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ABSTRACT

Selenapenams, selenacephems, and selenazepines were synthesized using a 2-(trimethylsilyl)ethyl (TSE) protection approach in an extremely
simple way. TSE protection for selenium is used for the first time in the synthesis of selenium-containing f-lactam. Novel intramolecular
cycloaddition reaction of selenium with alkynes and allenes is used in the present synthesis.

The f-lactam (2-azetidinone) skeleton is the key structural antimicrobial, and antiviral properti€dn this regard, very

element of the most widely employed class of antibacterial few reports are available in the literature for the synthesis
agents, the3-lactam antibiotics. The first -lactam ring of selenapenams or selenacephems due to difficulties in-
system was synthesized by H. Staudinger in 12®nt volved in their preparatiorfsPreviously developed radical

B-lactams as a class of compounds became attractive onlyand nucleophilic methodologi®s® or an azomethine ylide

after it was established that penicillin contained-kactam strategy®f were used to synthesize the selenium analogue
unit as the structural featufeln recent years, interest in  of -lactam antibiotics. In each report, the yields of the target
syntheses of compounds containing selenium has increasednolecules were either poor or the prepared compounds
because of their interesting reactivitiemnd their potential  possessed functionality that compromised their biological
biological activity. The biological and medicinal properties activity. Therefore, the development of a new and efficient
of selenium and organoselenium compounds are increasingly

appreciated, mainly due to their antioxidant, antitumor,  (4)(a) Ogawa, A.; Sonoda, N. IEomprehensive Organic Synthesis
Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 6, p
461. (b) Ogawa, A.; Sonoda, NRev. Heteroat. Chenl994,10, 43. (c)

T Department of Chemistry. Guziec, F. S., Jr.; Guziec, L. J. Gomprehense Organic Functional Group
* Division of Instrumental Analysis. Transformations; Katritzky, A. R., Meth-Cohn, O., Rees, C. W., Eds;
(1) For some recent reviews @ghlactam antibiotics, see: (&hemical Pergamon: Oxford, 1995; Vol. 6, p 587. (d) Dell, C. PAGomprehensive

Biology off3-Lactam AntibioticsMorin, R. B., Gorman, M., Eds.: Academic Organic Functional Group TransformationKatritzky, A. R., Meth-Cohn,
Press: New York, 1982; Vols-3. (b) Southgate, R.; Branch, C.; Coulton,  O., Rees, C. W., Eds.; Pergamon: Oxford, 1995; Vol. 5, p 565. (e) Krief,
S.; Hunt, E. InRecent Progress in the Chemical Synthesis of Antibiotics A. In Comprehensive Organometallic ChemistAbel, W. W., Stone, F.
and Related Microbital Productsuckacs, G., Ed.; Springer-Verlag: Berlin,  G. A., Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol. 11, p 515. (f)

1993; Vol. 2, p 621. (c) Southgate, Rontemp. Org. Synti1994,1, 417. Organoselenium Chemistry: A Practical Approach; Back, T. G., Ed;
(2) Staudinger, HLiebigs Ann. Cheml907,51, 356. Oxford University Press: Oxford, 1999. (g) Wirth, Angew. Chen200Q
(3) Clarke, H. T.; Johnson, J. R.; Robinson, Rae Chemistry of 112 342;Angew. Chem., Int. E@00Q 39, 3740. (h) Schiesser, C. Bhem.
Penicillin; Princeton University Press: Princeton, NJ, 1949. Commun2006, 4055.
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reaction that combines several transformations in a single ||| NEGGNGNGNGNGEGEGEGEENEEEEEEEEE
procedural step is an important objective. Our goal is to open Scheme 1. Synthesis of New Selenating Reagent
efficient access to selenium-containifidactam antibiotics.

Herein, we report our first step toward achieving this goal
by demonstrating an elegant method for the synthesis of these
compounds.

On the basis of the retrosynthetic disconnection (Figure
1), we felt that seleniunf-lactam can be easily prepared

_ bromoethyl)trimethylsilane afforded a new selenating reagent

2. This reagent has two latent reactive sites, that is, carbonyl
carbon and tetraalkylated silicon. The former should be
susceptible to the nucleophilic attack by amine, thereby
producing a 2-(trimethylsilyl)ethaneselenofagmion. This
anion is expected to react with electrophilic sites, allowing
the incorporation of the 2-(trimethylsilyl)ethyl (TSE)-
protected seleno moiety on to tAdactam skeleton. Further,
we envisaged that the TSE moiety would be readily cleaved
by the chemoselective attack of silicon by the fluorinate
anion. The resultant selenolate could then annulate with the
electrophilic moiety.
The reaction with commercially available, optically pure,
Figure 1. Retrosynthesis of seleniuftlactams. 4-acetoxyazetidinond was studied to find applications for
the newly synthesized selenating reagent. The reaction of
the selenating reagent with 4-acetoxyazetidindaéforded
from a selenating reagent which has two latent sites of the previously unknown key intermediate TSE-protected
reactivity. Recently, we reported a novel method for the Seleno derivativd, with complete retention of configuration
seleno-glycosidation using-methylselenobenzoafe’ The ~ in 92% yield (Scheme 2). The relative configuration of the
method features the in situ production of glycosyl selenolate

anion from the correspondirgtoluylselenoglycoside result- || N || AR AEEENENEGEGEGEGEGEEEEEEEEE

ing from the chemoselective cleavage of the C—Se bond by Scheme 2. Synthesis of Key Intermediate

plp(_arazm?. Thehgl!ycosyl I_selenolate aplor? c;]an_ rlzact \{vgh TBOMSQ ifsﬁﬁﬁé TBOMSQ

various electrophilic coupling partners in high yields, wit e Z.0n0 gy TME e = SeTSE

complete retention of stereochemistry. by "
Inspired by the chemistry of this method, we have designed d 92% o

a novel selenating reage as depicted in Scheme 1. 3 4

Treatment of potassiump-methylselenobenzoate with (2- here, TSE = CH,CRSMes

(5) (@) Kumar, Y.; Green, R.; Borysko, K. Z.; Wise, D. S.; Wotring, L. ) ) )
L.; Townsend, L. BJ. Med. Chem1993 36, 3843. (b) Mehta, S.; Andrews,  key intermediat& was concluded based on coupling constant

J. S.; Johnson, B. D.; Svensson, B.; Pinto, B.JMAmM. Chem. S04.995, _
117, 9783. (c) Koketsu, M.; Ishihara, H.; Wu, W.; Murakami, K.; Saiki, I. between the protons at C-3 and CH€s)-(ca = 2.3 H2).

Eur. J. Pharm. Sci1999,9, 157. (d) Wu, W.; Murakami, K.; Koketsu, M.; ~ This is in agreement with those of similar compounds in the

Yamada, Y.; Saiki, l.Anticancer Res1999, 19, 5375. (e) Cho, S. |; literature®

Koketsu, M.; Ishihara, H.; Matsushita, M.; Nairn, A. C.; Fukazawa, H.; . . . . .
Uehara, Y.Biochim. Biophys. Act2000, 1475, 207. (f) Mugesh, G.: du We first examined propargyl bromide in the N-alkylation
Mont, W.-W.; Sies, H.Chem. Rev2001, 101, 2125. (g) Back, T. G.;  reaction (Table 15a and5b). The key intermediaté was

Moussa, ZJ. Am. Chem. So2003 125 13455. (h) Gutzkow, K. B.; Lahne, . . . "
H. U.; Naderi, S.; Torgersen, K. M.; Skalhegg, B.; Koketsu, M.; Uehara reacted with propargyl bromide under alkaline conditions

Y.; Blomhoff, H. K. Cell. Signal2003,15, 871—881. (i) Nogueira, C. W.;  using LHMDS or NaH to afford the alkyne compoubdin

Zeni, G.; Rocha, J. B. TChem. Rev2004, 104, 6255. (j) Carland M.; 0/ Vi ; ; ;
Fenner, T. InMetallotherapeutic Drugs and Metal-based Diagnostic 75 or_52 % ylelds, FESpeCtlvely (.entry l)' The SOdlym h)O/d”de
Agents: The Use of Metals in MedicinSielen, M., Tiekink, E. R. T., reaction resulted in the formation of allenamislein 12%
Eds.; John Wiley and Sons: Chichester, UK, 2005. yield (entry 2), whereas with LHMDS reaction, the alkyne

(6) (@) Alpegiani, M.; Bedeschi, A.; Perrone, E.; Franceschi, G. . .
Tetrahedron Lett1986, 27, 3041. (b) Carland, M. W.: Martin, R, L;  0& Was the sole product. Having established a standard

Schiesser, C. HTetrahedron Lett2001,42, 4737. (c) Carland, M. W.;  protocol, we examined the scope of this process. The key
Schiesser, C. HMolecules2004,9, 466. (d) Carland, M. W.; Martin, R. ; ; ; i _

L - Schiesser, C. HOrg. Biomol. Chem2004,2. 2612. () Brown. G. A intermediate4 was reacted under alkaline conditions (LH
Anderson, K. M.; Murray, M.; Gallagher, T.; Hales, N.T&trahedror2000,
56, 5579. (f) Brown, G. A.; Anderson, K. M.; Large, J. M.; Planchenault, (8) 2-(Trimethylsilyl)ethaneselenol was only once prepared from its
D.; Urban, D.; Hales, N. J.; Gallagher, J. Chem. Soc., Perkin Trans. 1  diselenide and used for the preparation of ammonium aromatic diselenoates.

2001, 1897. See: Tani, K.; Murai, T.; Kato, SI. Am. Chem. So002,124, 5960.

(7) (a) Kawai, Y.; Ando, H.; Ozeki, H.; Koketsu, M.; Ishihara, Grg. (9) (a) Linder, M. R.; Podlech, Drg. Lett.2001,3, 1849. (b) Podlech,
Lett. 2005, 7, 4653. (b) Nanami, M.; Ando, H.; Kawali, Y.; Koketsu, M.;  J.; Linder, M. R.J. Org. Chem1997,62, 5873. (c) Liang, Y.; Jiao, L;
Ishihara, H.Tetrahedron Lett2007,48, 1113. Zhang, S.; Xu, JJ. Org. Chem2005,70, 334.
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Table 1. N-Alkylation Reaction of the Key Intermediat#

Scheme 3. Synthesis of Novel Selenacephems, Selenapenams,

R-X, and Selenazepings
TEDMSO |, NaH (1.1 equiv), ~ TBDMSO oH
Z.SeTSE THF,0°C,2h =.SeTSE OH HoH
Me Me H M s .Se OH
NH > N Z,8e € H H
J Or g ‘R Me N z ,Se
4 LHMDS (1.1 equiv), s5a.h NJ g Me \J
(1.0 equiv) THF,-78°Ctort, 6-24 h o Selenapenam S N
Selenacephem 8 (94%)
Oo d
entry (elz—tx)i(v) base product yield (%) 7(55%) ‘\b ) Selesn(agzeozr em
_ TBDMSO HH serse OHH .
Br. Z Me e Me ¥
1 ~7 LHMDS N . 5 N | -— §Hy
Selenacephem
P TEDMSO |, | 8 (75%) ™~ Nx.)
Br/ Me 2 SeTSE b Selsnazepine
2 NaH 12 10 (87%
(1.1 equiv) e oH Ny (87%)
H 2
5b Z.aSe
Me’
TBDMSO \)
H N
B~ Z.SeTSE p
3 cl LHVDS Me 62 o .
(10 equiv) N Selenacephem Selenapenam COE
0 s \/\CI 12 (96%) 11 (85%)
TBDMSO . . . .
H H SeTSE a All reactions gave a single isomer as determinedthyNMR
B ~C LHMDS Me 72 spectroscopic analysis. Reaction conditions: &a) TBAF (5
equiv equiv), Ac .2 equiv)bato 5g (1 equiv), , , 1h.
(10 equiv) PN AcOH (2.2 bato 5g (1 THF, RT, 1h
TBDMSO
B~~~ Ve W serse selenapenams, or selenazepine frames (Scheme 3). Thus, the
5 Joeq) _  LHMDS N 7 treatment of alkynéa with TBAF led to formation of the
© 55\/\/\C| selenium anion, and subsequent attack at the alkynyl carbon
TBOMSO | afforded the required selenacephdmby intramolecular
LAV T Me Z5eTSE " cycloaddition reaction. Allenes are a versatile class of organic
(1.5 equiv) NaH N~/ "Br compounds that feature numerous patterns of reactivity.
5fc = .
~~CO,Et Allenamides are a subclass of allenes that have recently
NO, TBDMSO |, H NO, received much attention in the synthetic commuftio
] Br/j@/ . Me/ﬁ;rseTSE o our delight, treatment of allenamidgb with TBAF also
25 oo LHMD N resulted in the formation of corresponding selenacephem
@28 equl) 59 This represents the first example for the intramolecular
TBDMSO || cycloaddition reaction of selenium with alkynes and allenes
S H . . . .
. Bf/Ij Me S TE & that results in the formation of a six-membered ring.
Br- N Nart N I SelenacephenT is unstable and easily decomposes even
(1.5 equiv) o] NN

Br

a All reactions excepbf gave a single isomer as determined'byNMR
spectroscopic analysi85a was also formed in 52% vyield.Isolated as

mixture of two diastereomers in al0:1 ratio. THFtetrahydrofuran.

when stored in the freezer for 1 week.

Given the potential of this process to access the core ring
systems ofi-lactam targets containing six-membered rings,
the reactions ofsc and 5d with TBAF were examined.
Treatment of5c with TBAF afforded the required selena-
penam8. The treatment 05d with TBAF afforded selena-

MDS) with an excess of 1-bromo-2-chloroethane (10 equiv) cephemsd

to afford alkyl halide intermediat&c (entry 3). In this The synthesis of seven-membered selenium heterocycles
reaction, the use of excess 1-bromo-2-chloroethane Wasp4s peen found to be very difficult. To the best of our

gnpor;ant to' ;:in:)reis the form?urc])n' of a <(:ij|.mer. k‘;"s @ knowledge, there are only two reports on the preparation of
yproduct. Similarly, the reaction of the intermediateit seven-membered selenium-containing heterocycles, that is,

excess of 1-bromo-3-chloropropane or 1-bromo-4-chiorobu- 1,3-selenazepiné8 Treatment obewith TBAF resulted in
tane gave alkyl halid&d or 5e, respectively (entries 4 and

5). Reaction of4 with ethyl 4-bromocrotonate using NaH
as a base affordelf as a mixture of two diastereomers =" 1%y ciement E. C.. Carlier, P. Reetrahedron Lett2005,46, 3633.
(10:1) (entry 6)° Regioselective alkylation of4 with (12) Rebek, J., Jr.; Costello, T.; Wattley, R. Am. Chem. S0d.985,
R 5-ni i - 3 _ 107, 7481.
2 flugrp 52n|trobenzylbrom|0“é or 2 bromo 3 br(_)mometh- (13) Schuster, H. E.; Coppola, G. Mllenes in Organic Synthesidohn
ylpyridine'? was also successful, producing aryl intermediate Wiley and Sons: New York, 1984.
5gin 82% yield or5h in 67% yield (entries 7 and 8). (14) For rﬁviews on allenamides, see: (a)ll}/Veil.(L--L-: Xiong, H.; Hsung,
The TSE-seIenyI precursors, in hand, were next applied R. P.Acc. Chem. Re®003,36, 773. (b) Saalfrank, R. W.; Lurz, C. J. In

e ; ) Methoden Der Organischen Chemie (Houben-Wériopf, H., Schaumann,
to TBAF-initiated key annulation to deliver selenacephems, E., Eds.; Georg Thieme Verlag: Stuttgart, 1993; p 3093.

(10) The use of LHMDS as base was found to be less selective, giving
a mixture of two diastereomers in a 1:1.5 ratio.
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the formation of selenazepiri®. Our method allows a new

Next, we focused our attention on spectroscopic methods

approach for the synthesis of seven-membered selenium-for the determination of structure of these produtis.'*C,

containing heterocycles.
Treatment of5f with TBAF afforded the required selena-

and”’Se NMR, COSY, HMQC, HMBC, MS, HRMS, and
IR spectroscopy allowed us to assign the correct structure.

penamll as a single diastereomer. This approach allows Furthermore, the X-ray diffraction analysis of selenacephems

the synthesis of different substituted selenapendms.
Finally, with the aim of exploring other biologically

6 and9 and selenapenaghprovided the correct stereochem-
istry (i.e.,R, S, Rand structure of the final products (Figure

important selenium heterocycles, we considered the feasibil-2).1
ity of preparing a benzo-fused system, and the treatment of

5g with TBAF afforded selenacephefr®. In this reaction,

there is no need to add additional catalyst. The nitro group

in the selenacephed® is advantageous for the functional-
ization of selenacephem for structuractivity relationship
studies.

During the formation of pyridine-fused ring systems, we

have also attempted to retain the TBDMS group on the side

chain to facilitate the chromatographic purification of the

cyclized outcome (Scheme 4). According to our expectation,

Scheme 4. Synthesis of Selenacephem by Chemoselective
Deprotectiof

R
TBAF (1.0 equiv),  Me 58, [ AN
N =z

THF, -30 °C to -20 °C, o
24 h Selenacephem 13
(R = TBDMS, 70%) CTJ %fexﬁeg?’h
5h —| Selenacephem 14 272 T
(R=H, 85%)
OH
HH
HF/Pyridine (10 equiv), pqe 4SeTSE
CH4CN, 1, 18 h g N =
S
N

15
(95%) Br

a All reactions gave a single isomer as determinedtyNMR
spectroscopic analysis.

the annulation obh promoted by the minimized amount of
TBAF (1.0 equiv) has yielded a TBDMS-protected pyridine-
fused ring system (i.e., selenaceph#®)!” TBDMS group
within selenacepherhi3 was able to cleave by the action of
TFA to afford selenacephed®. Additionally, the exposure
of 5h to HF/pyridine in CHCN did not cleave TSE on
selenium but TBDMS on oxygen, yieldirip in 95% yield.
This chemoselectivity between silyl groups is first observed
in our study.

(15) (a) Sommen, G. L.; Linden, A.; Heimgartner, Fetrahedron Lett.
2005,46, 6723. (b) Nurbaev, K. |.; Zakhidov, K. A.; Oripov, E. O.; Smiev,
R. A.; Shakhidoyatov, K. MUzb. Khim. Zh1996,1—2, 96;Chem. Abstr.
1996,126, 47303.

(16) Recently, Buynak et al. found that the homologue of sulbactam has
10-fold better activity against a class/&lactamase than does sulbactam
itself. See: Buynak, J. D.; Ghadachanda, V. R.; Vogeti, L.; Zhang, H.;
Chen, H.J. Org. Chem2005,70, 4510.

Figure 2. ORTEP diagram (50% thermal ellipsoids) of selena-
cephem6. Selected bond lengths (A) and angl&s (Se(1)—C(4)
1.881(10), Se(1)—C(1) 1.943(7), C(1)—N(1) 1.425(9), N(1)—C(5)
1.341(9), C(1)—C(6) 1.553(9), C(5)—C(6) 1.526(11), C(5)—0(1)
1.223(9); C(1)—Se(1)—C(4) 97.0(4), N(1)—C(1)—Se(1) 113.3(5),
N(1)—C(1)—C(6) 88.2(5), C(6)€(1)—Se(1) 117.6(5), C(5)—
N(1)—C(1) 95.7(6).

In conclusion, we have developed a pivotal approach to
the variety of selenium-containing-lactams, featuring
2-(trimethylsilyl)ethyl selenating reagedt The compounds
prepared during this study are expected to exhibit interesting
biological properties. Further expansion of current strategies
is in progress.

Acknowledgment. This work was supported by a Grant-
in-Aid for Science Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan (Nos.
15550030 and 17550099) to which we are grateful. Authors
thank Prof. Masahiro Ebihara and Mr. Fuma (Department
of Chemistry, Faculty of Engineering, Gifu University, Gifu-
501-1193, Japan) for technical assistance on X-ray analysis.

Supporting Information Available: Experimental details
for the synthesis antH and'3C NMR spectra of compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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(18) Crystallographic data for selenaceph&nselenapenan®, and
selenacepher® have been deposited at the Cambridge Crystallographic
Data Centre (deposition no. CCDC-6195%),(CCDC-619551 (8), and

(17) The reaction time can be shortened by the use of a base such asCCDC-619552 (9)). Copies of these data can be obtained free of charge

DIEA, but reaction gave slightly lower yield.
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via www.ccdc.cam.ac.uk/data_request/cif.
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