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mL) and was washed with saturated ammonium chloride solution 
(2 X 100 mL). The organic phase was dried (Na2S04) and con- 
centrated, and the residue was chromatographed (methylene 
chloride-hexane, 3:2) to afford ester 20 (0.386 g, 94.8%). The 
ester was purified by crystallization from methanol-water (mp 

CHzCOzCH3), 3.95 (s,3 H, OCH3), 6.80 (8, 1 H, benz[e]indole6H), 
7.605-7.37 (m, 3 H), 8.18 (dd, 2 H, J = 8.35, 1.32 Hz), 8.81 (s, 1 
H, NH); IR (cm-') 3400,1610,1600,1550,1450,1380,1300,1270, 
1200,1160,1140,1100,1040,1010,1000,980,950,820,790,750, 
715,700,640,630; MS (EI) mle (relative intensity) 269 (m', 11.7), 
196 (41.2), 69 (10.0), 59 (7.0), 58 (100.0), 57 (17.1). Anal. Calcd 
for C16HlSN03: C, 71.36; H, 5.61. Found: C, 71.51; H, 5.64. 
2,2,2-Trichloro-l,l-dimethylethyl 1-(Carbomethosy- 

methyl)d-methoxy-l,2-dihydrobenz[ e]indole-3-carboxylate 
(21). To a solution of methyl ester 20 (250 mg, 0.54 mmol) in 
glacial acetic acid (20 mL) at  15 OC was added sodium cyano- 
borohydride (25-mg portions) until no starting material remained 
by TLC (1.3 equiv). The crude product was poured into water 
and basified with saturated aqueous sodium bicarbonate to pH 
7.5-8.0. The indole was extracted with ether (3 X 100 mL), dried 
(NazS04), and concentrated to a pale yellow oil, which was im- 
mediately used without purification. The crude indoline was 
dissolved in acetonitrile (20 mL), cooled in an ice bath, and treated 
with triethylamine (103 mg, 0.60 mmol), followed by 2,2,2-tri- 
chloro-1,l-dimethylethyl chloroformate (144 mg, 0.60 mmol), and 
4-(dimethy1amino)pyridine (50 mg). The mixture was kept for 
12 h at room temperature under a nitrogen atmosphere. The 
acetonitrile was removed under reduced pressure, and the resulting 
oil was poured into water (100 mL) and extracted with ether (3 
X 100 mL). The etheral layer was washed with 10% HzS04 (2 
X 100 mL), dried (NaaO,), concentrated, and chromatographed 
(2:l methylene chloride-hexane) to yield carboxylate 21 (270 mg, 
76.1%), which was crystallized from methanol (mp 139-140 OC): 
'H NMR S 2.1 (8, 6 H), 2.55-2.68 (m, 2 H), 3.08 (t, 2 H, J = 5.1 
Hz), 3.65 (8, 3 H), 4.0 (8, 3 H, OCH3), 5.02 (br s, 1 H), 7.5-7.2 (m, 
3 H), 8.21 (d, 2 H, J = 7.6 Hz); IR (cm-') 1750,1680,1650,1590, 
1510,1450,1430,1380,1300,1250,1200,1050,1000,950,900,880, 
670,640; MS (EI) mle (relative intensity) 477 (m + 2, 13.8), 476 
(m + 1, 10.9), 475 (m', 46.8), 474 (12.2), 473 (40.6), 401 (10.9), 
399 (10.4), 272 (25.0), 271 (100.0), 270 (11.7), 256 (El), 241 (12.2), 
211 (11.2), 210 (53.9), 199 (16.9), 198 (93.7), 197 (71.4), 196 (l8.8), 
195 (15.3), 183 (16.9), 182 (43.9), 107 (23.4), 154 (14.1), 128 (14.1), 
128 (18.1), 127 (23.6), 125 (16.5), 123 (22.7), 91 (15.5), 89 (25.5), 
87 (21.9), 77 (12.2), 59 (16.2), 53 (15.8). Anal. Calcd for 
C21H22NOSC13: C, 58.28; H, 4.59. Found C, 58.51; H, 4.49. 
2Jf-Trichloro- 1,l-dimet hylethyl5-Met hoxy- 1- (carboxy- 

methyl)-l,2-dihydrobenz[e]indole-3-carboxylate (22). To a 
solution of ester 21 (318.3 mg, 0.67 mmol) in methanol (10 mL) 
was added 20% sodium hydroxide (2 mL). The solution was 
stirred at room temperature until no starting material was present 
by TLC (ca. 12 h). The reaction mixture was evaporated to 
dryness. The resulting salt was dissolved in water (50 mL) and 
acidified to pH 2 with 10% sulfuric acid. The product was 
extracted with ether, dried (Na2S04), and concentrated to yield 
22 (304.3 mg, 98.5%) as an off-white (greenish tint) solid (mp 

OHCJ,4.29-4.65 (m, 5 H),7.30 (8, 1 H), 7.37-7.53 (m,2 H), 7.6-8.0 
(m, 2 H); IR (cm-') 3500-2800 (b), 1710,1640,1590,14780,1370, 
1300,1240,1160,1130,1020,980,840,800,780,750,720; MS (EI) 
m/e (relative intensity) 463 (m + 2,11.4), 461 (m+, 27.7), 459 (29.2), 
315 (12.1), 257 (85.0), 256 (28.2), 255 (37.1), 240 (10.4), 212 (10.7), 
211 (40.5), 210 (48.78), 199 (24.0), 198 (100.0), 197 (62.1), 196 (76.9), 
195 (18.8), 183 (21.1), 182 (39.81, 168 (13.3), 167 (37.1), 166 (12.11, 
154 (14.61, 140 (10.9),139 (16.0), 128 (21.4), 127 (28.9), 126 (17.0), 
125 (10.9), 124 (22.6), 123 (12.9), 111 (13.6), 109. (19.9), 91 (17.7), 
89 (49.3), 87 (14.6), 84 (11.2), 77 (13.3), 53 (49.3). Anal. Calcd 
for C&I&06C19: C, 52.13; H, 4.41. Found: C, 52.23; H, 4.49. 
2,2,2-Trichloro- 1,l-dimet hylet hyl 6-Met hoxy- 1 -( chloro- 

methyl)-1,2-dihydrobenz[e]indole-3-carboxylate (23). To a 
solution of 22 (250 mg, 0.54 mmol), DMF (1 drop), and benzene 
(25 mL) was added oxalyl chloride (0.52 mL, 0.60 mmol). After 
stirring for 30 min under a nitrogen atmosphere, the yellow-brown 
solution of acid chloride was evaporated to dryness at room 
temperature in vacuo. To the resulting oil was added the sodium 
salt of 2-mecaptopyridine N-oxide (80.5 mg, 0.6 mmol), 4-(di- 

86 "C): 'H NMR S 3.75 (8, 3 H, COzCHs), 3.87 (8, 2 H, 

179-180 OC): 'H NMR S 2.00 (8, 6 H, C(CH3)2), 3.94 (9, 3 H, 

methy1amino)pyridine (10 mg), and carbon tetrachloride (25 mL). 
The mixture was evacuated, purged with nitrogen (3x1, and 
heated to reflux for 4 h. The cooled solution was filtered, con- 
centrated, and chromatographed (methylene chloride-hexane, 1:l) 
to yield chloride 23 as a colorless oil (81.1%): 'H NMR S 2.04 
(8, 6 H), 3.57 (dd, 2 H, J = 9.4, 15.7 Hz), 3.96 (dd, J = 2.3, 10.7 
Hz), 4.04 (8, 3 H), 4.91-4.87 (m, 1 H), 7.38 (t, 1 H, J = 7.2 Hz), 
7.61 (s and d, 2 H, J = 8.5 Hz), 7.52 (t, 1 H, J = 7.45 Hz), 8.22 
(d, 1 H, J = 8.4 Hz); IR (cm-') 1770,1740,1605,1590,1550,1450, 
1320,1280,1210,1190,1160,1100,1050,1020,920,900,820,800, 
750, 730, 710; MS (EI) mle (relative intensity) 451 (m', 15.8), 
449 (11.6, 293 (26.6), 292 (15.5), 291 (100.0), 246 (10.5), 242 (13.8), 
198 (26.6), 197 (14.5), 196 (15.5), 182 (15.5), 171 (12.4), 167 (13.8), 
159 (12.0), 128 (11.5), 127 (14.2), 125 (10.5), 123 (15.5), 102 (16.8), 
100 (14.2), 89 (14.7), 87 ( lO . l ) ,  84 (14.2),72 (10.2). Anal. Calcd 
for Cl9HlgNO3Cl4: C, 50.52; H, 4.43. Found: C, 50.61; H, 4.49. 
N-( (2,2,2-Trichloro-l,l-dimethylethoxy)carbonyl)- 

1,2,10,10a-tetrahydryclopropa[ lJ-c]benz[e]indol-5sne (4). 
To a solution of chloride 23 (39 mg, 0.086 mmol) in 1,2-di- 
chloroethane (5 mL) was added boron trichloridedimethylsulfide 
complex (250 mg, excess) in 5 equal portions. The solution was 
refluxed until no starting material remained (ca. 4 h). The cooled 
solution was poured into water (20 mL), and the crude product 
was extracted with methylene chloride (3 X 25 mL), dried 
(N@04), and concentrated. This crude oil was treated with EbN 
(0.5 mL) in CH3CN (5 mL), and the reaction mixture was stirred 
vigorously for 3 h (23 OC) under nitrogen. The solvent was re- 
moved under reduced pressure, and the oil was washed with 
methylene chloride-water, and the methylene chloride layer was 
dried (NazS04), evaporated at room temperature, and chroma- 
tographed CHzClZ-ether (101) to yield 4 as a tan colored solid 
(mp 131 "C): 'H NMR 6 1.3-1.2 (m, 1 H), 1.65 (br s, 2 H), 1.97 
(d, 1 H, J = 6.5 Hz), 2.04 (t, 1 H, J = 7.9 Hz), 2.18 (s,6 H), 7.39 
(8, 1 H), 7.8-7.4 (m, 4 H); MS (EI) m/e (relative intensity) 400.7 
(m', 15.8), 279 (18.4), 278 (16.1), 167 (40.5), 150 (10.8), 149 (100.0), 
147 (10.7), 129 (353 ,  113 (11.6), 112 (13.2), 84 (17.2), 83 (19.9), 
77 (28.11, 71 (26.91, 70 (23.61, 69 (11.6),57 (33.8). Anal. Calcd 
for C18HlsNOsCls: C, 53.92; H, 4.02. Found C, 54.01; H, 4.53. 
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In recent years there has been considerable interest in 
the development of efficient methods for the construction 
of appropriately substituted azetidin-2-ones because of the 
importance of p-lactam antibiotics.' Although there are 
a variety of methods for the construction of the &lactam 
ring: one of the most useful approaches is based on deh- 
ydration of p-amino acids by means of condensing agents.3A 
Phosphorus reagents are known to be efficient activating 
agents for the carboxyl group;6 however, with the exception 
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Scheme I1 

Table I. Preparation of &Lactams 2 from &Amino Acids 1, 
Promoted by PhOPOCll Reagent' 

comDd R, R, R, yield? % mD.' OC 
Me 
Me 
Me 
Me 
Et 
Et 
iPr 
PhO 
PhO 

PhCH=CMb H 80 94-95 
H PhCH=CMe 78 114-116 
4-MeC6H4 H 80 88-90 
H 4-MeC6H, 80 118-119 
PhCH=CMe H 82 oil 
H 4-MeC6H4 85 162-164 
H PhCH=CH 90 139-142 
H PhCH=CMe 90 157-159 
H PhCH=CH 95 180-182 

a Reactions carried out at room temperature and conducted on a 
2-mmol scale; 1:41.1 @-amino acid 1, triethylamine, and phenyl 
phoaphorodichloridate, respectively. Yields based on the weight 
of isolated product. eAll 8-lactams prepared were racemic mix- 
tures, fully characterized by their physical and spectroscopic data, 
see ref 11. PMP: p-methoxyphenyl group. 

of triphenylphosphine-based reagents6 very little attention 
has been paid to their application in @-lactam ~ynthesis .~ 

(1) For reviews on 8-lactam antibiotics, see: (a) Chemistry and Bi- 
ology of8-Lactam Antibiotics; MOM, R. B., Gorman, M., Eds.; Academic: 
New York, 1982; Vols. 1-3. (b) Recent Adoances in the Chemistry of 
&Lactam Antibiotics; Brown, A. G., Roberta, S. M., Eds.; The Royal 
Society of Chemistry: London, 1984. (c) Topics in Antibiotic Chemistry; 
Sammes, P. G., Ed.; Ellis H o r w d .  New York, 1980; Vols. 3-4. (d) 
Southgate, R.; Elson, S. In Progress in the Chemistry of Organic Natural 
Products; Hen, W., Grisebach, H., Kirby, G .  W., Tamm, Ch., Eds.; 
Springer-Verb New York, 1985; p 1. (d) Durckheimer, W., Blumbach, 
J.; Latrell, R.; Sheunemann, K. H. Angew. Chem., Int. Ed. Engl. 1985, 
24, 180. 

(2) For reviews, see: (a) Mukerjee, A. K.; Srivaatava, R. C. Synthesis 
1973,373. (b) Bow, A. K.; Manhaa M. S. Lect Heterocycl. Chem. 1976, 
3,43. (c) Iaaaca, N. S. Chem. SOC. Reo. 1976, 76,181. (d) Mukerjee, A. 
K.; Singh, A. K. Tetrahedron 1978,34,1731. (e) Koppel, G. A. In Small 
Ring Heterocycles-Azetidines, fl-lactams, Diazatidines and Diaziridines; 
Haasner, A., Ed.; Wiley: New York, 1983; Chapter 2. ( f )  Hanessian, S.; 
Sahoo, S. P.; Couture, C.; Wyss, H. Bull. SOC. Chim. Belg. 1984,93,571. 
(g) Miller, M. J Acc. Chem. Res. 1986,19, 49. 

(3) Thermal dehydration is limited to 2,2-disubatituted @-amino acids, 
see: Sheehan, J. C.; Corey, E. J. Org. React. 1957, 9, 388. 

(4) For cyclizations using thionyl chloride, see: (a) Busson, R.; Van- 
derhaeghe, H. J. Org. Chem. 1978,43,4438. (b) Chiba, T.; Sakaki, J.-I.; 
Kobayashi, S.; Furuya, T.; Inukai, N.; Kaneko, Ch. Chem. Pharm. Bull. 
1989,37,877. Using dicyclohexylcarbodiimide, see: (a) Sheehan, J. C.; 
Laubach, G .  D. J. Am. Chem. SOC. 1951, 73,4376,4752. (b) Melillo, D. 
G.; Shinkai, I.; Liu, T.; Ryan, K.; Sletzinger, M. Tetrahedron Lett. 1980, 
2783. (d) Kametani, T.; Huang, S.; Yokohama, S.; Suzuki, Y.; Ihara, M. 
J. Am. Chem. SOC. 1980,102,2060. Using di-2-pyridyl sulfite: Kim, S.; 
Yi, K. Y.; Namkung, J. Y. Heterocycles 1989, 29, 1237. Using meth- 
aneaulfonyl chloride: (a) Watanabe, Y.; Mukaiyama, T. Chem. Lett. 1981, 
443. (b) Bakaase, M.; Reliquet, A.; Reliquet, F.; Duguay, G.; Quiniou, H. 
J.  Org. Chem. 1989,54,2889. Using 2-chloro-1-methylpy~idinium iodide: 
Huang, H.; Iwaaawa, N.; Mukaiyama, T. Chem. Lett. 1984,1465. From 
1-((methylsulfonyl)oxy)-6-(trifluoromethyl)benzotriazole: Lee, Y. H.; 
Choi, W. S.; Loh, D. S. Bull. Korean Chem. SOC. 1989, IO, 474. 

(5) For reviews, see: Haalam, E. Tetrahedron 1980,36,2409. Haalam, 
E. Chem. Znd. (London) 1979,610. 

(6) From tripheiiylphosphine-2,2'-dipyridyl disulfide: (a) Kobayaahi, 
S.; Iimori, T. Izawa, T.; Ohno, M. J. Am. Chem. SOC. 1981,103,2406. (b) 
Tanner, D.; Somfai, P. Tetrahedron 1988, 44, 613. From triphenyl- 
phosphine-carbon tetrachloride: Meyers, A. I.; Hoyer, D. Tetrahedron 
Lett. 1986,26,4687. Kim, S.;  Lee, P. H.; Lee, T. A. Synth. Commun. 
1988,18,247. From triphenylphaphine-triethylphoaphite: Townsend, 
C. A.; Nguyen, L. T. J. Am. Chem. SOC. 1981, 103, 4582; Tetrahedron 
Lett. 1982,23,4859. From triphenylphcephine-diethyl dicarboxylate: 
Bose, A. K.; Manhas, M. S.; Sahu, D. P.; Hegde, V. R. Can. J. Chem. 1984, 
62, 2498. 

Y Y  Y Y  

4 

Scheme I11 

Table 11. Preparation of &Lactams 7 from &Amino Acids 
6, Promoted by Phosphorylating Reagents' 

yield) 
compd R1 RZ Ra reagent % 

a PhO PhCH=CH 4-MeC6H4 (PhO),POCl 87 
MezNPOClz 80 

b H PhCH=CMe PhCHz (PhO),POCl 88 
c H PhCH=CH 4-MeOC6H4 MeZNPOClz 85 

' Reactions carried out a t  room temperature on a 2-mmol scale. 
*Yields based on the weight of isolated product. 

Among many phosphorylating agents, phenyl phosphoro- 
dichloridate has found wide application in most synthetic 
organic transformations.8 In previous reports from our 
laboratoryg we demonstrated that this reagent, in the 
presence of an organic base, efficiently produced 8-lactams 
from acetic acids and imines. 

In this paper we report that phenyl phosphorodi- 
chloridate is very effective for promoting 8-lactam for- 
mation from @-amino acids. Since a N-(p-methoxyphenyl) 
group in 0-lactams can be removed under mild conditions, 
according to the Kronenthal method,I0 the reaction was 
examined for N-(p-methoxyphenyl) &amino acids 1 
(Scheme I). When 8-amino acids 1 were treated with 
equimolar amounts of phenyl phosphorodichloridate 
reagent in acetonitrile as solvent a t  room temperature for 
30-40 h, cyclization proceeded smoothly to give high yields 
of @-lactams 2. Results are summarized in Table I to 

(7) From bis(5-nitro-2-pyridyl)-2,2,2-trichloroethylphoaphat.e Kim, 
S.; Chang, S. B.; Lee, P. H. Tetrahedron Lett. 1987, 28, 2735. From 
phosphorus oxazolone derivatives: (a) Kunieda, T.; Nagamatau, T.; Hi- 
guchi, T.; Hirobe, M. Tetrahedron Lett. 1988,29,2203. (b) Nagamatau, 
T.; Kunieda, T. Chem. Pharm. Bull. 1988, 36, 1249. From diphenyl- 
phaphonic chloride: Kim, s.; Lee, P. H.; Lee, T. A. J. Chem. Soe., Chem. 
Commun. 1988, 1242. 

(8) Formation of esters from carboxylic acids. (a) Liu, H. J.; Chan, W. 
H.: Lee. S. P. Tetrahedron Lett. 1978.4461. (b) Arrieta. A.: Garcia. T.: 
L&o, J.'M.; Palomo, C. Synth. Commun. 1983,'13,471. Tholeatem: Li< 
H. J.; Sabesan, S. I. Can J. Chem. 1980,58, 2645. Acyl azides: Lago, J. 
M.; Arrieta, A.; Palomo, C. Synth. Commun. 1983, 13, 289. Acyl 
phthalimides: Lago, J. M.; Palomo, C. Synth. Commun. 1983,13,663. 
Coumarins: Gallaategui, J.; Lago, J. M.; Palomo, C. J. Chem. Res. S 1984, 
170. In oxidation reactions: Liu, H. J.; Nyangulu, J. M. Tetrahedron 
Lett. 1988, 29, 3167; Synth. Commun. 1989, 19, 3407. Formation of 
8-chloro a,B-enones: Liu, H.-J.; Lamoreux, M.; Llinaa-Brunet, M. Can. 
J .  Chem. 1986,64, 520. 

(9) (a) Aizpurua, J. M.; Ganboa, I.; C a b ,  F. P.; G o d e z ,  A; Arrieta, 
A.; Palomo, C. Tetrahedron Lett. 1984,25,3905. (b) Arrieta, A.; Coes!o, 
F. P: Palomo, C. Tetrahedron 1986,41,1703. (c) Arrieta, A.; L p a ,  B.; 
Coaaio, F. P.; Palomo, C. J. Org. Chem. 1988,53,3784. (d) C a i o ,  F. P.; 
Lbpez, C.; Oiarbide, M.; Palomo, C.; Aparicio, D.; Rubiales, G. Tetrahe- 
dron Lett. 1988, 29, 3133. See also: Burgemeister, T.; Dannhadt, 0.; 
Mach-Dindl, M.; Nath, H. Arch. Pharm. (Weinheim) 1988, 321, 349. 

(10) Kronenthal, D. R.; Han, C. Y.; Taylor, M. K. J.  Org. Chem. 1982, 
47, 2765. 



2246 J.  Org. Chem., Vol. 56, No. 6, 1991 

illustrate the efficiency of the method. The reaction works 
well with both erythro and threo &amino acids to give the 
corresponding cis or trans P-lactams, respectively, in ex- 
cellent yields. Particularly, compound 2e (Scheme 11) that 
incoporates the ethyl side chain at C3 position of the @- 
lactam ring could be further elaborated" to the 4-acet- 
oxyazetidin-2-one 4, as precursor of (*)PS-5 carbapenem 
antibiotic12 5. On the other hand, compound 2a could also 
be elaborated, by established protocols, to the (*IPS-6 
carbapenem antibiotic.'J3 

The cyclization reaction also works well with other 
phosphorylating reagents (Table 11) to provide good to 
excellent yields of the expected 8-lactams. For example, 
both diphenyl phosphorochloridate and N,N-dimethyl- 
phosphoramidic dichloride convert &amino acids 6 into 
their corresponding B-lactams 7 in yields of 80-88% 
(Scheme 111). Cyclization of a-unsubstituted &amino 
acids bearing N-aryl substituents is the only case in which 
we have found the reaction failed; however, the easy sep- 
aration of &lactams from the reaction mixture and the use 
of inexpensive reagents makes the method potentially 
applicable for a largescale production of 0-lactams. When 
the reaction was examined in different solvents, acetonitrile 
gave the best results in terms of chemical yields, although 
methylene chloride, tetrahydrofuran, and dimethylform- 
amide were also effective. In the last case the reagent 
forms a Vilsmeier type complexFb but a tedious purifica- 
tion of products was needed. However, when the above 
complex was first prepared by using a slight excess of 
dimethylformamide in methylene chloride as solvent, 
similar results to those obtained by means of phenyl 
phosphorodichloridate alone were produced. Since the 
stereochemistry of the &amino acids was preserved in the 
cyclization reaction, this procedure has also been used by 
us to determine unambigously the ratio of isomers pro- 
duced in a synthetic plan leading to @-amino acids. Bose 
and co-workers14 reported that alkaline cleavage of the 
@-lactam ring provided a route to &amino acids. However, 
under these conditions, epimerization at  C3 or C4 of the 
P-lactam ring usually takes place, and such a process is not 
feasible when other base-sensitive groups are involved.ls 

In connection with studies directed toward the synthesis 
of nonproteinogenic amino acids, a class of compounds that 
represents an important group of natural products,l6 we 
found that b-lactams bearing a trialkylsilyl group at  the 
Clf position of the C3 alkyl side chain are readily cleaved 
by means of HBF,-etherate complex at room temperature, 
leading to substituted aspartic acids without epimerization 
at  any of the three chiral centers. The starting /3-lactams 
were prepared by our recently developed acid chloride- 
imino ester condensation" in yields of 75-90%. Both syn 

Notes 

(11) Palomo, C.; Cossio, F. P.; Arrieta, A.; Odriozola, J. M.; Oiarbide, 
M.; Ontoria, J. M. J. Org. Chem. 1989, 54, 5736. 

(12) Kametani, T.; Honda, T.; Nakayama, A,; Fukumoto, K. Hetero- 
cycles 1980, 14, 1967. 

(13) For a recent review on the Synthesis of PS-5 and PS-6 antibiotics, 
see: Palomo, C. In Recent Progress in the Chemical Synthesis of An- 
tibiotics; Lukacs, G., Ohno, M., Eds.; Springer Verlag: Berlin, 1990; p 565. 

(14) Manhas, M. S.; Hegde, V. €2.; Wagle, D. R.; Bose, A. K. J.  Chem. 
SOC., Perkcn Trans. 1 1985,2045. For a recent study on base-promoted 
hydrolpis of &lactame, see: Rao, S. N.; OFenall, R. A. H. J.  Am. Chem. 
SOC. 1990,112, 2729. 

(15) For epimerization methods, see: Kawabata, T.; Itoh, K.; Hiyama, 
T. Tetrahedron Lett. 1989,30, 4837 and references therein. 

(16) (a) Lea, P. J.; Wallsgrove, R. M.; Miflin, B. J. Chemistry and 
Biochemistry of the Amino Acid; Barret, G. C., Ed.; Chapman and Hall: 
London, 1985; p 207. (b) Baldwin, J. E.; Moloney, M. G.; North, M. 
Tetrahedron 1989,45,6309. 

(17) Palomo, C.; Ontoria, J. M.; Odriozola, J. M.; Aizpurua, J. M.; 
Ganboa, I. J. Chem. Soc., Chem. Commun. 1990,248. For the preparation 
of 3-aryl-3-(trimethylsilyl)propanoic acids, see: Picard, J. P. J.  Organo- 
met. Chem. 1972,34,297. 

Scheme IVo 

OReagenta and conditions: (i) NE&, hexane, reflux, 14-16 h; (ii) 
HBF,-EtPO, CH2C12, room temperature, 24 h; (iii) PhOPOC12, 
NEt,  CHSCN, room temperature, 25 h. 

and anti isomers, according to the nomenclature intro- 
duced by Masamune,l* were separated by crystallization 
from methanol and subjected to treatment with a 
HBFsetherate complex in methylene chloride as solvent 
and, after usual workup, the corresponding &amino acids 
were obtained in nearly quantitative yields. When 0-amino 
acid 12 was allowed to react with phenyl phosphorodi- 
chloridate reagent in the presence of triethylamine, the 
corresponding 0-lactam 10 was formed as the sole reaction 
product. Similarly, 13 furnished the 0-lactam 11, thus 
confirming the absence of epimerization during &lactam 
opening. Particularly noteworthy is that 0-lactam cleavage 
under the reported conditions14 produced saponification 
of the methoxycarbonyl group together with side products. 

The results reported here demonstrate that the inex- 
pensive phenyl phosphorodichloridate reagent and its 
variants should be valuable in the synthesis of @-lactams 
of i n t e r e ~ t . ~ ~ ~ ~ ~  

Experimental Section 
Melting points were determined on Biichi SMP-20 instrument 

and are uncorrected. Proton nuclear magnetic resonance spectra 
and '3c spectra were recorded on a Varian VXR 300 spectrometer. 
All chemical shifts are reported as 6 values (ppm) relative to 
internal tetramethylsilane. Infrared (IR) spectra were recorded 
on a Shimadzu IR-435 spectrometer. Mass spectra were obtained 
using a Shimadzu GCMS-QP2OOO spectrometer operated at 70 
eV. Microanalytical data were obtained on a Perkin-Elmer 2404 
instrument. Commercially available compounds were used in this 
work without further purification or were prepared by literature 
procedures. Acetonitrile and hexane were dried and purified by 
distillation. Tetrahydrofuran was distilled over sodium and 
benzophenone (indicator). Methylene chloride was shaken with 
concentrated sulfuric acid, dried over potassium carbonate, and 
distilled. 
44 Methoxycarbonyl)-l-(4'-methoxyphenyl)-3-[ 1'-( tri- 

methylsilyl)benzyl]azetidin-2-ones (loa, lla). To a cooled 
(0 "C) solution of 3-phenyl-3-(trimethylsilyl)propanoic acid (1.75 
g, 7.0 mmol) in methylene chloride (30 mL) was added oxalyl 
chloride (1.20 mL, 14 mmol) dropwise, and the reaction mixture 
was stirred at room temperature for 2 h. Then, the volatilea were 
evaporated in vacuo, the crude acyl halide being dissolved in dry 
hexane (5  mL). This solution was added dropwise to a cooled 
(0 "C) mixture of methoxycarbonyl N-(4'-methoxyphenyl)imine 
(0.96 g, 5 mmol) and triethylamine (1.50 mL, 11 mmol) in hexane 
(10 mL) during 10 min. After the ice bath was removed, the 
reaction mixture was heated at reflux for 20 h, diluted in meth- 

(18) Masamune, S.; Kaiho, T.; Garvey, D. S. J. Am. Chem. SOC. 1982, 
104, 5521. 

(19) The present cyclization method has recently been used for the 
synthesis of cephems in better yields than other procedures, see: Bakusee, 
M.; Duguay, G. Sulfur Lett., in press. 

(20) After the submission of this manuscript, a similar paper has re- 
cently appeared, see: Kim, C. W.; Chung, B. Y.; Namkung, J.; Lee, J. M.; 
Kim, S. Tetrahedron Lett. 1990, 31, 2905. 
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ylene chloride (50 mL), and washed successively with H20 (50 
mL), 1 M HCl(50 mL), saturated NaHC03 (50 mL), and H20 
(50 mL). Drying over MgS04 and evaporation of solventa yielded 
crude cis-4-(methoxycarbonyl)-l-(4'-methoxyphenyl)-3- [ l'-(tri- 
methylsilyl)benzyl]azetidm9-one (1.71 g, 86% based on the imine) 
as a mixture of anti and syn epimers (molar ratio 7030, respec- 
tively). Crystallization from methanol afforded pure cis-anti-loa 
isomer (1.03 g, 52%). Mp: 144-145 "C. 'H NMR (CDCl,): 6 
7.30-7.14 (m, 5 H, arom), 6.97 (d, J = 9.3 Hz, 2 H, arom), 6.86 
( d , J =  9.3 Hz,2 H,arom), 4.49 ( d , J =  5.4 Hz, 1 H,CHCOOMe), 
4.30 (dd,J  = 5.4 Hz,J  = 13.5 Hz, 1 H,CHCO),3.79 (s, 3 H,OMe), 
3.28 (s, 3 H, OMe), 2.75 (d, J = 13.5 Hz, 1 H, CHSiMe,), 0.08 (8, 
9 H, SiMe,). '9c NMR (CDCl,): 6 1695,164.7, 156.2,140.9,131.0, 

MS: mle 397 (M+). Anal. Calcd for C22HwN04Si: C, 66.48; H, 
6.85; N, 3.52. Found: C, 66.40; H, 6.85; N, 3.35. 

Finally, column chromatography (silica gel; eluent, hexane- 
methylene chloride, 51) of mother liquors afforded the cis-syn-lla 
isomer (0.45 g, 24%). Syrup. 'H NMR (CDCl,): S 7.31-7.10 (m, 
5 H, arom), 6.97 (d, J = 9.3 Hz, 2 H, arom), 6.86 (d, J = 9.3 Hz, 
2 H, arom), 4.55 (d, J = 6.3 Hz, 1 H, CHCOOMe), 4.15 (dd, J = 
6.3 Hz, J'= 3.6 Hz, 1 H, CHCO), 3.79 (s, 3 H, OMe), 3.12 (s, 3 
H, OMe), 2.58 (d, J = 3.6 Hz, 1 H, CHSiMe,), 0.10 (s,9 H, SiMe,). 

118.0, 114.4,55.4, 55.0,52.0, 35.2,29.7, -2.2. M S  mle 397 (M+). 
Anal. Calcd for C22HnN04Si: C, 66.48; H, 6.85; N, 3.52. Found 
C, 66.31; H, 6.92; N, 3.38. 

Compounds 10b and l lb .  The above method was followed 
starting from 3-p-tolyl-3-(trimethylsilyl)propanoic acid to afford 
cis-anti-4-(methoxycarbonyl)-l-(4'-methoxyphenyl)-3- [p-tolyl- 
(trimethylsilyl)methyl]azetidin-2-one (lob) (1.08 g, 54%) [Mp: 
154-155 "C (MeOH). 'H NMR (CDC13): 6 7.21 (d, 2 H, arom), 
7.06 (d, 2 H, arom), 6.86 (d, 2 H, arom), 6.83 (d, 2 H, arom), 4.48 
(d, 1 H, J = 5.5 Hz, CHCOOMe), 4.27 (dd, 1 H, J = 5.5 Hz, J' 
= 13.5 Hz,CHCON),3.70 (s, 3 H,OMe), 3.31 (s,3 H,COOMe), 
2.70 (d, 1 H, J = 13.5 Hz, CHSiMeJ, 2.32 (s, 3 H, CH3Ar), 0.06 
(s,9 H, SiMe,). 13C NMR (CDC13): 6 169.5, 164.8, 156.2, 13'7.6, 
134.6, 131.1, 129.0, 127.1, 117.6, 114.5,55.8, 55.2,52.2, 32.3, 20.9, 
-2.9. M S  mle 411 (M+). Anal. Calcd for CmH.JV04Si: C, 67.12; 
H, 7.10; N, 3.40. Found: C, 66.98; H, 7.11; N, 3.07.1 and cis- 
syn-4-(methoxycarbonyl)-l-(4'-methoxyphenyl)-3-[p-tolyl(tri- 
methylsilyl)methyl]azetidin-2-one (1 lb) (0.51g, 25%). Syrup. 'H 
NMR (CDC13): 6 7.28 (d, 2 H, arom), 7.03 (d, 2 H, arom), 6.85 
(m, 4 H, arom), 4.48 (d, 1 H, J = 6.3 Hz, CiYN), 4.08 (dd, 1 H, 
J = 6.3 Hz,J '=  3.6 Hz, CHCON), 3.75 (8, 3 H, OMe), 2.51 (d, 
1 H, J = 3.6 Hz, CHSiMe,), 2.23 (s, 3 H, ArCH,), 0.06 (s, 9 H, 
SiMe,). 13C NMR (CDCI,): 6 168.9, 165.9, 156.2, 135.1, 134.7, 
131.3, 129.2, 128.7, 118.0, 114.1, 55.5, 55.1, 51.9, 34.6, 29.7, 20.9, 
-2.2. M S  mle 411 (M+). Anal. Calcd for CmH.JV04Si: C, 67.12; 
H, 7.10; N, 3.40. Found: C, 67.08; H, 7.34; N, 3.30. 

Methyl  , 3-Carboxy-2-( (I'-met hoxypheny1)amino)-4- 
phenyl-4-(trimethylsilyl)butanoate (12). To a solution of 
cis-anti-4-(methoxycarbonyl)-l-(4'-methoxyphenyl)-3-[ 1'-(tri- 
methylsilyl)benzyl]azetidin-2-one (loa) (0.766 g, 2 mmol) in 
methylene chloride (7 mL) cooled to 0 OC, was added, with stirring, 
HBF4.2Eh0 (1.68 mL, 10 mmol), and the mixture was stirred at  
room temperature overnight. It was then diluted with methylene 
chloride (15 mL) and washed rapidly with cold water (10 mL) 
and could brine (2 x 10 mL) and dried. Concentration in vacuo 
gave the crude methyl 3-carboxy-2-((4'-methoxyphenyl)- 
amino)-4-phenyl-4-(trimethylsilyl)butanoate (12) (0.67 g, 83%). 
Mp: 116-118 OC. 'H NMR (CDC13): 6 7.38-7.20 (m, 5 H, arom), 
6.75 (d, J = 9 Hz, 2 H, arom), 6.53 (d, J = 9 Hz, arom), 4.08 (d, 
J = 3.3 Hz, 1 H, CHCOOMe), 3.76 (s, 3 H, OMe), 3.67 (s, 3 H, 
OMe), 3.63 (dd, J = 3.3 H z , J ' =  12.6 Hz, CHCOOH), 2.79 (d, 
J = 12.6 Hz, 1 H, CHSiMeJ, 0.06 (9, 9 H, SiMe,). Anal. Calcd 
for CaH&J05Si: C, 64.32; H, 7.23; N, 3.26. Found: C 64.41; H, 
7.41; N, 3.34. 

Cyclization of &Amino Acids. General Procedure. To 
a cooled (0 "C) solution of @-amino acid (2.0 mmol) and tri- 
ethylamine (0.92 mL, 6.5 mmol) in acetonitrile (8 mL), were added 
phenyl phoephorodichloridate (0.33 mL, 2.2 "01) and acetonitrile 
(5  mL). After the resulting solution was stirred for 30-40 h at  
room temperature, the mixture was diluted with methylene 
chloride (20 mL) and washed successively with H20 (10 mL), 1 
M HCl(10 mL), saturated NaHC03 (10 mL), and H20 (10 mL). 

128.3, 127.2, 125.2, 117.6, 114.1, 55.6, 55.4, 55.3, 52.2, 32.8, -1.9. 

'3C NMR (CDClJ: 6 168.9,165.9, 156.2, 131.3, 129.3,128.0, 125.3, 

oO22-3263/91/ 1956-2247$02.50/0 

Drying over MgS04 and evaporation of solvents yielded crude 
@-lactam, which was purified by crystallization or flash chroma- 
tography. 
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The tautomers of the simplest alkyl-substituted aromatic 
compounds toluene, 1-methylnaphthalene, and 9- 
methylanthracene are all known' and are all substantially 
less stable than their fully aromatic counterparts. The 
tautomers of 9-methylanthracene are closest in stability 
but still differ by ca. 40 kJ/mol? Experiment3 and theory2 
are in agreement that the energy of the methylene tau- 
tomer approaches, but never reaches, the energy of the 
fully aromatic tautomer as the number of annelated rings 
increases. In anthracenes, substitution at the vinyl and/or 
peri positions has afforded a number of easily isolable 
compounds, many of which have been shown to undergo 
boat-to-boat interconversion on the NMR time scale!-' 
Also, in some very crowded anthracenes the methylene- 
dihydroanthracene tautomer has been shown to be the 
more stable tautomer by equilibration in the presence of 
acid or baseas No computational or experimental studies 
have focused on the bridged counterparts of these com- 
pounds, i.e., the exomethylene tautomers of [n]- 
cyclophanes. The [n] (9,lO)anthracenophanes provide an 
attractive starting point since they have the greatest 
likelihood of exomethylene-cyclophane tautomeric pairs 
of similar energy. 

Recently we found that deuteration of 3,6-diketo[8]- 
(9,lO)anthracenophane (1) in the presence of acid led to 
incorporation of deuterium at the benzylic positions as well 
as in the positions a to the carbonyl groups? The likely 
pathway under these conditions includes the bridged 
methylenedihydroanthracene (MDA) tautomer 2 as an 
intermediate. The bridged MDA, in this instance, is the 
less stable tautomer since there was no evidence (NMR) 
for its existence in the deuterated sample of 1. However, 
since interactions within the bridge of [n] (9,lO)- 
anthracenophanes, and presumably their MDA tautomers, 
make significant contributions to the energies of these 

(1) Gajewski, J. J.; Gortva, A. M. J. Org. Chem. 1989, 54, 373 and 
references therein. 

(2) Herr, M. L. Tetrahedron 1972,28, 5139. 
(3) Takepi, M.; Harabe, T.; Nojima, M.; Kusabqyashi, S. J. Chem. Soc., 

Perkin Trans. 1 1983, 1311 and references therein. 
(4) (a) Leung, P.-T.; Curtin, D. Y. J. Am. Chem. SOC. 1975,97,6790, 

(b) 1975,97,6799. 
(5) Bowden, B. F.; Cameron, D. W. J. Chem. SOC. Chem. Commun. 

1977, 78. 
(6) Ogata, F.; Takagi, M.; Nojima, M.; Kusabayashi, S. J. Am. Chem. 

Soc. 1981,103, 1145. 
(7) Rabideau, P. W., Ed. The Conformational Analysis of Cyclo- 

hexenes, Cyclohexadienes, and Related Hydroaromatic Compounde; 
V C H  New York, 1989; Chapter 4, p 121. 
(8) Dickerman, S. C.; Haase, J. R. J.  Am. Chem. SOC. 1967,89,6468. 
(9) Rosenfeld, S. M.; Sanford, E. M. Tetrahedron Lett. 1987,28,4776. 
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