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Since the JS-lactams are a group of antibiotics of unparalleled importance in chemotherapy, 

considarable effort has been expended fn the development of novel, more active compounds. 

Extensive investigations of microbial secondary metabolitss have led, for example, to the 

discovery of the penicillins, cephalosporins, the nocardfcins, the carbapenen antibiotics and 

the monobactams. The search for improved antibiotics has engendered the design of new 
methodology both for the total synthesis and semi-synthesis of ,B-lactam derivatives. Any 

synthetic approach to @-lactam antibiotics must addrasa the issue of molecular instability. The 

penicillins and cephalosporins, etc., are active since they are potent electrophiles. They 

acylate, and thereby inhibit, the enzyme that catalyses peptidoglycan chain crosslinking in 

bacterial cell wall biosynthesis. In general fi-lactam antibiotics contain a plethora of 

functionality closely assembled in a low molecular weight molecule. As a result the chemistry 

of these systems is remarkably rich.1 

This review summarizes the applications of transition metal complexes in fl-lactam 

chemistry. In many csses the unique reactivities of such complexes are ideally suited for the 

preparation and d8riVstiZatfOn of p-lactam systems under mild and specific conditions. This 

review is focussed exclusively on reactions that involve the construction or ring system 

rearrangement of @-lactam systems. Additionally, all the reagents discussed involve the 

chemistry of metal carbon bonds. The use of transition metal reagents solely as Lewis acids, ss 

redox reagents or for a protection deprotection sequence are explicitly excluded. Reactions 

that involve transition metal reagents not directly linked to carbon, for example titanium 

enolates, are beyond the scope of this review. 

1. The Preparation of 8-Lactsms from Pmtacarbonyl chromium Carbanas 

In 1982 McGuire and Hagedus reported that, on photolysis in the brilliant Colorado 

sunshine, the Fischer carbene 1 reacted with the imine 2 to produce the monocyclic @-lactsm 3 

(X%).2 However, the thermal reaction between 1 and 2 gave the amino carbens 7. Hagedus 

suggested that the formation of 7 took place via the carbene anion 4, an aldol type condensation 

to produce 5, 8-elimination of methylamine and aminolysis of the resultant unsaturated carbers 

conplex 6. Such a reasonable mechanism is fully consistent with known chemistry of Fischer 

carbenes.3 

A variety of imines 8 were converted into the corrrsponding f.hlactams 10 by PhotolYtic 

reaction with the corresponding carbene complex 9. 4~5 Yields were modest to axc8118nt (20-9091. 

Of particular note is the reaction to produce the N-anisyl-2-ageridinone derivath 11 (661) 

since ~erfc ammenfum nitrate oxidation of this substance readily gave 12 (20%). Such fl-lactams 

lacking an N-substituent could not be made directly from g (R4-Hl due to carbane imfwlYsis 

rather than cyclization. 
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_ The Hegedus carbene chemistry is particularly elegant in its application to the conversion 

of cyclic imines, Al-thiesolines, 4H- and 2H- 1,3-benzothiazines and related heterocyclic 

substances into the corresponding bfcyclic &lectsms. The versatility of the process is 

exemplified by the preparations of 13 to lB from the corresponding mathoxy carbenes.1,2*4-5 
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In contrast to these heterocyclic systems, chromium carbencs failed to produce bicyclic @- 

lactams on photolysis in the presence of oxazines or oxazolines. However, the corresponding 

molybdenum carbene 19 reacted, on photolysis, with 20 and 21 to produce 22 (40%) and 23 (14%) 

accompanied by 24 (13%). 
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In an attempt to generate optically pure monocyclic ,9-lactams, Hegedus studied the 

photocyclization of 1 with the inines 25 bearing a chiral N-substituent. Poor to modest 

diastereoisomeric excesses (15-609) were observed in the product fl-lactams 26. The absolute 

stereochemistries of the major diastereoisomers (at C-3 and C-4) were not determined. It is 

possible that chiral ligands on chromium or in the carbene ester substituent3 should provide 

superior absolute stereochemical control in the Hegedus chemistry. 

SCHEME 4 
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Most recently Hegedus and coworkers have reported a simple synthesis of chromium carbenes 

27 bearing the C(H)-NR2 substituent.6 Subsequent photolytic reaction in the polar solvent 

acetonitrile, but not in diethyl ether, was used to prepare a series of mono and bicyclic ,9- 

lactams including 28 to 32. The preparation of 32 in >995 ee from the chiral thiazoline is 

especially noteworthy. 
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Although the oxacapham 30 could be debenzylated via hydrogenolysis over palladium on carbon 

to produce 33 (94%), neither 31 nor 32 could be converted into the corresponding primary amines. 

It is clear, however, that the amino carbene 27 (R-PhCH2) is of vary considerable potential in 

the elaboration of p-lactams bearing the crucial acylamino substituent. It may be possible by 

some variant of this chemistry to elaborate 3.mathoxy-3-acylamlno-2-asetidinona derivatives 34. 

Hegeduf has studied the mechanism of these useful photochemical reactions.6 He has 

demonstrated that the process involves CTML excitation and subsequent formation of the chromium 

ketane complex. Subsequent reaction with the imine gave the ,9-lectam product. The 

stereochemistry of these imine and chromium ketone reactions exactly parallel results with free 

katenes. However, yields in the chromium carbene reactions are much higher. The intermediacy 

of chromium ketene complexes 35 was unequivocally established by photolysis of 36 in the 

presence of methanol or dibenzylamine to produce 37. Additionally, chromium ketene complexes 

derived from aminocarbenes 27 were also trapped by methanol or amine nucleophiles. 

Ph 

35 36 

Nu,= one 

0 

Ph 

37 

(69X), N<CHePh)2 (28%) 

In 1970 Fischer and coworkers observed that the hydroxy carbena 38a reacted with 

dicyclohexyl carbodiimide to produce ,39 (47%).7 The authors speculated that this reaction 

proceeded via the unsubstituted chromium vinylfdene 408 and formal [2+2] cycloaddition. We 

reexamined this reaction in an attempt to prepare &lactam systems. Thus the carbene 38b was 

reacted with toluene-4-sulfonyl chloride and the imine 2 in dichloromethane. The resultant 

product, the azetidinylldene complex 41a (25%). was authenticated by an X-ray crystallographic 

study.9 In the same way the complexes 41b (9%) and 41~ (6%) were prepared from the 

corresponding imines. Oxidation of these substances using iodosobenzene or pyridine-N-oxide 

gave the benzylidane-,5-lactams 42 (87-100%). It is possible that 41a-c were produced from the 

cyclcaddition of 40 with the iaines. Alternatively 418-c may have arisen from an aldof-type 

stepwise mechanism. Consistent with this mechanism the formation of 41a was shown to be solvent 

dependent. Thus reaction of 38b with 2 and toluene-4-sulfonyl chloride in dry t-butanol Save 

41a (22%). In contrast, reaction in methanol gave 418 (9%) and 43 (9%). Although these 

reactions demonstrate that azetidinylidane chromium carbene complexes can be prepared and 

converted into B-lactams, the overall efficiency of the process was disappointing. 

Additionally the reaction could not be extended to more heavily functionalized imine systems. 
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2. Dicsrbonyl-~5-cyclopantadianyl(alkene)iron Cation@ in @-Lsctsms Synthesis 

Rosenblum has extensively studied the addition of nucleophiles to dicarbonyl-qs- 

cyclopentadienyl (Fp) (alkene) iron salts 44 to produce the corresponding alkyl iron adducts 

4.5.1° Furthermore. it was demonstrated that oxidation of 45 gave 46 in which the alkyl residue 

migrated to the CO with retention of configuration. Subsequently this chemistry was extended to 

the synthesis of fl-lactams.11 
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Thus reaction of the propylene complex 47 with benzylamine gave 48. Subsequent oxidation using 

chlorine gave the fl-lactam 49 (45%). The stereochemistry of the reaction is illustrated by the 

conversion of the complexes SO and 51 into the corresponding @-lactams. These results are in 

accord with a trans addition of benzylamine followed by carboxamidation with retention of 

configuration. Since the cyclization to produce the @la&am proceeded via the @-amino acid 

chloride, the yields obtained were only modest. As an alternative 40 was cyclized to give 49 
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(69%) by reaction with sodium hydroxide to produce the free amine 52 followed by lead dioxide or 

silver oxide oxidation. Presuaably this process involved sequential one electron oxidation at 

iron and the intermediacy of 53 and 54. On heating 52 was converted into 55 and this material 

in turn was smoothly oxidized to produce 49 in superior yield (829). Since the oxidation of 55 

wes slower than the direct oxidation of 52 it was clearly not an intermediate in the conversion 

of 52 into 49 (Scheme 8) 

I ii 
Reagents: (i) Rg$ or PbO,, THF, 25’C; 

(ii) MeCN, g+P, 7O’C; (iii) Ag20, 7O“C 
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Rosenblum has extended this chemistry to the production of the bicyelic fi-lactsms 581t, 6011, 

6S12, 6913 and 7013. Scheme 9 outlines the preparation of the carbacepham and earbapenam 

frameworks via a&em-cation exchange, cyclization of the mine alkene complexes and oxfdative 

cyclization. Whilst the bicyclie @-lactam 58 could be prepared via the direct oxidation of 57 

(n-4). attempts to prepare 60 from 57 (n-3) gave only polymer. However, thermolysis of 57 (n-3) 

gave 59 and this, on oxidation, gave 60 in solution. 
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Schemes 10 and 11 outline the adaption of this chemistry to the elaboration of the 

functionalized carbapenams 65, 69 and 70. These procedures underscore the versatility of Fp- 

iron chemistry, in that the required iron alkyl intermediates were easily generated via 

reductive amination. It is important to mention a caveat at this point. Work up conditions for 

the generation of 67 (Scheme 11) ware critical. Acid work up gave both 67 and 68 clearly 

indicating that isomerization was taking place via reversible C-N cleavage and Fp-alkene cation 

formation. SCHEME 10 

--!L o~Ji2..*~.;.. 62 63 
30x 

CP 

64 65 

Reagents: (i) fis2C=CHe.Fp’BF4-, CHRC12, A; 

(ii) NH3, CHgCle; (iii) NaBH,, EtOH; (iv) BuoP, MeCN, A; 

(v) Rg20, THF 
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Reagents: (i) llr2C=CH2.Fp+PF6-, CH2C12, 4O'C; (ii) NHg, 

CH,Cl,; (iii) NaBH,, UeOH; (iv) lleCN,A ; (v) Ag20, THF 

Rosenblum has additionally demonstrated that his @-lactam methodology 

Thus the molybdenum complex 71 was transformed into the corresponding 

12).11 

SCHEM 12 

is not unique to iron. 

p-lactam 72 (9%) (Scheme 
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3. Perrilactam Intermediates in fi-Lactam Construction 

The-reaction of 3,6-dihydro-1,2-oxazine derivatives with di-iron nonacarbonyl 74 has been 

extensively studied by Shvo and coworkars.14-16 They observed that on warming in benzene, 73 

and 74 gave four products including the bicyclic fi-lactam 7514 (Scheme 13). Examination of the 

reaction between 74 and 76 provided important mechanistic insights on the formation of the @- 

lactam system.16 The major product formed in this reaction (Scheme 14) was the ferrilactam 

complex 77 (L-CO). An X-ray crystallographic study of the derived trimethyl phosphite complex 

77 (L(Me0)3P) established the structure of this product. In addition the crystal structure 
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showed that the distances between the two terminii of the a-ally1 system and the carbamoyl 

carbon were extraordinaKily short for non-bonding distances (2.727A and 3.183A). On thermolysis 

in benzene 77 (L-CO) was converted cleanly into 78 and 79 (yields unspecified). On the basis of 

these observations the authors speculated that the &lactam 78 was formed as shown in Scheme 15. 

SCHEME 1.5 

Both Awnan&' and ~eyl8 have demonstrated that ferrilactone complexes structurally related 

to 77 may easily be synthesized from the reaction of vinyl oxfranes with iron pentacarbonyl or 

di-iron nonacarbonyl (Scheme 16). Additionally, reaction of these complexes with amines gave 

the corresponding ferrilactam systams (Scheme 17). Aumann first rigorously established the 

stereochemistry of reaction and showed that the ferrilactone to ferrilactam reaction proceeded 

with inversion at C-2 and C-5 and ally1 migration (see 80 and 81). 

SCHEME 16 

Rewontt (i> Fe<CO)O, PhH, hv, 20.C 
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SCHEME 17 

Reagent: (i) INNHe, EtLO 

In an extension of work on alkenyl ~-lactones,18 Ley and coworkers have established 

the ferrilactone to ferrilactam transformation was preparatively useful in the synthesis 

lactem systems.lg Thus the ferrilactone 82, derived from 1,3-butadiane monoepoxide, was 

that 

of p- 

converted into 83 and subsequently the ,9-la&am 84 (Scheme 18). Crucial in this approach was 

the oxidative conversion of 83 into 04 using ceric ammonium nitrate. This methodology has been 

SCHEtlE 18 

82 83 84 

Reagents: (i) Fa(CO)5, PhH, h ; (ii) PhCHgNH2, ZnClB, THF, EQO; 
(iii) (NH~>zCCc(N03)61, EtOH, -3OOC 

used to prepare the monocyclic &la&am 89 (Scheme 19)2O which is an intermediate in the 

Kametani synthesis of thienamycin.21 The crucial step in this synthesis was the conversion of 

85 into the diastereoisomeric ferrilactam complexes 86 and 87, chromatographic separation and 

oxidation of 86 to produce the azetidinone 88. 

SCHEME 19 

96 (e9Z, 67 (30%) 

88 99 

Reagents: (F) Fe(C0)5, PhH, hv; (ii) ZoCl2.TMEDA, Et20, THF, (S)-PhCH(He)NHZ; 

(iii) ieai, (~i~)~Ccd~03)~1, -30%; (iv) 03, afp2, -78%; MC+ cv) KH, 

KBIfEt3, Et20, THF, 0%; (vi) Ha, EtOH, NH3, -78oC. 

Ley has also used his methodology to convert isoprene epoxide into the optically pure @- 

lactan 94 (Scheme 20).22 This 2,3-azetidinedione derivative had been previously converted into 

3-amino-nocardicinic acid 95 by Ban and coworkers.23 Again the key process was the condensation 



Organometalhc reagents in fi-lactam chemistry 5625 

reaction of the race&c ferrilactone with a chirat amine to produce the ferrilactaxs 90 and 91. 

Although these substances could be separated by chromatography, the mixture was easily converted 

into 94 via the diastereoisomeric mixture of @-lactams 92 and 93. Although several steps were 

needed to convert tbs iscpropenyl group into a &a&no functionality, the preparation of 94 is 

noted both for Lcs brevity and overall efficiency (799). 
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MeOH, -30°C; (iv> 09, CHeCIe, -7BV; tie@; (v> ‘8uHreSiO$XF3, 
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95 

4. Iron Acyl Complexes in ,&klctam Synthesis 

The use of iron acyl complexes in the synthesis of P-lactams has been approached by a 

number of authors, Ojima has shown that addition of nitrogan nuclaophiles to a,&unsaturated 

iron acyl complexes proceeded in a conjugated sense to generate the /3-axtnoacyl complexes in 

good yfald.24 Thasc species were subjected to oxidativa cleavage of the iron-acyl bond and 

subsequent ~act~~zatfon (Scharne 21) in a manner analogous to that used by Rosanblum (Section 

2). It should be noted that this sequance does not fnvolva matallacyclie intsrxediatss and 

indeed cyclization is only a subsequent reaction of the liberated l&and. To this extent this 

sequence only parallels a procedure available from traditional organic synthesis, whereby the 

Fp-acyl group acts as a masking residue for the carboxylate functionality. 

SCHEME 21 
\ 

ReaSants: (f) NaFeCptCCi)2. TIP, 

(fir) Br2, Et3N, -78%. 

-78% to -25%; (ii) WCH2NH2, 25%; 

A more significant contribution to the synthwis of &lactann vfa iron aeyl comptsxes has 

bean developed indapendantly by Liebaskind25 and ~avias.26 Seth authors racognixed that &ax&no 

iron acyls should be available from the reaction of ferraenolatas and imines. More iaportantly, 

they both demonstrated that the ferraenolate 96, which contains an asymmetric tetrahedral iron, 

reacted with imines to produce the corresponding complexes 97 with axcellsnt 
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diastereoselectivities (97:98 - 1.3:1 - >20:l,z5 %9:1*6)(Scheme 22). Liebeskind unequivocally 

identified the structure of the major diastcreoisomers 97 by an X-ray crystallographic study and 

%I NMR spectral comparisons. Davies has argued that the diastereosefectivity of reaction of 

SCHEME 22 
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l Compounds are optically pure unless cthsrwisa noted. 
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ferraenolatss with fmfnes and aldehydes can be expfained in terms of preferential formation of 

the transition state 99. However, in a full paper Liebeskind has discussed in detail the 

problems with this modal, especially in explaining the variation in diastereosalectivity on 

changing the inine or counter cation.*7 The directing effect of the tr~phenylphosphina lfgand 

has also been used by Lfebaskind27*28 and ~aviss29,30 to influence the outcome of nucleophilic 

attack on a,&unsaturated acyl ~omplsxes. Thus in an analogous mannar to Ojima, the ,9-aminoacyl 

unit was constructed by the conjugate addition of nitrogen nucleopbilas. However, unlike 

Ojima's system, the addition is stereoselective. Thus the metal center is acting as a chirel 

alrxiliary as well as an elaborate protecting group. Representative examples from both 

laboratories are summarized (Scheae 23). 

Liebeskind has additionally studied the reaction of the ferraenolate 96 with cyclic imines 

and related species.*' Although neither thiazoline nor oxazoline derivatives reacted with 96, 

three cyclic nitrones 100, 104 and 106 wera converted into the corresponding bicyclic 8-lactsms 

103, 105 and LO? by reaction with 96 (Scheme 24). Whilst these studies establish that the 

carbapenam framework may be elaborated using this methodology, the ferraenolate chemistry has 

not yet been demonstrated to be useful for the elaboration of bicyclic ,%laetaaas bearing 

additional ring heteroatems. It is possfble that a dfanion equivalent for 96 may prove more 

versatile in synthesis. 
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Reagents: (i) ~Ph~P~~Cp~~OC~FcC~+CHe)ORIEt~ <96), THF, -711°C; (ii) YiCl,, 

THF, lit08 (iii) Br8, CHtClg, -78%~ (iv) 3ry, CS8, -45.C; 

(v) I,, CH$le, EQN 

* RI1 structures are racemic. 

5. Cationic Iron(Z) Qinylidanes ln j3-Lactam Synthesis 

Metal vinylidanes are potent alectrophflic reagents that contain the formal metal-carbon- 

carbon cumulene bond system.8 tla considered that such compounds should act as ketene surrogates 

and undergo formal {2+2] cycloaddition reactions with fmines and related species. The phosphine 

substituted vinylfdenes 108 and 10q31 reacted with the inine 2 to produce the 2-azetidinylidine 

complexes 110 and 1113* (Scheme 25). The reaction of 106 with 2 to provide 110 closely 

parallels earlier chromium chemistry (see section 1) and probably involved tha intermediacy of 

113 and 114 and subsequent aldol reaction with a second equivalent of the imine 2. Clearly the 

dtmcthyl substituted vinylidane 108 can only react once with the imfna 2 to produca 111. The 

product was obtained as a mixture of diastereoiao~rs (8:5, Fe, CHph). Although these results 

estsblblished that imines and the vinylidenea 108 and 109 did indeed undergo [2+2F cycloaddition 

reactions, tha methodology was limited on several counts. Firstly the reaction was not 

successful for cyclic imines and related species. Secondly the yields of @-lactams 42a and 112 

produced on the oxidation of 110 and 111 were only modest (the overall yield of 112 was 
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SCHEtlE 25 
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only 19%). In contrast with 108 and 109, the corresponding trimethyl phosphite substituted 

vinylidenes proved to be very versatile in synthesis. No doubt both the enhanced r-acidity and 

smaller cone angle of the trimethyl phosphite ligand increased the electrophilicity of the 

vinylidene 115.8 Thus the vinylidane 115 reacted smoothly with simple inines including 2 and 

with 2-thiasolins derivatives to produce the corresponding (2+2] cycloadducts (Schemes 26 and 

27).33 The reaction between 115 and 2 was particularly informative in that the process was 

unequivocally demonstrated to proceed via a stspwise mechanism. The vinyl iron intermediate 117 

could be isolated by chromatography and this material, on standing, slowly cyclized to produce 

the target carbene complex 116. Optimally, 116 was prepared by mixing 115 and 2 at low 

temperatures followed by brief heating. Again the [2+2] adduct 116 was obtained as a mixture of 

diastereoisomers (1.5:1). Low stereochemical control was the result of facile E.Z-isomerization 

at the intermediate vinyl iron 117 stage. Consistent with this analysis the 2-thiaxoline (118) 

reacted with 115 to produce 119 as a 15:l mixture of diastereoisomers (Scheme 27).33*34 Clearly 

E,Z-isomerization at the intermediate vinyl iron stage is impossible with the 2-thiazolfne 

(118). The more heavily substituted heterocyclic systems 121 and 124 were also converted in the 

same way into the bicyclic carbenes 122 (8:l) and 125 (>lO:l). In both these substances the 

azetidinylidene ligands both had the exe (C02Et or CO2Me) stereochemistry and the 

diastereoseleetivitias refer to the Fe and C-5 centers. The product complexes 116, 119, 122 and 

125 were easily oxidized to produce the corresponding ,S-lactams 112, 120, 123 and 126 using 

ether iodosobensene or tetrabutylammonium nitrite at high pressure.34 

It is clear from these results that the vinylidene 115 readily reacts with sterically 

hindered thiazoline derivatives, As such it offers advantages over classical ketena 

approaches.35 However it will be necessary to prepare vinylidene reagents bearing hsteroatom 

functionality before this approach can be applied to the construction of useful antibiotics. 
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$ 
Ph 

Nnc 

0 

112 

117 

Reagents: (i) PhCH=Nne (2), CICHeCHeCl, Amberlyst R21, -7f to 84°C; 

(ii) Bu4N*NOe-, CHaCl,, 7000 ats.; (iii) PhCH=NHe <2>, CH,Cl,, 

-78’ to 25OC; (iv) 2S°C, 8 days 

0 
118 

(a 
N 

lie tie 
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SCHEnE 27 

(+)-121 (?I-122 (:)-123 

rl 

124 125 126 

Reagents: (i) 115, ClCH,CH,Cl, Amberlyst R21, -78’ to 84-C; 

(ii) PhIO, EtOH; (iii) Bu4N’N02-, CH2C12, 7000 atn. 

6. Ring Expansion Csrbonylation Reactions 

Alpar has studied the preparation of ,%lactsm systems using the ring expansion 

carbonylation of azirinas and aziridines as the key step. Thus, for example, the l-azirine 127 

was carbonylated under catalysis by tetrakis-triphenylphosphine palladium(O) (10 mol%) to 

produce the azapenem system 128.36.37 In contrast carbonylation of 127 in the presence of bis- 

dibenzylideneacetone palladium(O) gave the vinyl isocyanste 12937 (Scheme 28). 

SCHEME 28 

Ph 

Ph 
i PbN ii Ph 

63x o- 
77% NC0 

128 127 129 

Reagents: (i) CO, 1 atr., PhH, Pd(PPhg)4, 40°C; (iii) CO, 1 ats 

Pd(PhCH=CHCOCH=CHPh>2, PhH, 40-C 
* I 
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Alpcr suggested Scheme 29 to explain the catalytic cycle. This is most reasonable on two 

counts. Firstly he ruled out the intermediacy of 133 since related aziridines were not 

carbonylated under the reaction conditions. Additionally, 3-azirin-2-one derivatives such as 

132 are potent electrophiles rapidly intercepted by nuclcophilic attack at C-4.3S Using bis- 

dibenzylideneacetone palladium(O) as catalyst, the intermediate 131 was proposed to undergo 

reductiva elimination to produce the vinyl isocyanate 129. Possibly in this case the q3- 

palladium species 130 was of insufficient nucleophilicity and thus 132 underwent competitive 

electrocyclic ring opening to give 129. 

SCHEfiE 29 

Pd(L)$O 
127 _ P 

2 

130 131 \ 

Ph + 

fly 

Pd(PPh,),CO 

-1 

-N 
I- 128 + Pd(CO)(PPhJ)2 

! 

L2=(PhCH=CH)$0 

!? 

129 

In an extension of this chemistry a series of methylene aziridine derivatives underwent 

ring expansion carbonylation to produce the corresponding o-methylene-B-lactams, as demonstrated 

by the transformation of 134 to 1353g (Scheme 30). 

SCHEtlE 30 

Roagmnt (i) Pd(PPhJ),, CO,1 ata., CH,Cl,, 25-C 

135 

Although aziridine derivatives did not undergo ring expansion carbonylation using palladium 

catalysis, Alper has achieved such transformations using rhodium catalysis. Thus simple 

aziridines, for example 136, wera convertad regiospecifically into the corresponding 3- 

substituted /I-lactams 137. The authors suggested the reasonable catalytic cycle outlined in 

Scheme 31.40 Additionally, a series of a-lactams such as 138 underwent rhodium or cobalt 

catalyzed carbonylation to produce 2.4-azetidinediones including 139.41 
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SCHEME 31 

Ph 

k 
-+ 

0 

Ph 
-RhUXl>&X 

* Jl 0 
R% 

137 (lOOb> 

Yieldrt ii <100X>, iii (70X>, iv (75X), Y (90X). 

Reagents: (i) [Rh(CO)2C112. PM, CO, 20 at=., 
30 atn.. 

90%: (ii) [Rh(co)2cl]2, PhH, CO, 
40“~; (iii) [~h(c~~-CHCH2)2C112 as ii; (iv) [Rh(l,5-COD)Cl12 as ii; 

(v) Co2(Co)8, m, H2. 65°C 

7. 2%~ Synthesis of B-Lecterns via Palladium Catalyzed Carbonylation of Vinyl Halides 

Ban has developed a useful method for the conversion of 2-bromopropenyl bromides into o- 

methylene-@-Lactams. Thus 140 was reacted with benzylamine and the resultant bromo amine 141 

carbonylated to produce the p-lactam 142 in excellent overall yield (Scheme 32). The method was 

extended to eleven additional a-alkylidene-B-lactams including 143 to 14) (l5-9O%).42*43 The 

SCHEME 32 

Y 

Br Br 
i \ 

Br -Y 921. YHC"zPh++ O > 
NCH*Ph 

140 141 142 

Reagents: (i) PhCHeNH2, KeCfJ3, OllF; (ii) Pd(ORc)2 (2 ral X1, 

PhsP (8 not X), Bu$N, HHPR, CO, I atn., 100*C 

CO&H,Ph 

144 145 146 147 

validity of the method for antibiotic synthesis was underscored by a successful synthesis of 

recemic 3-ANA (95) which is the amino acid precursor for the nocardicin group of antibacterials 

(Scheme 33).23*44 Races&c 4-hydroxy-phenylg~ycine (148) was converted into the vinyl bromide 

149 and subsequently into the racemie a-methylene fi-lactam 150. All these steps procsaded 

efficiently. However, the conversion of the a-@ethylene substituent in 1% into she B-amino 

group requtred a low yield multistep process in which the relative stereochemistry at the two 

asymmetric centers was not controlled. As a result hydrogenation of the oxime 151 gave both the 

racemic ANA derivative 152 and its epimer. Cooper had previously converted the toluene-4- 

sulfonate salt of 152 into 3-ANA (95).45 
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SCHEME 33* 

OH 
i,ii,iii 

OCHCPh 

67% - Cl-H, 

I 
coz- 160 c OCCHIPh c OtCHEPh 

149 

COECHCPh 

152 (13%) 

+ )-w 
Li OICHCPh 

(11%) 

’ PI 1 siruc turms r.*.r 

to rrcwnic nodificrtionr 

Reagents: (i) tBuOCON3, THF, dioxan, H20, NaHC03; (ii) 

PhCH2Br, K2C03, DMF; (iii) HCL, CH2C12; (iv) K2C03, KI, 

BrCH2C(Br)=CH2, M&N, 25?; (v) Pd(OAc)2 (2 ix.1 %), Ph3P 

(8 m01 %), BURN, HMPA, co (4kg.=me2), 75-80'~; (vi) 0804 

(0.4 mol 'k), N-methylmorpholine-N-oxide, H20, Me2C0, 

CH2C12, 25'C; (vii) THF, H20, NaI04; (viii) HONH3.CI, 

CH2C12, pyridlne, 25'C; (ix) H2, Rh/A1203, EtOH, mpsi. 

The crucial palladium mediated cyclization reactions of 141 to 142 or 149 to 150 clearly 

proceed via oxidative insertion of a palladium(O) species into the vinyl carbon-bromine bond, 

carbonylation and cyclization via reductive elimination, thereby regenerating the catalyst. 

8. Bicyclic B-Lectern Synthesis via Alksne Palladium Complexes 

In 1986 Mori and coworkers reported a simple method for the palladium(O) catalyzed 

cyclization of monocyclic B-lactams bearing en alkene and an alkyl halide residue.46 The method 

provides a simple and very convenient entry into the home-oxacephaa framework and to 

cyclopropane analogs of the oxacephem and related molecules (Scheme 34). For exemple, the 

alkenyl bromide 153 was cyclized to produce only the bicycle [5.2.0] systems 154 and 155 albeit 

in modest yields. Both products were converted with DBU into the tricyclic #3-lactams 156 and 

157. Since 153 is readily available from vinyl acetate, the Mori approach should find use in 

the concise synthesis of novel antibiotics. The method has been extended to the cyclization of 

the acetylene 158 to provide 159 and 160. Additionally, the two homocephams 161 were prepared 

and converted into the tricyclic system 163. In this case the palladium(O) cyclization we8 

complicated by dimer 162 formation. Parsons has also applied similar methodology to the 

methodology to the cyclization of 164 (Scheme 35). Both the bicyclic system 165 end the dimer 

166 were formed in this reaction.4' In a mechanistically similar reaction Bachi has prepared 

167b (81%) from 167e by reaction with iodobenzene, tetrakis-(triphenylphosphine)palladium(O), 

copper(I) iodide and triethylamine.48 
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/F( - ,* o,$at + ofi~_._, 7% oj3q-n 
Y 

Er 

0 

OpCHpPh COeCHePh COeCHePh COLCHePh 
153 154 155 156 

iO&Ph 

157 

158 

Reagents: (i) Pd(PPh3j4 (10 mol %I, KI, "proton sponge", HMPA, 65OC; (ii) DBU, 

PhH; (iii) Pd(PPh3j4, EtNiSoPr2, Bu4NI, dioxan; (iv) silica, CHC13. 

oipI oq oq 
CO,CH,Ph 

OpCHePh OpCHePh 

161 162 163 

SCHERE 35 

164 165 (35X> 
166 (23X) 

Reagent: (i) Pd(OAc), (10 no1 XI, Ph3P (20 no1 Z), K2C03, IcCN, 80°C 

167 

a R=H 

b R=Ph 

Recently Trost has applied a palladium(I1) catalyrad cyclizstion of a 1,6-enyne to the 

elaboration of a carbapenad.49 Thus standard hwologation of the Merck intermediate 168 gave 

169, and this was cyclized by reaction with bis-triphenylphosphina palladium(I1) acetate to 

produce 170. This is clearly a mechanistically intriguing reaction that presumably involves 

palladacyclic intermediates. Nonetheless, the approach may not be valid for molecules bearing 

the crucial (protected) carboxylic acid entity at C-2 (see 170). 
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SCHEME 36 

166 169 170 

Reagents : (i) LiCXSiNeJ, THF; (ii) BrCH2CH=CHR, NaH, THF; (iii) RgN03, 

HRO, EtOH; KCN, H20; (iv) (Ph3P)2Pd(ORc)2r Phtl, 6O’C 

9. Dirhodium Tetraacetate in fi-lactam Synthesis 

(a) The Construction of Bicyclfc /J-Lecterns via cl-Dfazo-,9-Kate Esters 

In 1978 Cama and Christensen of Merck Sharp and Dohme reported a synthesis of (+)-l- 

oxabisnorpenicillin G (174). Although the target 174 wee of low antibiotic activity, the paper 

is of impoense significance in that it describes an elegant strategy for the synthesis of 

bicyclic @-lactems (Scheme 37).50 Diazotfzation of the en&no ester 171 gave the corresponding 

a-diazo ester. Subsequent reaction of this with dirhodium tetraacetate in benzene solution 

resulted in en intramolecular insertion of the metal carbene into the N-H bond to produce 173 

(10%) and its C-2 epimer (4.5%). Although the yield of 173 wee only modest, the reaction had a 

major impact on synthetic strategy in the @-lactam area. Dirhodium tetraacetate has the 

structure 175 in which S arc weakly bonded solvent molecules. Dissociation of S followed by 

SCHEME 37 

PhCHRCONH PhCH2CONH 

1 11_ 
50% 

101. 
COECHzPh 

PhCH2CONH 

m 

iii 

N 
0 2“. C02CHePh 

173 

172 

PhCHRCONH 

‘-CO,Na 

174 

Reagan ts : (i) NaNOz, TsOH.H20, HzO, CHzClz, O'C; <ii) Rh,(OAc), (1x1, 

PhH, 25’Ci <iii) Hz, Pd/C, NaHCO,, dioxm, Hz0 

reaction with the diazo elkane produces the rhodium carbena and this insert8 into the N-H bond. 

Whilst the details of the mechanism are obscure, the steps in Scheme 38 are based in part on 

known metathesis reactions of metal.carbenes3 and on the mechanistic discussions of Doyle.'l 
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SCHEME 38 
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+ 173 

The dirhodium tetraacetate maerhodology has proved particularly useful in the synthesis of 

thienamycin 178 and related carbabicyclic p-lactsms. Thus Merck chemists have discovered that 

the insertion reaction is particularly efficient using a-diazo-#-keto ester intermediates. 

Examples of this crucial ring closure reaction are presented in Schema6 39,52*53 f+0,54, 4155, 

42S6, 4357 and 4458. Reaction of the @-k&o ester 176 with 4-carboxybenzenesulfonyl aside gave 

the corresponding diazo keto ester. Subsequent reaction with dirhodfum tstraacetate produced 

the bicyclic /J-lactam 177 (Scheme 39). The crucial cyclizatfon reaction is noteworthy on two 

counts. Firstly, ths reaction was quantitative, which is remarkable for a reaction that gives 

rise to a bicyclic p-lactam via N1-C2 formation. Secondly the product 177 was obtained 

exclusively 8s the more stable exe isomer, presumably on account of facile isoeierization of the 

C-2 epimer via en01 formation. The keto ester if7 was subsequently converted into the potent 

antibiotic thienamycin 178. 

SCHEME 39 

176 177 

HO 

Reagents: ftf H02CC6H4-4-S02N3, Et3N, M&N, O-20?; (ii) Rh2(OAc)4 

(0.1 mol %I, PhH, 80°C 

pNB = 02NC&,-4-CH2 

Karady and coworkers from Merck used the key dirhodium tetraacetate catalyzed closure in an 

elegant preparation of thiensmycin 178 from penicillin. Ths key steps are outlined in Scheme 

40. Of particular note is the elaboration of the a-dfazo-#-k&o ester 180 via direct SNl 

displacement of tba chloride 179 using a four carbon diazo fragment or via 181. Such 

displacement reactions of C-4 substituted 2-azetidinonea are of considerable importance in p- 

lactam cheaistry.5g Again, in this case, catalyzed diazo insertion gave 182 and this was 

converted into thienamycin 178. 
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Reagents: (i) CN2~~OS~e3)C(-N2)CO2CH2Pb, AgBF4, N&N, 0°C: (ii) HeON, TWF, 
HCI: (iii) CW2-C(OS~eg)DC(OSiMeg)OCn2m, AgBF4, MeCN, 0°C; (iv) 2- 
napbthalenesulfonyl s&de; (v) Rhg(OAc)c, (0.3%). PhN, 80°C 

The versatility of the diaso mathodclogy is underscored by four further examples from the 

Merck laboratories. Iodide 183 was easily trsnsformad, via the diazo compound 184, into the 

carbacepbam 185 and subsequently Into the novel homothienamycin 186, a molecule of low 

antibiotic activity (Scheme 41). 33 The method vaa used by Heck and clrcistensen36 to elaborate 

the nocardicfn analog 189 via 187 and 188 (Schema 42). In this example the low overall yield in 

the key closure resulted from dffficultfes in the diaro transfer step. Audrus and coworkerss7 

Reagents: (i) ~2-C(OLi)CH~(OLf)~tBu, TNF, -78*C: (ii) No2cc6~-4"S~~N3, Et3N, 
M&N, O"-25'C; (iii) P.h2(OAe)4, I'hN, 75'C: (iv) TslO, Et3N, CH2C12, 0 C 

SCHEME 42 

Rea ents: I LiO Bu, 
fi) CF~C(-NS~e3)OSiKe3, 

THF, 
Me3S=I, DNAF, MeCN; (ii) O~NCC~&,-~-SO~N~. 

EtOH, NaNC03 
*50 C: (iii) Rh2(OAc)4. PhKe, 80°C; (1~) Pd(OAc)2, H2, TNF, H20, 

applied the methodclogy for the conversion of the diazo-tetrasole 190 to produce 191 and 

subsequently the tbianamyctn analog 192 (Schema 43). Interestingly, the product 192 was a 

po:tnt antibiotic stable to deactivation by renal dehydropeptfdasa. Lastly Shih and coworkers= 

prepared 16-methyl thienamycin 195 using again tbe dirhodiun tetraacetate ring closure of 193 to 

give 194 as a key proceaa (Schema 44). Antibiotic 195 is of note in that it is stable to 

deactivation by renal dahydropaptidase-I. This eneyme rapidly daactivatas the parent antibiotic 

thienamycin 178 &n V~VQ. 
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SCHEHE 43 

HO 

ii,iii 
- 
27X 

HO 

192 

Reagents: (i) Rh2(0Rc)4, CH8Cl8,A ; <ii) DEU, THF, -78'Ci (CF,SO,)$; 

NaHS, E tNisoPrt , -2O’C; ClCH&N, EtNis”Prel (iii) PdJC, HE, 

K@PO,, K&PO,, HEO, THF, EtOH 

X = CHeOCOeCHeC6H4-4-NO2 

SCHEME 44 

193 194 195 

Reagent: (i) tth2(OAc)4. PNB = 02NC&CH2 

The Merck dirhodium tstraacetate N-U insertion chemistry has been extensively utilized by 

many groups in the syntheses of carbapenem systems.60 Additionally the method has proved of use 

in the elaboration of the bicyclic j3-leetams 19481, 19782, 19863 and 19g64. In each of these 

cases the yields of the diazo insertion reactions are given in parenthesis. It is clear from 

all these examples that the eynthesis of bicyclic p-lactams from the dirhodium tetraacetate 

catalyzed closure of diazo esters is a versatile procedure. Does this paragon of ,8-lactam 

methodology have limitations? Unfortunately the procedure is not applicable to the synthesis of 

penems including ZOO. Thus, for example, Gbosez reported that the diazo malonate derivative 

201 gave intractable mixtures on treatment with dirhodium tetraacetate.83 No doubt the reaction 

is complicated by sulfur ylide chemistry (See section 9c). Additionally, Taylor and Davi.e& 

showed that the me:hod failed for the 1,2-diazirfdin-3-one derivative 202. Reaction of 202 with 

dirhodium tetraacetata gave 203 (37%) and 204 (24%). These authors invoked the intermediacy of 

the nitrogen ylide 205 to explain the formation of 203 and 204. Clearly, in order for the Merck 

protocol to work, soft nucleophilic heteroatoms muat be absent. 

197(50X) 
(95X) 
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Ph 

205 

(b) Dirbodium Tetraaeetata Gntalysis in tb8 Construction of th8 #-Laetam Ring 

Beecham chemists have utilized a dlrhodium terraacetate catalyzed ring closure of a (I- 

diazo-,4-keto amide as a key step in their synthesis of carbapenem sntibiotics.67 The procedure 

is an extension of earlier photochemical routes to p-lactams described by Corey and Lowe.'* The 

Reecham methodology is exemplified by Scheme 45. Reaction of the dfaso keto amide 206 with 

dfrhodium tetraacetate gave the &lactsm 207. Pbotolytic ring rlosure of 206 or copper mediated 

ring closure to provide 207 were both less efficiant: (55% and 25% respectively), The product 

207 was comrerted in several steps into the carbspenam antibiotic alivanic acid (2C8).69 Since 

208 prepared by this procedure was racemic, Smale7* studied the cyclisatfon of 209 using 

dirhodium tetraacetate (0.1 equiv, PhR, 2O'C). Twe diastereoisomeric products 210 and 211 were 

formed and the required co~ound 210 (22%) was isolared by frectionsl r8crystalliZation. 

Unfortunately, stcreosefectivity in this procass was only modest (210:211 - 3:2f. Smale 

reported that 209 was predominantly 8 single (undefined) spirane epimer. The product 210 was 

subsequently ttansformed into thianamycin analogs. It is possible that a chiral dirhodium 

tetracarboxylate or related species may prove useful in catalytic snantioselective C-W 

insertions. 

SCHEME 45 

Reagents: fi) dfkttene; (ii) EtjN, TaN3; <iii) Rhp(OAcf4, CH2&IZ, i?5*1: 

Brown and Saubhgate observed that 212 smoothly underwant ring closure upon reaction with 

dirhodium tetraacetate.71 The a-methyl substituent, which was adjacent ta the C-H bond 

undergoing insertion, efffciencly controlled the diastcreoselactivity of reaction (10:l). Tbe 

product 213 was converted into the thienamycin analog 214 (Scheme 46). 
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SCHERE 46 
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212 213 (63%) (6%) 

214 

Reagent: (i> Rhg(ORc), 

In a variation of the geecham-Lowe-Corey chemistry, Moody utilized an insertion reaction to 

construct several 1,2-diaziridin-3-one derivatives.7* Thus, for example, the diazo keto 

hydrazide 215 was cyclized,using dirhodium tetraacetate (Se, PhH, A) to produce 216. 

0 

215 216 

(c) Other Dirhodlum Tetra&cetatad Catalyzed @-Lactam Reactions and Related Copprt Catalyzed 

Procssses 

In a variation of the Merck diato keto ester chemistry, Hunt and coworkers observed that 4- 

acetoxy-2-azatidinone (217) reacted with 218 in the presence of dirhodium fetraacetate to 

produce 219 (8%1'~ and not 220 as previously reported.74 Kametani has also studied such 

oc; o,pfy 
COeE t 

2 OH 

217 218 219 220 

intermolecular N-H insertion chemistry. Interestingly ha observed that simple /?-lactam 

derivatives reacted via one of two distinct pathways with diazo malonates depending on the 

nature of ehe C-4 substituent. Thus, for example, 221 reacted with 222 to produce 223 (22t) and 

this reaction closely follows rhe Beecham study with 219. In contrast 224 reacted to produce 

225 (308).75 This reaction, which undoubtly involved a sulfur yllde mechanism. is of use in the 

attachment of carbon functionality at the 2-azstidinone C-4 center. When applied to N-alkylated 

(or silylatad) ,9-lactam sulfides and a-diazo-@-kato esters, the corresponding C-4 anol ethers 

were produced. The reaction of 226 and 227 to produce 228 is an example. 
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221 222 223 kOBpN8 224 

A--. 

ti 

CO,pNE4 

CQpN8 

NH 
0 

225 
COlpNB 

226 227 228 

PNG = CXZC6H4-4-NO2 

Both Sankyo and Takeda chemists and subsequently Kametani76 reported that penicillin or 

cephasporin esters could be cleaved, ring contracted or expanded by reaction with diazo esters 

(Scheme 47). All of these reactions involve initial sulfur yllde formation. 

SCHEME 47 

271. 
CO$NG 

Reagents: <i) Cu, xylene, Et02CCH=N2, 13O*C; (ii) Cu(acac)a, 

PhH, EtOgCCHsNn, A ; (iii) Rh2<0Rc)4, RcC(N,>CO,pNE 

G = PhCH2CONH; pN8 = Ctt$&l4-4-NO2 

Kemetani, Prasad and Oida 77~79 have utilized the intramolecular reaction between sulfides 

and carbanes as a method for elaborating bicyclic 8-lactams (Scheme 48). Surprisingly the 

rhodium catalyzed fragmentation of 229, in contrast to photolysis, did not produce the insertion 

compound 231. Instead a compound tentatively assigned as the Wolff rearrangement product 230 

was detected. Sandoz workers have prepared a large number of clavulanic acid derfvatives by 

dirhodium tctraacetate mediated cyclization. The process is illustrated by the conversion of 

232 into 233, 
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SCHEfE 48 
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PhCH, 

CO$HpPh 
C(leCH2Ph 

229 230 

0 

b,CH,Ph 
231 

SPh 

q ,p>:;,,NS 

CO,pNg tirzf 
0 .* 

232 N2 233 

Reagents: fi> RhS(URc),; <ii) hi, Ccl,, 0-1O’C; (iii) 
Cutacac>g 

PNB = 4-OeNC6H,CHe 

Sandoz workers have studied a series of bizarre rearrangastent reactions of penicillin 3- 

diazoketonas 234 and 237 (Scheme 49).7g Reaction of 234 with dirhodium tetraacstate gave an 

unstable product tentatively assigned ss the 6-lactone-p-lactam 236. This material was stated 

to arise via Wolff rearrangement and the k&ens 235. In contrast the diazc ketone 237, vbtch 

contains a geminsl dimethyl substituent, was converted into 236 and 239 on reaction with bis- 

ac%toacetylcopp%r(~I). Clearly these products are derived via the intermediacy of sulfur 

ylidas. Photolysfs of 237 gave 240 which was presumably formed via Uolff rearrangement. The 

authors argued that the presence of the gem dimethyl substituents were essential for observing 

the formetfon of products derived from sulfur ylide intermediates since the S- carbene distance 

would be Shorter in carbene 241a than 24lb. 

SCHEnE 49 

234 
” 

235 236 
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HO 

237 

I_ 
iii 

H 

240 

Reagents: (i) i?hE(ORc),, PhH,A ; (ii) Cu(ac~c>~, PhH, A; 

(iii) hv, PhH 

R 

R 

y+ 

N 

0 ‘.RhL, 

241 
0 

a R=tIe 

b R=H 

Rosati and coworkers from Pfizer discovarad that dirhodium tstraacatste was particularly 

effective Ln the conversfon af C-diaso-cephalosporfn sulfoxtdas tnto the corresponding 2- 

oxocephalosporin.80 For example, 242 was converted into 243 (40%). Tha authors speculated that 

the rsactfon fnvolved the carbene 244 and zwitterfon 245. Wbilat the details of the aachanism 

are obscure it is highly likely that the reaction iwolvas a rhodium complex (for example 2461, 

rather than a free carbana. 

PhOCH$ONH 

c O&H&I3 

242 

244 

CO,CH,CC1, 

243 

I 
COeCHeCCIJ 

245 
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CO,CH,CCl, 

246’ 

'(for simplicity only 2 acetates we shown) 

Matlin and Chan have studied the dirhodium tetreecetete mediated reaction of bsnzhydryl 6- 

diaropenicillinete 247 in the presence of anisole, thiophene and furan.81~82 The diverse 

products (Scheme 50) clearly resulted from the initial fonnetion of the cyclopropane derivatives 

248 and 250 or the thiophenium ylide 249. It is germane to note that, in the reaction with 

anisole, yields of the adducts were better using the dirhodium tetrakis-trifluoroacetate. This 

is probably in consequence of the fact that the resultant rhodium carbene intermediate 251 is 

more electrophilic. 

SCHEME 50 

Reagents: fi) Rh2tOAc)4, PhOMe, CH2Cl2, 25OC; fii) Rh2(~OCF3)4, 

25'~; (iii) tbiophene, Rh2(okfq; (iv) Euran, Rh$OAc)4 

Yields in parenthesis refer to Rh2(OAc)4 

Further copper his-(ecetoacetonate) mediated reactions of 6-diazo penicillanic esters have 

been reported by Campbell*3 and John.84 Of particular note are the reactions of 252 or 253 with 

ethyl vinyl ether, sulfide 254 end ally1 bromide to respectively produce 255 (73% all 4 

PhOMe, CH2C12, 

isomers), 256 (36% PhS o:# - 2:3) end 257 (48%). 

252 R=PhCH, 

253 R=CH,CCI, 
254 255 
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256 257 

Thomas, John and coworkers have extensively studied the application of diazo alkane 

chemistry in the ,9-lactam area. They have observed that the thiazoloazetfdinona 250 reacted 

with ethyl diazoacetatt on copper bis-(acatoacetonate) catalysis to produce 259 (Scheme 

51j.85 The authors speculated that 259 was formed via a 1.3-dipolar cycloaddition between 264 

and diethyl fomarate, a byproduct from the decomposition of the diazoester. 

Prasad u. have reported that the intramolecular reaction between a sulfide and a diazo 

ketone may be used to prepare the psnam or clavam bicyclic p-lactam eystem.86 Thus 260 reacted 

with copper(I1) his-(acetoacetonate) to produce the penams 261 and 262 (1:8) and the clavam 263 

(Scheme 51). All these products are clearly derived from the sulfur ylide 265 via Sl-C6 

cleavage and recyclizatfon. 

SCHEtlE 51 

CH,Ph 

258 

259 

Reagents: (i) EtOeCCH=Ne, CH$l,, Cu(acir~)~, A ; (ii) Cu(aca~>~, 

PhH, A 

pN8 = 4-0eNC6H,CHe 

Co,ne 
264 265 

10. Tbt Application of Crrprrte Reegontr in @-Lectam Chemistry 
The displacement reaction of monocyclic fl-lactams 266 using carbon centered nucleophiles 

(Scheme 52) is a versatile method in the construction of carbabicyclic @-lactams including 

thienamycin 176 and analogs. Chemists at Shionogi,87 SankyoSS and otharsSp have shown that 
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cuprate reagents ara especially useful in the elaboration of 266. For example the chloride 267, 

sulfone 268 and acetate 217 have been converted in good yields into the corresponding allcylated 

derivatives (Scheme 53). Although such reactions proceed in good yield, displacelnent reactions 

using en01 sflanes are more useful in carbapenem synthesis (see section 9a). 

SCHEHE 52 

266 

SCHEHE 53 

Ph.&N 

bO,CHPh, 

267 

/ 
SO,Ph 

Ph,CN 

1 

66% 

P / NH 
L && R = “Ru (94X), CH,=CHCH, <100X> 

268 

Reagents: (i) tE)-fleCH=CHCH,Cu, THF, -35 to 0°C; <ii) R,CuLi, THF, 

-78 to O'C; <iii) LiCu(CHRCHtCHR0SineefBu)2, EQO, -5o*C 

Other uses of copper reagents in fl-lactam chemistry are in the elaboration of capbalosporin 

derivatives (Scheme 54).90 the surprising 8-alkylatfon of a #-lactam iodide (Scheae 5f),91 and 

the production of bicyclic @-lactams via N-arylation (Scheao 56).92 In the functionalization 

of cephem derivative 183 (Scheme 54) it is curious that the Grignard but not the euprate 

reaction proceeded with fragmentation under very mild conditions. Additionally 0ida93 
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SCHEIIE 54 

H H H H 

V ii v 
82): 

f’C&, 

C02CHPh2 

CO,CH,CCl, 
183 

CO,CH,CCl, 

Me 

iv 
H H; 

V 
: S L _p.Jj 

x=ci 
80% 

0’ /- 

CO,CH,CCI, 

Reagents: (i) Bu,CuLi, THF, -78’C; (ii) BugCuLi, THF, -30°C; 
(iii) HeflgEr, THF; (iv) Nc$ZuLi, THF 

V = PhOCH&ONH 

SCHENE 55 SCHERE 56 

10X(i) or 4OX(ii) w 
c. 

Reagent%: <i) CuCICCO,‘Bu, HHPR, 25’Ci 

(ii) HCZCC02’8u, CuCl, DE, HflPT, O°C Rcagant: (i> Cu powder, OtlF, 1OO’C 

and McCombi& have &msm that the reaction of 269 with lithium di-isopropylamidc and 

(tributylphobiphfnc)coppcr(I) iodide gave the isopenem 270 and not the penem 271 8s originally 

reported. g5 
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269 

pNB = CH2CbC4-4-ND2 

In 1972 Kinugasa and Hashimoto reported that ,T-lactams could be prepared from the reaction 

of copper acetylides with nitrones. The reaction was further studied by Ding and Irwin. An 

example of this intriguing reaction is given in Scheme 57. The English authors speculated that 

the reaction involved a 1,3-dipolar cycloaddition, followed by ring contraction and loss of 

copper.gb Curiously Sandhu's group97 discovered the same reaction fn 1986 and suggested a 

graphically identical mechanism without reference. Ding and Irwin claimed that the method could 

be extended to bicyclic #-lactams including 272 and 273. We consider the mechanism in Scheme 57 

to be very unlikely. It is more reasonable to suggest that the reaction involves oxidation of 

the copper acetylide to produce a ketane or N-acyl pyridinium salt followed by the classical 

ketene-imina "cycloaddition". 

SCHEME 5 

Ph 

272 

Ph 

iQ=c 

He 

0 fll 

273 

(3x3 rir:tranr) 

11. Other Examples of Transition Metal Completes in p-Lactam Chemistry 

Amann has recently described a method for converting an iron carbane complex into 3-imino- 

azatidinylidena iron carbenes. 98 For example reaction of 274 with methyl isonitrile gave 275 

(94%). Oxidation of the product with potassium permangamate gave the corresponding B-lactam 

derivative 277 (95%). The authors suggested that the reaction proceeded via sequential C- 

alkylation of the isonitrile carbon via 276. 

274 

276 

Et0 Ph 

tle 

275 

Et0 Ph 

277 
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Complex&ion of an alkyne functionality has been employed by Liebeskfnd as a method for 

stereospecifically preparing a @-methyl tbienamycin precursor. 99 ~bus using a variation of the 

Nicholas reaction, 278 was converted into 279. The ceric ammonium nitrate reagent cleaved both 

the dicobalt octacarbonyl and the 4-methoxyphenyl groups. Subsequently, Liebeskind used a 

palladium mediated carbonylation in chain homologation (Scheme 58). 

SCHEME 58 

279 

280 281 

Reagents: fi) Cog(CO)g, hexane, 2fOC; (ii) CF3CO2Z-l. He2S.BH3: (iii) 
(NIQ)~[c~(NO~)~]; (iv) PdC12, NaOAc, CO, HeOH; (v) fiSH, Et3N, l’W; (vi) N- 
bramoacetamide, dLoxan, H20: Na2S03 

Recently Prasad and LiebeskindlO' have reported a stereospecific silver induced cyflization 

of 4-allenyl-2-azetidinones to produce Al-carbapenems. Additionally, the chemistry was extended 

to palladium(I1) catalyzed ring closure and Heck Functionalization of the resultant vinyl 

palladium species. These processas are exemplified in Scheme 59. 

SCHEtlE 59 

RO H RO 

i 
C ,Jle - 

P 

60% 

Bu 

RD H RO 

i 
C 

_..Bu - 

P 

60% 

no 
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Scheme 59 continued 

RO 

ii 
* - 

‘n* 
45x 

tie 

RO ne RO 

iii Rc 

kCH - 46X 
2 

Reagents: (i) AgBF4 (0.5 equiv.), CN2C12, 18h; (ii) AgNO3, C&03, H20, Ne2CO: 
(iii) PdC12, Et3N, CH2C12, CN2-CNAc 

R - t8uMe2Si 

We thank the National Science Foundation (GXE-8500890) for the generous support of our work in 

this area. We are particularly indebted to Nancy Carpenter and Annette McGee for their help 

with the preparation of this manuscript. 

For examples of important reviews in the fi-lactam area see c&$&osoorins an& 

PenicilUw. Chemistrv and Biolp@~, Ed. Flynn, E.H., Academic Press, New York, 1972. 

Cooper, R.D.G. in I&pies in Allfibfotic Chw. Ed. Sammes, P.G., J. Wiley and Sons, 

New York, 1980, 1. p. 43-199. ~, Ed. Sammes, P.G., J. 

Uiley and Sons, New York, 11980, 4, 13-265. Ghuysen, J.-M. in Tppics in &&ibiot& 

&&&&y, Ed. Sammas, P.G., John Wiley and Sons, New York. 1980, 1, 9-117. 

McGuire, M.A.; Hegedus, L.S. J. Am. B, 1982, m, 5538. Hegadus, L.S. m 

w 1983, 2, 1745. 

For a review on metal carbene complexes see Brown, F.J. Pros. InPrn.~hem. 1980, Z, 

1. 

Hegedus, L.S.; McGuire, M.A.: Schultze, L.H.; Yijun, C.; Anderson. O.P. J. Am. Chem, 

snr, 1984, u&, 2680. 

Hegedus, L.S.; Schultze, L.H.: Tore, J.; Yijun, C. Tetrahedron 1985, a, 5833. 

Borel, C.; Hegedus, L.S.; Krebs, J.; Satoh, Y. L Am. Chen. 1987, m, 1101. 

Hegedus, L.S.; de Week, G.; D'Andrea, S. J. Am. Chsn. 1988, m, 2122. 

Weiss, K.; Fischer, E.O.; MGllcr, J. Chem. 1974, 1pz, 3546. 

For an excellent review on neral vinylidane chemistry see Bruce, M.I.: Swincer, A.G. 

set. cha 1983, 22, 59. 



5650 A. G. M. BARRETT and M. A. STURGESS 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Barrett, A.G.H.; Brock, C.P.; Sturgess, M.A. Ornanomctallics 1985, 4, 1903. 

Lennon, P.; Madhavarao, M.; Rosan, A.; Rosenblum, M. J. 1976. U&u 

93. Nicholas, K.M.: Rosenblum, M. J. Am. Chem. 1973, s, 4449. Bock, P.L.; 

Boschetto, D.J.; Rasmussen, J.R.; Darners, J.P.; Whitasidss, G.M. 1974, s, 2814. 

Wang, P.K.; Madhavarao, M.: Marten, D.F.; Rosenblum, H. J. 1977. 1Fe. 

2823. 

Berryhill, S.R.; Rosenblum, n. u 1980, Q, 1984. 

Berryhill, S.R.; Price, T.; Rosenblum, M. J. 1983, $$, 158. 

Becker, Y.; Eisenstadt. A.; Shvo, Y. mdron Lett, 1972, 3183. 

Becker, Y.; Eisenstadt, A.; Shvo, Y. v 1974, a, 839. Becker, Y.; 

Eisenstadt, A.; Shvo, Y. -met. Cha 197.9, U, 63. 

Becker, Y.; Eisenstadt, A.; Shvo, Y. Tetrahedron 1978, 34, 799. 

Aumann, R.; Ring, H.; Ktiger, C.; Goddard, R. Chem. 1979, m, 3644. 

Annis, G.D.; Ley, S.V. J. 1977, 581. ANI~S, G.D.; key, 

S.V.; Sivaramakrishnan, R. ,l. OrnaMlpgt. Chem, 1979, J&, Cll. Annis, G.D.; Ley, 

S.V.; Self, C.R.; Sivaramakrishnan, R. J. 1981, 270. 

Annis, G.D.; Hebblethwaite, E.H.; Ley, S.V. e 1980, 297. 

Annis, G.D.; Hebblethwaite, E.H.; Hodgson, S.T.; Hollinshaad, D.M.; Ley, S.V. J. Che& 

Soc..s 1983 2851. 

Hodgson, S.T.; Hollinshead, D.M.; Lay, S.V. J. 1984, 494. 

Hodgson, S.T.; Hollinshead, D.M.; Ley, S.V. BtraheQron 1985, 4, 5871. 

Kametani, T.; Huang, S.-P.; Yokohama, S.; Suzuki, Y.; Ihara, M. J. Am. Chem. SOC, 

1980, u, 2060. 

Hodgson, S.T.; Hollinshead, D.H.; Lay. S.V.; Low, C.H.R.; Williams, D.J. J. m 

Soc..s 1985, 2375. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

aiba, K.; Mori, M.; Ban, Y. a. Sot.. Chen. 1980, 770. 

Ojima, I.; Kwon, H.B. m Lstt, 1985, 1327. 

Lfebeskind, L.S.; Welkar, M.E.; Goedkan. V. J. Am. Chem. 1984, m, 441. 

Broadley, K.; Davies, S.G. Tetrahedron Latt, 1984, a, 1743. 

Liebeskind, L.S.; Welker, M.E.; Fengl, R.W. ,J. Am. Chem. 1986, m, 6328. 

Liebeskind, L.S.; Welker, M.E. Tetrahedron Lett, 1985. 2, 3079. 

Davies, S.G.; Dordor-Hedgecock. I.H.: Sutton, K.H.; Walker, J.C. mdron Lett, 

1906, u, 3707. 

Davies, S.G.; Dordor-Hedgecock, I.M.; Sutton, K.H.; Walker, J.C. TetrahedrpIl 1986, a, 

5123. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45 

46 

47 

Boland-Lussier, B.E.; Hughes, R.P. wtallics 1982, 1, 628. 

Barrett, A.G.H.; Sturgess, M.A. won Lett, 1986, 22, 3811. 

Barrett, A.G.H.; Sturgess. M.A. J. 1987. 12, 3940. 

Barrett, A.G.M.; Mortier, J. unpublished observations. 

For example see Bose, A.K.; Manhas, M.S.; Chib, J.S.; Chawla. H.P.S.; Dayal, B. L 

Orn. 1974, tip, 2877. 

Alper, H.; Chulangani, P.P.; Ahmed, F.R. w 1981, m, 128g. 

Alper, H.; Mahatantila, C.P. m 1982, 1, 70. 

For a recent elegant application of 3-azirin-2-one intermediates in synthesis see 

Meyers, A.I.; Sowin, T.J. Scholz. S.: Ueda, Y. B 19*7, 28, 5103. 

Alper, H.; Hamel, N. Tetrahedron Lett. 1987, 2, 3237. 

Alper, H.; Ursa, F.; Smith, D.J.H. J. Am. m. sot, 1983. &Q, 6737. 

Roberto, D.; Alper, H. w 1984, 1 1767. 

Mori, M.; Chiba, K.; Okita, M.; Ban. Y. J. Chem. Sot.. Cm 1979, 6g*. 

Mori, M.; Chiba, K.; Okita, H.; Kayo, I.: Ban, Y. Terrahedron 1987, u, 375. 

Chiba, K.; Mori, M.; Ban, Y. Tetrahew 1985, 41, 387. 

Koppel. G.A. McShane, L.; Jose, F.; Cooper. R.D.G. J. 1978, m* 3g33. 

Mori, M.; Wanda, N.; Ban, Y. J.~hem. Sot.. Chem. C~rmn~n, 1986, 1375. 

Knight, J.; Parson, P. J. ,I. &em. SOC.. Per- 1987, 1237. Knight. J.; 

Parsons, P.; Southgate, R. J. Chem. Sot.. Cw 1986, 78. 



Organometallic reagents in j%lactam chemistry 5651 

48. Bachi, M.D.; De Hesmacker, A.; Stevenart-De Hasmasker, N. Tetrahedron 1987, ?&, 

2887. 

49. Trost, B.H.; Chen, S.-F. ,J. Am. w 1986, &2&.. 6053. 

50. Cama, L.D.; Christensen, B.G. mLett. 1978, 4233. 

51. For a discussion of dirhodium tetraocatate and catalysis of diazoalkane reactions see 

Doyle, M.P. Act. 1986, 2, 348. 

52. Salzmann, T.N.; Ratcliffe, R.W.; Christensen, B.G.; Bouffard, F.A. ,!!tichem. 

1980, 1pz, 6163. 

53. For related reactions from the Merck group see Melillo, D.G.; Shinkai, I.; Liu, T.; 

Ryan, K.; Sletzinger, M. B 1980, 21, 2783. Ratcliffe, R.W. Salzmann, 

T.N.; Christensen, B.G. &&. 1980, a, 31. Melillo, D.G.; Ryan, K.M. U.S., 

1981, 4269772. 

54. Karady, S.; Amato, J.S.; Reamer, R.A.; Weinstock, L.M. J. Am. Chem. 1981, lu, 

6765. For a related approach see Reider, P.J.; Grabowski. E.J.J. TetrahedrcnLett. 

1982, a, 2293. 

55. Salzmann, T.N.: Ratcliffe, R.W.; Christensen, B.G. s Lett, 1980, 25. 1193. 

56. Heck, J.V.; Christensen, B.C. Tetrahadron 1981, 2, 5027. 

57. Andrus, A.; Heck, J.V.; Christensen, B.G.: Partridge, B. J. Am. Chem. SW, 1984, m. 

1808. 

56. Shih, D.H.; Cams, L.; Christensen, B.G. Tetrahedron Lett, 1985, & 587 and references 

therein. 

59. Barrett, A.G.M.; Quayle, P. J. && Sot.. chcm. 1981, 1076. 

60. For examples see Kametani, T., Huang, S.-P.; Nagahara. T.; Ihara, M. Hct&X%!&&xs 

1980, 14, 1305. Ikota, N.; Shibata, H.; Koga, K. u 1980, 14, 1077. Bright, G.M.; 

Dee, M.F.; Kellogg, M.S. u 1980, 14, 1251. Natsugari, li.; Matsushita, Y.; Tamura, 

N.; Yoshioka, K.; Ochiai, N. J. 1983, 403. Kametani, T.: 

Huang, S.-P.; Nagahara. T.; Yokohama, N.; Ihara, M. IsL& 1981, 964. Kemetani, T.: 

Honda, T.; Nakayama, A.; Sesakai. Y.; Mochizuki, T.; Fukumoto, K. Ihip, 1981. 2228. 

Buynak, J.D.; Pajouhesh, H.; Lively, D.L.; Ramalakshmi, Y. J.Chem.8 

&gr&&. 1984, 948. Hart, D.J.; Lee, C.-S.; Pirkle, W.H.; Hyon. M.H.; Tsfpouras, A. ?r, 

An. 1986, a, 6054. Berges, D.A.; Snipes, E.R.; Ghan. G.W.; Kingsbury, 

W.D.; Kinzig, C.H. -on Lett, 1981, 2, 3557. Yamamoto, K.; Nishimo, M.; Kate, 
Y.; Yoshioka, T.; Shimauchi, Y.; Ishikura, Y. u 1982, a, 5339. Hirai, K.; Iwano, 

Y.; Fujimoto, K. && 1983, &, 3251. bna, H.; Uyeo, S. &k& 1984, P, 2237. 

Evans, D.A.; Sjogren, E.R. Z&i,_ 1983, 26. 3787. Hibich, D.; Hartwig, W. fhirt 1907, 

a, 781. Bumk, J.D.; P.ao, M.N.; Pajouhesh, H.; Chandrasekaran. R.Y.; Finn, K.; de 

Heester, P.; Chu, S.C. J.Om. 1985, Ip, 4245. Ueda, Y.; Damas, C.E.; Belleau, 

B. $&IL. J. Chem, 1983, u, 1996. Ueda, Y.; Roberge, G.; Vinet, V. && 1984, a, 

2936. Fetter, J.; LemPert, K.; Kajtar-Peredy, H.; Simig, G.: Hornyak, G.; Horvath, 2. 

mm.y~ 1985, 368. 

61. Andrus, A.; Christensen, B.C.; Heck, J.V. -edron Latt, 1984, 21, 595. For a 

related reaction see Mak, C.-P.; Mayerl, C.; Fliri, H. IKh, 1983, 2, 347. 

62. Williams, R.M.; Lee, B.H. J. Am. Chem. 1986, 1p8. 6431. 

63. Brennan, J.; Pinto, I.L. &,&&sdron LetL 1983, &, 4731. 

64. Yamamoto, S.; Itani, H.; Takahashi, H.; Tsuji, T.; Nag&a, W. wdron Lett, 1984, 

21, 4545. 

65. Marchand-Brynaart, J.; Ghosez, L.; Cossement, E. Btrahedron Lett, 1980, a, 3085. 

66. Taylor, E.C.: Davies, H.M.L. J. Orn. w 1984, 49, 113. 

67. Ponsford, R.J.: Southgate, R. J. 1879, 846. 

68. For examples see Corey, E.J.; Felix, A.M. ,I. Am. (;hal. 1965. a. 2518. Lowe, G.; 

Parker. J. 5. 1971. 577. Brunwin, D.M.; Lowe, G.; Parker, 

J. J! 1971, 3756. 

69. Ponsford, R.J.; Southgate, R. J. SOC.. e 1980, 1085. 

70. Smale, T.C. &.Q&j.sdron Lstt, 1984, 21, 2913. 

71. Brown, P.; Southgate, R. -Lett.. 1986, 22, 247. 



56.52 A. G. M. BARRETT and M. A. STURGESS 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

Hoody, C.J.; Pearson, C.J,; Lawton, G. Tetrahsdron L%tt, 1985, 26, 3171. Lawton, e.: 

Moody, C.J.; Pearson, C.J. J. Chem. Sot.. Pev 1987, 899. 

Brooks, G.: Howarth, T.T.; Hunt, E. ~ 1981, 642. 

Cuffe, J.; POrter, A.E.A. J. 1980, 1257. 

Kametani, T.; Kanaya, N.; Mochizuki, T.; Honda, T. Heterocvclea 1982, 2, 1023. 

Prasad, K.; Kneussel, P.; Schulz, G.; St&z, P. -Left, 1982, 23, 1247. 

Kameteni, T.; Kenaya, N.; Mochizuki, T.; Honda, T. -edron latt, 1983, &, 221. 

Yosbimoto, M.; Ishlhara, S.; Nakayama, E.; Shojf, E.; Kuwano, H.; soma. N. u 1972, 

4387. Numata, M.; Imashiro, Y.; Minamida, I.; Yamaoka, M. && 1972, 5097. 

Yoshimoto, H.; Ishihara, S,; Nakayama, E.; Soma, N. && 1972, 2923. 

Kametani, T.; Nakayama. A.; Itoh, A.; Honda, T. tfeterocvw 1983, 2p, 2355. 

Mak, C.-P.; Prasad, K.; Turnowsky, F. J. Antibtotfcs 1983, x, 398. Oida, S.; 

Yoshida, A.: Ohki, E. &&wocvcleg 1980, U, 1999. 

Ludescher, H.; Mak, C.-P.; Schulz, G.; Fliri. H. HeterocvcU 1987, 24, 885. For 

related Cu(scac)q mediated chemistry see Ponsford, R.J. Tetrahedron Lett, 1980, a;i, 

80. 

81. 

82. 

83. 

84. 

85. 

2451. Ernest, I. TetrahedtPn 1977, 21, 547. Nak, C.-P.; Baumann, K.: Nayerl, F.; 

Mayerl, C.: Fliri, H. &terocu 1982, j,.& 1647. 

Ebbinghaus, C.F.; Morrissep, P.; Rosati, R.L. J. 1979, s, 4697. 

Ghan, L.; Marlin, S.A. mn L&t._ 1981, 22, 4025. 

Hatlin, S.A.; Cban, L. ,I. Cha Sot.. Chem. 1981, 10. Marlin, S.A.; Ghan, L. 

m 1981, 2. 1627. 

Campbell, H.M.; iiarcus, R.G.; Ray, S.J. m 1979, 1441. 

Giddings, P.J.; John, 5.1.; Thomas, E.J.; Williams, D.J LL. Chem. Sot.. Pe&UQJZD& 

11982, 2757. Hanlon. B.: John, D.I.; Williams, D.J. &j&. 1986, 2213. Giddings, 

P.J.; John, D.I.: Thomas, E.J. Tetrahedron 1980, 21, 395, 399. 

Sara, A.N.; Sin&, 0.; Thomas, E.J.; Williams, D.3. ,I. chara, Sot.. Pea 

1982, 2169. 

86. 

87. 

Prasad, K.; Schulz, G.; Hak, C.-P.; Hamberger, H.; StGtz, P, Ifeterocvclea 1981, &6, 

1305. Prasad, K.; stittz, P. Ibid. 1982, I%, 1597. 

onoue, Il.; Narisada, 14.; Uyco. S.; Matsumura, H.; Okada, K.; Yano, T.; Nagata, W. 

lafxahedron,, 1979, 3867. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

Kobayashi, T.; Ishida, N.; Hiraoka, T. J. Chem. Sot.. Chem. Cm 1980, 736. 

Keller, W.; Linkies, A.; Pietach, H.; Rehling. H.; Rewchlfng, D. Terrahedron 

1982, 11, 1545. Hua, D-H.; Ve-, A. m 1985, 26, 547. Martel, A.; Darts, J.-P.: 

Baehand, C.; M&ax-d, M.; Durst, T.; Belleau, B. &~.Chem, 1983, 61, 1899. 

Spry, D.V.; Bhala, A.R. Beterocvclea 1985, 22, 1901. Spry. D.V. Tetrahedton 

1980, 21, 1293. 

Balsamo. A.; Hacehfa, B.; Hacehia. F.; Rossrllo, A. mdran 1986, li.6. 41&l. 
Joyaau, R.; Dugenet, Y.: Waksalman, M. J. 1983, 431. 

Oida, s.; Yoshida, A.; Hayashi, T. Tetrahedron LBttc 1980, 21, 619. 

McCombie, S.W.; Ganguly, A.K.; Girijavallabhan, V.M.; Jeffrey, F.D.; Lin, S.: Finto, 

P. mahedron Lett, 1981, a, 3489. 

95. 

96. 

97. 

98. 

99. 

DeNinno, F.; Linek. E.V.; Christensen, B.G. J. Am. C&em. Sot, 1979, 3Q&, 2210. 

Kinugasa, H.; Hashimoto, S. J. Chem. Sot.. Chem. 1972, 466. Ding, L.K.: 

Irwin, W.J. J. 1976, 2382. 

Dutta, D.K.; Boruah, R.C.; Sendhu, J.S. Heterocvcles 1986, at, 655. Dutta, D.K.; 

Boruah, R.C.; Sandhu, J.S. Udian J. Chem. 1986, a. 350. 

Atmann, R.; Heinen, H. @em. Ber, 1987. U, 1297. For related reactions of tungsten 

carbanes see Aumann, R.; Kuckert, E. f&em. Ser._ 1987, f2p, 1939. 

Prasad, J-S.; Liebeskind, L.S. -edron 1987, ?&. 1857. 

100. Prasad. 2.S.; Liabeskind, L.S. Tetrahedron Lett, in press. 


