). The 3phydroxycepham is considered 
to be formed from the corresponding 3Bsulphate (54; 
R’ = OCH&H,.N02-p or OH, R* = NHCOCH2*OPh) 
by the loss of sulphur trioxide.” 

In contrast with the behaviour of 6/%amidopenicillanoyl 
l@-oxides, the kinetic products derived from the rear- 
rangements of 6,9-phthalimidopenicillanoyl la- 
oxides ‘“‘o”l’ are subject to less rigorous stereochemical 
control. For example, the l&oxide (21; R’ = OMe, 
R2= phthalimido) yields a mixture“’ of the 2p 
acetoxymethylcepham (45; R’ = OMe, R2 = phthalimido) 
and the Zu-isomer (55; R’ = OMe, R2 = phthalimido), in 
addition” to the 3pacetoxycepham (46; R’=OMe, 
R* = phthalimido) and the ceph3em (47; R’ = OMe, 
R* = phthalimido), when heated in acetic anhydride. It has 
been suggested” that both the endo-thiiranium ion (50; 
R’ = OMe, R’ = phthalimido) and its exe-counterpart (56; 
R’ = OMe, R* = phthalimido) intervene in this reorganiza- 
tion. Similar intermediates have been invoked” to 
account for the formation of the Zachloromethyl- 
penam (57; R’= OMe, R’= phthalimido) and the 38 
chlorocepham (52; R’ = OMe, R2 = phthalimido) from the 
reactions of the la-oxide (21; R’= OMe, R*= 
phthalimido) and the 3/3-hydroxycepham (53; R’ = OMe, 
R’ = phthalimido) with thionyl chloride; with these 
examples the Z/3-chloromethylpenam (51; R’ = OMe, 
R’ = phthalimido) is apparently not formed. 

55 

0 

There are some reactions of phthalimidoderivatives 
which appear to require the formation of only the 
endo-thiiranium ion (30; R’ = OMe, R* = phthalimido). 
Thus, treatment of the 3fihlorocepham (52; R’ = OMe, 
R2 = phthalimido) with silver(I) acetate in acetic acid” 
leads to a mixture of the 2B_acetoxymethylpenam (45; 
R’ = OMe, R’ = phthalimido), the 3pacetoxycepham (46; 
R’ = OMe, R’= phthalimido) and the ceph3-em (47; 
R’ = OMe, R* = phthalimido) in high yield. The 38 
mesyloxycepham (58; R’ = OMe, R* = phthalimido) is 
produced from the sulphenic acid (43; R’ = OMe, R’ = 
OH) and methanesulphonic acid at room temperature, 
whereas at cc. 80” the ceph3em (47; R’ =OMe, 
R2 = phthalimido) results.‘” Thermolysis of the penam 
la-oxide (59) in a mixture of acetic anhydride, NN- 
dimethylacetamide and toluene-p-sulphonic acid hydrate 
yields” the 3/?-hydroxycepham (60), as the major product, 
and the ceph3-em (48; R’ = OMe, R2 = phthalimido). 

Although the thiiranium ions offer a convenient 
rationale of product stereochemistry,‘* their involvement 
is not obligatory. Thus, an alternative interpretation of the 
foregoing reorganizations is that the tertiary carbenium 
ion (61) is formed from the sulphenic-acid derivative and 
it is the common intermediate leading to the products. 
Although there may be a kinetic preference for the 
formation of this ion in one conformational form (e.g. 63) 
it will be assumed that the energy barrier to the altema- 
tive conformer (e.g. 64) is low in comparison with the 
activation energies of the reactions leading to the products. 

For penam formation, the l-2 bond of the tertiary 
carbenium ion (61) must be co. orthogonal with the 
trigonal centre at position 3. This geometry is present in 
both the conformers (63 and 64). Ring contraction of 
conformer (63) would yield a Z/&substituted methyl- 
penam, possibly by way of the transition state (65). 
Ring-contraction of the conformer (64) would give the 

bOR’ 
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Zu-substituted methylpenam, possibly via the transition 
state (66). Compared with the latter, the former ring 
contraction involves the relief of A’12’ strain43 between 
the eclipsed Me and CO moieties but an increase 
in compression between H. and the substituent, R*. 
Therefore, providing the substituent is not a bulky one, 
the reaction leading to the Z@ubstituted methylpenam is 
likely to be favoured. 

A prediction of the foregoing model is that an increase 
in the bulk of the CO substituent should increase the 
interaction with the Me group and promote the ring 
contraction. Although no systematic study has been 
reported, there is one observation which is consistent with 
this proposal. Thus, Barton et al.” noted that the ratio of 
the Z/3-acetoxymethylpenam (45; R2 = NHCOCH*Ph) to 
the 3/3-acetoxycepham (46; R2 = NHCOCHIPh), ob- 
tained from the reaction of the IFoxide (23; R* = 
NHCOCHIPh) with acetic anhydride, was altered from 
2: 1 to I : 3 when the substituent, R’, was changed from the 
methoxy-moiety to the t-butylamino-group. Another 
forecast, relating to the reactions of the la-oxides (21; 
RZ= phthahmido) with acetic anhydride, is that an 
increase in the size of the substituent, R’, is expected to 

PhCHz.CO*NH 

C02Me 

67 

PhCHz.CO.NH 

inhibit the formation of the Za-substituted methylpenam. 
It is significant that 3usubstituted cephams (e.g. 62) 

have never been isolated from the foregoing rearrange- 
ments. Although such substances have been 

p” 
stulated to 

be unstable under the reaction conditions,’ undergoing 
elimination to the ceph3-ems (47), another possibility is 
that the activation energy for their formation is greater 
than that leading to the 3bsubstituted cephams (e.g. 46). 
In principle, the derivatives (46 and 62) may be formed by 
attack of the acetate anion at the carbenium-ion site of 
either conformer (63 or 64). The most favourable pathway 
for the formation of the derivative (62) appears to involve 
nucleophilic attack from the a-face of conformer (64); the 
development of partial tetrahedral character at position 3 
increases the steric interaction between the substituent, 
R2, and the Me moiety. The 3/3-acetoxyderivative (46) 
is most likely to arise by nucleophilic attack from the 
/3-face of conformer (63); the development of slight 
tetrahedral character at position 3 is expected to alleviate 
the unfavourable interaction between the 3 and 4 
substituents. Consequently, the carbenium-ion model 
accounts for the preferential formation of 3psubstituted 
cephams. 

According to the foregoing postulate, the ceph3em 
(47) may be considered to arise from the conformer (63) 
by the elimination of a proton, and the derivative (49) 
from the conformer (64; R’ = OH) by the loss of carbon 
dioxide. 

The possibility of intercepting secoceph3em l-oxides 
with external nucleophiles was first demonstrated by 
Barton et ,1.“” who obtained the derivative (67) from the 
thermolysis of the l&oxide (23; R’ = OCHLCI, R’ = 
NHCOCH2Ph) in the presence of dihydropyran and a 
catalytic quantity of ahuninium bromide. With isobutyl 
vinyl ether and l,l-diethoxyethane the respective 
secocephJ-ems (68 and 69) were isolated.““’ There are 
several examples in which thiols serve as the nucleophilic 
traps for sulphenic-acid intermediates.U.4sti For example, 
pyrolysis of the l@-oxide (22; R’ = OCHLCb, R2= 
NHCOCH2Ph) in the presence of 2- 
mercaptobenzothiazole” gives the secoceph-2em (70) in 

OBu’ 

PhCH2 .CO.NH 

Me 

Cb02Me 

68 

Nd 

PhCH>.CO.NH 
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CO*. CHD.X 
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90% yield; the reaction is also successful with the acid 
(23; R’ = OH, RZ = NHCOCHI*OPh). Related reactions 
occu?’ when the @oxides (23; RZ * NHCOCH,Ph) are 
heated with toluene-p -sulphinic acid; a secoceph-2em 
(e.g. to; R’ = NMe-NMe2, R’ = SOL!d&~Me-p) results 
when the starting material is an amide (e.g. 23; 
R’ = NMe.NMe2, R* = NH*COCH2Ph), whereas a 
secoceph3-em (e.g. 71; R’ = OCHtCCI,, 
R’= SO&H,Me-n) is formed in the case of an ester 
(e.g. 24-R’= OC&&, R2 = NHCOCHtPh). 

The reduction of sulahenic acids was first effected bv 
Cooper and Jose, by hkating penicillanoyl l-oxides wi& 
trimethyl phosphite.“ The outcome of the reaction 
depends upon the nature of the 6&substitufnt. In the case 
of an amidoderjvative39”‘~4’~~ (e.g. 23; R = OCH+X&, 
R’ = NHCO*CH2*OPh), a thiazoline-azetidinone (e.g. 73; 
R’ = OCHJXI,, R* = CH2*OPh) is formed, presumably 
by an intramolecular condensation of a secoceph-2-em 
intermediate (e.g. 72; R’ = 0CH2CC12, R’ = 
NH,CO*CH~,OPh). The thioi (72) is probably formed by 
the Arbusov rearrangement. 

R!+OH + P(OMe), -t RS&OMe),tiH 

II 
RSH + PO(OMe& e RS.P(OMe)~OH 

When the formation of a thiazoline-azetidinone (73) 
is precluded or inhibited-as in the case of the lu- 
oxide (21; R’ = OCH#XI,, RZ = phthalimido or 
NHCOCMel-OPh)--the I-methylsecoceph3em (74; 
R’ = OCH,CCI,, R* = phthalimido or NHCOC- 
Me,*OPh) is the predominant product,* probably originat- 
ing from the reaction of the thiol (72; R’ = O+CH&!Cl~, 

COR’ 
72 

A N’ S 

R’ = phthalimido or NHCOCMe2*OPh) with trimethyl 
phosphate. The phosphorus derivative (75) has been 
isolated’9 as a minor product from the reaction involving 
the la-oxide (21; R’ = OXH,CCI,, R’ = phthalimido). 

When the foregoing reductions are performed in the 
presence of acetic anhydride, ~-acetylsec~eph-2~ms 
(e.g. 76; R’ = OX!HICCI,, R’ = NHCOCHt*OPh) are the 
major constituents;” evidently, the thiol intermediates 
(72) preferentially react with the acylating agent, 

An interesting, internal, redox reaction occurs when the 
l&oxide (23; R’ = NHaNHPr’, R2 = NHCOCH2Ph) is 
heated in the presence of dipy~dinium phosphate.“l 
Instead of the expected ceph3-em (47; R’ = NH.NHP~, 
R* = NHCOCHzPh), the penam (7g; R= 
NHCOCH2Ph) is the predominant product. It is possibly 
formed from the sulphenic acid (22; R’= NH.NHPr’, 
R’ = NHCOCHzPh) by way of the intermediates (77 and 
72; R’ = N:N*Pr’, R’ = NHCOCH2Ph). 

Rung-opening reactions. In certain reactions, in which 
secoceph-2-em i-oxides may be invoked as primary 
intermediates, non-p-lactam products are formed. Thus, 
Morin et aI.- isolated the isothiazolones (79; R’ = OMe, 
R* = NHCOCH2*OPh) and (80; R’ = OMe, R2 = 
NHCOCH2*OPh) and the thiazinone (82; R’ =OMe, 
R” = NHCOCHz*OPh), as minor components, from the 
reaction of the I&oxide (23; R’ = OMe, R’ = 
NH.CO,CH~.OPh) with acetic anhydride. In boiling 
pyridine the compound (So; R’= OMe, R*= 
NHCOCH2*OPh) was obtained as the major product 
(SoOr,). It appears” that the isothiazolone (79; R’ = OMe, 
R’ = NHCOCH2*OPh) is the precursor of the deriva- 
tives (80; R’=OMe, R’= NHCOXH2.OPh) and (82; 
R’ = OMe, R2 = NH*CO,CH~.OPh), the latter material 
being formed by way of the intermediate (81; R’ = OMe, 
R’ = NHCOCH2*OPh). Analogous isothiazolones22~3s 
and thiazinones” have also been reported by other 
workers. 

74 75 81 82 
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Corroboration that the isothiazolone (80) is derived 
from the secoceph-2em l-oxide (22) by a base-catalysed 
reaction comes from the observation that the 
isothiazolone (80; R’ = OMe or 0CH2~GHI.N02-p. R* = 
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phthalimido) is produced in excellent yield when the 
sulphenic acid (43; R’= OMe or OCH&IQNO@, 
R* = OH) is treated with a weak base.lU7 The sulphene 
(83; R=OMe or 0CH2GIQNOz-p&formed by a 
&elimination of the sulphenate (43; R’=OMe or 
0-CHt-C&N&-p, R’ = O-)-is evidently an inter- 
mediate, since the reorganization does not occur with the 
trimethylsilyl derivative (43; R’ = OMe. R’ = 0.SiMe,). 

Rearrangements inwloing secocephd-em derivatives 
The 3-H atom of a penicillanoyl derivative is acidified 

by the adjacent CO moiety. Its removal as a proton 
may, in principle, initiate the eli~tion of the S 
atom to give a secoceph-3-em derivative. Although such a 
product has never been isolated, there is persuasive 
evidence that it is formed as an intermediate in certain 
base-initiated reactions of penicillanoyl derivatives. 

In simple systems? the ease of the elimination 

Y 

B”‘O_ +‘c- 

‘4 

L ( - Bu’OH + >=C( + Y - 

is in the order Y = SR < Y = SOR < Y = S02R. Penicil- 
lanoyl l-oxides and l,l-dioxides are, therefore, expected 
to undergo base-induced ~eli~nations to the secoceph- 
3-em isomers more readily than ~nicillanoyl derivatives. 
Although there is evidence for the isomerization of 
penicillanoyl l-oxides, the corresponding reaction of 
penicillanoyl l&dioxides has not been reported. 

Reactions of secoceph3-em intermediates. As in the 
case of secoceph-2-ems, the interception of secoceph-3- 
em inte~ediates is of interest because of the possible 
utility of the products for the synthesis of biolo~~ly 
active plactams. The two types of interception, which 
have been observed, involve the reaction of the thiol 
moiety with an internal electrophile and with an external 
electrophile. 

Intramolecular reactions. Wolfe et af.S”Y first showed 
that treatment of a penicilianoyl chloride (7; R’ = Cl) with 
t~e~ylamine in dichlorometh~e resulted in the forma- 
tion of the corresponding 3-isopropylidene-Z-oxopenam 
(78). It is clear that the chlorocarbonyl substituent plays a 
dual role-it acidifies the H atom, permitting the 
&elimination to a secocephJem intermediate (72; 
R’ = Cl), and its serves as an intramolecular trap for the 
derived thiol function. 

Although the yields of penams (78) are low (ca 
20-3O%), the reaction is of general applicability, occurring 
with a wide range 6&amidopenicillanoyl chlorides (7; 
R’=Cl, R’=NHXOR) or mixed anhydrides (7; R’= 
0X02Et or O$O#e, R* = NHCOR). Moreover, 
epimerisation at position 6 (pp. 2341-2343) is evidently 
not a competing reaction since the 6&phthaI- 
imidopenam (78; R = phth~i~do) is obtained from 6fi- 
phthdimidopenicillanoyl chloride (7; R’ = Cl, R* = 
phthalimido). 

The principle embodied in the foregoing reorganization 
has been extended to penicillanoylmethyl halides, result- 
ing in a synthesis of 4-isopropylidene-3_oxocephams.“* 
Thus, treatment of the chloro-ketone (7; R’ = CHXI, 
R’ = phth~imido~ with 1,5-di~bicyclo[4.3.O]non-S-ene 
in dimethyl sulphoxide yields a 1.7: 1 mixture of the 
cephams (84; R = phthalimido) and (86; R = phthalimido) 
in high yield. The latter product arises from the epimeric 
chloroketone (85; R’ = CH*Cl, R* = phthalimido), which is 
formed by a competitive, irreversible, base-catalysed 

isomer&ion (pp. 2341-2342) of the starting material, 
In view of the potential utility of the ring-expansion 

reaction, efforts were made to eliminate the epimeriza- 
tion. When the chloro-ketone (7; R’ =CH2CI, R* = 
phth~i~do) was treated with a deficiency of 1,5- 
di~abicyclo~4.3.Olnon-S-ene in dimethyl sulphoxide con- 
taining deuterium oxide, the chloromethyl protons of the 
unreacted starting material were completely replaced by 
deuterium; however, there was no observable exchange 
of the 3-proton. Consequently, the base-induced removal 
of the 3-proton of derivative (7; R’ =CHXI, R’ = 
pht~iimido) represents the slow step in the formation of 
the cepham (84; R = ph~~i~do). 

86 

The substituent, R’, in the penicillanoyl derivative (7; 
R* = phthalimido) is expected to exert a greater effect on 
the acidity of the 3-H atom than on the 6-H atom. A 
change in this substituent is, therefore, likely to intluence 
the ratio of the cepms produced. In the case of the 
iodo-ketone (7; R’ = CHJ, R2 = phthalimido), for exam- 
ple, the reaction proceeds at least 10 times faster and a 
4.3: 1 mixture of cephams (84; R = phthalimido) and (86; 
R = phthalimido) is obtained in high yield. 

The ring-expansion can be extended% to the chloro- 
ketone (7; R’ = CH,CI, R’ = NHCOCHt-OPh) and to the 
tosyloxy-ketone (7; R’ = CH~.O.S~~.Me-p, R* = 
NH*), resulting in a synthesis of the cephams (&I; 
R=NHCOCHZ*OPh and NH*). In these instances, 
epimerization of the 6psubstituent does not occur. 

Me 

&OKH,Ph bO,.CHzPh 
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It was noted earlier (p. 2329) that 6~-~dos~oceph-2- 
em intermediates (e.g. 72; R’ =OCHtCCl,, R2 = 
NH-CO-CH2.0Ph), prepared by reduction of the corres- 
ponding sulphenic acids with trimethyl phosphite, un- 
dergo intramolecular condensations to give thiazoline- 
azetidinones (e.g. 73; R’ = 0CH2CCls, R’ = CHI*OPh). 
The corresponding reaction of in situ generated 6/3- 
amidosec~eph-3-ems (e.g. 71; R’ = OMe, R* = H) has not 
been observed. However, an example in which the thiol 
moiety is trapped intramolecularly by the isocyano- 
function is provided” by the conversion of the penicilla- 
nate (87) into the thiazoline-azetidinone (88) in the 
presence of potassium carbonate. 

Intermofeculat reactions. The first indication that a 



Rearrangements of penicillanic acid derivatives 

secoceph-3-em could be trapped by an external elec- 
trophile was provided by Clayton’* during a study of the 
reaction of the mixed anhydride (89; R = OCGEt) with 
triethylamine in dichloromethane. In addition to the 
expected product (92), the I-ethoxycarbonylsecoceph-3- 
em (91; R = OEt) was isolated in 15% yield. The latter 
product is probably derived from the anhydride (91; 
R = OCOzEt), formed by an intermolecular, 
ethoxycarbonyl-group transfer from the starting material 
to the intermediate (98; OCO,Et). 

2331 

dOR 

/ 

(?OR 

89 90 

Ring-opening reactions. In many reactions, in which the 
secoceph3-ems may be invoked as primary inter- 
mediates, non-g-lactam products are also formed. The 
enethiols (98), which are the likely precursors of these 
products, probably arise from the secoceph3ems (W) by 
a @elimination pathway. In principle, such a process may 
be induced by the removal of either the l-proton or the 
7-proton and followed by the cleavage of the 5-6 bond. 
The former mechanism, involving the intermediacy of the 
thioaldehyde (97). is preferred on stereoelectronic 
grounds. Thus, in the thiolate intermediate an electron 
pair on the S atom can readily adopt the antiperipla- 
nar geometry with respect to the 5-6 bond. By contrast, in 
the enolate-like intermediate the electron pair, located 
formally in a p-type orbital at position 7, is co. orthogonal 
with the 5-6 bond. 

COR 
91 92 

Clayton et al. have showr? that 6,9- 
triphenylmethylaminopenicillanates (e.g. 7; R’ = 
0CH2Ph, R’ = NHCPh,) react with methyl iodide in the 
presence of sodium hydride and tetrahydrofuran to give l- 
methylsecoceph3ems (e.g. 93; R’ = OCHzPh, R* = 
NHCPL). The acidity of the 3-H atom is an important 
factor in promoting such isomerizations since under 
corresponding conditions the diethylamide (7; R’ = NEt,, 
R* = NHCPhj) is recovered unchanged.60 

Although other electrophilic C sources-such as 
ahylic, benzylic and propargylic hahde?-can function 
as the trapping agent, 6,6_dibromopenicillanates (e.g. 89; 
R = OMe), are the only other compounds which undergo 
the reaction.” Non-fl-lactam materials are produced (pp. 
2331-2333) with other penicillanates.)2~60 

It was noted earlier (p. 2330) that a pencihanoyl 
l-oxide is expected to isomerize to the corresponding 
secoceph3em l-oxide under basic conditions. Although 
the reaction has not been extensively studied, the 
lg-oxide (23; R’ = OCH?Ph, R2 = NHCPh,) does atford 
the I-methylsecoceph-3-em l-oxide (95), as one major 
isomer, when treated with potassium t-butoxide and 
methyl iodide;62 the sulphenate (94) is a likely inter- 
mediate. This result contrasts with that observed (p. 6) 
for the lithium sulphenate (43; R’ = OCH&H~~NO~-p, 
R’ = OLi), which undergoes 0-alkylation with methyl 
fluorosulphonate. 

hie 
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In a careful studya of the reaction of 68 
phenoxyacetamidopenicillanoyl chloride (7; R’ = Cl, R’ = 
NHCOCH2*OPh) with triethylamine in dich- 
loromethane, the oxazolinones (101; X = S and SS were 
isolated in addition to the penam (78; R = 
NHCOCHz-OPh). Compounds (101; X=S and SZ) 
probably originate from the oxazolinone (190; R’ = H, 
R’ = NHCOCH2-OPh), which in turn is formed from the 
enethiol (99; R’ = Cl, R2 = NHCOCHz*OPh). The OX- 
azolinone (100; R’ = H, R’ = NHCOCH2*OPh) was 
characterized as the initial hydrolysis product of the 
penam (78; R = NHCOCH2.0Ph) at pH 9.8;” it was 
subsequently converted into a mixture of the OX- 
azolinones (101; X = S and f&). Moreover, under mildly 
acidic conditions, the oxazolinone (100; R’ = H, R2 = 
NHCOCH2*OPh) underwent cyclization to the thiazole 
(102), implying that it possesses the (Zj-configuration.” 

The enethiol (100; R’ = H, R2 = NHCOCHI-OPh) is 

Me 

93 

Ph,C* 
- 

COc CH$h COICHzPh 
94 95 
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also implicated in the conversion of 68 
phenoxyacetamidopenicillanic acid (7; R’ = OH, R* = 
NHCOCH2.0Ph) into the oxazolinones (100; R’ = Me, 
R2 = NH,~O.CH~.OPh) and (101; X = S), which occurs in 
NN-dimethylformamide containing methyl chloroformate 
and triethylamine.” It seems likely that the oxazolinone 
(100; R’ = Me, R2 = NHCOCH2eOPh) possesses the 
(Z)-configuration since this geometry has been prover?’ 
for the analogous oxaxolinone (100; R’ = Me, R’ = 
NH.CO.CH~Ph), obtained from the acid (7; R’= OH, 
R2 = NH.CO.CH~h) under co~es~n~ng conditions. 

When the acid (7; R’ = OH, R’ = NHCOCH2.OPh) is 
heated in acetic anhydride, the oxazolinone (100; R’ = 
COMe, R’ = NHCOCH2*OPh) and its diastereoisomer 
(one isomer predominating), the oxazolinone (103; R = 
COMe) (a single isomer) and the crotonic acid (104; 
R’ = OH, R’ = COMe) are produced.G.66 The species (100; 
R’ = H, R’ = NH.CO.~H*.OPh~he Iikely precursor of 
the oxazolinone (100; R’ = COMe, R* = 
NH4ZOCH2.0Ph) and its diastereoisomer-is probably 
derived from the enethiol (99; R’ =OTOMe, R2 = 
NHCOCH2.0Ph) by a cyciization reaction. The enethiol 
(99; R’ = OCOMe, R2 = NHCOCH2*OPh) may also give 
rise to the products (103; R = COMe) and (104; R’ = OH, 
R’ = COMe), by way of the respective intermediates (103; 
R = H) and (194; R’ = OCOMe, R’ = H). 

In contrast with the penicillanates (105; R’ = 
NHCPhl, R’ = H and R’ = R2 = Br) which afford’* the 
I-methylsecoceph-3-ems (197; R’ = NHXP$, R2 = H 
and R’ = R* = Br), the derivatives (105; R’ = R2 = H: 
R’ = H, R’ = Brand R’ = NH,CO.~H**OPh, R2 = H) yield 
the ring-opened products (109; R = H, Br and 
NHCOCH2.0Ph) when treated with methyl iodide and 
sodium hydride.‘2’M This differing behaviour may be 
attributed to the ease of methylation of the secocephJem 
(106) to give the I-methylsecoceph-3-em (197) compared 
with its isomerization to the thioaldehyde (108). In the 
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series (108; R’ = RZ = H: R’ = H, R* = Br and R’ = R2 I= 
Br), the dipolar interaction between the thioaldehyde 
function and the attached C moiety is increasing; 
consequently, the ease of formation of these derivatives 
from the secoceph-3-ems (106) is expected to decrease in 
the same order. 

It was noted earlier (pp. 2329-2330) that secoceph-2-em 
l-oxides show a tendency to undergo ring-opening 
reactions under basic conditions. Secoceph3em l-oxides 
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exhibit a similar behaviour. Thus, treatment of the 
penicillanoyl l-oxide (23; R’ = OCH2Ph, R’ = NHCPh,) 
with potassium t-butoxide62 and of the chloro-ketone (7; 
R’ = CHEI, R’ = NHCOCH2.OPh) with lithium 
hydridotri-t-butoxvaluminate6’ vields the isothiazolones 
@I; R’ = OCH$h, R2 = NH:CPh, and R’ = CH2CI, 
R2 = NHCOCH,.OPhl as the maior nroducts. The -~ I I 

isothiazolone (80; R’ = OMe, R’ = phthaiimido) is also 
formed when the secoceph-3-em (106; R’= H, 
R2 = phthalimido)-prepared by total synthesis-is 
treated with dimethyl sulphoxide at pH 7*4.4 

Mechanism of formation of secoceph-3-em derivatives. 
Although it is evident from the foregoing discussion that 
penicillanoyl derivatives can isomerize to the correspond- 
ing secoceph-3-ems under basic conditions, very little is 
known about the mechanism of these reactions. In 
principle, the removal of the 3-proton either precedes the 
elimination of the thiol moiety (El& pathway) or it is 
coupled with the elimination (E2 pathway). 

Deuterium-exchange studies (p. 2330) have estab- 
lished” that the rate-limiting step in the formation of the 
cepham (84; R = phthalimido) involves the removal of the 
3-H atom of the chloro-ketone (7; R’ = CH2CI, R2= 
phthalimido). This result is consistent with either the slow 
formation of the enolate followed by its rapid isomeriza- 
tion to the secoceph3em (W; R’ =CHICI, R2 = 
phthalimido) or the slow generation of the secoceph-3-em 
(96; R’ = CHICI, R’ = phthalimido) by an EZ-like process. 
The former pathway is preferred by analogy with a recent 
report which claims that the cyclopropanes (e.g. 112), are 
produced when the penams (e.g. 110) are treated with lJ- 
diazabicyclo[5.4.0]undec-5-enc.@ Intramolecular reac- 
tions of enolate-like intermediates (e.g. 111) best account 
for the products. 

Reaersibility of the penicillanoyl + secoceph-3-em 
Pansformation. The final issue which will be considered 
in this section is whether the penicillanoyl+ secoceph-3- 
em transformation is reversible. There are three reports 
which suggest that it is. First, in I%9 Wolfe et uLrn 
claimed that hydrolysis of the penam (78; R= 
phthalimido) at pH 7.4 afforded the penicillanic acid (7; 
R’ = OH, R2 = NHXOGH&OZH-o). Second, a bioac- 
tive substance, corresponding chromatographically with 
the penicillanic acid (7; R’ = OH, R* = NHCOCH2-OPh), 
was observed by Thomas” when the penam (78; 
R = NH.COCH,*OPh) was incubated at pH 2. Third, 
Chou isolated the ester (7; R’ = OMe, R2 = phthalimido) 
from the reduction of methyl 6/3-phthalimido-l- 
trimethylsilyloxysecoceph-3-em with trimethyl phos- 
phite.% 

Nevertheless, there are some observations which 
suggest that further experimentation is needed before the 
results are accepted. Thus, Baldwin and Kit&? have 

dO,XH,CCI, 

112 

been unable to substantiate Wolfe’s claim. The yield of 
methyl 6/l-phthalimidopenicillanate obtained by Chou 
was very low (l-2%); moreover, the possibility that this 
was a precontamination of the starting material was not 
excluded.73 Furthermore, attempts to effect the ring 
closure of secoceph-3ems-prepared by total synthesis- 
to penicillanates have been unrewarding.Y*7’ 

In summary, the evidence for the secoceph3- 
em + penicillanoyl transformation is insubstantial. The 
observations of Wolfe, Thomas and Chou may possibly 
be ascribed to the use of samples which already contained 
the penicillanoyl derivatives. 

2-3BONDCLEAVAGEs 

The 2-3 bond of a penicillanoyl derivative is potentially 
activated for heterolysis. For example, the cationic centre 
of the ion pair (113) is stabilized inductively by the 
gemdimethyl group and mesomerically by the S 
atom; the carbanionic centre is mesomerically stabilized 
by the CO group. In the case of a peniciknoyl 
l-oxide and l,ldioxide, heterolysis in the alternate 
manner may be possible; thus, the negative charge of the 
ion pair (114; X = SO or SO*) is stabilized by the S 
moiety and the positive charge by the N function. A 
consideration of the pathways leading to the species (113 
and 114; X = SO or SO1) suggests that their stereoelec- 
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tronic requirements are satisfactory. As yet, products 
arising from these hypothetical intermediates have not 
been reported. 

The fragmentations (115 and 116; X = CO) provide 
possible means of rupturing the 2-3 bond of a penicil- 
lanoyl derivative. The stereoelectronic requirements of 
these processes appear to be favourable, since orbital 
overlap can be maintained throughout.” Attempts to 
ionize the halogen atom of penicillanoyl halides (e.g. 7; 
R’ = Cl) have not been reported and the only documented 
reactions’6.n of penicillanyl tosylates (e.g. 117; 
R’ = OSO&IGMe-p, R2 = NHCPha or 
NHCOCHzPh) involve the cleavage of the /3-lactam 
bond (p. 20). However, an example which possibly in- 
volves the fragmentation (116; X = 0) is provided by 
the conversion of the 3-hydroxypenam (118; R’ = H, 
R2 = NHCOCH2Ph) into the azetidinone (119) with lead 
tetra-acetate in benzeneem 

s-4 BOM) CLFAVAGES 

Fission of the 3-4 bond of a penicillanic acid derivative 
is not expected to occur unless the 3-H atom or the 3- 
carboxy-group is replaced by the anti&- or hydroxy- 
moiety. In such an event, the derivative (120; R = COR’, 
X = NR’ or 0) may isomerixe to the azetidinone (121; 
R = COR’, X = NR’ or 0). Although there is no known 
method for the replacement of the H atom, the 
carboxy-group can be converted into the required 
moiety.7M’ Several 3a-alkoxyamido6/3-amido-2,2- 
dimethylpenams have been prepared but there is no 
record of their isomerization to the ring-opened forms. By 
contrast, 6@ubstituted derivatives of 3-hydroxy-2,2- 
dimethylpenams do exhibit ring-chain tautomerism. 

Me 

HO Me 

t-( 
---Me 

R-N S 

H 

124 

Me 

L)H 
126 

The equilibrium between the penam (122) and the 
azetidinone (123) is sensitiven to the size of the 
substituent, R’. With the amidogroup, the 3- 
hydroxypenam (e.g. 122; R’ = NHCOCH#h, R’ = H) 
comprises co. 90% of the mixture. However, with a 
bulkier group-such as the phthalimido-moiety-the 
ring-opened form (123; R’ = phthalimido, R2 = H) pre- 
dominates (ca. 70%). The bicyclic tautomer is also 
preferred in the case of 6&mido-3-hydroxy-2,2- 
dimethylpenam l-oxidesado and 1,1-dioxides.“*” The 
equilibrium constant is probably determined by the 
magnitude of the compressional interaction between the 
6gsubstituent and the Z&Me group. In accord with this 
viewpoint, the 3-hydroxypenam tautomers (122; R’ = H, 
R’ = phthahmido)” and (126)a( are favoured. 

In principle, an azetidinone (123) bearing a 6pamido 
substituent may isomer& to the carbinolamine (124; 
R = COR’). Although there is no evidence for this 
tautomeric form, derivative (125) is formedM from the 
amino-axetidinone (122; R’ = NHI, R’ = H). 

4-S BOND CMAVAGES 

Several processes are feasible, in theory, for the 
rupture of the 4-5 bond of a penicillanoyl derivative. 
Thus, direct heterolysis could atford the ion pair (127). A 
consideration of the pathway leading to this species 
suggests that the cationic charge can be stabiid by the S 
atom; however, the carbanionic centre is developing in a 
geometry which is cc. orthogonal with the nelectrons of 
the CO group. 

127 128 

OGj& Es 

129 130 

Pour eliminations may be considered-process (lu)) 
involves the removal of the 6-H atom as a proton and 
processes (129-131) require the removal of the 3-H atom 
as a proton. Whereas the stereoelectronic requirements of 
the eliminations (128 and 131) are unfavourable, those of 
the processes (129) and (130; X = SO or SO3 may be 
acceptable. 

As yet, however, there is no direct evidence that the 
4-5 bond is ever cleaved in a primary reaction of a 
penicihanoyl derivative. 

l-5 BOND CIXAVAGPS 

In principle, two processes warrant consideration for 
the cleavage of the l-5 bond The sulphonium salt (It), 
derived from the reaction of a penicillanoyl derivative 
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with an electrophitic agent, R’Y, may undergo a 1-5 bond 
heterolysis to give the azetidinyi cation (132), which is 
mesomericahy stabihzed by the N moiety. Ahema- 
tively, the l-5 bond rupture may be coupled with or may 
follow the removal of the 6-H atom as a proton; in this 
instance the azetinone (133) may be considered to be the 
reaction intermediate. 

8 132 

I 

COR’ 

It seems likely that other reagents, which are a source 
of electrophilic chlorine, react with penicillanates by an 
initial l-5 bond heterolysis. Thus, I-chlorobenzotriazoleb9 
converts the peniciilanate (7; R’ =OCH2CCI,, R’ = 
phthali~do) initially into the chfor~~etidinone (139; 
R’ = OCH&X%, R” = phthahmido), which subsequently 
affords the derivative (136; R’ = 0CH2CCI,, R’ = 
phthahmido). N-Chloro-N-sodio-tofuene-p 
sufphonamidegO reacts with the penicilfanate (7; R’ = 
OMe, R2= NH.CO.CH*Ph) to give the thiadiazine- 
azetidinone (MO), possibly by way of the oxazoiine- 
azetidinone (WI: R’ = OMe, R2 = NHgO&&Me-p). 
In certain instances, oxazoline-azetidinones*~“*B can be 
isolated from such reactions. Thus, the derivative (141; 
R = OMe) is formed from the penicihanate (7; R’ = OMe, 
R2 = NH,CO.CH~Ph) and t-butyl hy~hfo~te*’ or 
iodobenzene dichloride.“” Rearrangements involving azetidinyl-carion infermedietes 

‘lhe first demonstration that the l-5 bond of a Chlorine reacts with 2-oxo-3GsopropyIidenepenams 
peniciUanoy1 derivative could be selectively cleaved was 
provided by Kukolja in 1971.” Treatment of the ester (7; 

(e.g. 78; R=phthaIimido or NHCOCH2Ph) to give 
mixtures of the chloro-azetidinones (134; R’ = Cl, R’= 

R’ = OMe, R2 = ph~~i~do) with a molar equivalent of phthali~do or NH.CO.CH*Ph) and (137; R’ = Cf, R* = 
chiorine at -78” gave a 4: 1 mixture of the chloro- 
azetidinones (134; R’ = OMe, R’ = phthahmido) and (135; 

phthalimido or NHCOCH2Ph); the reaction is probably 
triggered by a l-5 bond fission.9’91 

R’ = OMe, R* = phthahmido) in high yield; these deriva- Mercury(H) acetate in acetic acid is also a versatile 

COR’ 
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tives underwent further reaction with chlorine affordii 
the compounds (136; R’ = OMe, R’= ~t~~do) and 
(137; R’ = OMe, R2 = ph~~i~do). The corresponding 
reaction of the 6@phenylacetamidopenicianate (7; R’ = 
OCHXCI,; R* = NHCOCHzPh) gave the chloro- 
azetidinone (136; R’ = OCHLXb, R’ = NHCOCHZPh) 
in 90% yield;’ the product stereochemistry suggests that 
the ox~oline-~etidinone (138; R’ = 0CH2CCI,, R’ = Cl) 
intervenes. 
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PhCH>*CO *NH 
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reagent for inducing the selective 1-5 bond cleavage of 
penicillanic acid derivatives. The products of such 
reactions depend upon the experimental conditions-at 
room tem~~ture the ox~o~me-~etidinones (e.g. 138; 
R’ = R’ = HgOCOMe) are formed,% whereas at 80“ a 
decarboxylative elimination and an opening of the 
oxazoline ring take place% to give the acetoxy- 
azetidinones (e.g. 142; R = NHCOCHzPh). Attempts to 
isolate the acid (138; R’ = R’ = H) were thwarted by its 
facile re~~gement~ to the ox~olidine-~etidinone 
(143). 

PhCH, * CO * 

142 
Me 

R+t-fSUMe 
143 

0 

145 

Treatment of the penici~~yi alcohol (117; R’= H, 
R2 = phthalimido or NHCOCH2.0Ph) with lead tetra- 
acetate in benzene= affords a product which is formulated 
as the penicillanyloxy-thiazepinone (144; R = phthalimido 
or NHCOCH2.0Ph). The thiazepinone (145; R = 
ph~alimido) is also formed in low yield in the case of the 
6~phthalimidopenicillanyl alcohol. Although the sequ- 
ence of reactions leading to these products has not been 
elucidated it is likely that they are initiated by a l-5 bond 
cleavage of the penicillanyl alcohol. 

Rea~~ngement~ involving azeti~o~e intermediates 
The first indication that a penicillanoyl derivative could 

rearrange to a thiazepinone was provided by Kovacs et 
al.% who isolated the derivative (146; R’ = CO*Me, 

# 
‘N-! 

k “R’ 

146 

R’ = phthalimido) from the reaction of the penicillanate 
(7; R’ = OMe, R* = phthalimido) with triethylamine in 
dichloromethane; the 6a-phth~i~do~nic~anate (%5, 
R = 0Me~ RZ = ph~~mido) was an ac~mpanying pro- 
duct, which was stable under the reaction conditions. It 
was subsequently shown that the product ratio was 
independent of temperature (between 25 and SO”), 
suggesting that the products were derived by a common, 
ratedetermining processW 

~i~epinone formation requires the cleavage of the 
l-5 and 4-7 bonds of the penicillanoyl precursor, bond 
formation between the S atom and the CO moiety, and a 
proton transfer from position 6 to the N atom. In 
principle, the reaction may proceed by way of the 
azetinone (147; R’= COzMe, R*= phth~imido) or the 
ketene (148; R’ = OMe, R’ = phthalimido). The formation 
of the latter intermediate is unlikely on stereoelectronic 
considerations, since the C(6)-H and 4-7 bonds of the 
penicillanoyl precursor are ca. orthogonal. Moreover, in 
methanol containing a trace of sodium methoxide,lm the 
penicillanate (7; R’ = OCH2*OMe, RZ = N:CHC.&*NOT 
p) rapidly equilibrated with the epimer (85; R’ = 
0CH2*OMe, R2 = N:CHGHIN02-p), and the mixture 
was quantitatively isomerized to the thiazepinone (146; 
R’ = C02CH2*OMe, RZ = N:CHGH.+~N02-p). If the 
ketene (148; R’ = OCHz*OMe, RZ = N:CH.~,-NO~p) 
had intervened, it would have been expected to react with 
the solvent to give the derivative (149)-a product which 
was shown to be stable under the reaction conditions. It is 
evident, therefore, that the azetinones (147) are the 
precursors of the thiazepinones (146). 

A study of the reaction of methyl 68 
phthalimidohomopenicillanate (150: R’ = phthalimido, 
R* = H) with organic bases reveals that the formation of 
the thiazepinone (146; R’ = CHLOrMe, R* = 
phthalimido) increases at the expense of the epimer (150; 
R’= H, R’=phth~i~do), as the strength of the base 
decreases.“’ 

In certain instances, thiazepinones undergo further 
base-induced rearrangements.” For example, treatment 
of the methoxymethyl ester (7; R’ = 0qCH2*OMe, R* = 
phthalimido~ with ~ethylamine in dichloromethane yields 
a 5: 2 mixture of the thiazinone (153) and the epimer (aS; 
R’ = OCH2*OMe, R2 = phthalimido) in high yield-the 
products are stable under the reaction conditions. The 
thiazinone (153) is almost certainly derived from the 
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Me 

Co2. CH*. OMe 

,CO.SH C0.S.CH*-OMe 

COR 
154 

thiazepinone (146; R’ = CO*CH*-OMe, R* = 
phthalimido), probably by way of the intermediates (151 
and 152). 

An unusual feature of the foregoing reactions is that 
6a-phthalimidopenicillanates show little tendency to 
isomerize to thiazepinones-it has been estimated’” that 
the rate of rearrangement of the derivative (150; R’ = H, 
R*= phthalimido) to the thiazepinone (146; R’ = 
CH*CO*Me, R* = phthalimido) in the presence of l- 
methylpiperidine is ca. 3Wtimes slower than the transfor- 
mation of the 6/.34somer (150; R’ = phthalimido, R* = H) 
into a mixture of the thiazepinone (146; R’ = CH*CO*Me, 
R’ = phthalimido) and the 6a-phthalimido-derivative (150; 
R’ = H, R*= phthalimido). There is a dramatic ther- 
modynamic preferencelM for the a-isomers of 6 
phthalimidopenicillanates-more than 99% in the case of 
the methoxymethyl ester (85; R’=OCH*.OMe, R*= 
phthalimido). The instability of the 6/3-isomer is attributed 
(p. 21) to the severe steric interaction between the 6fi- 
phthalimido- and the Z/3-Me groups. This large, 
ground-state energy difference is considered to be 
responsible for the slow rate of isomerization of 
6cr-phthalimidopenicillanates to thiazepinones, implying 
that the transition states of the two reactions are similar in 
energy.“‘.“’ Evidently, these transition states possess 
considerable trigonal character at position 6. 

6Amidopenicillanates are not isomerized to the corres- 
ponding thiazepinones in the presence of tertiary amines, 
possibly because of the lower acidity of the 6-H 
atom. However, prior treatment of the derivatives with 
NO-bis(trimethylsilyl)acetamide does induce the rear- 
rangement;‘06.‘m the trimethylsilyl compounds [e.g. 7; 
R’ = OCH*Ph, R’ = N:C(OSiMe,)CH*.OPh] are likely 
intermediates in the reactions. 

There are a few examples of thiazepinone formation 
under non-basic conditions. Thus, antimony pentach- 
loridelm and phosphorus oxychlorideB induce the rear- 
rangement. Catalytic hydrogenation of the derivative 
(1% R = OCH*Ph, X = CHCOPh) yields the 
thiazepinone (146; R’ = CO*CH*Ph, R* = CH*COPh) as 
a minor product.‘” 

5-6 BONDCLlL4VAGE.S 

The 5-6 bond of a penicillanoyl derivative is potentially 

H’ 

152 

HO*C 

activated for heterolysis. Thus, both the cationic and 
carbanionic sites of the ion pair (155) are mesomerically 
stabilized-the former by the S and N moieties and the 
latter by the CO function. In the case of a penicillanoyl 
l-oxide and I,l-dioxide, heterolysis in the alternate 
manner may be possible. The negative charge of the ion 
pair (156; X = SO or SO*) is stabilized by the sulphinyl or 
sulphonyl group although the positive charge is probably 
destabilized by the CO moiety. In the generation of the 
ion pair (155), the developing carbenium ion is benefiting 
from the mesomeric stabilization of the S and N moieties; 
however, the carbanion is being formed ca. orthogonal to 
the n-system of the CO group. In the formation of the ion 
pair (156; X = SO or SO*), the developing carbanion is 
likely to be stabilized by the sulphinyl or sulphonyl 
moeity; the carbenium ion, which is being formed co. 
orthogonal to the n-system of the CO group, is expected 
to benefit from the presence at position 6 of a N- or 
O-containing substituent, R*. As yet, there are no reported 
examples of a S-6 bond cleavage by the foregoing 
pathways. 
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The fragmentation processes (157 and 158) provide 
possible means of effecting the 5-6 bond rupture. A 
consideration of the stereoelectronic requirements” of 
these processes suggests that continuous orbital overlap is 
feasible. A possible example is provided by the conver- 
sion of the aminopenicillanate (7; R = OCH*Ph, 
R’ = NH*) into the thiazolidine (159), which occurs in the 
presence of lead ten-a-acetate in benzene;“’ the imine 
(154; R = OCH2Ph, X = NH) is probably the species 
which undergoes the fragmentation. 

6-7 BOND CLEAVAGE5 

The 6-7 bond of a penicillanoyl derivative is not 
directly activated for heterolysis. However, in principle, 
the bond cleavage may be achieved by the fragmentation 
process (160). Although stereoelectronically feasible,” 
there is, as yet, no reported instance of its occurrence. 

c 
X 

t Se 

FYM G Nl 
Me 

COR 
160 

4-7 BOND CLEAVAGES 

The 4-7 bond of a penicillanoyl derivative is very 
susceptible to cleavage by nucleophiles.“’ In the case of a 
damidocompound, there is the opportunity for in- 
tramolecular participation by the amide-moiety, resulting 
in the formation of a thiazolidinyl-oxazolinone (161). 

Kinetic studies suggest”L”4 that the intramolecular 
reaction is important in the hydrolysis of a 6/I- 
acetamidopenicillanic acid (7; R’ = OH, R’ = NHCOR) in 
the pH 1-S region, but not under neutral or alkaline 
conditions. Under acidic aqueous conditions the 
thiazolidinyl-oxazolinone (161; R’ = OH) is not isolable, 
but rapidly rearranges to the penicillenic acid (163; 
R’ = OH). In the early literature,“’ it was shown that 

hydrogen chloride in anhydrous ether induced the 
isomerization of the penicillanate (7; R’ = OMe, R’ = 
NHCOCHzPh) to the hydrochloride salt of the 
thiazolidinyl-oxazoliinone (161; R’ = OMe, R* = CH2Ph). 
The salt was extremely sensitive to moisture, hydrolysing 
to the penicilloic acid (162; R’ = OMe, R’= 
NHCOCH2Ph), and it was converted into the penicille- 
nate (163; R’ = OMe, R2= CH2Ph) by treatment with 
diazomethane. 

It appears that under strongly acidic conditions the 
penicillenic acid (163; R’ = OH) is the primary decomposi- 
tion product. In some cases the compound can be isolated 
from such reactions,“6 although it is more conveniently 
prepared by treating a penicillanoyl derivative with 
mercury(H) chloride.“’ Penicillenic acids readily undergo 
further reactions, probably by way of low equilibrium 
concentrations of diastereoisomeric mixtures of the 
thiazolidinyl-oxazolinones (161). Thus, benzylpenicillenic 
acid (163; R’ = OH, R2 = CH2Ph) preferentially affords”’ 
the penamaldic acid (164) at pH 1 *O, the penillic acid (166; 
R’ = OH, R2 = CH2Ph) at pH 3.0 and the penicilloic acid 
(162; R’= OH, R2 = NHCOCH2Ph) at pH 6.0. An 
additional rearrangement product, so far observed”’ only 
in the case of the benzamidoderivative (7; R’= OH, 
R’ = 2,tLdimethoxybenzamido) is the tricyclic compound 
(165; R = 2,6dimethoxybenzamido); it is presumably 
formed by dimerization of the thiazolinyloxazolinone 
(161; R’ = OH, R2 = 2,rGdimethoxyphenyl). It should be 
stressed that the stereochemistry of the foregoing 
substances has not been defined. However, the penillic 
acid (166; R’ = OH, R2 = CH2Ph) and the dimer (165; 
R = 2,6dimethoxybenzamido) are apparently obtained as 
single isomers. 

A decrease of the nucleophilicity of the amide-CO 
group is known to increase the acid stability of a 
6/3amidopenicillanic acid.‘19 In the case of the paro- 
substituted benzamides (7; R’ = OH, 
R’ = NHCOC&~R-p), a linear Hammett correlation 
bpa;h~ay\,F observed, in accord with the intramolecular 

When carbon dioxide is bubbled through an aqueous 
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solution of 6@minopenicillanic acid (7; R’ = OH, R* = 
NH*) at $H 
yield.“’ 

7, the diacid (167; R ? H) is formed in good 
This reorga&ttioH reaction analogous to 

the conversion of a 6&unidopeniciUanate into a penillic 
acid-probably involves the intermediacy of the 
thiaxolidinyl-oxazolinone (161; R’ = R’ = OH), formed by 
way of the carbamic acid (7; R’ = OH, R’ = NHCOH). It 
seems unlikely that the penicillenic acid (163; R’ = R’ = 
OH) intervenes since no deuterium incorporation is 
observed at position 6 when the reaction is performed in 
deuterium oxide.l” Moreover, the diester (167; R = Me) 
can be synthesized by treating the thiazolidine (168; 
R’ = OMe, R’ = NH2) with phosgene.ln Consequently, the 
chirality at positions 5 and 6 of the starting material is 
retained in the product. 

167 168 

PKH,qN 
0 

169 170 

CC&Me 

171 

The rearrangement 
phenylacetamidopenicillanate $* zR’n$!ie 

68- 
R’= 

NHCOCH2Ph) to methyl benzylpknillonate (166), which 
occurs in boiling toluene containing a trace of icdine,‘~ 
formally requires a 5-6 bond heterolysis. However, it is 

RCH,.COz.COCF, 
172 

PhCHz.CO.NH 

unlikely that the reaction is triggered by this process since 
the phthalimidopeniciUanate (7; R’=OMe, R’= 
phthalimido) is stable under the reaction conditions.‘n 
Derivative (7; R’ = OMe, R’=phthalimido) would be 
expected to undergo a 5-6 bond rupture more readily 
because of the greater relief of steric strain and, possibly, 
the better stabilization of the developing carbanion. 
Although penillonate formation is precluded, the ion pair 
(155; R’ = OMe, R2 = phthalimido) would be expected to 
recyclize to give a diastereoisomer of the starting 
material, in which the S(I)-C(S) bond and the 
phthalimido-group are trans orientated. 

Jansen and Robinsor? have demonstrated that the 
penillonate (169) is formed by heating the oxazolinone 
(170) and the thiazoline (171) in benzene. They propose 
that the thiazolidinyl-oxazolinone (161; R’ = OMe, R2 = 
CH*Ph) is the primary intermediate, which fragments to 
the oxazolinone (170) and the thiazoline (171); these 
fragments then afford the penillonate (169). In accord with 
this proposal, methyl benzylpenicillenate (163; R’ = OMe, 
R’ = CHrPh) can be detected as an intermediate.12’ 

The thiazoline (171) and, probably, the anhydride (172; 
R = NHCOCH2Ph) are produced when the penicillanate 
(7; R’= OMe, R’= NHCOCH2Ph) is heated in 
trifluoroacetic acid;‘= the anhydride (168; R’ = OCOCFa, 
R2= NHCOCH2Ph) is the likely precursor of these 
products. Under similar conditions the phthalimido- 
derivative (7; R’ = OMe, R* = phthalimido) affords the 
thiazolidine (173), as a mixture of diastereoisomers,‘n 
possibly by way of the thiazoline (171) and the anhydride 
(172; R = phthalimido). 

In contrast with trifluoroacetic acid, acetic acidlB reacts 
with the penicillanate (7; R’ = OMe, R’ = NHCOCHIPh) 
to give the thiazolidine (174), presumably by an in- 
tramolecular, acetyl-group transfer from the anhydride 
(168; R’ = OCOMe, R’ = NHCOCHzPh). A related 
reaction, atfording the bicyclic derivative (175), occurs 
when the penam [118; R’ = CH(OMe2), R* = 
NHCOCHI-OPh] is treated with acetic acid.” 

Oxidation of the penam [78; R = NHCOCH(Me)OPh] 
with mercury(H) acetate in hot benzene is reported to give 
the thiazolidinone-oxazolinone (177)-a substance with 
pronounced antibacterial activity.= The derivative (176) is 
claimed to be an intermediate in the reorganization; it can 
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be prepared by treating the starting material with boron 
trifluoride and represents a rare example of an isolable 
thiazoIidinyI-oxazoIinone. However, the status of this 
work must be questioned since workers at Beecham 
Research Laboratories’” were unable to continn the 
formation of the derivative (177). Moreover, although 
they observed the production of an antibacterial sub- 
stance, this material was also formed when mercury(H) 
acetate was heated in benzene! 

A further example involving an intramoIecuIar cleavage 
of the B_lactam linkage is provided by the hydrolysis of 
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the penicihanate 185; R’ = OH, R2 = NHCOCH(NH2)Ph] 
to the thiazolidinyl-piperazine (178); the 6pisomer [7; 
R’ = OH, R2 = NHCOCH(NHz)Ph] does not undergo a 
comparable reaction, possibly because the e&o-face of 
the plactam CO group is more hindered.‘” 

Although a thiazotidinylacetyl derivative (168), is often 
the initial product of the reaction of a penicihanate with a 
nucleophile, in many instances it readily undergoes 
further reactions. For example, under basic conditions it 
may isomerize to a mixture of the diastereoisomers (181), 
by way of the intermediates (179 and 186). An in- 
tramolecular trapping of the thiazolidinyl N atom is 
implicated in the reactions of the tosylate (117; 
R’ = OSO&IGMe-p, R* = NHCPh, or 
NHCOCH2Ph) with basic methanol to give’“.” the 
thiazolidine-aziridine (182; R = NHCPh, 
NHCOCH2Ph), and of the d&o-ketone (7; R’ = CHNOrf 
R2 = NHCOCH2.0Ph) with hydrochloric acid to yield56 
the thiazolidine-azetidinone (183; R = NHCOCH2*OPh). 
Irradiation of the diazoketone (7; R’= CHN?, R2= 
phthahmido) in aqueous dioxan also induces”’ the 
formation of the thiazolidine-azetidinone (183; R = 
phthahmido). Treatment of the penam (118; R’= H, 
R2 = NHCOCH2.0Ph) with piperidinium benzoaten’ 
affords the thiazolidine (184). 

The dihydrothiazine (185; R’ = OMe, R2 = N,) is pro- 
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duced when the chloro-ester (105; R’ = H, R* = Cl) is 
treated with sodium azide in NNdimethylformamide.‘32 It 
has been established in the corresponding reaction with 
methanolic sodium methoxide, which yields the dihyd- 
rothiazine (185; R’ = R’ = OMe), that the thiazolidinylace- 
tate (1%) is an intermediate. The ring expansion is 
probably initiated by a base-induced isomerization of the 
thiazolidinylacetate (1%) to the thiol (179; R’ = OMe, 
R*= Cl). The rearrangement is a general one for 
6cx-halopenicillanic acid derivatives and can be induced by 
several nucleophiles.“3.‘u 

The outcome of the reaction of the aminopenicillanate 
(7; R’ = OH, R* = NHI) with methanolic hydrochloric acid 
and sodium nitrite is critically dependent upon the water 
concentration.“’ In a 30% aqueous medium, 6a- 
chloropenicillanic acid is the predominant product, 
whereas, in the absence of water, a complex series of 
reactions ensue to give the dihydrothiazinone (188). 
Under non-aqueous conditions methanolysis of the 
starting material is faster than deamination, leading to the 
intermediate (168; R’ = OMe, R2 = NHI). This species 
probably undergoes a deaminative ring enlargement to the 
dihydrothiazine (185; R’ = OH, R2 = OMe), which affords 
the product (188) by way of the hydroxy-acid (187). 

The l&oxide (23; R’ = OH, R2 = NHCOCH2.0Ph) 
undergoes a remarkable reorganization when treated with 
phenylacetyl chloride in acetonelX to give the thiazinium 
chloride (192). Although the mechanism has not been 
elucidated, it seems likely that the reaction is initiated by a 
hydrolysis of the 4-7 bond to give the penicilloic acid 
(189). The dihydrothiazine (191), formed by way of the 
sulphenic anhydride (190), may also be a possible 
intermediate. Thus, work in the author’s laboratory has 
established that the closely related dihydrothiazine (185; 
R’=OH, R*= OMe) is converted initially into the 
dihydrothiazine-oxazolidinone (193) in acetone containing 
toluene-p -sulphonic acid. Moreover, under the reaction 
conditions the derivative undergoes an oxidation”’ to the 
hydroxy-compound (194). 

Self-condensation reactions of penicillanoyl derivatives 
are also documented.“8.“9 For example, at pH 67 the 
potassium salt (7; R’ = OK, R’= NH*) alfords the 
polymer (195; n = 5 or 6). A dimerization, yielding the 
bis(thiazolidinyl)-piperazine (1%). results when the 
aminopenicillanate (7; R’ = 0CH2.0Me, R* = NH*) is 
treated with acetic acid in dichloromethane.‘a 

-lloNs 

A penicillanoyl derivative contains acidic H 
atoms at positions 3 and 6. In the case of a penicillanoyl 
I,l-dioxide, and possibly a penicillanoyl l-oxide, the 5-H 
atom also possesses acidic character. Deprotonation- 
reprotonation processes may, therefore, result in a change 
of configuration at these sites. 

Although there is forceful evidence (pp. 10-13) that 
the 3-H atom can be removed under basic conditions, the 
derived anion undergoes elimination more rapidly than 
reprotonation. There is no indication that the 5-H atom of 
a penicillanoyl l-oxide or 1 ,I-dioxide is sufficiently acidic 
to be removed. As already discussed (pp. 16-17) 
deprotonation-reprotonation may occur at position 6, 
resulting in an epimerization at this centre. 

Epimerization at position 6 
The first indication that a penicillanoyl derivative could 

undergo a change in configuration at position 6 was 
provided by Wolfe and Lee,“’ who isolated the 6a- 
phthalimidopenicillanate (85; R’ = OMe, R* = 
phthalimido) from the reaction of the 6/3derivative (7; 
R’ = OMe, R2= phthalimido) with sodium hydride in 
tetrahydrofuran, potassium t-butoxide in t-butyl alcohol 
or triethylamine in dichloromethane. It was subsequently 
shownB.” with the tertiary amine as the base, that the 
epimerization was accompanied by the formation of the 
thiazepinone (146; R’ = CO*Me, R2 = phthalimido)-both 
products were derived under kinetically controlled 
conditions. However, in the presence of a strong base., 
epimerization was the exclusive reaction.“” 

Thermodynamic aspects. In the epimerization of the 
methoxymethyl ester (7;R’ = OCHZ-OMe, R’ = 
phthalimido), which was induced by 1,5- 
diazabicyclo(4.3.O]non-S-ene, it was established that the 
6a-isomer (a; R’ = OCH2.0Me, R2 = phthalimido) com- 
prised greater than 99% of the equilibrium mixture.“” It is 
now clear that when a bulky group, such as 
phthalimido,“.‘MY.‘4’ 2,2-dimethyl-5-oxo-3- 
phenylimidazolidin-1-yl,“2~“’ or trialkylammonium,‘““’ 
is present at the 6position, there is an overwhelming 
preference for the 6a-isomer. The higher free energy of 
the 6pisomer is ascribed to a compressional interaction 
between the 6substituent and the 2pMe group. 

A reduction in the steric requirement of the 6- 
substituent is expected to increase the equilibrium 
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concentration of the 6Bisomer. This expectation has been 
realized in the case of aldiminopenicillanates (e.g. 7; 
R’ = OCH2.0Me, R* = N:CH.C6H,.N~-p),‘~Y”” imino- 
ethers [e.g. 7; R’ = OCHzPh, R2 = 
N:C(O*SiMe,)CH2*OPh],‘M”m imino-chlorides [e.g. 7; 
R’ = 0CH2*OCOBu’, R* = N:C(Cl)CH2Ph],‘46 imino 
alkoxides [e.g. 7; R’ = OMe, R’ = N:C(OLi)CH2*OPh]“’ 
and isocyanopenicillanates (e.g. 7; R’ = OMe, 
R’ = N+:C-)“-as much as 47% of the 6pisomer can be 
present at equilibrium. 

A similar trend is observed with penicillanoyl l-oxides 
and 1,1-dioxides. Thus, in the presence of triethylamine 
the 6,Yderivative (23; R’ = OMe, R* = phthalimido) is 
convertedlg into the 6a-isomer (197; R’ = OMe, R’= 
phthalimido). 6/3-Acetamidoderivatives (e.g. 23; R’ = 
OMe, R2= NHCOCHzPh) equilibrate with the 6a- 
isomers (e.g. 198) in the presence of diethylaminem or 
NO-bis(trimethylsilyl)acetamide and 1 Jdiazabicyclo- 
[4.3.0]non-5-ene.“‘)“‘*9 Equilibration of penicillanoyl l,l- 
dioxides can be effected with 1 Jdiazabicyclo[4.3.0lnon- 
S-ene;lyI the 6a-acetamido-derivative (e.g. 199) comprises 
cu. 60% of the equilibrium mixture. 

Kinetic aspects. Wolfe and Lee”’ noted that the 
conversion of the 6/I-phthalimidoderivative (7; R’ = 
OMe, R’= phthalimido) into the 6u-isomer (85; R’ = 
OMe, R* = phthalimido) with potassium t-butoxide in 2- 
methylpropan-2-[‘HI]01 was accompanied by deuterium 
exchange at position 6, although when the reaction was 
interrupted the recovered starting material contained no 
isotope. Under similar conditions it was claimed that the 
6a-isomer incorporated no deuterium. 

Clayton et al.“’ investigated the epimerization of the 
penicillanate (7; R’ = OH, R* = 2,2-dimethyl-S-oxo-3- 
phenylimidazolidin-I-yl) in alkaline deuterium oxide. The 
formation of the 6a-isomer (85; R’=OH, R2 =2,2- 
dimethyl-5-oxo-3-phenylimidazolidin-I-yl), which was es- 
sentially complete, was accompanied by isotope incorpo- 
ration at position 6. However, the 6a-isomer was 
observed to exchange deuterium at a rate which was not 
markedly slower than the original epimerization; a kinetic 
preference for endo-protonation was again observed. 

With l,Sdiazabicyclo[4.3.0]non-5-ene in pyridine con- 
taining deuterium oxide, the 6aderivative (150; R’ = H, 
R* = phthalimido) underwent deuterium exchange at 
position 6 approximately ICtimes slower than the 
6pisomer (150; R’ = phthalimido, R* = H) epimerized.“’ 

The foregoing results indicate that the large energy 
difference which separates the 6a- and 6/3-isomers also 
separates the respective transition states involving the 
proton transfers. The ground-state energy difference is 
attributable to a steric interaction in the 6pisomer 

involving the bulky 6substituent and the 2pMe group. A 
similar effect is probably responsible for the transition- 
state energy difference, suggesting that the carbanions 
(260; R’=OMe, R*=phthalimido) and (201; R’= OMe, 
R* = phthalimido) are approximate models for these 
transition states.“‘.“’ 
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Firestone et al.“’ have shown that the imines (7, 
R’ = OCH*h, R’ = N:CHC&NOr-p) and (85; R’ = 
OCHIPh, R* = N:CHGIQNOrp), when treated with 
phenyl-lithium in tetrahydrofuran at -78”, are converted 
into the carbanions (200; R’ = OCHzPh, 
RI= N:CHC&NOz-p) and (201; R’ = OCHzPh, 
R2= N:CHC&N02-p), These species are contigura- 
tionally stable since they afford the parent imine when 
quenched with acetic acid. However, if NN- 
dimethylformamide is added, prior to the quenching, a 2 : 1 
mixture of the 6r9derivative (7; R’ =OCHzPh, 
R’= N:CHC6H,*N02-p), and the 6a-isomer (85; R’= 
OCH*Ph, R* = N:CHGH,~N02-p) is obtained-at 
equilibrium the 6a-epimer predominates. An identical 
mixture is produced starting with either the 6/3derivative 
or the 6a-isomer. Evidently, NN-dimethylformamide 
causes the equilibration of the carbanions, which show a 
kinetic preference for exe-protonation. This procedure 
enables 6aaldiminopenicillanates to be converted into the 
thermodynamically less stable 6@isomers-a result of 
considerable practical significance in the synthesis of 
cephalosporins and their analogues.‘s2’5J 

Although beyond the scope of this review, the 
c&anions derived from aldiminopenicillanates have 
been trapped with a wide range of electrophilic C 
sources,Iu.lX-lu with electrophilic halogen’” and with 
S electrophiles.‘6e’6J There is a strong preference 
for the electrophile to enter the 6a-site. 

In the presence of weak bases, 6b 
phthalimidopenicillanates (e.g. 7; R’ = OMe, R* = 
phthahmido) are convertedes.99.‘o’*‘0* into mixtures of the 
6a-isomers (e.g. 85; R’ = OMe, R* = phthalimido) and the 
thiazepinones (e.g. 146; R’ = CO*Me, R* = phthalimido), 
probably by a common rate-determining process. The 
azetinones (e.g. 147; R’ = C02Me, R’ = phthalimido) are 
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