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The stereochemistry is one of the critical issues in the Staudinger reaction. We have proposed the origin
of the stereoselectivity recently. The effects of solvents, additives, and pathways of ketene generation on
the stereoselectivity were investigated by using a clean Staudinger reaction, which is a sensitive reaction
system to the stereoselectivity. The results indicate that the additives, usually existed and generated in
the Staudinger reaction, and the pathways of the ketene generation do not generally affect the
stereoselectivity. The solvent affects the stereoselectivity. The polar solvent is favorable to the formation
of transp-lactams. The addition orders of the reagents affect the stereoselectivity in the Staudinger reaction
between acyl chlorides and imines. The addition of a tertiary amine into a solution of the acyl chloride
and the imine generally decreases the stereoselectivity, which is affected by the interval between additions
of the acyl chloride and the tertiary amine, and the imine substituents. Our current results provide further
understanding on the stereochemistry of the Staudinger reaction between acyl chlorides and imines and
on the factors affecting the stereochemistry and also provide a method to pfefeatams with the

desired relative configuration via rationally tuning the stereoselectivity-controlling factors in the Staudinger

reaction.
Introduction p-lactam ring), so the product might be cis-, trans-, or a mixture
] . o of cis- and trang-lactam derivatives. Thus, the relative (cis/
The Staudinger reaction (the {2 2] ketene-imine cycload-  trans) stereoselectivity has been considered as one of the critical

dition reaction) is regarded as one of the most fundamental andissues in the Staudinger reactiolluch attention has been paid
versatile methods for the synthesis/bfactam (2-azetidinone)  to the experimentéland theoreticdl investigations into the

derivatives; which are important in both synthetic and phar-  stereoselectivity of thg-lactam formation in the Staudinger
maceutical field€* The reaction of a ketene with an imine
usually produces two new stereocenterg @d G in the (3) (@) Chemistry and Biology gf-Lactam Antibiotics Morin, R. B.,
Gorman, M., Eds.; Academic Press: New York, 1982; Vols.31 (b)
Southgate, R.; Branch, C.; Coulton, S.; Hunt, ER@cent Progress in the

* Corresponding author. Phonet86-10-6275-1497. Fax:+86-10-6275- Chemical Synthesis of Antibiotics and Related Microbial Produictskacs,
1708. G., Ed.; Springer-Verlag: Berlin, 1993; Vol. 2, p 621. (c) Southgate, R.
(1) For recent reviews on synthesegidactam, see: (a) Van der Steen,  Contemp. Org. Syntf1994 1, 417.
F. H.; van Koten, GTetrahedron1991, 47, 7503-7524. (b) Palomo, C.; (4) (a) Banik, B. K.; Becker, F. F.; Banik, Bioorg. Med. Chem2004
Aizpurua, J. M.; Ganboa, |.; Oiarbide, Mur. J. Org. Chem1999 3223~ 12, 2523-2528. (b) Banik, B. K.; Banik, |.; Becker, F. Bioorg. Med.
3235. (c) Singh, G. STetrahedror2003 59, 7631-7649. (d) Palomo, C.; Chem.2005 13, 3611-3622. (c) Rothstein, J. D.; Patel, S.; Regan, M. R.;
Aizpurua, J. M.; Ganboa, |.; Oiarbide, MCurr. Med. Chem2004 11, Haenggeli, C.; Huang, Y. H.; Bergles, D. E.; Jin, L.; Hoberg, M. D.;
18371879. Vidensky, S.; Chung, D. S.; Toan, S. V.; Bruijn, L. I.; Su, Z. Z.; Gupta, P.;
(2) For a review, seeThe Organic Chemistry gi-Lactams Georg, G. Fisher, P. BNature 2005 433 73—77. (d) Miller, T. M.; Cleveland, D.
I., Ed.; Verlag Chemie: New York, 1993. W. Science2005 307, 361—362.
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reaction during the past decades. Recently, we have proposeathemical outcomes. Moreover, Arrieta ef'apointed out that
a model that successfully explains and predicts the relative the different stereoselectivites of the Staudinger reaction
stereoselectivity in the Staudinger reaction on the basis of adepended on the methods used in the generation of the active

kinetic analysis of the cis/trans ratio of reaction proddcts.

species on the basis of their computational investigations and

In the Staudinger reaction, ketenes are generated in situpredicted that when the ketene was formed before the cycload-

mainly via three ways: (1) the elimination of acyl chlorides or
related derivatives in the presence of a Bade, (2) the
photolysis of metatcarbene complexé§°and (3) the Wolff
rearrangement ofi-diazocarbonyl compounds under thermal,
photo, or microwave irradiation conditiofd! Thus, reaction
conditions? such as temperatuPesolvent?®122 hasel? the
chloride aniorfetk7eand the met&¢’ may affect the stereo-

(5) Georg, G. |.; Ravikumar, V. T. InThe Organic Chemistry of
fp-Lactams Georg, G. ., Ed.; Verlag Chemie: New York, 1993; pp 295
368 and references therein.

(6) (a) Bose, A. K.; Anjaneyulu, B.; Bhattacharya, S. K.; Manhas, M. S.
Tetrahedronl967, 23, 4769-4776. (b) Duran, F.; Ghosez, Letrahedron
Lett. 197Q 11, 245-248. (c) Bose, A. K.; Spiegelman, G.; Manhas, M. S.
Tetrahedron Lett1971, 12, 3167-3170. (d) Bose, A. K.; Chiang, Y. H;
Manhas, M. STetrahedron Lett1972 13, 4091-4094. (e) Nelson, D. A.

J. Org. Chem1972 37, 1447-1449. (f) Moore, H. W.; Hernandez, L., Jr.;
Chambers, RJ. Am. Chem. S0d.978 100, 2245-2247. (g) Pacansky, J.;
Chang, J. S.; Brown, D. W.; Schwarz, \/.Org. Chem1982 47, 2233~
2234. (h) Moore, H. W.; Hughes, G.; Srinivasachar, K.; Fernandez, M.;
Nguyen, N. V.; Schoon, D.; Tranne, A. Org. Chem1985 50, 4231-
4238. (i) Brady, W. T.; Gu, Y. QJ. Org. Chem1989 54, 2838-2842. (j)
Lynch, J. E.; Riseman, S. M.; Laswell, W. L.; Tschaen, D. M.; Volante,
R.; Smith, G. B.; Shinkai, 1J. Org. Chem.1989 54, 3792-3796. (k)
Hegedus, L. S.; Montgomery, J.; Narukawa, Y.; Snustad, D. 8m. Chem.
So0c.199], 113 5784-5791. (l) Georg, G. |.; He, P.; Kant, J.; Wu, Z.10.
Org. Chem1993 58, 5771-5778. (m) Panunzio, M.; Bacchi, S.; Campana,
E.; Fiume, L.; Vicennati, PTetrahedron Lett1999 40, 8495-8498. (n)
Alcaide, B.; Almendros, P.; Salgado, N. R.; Rodriguez-Vicente].AOrg.
Chem.200Q 65, 4453-4455.

(7) (a) Sordo, J. A.; Goritez, J.; Sordo, T. LJ. Am. Chem. S0d.992
114, 6249-6251. (b) Cossio, F. P.; Ugalde, J. M.; Lopez, X.; Lecea, B.;
Palomo, CJ. Am. Chem. So&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,
2085-2093. (e) Arrieta, A.; Lecea, B.; Cossio, F.R.Org. Chem1998

63, 5869-5876. () Arrieta, A.; Cossio, F. P.; Fernandez, |.; Gomez-Gallego,
M.; Lecea, B.; Mancheno, M. J.; Sierra, M. . Am. Chem. So@00Q
122 11509-11510. (g) Bongini, A.; Panunzio, M.; Piersanti, G.; Bandini,
E.; Martelli, G.; Spunta, G.; Venturini, Aur. J. Org. Chem200Q 2379~
2390. (h) Arrieta, A.; Cossio, F. P.; Lecea, B.Org. Chem200Q 65,
8458-8464. (i) Zhou, C.; Birney, D. MJ. Am. Chem. So2002 124
5231-5241. (j) Venturini, A.; GonZez, J.J. Org. Chem2002 67, 9089-
9092. (k) Campomanes, P.; Menendez, M. |.; Sordo, T.IPhys. Chem.
A 2005 109 11022-11026.

(8) Jiao, L.; Liang, Y.; Xu, J. XJ. Am. Chem. So2006 128 6060~
6069.

(9) (a) Sheehan, J. C.; Buhle, E. L.; Corey, E. J.; Lanbach, G. D.; Ryan,
J. J.J. Am. Chem. S0d.95Q 72, 3828-3829. (b) Evans, D. A.; Sjogren,
E. B. Tetrahedron Lett1985 26, 3783-3786. (c) Evans, D. A.; Williams,

J. M. Tetrahedron Lett1988 29, 5065-5068. (d) Xu, J. X.; Zuo, G.; Chan,
W. L. Heteroat. Chem2001, 12, 636-640. (e) Xu, J. X.; Zuo, G.; Zhang,
Q. H.; Chan, W. L.Heteroat. Chem2002 13, 276-279. (f) Huang, X.;

Xu, J. X. Heteroat. Chem2003 14, 564-569. (g) Xu, J. X.; Wang, C.;
Zhang, Q. H.Chin. J. Chem2004 22, 1012-1018.

(10) (a) McGuire, M. A.; Hegedus, L. S. Am. Chem. S0d.982 104,
5538-5540. (b) Hegedus, L. S.; Imwinkelried, R.; Alarid-Sargent, M.;
Dvorak, D.; Satoh, Y.J. Am. Chem. Socl99Q 112 1109-1117. (c)
Hegedus, L. STetrahedron1997, 53, 4105-4128.

(11) (a) Podlech, J.; Linder, M. R. Org. Chem1997, 62, 5873-5883.

(b) Linder, M. R.; Podlech, Drg. Lett.1999 1, 869-871. (c) Lawlor, M.
D.; Lee, T. W.; Danheiser, R. L1. Org. Chem200Q 65, 4375-4384. (d)
Linder, M. R.; Frey, W. U.; Podlech, J. Chem. So¢.Perkin Trans. 1
2001, 2566-2577. (e) Linder, M. R.; Podlech, @rg. Lett.2001, 3, 1849
1851. (f) Liang, Y.; Jiao, L.; Zhang, S. W.; Xu, J. 4. Org. Chem2005

70, 334-337. (g) Jiao, L.; Zhang, Q. F.; Liang, Y.; Zhang, S. W.; Xu, J.
X. J. Org. Chem2006 71, 815-818. (h) Jiao, L.; Liang, Y.; Zhang, Q. F.;
Zhang, S. W.; Xu, J. XSynthesi®006 659-665.

(12) (a) Palomo, C.; Cossio, F. P.; Odriozola, J. M.; Oiarbide, M.;
Ontoria, J. M.Tetrahedron Lett1989 30, 4577-4580. (b) Browne, M;
Burnett, D. A.; Caplen, M. A.; Chen, L. Y.; Clader, J. W.; Domalski, M.;
Dugar, S.; Pushpavanam, P.; Sher, R.; Vaccaro, W.; Viziano, M.; Zhao, H.
Tetrahedron Lett1995 36, 2555-2558.
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dition, thep-lactam product was predominantly cis, while when
the imine reacted directly with the acyl chloride, the subsequent
intramolecular {2 displacement determined the final trans
selectivity. Thus, the addition order of reagents could also
obviously affect the stereochemical outcomes in the Staudinger
reaction between acyl chlorides and imines. To understand the
influence of the reaction conditions on the stereoselectivity
better, a comprehensive comparison of the “origin” ketene
imine reactioA® and the “modified” keteneimine reaction,
especially the most widely used Staudinger reaction between
acyl chlorides and imines, is required. Fortunately, we have
found a clean ketereimine reaction systerfiwhich provides

an efficient and sensitive platform to study the influence of the
reaction conditions on the stereoselectivity. Herein, we present
our experimental results and hope to provide a deeper under-
standing of the stereoselectivity in the Staudinger reaction,
especially the Staudinger reaction involving acyl chlorides and
imines.

Results and Discussion

Influence of Solvents on the Stereoselectivity in the
Staudinger Reaction.The Staudinger reaction is a stepwise
reaction involving the nucleophilic attack of an imine to a ketene
giving rise to a zwitterionic intermediate and a subsequent ring
closure of the zwitterionic intermediate producing flilactam
product>® When the direct ring closure of the zwitterionic
intermediate is fast enough, the finalactam product is cis,
while when the direct ring closure is not so fast, the isomer-
ization of the imine moiety in the zwitterionic intermediate
occurs to form a sterically more favorable intermediate, which
produces the final trang-actam product. The relative (cis/trans)
stereoselectivity is generated as a result of the competition
between the direct ring closure and the isomerization of the
imine moiety in the zwitterionic intermediatélhe competition
is mainly controlled by the electronic effect of the substituents
of ketenes and imines and the steric hindrance of the N-
substituent of imine&§.However, solvents possibly affect the
stability and half-life of the zwitterionic intermediate, resulting
in the change of the stereoselectivity. Arrieta et al. concluded
previously that the polarity of the solvent enhanced the
diastereomeric excess of the Staudinger reaction according to
their computational resulfts.

In our previous work, the reaction d&phenyl 2-diazo-
ethanethioatel) with a series oiN-isopropyl imines2a—f in
toluene at 80°C was well studied. This clean reaction is a
quite efficient and sensitive to the stereoselectivity, which could
produces-lactam products from predominately trans to mainly
cis isomers depending on the electronic effect of the imine
substituents. To investigate the influence of solvents on the
stereoselectivity, we conducted these reactions af@dn
different solvents (Table 1, entries-T). It is notable that the
cis/trand* ratios of products correlate well with the Hammett
constant® (o) (Table 1, entries 47, and Figure 1). Moreover,
it is found that increasing the polarity of the solvent does not
enhance the stereoselectivity. For instance, the stereoselectivities

(13) Staudinger, HJustus Liebigs Ann. Chert907, 356, 51—-123.
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TABLE 1. Influence of Solvents and Additives on the Stereoselectivity in the Staudinger Reaction

R R
? \@ gocc phsy i PhS
gt * | N *
Nepr g e o

1 2 (x)-cis -3 (x)-trans -4

a: R=MeO, b: R=Me, ¢: R=H, d: R=Cl, e: R=CF3 f: R=NO,

cis/trang

entry solvent additive 3ada 3hb4b 3c4c 3a4d 3ede 3f4f P R?

1 toluene 4:96 7:93 12:88 17:83 42:58 73:27 1.62 0.98
2 MeCN 3:.97 7:93 11:89 15:85 40:60 71:29 1.66 0.97
3 cyclohexane 2:98 6:94 10:90 26:74 55:45 84:16 2.13 0.99
4 n-octane 5:95 9:91 12:88 22:78 49:51 82:18 1.72 0.98
5 CICH,CHCI 2:98 4:96 8:92 13:87 36:64 74:26 1.87 0.98
6 (CH;OCH,)2 4:96 7:93 13:87 18:82 39:61 72:28 1.56 0.97
7 0-CsH4Cl 2:98 5:95 10:90 16:84 41:59 75:25 1.83 0.97
8 toluene EN-HCI 4:96 6:94 11:89 18:82 46:54 74:26 1.71 0.99
9 toluene TEBA 6:94 7:93 12:88 18:82 48:52 70:30 1.50 0.98
10 toluene (GHg)aN*Br— 4:96 8:92 18:82 20:80 40:60 67:33 1.46 0.95
11 toluene EN 3:97 5:95 8:92 12:88 40:60 76:24 1.84 0.97
12 toluene pyridine 3:97 7:93 10:90 16:84 40:60 72:28 1.67 0.97
13 toluene Cr(CQ) 3:.97 7:93 10:90 17:83 43:57 79:21 1.84 0.97

aDetermined by"H NMR of the crude reaction mixture.

Loo - + Toluene
O o-Dichlorobenzene
A 1, 2-Dichloroethane
0.50 * 1, 2-Dimethoxyethane
O Acetonitrile
¢ Cyclohexane
0.00 X n—Octane
’é‘ Toluene
g ~0. 50 o—chl.llorobenzene
2 1, 2-Dichloroethane
‘;-"5 1, 2-Dimethoxyethane
~ -1.00 Acetonitrile
— Cyclohexane
-1.50 n—Octane
-2.00 ! ! : ! :
-0. 30 —0.10 0. 10 0.30 0. 50 0.70 0.90

Hammett constant (o)

FIGURE 1. Influence of solvents on the stereoselectivity in the Staudinger reaction.

in acetonitrile (the typical polar solvent, Table 1, entry 2) are their half-life, increasing the isomerization of the imine moiety
almost the same as those in toluene in each of the casesto generate trans products. It is quite different from the previous
However, oppositely, the amounts of gdactam products computational result8that the polarity of the solvent enhanced
increase in the nonpolar solvents (cyclohexane iodtane, the cis selectivity (diastereomeric excess) in the ketéméne
Table 1, entries 3 and 4). These results indicate that the nonpolarreaction. On the basis of our experimental results, the compu-
solvents cannot stabilize the zwitterionic intermediates, facilitat- tational results of Arrieta et al. are incompletely corrécthe
ing the direct ring closure to form cis products, while the polar incompletely correct computational results were obtained pos-
solvents can stabilize the zwitterionic intermediates and increasesiply because the computational model systems were too
. . . _ simplified, and although the cis transition structures in the
(14) The configurations of thé-lactam products can be easily determined  formation of3-lactam are more polar than their trans congeners
by the coupling constants between the protons on C(3) and C(4) of the he basis of calculati h dif b h
f-lactam ring. For cig-lactam productscs) (4 is 4 to~6 Hz, and on the basis of calculation, the energy difference between these
for trans productsJu(cs)-Hcs) is about 2 Hz. The cis/trans ratios can be  two types of transition structures is possibly not a major factor
obtained by the integral of the corresponding protons intthBMR spectra i the solvent effect on the stereoselectivity. The real influence
of crude reaction mixtures. f | h | .. . h h | | .
(15) The Hammett constants)(cited are all taken from: Hansch, C.; Ol SO vents on the Stereose ectivity Is t aF the polar solvent is
Leo, A,; Taft, R. W.Chem. Re. 1991, 91, 165-195. generally favorable to increase the formation of trgrdsctam

J. Org. ChemVol. 71, No. 18, 2006 6985



]OCAT’tiCle Wang et al.

Loo - + None
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FIGURE 2. Influence of additives on the stereoselectivity in the Staudinger reaction.

products. That is, for the Staudinger reactions with tgfgns- 1-diazoacetone5j] or via the elimination of acyl chlorides
lactams as major products, the polarity of the solvent enhances[phenylthioacetyl chlorideGa) and propiony! chloride gb)],
their diastereomeric excesses, while for the Staudinger reactionsespectively (Table 2, entries 1, 2, 5, and 6, and Figure 3). For
with cis5-lactams as major products, the polarity of the solvent the elimination of acyl chlorides, a solution of an acyl chloride
decreases their diastereomeric excesses. was added into a solution of an imine and triethylamine (named
Influence of Additives on the Stereoselectivity in the  as the addition mode A). The cis/trans ratios of products also
Staudinger Reaction.For the Staudinger reaction involving  correlate well with the Hammett constants) (Table 2 and
ketenes generated via the elimination of acyl chlorides or related Figure 3). The results indicate that in the addition mode A (Table
derivatives in the presence of a b438?and via the photolysis 2 entries 2 and 6), their stereoselectivities are similar with those
of metal-carbene complexé,'® there are some additives  of the corresponding standard ketefimine reactions (Table
(nucleophiles, such as chloride anion and tertiary amines, andp, entries 1 and 5). The formation pathways of ketenes do not
electrophilic metal carbonyl complexes) that may affect the cis/ rea|ly affect the stereoselectivity obviously in most cases. This
trans ratio of thef-lactam product§e®<7e12in the reaction  fyrther confirms the conclusion of Lynch et Slwhen the acyl
system. _ o chloride is added over a solution of the imine and a tertiary
To investigate the influence of additives on the stereoselec- ymine, the formation of the corresponding ketene occurs prior

tivity, we also chose the reactions bf"’ri]th 2a—fin tOIUGnE & o the cycloaddition. Meanwhile, this confirms our conclusion
80 °C as standard reactions, and then conducted the same, . ins when the active species in the Staudinger reaction are

reactions in the presence of different additives, which usually ketenes, the stereoselectivity is mainly determined by the

gfits'n tlrt1e_ TOdr']fée?h ﬁeiﬁne'm'/?re ;earctltqn (T?blf E ertwtne;s electronic effect of the ketene and imine substituents and the
). Itis fou at the cisitrans ratios of products aiso giq e hindrance of the N-substituents of imines.

correlate well with the Hammett constantg (Table 1, entries " o
8—13, and Figure 2), and the stereoselectivities in the presence 'nfluence of Addition Modes on the Stereoselectivity in
of additives are almost the same as those in the standardth€ Staudinger Reaction.In the literature’, there are usually

reactions. This indicates that, when the active species in the WO different addition modes in the Staudinger reaction between
Staudinger reaction are ketenes, the usually existed additives2Cy! chlorides and imines: (1) the acyl chloride is added
in the reaction system do not affect the stereoselectivity dropwise over a solution of the imine and a tertiary amine (the
obviously. addition mode A) and (2) the tertiary amine is added dropwise
Influence of the Pathways of the Ketene Generations on ~ Over a mixture of the imine and the acyl chloride (named as
the Stereoselectivity in the Staudinger ReactiorBecause the ~ the addition mode B). The different addition orders of the
elimination of acyl chlorides and the Wolff rearrangement of reagents affect the stereoselectivity because of the different
a-diazo carbonyl compounds are two major methods to generatereaction processés.According to a calculation investigatig,
ketenes, to study the formation pathways of ketenes on theit was concluded that in the addition mode A, the gikactam
stereoselectivity in the Staudinger reaction, we conducted two was the major or exclusive stereocisomer due to the formation
series of Staudinger reactions in which the ketenes were of the ketene prior to the cycloaddition, while in the addition
generated either via the thermal Wolff rearrangement-dfazo mode B, the trang-lactam was the major or exclusive stereo-
carbonyl compoundsSphenyl 2-diazoethanethioatd)(and isomer, because the imine reacted directly with the acyl chloride

6986 J. Org. Chem.Vol. 71, No. 18, 2006
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TABLE 2. Influence of the Pathways of the Ketene Generations and Addition Modes on the Stereoselectivity in the Staudinger Reaction

R
o R'=Me, 110°C, 12h
R1JK¢N2 + |

N._. R'=PhS, 80°C, 2h R
1R"=PhS 2 Pri R H H
5R'=Me 1 .

R o Pr
0 R'=Me, ELN, 110°C, 2h  (s)-cis -317
R1\)J\CI * |

N__ R'=PhS, Et;N, 80°C, 2h 3, 4: R'=PhS
6aR'=PhS 2 Pr' 7,8:R'=Me
6bR'=Me
a: R=MeO, b: R=Me, ¢: R=H, d: R=Cl, e: R=CF; f: R=NO,
ketene reaction addition cis-3/trans-4 or cis-7/trans-8P
entry precursor temperature°C) modé a b c d e f P R2

1 1 80 4:96 7:93 12:88 17:83 42:58 73:27 1.62 0.98
2 6a 80 A 7:93 10:90 14:86 20:80 48:52 81:19 157 0.96
3 6a 80 B 8:92 19:81 18:82 21:79 51:49 81:19
4 6a 80 C 21:79 32:68 32:68 38:62 41:59 58:42
5 5 110 1:99 3:97 6:94 6:94 13:87 29:71 1.22 0.91
6 6b 110 A 2:98 2:98 5:95 6:94 19:81 40:60 1.40 0.97
7 6b 110 B 6:94 8:92 5:95 4:96 19:81 41:59

aA: A solution of acyl chloride in toluene was added into a solution of an imine and triethylamine in toluene. B: A solution of triethylamine in toluene
was added into a solution of an imine and acyl chloride in toluene immediately. C: A solution of triethylamine in toluene was added after the solution of
an imine and acyl chloride in toluene was stirred 4oh at 80°C. ® Determined by'H NMR of the crude reaction mixture.

1.00
+ Ketene from 1
- O Ketene from 6a
0.50 +
. X Ketene from 5
A Ketene from 6b
0.00
o
§
= -0.50
Q -
-0 2
O+ x
-1.50 X _~
A2
X
_2. 00 1 1 1 1 1 ]
-0. 30 -0.10 0.10 0. 30 0. 50 0.70 0.90

Hammett constant (o)

FIGURE 3. Influence of the pathways of the ketene generations on the stereoselectivity in the Staudinger reaction.

to give rise to a chloro amide, and the subsequent intramolecularlectivities in the addition mode B are still consistent with those
Sy2 displacement determined the final trans selectivity. in the addition mode A, respectively. So it can be concluded
To further investigate the influence of the addition modes that the chloro amide reaction pathway possibly occurs in the
on the stereoselectivity in the Staudinger reaction, we conductedaddition mode B for the reactions of imin@s—d. However,
two series of reactions involving various imin@s—f and for the reaction oba and2a with the strong electron-donating
phenylthioacetyl chloride6@) via the addition modes A and  groupp-MeO, the electron-rich group increases the nucleophi-
B, respectively (Table 2, entries 2 and 3). The results indicate licity of the imine to the ketene but decreases the possibility of
that the stereoselectivities in the reactions involving imRies the nucleophilic addition of the chloride anion to the imine
with 6ain the addition mode B are different from those in the moiety in the formed acyl iminium chloride. After the addition
addition mode A. It seems that the electronic effect of the of triethylamine the acyl iminium chloride could directly
substituents in imineb—d has no relationship with the cis/ undergo a hydrogen abstraction to give rise to the zwitterionic
trans ratios of the products (the cis/trans ratios are nearly theintermediate, which further produces {pactam. For reactions
same, all about 20:80). But for imin@s and 2f, the stereose-  of 6a and 2e—f with the strong electron-withdrawing groups

J. Org. ChemVol. 71, No. 18, 2006 6987
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SCHEME 1. Three Different Possible Pathways in the Reaction between Acyl Chlorides and Imines with Triethylamine
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(CF; and NQ), the electron-withdrawing groups decrease the to afford a chloro amide, which could undergo a hydrogen
nucleophilicity of the imines to ketene to generate acyl iminium abstraction to give rise to a carbanion after addition of
chlorides incompletely. When triethylamine is added, acyl triethylamine. The carbanion undergoes an intramolecwar S
chloride 6a undergoes an elimination of hydrogen chloride to displacement to generate tAdactam. The ratio of cis/trans is
produce phenylthioketene directly. Thus, the keteingne predominantly controlled by the steric hindrance during th2 S
cycloaddition is a major pathway in these cases. This is the displacement. In pathway Il the acyl iminium formed as in
reason that iminega and2ef show similar stereoselectivities  pathway Il directly undergoes a hydrogen abstraction after
in the addition modes A and B. addition of triethylamine to give rise to the zwitterionic
To observe the chloro amide reaction pathway obviously, we intermediate, which produces tfelactam as in pathway I.
conducted another series of reactions, in which a solution of For the addition mode A, pathway | is a major process
the acyl chloride and the imine in toluene was first stirred for because the reactions in the addition mode A show almost the
4 h and then triethylamine was added (named as the additionsame stereoselectivity as the corresponding reactions involving
mode C). The stereoselectivities in the addition mode C (Table the ketenes generated frardiazo carbonyl compounds (Table
2, entry 4) are quite different from those in the addition modes 2, entries 1, 2, 5, and 6). For the addition mode B, pathway |
A and B. For the reactions of phenylthioacetyl chloridia)( is still a major process. But pathway Il occurs in some cases.
with imines2 in the addition mode C, all reactions give similar However, for imines with strong electron-donating or electron-
stereoselectivities although they show obviously different ste- withdrawing groups pathway Il hardly occurs. For the addition
reoselectivities in both addition modes A and B. This indicates mode C, the stereoselectivities become lower and incline to the
that in the addition mode C the imin&sreact directly with same value in most cases, which indicates that pathway Il is a
phenylthioacetyl chloride6@) first to give rise to the corre-  major process and the chloro amides predominately form after
sponding chloro amides, the subsequent intramolecw@ S stirring for 4 h in theabsence of triethylamine. However, for
displacement of the chloro amides in the presence of triethyl- the imines with electron-withdrawing groups, they hardly react
amine determines the stereochemical outcomes. Because alwith the acyl chloride to generate the acyl iminium chlorides
imines2 have similar structural features, the chloro amides with completely. After addition of triethylamine, the unreacted acyl
similar structural features give similar stereoselectivities in the chlorides produce the ketenes directly. Thus, pathway | is also
intramolecular §2 displacement. an important process. For the imines with strong electron-
On the basis of previous investigatiérmd our experimental ~ donating C-substituents, their acyl iminiums could not be
results, we can conclude that there are three different possibleattacked by the chlorine anion to afford the chloro amides.
pathways, which compete with each other, in reactions betweenPathway Ill may be a major process.
acyl chlorides and imines with triethylamine (Scheme 1). In  To identify whether the lower and similar stereoselectivities
pathway | the acyl chloride first reacts with triethylamine to come from base-promoted equilibrium between the cis- and
generate the ketene, and then the ketene reacts with the imindransg-lactams in the addition mode C, separated purgieis-
to form a zwitterionic intermediate, which undergoes a direct lactamsllcand11f were stirred in toluene in the presence of
ring closure to produce a cj$Hactam or an isomerization of  triethylamine at 80C for 6 h. No epimerization was observed
its imine moiety and a subsequent ring closure to yield a trans- on *H NMR analysis of the crude reaction mixtures. It is in
B-lactam. The ratio of cis/trans is mainly dominated by the good agreement with the reported results thatfeiactams
electronic effects of the ketene and imine substituents and thecannot epimerize in the presence of triethylanfine.
steric hindrance of the imine N-substituent. In pathway Il the  Chloro amides generated from chloro- and cyanoacetyl
acyl chloride reacts directly with the imine to form an acyl chlorides with imines could produgglactams in the presence
iminium chloride. The chlorine anion attacks the acyl iminium of triethylamineS2b.e However, Lynch et al. found that a
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B-trialkylsilyloxy-substituted chloro alkanamide cannot yield a TABLE 3. Influence of the Addition Modes on the
B-lactam in the presence of triethylamifieOn the basis of Stereoselectivity in the Staudinger Reaction for Different Acyl
detailed studies via low-temperature FT-IR, they concluded that Chiorides and Imines

the formation off3-lactams proceeded entirely through ketene o R EoN 80 2n riHH R JHH R
intermediate$! According to these reported resuitd®iitseems R +\©w o 80°C.2h R . BN

N N

“pr g pd

that the reactions of alkanoic acid chlorides with imines cannot Nep, Toluene g
undergo chl_oro amlde pathV\_/ay to give risefdactams. To 221 R=MeO, 2¢: ReH, 2f: R=NO, (£)-is—9,11,13,15 (£)-trans - 10,12,14,16
further confirm this assumption, we conducted two series of _  _,_ —

. . . L . . 6c¢c: R'=Ph, 9, 10: R'=Ph,
reactions involving iminea—f and propiony! chloride gb) 6d: R'=PhO, 11, 12: R'=PhO,
via the addition modes A and B, respectively. The results 6e: R1‘=PhthN, 13, 14; R1=PhthN,
indicate that the stereoselectivities have no obvious change in®:R=% 18, 16: R'=cl
the addition modes A and B (Table 2, entries 6 and 7). We also addition cis/tran$
conducted the reaction in the addition mode C. However, the entry R modé 9:10 1112 1314 1516
reaction became messy. Itis difficult_to determine the cis/_trans 1 MeO A 3565 9010 8416 5743
ratio accurately because of low yields @flactams. This 2 MeO B 22:78 81:19 79:21  46:54
indicates that the reactions hardly undergo chloro amide pathway 3 MeO c 14:86 49:51 54:46  36:64
to yield 8-lactams, which is in good accordance with reported g : g gi{fg 323?5 ggfg %{ég
_result.l Itis pOSS|ny due to th_e V\_/eak acidity of thehydrogen 6 H o 12:58 53:47 5347 5446
in chloro alkanamides. Reviewing the above results, we can 7 NO, A 8515 >99:1 >99:1 87:13
conclude that the chloro amides with a strong acidttydrogen 8 NO, B 83:17 >99:1 98:2 87:13
can undergo an intramoleculary® displacement to yield 9 NG, c 67:33 67:33 5545  52:48

B-lactams in the presence of triethylamine, while the chloro  aA: A solution of acyl chloride in toluene was added into a solution of
amides with a weak acidie-hydrogen cannot generally. Thus, an imine and triethylamine in toluene. B: A solution of triethylamine in
the reactons of sliphatc carboyiic chiorides and mines tere hes et o sobtn o e s clrcetiene
und_ergo only keter_]e and/or acyl iminium Chlorld_e intermediates the solutior?/.of an imine and acyl chlgride in toluene was stirredifb at
to yield f-lactams in the presence of triethylamine because the go °c. b Determined by*H NMR of the crude reaction mixturé Ref 16.
o-hydrogen in acyl chlorides and acyl iminiums shows stronger 9 3-Lactam products were obtained in relatively low yields compared to
acidic character than that in chloro amides due to strong those in the addition modes A and B-Isopropyl amide and (substituted)
electron-withdrawing chlorine and iminium groups attached to Penzaldehydes were also obtained in low yields from the hydrolysis of
: . LT N-acyl iminium chlorides during workup as reported previously (ref 17).
the carbonyl group in acyl chlorides and acyliminiums.
Influence of the Addition Modes on the Stereoselectivity
in the Staudinger Reaction for Different Acyl Chlorides and interval between additions of the acyl chloride and the tertiary
Imines. Because different ketenes affect the stereoselectivity @mine into the solution really influences the stereoselectivity,
in the Staudinger reactichthe different acyl chlorides should =~ Which is also affected by the imine substituents because the
affect the stereoselectivity in the Staudinger reaction in different reaction between the acyl chloride and the imine with the tertiary
addition modes. We have found that the two different addition amine could undergo three different pathways to produce
orders of reagents in the reaction between acyl chlorides andS-lactams.
imines could even result in different produé#sTo investigate For the “origin” Staudinger reaction, we can tune its stereo-
the generality, we conducted a series of reactions in which the Selectivity via changing the reaction conditions such as solvent
representative acyl chlorides and imines were selected and used@nd temperaturg For the Staudinger reactions between acyl
via different addition modes of reagents. To study the influence chlorides and imines, we can tune its stereoselectivity via
of the chloro amide pathway in the addition mode B, we also changing the addition order of the reagents. Generally, addition
conducted a series of experiments in the addition mode C. Theof a tertiary amine to a stirred solution of an imine and an acyl
results are compiled in Table 3. The results indicate that low chloride increases the proportion of trgactam and decreases
stereoselectivities were obtained in the addition mode C in most the stereoselectivity. In this addition mode the yields of the
cases and tran$-actam products increase generally from the minor isomer off-lactams could increase compared to those
addition mode A to C. This provides a route to prepare the trans- of other addition modes. We hope that our current results could
B-lactams as the desired products for the reactions, which yield provide some useful information to understand the stereochem-

the cisp-lactams as major products in the addition mode A. istry of the Staudinger reaction between acyl chlorides and
imines and the factors affecting the stereochemistry and also

provide some useful information to use the Staudinger reaction

to prepares-lactams with the desired relative configuration via
In summary, the effects of solvents, additives, pathways of rationally tuning the stereoselectivity-controlling factors.

the ketene generation, and the addition orders of an acyl chloride

and triethylamine on the stereoselectivity were investigated Experimental Section

systematically. The results indicate that nonpolar solvents are

favorable to the formation of cig-lactams, while polar solvents

are favorable to the formation of traﬁslacta_ms. The additives flask was charged with a solution of imine (0.15 mmol) in 1 mL

and the pathvyays OT the ketene ggneratlon do not affect theof dry toluene. A solution ofx-diazo carbonyl compound or 5

stereoselectivity obV|ou_sI_y. '_I'he addltlon_ order of tr_]e reagents (g 195 mmol) in 0.5 mL of dry toluene was then added via a syringe.

affects the stereoselectivity in the Staudinger reaction betweenThe flask was immersed in an oil-bath, preheated to the desired

acyl chlorides and imines. For the reactions involving addition temperature, and stirredrf@ h at thesame temperature (8C for

of a tertiary amine into a solution of an acyl and an imine, the 2 h for compoundL and 110°C for 12 h for compound). After

Conclusion

General Procedure for the Reactions ofa-Diazo Carbonyl
Compounds 1 or 5 with Imines 2.A flame-dried round-bottom
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removal of the solvent, the residue was directly submitted to NMR  (£)-cis-1-Isopropyl-4-(4-nitrophenyl)-3-phenoxyazetidin-2-
analysis to determine the cis/trans ratio @actams. Column one (11f).Colorless crystals, mp 156.57°C. IR (KBr) v (cm™):
chromatography of the crude mixture on silica gel afforded the 1745 (G=0).H NMR (300 MHz, CDC}): 6 1.09 (d,J = 6.6 Hz,
corresponding cis- and/or trag¥slactam products. 3H), 1.32 (dJ = 6.6 Hz, 3H), 3.92 (hepted = 6.6 Hz, 1H), 5.07

General Procedure (Mode A) for the Reactions of Acyl (d,J=4.1 Hz, 1H), 5.42 (d) = 4.1 Hz, 1H), 6.69-7.15 (m, 5H),
Chlorides 6 with Imines 2. A flame-dried round-bottom flask was ~ 7.59 (d,J = 8.6 Hz, 2H), 8.15 (dJ = 8.6 Hz, 2H).13C NMR
charged with a solution of imine (0.15 mmol) and triethylamine (75.5 MHz, CDC}): 6 20.3, 21.3, 45.4, 60.1, 80.9, 115.2, 122.3,
(20 mg, 0.195 mmol) in 1 mL of dry toluene. The flask was 123.3, 129.3, 129.5, 142.3, 148.0, 156.4, 165.0. MS (&)(rel
immersed in an oil-bath preheated to the desired temperature. Aintensity, %): 326 (M, 0.4), 241 (100), 194(13), 165(13), 105-
solution of the desired acyl chloride (0.195 mmol) in 0.5 mL of (22), 94(12), 77(28). Anal. Calcd for1gH,gN>0, (326.35): C,
dry toluene was then added through a syringe during 2 min. The 66.25; H, 5.56; N, 8.58. Found: C, 65.93; H, 5.69; N, 8.31.
resulting solution was stirred for anoth2 h at thesame temper- (&)-trans-1-Isopropyl-4-(4-nitrophenyl)-3-phenoxyazetidin-2-
ature. After removal of the solvent, the residue was directly one (12f).Colorless crystals, mp 165.06.5°C. IR (KBr) v (cm™3):
submitted to NMR analysis to determine the cis/trans ratio of 1766 (G=0).H NMR (300 MHz, CDC}): 6 1.10 (d,J = 6.6
p-lactams. Column chromatography of the crude mixture on silica Hz, 3H), 1.34 (dJ = 6.6 Hz, 3H), 3.83 (heptetl = 6.6 Hz, 1H),
gel afforded the corresponding cis- and/or tréAsctam products. 4.67 (d,J= 1.5Hz, 1H), 4.95 (dJ = 1.5 Hz, 1H), 6.747.27 (m,

General Procedure (Mode B) for the Reactions of Acyl 5H), 7.59-7.63 (M, 2H), 8.29-8.34 (m, 2H).13C NMR (75.5 MHz,
Chlorides 6 with Imines 2. A flame-dried round-bottom flask was ~ CDCl): 6 20.2, 21.2, 45.6, 61.7, 86.6, 115.2, 122.4, 124.4, 127.8,
charged with a solution of imine (0.15 mmol) and the desired acyl 129.6, 144.8, 148.3, 156.8, 164.9. MS (E®Ix. 349 (M+ Na").
chloride (0.195 mmol) in 1 mL of dry toluene. The flask was Anal. Calcd for GgH1sN,0, (326.35): C, 66.25; H, 5.56; N, 8.58.
immersed in an oil-bath preheated to the desired temperature. AFound: C, 65.96; H, 5.56; N, 8.58.

solution of triethylamine (20 mg, 0.195 mmol) in 0.5 mL of dry . .
toluene was then added dropwise through a syringe in less than 2 Acknowledgment. This work was supported in part by the
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p-lactams. Column chromatography of the crude mixture on silica of 14 NMR and 13C NMR spectra of all unknowrB-lactam
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General Procedure (Mode C) for the Reactions of Acyl at http://pubs.acs.org.

Chlorides 6 with Imines 2. A flame-dried round-bottom flask was

charged with a solution of imine (0.15 mmol) and the desired acyl JO0611521

.Chloride (O.'195 mmol) in 1 mL of dry tolugne. The flask was 16) The ratio ofLt3al4ahere shows some difference from our previous

'mmerse_d Inan O'I'_bath preheated to the desired temperature_. Afterdat(um)in ref 8. The reason is not clear until now. The datum repofted herein

the solution was stirred fot h at thesame temperature, a solution  \as confirmed several times. We were concerned that the amount of

of triethylamine (20 mg, 0.195 mmol) in 0.5 mL of dry toluene triethylamine affected the ratio and conducted a series of experiments with

was then added dropwise through a syringe. The resulting solution different equivalents of triethylamine. When the molar ratio &CR,COCI

was stirred for anotire2 h at thesame temperature. After removal ?Zt% 'Sﬁ;gegzi‘{\’gsaﬁg%?ézfatr'g: %I(ii"’\t/él‘*a\i"r’]etfﬁef’brtg's’;?ié“o?ol:20018;‘3 L

of the sol\{ent, the fes'd“e was directly submitted to NMR analysis 20 and é.G equ’iv of triethyléminpe. On t%,e basis %f the above rezsults', the'

to determine the Cls{trans I’atIO. ﬁflaotams. Column Chromatog-. amount of triethylamine does not affect the ratio of products obviously.

raphy of the crude mixture on silica gel afforded the corresponding  (17) Jiao, L.; Liang, Y.; Wu, C. Z.; Huang, X.; Xu, J. XChem. Res.

cis- and trang’-lactam products. Chin. Unip. 2005 21, 59-64.
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