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mitomycin was identical with an authentic sample in TLC behavior 
and spectroscopic properties.16 Equilibration of synthetic 4 
(Al(O-i-Pr)3, MeOH, room temperature, 2 days) furnished mi- 
tomycin A (2) in 91% yield, which was subsequently converted 
to mitomycin C (1) by ammonolysis in Me0H.l'  
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is known to produce mitomycins.6 They also found an astonishing 
fact that 2, 3, and 4 form an equilibrium mixture in which mi- 
tomycin A (2) is the heavily favored isomer.' These exciting 
findings suggest that isomitomycin A (4) is a synthetic equivalent 
of mitomycin C (1). In this communication we report a highly 
efficient total synthesis of racemic isomitomycin A (4), which paves 
the way for a practical synthesis of mitomycins. 

Treatment of a mixture of the readily available chalcone 5i8 and 
the furan 69 in CH,Cl, with 0.1 equiv of SnCI, at -78 OC gave, 
upon acidic workup, the adduct 7 in 98% yieldlo (Scheme I). The 
azido butenolide 7 underwent facile intramolecular azide-olefin 
cycloaddition" to give exclusively the tetracyclic aziridine 8 
(toluene, 110 OC, 2 h, 93%). The stereochemistry of the side chain 
of 8 was confirmed by extensive NOE studies. Aminolysis of the 
strained lactone 8 with 1.6 equiv of 3-(3,4-dimethoxybenzyl- 
oxy)propylamine (9)12 furnished directly the hydroxy lactam 10 
(CH,CI,, 40 OC, 1 h, 87%), whose hydroxy group was subsequently 
methylated to give the ether 11 (MeI, t-BuOKlt-BuOH, THF, 
room temperature, 79%). Manipulation of the side chain was 
performed in the following manner. The ketone 11 was converted 
to the olefin 12 in 77% yield in a three-step sequence ( ( 1 )  NaBH,, 
MeOH, room temperature; (2) SOCI,, 2,6-lutidine, CH,CI,, room 
temperature; (3) LiBr, DBU, DMSO, 80 "C). Ozonolysis of the 
olefin 12 (MeOH, -78 "C) and subsequent reduction with NaBH, 
afforded the alcohol 13. The alcohol 13 was converted to the 
carbamate 14 in the conventional manner ((1) ClCO,Ph, pyridine, 
room temperature; (2) NH,, MeOH, room temperature, 80%). 
Since our model studies had revealed unusual instability of the 
isomitomycin A system under acidic conditions, it was necessary 
to deprotect the veratryl ether 14 at  this stage under mild con- 
ditions to give the alcohol 15 (DDQ, HzO, CH,Cl,, room tem- 
perature, 97%).13 Reduction of the lactam 15 to the amine 17 
was achieved in 68% yield via oxazine 16 through a one-pot, 
two-stage sequence (( 1 )  DIBAL, THF, room temperature; (2) 
NaBH,CN, MeOH, THF, room temperature). Hydrogenolysis 
of the phenolic benzyl ether 17 (H, (1 atm), 10% Pd/C, EtOH, 
room temperature) followed by oxidation with DDQ (H,O, 
DMSO, acetone, -78 "C) furnished the desired p-quinone 18 in 
77% yield. Finally, deprotection of the propanol group was 
achieved in the following manner. Swern oxidation14 of the alcohol 
18 gave the aldehyde 19 in 90% yield. The aldehyde 19 underwent 
the retro-Michael reaction upon treatment with pyrrolidine ( 5  
equiv) and acetic acid (10 equiv) in CH2C12 at room temperature, 
giving isomitomycin A (4) in 70% yield.ls The synthetic iso- 

(6) (a) Kono, M.; Saitoh, Y.; Shirahata, K.; Arai, Y.; Ishii, S.; Morimoto, 
M.; Ashizawa, T.  Presented at the 27th Symposium on the Chemistry of 
Natural Products, Hiroshima, Japan, October 1985, Abstracts, pp 672-679. 
(b) Kono, M.; Saitoh, Y.; Shirahata, K.; Arai, Y.; Ishii, S. J .  Am. Chem. SOC. 
1987, 109, 7224. 

(7) This reaction was named as "Mitomycin Rearrangement". 
(8) Fukuyama, T.; Yang, L.-H. Tetrahedron Lett. 1986, 27, 6299. This 

compound can now be synthesized from commercially available 2,6-dimeth- 
oxytoluene in 64% overall yield. 

(9) Prepared from readily available 5-ethylthiobutenolide in 77% yield 
(Me3SiC1, Et3N, ZnCI2, acetonitrile, room temperature). 

(10) Although we do not have a direct evidence, this unusually high ste- 
reoselectivity might be attributable to the Lewis acid-promoted Diels-Alder 
reaction through endo addition. 

(11) Smith, P. A. S.; Chou, S.-S. P. J .  Org. Chem. 1981, 46, 3970. 
(12) Prepared from 3,4-dimethoxybenzyl alcohol in two steps ((1) acryl- 

onitrile, Triton B, room temperature; (2) H2 (1000 psi), Ra-Ni (W-2), NH3, 
EtOH. RO 'C. 8181. - -  - 2  ~~ I 

(13) Oikawa, Y.; Tanaka, T.; Horita, K.; Yoshioka, T.; Yonemitsu, 0. 

(14) Mancuso, A. J.; Huang, S.-L.; Swern, D. J .  Org. Chem. 1978, 43, 
Tetrahedron Lett. 1984, 25, 5393. 
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(15) Isomitomycin A could not survive under deprotection conditions of 
other existing amine protecting groups. 

(16) We are indebted to Drs. T. Hirata and K. Shirahata, Kyowa Hakko 
Kogyo Co., Ltd., Tokyo, for a sample of authentic isomitomycin A. 

(17) Webb, J. S.;  Cosulich, D. B.; Mowat, J. H.; Patrick, J. B.; Broschard, 
R. W.; Meyer, W. E.; Williams, R. P.; Wolf, C. F.; Fulmor, W.; Pidachs, C.; 
Lancaster, J. E. J .  Am.  Chem. SOC. 1962, 84, 3185. 
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One of the most important steps in the successful synthesis of 
peptides using solid phase peptide synthesis (SPPS) is the at- 
tachment of the first amino acid to the solid support.] This is 
usually accomplished by using any number of spacer groups which 
have been developed recently for attaching amino acid derivatives 
to the solid support.2,12 Among the available spacer groups the 
benzyl ester linkage of Boc-amino acids is still the most widely 
used spacer.ls3 The disadvantage of this spacer is that removal 
of a peptide from this resin requires the use of liquid H F  or other 
strongly acidic media (e.g., HBr in trifluoroacetic acid), does not 
allow the removal of protected peptides, and frequently results 
in lower peptide  yield^.^ 

In this communication we describe novel chemistry leading to 
the synthesis of a new spacer for the attachment of amino acids 
to solid supports used in SPPS. We have extended the solution 
phase peptide methodology with cobalt(II1) protecting groupsb10 
to solid phase peptide methodology. The advantage of using this 
new spacer is the ready removal of the synthesized peptides, 
including protected peptides, under very mild conditions and in 
high yield. This new spacer is based on bis(ethy1enediamine)- 
cobalt(II1) c h e m i ~ t r y . ~ , ~  With use of the newly synthesized 

(1) (a) Merrifield, R. B. J .  Am.  Chem. SOC. 1963, 85, 2149-2154. (b) 
Merrifield, R. B.; Kent, S. B. H.; Tam, J. P.; Tjoeng, F. S.; Sarin, V.; Mojsov, 
S.; Riemen, M. W.; Wong, T. W.; Voss, C. Proceedings of the 6th American 
Peptide Symposium 1979; p 29. 

(2) Barany, G.; Merrifield, R. B. In The Peptides; Gross, E., Meienhofer, 
J., Eds.; Academic Press: NY, Vol. 2, pp 1-284. 

(3) Stewart, J. M.; Young, J. D. Solid Phase Peptide Synthesis, 2nd ed.; 
Pierce Chemical Co.: 1984. 

(4) Bailar, J.  C., Jr.; Clapp, L. B. J .  Am.  Chem. SOC. 1945, 67, 171. 
(5) (a) Collman, J. P.; Buckingham, D. A. J .  Am.  Chem. SOC. 1963, 85, 

3039. (b) Alexander, M. D.; Busch, D. H. Inorg. Chem. 1966, 5, 602. 
(6) Similar pentaammine cobalt(II1) complexes were used in our labora- 

tory as C-terminal protecting groups for the synthesis of peptides in solu- 
tion.7-'0 

(7) Isied, S. S.; Kuehn, C. G. J .  Am.  Chem. Soc. 1978, 100, 6752. 
(8) Isied, S. S.; Lyon, J.; Vassilian, A. J .  Am.  Chem. Soc. 1982, 104, 

(9) Isied, S. S.; Vassilian, A,; Lyon, J. Int. J .  Peptide Protein Res. 1982, 
3910-3916. 

19, 354-360. 
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Scheme I .  Immobilization of Cobalt(II1) Complexes on Polystyrene 
Resins 

J .  Am. Chem. SOC., Vol, 109, No. 25, 1987 7883 

'."* ! 

i 

i 

cobalt(II1) anchored amino acid resin to be described here, 
stepwise peptide synthesis can be carried out with the same 
reagents and techniques used in conventional SPPS.] 

Scheme I outlines the steps involved in the successful, quan- 
titatiue immobilization of cobalt(II1) on a polystyrene resin. The 
scheme to be described was developed after a variety of other 
unsuccessful approaches were attempted. These earlier unsuc- 
cessful approaches had in common carrying out reactions on 
cobalt(II1) centers already immobilized on the resin. In contrast, 
in the successful strategy all the cobalt(II1) reactions prior to the 
final resin attachment step were carried out in solution. This 
enabled us to characterize and purify all the cobalt(II1) inter- 
mediates in solution prior to the immobilization step. 

Starting with [(en),CoC12]C1 (Scheme I), where en = NH,C- 
H2CH2NH2, substitution of 4-(aminomethy1)benzoic acid 
(4AMB) for one chloride is carried out in aqueous organic base. 
Aquation of the second chloride results in the formation of IV. 
Compound IV undergoes a general reaction with any activated 
Boc-amino acid active ester to produce V. Compound V is then 
activated at  the carboxylic acid end to produce the active ester 
VI. In the final step compound VI can be added directly to 
(aminomethy1)polystyrene" to produce VII, a polystyrene resin 
with a cobalt(II1) complex attached to the first amino acid of the 
peptide to be synthesized. 

The coupling of the cobalt complex VI to (aminomethyl)- 
polystyrene in step 5 proceeded quantitatively as evidenced by 

(10) Isied, S. S.; Lyon, J.; Vassilian, A.; Worosila, G. J .  Liq. Chromatogr. 

(11) Mitchell, A. R.; Kent, S. B. H.; Erickson, B. W.; Merrifield, R.  B. 
1982, 5, 537-47. 

Tetrahedron Lett. 1916, 42, 3795. 
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Boc-Tyr41y-Gly-Phe-Leu-Co(er)z-4MAB@ * Boc-Tyr-Gly-Gly.Phe-Leu 

Table I. Amino Acid Analysis of Intermediate Resin Peptides from 
the Leu-Enkephalin Synthesis 

peptides ratio of amino acids 

Leu-Phe 1.00:0.97 
Leu-Phe-Gly 1.00:0.98: 1.05 
Leu-Phe-GI y-GI y 1.00:1.08:2.15 
Leu-Phe-Gly-Gly-Tyr 1 .OO: 1.02:2.04:1.23' 

Reference 13. 

amino acid analysis of the bound leucine. In the present work, 
the cobalt-leucine complex was used; however, cobalt complexes 
of a variety of other Boc-amino acids have been reported in earlier 
 publication^.^^^ 

In this communication we have used the cobalt(II1) resin for 
the synthesis of the pentapeptide Leu-enkephalin. Starting with 
the cobalt resin VI1 (0.37 mmol Leu/g resin), stepwise peptide 
synthesis was carried out by using standard procedures for solid 
phase synthesis3 (Scheme 11). During this synthesis all the 
intermediate peptides on the cobalt resin were subjected to amino 
acid analysis (Table I). In some cases the protected peptide 
intermediates also were removed from the resin by treatment with 
mercaptoethanol in DMF (1M) for several minutes and then 
separately analyzed for their amino acid content. At the end of 
the synthesis the resulting protected pentapeptide was removed 
from the resin by treatment of the resin with mercaptoethanol 
in DMF (1M) and was purified by gel filtration and RP-HPLC. 
The peptide was then deprotected (with use of CF,COOH/ 
CH2Cl2) and analyzed by RP-HPLC and amino acid ana1y~is.I~ 
The retention time of the synthesized peptide was also compared 
to that of an authentic sample. 

Experiments to determine the stability of the cobalt peptide 
linkage on the resin have shown that this linkage is extremely 
stable. When the cobalt resin VI1 was left in contact with 50% 
CF3COOH/CH2Cl2 for 72 h, only 3.1% of the bound leucine was 
removed. 

In summary, the cobalt(II1) spacer on (aminomethy1)poly- 
styrene described here offers all the advantages of solid phase 
peptide synthesis, combined with ease of removal of the synthesized 
peptide. The benefit of a cobalt(II1) spacer over all the commonly 
used organic spacers is that it also allows the removal of protected 
peptides from the resin, which can then be used for the synthesis 
of very large peptides by the technique of fragment condensation. 

(12) Nakagawa, S. H.; Lau, H.; Kezdy, F.; Kaiser, E. J .  Am. Chem. SOC. 
1985, 7087-7092. 

(13) For the last coupling with Boc-Tyr, amino acid analysis of the pro- 
tected pentapeptide resin showed high Tyr content. This high result was 
attributed to a highly hydrophobic derivative of Tyr which is interacting with 
the polystyrene resin. These coupled tyrosine side products have been reported 
in peptide syntheses involving hydroxyamino acids (Ser, Thr, Tyr) with 
minimal protection: The Peptides; Gross, E., Meinenhofer, J., Ed.: Academic 
Press: 1981; pp 189-191. 

(14) The reaction of 2-mercaptoethanol with the cobalt spacer is expected 
to be quantitative; however, the cleavage of Boc-Leu-enkephalin from the resin 
with use of 2-mercaptoethanol in DMF resulted in the isolation of only 73% 
of crude protected peptide and 51% isolated pure protected peptide. Higher 
yields of the peptide were obtained when more elaborate methods for ex- 
traction of the peptide from the resin were used (ref 3 ) .  
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Photoreduction of C 0 2  and its aqueous forms to organic 
products is a challenging subject as a means of mimicking pho- 
tosynthesis and solar energy conversion and storage.lI2 Photo- 
reduction of CO, to formate has been reported with use of ho- 
mogeneous  catalyst^,^ semiconductor powders4 or  electrode^,^ and 
the enzyme formate dehydrogenase.6 Recently, we were able to 
photoreduce CO, to methane,' although in low yields. Electro- 
catalyzed reductions of C 0 2  have been extensively s t ~ d i e d , ~ , ~  but 
these do not occur at the thermodynamic potential for formate 
formation. Wrighton et al. have examinedI0 the reduction of 
HCO< to formate by hydrogen and the electroreduction of HC03-, 
in the presence of various supported palladium catalysts, in which 
effective formate production has been accomplished at  room 
temperature close to the thermodynamic potential. Interestingly, 
the photosensitized reduction of C02/HC03-  using Pd-based 
heterogeneous catalysts has not been reported. Here we wish to 
report on the design of a novel heterogeneous Pd colloid stabilized 
by P-cyclodextrin (p-CD)l' and its application in the effective 
reduction of C 0 2 / H C 0 3 -  to formate. High quantum yields, 4 
= 1.1 are reported for formate production. We find that the p-CD 
support strongly affects the catalyst activity. 

(1) (a) Inoue, S.; Yamazaki, N. Organic and Bio-organic Chemistry of 
Carbon Dioxide; Kodansha Ltd.: Tokyo, Wiley: New York, 1982. (b) 
Ziessel, R. NOW. J .  Chim. 1983, 7 ,  613. 

(2) (a) Keene, F. R.; Creutz, C.; Sutin, N. Coord. Chem. Rev. 1985, 64, 
247. (b) Hawecker, J.; Lehn, J.-M.; Ziessel, R. J .  Chem. Soc., Chem. Com- 
mun. 1985, 56. (c) Hawecker, J.; Lehn, J.-M.; Ziessel, R. J .  Chem. SOC., 
Chem. Commun. 1983,536. (d) Kitamura, N.; Tazuke, S. Chem. Left.  1983, 
1109. 

(3 )  Ziessel, R.; Hawecker, J.; Lehn, J.-M. Helu. Chim. Acta 1986, 69, 
1065. 

(4) (a) Aurian-Blanjeni, B.; Halmann, M.; Manassen, J. Sol. Energy 1980, 
25, 165. (b) Halmann, M. Nature (London) 1978, 275, 115. 

(5) Bradley, M. G.; Tysak, T.; Graves, D. J.; Vlachopoulos, N. A. J .  Chem. 
Soc., Chem. Commun. 1983, 349. 

(6) Parkinson, B. A,; Weaver, P. F. Nature (London) 1984, 148. 
(7) Maidan, R.; Willner, I. J .  Am. Chem. Soc. 1986, 108, 8100. 
(8) (a) Russell, P. G.; Kovac, N.; Srinivasan, S.; Steinberg, M. J .  Elec- 

trochem. SOC. 1977, 124, 1329. (b) Amatore, C.; Saveant, J.-M. J .  Am. 
Chem. SOC. 1981, 103, 5021. (c) Kaiser, V.; Heitz, E. Ber. Bunsen. Gesell. 
1973, 77, 818. 

(9) (a) Tezuka, M.; Yajima, T.; Tsuchiya, A. J .  Am. Chem. SOC. 1982, 
104,6834. (b) Slater, S.; Wagenknecht, J. H .  J .  Am. Chem. SOC. 1984, 106, 
5367. (c) Hawecker, J.; Lehn, J.-M.; Ziessel, R. J .  Chem. Soc., Chem. 
Commun. 1984, 328. 

(10) (a) Stalder, C. J.; Chao, S.; Summers, D. P.; Wrighton, M. S. J .  Am. 
Chem. SOC. 1983, 105, 6318. (b) Chao, S.; Stalder, C. J.; Summers, D. P.; 
Wrighton, M. S. J .  Am. Chem. SOC. 1984, 106, 2723. 

(1 1) The colloid of Pd stabilized by j3-CD was prepared by heating a 1.5 
X M PdCI4'- solution that included j3-CD (1% w/w) at 70 OC for several 
minutes till the color changed. Heating was continued another 2-3 min. The 
colloid was then deionized (with Amberlite MB-1) and centrifugated (5000 
rpm, 30 min). The mean particle diameter of the colloid was estimated to 
be 150 8, by electron microscopy measurements. Preparation of metal colloids 
stabilized by cyclodextrins has been previously reported. Cf. Komiyama M.; 
Hirai, H .  Bull. Chem. SOC. Jpn. 1983, 56, 2833. 
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Photoreduction of N,N'-dimethyL4,4'-bipyridinium salt, methyl 
viologen, MV2+, with various sensitizers and sacrificial electron 
donors, has been extensively explored in recent years.I2J3 Krasna 
has foundI4 that deazariboflavin, dRFl ( l ) ,  acts as an effective 

CH2OH 

( C H O t i 1 3  
I 

I 
CH2 
I 

1 

photosensitizer for the reduction of M P .  For example, in the 
presence of oxalate as electron donor, MV" is photogenerated 
in quantum yields 4 > 1. Comparison of the reduction potential 
of MV" (Eo(MV2+/MV'+) = -0.45 V vs "El5) to the ther- 
modynamic potential for formate formation (E0(HCO3-/HCO2-) 
= -0.42 V vs NHE,16 at pH 7) suggests that the thermodynamic 
balance for the process outlined in eq 1 corresponds to AGO 5 
2 N  '+ + HC03- + 2H+ + 2MV2+ + HC0,- + H,O (1) 
0. ius, by the light-driven generation of MV" high concen- 
t s of formate could, in principle, be accumulated. Yet, this 

that include C02/HC03-  and photogenerated MV". 
md that Pd supported on p-CD acts as an effective catalyst 
photoreduction of C02/HC03-,  by MV". The system 
iposed of an aqueous sodium bicarbonate solution (3 mL), 

\ , that included deazariboflavin, dRFl (l), as photosensitizer, 
S r5 M, MV2+, 2 X M, as primary electron acceptor, 
ai. xalate as sacrificial electron donor, 0.06 M. Pd-P-CD colloid 
(30 mg.L-l) was added to the solution, and CO, was bubbled 
through the system (final pH 6.8). Illumination of the system 
( A  > 400 nm), at 30 OC, results in the formation of formate, 
HC02-, and trace amounts of hydrogen. Figure 1 shows the rate 
of HC0,- and H2 formation at  time intervals of illumination.'' 
The quantum yields correspond to @(HCO,-) = 1.1 and 4(H2) 
= 0.03. Control experiments reveal that in the absence of 
C02/HC03-  the major photoproduct is H2 (eq 2), 4 = 0.12, and 

I is kinetically unfavored, and no formate is formed in 

Pd-P-CD 
2MV'+ + 2H+ ---+ 2MV2+ + H,' 

only trace amounts of HC0,- are formed by in situ generation 
of CO, by the oxidation of oxalate (vide infra). Also, in the 
absence of the Pd-0-CD colloid no HC0,- or H, are produced, 
and MV" is the only photoproduct, $(MV'+) = 3.5. Illumination 
of an aqueous system that includes dRFl ( l ) ,  MV2+ as electron 
acceptor, oxalate as electron donor, and a Pt colloid stabilized 
by /3-CD results in the formation of H,, and no formate is formed. 
These results clearly indicate that formate is not formed by the 
sacrificial oxidation of oxalate and that Pd-0-CD is a specific 
catalyst for the photoreduction of C 0 2 / H C 0 3 -  to formate.I8 
Comparison of the amount of photogenerated formate to the 

(12) (a) Willner, I.; Ford, W. E.; Otvos, J .  W.; Calvin, M. In Bioelectro- 
chemistry; Keyzer, H., Gutmann, F., Eds.; Plenum Press: New York, 1980. 
(b) Moradpour, A,; Amouyal, E.; Keller, P.; Kagan, H. Nouu. J .  Chim. 1978, 
2, 547. (c) Kalyanasundaram, K.; Gratzel, M. Helu. Chim. Acta 1978, 61, 
2720. 

(13) (a) Amouyal, E.; Zidler, B.; Keller, P. Nouu. J .  Chim. 1983, 7 ,  725. 
(b) Kalyanasundaram, K. Coord. Chem. Reu. 1982, 46, 159. 

(14) Krasna, A. I. Photochem. Photobiol. 1980, 31, 75. 
(1 5) Ito, M.; Kuwana, T. J .  Electroanal. Chem. Interfac. Electrochem. 

1971, 32, 415. 
(16) Latimer, In The Oxidation States of the Elements and Their Po- 

tentials in Aqueous Solutions, 2nd ed.; Prentice Hall: New York, 1952. 
(17) Formate was analyzed by two complementary methods: ion chro- 

matography (Wescan ion exclusion column, 2 X N H2S0, as eluent) and 
by an enzymatic assay with use of formate dehydrogenase. 

(18) At pH 5 5 no formate is photogenerated, and the only photoproduct 
is H2. This suggests that HC03- is the substrate being reduced to formate 
rather than C02. In the specified systems, pH 6.8, C 0 2  is included to maintain 
constant pH and HC03- concentration. 
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