A\C\S

ARTICLES

Published on Web 04/14/2006

Origin of the Relative Stereoselectivity of the
Formation in the Staudinger Reaction

p-Lactam

Lei Jiao, Yong Liang, and Jiaxi Xu*

Contribution from the Key Laboratory of Biooganic Chemistry and Molecular Engineering of
Ministry of Education, College of Chemistry and Molecular Engineering, Pekingeysity,
Beijing 100871, P. R. China

Received October 8, 2005; E-mail: jxxu@pku.edu.cn

Abstract: The relative (cis, trans) stereoselectivity of the -lactam formation is one of the critical issues in
the Staudinger reaction. Although many attempts have been made to explain and to predict the
stereochemical outcomes, the origin of the stereoselectivity remains obscure. We are proposing a model
that explains the relative stereoselectivity based on a kinetic analysis of the cis/trans ratios of reaction
products. The results were derived from detailed Hammett analyses. Cyclic imines were employed to
investigate the electronic effect of the ketene substituents, and it was found that the stereoselectivity could
not be simply attributed to the torquoelectronic model. Based on our results, the origin of the relative
stereoselectivity can be described as follows: (1) the stereoselectivity is generated as a result of the
competition between the direct ring closure and the isomerization of the imine moiety in the zwitterionic
intermediate; (2) the ring closure step is most likely an intramolecular nucleophilic addition of the enolate
to the imine moiety, which is obviously affected by the electronic effect of the ketene and imine substituents;
(3) electron-donating ketene substituents and electron-withdrawing imine substituents accelerate the direct
ring closure, leading to a preference for cis-f-lactam formation, while electron-withdrawing ketene
substituents and electron-donating imine substituents slow the direct ring closure, leading to a preference
for trans-f-lactam formation; and (4) the electronic effect of the substituents on the isomerization is a minor
factor in influencing the stereoselectivity.

Introduction one; (2) the reaction is initiated by the nucleophilic attack of
an imine to a ketene, giving rise to a zwitterionic intermediate;

d(3) a conrotatory electrocyclic ring closure of the zwitterionic
intermediate produces the fingilactam product. The reaction

of a monosubstituted ketene with an acyclic imine produces

The Staudinger reaction (the {2 2] ketene-imine cycload-
dition reaction) is regarded as one of the most fundamental an
versatile methods for the synthesishfactam (2-azetidinone)
derivatives} which are important in both pharmaceutical and . .
synthetic chemistry2 Many experimental and theoretical two new stereocenters (C3and C4 n fr mctar_n fing), so the
investigations into the Staudinger reaction have been presentecPrOdUCt mlght bgms—, trans, or a m|?<ture .OfCIS- andtrans
during the past decadé8and the most widely accepted reaction p-lactam derivatives. Thus, the relative (cis, trans) stereoselec-

process is described as follofé1) the ketene-imine cycload- ::gc}:/t!zr%ol:zldzre; a;gnea?;: thae (}gtsct?]!i?:s;'tnorgstgﬁ'nger
dition reaction is a stepwise reaction rather than a concerted lort- Flowever, pathway :
trans-lactams has not been well understood to date. Many

possible stereochemical processes have been proposed in
previous investigatiorig4-9.5b-¢.5¢.6 (Scheme 1), but each of
them only focused on the Staudinger reaction involving a
particular ketene or imine and failed to provide a universal
explanation for the observed complicated stereochemical out-
comes.

(1) For recent reviews on syntheses/bfactam, see: (a) Van der Steen, F.
H.; van Koten, G.Tetrahedron1991, 47, 7503-7524. (b) Palomo, C.;
Aizpurua, J. M.; Ganboa, |.; Oiarbide, Mur. J. Org. Chem1999 3223~
3235. (c) Singh, G. STetrahedron2003 59, 7631-7649.

(2) (a)Chemistry and Biology ¢#-Lactam AntibioticsMorin, R. B.; Gorman,
M., Eds.; Academic Press: 1982; Vols-3. (b) Southgate, R.; Branch,
C.; Coulton, S.; Hunt, E. IiRecent progress in the Chemical Synthesis of
Antibiotics and Related Microbital Productsuckacs, G., Ed.; Springer-
Verlag: Berlin, 1993; Vol. 2, p 621. (c) Southgate,Gontemp. Org. Synth.
1994 1, 417.

(3) For a review, seeThe Organic Chemistry gf-Lactams Georg, G. I.,
Ed.; Verlag Chemie: New York, 1993.

(4) (a) Moore, H. W.; Hernandez, L., Jr.; Chambers,JRAm. Chem. Soc.
1978 100, 2245-2247. (b) Pacansky, J.; Chang, J. S.; Brown, D. W.;
Schwarz, W.J. Org. Chem.1982 47, 2233-2234. (c) Moore, H. W.;

(5) (a) Sordo, J. A.; Goriter, J.; Sordo, T. LJ. Am. Chem. S0d.992 114,
6249-6251. (b) Cossio, F. P.; Ugalde, J. M.; Lopez, X.; Lecea, B.; Palomo,
C.J. Am. Chem. Sod 993 115 995-1004. (c) Arrieta, A.; Ugalde, J.
M.; Cossio, F. PTetrahedron Lett1994 35, 4465-4468. (d) Cossio, F.

P.; Arrieta, A.; Lecea, B.; Ugalde, J. M. Am. Chem. Sod994 116,

Hughes, G.; Srinivasachar, K.; Fernandez, M.; Nguyen, N. V.; Schoon,
D.; Tranne, A.J. Org. Chem.1985 50, 4231-4238. (d) Brady, W. T.;
Gu, Y. Q.J. Org. Chem1989 54, 2838-2842. (e) Lynch, J. E.; Riseman,
S. M.; Laswell, W. L.; Tschaen, D. M.; Volante, R.; Smith, G. B.; Shinkai,
I. J. Org. Chem1989 54, 3792-3796. (f) Hegedus, L. S.; Montgomery,
J.; Narukawa, Y.; Snustad, D. @. Am. Chem. Sod 991, 113 5784-
5791. (g) Georg, G. |; He, P.; Kant, J.; Wu, ZJJOrg. Chem1993 58,
5771-5778.

6060 = J. AM. CHEM. SOC. 2006, 128, 6060—6069

2085-2093. (e) Arrieta, A.; Lecea, B.; Cossio, F.P.Org. Chem1998

63, 5869-5876. (f) Arrieta, A.; Cossio, F. P.; Fernandez, |.; Gomez-Gallego,
M.; Lecea, B.; Mancheno, M. J.; Sierra, M. A. Am. Chem. SoQ00Q
122 11509-11510. (g) Venturini, A.; GonZez, J.J. Org. Chem2002

67, 9089-9092.
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references therein.
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Scheme 1. Pathways for the Formation of cis- and Scheme 2. Steric Effect of N-Substituent R3 in the Staudinger
trans--Lactams? Reaction
R RAH HOR'  RZ_H o Ph . phsy P prs 2 P
T-X T - Jvm—.ﬁﬁ
No 3 No 3 PhS N._, Toluene N, N_
o} R e} R R o r o r
A B A B 1 2 (%)-cis-3 (+)-trans-4
a | exo attack endo attack || b a:R®=Bn > 98
b: R®=Pr 12 : 88
c:R®=Bu > 98
R1
substituents of ketenes and imines,(R?, and R, Scheme 1)
© is the crucial factor that determines the relative stereoselectivity
of the Staudinger reaction. However, since the ketenes are
usually generated in situ in the Staudinger reaction, many
¢ “ different experimental factofssuch as the temperature, the
solvent’2the baseP the chloride aniof°¢7¢and the met&l>f
R! HH could affect the stereochemical outcomes. These factors inter-
I —H ];F fered with the elucidation of the origin of the stereoselectivity.
-0 N Io N\Rs Thus, to approach the “origin” ketenémine reactiorf we
trans-flactam wished to select a clean reaction system for the ketene generation
as a platform to systematically investigate the substituent effects.
i Typically, there are mainly three ways to produce ketenes: (1)
R H the elimination of acyl chlorides or related derivatives in the
\H/ . presence of a bageé? (2) the photolysis of metalcarbene
complexegf10and (3) the Wolff rearrangement ofdiazocar-
0 bonyl compounds$!~14 Compared with methods (1) and (2),
A G A G the use ofx-diazocarbonyl compounds as precursors of ketenes
20nly one enantiomer is drawn. has a distinct advantage: it is a clean reaction system without

_ o any additives (nucleophiles such as chloride anion and tertiary
Moreover, the nature of the relative stereoselectivity in the gmine) that could affect the cis/trans ratio of tidactam
Staudinger reaction is still quite obscure. Hegedus and co- products. We found thaBphenyl 2-diazoethanethioatel)(
workers' pointed out that the zwitterionic intermediate can efficiently rearranged to phenylthioketene at 8D and gave

isomerize and the stereochemistry is determined primarily by B-lactam derivatives in good yields in the presence of imines.
the structure of the imines and the character of the free or boundyys; the reaction df with imine was selected as an appropriate

ketenes. Cossio et al. conducted computational investigationsp|atform to investigate the origin of the stereoselectivity in the
and concluded that the stereochemistry was decided by thesiaydinger reaction.

configuration Z or E) of the starting imine¥ and the torquo- First, we conducted the reactions bfvith imines2a—c at
electronic effect of the ketePfeor imine substituents: Brady 80°C in toluene, respectively. It was found that thg 3-lactam

d ol . .
and Gu claimed that the stereochemistry was determined by 4 ot increased as the size of tesubstituent Rincreased
the main resonance structure of the zwitterionic mtermedlates.(Scheme 2), which is similar to the results of Moore ef<al

9,6 i . . . i .
Georg et al96suggested that the stereochemical results can beWhat is more important is that, a mixture of cis and trans

clorre!?t%dﬂ:/vell(l ;N'th thet s;fnc demands of ;(jhe ktettehnes. "’mdfproducté5 was obtained from the reaction band2b. Because
classitied the ketenes Into three groups according o € SIz€ Oly,q cisrans ratio of th@-lactam products carries the stereo-

their substituen_ts. These investigat_o_rs have suggested diﬁerenkhemical information of the reaction, we hope to understand
models to predict the stereoselectivity, but their proposals are

in conflict to some extent. The most pivotal problems regarding (7) (a) Palomo, C.; Cossio, F. P.; Odriozola, J. M.; Oiarbide, M.; Ontoria, J.
the relative stereoselectivity remain obscure: (1) How are the M. Tetrahedron Lett1989 30, 4577-4580. (b) Browne, M.; Burnett, D.
B-lactam products with different relative configurations gener- éusﬁsg\',g?{aﬂ A gr?ee}nhl.'-'Jei'cga\lfac)de\:/(}.qvgé{ngomélzsﬁgya&ii%?gns"

ated; i.e., what is the most possible pathway for the formation Lett. 1995 36, 2555-2558. (c) Bose, A. K.; Spiegelman, G.; Manhas, M.

. . S. Tetrahedron Lett1971, 12, 3167-3170.
of cis- andtrans3-lactams. And (2) why do different ketenes (g) Staudinger, HJustus Liebigs Ann. Cherit907, 356 51—123.

and imines lead to different stereochemical outcomes; especially, (9) (a) Sheehan, J. C.; Buhle, E. L.; Corey, E. J.; Lanbach, G. D.; Ryan, J. J.
. . . . J. Am. Chem. S0d95Q 72, 3828-3829. (b) Bose, A. K.; Anjaneyulu, B.;
why do the reactions of different ketenes with the same imine Bhattacharya, S. K.; Manhas, M. Setrahedron1967, 23, 4769-4776.

generate distinct stereochemical results. Therefore, we reinves-__ (c) Evans, D. A;; Williams, J. MTetrahedron Lett1988 29, 5065-5068.
f . . . . (10) (a) McGuire, M. A.; Hegedus, L. S. Am. Chem. S0d.982 104, 5538—
tigated the relative stereoselectivity of the Staudinger reaction. 5540. (b) Hegedus, L. S.; Imwinkelried, R.; Alarid-Sargent, M.; Dvorak,

i i i D.; Satoh, Y.J. Am. Chem. S0d.99Q 112 1109-1117. (c) Hegedus, L.
Herein, we _present our e>_<penmenta| r(_as_ults to prowde_ a S Toqanedroni o8 55 410854128
comprehensive understanding of the origin of the relative (11) Kirmse, W.Eur. J. Org. Chem2002, 2193-2256.

Wity i i i (12) For photoirradiation-induced Staudinger reaction, see: (a) Podlech, J,;
stereoselectivity in the Staudinger reaction. Linder, M. R.J. Org. Chem.1997, 62, 5873-5883. (b) Linder, M. R.;

Podlech, JOrg. Lett.1999 1, 869-871. (c) Linder, M. R.; Frey, W. U;

Results and Discussion Podlech, JJ. Chem. SogPerkin Trans. 12001, 2566-2577.
(13) For microwave-assisted Staudinger reaction, see: Linder, M. R.; Podlech,
; ; ; J.Org. Lett.2001, 3, 1849-1851.
Selection of the Reactlon I_Dlatform and the Discovery of (14) Liang, Y.. Jiao, L.. Zhang, S. W.: Xu, J. 4. Org. Chem2005 70, 334
a Good Probe. It is unequivocal that the nature of the 337.
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Table 1. Influence of the Electronic Effect of the C-Substituents of
the Imines on the Stereoselectivity

R R
Q \@ _s0c _ PhS 4
SN, +
PhS | Tquene
N\
1 5 (+)—CIS —6 (+)-trans-7
entry imine R product yield? (%) cisftrans?
1 5a MeO 6a+ 7a 87 4:96
2 5b Me 6b+ 7b 80 7:93
3 5c H 6c+ 7c 92 12:88
4 5d Cl 6d+ 7d 75 17:83
5 5e CK 6e+ 7e 81 42:58
6 5f NO. 6f + 7f 79 73:27

a|solated yield after column chromatograpfyDetermined byH NMR
of the crude products.

1.0

p=162,r=098

NO,
()

0.5

log(is/trans)

20 L Il L L Il L

-0.2 0 0.2 0.4 0.6 0.8 1
Hammett constant (o)

Figure 1. Hammett plot of the reactions between the ketene and imines
with different C-substituents.

the origin of the stereoselectivity in the Staudinger reaction by

systematically measuring a series of cis/trans ratios of the

p-lactam products with different substituents. Thidgsopropyl

imines are good probes for detecting the stereochemical

information.

Electronic Effect of the Substituent R2. A series of
N-isopropyl iminessa—f with differentpara-substituents on the
C-phenyl group were reacted wighphenyl 2-diazoethanethioate
(1) at 80°C in toluene (Table 1). It was found that the electronic
effect of the substituents plays an important role in the

stereoselectivity, which obviously alters, even reverses, the

stereochemical outcomes. For imidawith a strong electron-
donating group g-MeO), the product is predominately trans
(Table 1, entry 1), while, for imin&f with a strong electron-
withdrawing substituentptNO,), the product is mainly cis

(Table 1, entry 6). It is notable that the cis/trans ratios of these

reactions correlate well with the Hammett constanjswith a
calculatedp-value of+1.62 (Figure 1)6

To our best knowledge, the linear free energy relationship
(LFER) of the relative stereoselectivity of tidactam formation

in the Staudinger reaction has never been investigated. How to

explain this intriguing result? According to Scheme 1, the

simplest explanation was that the stereochemistry was deter-

(15) The configurations of thg-lactam products can be easily determined by
the coupling constants between the protons on C(3) and C(4) Sfldetam
ring. For cisB-lactam products Jyca)-rcs) is 4—6 Hz, and for trans
products,Jy(cs)-H(ca) is @bout 2 Hz. The cis/trans ratios can be obtained
by the integral o% the corresponding protonstith NMR spectra of crude
reaction mixtures.

(16) The Hammett constants)(cited are all taken from: Hansch, C.; Leo, A;;
Taft, R. W.Chem. Re. 1991, 91, 165-195.
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mined by the configurationZ( or E) of the starting imine$§®

(E) imines led preferentially tais-g-lactams (pathwaga — e,
Scheme 1) andZ) imines gave predominantly the corresponding
trans isomers (pathway— g, Scheme 1). In fact, all the starting
imines 5 were determined to be exclusively configuration
based otH NMR and 1D NOE experiment<,and most imines
employed in the Staudinger reaction were confirmed tdEbe
configuration!® Thus, we can conclude that the stereoselectivity,
in most cases, cannot be explained by the configuration of the
starting imines.

There are two other possibilities: (a) the stereochemistry is
decided by the different initial approaches of the imine to the
monosubstituted keteff(cis-3-lactam, pathway — e; trans-
p-lactam, pathwap — f, Scheme 1); and (b) the stereochemistry
is decided by the competition between the direct ring closure
(pathwaye) and the isomerization of the imine moiety in the
zwitterionic intermediate (pathwayg). In this process, the
approach of the imine to the ketene is opposite fo d&d
subsequent ring closure of the zwitterionic intermed@teads
to cisf-lactam (pathwaya — e, Scheme 1), while the
isomerization of the imine moiety in the zwitterionic intermedi-
ate C leads to the formation dfrans3-lactant® (pathwaya
— c— g, Scheme 1). For possibility (a), the observed variation
of cis/trans ratios could be explained by the electronic effect of
the imine substituent Raffecting the ratio of different ap-
proaches (pathwag vs pathwayb). For possibility (b), the
experimental results could be explained by the electronic effect
of the imine substituent Raffecting the competition between
the direct ring closure (pathwag) and the isomerization
(pathwayc). To distinguish which one is reasonable, the best
way is to replace imine§ with a series of cyclic imines with
different electronic substituents in the same reactions. Since
cyclic imines cannot undergo the isomerization in the reac-
tion #.6.14the possibilities (a) and (b) could be distinguished by
the relative configuration of the bicyclié-lactam products.

The reactions ol with cyclic imines, 2-substituted dibenzo-
[b,f][1,4]oxazepines, were carried out under the same condi-
tions (Scheme 3) as those of its reactions with imiBe$he
trans-B-lactam derivative®a—d were exclusively formed in
excellent yields. This indicates that the initial approach occurs
exclusively at the nonsubstituted side of the ketene, and the
electronic nature of the imine substituerftd®es not affect the
direction of the approach (Scheme 4).

Electronic Effect of the Substituent RL. To understand the
origin of the stereoselectivity in depth, a seriesxefliazoaryl-
ethanoned 0a—f with different substituents were reacted with
imine 5f at 140°C in xylene$® to afford a series otis- and
trans-lactams (Table 2). The results indicate that the electronic
effect of the ketene substituents also plays an important role in
the stereoselectivity. For the ketene with a strong electron-
donating group §-MeO), the product is mainly cis (Table 2,
entry 1), while, for the ketene with a strong electron-withdrawing

(17) Another experiment involving thi-acetyl iminium was also conducted,
which indicated that the isomerizations of the imine itself &hdcetyl
iminium hardly occur under normal conditions. See Supporting Information
for detailed discussion.

(18) It was reported that imines such &9-anthryl imines andC-2,6-
disubstitutedphenyl imines partially existanconfiguration; however, they
are seldom used in the Staudinger reaction. See: Bjorgo, J.; Boyd, D. R.;
Watson, C. G.; Jennings, W. B.; Jerina, D. MChem. Soc, Perkin Trans.
21974 1081-1084.

(19) The reactions af0with imines at 80°C in toluene cannot proceed because
compounds10 cannot undergo the Wolff rearrangement at such a
temperature.
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Scheme 3. Reaction of 1 and Cyclic Imines 8 with Different
Electronic Substituents

X
(o}
H 80 °C
N, + | _—
Phs)J\4 27N fo toluene
1 8
(sole diastereomer)
entry substituent X yield? (%)

1 8a X=Me 99
2 8b X=H 99
3 8c X=Cl 99
4 8d X=NO, 98

a|solated yield after chromatography.

W SO @ ID

a0nly one enantiomer is drawn.

Scheme 4 @

Table 2. Influence of the Electronic Effect of the Ketene
Substituents on the Stereoselectivity

NO,
Q 140 °C
R O)J\/ xylenes
5f
+
NO,
(x)-trans-12
entry diazoketone R product yield? (%) cisitrans?
1 10a p-MeO 1lla+ 12a 93 66:34
2 10b p-Me 11b+ 12b 68 55:45
3 10c H 1llc+ 12c 52 47:53
4 10d p-Cl 11d+ 12d 65 40:60
5 10e m-Cl lle+ 12e 56 38:62
6 10f p-NO2 11f+ 12f 60 27:73

a|solated yield after column chromatograpfyDetermined byH NMR
of the crude products.

substituent§-NOy), the product is mainly trans (Table 2, entry
6). The cis/trans ratios of the products also correlate well with
the Hammett constants) with a p-value of—0.63 (Figure 2).
Since the temperature influences the reaction congtantget
comparable data with the previous results obtained at@0
the reactions were also conducted at 280in xylenes® and

the cis/trans ratios of reactions at 8C were estimated
according to the Eyring formufd,which have a good correlation
with the Hammett constants) with a p-value of—1.1 (Figure

2).

(20) The experimental results at 13 were given in the Supporting
Information.

ARTICLES
12
®140°C p=-0.63,r>=093
07 | O8o°c p=-1.1,r"=093

log (cis /trans)

estimated 80 °C

-1.3

-1.8 L 1 1 1 1 1

-04 0.2 0 0.2 0.4 0.6 0.8 1
Hammett constant (o)

Figure 2. Hammett plot of the reactions between the imine and ketenes
with different substituents.

The interesting fact that cis/trans ratio of thfelactam
products varied with the electronic nature of the ketene
substituents was never reported before. First, it seemed that the
above results could be simply explained by the torquoelectronic
model: in the transition states for the conrotatory ring closure
of the zwitterionic intermediates, the electron-donating groups
(EDGS) in the ketene moiety favor occupying the outward
position at C3 of the-lactam ring, leading to the formation of
cisS-lactams (e.g., R= p-MeOPh, Table 2, entry 1); while
the electron-withdrawing groups (EWGS) in the ketene moiety
favor occupying the inward position, leading to the formation
of transS-lactams (e.g., R= p-NO,Ph, Table 2, entry 6).
Second, the above results could also be explained by the
competition between the direct ring closure and the isomeriza-
tion (pathwaye vs pathwayc, Scheme 1).

There have been several literatures concerning the torquo-
electronic model in the Staudinger reaction, which discussed
the inward/outward tendency of the ketene substitu&rtthe
O-alkyl, N-alkyl, halo, and alkyl groups on the ketene have a
distinct preference of occupying the outward position in the
transition state, while the boryl grotgdon the ketene tends to
occupy the inward position. It is not clear whether the phenyl
groups with different electronic substituents have different
preferences of occupimg inward/outward positions in the
transition state to date.

To examine the above possibility, cyclic imiBe that has a
similar structural feature to imingf was selected to react with
o-diazoarylethanonel) (Scheme 5) under the same conditions.
The reactions afforded thgans-lactam derivativesl3 ex-
clusively, and the cis isomer was never observedHbNMR
of the crude products. This indicates that the substituted phenyl
groups on the ketene, compared with the hydrogen atom, prefer
to occupy the outward position. Thus, the results presented in
Table 2 could not be simply explained by the torquoelectronic
model, and they should relate to the competition between the
direct ring closure and the isomerization.

(21) The detailed calculations were given in the Supporting Information. For
reference, see: Eyring, H. Chem. Phys1935 3, 107-115.

(22) (a) Lpez, R.; Sordo, T. L.; Sordo, J. A.; Géte J.J. Org. Cheml993
58, 7036—7037. (b) Dumas, S.; Hegedus, L. 3B.0rg. Chem1994 59,
4967-4971. (c) Hegedus, L. S.; Moser, W. B. Org. Chem1994 59,
7779-7784. (d) Alonso, E.; Lpez-Ortiz, F.; del Pozo, C.; Peralta, E.;
Macias, A.; Gonzkez, J.J. Org. Chem2001, 66, 6333-6338. (e) Ma@s,
A.; Alonso, E.; del Pozo, C.; Venturini, A.; Goflea, J.J. Org. Chem.
2004 69, 7004-7012.
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Scheme 5. Reactions between Cyclic Imine 8d and .
Phenylketenes with Different Electronic Substituents [cis] = ky f[C] dt 1)

O.N
[trans]=k; [[D] dt =k, [[C]dt — [D] 2)
N _140°C _
/©)‘\/ xylenes [cis] k f [C] dt (3)
C frans] |, ficldt—[D]
10 _
(sole diastereomer) Because the cyclization step is very fast, the concentration

entry substituent X yield@ (%) of the intermediateD is very low, i.e., [D]— 0. Thus, eq 3

p 10 X = MeO o5 could be simplified to eq 4.

2 10b X = Me 75 _

3 10d X =Cl 62 [cis] Ky

4 10f X =NO, 60 - [2 (4)

[trans]

a|solated yield after chromatography.
In this way, a simple but significant conclusion is obtained:
Suggested Model for the Relative Stereoselectivity of the  the product ratio (cis/trans) only depends on the rate constants
p-Lactam Formation. After systematic investigations into the  of the direct ring closurek{) and the isomerizatiorks).
electronic effect of both ketene and imine substituents, a model Relationship between the Structural Features and the Rate
for the relative stereoselectivity of thelactam formation can Constants.According to the Hammett equation, each indepen-

be drawn: the initialexo attack of the imineB to the dent rate constant can be correlated to the Hammett constant
monosubstituted keten& generates the intermedia® and of the substituent (egs 5 and 6).

subsequent direct ring closure©fformscis-f-lactam (pathway

a— e, Scheme 1); the isomerization of the imine moietyCof logk; v = p10 + log ky (5)

gives rise to the intermediate, leading to the formation of
trans-lactam (pathwaya — ¢ — g, Scheme 1). The stereo-
selectivity in the Staudinger reaction should be attributed to the
competition between these two pathways (also see Scheme 6
in which thek,, kg, ki, ko, ko', andks are the rate constants for
each of the steps).

There are some points worth noting: (1) most of the starting
acyclic imines employed in the Staudinger reaction exidt in
configuration exclusively; (2) for the most frequently used  Since eq 4 shows that the cis/trans ratio is equéifie, eq
monosubstituted ketenes, such @sN, S-alkyl/aryl-, halo-, 8 can be derived.
alkyl-, and arylketenes, the attack of the imine occurs exclusively
at theirexoside, and the ketene substituerdtdRvays occupies cisy 1Y
the outward position in the ring closure transition state according o9 trans, = log g =
to the torquoelectronic effect; (3) the imine moiety in the ’
zwitterionic intermediat€, regardless of the imine substituents, log
has the possibility of the isomerization to form intermediate
D;23 (4) the stereoselectivity of the reaction is controlled by
the competition between the direct ring closure and the
isomerizatior?* and (5) the possibility of thé® to C isomer-
ization (') cannot be excluded. However, from a geometric
viewpoint, intermediat® is sterically more favorable thab,
which facilitates theC to D isomerization (i.e.k, > ky'). Thus,
in our model, theC to D isomerization is assumed to be
irreversible to facilitate the kinetic treatméet.

logk,y = p,0 + logk, 4 (6)
| _ Kiw
09— k2 y =logk, y — logk, y = (p; — py)o + log Kon

k
p'a—i-logkl—’:(7)

K
Pl_P2)0+|Oga—P'U+

Cisy
trang,

(8)

Thus, a clear linear relationship between the logarithms of
the determined cis/trans ratios and the Hammett constants of
the electronic substituents in the ketene or imine moiety
emerges, which is consistent with the experimental results
(Figures 2 and 1). Reviewing the above Hammett analyses, we
found that the slopep] represented the difference between the
reaction constants of the direct ring closure)(and the
) ~ isomerization g2), but p; and p> remained combined. Only if

According to the suggested model (Scheme 6), the kinetic the signs ofp; and p, are determined can we understand the
derivation of the relative stereoselectivity can be achie¥fed: relationship betweeky (direct ring closure)k, (isomerization),
and the electronic effect of the substituents.

(23) In our opinion, the isomerization occurs during the direct ring closure step. Electronic Effect on the Rate Constant of the Direct Ring
See Supporting Information for detailed discussion. . .

(24) The exclusivexoattack to form the zwitterionic intermedia@does not Closure ki. It is reasonable to assume that the substituedts R
affect the cis/trans ratio of the products. If the exclusixeattack is the and R of the imine influence both the direct ring closut)(
rate-determining step in the two-step Staudinger reaction, it will determine . L . .
the rate of the product generation but not the cis/trans ratio. and the isomerizatiork), while the substituent Fof the ketene

(25) If theC to D isomerization is considered reversible, the precise derivation gffects the direct ring closure but Scarcew influences the
of the relationship between cis/trans ratio and the rate constants cannot be, X K 2. . o
approached. Otherwise, no one has proved the applicability of the €urtin  iSomerization of the imine moiety. Thus, it is easy to under-
Hammett rule in such a multistep and complex system as the Staudinger stannd the influence of the electronic effect of the ketene

reaction.
(26) The detailed kinetic treatment is shown in the Supporting Information. ~ substituents Ron the direct ring closure. For the different
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Scheme 6. Suggested Model for the Relative Stereoselectivity in the Staudinger Reaction?
HH
direct R : R?
ring-closure
N\

R2 ° R?
R! W/H cis-f-lactam
—H
7 ,
O + N\
R3
C

ky
\kz\
ky

o) R®
A B _ 2 > Rl AN 5 riH MR
isomerization /ZW_/H 3 . [
-0 +N\R3 o} “R?
D trans-f-lactam

a20nly one enantiomer is drawn.

R2 R2 withdrawing group of the ketene {Rcan decrease the nucleo-
/Rﬁ:—' a rf Hre b R1 %H philicity of the enolate, lowering the rate constant of the direct

= 7 U\) - I,{ ‘—_o/Zﬂ\ ring closurek;. Similarly, it could be deduced that the rate
R® 0 R® constank; could also be increased by the electron-withdrawing

intramolecular electrocyclic group of the imine (Rand R) due to the enhancement of the

nucleophilic addition conrotatory ring-closure electrophilicity of the imine moiety (i.e., the reaction constant
Figure 3. Two different interpretations of the ring closure step in the p; should be positive tor, andors). Considering the electronic
Staudinger reaction. effect of the substituent#df the imine on the stereoselectivity
(p = +1.62 toory), though it can influence both the direct ring
closure k;) and the isomerizationkf), we can conclude that
the electronic effect of Rmainly influences the direct ring
closure. However, the influence of the electronic effect &f R
on the isomerization remains unclear.

zwitterionic intermediates with the same imine moiety, the rate
constants of isomerizatiorkd{) are almost the same; i.e., the
reaction constant of the isomerizatipnis about 0. Accordingly,
the reaction constant; of the direct ring closure is equal to
the experimentally determingd(p = p1 — p2~ p1 = —1.1 at . ) o
80 °C, Figure 2). The negative reaction constapindicates _ Prgbmg the Electrqnlc Effgct on the Isomerlz.anon..The .
that the electron-donating group of the ketene can acceleratekinetics of the imine isomerization have been investigated in
the direct ring closure (increask;), while the electron- detail?” and it was reported that electron-withdrawing groups
withdrawing group can slow the direct ring closure (decrease ON the phenyl groups of aryiaryl imines promote the isomer-
Ke). ization. These isomerizations follow the Hammett equation, and
It is widely accepted that the ring closure step of the thep-values are positive for substitution on both the nitrogen
Staudinger reaction is an electrocyclic proceBke zwitterionic ~ Side and the carbon side. The positiralues indicate that
intermediate is regarded as ar-dlectron system, and its the low-electron density at the <N bond facilitates the
conrotatory ring closure is concluded according to the Wood- isomerization due to the low bond order. It is notable that the
ward—Hoffmann rule. However, the observed electronic effect p-value is considerably higher for the substitution on the nitrogen
of the ketene substituentRn the direct ring closure is difficult ~ Side (p = +1.85) than that on the carbon side< +0.41)'
to explain if the ring closure step is considered as an electro- We assume that the isomerization of the=I€ bond in the
cyclic process. Furthermore, our recent research on the photo-ZWittel’ioniC intermediate would obey the similar rule to the
chemical Staudinger reactions showed that the zwitterionic imine itself. In the case of Figure 1, assuming that the reaction
intermediates cannot undergo the disrotatory ring closure underconstanto, of the isomerization is about0.4, we can deduce
ultraviolet irradiation, which is quite different from that of that the reaction constapt of the direct ring closure is about
substituted 1,3-butadiené&sThis reveals the inapplicability of ~ +2.0 according to eq 7pf = p + p2, Figure 4A). It is definite
the Woodward-Hoffmann rule to the photoirradiation induced that the electronic effect of the substitutiod & the nitrogen
Staudinger reaction, suggesting that the ring closure step of theside would influence both the direct ring closukg)(and the
intermediates is far from a classic electrocyclic process. isomerization K;). We assumed that (1) the influence of the
Meanwhile, Cossio et & have pointed out that (a) the electronic effects of the substitution on the nitrogen side on the
electronic structure of the transition state for the ring closure direct ring closure is at the same level as that on the carbon
step of the zwitterionic intermediate differs from those respon- side (1’ is also about+2.0) and (2) the influence of the
sible for classic conrotatory electrocyclic processes and (b) the electronic effect of the substitution at the nitrogen side on the
ring closure step can be alternatively viewed as an intramolecularisomerization is at the same level as that in the imine itge!f (
nucleophilic addition of the enolate to the imine moiety. Thus, g about+1.8). Thus, the combined influence of electronic
we prefer to consider the ring closure step as an intramoleculareffects on the stereoselectivity can be deduced: ptheould
nucleophilic addition of the enolate to the imine moiety (Figure pe about+0.2 (o' = py’ — p2', Figure 4B).

3, a), rather than an electrocyclic ring closure (Figureb3y,
Reviewing the negativep; obtained from the Hammett
analysis, it is clear that the electron-donating group of the ketene
(Rl) can make the gnolate_ more nUdGOphll!C' increasing the rate (27) Wettermark, G. IThe Chemistry of the CarberNitrogen Double Bongd

constant of the direct ring closurk, while the electron- Patai, S., Ed.; Interscience: London, 1970; pp-5696.

To confirm our prediction, a series of substituted benzylide-
neanilinesl4a—f were reacted witls-phenyl 2-diazoethaneth-
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A _, B > assumption is reasonable. The electron-withdrawing grodps R
pre ’I;) and R in the imine could lower the electron density of the=C
estimated

estimated

log (cis /trans )
log (cis /trans )

------------ =02
referenced predicted
determined referenced
Hammett constant (o) Hammett constant (o)

Figure 4. Electronic effects of the imine moiety on the direct ring closure
(a) and on the isomerization (c). (A) Substitution on the carbon side (R
(B) Substitution on the nitrogen side IR

Table 3. Influence of the Electronic Effect of the N-Substituents of
the Imines on the Stereoselectivity

O5N NO,
o \©m 80 °C PhS H oo
N —_—
e g e Py
R R
1 14 (+)-cis-15
+
(+)-trans-16
entry imine R product yield? (%) cisitrans?
1 14a MeO 15a+ 16a 75 27:73
2 14b Me 15b+ 16b 76 33:67
3 1l4c H 15c+ 16¢ 85 34:66
4 14d Cl 15d+ 16d 72 35:65
5 1l4e Ac 15e+ 16e 52 38:62
6 14f NO; 15f + 16f 5¢ 48:52

a|solated yield after column chromatograpfyDetermined byH NMR
of the crude products.Yield determined by!H NMR of the reaction
mixture.

1.5
p=031,r"=0.88
1.0 |
e 05
ES NO,
é 0.0 | Me Cl
=1
9] Ac
= 05 F H
MeO
-1.0 |
_1'5 1 1 1 1 1 1
04 -02 0 02 04 06 08 1

Hammett constant (o)

Figure 5. Hammett plot of the reactions between the ketene and imines
with different N-substituents.

ioate (1) at 80°C in toluene, respectively. It was found that the
electronic effect of the substituents on thephenyl group
affected the stereoselectivity (Table 3). The cis/trans ratios of
the products correlate with the Hammett constan)swith a
p-value of+0.31 (Figure 5), which is in good agreement with
our prediction. This indicates that the influences of the electronic
effects on the isomerization in the zwitterionic intermediates
are at the same level as those in the imine itself, and our

6066 J. AM. CHEM. SOC. = VOL. 128, NO. 18, 2006

N bond, increasing the rate constant of the isomerizati¢ie.,
p2 is positive toor, andors). Furthermore, the electronic effect
of the R group, compared with the ZRyroup, exerts a more
distinct influence on the isomerization.

Relationship between the Relative Stereoselectivity and
the Structural Features. On the basis of the above results and
discussion, a general view of the substituent effects on the rate
constants of the direct ring closurke Y and isomerizationkg)
is presented (Figure 6).

The ring closure step of the Staudinger reaction is most likely
to be an intramolecular nucleophilic addition of the enolate to
the imine moiety. The relative stereochemistry is primarily
determined by the rate of the direct ring closure. If the rate
constantk; is much larger thark,, the -lactam product is
predominantly cis; on the contrary, ki is much smaller than
ko, the product is mainly trans. A mixture of cis and trans
products would be obtained k is close tok,. The electronic
effect of substituent Ronly influencesk;, and the electronic
effects of substituents?and R mainly influencek;. Thus, to
predict the relative stereochemical outcomes of the Staudinger
reaction, much attention should be paid to the rate of the direct
ring closure.

An Overview of the Staudinger Reaction

Rationale of the Experiential Rule. The problem of why
the reactions of different ketenes with the same imine generate
distinctively different stereochemical outcomes is difficult to
explain before the origin of the stereoselectivity is disclosed.
For example, the most widely employed imié¢benzylide-
neaniline, reacted with methoxyketene to aff@id-3-lactam
predominately, while it reacted with methylketene or chlo-
roketene to givérans-lactam exclusively® According to the
torquoelectronic model, all these ketene substituents, methoxy,
methyl, and chloro, prefer to occupy the outward posi&#én.
The above three reactions should have given similar stereo-
chemical outcomes. On the other hand, according to other
viewpoints$"6 if attention was only paid to the isomerization
of the imine moiety, the above three reactions should also have
given similar stereochemical outcomes due to the same ability
of the isomerization. The contradiction between the predictions
based on the above models and the experimental results
indicated that these interpretations were incomplete. However,
once the rate of the direct ring closure was taken into
consideration, this problem became clear. Furthermore, the
influence of the electronic effect of the ketene substituents on
the direct ring closurek{) can be semiquantitatively compared
using eq 4. Two sets of experiments were designed and
performed to semiquantitatively measure the relative rate
constants of the direct ring closure (Table 4).

When R = PhS, the relative rate constant of the direct ring
closure is defined to 1 as a reference, and other relative rate
constants are calculated and listed in Table 4. We can divide
the ketene substituents Rito three groups on the basis of their
relative rate constants (Figure 7): ) > 100 (e.g., R=
PhO,ky re1= 176), (2) 1< ki rel < 100 (e.9., R = PhthN,ky re|
=6), and (3)kyrel < 1 (e.9., R = Ph,ky rei= 0.17). The above

(28) Bose, A. K.; Chiang, Y. H.; Manhas, M. S$etrahedron Lett1972 13,
4091-4094.
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Competition between the direct ring-closure and the isomerization
controls the relative stereoselectivity.

EDG can
accelerate direct ring-
closure (increase k)

Bulky group can slow
the isomerization
(decrease ky)

Figure 6.

Table 4. Influence of Different Ketene Substituents on the
Stereoselectivity in the Staudinger Reaction

R'_ _H 2 2 1HH
R w _80°C _ R RG R
+ |
N s Tquene
O R
cis product trans product
entry R R? R® cis/trans? Ky el (RY?
1 PhC? p-MeOPh i-Pr 17a:17b  88:12 176
2 PhthN  p-MeOPh i-Pr 18a:18b 19:8f 6
3 PhS p-MeOPh i-Pr 6a:7a 4:96 1
4 PhS p-NO2Ph i-Pr 6f.7f 73:27 1
5 Med p-NO2Ph i-Pr  19a:19b 35:63 0.20
6 P p-NOPh  i-Pr  11c:12c 32:68 0.17

aCis:trans ratios obtained at the same temperature 30° Reaction
performed by adding a solution of acyl chloride to a solution of an imine
and EsN in toluene at 80C. ¢ Taken from Table 19 Reactions performed
by adding a solution of diazoacetone to a solution of the imine in toluene
at 100 and 110C, respectively, and then the mixtures were stirred for 12
h at the corresponding temperature$aken from Figure 2 Determined
by 'H NMR of the crude reaction mixturé€.Derived from the data obtained
at 100 and 110C by using the Eyring equatiofi.Calculated according to
the equationiky e(RY) = ki(RY)/ki(PhS)= [ki(RY)/kx(RY)]/[ki(PhS)ka(PhS)]
= [cis/trans(R)]/[cis/trans(PhS)].

classification rationalizes the previous experiential classification
by Georg et al% (1) “Bose—Evans ketenes”, possessing strong
electron-donating substituentd @uch asO-alkyl, O-aryl, and
N-alkylaryl), have a distinct preference fois-5-lactam forma-
tion due to the large rate constant of the direct ring closkirg(

> 100); (2) “Sheehan ketenes” produce complex stereochemical

Zc:'—’—’—::j EWG can accelerate both direct

f?f

ring-closure and isomerization
(increase both k; and k)

Influence of the structural features on the relative stereoselectivity in the Staudinger reaction.

difference was caused by a significant decrease of the rate of
the direct ring closure.

Do Microwave and Photoirradiation Influence the Rela-
tive Stereoselectivity of the Staudinger Reaction™ recent
years, microwave- and photoirradiation-induced Staudinger
reactions, witho-diazoketones (derived from-amino acids)
as ketene precursors, have been repdded. These reactions
exclusively producedransf-lactams, which was considered
uncommon and explained that microwave and photoirradiation
could efficiently promote the isomerization of the imine itself
or the imine moiety of the zwitterionic intermediates. However,
according to our model, the trans selectivity of the above
microwave- and photoirradiation-induced Staudinger reaction
can be well explained by the electronic nature of the ketene
substituents. In the above cases, tHegPoups of the ketenes
are all protected aminoalkyls, which are more electron-poor than
the alkyl group, leading to weaker nucleophilicity of the enolates
in the zwitterionic intermediates. The rate constant of the direct
ring closure ky) is quite small when Ris alkyl (Figure 7). So
it can be concluded that the rate constkntvould be much
smaller when Ris a protected aminoalkyl. Thus, we prefer to
consider that the low direct ring closure r&ig rather than the
microwave or photoirradiation, is the real reason for the
exclusive formation of the trans products, even when more
hinderedN-tert-butyl imines were usetfc14

To verify our opinion, we conducted the microwave- and

outcomes due to the moderate rate constant of the direct ringpnhotoirradiation-induced reactions fwith 2c, respectively.

closure (1< ki el < 100); and (3) “Moore ketenes” possessing
very weak electron-donating substituents (Buch asS-alkyl,
Saryl, alkyl, and aryl) have a strong preference fans3-

lactam formation due to the small rate constant of the direct

ring closure Ky el < 1).

Another example also proved that the direct ring closure rate

is the critical point in the stereoselectivity. It is generally
considered that the use bdFtert-butyl imines can inhibit the
isomerization of the imine moiety, leading tws-S-lactam
products. This is suitable for explaining the stereochemical
outcome of the reaction dof with 2c (Scheme 2). However,
when another electron-withdrawing group @O.,Et) was at-

Cis produciBcwas exclusively generated under both conditions,
which is in great accordance with the result of the common
thermal reaction (Scheme 8). This indicates that the microwave
and photoirradiation cannot obviously change the stereoselec-
tivity of the Staudinger reaction.

To further investigate the influence of the photoirradiation
on the stereoselectivity, the reactionslofith 5a—f were also
conducted under the ultraviolet irradiation to compare with the
results of the thermal reactions. Interestingly, the results are
similar to those in the common thermal reactions (Table 5),
except for5f. The results show that, in the common photo-

tached to the ketene moiety, the stereoselectivity dramatically chemical Staudinger reaction (under a medium-pressure or high-

changed? Product21b generated from the isomerized zwitte-

pressure mercury lamp), the influence of the photoirradiation

rionic intermediate was obtained predominantly (Scheme 7). The s |imited, and the stereoselectivity is predominately controlled

(29) For more examples and discussion, see: Jiao, L.; Zhang, Q. F.; Liang, Y.;

Zhang, S. W.; Xu, J. XJ. Org. Chem2006 71, 815-818.

by structural features of ketenes and imines, not reaction
conditions.
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R2 Bose-Evans Ketenes Sheehan Ketenes Moore Ketenes
R1 W/H
el \/ \/ 1 |
0 +N\R3 R'=Me
Electron-donating R'=PhO R'=PhthN R'=PhS R'=Ph
B ability of R l\I I\I |) .)
1, rel
' relative rate constant of
the direct ring-closure 176 100 6 1 0.20 0.17
General . .
cis cis + trans trans

stereochemical outcome
Figure 7. Relationship between the ketene classification and the relative rate constant.

Scheme 7. Effect of the Direct Ring Closure Rate on the constants of the direct ring closure, we successfully rationalized
Stereoselectivity in the Staudinger Reaction the previous experiential rule. In addition, the comparison of
PhS__X  ph prs 2 B e phs X Noen the microwave- and photoirradiation-induced Staudinger reac-
\H/ + WIN E—— j;,!‘/ + j/:rt/ tions with the common thermal ones was also conducted,
Fo “But o “But o “But indicating that the nature of the substituents, rather than reaction
conditions, predominately controlled the stereoselectivity.
X=H 2 >98 _ On the basis of our results, the origin of the relative
X =COOEt 20 (2?a) ) (2‘?!')) stereoselectivity of Fhe Staudinger .relrac.tion is summarized as
follows: (1) the relative stereoselectivity is generated as a result
Scheme 8. Comparison of the Microwave, Photoirradiation, and of the competition of the direct ring closurdg;) and the
Common Thermal Reactions of 1 with 2c isomerization of the imine moietyk) in the zwitterionic
microwave intermediates, and thia/k; ratio generally determines the cis/
/ Imidiation N HoH trans ratio of thes-lactam products; and (2) the electronic effect
0 Phw 80°C PhS_ = Ph is a key factor in the stereoselectivity, and the influence of the
PhSJ\/“z * 'N . j;[!j/ electronic effect on the direct ring closure is more distinct than
Bu g e that on the isomerization of the imine moiety. Thus, much
1 2c M/ 3c attention should be paid to the influence of the substituent effects
irradiation . . . .
on the direct ring closurek() to predict the relative stereose-
Table 5. Comparison of the Stereoselectivity under Thermal and lectivity in the Staudinger reaction.
Photoirradiation Conditions
cisltrans Experimental Section
condifons  6a7a  6b7b  6e7c  6d7d  Gere 6F.71 General Procedure for the Reactions ofS-Phenyl 2-Diazoet-
A 1:24 1:13 1:7.3 1:4.9 1:1.4 1:0.37 hanethioate (1) with Imines 2, 5, 8, and 14A flame-dried round-
ho? 1:36 111 167 150 126 154 bottom flask was charged with a solution of imine (1 mmol) in 10 mL
] ] of dry toluene. The flask was immersed in an oil bath and heated to 80
# Performed under high-pressure mercury lamp inClat —20 °C.1¢ °C. A solution of diazoethanethioate (1.3 mmol) in 5 mL of dry
toluene was then added through a dropping funnel during a period of
Conclusion 30 min. After the addition, the resulting solution was stirred for another

1 h at 80°C. After removal of the solvent, the residue was directly
submitted to NMR analysis to determine the cis/trans ratio. Column
chromatography of the crude mixture on silica gel afforded the

In summary, we have proposed a model for the relative
stereoselectivity in the Staudinger reaction and clearly pointed
out the kinetic origin of the cis/trans ratio gflactam products. correspondingsis- and trans 8-lactam products.

The cyclic imines were employed to investigate the electronic . )
- ; General Procedure for the Reactions ofx-Diazoacetophenones
effect of the ketene substituents, and it was found that the 10 with Imine 5f and 8d. A flame-dried round-bottom flask was

stereosgleotivity could not be simply attributed.to the torqup- charged with a solution of imin&f or 8d (1 mmol) in 10 mL of dry
electronic model. Moreover, the Hammett analysis to the relative yylenes. The flask was immersed in an oil bath and heated to the desired
stereoselectivity of the Staudinger reaction was systematically temperature (130 or 14GC as mentioned). A solution df0 (1.3 mmol)
conducted for the first time. The results indicate that it is in 5 mL of dry xylenes was then added through a dropping funnel
reasonable to consider the ring closure step as an intramoleculaduring a period of 30 min. After the addition, the resulting solution
nucleophilic addition process rather than an electrocyclic Was stirred for another 12 h at the desired temperature. After removal
process. The electronic effect of the substituent is the key factor ©f the solvent, the residue was purified by flash chromatography to
in the stereoselectivity: the electron-donating ketene substituents €M0Vve highly polar impurities. The product mixture was then submitted
and the electron-withdrawing imine substituents accelerate the'© NMR or HPLC analysis to determine the cisftrans ratio. Column
direct ri | . leadina t f foi chromatography of the crude mixture on silica gel afforded the
Irect ring ¢ osur_e (Incre"_ﬁ,@)’ eadingto a p_re eren_ce ors correspondingis- andtrans{3-lactam products.
p-lactam formation, while the electron-withdrawing ketene

bsti dthe el d T bsti | General Procedure for the Reactions of Acyl Chlorides with
substituents and the electron-donating imine substituents OWET|mines. A flame-dried round-bottom flask was charged with a solution

the direct ring closure. (decreaksg, Ieading to a preference for of imine (1 mmol) and triethylamine (1.3 mmol) in 10 mL of dry
trans:$-lactam formation. The electronic effect of the substit-  tojuene. The flask was immersed in an oil bath and heated (€88

uents on the isomerization is a minor factor in the stereoselec-solution of the desired acyl chloride (1.3 mmol) in 5 mL of dry toluene
tivity. Through semiquantitatively measuring the relative rate was then added through a dropping funnel during 30 min. The resulting
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solution was stirred for anoth& h at 80°C. The reaction mixture was ~ Foundation of China (Project Nos. 20272002 and 20472005)
diluted with chloroform, washed successively with saturated NatHiCO and Peking University (President Grant).

and brine, and dried over Na0,. After removal of the solvent, the
residue was directly submitted to NMR analysis to determine the cis/
trans ratio. Column chromatography of the crude mixture on silica gel
afforded the correspondings- andtrans{-lactam products.

Supporting Information Available: Additional experiments
and discussion, detailed kinetic treatment, experimental details,
representative spectra for determining the cis/trans ratios, and
spectroscopic data artl NMR spectra of alj3-lactam products.
This material is available free of charge via the Internet at
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