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ABSTRACT 

Specific deuterium labels introduced at non-exchangeable posi

tions in peptides apparently do not significantly affect the chemical or 

biological properties of the peptides but do provide probes with which 

the peptides may be studied using modern biophysical techniques. In

formation relevant to the conformation of peptides and to the micro-

dynamics with which peptides bind to carrier molecules or receptors may 

be gathered using these techniques. 

This investigation reports the synthesis of specifically deuter-

ated S-benzyl cysteine derivatives deuterated in the a position only, 

the P position only, and in the a and 3 positions simultaneously. These 

compounds were used to introduce specifically deuterated cysteine into 

the neurohypophyseal hormone.'- oxytocin and [8-arginine]vasopressin at 

the 1-hemi- or the 6-hemi-cystine positions. Also reported is the 

synthesis of cv-deuterated isoleucine and its inclusion into the 3 position 

of oxytocin. In addition to the deuterated hemi-cystine derivatives of 

[8-arginine]vasopressin, a-deuterated phenylalanine was synthesized and 

incorporated into the 3 position of this peptide hormone. 

Within the framework of the above syntheses, several methodologi

cal questions of peptide and amino acid synthesis were studied. Solid 

phase peptide synthesis has traditionally used chloromethylated 

polystyrene-co-l7o divinylbenzene resin as a support on which the pep

tides were built. The use of benzhydrylamine substituted resin in place 

x 



of chloromethylated resin was investigated. It was found that the use 

of benzhydrylamine resin was more efficient for syntheses of oxytocin 

since about 257c higher over-all yields were obtained in synthesis times 

that were shorter by six days. A new solvent system for the partition 

chromatographic separation of diastereomeric mixtures of [8-arginine]-

vasopressin analogs was developed for use on Sephadex G-25. This solvent 

system was l-butanol:ethanol:water (3.5% acetic acid in 1.5% pyridine; 

4:1:5). It allowed the clean separation of the 1-hemi-D-cystine and 

1-hemi-L-cystine diastereomers of an [8-arginine]vasopressin analog, 

without contamination by dimers or other by-products in either 

diastereomer. A rapid, specific, inexpensive and generally applicable 

preparation of N-acetyl cv-deuterated amino acids from commercial amino 

acids by exchange of the a-proton was developed. Treatment of the 

amino acid with a 25% solution of acetic anhydride in acetic acid-d at 

reflux for two minutes results in approximately 75-85%. exchange of the 

cy-proton. A second treatment raises the level of exchange to 90-100% 

for most amino acids studied. A rapid, quantitative preparation of 

ethanol-d was developed. One of the steps in the synthesis of S-benzyl-

2 
DL-[cy,(3,f3,- H^]cysteine required the use of ethanol-d. This solvent was 

prepared in quantitative yield by mixing tetraethoxysilane and deuterium 

oxide in the presence of a catalytic amount (0.3%) of thionyl chloride 

for two hours followed by vacuum distillation of the product. 

During the course of one of the peptide syntheses, an oxytocin 

analog lacking a glutamine residue in the tocin ring was obtained as a 

by-product of the synthesis. This compound, des-4-glutamine-oxytocin, 



xii 

retained about 0.1% of the milk-ejecting activity of oxytocin. An 

independent synthesis of the compound was done to demonstrate unambigu

ously that the biological activity did not result from contamination 

with oxytocin. The product from this synthesis possessed about 0.09 

U/mg activity in the milk-ejection assay which is about 0.02% the 

activity of oxytocin. This represents the first example of an oxytocin 

analog which lacks an entire amino acid residue from the tocin ring. 

The significant biological activity for this derivative is unexpected. 



CHAPTER 1 

INTRODUCTION 

Peptide hormones are chemical messengers which are biosynthe-

sized in one part of the body, released into the bloodstream in response 

to a physiological demand, and travel to target tissues where they 

elicit biological responses. Oxytocin and vasopressin are peptide hor

mones which are made in a part of the brain known as the hypothalamus. 

They are stored in the posterior pituitary gland in a complex with pro

teins called neurophysins until, on demand, they are released into the 

circulation (Sachs 1970). Oxytocin is known to play important roles in 

uterine contraction (Dale 1906) and milk-ejection (Ott and Scott 1910) 

in female mammals. Vasopressin is an important antidiuretic (von den 

Velden 1913) and pressor hormone (Oliver and Schafer 1895). Reviews of 

the pharmacological activities of these hormones have been given by 

Sawyer (1961) and by Heller (1963). 

The objective of this investigation is the synthesis of specifi

cally deuterated peptides related to the neurohypophyseal hormones oxy

tocin and vasopressin (see Figures 1 and 2). These compounds can be 

used in various biophysical studies from which information on the solu

tion conformation of the hormones and on the microdynamics of binding 

of the hormones to neurophysins, their biological carrier molecules, can 

be obtained. This information should enhance our understanding of the 

1 



H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH„ 

1 2 3 4 5 6 7 8 9 2 

Oxytocin 

H-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH 

1 2 3 4 5 6 7 8 9  2  

[8-Arginine]Vasopressin 

Figure 1. The Primary Structure of Oxytocin and of 

[8-Arginine]Vasopressin. 
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Figure 2. The Molecular Structure of Oxytocin and of 

[8-Arginine]Vasopressin. 
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relationship between the microscopic structural features of the peptide 

hormones and their biological activity. 

Investigations of the relationship of structure to activity for 

the neurohypophyseal hormones became experimentally feasible in 1953 

when du Vigneaud, Lawler and Popenoe (1953) first synthesized oxytocin. 

In the intervening 22 years, several hundred structural analogs of 

oxytocin and, to a lesser extent, vasopressin have been synthesized. 

Berde and Boissonnas (1968) compiled a review of over 200 analogs of 

oxytocin complete with biological activity data for each analog. The 

approach taken in most of the work discussed in their review and in many 

subsequent investigations was to vary the primary structure (the sequence 

of amino acids) of the hormone. Usually, one of the naturally occurring 

amino acids was replaced by another amino acid or by an amino acid 

analog. Some hormone analogs were made with the omission of one or more 

of the naturally occurring amino acids, and some were made by inter

changing the sequence positions of two amino acids. Much interesting 

chemical and pharmacological data was amassed which indirectly provided 

some clues to the importance of each of the individual amino acid resi

dues in oxytocin. Nevertheless, these studies failed to provide a 

totally satisfactory picture of the relationship between structure and 

biological activity for the oxytocin molecule (Sclwartz 1973). 

A basic hypothesis upon which this investigation depends is that 

the activity of a peptide is intimately related to its spatial conforma

tion under physiological conditions. A corollary to this hypothesis is 

that any change in the primary structure of a peptide generally will 
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also change the secondary (three-dimensional) structure to some extent. 

If the basic hypothesis is correct, it will often be very difficult and 

risky to make inferences about the relationship of structure to activity 

for a peptide based on activity data for an analog which has a different 

primary structure and hence a different secondary structure. It has 

been shown, however, that replacement of hydrogen with deuterium at a 

single position does not significantly affect the properties of oxytocin 

(Brewster, Hruby, Glasel and Tonelli 1973; Spatola et al. 1974). There

fore the replacement of hydrogen with deuterium affords us the oppor

tunity to directly study with modern physical techniques an analog of 

oxytocin which is conformationally equivalent and has properties nearly 

identical to the native hormone. 

The utility of deuterium labels to solve mechanistic questions 

in organic chemistry has long been recognized. Experimental work has 

exploited the facts that the carbon to deuterium (C-D) bond is shorter, 

stronger, and more polar but less polarizable than the carbon to hydro

gen (C-H) bond (Thomas 1971). For example, the rate at which a C-D bond 

is broken in a chemical reaction is up to seven times slower than the 

rate at which an analogous C-H bond is broken. This phenomenon is 

called the primary deuterium isotope effect. It was first observed by 

Westheimer and Nicholaides (1949) and has been widely used to ascertain 

the kinetics and mechanism of many reactions. Other work has employed 

deuterated solvents to determine if there is solvent participation in a 

reaction. It was found by this method, for example, that the ..solvent 

in the Cannizaro reaction does not provide the proton source in the 
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hydride transfer step (Fredenhagen and Bonhoeffer 1938). More examples 

of solvent participation in organic reactions may be found in Chapters 2 

and 7 of this work. Still other studies have made use of the differences 

in the mass, vibrational and magnetic characteristics of deuterium to 

study compounds and reaction courses using mass spectrometry, infrared 

spectroscopy and nuclear magnetic resonance (MR) spectroscopy (Thomas 

1971). The field of biochemistry has also advantageously used deuterium 

labeling to investigate questions concerning the structure, function and 

folding of proteins and mechanisms of enzyme reactions (Katz and Crespie 

1970, Jardetzky and Wade-Jardetzky 1971). 

The Possible Use of Specific Deuteration in 

Structure-Activity Studies 

If the three-dimensional structure of a native peptide could be 

determined, then theories of the mode of action of the peptide could be 

advanced. Conformational analyses of peptides by the measurement of 

coupling constants obtained from NMR experiments provide information on 

the bond angles between neighboring atoms. The bond angles which are of 

particular interest for determination of the secondary structure of a 

peptide are backbone rotational angles cp, and u) (Edsall et al. 1966) 

of the individual residues and the rotamer populations of the side chain 

groups of each amino acid residue. If all the bond angles in a peptide 

can be determined, then a self-consistent conformation of the peptide 

should be obtained. A major problem and source of controversy in these 

studies has been the assignment of each of the spectral lines to indi

vidual atoms in the molecule. Unequivocal assignments are necessary to 
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make any subsequent work meaningful. One way to make unequivocal spec

tral assignments is to replace a hydrogen atom with deuterium at non-

exchangeable positions in the molecule. In proton NMR, the resonance 

line for the hydrogen which has been replaced will disappear. In 

proton-decoupled carbon-13 NMR, the resonance line of the carbon bearing 

deuterium will be split and broadened such that under many conditions 

the signal essentially disappears into the spectral noise. Comparison 

of the spectra of the native hormone and the specifically deuterated 

synthetic hormone allows assignments to be made. Once all the spectral 

lines are identified, then measurements of vicinal coupling constants can 

be made from undecoupled spectra of the peptides. These measurements, 

01 ct B 
which provide information on the dihedral angles for H-N-C -HandH-C-C' -H, 

can be analyzed (Karplus 1963, Barfield and Gearhart 1973, for a review 

see Hruby 1974) to estimate bond angles. These measurements give esti

mates of cp and X^. The amide bond, cu, is usually trans in peptides 

(Robin, Bovey and Basch 1970). The angle \|i cannot presently be measured 
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but can be estimated provided the other angles are known (Hruby 1974). 

This use of specifically deuterated analogs is currently the most promis 

ing method for determining the conformation of oxytocin and vasopressin 

since their non-crystallinity precludes analysis by X-ray crystal

lography. Proton NMR spectra of native oxytocin are quite complex with 

many adjacent resonance lines poorly resolved, making unambiguous assign 

ments difficult or impossible (Johnson, Schwartz and Walter 1969; 

Brewster, Hruby, Spatola and Bovey 1973; Feeney, Roberts and Burgen 

1971). Many of these difficult assignments have now been made using 

specifically deuterated derivatives in the manner discussed above. 

Confidence in the validity of this method has been enhanced by the work 

of Brewster, Glasel and Hruby (1972) and Brewster, Hruby, Spatola and 

Bovey (1973) who showed that the spectra of the partially deuterated 

hormones were identical to the spectrum of native oxytocin except for 

the absence of the resonance of the proton which was replaced with 

deuterium and, of course, any related coupling of that proton with other 

nuclei. All other chemical shifts and coupling patterns and constants 

remained the same. Analogously, carbon-13 NMR spectra of native 

oxytocin are also complex (Deslauriers, Walter and Smith 1972; Smith, 

Deslauriers and Walter 1972), but have yielded much useful information 

through the use of partially deuterated derivatives (Hruby 1974). 

A second use for specifically deuterated peptides in the study 

of structure-activity relationships arises from the recent development 

of instrumentation capable of recording deuteron magnetic resonance 

2 
( H-NMR) spectra (see, for example, Glasel et al. 1973). This powerful 
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tool allows direct observation of the specific deuterium labels in the 

2 
peptide. As in any magnetic resonance experiment, the H-NMR linewidth 

is related to the freedom of motion of the observed nucleus or nuclei. 

If the freedom of motion is restricted by some perturbing influence, the 

line generally will be broadened relative to the unperturbed state. One 

way in which this technique can be applied to study the relationship of 

the structure of a specifically deuterated peptide to its activity, is 

2 
to study the H-NMR spectrum of the uncomplexed peptide, and compare 

this spectrum to that obtained when the deuterated peptide interacts 

with some purified receptor or carrier protein which is capable of bind

ing the peptide. Measurement of linewidths and other NMR parameters can 

provide insight into the nature of the interaction. In the case of the 

neurohypophyseal hormones the biological carrier proteins, the neuro-

physins, have been used as the binding molecules. For a complete 

analysis of the microdynamics of binding of oxytocin to neurophysin, 

synthetic analogs of oxytocin containing specific deuteration in one or 

more positions of each of the amino acid residues would be required. 

The preparation of several of these analogs is reported in Chapters 3 

and 4 of this work. In addition the preparation of several analogs of 

[8-arginine]vasopressin is reported in Chapter 6. 

The experimental approaches described above can provide direct 

information on peptide analogs which are structurally essentially 

equivalent to the native hormone. In this regard, these analyses will 

expand our current knowledge of conformation and structure-activity re

lationships in a way that the indirect studies involving alteration of 

the primary structure cannot. 
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For this work, specifically deuterated amino acids are required. 

This investigation focuses on the derivatives of S-benzyl-cysteine 

deuterated in the a position only, the 3 position only, and in both the 

(X and |3 positions simultaneously, and on a deuterated isoleucine and 

phenylalanine. Each of these compounds was used in syntheses of analogs 

of the neurohypophyseal hormones. Carbon-13 NMR spectra of these hormone 

analogs have provided unequivocal assignments for the deuterated posi

tions. 



CHAPTER 2 

SPECIFICALLY DEUTERATED S-BENZYL 

CYSTEINE DERIVATIVES 

The chemical synthesis of either oxytocin or vasopressin requires 

the incorporation of two cysteine residues into the peptide chain at 

positions 1 and 6 (see Figures 1 and 2). Syntheses of specifically 

deuterated derivatives of this amino acid therefore serve as a starting 

point for the preparation of several analogs of each hormone. Cysteine 

is a thiol-containing amino acid. In the neurohypophyseal hormones, the 

cysteine residues are joined by a disulfide bond which results from one-

electron oxidations of the thiol groups. This process forms the dimer 

of cysteine known as cystine. 

COOH 

H N-C-H 

I 
CH 

oxidation ̂  

| ̂  ^ reduction 
SH 

COOH 

H2N-C-H 

CH„ 

COOH 

H2N-C-H 

CH„ 

Cysteine Cystine 

For the biophysical studies discussed in Chapter 1, it is neces

sary that only one of the cysteine (or hemi-cystine) residues bear 

deuteration in any given hormone derivative. The nature of peptide 

11 
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synthetic methods (see Chapter 3) allows the unambiguous incorporation 

of deuterated cysteine into the desired position. Cysteine itself, 

however, cannot be used directly in a peptide synthesis owing to the 

high chemical reactivity of the sulfhydryl group, which is not only 

easily oxidized but is also highly nucleophilic. The high reactivity 

requires that the sulfurs be protected with a group which eliminates 

this reactivity during the course of amino acid or peptide synthesis but 

which can be quantitatively removed when the protection is no longer 

needed nor desired. The protecting groups used in this investigation 

are the benzyl (Bzl) group and the 3,4-dimethylbenzyl (1MB) group. 

Both groups are stable to the conditions used in peptide synthesis. The 

Bzl group can be removed by treatment with sodium in liquid ammonia 

(Sifferd and du Vigneaud 1935) and the DMB group can be removed with 

liquid HF (Yamashiro, Noble and Li 1972) or with sodium in liquid 

ammonia (Smith 1973). Both reactions reconvert the thioether to 

cysteine and a toluene derivative. 

Synthetic Strategy 

A review of the synthetic approaches to S-benzyl-cysteine is 

given by Greenstein and Winitz (1961, pp. 1879-1928). In any synthetic 

H 

CH.-S-CH„-C-COOH 

S-Bzl-Cysteine x = H 

S-EMB-Cysteine x = CH^ 
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scheme which is adopted, it is imperative that the integrity of all 

introduced deuterium labels be maintained throughout the synthesis. Two 

of these schemes are ideally suited for the preparation of specifically 

r 2 
deuterated cysteines. For the synthesis of S-benzyl-DL-|_o'- H^]cysteine 

the scheme given in Figure 3 was used. The amino acid was made by dis

placement of chloride from benzyl chloromethyl sulfide by sodio diethyl-

acetamidomalonate followed by hydrolysis of the adduct with 11 N DC1 in 

D^O. The overall yield from benzyl mercaptan was about 207°. This 

synthesis was adapted from the method of Wood and du Vigneaud (1939). 

2 
S-3,4-Dimethylbenzyl-DL-[cf- H^]cysteine was made in the same way using 

3,4-dimethylbenzyl mercaptan to prepare 3,4-dimethylbenzyl chloromethyl 

sulfide. 

The synthetic scheme for the preparation of S-benzyl-DL-

2 2 
[3,13- H^-jcysteine and S-benzyl~DL-[a?,P,[3- H^]cysteine is given in 

Figure 4. These compounds were made using modifications of the methods 

of Atkinson, Cillis and Stewart (1969) and Cornelius (1972). This 

approach involved making the Mannich adduct of diethyl-a-acetamidomalo-

nate, deuteroformaldehyde, or its equivalent, and dimethylamine. The 

adduct was quaternized with methyl iodide, and the product was treated 

with sodium benzylmercaptide. Upon hydrolysis of the resulting product, 

S-benzyl-DL-cysteine derivatives were obtained. 

2 
Rather than use deuteroformaldehyde, a precursor, [cv,a-

methylene diacetate was chosen to avoid the yield loss that would attend 

conversion of the precursor to formaldehyde. Hie diacetate was made 

from [a1,a- H^lniethylene dibromide which had been obtained by exchanging 



H2-S-CH2-C1 + Na 
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C-NH-COCH, 
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Figure 3. Synthesis of S-Benzyl-DL-[Q- H^]Cysteine. 
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(CH ) NH + CD (OCOCH ) + H-C-NH-COCH, 

CH„I 
^ (CH )3^-CD -C-NH-COCH, (CH ) N-CD -C-NH-COCH, 

CH -S Na 

CH„CH„OR 

RC1/R 0 

CH-S-CD -C-NH-COCH 

2 
Figure 4. Synthesis of S-Benzyl-DL-[(3,p- H^Cysteine and of S-Benzyl-

DL-[cf, p, p-2H3]Cysteine. 
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the protons of methylene dibromide with NaOD in D^O. Scrupulously an

hydrous reagents and conditions were required before the diacetate could 

be isolated in good yield. Since the Mannich adduct is deuterated, one 

2 
expects to obtain S-benzyl-DL-[p,p- H^^cysteine when HCl is used in 

2 
the hydrolysis step and S-benzyl-DL-[a, (3, (3~ H^]cysteine when DCl is 

2 
used. This approach gave S-benzyl-DL-[p, p - H^cysteine as expected 

with > 95% deuteration at the p positions. The overall yield from the 

deuterated methylene diacetate was about 25%. When the synthesis of 

the trideutero compound was attempted in this manner, however, the 

product obtained was virtually undeuterated (< 10%) in the a position. 

The reaction of sodium benzylmercaptide with the quaternary salt was 

done for six days in refluxing ethanol. Isolation and characterization 

(NMR) of the reaction product revealed that it was not the expected 

2 
adduct but was ethyl-N-acetyl-S-benzyl-DL-[p,p- H^^cysteineate 

(> 90%). Apparently, during the course of the reaction, ethanolysis, 

decarboxylation, and subsequent proton abstraction from the solvent by 

the attendant carbanion lead to the unexpected product. When the dis

placement reaction was run in ethanol-d (CII^CI^OD) however, the same 

ethanolysis and decarboxylation occurred, but this time a deuteron was 

abstracted from the solvent rather than a proton. Following DCl 

2 
hydrolysis, S-benzyl-DL-[ce,p,p - H^]cysteine was obtained with > 95% 

deuteration at both the a and p positions. These experiments required 

a rapid and inexpensive source of ethanol-d. Pasto and Meyer (1968) 

obtained ethanol-d in 90%. yield after 24 hours reaction between tetra-

ethoxysilane and deuterium oxide. This approach was modified by the 
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addition of a catalytic amo (abouv. 0 . 3 % )  of thionyl chloride to the 

+ 
reaction which produced a light concentration of D in solution. 

Ethanol~d was obtained in 99.9% yield after only two hours reaction time. 

The product was pure as judged by NMR and gas chromatography. 

2 2 
S-benzyl-DL-[cv- H^]cysteine, S-benzyl-DL-[[3, g- H^]cysteine 

2 
and S-benzyl-DL-[cv,- H^]cysteine were readily resolved into their 

respective enantiomers by N-acetylation followed by reaction with hog 

renal acylase (Greenstein and Winitz 1961, pp. 1920-1922). The resolved 

enantiomers as well as the racemic amino acids from which they were de-

2 
rived and S-DMB-DL-[cy- H^]cysteine were converted to N-t-

butyloxycarbonyl (N-Boc) derivatives using the general method employing 

t-butyl azidoformate (Schnabel 1967). No loss of deuterium label was 

noted in any of the above procedures. 

Experimental Section 

Thin layer chromatography (tic) was done on silica gel G plates 

using the following solvent systems: (A) l-butanol:acetic acidiwater 

(4:l:5-upper phase only); (B) l-butanol:acetic acid:water:pyridine 

(15:3:12:10); (C) 1-pentanol: pyridine .-water (35:35:30), Capillary melt

ing points were determined on a Thomas Hoover melting point apparatus 

and are uncorrected. All temperatures are in degrees centigrade (°C). 

Nuclear magnetic resonance (NMR) spectra were obtained using a Varian 

T-60 NMR spectrometer. Optical rotation values were measured at the 

mercury green line (547 nm) using a Zeiss Old 4 polarimeter. Elemental 

analyses were performed by Spang Microanalytical Laboratory, Heterocyclic 
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Chemical Corporation or Chemalytics, Inc., and deuterium analyses were 

performed by Josef Nemeth, Urbana, Illinois. 

Synthesis of Cysteine Derivatives Having 

Deuteration in the o' Position Only 

Synthesis of Benzyl Chloromethyl Sulfide. Following the reported 

procedure (Wood and du Vigneaud 1939), 12.4 g of benzyl mercaptan (0.1 

mole) was mixed with 4.25 g of paraformaldehyde (0.14 mole) and 5.2 g of 

anhydrous calcium chloride. The mixture was cooled to 0° and saturated 

with HC1 gas. The flask was sealed and stirred at room temperature for 

24 hours. The mixture was filtered and the filtrate distilled using a 

4 inch Vigreaux column; bp 102°/2 mm (lit. 102°/2 mm); yield, 10.2 g 

(59%); NMR (neat); 6 3.55 (s, 2H), 4.10 (s, 2H), 7.00 (s, 5H). 

Synthesis of Diethyl-cy-acetamido-cy-benzylthiomethyl Malonate. 

A 1.73 g portion of sodium hydride (50% in oil, 0.036 mole) was placed 

in a dry, nitrogen filled reaction flask, covered with dry dimethyl-

formamide (DMF), and cooled to 0°. A solution of 7.83 g of diethyl-a-

acetamidomalonate (0.036 mole) in 40 ml of DMF was added to the cold 

hydride mixture over 20 minutes. Stirring was continued until hydrogen 

evolution ceased (ca_. 1 hour). Benzyl chloromethyl sulfide (6.15 g, 

0.036 mole) was added, and the flask was placed in a 90-100° bath for 

66 hours. The mixture was cooled and filtered. The filtrate was freed 

of solvent by rotary evaporation leaving a brown oil. Trituration with 

20 ml of water was followed by three 5-ml chloroform extractions. The 

combined organic layers were dried over anhydrous K^CO^, filtered and 
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freed of solvent. The resulting brown solid was treated eight times 

with 20 ml portions of boiling hexane. Each time the clear hexane layer 

was decanted from an oily lower layer. As the hexane cooled, white 

needles were deposited; yield, 6.68 g (53%.) ; mp 87.3-88°; NMR (CDCl^): 

6 1.25 (t, 6H), 2.05 (s, 2H), 3.75 (s, 2H), 4.24 (q, 4H), 6.95 (s, 

broad, 1H), 7.30 (s, 5H). Anal. Calcd for C ?H NS, C = 57.79%, 

H = 6.53%, N = 3.98%; found, C = 57.35%, H = 6.54%, N = 4.13%. 

2 
Synthesis of S-Benzyl-DL- fcv- H "jCysteine. A 6.0 g portion of 

diethyl-a-acetamido-o'-benzylthiomethyl malonate was treated with 11 N DCl 

(made by adding 13 ml SOCl^ dropwise to 31.3 ml cold D^O) at reflux for 

six hours. After cooling slightly, Norit was added and the mixture was 

briefly brought to boiling. The mixture was rapidly filtered and the 

filtrate was evaporated to dryness in vacuo. The residue was taken up 

in about 25 ml of water, and concentrated NH^OH was added to pH 5.5. 

After filtration of the resulting crystals and drying over NaOH in vacuo, 

2 
there was obtained 2.33 g (65%) of S-benzyl-DL-[a'- H^]cysteine, 

mp 215,5-217° (lit, for protio compound; Greenstein and Winitz 1961, 

p. 1920; 212°); NMR (CF C00H): 6 2.75 (s, 211), 3.40 (s, 2H), 3.60-3.80 

(a-CH, undetectable), 6.90 (s, 5H). 

2 
Synthesis of N-Boc-S-Benzyl-DL-jVy- H^"|Cysteine. A 2.0 g portion 

o 
of S-benzyl-DL-fa - H^]cysteine was slurried with 10 ml of water and 10 

ml of dioxane. The pH was adjusted to 9.8 with 4 N NaOH and 1.8 ml of 

t-butyl azidoformate was added in one portion. The pH was maintained at 

9.8 for 14 hours using a Radiometer (Copenhagen) Autoburette which 



delivered 4 N NaOH. The solution was extracted twice with 10 ml por

tions of ether. The aqueous layer was cooled to 0° and the pH was 

adjusted to 3.3 using 5 N HC1. The solution was extracted with three 

20-ml portions of ethyl acetate. The organic layer was washed with 

brine and dried over anhydrous sodium sulfate. After filtration, the 

solvent was removed jLn vacuo. Crystallization from ether/hexane gave 

feathery white crystals weighing 2.0 g (707o). The melting point was 

110.5-111.0° (lit.,Spatola et al. 1974, 111-111.3°; lit., Schnabel 

1967, 63-65°). Single, uniform spots were obtained on tic using 

systems A, B, and C with values identical to the protio analog; NMR 

(CDC13); 6 1.45 (s, 9H), 2.90 (s, 2H), 3.75 (s, 2H), 4.40-4.60 (a-CH, 

undetectable), 5.35 (broad, 1H), 7.30 (s, 5H). Quantitative deuterium 

analysis indicated 967» deuteration (Calcd 4.75 atom %, found 4.55 

atom %). 

2 
Synthesis of S-Benzyl-L- [<y- H^]Cysteine. The resolution of 

2 
S-benzyl-DL-[cv - H^]cysteine was done using the reported procedure for 

the protio compound (Greenstein and Winitz 1961, pp. 1920-1922) with 

minor modifications. The starting material, N-acetyl-S-benzyl-DL-

2 
[a- H^]cysteine was obtained by adding 1.25 g of the amino acid to 

3 ml of H^O and treating the resulting slurry with 0.9 g of Na^CO^ and 

1.15 ml of acetic anhydride. After 20 minutes, the homogenous mixture 

was acidified with concentrated HC1 to pH 1. There was obtained 1,42 g 

(95%), mp 154.5-155.2° (lit. for protio analog, mp 157°). The acetyl-

ated amino acid was slurried in 90 ml of water and the pH was adjusted 

to 7.5 with NH^OH. The total volume was brought to 110 ml by additii 
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of water and acylase I (hog kidney, Calbiochem, 0.23 g) was added and 

the mixture was stirred at 38° for 2 days maintaining the pH. An addi

tional 57 mg of enzyme were added and the mixture stirred 2 days more. 

The pH was lowered to 5 with acetic acid, a few ml of butanol were 

added (to prevent bumping and foaming) and the mixture was concentrated 

to about 20 ml. The mixture was filtered and the filtrate was acidified 

2 
with concentrated HC1 to give 640 mg of N-acetyl-S-benzyl-D-[cv-

cysteine (90.5%), mp 140-141°. The residue on the filter was trans

ferred to a flask where it was boiled with 1 N HC1 and filtered. This 

process was repeated and the combined filtrates were neutralized with 

NH.OH, giving 390 mg of S-benzyl-L-[cy -^H "]cysteine (64%); mp 215-218°; 
4 1 

[Q?]^? = -17.4° (c = 1, 5 N HC1), lit. (Greenstein and Winitz 1961, 

25 o 
p. 1880), = -19.5 (c = 1, 5 N HC1), commercial amino acid (Fox 

4978) Ton24 o 
L 547 = "17.1 . A quantitative deuterium analysis showed the 

compound to be 97% deuterated (Calcd 7.69 atom 7», found 7.52 atom 70). 

2 
Synthesis of N-Boc-S-Benzvl-L-fn>- H^ICysteine. Using the 

same method described above for the preparation of N-Boc derivatives, 

2 
1.25 g of S-benzyl-L-[>- H^cysteine (5.9 mmole) gave 1.70 g (93%) of 

the title compound which was an oil that resisted crystallization. 

NMR (CDC1 ): 6 1.45 (s, 9H), 2.90 (s, 2H), 3.75 (s, 2H), 4.40-4.60 

(a-CH, undetectable), 5.3 (broad, 1H), 7 25 (s, 5H). A single spot was 

obtained on tic using solvent systems A, B, and C with values identi

cal to the protio analog. 
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2 
Synthesis of S-Benzyl-D-lcf- H^"]Cysteine. A 2.06 g portion of 

2 
N-rtcetyl-S-benzyl-D-[a- H^]cysteine was hydrolyzed with 35 ml of 2 N 

HC1 at reflux for 3 hours. The solvent was removed and the residue was 

dissolved in water. The solution was neutralized with NH^OH. The 

crvatnls were filtered, washed with cold water and dried to give 1.33 g 

( 77. v.) of the title compound, mp 212-213°; [cv3^^ = +15.6° (c = 1, 

•> N • I). 

2 
Synthesis of N-Boc-S-Benzyl-D-f rv- H^]Cysteine. A 1.25 g por-

2 
t •;<•>?> ot S-benzyl-D-[a- H ]cysteine was converted to its N-Boc deriva-

Uvr i:i the usual way, giving 1.56 g (85.5%) of an oil which resisted 

. t s? 41! '.ration. The NMR was identical to that given for its enantiomer 

< s Above. A single spot was obtained on tic using solvent 

•" and C. 

2 
' enis of S-3,4-Dimethylbenzyl-DL~r g- H^lCysteine. . Follow-

' •»•••:: f-;i procedure (Urquart, Gates and Conner 1955) 3,4-dimethyl 

" ' v.ig converted to 3,4-dimethylbenzylmercaptan in 82% yield 

- ~ole) portion of the mercaptan was reacted with 0.46 g 

metal in ethanol-d (the preparation of this sol-

'<f:low). Diethyl-cv-acetamido-a-dimethylaminomethyl-

' '-"ifi prepared in a reaction analogous to the prepara-

analog (see below and Figure 4) except that para-

"ither than [a,a- H^lmethylene diacetate. An 

'"'" Ion of this salt was reacted with the mercaptide 

* , .. 
The solvent was removed and the residue was 
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extracted into 20 ml of chloroform and washed with 10 ml of cold water. 

The organic layer was dried with anhydrous K^CO^, filtered and freed of 

solvent. The residue was hydrolyzed with 30 ml of 11 N DC1 in D^O for 

5.5 hours. The solution was treated with Norit, filtered and the fil

trate was evaporated to dryness. The residue was dissolved in 15 ml of 

water and neutralized with NH^OH. The crystals were filtered and dried 

in vacuo over KOH to give 2.64 g (73%) of the title compound; mp 202-203° 

(lit., Smith 1973, 184-186°); NMR(CD3C00D): 6 2.1 (m, CH COOH), 2.25 

(s, 6H), 3.10 (s, broad, 2H), 3.75 (s, broad, 2H), 4.40-4.60 (o?-CH, 

undetectable), 7.05 (s, 1.2H). Note exchange of approximately two 

deuteriums into the phenyl ring. 

2 
Synthesis of N-Boc-S-3,4-Diroethylbenzyl-DL-ro'" ^Cysteine. 

2 
A 2.00 g portion of S-3,4-dimethylbenzyl-DL-[a/- H^]cysteine was con

verted to its N-Boc derivative in the usual manner. There was obtained 

2.02 g (71.5%); mp 120.5-121.5°; NMR (CDC1 ): 6 1.45 (s, 9H), 2.20 

(s, 611), 2.8-2.9 (broad s, 2H), 3.65-3.75 (broad s, 2H), 4.40-4.60 

(cv-CH, undetectable), 5.3 (broad, 1H), 7.0 (s, 1.2H), 11.1 (s, 1H). 

Synthesis of Cysteine Derivatives 
Having Deuteration in the g Posi

tion Only or in Both the g and B 

Positions 

2 
Synthesis of IVf.rv- H„lMethvlene Dibromide. Methylene dibromide 

(55 g) was successively exchanged with portions of 10%. NaOD in D^O by 

rapidly stirring at reflux for 24 hour periods. After five exchanges 

using 22, 13, 12, 11, and 7 ml portions of base, the exchange was judged 
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to be about 80% complete by NMR. Three additional exchanges employing 

12 ml each of 10%. NaOD in D^O gave 20.2 g which was > 95%, deuterated. 

o 
Synthesis of fry,cv ~ H ]Methylene Diacetate. A 20 g portion of 

o 
[a'jCr- t^methylene dibromide was mixed with 66 ml of anhydrous acetic 

acid (distilled from triacetylborate), 6.7 ml of acetic anhydride 

(freshly distilled after standing over an<^ 32.2 g of anhydrous 

potassium acetate (dried in vacuo for 3 days at 230° over ^2^5-* un<^er 

dry nitrogen in a flask equipped with a mechanical stirrer. After all 

the reagents were added, the nitrogen inlet was replaced with a con

denser, and the mixture was refluxed for 24 hours. Stirring was 

continued xvhile the mixture slowly cooled to room temperature. Ether 

(200 ml) was added and the mixture was filtered. The filter cake was 

washed with four 50-ml portions of ether. The ether and acetic acid 

were distilled from the mixture at atmospheric pressure. At 54-55°/10 mm 

(lit., Atkinson et al. 1969, 61-63°/12 mm) there was obtained 7.63 g 

(49%) of the title compound which was greater than 95%. deuterated in the 

a-position as judged by NMR. 

2 
Synthesis of Piethyl-Q'-acetamido-Q'-dimethylaminor H^"]methyl 

2 
Malonate Methiodide. An 11.2 g portion of [cr,or- H^]methylene diacetate 

(0.083 mole) was cooled to -10° in an ice-salt bath and 27.8 ml of a 40% 

aqueous solution of dimethylamine was added dropwise such that the 

temperature did not exceed 0°. Then 14.9 g of diethyl-a-acetamido-

malonate (0.083 mole) was added in one portion. The flask was sealed 

and the mixture was stirred at 40° for 1 hour. The flask was cooled to 
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-10° and 20% aqueous NaOH was added to pH 11. The cold mixture was 

extracted with two 50-ml portions of ether. The combined organic 

extracts were dried over Na^SO^, filtered and freed of solvent giving 

a semi-solid residue. The residue was taken up in 150 ml of dry ether 

and 25 ml of methyl iodide was added. The mixture was stirred at 40° 

for 24 hours, and then allowed to stand at room temperature for 24 hours. 

The white product was filtered and dried in vacuo to give 24.24 g (70%) 

of the title salt, mp 174-175° (lit., Cornelius 1972, mp 171-173°); NMR 

(D^O): 6 1.20 (t, 6H), 2.10 (s, 3H), 3.15 (s, 9H), 4.35 (q, 4H), 4.35 

(s, absent). 

2 
Synthesis of S-Benzyl-DL-fB,B- H^~l Cysteine. Under dry nitrogen, 

0.32 g of sodium (0.014 mole) was added to 30 ml of absolute ethanol. 

When all the sodium had reacted, 1.74 g of benzyl mercaptan (0.014 mole) 

was added followed by 5.84 g (0.014 mole) of the quaternary ammonium 

iodide. The mixture was refluxed six days, cooled, and freed of solvent. 

The residue was dissolved in 20 ml of chloroform and 10 ml of cold water 

was added. The mixture was shaken and separated, and the organic layer 

was dried over anhydrous K2^°3* ^ie drying agent was filtered off and 

the solvent removed leaving a residue which solidified on standing. 

Without further purification, the residue was treated with concentrated 

HC1 at reflux for 5.5 hours. The mixture was cooled, treated with Norit 

and again boiled. The mixture was filtered hot and the filtrate was 

evaporated to dryness in vacuo. The residue was dissolved in about 20 ml 

of H^O and the pH was adjusted to 5.5 with NH^OH. After filtering and 

drying, there was obtained 2.14 g (72% from the quaternary salt) of 
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white crystals melting at 209-211°; NMR (CF^COOH): 6 2.75 (PjP-CH^, 

undetectable), 3.20 (s, 2H), 3.40-3.60 (1H), 6.80 (s, 5H). Quantitative 

deuterium analysis indicated 97% deuteration (Calcd 15.40 atom 7„, found 

14.95 atom 7») . 

2 
Synthesis of N-Boc-S-Benzyl-DL-fB,B- H^"]Cysteine. Employing the 

same method described above for the preparation of N-Boc derivatives, 

3.00 g (0.014 mole) of S-benzyl-DL-[p, p-^H^cysteine gave 3.80 g (87%) 

of the title compound. The white crystals melted at 110.5-111.0°; 

NMR (CDC13): 6 1.45 (s, 9H), 2.90 (p.p-CH^ undetectable), 3.75 (s, 2H), 

4.40-4.60 (1H), 5.35 (broad, 1H), 7.25 (s, 5H), A single spot was ob

tained on tic using systems A, B, and C with values identical to the 

protio analog. 

2 
Synthesis of S-Benzyl-L-fB.B- H„~lCysteine. A sample of S-benzyl-

2 
DL-[j3,(3- I^cysteine was acetylated and resolved with hog renal acylase 

2 
as described above for S-benzyl-DL-[a- H^]cysteine. The resolved L 

isomer had mp 215-218°; [oOgJy = "20.7° (c = 1, 5 N HC1). 

2 
Synthesis of N-Boc-S-Benzyl-L-fBi B- H^"|Cysteine. Employing the 

same N-Boc derivitization method described above, 0.75 g (0.0025 mole) 

2 
of S-benzyl-L[p,g- H^lcysteine was converted to 1.01 g of the title com

pound (927.) which remained an oil. NMR (CDCl^): 6 1.50 (s, 9H), 2.90 

(pjp-CH^, undetectable), 3.75 (s, 2H), 4.40-4.60 (1H), 5.40 (broad, 1H), 

99 r 
7.30 (s, 5H), 11.60 (s, 1H); [ar]^ = -48.8 (c = 1.0, CH C00H) ; for all 

22 5 o 
protio analog (Biosynthetica 6145) = "52,2 (c = 1.0, CH^COOH). 
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A single spot was obtained on tic using systems A, B, and C, with 

values identical to the protio analog. 

Synthesis of Ethanol-d. Under a nitrogen atmosphere, 104 .2  g 

of tetraethoxysilane (0.50 mole) was mixed with 40 g of D^O (2.0 mole) 

and a catalytic amount of thionyl chloride (ca. 0.5 ml). After stirring 

at room temperature for 2 hours, the mixture was distilled at 2 mm, 

collecting the product in a dry ice/acetone chilled trap. The last 

traces of product were obtained by increasing the vacuum and warming 

the distillation flaslc to about 30° .  There was obtained 93 .9  g (99 .9%)  

of ethanol-d. No starting materials contaminated the product as ascer

tained by gas chromatography and NMR. The infra-red spectrum was con

sistent with spectra of other deuterated alcohols (Catalog of Infrared 

Spectrograms, Sadtler Research Laboratories, Inc., 1969) .  

2 
Synthesis of S-Benzyl-DL-ro', B. B- H^ICysteine. The reaction of 

2 
13.30 g (0.032 mole) of diethyl-o'-acetamido-af-dimethylamino[ H2]methyl 

malonate methiodide with sodium benzylmercaptide in ethanol-d gave a 

2 
mixture of diethyl-a-acetamido-cy-benzylthio[ H ]methyl malonate and 

2 
ethyl-N-acetyl-S-benzyl-DL-[a,p,(3- H^]cysteinate which was then treated 

with 11 N DC1 in D^O to give 5.55 g (817o) of the title compound. The 

white crystals melted at 211-212°; NMR (CF^COOH): 6 2.75 (BJB-CH^, 

undetectable), 3 ,40  (s, 2H), 3 .60-3 .80  (cy-CH, undetectable), 6 .90  

(s, 5H). 
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2 
Synthesis of N-Boc-S-Benzyl-DL-fo',B.B- H^ICysteine. A 2.50 g 

2 
(0.0117 mole) portion of S-benzyl-DL-[o',3,p- H^cysteine was converted 

to 3.45 g (947>) of the title compound using the method described above. 

The white crystals melted at 111.5-111.8°; NMR (CDC1 ): 6 1.50 (s, 9H), 

2.90 (PJP-CH^, undetectable), 3.75 (s, 2H), 4.40-4.60 (a-CH, undetect

able), 5.35 (broad, 1H), 7.30 (s, 5H). A single spot was obtained on 

tic using systems A, B, and C, with R^ values identical to the protio 

analog. Quantitative deuterium analysis indicated 957= deuteration 

(Calcd 14.28 atom 7>, found 13.50 atom 7>). 

2 
Resolution of S-Benzyl-DL-ro', P. P- H "jCysteine. A 1.65 g portion 

2 
of S-benzyl-DL-[cv,p,p- H^]cysteine was acetylated in the manner described 

above giving 1.73 g (877>), mp 153.0-153.5°. The N-acetyl derivative was 

treated with hog renal acylase for four days. There was obtained 0.66 g 

2 o 
of N-acetyl-S-benzyl-D-[o?,P,p- H^]cysteine, mp 142.5-143.0 . A 0.61 g 

portion of this compound was hydrolyzed for 3 hours with 20 ml of 2 N 

HC1. The solvents were removed, the residue was dissolved in water, and 

the solution was neutralized with NII^OH, There was obtained 0.44 g (867°) 

of S-benzyl-D-[o,,p,p-^H^]cysteine, mp 214-216°; [0^^547 = +15.0°, indi

cating slightly incomplete enzymatic hydrolysis of the acetyl L isomer; 

NMR (CF^COOH): 6 3.80 (s, 2H), 7.30 (s, 5H), only peaks detected. There 

was obtained 0.36 g (507») of S-benzyl-L-[a,P,p-^H^]cysteine, mp 209-211°; 

2 4- o 
roflr-/^ " "20.9 ; NMR (CFoC00H): same as for its enantiomer, 

J547 3 



CHAPTER 3 

DERIVATIVES OF OXYTOCIN CONTAINING 

SPECIFICALLY DEUTE RATED CYSTEINE 

The first synthesis of a peptide derivative was accomplished by 

Theodor Curtius (1882) with the preparation of benzoylglycylglycine. 

Attempts to debenzoylate this compound without cleavage of the peptide 

bond were unsuccessful. The first synthesis of a free peptide contain

ing more than two amino acids was reported by Fischer and Otto (1903) 

with Lne preparation of the tripeptide glycylglycylglycine. This com

pound was made by heating ethyl glycylglycinate with chloroacetyl 

chloride. The product was saponified to give chloroacetylglycylglycine 

which was converted to the tripeptide by reaction with ammonia. Two 

years later, Fischer (1905) showed that amino acids could be converted 

to their acid chlorides. Curtius (1902) had already shown that N-

protected amino acids could be easily converted to the corresponding 

acyl azide. These functionalities can react with the amino group of 

another amino acid to form an amide bond, thus giving a method for the 

systematic synthesis of complex peptides. Before these reactions could 

efficiently be performed, however, suitable blocking groups for the 

o-amino function and also for the reactive side chain groups of 

several of the amino acids had to be found. These blocking groups must 

provide adequate protection during the reactions of peptide synthesis, 

29 
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yet be removable when desired under conditions that do not degrade the 

peptide. Bergmann and Zervas (1932) discovered the benzyloxycarbonyl 

group which proved to be an effective blocking group for the a-amino 

function yet could be quantitatively removed using the mild conditions 

of catalytic hydrogenation. Schoenheimer (1926) had already demonstrated 

the usefulness of the p-toluene-sulfonyl group as an amino protecting 

group, and that the conditions for removal of the group were treatment 

with phosphonium iodide and hydriodic acid. Terminal carboxyl groups 

were usually protected as esters which were ultimately saponified to 

give the free peptides. Having protecting groups which are removed 

under different conditions allows the selective removal of some groups 

without removing others. In the preparation of complex peptides, this 

selectivity permits the formulation of a synthetic strategy by which the 

peptide can be built up without interfering reactions occurring at sites 

where otherwise reactive functional groups have been protected. At the 

conclusion of a synthesis, all remaining protecting groups are removed, 

generating the free peptide. In the years since 1932, many other pro

tecting groups have been introduced, each one expanding the versatility 

of strategy formulation, until it is now possible, for example, to pre

pare such complex polypeptides as lysozyme (Barstow et al. 1972), which 

contains 129 amino acid residues. Detailed reviews of the historical 

development of peptide synthesis have been given by Fruton (1949), 

Greenstein and Winitz (1961, pp. 763-1295), and Bodanszky and Ondetti 

(1966). 
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In addition to having several protecting groups to choose from, 

there are many possible ways to form the amide bond, a process often 

referred to as coupling. A recent review of coupling methods was given 

by Klausner and Bodanszky (1972). This phase of peptide synthesis has 

also undergone dramatic evolution during the last 93 years. The principal 

methods that are used today include the use of carbodiimide coupling 

reagents which form the amide bond by removing the elements of water from 

the carboxyl group of one amino acid and the amino group of another; the 

active ester method which involves the reaction between the terminal 

amino group of a peptide chain and a N-protected amino acid to which an 

electron-withdrawing phenol or other functionality has been esterified; 

and the azide method, pioneered by Curtius, which is similar to the 

active ester method except that an N-protected amino acylazide is used 

rather than an activated ester. 

Classical peptide synthesis reached a long-sought pinnacle with 

the synthesis of oxytocin in 1953 (du Vigneaud, Ressler and 

associates 1953). This nonapeptide contains the usual amide bonds, and 

also possesses a 20-membered disulfide-containing ring (see Figure 2) 

and a three amino acid residue tail. 

The next major advance was the development of an insoluble 

polymeric support for the growing peptide chains by Merrifield (1963). 

With this innovation, which was named solid phase peptide synthesis, 

synthetic reactions could be carried out on a peptide chain which was 

covalently bound to the polymer. Usually, the carboxyl group of the 

terminal amino acid of the desired peptide is bound to the polymer in 
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an ester or an amide linkage. This serves not only to immobilize the 

peptide chain, but also to protect the terminal carboxyl group. After 

each step, all excess reagents and by-products could be easily removed 

by washing the resin with appropriate solvents. Since the growing 

peptide chain is covalently bound to the polymeric support, it is not 

washed away. Hence, the time-consuming processes of isolation and 

purification of intermediate products are circumvented. At the conclu

sion, the peptide is cleaved from the resin and the remaining protecting 

groups are removed. Details of this method may be found in the work of 

Stewart and Young (1969) and of Meienhofer (1973). 

Solid Phase Peptide Synthesis 

of Oxytocin 

All peptides prepared in this investigation were made by the 

stepwise solid phase technique described above, as modified by experi

mental experience in this and other laboratories. In order to perform 

a peptide synthesis of oxytocin by this method, the first step is attach

ment of the C-terminal amino acid glycine to the resin. This was done 

in two different ways. When the resin was polystyrene crosslinked with 

17c. divinylbenzene (Merrifield resin) and substituted with ca. 1 milli-

equivalent of p-chloromethyl groups per gram of resin, then Boc-glycine 

was attached to the resin in an ester linkage by reaction with cesium 

Boc-glycinate (Gisen 1973). When the same resin was used but the re

active functionality was benzhydrylamine rather than chloromethyl, then 

Boc-glycine was attached to the resin in an amide linkage, using 

dicylohexylcarbodiimide (DCC) as the coupling reagent (Hruby et al. 1973). 
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Prior to continuation of the synthesis, the level of Boc-glycine sub

stitution was determined by the modified (Ehler 1972) aldimine test 

(Esko, Karlsson and Porath 1968). Typically, substitution levels between 

0.25 and 0.50 mmole/g were sought. The synthetic steps used in the 

preparation of each of the protected nonapeptide resins prepared in this 

investigation are outlined in Tables 1 and 2. Table 1 gives the sequence 

which is followed for coupling amino acids using DCC. When asparagine 

and glutamine which each contain a carboxamide group in their side chain 

are coupled, DCC cannot be used because a small percentage of the 

carboxamide groups are dehydrated to nitriles (Katsoyannis et al. 1958, 

Ressler and Ratzkin 1961). To avoid this undesirable side reaction, 

these amino acids were coupled as their Boc-amino acid-ja-nitrophenyl-

esters by following the synthetic steps given in Table 2. 

At the conclusion of a synthesis, the N-terminal Boc group is 

removed (Table 1, steps 1-7). The terminal carboxyl group in oxytocin 

is amidated. For peptides which have been built up from Boc-glycinate 

resin, the nonapeptide is cleaved from the resin by ammonolysis 

(Takashima, du Vigneaud and Merrifield 1968), creating the terminal 

amide. The protected nonapeptide amide is isolated by extraction into 

dimethylformamide (DMF), precipitation with water, filtration, and 

finally drying of the product in vacuo. The protecting groups which 

include the benzyl group on the sulfhydryl of each cysteine and, in 

some cases, the benzyl group on the phenolic oxygen of tyrosine are then 

reductively cleaved by reaction with sodium in liquid ammonia (Sifferd 

and du Vigneaud 1935), The sulfhydryl groups are then oxidized under 
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Table 1. Solid Phase Peptide Synthesis Methodology for Coupling with 
Dicyclohexylcarbodiimide. 

Step Purpose Solvent or Reagent 
Time 
(min) 

Repetitions 

1 Wash 
CH2 C12 

1 4 

2 Assay Ninhydrin test - 1 

3 Deprotect TFA-CH Cl -Anisole(25:73:2) 2 1 

4 Deprotect TFA-CH2Cl2-Anisole (25:73:2) 20 1 

5 Wash 
CH2C12 

1 3 

6 Neutralize DIEA-CH2C12 (10:90) 2 2 

7 Wash CH2CI2 1 4 

8 Couple Amino acid (1.5 equiv.) 

CH2C12 

- 1 

9 Couple DCC (1.2 equiv.) 

CH2C12 

20 1 

10 Wash 
CH2C12 

1 2 

11 Wash 100% EtOH 1 2 

12 Wash 
CH2C12 

1 3 

13 Couple 
Q 

Amino acid (1.5 equiv.) 

CH2C12 

- 1 

14 Couple DCC (1.2 equiv.) 

CH2C12 

20 1 

15 Wash CH2CI2 1 2 

16 Wash 100% EtOH 1 2 

Q  
All amino acids are N-Boc protected. 
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Table 2. Solid Phase Peptide Synthesis Methodology for Coupling with 

Nitrophenyl Esters. 

Step Purpose Solvent or Reagent 
Time 

(min) 
Repetitions 

1 Wash CH2CI2 1 4 

2 Assay Ninhydrin test - 1 

3 Deprotect TFA-CH CI -Anisole 

(25:73:2) 

2 1 

4 Deprotect TFA-CH CI -Anisole 

(25:73:2) 

20 1 

5 Wash 
CH2C12 

1 3 

6 Neutralize DIEA-CH„C1„ 
(10:90) 

2 2 

7 Wash CH2CI2 1 4 

8 Wash IMF 1 5 

9 Couple 
Q  

Amino acid (4 equiv.) 
1-hydroxybenzotriazole 

(4 equiv.)-DMF 

210-300 1 

10 Wash IMF 1 3 

11 Wash . 
CH2C12 

1 2 

12 Wash 100% EtOH 1 2 

All amino acids are N-Boc protected. 
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nitrogen (WMlti and Hope 1973) with potassium ferricyanide (Hope, Murti 

and du Vigneaud 1962) to give the oxytocin derivative. The product is 

then purified by partition chromatography (Yamashiro, Gillessen and 

du Vigneaud 1966) and finally by gel filtration chromatography (Branda, 

Hruby and du Vigneaud 1967). For peptides which have been built up from 

Boc-glycinamide benzhydryl resin, the nonapeptide is cleaved from the 

resin with liquid HF, which also cleaves the remaining protecting groups 

When this method is used, the BMB group is used to protect the sulfurs 

of the cysteines because HF does not completely remove benzyl groups 

(Sakakibara et al. 1967), The HF is removed in vacuo and the peptide 

is oxidized and purified as described below. 

Purity of the synthetic peptides is ascertained by thin layer 

chromatography in at least three different solvent systems, optical 

rotation, amino acid analysis, carbon-13 nuclear magnetic resonance 

spectroscopy and biological activity. The chromatographic purification 

schemes provide high levels of purity since the synthetic peptides are 

indistinguishable from the native peptides in each of the above analyti

cal tests. 

Preparation of Specifically Deuterated 
Oxytocin Analogs 

The sulfur and nitrogen protected partially deuterated deriva

tives of cysteine, the preparations of which were described in Chapter 2 

were all used in syntheses of specifically deuterated oxytocin analogs. 

Some of the cysteine derivatives were racemic. If a racemic amino acid 

is incorporated, a diastereomeric pair of peptides are produced. For 



37 

oxytocin, such diastereomers are readily separable by partition chroma

tography (Yamashiro et al. 1966, Spatola et al. 1974). In this way, two 

specifically deuterated analogs of oxytocin can be made at once. The 

diastereomer containing all L amino acids is equivalent to native oxy

tocin in all properties. The diastereomer containing the D-cysteine 

residue has quite different properties, among them greatly reduced 

biological activity and behavior on partition chromatography. 

Since only one of the two cysteine residues in the synthetic 

oxytocins described in this investigation contains deuterium substitu

tion, it is necessary to unambiguously distinguish which half of the 

cysteine dimer is labeled. This is conveniently done by using the 

number of the cysteine residue (see Figure 1) which bears the deutera-

tion and the word hemi-cystine. For example, the first analog described 

2 
below contains a DL-[ai- H^]cysteine residue in the 6 position and so the 

2 
product is named [6-hemi-DL-[or II^]cystine]oxytocin. 

Experimental Section 

Thin layer chromatography, melting points, optical rotation 

values and elemental analyses were obtained as described in the Experi

mental Section of Chapter 2. Nuclear magnetic resonance (NMR) spectra 

were obtained using a Bruker WH-90 NMR spectrometer. Amino acid analyses 

were obtained by the method of Spackman, Stein and Moore (1958) on a 

Beckman 120 C amino acid analyzer after hydrolysis in 6 N HC1 for 22 
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hours. Hormonal milk-ejecting activities were determined by the method 

of Hruby and Hadley (1975) using mouse mammary tissue in vitro. 

2 
Synthesis of r6-Hemi-DL-["o-~ H^lcystinelOxytocin 

This synthesis and the following three syntheses described in 

this section were done using chloromethylated polystyrene-co-l%-divinyl-

benzene resins. To insure that only the more accessible and reactive 

positions on the resin beads were used, Boc-glycine was first covalently 

bound to the resin at a substitution level higher than desired and then 

limited coupling of the next amino acid, Boc-'leucine, was done to achieve 

the desired substitution level of Boc-leucylglycinate resin. Hie free 

amino groups on the remaining glycine l'esidues were acetylated to render 

them inactive. This process has the added advantage of removing the 

most reactive of the unused chloride groups from the resin. 

Synthesis of Boc-Leu-Gly-O-Resin. A 5.00 g portion of Boc-

glycinate resin (LS 601 Merrifield Resin, Lab Systems, Inc., San Mateo, 

California) substituted with Boc-glycine at the level of 0.64 mmole/g 

by the method of Gisen (1973) was deprotected and neutralized as 

described in steps 1-7 of Table 1. Limited coupling was done with 

0.585 g of Boc-leucine*H^O (2.35 mmole) and an equivalent molar quantity 

of dicyclohexylcarbodiimide (DCC). The reaction was allowed to proceed 

30 minutes. After the appropriate washes (see Table 1, steps 10-12), 

the unreacted amino groups were treated with 0.35 g of N-acetylimidazole 

(3.2 mmole) in CH for 3 hours. At the conclusion, a ninhydrin test 

(Kaiser et al. 1970) was negative. The average of four modified 
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aldimine determinations gave a leucyl substitution level of 0.495 

mmole/g. 

Synthesis of Cvs(DMB)-Tyr(Bzl)~Ile-Gln-Asn-DL-ro'-^H^"lCys(Bzl)-

Pro-Leu-Gly-NH„. The solid phase synthesis of the title compound was 

performed on a Vega Model 95 Synthesizer, an automated machine similar 

to that described by Hruby, Barstow and Linhart (1972). The preparation 

was done on a 1.5 mmole scale, which required 3.19 g of Boc-Leu-Gly-O-

resin. The cycles of deprotection, neutralization and coupling as well 

as the washing steps are outlined in Table 1. All reactions and washes 

were carried out with 30 ml portions. The procedure was varied for the 

active ester couplings of asparagine and glutamine as shown in Table 2. 

Prior to each deprotection step, the extent of coupling was determined 

using the ninhydrin test. In all cases, the test was negative, indicat

ing > 99.47o coupling. After the last coupling, the terminal Boc group 

was removed (Table 1, steps 1-6). The peptide-resin was filtered, 

washed with methylene chloride and dried _in vacuo and found to have in

creased in weight by 1.42 g (857°). The peptide-resin was added to a 

flask containing 100 ml of anhydrous methanol which had been saturated 

with ammonia (freshly distilled from sodium) at -5°. The flask was 

sealed tightly and stirred 96 hours at room temperature. Excess ammonia 

and methanol were removed jin vacuo. To the dry, odorless residue was 

added 120 ml dimethylformamide (IMF), and the mixture was stirred 36 

hours at 25°. The resin was extracted with a 100 ml portion of fresh 

IMF at 80-100° for 2 hours. The resin was filtered off and the combined 

DMF filtrates were concentrated to about 15 ml. Water was added dropwise 



to a total of 125 ml. A voluminous white precipitate was obtained which 

was filtered, washed with water, 95%> ethanol and ether, and dried over

night in vacuo. There was obtained 1.44 g (74%.) of the protected 

2 
nonapeptide amide II-Cys(DMB)-Tyr(Bzl)-Ile-Gln~Asn-DL-[a;- H^]Cys(Bzl)-

Pro-Leu-Gly-NH9; mp 210-214°. Anal. Calcd for ^gg^go^l2^12^2*^2^: 

C = 57.47%, H = 6.82%; found, C = 57.30%, H = 6.95%. 

2 
Synthesis of f6-Hemi-DL-ro'- Hlcystine "[Oxytocin. The protecting 

groups were removed by treatment of 325 mg (0.25 mmole) of H-Cys(DMB)-

2 
Tyr(Bzl)-Ile-Gln-Asn-DL-[a- II^]Cys(Bzl)-Pro-Leu-Gly-NH2 with sodium in 

liquid ammonia (freshly distilled from sodium) until a blue color per

sisted for 45 seconds. Excess sodium was destroyed with acetic acid, 

and the ammonia was removed by evaporation under a nitrogen stream 

followed by lyophilization of the final 20 rnl. The white powder was 

dissolved in 600 ml of deaerated 0.1% aqueous acetic acid, the pll was 

adjusted to 8.5 with 3 N ammonium hydroxide, and the sulfhydryl groups 

were oxidized under nitrogen with 50 ml of 0.01 N K Fe(CN) solution. 
— J o 

After 30 minutes the pll was lowered to 5 with 20% aqueous acetic acid 

and the solution was treated with 4 ml (settled volume) of Rexyn 203 

(CI"cycle; Fischer Scientific Co.) to remove ferro- and excess ferri-

cyanide ions. The mixture was stirred 20 minutes and the resin was 

removed by filtration and washed with three 20-ml portions of 10%. 

aqueous acetic acid. The filtrate and washes were combined, concen

trated to about 150 ml by rotary evaporation at 30° and lyophilized to 

2 
dryness. The product [6-hemi-DL-[o'- H^]cystine]oxytocin was purified 

by partition chromatography using the solvent system 1-butanol:3.5% 
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aqueous acetic acid in 1.5% pyridine (1:1; Spatola et al. 1974). The 

crude product was dissolved in 3 ml of upper phase and 2 ml of lower 

phase of the solvent system and applied to a Sephadex G-25 (block 

polymerizate, 100-200 mesh) column, 2.85 x 60 cm, previously equilibrated 

with lower and upper phases. One hundred and ten 4.4-ml fractions were 

collected. Analysis by the Folin-Lowry method (Lowry et al. 1951) 

showed a small by-product peak at R^ = 0.61 and a large poorly resolved 

peak at = 0.38-0.20 of the incompletely separated diastereomeric 

oxytocin derivatives. The fractions corresponding to the diastereomeric 

oxytocin derivatives were pooled and the peptide mixture obtained after 

isolation was subjected to a second partition chromatography in the same 

solvent system as above. The diastereomers were nicely separated with 

2 
peaks at R^ = 0.32 and 0.24 corresponding to [6-hemi-D-[o'- cystine]-

2 
oxytocin and [6-hemi-[cy- H^~]cystine]oxytocin, respectively. The oxytocin 

peak (R^ = 0.24) was isolated to give 70 mg of uncontaminated product. 

The 6-hemi-D-oxytocin derivative as isolated contained small amounts of 

oxytocin. Repurification by partition chromatography gave 51.4 mg of 

the pure 6-hemi-D diastereomer. Each diastereomer was separately puri

fied by gel filtration chromatography on Sephadex G-25 (200-270 mesh) 

using 0.2 N acetic acid as eluent solvent. Final purified yields were 

2 2 
64 mg of [6-hemi-[a,~ H^]cystine]oxytocin and 50 mg of [6-hemi-D-[o,~ 

cystine]oxytocin. Each of the isomers gave single spots on tic in 

solvent systems A, B, and C, identical with those of authentic protio 

2 
analogs. [6-hemi-[cr- H^]cystine]oxytocin exhibited a carbon-13 spectrum 

identical to that of authentic oxytocin except for the absence of the 
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peak corresponding to the 6-hemi-cystine a-carbon at its position 

22 o 
52.19 ppm downfield from IMS. Its optical rotation was ~ "22.6 

(c = 0.5, IN HOAc; lit., SchrBder and Llibke 1966, [cv]p2,5= -23.1° 

(c = 0.51, HOAc)). A sample was hydrolyzed in 6 N HC1 for 24 hours at 

110°. Amino acid analysis gave the following molar ratios: aspartic 

acid, 1.0; glutamic acid, 1.1; proline, 0.9; glycine, 1.0; half-cystine, 

1.9; isoleucine, 1.0; leucine, 1.1; tyrosine, 0.9. Milk-ejecting activi

ty was identical with authentic oxytocin within experimental error. 

2 
[6-hemi-D-[o'- H^]cystine]oxytocin had an optical rotation of 

22 o 
[0^547 = -108.1 (c = 0.5, 1 N HOAc; lit., Manning and du Vigneaud 

2 0 
1965, = -81° (c = 0.5, IN HOAc)). Amino acid analysis gave the 

following molar ratios: aspartic acid, 1.0; glutamic acid, 1.0; proline, 

1.0; glycine, 1.0; half-cystine, 2.0; isoleucine, 0.9; leucine, 1.0; 

tyrosine, 0.9. Milk-ejecting activity was cja. 35 units/mg. Anal. Calcd 

for C43H
66

n
12

012S2'CH3COOH: C = 50>75%' 11 = 6-397°> N = 15.79%; found, 

C = 50.78%, H = 6.37%, N = 16.19%. 

2 
Synthesis of r6-Hemi-r8.8- H^"lcystinelOxytocin 

Boc-Leu-Gly-O-resin with a substitution level of 0.27 mmole/g 

was prepared in an analogous manner to that described for the prepara

tion of a more highly substituted resin above. A 3.80 g portion of this 

resin was used to synthesize the title compound on a 1 mmole scale. A 

semi-automated apparatus designed and built in our laboratory was used 

which allowed the reaction vessel to be filled and emptied by applica

tion of vacuum at the top and bottom, respectively, of the vessel, and 

to be shaken mechanically. The synthetic schedules given in Tables 1 
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and 2 were followed, with 35 ml of solvent used for each step except the 

DIEA neutralization step in which case 40 ml were used. For this syn

thesis 0.8 equivalents of DCC were used for each equivalent of Boc-amino 

acid (Dorman 1974). The N-terminal Boc group was removed. The resin 

was washed and dried and found to have increased in weight by 1.08 g 

(1057o), The protected nonapeptide was cleaved from the resin by 

ammonolysis as described previously. After extraction into DMF, pre

cipitation, filtering and drying, there was obtained 725 mg of non

apeptide, mp 215-217°, and a second crop weighing 390 mg, mp 173-178°. 

A portion of the first crop (325 mg, 0.25 mmole) was deprotected with 

sodium in liquid ammonia, oxidized with 0.01 N aqueous K^Fe^tOg and 

lyophilized as described above. Purification by partition chromatogra

phy using the solvent system 1-butanol: 3.5% aqueous acetic acid in 1.57« 

pyridine (1:1) gave a peak centered at R^ = 0,23 corresponding to the 

title compound, and an unexpected peak at R^ = 0.32. The fractions 

corresponding to the oxytocin analog (R^ = 0.23) were pooled and lyo

philized. Final purification by gel filtration chromatography on 

2 
Sephadex G-25 (200-270 mesh) afforded 63 mg of [6-hemi-[(3,[3- H^lcystine]-

oxytocin. Its optical rotation was [a']^^ = -23.7° (c = 0.5, 1 N HOAc). 

Analysis on tic in solvent systems A, B, and C gave single spots identi

cal with an authentic protio analog. The compound exhibited a carbon-13 

spectrum identical to that of authentic oxytocin except for the absence 

of the peak corresponding to the 6-hemi-cystine (3-carbon at its position 

39.36 ppm downfield from IMS. A sample was hydrolyzed in 6 N HC1 for 

24 hours at 110°. Amino acid analysis gave the following molar ratios: 
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aspartic acid, 1.0; glutamic acid, 1.0; proline, 1.1; glycine, 1.0; 

half-cystine, 2.0; isoleucine, 0.9; leucine, 1.0; tyrosine, 0.9. Milk-

ejecting activity was identical with authentic oxytocin within experi

mental error. The peak at = 0.32 was isolated and purified by gel 

filtration chromatography to give 39 mg of a compound which had the 

same amino acid analysis as the R. = 0.23 peak with the exceptions of 
f 

isoleucine and glutamic acid which had molar ratios of 1.0 and 0.07, 

respectively. The compound may be primarily an oxytocin analog which 

lacks glutamine in the tocin ring, Cys-Tyr-Ile-Asn-Cys-Pro-Leu-Gly-NH^. 

Analysis on tic in solvent systems A, B, and C gave a major spot slightly 

different from oxytocin and a minor spot suggestive of the oxytocin 

dimer. The impure product had milk-ejecting activity approximately 

0. l7o that of oxytocin. For more details, see Chapter 5. 

Syntheses of [l-Hemi"DL-[B. B-^H "|-

cystine"10xytocin and fl-Hemi-PL-

2 
IcystinelOxytocin and 

Separation of the Diastereomers 

The title compounds are identical except in the 1-hemi-cystine 

position. The octapeptide-resin corresponding to residues 2 through 9 

was first synthesized. The resin was divided into halves, and one half 

2 
was extended to a nonapeptide with Boc-S-benzyl-DL-[p, (3- H^Jcysteine for 

2 
ultimate conversion to [l-hemi-DL-[p, (3- H^cystinejoxytocin, and the 

2 
other half was similarly treated with Boc-S-benzyl-DL-[a,p,P~ H^]cysteine 

2 
for conversion to [l-hemi-DL-[cv,$,(3- Hg3cystine]oxytocin. 
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Synthesis of Boc-Tyr(Bzl)-Ile-Gln-Asn-Cys(DMB)-Pro-Leu-Glv-0-

Resin. Boc-Leu-Gly-O-resin with a substitution level of 0.36 mmole/g 

was prepared by the limited coupling technique described above. A 7.50 g 

portion of this resin was used to synthesize the title compound on a 2.7 

mmole scale using the semi-automated apparatus described above. The 

basic synthetic schedules given in Tables 1 and 2 were followed. In 

each step 50 ml of solvent were used except for the DIEA neutralization 

step in which case 60 ml were used. Again, 0.8 equivalents of DCC were 

used for each equivalent of Boc-amino acid. After each coupling series, 

a ninhydrin test indicated > 99.47= coupling for all but Boc-O-benzyl-

tyrosine; in this case a third coupling using 0.5 equivalents was per

formed, but the reaction was only about 947o complete as judged by the 

ninhydrin test. The unreacted amino groups were acetyl terminated with 

N-acetylimidazole in CI-^Cl . The peptide-resin was filtered, washed 

and dried in vacuo and found to have increased in weight by 2.89 g. 

2 
Synthesis of [~1-Hemi-DL-TB •> B- "1cystine"]0xytocin and Separation 

of the Diastereomers. A 4.75 g portion of the Boc-octapeptide resin 

Boc-Tyr(Bzl)-Ile-Gln-Asn-Cys(DMB)-Pro-Leu-Gly-0-resin was treated with 

257» trifluoroacetic acid in CH^Cl^ to remove the Boc group and neutral

ized in the usual way (see Table 1, steps 1-6). The resulting peptide-

2 
resin was reacted with 0.55 g (1.74mmole) of Boc-S-benzyl-DL-[p,p- H ]-

cysteine and 0.32 g (1.57 mmole) of DCC in ^H^Cl^ for 30 minutes. 

Following the reaction, a ninhydrin test indicated the reaction was 

about 947» complete. A second coupling with 0.27 g of the amino acid 

(0.85 mmole) and 0.16 g of DCC (0.80 mmole) gave > 99.47= coupling as 
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judged by the ninhydrin test. The Boc group was removed and the resin 

dried to give 4„87 g of the protected peptide-resin precursor of the 

title compound. Cleavage from the resin was by ammonolysis as described 

above. After extraction into DMF and precipitation with water, 1.43 g 

2 
of the protected nonapeptide amide H-DL-[j3s|3- H^CysCBzl)-Tyr(Bzl)~Ile-

Gln-Asn-Cys(DMB)-Pro-Leu-Gly-NH^ was obtained, mp 220-225°. A 325 mg 

portion was deprotected with sodium in liquid ammonia and oxidized with 

K„Fe(CN)^ in the usual manner. After purification by partition chroma-
3 6 

tography, the uncontaminated L diastereomer was gel filtered on Sephadex 

G-25 using 0,2 H acetic acid as eluent, and lyophilized to give 40 mg of 

2 22 
[l-hemi-[(3,(3- H^cystine^xytocin. Its optical rotation was = 

-22.2° (c = 0.5, IN HOAC). A sample was hydrolyzed in 6 N HC1 for 24 

o 
hours at 110 . Amino acid analysis gave the following molar ratios: 

aspartic acid, 1.0; glutamic acid, 1.0; proline, 0.9; glycine, 1.0; 

half-cystine, 2.0; isoleucine, 1.0; leucine, 1.0; tyrosine, 1.0. 

Development on tic in systems A, B, and C gave single, uniform spots 

identical with the protio analog. Millc-ejecting activity was identical 

with authentic oxytocin within experimental error. 

The partition chromatography peak corresponding to £l-hemi-

2 
D-[(3,(3- H^cystine^xytocin was isolated and the product was similarly 

purified by gel filtration chromatography giving 36 mg of product. Its 

22 o 
optical rotation was [00547 = -68.9 (c = 0.5, 1 N acetic acid; lit., 

Yamashiro et al. 1966, [<v]^ = -56° (c = 0.5, 1 N acetic acid)). Amino 

acid analysis following hydrolysis for 24 hours at 110° in 6 N HC1 gave 

the following molar ratios: aspartic acid, 1.0; glutamic acid, 1.0; 
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proline, 1.0; glycine, 1.0; half-cystine, 2.0; isoleucine, 1.0; leucine, 

1.0; tyrosine, 0.9. Development on tic in systems A, B, and C gave 

single, uniform spots identical with the protio analog. Milk-ejecting 

activity was ca. 39 units/mg. 

2 
Synthesis of ["l-Hemi-PL-To', 3 , B- H^I cystine~]0xytocin and Separa

tion of the Diastereomers. The same process described above was re-

2 
peated, substituting Boc-S-benzyl-DL-[a,p,p- H^]cysteine for Boc-S-

2 
benzyl-DL-[p,(3- H^] cysteine. There was obtained 4.87 g of a nonapep-

tide resin which after ammonolysis, extraction and precipitation gave 

2 
1.24 g of the nonapeptide amide II-DL-[cy, f3, p~ H^Cys(Bzl)-Tyr(Bzl)-Ile-

Gln-Asn-Cys(EMB)-Pro-Leu-Gly-NH^, mp 227-228°. Anal. Calcd for 

N ,0 S -2H 0, C = 58.997=, H = 6 .75%,  N = 12.50%; found, C = 
Do iio L2. LI Z. L 

58.82%, II = 6.86%, N = 12.49%. A 325 mg sample was deprotected and 

oxidized as described earlier. After the usual chromatographic purifi-

2 
cations, there was obtained 77.5 mg of [l-hemi-L-[cy,p,p- H ]cystine]-

2 
ocytocin and 72.2 mg of [l-hemi-D-[o',p,p- H^]cystine"]oxytocin. The 1-

22 Q 
hemi-L diastereomer had [a]^7 = -24.5 (c = 0.5, 1 N acetic acid). 

A sample was hydrolyzed in 6 N HC1 for 24 hours at 110°. Amino acid 

analysis gave the following molar ratios: aspartic acid, 1.0; glutamic 

acid, 1.1; proline, 1.0; glycine, 1.1; half-cystine, 2.0; isoleucine, 

1.0; leucine, 1.0; tyrosine, 0.88, On tic, the compound gave single, 

uniform spots in systems A, B, and C. Milk-ejecting activity was 

identical with authentic oxytocin within experimental error. 

9 9 
The 1-hemi-D diasteromer had [or] ̂ 7 = -68.4° (c = 0.5, IN 

acetic acid). Amino acid analysis gave the following molar ratios: 
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aspartic acid, 1.0; glutamic acid, 1.0; proline, 1.1; glycine, 1.0; 

half-cystine, 1.9; isoleucine, 0.9; leucine, 1.0; tyrosine, 1.0. Milk-

ejecting activity was £a. 33 units/mg. 

First Synthesis of f1-Hemi-DL-
2 

cvstine"10xytocin 

The title compound was synthesized on a Merrifield resin which 

was substituted with benzhydrylamine groups rather than chloromethyl 

groups in order that these two types of resins could be compared with 

regard to overall synthetic efficiency. 

CH CI Polymer 

Chloromethylated Resin 

H 

Polymer NH, 

Benzhydrylamine Resin 

Not having reactive chloromethyl groups on the resin eliminates the 

possibility of at least one deleterious side reaction. During the 

neutralization steps of peptide synthesis (Tables 1 and 2, step 6) it 

is possible for the amines to displace chloride from chloromethyl groups, 

thus forming an ion-exchange resin. 
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R 

Polymer ,— CH2 CI + R-N-R 

R 
+1 

Polymer CII2-N-R CI 

R 

In a subsequent deprotection step, trifluoracetate could replace 

chloride as the counterion at the ion-exchange site. When the next 

coupling stage is reached, trifluoroacetate would compete with the 

added Boc-amino acid in the reaction with DCC to form an O-acylurea. 

The O-acylurea may react directly with free amino groups or react with 

a Boc-amino acid to form a symmetrical or a mixed anhydride which can 

then react with free amino groups. Any free amino group on the growing 

peptide chain which reacts with the O-trifluoroacetylurea or the 

trifluoroacetyl side of a mixed anhydride would become trifluoroacetyl 

terminated, and would result in lost yield. These reactions can occur 

in each coupling sequence, compounding the problem. In addition each 

time the resin is treated with tertiary amine, the opportunity for forma

tion of an ion-exchange resin exists. Loss of yield is one aspect of 

this problem. Another aspect which is important in the synthesis of 

oxytocin which contains two cysteine residues arises from the possibility 

that some, if not most, of the trifluoroacetyl terminated peptides 
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will include one cysteine residue. After the peptide is cleaved from 

the resin and deprotected, the next step is oxidation of the sulfhydryl 

groups to sulfur radicals by potassium ferricyanide. With a proper 

nonapeptide, the sulfur radicals on the two cysteine residues couple 

intramolecularly, forming oxytocin. With shortened peptides which con

tain only one cysteine sulfhydryl function, the resulting radical cannot 

couple intramolecularly and therefore must couple intermolecularly. This 

process causes formation of disulfide containing oligomers which can 

reduce the yield of a peptide synthesis. 

As discussed in Chapter 2, use of a benzhydrylamine resin re

quires choice of protecting groups which can be removed with HF, the 

reagent which is required for cleavage of the peptide from the resin. 

This aspect was overlooked in the synthesis described below, in which 

the deuterated cysteine was introduced with S-benzyl protection rather 

than S-DMB protection. The decreased yields of peptides may be a result 

of that oversight. 

Synthesis of Boc-Glycinamide-Resin. Benzhydrylamine resin 

(8.00 g) with an approximate amino group substitution level of 0.4 milli-

equivalents/g was treated with Boc-glycine (1.385 g, 7.93 mmole) and DCC 

(1.63 g, 7.93 mmole) in methylene chloride for 30 minutes. After the 

washes (Table 1, steps 10-12) a ninhydrin test was negative. An aldi-

mine test established the substitution level to be 0.39 mmole/g. 
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Synthesis of Boc-DL-ro'-^H^lCvs(Bzl)-Tyr-Ile-Gln-Asn-Cys(DMB)-

Pro-Leu-Gly-NH-Resin. Boc-glycinamide-resin (4.03 g) was used to syn

thesize the title compound on a 1.5 mmole scale. The steps given in 

Tables 1 and 2 were followed using 35 ml of solvent in each step. The 

phenolic oxygen of tyrosine was not protected. The weight gain of the 

resin was 2.04 g (102%). 

2 
Synthesis of fl-Henii-nL-Tcy- H IcystinelOxyt^cin and Separation 

2 
of the Diastereomers. A 1.46 g (0.25 mmole) portion of BOC-DL-[Q'- H^]-

Cys(Bzl)-Tyr-Ile-Gln-Asn-Cys(DMB)-Pro-Leu-Gly-NH-resin was treated with 

20 ml of anhydrous HF (distilled from CoF^) and 2 ml of anisole at room 

temperature for one hour in a teflon reaction vessel. The HF and anisole 

were removed in vacuo and the residue was transferred to a filter with 

four 30-ml portions of ethyl acetate. The residue on the filter was 

treated with 10 ml of glacial acetic acid for 10 minutes. The acetic 

acid was filtered into a nitrogen filled flask and the residue was 

similarly treated twice with 20-ml portions of 30% aqueous acetic acid, 

and finally with three 30-ml portions of 0.2 N acetic acid, each time 

filtering the aqueous acetic acid extract into the flask containing the 

glacial acetic acid extract. The combined extracts were concentrated to 

about 80 ml and lyophilized to dryness giving 334 mg of a white powder. 

This powder was dissolved in 150 ml of anhydrous ammonia (distilled from 

sodium) and treated with sodium until the blue color persisted for 45 

seconds. The excoss sodium was destroyed with acetic acid and the solu

tion was evaporate to dryness. The residue was dissolved in 600 ml 

of 0.1%, aqueous ac acid and oxidized at pH 8-8.5 with 50 ml of 
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0.01 N K„Fe(CN),,. The ferro- and excess ferricyanide ions were removed 
— 3 6 

with Rexyn 203(Cl~cycle) and the solution was filtered, concentrated and 

lyophilized giving an off-white powder. The product was subjected to 

partition chromatography on Sephadex G-25 (100-200 mesh) using the 

solvent system 1-butanol:3.5% aqueous acetic acid in 1.5% pyridine 

(1:1). The expected peaks at = 0.32 and 0.23 were obtained but were 

poorly resolved. The fractions corresponding to both peaks were com

bined, concentrated, lyophilized and again subjected to partition 

chromatography using the same solvent system. The well-resolved peaks 

were separately purified by gel filtration chromatography giving 34 mg 

2 
of purified [l-hemi-L-[o'- H^]cystine"]oxytocin and 39 mg of the purified 

1-hemi-D diastereomer, Each of these compounds gave single spots on 

2 
tic in solvent systems A, B, and C. [l-hemi-L-[cv- H^]cystine']oxytocin 

22 
had an optical rotation value of " -22.3 (c = 0.5, 1 N acetic 

acid). Amino acid analysis gave the following molar ratios: aspartic 

acid, 1.0; glutamic acid, 1.1; proline, 0.9; glycine, 1.0; half-

cystine, 1.9; isoleucine, 1.0; leucine, 1.0; tyrosine, 1.0. The milk-

ejecting activity was identical with authentic oxytocin within experi-

2 
mental error, [l-hemi-D-[cv- H^]cystine]oxytocin had an optical rotation 

22 o 
value of = -62.8 (c = 0.5, IN acetic acid). Amino acid analysis 

gave the following molar ratios: aspartic acid, 1.0; glutamic acid, 1.0; 

proline, 1.0; glycine, 1.0; half-cystine, 2.0; isoleucine, 0.9; leucine, 

1.0; tyrosine, 0.9. 

Discussion. The phenolic oxygen of tyrosine is left unprotected 

in syntheses which ultimately require treatment of the peptide with 
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liquid HF, in order to suppress the Fries-like rearrangement which is 

known to occur with O-benzylated phenols in strong acid (Iselin 1962). 

O-Benzyltyrosyl Residue 

The yield in this particular synthesis was about 407» lower than 

the average yield obtained in syntheses on the chloromethylated resins. 

This result may be misleading since the peptide-resin was treated with 

both HF and Na in liquid NH^. Hie latter treatment was required because 

HF is not capable of quantitative removal of the S-benzyl group from the 

1-cysteine residue. Treatment with Na leads to some chemical degrada

tion as well as the unavoidable mechanical loss associated with any 

reaction. On the more positive side, the lengthy ammonolysis, extrac

tion, and nonapeptide precipitation steps associated with syntheses on 

chloromethylated resins were not required, saving approximately six days. 

Also, oxytocin analogs of equal purity to those obtained previously were 

obtained. 

To make a valid comparison of the two resins, cysteine deriva

tives with 3,4-dimethylbenzyl protecting groups on the sulfhydryls are 
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2 
required. Toward this end, Boc-S-3,4-dimethylbenzyl-DL-[o'- H^]cysteine 

was synthesized (see Chapter 2). The advantage of the benzhydrylamine 

resin should be that cleavage of the peptide from the resin and removal 

of all protecting groups can be done in a single step requiring only a 

few hours to complete. 

Second Synthesis of fl-Hemi-PL-

2 
[of- H^"|cystine"jOxytocin 

2 
The peptide-resin of the title compound, BOC-DL-[Q'- II^]Cys(EMB)-

Tyr-Ile-Gln-Asn-Cys(DMB)-Pro-Leu-Gly-NH-resin was synthesized on a 1.0 

mmole scale using 2.73 g of benzhydrylamine resin substituted at the 

level of 0.39 mmole/g with Boc-glycinamide, The final weight gain of 

the resin was 1.19 g (100%). 

2 
Synthesis of fl-Hemi-PL-l"#- IcystinelQxytocin and Separation 

of the Diastereomers; Deprotection at 25°. One-fourth of the peptide-

resin (0.98 g, 0.25 mmole) was treated with 20 ml of anhydrous HF and 

2 ml of anisole at room temperature (25°) for one hour. The solvents 

were removed and the residue was extracted with acetic acid, 307», and 

0.2 N acetic acid as described above. The combined extracts were con

centrated and lyophilized to dryness. The resulting powder was oxidized 

as usual with 0.01 N K^Fe(CN)g. The isolated product was gel filtered 

on Sephadex G-15 with 30% aqueous acetic acid as eluent to remove salts. 

The fractions corresponding to the oxytocin peak were pooled and 

lyophilized giving a powder which was subjected to partition chromatogra

phy on Sephadex G-25 using the solvent system 1-butanol: 3.5%, aqueous 
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acetic acid in 1.5% pyridine (1:1). Folin-Lowry analysis revealed a 

by-product peak at = 0.60 which accounted for nearly half of the 

total product, and poorly resolved product peaks at = 0.32 for the 

1-hemi-D compound and R^ = 0.24 for the 1-hemi-L compound, A second 

purification of the combined product peaks using the same solvent system 

gave an improved but not complete separation of the diastereomers. The 

fractions corresponding to the individual diastereomers were separately 

pooled and lyophilized and the products were each further purified by 

gel filtration chromatography. In both cases, the products were > 70% 

2 
dimer. There was obtained 9 mg of [l-hemi-L-[ol- H^]cystine]oxytocin 

and 5 mg of [l-hemi-D-[a- H^]cystineloxytocin. 

Discussion. The extremely low yields of the desired peptides 

seem to indicate inferiority of the benzhydrylamine resin approach for 

making oxytocins. The high percentage of dimers and higher oligomers 

which are formed must result during or because of the treatment with 

HF or during the extraction step with acetic acid since the oxidation 

and purification methods are the same as used for oxytocin derivatives 

synthesized on chloromethylated resins. One possible explanation for 

the observed results is that the cleavage conditions may cause some of 

the cysteine sulfhydryl groups to become protonated. Intermolecular 

nucleophilic attack by an unprotonated sulfhydryl would displace hydro

gen sulfide and cause dimers or oligomers to form. Intramolecular attack 

would produce a thioether analog of oxytocin. There is no direct 
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evidence for the above mechanism, but if it were the correct mechanism, 

one would expect that such side reactions could be suppressed by work

ing at lower cleavage temperatures. 

2 
Synthesis of ri-Hemi-DL-fty- H^~lcystine~10xytocin and Separation 

of the Diastereomers; Deprotection at 0°. A second 0.98 g portion of 

the peptide-resin was treated with HF and anisole exactly as described 

above for the first portion of the resin except that the reaction was 

done at 0°. The solvents were removed and the residue was extracted 

with acetic acid and aqueous acetic acid as described above. The 

diastereomeric mixture was isolated, oxidized, and purified by parti

tion chromatography. In addition to a small by-product peak at 

= 0.6, there were well-resolved peaks at = 0.33 for the 1-hemi-D 

compound and R^ = 0.23 for the 1-hemi-L compound. The fractions corres

ponding to each peak were separately pooled and lyophilized and finally 

purified by gel-filtration chromatography. There was obtained 68 mg of 

2 2 
[l-hemi-L-[o'- H^]cystine]oxytocin and 51 mg of [l-hemi-D-[a- H^]cystine]-

oxytocin. Each compound gave single spots on tic in solvent systems A, 

B, and C, identical to authentic protio analogs. 
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2 
[l-hemi-L-[o;- H^]cystine]oxytocin had an optical rotation of 

2 i\ o 
[a]s^7 = -21.1 (c = 0.498, 1 N acetic acid). Amino acid analysis 

following hydrolysis in 6 N HC1 for 24 hours gave the following molar 

ratios: aspartic acid, 1.0; glutamic acid, 1.0; proline, 1.0; glycine, 

1.0; half-cystine, 2.0; isoleucine, 1.0; leucine, 1.0, tyrosine, 0.9. 

Discussion and Conclusion. Deprotection at 0° was successful in 

suppressing dimer and oligomer formation. The by-product peak was less 

than 30% of the total product. The final yields of peptide material 

were comparable to the best yields obtained from the deprotection, oxi

dation and purification of 0.25 mmole portions of diastereomeric non-

apeptides synthesized on chloromethylated resins. The benzhydrylamine 

resin method has the added advantages of not requiring the ammonolysis 

and precipitation steps which generally reduce yields by 25-307» and 

require about six extra days, A disadvantage of using benzhydrylamine 

resins is that they are more difficult to prepare than chloromethylated 

resins, the multistep synthesis requiring several days (Pietta et al. 

1974). Once in hand, however, the use of benzhydrylamine resins appears 

to be a superior method for obtaining oxytocin-lilce molecules in solid 

phase peptide synthesis. 



CHAPTER 4 

SYNTHESIS OF ALPHA-DEUTERATED ISOLEUCINE 
2 

AND OF [3-[a- H ]ISOLEUCINE]OXYTOCIN 

Isoleucine is a naturally occurring amino acid which occupies 

position 3 in oxytocin (see Figures 1 and 2). Position 3 and position 

8 are of particular interest in structure-activity relationship studies 

of oxytocin and vasopressin since it is only at these positions that the 

two neurohypophyseal hormones differ in their primary structure. 

The synthesis of isoleucine by several methods is described by 

Greenstein and Winitz (1961, pp. 2043-2074). After several attempts, a 

moderately successful preparation of isoleucine from sodio ethyl-cv-

acetamidocyanoacetate and 2-bromobutane gave a product which was approxi

mately 907o cv-deuterated. The cause of the incomplete deuteration was 

not determined. A deuteration level of at least 95% is desired for the 

physical studies described in Chapter 1. Even if sufficiently deuterated 

isoleucine had been obtained, the product would still be a mixture of 

all four stereoisomers of isoleucine: L-isoleucine, D-isoleucine, L-

alloisoleucine, and D-alloisoleucine. The resolution scheme for this 

complex mixture as given in Greenstein and Winitz (1961, pp. 2064-2071) 

is lengthy and requires rather large quantities of the unresolved amino 

acid to give enough L-isoleucine for a peptide synthesis. 

58 
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2 
Concurrently with attempts to make L-[of- H^]isoleucine syn

thetically, attempts to exchange the a-proton of commercial L-isoleucine 

were investigated. A high-pressure exchange reaction suggested by Johns 

and Wheland (1966) was attempted but resulted in extensive decomposition 

of the amino acid. A successful exchange method was developed in this 

investigation by modification of a general procedure for racemizing 

amino acids (see, for example, Greenstein and Winitz 1961, p. 1837). 

This method entails refluxing N-acetylated amino acids with acetic 

anhydride in acetic acid. Racemization occurs during reversible 

azlactone formation. Once formed, the azlactone tautomerizes. In one 

tautomeric form, the a-carbon to hydrogen bond is broken, causing the 

2 
cy-carbon to become sp hybridized and leading to racemization (see 

Chapter 7 for more details). If deuterated solvents were used, then 

deuterium would compete with hydrogen in the reprotonation of the 

cv-carbon. These reactions were successfully applied to the preparation 

2 
of L-[cv- H^]isoleucine from commercial protio isoleucine by substituting 

deuteroacetic acid in the place of acetic acid. This method has the 

advantages of being rapid and of not affecting the stereochemistry 

about the p-carbon. The product of the exchange reaction is a mixture 

2 2 
of N-acetyl-L-[cy- H^Jisoleucine and N-acetyl-D-j^cy- Hj]alloisoleucine. 

Enzymatic treatment of this mixture with hog renal acylase (Greenstein 

and Winitz 1961, pp. 2067-2068) cleaves the acetyl group from the L 

isomer without affecting the D isomer. The acetylation, exchange and 

resolution reactions were done in an overall yield of 73%, which included 

two exchange treatments in order to achieve > 95% deuteration in the 

a-position. 
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The resolved, cy-deuterated amino acid was converted to its N-t-

butyloxycarbonyl derivative in 95% yield. This compound was used in the 

2 
synthesis of [3-L-[jy- H^Jisoleucineloxytocin. A carbon 13 NMR spectrum 

of this peptide allowed the unequivocal assignment of the resonance 

line which results from the isoleucyl cy-carbon in native oxytocin. 

Experimental Section 

The analytical methods of thin layer chromatography, melting 

point, nuclear magnetic resonance, amino acid analysis and optical rota

tion were identical to those described in Chapter 2. In addition, a 

carbon-13 NMR spectrum of the peptide was obtained on a Bruker WH-90 NMR 

spectrometer. 

Synthetic Attempts to Prepare 
2 

[ O f -  H^llsoleucine 

The synthetic attempts described below involve reactions between 

sodio diethyl-a-acetamidomalonate, or sodio ethyl-a-aceta-

midocyanoacetate, and 2-substituted butanes. Displacement of the butane 

substituent by the nucleophile followed by deuterium halide hydrolysis 

2 
of the adduct should form mixtures of the four isomers of [cv- H ]-

isoleucine. 

From Diethyl-iy-acetamidomalonate and 2-Bromobutane. The sodium 

salt of diethyl-Q'-acetamidomalonate (DEAM) was made by adding DEAM to an 

equimolar amount of sodium hydride in DMF. When hydrogen evolution 

ceased, 2-bromobutane (2 equivalents) was added and the mixture was 

stirred at 90-95° under nitrogen for 66 hours. The mixture was cooled, 



filtered, and the filtrate was freed of solvent. The resulting semi

solid mass was dissolved in chloroform and the chloroform solution was 

washed with water. The organic layer was dried with anhydrous potassium 

carbonate (K^CO^), filtered and freed of solvent by rotary evaporation. 

The resulting solid was hydrolyzed with 11 N DC1 in D^O at reflux for 

three hours, decolorized, filtered and freed of solvent. The residue 

was taken up in a minimum amount of water, neutralized with lithium 

hydroxide (LiOH) to pH 5.5, and diluted with four volumes of ethanol. 

The only product isolated was monodeuterated glycine. The dominant 

reaction was not nucleophilic displacement of bromide, but elimination 

of HBr. 

From Diethyl-g-acetamidoinalonate and 2-Butyl-p-Toluenesulfonate. 

The same reaction discussed above was done substituting 2-butyl-£-

toluenesulfonate for 2-bromobutane. Again, only the elimination reac

tion which reformed DEAM was observed. Use of ethanol as a solvent in 

place of DMF gave the same results. 

From Ethyl-o'-acetamidocyanoacetate and 2-Bromobutane Using 

Phase Transfer Catalysis. In order to find the best water-immiscible 

solvent for phase transfer catalysis (Starks 1971, 1973) 0.08 g of 

NaOH (2 mmole), 0.17 g of ethyl-cv-acetamidocyanoacetate (EACA; 1 rnmole) 

and 0.34 g of tetrabutylammonium hydrogen sulfate (1 mmole) were dis

solved in 20 ml of water. The solution was extracted with 10 ml portions 

of the following solvents. After each extraction, the organic layer was 
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separated, freed of solvent, and the residue was weighed. A quantita-

— 

tive extraction of Bu^N EACA would be 0.40 g. 

Solvent Amount Extracted (g) 

CC1. 0.00 
4 

CHCI3 0.01 

CH2C12 0.04 

C-H 0.00 
6 6 

C,H CH„ 0.00 
6 5 3 

C.HCl 0.01 
6 5 

C,H 0CH„ 0.00 
6 5 3 

n-C6H14 0.01 

(C2H5)2° °'00 

(i-C3H?)20 0.02 

Methylene chloride (CHgCl ) was the only promising solvent. In 30 ml 

of was slurried 3.42 g of EACA (20 mmole) and 5.44 g of 2-

bromobutane (40 mmole). In 30 ml of water was dissolved 0.96 g of NaOH 

H"* ~~ 

(24 mmole) and 0.68 g of Bu^N HSO^ (2 mmole). The catalyst concentra

tion was 10 mole %. The aqueous and organic layers were combined and 

stirred for 48 hours at room temperature at which time the aqueous phase 

was neutral. The layers were separated and the organic layer was 

washed with 15 ml of 1 N NaHCO^ and dried over K^CO^. After filtering 

and removing the solvent, there was obtained a brown residue which was 

not characterized, but was hydrolyzed with DBr in D2^* Following workup, 

a small quantity of unidentified material (< 0.1 g) was obtained which 
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-f- — 
was not isoleucine, but may have been Bu^N Br since it exhibited a 

broad aliphatic peak in NMR. 

From Ethyl-cy-acetamidocyanoacetate and 2-Bromobutane in Ethanol. 

The sodium salt of EACA was made by reaction with sodium ethoxide in 

ethanol. This nucleophile, which is less sterically hindered than the 

anion of DEAM, was reacted with 2-bromobutane at reflux for 20 hours. 

The solvents were removed and the residue was dissolved in chloroform. 

This solution was extracted twice with 1 N NaHCO^ to remove any un-

reacted EACA or EACA which may result from elimination reactions. The 

organic layer was dried over K^CO^, filtered and freed of solvent. The 

resulting solid was washed with ether leaving a white product, ethyl-

o'-2-butyl-Q'-acetamidocyanoacetate, 3470 yield, mp 113.5-114.0°; NMR 

(CDC13): 6 0.8-2.4 (complex, 15H), 4.3 (q, 2H), 6.7 (broad, 1H). This 

product was hydrolyzed with 11 N DC1 in D^O for five hours, treated 

with Norit, filtered and freed of solvent. The residue was taken up in 

water, the pH was adjusted to 5.5 with LiOH and 10 volumes of ethanol 

were added. The heterogenous mixture was cooled in a refrigerator over

night. The precipitate was filtered and dried giving a 72% yield of 

snow white plates. The NMR indicated that deuteration was about 907o in 

the a position; NMR (D^O): 6 0.7-2.4 (complex, 9 H ), 4 . 1  (broad s, 0 . 1 H ) .  

Exchange Attempts to Prepare 

2 
fev- "1 Isoleucine 

Each of the exchange methods described below is designed for 

exchange of the a proton only. 
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High-Pressure Exchange Reaction. A 2.62 g portion of L-iso-

leucine (20 mmole) was dissolved in D^O at pH 3 (adjusted with thionyl 

chloride) and lyophilized to exchange the amino and carboxyl protons. 

The amino acid was put into a 300 ml stainless steel bomb and mixed 

with 40 g of D^O (2 moles), 0.4 g of anhydrous copper sulfate and 0.6 g 

of redistilled salicylaldehyde. The bomb was sealed and the reaction 

proceeded with stirring at 140° for 70 hours. The mixture was cooled, 

filtered and concentrated to about 10 ml and the pH was adjusted to 5.5 

with LiOH. Ten volumes of ethanol were added. A granular material 

precipitated and was filtered. It had no NMR signal and was probably 

inorganic. The filtrate was evaporated to dryness and the residue was 

dissolved in about 1 ml of showed that very little of the 

residue was isoleucine indicating that extensive decomposition had 

occurred. 

Exchange in Acetic Anhydride and Deuteroacetic Acid. A 2.62 g 

portion of commercial L-isoleucine (Schwartz Bioresearch) was added to 

the homogeneous mixture that results from mixing 29 ml of acetic anhy

dride and 4.8 ml of The mixture was boiled two minutes and cooled. 

The solvents were removed in vacuo and 1 ml of D^O was added to the oily 

residue. The D^O was removed, causing crystal formation. Analysis of 

the residue by NMR showed that about 857» exchange of the o; proton had 

occurred. The process was repeated using 28.4 ml of acetic anhydride 

and 4.18 ml of (25% acetic anhydride in CH^COOD). After crystal

lization there was obtained 2.96 g (85%) of a mixture of N-acetyl-L-

[cy-^H^isoleucine and N-acetyl-D-[a-^H^]alloisoleucine, mp 149.8-150.3° 
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(corr.; lit., Greenstein and Winitz 1961, p. 2064, 150° (corr.)), which 

was > 957o deuterated in the a position. NMR (DMSO-dg): 6 0.4-2.0 

(complex, 12H), 2.4 (DMSO), 4.1 (cy-CH, undetectable), 7.8 (broad, 0.5H). 

2 
Synthesis of BOC-L-[Q '- H^]Isoleucine 

Resolution of Diastereomers. The diastereomeric mixture of 

2 2 
N-acetyl-L-[o'- H^]isoleucine and N-acetyl-D-[o<- II^]alloisoleucine (2.71 

g, 0.0156 mole) was slurried in 118 ml of water. Cobaltous acetate-4H^0 

(0.055 g) was added and the pH was adjusted to 7.3 with 3 N ammonium 

hydroxide. Hog renal acylase (2 mg) was added and water was added to 

bring the total volume to 156 ml. The flask was stoppered and placed in 

a 38° constant temperature bath for 24 hours, maintaining the pH at 7.3. 

An additional 2 mg of enzyme were added and the reaction was continued 

for 24 hours. The flask was cooled and the pll was lowered to 5.0 with 

acetic acid. About 0.6 3 Norit was added and the mixture was stirred 

2.5 hours, filtered and concentrated to about 6 ml. Ethanol (50 ml) was 

added and the mixture was chilled overnight. The solid was filtered, 

washed with ethanol and ether, and dried to give 870 mg (867o) of 

L-[o-^H^]isoleucine. The optical rotation was = +50.0° (c = 1.017, 

5 N HC1), lit., Greenstein and Winitz (1961, p. 2044), = +51.8° 

(c = 1, 5 N HC1). 

2 
Synthesis of Boc-L-fcy- H^llsoleucine. A 480 mg portion of 

2 
L-[a- H^]isoleucine (3.64 mmoles) was suspended in 2.5 ml of dioxane 

and 2.5 ml of water. The pH was adjusted to 9.8 with 1 N NaOH, and 0.6 

ml of t-butyl azidoformate was added. The pH was maintained as the 



mixture was stirred 9 hours. The solution was extracted with 5 ml of 

ether, and the aqueous phase was cooled to -5° and acidified with 5 N 

HC1. The mixture was extracted with two 20-ml portions of ethyl ace

tate and the combined organic extracts were dried over Na2S0^, filtered 

and freed of solvent. There was obtained 800 mg (957o) of an oil which 

resisted crystallization. NMR (CDCl^): 6 0.5-2.0 (complex, 18H), 

4.1 (ck'-CH, undetectable), 6 5.3 and 6.5 (broad singlets, 1H, hydrogen 

bonded and non-hydrogen bonded NH), 

2 
Synthesis of f"3-L-(~(y- ~llsoleucine~|0xytocin 

Details of peptide synthesis methodology and analytical pro

cedures may be found in Chapter 3. This synthesis was done using a 

chloromethylated Merrifield resin. 

Synthesis of Boc-Asn-Cys(Bzl)-Pro-Leu-Gly-Q-Resin. Two mmoles 

of the title peptide-resin were built up in the usual way (see Tables 

1 and 2) from 6.87 g of Boc-glycinate resin substituted with Boc-glycine 

at the level of about 0.30 mmole/g. The weight gain was 1.47 g (119%), 

indicative of an actual substitution level near 0.35 mmole/g. The 

pentapeptide-resin was divided into two 4.07 g fractions. 

2 
Synthesis of Cys(Bzl)-Tyr-fty- Ille-Gln-Asn-Cys (Bzl) -Pro-Leu-

Gly-NH». The pentapeptide-resin was extended with Boc-glutamine-£-

2 
nitrophenylester, Boc-[a- H^]isoleucine, Boc-tyrosine and Boc-S-benzyl 

2 
cysteine respectively to make the Boc-nonapeptide-resin of [3-L[cy-

isoleucine]oxytocin. The Boc group was removed. Ammonolysis of the 
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peptide resin, followed by extraction into DMF and precipitation with 

water gave 850 mg of the title nonapeptide, mp 229-233° (d). 

2 
Synthesis of [3-L-[ty- H^IIsoleucinelOxytocin. A 325 mg (0.268 

2 
mole) portion of Cys(Bzl)-Tyr-[cy- H^3Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-GIy-

NH^ was deprotected with sodium in liquid ammonia and then oxidized with 

KgFe(CN)g in the usual way. The product was purified by partition 

chromatography on a Sephadex G-25 (100-200 mesh) column (2.85 x 60 cm) 

using the solvent system 1-butanol:3.5% aqueous acetic acid in 1.5% 

pyridine (1:1), One hundred and ten 4.9-ml fractions were collected. 

Analysis by direct UV absorbance readings at 280 run revealed 2 peaks, 

a by-product peak at = 0.78 and a large peak at = 0.25. The 

fractions corresponding to the latter were pooled and lyophilized. The 

resulting powder was further purified by gel filtration chromatography 

on Sephadex G-25 (200-270 mesh) using 0.2 N acetic acid as eluent. Tb-\s 

treatment removed a small amount (< 57°) of higher molecular weight 

material. The fractions corresponding to the oxytocin analog were pooled 

2 
and lyophilized giving 170 mg of purified [3-L-[Q?- Ĥ ]isoleucine]oxytocin. 

Analysis of the compound on tic in solvent systems A, B, and C showed 

only single uniform spots with R^ values identical to authentic oxytocin. 

24 o 
Its optical rotation was 47 = "21.0 (c = 0.500, 1 N acetic acid). 

Amino acid analysis gave the following molar ratios: aspartic acid, 1.0; 

glutamic acid, 1.0; proline, 1.0; glycine, 1.0; half-cystine, 2.0; 

isoleucine, 1.0; leucine, 1.0; tyrosine, 0.9. A carbon-13 NMR spectrum 

of the peptide was identical to authentic oxytocin except that the 
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resonance due to the isoleucyl cv-carbon was absent at 60.87 ppm down-

field from IMS. 

Discussion of Results 

2 
The failure of the synthetic attempts to prepare [cv- H^]iso-

leucine was largely due to the preference for elimination reactions as 

opposed to substitution reactions when the bulky nucleophilic anions of 

diethyl-cf-acetamidomalonate and ethyl-cv-acetamidocyanoacetate were re

acted with 2-substituted butanes. In all cases but one, the products 

of elimination reactions were the only detectable products. The reaction 

of sodio ethyl-o'-acetamidocyanoacetate with 2-bromobutane in ethanol 

gave a small, but sufficient yield of the desired adduct. Hydrolysis 

with DC1 gave an overall yield of 247o of the four isomers of isoleucine, 

but the deuteration level was only 90% which is at least 5% below 

acceptable levels. The most probable cause of the incomplete deutera

tion is ethanolysis of the carboethoxy group of the adduct. This would 

produce a resonance-stabilized anion at the a carbon which could then 

pick up a proton from the solvent. If this analysis is correct, then 

the use of ethanol-d in place of ethanol would circumvent this difficulty. 

2 
Such a method would be a very expensive route to [cv- H^]isoleucine, and 

was not pursued further. 

The failure of the phase-transfer catalysis approach was unfortu

nate since the reaction would occur in an aprotic organic solvent and, 

if any elimination occurred, the resulting unionized ethyl-a—acetamido-

cyanoacetate would simply become re-ionized and again have an opportunity 

to displace the butane substituent. Given enough base and 2-substituted 
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butane, the reaction should provide high yields. In the present case, 

the failure may be attributed to the insolubility of the tetrabutyl-

ammonium salt of the nucleophile in the organic phase, and possibly to 

the unreactivity of the nucleophile or its preference for causing 

elimination rather than displacement. 

The synthetic methods were abandoned with the success of the 

exchange reaction involving acetic anhydride and deuteroacetic acid. 

The efficiency, speed and economical use of reagents make this pro-

2 
cedure far superior to the synthetic routes for making [cv- H^]isoleucine. 

A more complete discussion of this method may be found in Chapter 7.  

2 
The synthesis of [3-L-[a- H^]isoleucine]oxytocin was done using 

synthetic methods outlined in Chapter 3. An unusual aspect of this 

synthesis was that the yield of peptide material obtained from deprotec-

tion of the nonapeptide was 637o. A 40-50% yield is commonly obtained. 

The high melting point of the nonapeptide (229-233°) may indicate a 

higher state of purity for this nonapeptide than is commonly obtained. 



CHAPTER 5 

DES-4-GLUTAMINE-OXYTOCIN 

A review of the literature reveals that there have been few 

investigations of structure-activity relationships which utilize the 

technique of omitting one or more amino acids from the primary struc

ture of oxytocin. As discussed in Chapter 1, even subtle changes in 

the primary structure are expected to cause conformational changes in 

the peptide which will affect the ability of the compound to bind to its 

biological receptor and to initiate its biological response. The first 

recorded alteration which led to an analog with higher biological 

activity than oxytocin was [l-deamino]oxytocin, made by substituting a 

p-mercaptopropionic acid residue in place of the N-terminal cysteine 

(Ferrier, Jarvis and du Vigneaud 1965). Jost and Sorm (1971) reported 

that [1-deamino, l-carba]oxytocin and [1-deamino, 6-carba]oxytocin, 

compounds in which the sulfur of the p-mercaptopropionic acid residue 

or the cysteine residue was isosterically replaced with a methylene 

group, have activities higher than the native hormone. Other analogs 

with increased biological activity are [4-threonine]oxytocin (Manning, 

Coy and Sawyer 1970) and [4-methionine]oxytocin (Lozhkina et al. 1974). 

Most other changes have given analogs with decreased biological activity 

or, in some cases, with antagonistic activity which means that they can 

act as inhibitors of oxytocin (Berde and Boissonnas 1968). 

70 
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With a massive body of evidence that subtle structural changes 

generally cause great decreases in biological activity, it is not un

expected that analogs containing more drastic structural changes have 

not been investigated. The only shortened-sequence analogs which have 

been reported have had one or more amino acids in the tail portion of 

oxytocin, Pro-Leu-Gly-NH^, deleted. Tocinoic acid (Hruby, Smith, Linn, 

Ferger and du Vigneaud 1972) and tocinamide (Hruby, Ferger and du 

Vigneaud 1971) are compounds in which the entire tail portion of oxytocin 

is deleted, but the tocin ring, H-Cys-Tyr-Ile-Gln-Asn-Cys-X (X = OH, 

NH^), remains intact. These compounds have extremely weak oxytocic 

activity but were found to inhibit the release of melanophore stimulat

ing hormone. Analogs in which each of the residues of the side chain 

were systematically omitted to give the family of compounds des-9-

glycine-oxytocin, des-8-leucine-oxytocin, and des-7-proline-oxytocin 

were prepared by Jaquenoud and Boissonnas (1962). The use of "des-" in 

the nomenclature is used to designate the omission of an amino acid. 

This is used rather than "de-" in order to avoid confusion with peptides 

containing a D amino acid. Pharmacological study of these compounds 

(Berde and Boissonnas 1968) revealed that they were between 0.3 and 

0.7% as active as native oxytocin in in vitro milk-ejection from rabbit 

mammary gland. The basic backbone structure of the tocin ring has been 

changed by substitution of the sulfurs with one or two methylene groups 

(Jost and Sorm 1971) or with one or two selenium atoms (Walter and du 

Vigneaud 1965, 1966), and it has been enlarged by one atom by substitu

tion of homocysteine for cysteine (Jarvis, Bodanszky and du Vigneaud 
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1961). There have been no reports of analogs in which an entire residue 

in the six-amino acid tocin ring was deleted. The accidental synthesis 

(see Chapter 3) of a compound which appeared to be primarily des-4-

glutamine-oxytocin, an analog which lacks a glutamine residue in the 

tocin ring, H-Cys-Tyr-lie-Asn-Cys-Pro-Leu-Gly-NH^, prompted a further 

investigation of this unusual compound. The biological activity of the 

impure compound as measured by millc-ejection from mouse mammary tissue 

in vitro was approximately 0.1 to 1.07o that of oxytocin. The possibility 

that the activity could be due to traces of oxytocin or an analog closely 

related in structure to oxytocin must be ruled out before any conclu

sions about the activity of des-4-glutamine-oxytocin can be drawn. 

Therefore, an independent synthesis of this compound was performed. 

Experimental Section 

The basic synthetic and analytical methods outlined in Chapter 3 

were followed. Hie synthesis was done using the same chloromethylated 

2 
Merrifield resin used to make [3-L-[ar-  H^]isoleucine]oxytocin (see 

Chapter 4). 

Synthesis of Des-4-

Glutamine-Oxytocin 

Synthesis of Cys(Bzl)-Tyr-Ile-Asn-Cys(Bzl)-Pro-Leu-Gly-NH„. The 

remaining 4,07 g portion of the pentapeptide-resin Boc-Asn-Cys(Bzl)-Pro-

Leu-Gly-O-resin, the preparation of which was given in Chapter 4, was 

extended to Boc-Cys(Bzl)-Tyr-Ile-Asn-Cys(Bzl)-Pro-Leu-Gly-0-resin using 

the general method outlined in Table 1. The terminal Boc group was 
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removed (Table 1, steps 1-7), and the resin was washed with methylene 

chloride and dried. The final weight of the octapeptide-resin was 

4.50 g. The peptide was cleaved from the resin by ammonolysis in 

methanol for four days. The solvents were removed and the peptide was 

extracted into DMF. The solution was concentrated to a small volume and 

the peptide was precipitated with water. There was obtained 770 mg of 

the title octapeptide amide, mp 195-200° (d). 

Synthesis of Des-4-Glutamine-Oxytocin. A 271 mg portion of 

Cys(Bzl)-Tyr-Ile-Asn-Cys(Bzl)-Pro~Leu-Gly-NH2 (0.25 mmole) was depro-

tected with sodium in liquid ammonia and oxidized with potassium ferri-

cyanide. The product was purified by partition chromatography on a 

Sephadex G-25 (100-200 mesh) column, 2.85 x 60 cm, previously equili

brated with lower and upper phases of the solvent system 1-butanol:3.5% 

aqueous acetic acid in 1.5% pyridine (1:1). Ninety-five 3.9-ml frac

tions were collected. Analysis of the fractions by direct UV absorbance 

readings at 280 nm revealed a small by-product peak at R^ = 0.85 and a 

large peak at = 0.32, in agreement with the R^ found previously 

(Chapter 3) for a compound which appeared to be the title compound. The 

fractions corresponding to the R^ = 0.32 peak were pooled and lyophilized. 

The product was further purified by gel filtration chromatography on 

Sephadex G-25 (200-270 mesh) using 0.2 N acetic acid as eluent. This 

process removed a small amount (< 1%) of higher molecular weight 

material. The fractions corresponding to the main peak which eluted at 

290 ml (767o of column volume) were pooled and lyophilized. There was 

obtained 116 mg of the title peptide. Analysis on tic in solvent 
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systems A, B, and C gave single, uniform spots, identical to the com

pound believed to be des-4-glutamine-oxytocin obtained as described in 

24 o 
Chapter 3. The optical rotation was = -142.5 (c = 0.498, 1 N 

acetic acid). Amino acid analysis gave the following molar ratios: 

aspartic acid, 1.0; glutamic acid, 0.00; proline, 0.9; glycine, 1.0; 

half-cystine, 2.0; isoleucine, 1.0; leucine, 1.0; tyrosine, 1.0. In a 

quantitative biological activity determination, the compound elicited 

about 0.09 U/mg milk-ejection activity from mouse mammary tissue in 

vitro. 

A proton-decoupled carbon-13 NMR spectrum was obtained. The 

general appearance of the spectrum is similar to oxytocin, but with 

significant differences. There are fewer lines due to the absence of 

glutamine, and many of the remaining lines exhibit a chemical shift in 

parts per million from tetramethylsilane (IMS) different from the shifts 

observed for oxytocin (see Table 3). As a result of these shifts, which 

could occur in either an upfield or a downfield direction, unequivocal 

assignments of some resonances in the spectrum could not be made. 

Discussion of Results 

The observation of biological activity in des-4-glutamine-oxytocin 

was unexpected. When the glutamine residue is removed from a space

filling model of oxytocin such that the asparagine residue is coupled to 

the isoleucine residue, a great change in the conformation of the model 

molecule appears to result. In addition, the behavior of the compound 

on partition chromatography, its large optical rotation and the resonance 

line positions in carbon-13 NMR are further indications of structural 
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Table 3. Carbon-13 NMR Chemical Shifts from IMS for Oxytocin and for 

Des-4-Glutamine-Oxytocin. 

Assignment3 Oxytocin Des-4-Glutamine-Oxytocin 

(nearest peak) 

He 6 CH3 11.43 11.12 

lie 6 CH3 15.74 15.21 

Leu 8 CH3 21.56 21.58 

Leu 6 CH^ 23.08 22.95 

Pro, Leu, lie 6 25.23 25.42, 25.16 

Gin 3 26.74 — 

Pro 3 30.08 30.03 

Gin 6 31.92 — 

Asn, Tyr, lie 3 36.77 35.49, 37.70, 38.09 

Cys-6 g 39.36 39.00 

Leu, Cys-1 g 40.22 40.23, 41.27 

Gly CH2 43.02 42.98 

Pro 6 48.74 48.69 

Asn a- 51.22 51.15 

Cys-6 a 52.19 51.61 

Tyr a 53.05 53.49 

Leu a 53.48 54.01 

Gin a 55.96 — 

Cys-1 a 56.29 56.13 

lie a 60.87 59.60 

Pro a 61.57 61.42 

Tyr 3,5 116.46 116.47 

Tyr 1 128.64 128.36 

Tyr 2,6 131.34 131.48 

Tyr 4 155.66 155.46 

aTaken from Smith et al. 1973. 
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dissimilarity with native oxytocin. A more complete pharmacological 

profile of this unusual analog as well as binding and conformation 

studies are required before conclusive statements about the relationship 

of its structure to its activity can be made. It does appear, however, 

that the presence of a glutamine residue is not required for the biologi

cal activity of oxytocin. 



CHAPTER 6 

SYNTHESIS OF [8-ARGININE]VASOPRESSIN DERIVATIVES 

CONTAINING SPECIFICALLY DEUTERATED AMINO ACIDS 

The neurohypophyseal peptide hormone [8-arginine]vasopressin 

(AVP) was first synthesized by du Vigneaud, Gish and Katsoyannis (1954) 

one year after the chemical structure of the native hormone (see Figures 

1 and 2) had been determined (Acher and Chauvet 1953; du Vigneaud, 

Lawler and Popenoe 1953). Among naturally occurring hormones, AVP is 

the most potent pressor and antidiuretic hormone known (Berde and 

Boissonnas 1968). As is the case for oxytocin, most synthetic modifica

tions have given analogs with decreased hormonal activity. Notable 

exceptions are [l-p-mercaptopropionic acid, 8-arginine]vasopressin 

(Huguenin and Boissonas 1966), [4-decarboxamido, 8-arginine]-vasopressin 

(Gillesson and du Vigneaud 1970), [1-p-mercaptopropionic acid, 4-

threonine, 8-arginine]vasopressin (Manning et al. 1973), [4-valine, 

8-arginine]vasopressin and [4-valine, 8-D-arginine]vasopressin (Sawyer 

et al. 1974), all of which possess higher antidiuretic activities, but 

are weaker pressor hormones. 

Due to the similarity of the structure of AVP to oxytocin, most 

synthetic analogs of oxytocin have also been subjected to the pharma

cological pressor and antidiuretic assays in attempts to understand 

structure-activity relationships for AVP. Although the volume of data 

77 
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for analogs of AVP which retain phenylalanine in position 3 and arginine 

in position 8 is small, it is probable that the approach of altering the 

primary structure will yield no more definitive answers for AVP than 

have been obtained from the massive research efforts directed toward 

understanding oxytocin. As in the case of oxytocin (see Chapter 1) the 

most promising approach for relating the structure of AVP to its bio

logical activity is to learn the conformation of the native hormone and 

the mechanism of its binding to neurophysins and membrane receptors. To 

help attain this information, three goals were established for this 

investigation. First, analogs of AVP specifically deuterated at the 

1-hemi-cystine in the a position only and the $ position only were 

desired. Second, an analog of AVP specifically deuterated at the a 

position of phenylalanine was desired. Study of the phenylalanine resi

due is of particular interest since it represents one of the two primary 

structural changes which distinguish AVP from oxytocin (see Figure 1). 

Third, a purification method capable of separating diastereomers of AVP 

was desired. In addition, some methodological changes which could im

prove the efficiency of AVP syntheses ware successfully tried. These 

included the use of a nitrogen atmosphere to suppress dimer formation 

before and during the sulfhydryl oxidation step (WHlti and Hope 1973), 

the use of 1-hydroxy-benzotriazole as a catalyst in the active ester 

couplings (sea Table 2) of asparagine and glutamine (K8nig and Geiger 

1970) and the use of sub-equivalent amounts of DCC relative to Boc-

amino acid during DCC couplings to suppress inactivation of the acylat-

ing specie by excess DCC (Dorman 1974). 
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Synthetic AVP has not previously been synthesized using a racemic 

amino acid in any position although some analogs containing resolved D 

amino acids have been reported. This may be because of the low yields 

that have been obtained in previous AVP syntheses. The average overall 

yield for the syntheses done in the course of this investigation was 

2 
347». The best yield was 437o which was obtained for [l-hemi-L-[o'-

cystine^AVP. These yields are considerably better than previous attempts 

to synthesize AVP using solid phase techniques. The first solid phase 

synthesis of AVP was by Meienhofer and co-workers (1970) who reported a 

97» overall yield. An 117o yield was obtained by Holton, Branda and 

Ferrier (1973). Using the jj-toluenesulfonyl group to protect the guanido 

nitrogen of arginine and an improved partition chromatography system, 

1-butanol:ethanol:pyridine:0.1 N acetic acid (4:1:1:7), Linn (1974) 

obtained a 307o yield of AVP. The syntheses described in this work were 

also done using £-toluenesulfonyl protection on the guanido nitrogen of 

arginine. In addition, a new solvent system was developed, 1-butanol: 

ethanol:water (3.57. acetic acid in 1.57. pyridine) (4:1:5), which is 

capable of resolving diastereomeric AVP molecules containing racemic 

1-hemi-cystine. This system was discovered in the search for a parti

tion chromatography system which could cleanly separate a 1-hemi-D-

cystine diastereomer of AVP from dimers of AVP. The system of Linn 

(1974) was inadequate for these purposes. Eight different solvent 

systems were made (see Table 4) and the expected value of the peptide 

in each system was estimated from the relationship 
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Table 4. Partition Coefficients of [l-Hemi-D-[cr- H^]cystine, 

8-Arginine]Vasopressin in Several Solvent Systems. 

80 

System Number Solvent System Aqueous Phase pH 

1 BuOHjEtOHtPyrtO.l N HOAc (4:1:1:7) 6.0 

2 BuOH:H 0(3.5% HOAc in 1.5% Pyr) (1:1) 4.5 

3 Bu0H:Et0H:H20(3.5% HOAc in 1.5% Pyr) (4:1:5) 4.6 

4 BuOH:EtOH:C,H,:Pyr:0.1 N HOAc (4:1:1:1:7) 5.8 
DO ~ 

5 BuOH:C6H6:H 0(3.5% HOAc in 1.5% Pyr) (3:1:4) 4.5 

6 i-Bu0H:H20(3.5% HOAc in 1.5% Pyr) (1:1) 4.2 

7 i-BuOH:EtOH:H 0(3.5% HOAc in 1.5% Pyr) (5:2:7)4.5 

8 i-Bu0H:Et0H:H20(NH4
+ CH COO") (5:2:7) 9.0 

K = Organic/Aqueous Expected R Range 

1 0.755 0.33-0.28 

2 0.214 0.12-0.09 

3 0.421 0.22-0.17 

4 0.288 0.16-0812 

5 0.083 0.05-0.04 

6 0.125 0.08-0.06 

7 0.484 0.24-0.19 

8 0.683 0.32-0.25 
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Rf ~ 1 + (V /V )(1/K) 
s h 

in which K is the measured partition coefficient which is the ratio of 

the amount of peptide material found in the organic layer to that found 

in the aqueous layer, is the hold-up volume (the eluent volume re

quired for the solvent front to emerge from the column) and V is the 
s 

volume of the stationary phase on the column. The ratio ̂  /V is assumed 

to be 1.5 to 2.0 (Hruby and Groginsky 1971). By decreasing the R^ value 

for the desired peptide, the probability of achieving a separation is 

increased. The gel filtration effect, in which large molecules are less 

retarded on the column than are smaller molecules which are able to 

enter the interstices of the Sephadex, is also operative in partition 

chromatography. For this reason, a solvent system which retards 

monomeric AVP may also retard the dimers and higher oligomers of AVP 

but to a lesser extent, thus enhancing the resolution. 

Examination of the data (Table 4) reveals that the most promis

ing solvent systems are system 3 and system 7. Both systems are ex

pected to retard the peptide more than the solvent system of Linn (1974) 

(system 1), yet still permit rapid elution so that diffusion of the 

peptide on the column is minimized. The ultimate goal is to resolve 

diastereomeric pairs of AVP derivatives. Since the data was collected 

for a 1-hemi-D-cystine diastereomer of AVP, it must be borne in mind 

that the corresponding 1-hemi-L-cystine diastereomer is expected to 

elute at a still smaller value. It is not desirable for the L 

diastereomer to have an excessively low R^ value since diffusion would 
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become significant and the degree of reso• ition would be reduced. 

System 3 was chosen and found to give a c i separation of the 1-hemi-D 

diastereomer from dimers and other oligon eluting the peptide at 

R = 0.17. When a preparation of the corresponding l-hemi-L diastereomer 
f 

was partition chromatographed using system 3, a purification was effected 

with the peptide eluting at = 0.12, with no overlap of the area in 

which the = 0.17 peak had been found previously. Solvent system 3 

appeared to be capable of resolving diastereomeric mixtures of [1-hemi-

DL-cystine]AVP analogs. To test this capability,[1-hemi-DL-cystine, 

2 
S-L-fa'- H^]phenylalanine]AVP was synthesized and subjected to partition 

chromatography using solvent system 3. Analysis of the eluate revealed 

the clean separation of the diastereomers which were not detectably 

contaminated with dimers or other by-products as ascertained by examina

tion of the elution profile, and by tic of the individual peptides follow 

ing further purification by gel filtration chromatography. 

Once in hand, the specifically deuterated analogs of [8-arginine] 

vasopressin can be studied using the biophysical methods discussed in 

Chapter 1. Assignment of the carbon-13 resonance lines for the a and (3 

carbons of the 1-hemi-cystine residue have been unequivocally made. 

Experimental Section 

The analytical methods given in Chapters 2 and 3 are applicable 

to the study of the compounds described below. In addition, a fourth 

thin layer chromatography solvent system was used which was particularly 

useful in separating and detecting dimers or higher oligomers in an AVP 

preparation. The solvent system, hereafter referred to as tic system D, 
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was ethyl acetate:pyridine:acetic acid:water (5:5:1:3). The preparation 

of the specifically deuteratea S-benzyl cysteine derivatives used below 

was described in Chapter 2. The solid phase peptide synthesis methods 

described in Chapter 3 were followed, 

2 
Synthesis of N-Boc-L-Tcy- H^~] Phenylalanine 

2 
Synthesis of PL-fcy- H^"1 Phenylalanine. Racemic, a-deuterated 

phenylalanine was made by hydrolysis in 11 N DC1 in D^O of 6,14 g (0.02 

mole) of cf-benzyl-diethyl-Q'-acetamidomalonate which had been synthesized 

by the method of Snyder, Shekleton and Lewis (1945) in an undergraduate 

laboratory at The University of Arizona. After six hours hydrolysis, 

the mixture was cooled and taken to dryness by rotary evaporation. The 

residue was dissolved in 10 ml of water and neutralized with concen

trated NH^OH. The mixture was chilled at 5° overnight, filtered and 

dried to give 2.76 g (83.57o), inp 250-255° (lit., Marvel 1955, 271-273° 

for protio analog). NMR (CF^OOII): 6 6.90 (s^ 5H), 4.1-4.5 (or-CH, 

undetectable), 3.00 (q, 2H). 

2 
Synthesis of L-fq'- H^~l Phenylalanine. Racemic, cv-deuterated 

phenylalanine was refluxed for two minutes with the homogenous solution 

obtained from mixing 29 ml of acetic anhydride and 4.2 ml of D^O. The 

solvents were removed and the residue was recrystallized from ethyl 

2 
acetate. There was obtained 2,67 g (86%) of N-acetyl-DL-[cv- {^phenyl

alanine, mp 142.5-144° (lit., Greenstein and Winitz 1961, p. 2173, 146°). 

A 2.50 g (0.012 mole) portion was slurried with 87 ml of water and the 

pH was adjusted to 7.1 with 2 N LiOH, The total volume was brought to 
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120 ml with water. Hog renal acylase (65 mg) was added and the mixture 

was stirred two days at 38°. Another 65 mg of enzyme was added and the 

mixture was stirred two days more. The flask was cooled and the pH was 

lowered to 5.0 with acetic acid. The coagulated protein was filtered 

off and the solution was concentrated to about 10 ml. The flask was 

chilled overnight and the contents were filtered. The filtrate was 

further concentrated to about 6-7 ml and again chilled overnight and 

2 
filtered. The combined crops of L-[cf- H^phenylalanine weighed 0.40 g 

(40%), mp 240-245°. 

2 
Synthesis of N-Boc-L-ro'- H^lPhenylalanine, The entire 0.40 g 

2 
(2.4 mmole) of L- [Q-- ^^phenylalanine was slurried in 2 ml of dioxane 

and 2 ml of water. The pH was adjusted to 10.0 with 2 N NaOH and the 

solution was treated with 0.5 ml (3.5 mmole) of t-butyl azidoformate 

(3.5 mmole). The pH was maintained for 26 hours using a Radiometer 

(Copenhagen) Autoburette which delivered 2 N NaOH. The solution was 

extracted twice with 5 ml portions of ether. The aqueous phase was 

cooled to -5° in an ice-salt bath and the pH was adjusted to 3.0 with 

5 N HC1. The cold mixture was extracted with two 25-ml portions of 

ethyl acetate. The organic layer was washed with brine and dried over 

anhydrous Na^SO^. After filtering and removing the solvent, the residue 

was dissolved in absolute ethanol. The cloudy solution was filtered and 

the clear filtrate was freed of solvent. There was obtained 0.46 g (837=) 

of an oil which resisted crystallization. The optical rotation was 

= +28.8° (c = 0.92, ethanol) (commercial Boc-L-phenylalanine, Fox 

4299, 03547 = +30.5° (c = 1.03, ethanol)). NMR (CDC1 ): 6 11.35 
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(s, 1H), 7.40 (s, 5H), 5.30 (s, broad, 1H), 4,5-4.9 (cy-CH, undetectable), 

3.25 (q, 2H), 1.55 (s, 9H). 

Synthesis of r8-Arginine"lVasopressin Analogs 

Synthesis of Boc-Tyr-Phe-Gln-Asn-Cys(DMB)-Pro-Arg(N^-Tos)-Gly-

O-Resin. The solid phase synthesis of the title peptide-resin was 

carried out on a 3 mmole scale using 9.68 g of Boc-glycinate-resin (poly

styrene crosslinked with 1% divinylbenzene, LS 601 Merrifield resin, 

Lab Systems, Inc., San Mateo, Calif.) which had a substitution level of 

0.32 ramole/g. The synthetic schedules given in Tables 1 and 2 were 

followed, using 75 ml of solvent for each step. For the coupling steps 

which utilized DCC as the coupling reagent (all couplings except the 

active ester couplings of asparagine and glutamine), 0.8 equivalents of 

DCC were used for each equivalent of Boc-amino acid. For the active 

ester couplings of asparagine and glutamine, an equivalent molar amount 

of 1-hydroxybenzotriazole was added to the reaction mixture as a catalyst. 

With this catalyst, the couplings were complete as judged by the nin-

hydrin test after 3.5 and 5 hours for asparagine and glutamine, re

spectively. Uncatalyzed, these couplings normally require 8 to 14 hours. 

After each coupling sequence a ninhydrin test was done to determine the 

extent of coupling. In all cases the test was negative, indicative of 

> 99.4% coupling. At the end of the synthesis, the resin was dried 

in vacuo over KOH overnight and was found to have increased in weight by 

3.82 g (100%), The partially protected octapeptide-resin was split into 

three portions of 4.35 g each. 
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Synthesis of L-fcr-^H *lCys(Bzl)-Tyr-Phe-Gln-Asn-Cys(DMB)-Pro-

Arg(N -Tos)-Gly-NH . The title compound was made by reaction of one 

4.35 g portion (1 mmole) of Boc-Tyr-Phe-Gln-Asn-Cys(1MB)-Pro-Arg-

£ 2 
(N -Tos)-Gly-O-resin with Boc-S-benzyl-L-[a~ H^cysteine and DCC follow

ing removal of the Boc group from the tyrosyl residue. Instead of two 

identical coupling steps (see Table 1), the first coupling was done with 

0.44 g (1.41 mmole) of the amino acid and 0.26 g (1.26 mmole) of DCC, 

and the second coupling employed 0.22 g of the amino acid and 0.13 g of 

DCC. After removal of the terminal Boc group and drying In vacuo, the 

final peptide-resin weight was 4.43 g. The nonapeptide-resin was added 

to a flask containing 125 ml of anhydrous methanol which had been 

saturated with ammonia (freshly distilled from sodium) at -5°. The 

flask was sealed tightly and stirred 96 hours at room temperature. 

Excess ammonia and methanol were removed _in vacuo. To the dry, odorless 

i-esidue was added 150 ml of dimethylformamide (DMF), and the mixture was 

stirred 3 days at 25°. The mixture was filtered and the resin was re

turned to the flask and extracted with a 125 ml portion of fresh DMF for 

2 hours at 90°. The resin was filtered off and the combined IMF fil

trates were rotary evaporated to dryness. Glacial acetic acid (2 ml) was 

added to dissolve the residual oil. Dropwise addition of 75 ml of 

ethanol caused the product to precipitate. The flask was refrigerated 

overnight and the contents were filtered. There was obtained 790 mg of 

the title nonapeptide amide, mp 210-212°. Addition of ether to the 

filtrate precipitated an additional 320 mg, mp 135-138°. The overall 

yield was ITU. 



2 
Synthesis of ri-Hemi-L-fo'- H ^cystine. 8-Arginine"lVasopressin. 

The protecting groups were removed by treatment of 365 mg (0.25 mmole) 

of the first crop of L-fo^H ]Cys (Bzl)-Tyr-Phe-Gln-Asn-Cys (DMB) -Pro-

Arg(N®-Tos)-Gly-NH^ with sodium in liquid ammonia (freshly distilled 

from sodium) until a blue color persisted for 45 seconds. Excess sodium 

was destroyed with glacial acetic acid and the ammonia was removed by 

evaporation under a nitrogen stream followed by lyophilization of the 

final 20 ml. The white residue was dissolved in 600 ml of deaerated 

0.1% aqueous acetic acid, the pH was adjusted to 8.5 with 3 N ammonium 

hydroxide, and the sulfhydryl groups were oxidized under nitrogen with 

50 ml of 0.01 N K„Fe(CN) solution. After 30 minutes the pH was lowered 
J O 

to 5 with 20%. aqueous acetic acid and the solution was treated with 4 ml 

(settled volume) of Rexyn 203 (CI cycle) to remove ferro- and excess 

ferricyanide ions. The mixture was stirred 20 minutes and the resin 

was removed by filtration and washed with three 20--ml portions of 10% 

acetic acid. The filtrate and washes were combined, concentrated to 

o 
about 125 ml by rotary evaporation at 30 and lyophilized to dryness. 

2 
The product [l-hemi-L-[cy- H^]cystine, 8-arginine]vasopressin was iso

lated by partition chromatography using the solvent system 1-butanol: 

ethanol:pyridine:0.1 N acetic acid (4:1:1:7). The crude product was 

dissolved in 3 ml of upper phase and 2 ml of lower phase of the solvent 

system and applied to a Sephadex G-25 (block polymerizate, 100-200 mesh) 

column, 2.85 x 60 cm, previously equilibrated with lower and upper 

phases. One-hundred and fifty 4.2-ml fractions were collected. Analysis 

by the Folin-Lowry method showed a broad by-product peak from = 0.72 
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to 0.40 and a large peak at Rf = 0.22, representing the desired product. 

The fractions corresponding to the R^ = 0.22 peak were pooled and 

lyophilized. The resulting white powder was further purified by gel 

filtration chromatography. This material was dissolved in 2 ml of 0.2 N 

acetic acid and applied to a Sephadex G-25 (block polymerizate, 200-270 

mesh) column, 2.85 x 60 cm, and eluted with 0,2 N acetic acid. Eighty 

5.5-ml fractions were collected. Optical density readings of the frac

tions at 280 nm revealed a sharp peak at 315 ml, with small quantities 

of impurities coming both before and after the peak. The fractions 

corresponding to the 315 ml peak were pooled and lyophilized to give 152 

mg of purified product. Analysis on tic in solvent systems A, B, and D 

gave single spots identical with an authentic protio analog. The optical 

21 o 
rotation was [CO547 = -23.3 (c = 0.22, 1 N acetic acid) (lit., 

22 o 
Meienhofer et al. 1970, [cv^ = -22 (c = 0.22, 1 N acetic acid)). 

Amino acid analysis gave the following molar ratios: arginine, 1.1; 

aspartic acid, 0.9; glutamic acid, 1.0; proline, 1.1; glycine, 1.0; half-

cystine, 1.9; tyrosine, 0.9; phenylalanine, 1.0. The compound exhibited 

a proton-decoupled carbon-13 NMR spectrum identical to authentic [8-

arginine]vasopressin except that the peak due to the a carbon of the 

1-hemi-cystine residue was absent. 

Synthesis of D-["o-^H^"1Cys(Bzl)-Tyr-Phe-Gln-Asn-Cys(1MB)-Pro-

Ct 
Arg(N -Tos)-Gly-NH„. The title compound was made by reaction of another 

4.35 g portion of Boc-Tyr-Phe-Gln-Asn-Cys(DMB)-Pro-Arg(N®-Tos)-Gly-0-

2 
resin with Boc-S-benzyl-D-[o;- H^]cysteine and DCC following removal of 

the tyrosyl Boc group in exactly the same manner described above for the 
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preparation of the L diastereomer. The final peptide-resin weight was 

4.42 g. The peptide-resin was ammonolyzed and extracted into IMF and 

the peptide was dissolved in acetic acid and precipitated with ethanol 

as described above. There was obtained 840 mg of the title nonapeptide 

amide, rap 178-179°. Addition of ether to the filtrate precipitated an 

additional 440 mg, mp 125-139°. Hie overall yield was 887<>. 

2 
Synthesis of Fl-Hemi-D-To'- Icystine, 8-Arginine]Vasopressin. 

2 
A 365 mg portion of the first crop of D-[cy- H 3^ys(Bzl)-Tyr-Phe-Gln-Asn-

Cys(DMB)-Pro-Arg(N-Tos)-Gly-NH^ was deprotectcd with sodium in liquid 

ammonia and oxidized with K„Fe(CN),. in the same manner given above for 
.5 b 

the preparation of the L diastereomer. Purification of the crude 

product by partition chromatography using the solvent system 1-butanol: 

ethanol:pyridine:0.1 N acetic acid (4:1:1:7) was inadequate. Folin-

Lowry analysis revealed a large peak at = 0.34, which represented the 

desired peptide, but there was significant contamination with by-products 

(dimers, higher oligomers) as shown by tic in solvent systems A, B, and 

D. 

To find a more adequate partition system with which to purify the 

title compound from by-products of the reaction, eight solvent systems 

(see Table 4) were tested. Approximately 0.3 + 0.1 mg of the impure 

peptide was shaken for 1 minute on a vortex mixer with 0.5 ml of upper 

and 0.5 ml of lower phase of each of the eight solvent systems. The 

layers were allowed to equilibrate for 2 hours and then 0,25 ml of each 

layer were withdrawn and transferred to clean test tubes. The solvents 

were removed _in vacuo. Folin-Lowry tests were performed on the residues, 
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and the optical density values were read at 625 nm. Calculation of the 

partition coefficient K (see text) for each system allowed prediction 

of approximate R^ values. The solvent system l-butanol:ethanol:water 

(3.5% acetic acid in 1.5% pyridine) (4:1:5) gave a partition coefficient 

of 0.421 from which an expected R^ range of 0.22-0.17 was calculated. 

The crude peptide was dissolved in 3 ml of upper phase and 2 ml 

of lower phase of the solvent system l-butanol:ethanol:water (3.5% 

acetic acid in 1.5%. pyridine) (4:1:5) and applied to a Sephadex G-25 

(block polymerizate, 100-200 mesh) column, 2.85 x 60 cm, previously 

equilibrated with lower and upper phases. One-hundred and sixty 3.8-ml 

fractions were collected. Analysis by the Folin-Lowry method (Lowry 

et al. 1951) showed a large peak at = 0.17, corresponding to the 

desired peptide. The dimer and other by-products were spread out over 

the range R^ = 0.46 to 0.21. Further purification of the R^ = 0.17 peak 

by gel filtration chromatography on Sephadex G-25 (200-270 mesh) revealed 

only a peak for the product, with no apparent dimer or other contamina

tion. There was obtained 101 mg. The compound gave a single, uniform 

spot on tic in solvent systems A, B, and D. Its optical rotation was 

r<2l?/T ~ -71.9° (c = 0.524, 1 N acetic acid). Amino acid analysis gave 
547 

the following molar ratios: arginine, 1.0; aspartic acid, 1.0; glutamic 

acid, 1.0; proline, 1.1; glycine, 1.0; half-cystine, 1.9; tyrosine, 

0.9; phenylalanine, 1.0. 

2 
Synthesis of L-fB-B- H„~lCys(Bzl)-Tvr-Phe-Gln-Asn-Cvs(DMB)-Pro-

p 
Arg(N -Tos)-Gly-NiI„. The title compound was prepared by reaction of the 
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final 4,35 g portion of Boc-Tyr-Phe-Gln-Asn-Cys(Bzl)-Pro-Arg(N®-Tos)-

2 
Gly-O-resin with Boc-S-benzyl-L-[f3, p- H^cysteine (0,70 g, 2.2 mmole) 

and DCC (0,41 g, 2.0 mmole), again using two-thirds of the amino acid 

and coupling reagent in the first coupling stage, and one-third in the 

second stage. The final peptide-resin weight was 4.40 g. The peptide-

resin was ammonolyzed, extracted into DMF and precipitated from acetic 

acid/ethanol as described earlier. There was obtained 730 mg of the 

title nonapeptide amide, mp 175-176°. Addition of ether to the filtrate 

afforded an additional 310 mg, mp 135-140°. The overall yield was 71.57o. 

2 
Synthesis of [1-Hemi-L-[B, B- H "Icystine, 8-ArgininelVasopressin. 

2 
A 365 mg (0.25 mmole) portion of the first crop of L-[f3,|3- H "]Cys(Bzl)-

Tyr-Phe-Gln-Asn-Cys(DMB)-Pro-Arg(N^-Tos)-Gly-NH was deprotected with 

sodium in liquid ammonia and the sulfhydryls were oxidized with K^Fe(CN)g 

in the same manner given above. Purification of the crude product was 

effected with partition chromatography using the solvent system 1-butanol 

ethanoliwater (3.5% acetic acid in 1.57. pyridine) (4:1:5). The crude 

peptide was dissolved in 3 ml of upper phase and 2 ml of lower phase of 

the solvent system and applied to a Sephadex G-25 (block polymerizate, 

100-200 mesh) column, 2.85 x 60 cm, previously equilibrated with lower 

and upper phases. One-hundred and eighty 6.1-ml fractions were collected 

Analysis by the Folin-Lowry method revealed a broad by-product peak in 

the range R^ = 0.76-0.22, and large peak at = 0.12. The fractions 

corresponding to the R^ = 0.12 peak were pooled and lyophilized giving 

about 110 mg of purified product. This product was dissolved in 2 ml of 

0.2 N acetic acid and applied to a Sephadex G-25 (200-270 mesh) column 
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for purification by gel filtration chromatography. A single peak was 

obtained at 320 ml which was pooled and lyophilized to give 97 mg of the 

highly purified title compound. The compound gave a single spot on tic 

21 
in solvent systems A, B, and D. Its optical rotation was [0^547 = -23.7 

(c = 0.511, 1 N acetic acid). Amino acid analysis gave the following 

molar ratios: arginine, 1.0; aspartic acid, 1.0; glutamic acid, 1.0; 

proline, 1.0; glycine, 1.0; half-cystine, 2.0; tyrosine, 0.9; phenyl

alanine, 1.0. The compound exhibited a proton-decoupled carbon-13 NMR 

spectrum identical to authentic [8-arginine^vasopressin except that the 

peak due to the [3 carbon of the 1-hemi-cystine residue was absent. 

Synthesis of DL-Cys(Bzl)-Tyr~["o'-^H^"IPhe-Gln-Asn-Cys(Bzl)- Pro-

CT 
Arg(N -Tos)-Gly-NH . The title compound was made on a 1 mmole scale 

starting with 3.04 g of Boc-glycinate-resin (substituted at the level of 

0.34 mmole/g). For each step of the synthesis, 30 ml portions of solvent 

were used. The synthesis was carried out in the usual way but with the 

following changes. Arginine was introduced with tosyl protection on 

the guanido nitrogen as usual but with the t-amyloxycarbonyl group (Aoc) 

protecting the a nitrogen. This protected amino acid was soluble in 

2 
methylene chloride. BOC-L-[Q'- H^]phenylalanine was coupled in two stages 

using 0.85 mmoles in each stage along with 0.80 mmole of DCC. The second 

stage was allowed to proceed for 40 minutes at which time a ninhydrin 

test indicated the reaction was complete. 

At the conclusion of the synthesis, the terminal Boc group was 

removed and the resin was washed with methylene chloride and dried in 
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vacuo. The final peptide-resin weight was 4.20 g, for a weight gain 

from H-glycinate-resin of 1.26 g (91%). 

The peptide-resin was ammonolyzed and extracted into IMF and 

the peptide was dissolved in acetic acid and precipitated with ethanol 

as described above. There was obtained 1.15 g of the title nonapeptide 

amide, mp 145-151°. The overall yield was 80%. 

2 
Synthesis of [~l-Hemi-DL-cystine, 3-L-ffy- H IPhenylalanine, 

8-Arginine~1Vasopressin and Separation of the Diastereomers, A 365 mg 

portion of the nonapeptide was deprotected and oxidized in the same 

manner given above. The crude product was purified by partition 

chromatography using the solvent system 1-butanol:ethanol:water (3.57= 

acetic acid in 1.5% pyridine) (4:1:5) on Sephadex G-25. Following a 

40 ml column forerun, two-hundred and ten 4.2-ml fractions were collected. 

Analysis of the fractions by direct UV absorbance readings revealed 

three peaks, a broad by-product peak centered at R^ = 0.41, a peak at 

R^ = 0.17 representing the 1-hemi-D diastereomer, and a peak at R^ = 0.11 

representing the 1-hemi-L diastereomer. The fractions corresponding to 

each of the product peaks were separately pooled and lyophilized. The 

partially purified peptides were each further purified by gel filtration 

2 
chromatography. There was obtained 63 mg of [3-L-[or- H^]phenylalanine, 

25 o 
8-arginine]vasopressin. Its optical rotation was = -25.9 

(c = 0.578, 1 N acetic acid). Amino acid analysis gave the following 

molar ratios: arginine, 1.0; aspartic acid, 1.0; glutamic acid, 1.0; 

proline, 1.0; glycine, 1.0; half-cystine, 2.0; tyrosine, 0.9; 
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phenylalanine, 1.0. There was obtained 46 mg of [1-hemi-D-cystine, 

2 
3-L-[cf- H^]phenylalanine, 8-arginine]vasopressin. Its optical rotation 

was M" = -68° (c = 0.541, 1 N acetic acid). Amino acid analysis 
547 

gave the following molar ratios: arginine, 1.0; aspartic acid, 1.0; 

glutamic acid, 1.0; proline, 1.0; glycine, 1.0; half-cystine, 2.0; 

tyrosine, 0.9; phenylalanine, 1.0. Both compounds gave single, uniform 

spots on tic in solvent systems A, B, and D. 



CHAPTER 7 

A GENERAL METHOD FOR THE PREPARATION OF 

ALPHA-DEUTERATED AMINO ACIDS 

While total synthesis is the best method of obtaining amino 

acids which are deuterated at weakly activated or unactivated positions 

2 
(for example, S-benzyl-[p, (3- H^cysteine), it is possible to exchange 

the a proton of most amino acids to varying extents by several methods. 

Matsuo and co-workers (1967) found that cv-phenylglycine when heated in a 

sealed tube at 115° for 6 hours with 1 M NaOD in D^O exchanged 877o of 

its a protons. The same investigators (Matsuo et al. 1970) also did 

extensive experiments to exchange the a protons of many amino acids using 

deuteroacetic acid, and mixtures of CH^COOD with D^O and D^SO^. Reaction 

times were 1-2 hours at temperatures ranging from 60-180°. In no case 

was exchange of greater than 807» of the a protons reported. Abbott and 

Martell (1968) and Gansow and Holm (1968) found that amino acids in D^O 

in the presence of pyridoxal and aluminum or zinc ions exchange both a 

and (3 protons for deuterium. This method is not suited for the prepara

tion of specifically cv-deuterated amino acids. Garnett, Halpern and 

Kenyon (1972) reported the use of DC1 and D^O in the presence of a 

homogeneous platinum (II) catalyst for deuterium exchange into amino 

acids. They prepared phenylalanine with 91.7% cy-deuteration and 1.97» 

o 
p-deuteration by reaction fb r 80 hours at 80 . Presumably, their 

95 
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products were racemic, although the stereochemistry was not discussed. 

The method of Johns and Whelan (1966) alluded to in Chapter 4 of this 

work is the most promising method currently in the literature. They 

were able to obtain 70% yields of racemic amino acids which were fully 

tf-deuterated based on NMR results. The reactions were done for 70 

hours at 120-140° in CuSO^ and salicylaldehyde. Besides the long 

reaction time, another disadvantage of their method is that ion-exchange 

chromatographic purification of the product is required. Also, when 

this method was tried on isoleucine during this investigation, extensive 

decomposition of the amino acid was found. None of the above methods 

are sufficiently efficient and specific for the purposes of this investi

gation. 

In the research reported here, the exchange method used to 

prepare cv~deuterated isoleucine (see Chapter 4) and to insure maintenance 

of the a deuterium of phenylalanine (see Chapter 6) was extended to 

eight other amino acids to test the general applicability of the method. 

In the course of this work, the experimental procedure was varied in 

attempts to optimize the efficiency of the exchange. 

The exchange method involves refluxing the amino acid in a solu

tion of acetic anhydride in acetic acid-d (CII^COOD). The amino group is 

acetylated in the first step of the reaction, and the most likely 

mechanism for the exchange is that the acylation is followed by reversi

ble azlactone formation. Tautomerization of the azlactone proceeds with 

cleavage of the cv-carbon to hydrogen bond. During the tautomerization, 

there is competition between protons and deuterons for bonding to the 
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a-carbon. If a large molar excess of deuterons is available, then de-

uteration will be favored over protonation. These ideas are illustrated 

by the following equations. 

H 

| (CH CO) 0 

E-f-™2 CH COOX > 

COOH 

X = XH or 2H 

I -X2° ^ 

R-C-NX-CO-CH„ 

I ^ +Xo0 
COOX 2 

X 

I /N\ 
R-C ^C-CH tautomerization v, R-C C-CH 

II I *•* 

C 0 \ C 0 

II I 
0 xo 

From examination of the suggested mechanism above, several points emerge. 

First, it is not necessary to use the more expensive stereopure L amino 

acids in this reaction since tautomerization proceeds through a planar 

intermediate causing racemization. In fact, the rate of exchange should 

be directly related to the rate of racemization. Second, this process 

does not affect the stereo-integrity of the asymmetric sites at positions 

other than the cv-position, thus simplifying the problem'of stereoisomer 

resolution. The resolution scheme for the four stereoisomers of iso-

leucine, for example, is quite lengthy. Third, this process directly 

yields N-acetyl-cy-deuterated amino acids which are the starting compounds 

for the enzymatic resolution of amino acids using either hog renal 
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acylase, mold acylase, carboxypeptidase or other enzymes capable of 

selective cleavage of an acetyl group from one stereoisomer without sig

nificant cleavage of the enantiomeric compound. Fourth, it is apparent 

that the exchange efficiency is related to the proportional excess of 

available deuterons to available protons. To achieve high levels of 

2 1 
exchange, a high H/ H ratio is required. This condition can be 

approached from at least three directions: (a) a high molar excess of 

acetic acid-d relative to the amino acid can be used; (b) the readily 

exchangeable hydrogens of the amino acid on the amino and carboxyl 

groups can be subjected to prior deuterium exchange; (c) and the ex

change can be done in more than one stage. In the experiments described 

below, all three of these methods were used to maximize the efficiency 

of the exchange. 

Experimental Section 

A 0.01 mole portion of each of the amino acids tested was shaken 

with 3.7 ml (0.20 mole) of D^O and lyophilized to remove most of the 

labile protons. Immediately, the residue was refluxed for 2 minutes with 

a 25% solution of acetic anhydride in CH^COOD which was made just prior 

to use by mixing 21.7 ml of redistilled acetic anhydride with 2.5 ml of 

D^O. The solution was cooled and 2 ml of D^O was added i stvoy the 

remaining acetic anhydride and to convert any azlactone b: to an N-

acetyl amino acid. . The solvents were removed by rotary evaporation. 

The residues were recrystallized when possible from an aprotic solvent, 

filtered and dried in vacuo. The yields in all cases were 80-95% except 

for N-acetyl glutamine which was 40%. Acetyl-tyrosine was obtained as a 
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powdery glass and the acetyl derivatives of glutamic acid, proline and 

arginine were obtained as oils. The percent Q'-deuteration was estimated 

from NMR integral traces, using a Varian T-60 NMR spectrometer. Experi

ence in this laboratory indicates that the values are accurate within 5%. 

The second exchange was done exactly as the first except that the pre

liminary D^O treatment and lyophilization were not done. The data is 

summarized in Table 5. In the cases where > 95% exchange is listed, the 

a proton resonance was undetectable by NMR. A typical procedure follows. 

2 
Synthesis of N-Acetyl-DL-[cy- 11^*]Alanine 

All protio alanine (0,89 g, 0.01 mole) was shaken with 3.7 ml of 

D^O. The mixture was frozen and lyophilized to dryness. To the result

ing powder was immediately added 21.7 ml of acetic anhydride and 2.5 ml 

of and the flask was placed in a 170° oil bath. With a condenser 

and drying tube in place, the solution was boiled for 2 minutes. The 

solution was cooled and 2 ml of D^O were added. The solvents were re

moved by rotary evaporation. Crystals appeared as the evaporation neared 

completion. The residue was recrystallized from a minimum amount of 

ethyl acetate. The crystals were filtered, washed with ether, and dried 

in vacuo over KOH. Yield, 1.17 g (89%); mp 127-128°; NMR (DMS0-d6): 

6 1.55 (s, 3H), 2.15 (s, 1.1H), 2.80 (DMSO), 4.4-4.6 (a-CH, 0.08H), 

8.4 (broad, s, 0.2H). 

Discussion and Conclusion 

In the course of the investigations described above, a similar 

approach was reported in a communication from the laboratory of Bycroft 
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Table 5. Exchange of a-Protons of N-Acetyl Amino Acids. 

„ . . , , . „ ., Percent o-Deuteration 
N-Acetyl Amino Acid 5=5 

One Exchange Two Exchanges 

Isoleucine 77 > 95 

Leucine 83 91 

Methionine 79 > 95 

Valine 81 > 95 

Alanine 82 93 

Tyrosine 80 95 

S-Benzyl-Cysteine 67 89 

Glutamic Acid 75 83 

Proline 73 86 
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2 
and co-workers (1975). They reported the synthesis of L-[Q>- H]cystine 

by treatment of racemic cystine with acetic anhydride and CH^COOD in 

1,2-dimethoxyethane under reflux. The racemic, bis-acetyl compound was 

resolved with hog renal acylase. They gave no experimental details and 

made no mention of the extent of deuteration. 

The method for o?-proton exchange given above is specific, rapid, 

inexpensive and generally applicable. In most cases, greater than 90% 

exchange is obtainable from two treatments in the exchanging medium. In 

those cases where the exchange level is less than 90% after two exchanges 

2 1 
the ratio of H to H could be increased further by the methods given in 

the text. 

There was exchange of deuterium into the acetyl methyl groups. 

Integration of NMR spectral traces reveals that between 1 and 2 of the 

2 1 
methyl protons are exchanged. This fact effectively decreases the H/ H 

ratio and is responsible for some, if not most, of the non-deuteration 

of the a-carbon. Perhaps the use of an anhydride without exchangeable 

hydrogens such as trifluoroacetic anhydride would improve the efficiency 

of a-deuteration by this method. 



APPENDIX A 

LIST OF ABBREVIATIONS 

Amino Acids 

Name Formula Abbreviation 

Cysteine 

NIL 

HS-CH2-C-COOH Cys 

Tyrosine 

H 

NIL 

H0-<( 1>-CH -C-COOH 

H 

NIL 

Tyr 

Isoleucine CH CH -CH-C-COOH 
| I 

H3C H 

He 

Glutamine 

NH 

H2N-C-CH2-CH2-C-COOH 

H 

Gin 
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Name Formula 
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Abbreviation 

Asparagine 

0 NH 

H2N-C-CH2-C-COOH 

H 

Asn 

Proline 

H 
H, c 4 h  

"C-COOH M 
H2C-C^2 

Pro 

Leucine 

CH3 f2 

H-C-CH2-C-COOH 

CH3 H 

Leu 

NH„ 

Glycine H-C-COOH 

H 

Gly 

Phenylalanine 

NIL 

CH -CH„-<j>C00H 

H 

Phe 

Arginine 

NH 
HN 

H2N 
/C-NH-(CH2)3-C-C00H Arg 



Name Formula 
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Abbreviation 

Alanine 

Acetyl 

t-Amyloxycarbonyl 

t-Butyloxycarbonyl 

p-Toluenesulfonyl 

(Tosyl) 

Ethoxide 

NH 
2 

H C-C-COOH Ala 
3 

H 

Protecting Groups 

0 

CH^-C- Amines Ac 

(CH3)3C-CH2-0-C- Amines Aoc 

(CH^^C-O-C- Amines Boc 

CH -

CH CH 0-
3 2 

Amines Tos 

Carboxyls OEt 

Benzyl Alcohols 

Thiols 

Phenols 

Bzl 
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Name Formula Abbreviation 

3,4-Dimethylbenzyl 
V-

>-CH - Thiols 

H3C 

Activating Group 

DMB 

p-Nitrophenoxide O2N-<[ )>-0- Carbonyls ONp 

Acetic Acid 

Solvents or Reagents 

0 

CH3-C-0H HOAc 

Butanol CH3-CH2-CH2-CH2-OH BuOH 

Diisopropylethylamine 

H3<\ /CH3 

/ 
CH-N-CH 

>i CH„ H C" ( 

3 ch
2
CH3 

DIEA 

DimethyIformamide 

0 

H-C-N. 
/CH3 

•CH„ 
IMF 

Dimethylsulfoxide H C-S-CH 
3 II 3 

DM SO 
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Name 

Ethanol 

Formula 

CH3"CH2"OH 

Abbreviation 

EtOH 

Isobutanol 

CH. 

CH3-CH-CH2-OH iBuOH 

Pyridine 
N 

Pyr 

Trifluoroacetic Acid CF3-C-OH TFA 

Dicyclohexylcarbodiimide -N=C=N- DCC 

Ethyl-cv-acetamido-

cyanoacetate 

CN 

I 
H-C-NH-C0-CH„ 

CO2CH2CH3 

EACA 

Diethyl-cv-acetamido-
malonate 

C02
CH2CH3 

I 
H-C-NH-CO-CH 

CO2CH2CH3 

DEAM 

VH3 

Tetramethylsilane H..C-Si-CH„ IMS 

I 
CH3 
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