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proaches are strategically quite different from the existing ones 
and are very direct. The synthesis of (±)-lycopodine from 2b is 
shown in Scheme I. Hydroxy ketone 2b was treated with bo-
rane-THF followed by oxidative workup to provide a diol which 
was then monobenzenesulfonated (PhSO2Cl, pyr) and brominated 
with phosphorus tribromide to afford 7. Bromo ketone 7 can be 
transformed into lycopodine by two different pathways. In the 
first sequence 3-amino-l-propanol was added via the bridgehead 
olefin to produce amino ketone 9 in one step in quantitative yield. 
This compound was identical with that synthesized by Heathcock 
and was converted into (i)-lycopodine in two steps using 
Heathcock's procedures.13 In the second route 4-methyl-3-pen-
ten-1 -amine trapped the bridgehead carbocation generated by the 
reaction of 7 with silver triflate. The yield in this step was highly 
dependent on the reaction conditions. If the amine was added 
2 min after the silver triflate, then product 8 was coproduced with 
ketone 11. The ratio of 8 to 11 was approximately 3:1. Ketone 
11, formed by the intramolecular trapping of the bridgehead 
carbocation, was independently synthesized from 2b. However, 
if the amine was added only 30 s after the silver triflate was added, 
the ratio increased to 10:1. When 3-(benzyloxy)propan-l-amine 
(5 equiv) was added immediately after the silver triflate, the yield 
of 10 was 96% with only a trace of 11 as evidenced by capillary 
GC. Ether 10 was cleaved to afford 9 using catalytic hydro-
genation. 

The total synthesis of (±)-lycopodine was effected in nine steps 
and in 25% yield from 3b. This represents the first use of 
bridgehead olefins in natural products synthesis and only the 
second use of a bridgehead carbocation strategy.14 Their use 
makes available new pathways by which bridged systems may be 
constructed. 

(10) Heathcock, C. H.; Kleinman, E.; Binkley, E. S. J. Am. Chem. Soc. 
1982, 104, 1054 and references therein. 

(11) Wenkert, E.; Broka, C. A. J. Chem. Soc., Chem. Commun. 1984, 714. 
(12) Schumann, D.; Muller, H.-J.; Naumann, A. Liebigs Ann. Chem. 

1982, 1700. 
(13) Amino ketone 9 was identical by proton NMR, IR, UV, and mp with 

the Heathcock compound. Our racemic lycopodine had a 13C NMR identical 
with the reported one (see ref 11). All compounds had proton NMR, IR, and 
an exact mass/analysis in accord with the assigned structure. 

(14) The second Heathcock synthesis in ref 10 also makes clever use of a 
bridgehead carbocation intermediate. 
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Many novel, biologically active peptide-based structures that 
incorporate TV-alkylamino acid (imino acid) residues are known,1"3 

and the use of such residues to alter or enhance activity has become 
a standard modification for the peptide chemist. Nevertheless, 
no wholly satisfactory method for creating a peptide bond with 
/V-alkylamino acids has been reported to date. In connection with 
ongoing work aimed at the synthesis of cyclosporin A, a novel 
immunosuppressive, cyclic undecapeptide that contains seven 
/^-methylated residues,4 we have sought a convenient and high-
yield method for such couplings. We herein report that the title 

(1) Zimmerman, D. M.; Gesellchen, P. D. Annu. Rep. Med. Chem. 1982, 
17, 21-30. 

(2) Olsen, R. K.; Dhaon, M. K. In "Peptides: Synthesis-Structure-
Function"; Rich, D. H., Gross, E, Eds.; Pierce Chemical Co.: Rockford, IL, 
1981; pp 41-44. 

(3) Lackner, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 375-386. 
(4) Borel, J. F. In "Cyclosporin A"; White, D. J. G., Ed.; Elsevier 

Biomedical: Amsterdam, 1982; pp 5-17. 

compound (1), previously reported as a reagent for the synthesis 
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of carboxylic acid esters and derivatives,5'6 anilamides,5 /3-lactams,7 

and, in one case, peptide cyclization,8 provides a simple and re
markably efficient method for TV-alkyl peptide bond formation, 
with a minimum of racemization. 

Previous methods for couplings of iV-alkylamino acids have, 
in general, suffered from low or erratic yields and high levels of 
racemization at the a-carbon of the carboxyl component.9"1' A 
notable exception is Wenger's pivaloyl chloride-mixed carbonic 
anhydride method.12 However, this technique, although chem
ically efficient, requires low reaction temperatures (-20 to -25 
0C) and often lengthy reaction times as well as process devel
opment for each coupling to minimize racemization. Use of 1, 
in contrast, allows reactions at easily obtained temperatures (0-5 
0C) and in the case of dipeptides is generally complete in 4-20 
h. 

As a model system, the coupling of BocMeLeu13 with Me-
Leu-OBzl was carried out under several sets of conditions, varying 
reaction temperatures and bases. It was found that, of the bases 
used(7V-methylpiperidine, TV-methylmorpholine, triethylamine, and 
diisopropylethylamine), the latter two, used in the 0-5 0C range, 
provided the highest optical activity in the product dipeptide. Thus, 
the addition of triethylamine (2.2 equiv) and 1 (1.1 equiv) to a 
cold solution of the protected iV-methyl amino acids (1:1) in 
CH2Cl2, and overnight reaction followed by acid-base workup and 
silica gel chromatography, yielded 84% of 2, [a]D -107.3° (c 1.0, 
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CHCl3).
14 In order to examine the optical purity of this product, 

Boc-D-MeLeu-MeLeu-OBzl (3) was synthesized by the same 
method (4 h, 91%; [a]D + 45.2° (c 1.0, CHCl3)). The dipeptides 
were hydrogenated (H2, Pd/C, 95% EtOH, overnight), and the 

(5) Diago-Meseguer, J.; Palomo-Coll, A. L.; Fernandez-Lizarbe, J. R.; 
Zugaza-Bilbao, A. Synthesis 1980, 547-551. 

(6) Ballester-Rodes, M.; Palomo-Coll, A. L. Synth. Commun. 1984, 14, 
515-520 and reference therein. 

(7) Shridhar, D. R.; Ram, B.; Narayana, V. L. Synthesis 1982, 63-65. 
(8) Mauger, A. B.; Stuart, O. A. In "Peptides: Structure and Function"; 

Hruby, V. J., Rich, D. H„ Eds.; Pierce Chemical Co.: Rockford, IL, 1983; 
pp 789-792. 

(9) McDermott, J. R.; Benointon, N. L. Can. J. Chem. 1973, 51, 
2562-2570. 

(10) Shin, M.; Inouye, K.; Otsuka, H. Bull. Chem. Soc. Jpn. 1978, 51, 
1501-1506. 

(11) Davies, J. S.; Mohammed, K. / . Chem. Soc, Perkin Trans. 1 1981, 
2982-2990. 

(12) Wenger, R. M. HeIv. Chim. Acta 1983, 66, 2672-2702. 
(13) Abbreviations used follow IUPAC-INB tentative rules as described 

in: J. Biol. Chem. 1972, 247, 977-983. Additional abbreviations used: Fmoc, 
[(9-fluorenylmethyl)oxy]carbonyl; Aib, a-aminoisobutyric acid; BOP, ben-
zotriazolyloxytris(dimethylamino)phosphoniumhexafluorophosphate: DPPA, 
diphenylphosphoryl azide; DCC, dicyclohexylcarbodiimide; HOBt, 1-
hydroxybenzotriazole; HOSu, 7V-hydroxysuccinimide; DMAP, 4-(dimethyl-
amino)pyridine; EEDQ, ./V-(ethoxycarbonyl)-2-ethoxy-l,2-dihydroquinoline; 
Pfp, pentafluorophenyl. 

(14) All products were satisfactorily characterized by 1H NMR and TLC 
in two solvent systems and gave correct combustion analyses. 
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crude products were compared by HPLC. Under conditions that 
allowed complete resolution of the diastereomers,15 essentially no 
racemization (<0.2%) was observed in either case. 

Synthesis of a series of bis-Ar-methylated dipeptides by the above 
method indicated that steric hindrance in the carboxyl component 
plays a larger role than that in the nucleophile in determining 
yields. Compound 4, in which branching of both the imino acid 
side chain and of the N-protecting group hinder access of the 
nucleophile to the initially formed anhydride 9, is formed only 
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with difficulty (4 days, 36%). Reversal of the imino acids side 
chains, however, allowed facile synthesis of 5 (4 h, 80%). The 
effect of the N-protecting group is demonstrated by compounds 
6 and 7, where replacing the tert-butyl carbamate of 6 with the 
flatter and less hindered Fmoc13,16 group resulted in a shorter 
reaction time and a higher yield (16 h, 66%, vs. 5 days, 32%). 
The main byproduct of the reactions leading to 4 and 6 has been 
identified as the symmetrical anhydride (BoC-MeVaI)2O resulting 
from disproportionation of 9.17~19 We have found that, in these 
highly hindered systems, the symmetrical anhydride is unreactive 
toward the amine and represents a dead-end product.20 

The utility of 1 as a coupling reagent appears to be quite general 
and not limited to TV-methyl amino acids. Thus, condensation 
of /V-Et-AIa-OBzI with Fmoc-Phe proceeded smoothly to yield 
8 (overnight, 81%). Preliminary work in this laboratory has 
indicated that 1 may also be advantageously applied to the syn
thesis of larger N-alkylated peptides, as well as solution and 
solid-phase synthesis of non-N-alkylated peptides.21 The only 
limitation we have encountered to date was in an attempted 
coupling of Boc-Aib13 with Aib-OBzl, where only a small amount 
of product was formed. Presumably, the low yield was due to the 
"gem-dimethyl" effect22 promoting intramolecular cyclization to 
the 5-oxo-A2-oxazolinium cation 10 and subsequent decompo-
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sition,9'23 since the starting acid was quantitatively consumed. In 
spite of this apparent24 limitation, when compared with a wide 
range of other reagents, including several phosphorus-based 
compounds (BOP,13-25 DPPA,26 diphenylphosphoryl chloride27) 
which have been previously used for amide bond formation, 
compound 1 has proven to be the most useful in terms of yield, 

(15) iuBondapak C-18 column; isocratic 48% aqueous CH3CN/0.1% TFA; 
2.025 mL/min with detection at 214 nm. 

(16) Carpino, L. A.; Han, C. Y. J. Am. Chem. Soc. 1970, 92, 5748-5749; 
J. Org. Chem. 1972, 37, 3404-3409. 

(17) Arrieta, A.; Garcia, T.; Lago, J. M.; Palomo, C. Synthetic Commun. 
1983, 13, 471-487. 

(18) Ramage, R.; Atrash, B.; Parrott, M. J. ACS Symp. Ser. 1981,171, 
199-204. 

(19) Identified by TLC (3:1 Skellysolve B/acetone) comparison with au
thentic (BOcMeVaI)2O (1 equiv BocVal, 0.5 eq of DCC, CH2Cl2, 0 °C-room 
temperature, 2 h). 

(20) Tung, R. D.; Rich, D. H., unpublished observations. 
(21) Benz, G.; Tung, R. D.; Rich, D. H., unpublished observations. 
(22) Hiu, E. A. J. Org. Chem. 1981, 46, 1177-1182 and references therein. 
(23) Boyd, G. V.; Wright, P. H. / . Chem. Soc, Perkin Trans. 1 1972, 

914-918. 
(24) No attempt was made to optimize the reaction. 
(25) Castro, B.; Dormoy, J. R.; Evin, G.; Selve, C. Tetrahedron Lett. 1975, 

1219-1222. 
(26) Shiori, T.; Ninomiya, K.; Yamada, S. / . Am. Chem. Soc. 1972, 94, 

6203-6205. 
(27) Cosmatos, A.; Photaki, I.; Zovas, L. Chem. Ber. 1961, 2644-2655. 

racemization levels, and convenience.28 Further studies extending 
the applications of 1 toward solution and solid-phase syntheses 
of cyclosporin A and other hindered peptide systems are under 
way. 
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(28) Other coupling systems that we have examined include DCC/HOBt, 
DCC/HOSu, morpholinoethyl isocyanate with HOSu and HOBt/DMAP, 
EEDQ, Pfp esters, symmetrical anhydrides, and chlorosulfonyl isocyanate.13 

Reagents that have been found by other groups to be unsatisfactory due to 
low yields or high racemizaation include /V-carboxy anhydrides (Cheung, S. 
T.; Benoiton, N. L. Can. J. Chem. 1977, 55, 911-915), p-nitrophenyl esters 
(McDermott, J. R.; Benoiton, N. L. Can. J. Chem. 1977, 55, 2562-2570), 
isobutyl chloroformate, propylphosphonic anhydride, and /V-isobutoxy-
carbonyl)-2-isobutoxy-l,2-dihydroquinoline.12 
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The mechanisms by which the cytochrome P-450 mono-
oxygenase enzymes effect hydrocarbon oxygenation has inspired 
many studies of model metallaporphyrin catalysts.1"3 The 
rate-limiting step for most of these oxygenations occurs prior to 
oxygen atom transfer from the active oxidant, a high-valent 
iron-oxo-heme complex, to the substrate so that kinetic studies 
of this most interesting but mysterious reaction have not been 
feasible. Only in the case of the manganese porphyrin catalyzed 
olefin epoxidation by hypochlorite (OCl-) under phase-transfer 
conditions4 has it been possible to obtain kinetic data for oxygen 
atom transfer from the metal to the olefin. Those kinetic studies 
revealed the presence of a reversibly formed intermediate which 
is in equilibrium with free substrate and a highly oxidized form 
of the catalyst.5 By observing the kinetic behavior of different 
manganese porphyrin catalysts with a range of olefins, both in
dividually and in direct competition, we obtained kinetic data 
which revealed that the equilibrium binding of the olefin to the 
oxidized porphyrin is sensitive to steric effects on both the por
phyrin and the olefin but is little influenced by the electronic 
properties of the substrate.6 Furthermore, the stereochemistry 
of the olefin and the epoxide are retained throughout most of these 
reactions. These results led us to speculate that the intermediate 
is a metallaoxetane rather than a charge-transfer complex. We 
now extend these studies to the more biologically relevant iron 
porphyrin catalyzed epoxidation reactions using a different oxygen 
atom transfer reagent. 

Our present work was inspired by a report that pentafluoro-
iodosylbenzene (F5PhIO) epoxidizes norbornene in the presence 
of iron(III) tetrakis(2,6-dichlorophenyl)porphrin chloride (Fe-
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Chem. Soc. 1982, 104, 6123-6125. 
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(4) Meunier, B.; Guilmet, E.; De Carvallo, M. E.; Poilbanc, R. J. Am. 
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