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Summary 

It. 1927 Arndt et oi..’ and later Robinson and Bradley? demonstrated that adiazo ketones can bc 
prepared in near q~ntitative yield by reaction of an acid chloride with excess diazomcthane. Since that 
time. adiazo ketones have received considerable attention. enjoying wide applicatton ac useful 
synthetic intermediates.‘-’ Undoubtedly, the most important example of their preparative significance ts 
the Arndt-Eistert procedure’ for converting a carboxylic acid to its homotogous acid or acid derivative. 
In addition, diazo ketones can be induced to undergo a varlcty of related reactions such as addition to 
olcfins and insertion into C-H bonds.‘.’ 

Two principal reactive intermediates are available from adiaro ketones. they are: a-ketocarbencs 
(or carbcnoids) and adiazonium ketones. Loss of nitrogen from crdiaro ketones by thermal, photolytic. 
or metal ion catalysis affords the a-ketocarbcne and/or carbcnoid intermediate which can. depending 
upon the substrate structure and reaction conditions. undergo: (a) the Wolff rearrangement. (b) insertion 
reactions, fc) addition to multiple bonds. (d) I$dipolar additions and (e) dlmerization reactions. 

Second, reaction of udiazo ketones with clc~trophilic reagents affords the highly reactive diazonium 
ketone. ffucleophilic substitution with displacement of nitrogen IS the malor reaction pathway here. 
Thus. treatment of a-diato ketones with hydrohalic acid in polar solvents such as glacial acctrc acid 
affords the a-halo ketone.‘ Similarly. reaction of diazo ketones with bromine’ gtves udibromokctoncs, 
while reaction with water In dilute mineral acids affords o-hydroxymtthyl ketones. Ester derivatives of 
hydroxymcthyl ketones can be prepared by reaction of an organic acid with the appropriate cldiazo 
ketone. 

Collectively. these observations suggested that acid promoted decomposition of diazo ketones, 
containing a suitable internal nucleophilc. could undergo a reaction leading to tntramolccular cyclizatron. 
That IS, if an appropriate nucleophilic olefin or aromatlc ring were to participate efficiently in thlc 
cyclization process. a reaction of considerable synthetic utility would be available. Prior to the work of 
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Dahn. Mandcr. and that of our laboratory, no systcmrtk study of the acid promoted cyclization of 
aromatic and olefinic odiazo ketones had been undertaken. 

Intramolecular cyclization (i.e. alkylation) of udiato ketones initiated by acid can bc conveniently 
classified according to the nature of the participating nuckophilc. Consequently, in this review the 
intramolecular cyclization of udiato ketones will bc discussed in terms of the participating nuckophile 
(i.e. hcteroatom. aryl. okfinic or single bond). We note in advance that this presentation is merely a 
formal classification and does not necessarily imply that participation of the internal nucleophile is 
concerted with nitrogen loss. 

In an extension of the simple or mono-cyclization process, we have recently demonstrated that the 
adiazo ketone functionality is a moderately effective initiator of polyolcfinic cationic cyclization. 
Accordingly. a brief discussion of polyolcfinic cationic cyclization is presented in this review in order 
that our more recent results arc placed in perspective. 

hfcchanbtic comidrrafionJ 

Kinetic studies have revealed that acid catalyzed decomposition of primary udiazo ketones’.’ occur 
via rapid protonation in a prccquilibrium step followed by nuclcophilic substitution in a rate determining 
step (cqn I). whereas secondary diazo kctoncs’“” and a few primary diazo ketones” undergo pro- 
tonation in a rate determining step followed by rapid nuclcophilic substitution (eq. 2). This latter pathway 
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(A+2 mechanism) is characterized by a solvent kinetic isotope effect k,+/k, > 1.0; the former 
pathway, on the other hand, has a kinetic isotope effect of kuroIkr+ = 0.345. 

The substitution step in cq. (I) can in principle occur either by a step wise &,I) or concerted &2) 
pathway. Evidence for both reaction pathways can bc found in the literature. For example. Lane and 
Feller.” on the basis of activation entropies ( - I8 to - 23caldcg-‘) and the direct dependence of rate 
upon concentration of added nuclcophilcs. proposed an SW2 mechanism for the acctolysis of scv- 
cral diazoacctophcnoncs. btcr. Dahn” and Gold investigated the decomposition of a series of 

diazo ketones at various concentrations of pcrchloric acid in aqueous dioxane. The small negative 
entropies of activation ( - 6 to - 2 cal dcg-‘) and the correlation with Hammctt’s acidity function were 
interpreted as supporting an A-l fS,,lcA) mechanism. More O’Fcrrall.’ however. has pointed out that 
neither of these criteria is definitive. 

Later investigations by Dahn.” Tillctt.” and Thomas” demonstrated that primary diazo ketones in 
general undergo a rapid prccquilibrium protonation and subsequent substitution requiring participation 
of the nuclcophilc in the transition state. The S,2 character of this substitution reaction has been 
observed for nuclcophilcs as weak as water.“.” These investigations. coupled with the well studied 
decomposition of ethyl diazoacctatc’.’ which undergoes $2 displacement of nitrogen. suggest that most 
primary diazo ketones undergo SN2 reaction in the substitution step. The possibility remains, however. 
that the pathway for decomposition of a particular diazo ketone may bc altered by substrate structure. 
concentration, reactivity of the nucleophilcs.” and/or choice of solvent. 

Similarly, the substitution step in cq. (2) can occur either by a stcpwisc or concerted pathway. Since 
this step occurs after the rate determining step. kinetic data does not reveal which pathway is operative. 

Warren.” rn a study of the acid catalyzed solvolysis of Pdiarotluorenc 1. found rate determining 

protonation and general acid catalysis for the solvolysis reaction characteristic of the A-SE2 mechanism. 

Since the solvolysis products were formed independently of the nucleophilicity of the nuclcophilcs 

examined. the loss of nitrogen was bclicved to occur in a unimolccular fashion to yield an intermediate 
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carbonium ion. Similarly, in an investigation of solvolysis of secondary diazo ketones, Dahn’*” 
observed general acid catalysis 8nd solvent kinetic isotope effects of k&kDp > I.0 for methyl ketones 
2~ as well as 2diazocyciohcxrnonc. diazocamphor and Zdiaroindanom. In particular the product 
determining step for methyl ketones 2~. which affords both alcohols and oiefins, is independent of 
added nucieophiies. These observations were interpreted in terms of free o-ketocarbonium ions.‘@.” As 
More O’Ferrril’ has pointed out. competition between proton loss and nitrogen loss may be critical in 
determining the reaction pathwry. That is. rate determining protonation can rpprrently occur under two 
very difTercnt circumstances. In the first case, illustrated by secondary diazo ketones”*” and 9- 
diorolluorene.” the resulting carbonium ion is sufficiently stabilized so that unimokculrr loss of nitrogen 
is faster then dcprotonation. In the second case. illustrated by the cycliution of dirzo ketone” 3. loss of 
nitrogen is enhanced by anchimeric assistance of the participating oiefin to such an extent that 
protonation becomes rate determining. This is an example of the substitution step in eq (2) occuning by 
a S,2 or concerted pathway. In addition. the relative basicity of the diazo ketone” should have some 
influence on the rate of deprotoMt~n. 

The specific site of protonation or Lewis acid complcxation on the diau, ketone framework has 
important mechanistic implications. The most likely sites of protonation are carbon and oxygen 
although, in principle, protonation on nitrogen is a possibility. in this regard, EHMO calcul8tions” 
indicate that the oxygen atom is the most negative site in the diazo ketone functionality. This view is 
also supported by NNRg and IR spectra” which suggest that the canonical form 4 makes a major 

contribution to the diazo ketone structure. Moreover, Dahn and Wcntrepn and Allard and Levisaiks*’ 
have shown, by NMR studies. that protonation of diazo ketones in magic acid occurs exclusively on 
oxygen. The observation of two diazonium ions (corresponding to the ~yn and onfi isomers 5 and 0 and 
the failure of the methinc proton to undergo H-D cxchrnge is strong evidence for exclusive O- 
protonation. In this strong acid medium the di8z.o ketone is completely protonated and there is no 
equilibrium with C-protonatcd intermediates. in contrast, Dahn (I al.@ have reported acid catriyrcd 
deuterium incorporation at the odiszo carbon atom in heavy watcr/dioxanc mixtures. This H-D exchange 
occurs in a rapid precquiiibrium step prior to nitrogen loss and suggests that carbon protonated 
intermediates may exist in an equilibrium process. In this regard. the products formed from decomposition 
of diazo ketones I-10 are best explained “’ by protonation on carbon followed by concerted 

rearrangement and displacement of nitrogen. It has been noted. however. th8t the aqueous acid 
decomposition of diazo ketones t-10 may proceed through the hydrated d~zonium ion.’ In addition, the 
cycliution of a y&unsaturated d&o ketone (3)” proceeds with anchimcric assistance by tbc okfin to 
such an extent that protonation is rate determining and irrevtnible. Protonrtion on oxysn would 
require. therefore. the unattractive occurrence of an S,2 displacement at an sp’ center. The possMity 
rcmrins. however, that the oxygen protonrtcd intermediate does not undergo rcrctior?‘ and must 
equilibrate to the carbon or nitrogen protonrtcd intermediate for concerted cyclization to occur. Finally, 
the ability of adiaro ketones to participate in intcrmokctdar H-bondifl nises the possibility thrt the 
site of protonation may be solvent dependent. In this regard, protonrtion could occur on carbon in an 
aqueous medium capable of H-bonding rnd on oxygen in no~lgueous solvents. 

The site of complcxation of Lewis acids with diazo ketones is equally unckar. The rlkylrtion of 
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adiazoketones with alkylboranes~ has been postulated IO involve j3-ketoborones resulting from 
complexation at carbon. Subsequent alkyl migration from boron to carbon with prior or concurrent loss of 
nitrogen would yield the observed alkylattd ketones. Attempted isolation of the reactive intermediates. 
however.yicldedonlyvinyloxyboranes.”Asisnotcd.theseresultsdonotexcludethepossibilityofaninitially 
formed aboryl derivative undergoing rapid rearrangement to the vinyloxyboranc. 

It appears firmly established that the acid catalyzed decomposition of odiazo ketones involves 
formation of a highly clectrophilic diazonium ion which undergoes facile nuclcophilic substitution with 
loss of nitrogen. There is. however, good kinetic data only for the hydrolysis of simple adiazo ketones 
and several mechanistic pathways M-l, A-2 and A-!&Z) have been observed. This mechanistic 
information provides a conceptual framework for the subsequent discussion of acid catalyzed in- 
tramolecular cyclizatlon of crdiaro ketones. The actual nature of the reactive intermediates in these 
cycliutions is. however. merely speculative. 

The First example of heteroatom participation in the intramolecular cyclization of an odti ketone 
was reported in 1935 by Eisttrt and Krzikalla.” These investigators found that o-hydroxy diazo ketone 
11. when treated with mineral acid, affords furanone 12. Three years later, Haberland and Siegcrt” 
demonstrated in a similar substrate that the cyclization process was unadected by methylation of the 
phenolic hydroxy group. Similarly, Bruchhausen and Hoffman~* reported the cycliution of diazo ketone 
13 in cold aqueous hydrochloric acid. while Sectharamiah” prepared furanont 15 by treatment of diato 
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ketone 14 with SO% formic acid. More recently several groups M.-’ have investigated diazo ketone 16. In 
this cast the cyclization could be induced via acetic acid,“’ hydrochloric acid,‘” or silver oxide.& The 

parent furanone 18 has been prepared by the acid catalyzed cycliution of diazo ketones ll(rd).” The 
yield of 18 was dependent upon the ability of R to leave the intermediate oxonium ion as a positively 
charged species. Finally, diazo ketone 19 undergoes a facile conversion” to lactose tb when treated with 
hydroiodic acid. 

The ready formation of &membered rings can also be accomplished via the acid catalyzed decom- 
position of odiazo ketones. For example, decomposition of 21 with acetic acid” afforded oxetanone 22 
while reaction of diazo ketone 23 with phosphoric acid in dioxane” gave oxetanone 24. Finally. the 
parent compound, oxetan-3one. has been prepared from the diazo ketone derived from glycolic acid. 

That nitrogen nucleophiles effectively participate in this cyclization process was demonstrated by 

Moore et 41. For example, treatment of 25 with glacirl acetic acid”gave 24 while 27 or tllafforded 29and 30, 
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respectively, inexccllcnt yield when treated with acetic acid. T’bcse observationsart in sharp contrast to &C 
normally unfavorable formation of Cmembctcd rirqs in solvolytic proctsses.48 

The first ind~~t~n that formation of b or ‘f-membered cycfic systems was less favorabtc than 
formation of C or 5-membered ring systems was obtained by Moore rr al. Far exampit. chromates 
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are reported to be produced from the appropriate diazo ketones in only poor yield. This observation 
must be contrasted with the ready preparation of furanones and oxetanones as described above. In 
particular. Sheffcr and Moore4 examined a variety of acid catalysts. solvents. and catalystdiazo ketone 
ratios in the decomposition of diuo ketone 31. While most of the conditions explored led pre- 
dominantly IO the uncyclized a-hydroxymethyl ketone 33. I.5 equivalents of BF, in ether was found IO 
give chromanone 32 in 35% yield. No cyclization products were observed from rhe next higher 
homologuc of 31. The poor yield of cycliution products in the case of 31 and its homologue was 
attribulcd both IO ring size (i.e. the entropy of cyclization) and the formation of a tight ion pair between 
rhc diazonium ion and the gagen ion in solvents of low dielectric constant. Interestingly. the reaction was 
not examined in non-nucleophilic solvents of high dielectric constant. 

Participation of nitro group~.“~-’ as well as sulfur” and bromine” substituents has been reported. In 
particular. nitro diazo ketone 34 afTords N-hydroixyisatin 35 while diazo ketones 36 and W afford 37 and 
39. respectively. 

In 1945 Cook and SchoendU provided the firs! example of aryl participation in the acid promoted 
decomposition of a diazo ketone. Interested in the preparation of polynuclear hydrocarbons. they 
obtained Zchrysenol 41 by reaction of diazo ketone 16 with IO% sulfuric acid in acelic acid. Several 
years later. this procedure was employed by Newman” for the preparation of 43 from diazo ketone 42. 

Later still. Wilds CI 01.“ reported the quantitative preparation of indanone U when diazo ketone 44 
was treated with BF,.Et,O in ether heated at reflux. These reactions may be viewed as intramolecular 
alkylation of the aromatic nucleus by the diazo ketone functionality. 
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Although unrecognized at the time, formation of 4 can occur by either of two reaction pathways 
depending upon the initial site of aryl participation (Ar,4 or Ar2-5 according to the notation of 
Winstein’). That is. recent unpublished results of Mander.” employing diazo ketones 4U8. demon- 
strated that the favored mode of cycliufion is Ar,4 > Ar,-5. and Ar,-5 > ArId. For example, cyclization 
or 4Ub involves 40% Art-5 and 20% Ar+5 participation. 

cw,om:: c”,oED=o 
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In searching for a suitable functionality that would undergo intramolecular alkylation of the anisolc 
nucleus, Mander initiated in 1471 the first of what was to prove to be a series of elegant and systematic 
investigations of the acid promoted decomposition of aromatic diazo ketones. Of special interest here 
was the generation of fused polycyclic compoundr bearing. as a result of the intramolecular alkylation. 
an angular substitucnt. These compounds were required as synthetic intermediates for the total synthesis 
of diterpcnes. The first system examined by Mandcr. namely diazo ketone 49.” was subjected to a wide 
variety of acid catalysts chosen for the non-nuclcophilic character of their respective conjugate base. 
Initially. BF,.Et,O in nitromethanc gave the h@hest yield (35%) of cyclized product (SO). although later 
experimentation demonstrated that trifluoroaatic acid was more eflectivc (48%). 

In order to assess the generality of this cyclization, M&m’ laboratory investigated the decom- 
position of db ketones $1. 53. 57. 60 and 63. This series of experiments demonstrated that”” the 
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bicyclo[3.2.1joctane carbon skeleton was readily available from the appropriate diazo ketone. For 
example, reaction of Sleb with trifluoroacetic acid afforded the dienedione 52 in 9696 and 86% yield, 
respectively. Similarly, cyclization of 5lr and Sib with BF,.EtIO or HBF, in nitromethanc gave 
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dienedione $2 in 74 and IWO% yield, respectively. The only additional volatile 
u-hydroxymethyl ketone resulting from solvent participation and subsequent 
decomposition of diazo ketone S3 afforded the orlho and paru alkylated products, 
3% yield, respectively, as well as W in 11% yield. 

by-product was the 
hydrolysis. Similar 
54 and 55 in 62 and 
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A somewhat more complex rearrangement. presumably involving the above cyclization process, is 
the decomposition of diazo ketone 57 with trifluoroacetic acid. In this case dione 59 was obtained in SE% 
ywld. Presumably. the initial cyclization leads to cyclobutanone 58 which subsequently undergoes 

rearrangement to S9. This example again demonstrated the facile formation of four-membered ring 
derrvatives upon acid catalyzed decomposition of appropriately substituted diazo ketones. In addition 
the results from diazo ketones 51. 53. 57. 60 and 63 are consistent with the earlier observations of 
Moore” indicating that formation of four-and five-membered rings is a more eficient process than 
formation of large ring systems. 

Mander also explored the minimum nucleophilic character required for aryl participation. In 
particular he demonstrated tbat a methoxy substituent was not required for successful cyclitation. The 
system chosen for this study was that of diazo ketone 60. In this case decomposition with trifluoroacctic 
acid gave cnonc 62 in moderate yield (56%). Enone 62 presumably arises via reanangemcnt of the 
initially formed carbonium ion (61). The fact that this yield is significantly lower than observed for the 



concrpondmg OMc dcrlvatlvc reveals Ihc lmporoncc fht the nuclcophdHy of tk panlclpalmg 
s-system and the sobllity of tk mlfully formed carbonwm Ion play In these cycllutlon rcactw)ns 

Mandtr next Iurncd his attention towards Ik acid caulyzed dccomposlt~n of duu, ketone 63 as a 
potcntul cntrC IO the C-13 hydroxy ~lbrcllmr lnltlal attempts IO effect cycllutlon of 63b or the free 

hydroxy rpcc~es 6.3~ ygldcd only @oxcunoms wulth hItIc (16%) or no rryl partlclprtlon. However. 
reactIon of Ihe Muoroaccotc dcrwrtwc 63~ In Irlnuoroacctrc acid afforded hydroxy dwnc 44 In w 
ylcld (70%) Similarly duzo ketones 634~ pve excellent yields of dlcncdmno U-t.” More recently. 
rhls mcIhodolo8y has ken extended IO the prcparrtmn of cyclohcxa-2.4d*noncs 66ti from duro 
ketones Uti.“” 

The latter cyclltltron (IX. 6% IO 461) was exploIted ax the cornerstone In Ma&r’s clcynt to01 
ryntksls of ( * )_~bbercllm A, and @bkrelhc acJ y In a clorcly rclaftd strrtcn for Ik gibberelltnl. 
the cyclizaflon of dnzo ketone 67 IO 68 proved IO be Ihc p~voul tnnsformatton.” 

0 
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In a companion study, Mander and Johnsor? investigated the orrho olkylation of pknolic diazo 
ketones 71 and 73. The interest, here, was again the construction of inte~ed~tcs useful in a synthetic 
approach to gibkrellins. The cycliution of diazo ketone 69 was examined as a possible route to 
tttralone 79 from which diazo ketones 71 and 73 could k prepared. Reaction of 69 with IriBuoroacetic 
acid afforded tetralonc 711 in low yield f2@%) and, interestingly, gave no products arising from closure 
poru to the OMe group. 

On tk other hand. reaction of phenotic diau, ketones 71 and 73 with t~~uoroa~etic acid gave the 
desired cyclokxa-2,~~no~s 72 and 74, respectively in excellent yields. 

lnteresti~ly, formation of the bycyclo(3.2.1 Ioctane system (72) is more efficient than formation of the 
bicyclo~2.2.2~c~~ system I74). a result consistent with earlier observations. This tendency was 
confirmed by more recent studies” in which only products con~ini~ the bicyclo~3.2.l~~nc ring 

system were observed in the decomposit~n of diato ketones t!Lc. More specifically, treatment of diazo 
ketone fk gave dienedionc 7fr in 61% yield and varyirq amounts of tk rearranged product 77, white 
diaro ketones 7sbc gave only 76b in 100 and 63% yield, respectively. These results. however. were 
attributed to stcric interactions in tk transition state leading to the bicyclo(2.2.2)octanc ring system 
rather than the normal preference for Smcmkrcd ring formation in kinetically mediated reactions.” 

To explore further tk mechanistic details of intramolecular alkylations of adiaro ketones. Beames 
and Mande$‘invcstigatcd the possible preparationof spirodiencdionesfrom simple pknolicderivativts. For 
example.decomposition of diato ketone 78with BF,.Et,O in nitromethanc gave hydroxy methyl ketone 79 in 
81% yield. 
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Since the reaction was co~ucted under stringently anhydrous ~o~it~ns. 79 most likely results from 
hydrolysis of an intermediate nitro species. as suggested by Nat&r. This nitro species could arise via 
the displacement of nitrogen by the oxygen atom of nitromethanc. However. a rate enhancement for this 
decomposition compared to diatoacetopbcnont and diazoacetone was taken as evidence for aryl 
participation. That is. Mander attributed this rate enhancement to the formation of a spirocyclo- 
propanone, which subsequently undergoes nuclcophilic ring opening by solvent KH,NOJ to generate 
the intermediate nitro species. 

Similar treatment of t& gave Illa. 8Za and ak with dicnedione 82a and indianone #a accounting for 
56% of the reaction mixture. Under these reaction conditions. dicnedione 82a was observed to undergo a 
fade djen~dio~-phenol rearrangement to yield indanon~ 83a. Continui~ this study, Bcamcs and 
Mandtr demonstrated that diazo ketone Il(lb gsvc diemdiont 82fb (67%) and hydroxymcthyt ketone dfb 

(13%). Here also, the spire ketone 82b underwent. albeit more slowly than 8% dienedione-phenol 
rearrangement to 8%. Diazo ketones 80~4 on the other hand, yielded the hydroxymtthyl ketones Ilcd 
as the major decomposition products. No cyctixation products were observed with diazo ketone S&f, 
white lk and t3c were obtained in a combined yield of I I%. This study further demonstrates that the 
cyclization of ad&o ketones is markedly dependent upon the degree of rotational freedom in the 
specific system. Only in the cast of S& and SOb, each of which contain a relatively short methylcnc ride 
chain, were the yields of cyclized products synthetically significant. 

Similar results have been reported by Scn et al.” for the decom~sition of diazo ketones 84&n-b. 
Signihcanlly. the formation of bib from diazo ketone Wb represents the first reported successful 
cyciiration of a secondary adiato ketone. 



A 8. Sm. III wd R K tkm, 

4. oLmNic ?AmtCffAlto~ 

The first examples of intramolecular olefinic participation in the acid promoted decomposition of 
adiazo ketones were reported by Mander” and Erman“’ in 1971. In particular, Erman exploited the acid 
catalyzed cyclization of diazo ketones 8&-b as the key step in an elegant synthetic approach to the 
a-patchoulanc class of scsquiterpcncs. More specifically. reaction of Ia with BF,.Et*O afforded 

bicyclic ketones 89a and 909 while decomposition of 88b gave 89b and 99b. The higher yields obtained 
from Ub are undoubtedly a reflection of the greater nucleophi~icity of the participating olefin. 

Contemporarily with the work of Erman. Mandcr initiated an extensive research program designed to 
demonstrate the utility of unsaturated diato ketones in total synthesis (tide infru examples 95 and 97). 
Exemplary of this effort is the recent total synthesis of ( t I-norhclimthosporic acid and related 
compounds. In this case. reaction of 91 with BFr.Et,O in nitromcthanc gave bicyclic ketones 92 and 93 

rn nearly qu~ntiiative yield. Although an initial 4: I mixture of 92 to 93 was observed, equilibration under 
the reaction conditions led to a 9, I I mixture. This observation was viewed by Mander as suggestive Of a 
concerted los\ of a proton during the cyclization process. In a similar vein. Mander has effected the 

cyclization of diato ketone 94 with either hydrochloric acid or triiluoroacetic acid.*’ 
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A number of research groups have examined the synthetic utility of y.&unsaturaIed diazo ketones. 
particularly for elaboration of complex bicyclo[3.2.l]ocIanc derivatives. In each case the objective was 
the preparation of useful synthetic intermediates for the construction of diterpenes such as the 
gibberellins. Here Mander et aL”.” and more recently Ghatak tf al.” have examined the decomposition 
of diazo ketones 9SaM. The yield of cyclized products (%a-el is again indicative of the sensitivity 
of the reaction toward various acid-solvent couples. Mar&r CI al. have also explored the decomposition 
of diazo ketones 97a&“j and 99” which afforded %a+ and 100. respectively in excellent yield. Here. 
with proper cholcc of acid catalyst and solvent. high yields of cyclization products can be obtained m 
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systems wherein the olefin is incorporated in a rigid carbon skeleton. thereby providing the diazo ketone 
side chain only a few degrees of rotational freedom. Indeed. cyclization of diazo ketone 97c IO 9& 
proved IO be a key transformation in Mander’s recent total synthesis of gibberellic acid.” 

Exploiting the above favorable characteristics. Ghatak ef al. examined the decomposition of diaro 
ketones 101a4U.L’ and 1O.k-b” in studies directed at the synthesis of diterpene derivatives. The 
observed yields of lOti and 104& were moderate IO good (4MO9bl. 
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More recently, Ccccherclli et al.” have utilized this meth~olo8y in a successful attempt to prepare 
selectively the f3.2.t]octanonc skeleton of stachanc ditcrpcncs from naturally occurring direrpenes Of 
the pimaranc class. Treatment of diazo ketone 1051. containim a 9.a-angular Me substitucnt. with 5% 

sulfuric acid afforded a mixture of ~3.2.l]bicyclic ketone 106a (42%) and tht [3.2.2.jbicyclic ketone 1871 
[2&W. In contrast, similar treatment of the 9-B-angular methyl derivative 105b gave exclusively the 
j3.2.2lbicyclic ketone 107b in 80% yield. 

In related studies. Ghatak and Sanyal’O employed the acid catalyzed decomposition of diazo ketones 
for the synthesis of angularly fused cyclobutanones. Here, in the first reported examples of cycliution 
of &y-unsaturated diazo ketones, reaction of IO8a with 2-1 equivalents of 7096 aqueous HCIO,. 48% 
HRF,. or concentrated sulfuric acid in chloroform afforded cyclobutanone Ma in 8WO% yield. 
Reaction of diazo ketones f&-c with S7% HI. on the other hand, gave the angularly fused cycle- 
butanoncs Ma-c in only moderate 00-60%) yield. This procedure has recently been exploited by 
Cecchertlli er 01.” for the preparation of the c+norstcroids t1la-b obtained as a mixture from the 
cycliution of diazo ketone 110 catalytrd by silica gel. 

In a very elegant series of experiments. Dahn et al.“.” investigated several examples of olefin 
participation in the solvolysis and decomposition of odiazo ketones. SpccifMly. they obstr#cd that 





In an effort to exploit syntheticrtlly the above observations. Malhcrbc” has effected the conversion of 
diato ketone 124 to 125 (mixture of acetates) in good yield IfWO%). The acetate mixture is a useful 
precursor of stmibulvalene_ 

These workers have also investigated acyclic analagues 12&b, Here. these dial, ketones which 
possess less favorable geometric constraints fi.e. greater degree of freedom). underwent the cyclization 
reaction fess e&5cntly yielding instead, a signifh~nt amount of hydroxymeth~l ketones I2S-b. 
Intcrestingty. formation of cychution products 128 and 129 was dependent upon the olefin substitution. 

Although by 1975 a great deal of effort had gone into the study of y&unsaturated diato ketones. in 
particular systems possessing a hi#h degree of skelrd rigidity. the question of Lewis acid promoted 
cyclization of simple acyclic &y-unsaturated diazo ketones had not been addressed. In connection with 
our interest in devising a facile. and hopefully general, cyclopcntenone synthesis, we subjected a wide 
variety of &~-unsaturated diaro ketones to such decom~sitjon.‘~ Guided in large part by the previous 
efforts of &man and Mar&r, we quickly ascertained that the optimal conditions for cycliution 
consisted of treatment of the diazo ketone with BF,-Et@ in freshly distilled nitromethant or methyltnc 
chloride at PC. In cases where a mixture of a.& and &ycyclopcntenoid derivatives were anticipated, 
the reaction mixture was subjected to 10% HCI at rcflux for 30 min in order to insure equilibration IO the 
fhcrmodynamicolly more stable a,@-unsaturated system. Our results. illustrated belowv, are given in 
Table I_” To demonstrate the synthetic viabihty of this approach to simple cyclopentenones 
completed a short, efficient synthesis of dihydro and tit-jasmone.” 

WC 
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Table I. Acyclic diazo ketones + monocyclic cycbpcntcnoncr 
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A reasonable pathway for the above cyclization involves BF, complexation with the diazo ketone at 
either the oxygen or carbon atom. Cyclization of this intermediate, involving a-bond participation in the 
displacement of nitrogen, leads to the carbocation 131 which eliminates a proton to yield a mixture of the 
a$?- and/or &y-isomers. Subsequent aqueous acid treatment gives the a&unsaturated cyclopentenone 
as the major product. 

Significant here is the fact that even the parent fi.y-unsaturated diazo ketone 133 undergoes the 
cyclization process, albeit in only 13% yield. Presumably the low yield in this case results both from the 
reduced nucleophilicity of the participating n-system and from the reduced stability of the intermediate 
secondary carbocation. That in fact both nucleophilicity of the participating a-system and stability of 
the postulated intermediate carbonium ion are important parameters in the acid promoted cyclization of 
unsaturated diazo ketones is further supported by the trend of increasing percent cyclization observed 
with the diazo ketones illustrated below. Similar results have been observed by Johnson et al. in the area 
of polyolefinic cationic cyclization.76 In particular, the weaWy nucleophilic terminating group, 
-CHCt=CH2 fails to participate in polyene cyclizations, while the vinyl and isopropenyl groups are 
corresponding more effective. 
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Tert,rrv,‘benryloc carbocJt~o* 

Interestingly, the last diazo ketone in this series (i.e. 134) also affords a small amount of enone 135. 
This result raised several intriguing questions. First, is there a preferred ring size for acid induced 
cyclization of acyclic unsaturated diazo ketones. Second, what are the relative nucleophilicities of the 
olefinic partners required for intramolecular alkylations. 

To explore the question of ring size, we subjected acyclic diazo ketones 138a and 136137 to 
BF,*Et,O in CH& As illustrated in Table 2 cyclization proceeded in each case. However, the yield of 
cyclized product decreases monotonically as the site of unsaturation from the diazocarbon increases. 
Significant here is the fact that these examples were designed such that only the number of intervening 
methylene groups was altered. That is, the nucleophilicity of the participating olefin as well as the 
stability of the intermediate carbocation (i.e. tertiary) were identical in each case. 

To define further the relative importance of ring size (i.e. strain effects) versus stability of the 
intermediate carbonium ion, we explored the cyclization of diazo ketones 138 and 139. As illustrated 
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below, there are two possible modes of cyclization available to 13g leading to a stabilized, tertiary 
carbonium ion while in the case of 139 only cyclization to a 4-membered ring affords the more stable 
tertiary carbocation. 

0 

CHN, c - \ 

(139) 

n 

,OiF, 

I WY P . 

O:F, 

In the event, a single cyclopentenone (i.e. 14) was obtained in 77% yield from 138, while diazo 
ketone 139 led to a three component mixture in a combined yield of 71%; the major product being 
cyclobutanone 141, while the minor products were cyclopentenones 142 and 143. In both cases product 
formation is consistent with competitive cyclization vs carbonium ion stability. Observation of cyclo- 
butanone 141 as the major product, however, suggests that the overriding feature of this cyclixation 
process is carbonium ion stability. It is of interrest in this regard to note that only the minor 
cyclopentcnone derivative 142 derives via a direct cyclization; the major cyclopentenone 143 requires 
first a Wagner-Meerwein methyl shift to generate a more stable tertiary carbocation prior to elimination 
of a proton. 

11400) I1411 (142) w3l 

In a related study, Lorne and Linstrumellen recently demonstrated that closure of 144a-b to 
j-membered ring systems possessing an exocyclic tertiary carbonium ion is favored over closure to a 
6-membered ring bearing an cndo cyclic secondary ion. This was the case under a wide range of reaction 
conditions. 

IlUl 
(rlR, n BF, Ec,oxn,cI, (a) mw Id (7%) (a) (-I 

tbl R - CH, BF,. Et,oIcn,cI, (b) (54%) lbl (6W lbl (-1 

lb1 CF,COOHITnF (bl ( 17%) lb) (13%) (bl (Box) 

Ibl H0F,ICH,NO~ lb) CZVM lb) (-1 lb) (Bo*) 

R’ - OOCCF,. on 

Further demonstration of the synthetic utility of the acid catalyzed cyclization of simple &y- 
unsaturated diazo ketones was recently presented by Hudlicky and Kutchan” in their total synthesis of 
hlifolone (147). In this case the intermediate boron enolate derived from lls was observed to undergo 
intramolecular capture to afford bicyclic ketone 16. 
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To demonstrate further the synthetic utility of the a-diazo ketone functionality, we developed in 1975 
a general cyclopentenone annulation procedure Ip based on the acid catalyzed cyclization of &y- 
unsaturated diazo ketones. As illustrated in Table 3 (also see Table if, the Lewis acid promoted 
cyclization of ~,y-un~tu~t~ diazo ketones, in ~nju~tion with the now numerous approaches to 
&y-unsaturated acid derivatives including the improved Reformatsky sequence and the facile ester 
alkylationdeconjugation procedures introduced by Rathke”’ and Schlessinger.” represents a general 
cyclopentenone annulation strategy. The overall reaction sequence is illustrated below. In general, yields 
based on ketone (i.e. ketone-,B,y-unsaturated diazo ketone +cyclopentenone) are quite good. 

TaMe 3. Momcyclic diuo ketones -hicyclic cycbpcntcnoncs 
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Several additional comments ~5~~rn~~~ the tesufts in Tabfe 3 are in order. First, ~y~li~t~n of 
diazo ketones IuL11-h atso afZords iacfones 149a-b in low yield. A reasonabIe pathway for this latter 
F~ns~ormaFioo involves fra~en~f~on of the inlermediafe ~af~nium ion 150 to unsaturated kefene 15X. 
Ketene 151, in turn, upon ~catmenf with aqueous minerat acid, undergoes ta~foni~fion to yield Ma-b. 
The fra~rne~?at~oo of Is0 to I52 is, in e&et, an acid catalyzed example of the v~~y~ogous Wolff 
rearran~meof recently explored cxteosive~y in our ~a~rafory~za.~ 

To our knowi~dge, the onty addjt~ona~ example of the acid catalyzed vinylogous Wolf? rea~an~ement 
occurs upon Lewis acid decomposition of diazo ketone 152. Presumably ester 154 arises via frag- 
mentatjon of the initially formed bi~y~lohepFe~ 153 to afford a kefene which in this case is captured 
with bentyl alcohol. 

Finally, we note that de~om~s~F~on of diazo ketone 155 and 156 affords the same pair of %cycfic 
enones (i.e. fSf and 158). A reasonable pathway for their formation is iilusfrated beiow. A~thou~ in both 
cases the combined yield of cyclizcd mate~i was identical w~Fhi~ e%~rimen~i enor (ca 52 and S4%), 
the ratio of 1sI: lSf3 differed significantly. Thus while there is a certain kinship of the pathways leading 
to product formation (i.e. I,&Me migration), a common intermediate can not be involved. 

WC concluded our study of the acid promoted cycfization of simple unsaturated d&o ketones with 
an jnt~rnolec~~ar ~orn~f~t~n experiment. In particular we desired to compete cyclization at a 8. y- vs 
y,dalcfinicsiFeaMta8,y-vss,r-olefinicsite. ~ors~hcom~~ionto&val~,ofcoorsc,t~n~leophi~~ityof 
both olefinic sites as weff as the stability of the derived carbocafions would have to be identical? ldeat 
mandates for this study ~p~~~~d to be the read@ available diazo ketones ISand tdlr. While at the outset it 
was not our intent to explore po~yo~e~nic cationic cyclization, iF soon became evident that this was in fact the 
overriding process. Our resuits are if~us!~ted below. Both cases afforded pr~omi~ntty bicyclic products; 
the combined yield in each being 43-44%. 
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Finally, the question of ketone participation in the acid catalyzed decomposition of diazo ketones 
requires brief comment. Here, the double bond of an enol tautomer could participate in the displacement 
of nitrogen from the diazonium ion. Such a process was in fact postulated for the decomposition of diazo 
ketone 161. However, Lui and Kovacics have critized this mechanism on the grounds of low enol content in 
saturated ketones. 

To explore participation by ketone carbonyl groups Mander and Wilshire subjected diazo ketones 
Ma-b to BF,*Et,O at -40”. The products, 16Sa4 respectively, were rationalized in terms of nucleo- 
philic addition of the diazocar bon to the electrophilic CO group, in analogy with known reactions of 
diazo alkanes and diazo esters.“” In conjunction with this study, Mander suggested a revised structure 
for 162 (i.e. 166); Miyano and Darn concurred.” 

Participationofapreformedenol(i.e.enolacetateorether)wouldofcourstobviatetheabovenuclcophilic 
addition of the diazo carbon to the CO group. Unfortunately, in the case of 163 such a procedure was 
unsuccessful due to difficulties experienced in attempting to prepare the requisite enol species.” Indeed, the 
general reactivity of enol double bonds with diazo ketones under acidic conditions has not been explored 
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5. FoLYoIEmNic CYCrnYto?4-AN omnew 
In 1955 Storer” and Eschenmoser,“ independently, proposed a stereoelectronic model to account for 

the stereospecific conversion of squakne to lanosterol. In this elegant model they pointed out that if the 
cyclization occurs in a concerted fashion, the stereochemistry of the ring fusion will be the same as the 
stereochemistry of the oletin. This result arises simply because addition to the okfin (where a cation is 
the ekctrophik and another okfin is the nuckophik) occurs stereoclectronicatly in a trans fashion, 
similar to the addition of bromine to oiefins. This view suggested that an all trans polyene has an intrinsic 
tendency to undergo an acid catalyzed cyclization process which would generate the natural fruns-an& 
rruns ring fusion of the steroids. 

The hypothesis immediately spurred the interest of organic chemists to ascertain whether such a 
reaction could & carried out in the absence of enzymes. These in aifro reactions were termed “biogentic 
like” okfin cyclizations by van Tameler?* and later biomimetic polyene cyclizations by Johnson. 
Several groups, notably those of Johnson, van Tamekn, Stork, Goldsmith, Ireland and Harding have 
extensively explored the synthetic feasibility of this reaction. While these efforts have been adequately 
reviewcdmO-’ a few comments arc in order here. 

Johnson, in a systematic investigation of suitable functional groups, found, in altylic alcohols and 
acetals, two cfiicient initiator3 of cationic poiyene cycti~tion. ac-f To this list must be added the terminal 
epoxide of GoldsmithekPo and van Tamekn’P’*b and the cyclopropyi ketone of Stork?‘” These 
functionalities by enlarge initiate stereospecific cyclization processes in modest to excellent yields 
depending upon the specific substrate. 

The mechanism of these cyclization reactions has not been clearly established and may, in fact, depend 
upon the specific nature of the initiating functional group. For example, Johnson has presented evidence 
strongly pointing to a concerted reaction pathway in the cycti~t~nof anatlylic alcohol.” On the other hand, 
the acetal functionality may initiate a cyclization process which proceeds in a stepwise manner through. 
intermediate carbonium ions.@“-’ This also appears to be the case in the cyclization of several terminal 
epoxy okfins. In the latter case, GoldsmithPO demonstrated that the cyclization process proceeds 
stereospecifically to afford tricyclic hydrocarbons. The stereochemistry of the observed products strongly 
suggest that the cyclization process proceeds in a stepwise manner through the intermediacy of 
conformat~~lly stable cyclohexyl cations. Indeed, Harding,*’ employing the argumenls of con- 
formational analysis, has pointed out that the high degree of stereospecificity observed in many biomimetic 
cyclizations can be rationalized in terms of classical carbonium ions and need not be attributed to concerted 
processes. 

More recently Stork, in an elegant series of papers, demonstrated that cyclopropyl ketones undergo 
stereospecific cyciization upon acid catalysis. 9’-vz For example, reaction of cyclopropyl ketone 167 with 
SnCI, in benzene, containing a trace of water, afforded stercospecificaily tmns-phenanth- 
renones 10 and 170 in 80% yield. Similarly, cyclopropyl ketone 16% gave only cis-phenanth- 
renoms 171 and 172 upon acid catalyzed cyclization. The stereospecificity of these reactions was 
attributed by Stork to be due to a concerted cyclization process. This view is consistent with our 
observations (uide i&z) on the cyclization of cyclopropyl ketones 173 and 174. 
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In many instances this two step alkylation procedure (i.e. copper catalyzed cyclopropanation 
followed by acid catalyzed cyclization or rearrangement) is synthetically equivalent to the direct acid 
catalyzed cyclization of the diazo ketone. In fact ErmanPO and GhaWH have compared the efficiency 
of this protocol for several diazo ketones. In general, the cyclopropanation procedure is restricted to 
y&unsaturated diazo ketones and occasionally suffers from moderate yields. In addition, non-selective 
opening of the cyclopropane ring upon acid catalysis can lead to complex mixtures. In the case of 
monocyclization. the brevity of the direct diazo ketone cyclization as we have demonstrated makes it the 
procedure of choice. 

6.8-otAzo KETONES: cmlAToRs OF #)LY0LBmNK CATto!w CYcuunoN 

The successful cyclization of diene diazo ketones 159 and 164 to bicyclic ketones suggested the 
adiazo ketone functionality as a potential initiator of polyene cationic cyclization. Intrigued by the use 
of a high energy initiator (i.e. the diazonium ion). we began an extensively investigatior? of this process 
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in 1976. Initially, diazo ketones 17S178 were selected since they would not be expected to become 
involved in complex structural rearrangements. 
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It was anticipated that the systematic modification of substrate structure would provide some insight 
into the scope and limitations of this cyclization reaction. In addition, diazo ketone 175 appeared ideally 
suited for our initial study since two of the four possibk tricyclic ketones had been prepared and their 
stereochemistry rigorously established by Jcger et al.” 

Decomposition of diazo ketones 175-178 with a variety of Lewis or Brdnstcd acids and com- 
plementary solvent systems led to complex mixtures of products.” ‘Ihe optima! conditions proved to be 
I.1 equivalents of BF,*Et,O in either nitromethane or methylenc chloride. The observed products were 
the result of either a mono- or polycne cyclization process where significantly, a propensity towards the 
polyene cyclization was noted only for diazo ketones 175 and 176 containing a nucleophilic disubstitutcd 
olefin. More specifically, diazo ketones 175 and 176 gave predominantly tricyclic products (43 and 46% 
respectively), whereas diazo ketones 177-178 containing the non-nucleophilic vinyl group gave no 
tricyclic ketones. In addition, diazo ketones 175 and 176 gave comparabk yields of tricyclic products 
[179a (31%). 180 (12%) and 179b (46%) respectively] as we!! as simple substituted S-membered ring 
ketones [I818 and 181~10%). 182(2%). respectively]; the distribution of these products was 
markedly unaffected by C!KGCX of solvent (i.e. methykne chloride or nitromethane). Interestingly. 
decomposition of diazo ketone 175 in methylene chloride also gave a small amount (2%) of methyl 
ketone 183 in addition to 17h, 1W and 181. In marked contrast, the distribution of cycloheptanones 
[Ma and Mb, 185 respectively] and cyclopentenones [la am! Mb respectively] from diazo ketones 
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177 and 178 was affected by the nuckophilicity of the aromatic ring as well as by choice of solvent. These 
results are summarized in Table 4. 

The facile, high yield formation of cycloheptanones 1Ub and 185 from diazo ketone 178 is 
particularly noteworthy. Similar treatment (BF,*Et,O; CH&) likewise converted the saturated analog 
diazo ketone 187 into a mixture of cycloheptanones (188 and 189) in good yield. This ready formation of 
cycloheptanones contrasts with earlier observations on the di5culty of forming 6- and 7- membered 

rings by the decomposition of unsaturated diazo ketones possessing long alkyl side chains. In particular, 
our results contrast sharply with the low yields of chromanones obtained by Moorea in solvents of low 
dielectric constant and with the low yield of tetralone 70 (20%~ obtained from diaxo ketone 69. These 
examples reveal the acute sensitivity of the diazo ketone cyclization process to the acid catalyst-solvent 
couple. Indeed, choice of the optimal acid/solvent conditions for a particular cyclitation remains an 
experimental problem. 

A reasonabk reaction pathway for the above cyclizations involves initial complexation of boron 
trifluoride with either the oxygen or carbon atom of the diazo ketone functionality to yield 190, 191 
and/or 192; subsequent loss of nitrogen and cyclization then leads, in the case of diazo ketones 175 and 
176, to a tertiary carbonium ion 193. The resultant tertiary carbonium ion is, in most instances, 
sufficiently long lived to suffer capture by the a-system of the aromatic ring before the cation can be 
removed from the reaction coordinate by proton loss. In the decomposition of diazo ketones 177 and 
178. however, the initial cyclization leads to a less stable (by approx. II kcal/mole).W short-lived 

Tabk 4. Product com~ition as a function of substrate subs.tituh and wlvenl 
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secondary carbonium ion J94 which rapidly loses a proton before capture by the aromatic system can 
take place. Consistent with a stepwise mechanism, the yields of tricyclic ketones (Table 4) obtained from 
diazo ketones 175 and 176 are independent of the nuckophilicity of the aromatic ring. In addition, 
partially cycli& products (e.g. 181) have been shown not to be intermediates in the cyclization process 
leading to tricyclic ketones. Finally, the exclusive formation of the cLr C/D ring fusion in the tricyclic 

ketones is due primarily to the tetrahedral geometry of the a’carbon center. 
The question of whether nitrogen loss is synchronous with or precedes u bond formation is more 

complex and may depend upon the solvent and nature of the participating nucleophik. For example, 
decomposition of diazo ketones 177, 178 and 134 led to identical products in either nitromethane or 
methylene chloride. The distribution of products (Table 4) was, however, strongly dependent upon the 
choice of solvent and the strength of competing nucleophilcs (e.g. the aromatic ring and the olefin). 
These results suggest that competing Sul and Su2 pathways are responsible for the observed product 
distribution. 

In this regard, the formation of cycloheptanones in either solvent is strongly dependent upon the 
nucleophilicity of the aromatic ring, a fact consistent with an SN2 mechanism. Accordingly, the yields of 
cycloheptanones are increased in dichloromethane, a solvent apparently favoring the concerted pathway. 
In contrast, formation of cyclopentenones in either solvent is independent of the nucleophilic character 
of the aromatic ring, which in effect is a competing nuckophik. This observation suggests an Sul 
reaction pathway for the formation of cyclopentenones. Significantly, this solvent effect is manifest only 
when the nucleophilicity of the &y-olefin is sulficiently decreased so that it does not assist in the 
displacement of nitrogen. Thus, these observations appear to offer an explanation for the extreme 
sensitivity of the diazo ketone cyclization reaction to acid-solvent couples. 

While the preceding examples demonstrate that the adiazo ketone functionality can in fact initiate 
biomimetic polyene cyclization, the terminal nature of the participating okfin precluded any information 
concerning the role of olefin geometry in determining the stereochemistry of the cyclization process. Of 
particular interest here was whether a diazo ketone possessing a trans olefin would undergo a 
stereospecific cyclization to fmns fused products. 

To explore this question, we examined the Lewis acid catalyzed decomposition of diazo ketones 1% 
and l%.- Our results arc illustrated below. In both cases a single tricyclic ketone 197 was obtained in 44 
and 38% yield, respectively, accompanied by minor amounts (ca I7 and 15%) of the partially cyclized 
cyclohexenone 198. The stereochemistry of 197 was demonstrated to be cis by preparation of both the 
c&-l97 and tram-199 ketones as shown below. The cyclopropyl ketones 173 and 174 did in fact undergo 
a stereospecific acid catalyzed cyclization (I5 and 42% respectively) althou~ the major product in each 
case proved to be cyclohexenone 198 (85 and 43% respectively)+ This is in marked contrast to the results 
of Stork”-” where the more nucleophilic anisole derivative gave onty tricyciic products. That the 
resultant tricyclic products were obtained stereospecifically from 173 and 174 is consistent with the 
concerted cyclization originally postulated by Stork. 

The cyclization of diazo ketones 1% and I%, however, cannot proceed by a concerted reaction 
pathway since cis-phenanthrenone 197 is formed with equal facility from either the cis or trons olefinic 
diazo ketones. Indeed, the almost identical yield of tricyclic ketone 197 is suggestive of a common 
intermediate. A likely intermediate is the nearly plauar species 2M since carbonium ion #I1 is expected 
to yield a mixture of cis and lruns fused tricyclic ketones in view of Harding’s”’ conformational 
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arguments and Goldsmith’?” experimental observations on oletinic epoxides. Finally, the results 
obtained from cyclization of cyclopropyl ketones 173 and 174 are vastly different than those obtained 
from cyclization of diazo ketones 1% and 1%. Tbb obmvrtion h rtgdhamt la that It ehctivdy clfisiartes 
from comidcnth~ an add ahlyzed eyclopropanatbn meebanlsm for cydfzatk~8 irdtfmted by the adiam 
kcto#fs#tkul&y.- 

Finally, since the acetylenic functional group has been described as an excellent terminatop of the 
polyene cyclization process, decomposition of diazo ketone 282 was investigated.a Under the majority 
of conditions examined, cyclohexenone 283 proved to be the major product. Eventually, it was 
discovered that decomposition of #)2 in freshly distilled dichloromethane at high dilution (ca 1 mg diazo 
ketone/ml solvent) with greater then five equivalents of BF,-Et,0 constituted the optimal conditions to 
effect cyclization. Combined gclmass spectrometric analysis revealed a complex mixture of products, 
many of which contained a fluorine or chlorine substituent. To define the stereochemistry of the ring 
fusion in the cyclized material, the crude reaction mixture was oxidated with RuOJNalO,. The result 
was a 5.6: I mixture respectively of the known cis and fruns diones 204 and 285. The small yield of trans 
fused products in this cyclization may merely reflect the smaller steric demands of this linear terminator 
as opposed to the bulky phenyl group. 



RuO,-NJIO, 
A. 8. c 

K.etonc’.wdter 

0 

LB 0 
Ii H 

(2041 (2051 

7. !mcu EOND PARTKIPATION 

Several reports have appeared in which C-C and C-H a-bonds appear to participate in the 
displacement of nitrogen upon treatment of adiazo ketones with either Brdnsted or Lewis acids. 
Although many of these examples involve rearrangement rather than cyclization, they formally complete 
our survey on the participation of nuckophilic bonds in the acid promoted reaction of diazo ketones, and 
will therefore be included here. 

Considerable attention in this regard has been paid to the acid promoted decomposition of diazo 

norcamphor 206. For example, Yates and Crawford’00 reported the formation of 2# (17%). m (33%) 
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and 213 (29%) from 204 in aqueous THF at pH5. while Hanack and Dolde”’ observed formation of 207 
(31%). 2&a (33%). 249a (17%). 211 (m), 21L (3%) and 212 (trace) upon treatment with aqueous acetic 
acid. Decomposition of m in non-polar aprotic media, on the other hand, gave entirely different 
results lo’ In particular, reaction of 2N with dry HCI in dichloromethane affords 21ob (34%) 212 (22%). 
209b (5%) and 2011b (40%). 

These results have been interpreted in several ways. Hanack”’ has suggested that the results can be 

accounted for in terms of the classical carbonium ions 214, 215 and 216. Yates’@’ and More O’Ferrall’ 
have suggested that the ring opened acid #n could also arise from the hydrated diazonium ion 217 under 

0 

a--= 0 
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..- _- &J+__ y+ 
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the aqueous acid conditions. Finally, Friedman’ has reported similar results for the acid catalyzed 
decomposition of 3diazocamphor and has suggested that the distribution of products can be understood 

in terms of the diazonium ion epimers 218 and 219 whose relative ratio, in turn, is solvent dependent. In 
this view 297, 248a-b, 219a-b and 213 arise from the cndo isomer 218 while 209, 211 212 and 298 arise 
from the uo isomer 219. The distribution of products is, therefore, a reflection of the relative ratio of 
diazonium ion epimers (218 and 219) present in the reaction medium. It is noteworthy that these 

results strongly suggest that the diazonium ions undergoing reaction are protonated on carbon and not on 
oxygen. 

In related experiments Avaro and Levisalles’” examined the decomposition of 2diazo-Sotholestan- 
3-one (10). As previously observed, the nature of the products was critically dependent upon the 
acid-solvent couple employed. Although NMR studies in magic acid demonstrate that protonation occurs 
predominantly on oxygen in strongly acidic medium, the results of Avaro and Levisalles are best 
explained, as suggested by Avaro’” and Friedman,’ as arising via carbon protonation followed by 
concerted rearrangement. That is. in non-polar dichloromethane decomposition is anticipated to afford 
the epimer with an equatorial diazonium ion, thereby facilitating rearrangement to 223. In benzene the 
epimer with an axial diazonium ion is suggested to form at a sufficient rate so that a moderate yield of 
224 is obtained. Thus, the observed products appear to be highly dependent upon both the relative rates 
of rearrangement and the predominate diazonium ion epimer present under a given set of conditions. 
Avarao, however, raised the possibility that 223 arises from 225 by bond migration as shown. It was 
pointed out that initial rearrangement of 226 would generate an energetically disfavored primary 
carbonium ion, whereas rearrangement of 22!I affords a primary allylic carbonium ion. 

(15%) (X = CII l30%1 

(50~55%) 

HFIKF. cn,cII. 
ml, l (222) l 0 

-WC 
X . F (50%) (lo*) a i’ 
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Yates” extended his earlier observations by an investigation of the acid catalyzed decomposition of 
the closely related diazo ketones 8 and 9. The products derived arc illustrated below. 

& 0 + 
‘4 

OU 

& H 

OTS 
cnet 

Participation of the cyclopropyl bond in 8 is interesting in light of the fact that Wilcox and Jesaitis”’ 
found no cyclopropane participation in the solvolysis of 228. Thus the former reaction demonstrates that 
the diazonium ion is such a high energy species that rearrangements not normally observed under 
solvolytic conditions can occur. That in fact both protonation of the diazo ketone on carbon and 
participation of the C(4.7) carbon carbon c-bond were occurring was demonstrated by the exclusive 
formation of 227b labeled at C(3) when the decomposition of 9 was carried out in D,O’. 

a. SUMMARY 

The acid promoted reactions of adiazo ketones have been invest~ted for over 50 years. During that 
period, they have progressed from an annoying side reaction in the preparation of bdiazo ketones to a 
number of useful synthetic methods. More specifically, the acid catalyzed solvolysis of simple adiazo 
ketones has been studied extensively, and the mechanistic pathways operating are fairly well understood. 
Reactions involving participation of aromatic and olefinic nucleophiles have only been explored in detail 
during the past decade and then, primarily in connection with synthetic applications. Although patterns of 
reactivity have emerged during this period, very little is in fact known about the nature of the cyclization 
process and the intermediates involved. The reaction is clearly very sensitive to the nature of the diazo 
ketone substrate and the acid-solvent couple; choice of the latter remains an often difficult experimental 
problem. Although the powerful synthetic potential of this annulation procedure has been utilized in a 
synthesis of gibberellic acid, the unpredictable reliability of the reaction places certain tactical and strategic 
limi~tions on its general application. Clearly, additional mec~nistic and synthetic invcst~tions are 
required to enhance the utility of these reactions. 
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