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Four  derivatives of the neurohypophysial hormone oxytocin deuterated a t  the cy and  @ positions o f  the two 
hal f -cyst ine residues have been synthesized. T h e  subst i tuted amino ac id Boc-S-benzyl-~~-[cy,p,p-~H3]cy~teine 
was used to  prepare [l-hemi-~~-[a,~,~-~H~]cystine]oxytocin and  [6-hemi-~~-[a,P,ff-2H~]cystine]oxytocin. The  
diastereomeric mix tu res  were separated a n d  pur i f ied by par t i t ion chromatography and  gel f i l t ra t ion to  give [l- 
hemi-~-[~,~,~-~H~]cystine]oxytocin,lri[l-hemi-~-[a,~,~-~H~]cystine]oxytocin, [6-hemi-~-[cy,~,~-~H3]cystine]oxyto- 
cin, and [6-hemi-~-[a,/3,/3-~H3]cystine]oxytocin. T h e  former two  compounds were prepared by b o t h  solid-phase and 
solut ion techniques o f  pept ide chemistry, and  the  two  methods were compared in the  synthesis of  these deriva- 
tives. T h e  solid-phase method was considerably faster and  gave better overall yields, whi le the solution method 
permi t ted  a s l ight ly more conservative use of deuterated amino acid. It was found t h a t  m u c h  shorter deprotec- 
t i on  a n d  coupl ing t imes and  m u c h  smaller excesses of  amino acid were compatible w i t h  the solid-phase meth-  
odology. 

The preparation of amino acids, polypeptides, peptide 
hormones, and proteins specifically labeled in nonexchange- 
able positions by deuterium is of considerable utility for 
various chemical, biological, and physical studies. For ex- 
ample, partially deuterated derivatives have been utilized 
in studies of protein structure, functions, and folding.3-7 
The microdynamical behavior of the neurohypophysial 
peptide hormones in solutions,S and the interaction of 
these hormones with their biological carrier proteins the 
neurophysins have been studied utilizing the deuterium 
label.9 Deuterated derivatives have also proven very use- 
ful for the unambiguous assignment of protonlo-14 and 
~arbon-13~5316 resonances in nuclear magnetic resonance 
spectroscopy studies of peptides,10-12,15.16 peptide hor- 
m0nes,~3-16 and related compounds. Since many of the 
physi~al11-16~1~-~9 properties and biological activities20-22 
of these compounds are not significantly affected by the 
perturbation of deuteration, it appears likely that partial- 
ly deuterated amino acids, peptides, and proteins will find 
increased utility. 

We report here the total synthesis of four partially deu- 
terated derivatives of the posterior pituitary hormone, oxy- 
tocin ( I )  (Figure 1) in which the protons on the 01 and @ 
carbons of the half-cystine residues (positions 1 and 6, 
Figure 1) have been replaced by deuterons. Since both the 
hemi-D-cystine and hemi-L-cystine isomers of each of the 

half-cystine residues were desired, we synthesized [l- 
hemi-~~-[a,P,P-2H3]cystine]oxytocin (2) and [ 6 - h e m i - ~ ~ -  
[a,P,@-2H3]cystine]oxytocin (3) and separated the diaste- 
reomeric pairs by partition chromatography on Sephadex 
G-25.23~~4 The [l-hemi-~~-[a,/3,~-~H~]cystine]oxytocin was 
synthesized by solid-phase peptide synthesis (SPPS) using 
the standard chloromethylated resin,25.26 and by solution 
methods. In view of the current interest in labeled pep- 
tides and the desirability of fast, efficient synthetic routes 
to these and other peptides, these synthetic studies of- 
fered a convenient comparison of the two techniques. The 
[6-hemi-~~-[a,P,P-2H3]cystine]oxytocin was synthesized by 
solid-phase methods only. Of special interest was the use 
of SPPS in cases where the usual large excesses25326 of 
amino acid used in coupling (two to four times stoichio- 
metric) could be avoided and the valuable deuterated 
amino acids could be conserved. 

The solid-phase synthesis of [6-hemi-~~-[a,/3,/3-~H3]cys- 
tineloxytocin (3) was carried out on a semiautomated de- 
vice with the methodology shown in Table I. One coupling 
with a 2.5-fold excess of amino acid and DCC was used for 
each of the amino acids except for the deuterated cyste- 
ine. 

The Boc-S-benzyl-~~-[cu,~,@-2H3]cy~teine (4) was only 
the fourth residue in this synthesis. Its coupling was var- 
ied somewhat in that two couplings were employed using 
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Figure 1. The structure of oxytocin. The numbers indicate the 
position of the amino acid residues. 

respectively 1.1 and 0.4 equiv each of amino acid and 
DCC. The ninhydrin test method27 was used to detect 
completion of reaction after each coupling and was nega- 
tive except for two cases: the first deuterated cysteine 
coupling was only slightly positive (-2% free amine) and 
negative after a second coupling. In the case of the sev- 
enth residue, Ile, a slightly positive ninhydrin test was ob- 
tained (-170 free amine), but complete coupling was ob- 
tained after a second coupling as judged by the ninhydrin 
test. The steric hindrance provided by the Ile residue is 
believed to be the cause of the sometimes troublesome 
coupling which is observed with this amino acid. 

After removal of the N-terminal Boc group, the partial- 
ly protected nonapeptide amide H-Cys(Bz1)-Tyr(Bz1)- 
I~~-G~~-A~~-DL-[~~,~,~-~H~]C~S(BZ~)-P~O-L~U-G~~-NH~ (10) 
was obtained by ammonolysis of the corresponding pep- 
tide resin ester. 

A portion of the nonapeptide was treated with sodium 
and liquid ammonia28 and then oxidized with 0.1 N 
K3Fe(CN)s29 to [6-hemi-~~-[a,@,P-2H3]cystine]oxytocin. 
The isomers were separated by partition chromatography 
on Sephadex G-25 using the solvent system l-butanol- 
3.5% HOAc in 1.5% aqueous pyridine (1:l). A typical sep- 
aration is shown in Figure 2. The first peak can probably 
be attributed to “dimers” of oxytocin30 and other by- 
products; the peak a t  Rf 0.33 represents [6-hemi-~- 
[a,P,P-2H3]cystine]oxytocin (3a)  while the peak a t  Rr 0.23 

0.23 

R +  = 0.33 n 

a 
0 J 

I I I I I I 1 I I 
IO 20 30 40 50 60 70 80 90 

TUBE NUMBER 
Figure 2. Partition chromatography of [6-hemi-~~-[a,P,/3-2Ha]cys- 
tineloxytocin on Sephadex G-25 (100-200 mesh) using the solvent 
system 1-butanol-3.5% aqueous acetic acid in 1.5% pyridine (1:l). 
Peak B is [6-hemi-~-[a,P,P-~H3]cystine]oxytocin, peak C is [6- 
hemi-~-[a,P,P-2H~]cystine]oxytocin, and peak A is by-products 
from the crude reaction mixture. 

is the partially deuterated oxytocin 3b itself (oxytocin lit. 
Rf 0.24).24 Owing to the greater instability of the D isomer 
in solution, the fractions were separated in such a manner 
as to give reasonably pure D isomer and the fractions cor- 
responding to the L-isomer peak (as well as some D)  were 
then partition chromatographed again in the same sys- 
tem. The fractions corresponding to the purified products 
were lyophilized to dryness and the white powders were 
subjected to a final gel filtration on Sephadex G-25, using 
0.2 N HOAc as eluting solvent. 

The solid-phase synthesis of [l-hemi-DL- [a,P,P-2H3]cys- 
tineloxytocin (2) was carried out on an automated Vega 
Series 95 Synthesizer, a solid-state version of our auto- 
mated instrument.31 The procedures used are shown in 
Table 11. 

Again, reactions were monitored using the ninhydrin 
test method27 and indicated complete coupling. In this 
synthesis the removal of the N a  protecting group and the 
coupling reaction times were shortened considerably. Two 
7-min treatments with 40% TFA in CHzClz (2% anisole) 
were used for deprotection and two 20-min coupling reac- 
tions with 1.5 equiv of the protected amino acid and DCC 
were used. In agreement with the findings of Corley, et 
al.,32 no problems were encountered in utilizing a faster 
methodology. 

Table I 
Solid-Phase M e t h o d o l o g y  Used in S y n t h e s i s  of [ 6 - H e m i - ~ ~ -  [a ,P,P-2H3]cyst ine ]oxytoc in  ------------ Normal Dcc coupling-------- -----Nitrophenyl ester coupling(Asn and G1n)--- 

Duration, No. of Duration, No. of 
Step Solvent or reagent min times Solvent or reagent min (hr) times 

1 CHzClz 2 3 CHzClz 2 3 
2 TFA-CHzClz-anisole 25 1 TFA-CHzClz-anisole 25 1 

3 CHAClz 2 5 CHzClz 2 5 
4 DIEA-CHzC12 (7: 93) 6 2 DIEA-CH&lz (7:  93) 6 2 
5 CHzClz 2 4 CHzClz 2 3 
6 Amino acida-CHzClt 1 D M F  2 3 

7 D C C  in CHZC12 90 1 Amino acid5 in D M F  (6) 1 

8 CHzC12 2 3 Addn of D I E A  (2)  1 

9 100% E t O H  2 3 D M F  2 3 

(50: 48: 2) (50: 48: 2) 

(2.5 equiv) 

(2.5 equiv) (4 equiv) 

(1 equiv) 

a Ne-Boc amino acids were employed throughout ;  T y r  a n d  C y s  were 0-benzyl a n d  S-benzyl protected, respectively. 
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Table I1 
Solid-Phase Methodology Used in Synthesis of [I-Herni-nL- [~~,p,p-~H3]cystine ]oxytocin 

N ormal Dcc coupling-------- 
Duration, No. of 

---Nitrophenyl ester coupling (Asn and G1n)----- 
Duration, No. of 

Step Solvent or reagent min times Solvent or reagent min (hr) times 

1 CHzClz 1 4 CHzClz 1 4 
2 TFA-CHzC1z-anisole 7 2 TFA-CHzClz-anisole 7 2 

(40:58:2) (40: 58: 2) 
3 CHzCIz 
4 DIEA-CHzClz (10: 90) 
5 CH,Cl, 

1 3 CHzClz 
2 2 DIEA-CHzCl? (10: 90) 
1 3 CHzClz 

1 3 
2 2 
1 3 

6 Amino- acid a-CH2Cl2 1 DMF 1 3 

7 DCC in CH2Cl2 20 1 Amino acid5 in DMF (6) 1 

8 CH2Clz 1 2 Addn of DIEA (1 equiv) (2) 
9 100% EtOH 1 2 DMF 1 

(1.5 equiv) 

(1.5 equiv) (4 equiv) 
1 
3 

10 CHzC1, 1 3 
11 Amino acid6-CHzClz 1 

(1.5 equiv) 
12 DCC in CHzClz 

(1.5 equiv) 

14 100% EtOH 
13 CHzClz 

20 1 

1 2 CHzClz 
1 2 100% EtOH 

1 2 
1 2 

a N"-Boc amino acids were employed throughout; Tyr and Cys were 0-benzyl and S-benzyl protected, respectively. 

A modification of the sequence was employed for the 
addition of the N-terminal amino acid, Boc-S-benzyl-m- 
[a,P,P-ZH3]cysteine (4). In this case no excess of amino 
acid was used for the first coupling in order to preserve 
deuterated material. After the initial coupling, the ninhy- 
drin test indicated about 98% coupling; a second coupling 
with 0.25 equiv each of Boc-5'-benzyl-DL- [a,P$-2H3]cys- 
teine and DCC (2-hr duration) resulted in complete cou- 
pling. 

At the completion of the solid-phase synthesis, the N- 
terminal Boc protecting group was removed by carrying 
out steps 1-5 (Table 11). The partially protected nonapep- 
tide was cleaved from the resin by ammonolysis to give 
the protected nonapeptide 8. 

The solution synthesis of [l-hemi-~~-[oi,P,P-~H3]cys- 
tineloxytocin (Scheme I) involved the coupling of Boc-S- 
benzyl-~~-[a,p,P-2H3]cystine (4) with the octapeptide Tyr- 
Ile-Gln-Asn-Cys(Bz1)-Pro-Leu-Gly-NHz (5). The coupling 
was carried out using 1.1 equiv of 4 and DCC and a 2.2- 
fold excess of 1-hydroxybenzotriazole.33 The N-terminal 
Boc group was removed by TFA, and the material was 
then deprotected and oxidized in a similar manner to the 
solid-phase-derived compounds. Yields of 2a and 2b from 
the corresponding nonapeptides were comparable using 
the solution- and solid-phase-synthesized precursors. The 
products from the various syntheses were judged pure by 
various criteria including single spots and identical behav- 
ior with the authentic protio compounds on tlc using a t  

least two solvent systems, carbon-13 and proton nmr, 
amino acid analysis, optical rotation, and a four-point 
assay for oxytocic activity for the compounds. 

For a total synthesis, the solid-phase method is clearly 
the most rapid route to the desired nonapeptide precursor 
to oxytocin. The main advantage of the solution synthesis 
is that it permits a slightly more conservative use of the 
valuable deuterated amino acid precursor 4, at least when 
this residue is a t  or near the amino terminal. In general 
we have found that the solid-phase method requires a t  
least a 20% greater expenditure of labeled amino acid 
than the solution synthesis. However, it  should be noted 
that the excess of deuterated protected cysteine used in 
our SPPS methodology is considerably smaller than nor- 
mally found25~26~34~35 in most literature solid-phase syn- 
theses. Other workers36337 have also used reduced 
amounts of reagent in SPPS to incorporate labeled resi- 
dues into peptides. 

We also made a comparison of the solid-phase and solu- 
tion methods in terms of yield of oxytocin. Calculated 
yields of the nonapeptide hormone precursor using the 
stepwise nitrophenyl ester couplings are about 45%;38 in 
comparison, averages of our own preparations and litera- 
ture syntheses39 of nonapeptide using SPPS are about 
60%.40 The yield of oxytocin from protected nonapeptide 
prepared by either method were comparable (see Experi- 
mental Section and ref 38). In preparing deuterated deriv- 
atives of oxytocin and its analogs, the position of deuteri- 

Scheme I 
Solution Synthesis of [l~Herni-~L-[~~,,!j',~-~H~]cystine]oxytocin (2) 

Cbz -Ty r(Bz1) -1le -Gln -Asn -Cys (Bz1)- Pro - Leu-Gly -NH2 -1 HB r-HOA c 

Boc-S-benzyl-n-[cY, d, 8-2H,]cysteine 3 Tyr-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH2 
N-hvdroxybenzotriaeole ( 2  equiv)  

dicYclohexYlcarb3diirnide 1 DMF 

B o c - D L - [ ~ ,  P, 8-2H3]Cys(Bzl)-Tyr-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH, 
1. TFA-anlso le  

2. N a / N H 3  

3 .  K 3 F e ( C N ) c  I 
[I - h e r n i - ~ ~ - [ a ,  B, /3-2H3]cystine]oxytocin 
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um in the peptide chain would be a primary concern in 
deciding whether to employ solution or solid-phase meth- 
ods. However, our results indicate that either method can 
be used in achieving reasonably quick and efficient syn- 
theses of deuterated hormones and hormone analogs, and 
these methods are of course equally applicable to the in- 
clusion of other labels, including I4C, W, and 15N. 

Experimental Section 
Thin layer chromatography (tlc) was done on silica gel G plates 

in the following solvent systems: (A) 1-butanol-acetic acid-water 
(4:1:5); (B) 1-butanol-acetic acid-pyridine-water (15:3:10:12). 
Capillary melting points were determined on a Thomas-Hoover 
melting point apparatus and are corrected. Amino acid analyses 
were carried out by the method of Spackman, Stein, and Moore41 
on a Beckman 120C amino acid analyzer after hydrolysis in 6 N 
HCl. 
Boc-S-benzyl-~~-[a,fl,fl-~H~]cysteine (4). A 1.59-g (7.4 mmol) 

portion of S-benzyl-~~-[a!,p,p-2H3]cysteine~~ was added to 10 ml 
of peroxide-free dioxane and 10 ml of deionized water. The pH 
was adjusted to 10 with 4 N NaOH and 1.5 ml (11 mmol) of tert- 
butyl azidoformate was added. The pH was maintained a t  9.6 for 
24 hr with 4 N NaOH. The solution was then filtered and washed 
with 25 ml of ethyl ether. The aqueous phase was acidified to pH 
3 using solid citric acid and extracted with 25 ml of ethyl acetate. 
The aqueous phase was saturated with sodium chloride and then 
extracted with two 25-ml portions of ethyl acetate. 

The organic phase was washed with 50 ml of deionized water 
and then dried over sodium sulfate. The sodium sulfate was re- 
moved by filtration and washed with three 15-ml portions of ethyl 
acetate, and the washes and filtrate were combined. Solvent was 
removed by rotary evaporation, leaving a white solid. Recrystalli- 
zation from ethyl acetate-hexane gave small needles, mp 111- 
111.3', 1.85 g (80% of theory). Purity was established by compari- 
son with authentic Boc-S-benzylcysteine and an nmr spectrum 
established that deuterium retention a t  the a and p positions was 
295%. 

Anal. Calcd for C I & ~ D ~ N O ~ S :  C, 57.84; H, 6.92; N,  4.44. 
Found: C, 57.59; H, 6.69; N, 4.24. 

Solid-Phase Synthesis of S-Benzyl-~~-[a,P,P-2H3]cysteinyl- 
O-benzyltyrosylisoleucylglutaminylaspara~nyl-S-benzylcys- 
teinylprolylleucylglycyl Resin (7). The solid-phase synthesis of 
the title protected nonapeptide resin was performed on the Vega 
Model 95 Synthesizer, an automated machine similar to that de- 
scribed by Hruby, et al.31 The support used was a chloromethy- 
lated polystyrene resin (crosslinked with 270 divinylbenzene, C1 = 
1.9 mmol/g) which had been treated with Boc-glycine for 48 hr in 
ethanol26 to achieve a glycine substitution of 0.50 mmol/g as 
measured by the modified43 aldimine test.44 The reaction was run 
on a 1.25-mmol scale (2.5 g of resin). The cycles of deprotection, 
neutralization, and coupling were carried out for the introduction 
of each new residue in the peptide as described in Table 11. All 
washes and reactions were carried out with 25-ml portions. The 
procedure was varied during the couplings of the asparagine and 
glutamine nitrophenyl esters as shown in Table 11. 

The procedure was again varied for the last step, the addition 
of Boc-S-benzyl-~~-[a!,p,fl-2H3]cysteine. In steps 6 and 7 (Table 
11) only 1 equiv (0.392 g, 1.25 mmol) of the amino acid was used 
with a similar amount of dicyclohexylcarbodiimide (DCC). After 
the coupling step and three washing sequences (steps 8-10) a nin- 
hydrin test27 was employed, and showed incomplete coupling to a 
limited extent (about 98% coupling was indicated). A second COU- 
pling using 100 mg (0.32 mmol) of Boc-S-benzyl-DL-[a,P,P- 
2H31cysteine and 0.32 mmol of DCC for 2 hr was run. After the 
appropriate washes (steps 1, 13, and 14), the ninhydrin test indi- 
cated complete coupling (steps 13, 14, and 1). 

Following the last coupling, the terminal Boc group was re- 
moved (steps 1-5). The resin was filtered, dried, and found to 
have increased in weight by 1.2 g. After correcting for the weight 
of Boc-glycine on the resin, a weight gain of 79% of theory was 
calculated. 
[l-Hemi-~~-[a,p,/3-2H~]cystine]oxytocin (2) from 7 and Sepa- 

ration of the Diastereomers. The peptide DL-[C~,/~,@- 
~H~]Cys(B~1)-Tyr(Bzl)-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly resin 
(7) was cleaved from the preceding resin (3.70 g) by ammonolysis. 
The resin peptide was dissolved in 125 ml of anhydrous methanol 
which had been saturated with ammonia (freshly distilled from 
sodium) a t  -5". The mixture was stirred for 72 hr in a tightly 
sealed 250-ml flask. Excess ammonia and methanol were then re- 

moved in uacuo, the peptide was extracted into 60 ml of warm 
(55") dimethylformamide (DMF) for 4 hr and the resin was fil- 
tered off. The DMF solution volume was reduced to 30 ml and 
addition of water yielded a voluminous white precipitate which 
was filtered and dried overnight in vacuo to give 1.06 g (69%) of 
protected nonapeptide ~~-[or,~,/3-2H3]Cys(B~l)-Tyr(Bzl)-Ile-Gln- 
Asn-Cys(Bz1)-Pro-Leu-Gly-NHz ( S ) ,  mp 212-216". 

The protecting groups were removed by treatment of 320 mg 
(0.25 mmol) of 8 with sodium metal28 in freshly distilled ammo- 
nia until a blue color persisted for 30 sec. Excess sodium was de- 
stroyed with acetic acid, and ammonia was removed by evapora- 
tion followed by lyophilization. The white powder was dissolved 
in 600 ml of 0.1% aqueous acetic acid, the pH was adjusted to 8.5 
with 3 N ammonium hydroxide, and the sulfhydryl groups were 
oxidized with 50 ml of 0.1 N K3Fe(CN)6 solution.29 After 30 min 
the pH was lowered to 5 with 6 N acetic acid and the solution was 
treated with 4 ml (settled volume) of Rexyn 203 (Cl- form). The 
mixture was stirred for 20 min and the resin was removed by fil- 
tration and washed with three portions of 10% aqueous acetic 
acid. The filtrate and washings were combined and lyophilized to 
dryness. The product [l-hemi-~L-[a,/3,~-~H~]cystine]oxytocin (2) 
was separated into its diastereomers and purified using the parti- 
tion chromatography system described below. 

[l-Hemi-~-cystine]oxytocin has been separated from [l-hemi-L- 
cystine]oxytocin by partition chromatography using the solvent 
system 1-butanol-benzene-pyridine-0.170 aqueous acetic acid 
(6:2:1:9).24 However, in our hands, this system gave variable re- 
sults, usually yielding Rp values considerably lower than those re- 
ported,24,45 and its use was abandoned in favor of the equally 
useful system 1-butanol-3.570 aqueous acetic acid in 1.5% pyri- 
dine (1:l) for the separation of the deuterated derivatives. 

The crude product [l-hemi-~~-[a,fl,/3-2H3]cystine]oxytocin was 
dissolved in 3 ml of the upper phase and 2 ml of the lower phase 
of the solvent system 1-butanol-3.5% aqueous acetic acid in 1.5% 
pyridine (1:l) and applied to a Sephadex G-25 (block polymeri- 
zate, 100-200 mesh) column, 2.85 X 62 cm, previously equilibrat- 
ed with lower and upper phases. Ninety 5.8-ml fractions were col- 
lected. Analysis by the Folin-Lowry method46 showed three 
peaks, including the by-product peak and two other peaks a t  Rr 
0.34 and 0.25. From the known Rr values of the protio derivatives 
in this system (0.35 and 0.24),24 these peaks could be assigned to 
[l-hemi-~-[a,P,p-~H3]cystine]oxytocin (2a) and [l-hemi-L-[a,fl,p- 
2H3]cystine]oxytocin (2b). The oxytocin peak (Rr 0.23) was isolat- 
ed to give uncontaminated product (60 mg) while the 1-hemi-r, 
peak (Rr 0.341, which included some oxytocin, was repurified by 
partition chromatography to give the D isomer 2a. Both 2a and 2b 
were then separately purified by gel filtration chromatography on 
Sephadex G-25 (200-270 mesh) using 0.2 N acetic acid as eluent 
solvent. Final purified yields were 76 mg of 2a and 57 mg of 2b. 

Each of the isomers gave single spots of uniform shape on tlc in 
the solvent systems A and B, identical with those of authentic 
protio analogs of 2a47 and 2b.38 The oxytocin derivative 2b exhib- 
ited protonl3J4 and carbon-1316 spectra identical with those of 
authentic oxytocin except for the absence of-peaks corresponding 
to the 1-hemicystine a! and /3 protons and carbons, respectively. 
Bioassay of 2a and 2b for milk-ejecting and oxytocic activity gave 
results comparable to those of the protio analogs. A sample of 
each compound was hydrolyzed for 36 hr a t  110". Amino acid 
analysis gave the following molar ratios: for [l-hemi-L-[a,/3,/3- 
2H3]cystine]oxytocin, aspartic acid, 1.0; glutamic acid, 1.0; pro- 
line, 1.06; glycine, 1.0; half-cystine, 2.0; isoleucine, 1.0; leucine, 
1.1; tyrosine, 0.88; for [l-hemi-~-[a,/3,P-~H3]cystine]oxytocin, as- 
partic acid, 1.0; glutamic acid, 1.0; proline, 1.0; glycine, 1.0; half- 
cystine, 2.0; isoleucine, 1.0; leucine, 1.0; tyrosine, 0.85. 

Solution Synthesis of 2 and Separation of the Diastereo- 
mers. The synthesis of ~~-[or,~,~-2H~]Cys(Bzl)-Tyr-Ile-Gln-A~n- 
Cys(Bzl)-Pro-Leu-Gly-NHz was also carried out v ia  solution tech- 
niques by the coupling of the octapeptide Tyr(Bz1) -1le-Gln- 
Asn-Cys(Bzl)-Pro-Leu-Gly-NH238 with Boc-S-benzyl-oL-[a,B,B- 
2H31cystine (4). The protected octapeptide Z-Tyr(Bz1)-Ile-Gln- 
Asn-Cys(Bzl)-Pro-Leu-Gly-NH2 (350 mg, 0.286 mmol) was dis- 
solved in 5 ml of anhydrous acetic acid and 5 ml of 5.3 N HBr in 
acetic acid and the solution was stirred for 1 hr. Addition of 300 
ml of anhydrous ether yielded a white precipitate. The solid was 
filtered off, washed with three 35-ml portions of ether, and dried 
in uacuo over KOH. The deprotected octapeptide salt was used in 
the coupling step without further purificatlon. A solution of 90 mg 
(0.315 mmol) of Boc-S-benzyl-~~-[a,p,p-2H3]cysteine and 84 mg 
(0.63 mmol) of 1-hydroxybenzotriazole33 in 5 ml of DMF was 
cooled to 0". Then 65 mg (0.315 mmol) of DCC was added, and 
the solution was stirred a t  -5" for 1 hr and 1 hr a t  room tempera- 
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ture. The octapeptide salt was dissolved in 5 ml of DMF, neutral- 
ized to pH 7.0 with N-methylmorpholine, and added to the active 
ester solution with two 2-ml DMF washes. The reaction mixture 
was stirred for 12 hr a t  room temperature. Addition of 300 ml of 
anhydrous ethanol gave a fluffy white precipitate which was fil- 
tered and washed with three 30-ml portions of ethanol, three 
10-ml portions of 50% aqueous ethanol, and three 30-ml portions 
of ether. The white powder was dried in uacuo over KOH, yield- 
ing 285 mg (70% of theory) of Boc-~~-[a,p,fl-~H3]Cys(Bzl)-Tyr-Ile- 
Gln-Asn-Cys(Bz1)-Pro-Leu-Gly-NHz (6), mp 216-221". 

The protected nonapeptide 6 was stirred in a flask containing 5 
ml of anisole and 7 ml of trifluoroacetic acid (TFA) for 30 min. 
Ether (200 ml) was added and a white precipitate was filtered 
and washed with three 30-ml portions of ether. The white powder 
was dried overnight in vacuo over KOH, yielding 275 mg (95%) of 
the deprotected nonapeptide (trifluoroacetate salt). The salt was 
treated with sodium in liquid ammonia to remove remaining pro- 
tecting groups, oxidized with KsFe(CN)s, and purified as de- 
scribed in the preceding section. Final yields of 2a and 2b from 
the nonapeptide were comparable to those obtained in the previ- 
ous example. The compounds were identical in all respects with 
those obtained by solid-phase methods. 

Solid-Phase Synthesis of S-Benzylcysteinyl-O-benzyltyrosyl- 
isoleucylglutaminylasparaginyl-S-benzyl-~~-[a,~,~-~H~]cys- 
teinylprolylleucylglycyl Resin (9). The solid-phase synthesis of 
the title protected nonapeptide resin intermediate was performed 
in a similar manner to that of 7. The quantity of Boc-glycine sub- 
stituted resin used was 4 g with an amino acid content of 0.36 
mmol/g (1.44 mmol). As in the synthesis of 7, the reaction time 
for the active ester couplings (p-nitrophenyl tert-butyloxycarbon- 
ylasparaginate and p-nitrophenyl tert-butyloxycarbonylglutami- 
nate) was 6 hr. In an alternate step, 8 (see Table I), 1 equiv (1.44 
mmol) of diisopropylethylamine in 5 ml of DMF was added to the 
nitrophenyl ester and the mixture was shaken for an additional 2 
hr . 

Most of the other couplings were carried out using a single cou- 
pling step of 90-min duration and a 2.5-fold excess of amino acid 
and dicyclohexylcarbodiimide. Negative ninhydrin reactions were 
noted after each of the couplings except for the following two 
cases. (1) The coupling of Boc-S-benzyl-~~-[a,p,P-zH3]cysteine (4) 
to Pro-Leu-Gly resin involved a 1.1-fold excess of the deuterated 
amino acid (and 1.1 equiv of DCC) and a reaction time of 180 
min. A ninhydrin test indicated slightly incomplete (-98%) cou- 
pling. An additional 0.4 equiv of 4 and DCC were added in 35 ml 
of methylene chloride and the coupling was repeated for 120 min. 
At the completion of the wash steps, the ninhydrin test indicated 
complete coupling. (2) A single 90-min coupling with Boc-isoleu- 
cine and DCC (2.5-fold excess) likewise gave a slightly positive 
ninhydrin test. The coupling was repeated with an additional 
1.25-fold excess of reagents for 90 min to give complete coupling. 
[6-Hemi-~~-[a,P,P-~H~]cystine]oxytocin (3) from 9 and Sepa- 

ration of the Diastereomers. The ammonolysis of 9 was carried 
out in an identical manner with cleavage of 7 (v ide supra) and 
yielded 1.02 g (55% based on original glycine substitution) of the 
protected nonapeptide Cys(Bzl)-Tyr(Bzl)-Ile-Gln-Asn-DL-[a,p,@- 
2H3]Cys(Bzl)-Pro-Leu-Gly-NHz (lo), mp 216-221". Deprotection 
with sodium and liquid ammonia of 330 mg (0.25 mmol) of nona- 
peptide 10 was followed by oxidation with KaFe(CN)e as de- 
scribed previously. The solution was treated with Rexyn 203 (Cl- 
cycle), filtered, and lyophilized to dryness. 

Preliminary studies using oxytocin and [6-hemi-~-cystine]oxy- 
t o ~ i n ~ ~  showed that the two compounds could be readily sepa- 
rated using the solvent system l-butanol-3.5% aqueous acetic 
acid containing 1.5% pyridine (1:l). Identical Rt values were ob- 
tained for both the protio and deuterio compounds. 

The crude [6-hemi-~~-[a,P,P-~Hs]cystine]oxytocin was dissolved 
in 3 ml of the upper phase and 2 ml of the lower phase of the 
above solvent system, and applied to a Sephadex G-25 column, 
2.85 X 62 cm, previously equilibrated with lower and upper phas- 
es of the solvent system. The column was eluted with the upper 
phase and 100 5.8-ml fractions were collected. Analysis by the 
Folin-Lowry method showed three peaks, including the by-prod- 
uct peak and two other peaks a t  Rr 0.33 and 0.23 (Figure 2). From 
the RI values for the protio compounds and by comparison with 
the usual Rr of oxytocin in this system (0.24), these peaks could 
be assigned to [6-hemi-~-[a,p,p-2H3]cystine]oxytocin (3a) and [6- 
hemi-~-[a,~,@-2H3]cystine]oxytocin (3b), respectively. Each of the 
peaks was collected separately, lyophilieed to dryness, and 
subjected to gel filtration chromatography on Sephadex G-25 
(200-270 mesh) using 0.2 N acetic acid. Final purified yields were 
53 mg of 3a and 70 mg of 3b. 
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Each of the isomers gave single spots of uniform shape in the 
solvent systems A and B, and a t  identical Rr values with those of 
the protio analogs, and gave identical optical rotations as the pro- 
tio analogs. The oxytocin derivative 3b exhibited protonlsJ4 and 
carbon-1316 spectra identical with those of authentic oxytocin ex- 
cept for the absence of peaks corresponding to the 6-hemicystine 
a and 0 protons and carbons, respectively. Bioassays of 3a and 3b 
for milk-ejecting and oxytocic activity gave results comparable to 
those of the protio analogs. A sample of each compound was hy- 
drolyzed for 36 hr at 110". Amino acid analysis gave the following 
molar ratios: for [6-hemi-~-[a,~,~-2H~]cystine]oxytocin, aspartic 
acid, 1.0; glutamic acid, 1.1; proline, 1.0; glycine, 1.1; half-cys- 
tine, 2.0; isoleucine, 1.0; leucine, 1.0; tyrosine, 0.80; for [6-hemi- 
D-[a,P,~-zH3]~ystine]oxytocin, aspartic acid, 1.0; glutamic acid, 
1.0; proline, 1.0; glycine, 0.92; half-cystine, 1.75; isoleucine, 1.0; 
leucine, 1.0; and tyrosine, 0.85. 

Bioassay Methods. Oxytocic assays were performed on isolat- 
ed uteri from rats in natural estrus according to the method of 
Holton,*9 as modified by Munsick,60 with the use of magnesium- 
free Van Dyke-Hastings solution as the bathing fluid. Milk-eject- 
ing activities were determined using mouse mammary tissue in 
vitro.J',J2 [l-Hemi-~-[a,~,/3-~H~]cystine]oxytocin and [6-hemi-~- 
[a,fi,@-zH3]cystine]oxytocin had the same potencies as authentic 
oxytocin, and [l-hemi-~-[a,fl,/3-~H~]cystine]oxytocin and [6-hemi- 
D-[a,p,@-*H3]cystine]oxytocin showed the reduced potencies as 
found in authentic [l-hemi-~-cystine]oxytocin~4 and [6-hemi-~-  
cystine]oxytocin,47 respectively, in these assay systems. 
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A synthesis of the  sesquiterpene ipomeamarone (1) is  described. React ion of  the  anion of d i m e t h y l  2-oxo-4- 
methylpentanephosphonate w i t h  l-acetoxy-l-(3-furyl)-4-pentanone (6b) followed by hydrolysis produced 1 as 
wel l  as epiipomeamarone (2). K i n e t i c  and  equ i l ib r ium mix tu res  f rom t h e  cycl izat ion react ion contained 1 and  2 
in approximately equal  amounts. T h e  epimers were separated by high-pressure liquid chromatography and  
characterized. 

The presence of the sesquiterpene ipomeamarone ( 1)2 in 
mold-damaged sweet potatoes is well kn0wn.39~ The enan- 
tiomer of ipomeamarone and an epimer (2) have been 
found in Myoporum d e ~ e r t i . " ~  As part of an investigation 
of other toxic metabolites found in moldy sweet potatoes, 
a convenient synthetic source of ipomeamarone was re- 
quired. 

0 

1 2 

Kubota has described a synthesis in which a key step 
was addition of diisobutylcadmium to acid chloride 3.4 
The reaction gave a 13% yield of material identified as epi- 
ipomeamarone (2) and apparently no ipomeamarone. The 
main product was the tricyclic ketone 4. Treatment of 2 
with potassium acetate and acetic anhydride gave SO- 

called acetylisoipomeamarone, saponification of which 
gave material identical with that produced when natural 

0 
3 4 

ipomeamarone was treated in the same manner. Acetyl- 
isoipomeamarone was later shown to be a mixture of cis 
and trans isomers 5a and 5b.7a Saponification of 5a,b was 
originally thought to give only the cis-substituted tetrahy- 
drofuran derivative 1,s but a recent report indicates that 
the reaction actually gives a mixture of 1 and 2.7 Presum- 
ably both arise from 5a; 5b must initially isomerize to 5a 
before Michael addition can occur. However, it  is not 
clear whether 1 and 2 are formed directly from 5a or 
whether one is the kinetic product and the other arises by 
subsequent equilibration. Regardless of the stereochemical 


