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INTRODUCTION

The piperazinone ring has proven to be a valuable scaffold for the construction of biologi-
cally active molecules. Due in large part to their similarity to amino acids, piperazinones have been
important tools for drug design and for evaluating interactions between natural ligands and macromol-
ecules.’? Piperazinones function as conformationally constrained peptidomimetics wherein the N, and
N, , positions of an amino acid backbone fragment (e.g. 1, Fig. I) are linked by an ethylene unit (e.g.
2).** This ring constraint results in restriction of the ¢, y, and e, torsion angles,>® confers protection

R! H 1

>_"/ o ) N/_\N—R3

S ¢ ko I
K Rzz °

Fig. 1

from amino acid degrading enzymes, and alters the physicochemical properties by eliminating a
hydrogen bond donor group. Furthermore, the additional carbons of the ring offer new positions for
the placement of substituents capable of influencing ring conformation or engaging in binding interac-
tions with macromolecules.

Driven largely by the demands of medicinal chemistry investigations, many approaches to
the synthesis of piperazinones have been developed. To date, each of the synthetic strategies falls
within one of several categories, defined by the C-N bond (or bonds) formed in the ring-forming reac-
tion, as described in Scheme 1 (review sections indicated). As such, the first chapter of this review
focuses on intramolecular cyclizations, while the second describes tandem intermolecular/intramolec-
ular reactions. In the third chapter, we highlight useful post-cyclization transformations of piperazi-
nones. In general, the most recent developments are emphasized.
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General strategies for the formation of piperazinone rings, with review section indicated.

Scheme 1

I. INTRAMOLECULAR C-N BOND FORMING REACTIONS

Each of the four possible modes of intramolecular C-N bond formation to prepare a piper-
azinone ring (Scheme I) is well represented in the literature. In general, methods involve the construc-
tion of cyclization precursors bearing the desired functionality, followed by a distinct ring-forming
reaction. The wide range of available cyclization strategies and reaction conditions facilitates the
incorporation of diverse functionality into the piperazinone ring structure.

1. Cyclization at N -C,
One of the earliest developed and most widely used methods for the synthesis of piperazi-

nones is the intramolecular addition of an amine to an acid or ester to form the N -C, bond. A report
by Cignarella illustrates a strategy that begins with an unsymmetrical ethylenediamine (Scheme 2).”

Me Me
R BrCH,CO,Et >—\ 210°C
HN NHPh HN N—Ph
H,N NHPh Et3N, Tol (76%) \—002Et (44%)
3a (R =Me) 4 [o]
3b(R=H) 5
BrCH(CH»)CO,Et
Et;N, Tol (75%)
/N 270°C /=\ H,, Pd/C
HN NHPh N N—Ph 2 HN N—Ph
CO,Et (33%) \! EtOH (44%)
Me & Me O Me o
7 8
Scheme 2

Alkylation of the 1,2-propanediamine 3a provided ester 4, which was heated at 210° to afford piper-
azinone 5 with loss of ethanol. However, the isomeric ester 6 required higher temperature, and gave
the pyrazinone 7 by a dehydrogenation-cyclization-dehydrogenation sequence. Catalytic hydrogena-
tion furnished the piperazinone 8.
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A method by Yamashita provides conformationally constrained dipeptide motifs from easily
accessible 3,6-diaza-1,8-octanedioic acid derivatives.*'? Esterification of the symmetrical alanine-
derived diacid 9 (Scheme 3) was followed by refluxing the free base in toluene to give the piperazi-
none ester 10 in good yield.® A similar di-tryptophan analog was recently prepared by Hansen."

COH  BrCH,CH,Br /\  SOH | s0Ch, MeOH [\ SOiMe
HoN— COn NaOH HN HN A HN N A
[" K3CO3, Na " COH M 2. E;N, PhH \ M
¢ HOiaq HCL & o0 e 3. Tol, reflux °
e Me [e]
9 (80%) 10
Scheme 3

Generating the corresponding dipeptide mimetics from two different amino acids is more
complex. An unsymmetrical substrate for the cyclization was produced by alkylating 1,2-dibro-
moethane with a mixture of alanine and phenylalanine to give the three possible compounds 11a-c
(Scheme 4)."? Treating the mixture with acid gave, after purification, three of the four possible piper-
azinone products 12-15, with di-alanine derivative 13 not isolated. Interestingly, the unsymmetrical

COH CO,H /\  [COEt /—\  CO:Et
HN—  + HN— N N— N  N—/
Me Bn 3 Bn 3 Me
Bi O Mée O
BrCHzCHzBI’, K3CO3,
NaOH, H,0; aq. HCI 12 (6 B3O
COH H,S0,, EtOH 7\ _/COgEt /\ _/COgEt
HN\_ HN—, _ HN N— HN  N—
—COH R' reflux (ca. 41%) \\H Bn \\\__< Me
R lac Mée O Bhn O
14 (8) 15(1)
Scheme 4

substrate cyclized with 8:1 selectivity favoring intramolecular acylation of the phenylalanyl nitrogen
(14) rather than the alanyl nitrogen (15), a surprising result since the unsymmetrical Phe-Gly variant
of 11 produced only desmethyl-15 and no desmethyl-14 under the same reaction conditions.'*

A common acyclic precursor to the piperazinone ring is a carbamate-protected amine, which
is deprotected and cyclized under basic conditions. This strategy affords ample flexibility with regard
to the synthesis of highly substituted analogs, and many recent methods rely on this reaction. A
tachykinin receptor antagonist was prepared in a patent from Hoechst,'S employing the Boc-glycinal
derivative 16 (Scheme 5) in a reductive amination reaction to produce 17. Acid-promoted deprotection
and basification gave the desired 18.

N
— N\en W N
HN _\—Ph

Boc (R)-Trp-OMe . HCL DCM_ N~
Nx HN COzMe (o]
OHC—/ Ph NaBH3CN \ 2. Py, Tol
16 MeOH, THF
18
17
Scheme §
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An alternative method for preparing the carbamate cyclization substrate is exemplified by
Goodman'’s synthesis of the constrained Leu-enkephalin analog 21 (Scheme 6).' The amino ester 19
was used to ring-open the Vederas lactone, and the resulting free acid was directly coupled to a dipep-
tide to produce 20. Catalytic hydrogenation promoted the cyclization reaction in high yield, which

t-BuQ Bn o
ZHN, o]
’:( t-Buo 0 }—( CO,1Bu
o NH HN—{
NH /
\—coMe CHiCN, 65°C; N NHZ  Me
NHBoc gbl:}:]e;ﬁg_%ﬁ% COMe Me
19 ’ ’ NHBoc
(55%) %0
B 2 1. H,, Pd/C, EtOH (92%)
HO o COZH . Hp, , B (4]
4 HN—{ 2. TFA, DCM (100%)
N NH Me—(
Me
NH, o]
21
Scheme 6

was followed by acid treatment to give tetrapeptide mimetic 21. The mildness of the coupling and
cyclization reaction conditions makes this an attractive method for inserting the piperazinone ring into
polypeptide sequences.

A similarly attractive method reported by Hansen'® utilizes the Petasis three-component
coupling strategy to rapidly combine the required functionalities for cyclization (Scheme 7). Thus,
boronic Mannich reaction of 22, Boc-ethylene diamine and glyoxylic acid produced 23 in good yield,
which was cyclized under acidic conditions to produce 24.

NHBoc

B(OH): H,NCH,CH,NHBoc HN 1. TFA HN  NH
HO,CCHO _)—COzH 2. pTSA, EtOH ﬁ
Ph 2! p s [o]
22 (88%) (64%) /
/ Ph
Ph 23 2
Scheme 7

Functionality is also efficiently incorporated into the piperazinone architecture by
employing a Ugi four-component coupling strategy. Two solution-based variations of this reaction
were developed by Hulme for the preparation of piperazinone-based libraries (Scheme 8).'"'8
Isocyanocyclohexene was used as a key component to generate the acid-labile amide 25.!7 Subsequent
deprotection and methanolysis, presumably via an N-acyliminium ion intermediate, was followed by
base-promoted cyclization to give 26, all in one pot. Compounds bearing an amide rather than an alkyl
substituent at C, were prepared in a method utilizing ethyl glyoxalate as the core reagent.'® Thus, in
another net three-step, one-pot sequence, the intermediate product 27 was deprotected and cyclized to
produce piperazinone 28.
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Bn
_ N Boc MeOH N Boc l.AcCl, MeO
CO,H H2N 2. E3N, DCM

(80% pumy)
CHO
tBu 25 26
Me\ Ph
Me_ Ph N—Boc Ph
Ph N—B
pr— /% MeoH PP Vo 1. 10% TFA/DCM N N-Me
COH HN 0 ‘z—cozm 2. M carbonate BnHN*ﬁO
Bn—NC OHC-CO,Me BrHN S (62% purity) 2;’
27
Scheme 8

The amine deprotection and intramolecular acylation strategy may be intercepted by an
additional coupling reaction, as reported by Dinsmore et al. (Scheme 9)." Alkylation of the Boc-
protected ethylenediamine 29 and treatment with acid gave the stable salt 30. Under reductive amina-
tion conditions, in the presence of an imidazole carboxaldehyde, sequential reductive alkylation and
intramolecular cyclization to give the farnesyltransferase inhibitor 31 occusred preferentially over
premature cyclization of 30 to provide an N -unsubstituted piperazinone product.

1. BTCH2C02MC
NHBoc K,CO;, DMF NHz HCI

/ 60°C (45%)
2. HC, EtOAc <\ >—
29 (100%) \—cone

N
RCHO, DCE /_\ }

Na(AcQ);BH
4A mol sieves
(45%)

Scheme 9

Several traceless solid-phase variants of intramolecular amine N-acylation reactions for
piperazinone synthesis have been developed, each of which involves release of the resin from an acyl
group. Examples of direct cyclocleavage reactions (Scheme 10) have solution-phase analogies. For
instance, in a patent from Procter & Gamble,?® Boc-glycine-Merrifield resin ester (32) was depro-
tected and reductively alkylated with a Boc-protected amino aldehyde to produce 33, which was
deprotected and cyclized under acidic conditions to release piperazinone 34 from the hydroxymethyl
resin. Goodman’s serine lactone alkylation method was used to functionalize Wang resin-bound Boc-
glycine derivative 35.>' Amide coupling to give 36 was followed by cyclization to provide piperazi-
none 37. Finally, the Ugi/de-Boc/cyclize sequence was carried out by Hulme on hydroxymethy! resin-
bound amine 38 to produce, after acid treatment of 39, the densely functionalized piperazinone 40.7
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Me
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BocHN — Me
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“ . ‘ 0—
3 Q AcOH, DMI X

{ NMP, 40°C ( <

\. /
—NH - —N NHBoc
> 2. BnoNH, BOP \
y DCM /
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J O
35 36
CN-CeH; NH-CgHyy
/Bn o= Bn
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Scheme 10

Me
l. TFA, DCM
- —\ Me
2. AcOH, 2-BuOH HN  NH
110°C (95%) \_4
‘o
34
OtBu
—
7/ \
¢ Y o
5% H,O/TFA >4 \*—NBn,
(42%) ¢ M
“—N NH
<
o]
37
NH-CgH 4
0= Bn
10% TFA/DCM Bn (
(59% purity) va N\ NH
0 p—
Bn o]
40

Solid phase protocols that utilize “safety-catch™ linkers have been developed for piperazi-
none synthesis to provide high-purity products. In a method developed by Hulme,” the Wang resin-
bound isonitrile 41 (Scheme 11) was used in a Ugi four-component coupling reaction to give a

rO
o NHBoc 1. MeOH, THF
2. Boc,0, EN
H 2V, B3
COH HoN DMAP, DCM
CHO NC
tBu—/ Ar

H

(100% purity)

Scheme 11
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0
(o)

1. NaOMe, MeOH or
THF
2. 10% AcCl/MeOH N NH
3. 5% Et;NH/DCE ﬂ
o)

43

ro
o NHBoc
N o
0 ﬂ
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secondary amide, which was activated by acylation®® to produce the resin-bound imide 42. Following
methanolysis to cleave the resin, deprotection and cyclization afforded piperazinone 43 in high purity.

A latent form of an arylhydrazine “safety-catch” linker was developed by Berst et al. to
enable solid-phase alkylation chemistry in the synthesis of piperazinones (Scheme 12).5 ArgoGel™

amine resin, equipped with an aryl hydrazine linker protected by the acid-labile 2,4-dimethoxybenzy!

Me

FmocHN Me

Bn o}

0 20% Piperidine 74

QNH ; NH DCM, DMF —\ Me o
o — . ArSO,Cl, iPr,EIN /_< I. HyNNH,, H,O
oM 0N S—N Bn DMF
e - . pTol-CHO,

[

[9%)

[

. N-Dde-Phenylalaninol o~
\ OMe  DBAD, PPh;, DCM 0 Bn TMOF, DCM
0 3. Mey;NBH,, DCM
44 Meo QNH NH
O
(0] — Dmb
45

\ / $ (o Jll
I. TFA, DCM 0o Bn —
0N _S-— —_— 0 Me
o~ 2. Cu(OAc¢),, Py

0 ¢ ACN (34%) QNH A

Scheme 12

group, was derivatized with an Fmoc amino acid to give starting compound 44. This was converted to
an ortho-nitrobenzene sulfonamide, then subjected to Mitsunobu alkylation to give 45. Removal of
the nitrogen protecting group and reductive alkylation provided 46. Deprotection of the acylhydrazine
was followed by oxidative cyclocleavage of the resin from piperazinone 47 via intramolecular N-
acylation of an azocarboxylate intermediate.

Enforcing conformational rigidification of the piperazinone ring structure is achieved by
joining substituents in a ring. In a method developed by Jain et al., fused bicyclic piperazinones were
prepared by intramolecular cyclizations of pyrrolidinone and N-acylpyrrolidine derivatives (Scheme
13).26 Conversion of 48 to the corresponding lactam acetal was followed by condensation with

NO,
E}ZO 1. EGOBE,, DCM E§=/ H,, Ra-Ni, O—\
N N N NH

_ 2. NaOMe, MeOH; AN EtOH (73%)
COMe MeNO, (47%) COMe \_<
48 49 o O
Me Me  NO, . R?
>=o M€2504; MeN02 >=/ HZ, Pd/C RY.,
N N N NH
Q'"-cozm EtN, CHCL Q----co,m MeOH (80%) E <
§3aR'=Me, R*=H
Iy R2=
Scheme 13 53b R'=H, R*=Me
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nitromethane to give the key nitro-olefin 49. Reduction with spontaneous cyclization afforded the 1,4-
diazabicyclo[4.3.0]nonan-3-one 50. A similar sequence from acetamide 51 gave nitroolefin 52, which
was reduced to a 3:7 mixture of optically pure 1,4-diazabicyclo[4.3.0]nonan-5-ones 53a and 53b.
Non-fused bicyclic piperazinones have been prepared by similar methods involving reduc-
tion of amine precursors (Scheme 14). In a report by Cignarella,’ the pyrrolidine 54 was esterified and

1. MeOH, H;50,4

( 5 (88%) & PO, AcOH
HO,C CONH, MeO,C CN ~—NH
HN

N 2. TsCl, Py N (19%)
Cbz (78%) Cbz 0
54 55 56
Bn\N
Me0,C""\ 8 Me0C*" N\~ ~——NH
\ 2. MeNO,, EtzN \ MeOH (80%)
Bn DMF (56%) Bn 59 ©
57 58

MeOLC.
- H,, Ra-Ni
Me0,C"" “NH ~NHCO,Me ——~  MeOC" NTCN  ———— ~—NH

COMe CO,Me EtOH (78%) S
60 61 62
Scheme 14

dehydrated to give nitrile 55, then reduced to give the 3,8-diazabicyclo[3.2.1]octan-2-one 56. Opti-
cally pure analog 59 was produced by Jain et al. from the thiopyroglutamate 57 by conversion to the
nitro compound 58, and reduction as before.? In a report by Irie et al.,”’” the homologous diazabi-
cyclo[3.3.1]nonan-2-one 62 was prepared by reduction of the nitrile 61, available in three steps from
the lysine derivative 60.

2. Cyclization at C-N,
An alternative mode of cyclization to form piperazinones, involving intramolecular N-alky-
lation to install the C,-N, bond, has been of significant value for the preparation of biologically active
compounds. Methods are particularly well suited to the synthesis of piperazinones with C, and/or C,-

substituents. As originally defined by Schanen et al. (Scheme 15),%30 an appropriate amino acid

1. LAH, Et,0
0 2. TBSCI, Im
BocHN  HN—Y BocHN N— BocN N—
“\_on 3 BrCH,CO.H —~ " \_oras THF, \_<_\_0TBS
63 DCC, DCM 5 X DMF 5
(80%) r (73%)
64 65
Scheme 15
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derivative (e.g. 63) may be converted to an unsymmetrical 1,2-ethylenediamine, then acylated to give
an ¢-haloacetamide cyclization precursor (e.g. 64). Following deprotonation of the carbamate 64, an
intramolecular S, 2 displacement reaction provided the piperazinone 65 in good yield.

The versatility of this approach has been demonstrated in a number of recent examples.
Transformation of diamine 66 (Scheme 16) to chloroacetamide 67 was followed by treatment with

potassium carbonate to give the N-arylpiperazinone intermediate 68.3' This was used to prepare a

0 1. CICO,Bn, EsN 0 K,CO;3, 0
THF (100%) DMSO
HN  HN CbzHN N CbzN N
2. CICH,COCl, E;;N /_< (47%) \_<

66 DCM (76%)

Cl [o) (o]
67 /_(o 68
QO
N _/ -—
o 69
Scheme 16

constrained version (69) of the 5-HT,, receptor binder mazapertine. An N-arylpiperazinone inhibitor
of farnesyltransferase (73, Scheme 17) was prepared from aldehyde 70 using similar technology,
employing a high-yielding cyclization of intermediate 71 with cesium carbonate to give intermediate
723

-Bu Me Me n-Bu Me Me
1. ArNH,, Na(AcO);BH " Cs,CO3,
n-Bu DCE (63%) >_\ I%MF1 >_\
)—CHO BocHN N BocN N
BocHN 2. CICH,COC], EtOAc _< (96%) \_<
70 aq. NaHCO; al o o
)| 72

73
Scheme 17

A related cyclization of a-haloacetamides involves carbamate deprotection prior to cycliza-
tion, rather than the reverse (vide supra). For example, in a report by Lewis et al. (Scheme 18),** alde-
hyde 74 was elaborated to the key intermediate 75. This was treated with acid to reveal the corre-

sponding amine, which subsequently cyclized to provide the NK, antagonist 76.
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1. ArCH,NH,
MgSO;, DCM
2. NaBH,, MeOH
\ (55%) o/
HN 3. BrCH,COBr BocHN

BocHN K,CO3, DCM
75
FsC
HCI, MeOH
° HN -/ CFs
(65%)
HN N

o]
Scheme 18 76

A conformationally constrained analog (80) of growth hormone secretagogue NN703 was
prepared in a similar fashion (Scheme 19),* by the conversion of dipeptide amine 77 to the chloroac-

etamide 78, followed by carbamate deprotection and cyclization to provide piperazinone intermediate
79.

& 2Naph 1. Boc-Glycinal N\ -Naph
HN— Me NaCNBH; (75%) BocHN N /Me
PR Pa v,

o H 2 E%(;'/l)hCO)zO cl oo TFA; base

Bn NHMe © Bn NHMe (48%)
78
77
o 2-Naph —2-Naph

HN N M

1. Boc-Aib, EDC Me

Bl » L

"’ Me 2. TFA (70%)

Bn NHMe Bn NHMe
Scheme 19

3. Cyclization at N -C;

Intramolecular cyclization strategies to form the N,-C, bond are numerous, and are often
applied toward the syntheses of piperazinones bearing a substituent at C;, the position resembling C_
of an amino acid. An early example, developed by DiMaio and Belleau,’ typifies the incorporation of
an amino acid into the cyclic framework to define the substituent and stereochemistry at C, (Scheme
20). From a glycinal dimethyl acetal derivative 81, amide coupling gave dipeptide derivative 82.
Hydrolysis of the acetal led to cyclization and dehydration to give dihydropyrazinone 83, which was
subjected to catalytic olefin hydrogenation and carbamate hydrogenolysis to give the constrained Tyr-
Gly peptidomimetic 84 in good overall yield.
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CH(OMe),
CbzHN  N— CbzN N
CHOMe:  cbz-Tyr-oH $ COEt  70% TFAH,0 s COEt
N o < o
HN— EEDQ, MeOH
CO.Et  (80%)
81
OH OH
82 83
BN N H,, Pd(OH),
S cosEt
HO S Y HCI, EtOH (80%)
84
Scheme 20

Recent applications of this technology* include the synthesis of a dibasic GPIIb/Illa antago-
nist by Kitamura ez al. (Scheme 21).35 The versatile acetal 85 was converted to 86, then hydrolyzed
and reduced as before to afford the protected diamine 87. This was converted to the antithrombotic
agent 88 by a sequence of steps involving amide coupling of 87 and Cbz-protected glycine, followed
by global deprotection, and bis-N-acylation.

CH(OMe), /\
1.pTsOH, Tol HN N/
CHOMe:  Ch.Om(Boc)OH  CbaHN  N—\ (65%) S coamu
)\ CO,tBu { o
HN EDC, DCM $ % 2. H,, Pd/C
COtBu  (94%) EtOAc (67%)
85 NHBoc
NHBoc 87
86

Scheme 21

A variation of this reaction by Giannis® allows the independent control of stereochemistry at
both C, (from an amino acid) and at C; (from glucosamine) of the piperazinone ring (Scheme 22). The
protected valine-glucosamine adduct 89 was reduced with concomitant ring closure by a reductive
amination process, and then reprotected to give 90. Periodate cleavage and aldehyde reduction
afforded the trans-piperazinone 91. A clever reversal of the sequence of reactions generated the alter-
native cis-piperazinone isomer 93 through the intermediacy of aldehyde 92.
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HO Ho,
HO O o4 I.HyPdC, N/ OH
HO NH,OH, MeOH H OH | NalO, H,0
CbzHN NH > BooO. MeOH 2 OH > NaBH - BocN NH
\ . Boc,0, Me! BocN NH .NaBH,, EtO \
3 (53%) o (50%) S
iPr 0 A IPr o]
89 r © 91
90
+—OH ~—OH
1. NaBH,, EtOH OHC— 1. H,, Pd/C, MeOH 7\
- .+~ cCbzHN NH BocN  NH
2. NalO,, H,0 \ 2. Boc,0, MeOH \
Pr 0 (40%) Pr 0
92 93
Scheme 22

A similar sequence of reactions by Moeller ez al. gave a conformationally constrained Phe-
Phe mimetic (Scheme 23).3637 Reaction of acid fluoride 94 with an N-allyl-amino ester provided olefin
95. Ozonolysis and subsequent hydride addition to the resulting iminium ion gave 96 in good yield.

\ 1. 03, MeOH;
BocHN F  N-allyl-Phe-OMe Bn DMS (88%) ™\ Bn
s NEM, DCM BociN N 2. Et;SiH, TF. SN
Br , \—< Cco,M - Et3SiH, TFA \—< COM
o4 (15%) s b 2ne DCM B9%) 5 2Ve
95 9%
Scheme 23

A diastereoselective ketone reductive amination reaction was used by Muiiiz ef al. as an
effective stereochemical relay from the C, amino acid substituent to the C, position of a
piperazinone.*®* Ketone 97 (Scheme 24) was deprotected and cyclized in a catalytic hydrogenation

MeOzc
o M902c —\>_\ MOOgC ->_\ M 9020 —,
H,, PdIC H / NaCNBH; 7

CbzHN  NH N N N NH HN  NH
\ MeOH S | zncL@1%) Y
Bn$ o Bn (o] Bn [0} Br o
- 98 99 100 35: 1)
Scheme 24

reaction to give the intermediate enamine 98. Filtration of the mixture and addition of sodium
cyanoborohydride and Lewis acid promoted a reduction of imine 99 (deduced from isotopic labeling
studies) to provide piperazinone 100 with predominantly cis-stereochemistry.

Construction of the N,-C, bond by a Mitsunobu alkylation reaction was demonstrated in a
report from Horwell et al. (Scheme 25).3* The amine 101 was subjected to peptide coupling, followed
by deprotection of hydroxyl and amino groups to provide the cyclization precursor 102. Intramolec-
ular Mitsunobu alkylation and acylation furnished the NK, binding piperazinone 103.
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HO P
1. Cbz-Trp-OH,
HBTU, DIEA, —\ M 1. DEAD,PPh,
TIPSO DMF (59%) WN N THF 62%) O ,—\ Me
Me \ Ph )—N N—{
HN__( 2. TBAF, THF ~— 0 2. ROCO,(2- 0 \_< Ph
o (88%) HN NO,Ph) RS
101 3. PA(OH),/C, DMAP, HN
MeOH (100%) DMF (77%)
102
Scheme 25 103

Methods of forming the piperazinone N,-C, bond by interesting transformations on solid
phase have been recently developed. A report by Goff describes the use of the Rink amide-linked
peptoid fragment 104 (Scheme 26).©° N-acylation with an Fmoc amino acid to give 105 was followed
by amine deprotection and intramolecular Michael addition under basic conditions. N-Acylation and
cleavage from the resin afforded 106 in good purity (stereochemistry not indicated).

0 Me
0 Me HN— N/V<M
£~ &
/HN < / N\ Fmoc-Phe-OH
—N Me - 7\

DIC, HOBt g N\

\
0/7 \ DMF FmocHN N—Bn
N—\ \
\ 0 N
104 NHBn / Me SN
N4~ Bn O
1. 20% Piperidine/DMF N e e
2. PhCOCI, EiN, DCE )‘\
- — - 0 >\
3.95% TFA/H,O BzN \N*Bn
(>80% purity) ¢
S\ ‘{Q\
Bn

Scheme 26 106

A protecting group-type linker was used in a versatile synthesis of bicyclic piperazinones.*!
The TentaGel OH resin-bound acetal 107 (Scheme 27), bearing an amino acid functionalized with

EtO . -
V0 O Nu i .\u.f ) 7
Nu \ 7\ 2-(iPrNH)-5- =\ Me
\ \ HCO,H NN N-Bn| (NOJCH;CO  ON—(  )—N
“~NH N—Bn - +\__/ . N\ _
p— 1-60°C RN \ / \
SN vt Mé 0 %N‘ N—Bn
) \ /
e = © 108 - o
107 Nu = - - \“ u‘ = Me o
e 0sC-vdl o LD 109 (39%)
“]/'e CO,Me p Nu = T OHC_ =
¢ N-Bz (‘.\\' H N- . )
TR ‘s Ac. "y \_y
(9 : Do
/ N
/N N—Bn BzHN-{ F \ _l\. S\¢
(o} N\ / ,\'7—N/ \Nfsn H " =\
SN d —N N—Bn
Me (o] '& o %
110 (51%) Me o Me' o

111 (18%) ,
‘ 112 (63%)

Scheme 27
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various nucleophilic groups, was activated with formic acid. Cyclization with release of the resin gave
N-acyliminium ion intermediate 108, which was quenched in a manner dependent on the pendant
nucleophile. The amino group of a 2-aminobenzoyl substituent cyclized to afford 109, and the
nitrogen of a carbamate-protected amino acid fragment cyclized onto the iminium ion to give 110.
The side-chain substituent of the protected amino acid acted as the nucleophile in the case of cysteine
(111; attack of the iminium ion by the sulfhydryl group) and tryptophan (112; attack of the iminium
ion by the indole-C,, cation quench at indole-C, by the protected amine, and indole-N,-formylation).

In a recent report by Kohn,*? bicyclic piperazinone-containing polypeptide compounds
related to 111 were prepared in the manner outlined in Scheme 28. Simultaneous removal of the
thioether and acetal protecting groups in 113, along with cyclocondensation and cleavage from the
RAM amide resin, gave octapeptide analog 114.

MeO OMe

—-sTr ) o —S 0
HN = { )N [FA, PhsMe ~ HN=< )= )NH
Gin )—NH N— Phe - (‘EIn —N N Phe
‘ y \ \ 0 (75% t . |
Arg O — &in —CONH H,0 ( purity) I‘Xrg 0o S GIn —CONH
|
Trp Me — (o} Trp Me , (o] S
| Me | Me
NH, NH,

113 114

Scheme 28

Bicyclic piperazinones have been prepared in solution by Moeller from proline deriva-
tives, 63743 employing the reductive strategy of DiMaio. The anodic oxidation product of proline
methyl ester 115 (Scheme 29) was elaborated in several steps to give olefin 116. Ozonolysis to give
117 was followed by catalytic hydrogenolysis to provide the 1,4-diazabicyclo[4.3.0]nonane-2-one
118.

Me
Me \ HO H
MeO q 03, McOH; comn
- N
N CbzHN N z
T S S R S
115 Mé O 117
116 H
H,, MeOH
Pd(BaSOy) NN
aS0, \ g CO,Me
(79%) Me o :
118
Scheme 29

A related transformation was reported by Corey and Martinez for the production of a key
intermediate in the synthesis of an Ecteinascidin analogue (Scheme 30).* In a single pot transforma-
tion, the lactol 119 was treated with acid to induce stereoselective cyclization, affording the penta-
cyclic piperazinone 120 in high yield.
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OoH aoe Ho O-allyl ‘Imoc o OMe
Meom Mo TfOH,BHT meo OH N H o
N o
o : o CholoH @i& o
H o/ (89%) o
119 120 OH
Scheme 30

4. Cyclization at C-N,

A less common mode of cyclization is that which forms the C-N, bond of a piperazinone
ring. A very useful method is the cyclodehydration reaction of y-hydroxy amides (Scheme 31). This
was demonstrated by Hadfield ef al.% to proceed under Mitsunobu reaction conditions, provided the
amide is sufficiently acidic. For example, 4-hydroxyproline 121 was converted to anilide 122, which

1. CICO;-allyl O:N DEAD,
NH NaOH (90%) Alioc PhyP
E)—cozu HN Auocnl\—-N
Ho™ 2. EEDQ, Tol EH ‘-Q
122

121 0-(NOYPhNH, o (78%)
(47%) 123
Br  CICH,COCI OH B DBAD, nBu,P Br
ag. KHCO, /_/ EtOAc; /\
HaN — HN  HN —, HCHHN N
i c; \_< , EtOH \_<
124 HOCH,CH;,NH, o (88%) o
(66%)
125 126
Scheme 31

was cyclized to provide the diazabicyclo[2.2.1]heptan-3-one 123 in good yield. A modified method
by Weissman et al.*’ requires no protecting groups. In a single pot, the aniline 124 was converted to
the corresponding 2-chloroacetamide, and the chloride displaced with ethanolamine to give 125.
Intramolecular Mitsunobu cyclodehydration proceeded smoothly to provide piperazinone 126, with
no evidence of an azetidine from attack of the secondary amino group. The method was useful for the
preparation of N-arylpiperazinone inhibitors of farnesyltransferase.*®

Bn Br
1. ArSOCI, Et;N
N HN—{ DCM (89-94%) Q /~/  jpn

8 COMe W ON o//ﬁ—N HN
S .HOC Br
M 2CH, \—< CO.M
° ?27 DEAD, PPh, % b T
THF (68-95%) e
128
DBU, THF Q /\  Bn
ONN _S-N N
(>95%) "8 ) CO.Me
Mé O
Scheme 32
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Intramolecular N-alkylation of a C,-alkyl halide was demonstrated by Just et al. in a method
utilizing dipeptide sulfonamides (Scheme 32).* Following sulfonylation of dipeptide ester 127,
Mitsunobu alkylation with 2-bromoethanol gave 128. Treatment with base provided the Ala-Phe
peptidomemetic piperazinone 129 in high yield.

II. TANDEM INTERMOLECULAR-INTRAMOLECULAR REACTIONS

A highly efficient construction of piperazinone rings involves the simultaneous formation of
two bonds. In principle, such tandem reactions allow the rapid combination of two structural frag-
ments in a single step, a feature that has implications for synthetic convergence and structural diver-
sity. To date, five of the six possible synthetic strategies for joining two fragments in tandem C-N
bond forming reactions have been demonstrated (Scheme I).

1. Formation of C~N +C;

A method of introducing an N, fragment in the form of an amine for simultaneous formation
of C,;-N, and C-N, was developed by Dinsmore et al. (Scheme 30).° A key aldehyde intermediate
131 was prepared by 2-chloroacetylation and Swern oxidation of ethanolamine 130a. Reductive
amination of the aldehyde and an amine with in sifu intramolecular S,2 alkylation provided piperazi-
none 132 in good yield. In a similar fashion, a diastereoselective reductive amination of ketone 133
and o-methylbenzylamine gave 134, which was deprotected to give the 5-methylpiperazinone 135 in

optically pure form.
1. CICH,COCI
aq. NaHCO, tBuNH,
HO EtOAc (83%) OHC— Na(AcO);BH Me  ,—\
N—Bn Me%—N N—Bn
R HN—Bn 2. (C%C])Z' DMSO /—< 4A mol sieves Me
130a (R =H) g;‘g)%;)DCM cl o] DCE (85%) Fe)
130b (R = Me) 131 132
1. CICH,COCl, aq. NaHCO3, EtOAc
2. (COCl),, DMSO, Et;N, DCM (98%)
o) Me,, Me,’
(R)-PhCH(Me)NH,  Me 7\ H,, PA(OH),/C 7\
Me N—Bn >—N N—Bn HN N—Bn
/_< Na(AcO);BH, DCE PH \_< MeOH (91%) \_<
cl o) 4A mol sieves (85%) o o)
133 13 6:1) 135
Scheme 33

A similar strategy for solid phase synthesis was reported by Goff (Scheme 34).* The Rink-
amide peptoid 136 was 2-bromoacetylated to give 137. Treatment with an amine resulted in tandem
Sy2 displacement and conjugate addition reactions, and acidification removed the piperazinone
product 138 from the resin.
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Scheme 34

2. Formation of C,-N-C
An analogous route to piperazinone formation is the installation of both the N -C, and C-N,
bonds in one reaction, by combining an amine and a bivalent electrophile. The earliest example was

reported by Yahiro,” in which ethylamine was acylated by the ester 140 (Scheme 35). The resultant
amide 141, in the presence of BF,OEt,, isomerized via aziridine ring-opening to provide piperazi-

none 142 in good yield.
Et
CICH,COEt ENg, | Ete<] 0% Y\
" €O, Et%'l‘ N NHEt aw et
NH  E(;N (89%) \_co,et BF;OE,
39 140 95°C 141 ° o

Scheme 35 142

Another tandem amination-cyclization sequence was recently reported by Askew et al.*? in
their efforts to synthesize fibrinogen receptor antagonists. Commercially available di-acid 143
(Scheme 36) was esterified and N-alkylated, providing the piperazinone precursor 144. In the presence

1. HCI, MeOH Br

N-NH (100%) —~

N p—couH 2. (BrCH,) NN
HO,C . 2)2 / CO,Me
3 2COy Meo,c/‘\/)_ z
DMF (97%) 144
J_C""“
HzN /_\ NBoc¢
N-N N
K,CO;3, ACN I
80 °C (70%) Meozc)\/)_<o
145
Scheme 36
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of a primary amine and K,CO, in refluxing acetonitrile, bicyclic 145 was obtained in good yield. An
analogous coupling reaction of methyl N-(2-bromoethyl)pyrrole-2-carboxylate and methylamine had
been carried out by Brimble ef al.%

A method reported by Georgiadis utilizes ketoester 146 in reactions with ammonia (Scheme
37).3 Exposure of 146 to anhydrous ammonia in methanol gave the 6-hydroxypiperazinone 147 in
good yield, while a Strecker-type reaction of the ketone gave the nitrile derivative 148.

Me Me Me
OH CN
/X NH3;, MeOH / < KCN, (NH4),CO4
BnN NH BnN o] BnN NH
(90%) \—CozEt EtOH, H,0
0 146 (61%) o
147 148
Scheme 37

Similar chemistry was reported by Valls ez al.,” in which construction of the C,-N -C,
bonds of the piperazinone ring was accompanied by an additional C-C bond forming process.
Aminoacetaldehyde diethyl acetal 149 (Scheme 38) was N-alkylated and then acylated under
Schotten-Baumann conditions, providing the ester acetal 150. With the addition of tryptophan in
refluxing 50% aqueous acetic acid, Pictet-Spengler condensation followed by ring closure afforded
the praziquantel analogue 151 in 71% yield.

OEt HN
1. BrCH,CO,Et N\ -
OBt DMF (85%) 0 /—< HaN NH o
N  OEt
H,N  OEt 2.BnCOCLK,CO; B  \—cogt  50%aq. ACOH >_N N
149 H,0, DCM (97%) 150 reflux (71%) ol \ S
o]
Scheme 38 151

Finally, a route to a combinatorial library of 6-substituted piperazinones was published
recently by Boger and coworkers.* N-Boc-iminodiacetic anhydride 152 (Scheme 39) was ring-opened
to the Weinreb amide in the presence of EDC and DIEA. The ketone was then installed with ethyl
Grignard, providing ketoacid 153. Reductive amination with p-methoxybenzylamine and concentra-
tion of the crude reaction mixture was followed by treatment with EDC in DMF to close the piperazi-
none ring of 154 in excellent yield, with no further purification. Based upon this chemistry, various

oM
1. EDC, DIEA M 1. pMeOBnNH, Me °
0 HNMe(OMe) e AcOH, Na(OAc);BH
DMF (39%) DCE
BocN [o]
\ é 2. EtMgBr BocN 'O 2. EDC, DMF (92%) BocN N
o  THF(93%) \_cogH
152 153 [0}
Scheme 39 154

386



20: 14 26 January 2011

Downl oaded At:

SYNTHESES AND TRANSFORMATIONS OF PIPERAZINONE RINGS. A REVIEW

alkyl Grignard reagents (aryl ketones failed to react under reductive amination conditions) and alkyl
amines were used to construct a diverse library targeted against LEF-1/f-Catenin-mediated transcrip-
tion.

3. Formation of N,-C,/ C;-N,

There are several reports of the reaction of a 1,2-diamine with a bivalent C,-C, synthon to
produce the N -C, and C,-N, bonds of a piperazinone ring in one reaction. Reports from the patent
literature describe processes involving regioselective Strecker reaction of one of the amino groups,
and intramolecular nitrile amination and hydrolysis of the other. For example (Scheme 40), the

/N HOCH,CN / N\
NH NH, N NH
HO—/_ H,0, 100°C HO—/— \___<
155 (87%)
156 ©
Me
Me O(Me),CCN He
Ac e
Me 2 HN  NtOct
NaOH, BnEt;NCl
H,N NH&Oct DEM, 1t Ve
157 Me O
158

Scheme 40
unsymmetrical ethylenediamine 155 was treated with hot aqueous glycolonitrile to provide a good
yield of 156.5 The sterically hindered piperazinone 158 was prepared from amine 157 and acetone
cyanohydrin acetate under mild phase-transfer conditions, without detectable formation of the
isomeric piperazinone.’®

The condensation of a 1,2-diamine with an o, y-diketoester provides, after loss of methanol
and water, a piperazinone ring with unsaturation at C,5¢! For example (Scheme 41),5' ester 159 was
treated with unsymmetrical 1,2-diaminopropane to produce 160 as a single regioisomeric product.

Me
HO H,NCH,CH(Me)NH, HN NH
Q. /) —COzMe o
(80%) o
Me Me
159 160
Scheme 41

Two reports of a conjugate addition-cyclization strategy employ a symmetrical ethylenedi-
amine and a Michael acceptor bearing an ester (Scheme 42). In a procedure by Couladouros et al.,*?
the y-keto-6-crotonolactone 161 was treated with ethylenediamine to give, after intramolecular amina-
tion of lactone adduct 162, the C,-substituted piperazinone 163 as a mixture of diastereomers. A
synthesis of C,-methylene-substituted piperazinones (e.g. 166) by Yamada ez al.%® involved conjugate
addition of diamine 164 to trans-dimethyl dicyanobutenedioate to produce 165, which underwent loss
of HCN and methanol to give 166. This finds precedent in a related reaction of a diamine with
dimethylacetylenedicarboxylate (vide infra).%
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In a highly efficient one-step synthesis of C,-substituted piperazinones, Petasis and

coworkers combined the boronic acid Mannich-type reaction with a cyclization reaction (Scheme

43).55 The diamine 167 was treated with glyoxylic acid and an arylboronic acid to give intermediate

168, which underwent cyclization to give 169 in good yield. Notable was the dual role of the boronic

acid as both substrate for the reaction and catalyst for the cyclization.

/ \ ArB(OH),
BnHN NHBn
167 HO,CCHO
ACN, 80°C

BnN NHBn
COxH

(o]

168
Scheme 43

BnN NBn
ArB(OH); o
85%) (o}
169

The condensation of an unsymmetrical 1,2-diamine with glyoxal under acidic conditions to

produce piperazinones was pioneered by Chassonnery et al.% The application of this process to the

synthesis of 1-heteroaryl-substituted piperazinones was found by Ridgill to be superior to alternative

methods that would require the N-acylation of 2- or 4-aminoheteroaromatic derivatives (e.g. 170,

Scheme 44).57 Treatment of 170 with glyoxal trimeric hydrate gave 172 as the exclusive isomer,

presumably after tautomerization of the preferentially formed iminium ion 171.

glyoxal trimeric

hydrate

B N/_F\‘N o N
nH \ /

170

2N HC1

RN a
BnN N \

N\ /)

OH
1m

Scheme 44
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4. Formation of NC;/C-N,

Piperazinones may also be constructed from a-aminoamides by bis-N,N’-alkylation,
forming the N,-C, and N -C, bonds in tandem. Common to the methods presented in this section is
the use of carbamates or sulfonamides as N, protecting groups, which enables the use of mildly basic
conditions to incorporate an ethylene group into the piperazinone core. The first report of the bis-
N,N-alkylation strategy by Pohlmann et al.* described the reaction of amidocarbamate 174 (Scheme
45) with ethylene glycol bis-triflate in the presence of NaH to provide piperazinone 175 in moderate

yield.
0 (o] 0
J\-—OMe Boc-Gly 4>—°M° (TfOCH,),, NaH /\ }0"'9
HN—% BuOCOC] BocHN  HN—, m’ BocN N—,
K iBu K ty -
M/—Me (97%) /—Me /—MO
o 0 Me O Me
173 174 175
Scheme 45

Similarly, Bhatt and Just®® utilized the reaction of 1,2-dibromoethane with amidosulfon-
amide 176 (Scheme 46). Ring closure was effected to afford piperazinone 177 in moderate yield.
Deprotection of the N, amine was cleanly accomplished with thiophenol and potassium carbonate,
providing the C,-substituted piperazinone 178. The same group reported a complimentary solid phase
method* employing the same reaction conditions.

MeO MeO
o
Q BrCH,- Q PhSH, /\ OMe
_>—OM9 CH,Br /\ _>—OM0 K,CO; HN N %
0=S~NH HN—/ ———— o8N N \ —Me
\ " _me KiCO3 \ “ _me DMF & Yo y
0 s}_<\° L% DvF O TN LT @ °
(40%) =
== = N\\/NTr
N\\\/NTr N\§/NTr 178
176 177

Scheme 46

5. Formation of N;-C,/ N /C,

A strategy reported by Beshore and Dinsmore, installs the N,-C, and N,-C; bonds in a
tandem reductive amination-transamination-cyclization sequence.® This method was applied (o the
synthesis of a conformationally constrained macrocyclic inhibitor of faresyltransferase (Scheme 47).
Ethanolamine 179 was acylated and oxidized to the amidoaldehyde 180, then treated with D-Ala-
OMe in the presence of reducing agent to give intermediate 181. Under the acidic reaction conditions,
181 equilibrated with intermediate 182, whereupon intramolecular N-acylation provided 183 in good
yield. In situ deprotection and cyclization provided the macrocyclic inhibitor 184.
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ITII. PIPERAZINONE TRANSFORMATIONS

A variety of transformations have been carried out with piperazinone-containing
compounds, many of which make use of the functionality embedded in the structure. Rather than
discuss the common piperazinone N-alkylations and N-acylations, this section reviews many of the

useful reactions involving changes to the carbon atoms of the piperazinone ring system.

1. Alkylation of Ring Carbons

A direct method of functionalizing the piperazinone ring is by C,-alkylation, taking advan-
tage of piperazinone enolate reactivity. In an early report, mono-, di- and tri-alkylations of 4-N-Boc-
piperazinone dianion were carried out by Kane.” In a related approach, an auxilliary-controlled
method was developed by Schanen et al. (Scheme 48),**° employing the alkoxide-enolate of phenyl-
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glycinol derivative 185 to prepare the methylated compound 186 in good yield and diastereoselection.
A second enolization-alkylation was carried out with the same sense of face-selectivity to produce
187. Amide reduction and auxilliary removal by catalytic hydrogenolysis gave optically pure piper-

azines.
/M B tBuLi, HMPA gr
B°°N\_<N—\_OH Mel, THF, -78°C BWNH \_on
S (80%, 92% de)
185 186
/BuLi, HMPA /\  Fh
BnBr, THF, -78°C B,::N N_\—on
(45%, 90% de) o o
187

Scheme 48

Diastereoselective alkylation at C, was achieved with control by a C,-substituent in a report
by Dinsmore et al. (Scheme 49).” Benzylation of the lithium enolate of 188 gave trans-piperazinone
189, presumably due to an axial disposition of the allyl group in the enolate by virtue of A(1,3)-
strain.”? Elaboration to the benzenesulfonate 190 was followed by a transannular enolate alkylation
reaction to provide the diazabicyclo[3.2.1]octan-2-one 191.

\ \ PhO,SO
LiHMDS
BnBr, THF
BocN N-Dmb 8°C BocN N-Dmb —_— BocN N-Dmb
(74%, 90% de) B rf o B n o
188 189 190
LDA, THF El\"N'Dmb
_78°C - 0°C BocN
(63%) Bn [}
Scheme 49 91

Alkylation reactions on solid phase were utilized by Zhu in a study to produce a small
combinatorial library of piperazinones.” The 2-chlorotrityl resin-bound intermediate 192 (Scheme 50)
was alkylated to give 193, then deprotected, acylated, and released from the resin to provide 194 in
excellent overall yield.

TeocN N TeocN
LTBAF, THE , /"
2. AcCl EuN  A¢
o LiHMDS Bn
Bnh O
o BnCl, THF 3. TFA, MeOH
, DCM (95%)
2-ClPh 2-CIPh 194 OH
Ph Ph
192 193

Scheme 50
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In a total synthesis of the antimuscarinic agent TAN1251A, Nagumo ef al. reported an aldol
reaction of bicyclic piperazinone 195 and an aromatic aldehyde to produce 196 (Scheme 51).”* While
attack of the lithium enolate occurred exclusively from the less hindered face, a mixture of benzylic

hydroxyl epimers was obtained.

0 H
C m oA XA
[o} N NMe
AICHO -18°C Me
195 o (85%) Me—&_/o H O
OH

Scheme 51 196 (1.4:1)

An alternative approach to C,-substitution based on [3+2] cycloaddition chemistry was
reported by Bemotas.”™’® Oxidative conversion of piperazinone 197 (Scheme 52) to the nitrone 198

was followed by dipolar cycloaddition of an alkyne to provide the A*-isoxazoline 199. Reductive

/N Na, W0,42H,0 _ /T N\ pTol-acetylene o-N NBn
HN NBn O—N + NBn
\—< 30% H,0,/EtOH \ THF, reflux pTol” X S
o (63%) o (65%) 199
197 198
F OTMS Mo(CO)g

THF, reflux ACN, H,0
(79%) reflux
(72%)
S\ Mo(CO)g N
N NBn ACN H,O F o HN ~ NBn
(o] reflux Wo mo
(71%) pTol 2
° L0 201 (7: 00

Scheme 52

cleavage of the N-O bond gave the ketone 200. The method was applied to the synthesis of a tricyclic
system by incorporating an annulation reaction. Reaction of 198 and 2-fluoroacetophenone silyl enol
ether gave predominantly cis-201. Reductive cleavage provided an intermediate C,-substituted piper-
azinone which underwent intramolecular S| Ar reaction to give 202 in good yield.

Substituents may be added to the C.-position of the piperazinone ring as nucleophilic
components in amidoalkylation-type reactions of an N-acyl hemiaminal. An early example of this

appeared in studies toward the synthesis of quinocarcin, carried out by Saito and Hirata (Scheme 53).77

Cbz

7 TiCly, Py N H
CbzN N — . MeO,C g
MeoC N THF (46%)
S % MeO,C o
MeO,C 203 Scheme 53 204 (ca. 1.4: 1)
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Lewis acid mediated addition of the pendant malonate group in 203 to the derived N-acyliminium ion
afforded 204 in moderate yield, with epimerization at the C,-position presumably due to equilibration
of the iminium ion to an enamine.

Transformations carried out in saframycin synthetic studies feature an intramolecular
Friedel-Crafts alkylation of an aromatic ring,”®® as exemplified in a report by Shawe and Liebeskind
(Scheme 54).%' Unfortunately, during acid-promoted cyclization of 205, complete inversion of the

stereochemistry at C, occurred to give undesired diastereomer 206.

MeO Me
Bn MeO Me
HO 3 OMe o MeQ |
N TEA Me N OMe
MeO BnN NBn OMe 1 M NBn
\ g reflux e
N / OMe
MeO = o] (78%) MeO H O
206
Me OMe
205 Scheme 54

Related reactions are used to install substituents at the piperazinone C-position. Acid-
induced intramolecular substitution of an aromatic ring appended to the N -position appears to be a
versatile method, as demonstrated by the work of Frehel®? and Shekhter et al.,** who prepared the six-

membered (208) and seven-membered (210) fused ring systems, respectively (Scheime 55).

]
/”< J—@ 2NHCL =
(87%) AcN N
0
(o]
208
J_Q conc. H,SOy
O
N : (59%) NN
c- Hex c-Hex>_
o 209 Scheme 55 210 0

Intermolecular delivery of a nucleophile to the C -position was accomplished by Guo ez al®

in the synthesis of FKBP-12 inhibitors (Scheme 56). Derivatization of a bicyclic N-acyl hemiaminal as
its acetate gave 211, which was subjected to attack by propargyltrimethylsilane after Lewis acid acti-

vation to give the allene 212 in good yield.

(libz Cl:bz
p OA P -TMS N
c ropargyl- e
N —/Nn-
N\ . N\
CO,Et BF3=OEf; ] COEt
o] (70%) H O
211 212
Scheme 56
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2. Reduction of the Carbonyl Group

Two general modes of carbonyl group reduction have been applied to piperazinone rings,
involving either partial reduction to a cyclic aminal or complete reduction to the useful piperazine ring
structure. Partial reduction affords an intermediate capable of activation toward nucleophilic attack at
the C,-positon by nucleophiles. For example, in Evans’s synthesis of (+)-cyanocycline,®> the hexa-
cyclic piperazinone 213 (Scheme 57) was reduced under dissolving metal conditions, and then directly
subjected to a stereoselective cyanation reaction to provide the nitrile 214. The same protocol was
used by Garner in the preparation of an intermediate in the synthesis of (-)-quinocarcin.®

Me\ TBSO, Me Me\ TBSO Me
N H OMe 1. Li, NH,, THF N HCN OMe
N reflux; EtOH A N
OH OH
\ﬁl 2. NaCN, ACN 4
N H,0, pH 8.0 -
= H =
HE ) A1%) o)

214
213 Scheme 57

Very similar conditions employing hydride delivery to the carbonyl group and cyanation
have been carried out,”*” including a recent example by Martinez and Corey in the synthesis of
Ecteinascidin analogs (Scheme 58). The hexacyclic derivative 120 was converted to the nitrile 215 in
a high yielding one-pot transformation.

/allyl /allyl
Alloc o OMe | ;AIH,(OEL), Alloc o OMe
Mo, H N H o _THF, 45°C Mo, OH N HEN o
1 ) KCN, AcOH —f; P}
N N
HO o (87%) HO o
o}
OH OH
120 Scheme 58 215

There are numerous examples of the reduction of a piperazinone to a piperazine, typically
using LiAIH, %2 AIH,,**% BH,,!13!.34389597 NaBH, % or sodium metal.® For example, reduction of
56 (Scheme 59) was carried out in refluxing LiAlH, in THF to give 216,% and the bis-amide-ester 217
was selectively reduced with borane to provide 218.%

LAH,
THF l
~—NH ~——NH
HN reflux HN

56 O (70%) 216
Bn H Bn H

MeO,C:., “, MeO,C., “,

); I BHyTHF j: 1
N NH N NH

o \ reflux o _/

Bn 0O (57%) B

217 Scheme 59 218
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3. Oxidation Reactions

Oxidations of piperazinones can result in ring aromatization or oxygenation of a ring carbon.
Inadvertent oxidative aromatization of a piperazinone to a pyrazinone by thermal dehydrogenation
appeared in an early report by Cignarella’ (vide supra, Scheme 2). A related oxidation was reported
by Brimble et al. (Scheme 60),* in which 219 was oxidized at C,-C; with manganese dioxide to
provide the pyrrolo[1,2-a]pyrazinone 220 in moderate yield.

\ MnO; =\
N N—Me N N—Me
M Tol (53%) M
o 0
219 Scheme 60 220

In studies directed toward the synthesis of the anti-tumor metabolite quinocarcin, Joule et al.
reported the treatment of piperazinone 221 (Scheme 61) with formic acid and air to provide the depro-
tected and oxidized 1-benzyl-pyrazin-2-one 222.'® This was further deprotected under dissolving
metal conditions to afford key intermediate 223.

HO
HC02H, air —_— Na, NH3 _—

BocN NBn OMe — N NBn OMe —— N NH OMe
(74%) N\ S (49%) \
0 221 0 22 0 13
Scheme 61

Vetuschi et al. reported the oxidation of piperazinones to 2,3-diketopiperazines using
catalytic RuO, (Scheme 62).'' While conversion of the N,N’-diacetyl derivative 223 to 224 was high-
yielding, reaction of the corresponding N,N’-dibenzyl compound provided only 65% of crude 2,3-

diketopiperazine.
/~ A\ RuO,, NalO, /N
Ac—N N—Ac 0. Ccl Ac—N N—Ac
¥——< 2%, 4 H
3 o (100%) o o
2
Scheme 62 2

4. Ring Cleavage Reactions

The most common ring cleaving reaction of a piperazinone is the hydrolysis of the N-C,
amide bond. A report by Jain et al. illustrates this reaction in an efficient approach to the construction
of substituted prolines (Scheme 63).26 The bicyclic piperazinone 59 underwent solvolysis in
methanolic HCI to provide the 5-aminomethylproline methyl ester 225 in excellent yield. Similarly,
Martin-Martinez and co-workers reported the solvolysis of substituted 3,6-dioxyperhydropyrrolof1,2-
d]pyrazine 226 under basic conditions to provide the pyrrolodinone 227.'%
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Bn. N HCI,
MeOH H’"\IL
~—NH N COMe
91%) \
59 O Bn 225
Bn Bn
MGOgc'u “, H NH3, MeQ.C,,
,— MeOH ||m\
N NBoc N NHBoc
o\ (95%) 0 \—come
2268n O Scheme 63 Bn 227

Reductive cleavage of the amide N,-C, bond was reported by Fukuyama,'®® using the N-Boc
amide activation method of Greico.? The amide nitrogen in 228 (Scheme 64) was N-acylated, and the
resultant imide reduced with NaBH, to afford the intermediate 229 in the total synthesis of ()-
quinocarcin. The same protocol was employed in the total synthesis of (£)-saframycin A.810?

AcO

AcQ Br 1. Boc,0, DMAP s Br
Et:N, DCE (92%) o
N
NH 2. NaBH4, MeOH |
0, OH Cbz HN ~
cbz—N o OSi(thex)Me; 0°C O7%) Boc
OSli(thex)Me;
228 Scheme 64 229

Cleavage of the C,-N, bond in piperazinone rings has been employed in the context of net
ring-expansion strategies. For example, a hydrolysis method developed by Okawara et al. converts a
C,-methylene-substituted bicyclic piperazinone to a ketone (Scheme 65).5 The reaction of triamine
230 with dimethyl acetylenedicarboxylate gave the tetrahydropyrazino[1,2-d]diazapinedione 231 via
Michael addition followed by bis-intramolecular acylation. Upon treatment with aqueous acid, the C,-
N, bond was hydrolyzed to afford the triazacycloundecanetrione 232 in good yield.

/N
P N NH NH
NH NH DMAD (\ IN HCl O NH
2 /
(\ HN o HN
NH EtOH (22%) (85%) o
2 230 o
231 o

Scheme 65

Dissolving metal reduction has also been used to cleave piperazinone rings. In another
example of ring-expansion (Scheme 66), Arata and Nakagawa treated the methylammonium ion 233
with lithium metal in liquid ammonia to produce the 1,4-diazecan-5-one 213 in good yield.!%

Mo\ Li, NH; (80%) Me
| N + NH N NH
% EtOH (58%) S
233 234

Scheme 66
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A report by Sato et al. described the rearrangement of an ammonium ylide as a strategy for
piperazinone ring expansion.'® The 3-phenyl-piperazinone 235 (Scheme 67) was treated with CsF to
generate the ylide 236, which rearranged to the 1,5-diazepan-2-one 237 in moderate yield. In contrast
to the [1,2]-Stevens shift observed with piperazinone ylide 236, the corresponding piperazine-ylide
underwent [2,3]-Sommelet-Hauser rearrangement through the phenyl ring.

VAR - Mo MeN"
N+ NH H,C—N + NH NH
™S CsF, DMF (43%)
o o] E— o]
235 236 237
Scheme 67

A hydrogenolysis reaction has been used to cleave the N,-C, bond of a piperazinone ring. In
a report by Jones,'® tricyclic lactone 238 (Scheme 68) was synthesized by intramolecular 1,3-dipolar
cycloaddition of an imidazolinium ylide onto an olefin, then converted to piperazinone 239 by aminal
reduction and intramolecular N-acylation. Reduction with Pearlman’s catalyst cleaved the N,-C;
piperazinone bond, providing the 2,3,4-trisubstituted pyrrolidine 240 in moderate yield.

Ph Ph

o

wPh N  NBn NH NBn
BnN/?a NaBH,CN M Hy, PA(OH), .\<
H [o) Et0,C H O — Et0,C z (¢}
/( HCI, THF e MeOH (45%) z
Eo.c” Y 4 (70%) ( (
238‘\/ oH o
239 240
Scheme 68

IV. CONCLUSION

It is clear that an impressive array of methods is available for the construction of piperazi-
nones, and that they form useful intermediates in the syntheses of peptidomimetic compounds and
natural products. The ability to match an appropriate synthetic strategy to the structural requirements
of a piperazinone target has become relatively simple, largely due to the breadth of recently developed
reaction types that tolerate diverse functionality and stereochemistry. Notable recent advances include
stereocontrolled bond constructions, which open opportunities to prepare non-proteinogenic piperazi-
none-peptidomimetics of ever-increasing complexity, and solid-phase protocols to facilitate syntheses
of biologically active compound libraries. Due to the importance of constrained peptide mimetics in
the investigation of biological phenomena, interest in the development and application of these and
newer methods is likely to continue.
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V. LIST OF ABBREVIATIONS

ACN
Alloc
BHT
Boc
BOP
Cbz
DBAD
DBU
DCC
DCE
DCM
Dde
DEAD
DIC
DIEA
DMAD
DMAP
Dmb
DMF
DMS
DMSO
EDC
EEDQ
Fmoc
HBTU
HMPA
HOBt
LAH
LDA
LiHMDS
MP-carbonate
Naph
NEM
NHS
NMP
pTSA

Py

acetonitrile

allyloxycarbonyl
2,6-di-tert-butyl-4-methylphenol
tert-butoxycarbonyl

benzotriazol- 1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate

carbonyloxybenzyl

di-tert-butyl azodicarboxylate
1,8-diazabicyclo[5.4.0Jundec-7-ene
1,3-dicyclohexylcarbodiimide

dichloroethane

dichloromethane
1-(5,5-dimethyl-1,3-dioxocyclohexylidene)-1-ethyl
diethyl azodicarboxylate
1,3-diisopropylcarbodiimide
diisopropylethylamine

dimethyl acetylenedicarboxylate
4-dimethylaminopyridine

2,4-dimethoxybenzyl

dimethylformamide

dimethylsulfide

dimethylsulfoxide
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline
9-fluorenylmethoxycarbonyl
O-benzotriazol-1-yI-N,N,N', N -tetramethyluronium hexafluorophosphate
hexamethylphosphoramide
1-hydroxybenzotriazole hydrate

lithium aluminum hydride

lithium diisopropylamide

lithium bis(trimethylsilyl)amide

macroporous triethylammonium methylpolystyrene carbonate
naphthyl

N-ethylmorpholine

N-hydroxysuccinimide

N-methyl-2-pyrrolidinone

para-toluenesulfonic acid

pyridine
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Ra-Ni Raney nickel

TBAF tetrabutylammonium fluoride
TBDPS tert-butyldiphenylsilyl

TBS tert-butyldimethylsilyl

TFA trifluoroacetic acid

TfOH trifluoromethanesulfonic acid
THF tetrahydrofuran

TMOF trimethyl orthoformate

T™MS trimethylsilyl

Tol toluene

Tr trityl

TsCl para-toluenesulfonyl chloride

11.

12.

13.

REFERENCES
A. Giannis and T. Kolter, Angew. Chem., Int. Ed. Engl., 32, 1244 (1993).
J. Gante, Angew. Chem., Int. Ed. Engl., 33, 1699 (1994).

K.-L. Yu, G. Rajakumar, L. K. Srivastava, R. K. Mishra and R. L. Johnson, J. Med. Chem., 31,
1430 (1988).

A. Pohlmann, D. Guillaume, J.-C. Quirion and H.-P. Husson, J. Peptide Res., 51, 116 (1998).
J. DiMaio and B. Belleau, J. Chem. Soc., Perkin I, 1687 (1989).

T. Kolter, C. Dahl and A. Giannis, Liebigs Ann., 625 (1995).

G. Cignarella and G. Pirisino, Farmaco Ed. Sci., 34, 824 (1979); Chem. Abstr., 92, 76451.

T. Yamashita, Y. Kojima, K. Hirotsu and A. Ohsuka, Int. J. Peptide Prot. Res., 33, 110 (1989).

H. Takenaka, M. Hiroyuki, K. Yoshitane, M. Yasuda, M. Gemba and T. Yamashita, J. Chem.
Soc., Perkin I,933 (1993).

B. A. Parker, US 5,191,081; Chem. Abstr., 119, 72627 (1993).

T. Yamashita, E. Hatamoto, H. Takenaka, Y. Kojima, Y. Inoue, M. Gemba and M. Yasuda,
Chem. Pharm. Bull., 44, 856 (1996).

T. Yamashita, E. Tsuru, E. Banjyo, M. Doe, K. Shibata, M. Yasuda and M. Gemba, Chem.
Pharm. Bull., 45, 1940 (1997).

T. K. Hansen, N. Schlienger, B. S. Hansen, P. H. Andersen and M. R. Bryce, Tetrahedron Lett.,
40, 3651 (1999).

399



20: 14 26 January 2011

Downl oaded At:

DINSMORE AND BESHORE

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

H. Takenaka, H. Miyake, Y. Kojima and T. Yamashita, Chem. Express, 8, 697 (1993).

T. P. Burkholder, E. M. Kudlacz and T.-B. Le, WO 96/28441; Chem. Abstr., 125, 301023
(1996).

K. Shreder, L. Zhang and M. Goodman, Tetrahedron Lett., 39, 221 (1998).

C. Hulme, J. Peng, B. Louridas, P. Menart, P. Krolikowski and N. V. Kumar, Tetrahedron Lett.,
39, 8047 (1998).

C. Hulme and M.-P. Cherrier, Tetrahedron Lett., 40, 5295 (1999).

C. J. Dinsmore, J. M. Bergman, D. D. Wei, C. B. Zartman, J. P. Davide, 1. B. Greenberg, D. Liu,
T. J. O'Neill, J. B. Gibbs, K. S. Koblan, N. E. Kohl, R. B. Lobell, L.-W. Chen, D. A.
McLoughlin, T. V. Olah, S. L. Graham, G. D. Hartman and T. M. Williams, Bioorg. Med.
Chem. Lett., 11, 537 (2001).

A. Golebiowski and S. R. Klopfenstein, WO 99/43662; Chem. Abstr., 131, 184971 (1999).

K. Shreder, L. Zhang, J.-P. Gleeson, J. A. Ericsson, V. V. Yalamoori and M. Goodman, J.
Comb. Chem., 1, 383 (1999).

C. Hulme, L. Ma, N. V. Kumar, P. Krolikowski, A. C. Allen and R. Labaudiniere, Tetrahedron
Lett., 41, 1509 (2000).

C. Hulme, J. Peng, G. Morton, J. M. Salvino, T. Herpin and R. Labaudiniere, Tetrahedron Lett.,
39,7227 (1998).

D. L. Flynn, R. E. Zelle and P. A. Greico, J. Org. Chem., 48, 2424 (1983).
F. Berst, A. B. Holms, M. Ladlow and P. J. Murray, Tetrahedron Lett., 41, 6649 (2000).

S. Jain, K. Sujatha, K. V. R. Krishna, R. Roy, J. Singh and N. Anand, Tetrahedron, 48, 4985
(1992).

K. Irie, K. Aoe, T. Tanaka and S. Saito, J. Chem. Soc., Chem. Commun., 633 (1985).

V. Schanen, C. Riche, A. Chisaroni, J.-C. Quirion and H.-P. Husson, Tetrahedron Lett., 35,
2533 (1994).

V. Schanen, M.-P. Cherrier, S. I. deMelo, J.-C. Quirion and H.-P. Husson, Synthesis, 833
(1996).

A. Pohlmann, V. Schanen, D. Guillaume, J.-C. Quirion and H.-P. Husson, J. Org. Chem., 62,
1016 (1997).

E. W. Baxter and A. B. Reitz, Bioorg. Med. Chem. Lett.,7, 763 (1997).



20: 14 26 January 2011

Downl oaded At:

32.

33

34.

3.

36.

37

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

SYNTHESES AND TRANSFORMATIONS OF PIPERAZINONE RINGS. A REVIEW

T. M. Williams, J. M. Bergman, K. Brashear, M. I. Breslin, C. J. Dinsmore, J. H. Hutchinson, S.
C. MacTough, C. A. Stump, D. D. Wei, C. B. Zartman, M. J. Bogusky, J. C. Culberson, C.
Buser-Doepner, J. Davide, I. B. Greenberg, K. A. Hamilton, K. S. Koblan, N. E. Kohl, D. Liu,
R. B. Lobell, S. D. Mosser, T. J. O'Neill, E. Rands, M. D. Schaber, F. Wilson, E. Senderak, S. L.
Motzel, J. B. Gibbs, S. L. Graham, D. C. Heimbrook, G. D. Hartman, A. L. Oliff and J. R. Huff,
J. Med. Chem., 42, 3779 (1999).

R. T. Lewis, A. M. MclLeod, K. J. Merchant, F. Kelleher, I. Sanderson, R. H. Herbert, M. A.
Cascieri, S. Sadowski, R. G. Ball and K. Hoogsteen, J. Med. Chem., 38, 923 (1995).

D. C. Horwell, R. A. Lewthwaite, M. C. Pritchard, G. S. Ratcliffe and J. R. Rubin, Tetrahedron,
54, 4591 (1998).

S. Kitamura, H. Fukushi, T. Miyawaki, M. Kawamura, N. Konishi, Z. Terashita and T. Naka, J.
Med. Chem., 44, 2438 (2001).

Y. Tong, Y. M. Fobian, M. Wu, N. D. Boyd and K. D. Moeller, Bicorg. Med. Chem. Lett., 8,
1679 (1998).

Y. Tong, Y. M. Fobian, M. Wu, N. D. Boyd and K. D. Moeller, J. Org. Chem., 65, 2484 (2000).

M. Martin-Martinez, R. Herranz, T. Garcia-Lopez and R. Gonzalez-Muniz, Tetrahedron, 52,
13991 (1996).

R. Patino-Molina, R. Herranz, M. T. Garcia-Lopez and R. Gonzalez-Muniz, Tetrahedron, 55,
15001 (1999).

D. A. Goff, Tetrahedron Lett., 39, 1473 (1998).

T. Vojkovsky, A. Weichsel and M. Patek, J. Org. Chem., 63, 3162 (1998).

W. D. Kohn and L. Zhang, Tetrahedron Lett., 42, 4453 (2001).

Y. M. Fobian, A. d'Avignon and K. D. Moeller, Bioorg. Med. Chem. Lett., 6, 315 (1996).

Y. M. Fobian and K. D. Moeller, "Methods in Molecular Medicine", Kazmierski, W. M., Ed.,
Vol. 23 (Peptidomimetics protocols), p 259, Humana Press, Totowa, NJ, 1999.

E. J. Martinez and E. J. Corey, Org. Lett., 2, 993 (2000).

P. S. Hadfield, R. H. B. Galt, Y. Sawyer, N. J. Layland and M. L. Page, J. Chem. Soc., Perkin I,
503 (1997).

S. A. Weissman, S. Lewis, D. Askin, R. P. Volante and P. J. Reider, Tetrahedron Lett., 39, 7459
(1998).

C. J. Dinsmore, M. J. Bogusky, J. C. Culberson, J. M. Bergman, C. F. Homnick, C. B. Zartman,

S. D. Mosser, M. D. Schaber, R. G. Robinson, K. S. Koblan, H. E. Huber, S. L. Graham, G. D.
Hartman, J. R. Huff and T. M. Williams, J. Am. Chem. Soc., 123, 2107 (2001).

401



20: 14 26 January 2011

Downl oaded At:

DINSMORE AND BESHORE

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

N. Mohamed, U. Bhatt and G. Just, Tetrahedron Lett., 39, 8213 (1998).
C. J. Dinsmore and C. B. Zartman, Tetrahedron Lett., 41, 6309 (2000).
N. Yahiro and S. Ito, Bull. Chem. Soc. Jpn., 59, 321 (1986).

B. C. Askew, C. J. McIntyre, C. A. Hunt, D. A. Claremon, R. J. Gould, R. J. Lynch and D. J.
Armstrong, Bioorg. Med. Chem. Lett., 5, 475 (1995).

M. A. Brimble, M. T. Brimble, R. Hodges and G. A. Lane, Australian J. Chem., 41, 1583
(1988).

M. P. Georgiadis, Chim. Chron., 23, 97 (1994); Chem. Abstr., 123, 143799.
N. Valls, V. M. Segarra and J. Bosch, Heterocycles, 24, 943 (1986).

D. L. Boger, J. Goldberg, S. Satoh, Y. Ambroise, S. B. Cohen and P. K. Vogt, Helv. Chim. Acta,
83, 1825 (2000).

S. H. Christiansen, D. A. Wilson and D. Chang, US 4,980,471; Chem. Abstr., 114, 1855555
(1990y.

J.T. Lai, US 4,240,961, Chem. Abstr., 95, 25123 (1980).

A. V. Milyutin, N. V. Safonova, A. F. Goleneva, Y. S. Andreichikov, G. A. Turbovich and R. R.
Makhumo, Khim.-Farm. Zh., 28, 37 (1994); Chem. Abstr., 125, 25612.

A. V. Milyutin, N. V. Safonova, R. R. Makhmudov, G. N. Novoselova, A. F. Golenevaand Y.
S. Andreichikov, Khim.-Farm. Zh., 30, 42 (1996), Chem. Abstr., 125, 48740.

A. V. Milyutin, N. V. Safonova, R. R. Makhmudov, Y. S. Andreichikov and Z. G. Aliev, Khim.-
Farm. Zh., 32, 27 (1998); Chem. Abstr., 129, 4625.

C. D. Apostolopoulos, M. P. Georgiadis and E. A. Couladouros, J. Heterocycl. Chem., 33, 703
(1996).

Y. Yamada, H. Yasuda and M. Kasai, Heterocycles, 51, 2453 (1999).

T. Okawara, S. Ehara, S. Matsumoto, Y. Okamoto, T. Yamasaki and M. Furukawa, J. Chem.
Soc., Perkin 1, 2615 (1990).

N. A. Petasis and Z. D. Patel, Tetrahedron Lett., 41, 9607 (2000).

D. Chassonnery, F. Chastrette, M. Chastrette, A. Blanc and G. Mattioda, Bull. Soc. Chim. Fr.,
131, 188 (1994).

M. Ridgill, R. Maxey and D. Shaw, "The 2nd Florida Heterocyclic Conference”, Gainesville,
FL, March 7-9, 2001.

402



20: 14 26 January 2011

Downl oaded At:

68.

69.

70.

71.

72.

73.

14.

75.

76.

71.

8.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

SYNTHESES AND TRANSFORMATIONS OF PIPERAZINONE RINGS. A REVIEW

U. Bhatt and G. Just, Helv. Chim. Acta, 83, 722 (2000).

D. C. Beshore and C. 1. Dinsmore, "Abstracts of Papers, 221st National Meeting of the Amer-
ican Chemical Society", ORGN 501, American Chemical Society, Washington, DC, 2001.

J. M. Kane and A. A. Carr, Tetrahedron Lett., 21, 3019 (1980).

C. J. Dinsmore, J. M. Bergman, M. J. Boguky, J. C. Culberson, K. A. Hamilton and S. L.
Graham, Org. Lett., 3, 865 (2001).

R. W. Hoffman, Angew. Chem., Int. Ed. Engl., 31, 1124 (1992).
Z. Zhu and B. Mckittrick, Tetrahedron Lett., 39, 7479 (1998).

S. Nagumo, A. Nishida, C. Yamazaki, K. Murashige and N. Kawahara, Tetrahedron Lett., 39,
4493 (1998).

R. C. Bernotas and G. Adams, Tetrahedron Lett., 37, 7339 (1996).
R. C. Bernotas and G. Adams, Tetrahedron Lett., 37, 7343 (1996).
H. Saito and T. Hirata, Tetrahedron Lett., 28, 4065 (1987).

A. Kubo, N. Saito, H. Yamato, K. Mauubuchi and M. Nakamura, J. Org. Chem., 53, 4295
(1988).

N. Saito, M. Tanitsu, T. Betsui, R. Suzuki and A. Kubo, Chem. Pharm. Bull., 45, 1120 (1997).
T. Fukuyama, L. Tang, K. L. Ajeck and R. A. Sachleben, J. Am. Chem. Soc., 112, 3712 (1990).
T. T. Shawe and L. S. Liebeskind, Tetrahedron, 47, 5643 (1991).

D. Frehel and J.-P. Maffrand, Heterocycles, 22, 143 (1984).

0. V. Shekhter, S. A. Chernyak, N. L. Sergovskaya, Y. S. Tsizin, F. S. Mikhailitsyn, S. K.
Drusvyatskaya and N. A. Uvarova, Khim. Geterotsikl Soedin, 12, 1665 (1990); Chem. Abstr.,
115, 8749.

C. Guo, S. Reich, R. Showalter, E. Villafranca and L. Dong, Tetrahedron Lett., 41, 5307 (2000).
D. A. Evans, C. R. Illig and J. C. Saddler, J. Am. Chem. Soc., 108, 2478 (1986).

P. Garner, W. B. Ho and H. W. Shin, J. Am. Chem. Soc., 114, 2767 (1992).

H. Kurihara, H. Mishima and M. Arai, Heterocycles, 24, 1549 (1986).

E. Testa, G. Cignarella, L. Fontanella and E. Occelli, Farmaco, Ed. Sci., 24, 418 (1969); Chem.
Abstr., 70, 115125.

403



20: 14 26 January 2011

Downl oaded At:

DINSMORE AND BESHORE

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106

H. J. Beim and A. R. Day, J. Heterocyclic Chem., 14, 307 (1977).

N. Saito, Y. Obara, T. Aihara, S. Harada, Y. Shida and A. Kubo, Tetrahedron, 50, 3915 (1994).
F.J. Urban, J. Heterocycl. Chem., 32, 857 (1995).

J. W. Mickelson and E. J. Jacobsen, Tetrahedron Asymm., 6, 19 (1995).

A. Kubo, N. Saito, R. Yamauchi and S. I. Sakai, Chem. Pharm. Bull., 35, 2158 (1987).
T. Fukuyama, S. D. Linton and M. M. Tun, Tetrahedron Lett., 31, 5989 (1990).

R. I. Schmeissing and J. R. Matz, Heterocycles, 29, 359 (1989).

B. Cossec, A. Marsura and C. Luuduc, Pharmazie, 44, 643 (1989).

B. S. Orlek and E. A. Crowe, J. Chem. Soc., Perkin 1,2775 (1997).

K. Masuzawa, M. Kitagawa and H. Uchida, Bull. Chem. Soc. Jpn., 40, 244 (1967).

K. Bhandari, V. L. Sharma and S. K. Chatterjee, Chem. Ind. (London), 17, 547 (1990).
D. A. Peters, R. L. Beddoes and J. A. Joule, J. Chem. Soc., Perkin 1, 1217 (1993).

C. Vetuschi, N. Tangari, M. Giovine, C. Franchini and V. Tororella, Farmaco, Ed. Sci., 47, 599
(1992); Chem. Abstr., 117, 171379.

M. Martin-Martinez, T. Garcia-Lopez, R. Herranz and R. Gonzalez-Muniz, Tetrahedron Lett.,
37, 2471 (1996).

T. Fukuyama and J. J. Nunes, J. Am. Chem. Soc., 110, 5196 (1988).
Y. Arata and Y. Nakagawa, Chem. Pharm. Bull., 21, 1248 (1973).
T. Kitano, N. Shirai, M. Motoi and Y. Sato, J. Chem. Soc., Perkin 1, 2851 (1992).

. R.C.F. Jones, K. J. Howard and J. S. Snaith, Tetrahedron Lett., 38, 1647 (1997).

(Received August 21, 2001; in final form November 23, 2001)



