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most high-spin (TPP)Fe"1 complexes. However, this compares 
well with that seen for the high-spin peroxo Fe(III) complex (with 
side-on JJ2:JJ2 coordination), [(TPP)Fe(O2

2-)]", characterized by 
Valentine and co-workers;11 the red shift of the Soret band has 
been attributed to the dinegative charge of the peroxo ligand.llb 

300 400 500 

X, nm 

600 700 

(2) Complex 3 is EPR silent (77 K), consistent with the coupled 
integer-spin formulation. (3) In an infrared spectrum, 3 possesses 
a band at 855 cm"1 not seen in 1, 2, or other (F8-TPP)Fe-X (X 
= Cl", OH") compounds. When 3 is prepared using 18O2 (99%), 
the 855-cm"1 band largely disappears, and a greatly enhanced 
absorption is seen at ~ 780-790 cm"1, where other bands already 
occur. Additional studies will be required to determine an as
signment.12 (4) The 1H NMR spectrum of 3 (CD3CN) indicates 
that only a single porphyrin species is present, exhibiting a pyrrole 
H-resonance at 65 ppm, split meta phenyl signals at 9.6 and 9.2 
ppm, and a para phenyl absorption at 7.8 ppm. These observations 
are also consistent with a high-spin Fe(III) environment and are 
again comparable to [(TPP)Fe(O2

2")]- (61, 9.2, and 7.2 ppm, 
respectively).13 The pyrrole signal assignment in 3 was confirmed 
by 2H NMR spectroscopy of the pyrrole deuteriated porphyrin. 
(5) The room temperature magnetic moment of 3 is 5.2 ± 0.2 
MB (Evans method in CD3CN), a value consistent with the sug
gestion that 3 is a coupled S = 5/2 (i.e., heme) and S = '/2 (i.e., 
Cu(II)) system. Further temperature dependent magnetic studies 
are needed. 

Additional chemical evidence for a peroxo group in [Fe1"-
(02

2")-Cun] (ClO4) (3) comes from reactivity with CO2 and SO2 
(Scheme I), reagents which are often used to react with metal-
dioxygen complexes.14"16 Carbon dioxide reacts with 3, and a 
carbonato dinuclear complex [{(TMPA)Cu)2(C03)]

2+17 and 
(F8-TPP)Fe-OH18 were isolated after workup. Since [(TPP)-
Fe-(O2

2")]" is known to react with SO2 to give sulfate,16 a better 
test is the reaction of SO2 with 3. Here, exposure to SO2, de
composition with HCl(aq), and addition of Ba2+ demonstrate that 
sulfate is indeed produced. The isolated gravimetrically deter
mined yield is 50%; when the TPP analogue [(TPP)Fe-(O2

2")-
Cu(TMPA)]+9 is tested in this manner, a 70% yield can be 
obtained. Neither (F8-TPP)Fe-OH nor [(TMPA)Cu(Cl)]+ gives 
sulfate upon reaction with SO2. 

(11) (a) McCandlish, E.; Miksztal, A. R.; Nappa, M.; Sprenger, A. Q.; 
Valentine, J. S.; Stong, J. D.; Spiro, T. G. J. Am. Chem. Soc. 1980, 102, 
4268-4271. (b) Burstyn, J. N.; Roe, J. A.; Miksztal, A. R.; Shaefitz, B. A.; 
Lang, G.; Valentine, J. S. J. Am. Chem. Soc. 1988, 110, 1382-1388. 

(12) For [(OEP)Fe(O2
2")]-, Valentine reports a value for v(O-O) of 806 

cm"1 in DMSO.,la 

(13) Shirazi, A.; Goff, H. M. J. Am. Chem. Soc. 1982, 104, 6318-6322. 
(14) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of Organic 

Compounds; Academic Press: New York, 1981. 
(15) Paul, P. P.; Tyeklar, Z.; Jacobson, R. R.; Karlin, K. D. J. Am. Chem. 

Soc. 1991, 113, 5322-5332. 
(16) Miksztal, A. R.; Valentine, J. S. lnorg. Chem. 1984, 23, 3548-3552. 
(17) Tyeklar, Z.; Paul, P. P.; Jacobson, R. R.; Farooq, A.; Karlin, K. D.; 

Zubieta, J. J. Am. Chem. Soc. 1989, / / ; , 388-389. 
(18) Identified by comparison of a vis and 1H NMR spectrum of the 

product obtained by reacting [(F8-TPP)Fe-Cl] with NaOH(aq). 

In conclusion, the reaction of O2 with porphyrin-Fe(II) and 
Cu(I) complexes leads to dinuclear peroxo-bridged [Fe111-
(02

2")-Cu"]+ (3) species. A complete electronic/magnetic and 
structural description of 3 is underway. Spectroscopically detected 
intermediates involving heme a3 and O2 or reduced derivatives 
(e.g., peroxo or ferryl) have been implicated in CcO action;1 

bridged Fe/Culab'19 or discrete copper-dioxygen species20 also 
may be involved. The results described here represent a con
spicuous step toward developing systems which may aid in un
derstanding 02-reduction mechanisrn(s), structures, and proton-
ation steps involving both (porphyrin)iron and copper ion. 
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(19) Larsen, R. W.; Pan, L.-P.; Musser, S. M.; Li, Z.; Chan, S. I. Proc. 
Natl. Acad. ScL U.S.A. 1992, 89, 723-727. 

(20) By analogy to the proposed reaction with CO,2' recent papers suggest 
that Cu8 is the initial site of 02-binding to reduced CcO.22 

(21) Woodruff, W. H.; Einarsdottir, O.; Dyer, R. B.; Bagley, K. A.; 
Palmer, G.; Atherton, S. J.; Boldbeck, R. A.; Dawes, T. D.; Kliger, D. S. Proc. 
Natl. Acad. Sci. U.S.A. 1991, 88, 2588-2592. 

(22) (a) Oliveberg, M.; Malmstrom, B. G. Biochemistry 1992, 31, 
3560-3563. (b) Blackmore, R. S.; Greenwood, C; Gibson, Q. H. J. Biol. 
Chem. 1991, 266, 19245-19249. 
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"Asymmetric desymmetrization"' of a symmetrical and achiral 
molecule is a basic and potential methodology for asymmetric 
synthesis. While the ability of enzymes to transform differentially 
symmetrical, hence enantiotopic, functional groups is well known,2 

little exploration has been performed on a similar ability of 
nonenzymatic catalysts,3 particularly for C-C bond formation.4 

Recently, we developed an asymmetric catalytic carbonyl-ene 
reaction with prochiral glyoxylate as an efficient method for 
asymmetric C-C bond formation.5 The asymmetric catalytic 
reaction involving a prochiral ene component with planar sym-

Table I. Asymmetric Desymmetrizalion of 2. 

entry molarity (2 : 3) % yield3 syn (% ee): anti 

1.0 
1.0 

1.0 
2.0 

62 
57 

(27) 

i27J_ 
>99 (>99) 
>99 (>99) 

<1 
<1 

a Calculated value based on the recovery of 2. Value in parenthesis 

refers to the isolated yield. 
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Table II. 

entry 

1 

2 

3 

Kinetic Resolution of 7. 

ene 

7a 

7a 

7c 

molarity (7 :3 ) 

1.0 : 2.0 

2.0 : 1.0 

1.0 : 2.0 

% yield* 

74 (34) 

70 (28) 

48 (20) 

syn (% ee) 

>99 (99.5) 

>99 (99.6) 

>99 (96.2) 

anti 

: <1 

: <1 

: <1 

% recovery of 7 (% ee) 

54 (59.4) 

60 (37.8) 

59 (22.0) 

ks/kn 

690 

720 

64 
a Calculated values based on the recovery of 7. Value in parenthesis refers to the isolated yield. 

metry should lead to an access to remote internal asymmetric 
induction,6 which is otherwise difficult to attain7 (eq 1). Fur-

/I A 
CP PO OP 

/ V 
Intramolecular lntermolecular 

OP M A. 
(A)-I 

(cat.) 

Il O H 

OP 

(1) 

thermore, the kinetic resolution8 of racemic ene substrates might 
be recognized as an intermolecular desymmetrization. Disclosed 
herein are the remarkably high levels of remote asymmetric in
duction through asymmetric desymmetrization, kinetic resolution, 
and double asymmetric induction9 by the asymmetric catalytic 
glyoxylate-ene reactions. 

(1) For the terminology of desymmetrization, see: Hoye, T. R.; Peck, D. 
R.; Swanson, T. A. J. Am. Chem. Soc. 1984,106, 2738. Mislow, K.; Siegel, 
J. / . Am. Chem. Soc. 1984, 106, 3319. Curie, J. J. Phys. (Paris) 1894, 3, 
393. See, also: Fujita, S. Symmetry and Combinatorial Enumeration in 
Chemistry; Springer-Veriag: Berlin, 1991. Shubnikov, A. V.; Koptsik, V. A. 
Symmetry in Science and Art; Plenum Press: New York, 1974. 

(2) Reviews: Jones, J. B. Ciba Found. Symp. 1985, / / / , 3. Wang, Y.-F.; 
Chen, C-S.; Girdaukas, G.; Sih, C. J. Ibid. 128; Ohno, M. Ibid. 171. 

(3) (a) Reviews: Ward, R. S. Chem. Soc. Rev. 1990,19, 1. Johnson, R. 
A.; Sharpless, K. B. In Comprehensive Organic Synthesis; Trost, B. M., 
Fleming, I., Eds.; Pergamon: London, 1991; Vol. 7, p 389. Nagao, Y.; Fujita, 
E. J. Synth. Org. Chem., Jpn. 1984, 42, 622. (b) For the Sharpless asym
metric epoxidations, see: Hatakeyama, S.; Sakurai, K.; Takano, S. J. Chem. 
Soc., Chem. Commun. 1985, 1759. Jager, V.; Schroter, D.; Hafele, B. Angew. 
Chem., Int. Ed. Engl. 1986, 25, 87. Babine, R. E. Tetrahedron Lett. 1986, 
27, 5791. Schreiber, S. L.; Schreiber, T. S.; Smith, D. B. / . Am. Chem. Soc. 
1987, 109, 1525. Schreiber, S, L.; Goulet, M. T. Ibid. 1987, 109, 4718. 
Kobayashi, Y.; Kato, N.; Sato, F. Tetrahedron Lett. 1988, 29, 6297. Wang, 
Z.; Deschenes, D. J. Am. Chem. Soc. 1992,114, 1090 and references, (c) For 
asymmetric hydroborations, see: Partridge, J. J.; Chadha, N. K.; Uskokovic, 
M. R. J. Am. Chem. Soc. 1973, 95, 532 and 7171; Org. Synth. 1984, 63, 44. 

(4) (a) For intramolecular aldol reactions, see: Eder, U.; Sauer, G.; 
Wiechert, R. Angew. Chem., Int. Ed. Engl. 1971, 10, 496. Parrish, D. R.; 
Hajos, Z. G. J. Org. Chem. 1974, 39, 1615; Org. Synth. 1984, 63, 26. (b) 
For an intramolecular ene reaction, see: Ziegler, F. E.; Sobolov, S. B. J. Am. 
Chem. Soc. 1990,112, 2749. (c) For the Heck-type reaction, see: Sato, Y.; 
Sodeoka, M.; Shibasaki, M. J. Org. Chem. 1989, 54, 4738. Torii, S.; Oku-
moto, H.; Akahoshi, F.; Hotani, T. J. Am. Chem. Soc. 1989, / / / , 8932. (d) 
See also a diastereofacial selective ene reaction involving a chiral glyoxylate: 
Whitesell, J. K.; Allen, D. E. J. Org. Chem. 1985, 50, 3025; J. Am. Chem. 
Soc. 1988, 110, 3585. 

(5) (a) Mikami, K.; Terada, M.; Nakai, T.J. Am. Chem. Soc. 1989, / / ; , 
1940. (b) Terada, M.; Mikami, K.; Nakai, T. J. Chem. Soc., Chem. Commun. 
1990, 1623. (c) Mikami, K.; Terada, M.; Nakai, T. J. Am. Chem. Soc. 1990, 
112, 3949. 

(6) For the definition of internal or relative asymmetric induction, see: 
Bartlett, P. A. Tetrahedron 1980, 36, 1. 

(7) Relative asymmetric induction on the basis of chelation control has 
been, so far, of singular importance for predictable remote stereocontrol. For 
leading references, see: Molander, G. A.; Harr, J. P., Jr. J. Am. Chem. Soc. 
1991, 113, 3608. 

(8) Reviews: Kagan, H. B.; Fiaud, J. C. In Topics in Stereochemistry; 
Eliel, E. L., Ed.; Interscience: New York, 1988; Vol. 18, p 249. Brown, J. 
B. Chem. Ind. 1988, 612. 

(9) Reviews: Masamune, S.; Choy, W.; Peterson, J. S.; Sita, L. R. Angew. 
Chem., Int. Ed. Engl. 1980, 24, 1. Heathcock, C. H. In Asymmetric Syn
thesis; Morrison, J. D., Ed.; Academic Press: London, 1984; Vol. 3, p 191. 

First we examined the glyoxylate-«ne reaction with symmetrical 
bis-allylic silyl ethers (2) catalyzed by the chiral titanium complex 
(,R)-I prepared from optically pure binaphthol (BINOL)5 (eq 2). 
Thus, the (2R,5S)-syr\ product (4)10'11 was obtained in more than 
99% ee12 along with >99% syn diastereoselectivity, irrespective 
of the aldehyde stoichiometry (Table I).13 Further transformation 
of the desymmetrized product 4 by anti diastereofacial selective 
hydroboration14 regioselectively gave the triol 5b in 51% isolated 
yield.15 Thus, these examples represent a rarely precedented 
asymmetric transformation based on asymmetric catalytic de
symmetrization involving C-C bond formation. 

A^u + 
osi-H 

O 

X 
H ^ C O 2 C H 3 

(fl)-1 

(I0mol%) 
OH 

MS4A 
CH2CI2 

*" < s y y ^ c ° 2 C H 3 (2) 

OShf| 
O0C 

>99% syn 

(>99% ee) 

OH 

CK 
osi-H 

1) 9-BBN 

, 2) H2O2 / NaOH 

OH 

CO2CH3 < Y ^ X O 2 C H 3 

X OSi-H 
v.1 • 

5a: X = H 

5b: X = OH 

Next, the kinetic resolution of racemic allylic alcohols (7) 
represents an example of remote relative asymmetric induction 
(eq 3).6 The catalyst (.R)-I provides the (2J?,55)-syn product 
(5a)16 with >99% diastereoselectivity along with 99.5% ee12 (Table 
II, entry 1). Furthermore, the starting alcohol 7a was recovered 
with 59.4% ee (R). The high diastereoselectivity, coupled with 
the high % ee of the ene product (5), strongly suggests that the 
chiral catalyst (R)-I efficiently discriminates the two enantiomeric 
ene components 7 (ks/kR: ca. 700 for 7a, 64 for 7c).17 In fact, 
the double asymmetric induction with (R)-Ic using the catalyst 
(S)-I ("matched" catalytic system) provides the complete (>99%) 
1,4-syn diastereoselectivity along with high chemical yield (71%) 

(10) Regioselective hydrogenation of 4 (H2 (1 atm), Rh-C, EtOH) gave 
the (2R,SS)-syn product (5a), which was obtained independently by the 
reaction with (S)-valine-derived 7a (eq 3). 

(11) (2R,5S)-syn-4: [a]26
D = -9.76° (c = 2.18, CHCl3);

 1H NMR 1.57 
(s, 3 H), 2.29 (dd, J = 14.9, 7.7 Hz, 1 H), 2.50 (dd, J = 14.9, 3.9 Hz, 1 H), 
3.75 (s, 3 H), 4.35 (dd, J = 7.7, 3.9 Hz, 1 H), 4.47 (s, 1 H) ppm. syn- and 
anti-4 were obtained in a ratio of 5:1 with 1 equiv of SnCl4; anti-4 1H NMR 
3.76 (s, 3 H), 4.27-4.37 (m, 1 H), 4.52 (s, 1 H) ppm. 

(12) The enantiomeric excess and absolute configuration of the 2-methoxy 
derivative was determined by LIS-NMR analysis using (-H)-Eu(DPPM)3 as 
described in ref 5c. 

(13) We have obtained no double ene product 6 even with the use of more 
than 2 equiv of glyoxylate (3). The use of SnCl4 gave, however, 6 in 91% 
isolated yield. 

(14) For the anti diastereofacial selective hydroboration, see: Still, W. C; 
Barrish, J. C. / . Am. Chem. Soc. 1983, 105, 2487. 

(15) 1H NMR 0.93 (d, J = 7.1 Hz, 3 H), 2.39 (dd, J = 16.1, 5.9 Hz, 1 
H), 2.51 (dd, J = 16.1, 5.9 Hz, 1 H), 3.56 (dd, J = 10.9, 5.4 Hz, 1 H), 3.65 
(dd, J = 10.9, 3.8 Hz, 1 H), 3.69 (s, 3 H), 5.00 and 5.11 (2s, 1.8 and 0.2 H) 
ppm. 

(16) (2R,5S)-syn-Ui: [a]\ = -6.65° (c = 1.24, CHCl3);
 1H NMR 2.26 

(dd, J = 15.8, 8.4 Hz, 1 H), 2.63 (dd, J = 15.8, 3.5 Hz, 1 H), 3.77 (s, 3 H), 
4.38 (dd, J = 8.4, 3.5 Hz, 1 H), 5.06 (s, 2 H) ppm. syn- and anti-5a were 
obtained in a ratio of 1:2 with the use of SnCl4; anri-5a: 'H NMR 2.38 (dd, 
J = 15.4,8.9 Hz, 1 H), 2.53 (H, J = 15.4,3.3 Hz, 1 H), 3.78 (s, 3 H), 4.33 
(dd, J = 8.9, 3.3 Hz, 1 H), 5.02 (br s, 1 H), 5.06 (br s, 1 H) ppm. 



6568 J. Am. Chem. Soc. 1992, 114, 6568-6570 

Table III 

entry 

1 
2 

3 

Double Asymmetric Induction 

ene 

[S)-T 
(fl)-7c 
(fl)-7c 

catalyst 

(A)-1 

(S)-I 

(R)-I 

with 7 and 1. 

%yiekJa 

96 (70) 

71 (50) 

33 (19) 

syn 

>99 

>99 

50 

anli 

<1 

<1 

50 
a Calculated value based on the recovery ot 7. Value in parenthesis 

refers to the isolated yield. 

(Table III, entry 2). In contrast, the reaction of (R)-7c using [R)-I 
("mismatched'' catalytic system) affords the diastereomeric 
mixture (syn/anti = 1/1) in low yield (33%) (entry 3). Fur
thermore, these results clearly show that the alkoxy group acts 
as a controlling element not only for stereo- but also for regio-
COnUoI." 

In summary, we have demonstrated that the chiral titanium 
complex catalyzed glyoxylate-ene reactions involving prochiral 
and chiral ene components provide remarkably high levels of 
remote asymmetric induction through asymmetric desymmetri-
zation and chiral recognition during the C - C bond formations. 
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(17) This number is obtained from the following equation: In [(I - c)(l 
- e e ^ J l / l n [(I - e)(l + ee 

PMN )]. c - ee rccov / ( e e ^ + e e ^ ) , 0 < c, ee < 

1 where c is the fraction of consumption of racemate. Martin, V. S.; Woodard, 
S. S.; Katsuki, T.; Yamada, Y.; Ikeda, M.; Sharpless, K. B. J. Am. Chem. 
Soc. 1981, 103, 6237. See also: Wang, Y.-F.; Chen, C-S.; Girdaukas, G.; 
Sih, C. J. J. Am. Chem. Soc. 1984, 106, 3695. 

(18) It is rather surprising that only one regioisomer was obtained, in sharp 
contrast to the low-to-moderate level of regioselectivity in the competitive case 
of methyl vs methylene or methine hydrogen shift.* For the controlling effect 
of alkoxy groups of (homo)allylic ethers in the regio- and stereochemistries 
of carbonyl-ene reactions, see: Mikami, K.; Shimizu, M.; Nakai, T. J. Org. 
Chem. 1991, 56, 2952. 
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Despite the bewildering array of tertiary structures exhibited 
by polypeptide chains (i.e., proteins), it is remarkable that only 
two types of ordered secondary structures are observed: helices 
and sheets. An important early advance in protein chemistry was 
the successful prediction of these structural elements.' We have 
attempted to analyze the secondary and tertiary structure of 
polypeptide chains of building blocks not based on amino acids, 
but on derivatives of amino acids. The preparation of such 
materials is hoped to yield new classes of protein-like substances 

' Harvard University. 
•Cornell University. 
(1) (a) Pauling, L.; Corey, R. B. Proc. Nail. Acad. Sci. U.S.A. 1951,37, 

205-211. (b) Pauling, L.; Corey, R. B. Proc. Nail. Acad. Sci. U.S.A. 1951, 
37. 729-740. 
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Figure 1. Comparison of polypeptides and vinylogous polypeptides. 
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Figure 2. Vinylogous polypeptides can adopt artiparallel sheet secondary 
structure. 
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Figure 3. Vinylogous polypeptides can adopt parallel sheet secondary 
structure. 

with alternative backbones. The initial system we chose to study 
consists of repeating units of extended amino acids that have an 
(£)-ethenyl unit inserted between the carbonyl carbon and C a 
(vinylogous amino acids, I 2) . We now report the synthesis3 and 
conformational analysis of vinylogous polypeptides 2 and the 
observation of their novel secondary structures by a combination 

(2) Note that vinylogous polypeptides do not contain peptide isosteres (ref 
2a); they have hydrogen-bonding donor and acceptor groups spaced in a way 
that is distinct from polypeptides or polypeptides that contain isosteric re
placement of the peptide moiety. Vinylogous polypeptides are conceptually 
related to hexose-DNA (ref 2b)| in that a systematic structural alteration has 
been provided to the repeating unit, (a) Goodman, M.; Chorev, M. Ace. 
Chem. Res. 1979,12, 1-7. (b) Eschenmoser, A. Nachr. Chem., Tech. Lab. 
1991, 39 (7/8), 795. 

(3) /V-Boc amino acids were converted to their aldehydes via their Weinreb 
methoxamides (ref 3a-c) (HN(Me)OMe, DCC, CH2Cl2, 78-99%; LiAIH4, 
THF, 84-94%). Homologations were performed with Ph3P=CHCO2Me 
(CH2Cl2, 69-89% from Weinreb methoxamide) or Ph3P=CMeCO2Et 
(CH2CI2, 86-92% from Weinreb methoxamide). Amide couplings were 
achieved by treatment of amine (TFA, CH2Cl2 or 3 N HCI, MeOH) and 
carboxylic acid (LiOH, MeOH:H20 ' 3 : 1 ) components (1:1) with either 
DCC (1.05 equiv)/HOBT (1.05 equiv) or BOP (1.20 equiv) in CH2Cl2 
(58-92%). (a) Nahm, S.; Weinreb, S. M. Tetrahedron Lett. 1981, 22, 
3815-3818. (b) Fehrentz, J.; Castro, B. Synthesis 1983,676-678. (c) Lubell, 
W. D.; Rapoport, H. J. Am. Chem. Soc. 1987. 109, 236-239. 
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