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Enantiopure 1-benzyl-2,3-disubstituted piperazirgsh@ve been synthesized by treatmenlefulfinyl-
N-benzyldiamino alcoholslj with diethyl oxalate and sodium methoxide followed by reduction with
borane. Alternatively, the sulfinamido group was preserved by-acylation/cyclization protocol using
o-chloroacetyl chloride that led to the synthesid\bulfinyl ketopiperazinesl(l). Ensuing elimination

of the sulfinyl group with NaH produced imino ketopiperazin®¥ that are suitably functionalized for
nucleophilic addition to the imino moiety. Stereoselective and high yielding allylation of imino
ketopiperazines (9c¢) was achieved under Barbier conditions using,‘ZegD as the additive.

Introduction

The piperazine ring is truly ubiquitous in molecules involved
in the regulation of a wide variety of biological processes.
Indeed, the piperazine scaffold is considered a privileged
structure in drug discoveryand it has served for the develop-
ment of therapeutically valuable compounds such as Indinavir,
an HIV-protease inhibitot,Glivec, a potent antiproliferative
agent and different compounds acting at receptors in the CNS
such as arylpiperazines, powerful 5-HTigands? In addition,
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a number of natural products with a broad spectrum of biological
activities such as ectenaiscidin 743AN-1251A8 and drag-
macine$ contain a chiral piperazine ring as a part of their
structure. On the other hand, the structurally related mono- and
diketopiperazines have gained importance as farnesyl transferase
inhibitors® as conformationally restricted peptidomimefiand

also as fragments of natural products of diverse structural
complexity and biological activitie¥. Furthermore, during the
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past years, several groups have examined the role of piperazineSCHEME 1. Route toN-Sulfinylpiperazines from
and diketopiperazines as efficient chiral ligands in enantiose- p-Toluenesulfinimines

lective catalysig! 0 oM o Ar

The increasing interest in these compounds entails the search  pTol-S+ . ~ © 8
of efficient routes toward piperazines. The existing methods to G a0 BF3-Et20pT0] "N” NH
prepare chiral piperazines are scaf@nd not fully applicable A B P
to the straightforward synthesis of highly substituted derivatives THE RT ¢ ©0Me
since many of these routes rely on the condensation of natural H.PO )
o-amino acids. The previous limitation is particularly true for 0 TH%/HV LIAH,

O 2 Et,0

nonsymmetrical 2,3-disubstituted piperazines for which the _S. 0
simplest route entails reduction of 2,3-disubstituted diketopip- pTol™NH 8.
erazines in turn prepared from the corresponding vicinal R! COMe  pTol” "NNH CH.OH
diamines. In fact, the synthesis of suitably substituted enan- E NH; R! z
tiopure vicinal diamines may be quite challengiigand this p 'NHBn
severely limits the viability of this approach. (x N

Within a program directed to the discovery of new therapeuti- o s ]\
cally valuable piperazine derivativés,we envisioned that D,E ..o~ S—N_ NP X=H,.0
N-sulfinyl piperazines would be practical intermediates for the & ke pig;ral'ifes and

synthesis of enantiopure highly substituted piperazines. Besides,
the chiral sulfinamide moiety could be an additional handle for Mée
subsequent asymmetric transformations of these molecules. In o ] ) )
past years, we have gained experience in the aSymmetriClmldazolldlnesC through the diastereoselective stepwise con-
synthesis of nonsymmetrical vicinal diamine derivati{eg/e densation between readily availali@oluenesulfinimines\'®
have reported the asymmetric synthesis of enantiopure 1,3-@nd glycine iminoester enolatds in the presence of boron
trifluoride (Scheme 1). Under these conditions, enantiopure
(9) (a) Herrero, S.; Garcia-Lopez, M. T.; LaTorre, M.; Cenarruzabeitia, P-toluenesulfinimines display a moderate to high facial selectiv-
E.; Del Rio, J.; Herranz, RJ. Org. Chem.2002, 67, 3866—3873. (b) ity rendering the correspondimgssulfinylimidazolidines in good

Rubsam, F.; Mazitschek, R.; Giannis, Aetrahedron2000, 56, 8481— ; ; ; ;
8487, (c) Nefzi, A.: Giulianotii, M. A Houghten, R. Aetrahedror2000 to excelle_nt d|ast_ereomer|c_excess. Ensuing reduc_tlve_ cI_eavage
56, 3319—3326. of the aminal moiety expediently transforms dssulfinylimi-

(10) For other biologically active ketopiperazines, see: (a) Govek, S. dazolidinesC into differentially protected vicinal diamino

g-J'E()\’I\?f_nz‘gﬂi'n'ae?mf\_'ﬂ-in%gf"%- ASn%Qe(\:\?lé%]ze?ﬁg?riBE%%%ég) ggg‘;’mv alcohols D in good vyields. Alternatively, we have found
2998, (E) williams, R. M.: Cao, J.: Tsujishima,.'lelnéew. Chem., Int. Ed. conditions to effect the selective cleavage of the aminal moiety

2000,39, 2540—2544. ) in N-sulfinylimidazolidinesC to yield efficiently N-sulfinyl-
(11) (a) Eriksson, J.; Arvidsson, P. I.; DavidssonGbem. Eur. J1999, diamino ester&. The availability of these substratBsandE,

5, 2356—2361. (b) lyer, M. S.; Gigstad, K. M.; Namdev, N. D.; Lipton, M. ; : ; ;
3 Am. Chem. S0d996,118, 49104911, (c) Itsuno, S.: Matsumoto, T.. along with the aforementioned relevance of piperazines, prompted

Sato, D.; Inoue, TJ. Org. Chem2000,65, 5879—5881. us to examine the transformation of a series of vicinal diamines
(12) For areview, see: (a) Dinsmore, C. J.; Beshore, Dierahedron into enantiopureN-sulfinylpiperazinesF and eventually to

2002 58, 3297-3312. For recent references, see: (b) Powell, N. A.; Ciske, ; ; _
F. L; Clay, E. C.; Cody, W. L.; Downing, D. M.; Blazecka, P. G; eXp:Ore f'ubs.equen:jasymbmgtrlg tra.TSformatI(IDns. Onh.th%%?dmm
Holsworth, D. D.; Edmunds, J. Drg. Lett. 2004, 6, 4069—4072. (c) ecules. Herein, we describe in detail our results in this :
Bedurftig, S.; Winsch, BBioorg. Med. Chem2004,12, 3299—3311. (d)

Williams, A. J.; Chakthong, S.; Gray, D.; Lawrence, R. M.; Gallagher, T. R I nd Di ion

Org. Lett. 2003, 5, 811—814. (e) Davies, S. G.; Rodriguez-Solla, H.; esults and Discussio

Tamayo, J. A.; Cowley, A. R.; Concellon, C.; Garner, A. C.; Parkes, A. L,; ; i i ; i
Smith A.D. Org. Biomol. Chem2005.3. 14351447, (0 Berkhei, M. Our work to obtain enantiopure diketopiperazines was focused

van der Sluis, J. L.; Sewing, C.; den Boer, D. J.; Terpstra, J. W.; Hiemstra, ON Substratesa—f'>originally obtained from glycine-derived
H.; Bakker, W. I. I.; van den Hoogenband, A.; van Maarseveen, J. H. enolates (Scheme 2). Initially, we tested different experimental

get_hélhedmﬂDLgttZOg?%] Zgﬁg—gggé- ég%g;aﬂ;lgessc?ri];“,sN"; S%"”SL P.. conditions using oxalyl chloride or I;bxalyldiimidazole in
ulllaume, D.Org. blomol. em )9, - . ollis, S. . . . . .
Org. Chem2005,70, 4735—4740. (i) Chai, C. L. L.. Elix, J. A+ Huleatt, 1 HF as acylating agents; however, we did not isolate the

P. B. Tetrahedror2005,61, 8722—8739. (j) Revesz, L.; Blum, E.; Wicki, ~ expected diketopiperazines. After some experimentation, we
R. Tetrahedron Lett2005,46, 5577—5580. found that the treatment dfa (R! = Et) with diethyl oxalate in

(13) For reviews on vicinal diamines, see: (a) Viso, A.; Fernandez de _di i i i i
la Pradilla, R.; Garcia, A.; Flores, Zhem. Re»2005,105, 3167—3196. CH.Cl, afforded 2,3 dlketOplperasza in moderate yields

(b) Lucet, D.; Le Gall, T.; Mioskowski, CAngew. Chem., Int. EA.998, (60%)' along with a Sma” amount of morpholinedioBa )
37, 2580—2627. derived from the N/O ring closure. After chromatographic

(14) (a) Lopez-Rodriguez, M. L.; Benham, B.; Ayala, D.; Rominguera, separation, we observed ti&# slowly converted int®a upon
J. L Murcia, M.; Ramos, J. A.; Viso, ATetrahedron2000, 56, 3245— paration, . y pon
3253. (b) Lopez-Rodriguez, M. L. Ayala, D.; Viso, A.; Benhamd, B.: standing in a solution of MeOH (5 days) and that a catalytic

Fernandez de la Pradilla, R.; Zarza, F.; Ramos, Bidorg. Med. Chem. amount of NaOMe promoted this conversion in only 1 h.
2004, 12, 1551—-1557. (c) Lopez-Rodriguez, M. L.; Morcillo, M. J..  Similarly, N-sulfinyldiamino alcoholdb (R* = CH,CH,Ph) and

Fernandez, E.; Benhamd, B.; Tejada, |.; Ayala, D.; Viso, A.; Campillo, 1 ; ;
M. Pardo, L. Delgado, Mz Manzanares, J.: Fuentes, 3. Med. Chem. 1c (R iPr) paralleled this behavior after removal of the

2005,48, 2548—2558.

ketopiperazines

(15) (a) Viso, A.; Fernandez de la Pradilla, R.; Garcia, A.; Guerrero- (16) For a review on sulfinimines, see: (a) Zhou, P.; Chen, B. C.; Davis,
Strachan, C.; Alonso, M.; Flores, A.; Martinez-Ripoll, M.; Fonseca, |.; F. A. Tetrahedron2004,60, 8003—8030. For some recent references, see:
André, |.; Rodriguez, AChem. Eur. J2003,9, 2867—2876. (b) Viso, A,; (b) Fernandez, |.; Valdivia, V.; Gori, B.; Alcudia, F.;\Marez, E.; Khiar,

Fernandez de la Pradilla, R.; Garcia, A.; Alonso, M.; Guerrero-Strachan, N. Org. Lett.2005,7, 1307—1310. (c) Scott, M. E.; Lautens, ®rg. Lett.
C.; Fonseca, ISynlett1999 755—758. (c) Viso, A.; Fernandez de la Pradilla, ~ 2005,7, 3045—3047. (d) Davis, F. A.; Nolt, M. B.; Wu, Y.; Prasad, K. R.;
R.; Lopez-Rodriguez, M. L.; Garcia, A.; Flores, A.; Alonso, 8.0Org. Li, D.; Yang, B.; Bowen, K.; Lee, S. H.; Eardley, J. H. Org. Chem.
Chem.2004,69, 1542—1547. 2005,70, 2184—2190.

J. Org. ChemVol. 71, No. 4, 2006 1443



JOC Article

SCHEME 2. Synthesis of Enantiopure Hydroxymethyl
Diketopiperazines and Piperazines

NaOMe, MeOH
O O * ™ NHSOpTol

H

HN NBn

(a) or (b)
CH,OH

R? NHBn RT  “—oH

1a, R'= Et

1b, R' = CH,CH,Ph

1c, R'=iPr

1d, R1 Ph

1e, R’ = pFCgH,

1f, 1-Naph

1g, iPr, R2 = Me
(a) i. (CO,Et)s, CH,Cly, t; ii. NaOMe, MeOH, rt.
(b} (CO4Et),, CH,Clo/MeOH, NaOMe, rt.

A/iN

OH

2a-f
77-90%

R2=H

R1
R1

CbzN~—— _Bn

"CbzCl, NaOH EtATN

CH20|2 OH
5 (71%)

2a-eBHySMe, F R1
THF, THF, reflux

4a-e
60-84%

diketopiperazine2b and 2c by filtration. Seeking to increase
the efficiency of the process, we added a solution of NaOMe
in MeOH to the reaction mixture, and we found a complete
conversion to hydroxymethyl diketopiperazines. This procedure
was also satisfactorily extended to aromatic substrdtesf)

to produce diketopiperazinegd—f. From these results, we
hypothesized that the addition of NaOMe catalyzes ester
cleavage in morpholinedionésand also simultaneously pro-
motes in situ nucleophilic displacement at sulfur, rendering
methyl p-toluenesulfinate along with the desired diketopipera-
zine in excellent yields.

Despite the loss of the sulfinamide group, the remarkably
efficient access to enantiopure 2,3-diketopiperazines prompted
us to address the reduction to 2-hydroxymethylpiperazines.
Initial attempts performed with LiAlgas reducing agents gave
the expected piperazines in poor yielddiowever, diketopip-
erazinea—e were efficiently transformed into the correspond-
ing enantiopure 2,3-disubstituted piperazinks—e in good
yields (60-84%), upon treatment with a borane dimethyl sulfide
complex. These 2-hydroxymethylpiperazines are amenable to
selective protection at the secondary nitrogen as benzyloxycar-
bonyl derivatives as illustrated by the preparation of hydroxy-
methyl piperazin®. To broaden the scope of these procedures
we considered vicinal diaminég, originally obtained from
alanine (Scheme 1y2 Unfortunately, the presence of a qua-
ternary carbon in its skeleton prevented any cyclization from
taking place. Thus, when compouhdwas treated with diethyl
oxalate, cyclic derivative? or 3 were not observed, even in
the presence of NaOMe; instead, labile open-chain acylated
intermediates were detected. The generality of these findings
remains to be tested.

At this point, we focused our attention on preserving the
sulfinamide moiety attached to the piperazine skeleton. We
envisioned thaiN-sulfinyl monoketopiperazines could be pre-
pared from our substrates ang-chloroacetyl chloride by
sequentiaN-acylation and cyclization in basic medfaThus,
the primary alcohol ofla—cand1f was protected uneventfully

(17) Falorni, M.; Lardicci, L.; Giacomelli, G.; Marchetti, Metrahedron
Lett. 1989,30, 3551—3554.

(18) Dinsmore, C. J.; Bergman, J. M.; Bogusky, M. J.; Culberson, J. C;
Hamilton, K. A.; Graham, S. LOrg. Lett.2001,3, 865—868.
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SCHEME 3. Synthetic Route toN-Sulfinyl Ketopiperazines
and Imino Ketopiperazines

0 1% 0
S. /S\ Cl
pTol” "NH  NHBn pTol” " NH BnNJ\/
(b) \ (c)
rR” Rz “—OP R “—oP
(a) 1a-c,f,g, P=H 7a-d, P = TBDMS,75-90%
<6a -e, P = TDBMS 7e, R" = 1-Naph, P = H, 52%
6a, R1 Et,RZ=H
6b, R' = (CH,),Ph, R = H
6c, R" Pr,R2=H
6d, R' = 1-Naph, R2=H
6e, R' = /Pr,R?=CH,
0 0
(0] < 3
F (d) /
S-N N-B — N N-Bn
pTol }_/ sy—/6
RT —oP R" —op
74-92% 73-87%
8a, R' = Et, P = TBDMS 9a-d
8b, R" = (CH,),Ph, P = TBDMS
8c, R! = jPr, P = TBDMS
8d, R" = 1-Naph, P = TBDMS
8e, R' = 1-Naph, P = H, 31%
0 0
S pToISO_ COCHCI /_4
pTol”>*NH  NH NH NH ~S=N_ NH
2 pTol
[ (b) / c S
CO,CH; R! TO,CH3 CO,CHg
10a-c 11a-c 66-95% 12 34%

= pF-CgHg, iPr, CHj,

Reagents and conditions:

(a) TBDMSCI, imidazole, DMAP, CH,Cl,, rt, 64-88%; (b) CICH,COCI,
EtOAc:NaHCO; aq (50 : 50), 0 °C to rt; (c) Cs,CO3, DMF, 65 °C; (d)
NaH, THF, 0 °C to reflux.

as a silyl ether in excellent yields, affordibg—d, respectively
(Scheme 3). Not unexpectede did not undergdN-acylation
with CICH,COCI under mild conditions, presumably due to the
guaternary carbon hindering the amino moiety, and no further
efforts were conducted on this substrate. In contréat-d
underwent smootN-acylation to give chloroacetamidéa—d

that cyclized toN-sulfinyl-N-benzyl ketopiperazineBa—d in
excellent yields in the presence ofC€s. In addition, we have
examined theN-acylation/cyclization protocol for hydroxy-
methyl sulfinamidelf (R! = 1-Naph) to avoid protection/
deprotection steps, and although we have found lower yields
for the sequence, in this particular case, a sele®hazylation
took place with CICHCOCI giving 7e, followed by a selective
cyclization of the sulfinamide moiety onto the chloride to afford
N-sulfinyl ketopiperazinge These results suggest that suitable
reaction conditions could be found to perform the cyclization
to piperazines avoiding the protecting silyl group for the other
substrates. The spectroscopic structural assignment of the
previous products was further confirmed by chemical means.
Thus,N-sulfinyl ketopiperazin®d was submitted to desilylation
conditions with TBAF to render hydroxymethyl derivati@e
(yield: 97%), and more interestingly, treatment of silyloxy
chloroacetamid@d with TBAF simultaneously produced desi-
lylation and cyclization to hydroxymethy-sulfinyl ketopip-
erazine8e in good yield (87%).

Additionally, we have observed that after treatmeniavith
CsC0;, N-sulfinyl ketopiperazinga was often accompanied
by small amounts of a desulfinylated product in the crude
mixtures, tentatively assigned as imi®a and presumably
derived from8a by enolate formation and elimination of the
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TABLE 1. Nucleophilic Additions to Imino Ketopiperazines 9

o) RZ 0 R2 0
N~ NBn —= HN NBn + HN  NBn
RT"  —op R —op R —op
9b, R = (CH,),Ph 13a-d 14a-f

9¢, R' = /Pr, P = TBDMS a R’ = (CH,),Ph, R2= CN
bR'=/Pr,R?=CN

¢ R' = (CH,),Ph, R? = Et

d R'=/Pr, R? = CH,-CH=CH,

e R! = iPr, R? = CH,-CH=CH(CHj),
f R'=Pr, R?= (CH;),C-CH=CH,

entry  sub conditions 13 14 yield?

1 9b KCN, HOAc 13a(69) 14a(31) 40

2 9c KCN, HOAc 13b(64) 14b(36) 63

3 9b Et;Zn, TMSCI 13c¢(78) 14c¢(22) 4

4 9c allylSiMes 13d(76) 14d(24) 74
SnCl,

5 9c allylSnBus 13d(43) 14d(57) 77
TiCly

6 9c allylMgBr 13d(24) 14d(76) 64
BF3-Et,O

7 9c allyiMgBr 14d 289
CeCh

8 9c allylBr, Zn

9 9c allylBr 14d 87
Zn, CeCh-7H,O

10 9c Me,C=CHCH,B r 14e(65) 71

Zn, CeCh-7H,O 14f(35)

aRatio measured in théH NMR spectra of the crude substance.
b Combined yield ofL3 and 14. ¢ 21% of starting material was recovered.
d410% of starting material was recoveréh2% of starting material was
recovered! 18% of starting material was recoverdd3% of starting
material was recovered.

sulfur moiety. To further prove this hypothesdgwas submitted

to treatment with NaH in refluxing THF affording an excellent
yield of imine 9a that was fully characterized (Scheme 3).
Elimination of the sulfinyl group was successfully conducted
for N-sulfinyl ketopiperazines8b—d, rendering enantiopure
imino ketopiperazine®b—d in good yields.

Subsequently, we addressed the transformatidwsflfinyl
diaminoesterd Oa—c, available through selective imidazolidine
hydrolysis!®¢ into N-sulfinyl ketopiperazines. Unfortunately,
although theN-acylation step gave good yields of the expected
a-chloroacetamide$la—c, in most cases, we failed in finding
suitable conditions to effect the cyclization step, and only 34%
of p-fluorophenyl piperaziné2 could be isolated upon reaction
of 1lawith CsCO5.19

Ketopiperazine derivativesand9 hold considerable potential
for further selective manipulations at C-5 and C-6, and little
has been published concerning the reactivity of imino keto
piperazine§220 Therefore, we examined the addition of nu-
cleophiles to imino ketopiperazinésunder different experi-
mental conditions to introduce different substituents at C-3
(Table 1)
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Thus, ketopiperazine8b and9c can be easily transformed
into the corresponding mixtures of amino nitrilé3aand 14a
(69:31) and13b and 14b (64:36) by treatment with KCN in
HOACc (Table 1, entries 1 and 2). The synthesis of enantiopure
amino nitriles 13a,b and 14a,b is remarkable due to their
similarity to the bioactive piperazine core of saframycin A and
phthalascidin-650, compounds with valuable antiproliferative
properties

In addition, we have found that trimethylsilyl chloride
promoted the nucleophilic addition of diethylzincQb render-
ing an inseparable mixture of addu&fcandl4cwith moderate
stereoselectivity (78:22, Table 1, entry3)Subsequently, we
examined the addition of an allyl group upon different experi-
mental conditions (Table 1, entries-8).23 Initially, the addition
of allyltrimethylsilane and Sn@Glto 9c led to a 76:24 mixture
of 13d and 14d. In the presence of Tiglthe addition of
allyltributylstannane produced a decrease in selectivity affording
a mixture of13d and 14d (43:57) in good yield. In contrast,
the stereoselectivity was notably improved using allylmagnesium
bromide as nucleophile and upon activation with boron trifluo-
ride as a Lewis acid but in an opposite sense (24136/14d).
Furthermore, this stereoselectivity was complete when allyl-
magnesium bromide was added in the presence of anhydrous
CeCj (13d/14d, 0:100, entry 7), but 53% of the starting material
was recovered despite forcing conditions. While introduction
of an allyl group under classical Barbier conditionsSEHCH,-
Br/zn led to complete recovery of the starting material, the
presence of cerium salts (Ce@H,0) produced a dramatic
increase of both reactivity and selectivity renderitgd as a
single diastereomer in 87% yietd Finally, a complete control
of the stereoselectivity relative to the piperazine ring was
observed for the reaction of 1-bromo-3-methylbut-2-ene under
the previous conditions (entry 10); however, a 65:35 mixture
of regioisomers (14e/14f) was produced in this experiment due
to the nonsymmetric structure of the allylic moiety.

The remarkable increase in reactivity produced by the cerium
salt under Barbier conditions could be attributed to its role as
Lewis acid, activating the carbemitrogen double bond and
promoting formation of the allylzinc specié® This high
diastereoselectivity can be rationalized by the initial attack of
the allylmetal species to the less hindered face of the imino
group, opposite to the axial isopropyl groulfHis—Hs) is ~0.0
Hz for 9a—cP® and potential inhibition of secondary retro-
allylation processes by release of small amounts of water from

(22) Hou, X. L.; Zheng, X. L.; Dai, L. XTetrahedron Lett1998, 39,
6949—6952.

(23) For leading references, see: (a) Kulesza, A.; Mieczkowski, A.;
Jurczak, JTetrahedron: Asymmetr3002,13, 2061—-2069. (b) Fang, X.;
Johannsen, M.; Yao, S.; Gathergood, N.; Hazell, R. G.; Jgrgensen,X. A.
Org. Chem.1999, 64, 4844—4849. (c) Ukai, Y.; Kume, K.; Watai, T.;
Fujisawa, T.Chem. Lett.1991, 173—-176. (d) Kulesza, A.; Jurczak, J.
Synthesi®003, 2110-2114. (e) Basile, T.; Bocoum, A.; Savoia, D.; Umani-
Ronchi, A.J. Org. Chem1994,59, 7766—7773. (f) Martelli, G.; Morri,
S.; Savoia, DSynlett2002, 158—160.

(24) The structural assignment fd8d, 14d, andl4ewas based on their
spectral data. The stereochemistry at C-3 was confirmed by DNOE

(19) We have speculated about secondary processes caused by the aciditgxperiments (i.e14d: H-3/CH {Pr): 5.9%). The tentative stereochemical

of the amide (CONH) and the carbento the ester; however, the precise
origin of the failure of these cyclizations remains unclear.

(20) (a) Bull, S. D.; Davies, S. G.; Garner, A. C.; Savory, E. D.; Snow,
E. J.; Smith, A. D.Tetrahedron: Asymmetrg004,15, 3989—4001. (b)
Brook, D. J. R.; Noll, B. C.; Koch, T. HJ. Chem. Soc., Perkin Trans. 1
1988, 289—292. (c) Singls. B.; Tomassini, J. El. Org. Chem2001,66,
5504—5516.

(21) For reviews, see: (a) Enders, D.; Reinhold, Tétrahedron:
Asymmetryl997,8, 1895—1946. (b) Alvaro, G.; Savoia, Bynlett2002,
651—-673.

assignment of C-3 fol3a—cand 14a—cis based on the comparison of
their 'H NMR spectra with those of£3d and 14d; small differences of
chemical shifts for benzylic, C¥ and CHPr protons were observed (see
Supporting Information). -

(25) Small values of) Hs/Hs (0—2 Hz) indicated a pseudoaxial
arrangement of adjacent substituents, (RH,OP, and Bn) foN-sulfinyl
ketopiperazine8 and imino ketopiperazinesthat was confirmed by DNOE
experiments (see Experimental Procedures). For a related example, see: (a)
Knapp, S.; Morriello, G. J.; Doss, G. Aetrahedron Lett2003 44, 2645-

2647,
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the hydrated cerium s&t¢fIndependent treatment &#d and
13d with NaH in THF did not afford any epimerization at C-3,
ruling out base-mediated epimerization of the final products.

Nevertheless, enolization processes induced by the presence o

Lewis acids that could potentially explain the stereochemical
results cannot be ruled out.
In summary, readily available enantiopubgsulfinyl-N-

Viso et al.

H), 2.24 (m, 1 H), 3.37 (ap t, 1 H,= 5.6 Hz), 3.56 (M, 1 H), 3.77
(AB system, 2 H), 3.94 (d, 1 H] = 14.2 Hz), 5.34 (d, 1 H) =
14.3 Hz), 6.81 (d, 2 H) = 6.5 Hz), 7.10 (m, 3 H), 7.29 (m, 5 H),
.29 (d, 1 HJ = 5.2 Hz).23C NMR (50 MHz) 6 31.4, 35.9, 49.2,
49.8, 57.1, 61.1, 125.8 (2 C), 128.1 (2 C), 128.2 (2 C), 128.5 (2
C), 128.9 (2 C), 135.6, 140.3, 157.9, 158.4. IR (KBr)= 3435,
2920, 2855, 1714, 1666, 1453, 700 ¢mMS (ES): 699 [2M+
NaJ*, 361 [M + Na]*, 339 [M + 1] (100%). Anal. Calcd for

benzyl diamino alcohols have been expediently transformed into ¢, H,,N,0,S (338.2): C, 70.97; H, 6.56; N, 8.28; found: C, 70.85;

a variety of enantiopure 2,3-disubstituted piperazines with

H, 6.80; N, 8.22. Partial data f@&b: R = 0.40 (5% MeOH-CH,-

adequate functionalization for subsequent transformations. InCly). 'H NMR (200 MHz) 6 1.44 (m, 1 H), 1.65 (m, 1 H), 2.16 (t,

addition, a simple entry to more functionalizédsulfinyl

2 H,J=7.7 Hz), 2.41 (s, 3 H), 3.38 (m, 1 H), 3.53 (m, 2 H), 3.82

monoketopiperazines from the same precursors has beer(d, 1 H,J=14.1Hz), 3.97 (m, 2 H), 5.28 (d, 1 H,= 14.1 Hz),
examined. Subsequent elimination of the sulfinamide under basic®-86 (dd, 2 HJ = 7.9, 2.0 Hz), 7.10-7.34 (m, 10 H), 7.50 (d, 2

conditions led to imino ketopiperazines readily functionalized
by a variety of nucleophilic additions. The diastereoselective
allylation of these substrates brings to light their potential
versatility for the synthesis of highly substituted piperazines.
Further applications of these methodologies will be pursued in
our laboratory.

Experimental Procedures

General Procedure for Reaction with Diethyl Oxalate.Method
A: to a solution ofN-sulfinyldiamino alcoholl in anhydrous Cht
Cl, (6 mL/mmol) at room temperature, 6 equiv of diethyl oxalate
was added, and the mixture was stirred until formation of
morpholinedione was observed by TLC. Then, 2 equiv of NaOMe
(from a 0.25 M solution in MeOH) was added, and the mixture
was stirred until the disappearance of starting materials (TLC). At
that point, water (10 mL/mmol) was added, and the solvents
(MeOH/CH,CI,) were evaporated in vacuo. The residue was diluted
with water (10 mL/mmol) and extracted with GEl, (3 times, 5
mL/mmol). The combined organic extracts were dried oves-Na
SO, and filtered to give, after evaporation of the solvent, a crude
product that was purified by column chromatography on silica gel
using the appropriate mixture of solvents. Usually piperazin-2,3-
diones2 precipitate in CHCl, and E$O; therefore, they could be
purified by washing repeatedly the crude solid product with 90%
EttO—hexane. Method B: to a solution of diamino alcoloat
room temperature in anhydrous @&, (6 mL/mmol), 6 equiv of
diethyl oxalate was added. The mixture was stirred until the
formation of morpholinedione and piperazin-2,3-dion@ was

H, J= 8.2 Hz).

General Procedure of Reduction with BH:SMe,. To a solution
of diketopiperazine in dry THF (10 mL/mmol) under reflux was
added dropwise 9 equivf@ 2 M solution of BH:SMe, in THF.
The mixture was refluxed for 7 h, the solvent was evaporated under
reduced pressure, and 4 equiv of a-6024 M HCI solution was
added. The mixture was stirred for 30 min at 1@ and then it
was cooled at OC, and 6 equiv of a 0:20.4 M solution of NaOH
was added and was stirredrfd h 30 min. The aqueous mixture
was saturated with solid &0z and extracted with CkCl, (3—4
times, 5 mL/mmol), and the combined organic extracts were dried
over NaSQ, and filtered to give, after evaporation of the solvent,
a crude product that was purified by chromatography on silica gel
using the appropriate mixture of solvents.

(—)-(2S,3R)-1-Benzyl-2-hydroxymethyl-3i-propylpipera-
zine, 4c.From 2c (110 mg, 0.398 mmol) and Bf-SMe, (2 M,
1.79 mL, 3.582 mmol) following the general procedure (7 h),
piperazinedc was obtained. Purification by chromatography-(0
30% MeOH-E$O) and a second chromatography (30% Me©H
CH.Cl,) afforded (60 mg, 0.242 mmol, 61%y as a colorless oil.
Data for4c: R = 0.10 (20% MeOH-Et,0). [0]p?° —19.6 (c=
0.91).*H NMR (400 MHz) ¢ 0.87 (d, 3 H,J = 1.8 Hz), 0.89 (d,
3 H,J=1.8Hz), 2.39 (m, 2 H), 2.48 (ap quint, 1 B= 2.6 Hz),
2.61 (dd, 1 HJ = 6.7, 5.1 Hz), 2.68 (dd, 1 H] = 7.9, 5.8 Hz),
298 (ap q, 2 HJ = 7.9 Hz), 3.04 (br s, 2 H), 3.48 (d, 1 H,=
13.3 Hz), 3.66 (dd, 1 H) = 11.5, 2.6 Hz), 3.91 (d, 1 Hl = 13.4
Hz), 4.15 (dd, 1 HJ = 11.6, 2.7 Hz), 7.23 (m, 1 H), 7.29 (m, 4
H). 13C NMR (50 MHz) 6 17.0, 20.6, 25.9, 41.8, 49.9, 58.6, 58.8,
61.0, 61.5, 127.0, 128.3 (2 C), 128.7 (2 C), 138.9. IR (film)=
3325, 3028, 2955, 2869, 1602, 1452, 1363, 1071, 742, 698.cm

observed by TLC. Then, the solvent was removed under reducedMS (ES): 249 [M+ 1]* (100%). Anal. Calcd for GH,4N,O

pressure, and piperazin-2,3-dione was isolated by washing thor-

oughly the crude product with Gi&l, or by column chromatog-
raphy using the appropriate mixture of solvents. The mother liquors
or the chromatographic fraction containing the morpholined®ne
was treated with 2 equiv of NaOMe (from a 0.25 M solution in
MeOH) until no starting material was detected by TLC. Isolation
and purification of piperazin-2,3-dione® was carried out as
described in method A. Compoud was the only morpholinedi-
one fully characterized.
(+)-(5R,69-1-Benzyl-6-hydroxymethyl-5-(2-phenylethyl)pip-
erazin-2,3-dione, 2bFrom1b (267 mg, 0.603 mmol) and diethyl
oxalate (0.47 mL, 3.618 mmol), following general procedure B (40
h), a mixture of diketopiperazingb and morpholinedion8b was
obtained. Purification by chromatography afforded 96 mg (0.284
mmol, 47%) of2b as a white foam and 140 mg (0.282 mmol, 47%)
of 3b as a white foam. Subsequently, a solution of NaOMe in
MeOH (0.24 M, 0.60 mL, 0.14 mmol) was added to a solution of
3b in methanol (10 mL/mmol) following the general procedure (1
h 30 min). After purification by chromatography (50%&6t-CH,-
Cly, then 2-10% MeOH-CH,CI;), 64 mg of 2b was obtained
(0.189 mmol, 31%) as a white foam that was recrystallized from
Et,O. The global yield was 78%. Data f@b: mp: 150-152°C
(EtO). R = 0.23 (10% MeOH-CH,Cl,). [0]p?® +177.8 ¢ = 1.11).
IH NMR (300 MHz)6 1.41 (m, 1 H), 1.64 (m, 1 H), 2.07 (m, 1

1446 J. Org. Chem.Vol. 71, No. 4, 2006

(248.4): C,72.54;H,9.74; N, 11.28; O, 6.44; found: C, 72.29; H,
9.55; N, 11.32.

(—)-(2S3R)-1-Benzyl-3p-fluorophenyl-2-hydroxymethylpip-
erazine, 4e.Piperazinede was obtained fron2e (65 mg, 0.198
mmol) and BH-SMe, (2 M, 0.90 mL, 1.782 mmol) following the
general procedure (7 h). Purification by chromatography2@o
MeOH-EO) followed by crystallization as hydrochloride [obtained
by bubbling HCI (g) through an ethereal solution4s] rendered
puredeas a salt. Finally, standard basic treatment proddes &0
mg (0.166 mmol, 84%), as a free base. Datader Rr = 0.30
(20% MeOH-Et,0). [0]p*® —50.5 € = 0.40).*H NMR (300 MHz)
0 2.01 (br s, 2 H), 2.3%#2.45 (m, 2 H), 2.842.90 (m, 3 H), 3.19
(d, 1 H,J=11.7 Hz), 3.21 (d, 1 H) = 13.4 Hz), 3.81 (dd, 1 H,
J=11.7,3.2Hz),3.93 (d, 1 Hl = 9.5 Hz), 418 (d, L HJ =
13.2 Hz), 6.99 (ap t, 2 H) = 8.7 Hz), 7.30 (m, 5 H), 7.377.42
(m, 2 H).*3C NMR (50 MHz) ¢ 45.8, 52.0, 58.0 (2 C), 61.0, 66.9,
115.3 (d, 2 CJ,C—F= 21.0 Hz), 127.2, 128.4 (2 C), 128.9 (2 C),
130.0 (d, 2 CJ,C—F= 8.0 Hz), 137.8, 137.9 (d, 1 Q,C—-F =
3.4 Hz), 162.3 (d, 1 CJipsiC—F = 246.1 Hz). IR (film): v = 3308,
3028, 2942, 2832, 1604, 1510, 1451, 1223, 1067, 836, 740, 700
cm . MS (ES): 301 [M+ 1]* (100%).

General Procedure for Synthesis of Chloroacetamidesio a
cold (0°C) suspension o or 10in EtOAc (10 mL/mmol) and a
saturated solution of NaHGO(10 mL/mmol), 1.2—2 equiv of
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freshly distilled chloroacetyl chloride was added. The mixture was
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mixture was cooled to room temperature and water (5 mL/mmol

stirred and allowed to warm to room temperature until disappearanceof NaH), and CHCI, (5 mL/mmol) was added. The layers were
of the starting material (TLC). The layers were separated, and the separated, and the aqueous phase was extracted wiBl 8 x

aqueous phase was extracted twice withbCli(5 mL/mmol). The

5 mL/mmol). The combined organic extracts were washed with a

combined organic extracts were washed with a saturated solutionsaturated solution of NaCl (10 mL/mmol), dried over 8@y,

of NaCl, dried over NgSO,, and filtered to give, after evaporation

filtered, and concentrated under reduced pressure to give a crude

of the solvents, a crude product that was purified by chromatography product that was purified by column chromatography on silica gel.

on silica gel to afford chloroacetamideor 11.
(+)-N-Benzyl-N-[(1S,2R Sg)-1-(t-butyldimethylsilyloxymethyl)-
4-phenyl-2-(p-tolylsulfinylamino)but-1-yl] 2-chloroacetamide,
7b. 7b (76 mg, 0.831 mmol, 83%) was obtained as a white solid
from 6b (80 mg, 0.149 mmol) following the general procedure (24
h) and after purification by column chromatography {2@%
Et;,O—hexane) and crystallization (GEl,-hexane). Data forrb:
R = 0.18 (60% EtO—hexane). mp: 110112°C. [a]p?° +356.3
(c=1.00).*H NMR (400 MHz)6 —0.44 (s, 3 H),—0.20 (s, 3 H),
0.71 (s, 9 H), 1.55 (m, 2 H), 2.322.41 (m, 1 H), 2.38 (s, 3 H),
2.46—2.59 (m, 1 H), 3.71—-3.87 (m, 4 H), 4.02 (d, 1 H>= 13.7
Hz), 4.27 (d, 1 HJ = 13.9 Hz), 4.60 (br s, 1 H), 4.85 (d, 1 H,
=17.0Hz), 4.96 (d, 1 H) = 18.1 Hz), 7.02-7.08 (m, 4 H), 7.14
7.34 (m, 8 H), 7.60 (d, 2 H) = 8.1 Hz).13C NMR (75 MHz) ¢
—6.4 (2 C), 18.0, 21.4, 25.6 (3 C), 30.8, 35.0, 42.9, 49.4, 52.2,
58.7, 61.3, 125.6 (2 C), 125.8 (2 C), 127.4, 128.3 (3 C), 128.4 (2
C), 128.9 (2 C), 129.5 (2 C), 137.5, 141.5, 141.6, 141.9, 169.9. IR
(KBr): v = 3435, 3028, 2954, 2928, 2856, 1634, 1495, 1452, 1257,
1092, 1070, 986, 836, 813, 778, 727, 699 énMS (ES): 1249
[2M + Na]t, 615 [M + 3]*, 613 [M + 1]* (100%), 481 [M
—(OTBDMS)]". Anal. Calcd for GsH4sCIN,OsSSi (613.3): C,
64.62; H, 7.40; N, 4.57; found: C, 64.97; H, 7.77; N, 4.36.
General Procedure for Synthesis of KetopiperazinesA
solution of chloroacetamidé or 11 in DMF (10 mL/mmol) and
1.8 equiv of solid CgC0O; were stirred at 653C until the starting

(+)-(5R,6S)-1-Benzyl-6-¢-butyldimethylsilyloxymethyl)-5-(2-
phenylethyl)-5,6-dihydro-1H-pyrazin-2-one, 9b. 9b(27 mg, 0.062
mmol, 87%) was obtained as a yellow oil fradb (41 mg, 0.071
mmol) according to the general procedure (2 h 30 min) and after
purification by column chromatography (2d0% EtO—hexane).
Data for9b: R = 0.28 (70% EfO—hexane). [0g?° +243.5 (c=
2.20).*H NMR (300 MHz) ¢ 0.00 (s, 3 H), 0.01 (s, 3 H), 0.85 (s,

9 H), 1.18-1.32 (m, 1 H), 1.64—1.76 (m, 1 H), 2.28 (t, 2H+
7.8Hz),3.32 (apt, 1 H) = 6.3 Hz), 3.52 (dd, 1 H) = 10.2, 7.0

Hz), 3.61 (dd, 1 HJ = 10.3, 5.9 Hz), 3.91 (ap t, 1 H,= 7.1 Hz),

3.94 (d, 1 HJ=14.2 Hz),5.34 (d, 1 H) = 14.2 Hz), 6.90 (d, 2
H,J=8.1Hz), 7.11-7.23 (m, 3 H), 7.297.36 (m, 5 H), 7.74 (d,
1H,J= 1.2 Hz).13C NMR (75 MHz)d —5.6 (2 C), 18.1, 25.8 (3

C), 31.8, 34.3, 48.4, 55.8, 56.9, 62.9, 126.0, 128.1, 128.3 (4 C),
128.9 (2 C), 129.1 (2 C), 136.2, 140.7, 154.9, 155.3. IR (film):

= 3086, 3063, 3028, 2951, 2929, 2857, 1951, 1674, 1627, 1604,
1585, 1496, 1470, 1454, 1390, 1361, 1313, 1257, 1155, 1119, 1030,
1006, 938, 924, 838, 814, 778, 748, 699, 667 &rMS (ES): 438

[M + 2]F, 437 [M + 1]* (100%). Anal. Calcd for ggHzeN2O,Si
(436.7): C, 71.51; H, 8.31; N, 6.42; O, 7.33; Si, 6.43; found: C,
71.57; H, 8.62; N, 6.53.

(+)-(5R,69-1-Benzyl-6-¢-butyldimethylsilyloxymethyl)-5-(i-
propyl)-5,6-dihydro-1H-pyrazin-2-one, 9c. 9c (20 mg, 0.053
mmol, 84%) was obtained as a colorless oil frBo(33 mg, 0.064
mmol) according to the general procedure (3 h 45 min) and after

material disappearance was monitored by TLC. The mixture was purification by column chromatography (280% EtO—hexane).

cooled to room temperature and was diluted with,CH (10 mL/
mmol) and HO (10 mL/mmol). The layers were separated, and
the organic phase was washed with cold watex (80 mL/mmol)
and a saturated solution of NaHgQ@0 mL/mmol), dried over Na

Data for9c: R = 0.22 (60% EfO—hexane). [0$?° +189.5 (c=
0.60).'H NMR (300 MHz) 8 0.00—0.09 (m, 6 H), 0.41 (d, 3 H,
= 6.8 Hz), 0.85 (d, 3 HJ = 6.8 Hz), 0.86 (s, 9 H), 1.38—1.48 (m,
1H),3.38 (@pt, 1 HJ=6.1Hz), 3.50 (dd, 1 HJ = 10.1, 6.7

SQ,, filtered, and concentrated under reduced pressure to give aHz), 3.56 (dd, 1 HJ = 10.3, 5.6 Hz), 3.62 (ap d, 1 H,= 7.8

crude product that was purified by gradient column chromatography.

(+)-(5R,6S Ss)-1-Benzyl-6-[¢-butyldimethylsilyloxy)methyl]-
5-(i-propyl)-4-(p-tolylsulfinyl)piperazin-2-one, 8c. 8c (38 mg,
0.074 mmol, 77%) was obtained frorc (53 mg, 0.096 mmol) as
a white foam following the general procedure (2 h 30 min) and
after chromatography on silica gel (30—40%@&#t-hexane). Data
for 8c: Ry =0.21 (80% EtO—hexane). [0}?° +6.2 (c= 1.40).'H
NMR (300 MHz) 6 0.06 (s, 3 H), 0.10 (s, 3 H), 0.36 (d, 3 B~
6.6 Hz), 0.91 (s, 9 H), 1.09 (d, 3 H,= 6.6 Hz), 1.55-1.68 (m,
1H),239(s,3H),3.31(d, 1 H=18.1Hz), 3.36 (ddd, 1 HJ
= 8.6, 5.3, 1.3 Hz), 3.43 (dd, 1 H,= 10.8, 1.3 Hz), 3.49 (ap t,
1H,J=8.6 Hz), 3.63 (dd, 1 HJ = 10.0, 5.3 Hz), 3.71 (d, 1 H,
J=18.3Hz),3.83(d, 1 H) = 14.4 Hz),5.25 (d, 1 H) = 14.4
Hz), 7.22-7.31 (m, 7 H), 7.54 (d, 2 H] = 8.3 Hz). DNOE between
CHjs (1.09)/CH; (0.36): 5.8%; CH (1.09)/CH (iPr): 11.0%; Ckl
(1.09)/H-5: 4.6%; CH (1.09)/H-3 (3.71): 3.0%; CHiRr)/H-3
(3.71): 3%; CH (iPr)/ H-5: 1.2%; CH (iPr)/H-6: 1.23C NMR
(75 MHz) 6 —5.3 (2 C), 18.1, 19.7, 21.0, 21.3, 25.8 (3 C), 26.8,

Hz), 4.01 (d, 1 HJ = 14.4 Hz), 5.21 (d, 1 HJ) = 14.2 Hz), 7.30
(m, 5 H), 7.79 (d, 1 HJ = 1.5 Hz).3C NMR (75 MHz) 6 —5.6,
—5.5, 18.1, 19.0, 19.2, 25.8 (3 C), 32.0, 48.5, 54.4, 63.2, 63.7,
128.1 (2 C), 128.8, 129.3 (2 C), 136.1, 155.0, 155.1. IR (film):
= 3028, 2949, 2929, 2855, 1676, 1632, 1470, 1257, 1103, 837,
778 cnrl. MS (ES): 397 [M+ Na]t, 375 [M+ 1] (100%). Anal.
Calcd for Q1H34N2028i (374.6): C, 67.33; H, 9.15; N, 7.48; O,
8.54; Si, 7.50; found: C, 67.55; H, 9.02; N, 7.23.

Procedure for Addition of Allyltributylstannane and TiCl 4.
A solution of 9¢ (28 mg, 0.075 mmol) in CkCl, (5 mL/mmol)
and 1 equiv of TiCJ (14 mg, 8uL, 0.075 mmol) was stirred at
—78°C for 3 h, and then 2 equiv of allyltributylstannane (50 mg,
46 uL, 0.150 mmol) was added. After 1 h, the mixture was warmed
to room temperature and monitored by TLC (48 h). Then, the
mixture was hydrolyzed with 2 N aqueous NaOH (10 mL/mmaol).
The solvent was evaporated in vacuo, and the residue was extracted
with CH,Cl, (4 x 10 mL/mmol). The organic extracts were washed
with a saturated solution of NaHGQOdried over NaSQ,, filtered,

40.6, 48.7,57.5, 62.3, 63.6, 125.4 (2 C), 128.1, 128.8 (2 C), 129.1 and concentrated in vacuo to affdt8d and14das a 43:57 mixture.

(2 C), 129.6 (2 C), 136.6, 139.9, 141.8, 1638 (film): v = 3028,

The combined yield of the mixture after purification by column

2954, 2927, 2855, 1658, 1470, 1457, 1374, 1254, 1152, 1089, 955,chromatography (530% EtOAc-hexane) was 77% (24 mg, 0.058

837, 777, 701 cmt. MS (ES): 537 [M+ NaJ*, 515 [M + 1]*
(100%), 375 [M— (pTolSO)}". Anal. Calcd for GgH4N>OsSSi
(514.8): C, 65.33; H, 8.22; N, 5.44; S, 6.23; Si, 5.46; found: C,
65.45; H, 8.07; N, 5.28.

General Procedure for Synthesis of Imino Ketopiperazines
9. A solution of8 in THF (5 mL/mmol) was added dropwise to a
cold (0°C) suspension of 4 equiv of NaH (60% in mineral oil) in
anhydrous THF (5 mL/mmol of NaH), and the reaction mixture
was stirred at room temperature (1 h) and at reflux (1 h) until the

mmol). Small amounts df3d and14d were separated after careful
chromatography on silica gel.

Procedure for Zinc-Mediated Barbier Allylation. 23¢ To a
suspension of Zn powder (2 equiv), (12 mg, 0.176 mmol) in THF
(1.5 mL/mmol) at 0°C, was added CeglFH,O (0.1 equiv, 3 mg,
0.009 mmol) and a solution &c (1 equiv) and 1.5 equiv of allyl
bromide in THF (3.0 mL/mmo8c). The mixture was stirred from
0 °C to room temperature monitored by TLC (224 h) and then
was quenched with N¥CI (6 mL/mmol). The layers were separated,

disappearance of the starting material was observed by TLC. Theand the aqueous phase was extracted withGTHS x 10 mL/
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mmol). The combined organic extracts were washed with a saturated(20% EtOAc—hexane). [@¢f° —11.8 (c= 0.11).'H NMR (400

solution of NaCl, dried over N&Qy, filtered, and concentrated
under reduced pressure to give the final products) (after

MHz) 6 0.00—0.05 (m, 6 H), 0.74 (d, 6 H,= 6.6 Hz), 0.87 (s, 9
H), 1.55 (br s, 1 H), 1.60 (m, 1 H), 2.43 (m, 1 H), 2.78 (m, 1 H),

purification by column chromatography. The same procedure was 2.81 (t, 1 H,J = 5.2 Hz), 3.16 (dt, 1 HJ = 6.0, 3.8 Hz), 3.31 (dd,

applied in the absence of the CeC@H,0O with complete recovery
of the starting material.
(+H)-(3R,5R,69)-3-Allyl-1-benzyl-6-[(t-butyldimethylsilyloxy)-
methyl]-5-(i-propyl)piperazin-2-one, 14d.From9c (33 mg, 0.088
mmol) and 1.5 equiv of allyl bromide (1ZL, 0.132 mmol) was
obtained after chromatography-(30% EtOAc—hexanel4d (32
mg, 0.077 mmol, 87%) as a colorless oil. Datafdd: R, = 0.34
(20% EtOAc—hexane). [@f° +77.0 (c= 1.33).'H NMR (400
MHz) 6 0.04 (s, 6 H), 0.34 (d, 3 H) = 6.6 Hz), 0.85 (d, 3 H)
= 6.6 Hz), 0.87 (s, 9 H), 1.58 (m, 1 H), 1.73 (br s, 1 H), 2.40 (ap
d,1H,J=93Hz),245 (@pt, 1 H) = 7.7 Hz), 2.68 (m, 1 H),
3.24 (ddd, 1 HJ=7.7, 4.8, 1.1 Hz), 3.49 (dd, 1 H,= 8.1, 3.3
Hz), 3.73 (dd, 1 HJ = 9.9, 4.8 Hz), 3.81 (dd, 1 H] = 9.9, 7.7
Hz), 3.82 (d, 1 HJ = 14.3 Hz), 5.11 (dd, 1 H) = 10.1, 1.1 Hz),
5.16 (dd, 1 HJ =17.0, 1.4 Hz), 5.44 (d, 1 H] = 14.3 Hz), 5.77
(ddt, 1 H,J = 17.0, 10.1, 7.3 Hz), 7.25—7.29 (m, 5 H). DNOE
between H-3/H-2 allyl: 1.4%; H-3/1 H Challyl: 3.5%; H-3/1 H
CH, allyl: 2.0%; H-3/CHiPr: 5.9%; CHiPr/H-3: 1.8%; CHiPr/
H-6: 2.4%; H-6/1 H CHPh: 1%; H-6/1 H CHPh: 5%; H-6/1 H
CH,0O: 4%.13C NMR (75 MHz) 6 —5.4,—-5.3, 18.2, 19.2, 19.5,

254, 25.9, 37.7, 48.7, 53.1, 56.8, 57.2, 63.8, 118.2, 128.5 (2 C),

128.8 (2 C), 134.9, 137.6, 170.3. IR (film): = 3300, 3065, 2955,

2847, 1647, 1471, 1439, 1385, 1360, 1253, 1099, 917, 837, 777

701 cntl. MS (ES): 417 [M+ 1]" (100%). Anal. Calcd for
Co4HioN2O,Si (416.3): C, 69.18; H, 9.68; N, 6.72; S, 6.74; found:
C, 68.97; H, 9.98; N, 6.49; S, 6.63.
(—)-(3S,5R,69)-3-Allyl-1-benzyl-6-[(t-butyldimethylsilyloxy)-
methyl]-5-(i-propyl)piperazin-2-one, 13d.Data for13d: R = 0.32
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1H,J=28.3,3.9Hz),3.45(dd, 1 Hl = 10.7, 3.6 Hz), 3.67 (dd,
1H,J=10.6, 4.0 Hz), 4.00 (d, 1 Hl = 14.8 Hz), 5.10 (ap d, 1
H,J=10.2 Hz),5.16 (apd, 1 Hl= 17.0 Hz), 5.33 (d, 1 H) =

15.0 Hz), 5.87 (ddt, 1 H) = 17.0, 10.2, 6.9 Hz), 7.21—-7.31 (m,

5 H). DNOE between H-3/1 H CHallyl: 4.8%; H-3/1 H ChH
allyl: 1.8%; H-6/CHiPr: 1.5%; H-6/1 H CHO: 1.9%; H-6/CH:
3.9%; H-6/1 H CHPh: 0.5%; CHiPr/H-6: 0.7%; CHiPr/H-5:
0.8%; CHIiPr/CHs: 4.0%.13C NMR (100 MHz) 6 —5.6, —=5.5,
17.4,18.2,19.3,25.8 (3 C), 31.2, 36.0, 47.4,56.5, 58.4, 59.0, 63.3,
117.7, 127.3, 128.2 (2 C), 128.5 (2 C), 135.6, 137.5, 173.2. IR
(film): v = 3375, 2925, 2855, 1736, 1658, 1462, 1374, 1258, 1107,
836, 778, 700 cmt. MS (ES): 417 [M+ 1]* (100%). Anal. Calcd

for CogHsoN2O.Si (416.3): C, 69.18; H, 9.68; N, 6.72; S, 6.74;
found: C, 69.09; H, 9.79; N, 6.82; S, 6.54.
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