
dibenzoyl(0-sulfonic acid)desformylgramicidin [Rf 0.41 
(A); desformylgramicidin A 0.12 (A); gramicidin A 
0.41 (A)]. This product, when dissolved in a few drops 

of ethanol, is not precipitated by a large excess of 
water; such a solution is not degraded by pronase.61 

(51)  We are indebted to Dr. N. M. Green for this test. 
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Coupling of the octapeptide derivative Z-L- Val-Gly-L- 
Ala-D-Leu-L-Ala-D- Val-L- Val-D- Val-N3 with the hepta- 
peptide ethanolamide L-(H)Try-D-Leu-L-Try-D-Leu-L- 
Try-D-Leu-L-Try-NHCHzCHzOH or, more conveni- 
ently, of the pentapeptide Z-L-Val(or L-Ileu)-Gly-L- 
Ala-D-Leu-L-Ala-OH with the decapeptide ethanolamide 
D-( H) Val-L- Val+- Val-L-Try+- Leu- L-Try -D -Leu- L- Try - 
D-Leu-L-Try-NHCHzCHzOH gave the decapentapeptide 
ethanolamide R-L-Val(or L-Ileu)-Gly-L-Ala-D-Leu-L- 
Ala-D- Val-L- V a b  Val-L-Try-D-Leu-L-Try-D-Leu- L-Try - 
D-Leu-L-Try-NHCHzCH20H, having all the properties of 
N-carbobenzyloxydesformyl (R = Z) ,  desformyl- ( R  = 
H), and (R = CHO) valine- or isoleucine-gramicidin. 

The structures HCO-L-Val-Gly-L-Ala-D-Leu-L-Ala- 

Leu-L-Try-NHCHzCHzOH and HCO-L-Ileu-Gly- . . . 
were proposed for valine- and isoleucine-gramicidin A.2 
This paper describes the synthesis of these two formyl 
decapentapeptide ethanolamides and the comparison of 
their properties with those of the natural antibiotics. 

No particular difficulties were expected in the syn- 
thesis of these linear peptides since the building stones 
are neutral amino acids. However, the acid sensitivity 
of tryptophan put certain limitations on the procedures 
to be used. The decapentapeptide was to be con- 
structed from two moieties since the over-all yield in a 
stepwise synthesis of the entire decapentapeptide would 
be expected to fall off rapidly. There is always the 
danger of racemization in joining two peptides3 except 
when the azide method is employed. Therefore, the 
peptide moiety containing COOH-terminal glycine 
would be convenient for such a connection and would 
remove the issue of racemization. Unfortunately, this 
approach is not feasible because glycine happens to be 
the second amino acid in the sequence of gramicidin A. 

We planned on joining the octapeptide derivative 
Z-(or For-)L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D- 
Val-R (I) and the heptapeptide ethanolamide L-(H)Try- 
D-Leu-L-Try-D-Leu-L-Try-D-Leu-L-Try-AE (11) (Z = 
carbobenzyloxy, For = HCO, AE = NHCH2CH20H) 
either by the azide method or by coupling with dicyclo- 
hexylcarbodiimide in tetrahydrofuran at low tempera- 

D-Val-L-Val-D-Val-L-Try-D-Leu-L-Try-D-Leu-L-Try-D- 

( I )  Visiting Fellow, U. S. Public Health Service, 1962-1964. 
(2) R. Sarges and B. Witkop, J .  A m .  Chem. Soc., 87, 2011 (1965). 
(3) T. Wieland and H. Determann, Angew.  Chem., 75, 539 (1963). 

ture in the absence of salts.4 When the formyl pep- 
tides were found to have undesirable solubility prop- 
erties the carbobenzyloxy group was used throughout 
this work as the protecting group of choice. If suc- 
cessful, the coupling of I and I1 should lead to a carbo- 
benzyloxy decapentapeptide ethanolamide (III) ,  iden- 
tical with N-carbobenzyloxydesformylgramicidin A. 
Removal of the blocking group should then yield 
desformylgramicidin A whose reformylation to grarni- 
cidin A has been described previously.2 

The heptapeptide I1 was prepared by stepwise 
synthesis from the carboxyl end by the mixed anhydride 
method, which is fast, convenient, and, when used 
properly, minimizes the danger of racemizations5 The 
hydroxyl group of ethanolamine was not protected. 
The octapeptide derivative Z-L-Val- . . D-Val-OMe 
(Ia) was prepared in an analogous manner. Unfor- 
tunately saponification of this ester to the required 
fragment I was impossible. The ester was always 
recovered unchanged after treatment with base. The 
ester Ia was therefore converted to the hydrazide and 
coupled, via the azide, with the heptapeptide ethanol- 
amide I1 to a product with the properties of N-carbo- 
benzyloxydesformylgramicidin A where a new dif- 
ficulty arose: all attempts to remove the protecting 
group by hydrogenolysis in acetic acid over palladium 
on charcoal failed, and it was not possible to isolate 
any tryptophan-containing peptide with the small 
amount of material available. The same was true for 
authentic N-carbobenzyloxydesformylgramicidin A. It 
was found subsequently that hydrogenolysis over 
palladium black proceeds very smoothly to give des- 
formylgramicidin A when methanol is used as the 
solvent. 

A second more convenient synthetic approach con- 
sisted in coupling the pentapeptide derivative Z-L-Val- 
Gly-L-Ala-D-Leu-L-Ala-OH (IV) with the decapeptide 
ethanolamide D-(H)Val-L-Val-D-Val-L-Try-D-Leu-L- 
Try-D-Leu-L-Try-D-Leu-L-Try-AE (V, Chart I). The 
pentapeptide IV, synthesized by stepwise coupling 
from the carboxyl end, was obtained as the methyl 
ester, which was saponified without difficulty. The 
decapeptide V was prepared by stepwise prolongation of 
11. With dicyclohexylcarbodiimide, IV and V were 

(4) F. Weygand, A. Prox, L. Schmidhammer, and W. Konig, ibid., 

( 5 )  H. Determann and T. Wieland, Ann. ,  670, 136 (1963). 
75, 282 (1963). 
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Chart I. 
Coupling of the Pentapeptide IV with the Decapeptide Fragment V 

Schematic Representation of the Synthesis of Valine- (and Isoleucine-) gramicidin A by the 

NHs- L- 
terminal Val L- D- L- D- L- D- L- D- L- D- L- D- L- 

(Ileu) Gly Ala Leu Ala Val Val Val Try Leu Try Leu Try Leu Try NHCH2CH20H 
Z O H H  . . . . . . . . . . . .  
z . . . . . . . . . . . . . . . . . .  

Z O H H  . . . . . . . . . . . . . . . . . .  
z . . . . . . . . . . . . . . . . . . . . . . . .  

Z O H H  . . . . . . . . . . . . . . . . . . . . . . . .  
z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Z O H H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Z O H H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Z O H H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Z OH H OMe Z O H H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  
Z . . . . .  .OMe z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  

Z O H H  . . . . . .  OMe Z O H H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Z . . . . . . . . . . .  .OMe z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Z O H  H . . . . . . . . . . . .  OMe Z O H H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 
Z . . . . . . . . . . . . . . . . .  OMe Z . . . . . . . . . . . . .  . . . . . . . . . . . .  

Z OH H . . . . . . . . . . . . . . . .  OMeZ 
Z . . . . . . . . . . . . . . . . . . . . . . .  .OMeZ 

. . . .  . O H  H 

. . . . . . . . . . . .  

. . . . . . . . . .  IV (IVi) + V Z 
I11 (IIIi) Z . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IV(1Vi) H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

VII(V1Ii)CHO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

joined to the carbobenzyloxy decapentapeptide ethanol- In an analogous fashion the pentapeptide Z-L-Ileu- 
amide, Z-L-Val-Gly- . , , . L-Try-AE (HI), which on Gly-L-Ala-D-Leu-L-Ala-OH (IVi) was coupled with the 
thin layer chromatography was identical with authentic decapeptide V to give the carbobenzyloxy decapenta- 
N-carbobenzyloxydesformylgramicidin A. Hydro- peptide ethanolamide IIIi, which after hydrogenolysis 
genolysis of 111 in methanol over palladium black led to and formylation gave a product identical with isoleu- 
the peptide ethanolamide H-L-Val- . . . .  L-Try-AE cine-gramicidin A (Table I). 

Table I. Comparison of the Properties of Natural and Synthetic Gramicidin A 

Natural 7 ,  Synthetic - 
Valine-gramicidin A + -Valine--- Isoleucine- 
isoleucine-gramicidin A gramicidin A gramicidin A 

K value (countercurrent distribution) (0.70P 0.93 (0.59p 0 . 9 7 ( t  = 26") 0.81 ( t  = 26") 
(CH30H-H20-CHClt-benzene) 

K(Val)/K(Ileu), g./g. 1.19 1.20 
24,000 22,100 =t lo00 22,450 f lo00 €282 m l I  

[a]"D (CHnOH) +24.5 f 1 9  +27.3 f 2 . 5 '  +26.5 It 3 "  

Rf t.l.c., AcOH-CHCI, (2 : l )  (only one spot) 0.43 0 .42  0.45 
Butanone-2-pyridine (7 :3) 0 .65 0.65 0 .66  

EtOH 

(c 1.3)  (c 0.45) 

(fastest moving, strongest spot) 

Desformylgrami- 
Amino acid analyses6 cidin Ac Gramicidin Ad 

G ~ Y  0 .90  0.99 0 .86  0.96 
Ala 2.00 2.01 1.79 1.89 
Val 2.80 3.50 3.39 2.46 
Ileu 0.18 0.27 0 .00  0 .92  
Val + Ileu 2.98 3.77 3.39 3 . 3 8  
Leu 4.00 4.00 4 .00  4 .00  
Aminoethanol 0 .97  0.79 0 .86  0.75 
NHa 0.44 0.13 0 .26  0.21 

K values of 0.59 (J. D. Gregory and L. C. Craig, J .  Bid .  Chem., 172, 839 (1948)) and up to 0.70 (L. K. Ramachandran, Biochemistry, 2 
b The samples were hydrolyzed in a mixture 1138 (1963)) have been observed. 

of 0.3 ml. of acetic acid and 1.5  ml. of 6.0 N hydrochloric acid. 
Apparently these coefficients depend on the temperature. 

Hydrolyzed for 22 hr. (1 10'). d Hydrolyzed for 23 hr. 

(VI), which on thin layer chromatography was iden- The antibiotic activities of the synthetic formyl 
tical with desformylgramicidin A. Formylation of VI decapentapeptide ethanolamide (valine series) was 
with formic acid-acetic anhydride2V12 followed by indistinguishable from that of gramicidin A (Table 11). 
saponification of the 0-formyl ester led to the peptide In addition the effects of synthetic valine- and iso- 
derivative For-L-Val-Gly- . . .  L-Try-AE (VII) which leucine-gramicidin A on succinate oxidation, swelling, 
had all the properties of valine-gramicidin A (Table I). and H+ production of mitochondrial protein were 
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Table 11. In Vitro Comparison of Natural Gramicidin A and Synthetic Valine-gramicidin A (Twofold Tube Dilution Assayp 

7 - M.I.C. in mcg./rnl. -___ 7 

Synthetic 
Inoculum Natural valine- 

size, gramicidin gramicidin 
Organisms cells/ml. A A 

Staphylococcus aureus (209P) 106 6 . 3  (4.7)b 9 . 4  (4.7) 

Streptococcus faecalis (SC 1648) 103 0.01 (0.02) 0.01 (0.01) 
Staphylococcus aureus (SC 2406) 106 2 .4  9 . 4  

Staphylococcus aureus (209P) 103 0.003 (0.06) 0.002 (0.05) 
Streptococcus lactis (SC 1783) 103 0.38(0.79)  0 .79 (1.2) 

Salmonella schottrnuelleri (SC 3850p 103 >50.0 >50.0 
Proteus vulgaris (SC 3855p 103 >50.0 >50.0 
Escherichia coli (SC 2927p 103 >50.0 >50.0 

a Both samples were diluted in 5 0 z  aqueous methanol prior to their assay in a twofold tube dilution test, and neither wascompletely in 
Under the conditions of the test procedures, both samples demonstrated the same spectrum and approximate level 

(We are greatly indebted to Dr. James D. Dutcher, The Squibb Institute for Medical Re- 
e These microbes are Gram-negative and would not 

solution when assayed. 
of activity against most of the organisms tested. 
search, for arranging these tests). 
be expected to be inhibited by gramicidin A. 

Numbers in parentheses represent repeat assays. 

indistinguishable from those of natural gramicidin 
A.6 The distribution pattern on countercurrent dis- 
tribution is pictured in Figure 1. The very character- 
istic behavior of natural and synthetic gramicidin 

values in these solvent systems are difficult to repro- 
duce and should only be considered as relative guide 
lines (spot detection on t.l.c., ninhydrin for unpro- 
tected peptides, Ehrlich reaction for all tryptophan- 
containing peptides, charring with sulfuric acid for N- 
protected tryptophan-free peptides). 

SYNTHETIC ISOLEUCINE- 

GRAMICIDIN P 

NUMBER OF TUBES 

Figure 1. 
and isoleucine-gramicidin A. 
retical curve. 

Countercurrent distribution pattern of synthetic valine- 
The broken line signifies the theo- 

samples on thin layer chromatography in solvent C is 
shown in Figure 2. The number and positions of 
individual spots are dependent on the nature of the 
solvents (S. Ishii, unpublished observations). The 
reversible equilibrium of labile components is inde- 
pendent of their valine or isoleucine contents. This 
phenomenon is best explained by the assumption of a 
monomeric gramicidin A in equilibrium with various 
dimers or higher states of association.2 

Experimental 
The purity of the peptides after each synthetic step 

was ascertained by thin layer chromatography on silica 
gel (Merck) as well as by high voltage paper electro- 
phoresis (40 v./cm.). The solvent systems for thin 
layer chromatography are abbreviated as follows: 

(75 : 15 : lo); C ,  butanone-2-pyridine (7 : 3). The Rf 
A, AcOH-CHCI, (2: 1); B, S-BuOH-HCOOH-H20 

(6) J. B. Chappel and A. R. Crofts, unpublished results. We are in- 
debted to Dr. Chappel for these tests. 

Figure 2. Typical multiple spots of natural and synthetic grami- 
cidin A samples on thin layer chromatography in pyridine-buta- 
none-2 (3:7) .  A = natural pure valine-gramicidin A ;  B = syn- 
thetic valine-gramicidin A ; C = synthetic isoleucine-gramicidin A ; 
D = commercial sample of the mixture of valine- and isoleucine- 
gramicidin A. 

Carbobenzyloxy-~-tryptophyl-2-hydroxyethylamide. 
To a solution of 16.9 g. (50 mmoles) of carbobenzyl- 
oxy-L-tryptophan (Mann) and 7.1 ml. (50 mmoles) of 
triethylamine in 300 ml. of tetrahydrofuran, cooled to 
-20", was added 4.75 ml. (50 mmoles) of ethyl chloro- 
formate, and the mixture was stirred at -20" for 15 
min. Then 3 ml. (50 mmoles) of freshly distilled 
2-aminoethanol was added, the cooling bath removed, 
and the mixture stirred for 1 hr. The solvent was 
removed by evaporation and the residue dissolved in ethyl 
acetate and washed, in turn, with 1.0 N hydrochloric 
acid, water, 5% aqueous bicarbonate, and water. The 
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ethyl acetate extract was dried over magnesium sulfate 
and evaporated, and the residue was recrystallized 
from ethyl acetatepetroleum ether (b.p. 40-60") 
to give 11.9 g. (62%) of colorless needles, m.p. 124- 
125', [OI]~OD -4.6 f 1.5" (c 0.86, methanol), Rt 0.72 
(A). 
Anal. Calcd. for C41H23N304: C, 66.12; H, 6.08; 

N, 11.02. Found: C, 65.86; H, 6.31; N, 11.11. 
A solution of 

9.5 g. of Z-L-Try-AE in 40 ml. of acetic acid was 
hydrogenolyzed over palladium black catalyst7 until 
the evolution of CO, ceased (3 hr.). The catalyst was 
removed by filtration and the filtrate evaporated. The 
oily residue (acetate) was dissolved in methanol and fil- 
tered through a Dowex l-X2 column (200/400 mesh, OH- 
form, equilibrated with methanol). The methanol filtrate 
was evaporated and the residue recrystallized from 
methanol-ether to give 4.85 g. (79 %) of the free peptide 
in rhombic crystals, m.p. 144", [OI]~~D 18.2 f 1.0" 
(c 1, methanol), Rr 0.35 (B); EPM (electrophoretic 
mobility): 5.05 X 10-5 cma2 v.-l set.-'. 
Anal. Calcd. for C13H17N302: C, 63.14; H, 6.93; 

N, 16.99. Found: C, 63.38; H, 6.69; N, 17.26. 
Carbobenzyloxy-~-leucyl-~-tryptophyl-2-hydroxyeth- 

ylamide. By the mixed anhydride method as above 
5.3 g. of Z-D-Leu-OH (prepared from D-leucine (Mann)) 
was allowed to react with a solution of 4.94 g. of 
H-L-Try-AE in tetrahydrofuran. The product was 
purified as above to give 8.29 g. (84%) of colorless 
crystals, m.p. 169-170" (from ethyl acetate), Rf 0.77 (A). 
Anal. Calcd. for C27H34N405: C ,  65.57; H, 6.93; 

N, 11.33. Found: C, 64.90; H, 7.31; N, 10.69. 
~-Leucyl-~-tryptophyl-2-hydroxyethylamide. Hydro- 

genolysis of 8.0 g. of Z-D-Leu-L-Try-AE in 40 ml. of 
acetic acid over palladium black followed by filtration, 
evaporation, and filtration over Dowex 1-X2 as above 
gave 5.68 g. (96.5%) of a homogeneous noncrystalline 
product, Rf 0.39 (B); EPM 4.3. 

Carbobenzyloxy-L-tryptophyl-D-leucyl-L-tryptophyl- 
2-hydroxyethylamide. By the mixed anhydride method 
as described above there was obtained from 5.23 g. of 
Z-L-Try-OH and 5.56 g. of D-(H)Leu-L-Try-AE 8.51 g. 
(81 %) of the tetrapeptide which was obtained in solid 
form from ethyl acetate-petroleum ether (b.p. 40-60'), 
[ ~ ] * O D  24.6 f 1.0' (c 0.9, methanol), Rr 0.82 (A). 

Anal. Calcd. for C38H44N608: C, 67.04; H, 6.51; 
N, 12.35. Found: C, 66.89; H, 6.81; N, 12.15. 

L-Tryptoph yl-~-leucyl-~-tryptophyl-2-hydroxyethylam- 
ide. By hydrogenolysis of 8.5 g. of Z-L-Try-D- 
Leu-L-Try-AE in acetic acid there was obtained 6.3 g. 
(92%) of the free tetrapeptide after purification on 
Dowex 1-X2, Rf 0.50 (B); EPM 3.3. 

Carbobenzylox y-D-leucyl-L-tryptophyl-D-leucyl-L- 
tryptophyl-2-hydroxyethylamide. By the coupling re- 
action of 3 g. of Z-D-Leu-OH with 6.15 g. of L-(H)- 
Try-D-Leu-L-Try-AE 8.03 g. (90 %) of the protected 
pentapeptide was obtained, which crystallized from 
ethyl acetatepetroleum ether (b.p. 40-60"), m.p. 
195-202", [CXIzoD -3.0 f 1.0" (c 0.8, methanol), Rf 
0.86 (A). 
Anal. Calcd. for G4H5jN7O7: C, 66.56; H, 6.98; 

N, 12.35. Found: C, 66.49; H, 6.96; N, 12.44. 

L-Tr yptoph y l-2-h ydrox ye thylamide. 

(7) J. P. Greenstein and M. Winitz, "Chemistry of the Amino 
Acids," John Wiley and Sons, Inc., New York, N. Y . ,  1961, p.  1233. 

From the pentapeptide level on upward, with mo- 
lecular weights >700, elemental analyses no longer 
adequately characterized the product. The uniformity 
of the mostly noncrystalline products was ascertained 
by thin layer chromatography and paper electrophoresis. 
The carbobenzyloxy peptides were obtained as solids 
from ethyl acetate-petroleum ether and the free peptides 
from methanol-ether. Hydrogenolysis of 8 g. of Z-D- 
Leu-L-Try-D-Leu-L-Try-AE in acetic acid gave 6.6 g. 
(100 %) of the free pentapeptide after the customary 
purification on a column of Dowex 1-X2, Rf 0.63 (A), 
0.66 (B). 

Carbobenzyloxy-L-tryptophyl-D-1eucyI-L-tryptophyI-D- 
leucyl-~-tryptophyl-2-hydroxyethylamide was obtained 
by coupling 3.1 g. of Z-L-Try-OH with 6 g. of H-[D- 
Leu-~-Try-l,-AE in a yield of 8.3 g. (92 %), Rf 0.87 (A). 

L-TryptophyI-D-leucyI-L-tryptophyI-D-leucyl-L-trypto- 
phyl-2-hydroxyethylamide was obtained by hydro- 
genolysis of 8.2 g. of Z - L - T ~ ~ - [ D - L ~ ~ - L - T ~ ~ - ] ~ - A E  in 
88% yield after purification on Dowex 1-X2, Rr 0.72 
(A), 0.73 (B); EPM 3.2. 

Carbobenzyloxy-D-leucyl-L-tryptophyh-Ieucy~-L- 
tryptophyl-D-leucyl-L- tryptophyl-2 -hydroxyethylamide 
was obtained by coupling 1.77 g. of Z-D-Leu-OH with 
5.76 g. of L-(H)T~~-[D-L~u-L-T~~-]~-AE in a yield of 6.8 

D-Leucyl-L-tryptophyI-D-leucyl-L-tryptophyl-D-leucyl- 
~-tryptophyl-2-hydroxyethylamide. Hydrogenolysis of 
6.7 g. of z-[~-Leu-~-Try-l ,-AE in acetic acid for 20 hr. 
led to a product which contained some neutral material 
probably because of incomplete hydrogenolysis. The 
crude product was dissolved in methanol and filtered 
over a column of Dowex 50W-X2 (H+ form, equilib- 
rated with methanol). The column was washed with 
methanol and the desired basic material was eluted with 
2.0 N ammonia in methanol prepared by mixing 80 ml. 
of 12.0 N aqueous ammonia with 400 ml. of methanol. 
There was obtained 4.5 g. (77%) of the heptapeptide, 
Rf 0.78 (A), 0.77 (B). This peptide and the following 
larger peptides showed no electrophoretic mobility. 

Carbobenzyloxy-L-tryptophyl-D-1eucyl-L-tryptophyl- 
D-leucyl-L-tryptophyl-D-leucyl-L- tryptophyl- 2 -hydroxy- 
ethylamide. The protected octapeptide was obtained 
by coupling 1.32 g. of Z-L-Try-OH with 3.75 g. of 
H-[D-L~U-L-T~Y-],-AE in a yield of 4.1 g. (82%), Rf 
0.89 (A). 

L-Tryptophyl-D-leucy I-L-tryptoph yl-D-leucyl-L- trypto- 
phyl-~-leucyl-~-tryptophyI-2-hydroxyethyIamide (11). 
Hydrogenolysis of 4 g. of z-~-Try-[~-Leu-~-Try-l,-AE 
in methanol with a few drops of acetic acid for 20 hr. 
gave, after purification on Dowex 1-X2, 3.6 g. (100%) 
of the free octapeptide, Rf 0.80 (A), 0.85 (B). 

Carbobenzyloxy-D-valine. Carbobenzyloxylation of 
11.7 g. of D-valine (Mann) in the usual manner* gave 
18.1 g. (72%) of colorless plates, m.p. 54-57" after 
recrystallization from ethyl acetate-petroleum ether 
(b.p. 4&60"), [a]"D +5.0 f 1.0" (c 1.3, methanol). 
An analytical sample melted at 6&62 '. 

Anal. Calcd. for C13H17N04: C, 62.14; H, 6.82; 
N, 5.57. Found: C, 62.27; H, 6.96; N, 5.65. 

Carbobenzyloxy-D-valyl-L-tryptophy I-D-leucyl- L-tryp- 
tophyl- D - leucyl- L-tryptophyl-~-leucyl-~-tryptophyl- 

(8) (a) M. Bergmann and L. Zervas, Der., 65, 1192 (1932); (b) J. R.  
Vaughan and J .  A. Eichler,J. A m .  Chem. Soc., 75, 5556(1953). 

g. (93 %I, Rf 0.90 (A). 

Sarges, Witkop 1 Synthesis of Gramicidin A 2023 



2-hydroxyethylamide. This peptide was prepared by 
coupling 0.81 g. of Z-D-Val-OH with 3.68 g. of L-(H)- 
Try-[~-Leu-~-Try-l~-AE to yield 3.6 g. (81 z), Rf 0.90 (A). 

D- Valyl-L-tryptophyl-D-leucyl-L-tryptophy~-D-~eucy~- 
L-tryptophyl-D-leucyl- L - tryptophyl - 2 - hydroxyethylam- 
ide. Hydrogenolysis of 3.6 g. of Z-D-Val-L-Try- 
[ D - L ~ U - L - T ~ ~ - ] ~ - A E  in methanol containing a few drops 
of acetic acid was complete after 10 hr. and gave, after 
purification on Dowex 50W-X2, 2.4 g. (74%) of the 
free peptide, Rf  0.79 (A). 

~arbobenzyloxy-L-valyl-D-valyl-L-tryptophyl-D-leucyl- 
L- t ryptophyl-~-leucyl-~-  tryptophyl- ~ - l e u c y l - ~ -  trypto- 
phyl-2-hydroxyethylamide. This peptide was obtained in 
the coupling reaction of 0.47 g. of Z-L-Val-OH8 (prepared 
from L-valine (Mann)) with 2.35 g. of D-(H)Val-L- 
Try-[~-Leu-~-Try-l~-AE in a yield of 2.51 g. (89%), 

L- Valyl-D-valyl-L-tryptophyl-D-leucyl-L- tryptophyl- D- 
leucyl-L-tryptophyl-~-leucyl-L-tryptophyl-2-hydroxy- 
ethylamide. Hydrogenolysis of 2.5 g. of Z-L-Val-D- 
Va l -~ -Try - [~ -Leu-~-Try - l~ -AE in methanol containing a 
few drops of acetic acid was complete after 10 hr. and 
gave, after purification on Dowex 1-X2, 2 g. (88%) of 
the free peptide, Rf 0.81 (A). 

Carbobenzyloxy-D-valyl-L-valyl-D-valy[-L-tryptophyl- 
D-leucyl-L-tr)~ptophyl-D-leucyl-L- rryptophyl- D - leucyl- L- 
tryptophyl-2-hydroxyethylamide. The coupling reac- 
tion of 375 mg. of Z-D-Val-OH with 2 g. of L-(H)Val-D- 
Va l -~ -Try - [~ -Leu-~-Try - l~ -AE gave 1.95 g. (83 %) of the 
protected peptide, Rf 0.92 (A). 

D- Valyl-L-val~I-D-valyl-L-tryptophyl-D-leucyl-L-tryp- 
t o p h y ~ - ~ - ~ e u c y ~ - ~ - t r y p t o p h y ~ - ~ - ~ e u c y ~ - ~ - t r y p t o p h y ~ - ~ -  hy- 
droxyethylamide. Hydrogenolysis of 1.9 g. of Z-D- 
V~~-L-V~~-D-V~~-L-T~~-[D-L~U-L-T~~-]~-AE in methanol 
for 10 hr. gave, after purification on Dowex 50W-X2, 
1.04 g. (60 %) of free peptide, Rf  0.82 (A). 

Hy- 
drogenolysis of 6.3 g. of Z -~-Va l -~ -va l -OMe,~  Rf 0.70 
(A), m.p. 161", prepared by the mixed anhydride 
method from Z-L-Val-OH and D-(H)Val-OMe. HCl, lo 

in 2-propanol-acetic acid over palladium on charcoal for 
4 hr., followed by filtration, evaporation, addition of 
methanolic hydrochloric acid, evaporation, and crystal- 
lization from methanol-ether, gave 3.7 g. (82%) of 
dipeptide ester in colorless prisms, m.p. 214", [CX]~"D 
+59 f 1.0" (c 1, methanol), Rf  0.45 (B); EPM 5.45. 

Anal. Calcd. for CllH23NZ03C1: C, 49.52; H, 
8.69; N, 10.50. Found: C, 49.57; H, 8.74; N, 
10.58. 

Carbobenzyloxy-D-va/y~-L-valyl-D-va]ine Methyl Es- 
ter. By the mixed anhydride method 3.3 g. of Z-D- 
Val-OH was coupled with 3.46 g. of L-(H)Val-D-Val- 
OMe'HCI to yield 4.98 g. (83%) of protected tripep- 
tide ester, m.p. 205-206 O, after recrystallization from 
ethyl acetate-petroleum ether, [CrIz0D 6.0 f 0.5" (c 
1.3, methanol), Rf  0.71 (A). 

Anal. Calcd. for C24H37N806: C, 62.18; H, 8.05; 
N, 9.07. Found: C, 62.47; H, 7.75; N, 8.89. 

Carbobenzyloxy-L-nlanyl-D-valyl-L-valyl-D-valine 
Meth.ld Ester (V). Coupling, by the mixed anhydride 

Rr 0.91 (A). 

L- Valyl-D-valine Methyl Ester Hydrochloride. 

(9) J .  W. Hinman, E.  L. Caron, and H.  N.  Christensen, J .  Am.  Chem. 

( I O )  E.  L. Smith, D. H. Spackman, and W. J .  Polglase, J .  B i d .  Chem., 
SOC., 72, 1620 (1950). 

199, 801 (1952) 

method, of 1.95 g. of Z-L-Ala-OH (Mann) and 3.2 g. of 
(oily) D-(H)Val-L-Val-D-Val-OMe. HCI, Rf 0.46 (B) 
(prepared by hydrogenolysis of the carbobenzyloxy com- 
pound), gave 3.6 g. (7773 of the tetrapeptide, which 
crystallized in needles from ethyl acetate-petroleum 
ether (b.p. 40-60"), m.p. 215", [ a I z 0 ~  3.0 f 1.0" (c 
1.3, methanol), Rf 0.69 (A). 

Anal .  Calcd. for C27H42N407: C, 60.65; H, 7.92; 
N, 10.48. Found: C, 60.82; H, 7.81; N,  10.44. 

L-Alanyl-D-valyl-L-valyl-D-valine Methyl Ester Hydro- 
chloride. By hydrogenolysis of 3.2 g. of Z-L-Ala-D- 
Val-L-Val-D-Val-OMe in acetic acid over palladium on 
charcoal the free peptide ester was obtained, which could 
not be crystallized as the acetate or hydrochloride; 
yield of the hydrochloride: 2.6 g. (loo%), Rf 0.48 (B); 
EPM 4.3. 

Carbobenzyloxy-D-leucyl-L-dun yl-D-valq1l-L-valJ)l-D- 
valine Methyl Ester. This pentapeptide was obtained 
from 1.6 g. of Z-D-Leu-OH and 2.6 g. of L-(H)Ala-D- 
Val-L-Val-D-Val-OMe. HCI by the mixed anhydride 
method in a yield of 2.17 g. (56z) ,  Rf  0.72 (A). 

D-Leucyl-L-alanyl-D- valyl-L- valyl-D- valine Methyl Es- 
ter Acetate. Hydrogenolysis of 2.15 g. of Z-D-Leu- 
L-Ala-D-Val-L-Val-D-Val-oMe in acetic acid over 
palladium on charcoal gave 1.6 g. (84%) of a product as 
a noncrystalline solid from methanol-ether, Rf 0.65 
(B); EPM 3.65. 

Carbobenzyloxy-L-alanyl-D-leucyl-L-alanyl-D- valyl-L- 
Valyl-D-valine Methyl Ester. The coupling of 580 
mg. of Z-L-Ala-OH with 1.5 g. of D-(H)Leu-L-Ala-D- 
Val-L-Val-D-Val-OMe. AcOH yielded 1.6 g. (86 %) of 
the hexapeptide, Rf 0.69 (A). 

L-A lanyl-D-leucyl-L-alanyl-D-valyl-L- valyl-D- valine 
Methyl Ester Acetate. By hydrogenolysis of 1.5 g. of 
Z-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-val-oMe in acetic 
acid over palladium-charcoal 1.1 g. (81 z) of the hexa- 
peptide ester was obtained in solid form from methanol- 
ether, Rf 0.60 (B); EPM 3.45. 

Formyl-L-valyl-glycine. Formyl-L-valyl-glycine ethyl 
ester was prepared by the mixed anhydride method 
from formyl-L-valine and ethyl glycinate in tetrahydro- 
furan at -20" as described above. The yield was 
only 36%, which is due to loss of the water-soluble 
peptide during the normal washing procedure of the 
ethyl acetate solution. The melting point was 153-155" 
after crystallization from ethyl acetate (reported 156- 
15701?). Saponification of the ester in dioxane with 
2.0 N alkali followed by evaporation and acidification 
of the water solution gave the free peptide in 3 0 z  
yield. After recrystallization from water, it had m.p. 
206-208' dec., [ C X ] ~ ~ D  -49.1 f 1.0" (c 1.4, 70% 
ethanol), reported m.p. 207-208", [a]**D - 50.9" 
(c 1.3, 70% ethanol).12 For comparison the formyl 
dipeptide ester was also prepared by the carbodiimide 
method. After saponification of this ester crystalline 
formyl-L-valyl-glycine was obtained, m.p. 208-209 " 
dec., [aIz0~ -50.2 f 1.0" (c 1.1, 70% ethanol). The 
synthesis of optically pure formyl peptides by the 
mixed anhydride method is feasible provided that the 
proper solvent and temperature are used. 4, *,  

Formyl-L-valyl-glycyI-L-alan yl-D-leucyl- L-alanyl- D- 

(11) S. Shankman and Y. Schvo, J .  A m .  Chem. SOC., 80, 1161 (1958). 
(12) J. C .  Sheehan and D. D. H. Yang, ibid., 80, 1154 (1958). 
( 1 3 )  Cf. A. L. Heard and G .  T. Young, J .  Chem. SOC., 5807 (1963). 
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valyl-L-valyl-D-valine Methyl Ester. By the mixed 
anhydride method 202 mg. of formyl-L-valyl-glycine, 
dissolved in a mixture of tetrahydrofuran and aceto- 
nitrile, were coupled with 645 mg. of L-(H)Ala-D-Leu+ 
Ala-D-Val-L-Val-D-Val-oMe to give 546 mg. (74%) of 
the formyl octapeptide ester, Rf 0.52 (A). This ester 
was not very soluble in ethyl acetate and was washed 
as a suspension. The ester was recovered unchanged 
after several saponification attempts with 3.0 N sodium 
hydroxide in methanol and dioxane at room tempera- 
ture. 

Carbobenzyloxy-~-valyl-glycy~-~-a~any~-~-~eucy~-~-al- 
anyl-o-valyl-L-val~~l-D-valine Methyl Ester (Ia). Ethyl 
carbobenzyloxy-L-valyl-glycinate was prepared by the 
mixed anhydride method in 75% yield, m.p. 168", 
(reported m.p. 166"'*). Saponification of this ester 
with 1.0 N alkali in dioxane gave Z-L-Val-Gly in 59% 
yield, m.p. 147 " after recrystallization from ethyl 
acetateepetroleum ether (reported m.p. 146"13). By 
the mixed anhydride method 93 mg. of Z-L-Val-Gly-OH 
and 194 mg. of L-(H)Ala-D-Leu-L-Ala-D-Val-L-Val- 
D-Val-OMe gave 210 mg. of the octapeptide ester 
(m.p. 264-265"), Rf 0.68 (A). All saponification 
attempts failed. 

Anal. Calcd. for C43H70N8011: C, 59.2; H, 8.07; 
N, 12.80. Found: C, 58.40; H, 8.10; N, 12.56. 

Carbobenzyloxy-L-valyl-glycyl-L-alan yl-D-leucyl-L- 
alanyl-D - Valyl-L- Valyl- D- valyl- L- tryptophyl-D- leucyl-L- 
tryptophyl-D - leucyl- L- tryptophyl- D- leucyl- L- tryprophyl- 
2-hydroxyethylarnide (111). To a solution of 80 mg. 
of Z-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-val-L-Va1-D-val- 
OMe in 5 ml. of methanol was added 3 ml. of 98% 
hydrazine and the mixture was kept at 50" for 4 hr.15 
The product was precipitated with 100 ml. of water, 
washed with water, and dried to give 60 mg. (75%) of 
the hydrazide, Rf  0.70 (A). Anal. Calcd. N, 16.08%. 
Found: To a solution of 53.5 mg. of the 
hydrazide in 3 ml. of acetic acid containing 0.2 ml. of 
1.0 N hydrochloric acid, cooled to 0", was added 0.1 
ml. of 1.0 N sodium nitrite solution, and the mixture 
was stirred for 15 min. at 0". Addition of I O  ml. of 
ice-water precipitated the azide, which was filtered, 
washed with water and bicarbonate solution, and dried 
in the desiccator at -10". The azide was dissolved 
in 4 nil. of dimethylformamide and allowed to react 
with 46 mg. of L-(H)Try-D-Leu-L-Try-D-Leu-L-Try-D- 
Leu-L-Try-AE at 4" for 5 days. The reaction product 
was precipitated with water, collected, dissolved in 
methanol, and filtered over a column of Dowex 50W-X2 
(H+ form). Evaporation of the filtrate gave 24 mg. 
(30%) of material which was, on thin layer chro- 
matography, identical with carbobenzyloxydesformyl- 
gramicidin A; Rf values 0.57 (A), 0.81 (C). Hy- 
drogenolysis of this compound in acetic acid over 
palladium on charcoal leads to complete destruction 
of the tryptophan residues. The successful hydro- 
genolysis in methanol is described later. 

Carbobenzyloxy-D-leucyl-L-alanine Methyl Ester. L- 
Alanine methyl ester hydrochloride was prepared by 
the thionyl chloride method16: 70 ml. of methanol 

N, 16.49%. 

(14) W. Grassmann and E. Wiinsch, Ber.,  91, 449 (1958). 
(15) R. A. Boissonnas, St. Guttrnann, P. A. Jaquenoud, and J .  P. 

(16) R. A. Boissonnas, St. Guttmann, P. A. Jaquenoud, and J .  P. 
Waller, Helv.  Chim. Acta, 39, 1421 (1956). 

Waller, ibid., 38, 1491 (1955). 

was cooled to - 10" and 10 ml. of thionyl chloride was 
added. To this mixture was added slowly 8.9 g. of 
L-alanine and the mixture was kept at - 10" for 5 min. 
and at room temperature for 30 min. The mixture 
was evaporated, but the residue did not crystallize 
from methanol-ether due to incomplete esterification 
(electrophoresis). Therefore the esterification proce- 
dure was repeated, this time keeping the mixture for 
12 hr. at room temperature. After evaporation the 
residue crystallized readily from methanol-ether and 
was electrophoretically pure, m.p. 109-1 10" (reported 
m.p. 109-110°,17~18 154-155"), yield 12.6 g. (90%). 
By the mixed anhydride method 9.0 g. of carbobenzyl- 
oxy-D-leucine was coupled with 4.75 g. of methyl L- 
alaninate hydrochloride to give 6.9 g. (58%) of the 
dipeptide ester in colorless needles; after recrystal- 
lization from ethyl acetate-petroleum ether (b.p. 
40-60"), m.p. 130-131", analytical sample m.p. 131- 
132", ["]?OD 4.8 f 1.5" (c 0.63, methanol), Rf  0.72 

Anal. Calcd. for C18H?6N205: C, 61.70; H, 7.48; 
N, 8.00. Found: C, 61.85; H, 7.73; N, 8.25. 

D-Leucyl-L-alanine Methyl Ester Hydrochloride. Hy- 
drogenolysis of Z-D-Leu-L-Ala-OMe in acetic acid over 
palladium black gave a considerable amount of crystal- 
line material, m.p. 265", which was, according to 
analysis and infrared spectrum (only one band at 1680 
cm.- 1),19 the diketopiperazine. Anal. Calcd. for C9- 
H16N202: C, 58.67; H, 8.75; N, 15.21. Found: 
C, 58.40; H, 8.55; N, 15.40. Apparently the acetic 
acid insufficiently protected the amino group. There- 
fore, 6.0 g. of Z-D-Leu-L-Ala-OMe was catalytically 
debenzylated in methanol containing 1.5 ml. of 15.0 
N hydrochloric acid in methanol in the presence of 
palladium black to give 4.3 g. (99%) of the hydro- 
chloride, which did not crystallize but was pure on paper 
electrophoresis, Rf 0.51 (B); EPM 5.45. 

Carbobenzyloxy-L-alany~-D-leucy~-L-ulaninc Methyl 
Ester. By the mixed anhydride method 3.8 g. of 
carbobenzyloxy-L-alanine was coupled with 4.3 g. of 
D-(H)Leu-L-Ala-OMe.HCL to give 5.0 g. (71 %) of the 
peptide ester, colorless prisms from ethyl acetate- 
petroleum ether (b.p. 40-60"), m.p. 152-153", ["]?OD 

5.4 f 1.0" (c 0.85, methanol), Rf  0.68 (A). 
Anal. Calcd. for C21H31N306: C, 59.84; H, 7.44; 

N, 9.97. Found: C, 60.06; H, 7.54; N, 9.72. 
L-Alanyl-D-Ieucyl-L-aIanine Methyl Ester Acetate. 

The tripeptide ester was obtained in 100% yield as an 
oil by hydrogenolysis of the carbobenzyloxy derivative 
in methanol containing acetic acid, Rf  0.47 (B); EPM 
4.65. 

C a r b o b e n z y l o x y - g ~ y c y I - ~ - a ~ a n ~ ~ ~ - ~ - l e u c y ~ - ~ - u l a n i n e  
Methyl Ester. By the mixed anhydride method 2.8 g. 
of carbobenzyloxyglycine was coupled with 4.6 g. of 
L-(H)Ala-D-Leu-L-Ala-OMe. AcOH to yield 4.48 g. 
(71 %) of tetrapeptide ester in colorless needles; after 
recrystallization from ethyl acetate-petroleum ether 
(b.p. 40-60"), m.p. 116-119"; on reheating the com- 
pound melted at 166", [ a I z 0 ~  -13 f 1.0" (c 1 .1 ,  
methanol); Rf  0.59 (A). 

(A). 

(17) W. Grassrnann, E. Wiinsch, and A.  Riedel, Chem. Ber., 91,455 

(18) J .  A. Mclaren, W. E. Savige, and J .  M. Swan, Australian J .  

(19) R. Schwyzer, J.  P. Carrion, B. Gorup, H.  Nolting, and A. T u n -  

( 1 958). 

Chem. ,  11, 345(1958). 

kyi, Helv.  Chim. Acta ,  47, 441 (1964). 
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Anal. Calcd. for C23H34N407: C, 57.72; H, 7.16; 
N, 11.71. Found: C, 57.68; H, 6.88; N, 11.74. 

Glycyl-L-alanyl-D-leucyl-L-alanine Methyl Ester Ac- 
etate. The tetrapeptide ester was obtained as a 
noncrystalline solid from methanol-ether after hy- 
drogenolysis of Z-Gly-L-Ala-D-Leu-L-Ala-OMe in meth- 
anol containing acetic acid in 100% yield, Rf 0.36 
(B); EPM 4.4. 

Carbobenzyloxy- L-valylglycyl- L-dun yl-D-leucyl- L-ala- 
nine Methyl Ester. When 630 mg. of carbobenzyl- 
oxy-L-valine was coupled with 990 mg. of Gly-L-Ala-D- 
Leu-L-Ala-OMe there was obtained 1.06 g. (74%) of 
the pentapeptide ester in noncrystalline, solid form, Rf 
0.61 (A). 

Carbobenzyloxy-L-valyl-glycyl-L-alanyI-D-leucyl-L- 
alanine (ZV). To a solution of 850 mg. of Z-L-Val-Gly- 
L-Ala-D-Leu-L-Ala-OMe in 5 ml. of dioxane was added 
2 ml. of 1.0 N alkali and later 20 ml. of water. After 
1 hr. at room temperature the mixture was evaporated, 
the residue dissolved in water, the solution washed 
with ethyl acetate, the water layer acidified to pH 3 
at 0", and the precipitated crystals were collected and 
recrystallized from ethyl acetate-methanol-petroleum 
ether (b.p. 40-60") to give 400 mg. (49%) of colorless 
prisms, m.p. 222-223", [(Y]~OD 11.2 f 1.5" (c 0.8, 
methanol), Rr 0.56 (A). 

Anal. Calcd. for CZ7HllN5O8: C, 57.53; H, 7.33; 
N, 12.43. Found: C, 57.61; H, 7.31; N, 12.36. 

Carbobenzyloxy-L-isoleucyl-glycyl-L-aluny~-D-leucyl- 
L-alanine Methyl Ester. When 0.4 g. of carbobenzyl- 
oxy-L-isoleucine was coupled with 0.6 g. of H-GIY-L- 
Ala-D-Leu-L-Ala-OMe . AcOH by the mixed anhydride 
method there was obtained 712 mg. (80%) of the 
pentapeptide ester in a solid, noncrystalline form, Rf 
0.63 (A). 

Carbobenzylox~~-~-isoleucyl-gl~cyl-L-ulanyl-~-leucyl- 
L-alanine (IVi). Saponification of 0.7 g. of Z-L- 
Ileu-Gly-L-Ala-D-Leu-L-Ala-OMe in 40 ml. of dioxane 
with 1.4 ml. of 1.0 N alkali, as described above, gave 
0.35 g. (51 %) of the pentapeptide in colorless prisms; 
after recrystallization from ethyl acetate-methanol- 
petroleum ether (b.p. 40-60°), m.p. 215-216", [Cy]*@D 
11.6 i 1.5" (c 1.1, methanol), Rr 0.57 (A). 

Anal. Calcd. for C28H43N508: c ,  58.21; H, 7.50; 
N, 12.12. Found: C, 58.29; H, 7.38; N, 11.93. 

Form yl-L-valylglycyl-L-alan yl-D-leucyl-L-ulan yl-D- 
valyl-L-valyl-D-valyl-L-tryptophyl-D-leucyl- L- tryptophyl- 
D-leucyl-L-tryptophyl- D- leucyl- L- tryprophyl- 2- hydroxy- 
ethylamide (VZZ). To a solution of 113 mg. of Z-L- 
Val-Gly-L-Ala-D-Leu-L-Ala-OH (IV) and 288 mg. of 

D-Leu-L-Try-AE (V) in 15 ml. of tetrahydrofuran 
and 0.2 ml. of dimethylformamide, cooled to -20", 
was added 50 mg. of dicyclohexylcarbodiimide, and 
the mixture was kept at -20" for 24 hr. and at room 
temperature for 3 days. The solvent was evaporated 
and the residue dissolved in methanol and filtered over a 
column of Dowex 50W-X2 (H+ form) and a Dowex 1- 
X2 (OH- form) to give, after evaporation, 475 mg. of 
neutral product, containing some dicyclohexylurea 
(characteristic crystals), which on thin layer chromatog- 
raphy gave Rf values 0.57 (A) and 0.81 (C) identical 
with N-carbobenzyloxydesformylgramicidin A. This 
product was decarbobenzyloxylated in methanol con- 

D-(H)Val-L-Val-D-Val-L-Try-D-Leu-L-Try-D- Leu- L- Try- 

taining a few drops of acetic acid over palladium black, 
the solution was filtered and evaporated, and the 
residue was dissolved in methanol and filtered over a 
column of Dowex 50W-X2 (H+ form). The column 
was washed with methanol and then eluted with 2.0 N 
ammonia in methanol to give 180 mg. (50%) of a 
basic product (VI), which on thin layer chromatog- 
raphy showed Rf values 0.68 (B)  and 0.23 (A), identical 
with desformylgramicidin A. To a solution of 150 
mg. of this basic peptide VI in 2 ml. of 9 8 z  formic 
acid, cooled to 0", was added 0.6 ml. of acetic an- 
hydride, and the mixture was kept at 0" for 30 min. 
and at room temperature for 4 hr. The solvent was 
removed in vacuo and the residue (Rf 0.47 (A) and 0.79 
(C)) was dissolved in 2 ml. of methanol and treated with 
0.4 ml. of 1.0 N alkali for 1 hr. at room temperature. 
The reaction mixture was filtered over a Dowex 50W- 
X2 column and after evaporation gave 125 mg. (82%) 
of a product which was purified by countercurrent 
distribution. After 203 transfers in the system meth- 
anol-water-chloroform-benzene (23 : 7 : 15 : 1 5 ) 2 0  at 
26" one major peak (yield 65 mg., optical density at 
282 mp) was obtained with a Kvalue of 0.97 (Figure 2).2n 
In the literature K values of 0.59,20 0.58,*' and up to 
0.702 for valine-gramicidin A have been reported, 
but with more transfers a value of 0.87 has also been 
found. 2 2  For comparison commercial gramicidin was 
distributed under the same conditions and the major 
peak was found to have a K value of 0.93. The 
temperature has considerable influence on the K 
values. This material was collected and was found on 
thin layer chromatography to have Rf values 0.42 (A) 
(only one spot) and 0.65 (C) for the fastest moving and 
strongest spot, identical with valine-gramicidin A. 
The product shows the characteristic multiplicity of 
spots in solvent system C, which is characteristic of 
gramicidin, and had [(Y]'@D 27.3 f 2.5" (c 1.3, meth- 
anol), and E 22,100 f 1000 in ethanol at X 282 mp. 

Attempts at crystallization have so far not been suc- 
cessful. However, crystallization of commercial or 
purified gramicidin AZ3 in our hands proved very dif- 
ficult on a small scale (10-50 mg.). 

Form y1-L- isoleuc yl-glyc y 1- L-alun y 1- D-leuc y 1- L-dun y 1- 
D-vuI~I-  L- va ly l -~-  valyl-~- tryptophyl-D-leucyl- L- trypto- 
phyl-D- leucyl- L- trjjptophyl- ~-1eucyl- L- (ryptophyl-2-hy- 
droxyethylamide (VIIi). This peptide derivative was 
prepared in an analogous manner by coupling 58 
mg. of Z-L-Ileu-Gly-L-Ala-D-Leu-L-Ala-OH (IVi) with 
144 mg. of D-(H)Val-L-Val-D-Val-L-Try-D-Leu-L-Try-D- 
Leu-L-Try-D-Leu-L-Try-AE (V) in the presence of 25 
mg. of dicyclohexylcarbodiimide. Hydrogenolysis of 
the carbobenzyloxy peptide ethanolamide (IIIi), Rr 
0.58 (A), gave 118 mg. (62 %) of basic material, whose 
Rr 0.25 (A) was identical with desformylgramicidin A. 
Formylation of this material as above gave 90 mg. 
(75 %) of a product which on countercurrent distribu- 
tion gave one major peak (42 mg.) with a K value of 
0.81 and Rt values of 0.45 (A) and 0.66 (C) (for the 
fastest moving spot), [(Y]~OD 26.5 f 3.0" (c 0.45, meth- 
anol), E 22,450 f 1000 in ethanol. 

N-Curbobenzyloxydesformylgramicidin A .  TO a solu- 
tion of 54 mg. of desformylgramicidin A (prepared 

(20) J .  D. Gregory and L. C. Craig, J .  B i d .  Chem., 172, 839 (1948) 
(21) L. K Ramachandran, Biochemistry, 2, 1138 (1963). 
(22) E. Gross, private communication. 
(23) Cf. P. E. Olesen and L. Szabo, Nature, 183, 749 (1959). 
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from natural gramicidin A) in 5 ml. of ethyl acetate 
was added 2 ml. of 5% aqueous bicarbonate solution 
and 2 drops (20 mg.) of carbobenzyloxy chloride. 
The heterogeneous mixture was stirred vigorously at 
room temperature for 1 hr. The layers were separated 
and the ethyl acetate extract was washed with water, 
dried, and evaporated. The residue was dissolved in 2 
ml. of dioxane and treated for 1 hr. at room temperature 
with 0.5 ml. of 1.0 N alkali. The mixture was evap- 

orated, the residue was dissolved in ethyl acetate, 
washed with water, and dried, and the solvent was 
removed by evaporation. The residue was precipi- 
tated from ethyl acetate-petroleum ether (b.p. 4&60°) 
to give 50 mg. (86 %) of carbobenzyloxydesformyl- 
gramicidin A (ninhydrin negative, Rf 0.57 (A) and 
0.81 (C)). Hydrogenolysis in methanol containing a 
few drops of acetic acid over palladium black gave 
desformylgramicidin A. 

Gramicidin. VII. The Structure of 
Valine- and Isoleucine-gramicidin B 

Reinhard Sarges' and Bernhard Witkop 
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The volatile acidic fragment in the izydrolysute of 
gramicidin B was identiFed as formic acid which, after 
reduction to formaldehyde, was assayed by the chromo- 
tropic acid test. The primary sequence of gramicidin B, 
which in the sample examined consisted of 89% of 
valine-gramicidin B and 11 % of isoleucine-gramicidin B, 
was determined by a 14-step Edman degradation on 
desformylgramicidin B (obtained f rom gramicidin B by 
mild methanolysis) as HCO-L- Val( ~-1leu)- Gly+ Ala+- 
Leu-L-Ala-D- Val-L- V a h -  Val-L-Try-D-Leu-L-Phe-D-Leu- 
L-Try-D-Leu- L-Try- NHCHz  CHzO H. 

The peptide antibiotic gramicidin, isolated by 
Hotchkiss and Dubos,* was shown by Gregory and 
Craig3 to be heterogeneous. By countercurrent dis- 
tribution in the solvent system methanol-water- 
benzene-chloroform (23 : 7 : 15 : 15) three fractions were 
obtained, the major fraction designated gramicidin A 
(distribution coefficient K = 0.61), and two minor 
fractions designated gramicidin B ( K  = 0.31) and 
gramicidin C ( K  = 1.32).3-5 

The structure of gramicidin A, a mixture of valine- 
(I) and isoleucine-gramicidin A (11),596 was recently 

and confirmed by synthesis.'O Grami- 
cidin B is composed of very similar acids except that one 
tryptophan is replaced by phenylalanine. Analogously, 
in gramicidin C one tryptophan is substituted by 
tyrosine." 

Gramicidin B shows the same multiplicity of spots on 
thin layer chromatography as gramicidin A in the 
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solvent system methyl ethyl ketone-pyridine (7 : 3), 
and the two congeners cannot be distinguished in this 
system. However, in the system acetic acid-chloroform 
(2: l )  the R f  value of gramicidin B (one spot, 0.42) is 
higher than that of gramicidin A (one spot, 0.35). 

First we established that gramicidin B, too, is a 
formyl-peptide ethanolamide. On hydrolysis of grami- 
cidin B with 50% sulfuric acid formic acid is released, 
which after distillation and reduction to formaldehyde 
was identified by the chromotropic acid r e a ~ t i o n . ~ ~ ~ ~  l 2  

By treatment with hydrogen chloride in methanol 
under the same mild conditions that lead to deformyla- 
tion of gramicidin A,739318 neutral gramicidin B is 
converted to a ninhydrin-positive basic peptide, des- 
formylgramicidin B, in a yield of 95 % after purification 
on Dowex 50W-X2. By N-bromosuccinimide oxida- 
tion14 with 6 moles of NBS per 1845 g. of gramicidin 
B, i.e. 2 moles of NBS per mole of tryptophan, ethanol- 
amine is liberated to the same extent as in gramicidin A. 
The liberation of ethanolamine was followed by paper 
electrophoresis and gas chromatography. In grami- 
cidin B the carboxyl group of COOH-terminal trypto- 
phan is connected to 2-aminoethanol in the fashion 
. . . . -Try-NHCHpCH20H, as is the case in gramicidin 
A.?v9 

An improved and extended 14-step Edman degrada- 
tionI5 was carried out with desformylgramicidin B in 
the same way as described earlier for desformylgrami- 
cidin A.8,g Although this time the cyclization step 
with trifluoroacetic acid was carried out under nitrogen 
and at room temperature for only 1 hr., the gradual 
destruction of tryptophan could not be prevented 
even under such mild conditions. However, the yield 
in each cyclization step was increased to such an extent 
that a 14-step degradation was possible. 

The phenylthiohydantoins of the amino acids were 
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