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Abstract — New approaches to the formation of macrecyclic lactams are
described Involving successive ring expansion of B-iactams and other
heterocyclic systems. These methods have been used 1n the synthesis of =
number of spermine and spermidine alkalolds Including homatine, celaclinnine,

dlhydroperiphylline, chaencrhine and verbascenine.

In recent yesrs, there has been striking progress In the development of efficlent methods for
the formation of azetidinones, &8s a consequence of the Intense activity In the synthesis of the
B-tactam antiblotics. Our own work in this area has ied to several new procedures for B=lactam
synthesls, from cyclopropanone precursors,' from azetidine carboxylic at:lds2 and from
B—haloproplonamides.3 Examples of the appllication of these methods are found In syntheses of
(£)-3-amlnonocardlcinic acld (3—ANA)(J_).4

During the course of the above synthetic work, we became saware of a special aspect of
g-lactem chemistry whlch had previcusly recelved |lttle attention. In our studies on 3-ANA, we
cbserved an interesting rearrangement of this materfal In d5—pyr1dlne/D20 to form the plperazone
carboxylle aclid (3). This +transformation, previously reported by Kamiya during silica gel
chromatography of 3-|RN1‘\,5 was viewed by us as shown In Scheme 1, Here, intramolecular attack of
the B-lactem carbonyl by the carboxylate group ylelds an intermed!ate 7-membered cyclic anhydride

(Z2) which undergoes further transformation to (3) the product of Intramolecular acylation.
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The rearrangement of 3-ANA(1) to (3) is by no mears the first example of the reactivity of
g-tactams toward Intramolecular ring expansion. In fact, as polnted out by Bose,6 some of the

early confusion over the structure of penicliiin-G (4) was due, In part, to its faclile
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rearrangement to the oxszolone (5) by an Intramolecular attack of the amlde side chaln.” A number

of other, more recent examples of this type of reaction 6.8 are shown 1in Scheme 2. In these

reactions, flve and six-membered transition states leading to six and seven-membered heterocyclic

products are most common.
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In related work, Bormann has reported an unusual azetldinone ring expansion which ylelds
fused bicyctic heterocyclic sys‘rems.g For example, the reaction of Z-methoxypyrroline (1) with
d-=pothylazetidin-2=-one (£) at 130°C gave the bicycllc 4-oxo—tetrahydropyrimidine (9), presumably
via the acyl a'nh:lrma9 (8) (Scheme 3). Support for the Intermedtacy of 8 was provided by the
reaction of 4,4~disubstituted lactams with lactim ethers. Thus, at 130°C the condensation of
4, 4-dimethylazetidin-2~one (10} with 2-methoxypyrrollne (1) furnished the stabie and Isolable
acy! amldine (11). On ralsing the temperature to 180-200°C, 11 underwent rearrangement to form

the fused bicycllc product (12).
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The above examples show that B-lactems represent |atent sources of g-amino-propionyl groups
of potentlal_ use In synthetic application. In particular, ene may note the possibitity of using
these systems in the formation of large ring lactams Incorporating B-amino proplonamide residues.
Among naturally occurring macrocycllc systems, the spermine and spermidine alkalolds include a
large number of compounds In which such resldues form part of the macrocycllc backbone.10 and we
therefore chose several representatives of this group of compounds as synthetic objectlves for the
B~lactam ring expansion studies. As is outilned In the following discussion, we used the
azetidinone-transamidation reaction In key phases of our syntheslis of homallne (_11),11 celacinnine
(22),12 dihydroperiphyliine (5;1),13 and verbascenine (5_6_).14 In the formation of chaenorhline
(5_1)15. a varlation of the Bormann coupling reactlon was devised In which a g-amino ester served
@as a B-lactam equivalent.

(-)-Homal the

Our flrst demonsiration of the use of ring-expansicn methodology In the formation of a
naturally occurring spermine alkalold was +the synthesis of (~)=homallne (13_),” a bls-iactam
Isolated from the Homalium genus of plan*i-s.16 Since g-lactams were previously known +to undergo
Intramolecular attack by nuckeophiles to form larger, less stralned heterocycles, 1t seemed |lkely
that the bls-8-membered system of homaline could be constructed by a double f-lactam

transamidation reaction {Scheme 4).
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The key bis-lactam Intermedlate was syntheslzed starting from the known diol (14) which was
converted (BOC-ON/ETsN) to the diurethane dlo! (15} to protect the secondary amino groups.
Tosy lation (TsCl/py) of the hydroxy! groups and subseguent displacement with the sodium salt of
(S}=4-phenylazetidin-2-one provided the adduct (16) 1n 24% overall yield from 15. Compound (16)
was then treated with HCOZH to remove the BOC protecting groups, forming 17. Refluxing 17 In
quinoline for 10 hours brought about the desired transamidation reaction to yleld the homaline

ring system (18)(25%). More efflclently, pyrolysis of the dlurethane 16 gave the hls=lactam (18)
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directly (36%) by the fragmentation sequence showh {Scheme 5). The synthesis of (-)-homaline (13

was finally completed by Eschwel!er~Clarke methylation (CHZO/HCOOH) of 18.
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{t)-Celacinnine K™
For +the synthesis of celaclnnine (22)12 the route depicted In Scheme 6 was flrst consldered,
As In the "zip" reactlon reported by Hesse et _a_]_,” this pathway would !nvolve stepwise expansion
of smatier ring lactam systems by transamidation, The formation of the 13-membered lactam (Z1)
would be promoted by Irreverslible deprotonation of the secondary amide functlion. Furthermeore, 21

would be thermodynamically favored over the more stralned g-lactam end medlum ring |actam

precursors, o (ehim, o
o |
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Step b (Scheme 6) Is analogous to the "zlp® r-ea::'l'it:::11'-'r in which 6-membered transition states
are invelved, Step a, designed to form the amlno lactam (20), would have to proceed through a
7-membered transitlion state. We hoped that the B-lactam (18) might be sufficlent(y reactive to
compensate for +he relatively unfavorable 7-membered transition state. However, In studies on
mode| systems, we found that whlle the primary amino group In 23 took part In transamidation to

form 24, other systems containing secondary amino groups and/or larger ring lactams did not appear
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to undergo transamidation through seven-membered transition states. Accordingly, the intermediate
amino lactam {(20) which weould have been formed In step a was prepared by an alternative route
Involving alkylation of the U-membered |actem (24) with a 3-amlno propyl equivalent. We also
found two additlonal procedures for preparing 24.

Using the Bormann i:nrocedure,g 4-pheny | azetidinone (25) was heated with Z-methoxypyrroline (1}
ylelding 4-oxo-tetrahydropyrimidine (26}, which could be reduced wlith excess NaBH3CN in the
presence of HOAc to form 24(31%) (Scheme 7). Better results were obtalned by heating ethy!
cinnamate with piperidazine (Z7) forming 2-oxc~4-phenyl-1,5-diazableycte[4-3-0] nonane (28) (80%).

18

FissTon of the N~N bond in 28 (Na/Nl-!3) yielded 24(80%).
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Selective alkylation of the amlde NH group (25%) was achleved by treatment of 24 with NaH In
DMP followed by addition of N~{3-iodopropyl)- phthalimlde (Scheme 8), The product 29 was heated
in ethanol with H,N-NH,-H.,0 followed by warming In TN NaOH to yleld 21 (50%). Lactam (21) was
then converted to celacinnine (22)(85%) by acylation wlth trans-cinnamay!| chlorlide as reported by
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(#)-DLhydroperiphylline

The synthesis of (+)-dihydroperiphylitne {30) was achleved In an efflclent 6-step sequence
making use of Internal N-N and C-N bond cleavage reactlons of the fype previcusiy employed in the
celactnnine work.13 An important aspect of the synthesis Is that, In contrast to the celacinnine
route, ‘the frapns-cinnamoyl group was speciflcally Introduced at an early stage, eliminating the

need for selective acylation in the last step.
2,7-Diazacyclononanone (33} was obtalned in a manner entlrely analogous to the preparation of
the 8-pheny! derivative (24) used In the synthesis of celacinnine (Scheme 9). Slow addition of
ethyl acrylate to plperidazine (27) at 0°C led to formaticn of the Michael adduct (31), which, on
heating to 190°C underwent cyclization with loss of ethancl to give the bicyclic acyl hydrazine
{32)(85%). The 9-membered lactam {33) was then obtafned by Na/NH3 reduction of 32 (87%). This
material was then +treated with frapgs-cinnamoy!| chloride fn the presence of DMAP to provide the

acylamino lactam (34)(95%).
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To prepare for the subsequent Inclusion of the 3-aminopropionyl unit, the acylamino lactam
(34} was activated by reaction with trimethyloxonium tetraflucroborate followed by basic agueous
workup to glve the lactim ether (35){78%) (Scheme 10}. The reaction of the lactim ether (35} with
4-pheny|azetldin-2-one (25) provided the flrst example of the Bormann condensatlion invoiving a
medium ring lactim ether. After heating the r;aacfanfs In ref{uxing chlorobenzens, the

4-oxo-tetrahydropyrimidine (36) was [solated In 67% yleid.
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The final step In the synthesis Involved the treatment of 36 with 3 equivalents of NaBI-!3CN In
acetic acld (Scheme 11). The yleld (93%) of synthetic dihydroperiphyllline (30) in *his step was a
significant Improvement over that (31%) for a related reaction (reduction of 26) in +the

celacinnine synthesis.
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(+)-Chaenorhine'”
In considering the synthesis of chaenorhine (37), the problem of forming two fused
macrocycilc lactam rings had +o be addressed. The aliphatic jactam (ring A), Incorporating a
3-amino~3-arylproplony! group, appeared amenable to preparation yla the ring expansion route

previousiy employed In the syntheses of celacinnine and dihydroperiphylline. These procedures
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worae, however, not applicable fo the formation of the second macrocyclic ring (ring B) containing
the unsaturated resldues. This lactam would have to be-.generated in a macrocyclization step
Involving intramolecular amlide bond formation.

Leaving the macrocycllzatlion step unti| the end of the synthesls, an approach to chaenorhine
was first envisioned which would Involve Bormann reaction of a sultabiy protected lactim ether
(38, R=Me or Et, P=protecting group) with a g-lactam component (39}. The aromatic portion of ﬂ!e
molecule could then be Introduced as part of thls coupling step (Scheme 12). Reductive opening of
the 4-oxo~tetrahydropyrimidine ring (40) would then produce the mono-macrocyclic system {(41) as a

fully functtonallzed intermedlate designed to gensrate 37 In the final macro|actamization.
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Thts approsch to chaenorhine appeared to have the distinct advantage over other approaches
(requiring two macrocyclization steps) of belng highly convergent, Synthetic transformations used
In the preparation of each component could thus be carried out with reduced risk of Interference
with other functionalities and protecting groups. The somewhat acid sensitive cls-clnnamoy!| group
could be introduced at a raelatively late stage In the synthesls, diminfshing the opportunities for
cls~ to trans- Isomerlization. In practice, we were able to use the sbove procedure essentially as
outlined, except for the use of the R-lactam. We found that the p-amino ester equivalent (42) of
this lactam was much more readily avalleble and we therefore chose 40 use thls species even though
It was less reactive than the typical p-lactam participant.

The synthesls is summarized in Scheme 13 showing the use of two key fragments, the
13-membered Imino ether (3Ba) and the substltuted R-amino ester (42). The Imino ether (38a) was
prepared by the sequence out|lned In Scheme 14; +the amino ester (42) was formed by the reaction
of methyl gls-p-bromocinnamate with +the copper salt shown In Scheme 15. Coupling of the two

components was followed by Introduction of the acetyl group ylelding 43, and then reductive ring
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opening +o 44, the monocycllic precursor of chaenorhine.

The final lactamization was accomplished

by hydrolysis of the methy| ester In dilute NaOH, activation of the acid wlth pentafluorophenc!

(bCC)  forming 45, removal of the trichloroethoxycarbeny!l protecting group (Zn,HOAC) and
macrocyc| Izatfon to 37 In pyridine/dloxane In the presence of dimethylaminopyridine.
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The procedures employed for construction of the non-arcmatic 17-membered lactam {ring A) of
chaenorhine could be readily applled to the synthesis of related polyamine alkaloids contalning
the same ring system, for example, the recently Iselated alkalold, verbascenine (46). in the
constructlion of 46, all but one nitrogen atom of the spermine unit could be de!lvered through the
key macrocycllc lactim ether (38).

The verbascenline synthesls Involved condensatlon of the lactim ethers (38a) or (38b) with
4-pheny lazetidin-2-one (25) to form the 4-oxo~tetrahydropyrimidine (47) {Scheme 16), We found
that the yleld of (47)(59%) using the ethy! lactim ether (38b) was nearly four times higher than
the product resulting from use of the methyl derlvative (38a){16%). It appears that with 38a,
regeneration of the 13-membered !actam by demethylation is a serious side reaction.

Exchange of the BOC group for an acetyl group was accompllshed by standard means., After

treatment of 47 with HCI in methylene chlorlde, the resulting amine was treated with acety!
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chlorl‘de In the presence of OMAP to provide pure 48 (B0%}. The 17-membered lactam (49) was +hen
obtalned (88%) by reductive opening of the 4-oxo-tetrahydropyrimidine ring with NaBH3CN. Removal
of the richloroethoxycarbony| protecting group affording the dlaminolactam (50).

Setective clnnamoylation of (3Q), the final step In the verbascenine synthesls, was carried
out under conditions simiflar to those used for the anhalogous acylation in the celacinnine

synthesls, ylelding the racemic alkalold (48)(58% from 49).
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