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ABSTRACT 

The first half of this dissertation describes the synthesis and 

biological activities of a series of amino aldehydes; which were 

derivatives of the basic amino acids, arginine, lysine and ornithine. 

The synthesis of the amino aldehydes was complicated by the difficulty 

of producing an intermediate oxidation state (the aldehyde) in the 

presence of two other functional groups (the a-amino, and the side 

chain functionality). 

The amino aldehydes were of biological interest due to the fact 

that they were inhibitors of the proteolytic enzymes called 

kallikreins. The kallikreins are known to be involved with the renin-

angiotensin system, arginine vasopressin, and the prostaglandins, in 

the regulation of blood pressure. The aldehydes were assayed for their 

ability to inhibit the kallikrein-mediated production of kinins, and by 

the inhibition of the cleavage of Na-tosyl arginine methyl ester (TAME) 

to the carboxylic acid. Two of the amino aldehydes (Na-t-Boc-NG-nitro

L-argininal and Na-t-Boc-NG-tosyl-L-argininal) were effective 

inhibitors in both bioassays at micromolar concentrations. 

The second part of the dissertation details the development of 

two syntheses of S-substituted analogues of cysteine. The first method 

was based on sulfenylation of Na-formyl-a,S-dehydro amino acid esters, 

followed by protection of the sulfhydryl group as the benzyl or para

methyl benzyl thioether. The Na-formyl and ester groups were cleaved by 

xvi 
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acidic hydrolysis, and the amino group was then blocked as the t-

butyloxycarbonyl derivative. This procedure gave cysteine analogues 

which were suitable for direct use in solid phase peptide synthesis. 

A second, more efficient preparation of the cysteine analogues 

was based on the conjugate addition of lithium benzylthiolate (or 

lithium para-methylbenzylthiolate) to the NU-formyl-u,S-dehydroamino 

acid esters. This synthesis was more efficient since the cysteine 

analogues were generated directly in S-protected form. The fully 

protected intermediates were deprotected at the amino and carboxyl 

groups, followed by treatment with di-tert-butyl dicarbonate. The NU_ 

t-Boc-S-S-benzyl cysteine analogues (or NU-t-Boc-S-S-para-methylbenzyl) 

also were suitable for direct use in solid phase peptide synthesis. 



CHAPTER 1 

INTRODUCTION - SYNTHESIS OF -AMINO ALDEHYDES 
AS KALLIKREIN INHIBITORS 

The work which is described in this dissertation is divided 

into two parts. The first project involved the synthesis of -amino 

aldehydes; that is, a-amino acids or peptides which have an aldehyde 

group at the C-terminal part of the molecule. The second project was 

concerned with the development of synthetic methods for the preparation 

of 13-substi tuted or 13, i3 -disubsti tuted analogues of the amino acid 

cysteine. 

The interest in a-amino aldehydes and/or peptide aldehydes was 

due to the potential kallikrein enzyme inhibitory activity of this 

class of compounds. The first examples of peptide aldehydes, and the 

recognition of the inhibitory activity of peptide aldehydes, were a 

series of compounds isolated by H. Umezawa and coworkers from fermenta-

tion broths (1, 2). 

Two representative examples of peptide aldehyde inhibitors are 

shown in Figure 1. Antipain <'2..9), and leupeptin (lQ), inhibit the 

class of serine protease enzymes known as cathepsins. Cathepsins have 

been found to occur at elevated levels in vivo in patients suffering 

from Duchenne muscular dystrophy (3). The development of potent, 

specific in vivo inhibitors of cathepsins might prove viable as an 

approach to control of Duchenne muscular dystrophy. 
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Figure 1. Structures of Leupeptin, Elor tolinol, and IIntipoin 
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The renal kallikrein-kinin system is known to be involved in 

the regulation of sodium and water retention/excretion (4). The three 

other major biochemical regulators of diuersis and natriuresis are the 

renin-angiotensin system, vasopressin, and the prostaglandins. Most 

approaches to tile development of antihypertensive therapeutics to date 

have focused on the inhibition of the angiotensin converting enzyme 

(A.C.E. ). This enzyme acts a~ an aminopepetidase on the substrate 

angiotensin I (A-I); the cleavage of the dipeptide His-Leu from the C-

terminus of A-I produces the potent vasoconstrictor octapeptide 

angiotensin II (A-II). The investigators at Squibb Pharmaceuticals 

reasoned that the inhibition of the A.C.E. mediated production of A-II 

in vivo would provide a viable means of controlling essential 

hypertension. The culmination of the efforts of these workers, led by 

Dr. Miguel Ondetti, was the development of the orally active 

antihypertensive Captopril (5). 

An alternative approach to control of hypertension is the 

development of renin inhibitors. The inhibition of renin is an 

approach which is based on an earlier event in the same biochemical 

cascade a~ the A.C.E. inhibitors referred to above. As shown in Figure 

2, the aspartyl protease renin cleaves the substrate angiotensinogen, 

to produce the decapeptide A-I. The A-I decapeptide is then further 

cleaved by A.C.E. to the biologically active octapeptide A-II. Renin 

can be classified as a highly specific protease; that is, the substrate 

requirements for cleavage by renin are much more rigorous in terms of 

structure required than those for non-specific peptidases such as 



Asp-Arg-Val-Tyr-Ile-lIis-Pro-Phe-lIis-Leu-val-lle-lIis 

ANGIOTENSINOGEN lRenin 
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 

ANGIOTENSIN I 1 
Angiotensin Converting 
Enzyme (A.C.E.) 

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 

ANGIO'l'ENSIN II 

Figure 2. Events in tho Ronin-Antiotonsin System 
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gastrointestinal (GI) tract enzymes. The enzymes of the GI tract 

cleave a large number of peptide bonds, and thus can be said to be non

specific. 

An approach to the development of inhibitors of highly specific 

prote~ses, which has proven to be very eifective in recent years, is 

the synthesis of substrate analogue inhibitors (6). A substrate analog 

inhibitor is a peptide which contains a homologous amino acid sequence 

about the cleavage site of a natural substrate for a given enzyme. 

Other structural features may be incorporated into a given substrate 

analogue inhibitor to improve solubility, increase oral activity, and 

so forth. However, the homology of the amino acid sequence 

cOl-responding to a known natural substrate is the feature which is 

presumed to allow the inhibitor to be recognized by the enzyme, and to 

act as a competitive inhibitor versus the natural substrate. 

The first studies on renin, by Skeggs and associates, revealed 

ttlat the N-terminal fourteen residue peptide of angiotensinogen was a 

substrate for renin (7). These workers systematically studied the 

effect of the removal of amino acid residues from the N-terminal or 

from the C-terminal portions of the tetradecapeptide substrate. They 

found that the sequence of the substrate, Asp-Arg-Val-Tyr-Ile-His-Pro

Phe-His-Leu-Leu-Val-Tyr-Ser, retained specificity as a renin substrate 

upon removal of the C-terminal serine residue. Additionally, the first 

five residues from the N-terminal portion of the sequence, Asp-Arg-Val

Tyr-Ile, could be deleted without loss of specificity for renin. The 

resulting octapeptide, His-Pro-Phe-His-Leu-Leu-Val-Tyr, is the minimal 
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sequence which is efficiently cleaved by renin. The removal of further 

residue(s) from either the C-terminal or the N-terminal of this 

sequence gives peptides which have a greatly reduced rate of cleavage 

by the enzyme. This octapeptide is generally referred to by the 

acronym RIP, for Benin Inhibitory Eeptide. The RIP was shown by 

Poulsen (8) to be a competitive inhibitor of renin, and to reduce the 

rate of cleavage of angiotensinogen to angiotensin-I. 

James Burton and coworkers at Massachusetts General Hospital 

systematically modified the minimal octapeptide sequence of RIP to 

produce a molecule which was effective in both primates and man (9, 

10). The sequence of this peptide is Pro-His-Pro-Phe-His-Phe-Phe-Val-

Tyr-Lys. The design basis for this molecule was as follows: the N-

terminal Pro residue improved solubility of the peptide, the 

replacement of the Leu-Leu with Phe-Phe gave a forty fold increase in 

inhibitory activity, and the C-terminal Lys residue improved solubility 

and extended the in vivo half-life of the peptide. 

Subsequent research in the area of renin inhibitors has 

produced a large number of high affinity substrate analogue inhibitors 

(11, 12). Many of these inhibitors have demonstrated high specificity 

for renin, and very high potencies (in some cases, annomolar to sub-

nanomolar). Orally active renin inhibitors are being used clinically 

as drugs for hypertension treatment. 

A schematic of the renal kallikrein-kinin system is shown in 

Figure 3. It should be noted that the kallikrein system is involved 

earlier in the sequence of events than angiotensin converting enzyme; 



PREKALLII<REIN (renal tissue) 

Activator 

ACTIVE KALLIKREIN 
Kininogen 

~ 1 
Kallidin 

BI{]\DYKININ ~ 

I<ininase I ~ . 

7 

Kininase II Inactive Peptides 

Figure 3. The Renal Kallikrein-Kinin System 
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inhibition of this system might therefore prove more effective than 

either renin inhibitors or A.C.E. inhibitors. 

The purpose of this work was to synthesize derivative of 

arginine aldehyde (argininal), and structurally related analogues, and 

to evaluate the kallikrein inhibitory activity of these compounds. The 

bioassays of these compounds were done by Professors Julie Chao and 

Harry Margolius at the University of South Carolina (Columbia) Medical 

School. 



CHAPTER 2 

RESULTS AND DISCUSSION - SYNTHESIS OF -AMINO ALDEHYDES 
AS KALLIKREIN INHIBITORS 

9 

A number of methods have been reported in the literature for 

the preparation of a-amino aldehydes. Among the methods described to 

date are the following: 1. Rosenmund reduction of Na-pthaloyl amino 

acid chlorides (13); 2. lithium aluminum hydride reduction of 

benzyloxycarbonyl (Cbz ) amino acid imidazolides (14); 3. catalytic 

reduction of mixed anhydrides (15); 4. reduction of Cbz amino acid 

esters with diisobutyl aluminum hydride (16); 5. oxidation of amino 

alcohols wittl dimethylsulfoxide/dicyclohexylcarbodiimide (DMSO/DCC) 

(17) ; 6. oxidation of amino alcohols with pyridinium 

dichromate/dichloromethane (PDC/DCM) (18, 19); 7. oxidation of amino 

alcohols with DMSO/pyridine:sulfur trioxide (20). 

While all of the above methods have been used with varying 

degrees of success for the synthesis of a-amino aldehydes and/or 

peptide aldehydes, it is this author's opinion that the last two 

methods cited (the PDC/DCM or DMSO/pyridine:sulfur trioxide oxidation 

of a-amino alcohols) have significant advantages over the first five 

methods described. All of the reductive methods (13-16) cited above 

depend upon the partial reduction of an activated derivative of the 

amino acid. Unfortunately, the resulting a-amino aldehyde is generally 

as sensitive, if not more so, to reduction than the derivative. The 
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resulting product then contains at least three to four components; the 

starting a-amino acid, the activated derivative, the desired a-amino 

aldehyde, and the a-amino alcohol resulting from further reduction of 

the amino aldehyde. One might assume that the desired aldehydic 

product would be readily separable by chromatography; studies have 

shown that even brief exposure to silica gel causes rapid racemization 

of a-amino aldehydes (21). The effect of other chromatographic 

supports on amino aldehydes has not been investigated. 

The advantage of the approach of oxidation of amino alcohols is 

that the over-oxidation product (an a-amino acid) can usually be 

readily extracted into dilute aqueous base (sodium bicarbonate, for 

example). Thus one generally must only separate two components, the 

amino alcohol and the amino aldehyde in the crude product. 

This author and coworkers reported (19) that for amino alcohols 

which had non-functional (e.g., alkyl or aryl) side chains, the reagent 

of Corey, pyridinium dichromate (PDC), in dichloromethane gave 

excellent results. Unfortunately, for amino acids such as lysine or 

arginine, virtually no product (amino aldehyde or starting amino 

alcohol) could be recovered from PDC oxidation of lysinol or argininol. 

We postulated (19) that this was due to adsorption of the starting 

material and the aldehyde product onto the brown preCipitate which is 

formed as a by-product of the PDC oxidation. All attempts at 

extracting organiC product(s) from this brown preCipitate, which was 

obviously some form of reduced chromium, were unsuccessful. 
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For the purposes of preparing kallikrein inhibitors, the 

PDC/DCM oxidation was not applicable, since all of the a-amino 

aldehydes which were of interest to us contained basic side chains. At 

the suggestion of Professor Daniel Rich (the University of Wisconsin, 

Madison), the method of Hamada and Shiori (20) was investigated. This 

method is also based upon oxidation of a-amino alcohols; however, the 

reagent employed is the Lewis acid-base complex of pyridine:sulfur 

trioxide (22). The amino alcohol in anhydrous DMSO was stirred at 0° 

in the presence of triethylamine (1.0 equivalent), and a solution of 

pyridine: S03 in DMSO which also contained triethylamine ( 1 .0 

equivalent) was added rapidly dropwise. The reactions were complete 

within twenty to thirty (20-30) minutes at 0°; the reactions were 

quenched by pouring over ice/water. The organic products were then 

extracted from the aqueous into an organic solvent (chloroform or ethyl 

acetate) . 

This procedure proved satisfactory for our synthetic purposes, 

and was used to prepare a variety of potential kallil~rein inhibitors, 

as described in the experimental section. In addition to the 

derivatives which contained argininal, several ornithinal and lysinal 

derivatives were also prepared. The structures of argininal, lysinal, 

and ornithinal are shown in Figure 4. 

As shown in Figure 4, argininal can exist in a cyclic "carbinol 

amide" or "reduced lactam" type structure. In fact, the equilibrium 

depicted in Figure 4 actually lies quite far to the right, with 

virtually no free aldehyde group existing in the argininal molecule. 
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This property is observed even when tile guanidinyl group is protected 

by strongly electron withdrawing groups such as nitro (-N02) or para

toluenesulfonyl (TOS). 

This cyclized structure is not observed in the cases of lysinal 

or ornithinal. The obvious explanation for the lysinal not cyclizing 

is simply the energetically disfavored formation of the seven-membered 

ring that would result from nucleophilic attack of the a-amino group on 

the aldehyde. In the case of ornithinal, however, nucleophilic attack 

at the aldehyde by the amino group would result in formation of a six-

membered ring, analogous to the argininal. However, the ornithinal 

side chain amino group was protected as the tosyl derivative; the 

strong electron withdrawing property of this protecting group reduces 

the nucleophilicity of the a-amino group considerably. I observed a 

free aldehydic singlet (89.4-9.6) in the 1H NMR spectra of all lysinal 

and ornithinal derivatives which were prepared. 

derivatives, on the other hand, showed no singlet at 

The argininal 

o 9.0, or else a 

singlet ot ca. 0 9.5 was seen which integrated as much less than a 

full proton. 

The cyclization of the argininals also meant that these 

compounds did not behave as aldehydes in terms of chemical reactivity. 

For example, both the lysinal and the ornithinal derivatives readily 

formed 2,4-dintrophonylhydrazonos when treated with 2,4-dinitrophenyl

hydrazine in aqueous ethanol. None of the argininal derivatives formed 

a 2,4-dinitrophenylhydrazone. Other derivatives, suCtl as 
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semicarbazones, would also be expected to be difficult to prepare from 

argininals, if they could induced to form at all. 

Before discussing the biological results which were obtained 

with the various aldehydes which were prepared, it is appropriate to 

discuss how these compounds are bioassayed. 

assaying kallikrein inhibitory activity. 

There are two methods for 

The first method is to 

measure the ability of a test compound to inhibit the kallikrein 

mediated release of kinins from bovine low molecular weight kininogen 

(BLMWK). 

As discussed in the introduction, kininogens (low molecular 

weight or high molecular weight) are the natural substrates for 

kallikreins; the kininogens are cleaved by the kallikreins to yield 

kinins. One can therefore measure the rate of kinin production by 

kallikrein in the absence and in the presence of a Lest compound. If 

the test compound is a kallikrein inhibitor, the rate of kinin 

production will be reduced. The reduction of kinin generation can then 

be measured at various concentrations; the bioassay results are 

reported as 1C50 concentrations. The 1C50 concentration is the 

concentration of inhibitor whicll reduces the rate of kinin production 

to one-half of the rate at which kinins are produced when no inhibitor 

is present. 

A second method of measuring kallikrein inhibition which was 

used in our studies was based on the general esterolytic (ester 

hydrolysing) activity of protease enzymes such as kallikrein. The rate 

of cleavage of a tritiated (H3) substrate, Na-tosyl-L-arginine methyl 
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ester (TAME), to NU-tosyl-L-arginine was measured. The reported values 

are again expressed as IC50 concentrations; the IC50 concentration is 

the concentration af test compound required to reduce the amount of 

tritiated NU -tosyl-L-arginine to 50% of the amount which would be 

produced if no inhibitor were present. 

The lysinal and ornithinal derivatives which were tested showed 

no significant kallikrein inhibition in either of the two bioassay 

systems which are described above. The lysinal derivatives more 

closely resemble the argininuls in terms of the size of the side chain. 

I was more hopeful for the ornithinal compounds, however, since there 

was reason to believe that the ornithinals could cyclize to a structure 

resembling the argininals. This proved not to be the case; the lysinal 

and ornithinal compounds both showed an aldehydic singlet that 

integrated as a full hydrogen. The lack of activity of the lysinals 

and the ornithinals would seem to indicate that a free aldehyde group 

is not necesarily desirable for kallikrein inhibition. 

Should this hypothesis be prove correct, it would strongly 

suggest that the argininals (which were found to have kallikrein 

inhibitory activity) are not acting by a "suicide inhibitor" (11) type 

mechanism which involves a -CHO group. A "suicide inhibitor" is one 

which inactivates or inhibits an enzyme by forming an essentially 

irreversible covalent bond with some portion of the enzyme. In this 

case of a-amino aldehydes, the obvious "suicide type" mechanism would 

be Schiff base formation with either the N-terminus or side chain amino 

groups. Since the argininal inhibitors have essentially no free 
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aldehyde group (or at most, a few percent free -CHO), it seems very 

unlikely that this is the mechanism by which the inhibition occurs. 

Since the argininal molecule behaves chemically as a "reduced 

lactam" or as a " -guanidinyl alcohol," one can postulate two possible 

"suicide inhibitor" mechanisms which are chemically reasonable. These 

are: 1. formation of an a-amino ester with the C-terminus or with side 

chain carboxylic acid groups; 2. formation of an a-amino ether by 

reaction with serine or threonine side chain -OH groups. The 

structures resulting from these two reactions are shown in Figure 5. 

The biological activities of the simplest two argininals 

prepared are listed in Tables 1 and 2. The tosyl side chain protecting 

group proved to be better than the nitro group in terms of increasing 

the kallikrein inhibition. In the bioassays with rat urinary 

kallikrein (RUK) the Na-t-BOC-NG-Tos-L-Arg-ai was 8.2 times and 15.0 

times as potent as the Na-t-Boc-NG-N02-L-Arg-al on bovine low molecular 

weight kininogen (BLMWK) and N -tosyl-L-Arg methyl ester (TAME), 

respectively. 

Both the para-toluenesulfanyl (tosyl) and the nitro (-N02) 

groups can be considered to be strongly electron withdrawing. The 

weaker biological activity of the nitro argininal indicates that 

inhibitory activity is favored by increased electron density at the 

guanidinyl group. It is also possible, however, that the aromatic 

portion of the tosyl group is interacting with other 

residue(s) of BLMWK, or with the Na-tosyl group of TAME. 

aromatic 

Aromatic-

aromatic "stacking" interactions have only recently been recognized as 
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Table 1. Inhibitory Activities of Two Argininals versus Rat Urinary 
Kallikrein (RUK) 

ENZYME 

Rat Urinary 
Kallikrein 

RUK 

RUK 

IWK 

SUBSTRATE 

Bovine Low 
Molecular Weight 
Kininogen (BLMWK) 

BLMWK 

N -tosyl-L-Arg-OCH3 
(TAME) 

TAME 

INHIBITOR 

N -t-Boc-NG
Tos-L-Arg=CHO 

N -t-Boc-NG
N02-L-Arg-CHO 

N -t-Boc-NG
Tos-L-Arg-CHO 

N -t-Boc-NG
N02-L-Arg-CHO 

IC50 (molar) 

3.4 x 10-6 

2.8 x 10-5 

1 .8 x 10-5 

2.7 x 10-4 
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Table 2. Inhibitory Activities of Two Argininals versus Human Urinary 
Kallikrein (HUK) 

ENZYME 

Human Urinary 
Kallikrein 

HUK 

HUK 

HUK 

SUBSTRATE 

BLMWK 

BLMWK 

TAME 

TAME 

INHIBITOR 

N -t-Boc-NG
Tos-L-Arg-CHO 

N -t-Buc-NG
N02-L-Arg-CHO 

N -t-Boc-NG
Tos-L-Arg-CHO 

N -t-Boc-NG
N02-L-Arg-CIIO 

IC50 (molar) 

6.8 x 10-6 

5.6 x 10-5 

1.0x10-5 

9.2 x 10-5 

19 



a new, fundamentally important factor in the interaction 
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of 

biologically important biopolymers (12). Thus, the increased activity 

of tile NG-tosyl argininal may be less due to increased electron density 

at the guanidinyl group, and due more to the tosyl group providing an 

additional site for favorable interaction via aromatics "stacking." 

The Na-t-Boc-NG-tosyl-L-argininal was also a more effective 

inhibitor of human urinary kallikrein (HUK) than the Na-t-BOC-NG-N02-L-

argininal. With bovine kininogen as the substrate the tosyl argininal 

was 8.2 times as potent (6.8 ~mol versus 56.0 ~mol). Interestingly, 

this potency difference was identical with the potency difference 

observed in the RUK bioassay. When TAME was the substrate, the tosyl 

argininal was 9.2 times as potent as the nitro argininal (10.0 ~mol 

versus 92.0 ~mol). 

In order to test the effect of tho N-torminal blocking group on 

the bioactivity, the two compounds Na-Cbz-NG-Tos-L-argininal and N a _ 

Cbz-NG-nitro-L-argininal were also synthesized. Both of these 

compounds showed no kallikrein inhibition, in either tho kininogen or 

the TAME bioassays. This result is especially interesting in view of 

the fact that the tosyl group on the side chain, an aromatic moiety, 

favored kallikrein inhibition. Clearly, the placement of:the aromatic 

group is also critical in determining whether the compound will be 

biologically activo. 

A series of compounds which were synthesized by Dr. Dhirendra 

Chatarverdi and evalutcd in Drs.J. Cllas and H. Margolius' laboratory 

are listed in Table 3. The inhibition of kininogenic activity (IC50 



Table 3. Compounds Synthesized as Kallikrein Inhibitors, First Series 

C6H5(CH2)3C6H4(CH2)2(CO-Arg-CHO 

(CH3)2CHCH2C6H4(CH2)2CO-Arg-CHO 

C6H5C6H4-CH2CO-Arg-CHO 

C6H5(CH2)2C6H4(CH2)2CO-Arg-CHO 

CH3CH2-0-C6H4(CH2)2CO-Arg-CHO 

Pro-D-Phe-Arg-CHO 

(CH3)2CHCH2C6H4(CH2)2cO-Arg-(NG-N02)-CHO 

C6H5C6H4CH2cO-Arg(NG-N02)-CHO 

C6H5(C H2)3C6 H5(CH2)2CO-Arg(NG-N02)-CHO 

Boc-D-Phe-Phe-Arg9NG-N02)-CHO 

+++ 
++ 

High inhibitory activity 
Moderate inhibitory activity 
Low inhibitory activity 
Negligible inhibitory activity 

INHIBOTOR OF 
KININOGENIC ACTIVITY 

RUK HUK 

3.5xHl-5 > 5xl0-5 

) 5xl0-5 > 5xl0-5 

3.5xHJ-5 > 5xl0-5 

3.5x10-5 > 5x10- 5 

1.2x10-5 1.8x10-6 

2.3x10- 5 2.5x10- 5 

N.T. 7x10- 6 

2.0x10-6 5.2x10- 6 

N.T. 2.6xl0- 6 

N.T. 9.3x10-7 (+++) 

INHIBITOR OF 
ESTERASE ACTIVITY 

HUK RUK 

N.T. 3.9xl0-4 

+ + 

N.T. N.T. 

3.2xl0-4 3x10-5 

N.T. 5.8x10-5 

3.3x10-5 3x10-5 

9x10-5 

8x10-5 5.8x10-5 

2.2x10- 5 6.6xl0- 6 

1 . 7x 10-6 (+++) 5.8x10-6 (+++) 

r\j 
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values) in the rat urinary kallikrein (RUK) and human urinary 

kallikrein (HUK) systems is given for each inhibitor. The 1C50 values 

for the inhibition of esterase activity (hydrolysis of TAME) are also 

shown. 

The inhibitors in which two aromatic rings, linked by a varying 

number of methlyene groups, are attached through an acyl linkage to 

argininal, were of very low potency when the guanidinyl side chain was 

left unprotected (compounds 1-5, Table 3). The tripeptide aldehyde, 

Pro-D-Phe-Arg-CHO (compound G), was also ineffective as an inhibitor; 

the side chain of the arginine was also a free guanidinyl in this 

compound. 

The potency of the argininal inhibitors was greatly enhanced 

when the guanidinyl group of the argininal side chain was blocked as 

the NG-nitro derivative. The NCt-para-i sobu tylp~lenylpropionyl-NG-ni tro 

argininal (compound 7) showed fairly potent (IC50 7 ~mol) inhibition of 

kininogenic activity against HUK. The inhibition of esterase activity 

was quite low, however (IC50 9 x 10-5 molar). The replacement of the 

isobutyl mOiety by a second phenyl ring, coupled with shortening the 

three methylene "spacer" to a single -CH2- further enhanced the 

potency. The N Ct -para-biphenyl-acetyl-NG-ni tro-argininal was an 

efficient inhibotor of tIle kallikrein induced cleavage of kininogen in 

both the rat and the human urinary kallikrein bioassays (IC50 2.0 ~mol 

and 5.2 ~mol, respectively). The esterase inhibitory activity of this 

argininal was also low in both RUK and IIUK systems (5.8 x 10- 5 molar 

and 8 x 10-5 molar, respectively). 
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The final two compounds in Table 3, NU-para-phenylpropyl

phenylpropionyl-NG-nitro-argininal and N U -t-Boc-D-Phe-Arg(NG-N02)-CHO, 

were the most potent inhibitors of the series. Of particular 

importance is the fact that the NU -para-phenylpropyl-phenylpropionyl 

argininal (compound 1), which had 1C50 values of 3.5 x 10-5 molar (RUK) 

and> 5 x 10-5 molar (HUK), becomes a potent inhibitor when the 

guanidinyl group is converted to its NG-nitro derivative. Although 

this compound was not assayed in the RUK system, in the HUK bioassay an 

increase of ca. 20-fold in the potency (IC50 2.6 ~mol) occurs. The 

inhibition of esterase activity vs. HUK was still fairly low (IC50 2.2 

x 10-5 molar), while in the RUK bioassay the compound is also a potent 

esterase inhibitor (IC50 6.6 ~mol). 

The tripeptide aldehyde NU-t-Boc-D-Phe-Phe-Arg-(NG-N02)-CHO was 

the most potent inhibitor of the series; this compound proved to be 

higtlly active as both a kininogenic inhibitor and an inhibitor of 

esterase activity. The 1C50 value for inhibition of kininogenic 

activity (HUK) was sub-micromolar (9.3 x 10-7 molar). The compound had 

micromolar 1C50 values for inhibition of esterase activity in both HUK 

(IC50 1.7 ~mol) and RUK (IC50 5.8 ~mol). (The tripeptide argininal was 

not assayed for kininogenic inhibition vs. RUK--possibly due to 

insufficient amount of compound after the other three bioassays.) 

The 1C50 values for the tripeptide inhibitor N U -t-Boc-D-Phe

Phe-Arg (NG-N02)-CHO indicate that this compound is the most potent of 

the series of inhibitors prepared by Dr. Chaturverdi and this author. 

However, it should be noted that one of the single amino acid residue 
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derivatives of Table 1 and Table 2 (NU-t-Boc-NG-tosyl-argininal) was 

only 3.7 and 7.3 times less potent in inhibition of kininogenic 

activity vs. RUK and HUK, respectively. The greatly simplified 

structure of this protected argininal is noteworthy, in view of the 

fact that it is an inhibitor with micromolar IC50 values against both 

HUK and RUK kininogenic activity. 

The method of preparation used for the compounds in Table 3 was 

also different than the method used by this author, and will be 

commented upon briefly here. Dr. Chaturverdi used the method of 

diisobutylaluminum hydride (DIBAL) reduction of imidazolide esters to 

prepare the aldehydes in Table 3 (see Figure 6). 

The reaction of a carboxylic acid with N,N'-carbonyl-

diimidazole (CDI) produces an imidazolide, with the elimination of an 

equivalent of imidazole and an equivalent of carbon dioxide. The 

reagent, CDI, as well as the imidazolide intermediate are highly 

sensitive to moisture; the reaction must be done in anhydrous solvent 

(generally tetrahydrofuran) under inert atmosphere. 

The imidazolide is treated with an excess (2-3 equivalents) of 

DIBAL reagent at low temperature (-40° to -50°C). The low temperature 

is used because the aldehyde can be further reduced by the DIBAL to 

give the unwanted amino alcohol as a byproduct. The use of low 

temperature and as short a reaction time as is feasible are essential 

for the reaction to proceed cleanly, and without by product formation. 

Due to the problems of avoiding over-reduction, and other side 

reactions, I used the Shiori/Hamada oxidation (20) of the appropriate 
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protected lysinol, ornithinol or argininol for the preparation of the 

compounds described herein. This oxidation reaction is technically 

simpler than the DIBAL reduction, although anhydrous conditions are 

still required. Additionally, the major side product in the oxidation, 

the amino acid (produced by a second two electron oxidation of the 

amino aldehyde), can be readily separated from the amino aldehyde by 

extracting into dilute aqueous base. The over-reduction product in the. 

imidazolide reduction, the amino alcohol, cannot be readily removed by 

any type of extractive workup. 

Although the DIBAL reduction of imidazolides seems to have 

several drawbacks, it can definitely be used to prepare a-amino 

aldehydes and peptide aldehydes, provided that the necessary 

precautions are taken. There is another reductive procedure, however, 

which seems to this author to be much superior to the imidazolide 

reduction; it may be superior also to the DMSO/pyridine-S03 oxidation 

of amino alcohols. 

The reductive synthesis of a-amino aldehydes by this method, 

originally reported by Castro (23), is shown in Figure 7. The key 

intermediate of the method is an N-methyl N-methoxy amide, which is 

made by a dehydration reaction between the amino acid or peptide C

terminus and the reagent N,O-dimethylhydroxylamine hydrochloride. In 

the original reference, the reagent benzotriazol-1-yloxytris-

[dimethylamino]-phosphonium hexaflourophosphate (BOP reagent) (24) was 

used to produce the N-methyl N-met~10xy amides. However, I successfully 

prepared NU-t-Boc-L-Ala-N-methyl-N-methoxy amide and NU-t-Boc-N-



X-NH-CH-C(==O)-OH + 
I 
R 

X-NH-9H-C(=O)-~-OCH3 

R CH3 
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LiAI H4 (5.0 equivalents) 

Et20 or THF 

* BOP reagent: 

X-NH-CH-CH==O 
I 
R 

Figure 7. Castro's Synttlesis of a-Amino Aldctlydes via N-mcthoxy-N
mettlyl Amides 



CbzCl(2)-L-Lys-N-methyl-N-methoxy amide by using 
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N-ethyl-N'-

(dimethylomino)propyl carbodiimide as the condensing agent. Thus it is 

probable that even dicyclohexylcarbodiimide (DCC) could be used for 

this synthesis; it seems likely that the BOP reagent was used simply 

because it was originally developed by Castro, and not because it is 

the optimum reagent for this reaction. The major advantage of Castro's 

method is that tile N-methyl-N-methoxy amide intermediate cannot be 

over-reduced by the lithium aluminum hydride. The "carbinol N-methyl 

N-methoxy amide" is only able to be nucleophilically attacked by a 

single equivalent of hydride. The reduced amide is chelated as the 

lithium salt until hydrolysis in the workup cleaves the reduction 

product to the aldehyde. This method may be the optimum synthesis of 

a-amino aldehydes and/or peptide aldehydes. It is, however, subject to 

the limitation that all the functional groups present must be stable to 

lithium aluminum hydride, or protected in such a way as to be stable to 

this reagent. 

The side chain carboxylic acid functions of aspartic acid and 

glutamic acid,which are generally protected as benzyl esters, would be 

reduced to alcohols by lithium aluminum hydride. A possible solution 

here would be to leave side chain carboxylic acids unprotected; the 

rate of reduction of free carboxylic acids by lithium aluminum hydride 

is very slow. 

The phenolic hydroxyl group of tyrosine is generally protected 

as the benzyloxycarbonyl (Cbz) or a substituted Cbz derivative (for 

example, the 2-bromobenzyloxycarbonyl). This protecting group would 
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also be cleaved by lithium aluminum hydride; the phenolic hydroxyl 

group would not be chemically modified. the protecting group(s) would 

simply be lost. 

Other protecting groups which might prove to be unstable to 

lithium aluminum hydride are the tosyl (p-toluenesulfonyl) group used 

for histidine and arginine. and the formyl group of tryptophon. For 

these amino acids. removal of the protecting groups prior to the 

treatment with lithium aluminum hydride would be necessary to prevent 

side reactions from occurring. 



CHAPTER 3 

EXPERIMENTAL - a -AMINO ALDEHYDES AS 
KALLIKREIN INHIBITORS 

Synthesis of the Cupric (Cu 2 +) Complex of L-Iysine 
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The Cu 2 + complex of L-Iysine was prepared as follows, L-Lysine 

hydrochloride (9.0 g, 49.6 mmol) was added to boiling water (40 ml) in 

a 400 ml beaker. Copper sulfate pentahydrate (12.0 g, 48.0 mmol) was 

added, followed by aqueous sodium hydroxide (15.0 ml, 3.5 N, 52.5 

mmol), and the mixture was cooled to 0° (ice/water bath). The stirred 

blue solution was treated with benzyl chloroformate and aqueous 3.5 N 

sodium hydroxide: an aliquot of benzyl chloroformate (1.0 ml, 1.2 g, 

7.0 mmol) was added via a graduated pipet, and immediately after the 

chloroformate was added, an aliquot of 3.5 N base (3.0 ml, 10.5 mmol) 

was added. Ten additions of each reagent were done (70.0 mmol 

chloroformate, 105.0 mmol NaOH). An interval of three (3) minutes was 

used between additions. The reaction was allowed to warm to room 

temperature when the addition of the reagents was completed. The blue 

lysine-copper complex preCipitated from the reaction over the next two 

(2) hours. The complex was filtered onto a Buchner funnel (#1 paper), 

and washed with water and ethanol until the solvent was colorless as it 

washed through the funnel. The blue solid was dried in vacuo 

overnigtlt. 



Decomposition of N€-Cbz-L-Lys-copper 
Complex 
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The blue solid obtained as described above was added to a 

mixture of ethylenediaminetetraacetic acid (sodium salt, 20 g, 52.6 

mmol) in boiling water (2.5 1). The mixture was boiled for ten (10) 

minutes, and the insolubles were removed by filtration through a glass 

wool plug in a large funnel. The clear blue solution was cooled to 

27°, and was stoppered and stored for two (2) days at 4°C. The product, 

N€-Cbz-L-Lys, was filtered onto a sCintered glass funnel, and dried in 

vacuo. 

4.0 g of white crystals; 28.810 yield; 

o 5.8 (s, HOD) ; 

o 4.4-4.2 (t, 1 H, -CH- ) ; 03.5-3.2 

02.3-2.0 (br.m, 2H, I3-CH2-); 01.9-1.6 (m, 

Synthesis of N€-Cbz-L-Lys-OCH3-HCl 

A solution of N -Cbz-L-Lys (3.4 g, 12.1 mmol) in anhydrous 

methanol (50 ml) was cooled in an ice/water bath and stirred rapidly 

with a magnetic spin bar. Thionyl chloride (1.8 ml, 2.95 g, 25.0 mmol) 

was added dropwise to the amino acid solution from a pressure 

equalizing addition funnel. The reaction was allowed to warm from 0° 

to 27° with stirring after the thionyl c~11oride addition was completed. 

The reaction was left stirring at 27° overnight; the methanol/HCl were 

removed by evaporation of water aspirator pressure, followed by high 

vacuum evaporation (oil pump). The clear yellow oil which was obtained 
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was used without further purification for the synthesis of Na_t-Boc-N~-

Cbz-L-Lys-OCH 3' 

The oily hydrochloride of N~-Cbz-L-LyS-OCH3 was suspended in 

dioxane/water (50 ml, 2/1, v/v) and cooled to 0°C. The amino acid ester 

was insoluble initially in the aqueous dioxane. 

Aqueous sodium hydroxide (3.5 N, 4.0 ml, 14.0 mmol) was added 

to the cold mixture, followed by di-tert-butyl dicarbonate (2.6 g. 12.1 

mmol) added as a solid. The oil gradually solubilized; within five 

minutes the solution was homogenous. The pH of the reoction was 

maintained at 10.0-10.2 by addition of base as needed. When the pH of 

the reaction stopped decreasing. the solution was allowed to warm from 

0° to 27°, and was left stirring at 27° overnight. The protected amino 

acid was isolated by evaporation of the dioxane/water in ~, 

extracting the amino acid ester into ethyl acetate. and removing any 

free amino (unprotected) amino acid ester by extracting the ethyl 

acetate solution at 0°C with cold 4% hydrochloric acid. 

2.9 g; clear, slightly yellow oil; 63.6% yield. 

CH2-); 0 iL3 - 4.2 (m. 1H, a-CH-); 03.7 (s, 3H, -OCH3); 03.3-

Reduction of NC(-benzyloxycarbonyl-NG-nitro
L-arginine methyl ester 

A solution of NC(-Cbz-NG-N02-L-Arg-OCH3 (1.84 g, 5.1 mmol) in 

THF/ethanol (25 ml, 4/1, v/v) was cooled in an ice/water bath with 
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stirring under inert atmosphere. Lithium borohydride (220.0 mg, 10.1 

mmol) in dry THF (5.0 ml) was added from a pressure equalizing addition 

funnel dropwise over approximately thirty (30) minutes. The reaction 

was stirred for twenty-five (25) minutes at 0°C after the hydride 

addition was complete. The ice/water bath was removed, and the 

reaction was stirred for forty (40) minutes. Excess hydride was 

quenched by slow dropwise addition of 4% acetic acid in water (10.0 

ml). The amino alcohol was extracted from the aqueous THF with two 

volumes of ethyl acetate (60 ml); the ethyl acetate extracts were 

combined, washed with water (30 ml) dried (MgS04), filtered, and 

evaporated. 

crystals. 

The Na-Cbz-NG-nitro-L-argininol was obtained as white 

1.4 g 82.4% yield Rf 0.70 (acetone/HOAc 98/2) 

Rf 0.16 (ethyl acetate/CH30H 10/1, v/v) 

1H NMR (DMSOd6, 60 MHz) 68.0-7.6 (br. m, 3H, -NH-C=(NH)-NH-); 

67.2 (s, 5H, -C6H5); 66.9-6.8 (d, 11-1, -CO-NH-); 64.9 (s, 2H, C6H5-

CH2-); 64.6-4.4 (br.m, 2H, -CH2-0H); 63.5-2.9 (br. m, 5H,a-CH-, 

I3-CH2-, ll-CH2-); 6 1.5-1.2 (br. m, 2H, Y-CH2-) 

A deuterium exchange experiment vias done by adding a few drops of 0.5 

mmol sodium deuteride in D20 to the DMSOd6. The guanidinyl proton 

resonances at 

multiplet at 

multiplets: 

8.0-7.6 were completely exchanged (no signal); the 

3.5-2.9 in the DMSO-d6 sample separated into two 

3.7-3.4 (3H, a-CH-CH2-0-); 

other resonances were essentially identical in chemical shifts and 

multiplicities. 



Calculated for C14H21N505: C, 49.54; H, 6.25; N, 20.64 

Found: C, 49.24; H, 6.31; N, 20.58 

[CiJD27 -42.1 (c 1.2, CHCI3) 

Reduction of NCi_t-Boc-NG-nitro-L-Arg-OCH3 to 
~-t-Boc-NG-N02-L-argininol 
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A solution of NCi-t-Boc-NG-nitro-L-arginine methyl ester (1.67 

g, 5.0 mmol) in THF/ethanol (4/1, v/v, 25.0 ml) was cooled to 0° with 

stirring under argon. Lithium borohydride (220.0 mg, 10.0 mmol) in 

anhydrous THF (10.0 ml) was added over a period of thirty (30) minutes 

to the amino acid ester from a pressure equalizing addition funnel. 

The reaction was stirred at 0°; TLC was used to monitor the reduction 

(ethyl acetate/methanol 10/1, or CHCl3/methanol 9/1, v/v). The 

reaction appeared to be complete after Sixty (60) minutes at 0° 

(excluding the thirty (30) minutes used for addition of the reagent). 

The excess hydride was quenched by dropwise addition of dilute acetic 

acid (4%, 10.0 ml). The product was extracted from the aqueous 

ethanol/THF into ethyl acetate (2 x 30 ml). The ethyl acetate extracts 

were combined, washed with water (30 ml), dried (MgS04), filtered, and 

evaporated. The N Ci_t-Boc-NG-No2-L-argininol was obtained as white 

crystalS. 

1.0 g 65.9% yield Rf 0.15 (E+OAc/CH30H; 10/1, v/v) 

Rf 0.71 (acetone/HOAc, 98/2, v/v) 

o 8.4-8.1 (br.m, 2H, -NHN02, =NH); 

06.2-6.0 (br.d, ll-f, -CO-NH-); 05.5-5.3 (m, 21-f, -NH-, -OH); 
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3.8-3.4 (m, 3H, Ci. -CH-, -CH20H) ; 63.3-3.0 (br.m, 2H, 11-CH2-); 

Found: C, 43.06; H, 7.42; N, 23.13 

[Ci.]D27 -26.8 (c 1.0, CHC13); m.p. 111.0-113.5°C 

Reduction of ~-t-Boc-NG-tosyl-L-arginine; 
Synthesis of NCi.-t-Boc-NG-tosyl-L-argininol 

A solution of NCi.-t-Boc-NG-tosyl-L-arginine (2.14 g, 5.0 mmol) 

in anhydrous THF (20.0 ml) was cooled with stirring to 0°C under argon. 

A solution of borane-tetrahydrofuran (1.0 M (THF), 10.0 ml, 10.0 mmol) 

was added dropwise to the amino acid. The reduction of the carboxylic 

acid was followed by TLC (CHC13/CH30H 5/1 or 9/1, v/v); the reaction 

was quenched after two and one half hours (2.5 hours) by dropwise 

addi tion of methanol (10 ml). TI10 TIIF /mot/lOnol and the volatile borate 

methyl esters were removed in~. The NCi.-t-Boc-NG-tosyl-L-argininol 

was obtained as 2.1 9 of white crystals (quantitative yield). 

The N Ci. -t-Boc-NG-tosyl-L-argininol was chromatographed on a 

silica gel column (24 x 150 mm). Chloroform was used as the first 

eluant (40-50 ml); chloroform/method (9/1, v/v) was then added to the 

solvent reservoir to give an effective methanol concentration of 5.5-

6.0% CH30H in chloroform. The amino alcohol eluted in fractions #30-34 

(360-410 ml). 

Found: C, 48.34; H, 6.52; N, 12.53 
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Synthesis of NG-nitro-L-arginine methyl ester 

The free base form of NG-nitro-L-arginine (6.6 g, 30.1 mmol) was 

added to anhydrous methanol (200 ml) in a 500 ml round bottom flask; 

the mixture was cooled to 0°C with stirring, and the flask was flushed 

with argon. Anhydrous hydrochloric acid was bubbled through the 

methanol for thirty (30) minutes). The calcium chloride drying tube 

was replaced with a 24/40 glass stopper. The methanol/HCI was allowed 

to warm to 27° after thirty minutes, and was stirred overnight at room 

temperature. The stir bar was removed, and the methanol/HCI were 

removed by rotary evaporation at water aspirator pressure, followed by 

high vacuum evaporation. The hydrochloride salt of NG-nitro-L-arginine 

methyl ester (HCI'NG-N02-L-Arg-oCH3) was obtained in quantitative yield 

as an amorphous white foam. This compound was used directly for the 

subsequent reaction (protection of the a-amino group as the t-

butyloxycarbonyl (t-Boc) derivative). 

Synthesis of Na-t-Boc-NG-nitro-L-arginine 
methyl ester 

The hydrochloride of NG-N02-L-Arg-ocH3 (8.1 g, 30.0 mmol) was 

dissolved in dioxane/water (100 ml, 2/1, v/v), cooled to 0°C with 

stirring, and the pH was adjusted to 10.2-10.3 by adding N aqueous 

sodium hydroxide. Di-tert-butyl dicarbonate (7.6 g, 35.0 mmol) was 

added in one portion to the aqueous dioxane; the pH of the solution was 

maintained at 10.2-10.3 by the addition of 1 N sodium hydroxide as 

needed. When the reaction was complete, as indicated by the pH 

remaining constant, the dioxane/water was removed in vacuo. The Na-t_ 
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Boc amino acid was isolated by a standard workup; ethyl acetate (100 

ml) was added to the residue after evaporating in vacuo, and the two 

phase mixture was cooled to 0°. The pH of the aqueous phase was 

acidified by addition of cold (0°) 4~ aqueous HCI. The acidic aqueous 

phase is extracted twice at 0° with ethyl acetate (2 x 100 ml, ice was 

added to the separatory funnel at each extraction to maintain 0°C). 

The combined ethyl acetate extracts were washed with brine (3 x 50 ml), 

dried (Mgso4)' filtered, and evaporu~ed. The product, N -t-Boc-NG-

nitro-L-arginine methyl ester, was obtained as white crystals. 

7.2 9 (22.5 mmol); 75.1~ yield; m.p. 97.0-99.0°C; 

NMR (CDCI3/DMSOdS) 08.0-7.8 (m, 3H, -NH-C(=NH)NH-); 

oS. 4-S. 2 (d, 1 H, -CO-NH-); o 4.2-4.0 (t, lH, u-CH-); o 3.7 (s, 

3H, -OCH3); o 3.4-3.1 (br.m, 2H, [1-CH2-); 

Reduction of NU-t-Boc-NG-N02-L-arginine; 
NU-t-Boc-NG-N02-L-argininol 

01.9-1.S (m, 4H, S, 

A solution of NU-t-Boc-NG-N02-L-arginine (l.S g, 5.0 mmol) in 

dry THF (15.0 ml) was cooled with stirring in an ice/water bath under 

argon atmosphere. A solution of borane-THF complex (1.0 M, THF, 15.0 

ml, 15.0 mmol) was added over ten to fifteen (10-15) minutes to the 

amino acid solution. The reaction was stirred for forty-five (45) 

minutes after the addition was complete; methanol (10.0 ml) was added 

cautiously dropwise to quench un reacted borane. When gas evolution had 

ceased, the THF/methanol and the volatile methyl boranes were removed 

in vacuo. 
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1.5 g white crystals 98.0% yield 

v/v) 0.53 mp 123.5-12'+.5° 

1H NMR was identical (superimposable) with the 1H NMR spectrum data 

on page 27. 

[et ]D27 -26.8 (c 1.0, CHCI3) 

Reduction of Net-t-Boc-NG-Tos-L-arginine; 
Synthesis of Net-t-Boc-NG-Tos-L-argininol 

A solution of NU-t-Boc-NG-Tos-L-arginine (2.1 g, 4.9 mmol) in 

anhydrous THF (15.0 ml) was cooled with stirring to 0° under argon 

atmosphere. Two equivalents of borane-tetrahydrofuran (1.0 M THF, 10.0 

ml, 10.0 mmol) were added from a pressure equalizing addition funnel. 

The reaction was stirred for forty-five (45) minutes at 0° following 

completion of the borane; methanol (10 ml) was added carefully dropwise 

to quench any unreacted borane. The solvents (THF/methanol) and methyl 

borates were removed in vacuo. The product, Net -t-Boc-NG-Tos-L-

argininol was obtained in >95% yield as white crystals, m.p. 94.0-

Rf 0.25 (ettlyl acetate/methanol, 10/1, v/v); Rf 0.13 (ethyl 

acetate) 

[et]D27 -7.9 (c 1.0, CHCI3) 

07.8-7.2 (dd, 4H, -CGI14-); 06.7-6.3 (br. m, 3H, -NH-C(=NH)NH2; 
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Calculated for C18H30N405S . 5/2 H20: C, 47.04; H, 7.03; N, 12.19 

Found: C, 47.20; H, 6.25; N, 11.83 

Reduction of NU-benzyloxycarbonyl-NG-tosyl-L-arginine 

A solution of NU-Cbz-NG-Tos-L-arginine (2.3 g, 5.0 mmol) in dry 

THF (20.0 011) was cooled to 0° (ice/water bath)C under argon atmosphere. 

A solution of borane-tetrahydrofuran complex (1.0 M, THF, 15.0 011, 15.0 

010101) was added dropwise to the stirred amino acid solution from a 

pressure equalizing addition funnel. The addition of the borane took 

twenty to twenty-five (20-25) minutes; the reduction was stirred for 

two (2) hours at 0° after the addition was completed. Un reacted borane 

was quenched by adding approximately 10 011 of wet methanol dropwise. 

The volatile methyl borates and the THF/methanol were removed by water 

aspirator rotary evaporation, followed by high vacuum evaporation. 

2.1 g 93.610 yield white crystals mp 76.0-80.0° 

Rf 0.53 (CHC13/methanol, 5/1, v/v) Rf 0.72 (CHC13/methanol, 

65/35, v/v); [uJD27 -l~6.7 (c 1.7, CHC13) 

Theory: C, 52.04; H, 6.67; N, 11.56 

Found: C, 51.95; H, 5.83; N, 9.58 

NU-para-biphenylacetyl-NG-n itro-L-arginlnol 

The fully protected arginine derivative, 

biphenylacetyl-NG-nitro-L-arginine methyl ester (200 mg, 468 ~mol) was 

stirred under argon atmosphere in THF/ethanol (10.0 011, 5/1, v/v), and 

cooled to 0°C in an ice/water bath. A suspension of lithium 

borohydride (50.0 mg, 2.3 010101) in anhydrous THF (5.0 011) was added to 
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the solution in small portions from a pressure equalizing addition 

funnel. The ice was not replaced in the ice/water bath after the 

addition of borohydride was completed; the temperature of the reaction 

was allowed to warm gradually to 27°C. The exces~ borohydride was 

quenched after three hours reaction time by the dropwise addition of 

methanol (~5 ml). The solvents were removed in vacuo, and the residue 

was dissolved in methanol (ca. 20 ml) with warning (35-40°C). Diethyl 

ether was added slowly to the methanol solution, until permanent 

turbidity resulted. No crystallization occurred upon leaving the 

methanol/ether solution at 27°C overnight. The solvents were 

concentrated by rotary evaporation to a volume of approximately 5 ml; 

the flask was sealed under argon and stored at -20°C for two days. The 

product, NU-para-biphenylacetyl-NG-nitro-L-argininol, was filtered onto 

a small sCintered glass funnel. The compound was washed with petroleum 

ether, dried with suction (water aspirator), and dried in vacuo. The 

argininol was a white solid (100.0 mg) 

Synthesis of NE_tosyl-L-lysine methyl ester 
hydrochloride 

53.5% yield m.p. 165.0-

The zwitterion form of NE-tosyl-L-Iysine (4.0 g, 13.3 mmol) was 

suspended in dry methanol (150 ml) and stirred at 27°C. Thionyl 

chloride (1.4 ml, 2.3 g, 19.2 mmol) was added to the stirred 

suspension, dropwise in two portions (0.7 ml, 1.15 g, 9.6 mmol), from a 

syringe. A reflux condensor, which had a calcium chloride drying tube 
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at the end to exclude mOisture, was placed atop the flask; the reaction 

was heated to reflux by a Variac controlled heating mantle. The 

reaction was held at reflux for three hours; the heating mantle was 

removed, and the solution allowed to cool to 27°. The methanolic HCI 

was removed by rotary evaporation, and recrystallization of the oily 

residue was attempted from methanol/diethyl ether. The first attempt 

was not successful, so the solution was filtered hot through #1 paper, 

allowed to cool to 27°C, and diethyl ether was added in small (1-2 ml) 

portions until permanent turbidity resulted. E: 
The N -Tos-L-Lys-OCH3·HCI 

was stored at -20°C for three days, since the crystallization appeared 

to be proceeding slowly. The product was filtered onto a scintered 

glass funnel, driod wi th suction, and dried in vacuo overnight. Tho 

NE:-tosyl-L-Iysine methyl ester hydrochloride was obtained as a slightly 

yellow solid. 

3.9 g (11.2 mmol, 83.9% yield) m.p.131.0-131.5°C 

This compound was used for the preparation of NU-para-biphenylacetyl-

NE:-tosyl-L-Iysine methyl ester (see below). The 1H NMR of the NU-t-Boc 

derivative of tho NE:-tosyl-L-Iysine methyl estor hydrochloride: 

67.6-7.2 (dd, 4H, -C6H4-); 66.8 (br.d, 

1 H, -CO-NII-) ; o 5.1~ (t, 1H, -NH-S02-); 6 11.0-3.8 (m, 1H, U -CH-); 

63.0-2.8 (br.m, 2H, E:-CH2-); o 1.8-

1.3 (m + s, 15H, B, y, 1:!.,-CH2-, -C(CI13)j). 



Synthesis of Na-para-biphenylacetyl-N C-

tosyl-L-lysine methyl ester 

The hydrochloride salt of NC-tosyl-L-lysine methyl ester (1.75 

g, 5.0 mmol) was suspended in dry THF (50.0 ml), and cooled to 0°C 

under argon atmosphere. Triethylamine (0.7 ml, 0.14 ml/mmol, 5.0 mmol) 

was added from a syringe to the cold solution. After stirring for 2-3 

minutes to dissipate t~le heat of neutralization, para-biphenyl acetic 

acid (1.25 g, 6.0 mmol) was added to the reaction in one portion, as a 

solid. The mixture was stirred for 1-2 minutes, and N-ethyl-N'-

dimethylamino ethyl carbodiimide (1.2 g, 8.5 mmol) was added, also as a 

solid in one portion. The reaction was stirred for about five minutes 

at 0°C after the carbodiimide addition, and the ice/water bath was 

removed. The reaction was allowed to warm with stirring to 27°C, and 

was left stirring overnight at room temperature. The solvent was 

removed by rotary evaporation; the residue was dissolved in ethyl 

acetate (75 ml). The ethyl acetate solution was extracted successively 

with 4~ HCl, water, saturated sodium bicarbonate, and water (2 x 50 ml 

each solvent). After drying (MgS04), the solution was filtered and the 

solvent was evaporated in vacuo to obtain a yellow foam. The foam was 

recrystallized from dichloromethane/hexane at 4°C overnight. The 

product, Na-para-biphenylacetyl-NC-tosyl-L-lysine methyl ester, was 

obtained by filtering onto a scintered glass funnel, drying by suction, 

and d,"ying in vacuo ovornight. The compound was yellow crystals, 750 

mg (1.47 mmol, 29.5% yield); m.p. 

5/1); Rf 0.11 (CHCI3/CH30H, 95/5); Rf 0.20 (EtOAc/CHC13, 1/1) 

platos, visualized with fluorescent indicator or by iodine vapor). 
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I) 6.4-6.3 (d, 1H, -CO-Wl-); I) 5.3-5.1 (t, 1H, -CH2-NH-); 

I) 4.6-4.3 (m, 1 H, (;( -CH- ) ; I) 3.5 (s, 3H, -OCH3); I) 3.45 (s, 2H, -

I) 2.8-2.5 (br.m, 21-1, E: -CH2-); 

CH3) ; I) 1.6-1.2 (br.m, 6H, S' y, 1I,-CH2-)' 

Synthesis of N(;(-para-biphenylacetyl-NGnitro
L-arginine methyl ester 

The hydrochloride salt of NG-nitro-L-arginine methyl ester (1.2 

g, 4.4 mmol) was added to a 25 ml round bottom flask, with a stir bar. 

A rubber septum and a ventilation needle were placed in the neck of the 

flask; anhydrous DMF (10.0 ml) was added via a syringe through the 

septum. The mixture was cooled to -10° to -15°C in an ice/salt bath. 

Redistilled N-methyl morpholine (0.96 ml, 8.8 mmol) was added via a 

syringe, in two equai portions. 

A three neck 100 ml round bottom flask was charged with a stir 

bar and para-biphenylacetic acid (0.85 g, 4.0 mmol). A pressure 

equalizing addition funnel and argon inlet/outlet needles were added; 

anhydrous THF (20.0 ml) was added via a syringe. The flask was cooled 

to -10° to -15°C in an ice/salt slush. Redistilled N-methyl morpholine 

(0.44 ml, 4.0 mmol) was added via a syringe; the reaction was stirred 

for two to three minutes. Iso-butyl chloroformate (0.57 ml, 0.60 g, 

4.4 mmol) was added dropwise over five minutes from a syringe. The 

cold solution was stirred four minutes to allow mixed anhydride 

formation. During this time, the neutralized NG-nitro-L-arginine 

methyl ester solution was transferred with a syringe to the addition 



funnel. The NG-N02-L-A~g-OCH3 was added d~opwise to the mixed 

anhyd~ide solution. The ~oaction was sti~~od fo~ two hou~s. and 

allowed to wa~m g~adually to 27°C du~ing this time. The white 

p~ocipitate of N-methyl mo~pholine hyd~ochlo~ide was filte~ed. and the 

salt was washed with THF. The THF/DMF was evapo~ated in vacuo; wate~ 

was added to the ~esidual DMF until p~ecipitation began. The flask was 

sto~ed ove~night at -20°C; instead of p~ecipitation o~ c~ystallization. 

howeve~. an emulsion fo~med. The emulsion was allowed to wa~m to 27°C. 

and was ext~acted with chlo~ofo~m (2 x 75 ml). The chlo~ofo~m ext~acts 

we~e combined. washed twice with wate~ (2 x 30 ml). d~iod (MgS04). 

filte~ed. and evapo~ated. It oppea~ed that some DMF was still p~esent. 

so wate~ was added cautiously to the ~esidue. which caused 

p~ecipitation. The p~oduct. a yellow-white solid. was filte~ed onto a 

Buchne~ funnel (111 pape~). and d~ied in vacuo ove~night. The rft-pa~a

biphenylacetyl-NG-nit~o-L-a~ginine methyl este~ was obtained in 20.5% 

yield (350 mg); m.p. 134.0-13S.0°C; Rf 0.61~ (CHCI3/CH30H. 5/1); Rf 0.05 

(CHCI3/CH30H. 95/5); (A1203 plates. fluo~escent indicato~ o~ 12 vapo~ 

visualization). 

1H NMR (S0 MHz. CDCI3) 

3H. -NH-C(=NH)NHN02); 

04.3- lf.0 (m. 1H. a-CH-); 

08.4-8.3 (d. 1H. -CO-NH-); 07.8 (b~.m. 

07.5-7.1 (m. 9H. 

03.5 (s. 3H. -OCH3); 

pa~a-C6H5-C6H4-); 

o 3.4 (s. 2H. -

CSH4 - CH2-) ; 

B. Y -CH2-) . 

o 3.2-3.0 (b~.m. 2H. ~ -CH2-); o 1.8-1.4 (b~.m. 4H. 



45 

Synthesis of NCl-Cbz-NE-Tos-L-Lys-CHO 

The protected amino alcohol, NCl-Cbz-NE-Tos-L-lysinol (300.0 mg, 

714 ~mol) was dissolved in anhydrous dimethylsulfoxide (OMSO, 15 ml) in 

a 3-neck, 50 ml round bottom flask. Triethylamine (303 mg, 0.42 ml, 

3.0 mmol) was added to the lysinol solution from a micropipet. 

Pyridine sulfur trioxide complex (480 mg, 3.0 mmol) was added to a 

pressure equalizing addition funnel; anhydrous OMSO (5 ml) was added 

via a syringe to dissolve the pyridine:S03' The pyridine:S03 was added 

rapidly dropwise to the lysinol solution at 27° with stirring. The 

reaction was stirred for thirty (30) minutes at 27°, and was poured 

onto approximately 50 ml of brine/ice. The aqueous OMSO was extracted 

with ethyl acetate (2 x 75 ml). The combined ethyl acetate extracts 

were washed with 4% HCl (2 x 50 ml), and brine (2 x 50 ml). The ethyl 

acetate was dried (MgS04), filtered, and evaporated to obtain NCl-Cbz

NE-Tos-L-Lys-CHO as a clear, colorless oil; [Cl J027 -4.9 (c 2.9, CHC13); 

Rf 0.44 (CHC13/CH30H 95/5, v/v); Rf 0.59 (CHC13/CH30H, 9/1, v/v); 

lH NMR (COC13' S0 MHz) 07.7-7.1 (dd+s, 9H, -CSH4-' -CSH5); 05.8-

5.7 (br. d, lH, -NH-); 0 5.S5-5.4 (m, lH, -NH-CH2-); 05.0 (s, 2H, 

CSH5-CH2-); '04.2-4.1 (m, lH, a-CH-CHO); 02.9-2.7 (m, 2H, 

E-CH2-NH-); 02.3 (s, 3H, -C6Hl~-CH3); 01.8-1.2 (br. m, 6H, 13-CH2-, 

y-CH2-,6 -CH2-) 200 Hz offset (0 9.6 s, lH, -CHO) 

Synthesis of NCl_Cbz-NE_Tos-L-Lys-CHO Semicarbazone 

A portion of the NCl_Cbz-NE-Tos-L-Lys-al (see previous page, 

200 mg, 500 ~mol) was suspended in aqueous ethanol (70% C2H50H/30% H20, 

10.0 ml ) . Sodium acetate (75 mg) and semicarbazide hydrochloride (75 
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mg) were added; the mixture was heated in a water bath at 40-50°C for 

two (2) hours. The water bath was removed, and the reaction was left 

at 27° overnight. The next day, TLC of the reaction mixture was run, 

with the starting material spotted on the same plates. The reaction 

mixture showed no material of the same Rf as the starting compound; a 

lower Rf compound (visualizable by fluorescent indicator or iodine 

vapor) was seen. The new component showed an Rf of 0.09 vs. 0.41 for 

the amino aldehyde (CHC13/CH30H, 95/5, v/v); in CHCl3/CH30H (9/1, v/v) 

an Rf of 0.34 vs. 0.52 (starting material) was seen. Crystallization 

of the N -Cbz-N -Tos-L-Lys-al semicarbazone was attempted by adding 

water slowly via a pipet while stirring the ethanol/water solution 

slowly at 0° (ice/water bath). This procedure was unsuccessful; the 

product oiled out from the solution. The ethanol/water was evaporated 

in ~; water (15 ml) and ethyl acetate (50 ml) were added to the 

residue. The mixture was extracted in a separatory funnel, and the 

ethyl acetate layer was removed. The aqueous portion was extracted 

with a second volume of ethyl acetate (25 ml). The ethyl acetate 

extracts were combined, washed once with water (20 ml), dried (MgS04), 

f11 tered, and evaporated to recover the N ex -Cbz-N t.: -Tos-L-Lys-al 

semicarbazone. 

1H NMR (60 MHz, 

67.0-6.9 (d, 11-1, 

65.0 (s, 21-1, 

CDC13)67.7-7.1 (dd + s, 

-NH-); 6 6.0-5.8 (br.s, 

tl 4.2-4.0 

91-1, 

31-1, 

(m, 

-C61-14' -C6 H5); 

=N-NH-CO- NH2); 

1 H, ex -CH-); 



02.9-2.7 (br.m, 2H, E: -CH2-); 

81.6-1.1 (br.m, 6H, S, y, lI-CH2-) 

offset 200 Hz 89.9 (br.s, 1H, -CH=N-) 

82.3 (s, 
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3H, -C6H4-CH3); 

Synthesis of Na-t-Boc-L-Ala-N-methoxy-N-methyl amide 

A solution of N a -t-Boc-L-Ala (0.95 g, 5.0 mmol) in 

dichloromethane (25 ml) was stirred at 27°C, and triethylamine (505 mg, 

0.70 ml, 5.0 mmol) was added from a syringe. N,D-dimethyl 

hydroxylamine hydrochlorlde (0.95 g, 11.5 mmol) was added in one 

portion as a solid to the Boc-L-Ala solution, followed by N-ethyl-N'-

ethyl-2-dimethyl-aminocarbodiimide (0.95 g, 6.7 mmol). Additional 

triethylamine (0.75 ml, 5.3 mmol) was added with a syringe, and the 

reaction was stirred for two (2) hours at 27°C. The reaction was 

diluted with dichloromethane (125 ml), and extracted successively with 

cold 4% HCI (2 x 50 ml), saturated sodium bicarbonate (2 x 50 ml), and 

brine (2 x 50 ml). The dichloromethane was dried over MgS04' filtered, 

and evaporated. The product, Na-t-Boc-L-Ala-N-methyl-N-methoxy amide, 

was obtained as a white solid. 

0.80 g; 68.8% yield; m. p. 1f,9. 0 -150 . 0 ° C . 

(literature ref.: 

(1983) mp 150°) 

Fehrentz, J.; and B. Castro; Synthesis, 675 

1H NMR (60 MHz, CDCl3) 85.3-5.1 (br. d, 1H, -NH-); IS 4.8- f+.5 (q, 

1H, a-CH-); IS 3.7 (s, 3H, -OCH3); IS 3.2 (s, 3H, -N-CH3); IS 1.1, (s, 

9H, (CH3)3C-); IS 1.3-1.2 (d, 3H, -CH3). 



Reduction of NU-t-Boc-L-Ala-N-methoxy-N-methyl 
amide to NU-t-Boc-L-Ala-al 

A solution of NU-t-Boc-L-Ala-N-methoxy-N-methyl amide (460.0 

mg, 2.0 mmol) in anhydrous THF (20.0 ml) was cooled to 0°C under argon 

atmosphere. The cold solution was stirred at 0°C while a suspension of 

lithium aluminum hydride (100 mg, 2.5 mmol) in dry THF (10.0 ml) was 

added dropwise over ten (10) minutes from a pressure equalizing 

addition funnel. The reaction was stirred for fifteen (15) minutes at 

0° after the addition of the hydride was completed; the ice/water bath 

was removed, and after ten (10) minutes the reaction was quenched. A 

solution of potassium sulfate monobasic (0.5 g in 10 ml of water) was 

added cautiously dropwise to the reduction, to quench any un reacted 

hydride. The aqueous THF was extracted with diethyl ether (2 x 50 ml); 

the combined ether extracts were washed successively with cold 4% HCI 

(2 x 25 ml), saturated sodium bicarbonate (2 x 25 ml), and brine (2 x 

25 ml) . The ether solution was dried (MgS04)' fil tered, and 

evaporated. The product, NU-t-Boc-L-Ala-al, was obtained as a white 

solid. 

200.0 mg; 57.7% yield; m.p. 80.0-82.0°C 

literature ref.: Fehrentz, J.; and B. Castro; Synthesis, 675 

(1983), m.p. 88.0-89.0°C. 

6 9.6 (s, 1 H, -CHO); 6 5.6-5.5 (br.d, 1H, 

-NH-) ; 6 4.2 (m, 1H, a-CH-); 

61.3 (d, 3H, -CH3)' 
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Synthesis of NU-t-Boc-N E-(2,6-dichlorobenzyloxycarbonyl)
L-lysine-N-methyl-N-methoxy amide 

A solution of NU-t-Boc-NE -(2,6 dichloro Cbz)-L-lysine (850 mg, 

1.9 mmol) in dichloromethane (50 ml) was stirred at 27°C, and 

triethylamine (2.0 mmol, 0.28 ml, 202 mg) was added via a graduated 

micropipet. Two (2) minutes later, N-ethyl-N'-ethyl-2-dimethylamino-

carbodiimide (400.0 mg, 2.8 mmol) was added. The solution was stirred 

for three (3) minutes, and N,O-dimethyl hydroxylamine hydrochloride 

(200.0 mg, 2.05 mmol) was added in one portion as a solid. 

Tricthylamine (0.28 ml, 2.0 mmol) was added again to the solution 

immediately after adding the N,O-dimethylhydroxylamine hydrochloride. 

The reaction was stirred under a CaC12 drying tube at 27°C for ninty 

(90) minutes. Dichloromethane (200 ml) was added to the solution; the 

dichloromethane was extracted successively with cold 4% HCl (2 x 75 

ml), saturated sodium bicarbonate (2 x 75 ml), and brine (2 x 75 ml). 

The dichloromethane was dried (MgS04), filtered, and evaporated in 

vacuo to a sticky white foam. Recrystallization was attempted from 

dichloromethane and dichloromethane/hexane mixtures; when these proved 

unsuccessful, chromatography on silica gel was decided upon as a 

purification method. A column (24 mm x 160 mm) was equilibrated in 

dichloromethane. A portion (750 mg, 1.5 mmol) of the crude NU-t-Boc-

N E -(2,6 dichlorobenzyloxycarbonyl)-L-lysine-N-methyl-N-methoxy amide 

was dissolved in 2 ml of dichloromethane and chromatographed. 

Fractions of approximately 12 ml were collected at ten (10) minute 

interval (flow rate 1.2 ml/min). At fraction #30 (360 ml eluent), 

ethyl acetate was used as the second eluent for 150 ml (to fraction 
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#45); ethyl acetate/methanol (9/1, v/v) was used to elute fractions 

#L~6-65. The N -t-Boc-N -(2,6 dichloro Cbz)-L-lysine-N-methyl-N-methoxy 

amide was obtained as a clear, colorless oil. 

225.0 mg; 24.0% yield; Rf 0.40 (ethyl acetate); Rf 0.67 

(ethyl acetate/chloroform, 1/1, v/v). 

lH NMR (61ll MHz, CDC13) 87.7-7.2 (m, 4H, -C6 H4Cl -) ; 8 5.5-5.4 

(br.d), 1 H, -NH-) ; 85.3 (s, 2H, -CH2-C6H4Cl) ; 8 5.1-5.0 

(br.d, 1 H, -NH-) ; 04.3-4.1 (nl , 1 H, a-CH-); 0 3.8 (s, 3H, -

OCH3) ; I) 3.6-3.4 (m, 2H, E: -CH2-) ; I) 3.2 (s, 3H, -N(OCH3)CH3); 



CHAPTER 4 

INTRODUCTION - SYNTHETIC METHODS FOR PREPARATION OF 
a-SUBSTITUTED CYSTEINE ANALOGUES 

The naturally occurring a -amino ocids cysteine 
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and 

penicillamine (see Figure 8) are trifunctional amino acids which have a 

thiol (sulfhydryl) group at the a-carbon atom. The two electron 

oxidation of two sulfhydryl groups produces a disulfide bond, -S-S-. 

When a peptide or protein chain contains two cysteine or penicillamine 

residues in its a-amino acid sequence, the oxidation of the two 

sulfhydryl groups to form a disulfide will confer a cyclic structure on 

the peptide or protein. The process of disulfide bond formation and 

disulfide cleavage is an important mechanism for controlling the 

tertiary structure of peptide hormones and proteins. 

The amino acid penicillamine (or S-mercapto-S-methyl-S-amino 

butonoic acid) hos been of interest as a sterically restricted analogue 

of cysteine. The formation of a Cys 
I~ 

Pen, a Pen Cys, or a Pen Pen 

disulfide bond produces structures that are much more restricted in 

terms of conformations available to a given peptide with respect to a 

I 
Cys 

I 
Cys disulfide. There are two different conformational aspects 

which are affected by the presence of G-substituents on either side of 

the -S-S- (disulfide) bond. First, the disulfide bond angle of a 

penicillamine containing disulfide will generally be larger than that 



o 
II 

H N-CH-C-OH 
2 I 

CH2 I 
SH 

o 
II 

H N-CH-C-OH 
2 I 

CH -C-CH 
3 I :3 

SH 

CYSTEINE 

PEN!CILLAMINE 

Figure 8. Structures of Cysteine and Ponicillamine 
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I 
of a Cys 

I 
Cys disulfide bond angle. The second aspect involves the 

consideration of the interaction of the B-substituent(s) with the 

functional groups of the other amino acid residues. These transannular 

interactions of the gem-dimethyl groups are a major reason for the 

greatly reduced number of available conformations in a penicillamine 

containing disulfide linkage. 

The consideration of these factors in the area of enkephalin 

analogues was investigated in Professor Hruby's laboratories by H. 

Mosberg and R. Hurst (25); these workers prepared the cyclic enkephalin 

analogue, [D-Pen 2 , D-Pen 5 ]-enkephalin (DPDPE). The bis-D-penicillamine 

enkephalin was found to be the most o-receptor selective enkephalin 

reported. 

In view of the successful exploitation of conformational 

restriction by the substitution of penicillamine residues in DPDPE, and 

for the development of peptide hormone analogues in the areas of 

somatostatin-like opiates (26) , and oxytocin (27) ; a synthesis 

of B-substituted cysteine analogues with alkyl groups other than methyl 

was needed. Ideally, such a synthesis should allow for the 

introduction of functional groups (for example, aromatics), as well as 

simple higher alkyl homologs of penicillamine. 

In order for tile hypothesized cysteine/penicillamine analogues 

to be useful for the synthesis of peptido hormones, consideration must 

be given to blocking ("protecting") the functional groups. The 

Merrifield solid phase peptide synthesis strategy of a-amino t-

butyloxycarbonyl (N a -t-Boc) with benzyl (-Bzl) or substituted benzyl 



side chain pl-otection has been used most extensively in Professor 

Hruby's laboratories for the synthesis of peptide hormones. In view of 

this consideration, any synthesis of B-substituted cysteine analogues 

should give Na-t-Boc-B -S-benzyl protected compounds; or alternatively, 

the synthesis could produce compounds which have protecting groups 

which are readily removable and replaceable by Na-t-Boc and S-S-benzyl 

blocking groups. 

The problem of stereochemistry must also be evaluated whenever 

the target molecules are a-amino acids, or derivatives of a-amino 

acids. In the case of S-substituted amino acids, the problem becomes 

more complicated when the S-substituents are non-equivalent. The 

presence of non-equivalent S-substituents creates a second 

chiral carbon at c- S. The stereochemical consequence of a 

second chiral carbon is that there are four diastereomers possible for 

any amino acid which has a chiral center at C-a and C-S. The four 

diastereomeric structures for amino acids of this type are shown in 

Figure 7. The diastereomers can be classified as two pairs of 

racemates. The racemic pair which has the same absolute configurations 

at c-a and C-S is designated erythro (that is, the racemic (2R, 3R) and 

(2S, 3S) compounds). The racemate which consists of enantiomers having 

opposite absolute configurations at C-a and C-S (tIle (2R, 3S) and (2S, 

3R) enantiomers) is dcsignated UlrCO. This conccpt is illustrated in 

Figure 7 for the simplest case, that of half-penicillamine ( S -methyl 

cysteine) . 
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H H 

H2N --+-- C02H CO2 H ---t--- NH2 

HS CH3 CH3 SH 

H H 

2R,3R (erythro) 28,38 (eryfhro) 

H H 

H2N --1--C02H C0
2
H--t--NH2 

CH 3 SH HS CH3 

H H 

2R,3S (threo) 2S,3R (threo) 

Figure 9. Stereoisomers of flalf-Penicillamine U3-Methylcysteine) 
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Generally, one specific three dimensional configuration of a 

given amino acid will be responsible for a specific biological 

activity. The substitution of another enantiomer or another 

diastereomer for the residue in question may lead to an increase in 

biological activity, decrease or loss of bio-activity, or even give an 

antagonistic biological response. 

There are three conceptually different strategies possible when 

one is considering stereochemistry control (or the lack thereof) in 

any type of a-amino acid synthesis, witll a view of using the amino acid 

in a peptide synthesis. The first (and simplest) method is to simply 

disregard stereocontrol at the amino acid level, and prepare racemic 

amino acid. The racemate of the amino acid is then coupled in the 

peptide chain, which produced two diastereomeric peptides (in the case 

of only one chiral center at C-a). In most cases, the resulting 

diastereomeric peptides can be readily separated by one of a number of 

powerful separation techniques currently available. The technique 

which most peptide/organic chemists would attempt first would probably 

be reversed phase high performance liquid chromatography (RP-HPLC). 

This route becomes less attractive in the case of amino acids which 

have two chiral centers; the coupling of a racemate of this type of 

amino acid then gives four diastereomeric peptides. One would 

anticipate that it would be much more difficult to find an HPLC system 

to cleanly resolve all four peaks. There is also a second problem 

which arises, that of assjg!:!.l!:!g which configuration of the amino acid 

belongs to which peak. This is of critical importance when one finds 



57 

that a particular diastereomeric peptide has significant biological 

activity. Before any further meaningful structure-activity 

relationships (SAR) can be done, it is essential to know whether a 

pat'ticular amino acid residue is, for example, dextrorotatory (d) 

versus levorotatory (1). Thus, although the approach of coupling 

racemic amino acid followed by separation after the peptide of interest 

has been synthesized is by far the simplest method, it may give rise to 

a large number of problems in separation, or in assignment of 

stereochemistry later. 

The second choice for dealing with the question of 

stereochemistry is to separate the enantiomers (or the diastereomers) 

of the amino acid before synthesizing the desired peptide. This 

approach permits the stereochemical assignment of the amino acid to be 

made much more readily than after the compound has been incorporated 

into a peptide chain. However, it is generally much more difficult to 

separate amino acid enantiomers or diastereomers from each otller than 

it is to separate diostereomeric peptides. 

The third method, which is currently the subject of intense 

investigation (28), is to stereoselectively or stereospecifically 

synthesize the different enantiomers or diastereomers of a specific 

amino acid. This approac~l completely avoids the problem of separation 

of similar type molecules at the amino acid or the peptide level. The 

major problem with this method is that one must prove the 

stereochemical integrity of the molecule; the compound which is 
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synthesized must be shown unequivocally to be free of contamination by 

the undesired isomer(s). 



CHAPTER 5 

RESULTS AND DISCUSSION - PREPARATION OF 
-SUBSTITUTED CYSTEINE ANALOGUES 
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The initial goal of this work was to develop a general, 

practical method for the synthesis of -substituted cysteine analogues. 

The problem of stereochemical control was of less importance than the 

question of a flexible method which could be readily scaled-up to 

multi-gram quantities. The preparation of large quantities of cysteine 

analogues brought to mind the major fault of many otherwise elegant 

organic syntheses--a great number of proparation methods for organic 

compounds are simply irreproducible once one attempts to work at 

quantities above the millimolar or sub-millimolar level. When one is 

using an amino acid for solid phase peptide synthesis however, a large 

excess (generally three-fold or greater) is essential to drive the 

coupling reaction to completion. Thus, even for a peptide synthesis at 

the 1.0 millimole level, at least 3.0 millimoles of amino acid per 

coupling will be required. Since double couplings of amino acids are 

commonly employed, one is already in need of six millimoles of amino 

acid in order to ensure complete reaction of the amino acid with the 

growing, resin bound peptide chain. 

The starting materials selected for the synthesis of the 

substituted cysteines were a,B-dehydro amino acids, as shown in Figure 

10. The reason for choosing these compounds as a starting point was the 
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Geometrical Isomers (R 1 t- R2 ) 

Figure 10. Structure of a ,r. -Dehydro-a-Amino Acids 
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fact that a large number of methods for the preparation of a, S dehydro 

amino acids were already known (29). A second reason was as follows: 

we anticipated that the sulfur atom would be introduced to the starting 

material as either a nucleophile (R-S- or as an electrophile (R-S+). 

The a, S dehydro amino acid moiety was deemed to be satisfactory for 

either nucleophilic or electrophilic introduction of sulfur. As shown 

in Figure 11, a sulfur nucleophile would be expected to attack the a, S 

dehydro amino acid in a Michael addition at the -carbon. 

Alternatively, a sulfur electrophile would also be expected to attack 

at the S-carbon; the reduced electron density at c-a would favor the 

attach of any electrophilic species at C-S (see Figure 11). 

The first experiments that were attempted for the a,S-dehydro 

amino acid esters involved the decomposition of a-azido esters (30). 

The synthesis of Na-acetyl-a,S-dehydro amino acid esters by the rhenium 

heptasulfide catalyzed decomposition of a-azido esters (31) was of 

interest, since the Na-acetyl cysteine analogues were potentially 

resolvable by amino acylase. Interestingly, a base catalyzed (lithium 

ethoxide) decomposition of azido esters to a ,S-dehydro amino acid 

esters has also been reported (32). 

The required a-azido esters were prepared as shown in Figure 

12. The Hell-Volhard-Zelinsky reaction of a carboxylic acid with 

ptlOsphorous pentabromide (generated in situ by addition of 1.0 molar 

equivalent of bromine to phosphorous tribromide), followed by carefully 

quenching the a-bromo acyl bromido with absolute ethanol, produced the 

a-bromo ester intermediates in 60-80% yield. The halo esters were 
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Figure 12. Syntt18sis of a-Azido Esters via IIell-Voltlat"d-Zelinsky 
Hcoction 
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isolated/purified by extractive workup, followed by high vacuum 

distillation through a Claisen distilling head. The Claisen head was 

fitted with a rotatable two or three flask fraction cutter to permit 

the fractioning off of lower boiling impurities before collecting the 

bromo ester product. 

The resulting a-bromo esters were converted to the 

corresponding a -azido esters by an SN2 displacement reaction with 

sodium azide in hot dimethylformamide (DMF). The a-halo ester was 

reacted with a 100% excess (2.0 molar equivalents) of sodium azide in 

anhydrous DMF, at 80-90°C (oil bath) overnight (12-20 hours). The a-

azido esters were isolated by cooling the DMF to 27°C, pouring into an 

equal volume of water, and extracting the azido ester into an organic 

solvent (diethyl ether or ethyl acetate). The organic solution was 

tllen dried with MgS04' filtered, and evaporated. The residue was then 

distilled through a Claisen head in vacuo, again utilizing a fraction 

cutter with the Claisen head to separate the impurities from the a-

azido ester. The yields for the azide displacement reaction were 50-

70%. The structures of both the a-bromo esters and the a-azido esters 

were checked by 1H NMR spectroscopy; the a and S hydrogens were 

diagnostic for differentiating the a-bromo vs. the a-azido esters. 

The decomposition of the azido esters (Figure 13) was done 

according to the "idealized" conditions given in the original 

literature (31): acetic aCid/acetic anhydride (3/2, v/v, 10 ml/mmol 

azido ester) was added to the a-azido ester, followed by concentrated 

hydrochloric acid (5-10 drops). Rhenium heptasulfide (33) was added in 
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Figure 13. Decomposition of a-Azido Esters with Acetic ACid/Acetic 
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one portion as a sOlid; catalytic amount (1.0 mole percent) was used. 

It should be noted that the relatively high cost of the rhenium 

heptasulfide would render this reaction extremely expensive if 

stoichiometric amounts of Re2S7 were required. The mixture was flushed 

thoroughly with argon and heated to slow reflux under a water cooled 

condensor with a heating mantle or with a variable transformer 

controlled heating mantle. After refluxing overnight, the reaction 

mixture was removed fr0m the heat source, cooled to 27°C, and poured 

into water. 
CI. 

The organic products, including the N -acetyl-Cl.,S-dehydro 

amino acid ester, were extracted into chloroform or ethyl acetate. 

Since the organic extracts were inevitably highly acidic at this pOint, 

the solvent was extracted with or stirred with aqueous sodium carbonate 

to neutralize the acetic aCid/HCI which was present. This procedure 

was done in order to avoid such potential side reactions as acid-

catalyzed hydrolysis of the NCI.-acetYI group, isomerization of the CI., S 

carbon-carbon double bond, or acid induced hydrolysis of the ethyl 

ester. The solvent was then dried (MgS04), filtered, and evaporated to 

obtain the products. 

The Re2S7/HCI induced azide decomposition shows little, if any, 

preference for the ~ (trans) vs. the ~ (cis) isomer. (The cis or trans 

aSSignment is based on the higher priority S-substituent being on the 

same side (~, cis) or opposi te (~, ~rans) the rf - acetyl group). The 

lack of geometrical isomer selectivity was of no concern for purposes 

of my synttletic plans, since the next step--tlle introduction of the 

sulfhydryl moiety--proceeded with equal efficiency for both isomers. 
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It should be noted, however, that in those synthetic problems where one 

geometrical isomer is required, that flash column chromatography in 

non-polar solvents (EtOAc/hexanes) generally effected clean separation 

of the ~ and the ~ isomers. The aSSignment of the ~ or ~ isomer can be 

readily accomplished by using Olsen's rule (34). Olsen found that the 

addition of triflouroacetic acid (TFA) to NMR samples which were 

recorded as CDCl3 solutions induced a downfield shift (deshielding) of 

the resonance for the vinyl S-H atom in the Z (cis) isomer. 

Conversely, the vinyl S-H atom of the E (trans) isomer showed an 

upfield shift (shielding). Thus, any CI. ,S-dehydro amino acid (or the 

ester derivative) can be readily assigned as ~, ~, or a mixture 

provided that one of B-substituents is hydrogen. 

A problem which occurred with this chemistry, and which was not 

solved definitively, was the reaction sometimes gave, in addition to 

the NCI.-acetyl-Cl.,S-dehydro ester, 
CI. 

the diacylated (N -diacetyl CI. ,S-

dehydro amino acid ester). In one case (CI.,B-dehydrophenylalanine ethyl 

ester), the diacetyl compound was the major product. Although in the 

original reference the authors noted that diacylation was a problem, 

they claimed that a proper solvent proportion (3/2, v/v, HOAc/Ac20) en-

CI. CI.' 
sured minimal production of the N ,N -diacetyl products. However, I 

CI. 
found that the amount of.N -diacetyl amino acid ester which resulted 

seemed to depend upon factors Wllich were not easily identifiable. 

Moreover, it was not possible to control from reaction to reaction the 

CI. CI.' 
amount of tho N ,N -diacetyl dehydro amino acid ester versus the NCI._ 

acetyl dehydro amino acid ester. 
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A second, and equally serious, problem was that the chemical 

yields for the azido ester decompositions were often low (20-30%). 

This was surprising, since there were no obvious procedures in the 

workup of the reactions where large losses of tho organic products 

could be accounted for. One possibility was that the ethyl ester group 

was hydrolyzed due to the hot, acidic conditions of the reaction. The 

resulting a ,S-dehydro carboxylic acid would then have been extracted 

into the aqueous sodium carbonate extractions while neut,-alizing the 

organic extracts. 

The possible mechanism of the rhenium catalyzed azide 

decomposition is of interest; and was considered by this author, and 

discussed with my colleagues, in an effort to deduce possible 

improvements. One possible mechanism is shown in Figure 14. Although 

the mechanism as shown involves a free nitrene, it is equally likely 

that the subsequent rearrangement steps are concerted with the 

decomposition, such that a free nitrene is never actually produced. 

The formation of a five membered ring with the catalyst would be 

expected to be a facile process (35); tIle dissociation of this sulfur 

triazole as shown in Figure 14 regenerates the catalyst with the 

release of a nitrogen molecule. The heterocyclic ring formation and 

the entropically favored liberation of nitrogen are both factors which 

would render the azide decomposition energetically favorable. 

A modification of the Re2S7/HOAc/Ac20 mixture was tried, in an 

attempt to both increase the low chemical yield and minimize/eliminate 

the problem of diacylation. A combination of triflouroacetic acid 
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(TFA) and triflouroacetic anhydride (TFAA) was substituted for the 

acetic aCid/acetic anhydride. The anticipated 
a 

N -triflouroacetyl 

dehydro amino acid esters were expected to be compatible with the 

subsequent introduction of sulfur at the S-position. 
a 

Furthermore, N -

triflouroacetyl protected amino aCids can often be resolved by acylase 

enzymes, although the triflouroacetyl group is not a natural substrate 

for amino acylases. 

The TFA/TFAA solvent combination was mixed in a ratio so as to 

give a molar ratio of aCid:anhydride which was the same as acetic 

aCid/acetic anhydride (3/2, v/v). The same conditions (slow refluxing 

overnight) and catalyst amounts (1.0 or 2.0 mole percent) were used as 

previously. 
a 

The N -triflouroacetyl-a,S-dehydro amino acid esters could 

be isolated from these reactions; the problems of low chemical yield 

and diacylation remained, however. 

The production of diacylated dehydro amino acid esters by the 

TFA/TFAA mixture was not surprising in view of tIle increased reactivity 

of TFAA as compared to acetic anhydride. It should be possible to 

control the amount of diacylated product by carefully monitoring the 

reaction; HPLC or 1H NMR would be the methods of choice. It should be 

possible to optimize the reaction times/conditions to favor the 

monoacylation reaction and minimize the diacylated product. However, 

the problem of disappointingly low yields from both the Re2S7/HOAc/Ac20 

and the Re2S7/TFA/TFAA reactions was less easy to resolve. Since I was 

interested in the a,S-dehydro amino acid esters only as intermediates, 

a 
I abandoned the azide decomposition, and employed instead N -formyl 
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((,B-dehydro amino acid esters. These compounds were readily available 

by Schollkopf's condensation of ethyl isocyanoaceLutc wiLh aldehydes or 

ketones, as discussed below. The azide decomposition reaction is still 

an interesting method, and potentially of synthetic utility. The use 

of different high-valence transition metal catalysts, different 

reaction times/temperatures, or possibly cosolvents with the HOAc/AcO 

or TFA/TFAA mixtures could be used to try to maximize the yield of the 

N((-acetyl or N((-triflouroacetyl (( ,B-dehydro amino acid esters. 

The method used for the synthesis of the intermediate a,6-

dehydro amino acids was the condensaLion of ethyl isocyanoacetate with 

an aldehyde or a ketone, as developed by U. Schollkopf and coworkers 

(36) . This reaction, with the presumed intermediate, is shown in 

Figure 15. 

The initial step in the reaction scheme is the formation of the 

anion of ethyl isocyanoacetate by the abstraction of one of the doubly 

activated methylene protons by a strong organic base. The ethyl 

isocyanoacetate anion then acts as a nucleophile, attacking the 

electrophilic carbonyl of the aldehyde of the ketone. Tile now 

negatively charged oxygen atom of the aldehyde or ketone can attack the 

isocyanate group to form a 5-membored ring structure, which is 

postulated to be the key intermediate in the condensation (see the 

l)rockoted lile r'()(lrTUIlCjOmont of Lhis 

electron-delocalized species, followed by protonation from the solvent 

(( , (' quench, loads to un N -formyl-U, " cI()llycll~o umino ocicJ esLer. 
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A brief discussion of the advantages and of the limitations of 

the Schollkopf condensation is appropriate here. The major advantage 

of this method is the fact that amino acids having two alkyl groups at 

·the S -posi tion, 01- one alkyl group anel one hydrogen can both be 

prepared with this synthesis. The use of an aldehyde in the 

isocyanoacetate condensation leads to a dehydro amino acid which has an 

alkyl group and a hydrogen at C-S; condensation of a ketone gives 

unsaturated amino acids with byo alkyl groups at C- S. 

The two major limitations of SCllOllkopf's method are the yields 

of products and the relatively high cost of the key starting material, 

ethyl isocyanoacetate. The yield of NU-formyl-a,S-dehydro amino acid 

ester, for a large variety of aldehyde and ketone substrates, is 

generally < 50%. In some cases, slightly higher yields have been 

obtained, Ilowever, fOI- evel-y case wllere Ule yield exceeded 50%, there 

were examples where the yield was less. The figure of 50% as an upper 

limit was arrived at after a very lurge number of experimental 

variation in reaction time, temperature, and quenching reagents. This 

figure is also based on not just the reactjons done by this author, but 

also by my coworkers Dr. Wayne Cody, Mr. Cosey Russell, Ms. Cathy 

Gehrig, and our I~espective undel·grudu(Jlf:~;. 1\ mCljor contributor to tile 

yields could be the relative instability of the ethyl 

isocyanoClcetate; wll()rt U10 cOlllpOIJrld is fn;:;llly fJr"uP(w()(1 olld st.ored undor 

argon at -20°, the initially colorless liqUid still becomes dark brown 

within 1-2 days (37). TIle syntlle:;is or ethyl isocyanoacotate is shown 

in Figure 16; the preparation involves UfO pllOsgene induced dehydration 



CI-CO-CI /6. 
---------------~ 
CH2CI2 / N(C2H5 )3 

-H20 

1. Purified by distillation. 
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o 3. Disco:1ors in 1-2 days under arfjoll at -20 . 

Figure 16. Preparalion of Ethyl Isocyanoocelate 
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of N (J. -formyl glycine eUlyl ester in antlydrous tetr-allydrofuran (THF) 

with triethylamine. Generally, our laboratory tlOS purcllOsed the 

compound from commercial sources (38), since the synthesis requires the 

use of large amounts of the toxic gas phosgene. 

The first successful preparation of ~ -substituted cysteine 

(J. 

analogues was accomplished by the direct sulfenylation of N -formyl-(J.,~ 

dehydro amino acid esters with phospllOrous decasulfide (Pl~S10)' The 

reaction is shown in Figure 17. The rapidity and simplicity of this 

synthesis are appealing; the phosphorous decasulfide is added as a 

(J. 

solid to the N -formyl-a,~-dehydro amino acid ester in dry benzene, and 

the mixture is heated to reflux for one to two (1-2) hours. The 

benzene solution is then filtered or decanted from the insoluble 

residue which forms, evaporated, and hydrolyzed in aqueous acid to 

obtain the free sulftlydryl form of tire i3 -stlbstituted cysteine analogue. 

Since the free sulfhydryl form of t~re cysteine analogues was 

susceptible to oxidation by air and atmosptleric water, the products 

fr-om the sulfenylotion reaction wore gellerally pr-ot.ect.ed immediately at 

(J. 

the (3 -thiol group. The N -formyl and t.he ethyl ester groups were 

removed by hydrolysis in refluxing aqueous hydrochloric acid (4N), 

after purging the reaction with uryon for several minuLes. HlO ar'yon 

purge was used to remove as much dissolved air/oxygen as possible to 

prevent disulfide bond formutlon. I tl(~ Ilydr'o I y:; I:; :, tep loins necessary 

since the N~formyl and the ethyl esLer groups were both unstable to 

the conditions required for the protection of tlw [3 -sulfhydryl group. 

The classical S-benzyl group of duVignealld (39) was abandoned in favor 
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of the more satisfactory S-para-methylbenzyl group. The reason for ttle 

use of the S-para-metllylbenzyl group wns that tilO S-benzyl group is 

known to be too stable to the conditions commonly employed for the 

cleavage of pep tides from solid phase resin--liquid hydrogen flouride 

(HF) , in the presence of carbocation scavengers such as anisole or 

dimetllylsul fide. The carbocation scavengers are necessary to prevent 

alkylation of such residues as trytophan and histidine bV the tert

butyl carbocation which is formed during the cleavage of the tert-

butyloxycarbonyl (t-Boc) group. The addition of the methyl group to 

the 4- position of the benzyl mOiety jncreases its lability to the 

point that it is quantitatively removed by liquid HF. HOI-lever the 

Qara- meUlylbenzyl group is still sufficiently stable to the intermedi

ate triflouroacetic acid treatments which are used to remove the t-Boc 

groups at the beginning of each new coupling cycle. 

The protection of the sulfhydryl group is relatively simple; 

the anion of the thiol is produced by treating the free sulfhydryl 

form of the amino acid with metalliC sodium in liquid ammonia at -78 0 

(dry ice/acetone). The anion is then quenched by injecting a -chloro 

para-xylene directly into the ammonia solution. The a~nonia is then 

allowed to evaporate (generally with Liw aid of a nitrogen stream) 

overnight. The residue is dissolved in distilled, deionized water, and 

Ule pI! of tllO basiC solution is wljll:;t.cd to bel.l-men fjve und six by 

adding glacial acetic acid. The ZI-/i t tet-ion ic form of the S -S-para-

methylbenzyl protected cysteine anal09110 then preCipitates from the 

aqueous solution, generally in very pure form. 
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This synthesis of the cysteine analogues was used to prepare a 

series of four symmetrically substituted cysteine analogues, as shown 

in Figure 18. The analogues shown were chosen for the following 

reasons: 

1. The symmetrical substitution at C- B meant that only one chiral 

center was produced--that at c-u. 

2. The structures shown represent a logical, progressive increase 

in the steric requirements of the 0-position; from the diethyl 

substitution to the cyclopentyl and cyclohexyl, and finally the 

para-tert-butyl cyclo~10xyl. 

3. The final structure, the B -S-para-metllylbenzyl-B,i3 -( 4-t-

but Y I) cyc lopen tame Lllyl enecys te irw, is of theoretical interest. 

The para-tert-butyl substitution on tIle cyclopentametllylene 

ring should exist in only one conformation--that in which the 

bulky tert-butyl group is in the equatoria~ position. 

The overall scheme for the synthesis of the four symmetrically 

substituted cysteine analogues is shown in Figure 19. The yields for 

the suI fenylation of ttlC unsatlwated C( ,f:>-dehydro amino acid esters, 

the hydrolysis of the N -formyl and ester groups and the yields for the 

protection of LtlO sulnlydryl group vlere generally good (60-70% or 

higher) . I t should be noted ttlOt bOLtI LtlO i3-S-benzyl and B -S-para-

methylbenzyl unalogues were prepared, even though the i3-S-benzyl 

pl"otected compounds were unsatisfactory for solid phase peptide 

synthesis for reasons described above. Thus, the initial step of the 
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a 
synthesis, the preparation of the N -formyl-a, B-dehydro amino acid 

esters, represents the rate limiting step of the method. A careful 

study of the effect of variations of time, temperature, and organic 

base used might permit the yields of this condensation reaction to be 

improved. Although as already noted, both this author and my coworkers 

tried a large number of different conditions, no systematic study of 

the different variables was done. 

Although the first method of direct sulfenylation with P4S10 of 

(J.,B-dehydro amino acid esters had proven to be satisfactory, it was 

deemed desirable to be able to synthesize cysteine analogues which were 

S-protected directly. This was both for reasons of synthetic 

efficiency, and because occasionally at the acid hydrolysis step or at 

the introduction of the B-S-para-methylbenzyl protecting group, 

unexplainable low yields were encountered. 

Since the first synthesis (direct sulfenylation) could be 

regarded formally as an addition of HS- to an unsaturated amino acid 

ester, it was reasoned that it should be possible to add RS- (R 

benzyl or pal-a-methylbenzyl) in a similar manner. In fact, one would 

anticipate that ttle electron donating properties of a benzyl 01- a para-

mettlylbenzyl group should make tilis reaction more facile than tile 

addition of I1S-. 

This assumption proved to be fully justified. I found that I 

could generate a solution of lithium benzyl thiolate, or littlium para-

methylbenzyl thiolate in anhydrous TllF by adding n-butyl 11 thium to a 

dry THF solution of benzyl mel-captan or para-metllylbenzyl mercaptan. 
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The inverse addition of one of these anions to a dry THF solution of an 

N
U
-formyl-u,0-dehydro amino acid ester gave directly the 0-S-benzyl or 

the 0-S-para-methylbenzyl protected cysteine analogue. 

Initially, the addition of the sulfur anion, and the subsequent 

reaction, was done at dry ice/acetone (_78°) temperature. However, 

virtually no addition of the sulfur anion occurred at this low 

temperature. Instead, the starting material was recovered, along with 

the mercaptan and the disulfide derived from oxidation of the 

mercaptan. 

The subsequent reactions were done at temperatures either 0°e 

27°e; the anion formation was done at -78°e, since the stability of the 

anion was not known. Since n-butyl 11Lilium is a very strong base, it 

was assumed that complete deprotonation of the thiol group would occur 

even at this low temperature. Indeed, at 0°e or at 27°e, conjugate 

addition of the lithium benzyl thiolate or the lithium 

methylbenzyl thiolate occurred readily. The yields for the addition 

were generally 60-70%, after preliminary experiments to establish 

optimal reaction times. 

The reaction, as noted above, was done as an inverse addition. 

This means that after the sulfur anion was generaLed, it was added to 

a solution of the NU-formyl u, 0 dehydro amino acid ester, rather than 

adding the unsatunlted ester to ttw suI fur anion. 1 he major reason for 

this was to avoid two possible Side reactions: 1 . the nucleophilic 

U 
attack of the sulfur anion on the N formyl group to give an 

U 
thiobenzyl or an [\J -para-methyltlliobcnzyl amino acid ester; 2. the 
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nucleophilic attack of the sulfur anion on the ethyl ester, resulting 

in formation of a thioester. Both of these side reactions would have 

been greatly favored in the presence of excess nucleophile; a situation 

which would have resulted had the amino acid ester been added to the 

sulfur anion. When the inverse addition technique was used, even with 

a 2-3 fold excess of sulfur nucleophile, no evidence (thin layer 

cllromatography or 1H NMR) for either of the two side reactions referred 

to above was seen. The only side products seen besides the starting 

material were either the starting mercaptan or the disulfide derived 

from oxidative coupling of the mercapLan. 

It should also be noted that the expectation that the 

nucleopllilic lithium benzyl thiolatc~ or Ii Ulillm Rora-methylbenzyl 

thiolate would give a more facile addition to the carbon-carbon double 

bond was borne out. The addition of HS- via the reogent phosphorous 

decasulfide required refluxing benzene temperature (80°), while the 

thiolate addition occurred readily at room temperature (27°) or below 

The overall synthetic scheme for this second method of 

synthesizing S-substituted cysteine analogues is shown in Figure 20. 

The most interesting areas of possible experimentation with a view Lo 

improving the yields of the thiolate addition would be: 1 . use of a 

different organic buse suel-} as terL--bllLyl Ii LIlium or liLhium 

diisopropylamide; 2. use of a different metal cation; 3. LIse of 



different solvents; 4. addition of hexamethylphosphoric triadmide 

(HMPA) to the reaction; IIMPA has been sllOlom to improve a great number 

of reactions involving anions. 

The intermediates of the method which is shown in Figure 20, 

and the 
a 

protected N -t-Boc-, S-benzyl (or 
a 

N -t-Boc-, S-para-

methylbenzyl) S ,S-dialkylcysteines were characterized by melting 

pOint, 'H NMR, thin layer chromatography, and CHN analysis. The 

properties of the Na -formyl-, S-benzyl-S,S-dialkylcysteines, the 

S-benzyl-S,S-dialkylcysteine Ilydroch lorides, and the 
a 

N -t-Boc-, 

S-benzyl-S,S-dialkylcysteines are listed in Tables 4, 5, and 6, 

respectively. 
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CI. 
TobIe 4. Properties of N -fonnyl-Sa:S-benzyl-S,(3 -diolkylcysteine ethyl 

esters 10-40 ond N -formyl-S-S-poro-methylbenzyl-S,S-
diokylcysteine ethyl esters 50-SO 

Compound Moleculoro Yield 
No. Fonnulo 111 NMRb [ppm] [%] 

10 C17 H25N03 S 0.90-2.0 (m, 1 3H); 3.6 (br.s, 2H) ; 45 
4.0-4.lf (q, 2H) ; 4.7 (d, J=8 Hz, 
1 H); 6.7 (br.d, 1 H); 7.2 (br.s, 
511) ; 8.2 ppm (s, 111) 

20 C171123N03S 1.0-1.3 (t, 31-1) ; 1.5-2.0 (m, SH) ; 48 
3.6 (bt-. s, 2H) ; 4. 0-4 .l~ (q, 21-1) ; 
4.7 (d, J=10 Hz, HI); 6.4 (br.d, 
HI); 7.2 (s, 5H) ; 8.1 ppm (s, 1 H) 

30 C1S 11 25N03 S 1.0-1.4 ( t, 311) ; 1.5-2.0 (m, 1 0H); 42 
3.G (br.s), 21-1) ; If. 0-4. I~ (q, 2H) ; 
4.7 (d, J=9Hz, 1 H) ; G.5 (br.d, 1/1) ; 
7.2 (br.s, 511) ; S.2 ppm (s, 111) 

40 C221-133 N03 S 0.80 (s, 91-1) ; 1.1-1.9 (m, 1 2H); 51 
3.6 (br.s, 211) ; IL 0-4 . I~ (q, 2H) ; 
11.6 (d, J=911z, 111 ) ; G.7 (br.d, 1 II); 
7.2 (s, 511 ) ; 8.2 ppm (s, 11-1) 

50 C1811 27N03S 0.80-2.0 (m, 1311); 2.3 (s, 31-1) ; 53 
3.7 (br.s, 2H) ; IL0-4.1~ (q, 2H) : 
4.6 (d, J=9Hz, 1 H) ; 6.5 (br. d, 1 H) ; 
7.1-7.2 (br.s, 411 ) ; 8.2 ppm (s, 11-1) 

Go C18H25 N03 S 1.1-1.3 ( t, 311) ; 1.5-1.9 (m, 811) ; 49 
2.3 (s, 311) ; 3.6 (br.s, 2H) ; 
4.0-1~.1~ (q, 211) ; IL 7 (d, J=8Hz, 1 H) ; 
G.G (br.d), 111) ; 7.2 (br.m, 1111) ; 
8.2-B.5 ppm (Lw. s + d, 111 ) 

70 C19 Hn N03 S 1.2-1.9 (m, 1 3H) ; 2.3 (s, 3H) ; 56 
3.6 (br.s 2H) ; 11.0-1+ .11 (q, 211) ; 
11.8 (d, J=9I1z, 111); G.G (br.d, 111); 
7.1 (bt-. s, 1111) ; 8.2 ppm (s, 111 ) 
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Table 4.--Continued 

Compound 
No. 

Moleculara 

Formula 
Yield 

8a 

1H NMRb [ppm] [~] 

0.80 (s, 9H); 1.2-1.9 (m, 12H); 52 
2.3 (s, 3H); 3.6 (br.s, 2H); 
'L0- ILll (q, 2H); 4.6 (d, J=9Hz, 1H); 
6 . 5 (b r . d , 111 ); 7. 2 - 7 . 3 (m, 'III); 

8.2 ppm (s, 1H) 

aAII compounds gave satisfactory analyses for C, H, N, and S. 
Elemental analyses were done by MICANAL, Tucson, AZ 

bCDCL3 with TMS; 60 MHz on a Varian EM-360 
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Table 5. Properties of S-S-benzyl-S,p-dialkylcysteine hydrochlorides 
C( 

(lQ-/~b) and N -S-S-Qora-methylbenzyl-S,S-dialkylcysteine 

Compound 
No. 

1b 

2b 

3b 

5b 

6b 

7b 

Ilydrochlol-ides (5b-8b). 

Moleculora 

Formula 

(98.5-100.5°) 

C1/~H20N02SC1 
(100.0-102.5° ) 

C15H22N02SC1 
(106.0-108.0° ) 

C191130N02SC1 
(163.0-16 /L5° ) 

C15H24N02SC1 
(10 lL0-105.5° ) 

C15H22N02SC1 
(160.0-161.5° ) 

C16H2/,N02SC1 
( 1 6/~ . 0 -1 65 . 0 ° ) 

111 NMHb [ppm] 
Yield 

[%] 

1.1-2.0 (m, 10H); 3.5-3.6 (br.m, 
1H); 3.7 (br.s, 21-1); 7.2 (br.s, 

5H); 8.2 ppm (br.s, 3H) 

1.5-1.7 (m, 61-1); 1.9-2.1 (m, 211); 
3.6-3.7 (q, HI); 3.75 (br.s, 21-1); 
7.1-7.3 (br.s, 5H); 7.3-7.4 ppm 
(br.s, 3H) 

68 

65 

1.5-1.9 (m, 101l); 3.5-3.7 (q, 1H); 71 
3.8 (br.s, 2H); 7.2-7.4 (br.s, 5H); 

8.4 ppm (br.s, 311) 

0.90 (s, 9H); 1.2-1.5 (m, 711); 70 
1.7 (m, 2H); 3.5-3.7 (q, 1H); 3.8 
(br.s, 211); 7.2 (br.m, 5H); 8.3 
ppm (br.s, 311) 

1.0-2.0 (m, 10H); 2.3 (s, 3H); 63 
3.5-3.6 (br.s, HI); 3.7 (br.s, 2H); 

7.1-7.3 (m, 4H); 8.3 ppm (br.s, 3H) 

1.2-1.9 (m, 8H); 2.3 (s, 3H); 3.7 77 

(br.s, 1H); 3.8 (br.s, 2H); 7.2-7.3 
ppm (m, 411) 

1.4-2.0 (m, 10H); 2.3 (s, 3H); 66 
3.5-3.7 (br.s, + q, 3H); 7.2-7.3 

(m, 1111); B.2 ppm (LJI-.~" 311) 
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Table 5.--Continued 

Compound 
No. 

Moleculara 

Formula 
Yield 

8b C20H32N02SC1 
(183.0-183.5° ) 

1H NMRb [ppm] [~] 

0.90 (s, 9H); 1.1-1.9 (m, 9H); 69 
2.3 (s, 311); 3.6 (q, HI); 3.7-3.8 

(br.s, 2H); 7.2-7.3 (m, 4H); 8.2 
ppm (br.s, 3H) 

aAII compounds gave satisfactory analysis for C, H, N, and S. 
Elemental analysis were done by MICANAL, Tucson, AZ. 

bUncorrected; measured on a Thomas-Hoover apparatus. 

cCDCL3 with TMS; G0 MHz on a Varian EM-3G0. 



Table 6. Properties of NO. -GocS-S-bonzyl- G, S -dialkylcysteines (1 C-1fC) 
and ~ -Doc-S -S-para-methylbenzyl-S ,S -dialllylcysteines (5e-
8e) . 
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Compound Moleeulara Yield 
No. FOI"mula 111 NMRb [ppm] [%] 

1e C19 H29N04 S 1.0-1.2 (m, 6H) ; 1.4-2.0 (m + s, 56 
(81.0-83.0° ) 13H) ; 3.6 (br.s, 2H) ; 4.5 (d, 1 II) 

5.8 (br.s, 1 Ii); 7.2 ppm (s, 5H) 

2e C19 H27N04S 1 .5 (s, 9H) ; 1.6-2.0 (m, 8H) ; 63 
(79.5-80.5°) 3.6 (br.s, 21-1) ; If. 5 (d, 1 II); 

5.7 (br.d, 1 H) ; 7.1 ppm (s, 5H) 

3e C201l29N04S 1.4-2.0 (m + s, 19H) ; 3.7 (br. s, 71 
(90.0-91.0° ) 2H) ; If. 1+ (d, 1 H); 5.6 (br.s, 1 H); 

7.1 ppm (s, 5H) 

4e C211l-iS7NOlfS 0.90 (5, 911) : 1.2-1.8 (m + s, WII ) 59 
(11 11.0-116.5°) 3.7 (br.s, 211) ; If. 4 (d, 1H): 5.7 

(br.s, 1 H) ; 7.2 ppm (s, 5H) 

5e C20 H31 N04S 1.0-1.1 (m, GH) : 1 .5 (s, 911) ; 70 
(92.0-92.5° ) 1.6-2.0 (m, IlIl) ; 2.4 (s, 311) ; 3.7 

(br.s, 211) ; 4.5 (d, 1H); 5.8 (br.s, 
1H); 7.2 ppm (m, 4H) 

6e C20 H29N04 S 1 .5 (s, 9H) : 1.6-2.0 (m, 8H) : 2.3 65 
(87.0-88.5° ) (s, 3H) ; 3.6 (br.s, 21-1) ; 4.4 

(br.d, 1 H) ; 5.5 (br.d, 1H); 
7.0-7.2 (m, 4H) 

7e C21 H31 N04 S 1.4-2.0 (m, 19H) ; 2.1+ (s, 3H) : 68 
(92.0-94.0°) 3.6 (s, 2H) : If. 4 (d, 11l) ; 5.7 

(br.s, 111); 7.2 ppm (m, 1111 ) 



Table 6.--Continued 

Compound 
No. 

Sc 

Moleculara 

Formula 

C25 H39N04S 
(123.0-124.5° ) 

1H NMRb [ppm] 

0.90 (s, 9H); 1.3-1.S (m, lSH); 
2.4 (s, 3H); 3.7 (br. s, 2H); 

4.3 (d, 1H); 5.7 (br.d, 1H); 
7.0-7.2 ppm (m, 4H) 

aUncorrected; measured on a Thomas-Hoover apparatus. 

bAll compounds gave satisfactory analysis for C, H, N, and S. 
Elemental analysis were done by MICANAL, Tucson, AZ. 

cCDCL3 with TMS; 60 MHz on a Varian EM-360. 
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Yield 
[%] 

66 



CHAPTER 6 

EXPERIMENTAL PREPARATION OF -SUBSTITUTED 
CYSTEINE ANALOGUES 

a 
Synthesis of ethyl N -formyl- 13,13-
diethylidene glycinate 

92 

A solution containing ethyl isocyanoacetate (5.0 g, 44.2 mmol) 

and 3-pentanone (4.3 g, 5.3 ml, 50.0 mnol) in anhydrous THF (20.0 ml) 

was added dropwise to a suspension of potassium hydride (60% oil 

dispersion, 1.95 9 oil = 1.17 9 hydride, 48.8 mmol) at 0°C under argon. 

The reaction was stirred for seventy-five (75) minutes at 0°C, and 

excess hydride and/or isocyanoacetate anion was quenched by carofully 

adding water (5.0 ml). The THF was removed by rotary evaporation; 

water was added to the residue (50 ml). rhe aqueous mixture was 

extracted with etllyl acetate (2 x 125 ml); the combined ethyl acetate 

extracts were washed with brine ( 2 x 75 ml), dried (MgS04), filtered, 

and evaporated to a volume of about 50 mI. Ligroin (::: 100 ml) was 

added slowly to the ethyl acetate solution until permanent cloudiness 

resulted. The ethyl acetate/ligroin solution was stored at -20° C, and 

the product crystallized after 1-2 days. 

4.7 9 slightly off-white crystals; 53.1% yield; mp 41.0-42.0°C; 

68. 1 (d, 0.7 H, cis !.!CO-NII-); 

87.9-7.8 (d, 0.3H, trans !.!CO-NH-); 87.6 (br.s, IH, -NH-); 

8lf.3-3.9 (q, 2H, -OC11r); 81.3-0.9 



Sulfenylation of ethyl NCI.-formyl-!3,f3-
diethylidene glycinate 

Tile unsaturated amino acid ester, 

93 

ethyl 

diethylidene glycinate (4.0 g, 20.1 mmol) was dissolved in benzene 

(30.0 ml), and the flask was flushed with dry argon. The solution was 

stirred at 27°C, and phosphorous decasulfide (1.8 g, 4.1 mmol) wos 

added in one portion as a solid. A calcium ch~oride drying tube/water 

cooled reflux condensor were placed atop the flask, and the non-

homogenous mixture was heated to reflux for three (3) tlours. 

Additional phosphorous decasulfide (300 mg, 9.68 mmol) was added; the 

mixture was refluxed for two and a half hours after the second P4S10 

addition. The benzene was decanted off the insoluble material which 

Ilad formed; the insoluble residue was rinsed with two portions of ethyl 

acetate (2 x 20 ml). The ethyl acetate washes were combined with the 

benzene, and the solvents were evaporated in vacuo. The product was a 

clear red oil; IH NMR at 60 MHz (CDCI3) showed the following signals: 

68.65 (d, IH, -S-CH=N-) 64.3-

4.0 (q, 2H, -OCH2-); 

Since the only resonances in the 1H NMR of the product were assignable 

to the tl1iazoline, the "crude" pl~oduct was used without further 

purification/characterization for hydrolysis to the free sulfhydryl 

amino acid. 

Hydrolysis of 1,1-diethyl-2-carboethoxy-
5-thiazoline 

The red oil villicl1 was obtained from t/le suI fenylation of et/ryl 

NCI.-formyl-B, !3-diothylidenc glycinate (1,1-diethyl-2-carbo-ethoxy-5-



thiazoline. 4.29 9 theoretical yield) was suspended in aqueous 4N 

hydrochloric acid (50.0 011). The mixture was purged for fl~o (5) 

minutes with argon. then was heated to reflux under a water cooled 

condensor for sixteon (16) hours. Tho solution was cooled to 27°C and 

filtered through #1 paper. The watet'/HCl were evaporated in vacuo; 

attempted recrystallization of the residue from ethanol/diethyl ether 

was unsuccessful. The solvents were evaporated. and the residue was 

dissolved in water (about 75 011). The pH of the acidic solution was 

adjusted to 5.3 by adding 1N aqueous sodium hydroxide. This was done 

in hope that the zwi tterionic form of Ule 13.13 -diethylcystine would 

precipitate or crystallize from the water. When this did not occur. 

the water was evaporated; the residue was dried by azeotropic 

evaporation with absolute ethanol. The residue was dissolved into a 

minimum volume of absolute ethanol. filtered (1/1 paper). and dlethyl 

ether was added until the solution was cloudy. The ethanol/ether was 

chilled for a few minutes in ice/ water. and a white-orange solid (2.1 

g. 49.0% yield) of DL-S. 13-diethylcysteine hydrochloride was filtered 

onto a Buchner funnel and dried in vacuo. Due to the susceptibility of 

the free sulfhydryl group ta oxidation by air/v/ater the crude amino 

acid was used di,'ectly for tt-Ie subsecp,ent step. protection of ttle 

sulfhydryl group as the 4-methylbenzyl thioether (see below). 

Syr,ttiCsis of DL-(3-S-pa,'o-mnthylbollzyl- r-;.f...:::. 
diethylcysteine 

Anhydrous amnonia (approximoLely 150 011) was collected in a 3-

neck round bottom flask by condensing the gas onto a dry ice/acetone 



9S 

condensor. The condensor was protected by a drying trap of potassium 

hydroxide to exclude atmospheric moisture. After about 150 ml of 

liquid ammonia had been collected, the gas cylinder was turned off, and 

metallic sodium was added in small pieces until a blue color persisted 

for five (5) minutes. The crude S, S-diethylcysteine hydrochloride was 

added in one portion as a solid to the blue solution. The blue color 

was immediately lost; the addition of a small piece of sodium restored 

the blue color. 1-chloro-para-xylene (2.8 ml, 2.8 g, 20.0 mmol) was 

injected into the blue anion solution with a syringe. The reaction was 

stirred at -78°C for fifteen (15) minutes, and the C02/acetone bath was 

removed. The ammonia was allowed to evaporate; a slow stream of 

nitrogen gas was used to increase UIC evaporation rotc. The pink 

residue was dissolved in water (150 ml) and extracted twice with 

diethyl ether (2 x 50 ml) . The eLlwr extracts were discarded; the 

basic aqueous solution was stirred at 0 0 C, and the pH \"as acidified to 

5.1 by adding glacial acetic acid. The solution was stored at 4°C for 

two hours, and then filtered onto a Buchner funnel. The product, DL-S-

S-para-methylbenzyl-~,fl-diethylcysteine 

voluminous white solid. 

(zwitterion 

1/, .2)'(, yield; mp 155.0-15J.5°C; 

(S, IH, -CII-); 03.6 (br.s, 211, -S-CHr); 

form), was a 

01.9-1.7 (m, 4H, -CH2-); 01.1-0.9 (m, 6H, -CH3). 



The Synthesis of ethyl Na-formyl-a, @
dehydro-@,@-diethylidene glycinate 
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A 3-neck 100 ml round bottom flask was equipped with a stir 

bar, pressure equalizing addition funnel and a positive pressure argon 

atmosphere. Sodium hydride (1.1 g, 60%, 660 mg, 27.5 mmol) in mineral 

oil was added to the flask, followed by anhydrous THF (25 ml). The 

dropping funnel was charged with 3-pentanone (2.6 ml, 2.1 g, 25.0 

mmol), ethyl isocyanoacetate (2.7 ml, 2.6 g, 25 mmol) and dry THF (25 

ml). The sodium hydride/THF mixture was cooled to 0°C and the 

isocyanoacetate/3-pentanone solution was added dropwise over 45 minutes 

to the stirred hydride suspension. The reaction was stirred for 45 

minutes after the addition of the isocyanoacetate/3-pentanone and was 

quenched by adding brine (5 ml). TIle TlIF was evaporated at water 

aspirator pressure, and the aqueous was extracted with ethyl acetate (2 

x 100 ml). The combined ethyl acetate extracts were washed with brine 

(2 x 75 ml), dried (MgSOlf), filtered, and concentrated to about 50 ml 

volume by rotary evaporation. Ligroin (150 ml) was added in 5-10 ml 

portions, with mixing (swirling) between each addition. The solution 

was stoppered under argon and stored at -20°C overnight. The product 

was filtered and dried ln vacuo to obtuin ethyl 
a 

N -formyl-a,B-dehydro-

@,@-diethylidone glycinate as white crystals. 

2.0 g; m.p. 37.0-38.0°C; 

1 H NMI~ B.l (d, 0.711, Cis !..!CO-Nil-) 7.9-7.B (d, 

0.3H, trans HCO-NH-); 07.6 (br.s, HI, -NIl-); 04.3-3.9 (q, 

02.5 - 1.9 (m, lfi1, -CH2-); 01.3-0.9 (m, 6H, 
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Ct 
SuI fenylation of ethyl N -fol-myl-u, G 
dehydro-B,B-diethelylideneglycinate 

To a 100 ml round bottom flask was added ethyl NCtformyl-Ct,G-

dehydro-S, S-diethylidene glycinate (2.0 g, 10.0 mmol), followed by 

benzene (35 ml) . A stir bar and reflux condensor were added to the 

flask, and phosphorous decasulfide P4S10 (800 mg, 1.8 mmol) was added 

in one portion as a solid. The stirred mixture (the P4S10 was 

initially insoluble in the benzene) was heated to reflux. The mixture 

became gradually homogeneous; thin layer chromatography after 3.5 hours 

of reflux in ethyl acetate/ pet ether (1/1, v/v) showed complete 

disappearance of lower Rf starting material, and the formation of a 

major and a minor higher Rf component was observed. The heating mantle 

vlOS removed; the benzene was carefully decanted from the insoluble 

orange residue and evaporated at reduced pressure. A IH NMR spectrum 

(60 MHz, CDC13) showed clean thiazoline-2-carboxylic acid ester. The 

"crude" thiazoline ester was suspended in 50 ml of aqueous HCl (4 M) 

and hydrolyzed at slow reflux overnight with stirring. The H20/HCl was 

removed in vacuo to leave a red oil, which was dissolved in water (150 

ml) . The aqueous solution was extracted in a separatory funnel with 

diethyl ether (3 x 75 ml). The water was evaporated in vacuo to obtain 

a clear, yellow oil, wl11ch was recrysLallized from isopropanol/pet 

ether. The product, 400 mg of white solid, was not the desired 

product, DL-(), (>dieUlylcysteine Ilydrocillol-ide; nor was any of the 

desired cysteine analogue obtained from the isopropanol/ether soluble 

material. 



Second Sulfenylation of ethyl NCt-formyl-Ct,B
dehydro-B,B-diethylidene glycinate 
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Tho amino acid ostor, ethyl Nl't- formy 1- Ct, I) -dehydro-(3 ,(3-

diethylidene glycinate (3.0 g, 15 mmol) was dissolved in benzene (40 

ml) in a 100 ml round bottom flask, stirred at 27°C, and phosphorous 

1.3 g, 3.0 mmol) was added in one portion as a 

solid. The flask was equipped with a calcium chloride drying 

tube/reflux condensor, and heated to reflux with stirring. Thin layer 

cllromatography (otllyl acetato/pet ether, 1/1, v/v) showed complete 

reaction after 40-45 minutes of refluxing. The heating mantle was 

removed, the reaction mixture was cooled to 27°C. The benzene was 

decanted from the insoluble residue and evaporated. The red oil which 

was obtained was stored at -20°C under argon overnight. 

spectrum (60 MHz, CDC13) was run the next day, and was consistent with 

the thiazoline-2-carboethoxy structure. The thiazoline ester was 

suspended in 4N aqueous hydrochloric acid (100 ml), and heated slowly 

to a moderate reflux. The insoluble red oil dissolved as the 

hydrolysis proceeded to produce an almost completely homogeneous yellow 

solution. The aqueous acid was refluxed overnight, cooled to 27°C, and 

extracted with diethyl ether (3 x 50 ml). The water/HCl were 

evaporated in vacuo to a volume of =25 ml, which initiated 

precipitation of a pale yellow solid. The flask was left standing at 

27°C for about tlwoo (3) hours, ond was filtered tlwougtl a Buchner 

funnel with #1 filter paper. The product, DL-, -diethylcysteine 

hydrochloride, was obtained as a pale yellow solid. 
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1.2 g; 40% yield; m.p. 

ninhydrin test (+); Ellman reagent (+). 

04.2 (s, HI, cx-CH); 01.8 -1.5 (m, 4H, 

01.0-0.8 (m, 611, -CH3)' 

Synthesis of ethyl NCX-formyl-cx,S-dehydro-S,S 
diethylidene glycinate 

A 3 neck 250 ml round bottom flask was equipped with a stir bar 

and pressure equalizing addition funnel; dry THF (30 ml) was added via 

syringe. Sodium hydride (2.0 g, 60%, 1.2 g NoH, 50 mmol) was 

transferred via syringe by adding 3-4 ml of anhydrous THF to facilitate 

the transfer. Dry TIIF (30 ml) was added via syringe to the addition 

funnel, followed by redistilled 3-pentanone (5.0 ml, '1.1 g, 117 mmol), 

and ethyl isocyanoacetate (5 g, 44 mmol). The THF/sodium hydride 

mixture was cooled to 0°C, and the isocyanoacetate/ketone solution was 

added dropwise over 3 hours. The reaction was stirred overnight and 

allowed to gradually warm from 0°C to 27°C during this time. The 

reaction was quenched by adding water (10 ml), and the TIIF was removed 

by rotary evaporation. Ethyl acetate (225 ml) was added to the 

residue, the ethyl acetate was extracted with water (3 x 75 ml). The 

ethyl acetate was concentrated at reduced pressure to approximately 25 

mI. Petroleum ether (=75 ml) was added to the ethyl acetate until 

cloudiness occurred. Tile product, eUlyl NCLfonnyl-CX ,13 -dehydro-13 ,13_ 

diethylidene glycinate, was crystallized at -20°C, filtered onto a 

scintered glass runnel, and dried l!!. vncuo. 
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3.2 g; 35.6% yield; Rf 0.38 (ethyl acetate/pet ether 1/1); m.p. 

~ichael Addition of lithium benzyl thiolate to ethyl 
Na-formyl-a,B-dehydro-cyclotetramethylene glycinate 

The lithium onion of benzyl mercaptan, lithium benzyl thiolate 

was generated by adding n-butyl lithium (0.5 ml, 2.3 M (hexane), 1 .15 

mmol) to benzyl mercaptan (125 ~l, 133 mg, 1.06 mmol) at -78°C 

(C02/acetone) . The anhydrous clear yellow solution of lithium benzyl 

thiolate (0.18 M, total volume 5.5 ml) was transferred via syringe to a 

50 ml pressure equalizing addition funnel. The onion solution was 

added rapidly dropwise to an anhydrous THF (10 ml) solution of ethyl 

Na-formyl-a, B-dehydro-B,B-cyclopentylideno glycinate (200 mg, 1.0 nnol) 

at -78°C, under positive argon pressure. When the addition of the 

thiolate solution was complete (5 minutes), the acetone/C02 both was 

removed, and was replaced with an ice/water bath. The reaction was 

stirred for ttlree (3) hours while the temperature was allowed to rise 

from _78°C to 0°e, and from 0°e to 27°C. The reaction was quenched by 

the addition of saturated ammonium chloride (5 ml). The THF/hexane 

separated from the aqueous; the mixture was poured into a separatory 

funnel, the upper layer was separated from the aqueous loyer, and the 

aqueous layer was extracted with ethyl acetate (30 ml). The ethyl 

acetate extraction vJOS combined witt! Ule TIIF/rlexane, and UJe organic 

extracts were dried (MgS04), filtered, and evaporated. The crude 

product, DL-Na-formyl-B-S-benzyl-B,B-cyclotetramethylenecysteine ethyl 

ester, was contaminated with unreacted/excess benzyl mercaptan. 



IH NMR (60 MHz, CDC13) 

(Ol-.S, III, -NII-); 

6S.1 (or.s, IH, .!:!-CO-NII-); 

67.2 (m, 711, 511-rH'odllct, 211 CG"!j-SII); 
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6 7.5 

o 4.S (d, J 9 Hz, a-CH-); 04.3-1 .. 0 (q, 2H, - OCH2-); 03.7-3.6 

(m, 311, -S-CH2- and C6H5-SH); 62.9-1.6 (m, SII, C(-CHr(t~»; 

61.3-1.1 (t, 3H, - CH3). 

The starting material, ethyl-Na-formyl-a ,13 -dehydro- B,B-

cyclopentylidene glycinate, was recovered oy recrystallization from 

toluono/ligroin (55 mg, 23%). TllO ~;olLiolo maLorial was purified oy 

flash chromatography on silica gel (24 mm x 120 mm column; eluant 25% 

eUlyl acetate/75~~ tlexane, flow rate if-5 ml min- l , 15 011 fractions). 

The fractions corresponding to 75-90 011 of eluant were combined and 

evaporated at reduced pressure. The reSidue was transferred to a tared 

vial and vacuum dried over phosphorous pentoxide (P205) to ootain 43 mg 

( 19~q of DL-Na -formyl-B-S-benzyl-cyclotetromethylenecysteine ethyl 

ester. 

TLC: Rf 0.36 (A); Rf 0.40 (£3) 

111 Nr~R (60 MHz, CDC13) oS.2 (s, IH, -!:!CO-NII-); 67.2 (s, 

511, -C6H5); 64.S (d, IH, J 9Hz, -CH-); 04.4-4.0 (q, 2H, 

- C0 2 CH 2-) ; 63.7 (or.s, 2H, -S-CII2-); 62.9-2.2 (or. 01, 4H, 

-CII2- CH 2-); 61.9-1.6 (br.m, Iii I , -CI-I2-CI-I2-); 01.4-1.1 (t, 

3H, -CH3). 



Michael Addition of lithium benzyl thiolate to 
etllyl N(Lformyl-ll, i3-dehydro- (1~-t-butY.ll:: 
'£yclop0ntamethylen0~lycinate 

102 

A solution of benzyl mercapton (300 mg, 0.3 ml, 2.5 mmol) was 

cooled to -7SoC under argon atmosphere, and n-butyl lithium (1.1 ml, 

2.3 M, 2.5 mmol) was added rapidly via syringe to the well stirred, 

cold thiol solution. The initially colorless solution turned to a 

medium yellow by the time all of the n-butyl lithium had been added. A 

solution of ethyl Nll-fol-myl-(x,C -dehydl-o-i) ,I~ -( l~-t-butyl )cyclo-

pentamethylene glycinate (150 mg, 600 ~mol) in anhydrous THF 

(10 011) was cooled to -7Soe under argon otmospllere. The solution of 

lithium benzyl thiolate was transferred via syringe to a 50 ml pressure 

equalizing addition funnel, and was aclcl(]cJ dropwise to the cold -amino 

acid ester. When the addition of the sulfur anion was completed, the 

acetone/C02 bath was removed, and llio reaction was ollowed to warm to 

The reaction was stirred for forty-five (45) minutes at 27°e, 

Ulen saturated amrnonium chloride (10 ml) \'/as added. Tho organic layer 

was separated from the heavier aqueous/salt layer in a funnel, and the 

aqueous layer was extracted wi UI dicliloromollwne (30 ml). The 

dichloromethane extract was combined \Olitll tile THF/hexane layer, and the 

organic extracts were dried (MgS04)' filtered and evaporated at reduced 

pressure to obtain the crude Nll-forrnyl-B-S-benzyl-B,B -(4-t-butyl) 

cyclopent.arnot.hylunecyc;toi.ne oUlyl e~~Lcn·. n'le cnlCi(: orgonic product. \oIOS 

purified by flash chromatography on silica gel/column Size: 24 mm x 

120 mrn, eluant: 1 s t s 0 1111, 0 Lll Y I II eel. (J t. c / 1 i 9 r 0 i II (1 /2 v / v ); ttl 0 n 200 

1111 ethyl acetate/ligroin (1/1 v/v); flow rate. l~. 5-5.0 ml/min. The 
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desired product was detected by TLC; the froctions corresponding to 80 

ml-120 ml of eluant were combined, evaporated at reduced pressure, and 

dried in vacuo. ----

Rf 0. l f7 (A); Rf 0. l f9 (8); 86 019 (2'19.6 ~mol, 57.3%). 

1H NMR (60 MHz, CDC13/DMSOd6 (4/1 v/v»; 88.2 (d, J i 2H, 

integrates 0.3H, cis-!jCO-NH-); 07.9 (d, J 10 Hz, integ. 0.7H, 

<5 I+. 6 (d, J 7Hz, 1 H, 

a-GH); 8 3.6 (br. s, 2H, -S-CH2-); 

TtlB MictlOel Addition of lithium benzyl tJdolate 
to ethyl Na-formyl-c~, [3 -dehydro-p, P -dieUlyl idene 
glycinate 

II TIIF sol u t ion of 1 i ttl i urn benzy 1 ttl io 10 te was generated as 

follows: n-butyl lithium (1.1 011, 2.3 M (llCxanes), 2.5 mmol) was added 

via syringe to a cold (-7UOC) solution of benzyl mercaptan (FW 125.2, 

300 Ill, 318mg, 2.5 010101) in anhydrous THF (10 011). The 0.25 Manion 

solution was transferred via syringe to a pressure equalizing addition 

funnel, and added dropwise to a cold (-7S D C), anhydrous THF solution of 

eUlyl N(I'-formyl-Ci,p-dellydro-p,p-diothylidone glycinate (200 mg, 1,0 

010101) . Wilen tile addi tion of the suI f'lIr anion I-lOS complete, ttle 

acetone/C02 bOUI wos removed from Uw f1usk, and Llw reaction mixture 

vlDS allovlCd to wann to 27°C wldle stirTill~l, The reuction wos allowed 

to stir for 16 hour's, and wus quencllod Lly tilO uddition of saturated 

oqueous ammonium cillori.de (15 011). Tile organic THF/lwxane :::::10/1 v/v) 

layer was separated from the heavier aqueous layer in a separatory 

funnel; the aqueous layer was extroctcd with ethyl acetate (30 011) and 



the ethyl acetate extraction was combined with the original (THF/ 

hexane) organic layer. The combined organIc extracts were dried ovor 

a 
MgS04' filtered, and evaporated to obtain the ethyl ester of N -formyl-

i3 -S-benzyl- (3., l3-dioUlylcysteine. 

The crude organic product was purified in 150 mg to 200 mg 

portions on a flash silica gel column (column size 15 0101 x 80 mm; flow 

rate 4.0 ml/min; eluant (50 011) ethyl acctate/ligroin 1/2 v/v, followed 

by 200 ml ethyl acetate/ligroin 1/1). The fractions corresponding to 

80-100 011 of eluant were found to contain the desired sulfur amino acid 

ester (TLe; flourescent indicator and 12 visualization). The fractions 

containing the N
U

_ formyl-B-S-benzyl-G,B-diethylcysteine ethyl ester 

woro combined and evaporated at l'Odllcod prossul'O, dried in vaCllO ovor 

P205 to obtain the product, as a clear, colorless oil; 

Rf 0. ll lj (II); Rf 0. IIG ([3); 95 I11g; 2~).5';{, yiold. 

1H NMR (60 MHz, CDC13) 08.2 (5, 111, HCO-NH-); o 7.2 (s, 5H,-

06.7 (br.d, 11-1, -NH-); o 4.7 (d, 111, a -CH-); 

If.0 (q, 2H, o 3. G (d, 211, J, .s. 2Hz, -S-CH2-) ; 

o 2.0-0.8 (01, 13H, -CH2CH3, -CH3)' 

~drolysis 0 f NI'formyl-13--S-bonzy):..::-. 
fj .. j3 .:::.Q.0JJ:.1..vlcys .!:~_~~ () til Y 1 os LeI' 

Tile protected -amino 
CJ. 

acid, N -formy1-C-S-benzyl-S, 13-

dj.otllylcy~;toino etllyl osLor (FYi 323. 119, ~)0 mG, l~i~) 11111(1) \'105 su~;pendod 

in 15 1111 of aqueous hydrochloric acid (opproximately 4N HCl) in a 50 011 

round bottom flask which was equjpped wiLh 0 reflux condensor. The 

reaction mixtllre was heated to reflux overnight by a heating mantle, 
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which was regulated by a variable transformer. The initially insoluble 

protected amino ester dissolved Dradtlally as lhe hydrolysis progressed, 

until a homogenous, clear, colorless solution resulted. The reaction 

mixture was refluxod for eighteen hours, cooled to 27°C, and the excess 

tlydrochloric acid was removed by rotary evaporation under water 

aspirator pressure. The water was evaporated at high vacuum on the 

rotary evaporator; the residue was azeotropically evaporated with 

absolute alcohol (2 x 50 011), and the residue was recrystallizod from 

ethanol/diethyl ether. 

II, 7.31; N, 4.G1; 

S, 10.55 

Found: C, ~;/1.59; II, 7.65; N, 11.91; 

S, 10.87 

Hydrolysis of Dl -N(X-formyl-(3-S-bonzyl
cyclotetramethylene cysteine ethyl 
ester to DL-cyclotetramo~lene 
cysteine hydrochlorlde 

The fully protected -amino acid ester, DL-NCi -formyl-j3 -S-

benzyl-cyclotetral11ettlylonocystoine eUlyl ostor (150 mg, ;:::5001111101), was 

transferred as a dlc~lloromeUlOne solution to a 111/20 50 011 round bottom 

flasl< . Tho dictl] ororneUlone WLIS I~C'l11ov(,li by roLUI~y evopor'ation at 

reduced pressuro. The flask v/os Ulen equipped \"li th a small stirring 

bal' and n I'oflux cOlldon~;or. i\quooJl~; tlycJnlctlloric (lcid (liN, 15 enl) was 

then added to the amino acid ester, and LllO suspension was purged for 

tht'ee to four minutes wi Lll argon. Ttl() mixture I-JOS twated to reflux 
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overnight with stirring. The solution was cooled to 27 D C, and eva-

porated in vacuo The r"esidue was tri turoted wi th water, fil tornd to 

remove a small amount of insoluble material, and the aqueous solution 

was evaporated in vacuo to obtain DL- -S-benzyl-

cyclotetramethylenecysteine as its hydrochloride salt. 

11 1,.7 mg; 81.3% yield; m.p. 91.5-92.0 D e. 

lH NMR (250 MHz, DMSOdS); 07.6 (br.s,lH, -NH-); 

03.8 (q, lH, -CH-) ; 03.35 (br.s, 

02.5-1.95 (m, 2H, -CH2-); 01.8-1.55 (m, SH, 

The Michael Addition of lithium benzyl 
tttiolate to eUtyl NC"-form~B-cJehycJro_= 
B,B-cyclohexylidone glycinate 

A 3 neck, 25 ml, 14/20 round bottom flask was equipped with a 

small stir bar and dry THF (10 ml) was added via syringe. Denzyl 

mercaptan (470 ~l, 4.0 mmol) was added to the THF, and the thiol 

solution was cooled to -78 D e under argon. To the cold solution of 

tlliol, n-butyl lithium (2.3 M, 1.8 ml, 4.1 mmol) was added drop-wise 

from a syringe. The yellow solution of lithium benzyl thiolate was 

stirred for appr"oximately five (5) minutes at -7S D C. Hte suI fur anion 

was then transferred via syringe to a pressure equalizing addition 

funnel and added dropwise to a cold (-78 D C) solution of ethyl N-

for'myl- , -delrydr"o- , -cycloltexylidclle 91ycinate (-;00 mg, 3.5 nll1101). 

~/hen the addition of tIre thiolatc \oIOS complete, tiw C02/Clcetone baUt 

was removed, and the reaction WClS allowed to WClrm from -78 D e to 27 D C 

wi th stilTing. Tile r-aaction VJOS stir-r-ud for t\o,o (2) hOLIt"S at 27°C 
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under argon, then brine (5 ml) was added to quench the unreacted anion. 

Trw TIIF was I'emoved by rotary evopol'ation at reducod pressure, watar 

was added to the brine to make tho total volume approximately 50 mI. 

The aqueous layer was extracted wi ttl at.llyl acotate (2 x 50 ml), the 

ethyl acetate extracts were combined, washed twice with brine (50 ml), 

dried over MgS04, filtered, and evaporated. The crude organic product 

was chromatographed on a 15 mm x 80 mm flash silica gel column, which 

was first equilibrated in ethyl acetate/tlOxane (1/2 v/v). The column 

was eluted first with the 1/2 v/v mixture (50 ml), then the eluant was 

changed to ethyl acetate/hexane (1/1 v/v). Fractions of approximately 

20 ml were collected at a flow rate of 4-5 ml/minute. The fourth and 

fifth fractions, which corresponded to 80-100 ml of eluant were found 

by TLC to contain the protected sulfur. amino acid ester. These 

fractions were combined, evaporated at reduced pressure, and dried in 

vacuo to obtain DL-Na -formy1-S-S-benzyl-cyclopentamethylenecysteine 

ethyl ester as a clear, colorless oil. 

310 mg; 30.8% yield. 

1H NMR (50 MHz, CDC13) 08.15 (s, 1H, formyl); 07.2 (s, 5H, 

-C5H5); 05.5 (br.d, 111, -NH-); o If. 75 (d, HI, a -CH-); 

tS Il. 3-lj .0 (q, 211, o :5 . G (:;, 2 II, - S - C II 2 - ) ; 0 2 . 0 - 1 .0 



Hydrolysis of DL-NC(-formyl-B-S-benzyl-B,6-
cyclopentamethylenecysteine ethyl ester to 
DL-6-S-benzyl-cyclorentomethylenec~stei!~~ 

!'!'ydrachloride 
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The protected -amino acid ester, DL-NC(-formyl-f3-S-benzyl-6,6-

cyclopentamethylenocystoine ethyl ester (=100 mg, 300 ~mol), was 

transferred as a chloroform solution to a 14/20 50 ml round bottom 

flask. The chloroform was removed by rotary evaporation at reduced 

pressure, and aqueous hydrochloric acid (4N, 15 ml) was added. The 

protected amino acid ester was initially insoluble in the aqueous aCid; 

the suspension was purged for a few minutes with argon at 27°C. A stir 

bar was added, Ule flosk was cquippoeJ wi til a rof lux condensor ond a 

fleating mantle, and the mixture was refluxed overnight with stirring. 

TtIC reaction VJas cooled to 27°C, and Llle flusl~ was pur"tially evapor"ated 

at water aspirator pressure to remove excess hydrochloric acid. The 

concentration of the solution induced cryslallization of the product, 

DL-(3-S-benzyl- (::,6 -cyclopentamethylenecystoine hydrochloride, as white 

needles. The product vJOS filtered and dr"iod in vaCIIO: 

95 mg; =100% yield; m.p. 106.0-108.0°C. 

Calculated for C15H22N02SCl: C, 51.03; H, 7.03; N, 4.44; 

Found: C, 57.BG; If, 6.20; N, 4.22; 

r'1icflOel AcJdi t ion 0 f H ttl illm bonzyllh iolC!~ 
to ethyl-NC(-form'LL-=cd3 -d8hydr"o-(3 J:: -
£ycloflOxyl j dene 9l'l£~CJJ:..Q. 

A 3 neck 100 ml 14/20 round bottom flusk was equipped with a 

stir bar and argon otmo,:,.pflore; eJr-y TIfF (8 ml) wos added, 1'011 DIved by 

benzyl mewcaptan (620 ~l, 5.0 rtIrnol). Tllo tfliol solution was cooled to 
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-7Soe and a hexane solution of n-butyl lithium (2.3 M, 3.0 ml, 6.9 

mmol) was added dropwise via syringe to the rapidly stirred cold 

mercaptan/THF solution. The clear yellow anion solution was stirred 

for five minutes at -7Soe, then was transferred via syringe to a 

pressure equalizing addition funnel. Tile lithium benzyl thiolate was 

added dropwise to a cold (-78°e) well stirred solution of ethyl N-

formyl- , -dehydro

dry THF (10 ml). 

-cyclohexylidene glycinate (750 mg, 3.3 mmol) in 

The e02/acetone bath was removed when the anion 

addition was completed; the reaction was allowed to warm to 27°e and 

was stirred for ninety (90) minutes at 27°e. Urine (5 ml) was added to 

quench un reacted anion, the aqueous layer was separated from the 

organic (THF /hexane) layer in a scpar-ntor-y funnel. The nqueous layer 

was extracted with diethyl ether (2 x 50 ml), nnd the ether extracts 

'vlore comllined 'vIi til the TlIF /hox[ffw. -I tlO comb tned (H"ganics wer'o 

extracted twice with brine (2 x 50 ml), dried over MgS04, filtered, and 

evaporated. The crude Na-formyl-B-S-benzyl-B,B-cyclopentamethylenecys

teine ethyl ester was separated from the sulfur byproducts and un react-

ed starting material by flash column chromatography. A 15 mm x 90 mm 

column was used to chromatograph the crude organic product; ethyl 

acetate/tlCxane (l/S vivo 50 ml), follm'I<"cJ IJY etilY! aceLale/twxane (1/1 

v/v, 200 ml). The fourth and fiFttl fractions, which corresponded to 80 

ml-100 rnl of eluant., vJer'e cornlll.rr()d, uvul'onlt.ecJ, Wid dr'iud _~!l V()~C? to 

obtain DL-N Ci.- formy 1- i3-S-benzyl-G ,B -c yc 1 open tnmeth y lenecys tei ne eth y 1 

ester. 
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420 mg total; 37.0% yield. 

8.1 (s, 1 H, !.:!CO-NH-) ; 06.8-6.6 

(br.d, 1H, -NH-); o l~. 8-1~ . 7 (d, 111. -CII- ) ; () II. 3 - 3 . 9 (q. 2 H • 

03.6 (s, 2H. -SCH2-); 02.7-2.4 (m. 2H. -CH2-); 

82.3-2.0 (m. 211. -CH2-); 01.9-1.3 (m. 6H. -CII2-); 01.2-0.9 

Synthesis of DL-N~-L-Ooc-0-S-benzyl-0.~
cyclopentamethylenecysteine 

The hydrochloride salt 

cyclopentamethylenecysteine (48 mg. 

of DL-S-S-benzyl-S.S-

150 ~mol) was suspended in 

dioxane/water (2/1 vivo 15 ml). and cooled to 0°C in an ice water bath. 

The pH was adjusted to =11.0 by the addition of 1N sodium hydroxide. 

and di-tert-blltyl dicnrbonate (75 m~J. 330 ~mol) was added in one 

portion as a solid. The pH of the cold reaction mixture was kept at 

approximately 10.5 by periodically adding sodium ~lydroxide solution. 

When the pH had stopped decreasing. the dioxane was evaporated in 

~. and ethyl acetate (50 ml) ~/as added. The ethyl acetate/aqueous 

layers were cooled to 0 ° C and tile pll vms acidi fied to 2.1 by adding 

cold (0°C) 11% IICl. Thu cUlyl ac()L(jL(J/llqll(;()lI~; rnixLlIr-() WtlS pOllrecJ into a 

separatory funnel. ice was added to keep the temperature at =0°C. and 

tile mixture was extrtlcLecJ r'npLclly. "1110 (:Lllyl nceLat.u W(J~, Sepllr'atecJ 

from the aqueolls layer. the aqueous layer was extracted with a second 

volume of ethyl acntate (50 ml). and tile eUlyl acetate extracts vlere 

combined. The comlJi.ned ethyl acetnLc exLrcrcts wer'e vlOstwd rnpidJy with 
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cold 4% HCI (3 x 40 ml) and cold water (3 x 40 ml), with ice being 

added at each extraction to maintain approximately O°C. HlO organic 

extracts were combined, dried, filtered, evaporated and dried in vacuo. 

The DL-N CL t-£3oc-j3-S-benzyl-j3 ,8 -cyc I open tame ttJy I enecys teine was 

recrystallized at -20°C from chloroform/hexane. 

18.9 mg white solid; 29.9% yield; ninhydrin test negative. 

1H NMR (60 MHz, CDCI3) 111, -NH-); 07.3 (m, 5H, -

o 11·.5 (d, HI, -CIl) ; l)3. 7, 3.6 (q, 211, -S-CH2-); 

02.0-1.5 (m, 10H, -CI12-); 

Calculated for C201129NO,~S: C, 63.28; II, 7.72; N, 3.69. 

Found: C, 

SyntllCsis of DL-NlLt-lJoc-8-S-benzyl-G.r:;
cyclotetramethylenecysteine 

11, N, 

The Ilydrochloride salt of DL-0-S-benzyl-i3,i3-

cyclotetramethylenecysteine (51 mg, 170 ~mol) was suspended in 

dioxane/water (15 ml, 2/1 v/v) and the solution was cooled to O°C. The 

pH was adjusted to 10.5 by the addition of aqueous sodium hydroxide 

(1N) and di-tert-butyl dicarbonate (75 mg, 345 ~mol) was added in one 

portion as a solid. The reaction \-105 stirred ot O°C ond the pll was 

kept ot approximoLely 10.5 by tile p(!'~.iodic acidItion of 1N oqueolls NaOll. 

When ttJe pH of the reaction remained at opproximotely 10.5, the dioxane 

\o,IUS removed in v(~~,_~ wa Ler (15 ml) [HI d r, [Ily 1 nce tu Lo (50 ml) \-Jere added 

to the residue. The reaction was cooled to O°C in an ice/water bath 

and the pH 'o,Ias odjLlsted to 2.'+ by tllO atldiLion of cold (0°C) 11% HCI. 

The mixture I-IOS trans fen~ed to Cl sepura tor'y funnel, ice was added, and 



112 

the two phase mixture was extracted vigorously for 2-3 minutes. The 

ethyl acetate layer was separated and cooled to 0°C, and tllo aqueolls 

layer was extracted \-,lith ethyl acetate (50 ml) again. The combined 

othyl acetate extracts were washed rapidly with cold ~% IICI (3 x 50 ml) 

and cold water (3 x 50 ml); ice chips were added to the funnel for each 

extraction to maintain approximately 0°C. The organic layer was dried 

(MgS04), filtered, and evaporated. The residue was recrystallized at -

20 ° C from dichloromethane/hexane. TIle product, DL-N(Lt-Ooc-!3-S-benzyl-

S,S-cyclotetramethylenecysteine, was filtered and dried over P205 in 

vacuo. 

7.5 mg; =12.4 yield; m.p. 79.5-80.5 0 C. 

09.G (br.s, 

05.6-5.4 (br.d, 1H, -NH-); 

CH3) ; 02.0-1.5 (br.m, BH, -CI12"); 

SyntllCsi.s of DL-N l1"formyl-B-S-para-methylbenzyl
B,B-cyclopentamethylenecysteine ethyl ester 

07.2-7.1 (m, 

A 3-neck 25 ml round bottom flask was equipped with a stir bar, 

3 rubber septa, and argon inlet/outlet needles. The reaction flask was 

charged with anhydrous THF (5 ml) and 4-methylbenzyl mercaptan (200 ~1, 

1.5 mmol) IIndel~ pos1 tive al~gon pros~;lIre. rlre thiol soluLlon was cooled 

to -78°C in a C02/acetone bath, and a tlOxane solution of n-butyl 

li.Llliulll (G00 ~1, 2.~)M, 1.~) fII111oL) \-J[J~; (JddccJ dl'ojll-Jl:;e Vill :;yringe. n,o 

solution of littlium i.-mettlylbenzyl Uliolate \oIOS stirred at -78°C fOI' 

ten (10) minutes, trllnsferr'ed v.io syr'jrlge to 0 pressure equlllizing 

addition funnel, and added dropwlse to a cold (- 7S OC) solution of ethyl 



Na-formyl-a,B-dehydro-B,B-cyclopentylidene glycinate (200 mg, 
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870 

~mol) in anhydrous THF (10 ml). The reaction was stirred for ten (10) 

minutes at -78
D

C, the C02/acetone bath was removed, and the reaction 

\'Jas allowed to warm to 27 D C and was stirred for two hours at room 

temperature. The reaction was quenched by addition of brine (3 ml) and 

the THF/hexane was removed by rotary evaporation at reduced pressure. 

The residue was partitioned between ethyl acetate (75 ml) and brine (25 

ml) in a separatory funnel. The aqueous layer was separated and 

extracted with a second portion (50 ml) of ethyl acetate. The combined 

ethyl acetate extracts wore combined and washed with brine (2 x 50 ml), 

dried over MgS04, filtered, and evaporated at reduced pressure. The 

crude organic product \oJas pttrified by flash chromatogrCtphy on sillca 

gel. Ethyl acetate/hexCtne (1/2 v/v) was used as eluant, 12-15 ml 

fractions were collected at a flow rotc of 4.0-4.5 ml/min- 1 . The 

fractions which contained the desired product (UG, 7, 8) were combined 

and evaporated at reduced pressure. Thin layer chromatography on 

silica gel eluted with ethyl acetate/hexane ( 1/2) or ethyl 

acetate/hexane (1/1) was used to determine which fractions contained 

the DL-NC'-formyl-p -S-para-methylbenzyl- f3, p -cyclopen tametllylenecys teine 

ethyl ester. The purified protectceJ ~;tll fur amino acid ester was dri.ed 

i.n vacuo over P205' 

105 mCJ; 300 ~mol; clear, colol-los~; oil; 3 /1.51- yield. 

1 H NMli (G0 MHz, CDCl;) OS.2 (s, 111, formyl); 07.1 (m, 4H, 

-CGIII+-); 8G.6 (br.d, 111, -NII-); OII.S (d, HI, -CH-); 



03.G (br.s, 211, -S-CII2-); 

TLC Rf 0.35 (C) 

.!iYdrolysis of DL-NU-fonnyl-(3-S-para-methyllJOnzyl-13J\
£y-clopontamethylenecysteine ethyl ester to DL-(3-S
para-methylbenzyl-(3,(3-cyclopentamethylenecysteine 

01.9-1.2 

The fully protected amino acid estel"', DL-Na -formyl-(3-S-para-

methylbenzyl-(3,(3-cyclopentamethylenecysteine ethyi ester (100 mg, 290 

~mol) was transferred as a chloroform solution (=3 ml) to a 50 ml round 

bottom flask. Tile CHCl3 was removed in vacuo. Aqueous hydrochloric 

acid (4N, 15 ml) was added to the amino acid estor, a stir bar was 

added, and tile aqueous acid was purged with argon for 2-3 minutes. A 

Ivater-cooled spiral condensor viaS ott.ocll()d La tile r lu~;k, and UIC 

mixture was refluxed overnight. The reaction was cooled to 27°C, 

filtered, and the aqueous acid was removed by rotary evaporation with a 

water aspirator, followed by high vacuum rotary evaporation. The 

residue was recrystallized from ethanol/diethyl ethel"', filtered, and 

27 mg; 28.3% yield; Hr 0.07 (I); Hf 0.22 (J); 

68.2 (br.s, 311, -N1I3 ); 07.3-7.2 (m, 

03.7-3.5 (bt".s + q, 3H, a-CH-, -S-CHr); 02.3 

o 2 . 0- 1 . II ( m ,I 011, - C 112 - ) 
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SynH10sis of etllyl NCLfonnyl- S.S -dellydro
B.B-cyclopentylidene glycinate 

A 3-neck 100 ml round bottom flask was fitLed witll a stir bar. 

a pressure equalizing addition funnel and cllarged with anhydrous THF 

(30 ml) under positive argon pressure. Dry THF (10 ml) was added via 

syringe to tile addition funnel followed by redistilled cyclopentonome 

(1.6 mI. 1.5 g. 18 mill 0 1 ). Etllyl isocyanoacetate (1.9 mI. 2.0 g. 18 

II1mol) was added via syringe to the flask. and the solution was cooled 

1\ IICXUlIC soluLioll of no-butyl lithium 

(1.6 M. 14.0 mI. 22.4 mmol) was added to the cold isocyanoacetate 

solution via syringe. The THF/cyclopentanone solution was added 

dropwise to the isocyanoacetate anion solution with good stirring. 

maintaining tile -lsDe bath. The reaction was stirred for one hour at -

lSDC; thin layer chromatography (etllyl acetate/hexane 1/1 or 1/2 v/v) 

showed virtually none of the desired . -detlydro ester. The 

C02/acetone batll was removed and tile reaction was allowed to warm to 

27 0 C. \"as stirred for tvlO (2) hours. and vias quenched by the addition 

of saturated ammonium chloride (5 ml). Tile flask was closed under 

argon atmospllCre arid left standing overni gilt. The reaction mixture 

separated into a dark aqueous (lowor) layer and a light yellow 

THF/Ilexane layer. 

Tile two layers were separated in a funnel. the aqueous layer 

was extr-actod tv/ice \"lLlI oLilyl acotuLo (2 x 50 ml). Tho ethyl acetate 

extracts were combined vii th tile Tilt/hexane. Hie TIlF and hexane were 

removed by rotary evaporation at water aspirator pressure. The ethyl 

acetate was washed witll sabu-ated ammonilJrll cilloride (2 x 50 ml). dried 
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(MgS04), filtered and evaporated. Tho residue was recrystallized from 

ethyl acetate/hexane 1/5. The product, 1.7 g (47.2% yield) of ethyl 

, -dehydro- , -diethylidene glycinate, was obtained by filtration onto 

a scintered glass funnel and drying LQ vacuo. This material gave 

identical m.p. and thin layer chromatography (EtOAc/hexanes 2/1 and 

1/1, v/v) Rf values as previously prepared compound, as was used 

without characterizing further. 

Sy nthes i s 0 f DL _Nrl_ t-Ooc -13 -S-para-me Ltly IIJenz'il::. 
i3,S-cyclopentamethylenecysteine 

The 11ydrocllioride salt of -S-para-methylbenzyl-

cyclopentamethylenecysteine (900 mg, 2.7 mmol) was suspended in 

dioxane/water (2/1 vlv, 30 ml) and coolecj to 0°C. Tho pll was adjusted 

to 10.5 by addition of aqueous 1N sodium hydroxide and di-tert-butyl 

dicarbonate (800 mg, 3.6 mmol) was dissolved in 5-6 ml of dioxane which 

was added in three portions via pipet. The reaction was stirred at 

0°C, and a pH of approximately 10.4-10.5 was maintained by adding 1N 

sodium hydroxide. When the pll stopped decreasIng, tile dioxane was 

r"emoved in vacuo and etllyl acetate (75 ml) \oIOS added to the residue. 

The mixture was cooled to 0°C again and acidified to approximately 2.2 

(pH meter). 11w u'lueous layer vlOS ex txnc ted vii ttl a second volume of 

ethyl acetate (50 ml). All of the extractions were done at =0°C, the 

temperature was mointainod by acjeHnq ice cll1ps to Liw sepornLory funnel 

with each extraction. The combined ethyl acetate extracts were washed 

with cold 4~ IICI (2 x 75 ml) and watur (3 x 75 ml), dried (MgS04), 

filtered and evaporated. The residue was dried in vacuo over P205; the 
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Na-t-Boc-0-S-p-methylbenzyl-0,B-cyclopentamethylenecysteine was ob-

tained as a white foam. 

950 mg white foam; m.p. 123.0-12~.5°C; 79% yield; ninhydrin test 

(-); Ellman reagent (-); Rf 0.11~ (F); Rf 0.34 (H). 

65.7 (d, 1H, 

-NH-) ; 64.5 (d, 1 H, -CH- ) ; 63.8 (br. s, 2H, -S-CH2-); 

62.l~ (s, 3H, -C6H~-CH3); 

Synthesis of DL-Na-t-Boc-B-S-para
methylbenzyl-B,B-diethylcysteine 

The hydrochloride salt 

62.0-1.1+ (m + s, 19H, -CH2-, 

of DL-B -S-Q-methylbenzyl-B ,B -

diethylcysteine (300 mg, 1.0 mmol) in dioxane/water (22 ml, 2/1, v/v) 

was cooled to 0°C and the pH was adjusted to 10.2 by adding 1N sodium 

hydroxide. Di-tert-butyl dicarbonate (250 mg, 1.2 010101) was dissolved 

in 2-4 ml of dioxane and added to the amino acid in two approximately 

equal portions. Tile pH was maintained at 10.2-10.3 by the addition of 

sodium hydroxide solution. When tbe pH remained constant at 10.2-10.3, 

the dioxane was removed in vacuo and ethyl acetate (~0 ml) was added to 

the residue. The two phase mixture was cooled to 0°C and acidified to 

pH 2 .l~ with cold I!y.\ aqueous HCl. Tile mixture was exU"acted v/ith a 

second volume (40 ml) of ethyl acetate, and the ethyl acetate 

extractions were combined. The organic extracts were wasllcd rapidly at 

o°C wi ttl '+% HCl (2 x 30 ml) and water (3 x 50 ml), dr-ied (MgS04), 

filtered, and evaporaLed. '1110 Cr-Illi() pr'oclllct wus n yellm'l oil, Wllicli 

was recrystallized from ethyl acetate/ligroin (=1/5) at -20°C. The Na _ 
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t-Boc-0-S-p-methylbenzyl-B,0-diethylcysteine was filtered and dried in 

white solid; m.p. S7.0-90.0 D C; Rf 0.20 (EtOAc/CHC13, 1/1); Rf 0.40 

(CHC13/CH30H, 9/1); ninhydrin test (-); Ellman reagent (-); 256 mg; 

67.3% yield. 

Synthesis of DL-B-S-para-methylbenzyl-0,0-
diethylcysteine 

A 3-neck 200 ml round bottom flask was equipped with a glass 

covered stir bar, acetone/C02 condensor, and drying tube; the flask was 

cooled to _7SDC in an acetone/C02 bath. Ammonia was distilled into the 

cold flask, approximately 100 ml of ammonia were collected. Metallic 

sodium was added in small pieces until a blue color was obLajned which 

perSisted for at least five (5) minutes. The hydrochloride salt of the 

free sulfhydryl form DL- 0, B-diethylcysteine (900 mg, If. 2 mmol) vlOS 

added to the cold ammonia in one portion as a solid. The blue color of 

the Na/NH3 was lost immediately. Additional sodium metal was added 

rapidly in small pieces until the blue color perSisted for 4-5 minutes 

again. The suI fur anian was quenched by injecting ((-chloro-para-xylene 

(0.6 ml, 700 mg, 5.0 wnol) to the blue ammonia solution. The 

C02/acetone bath vias removed, and the ammonia \-IOS allowed to evaporate 

overnight under a slow nitrogen stream. The residue was dissolved in 

about 75 ml of deionized water, fi 1 tenHI LlJrollDh //1 pOjlfJr, and Llle pH 

of the basiC solution I-Ias adjusted to approximately 5.9 by the addition 

of glacial acetic acid. A voluminous white precipitate formed; the 

product was cooled to 4 D C and stored overnight to allow complete 
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precipitation. The product, the zwitterion form of DL-B-S-para-

mettlylbenzyl- 13, B-diethylcysteine, was filtered and dried j n vacllo over 

625 mg white solid; 38% yield; ninhydrin test (+); Ellman reagent 

(-); m.p. 101.5-103.0"C. 

Synthesis of DL-Na-t-Boc-B-s-para
methylbenzyl-13,B-diethylcysteine 

The hydrochloride salt of DL-B-S-para-methylbenzyl-B,13-

diethylcysteine (500 mg, 1.6 mmol) was dissolved in dioxane/water (25 

ml, 2/1 v/v) and cooled to 0°C in on ice/ water both. The pH was 

adjusted to 10.5 by adding aqueous IN sodium hydroxide. Di-tert-butyl 

dicarbonate (500 mg, 2.3 mmol) was dissolved in approximately 8 ml of 

dioxane and added to the amino acid solution via pipet. The pH was 

maintained at 10.4-10.5 by the addition of sodium hydroxide solution. 

When the uptake of base ceased, the dioxane was evaporated in vacuo 

ethyl acetate (40 ml) was added to the residue, and the mixture was 

cooled to OoC. The two phose mixture was acidified to pH 2.5 with cold 

If% HCl. The mixture was poured into a separatory funnel and extracted 

rapidly; the aqueous layer was extracted with a second volume (50 ml) 

of ethyl acetate. TtlC ethyl acetClto exLI'Clct.s were combined and wClstwd 

at 0°C with 4% aqueous HCI (2 x 30 ml) and water (3 x 30 ml). The 

ethyl acetClte extrClcts were dried over MgS04, fillered and evaporClted; 

the residue was recrystallized from dichloromethane/ligroin at -20°C. 

TtlC produc t, Na -t-Boc-!3 -S- [!(II'CI--ITlC ttl Y 1 benzyl- f),(.l -d ie Ulylc ys tei ne, 
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crystallized slowly (2-3 days) from the DCM/ligroin at -20°c. The 

protected -amino acid was filtered and dried over P205 in vacuo 

292 mg (0.77 mmol); 48.1~ yield; m.p. 91.0-92.0°C; ninhydrin test 

(-); Ellman reagent (-). 

05.8-5.6 (d, 

1 If, -NH-); 0IL6-lf.5 (d, lH, -CH-); 03.7 (d, 2H, -S-CH2-); 

01.2-1.0 (m, H, -CH3). 

Calculated for C20H31N04S: C, 62.95; H, 8.21; N, 3.67 

Found: C, 61.32; H, 8.49; N, 3.70 

~n til I] s ~. s of etllyl NCCformvl..=.!lill-dehVdro::. 
n, r.:J 11_ t-l)u tvl )cy_c}_c:>Jl<:_~yJ~clo~~~y~_~r~~~l:.Q 

A 3-neck 250 ml round bottom flask was equipped with stir bar, 

pressure-equalizing acldi tion funnel; anhydrous TlIF was added via 

syringe to the flask (40 ml) and to the addition funnel (10 ml). 

Sodium ~lydride (1.2 g, 2.0 g of 60% oil dispersion, 50 mmol) was added 

to the flask; ethyl isocyanoacetate (5 g, 44 mmol) was added to the 

addition funnel via syringe, and 4-tert-butyl cyclohexanone (6.6 g, 44 

mmol) was added to the additian funnel as a solid. The ll-t-butyl 

cyclohexanone was dissolved by carefully agItoLing tile flask/funnel. 

The THF/sodium hydride was cooled to 0°C, and the isocyanoacetate/4-t-

bu tyl cyclollexanone loJa~; added d,-op"" i ~;e. lIydrorJen DOS was evolved and 

was vented through a needle through the septum of the addition funnel. 

Hie reaction vlOS stirred for tloJO (2) tiOll'-S at 0°C, and was quenclled by 

adding brine (10 ml) dropwise. The 1 fW was evaporated at reduced 
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pressure; water (about 50 ml) was added, and the mixture was extracted 

with ethyl acetate (2 x 100 ml). The combined eLhyl acetate extracts 

were washed with water (3 x 75 ml), dried (MgS04), filtered, and 

evaporated. 5.9 g of crude oil were obLained, which crystallized upon 

standing (2-3 days). The dehydro amino acid ester, ethyl Na-formyl-

a ,S-dehydro-~a-(4-t-butyl)cyclohexylidene glycinate, was triturated 

with hexane, filtered, and dried in vacuo. 

3.7 g white solid; 31.5~ yield; m.p. 96.5-97°C; Rf 0.25 

(EtOAc/hexane, 1/2); Rf 0.4 (EtOAc/hexane, 1/1). 

Sulfenylation of ethyl Na-formyl-a,B-dehydro
B,B-(4-t-butyl)cyclohexylidene glycinate 

HIe protected dehydro amino ac id ester, eUlyl NlLforrnyl-u,a-

dehydro-B,B-(4-t-butyl)cyclohexylidene glycinate (3.5 g, 8.6 mmol) was 

added to benzene (50 ml) in a 100 ml rOllnd bot torn flask; the mixture 

was stirred at 27°C, and phosphorous decasulfide (1.35 g, 3.0 mmol) was 

added in one portion as a solid. A condensor and heating mantle were 

added to the flask, and the nonhomogeneous mixture was heated to 

reflux. The initially insoluble P~S10 dissolved gradually; the 

reaction became homogeneous after 15-20 minutes. The reaction was 

refluxed for an hour, fi 1 tered UIrOll~Jtl 111 papol-, and thon llenzene and 

volatile sulfur byproducts were evaporated under reduced pressure. The 

thiazaline-2-curboxylic oster 101m; dl-jncj in V(]CIIO ovornjgtlt; aqlleous 

hydrochloriC acid (50 ml, 4M) was added, the aqueous acid was purged 

for '1-5 minutes Vii ttl or'gon and heated to reflux Linder a water cooled 

condensor. The hydrolysis proceeded sloVlly, apparently due to the lack 



122 

of solubility of the thiazoline in the aqueous acid. A 1H NMR spectrum 

was obtained on tl-w thiazolino-2-carboeUlOxy intermediate; the spoctrum 

was completely consistent with the thiazoline-2-ester structure. The 

hydrolysis required 3 days at moderately fast reflux to be completed; 

after day, an additional 50 ml of 4 M HCI were added to the 

hydrolysis. The heating mantle was romoved. and the reaction flask was 

cooled to 0°C in an ice/water bath. The solid product precipitated 

rapidly at 0°C and was filtered and dried in vacuo. 

2.2 vlhite solid; ninhydrin test (+); Ellman reagent (+); 

o 9. II (br. s. 1H. -S-CH=N-); 07.2 (s. 

residual C61-16); 05.0 (br. s. 1 H. -CH-C02-); 04.4-1 .. 1 (q. 2H. 

62.2-0.9 (br.m + t, 1211. -CH2-( II), -CH-, -CI13); 

Synthosis of DL-S-S-para-methylbonzyl-S.S
(4-t-butyl)cyclopentamethylenecysteine 

A 3-neck 500 ml round bottom flosk was oquipped with a gloss 

coated stir bar, dry ice/acetone condensor (protected from atmospheric 

moisture by a KOll drying tube), and a deaorator adapter which was 

connected to an ammonia gas cylinder. The condensor and the flask were 

both cooled to -7S D C with C02/acetono. and approximately 200 ml of 

ammonia was collected in the flask. Tho ammonia gas was shut off, and 

small pieces of metallic sodium vJ()l-e wlded to tJlO cold ammonia. The 

addition of sodium was continued until a blue color was obtained which 

persisted for at loast five (5) minLlto~;. TlIO ~Iydr'ochloride salt of DL-

S.B-(4-t-butyl)cyclopentamethylenecysteino (2.1 g. 5.4 mmol) was added 
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in one portion as a solid, which caused immediate loss of the blue 

color. The stirring of the mixture was very poor, dry TIIF (30 ml) was 

added to improve the mixing. Additional sodium metal was added in 

small pieces until a blue color which persisted for three minutes was 

obtained. Alpha-chloro-para-xylene (1.7 ml, 2.0 g, 14.0 mmol) was 

injected into the reaction, the mixture was stirred for 2-3 minutes at 

-78°C, and the C02/acetone bath was removed. The ammonia/THF vias 

removed in an air stream overnight. The standard procedure of 

dissolving the crude side chain protected cysteine analogue in water 

and precipitating the zwitterion form of the amino acid failed, due to 

insolubility of the product in water. The crude p-S-para methylbenzyl-

13, (3-( l~-t-butyl )cyclopentamettlylenecystoi flO was Lri turated wi ttl water, 

filtered onto a scintered glass funnel, and washed with water and 

diethyl ether. The filtered solid was dissolved in approximately 300 

ml of boiling methanol and was filtered through #1 filter paper. Water 

was added to the methanol (after the methanol had cooled to 27°C) until 

the aqueous methanol was cloudy. The aqueous methanol was stored at 

4°C overnight and the product was filLered and dried in vacuo over 

1.0 9 white SOlid; 53.0% yield; ninllyclrin test (+); Ellman reagent 

(-); m.p. 177.5-180.0°C. 

lfj NMR 68.5-8.3 (br.s, 111, -C0211); t5 7.2-7.0 (m, 'III, -C6I1l,-); 

65.5-5.4 (br.d, 111, -NH- ) ; ol~.2-4.1 (d, lH, -CII-); 63.4 

(d, 211, 01.6-1.2 (br.m + 



Synthesis of DL-NU-t-Boc-B-S-para-mctllylbcnzyl
B,B-(4-t-butyl)cyclopentamethylenecysteine 

The hydrocllioride salt of DL- -S-para-metllylbonzyl- , -(4-t-

butyl)cyclopentametllylenecysteine (900 mg, 2.3 010101) was suspended in 

aqueous dioxane (25 011 2/1 dioxane/H20), cooled to 0°e, and tile pH of 

tile mixture was adjusted to pH 10.4-10.5 by the addition of 1N aqueous 

sodium hydroxide. Di-tert-butyl dicarbonate (650 mg, 3.0 mmol) was 

dissolved in 2-3 011 of dioxane and added to the amino acid solution via 

pipet. The reaction was stirred at 0 De, maintaining the pH at 10.4-

10.5 by adding sodium hydroxide as needed. When tile pH of tile reaction 

stopped decreasing the almost completely homogenous solution suddenly 

began precipitating a white solid. The standard workup procedure was 

modified; the mixture was cooled to 4°e for twelve hours to allow 

complete precipitation, and was filtered, waslled with cold water and 

dietllyl ether, and dried in vacuo. ---- Tllis material (wllite solid, 410 mg) 

was identified as tile free base form or the starting material, DL-B-s-

para-methylbenzyl-B,B-(4-t-butyl)cyclopentamethylenecysteine. The 

filtered aqueous dioxane solution was evaporated in vacuo, etllyl 

acetate (75 ml) was added, and tile mixture was cooled to oDe in an 

ice/water bath. Tile two pllase mixture was stirred rapidly and 

acidified to pH 2.1 witll cold (0 De) /1,1. IlyeJrocllloric acid. Hie reaction 

mixture was poured into a separatory funnel, ice cllips were added to 

keep tile solvents at oDe, and tile aqueous/ethyl acetate mixture was 

extracted rapidly and vigorously until most of tile icc had melted. The 

etllyl acetate layer was separated and cooled to oDe; tile aqueous layer 

was extracted again witll a second portion of eUlyl acetate (50 ml). 
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The combined ethyl acetate extracts were washed with cold 4% HCI (2 x 

40 ml) and water (3 x 75 ml), dried, filtered and evaporated. The 

product, DL-Na-t-80c-8-S-paramethylbenzyl-S,S-(4-t-

butyl)cyclopentamethylenecysteine, was dried over 1'205 in vacuo; foam-

like white crystals (185 mg) which were non-hygroscopic were obtained. 

This was 31% yield after correcting for the 45% recovery of the 

starting material. 

m.p. 92.0-94.0°C; ninhydrin test (-); Ellman reagent (-); 

05.7 (d, 

111, -NII-); o If • 3 (d, 1 H, u - C 11- ) ; 03.7 (m, 2H, -S-CH2-); 

01.8-1.1f (m + s, 18H, -CH2-, -CH-, -0-

The Decomposition of ethyla-azida 
cyclollexylacetate \o,Ii th rhenitlln 
!!£Qt:asul fide 

Ethyl -azido cyclohexyl acetate (2.1 g, 10.0 mmol) was added 

via syringe to a mixture of acetic aCid/acetic anhydride (2/8 v/v). 

Rhenium heptasulfide (100 mg, 166 ~mol) was added as a solid, followed 

by 2-3 drops of concentrated hydrochloric acid. A stir bar was added 

and a reflux condensor/drying tube was placed atop the flask. The 

reaction mixture was heated at 55-60°CC overnight with stirring. The 

oil bath was removed; the reaction was cooled to 27°CC and poured into 

water (50 ml). The aqueous portion was extracted with chloroform (75 

ml), then with a second, smaller chloroform extraction (30 ml). An 

emulsion formed during the second chloroform extraction, however the 

mixture separated into two layers after standing for 5-10 minutes. The 
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chloroform extracts were neutralized by stirring with sodium carbonate 

until C02 evolution ceased (100 ml of 10% Na2C03). The organic layer 

was extracted again with 10% Na2C03 (50 ml), and water (50 ml). The 

chloroform was dried, filtered, and evaporated to a yellow oil which 

began crystallizing upon standing at 27°CC. Trituration of the oil with 

hexanes (approximately 50 ml), followed by filtration and drying in 

vacuo gave 750 mg of fluffy white crystals. 

m.p. 117.0-118.0°C; 33% yield; Rf 0.36 (F); 

1H NMR (60 MHz, CDC13) 87.1 (br.s, 1H, -NH-); 84.3-3.9 (q, 

2H, -O-CH2-); 82.6 (m, 2H, allyl -CH2-); 82.2 (m, 2H, allyl 

-CH2-); 82.0 (s, 3H, CH3-CO-); 01.5 (m, 6H, -CH2-); 

81.3-1.1 (t, 311, -CH2CH3). 

~ntllesis of Ci. -az1 do etllyl butyrate 

Dry dimettlylformamide (DMF, 100 1111) was addcd to a 500 ml round 

bottom flask and the solvent was purged with argon for thirty (30) 

minutes. The ester, a-bromoethyl butyrate (15 g, 77 mmol) was added 

via a volumetr~ic pipet; followed by sodium azide (9.8 g, 150 mmol). 

The mixture was heated with stirring overnight at 50-60°C under a 

reflux condensor/drying tube. The DMF was extracted with ethyl acetate 

(2 x 100 ml). The eLtryl acetate extracts were dried, filtered, and Ule 

ethyl acetate was removed by rotary evaporation at water aspiration 

pr~eSSllre . The high-boiling residue wus distilled through a Claisen 

(short-path) distilling head fitted with a three flask fraction cutter. 

The -azido ethyl butyrate was collected in an ice coolee round bottom 
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flask; 7.3 g (60.3%) of clear, colorless liquid, boiling range 36.0-

41.0°C (vacuum pump distillation). 

o 4.6-4. 3 (q, 2H, -OCH2- ) ; 

(quintet, 111, -CH2-CH(N3)-); 

1.0 (rn, 6H, -CIl3). 

02.2-1.8 (m, 211, -CH2-); 

o 4.0-3.8 

0 1 . 3 -

Synthesis of a-bromoethyl butyrate 

A 3-neck, 500 ml round bottom flask was equipped with a stir 

bar, reflux condensor/drying tube, two glass stoppers, and butyric acid 

(17.6 g, 0.2 mol) was added via syringe. The neat butyric acid was 

heated to 100°C in an oil bath, and phosphorous tribromide (PBr3' 19 

ml, 56.7 g, 210 mmol) was added rapidly dropwise via syringe 

(alternatively, an addition funnel can be added to the side arm of the 

flask). 

bromide. 

The addition of the PBr3 evolved large amounts of hydrogen 

When the addition of the PBr3 was completed, bromine (21 ml, 

65 g, 410 mmol) was added to the reaction from a pressure equalizing 

addition funnel. The evolution of hydrogen bromide occurred here, 

also. 

hours. 

The reaction was heated at 100°C with stirring for four (4) 

The mixture was cooled at 27°C, and absolute ethanol (75 ml) 

was carefully added to the addition funnel. The ethanol was added to 

the reaction mixture at a rate sufficient to cause mild reflux. When 

the ethanol addition was completed the reaction was refluxed for an 

additional thirty (30) minutes in an 011 bath. The reaction was left 

standing at 27°C overnight. The volatile by products were removed by 

rotary evaporation at high vacuum (bath temperature 35°C); the residue 

was partitioned between ethyl acetato (100 ml); the aqueous layer was 
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extracted with a second volume of ethyl acetate (100 ml), the ethyl 

acetate extracts were combined, washed with 10% Na2C03 (2 x 100 ml), 

water (3 x 75 ml), dried, filtered and concentrated to a small volume 

by rotary evaporation. The residue was distilled at vacuum pump 

pressure through a Claisen distillation head. The a-bromo ethyl 

butyrate was obtained as a clear, colorless liquid; boiling range 58.0-

62.0°C; 17.8 g; 46% yield; 

o 4.4-1~.0 (m, 311, -OCII2-, -CH(Or)-); 

02.2-1.8 (m, 2H, -CH2-); 01.4-0.9 (m, 6H, -CH3). 

Reaction of a-azido-a-cyclohexyl ethyl acetate 
with rhenium heptasulfide/acetic acid 

A mixture of acetic aCid/acetic anydride (10 ml, 3/2 v/v) was 

added to a 100 ml round bottom flask, a stir bar was added, and 

azido- -cyclohexyl-ethyl acetate (1.0 g, 5.0 mmol) was transferred to 

the flask via syringe. Rhenium heptasulfide (50.0 mg, 80 mmol) was 

added to the flask in one portion of a solid. The reaction mixture was 

heated to gentle reflux with stirring under a drying tube protected 

reflux condensor. After refluxing for eighty (80) minutes the heat was 

removed, and the reaction mixture was left stirring at 27°C overnight. 

The reaction was fil tered tllrougl"l 111 popor on a [)ucllrlCr funnel, water 

(approximately 30 ml) was added, and the aqueous solution was extracted 

with chloroform (2 x 50 ml). The cillcwoform extracts were combined, 

washed with water (2 x 30 ml), dried, filtered and evaporated at 

reduced pressure. The residue wa:; Lri tLwoted vii til hexone and stored at 

-20°C overnight. The slightly yellow crystals were filtered and dried 
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in~; the etllyl NC'-acetyl-a,S -dellydr-o-S-cyclohexylidene glycinate 

was obtained in 22~ yield (2~5 mg). 

TLC: Rf 0.14 (ethyl acetate/hexane 1/2); Rf 0.37 (ethyl 

acetate/hexane 1/1); m.p. 57.0-59.0°C. 

87.3-7 .. 2 (br-.s, 1 H, -NH-); 84.4-4.0 

82.9-2.5 (br-.m, 2H, 82.4-2.1 

(br-.m + s, 5H, 81.8-1.5 (m, 6H, -CH2); 

81.l~-1.2 (t, 3H, -CH3). 

Second Reaction of a-azido-a-cyclohexyl ethyl 
acetate with r-henium heptasulfide/acetic acid 

The azido ester, a-azido-a-cyclohexyl ethyl acetate (2.0 g, 9.5 

mnol) was transferred via syringe to a mixture of acetic aCid/acetic 

anydr-ide (10 ml, 3/2 v/v) and stirred at 27°C. Rhenium heptasulfide 

(100 mg, 167 ~mol) was added in one portion as a solid. The reaction 

mixture was refluxed gently under a water cooled reflux condensor which 

was fitted with a drying tube to exclude moisture. The reaction was 

refluxed for- two (2) hour-s, cooled to r-oom temperature, and filtered 

through a scintered glass funnel. Water- (40 ml) was added, and the 

aqueous solution was extracted with chlor-oform (2 x 50 ml; vigorous 

foaming/gas evolution) and water (2 x 50 ml). Tlw clllor'ofor-m solution 

was dried (MgS04), filtered and evapor-ated. A flash column was used 

for purification, since tile method of Lr-iLurating tile crude organic 

pr-oduct with hexane contaminated the desired NU-acetyl dellydro amino 

ester with a smull amount of tile Na~ ·-dluceLyl dellydr-o esLer-. A 15 mm 

x 85 mm column was packed and equilibr-aLed in etllyl acetate/hexane (1/1, 
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v /v). The crude ethyl NO'.....Ac-ct, (3 -dehydro-(3 -cyclohexylidene glycinate 

was dissolved in a minimum volume (x2 ml) of ethyl acetate/hexane (1/1, 

v/v), loaded onto the column, and the sample was chromatographed at 5-6 

ml/min, eluting with the same solvent mixture. The Fractions which 

corresponded to 175-200 ml (#7,8) of eluant were combined and 

evaporated to obtain the product, ethyl NCLacetyl- a,p -dehydro-(3-

cyclohexylidene glycinate. 

260 mg; 12.2% yield; m.p. 

acetate/hexane 1/2); Rf 0.37 (ethyl acetate/hexane 1/1). 

Modified Reaction of ethyl a-azido-a-cyclohexyl 
acetate with rhenium heptasulfide 

( eUlyl 

The azido ester, ethyl a-azido-a-cyclo~lexy1 acetate (1.0 g, 4.7 

mmol) was added via syringe to acetic anhydride (10 ml) at 27°C. The 

reaction was stirred and rhenium heptasulFide (50 mg, B0~mol) was added 

in one portion as a solid, followed by concentrated hydrochloric acid 

(5 drops) added via pipet. The reaction was heated to gentle reflux 

under a water cooled candensor for three hours. The heat was removed, 

the mixture was cooled to 27°C, and was filtered through a scintered 

glass funnel. Water (10 ml) was added and the aqueous solution was 

extracted with ethyl acetate (2 x 50 mil. The ethyl acetate was dried 

(MgS04), filtered, and evaporated. Trituration of the residue was 

hexane did not induce crystallization or preCipItation. HIe crude 

organic product was cllromatographed on the same flash Silica gel column 

as was used for the previous reaction. TIle fractions w~lich contained 

the desired product (#8,9) were combined and evaporated. The reSidue 
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was triturated with a few micro crystals from the previous synthesis. 

The product crystallized rapidly at 27°C; it was filtered and dried in 

vacuo. 

97 mg white crystals; 9.1~ yield; m.p. 58.0-59.0°C; Rf 0.15 (ethyl 

acetate/hexane 1/2); Rf 0.31 (ethyl acetate/hexane 1/1). 

Decomposition of a-azido ethyl butyrate 
with rhenium heptasulfide!acetic acid 

A mixture of acetic acid and acetic anhydride (3/2 v/v, 18 ml) 

was stirred at 27°C in a 50 ml round bottom flask, and -azido ethyl 

butyrate (2.0 g, 12.7 mmol) was added via syringe. Concentrated 

hydrochloric acid (5 drops) was added via disposable pipet, followed by 

rhenium heptasulfide (Re2S7' 175 mg, 293 ~mol). The black mixture was 

heated to gentle reflux with stirring under a condensor which was 

protected from atmospheric moisture by a calcium chloride drying tube. 

The reaction was refluxed overnight (twenty one (21) hours total), the 

heat was removed, and the reaction was cooled to 27°C. The mixture was 

diluted with ethyl acetate (50 ml) and filtered through a medium 

scintered glass funnel. A second ftltration (gravity) through #1 

filter paper was done, and then the brown solution was evaporated to 

dryness at reduced pressure (water aspirator), followed by high vacuum 

(oil pump). The residue was dissolved in a minimum volume of ethyl 

acetate/hexane (1/1, v/v), and was cllromatographed on a 24 mm x 120 mm 

flash silica gel column. Ethyl acetate hexane (1/1, v/v) was used as 

eluant, at a flow rate of 4.0 ml/min; fractions of approximately 25 ml 

were collected. Thin layer chromatography indicated that pure product 
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was present in the fractions which corresponded to 100-150 ml of eluent 

(#4,5,6). The three fractions were combined and evaporated at reduced 

pressure. The residue was triturated with about 20 ml of hexane, which 

caused crystallization. The product was left at 27°C overnight; then 

was filtered onto a scintered glass funnel and dried in vacuo over 

The white crystals were identical by TLC and melting point with 

the previously prepared ethyl Na-acetyl-a,B-dehydro~ ,B-diethylidene 

glycinate. 

410 mg white crystals; 18.5% yield; m.p. 58.0-59.0°C. 

Sulfenylation of ethyl Na-ocetyl-a,0-dehydro-B,B
diethylidene glycinate 

The protected dehydro ester, ethyl Na-acetyl~~ -dehydro-B,B-

diethylidene glycinate (200 mg, 1.3 nnol) was dissolved with stirring 

at 27°C in dry benzene (20 ml). Phosphorous decosulfide (100 mg, 225 

mol) was added to the benzene solution in one portion as a solid. The 

septum of the round bottom flask was replaced by a water cooled 

condensor; the condensor had a calcium chloride drying tube to prevent 

atmospheric moisture from entering the reaction. The reaction mixture 

was heated to gentle reflux for 3.5 hours, the benzene was decanted 

from the insoluble residue and gravity filtered Lhrollgh #1 filter 

paper. Thin layer chromatography showed two higher Rf components 

(starting material, Rf 0.14; component 1, Rr 0.27; component 2, Rf 

0.31) as the major constituents; an estimated 10-20% of the starting 

material was present. The reaction was repeated using 15 ml of benzene 

Thin layer chromatorgraphy after one hour and 
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forty-five minutes refluxing showed complete disappearance of the 

dehydro ester. The benzene was separated from the insoluble material 

by decantation, followed by gravity filtration (#1 filter paper). The 

benzene was evaporated at reduced pressure to obtain the product, 3-

methyl-2-carboethoxy thiazoline as a yellow oil. This material was 

used without further purification for hydrolysis to the sulfhydryl 

amino acid. 

Synthesis of ethyl a-bromo-B-phenyl propionate 

Hydrocinnamic acid (3-phenyl propionic acid, 15.0 g, 0.1 mole) 

and phosphorous tribromide (29.7 g, g/ml, ml, 0.1 mole) were added to a 

3 neck 500 ml round bottom flask. A stir bar was added to the mixture; 

a pressure equalizing addItion funnel and a water cooled condensor were 

fitted to the flask. Bromine (10.0 ml, 31.2 g, 0.205 mol) was added to 

the funnel, and the mixture was heated with stirring to 90-100°C in an 

oil bath. The bromine was added dropwise to the carboxyliC acid/PBr3 

mixture at this temperature. The heating was continued for three (3) 

hours after the addition of the bromine was completed. The oil bath 

was removed and the reaction mixture was cooled to 27°C. Absolute 

ethanol (35 ml) was added cautiously from the addition funnel; the oil 

bath was placed under tile flask again, und tll0 r-eaction mixture was 

refluxed overnight. The oil bath was removed and the reaction mixture 

was cooled to 27°C. nlC ethanol and otllCr volatile products were 

removed at oil pump pressure at a temperature of approximately 35°C. 

The residue was dissolved in ethyl acetate (50 ml), followed by water 

(2 X lf0 011). nre eUryl acetate was dried (MgSOlf ), filtered, and 
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evaporated at reduced pressure. The residue was 32.0 g of cleor yellow 

oil; tile oil was distilled througtl a Cloisen short poth distillotion 

head at vacuum oil pump pressure. The major fraction, after a small, 

low boiling forerun, distilled at 70-112°C. A clear, slightly yellow 

oil was obtained; 19.9 g, 81% yield. The lH NMR (CDCI3, 60 MHZ) 

spectrum of the distilled ethyl -bromo- -phenylpropionate was 

consistent with the proposed structure. 

lH NMR (60 MHZ, CDCI3) 07.2 (s, 5H, -C6H5); 

-CH2-, -CH(Br)-); 03.4-3.1 (01, 2H, -CH2-); 

- CH 3) . 

Synthesis of ethyl a-azido-B-phenyl propionate 

04.3-3.9 (m, 3H, 

01.2-1.0 (t, 3H, 

Ttle azido ester, eUlyl c(-bromo-B-phenyl propionate (1£1.6 g, 

56.9 mmol), was added via syringe to dimethylformamide (100 ml); the 

DMF solution was purged for ten (10) minutes with argon. Sodium azide 

(6.5 g, 0.1 mol) was added to the stirred DMF solution in one portion 

at 27°C. The reaction mixture was heated in an oil bath at 85-92°C for 

twenty (20) hours under a water cooled condensor. The condensor was 

protected from atmospheric mOisture by a calcium chloride drying tube. 

The initially clear yellow solution was dark green when the oil bathwas 

removed. The reaction was allowed to cool to 27°C, and was poured into 

watel- (150 011). The aqueous DMF wus extracted in a separatory funnel 

with diethyl ether (2 x 100 ml). The eLher extracts were combined, 

extracted twice with water (2 x 100 ml), dried over MgS04, filtered, 

and evaporated at reduced pressure. The residue was vacuum distilled 



135 

through a Claisen short path distillation head. The major fraction 

boiled from 75° to 102°C; 

1H NMR (60 MHZ, CDC13) 07.2 (s, 51-1, -C6H5); 04.3-3.8 (m, 3H, 

The decomposition of ethyl a-azido-B-phenyl
propionate with rhenium heptasulfide (Re2~7~ 
(Synthesis of Na-acetyl-a,B-dehydrophenylalanine 
ethyl ester) 

The azido ester, ethyl a-azido-B-phenyl-propionate (2.2 g, 10.0 

mmol) was added via syringe to a mixture of acetic aCid/acetic anydride 

(9 ml/6 ml) at 27°C. Rhenium heptasulfide (50 mg, 120 ~mol) was added 

in one portion as a solid. Concentrated hydrochloric acid (35%, 3 

drops) was added, a reflux condensor was placed atop the flask, and the 

reaction mixture was refluxed gently overnigllt. TIle IlOating mantle was 

remaved, the reaction mixture was cooled to 27°C, and diothyl ether (50 

ml) \vas added. The diluted reaction mixture was poured into a 250 m1 

Erlenmeyer flask; additional ether (25 ml) was added, followed by 10% 

soldium carbonate (50 ml). The twa phase mixture was swirled carefully 

for several minutes in the flask until tile vigorous C02 evolution had 

stoIJped. The mixture vlOS tllen pOLlr'ed into a sepUl-atory funnel and 

extracted with rapid, frequent venting of the funnel. TIle ether 

011); followed by two water extractions (2 x 50 011). Ttle ether solution 

was dried (MgS04), filtered, and evaponlLeej ot pr-essllre. The residue 

was dissolved in a minimum volume (=5 ml) of dlethyl ether, and hexane 



136 

(2-3 ml) was added dropwise until perrnanent turiJidity at 27°C was 

obtained. The product was stored at -20°C overnight; the crystals 

which formed were filtered onto a medium scintered glass funnel, washed 

with hexane, and dried over P205 in v(]cuo. ----

840 mg; 30.6%; tan crystals; m.p. 

o 7. 1 (s, 51-1, 

611.2-3.8 (q, 211 -OC11r); 02.0 (s, 6H, CI-I3-CO); 

The 11-1 NMR of this compound showed that the desired NU-acetyl a ft -

dehydroamino ester was not the isolated product. Rather, the Na ,Ct ,_ 

diacetyl a,B-dehydro ester was the isol(]ted product. 

Hie decomposition .of eUlyl a-azido iJlItyr(]\.c 
with triflouroacetic anhydride/triflouroacetic 
acid/rhenium heptasulfide 

Ethyl -azidobutyrate (FW 125.20, 1.5 g, 12.0 mmol) was added 

via syringe to a mixture of triflouroacetic acid/triflouroacetic 

anhydride (12 ml/2 ml, 2 ml = 3 g = 16.0 wnol TFAA) at 27°C. R~lOn i um 

heptasulfide (100 mg, 165 ~mol) was added in one portion as a solid, 

followed by concentrated hydrochloric acid (5 drops). A water cooled 

condensor was heated to reflux overnight with a variable transformer 

(VARIAC) regulated heating mantle. Tile heating mantle was removed 

after twenty one (21) hours of refluxing; the reaction mixture was 

cooled to 27°C and diluted with di~hlorornclhane (50 ml). The reaction 

mixture was filtered through a Ouchner (01 paper), extracted with 10% 

aqueous NoHC03 (3 x 50 ml), and \-IatCt' (3 x 50 ml). The cleat', slightly 

yellow dichloromcthanc solution was dried over MgS04' filtered, and 
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Thin layer chromatography (ethyl 

acctate/CHC13/hexane, 1/1/1, v/v/v) showed two (2) components with Rf 

0.47 and Rf 0.56. 

A flash silica gel column (24 mm x 115 mm) was equilibrated 

with ethyl acetate/hexane (1/3 v/v). The crude organic product, 

approximately 900 mg, was dissolved in the minimum volume of the same 

solvent at 27°C; this sample was added carefully to the top of the 

flash column. Tho column was eluted with ethyl ace Late/hexane (1/3 

v/v) at a flow rate of 4.0-4.5 ml/min; fractions of 14-15 ml were 

collected. The fraction which corresponded to 31-45 ml of solvent (#3) 

contained the faster moving major component; the fractions which 

corresponded to 46-75 ml of solvent (#4,5) contained the lower Rf 

(slower moving) major component. Fraction #3 was evaporated at reduced 

pressure to a clear yellow oil (270 mg), which was dried in vacuo over 

Fractions #4 and #5, after evaporation at reduced pressure and 

drying in vacuo (P205), was 400 mg of clear, slightly yellow oil (high 

Rf compound); Rf 0.46 (ethyl acetate/hexane 1/3 v/v); Rf 0.57 (ethyl 

acetate/hexane 1/1 v/v); 

11'1 NMR (60 MHz, CDC13) 07.6 (br".s, 1H, ··NH-); 

HI, -C~CH(CH3»; 0 / •. 3- 11.0 (q, 211, -OCII2-); 

07.2-6.7 (m, 

02.2 (d, ::::0.5H, 

allyl -CH3, E isomer); 01.9 (d, 2.5H, allyl -CH3' Z isomer); 

o 1.lj-1.1 (t, 311, -C1I2 ~3). 

1H NMR (60 MHz, CDC13/CF3C02H 9/1) shows a deshielding effect on the 
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vinylic -H signal ( 7.4- 7.1). The slower moving major component is 

Reference R. K. Olsen Tetrahedron Letters 891 (1976) 

The Decomposition of ethyl a-azido-B-cyclohexyl
acetate with triflouroacetic acid/triflouracetic 
anhydride/rhenium heptasulfide 

The azido ester, ethyl a-azido-B-cyclohexyl acetate (1.1 g, 5.0 

mmol), was added via syringe to a mixture triflouroacetic aCid/ 

triflour-oacetic anllydr-idc/concentratcd IICl (10.0 ml/l.0 Illl (7.5 mmol)/5 

drops) at 27°C. Rhenium heptasulfide (100 mg, 165 ~mol) was added to 

the mixture in one portion as a solid. A condensor, which had a 

calcium chloride drying tube to exclude atmospheric moisture, was 

placed atop the flask; the reaction mixture was heated to a gentle 

reflux. After refluxing gently fot- four (II) flours, the fleating mantle 

was removed, the reaction mixture was allowed to cool to 27°C, and was 

left stirring overnight. The reaction was diluted with ethyl acetate 

(40 ml) and gravity filtered through #1 paper. The ethyl acetate 

solution was extracted successively in a separatory funnel with 10% 

aqueous sodium carbonate (3 x 40 ml) and water (3 x 40 ml), dried over 

MgSOI1 , filtered, and evaporated at reduced pressure. An ottempt ot 

recrystallization from ethyl acetate/hexane at 27°C or at -20°C was 

unsuccessful. A 24 mm x 90 mn flash silIca gel column was equilibrated 

with ethyl acetate/hexane (1/3 v/v). The crude organic product was 

dissolved in a minimum volume of eUlyl acetate/hexane and loaded 

carefully onto the column, and the column was eluted at 4.0-4.5 ml/min. 

with the same solvent mixture. The product was eluted in the second 
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and third fractions (21-60 ml of eluent). The two fractions were 

combined and evaporated at redllced prossure to obto i.n a clear yellow 

oil (520 mg); 

37.2% yield; Rf 0.44 (ethylacetate/hexane, 1/4, v/v); 

06.9 (br.s, 1H, -Nil); 0'+.4-4.0 (q, 

03.0 (br.s, 2H, ~C-CH2-); 

IIttomptod suI [on1"..101:10n of eUlyl 
NCi_tri flouroacetyl-Ci,i3 -dehydro-i3 ,(3 -

cyclohexylidene glycinate 

02.0-1.0 (m, 1111, 

The protected -amino acid ester, NCi-triflouroacetyl-Ci,i3-

dehydro-i3,!3-cyclohexylidene glycinate (500.0 mg, 1.79 mmol, FW 279.3) 

was dissolved in benzene (15 ml) at 27°CC; phosphorous decasulfide 

(P4S10, 200.0 mg, 450 ~mol) was added in one portion as a solid. A 

calcium chloride drying tube/water cooled condensor were placed atop 

the flask, and the reaction mixture was heated to gentle reflux with 

stirring. Thin layer Chromatography (ethyl acetate/hexane 1/4 v/v) 

after four hours of refluxing showed approximately 75-80% conversion of 

starting material to a higher Rf (0. l"1 (S.M.) vs. 0.57 (ethyl 

acetate/hexane 1/4 v/v». The reaction was left refluxing overnight 

(20-21 hours total reflux time). TIle Ileating mantle was removed and 

the benzene was separated from the insoluble residue by gl"avi ty 

filtration through #1 paper. The benzene was evaporated at reduced 

pressure to a clear red-orange oil (2-triflouromethyl-4-

cyclopentametllylene-5-carboethoxy-2- Ul iazol ine) . A 1H NMR spectra 



(G0 MHz, CDCl3) was consistent with the proposed 2-thiazoline ester 

structure. 

1H NMR (S0 MHz, CDCl3) ISLLS-3.9 (m, 3H, a-CH-, -OCH2-); 

IS 2.1-1.5 (br.m, 10 H, -CH2-(5»; 

Resynttlesis of ettlyl Na-formyl-U ,(3-
dehydro-(3,(3-cyclopentylidene glycinate 

A 3-neck 100 ml round bottom flask was equipped with two (2) 

pressure equalizing addition funnels, a stir bar, and positive pressure 

argon atmosphere (oil bubbler). Anhydrous THF (30 ml) was added to the 

flask through a rubber septum via syringe, followed by n-butyl lithium 

(10.0 ml, 2.3 r~ (hexanes), 23.0 nunoI). THF (10.0 ml) was added via 

syringe to the first addition funnel; ethyl isocyanoacetate (2.2 g, 

19.5 mmol); to the other addition funnel was added via syringe THF (10 

ml) and cyclopentanone (1.8 ml, 1.7 g, 20.3 mmol). The TlIr/hexanes/n-

butyl lithium mixture was cooled with stirring in a C02/acetone (-78°C) 

bath. The TtiF/ethyl isocyanoacetate solution was added dropwise over 

ten (10) minutes to tho cold THF/n-butyl lithium. When the oddition of 

the ethyl isocyanoacetate was completed, Ule THF-cyclopentanone 

solution was added dropwise over twenty (20) minutes to the cold (-

78°C) otllyl i~ocyanoacetate anion solution. The C02/acetone both was 

maintained for the first half hour after the addition of both of tile 

rogeants. After one hour, tile roucUon I'/CIS allOl·/od t.o warm as tile C02 

was no longer replaced as it was lost by evaporation. The reaction was 

quenc~lGd at -20 ° C, afLer tV/o tlOlW~; t'()(Jction time, by Ule dropl..;ise 

addition of saturated aquoous ammonium chlorido (NH4Cl). The THF/ 



hexanes were evaporated at reduced pressure (water aspirator) on a 

rotary evaporator. 100 ml) was added to the 

residue; the mixture was extracted with brine (2 x 50 ml) in a 

separatory funnel, dried (MgS04)' filtered, and evaporated at reduced 

pressure to approximately 30 ml volume. Ligroin (15 ml total) was 

added in 1-2 ml portions and the Cll2C12/ligroin solution was stoppered 

and left at 27°C overnight. Only a small amount of crystals formed; 

storage overnight at -20°C also did not crystallize the product. The 

dichloromet~lane/hexane solution was concentrated further by rotary 

evaporation to about 20 ml volume. Crystallization began occuring; the 

flask was cooled in an ice/water bath, and the crystals were filtered 

onto scintered glClss funnel. The product was vlClstlCd with cold ligroin 

and dried in vacuo to give 2.2 g of ligtlt brown crystals (50.0% yield) 

of compound compound which was identical ill m. p. , Lhin layer 

chromotography (ethylacetate/hexane 1/1, ethylacetate/hexane 1/2), and 

1H NMR (60 MHz, CDC13) with the previously prepared material. 

Condensation of ethyl isocyanoacetate 
with acetophenone 

N-butyl lithium (2.3 M hexane solution, 10.0 ml, 23.0 m11101) was 

added to a 3-neck round bottom flastl viCl a syringe. Antlydr'ous THF was 

added from a syringe to the round bottom flask (30.0ml), and to each of 

two pressure equalizing addition funnels (10.0 ml each funnel). Ethyl 

isocyanoacetate (2.3 ml, 2.1+ g, 21.2 11111101) was added to one of the 

Clddition funnels via syringe; to tile second funnel was added 

redistilled acetophenone (2.3 ml, 2.37 g, 19.8 nUllol). The n-butyl 
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lithium solution was cooled to -78°C (c02/acetone) under positive argon 

pressure, and the TIIF/ethyl isocyanocotate was added dropwise with 

stirring. Immediately after the addition of the isocyanoacetate was 

completed, the TIIF/acetopllenone solution was added dropwise to the 

isocyanoacetate anion. The temperature of -78°C was maintained through 

the ketone addition. When the acetophenone addition was completed, the 

reaction was stirred at -78°C for one hour. Tho C02/acetone bath was 

removed, and the reaction was stirred for on additional three (3) 

hours. Un reacted onion was quenched by dropwise addition of saturated 

aqueous ammonium c~110ride (5 ml). The TIfF /~lexane was removed by rotary 

evaporation. Chloroform (100 ml) and saturated ammonium chloride (50 

ml) were added to tile residue; the two phase mixture was extracted 

vigorously in a separatory funnel. The chloroform layer was removed, 

and the aqueous portion was extracted with two smaller portions of 

chloroform (2 x 50 ml). The chloroform extracts were combined, dried 

(MgS04), filtered and evaporated. The residue was a dark oil which 

shovlCd two (2) major components by TLC (ethyl acetate/hexane, 1/1, v/v) 

with Rf 0.32 and Rf 0.lf5. TI18 oil was dissolved in a minimum voilime (::;:: 

4 ml) of ethyl acetate/ligroin (1/2, v/v), and chromatographed on a 24 

mm x 120 mm flash silica gel column. Fractions of 14-15 ml were 

collected at a' flow rate of 4.0-4.5 ml/min, eluting with ethyl 

acetate/ligroin (1/2, v/v). The 11igh I~f compound eluted in fractions 

114-7 (46-105); fractions 010-12 (136-180 ml) contained the low Rf 

componen t. 



IV-110 A (0.45 Rf) 750 mg clear, orange oil; 

IV-110 B (0.32 Rf) 460 mg clear, yellow-orange oil. 

08.2 (br.s, 1H, HCO-); o 7.9-7.7 (br.d, 

1 H, -NH-); 07.2 (s, 5H, -C6115); o l~. I~-IL 1 (q, 0. 5H, mi nor 

isomer -OCH2-); o 4.0-3.7 (q, 21-1, -OCH2-) ; 02.2 (s, 1H, 

minor isomer allyl -CH3); 02.1 (s, 2H, major isomer allyl -

61.lf-1.2 (m, residual hexane); 00.9-0.7 (t, 3H, -CH3)' 

The faster moving (high Rf) component, which was the major product, was 

assigned the E (trans) configuration (NC(-formyl and S -CSH5 groups 

trans). The minor, cis isomer (low Rf component) shows separate 

signals for tile ester methylene (quartet at i3 4.4-4.1) and for the S -

CII3 (singlet at ()2.2). Tile -CH3 signol is c1esllielded by tile ester 

group in the cis isomer with respect to the trans compound. 

Reoction of lithium benzylthiolate with etllyl 
NCL formyl:a 013 dehydro-B.8 -cyclopentyl Idene 
glycinate 

Anhydrous THF (5 ml) was odded via syringe to a 10 ml 14/20 

round bottom flask whicll had argon inlet/outlet needles through a 

rubber septum. Benzyl mercaptan (125 ~l, 1.1 mmol) was added via 

syringe, and the thiol solution was cooled to -78 D C under a slow stream 

of argon. N-butyl litllium (0.50 ml, 2.3 M (1I8xane), 1.15 mmol) was 

added via a syringe to the well stirred, cold tlliol solution. After 

stirring for 10 minutes at -78 D C, the colcl litllium benzyl thiolate 

solution was transferred via syringe to a pressure equalizing addition 

funnel; tile anion solution was added dropwiso to a cold (-78 D C) 

solution of etllyl NCI. -forlllyl-cx,p-de~lydro-C,i3-cyclopentylidene glycinate 



(200 mg, 1.0 mmol) in dry THF (10 ml). When the addition of the anion 

was completed, the reaction was stirred for 3-4 minutes at -78 D C; the 

C02/acetone bath was then replaced by an ice/water bath. The reaction 

was stirred for three (3) hours at 0°C, then excess anion was quenched 

by the addition of saturated ammonium chloride (5 ml). The THF /llCxane 

layer was separated from the aqueous layer in a separatory funnel; the 

aqueous layer was extracted with ethyl acetate (30 ml). The ethyl 

acetate extraction was combined with tho THF/hoxano, the solution was 

dried (MgS04)' filtered, and evaporated. 

lH NMR (60 r~Hz , CDCI3/TMS) 88.2 (s, lH, HCO-NH) ; 87.2 (s, 

5H, -C6 H5) ; 84.8 (d, 11-1, -CH-) ; 04.1~-4.0 (q, 2H, - OCH2-) ; 

83.6 (IJr. s, 211, -CllrS-) ; 02.9-2.2 (br.m, I~H , - CH2-); 

81.9-1.5 (m, 4H, - CH2-) ; 0 1.4-1.1 (t, 3H, - CH 3) . 

Rf 0.58 (ethyl acotate/ligroin 1/1, v/v); Hr 0.G8 (ethyl acetate). 

The recrystallization of the crude organic product from 

toluene/ligroin (1/5, v/v) resulted in recovery of 55 mg of the 

starting material, ethyl Na-formyl-a,G-dehydro-G,G-cyclopentylidene 

glycinate. A flasll silica gel column (21~ mm x 120 mm) was equilibrated 

with ethyl acetate/ligroin (1/4, v/v); tho organic product was dis-

solved in a minimum volume of the same solvent and loaded onto the 

column. The column was eluted with ethyl acetate/llgroin (1/4, v/v, 75 

ml). rollowed by etlwl acetate/ligroin (1/1, v/v, 200 ml). TIle first 

four fractions collected were ::::20 ml eacll; subsequent fractions "Iere 

::::15 mI. Fractions #5, 6 (81-110 ml solvent) were found to contain the 

protected sulfur amino acid ester by TLC. Tho two fractions were 



combined, evaporated at reduced pressure, and dried in vacuo. The DL-

C( 
N -formyl-B-S-benzyl-B,B-cyclotetramethylenecysteine ethyl ester was 

obtained as a clear, colorless oil (43 mg) 13.4~ yield. Fractions #7-9 

(111-155 ml solvent) contained an addiLional 30 mg (9.3%) of product, 

slightly contaminated with a small amount of the dehydro amino acid 

ester starting material. The yield of product is acutally 64.9%; 

correction being made for the recovery of starting material (300 ~mol), 

and that only halF of the material was chromatographed. 

Reaction of lithium benzyl thiolate with 
CJ. 

ethyl N -formyl-a, l)-d~dro-B,B-(4-t-
butyl)cyclopentamethylene glycinate 

Anhydrous THF (10.0 ml) was added to a 14/20 25 ml round bottom 

flask via syringe, followed by benzyl mercaptan (300 ~l, 300 mg, 2.5 

mmol). The thiol solution was cooled under argon to -7S D e (e02/acetone 

batll), and n-butyl Ii ttlium (1.1 ml, 2.3 M (hexane), 2.5 mmol) was added 

dropwise via syringe to the cold, well stirred thiol solution. The 

lithium benzyl thiolate solution was divided into two portions; an 

aliquot corresponding to 1.25 mmol was transFerred via syringe to a 

pressure equalizing addition funnel and added dropwise to a solution of 

ethyl Net _ Formy I-a, B -detlydro- B, B- (I, - t-but Y 1 )c yc lopentamettlylene 

glycinate (150 mg, 560 ~mol) in antlydl"ous THF (10.0 ml) at -7S D e. WIlen 

the addition of the anion was completed, the reaction was allowed to 

The I"eaction V/OS quenctlCd after two hours at 

27 D e by the ad-dition of saturated ammonjum chloride (6 ml). The TltF/ 

hexane loyer was separated from the aqueous in a separatory funnel; the 

aqueous portion was then extracted with dichloromethane (30 ml). The 



dichloromethane extraction was combined with the THF/hexane, and the 

solution was dried (MgS04), filtered, and evaporated. The residue was 

chromatographed on a 24 mm x 120 mm flash silica gel column; ethyl 

acetate/ligroin (1/2, v/v) was used as the first eluant (50 ml), 

followed by ethyl acetate/ligroin (1/1, v/v, 200 ml). The fractions 

corresponding to 40-60 ml of eluent (#1~-6) were found by TLC to contain 

the anion addition product. The three fractions were combined, 

evaporated at reduced pressure, and dried in vacuo to obtain the ----

product, DL-~-formyl-S-S-benzyl-B,S-(4-t-butyl)cyclopentamethylenecys-

teine ethyl ester (136 mg, 347 ~mol). 

62.0% yield; Rf 0.47 (ethyl acetate/ligroin,l/l, v/v); Rf 0.49 

(ethyl acetate/ligroin,1/2, v/v). 

08.2/ 7.9 (d, J <2Hz/d, J 10 Hz; total 

lH, cis and trans !iCO-NH-); 04.6 (d, 

lH, a-CH-); 84.4-4.1 (q, 2H, -OCHr); 03.6 (br.s, 2H, -CH2-

s-); 02.0-0.8 (m + s, 2111, -Cl!r (8 protons), -CI!-, -CH3, -

Reaction of lithium benzyl thiolate with 
ethyl NCt-formyl-Ct,S-dehydro-S,S
diethylidene glycinate 

Anhydrous TI1F (10 ml) was added via syringe to a 14/20 25 ml 

round bottom flask containing a stir bar and argon inlet/outlet needles 

through a rubber septum. []enzyl morcaptan (300 ~ 1, 300 mg, 2.5 mmol) 

was added via syringe; the thiol solution was cooled to _7SDC under ar-

gon. N-butyl lithium (1.1 ml, 2.3 M (Iwxane), 2.5 mmol) was added 

dropwise to the cold, well stirred thiol soluLion. The THF solution of 
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lithium benzyl thiolate was transferred via syringe to a pressure 

equalizing addition funnel and added dropwise to a cold (-78°C), 

stirred solution of ethyl NU-formyl-u,S-dehydro-r ,S-diethylidene 

glycinate ( 200 mg, 1 mmol) in dry TIIF (10.0 ml). When the addition of 

the aniol1 solution was completed the C02/ acetone bath was removed; the 

reaction was allowed to warm to 27°C and was left stirring at 27°C 

overnight. The reaction was quenched by the addition of saturated 

ammonium chloride (6 ml), and the THF was separated from the aqueous in 

a separatory funnel. The aqueous portion was extracted with a second 

portion of THF (25 ml). The THF extracts were combined, dried (MgS04), 

filtered, and evaporated. TLC and 1H NMR (60 MHz, CDCI3) indicated 

approximately 50% conversion of dehydro amino acid ester to the 

protected cysteine analogue. The crude organic product was purified on 

a 15 mm x 80 mm flash silica gel column. The initial eluent was ethyl 

acetate/ligroin (1/2, v/v, 50 ml), followed by ethyl acetate/ligroin 

(1/1, v/v, 200 ml). Fractions of 20 ml were collected at a flow rate 

of ::::4 ml/min. Fraction#4 (61-80 ml) was found by TLC to contain the 

desired cysteine analogue; fraction #5 (81- 100 ml) was estimated to be 

approximately 50% of the cysteine analogue, contaminated with ::::50% of 

the dehydro ester starting material. Fraction #4 was evaporated at 

reduced pressure and dried in vacLlo; 9501g (29.7%) of clear, colorless 

oil were obtained. 

0.42 (ethyl acetate/ligroin,l/l,v/v); 

acetate/ligroin,2/1,v/v). 

1H NMR (60 MHz, CDC13) o 8.2 (s, 1 II, !:!CO-NII-); 

0.45 (ethyl 

07.2 (s, 5H, 



66.7 (br.d, 1H, -NH-); 6 l~.75 (d, 111, u-CH-); 

l)3.6 (d, ,) <21Iz, 211, -CH2-S-); 

Hydrolysis of DL -NCLfo,'myl-f:l-S-benzyl-p ,[3-
cyclotetramethylenecysteine ethyl ester 

The protected cysteine analogue, ethyl DL-NU-formyl-(3-S-benzyl-

(3,(3-cyclotetramethylenecysteinate ester ( 50 mg, 155 ~mol, FW 321.5), 

was transferred to a 25 ml round bottom flask in dichloromethane. The 

dichloromethane was evaporated in an argon stream; aqueous hydrochloric 

acid (15 ml, 4N, 60 mmol) Wl1S added to the residue. The aqueous acid 

suspension was purged with dry argon for approximately five (5) minutes 

to remove air/oxygen. A reflux condensor was placed atop the flask, 

and the mixture was heated to moderate reflux with stirring. The 

,'eaction IoIOS refluxcd for twenty-follt' (2 1,) hOlJrs, cooled Lo 27°C, and 

the H20/HCl were removed by rotary evaporation at water aspirator 

pressure, folloviBd by high vacuum rotary evaporation. The product, DL-

(3-S-benzyl- ~B-cyclotetramethylenecysteine hydrochloride, was obtained 

as white crystals (46 mg, quantitative yield); 

m.p. 91.5-92.0°C; 

1H NMR (250 MHz, DMSO-d6) 07.6 (Llr'.s, 1H, -NH-); 6 7.5-7.2 

6 2.5 (m, D~1S0); 62.2-1.9 (m, 2H, -CH2-); 

61.[3-1.6 (m, Gil, -Cllr). 

Found: C, ~/,. G; II, 7.6; N, 1'.9 



Scale-up of the reaction of lithium benzyl 
thiolate with ethyl NU-formyl a,S-dehydro
G,B -cyclopontylidnn2-9lycinato 

1 119 

Anhydrous TifF (10.0 ml) was added via syringe to a 25 ml 

14/20 round bottom flask, followed by benzyl mercaptan (540 ~l, 550 mg, 

l~. 4 mmol). The thiol solution was cooled to -7S D C (C02/acetone) under 

argon, and n-butyl lithium (3.0 ml, 2.3 M (hexane), 6.9 010101) was added 

dropvJise. The anion solution was transferred via syringe to a -7S D C 

solution of ethyl Na-formyl-u,S dehydro-S,S-cyclopentylidene glycinate 

(1.0 g, 5.0 mmol in dry THF (10.0 ml). When the addition of the anion 

solution was complete the reaction was allowed to warm from -7S D C to 

After stirring for about one hour at 27 D C, a voluminous white 

precipitate resulted, which rendered stirring impossible. Since TLC 

indicated that the starting material was almost completely consumed, 

the reaction was quenched with saturated o~nonium chloride (5 ml). The 

organic phase (THF/hexane) was separated from the aqueous in a 

separatory funnel; the aqueous phase wos then extracted with diethyl 

ether (2 x 30 011). The diethyl ether extracts were combined with the 

THF/hexane, dried (MgS04), filtered, and evaporated. The crude organic 

product was purified by flash Chromatography on silica gel; ethyl 

acetate/hexane (1/2, v/v, 50 rnl), followed by ethyl acetate/hexane 

(1/1, v/v, 200 ml) were used as eluents. Fractions #3 and #4 (41-S0 

011) were detormined by TLC to contain tIle protected cysteine analogue. 

The product was a clear, colorless oil, 5G0 mg (39.6% yield) total. 

1 II Nr~R (CDCI3, 60 Mllz) oS.l (s, llf, HCO-NH-); \5 7.2 (s, 5H, 

OI+.S (d, 111, -CH-); 
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3.6 (br.s, 2H, -CH2-S-); 2.0-1.5 (m, 811, -CH2-); 1.4-1.2 

Hydrolysis of DL-NCI'-formyl-B-S-benzyl-B,f,
cyclotetramethylenocysteino ethyl ester 

The protected cysteine anologue, DL-Na-formyl-B-S-benzyl-B,B-

cyclotetramethylenecysteine ethyl oster (200 mg, 620 ~mol) , was 

suspended in aqueous hydrochloric acid (15 ml, 4M). The aqueous acid 

was purged for ca. five (5) minutes with argon; a reflux condensor was 

placed atop the flask, and the mixture was heated to reflux with 

stirring. The reaction mixture was rofluxed for tVJOnty (20) houl's; tilO 

initially insoluble oil dissolved as tile reaction progressed to givo a 

11Omogenous solution. Tho llOating mantle was removed emd tllo solution 

was cooled to 27°C, which induced crystallization of a voluminous white 

product. Tile aqueous acid was cooled to 0°C, and the product was 

filtered onto a Hirsch funnel and dried in vacuo The DL-0-S-benzyl-S,S-

cyclotetramethylenecysteine hydrochloride was obtained in 56.9% yield 

(107 m9); 

m.p. Rf 0.05 (CIIC13/CIl30H, 5/1, v/v); Rr 0.17 

(acetone/HOllc, 93/2, v/v). 

Synthesis or DL-r/(-t-Boc-f-;-S-bonzy1- 0, 1)
cyclopentamethylenecysteine 

The cysteLne analogue, DL- -S-l'c:nzyl- , -cycloponla01eUlyleno-
L ~, 

cysteine hydrochlorIde (48 mg, 152 ~01ol), was added to aqueous 

(2/1, v /v , 15 011) in a 50 011 round bottom floslL 

solution \-Ias coolod in an ice/\oJater bolll, and tile pH was adjusted to 
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10.5 by the dropwise addition of IN aqueous sodium hydroxide. Di-tert-

butyl dicarbonate (75 mg, 333 ~mol) vJ(]s added in aile portion as a 

solid; the pH vias maintained at 10.0-10.5 by the addition of base as 

needed. When the pH of the reaction ceased decreasing the dioxane was 

removed by rotary evaporation (vacuum pump). Ethyl acetate (50 ml) was 

added to the residue, the two phase mixture was cooled in an ice/water 

bath, and the well stirred mixture was acidified to pH 2.3 with cold 

(0 ° C) 11% aqueous IICI. The mixture was poured in to a separatory funnel; 

ice chips were added to maintain 0°C, and the aqueous phase was 

extracted vigorously with the ethyl acetate until most of the ice had 

melted (3-4 minutes). The two layers were separated; the top layer 

(EtOAc) was cooled to 0°C, and the aqueous portion wos oxtracted with a 

second portion (25 ml) of ethyl acetate. The ethyl acetate extracts 

were combined, extracted with cold If'tv IICI (lf0 ml), and cold water (3 x 

ml) ; ice chips were added at each extraction to maintain 

approximately 0°C. The ethyl acetate was dried (MgS04), filtered, and 

evaporated. A low field lH NMR was obtained (60 MHz, CDCI3), and the 

'H NMR sample and the remainder of the ethyl acetate soluble product 

was recrystallized from chloroform/hexane. The recrystallization took 

2-3 days at -20°C, and UIC protect.ed olilino aci.cJ \o/(]~; solubilL:ed ropidly 

as the cold solution warmed. The product, DL-NU-t-Boc-B-S-benzyl-B,S-

cyclopentarnethylenocyst.einc, \"lOS fi It.en,cJ onto a lIil-sch funnel (111 

filter paper), and dried in vacuo over P205' 

18.9 mg; 29.9~ yield; ninhydrin test (-); Ellman test ( - ) . 
) , ) 

lH N~1R (250 MHz, CDCI3) 07. lf (d, IH, -NH-); 07.3 (m, 5H, 
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8 lj .5 (d, 1 H, -CH- ) : 83.7-3.6 (q, 2H, -Clf2-S-): 

82.0-1.5 (m, 1011, -Clfr): 

Condensation of ethyl isocyanoacetate 
anion with benzophenone 

Anhydrous THF (30.0 ml) was added to a 3 neck 200 ml round 

bottom flask via syringe, followed by n-butyl lithium (2.3 M hexane, 

9.0, 20.7 mmol). The TlfF/hexane/ n-butyl lithium was cooled to -7SoC 

(C02/acetone) under argon. THF was added via syringe to two pressure 

equalizing addition funnels (10.0 ml each): ethyl isocyanoacetate (2.4 

ml, 2.5 g, 22.1 mmol) was added via syringe to one addition funnel, and 

benzophenone (3.7 g, 20.3 mmol) was added as a solid to the second 

addition funnel. The eUlyl isocyanoacetate TlIF solution was added 

dropwise to the cold n-butyl lithium solution. When the addition of 

the isocyarloacetate was completed, the benzophenone solution was added 

dropwise to the cold ethyl isocyanoacetate anion solution. The 

reaction vias stirred for four (4) hours: the C02/acetone was allowed to 

evaporate after the reactants were added to the n-butyl lithium. 

Saturated aqueous ammonium chloride (6 ml) was added to quench the 

reaction. The TliF /hexane ylOS removed by rotary evaporation at reduced 

pressure; the product precipitated/crystallized as the organiC solvents 

evaporated. The tan solid was filtered onto a Guchner funnel, washed 

with water followod by ligroin, lHld dr'i (:d in VClCIIO Ttw cr'ude pI"oduct 

(5. l j g, 90%) of tan solid was recrystallized to obtain pure etilyl 

dehydro , -dibenzylidene glycinate jn Lwo crops: 1.2 g (20.0%) from 

diethyl ether, 750 mg (12.5% yield) of crystals as a second crop were 



153 

obtained by adding an approximately equal volume of ligroin to the 

etller. 

32.5% yield total; Rf 0.49 (ethyl acetate); Rf 0.43 (ethyl 

acetate/chloroForm, 1/1, v/v); 

1 NMR (60 MHz, CDCI3) 88.0 (br.s, 0.4H, cis !:!CO-NH-); 

87.8 (d, 0. 6H, tt'ans .t!CO-NH-); 87.7-7.1 (m, 10H, -CSH5(2»; 

84.5-4.2 (q, 0.5H, cis isomer -OCH2-); 84.1-3.8 (q, 1.5H, trans 

isomer -OCH2-); 81.5-1.3 (t, HI, ci.s isomer -CII3); 

(t, 2H, trans isomer -CH3). 

Reaction of ethyl Na-formyl-a, (3-dehydro 
~-benzylidene glycinate with 
phosphorous decasulfide 

01.0-0.8 

Oenzene (10.0 ml) was added to a 25 ml round bottom flask; the 

dehydro amino acid ester (300 mg, 1.0 mmol) was added in one portion as 

a solid, followed by phosphorous decasulfide (100 mg, 225 ~mol). A 

reflux condensor with a CaCl2 drying tube was placed atop the flask, 

and the mixture was heated to moderate reflux with a heating mantle. 

The reaction was refluxed for two hours, cooled to 27°C, and the 

benzene was evaporated in vacuo. The rod-orange oil was suspended in 

aqueous Ilydrochloric acid (lIN, 15 ml), purged for Five (5) minutes vlith 

argon, and refluxed for sixteen (16) hours under a water cooled 

condensor. The reaction was cooled to 27°C; a small amount of 

insoluble tllick r"()lj o:ll \vas r·e/lloved by gr'avlty filtration through 111 

paper. Tlw HCl / H20 vlere evapor'a ted in vacuo; the produc t began 

crystallizing when most of the solvent had evaporated. The white 



crystals were filtered onto a Hirsch funnel and dried in vacuo over 

43 mg white crystals (13.9~); m.p. 170.0-175.0°C (d); Rf 0.14 

(acetone/acetic acid, 9B/2, v/v). 

1H NMR (250 MHz, DMSO-d6) 

06.0 (br.m, 3H, -NH3); 

03.6 (br.s, 2H, -CH2-S-); 

Condensation of Acetophenone with 
ethyl isocyanoacetate 

07.6-7.2 (m, 

o If. 7 , 4.3 (dd, IH, -CH-); 

Anhydrous TIIF (30.0 ml) and n-butyl lithium (2.3 M (hexanes), 

12.5 ml, 27.B mmol) were added via syringe to a 3-neck 200 ml round 

bottom flask. The solution was cooled to -7BoC (C02/acetone bath) with 

stirring under argon atmosphere. Ethyl isocyanoacetate (2.4g, 2.5 ml, 

21.2 mmol) in dry THF (10.0 ml) was added dropwise to the cold n-butyl 

lithium solution from a pressure equalizing addition funnel. when the 

addition of the ethyl isocyano-acetate was completed, a solution of 

acetophenon@e (2.6 ml, 2.64 g, 22.0 mmol) in THF (10.0 ml) was added 

drop-wise to the cold ethyl isocyanoacetate anion. The C02/ acetone 

bath was removed; the reaction was stirred for thirty (30) minutes 

after the cold bath \-Jas I-emoved, and tilO mixture was quenched with 

saturated ammonium chloride (6 ml). The THF/hexanes were removed at 

reduced pressure, and ttlO oqtI(JOIl~> rcsi(hle wus extroctod with etityl 

ocetote 2 x 75 ml). The combined ethyl acetate extracts were washed 

wi th brine (2 x 50 1111), ddcd (MUSO'I)' filtered, ond concentroted at 

vlater aspirator pressure to about 30 ml volume. Hexanes were added in 
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1-2 ml portions until =35 ml had been added. The product did not 

recrystallize upon standing at 27°C overnight. The crude organic 

product was recovered by evaporation of the solvents at reduced 

pressur'e. The motorial was chromatagraphed on a 15 mm x 80 mm flash 

silica gel column; the compound was dissolved in a minimum volume of 

ethyl acetate/hexane (1.5/1.0, v/v) and chromatographod with the same 

solvent as eluent. Fractions of 20 ml each were collected at a flow 

rate of 3.5-4.0 ml/min. The fractions at 100-120 ml eluent (#5,/6) 

were found by TLC to contain the higher Rf material; fractions at 140-

160 ml of eluant contained the low Rf isomer. The 1H NMR spectra of 

the two fractions after evaporation of the solvents showed a lack of 

separ-ation. However, when the column was eluted with additional 

solvent (after 30 tubes x 20 ml = 600 ml eluant); a product obtained as 

a clear, yellow oil (320 mg). This material oppeared to be single 

isomer of N -formyl ,-dehydro- -metllylphenylalanine ethyl ester by 1H 

NMR and by TLC, and was used for a sulfenylation reaction (see below). 

1H NMR (60 MHz, CDC13) 07.8 (d, 1H, .t!co-); 

-C61-15); ('i6.6-6.4 (br-.d, 1H, -NI-I-); 

-OCH2-); 02.2 (s, 31-1, allyl -CH3); 

07.2-7.1 (m, 

04.4-4.0 (q, 

5H, 

21-1, 

Note that in the first preparation of Na-formyl u,B-dehydro-B-

methylphenylalanine ethyl ester (pp. 59-61) that two sets of signals 

were seen for the ester -CI12- and for the allyl -CH3. This compound 

was assigned as the cis isomer, in an analogous manner to the 

assignmonts made in the first synthesis of this compound. 



Reac tion of NC"-fonnyl- a,!:; -dellydt'O-I)
mothylphenylalanine ethyl oster with 
phospllOrous dccasulfide 

1 ~) li 

The dehydro ester, Na-formyl-u,B-dchydro- -methylphcnylalanine 

ethyl ester (300 mg 1.3 ~nol) was added to benzene (12 ml) in a 50 ml 

round bottom flask. Phosphorous decosulfide (P4S10, 100 mg, 225 ~mol) 

was added in one portion as a solid. A condensor with a calcium 

chloride drying tube was plac8d alop the flask, and the mixture was 

heated to reflux with a heating mantle. The reaction was rapid; TLC 

after hour refluxing showed the starting material (Rf 0.29, ethyl 

acetate/hexane 1.5/1) had been converted to two (2) higher Rf 

components (Rf 0.53 & 0.64). The benzene solution was decanted from 

the insoluble residue and evaporated :i.n vnc.'.!.Q An arango-red solid was 

obtained which was used for the hydrolysis reaction vii thout 

purification (see below). 

Hydrolysis of tile 3-methYl-3-pl18l!.Y1. 
tlliazoline 2-carboetiloxylate Ivitil 
aqueous IICI 

The crude thiazoline (320 mg = 100% theoretical yield of 

lhiazoline) vias suspended in aquoous Ilydrochioric acid (liN, 15 ml), and 

Ileated to reflux l'Iitll stirring under (] \omler cooled condensor. The 

mix lure vIas refluxcd twenty four (2 11) Iiours, and cooled to 27 0 C. The 

aqueous acid was extt'acted wi lh dielilyl eUlot' (3 x 50 ml), and 

evopot'O ted in vacuo. Hie crucJe I) -motilyl-p-pllCnylcysteine 

hydrochloride was dried j n vocuo ovcrnigllt. 
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175.0 mg; yellow sOlid; 54.7% yield; m.p. 106.0-107.0°C 

HI, Ct -CH-) ; 81.7-1.6 (two s, 3H, -CH3). 

Ellman reagent (+); ninhydrin reagent (+); 

Condensation of (4-tert-butyl)cyclohcxanone 
with ethyl isocyanoacetote 

To a 3-necl~ 100 ml round bottom flask was added anhydrous THF 

(25.0 ml) and lithium diisopropylamide via syringe. The solution was 

cooled with stirring to -7SoC (C02/acetone) under argon. A pressure 

equalizing addition funnel was charged with eLhyl isocvanoacetate (2.4 

ml, 2.5 g, 22.1 mmol) and dry THF (10.0 ml) added via syringe; to a 

second addition funnel was added (4-tert-butyl)-cyclohexanone (3.4 g, 

22.0 mmol) in approximately 15 ml of dry TIIF. The ethyl 

isocyonoacetate/THF solution was added dropwise to the cold LOA/TifF 

solution. When the addition of the ethyl isocyanoacetate was 

completed, the ('I-t-butyl)cyclohexonone/TIIF solution was added to Hie 

cold ethyl isocyanoacetate anion. When the ketone addition was 

completed, the reaction was allowed to worm rrom -7aoC to 27°C; ofter 

forty (40) minutes reaction time the excess anion was quenched by 

dl'op\-Jise addition of satllt'ated ammonillm cillol'ide (5 m1). The mixture 

was evaporated at reduced pressure, and the aqueous residue was 

extracted Witll ethyl acetate (2 x 75 m1). The combined ethyl acetate 

extracts were washed with brine (2 x 50 mIl, dried (MgS04), filtered, 

and evaporated. Attempts at recrystallization of the product all 

resulted in oil forming instead or crysto]s. Purification was effected 
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by chromatographing on a flash silica gel column (14 mm x 100 mm), 

eluted Vlith ethyl acetate/tlCxone (1/2, v/v). Frnctions 1111-17 (110-170 

ml of eluant) Vlere combined ond evaporated at reduced pressure to 

obtain 200 mg of ethyl 

butyl)cyclohexylidene glycinate. 

RF 0.11f (ethyl (lcetate/tlexane, 1/2, v/v); 

<58.2, <58.0 (br.s/d, cis & trans !lCO-NH-); 

HI, -NH-); C; 4. /4-4.0 (q, 211, o 2.6 

(br.d, 211, allyl -CH2-); 02.3-1.2 (m/t, 1011, -CH2' -CH-, -CH3); 

~thesis of C( -bromo-('(-cyclopentyl 
ethyl acetate 

Cyclopentyl acetic acid (12.8g, 0.1 mol) Vias added via a 

syringe to carbon tetrachloride (75 ml) in a 500 ml 3-neck round bottom 

Flask. A solution of phosphorous tribromide (9.8 ml, 0.14 mol) in 

carbon tetrachloride (40 ml) Vias added dropVlise over thirty minutes to 

the vigorously stirred carboxylic acid solution at 27°C. Immediately 

after the uddition of t.he pl-osphorou~; lXil1romido vlllS completed, bromine 

10.0 ml, 3.1 g/ml, 31.0 g, 0.193 mol) Vias added to reaction mixture 

from a socond pressure equalizing addition funnel. When this addition 

Vias complete, a second portion of bromine (10.0 ml, 0.193 mol) Vias 

added to the reaction mixture. The reaction Vias heated to reFlux under 

a Vlater cooled condensor Vlhich had a drying tube (calcium chloride) to 

exclude almospller'j c moj~;tllrc. The r(;uct.ion vlOS r(,fluxed for tl-lO and 

one-tlOlf hours, tile heating muntle vlclS removed, and ttle reaction 
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mixture was cooled to 27°C. Absolute ethanol (40 ml) was added very 

cautiously to one of UJO addition funnel:>, ond wos (Hided tlropwise, Vtwy 

slowly to the reaction mixture. Tiw addition of the ethanol was 

regulated so that the reaction mixture was held ot moderate reflux 

while the alcohol was added. When the ethanol addition was completed, 

the heating mantle was replaced, the two addition funnels were replaced 

wi til 24/40 glass stoppers, and the mixture was heated to reflux. Tile 

mixture was refluxed for ten hours; the heating mantle was removed, and 

the reaction was cooled to 27°C. The ethanol/carbon tetrachloride was 

removed by rotary evapol'ation at I"educed pressure. The residue was 

transferred to a 100 ml round bottom flask, and was distilled in vacuo 

til rough a one piece distillation appol"otus. A forerun of 8-10 ml was 

collected; the product was collected as a clear, slightly yellow oil, 

boiling range 68-74°C; 14.2 g; G0.4~ yield; 

o 4.lf-4.0 (q + d, 311, -OCH2-, -CH(8r)-); 

o 2.7-2.2 (m, HI, --CH-); cS 2.0-1.1 (m + t, 11H, cyclopentyl 

Synthesis of C(-azicJo-((-cyclof?ent~ 
ettlyl acetate 

The bromo ester, a-bromo-a-cyclopentyl ethyl acetate (12.8 g, 

54.4 mmol), was added to dimethylformamlde (100 ml) via a syringe. The 

Dr~F V/OS pUI"ged wittl ol-Qon fOI" Ulir-ty minute~;, t.ilc,n sodium azide (13.0 

g, 0.2 mol) was added to the solution in one portion as a solid. The 

reaction wos heated at 80-90°C in an oil baLh for twenty two hours 

under a water cooled reflux condensor (the condcnsor had a calcium 
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chloride drying tube to exclude moisture). The oil bath was removed; 

after the reaction mixture had coeled to 27 D C, it was poured into water 

(150 ml). rhe aqueous DMF was extracted vigorously twice with ethyl 

acetate (100 ml per extraction). The ethyl acetate extracts were 

combined and washed with brine (3 x 75 011), dried (MgS04), filtered, 

and evaporated at reduced pressure. Tile crude product from the organic 

extracts was vacuum distilled through a Claisen (short path) distilling 

f1ead; b.p. 59.0-71.5 D C; 9.2 g; 85.7% yield. 

o 4.4-4.0 (q, 2H, -OCH2-); o 3.6 (d, J 

02.5-2.1 (01,11-1, --CH-); 

t, 111-1, cyclopentyl -CH2(8H), -CH3). 

Syntllesi s of 0, L NU _ fonnvl- (3-S-para-meUly IIJOnzyl-
fl,8-cyclotetramethylenecysteine ethyl ester 

o 1.8-1.2 (m+ 

To a 10 ml 14/20 round bottom flask containing a small stir 

bar, and having argon inlet and ventilation needles through a rubber 

septum, was added dry TIIF (5.0 ml) and 4-methylbenzyl mercaptan (345 

1J.1, 345 mg, 2.5 mmol). The ttliol solution was cooled to -78 D C (C02/ 

acetone) under positive argon pressure. II hexane solution of n-butyl 

lithium (1.0 ml, 2.5 M, 2.5 mmol) was added dropwise to the cold thiol 

solution from a syringe. II pOI-Lion of Uw ] iUlillm 11--meUlylbenzyl 

tlliolate solution (if. 0 ml, 1.6 mmol) was removed via a syringe (after 

five minutes "acLivut.ion" at --"lUOC), urlei \vClS added dl-opv/i~;Q Lo (] cold 

(_78 0 C) solution of etllyl NU -formyl-u,r3 -dehydro- 0, e-cyclopentylidene 

glycinate (200 mg, 1.0 mmol) in dr·y TIW (10.0 ml). The reaction was 

stirred for twenty five minutes at -70°C, and wos qllenctwd by adding 
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saturated aqueous ammonium chloricle (5 011). The aqueous THF was 

transferred to a 100 011 round bottom flask, and the THF was removed by 

rotary evaporation at reduced pressure. The insoluble oil which 

separated from the water wos Axtrocted into ethyl acetate (2 x 35 011) 

in a separatory funnel. The combined ethyl acetate extracts were 

washed with water (2 x 25 011), dried (MgS04)' filtered, and evaporated. 

Thin layer chormatography (silica gel, ethyl acetate/ hexane 1/1 or 1/3 

v/v) showed only the starting material and the thiol, plus some high Rf 

material which was assumed to be the disulfide of the thiol. There was 

no lower Rf material, indicating that essentially no addition of the 

sulfur anion to the dehydro amino acid ester had occured. Although the 

reaction time was short, it was believed that tile low temperature 

(-78°ee) maintained througllout the reaction was the r"ojor reason for 

lack of addition of the anion. Subsequent reactions were to be done at 

0°ee or at 27°ee to attempt to increase the reactivity of the dehydro 

amino ester and the lithium 4-methylbenzyl thiolate. 

Second reaction of lithium 4-methylbenzyl 
thiolate with ethyl Na-formyl-a,p-clehydro= 
p,p-cyclopentylidene gJycinate 

Anllydrous THF (5.0 011) was added via syringe lIlrollgll a rubber 

septum to a 14/20 25 011 round bottom flask containing a small stir bar. 

The mercaptan, 4- methyl benzyl thiol (200 ~l, 200 mg, 1. '+5 mmol) was 

added via syringe to t1lD TIIF. A post tive p,-essu,-e argon atmosphere was 

obtained from an argon inlet needle and 0 ventilation needle, punctured 

througll the septum. The thiol solution was cooled to -78° e 

(co2/acetone) under positive argon prossuro; n-butyl lithium (0.6 011, 
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2.5 M (hexane), 1.5 mmol) was added dropwise from a syringe to the well 

stirred, cold thiol solution. The lithium 4-methylbenzyl thiolate 

solution was stirred for ten minutes at -7S DC to ensure the complete 

doprotonation of the -SII gl"oup. The anion solution was Ulan added 

dropwise from a syringe to a cold (_7SDC) solution of ethyl N~-formyl

a,[3-detlydro-(3,G-cyclohexylidene glycinate (200 m9,1.0 mmol), also under 

positive pressure argon atmosphere. The reaction was stirred for ten 

minutes at _7SDC; the C02/acetone bath was removed, and the reaction 

was allowed to warm to 27 DC. The reaction was quenched after two hours 

at 27 DC by adding saturated aqueous ammonium chloride (2-3 ml). The 

THF/hexane was removed at reduced pressure by rotary evaporation. The 

residue was partitioned in a separatory funnel between ethyl acetate 

(75 ml) and brine (25 ml). The aqueous layer was separated from the 

organic, and extracted wittl a second pOI"tion (50 ml) of elilyl acetat.e. 

The ethyl acetate extracts were combined, extracted with brine (2 x 50 

ml) , dried (MgSO'f)' filtered, and evaporated. The reSidue was 

chromatographed on a flash silica gel column (25 mm x 130 mm); ethyl 

acetate/hexane (1/2, v/v) was used as eluant.. 

were collected at a flow rate of 4-5 ml/minut.e. 

Fractions of 14-15 ml 

The product was found 

to be in fractions 66 and 67 (76-105 ml eluant.) by t.hin layer 

chromatography. Tile two fractions were combined, evaporated at reduced 

pressure, and dried in vncuo over' 1'2°5' 

methylbenzyl-B,D-cyclopentamethylenecysteine ethyl ester was a clear, 

colorless oil; 
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192.5 mg; 57.010; 

o 8.2 (s, 1 II, !.!CO-NII-); o 7. 1 ( m , liI~, -

o 6.6 (br.d, 1H, -NH-); o 1+.8 (d, J = 9 Hz, 111, a-CH-); 

o 4.4-4.0 (q, 2H, -OCH2-); o 3.6 (br. s, 2H, -S-CIf2-); 

01.9-1.2 (m -I- t, 1311, -CH2-(5), -CIf3) 

Reaction of lithium 4-mothylbenzylthiolaLe 
with ethyl NU-formyl-u,B-dehydro-B,B
cyclopentylidene glycinate 

Anhydr-ous TIIF (5.0 ml) waG added v ia a syringe to alii /20 25 ml 

round bottom flask which contained a small stir bar, and an argon inlet 

needle and ventilation needle through the rubber septum. The thiol, 4-

methyl benzyl mercaptan (325 ~l, 2.5 mmol) was added to the THF via 

syringe, and the solution was cooled to -78 D C (C02/acetone) with 

stirring. N-butyl lithium (1.0 ml, 2.5 M (hexanes), 2.5 mmol) was 

added dropvlise fl'om a syringe to ttle cold Hliol solution. The 

initially colorless solution turned to a light yellow color within =30 

seconds. After stirring for approximately five (5) minutes at -78 D C, 

the anion solution was transferred Vii ttl a syringe to a pressure 

equalizing addition funnel and added rapidly dropwise to a cold (-78 D C) 

solution of ethyl NU-formyl-a,B-dehydro-B,B-cyclopentylidene glycinate 

(200 mg, 1.0 mmol). The reaction was stirred for five (5) minutes at -

7S D C, and the C02/acetone bath was removed. TIle reuction was allowed 

to warm with stirring to 27 D C; eigtrLy-f'ive minutos after removing the 

cold bath the reaction was quenched by the addition of saturated 

ammonium chloride (5 011). The mixture was left standing at 27 D C 

ovel'nigtlt . The next morning, Ule TifF was removed by rotary 



evaporation, and ethyl acetate (G0 ml) and brine (20 ml) were added to 

the aqueous residue. Tile mixture was poured into a scparatory funnel 

and extracted. The organic layer was separated, and the aqueous layer 

was extracted with a second portion of ethyl acetate (50 ml). The 

organic extracts were combined, washed twice with brine (50 ml each 

extraction), dried (MgS04), f11 tered, and evaporated. Ttle crude DL-Ncx-

formyl-(3-S-para-methylbenzyl-S,P-cyclotetramethylenecysteine ethyl 

ester was purified on a 14 mm x 100 mm flasll silica gel column, eluting 

with ethyl acetate/hexane (1.0/2.5, v/v). The yield for the purified 

product was very low; only 30-40 mg of pure -amino acid ester were 

abtained (estimated from the 1H NMR spectrum). It was concluded that 

the .s. 90 minutes at 27°C \oJas insufficient reaction time, and that the 

addition of the sulflir anion should be repeated using longer reaction 

time and/or ~ligher temperature. 

~v.nthesis of ethv.l Na-fonnyl-a,(3-dellydloo
S,(3-cyclopentylidene glv.cinate 

Anhydrous THF (20 ml) "las added via syringe to a 3-neck, 100 ml 

looulld bottom flm;k Wllich contaj.ned a stir bar, and a mineral oil 

suspension of sodium hydride (700 mg, G0~ dispersion, 420 mg, 17.5 

IIlmol) . To a ploessure equalizing addi tion funnel was added dry THF (20 

ml) , redistilled cyclopentanone (1.8 ml, 1 .7 g, 20.2 mmol), and etllyl 

isocyanoacetate (2.4 ml, 2.24 g, 19.8I11mol). TIle THF /sodium hydtOide 

suspension was stirred at 27°C, and the kotone/isycyanoacetate solution 

\'IOS added drop"/ise over approximately olle hour. After six (6) hours 

stitOloing at 27°C, UlC reaction l·mB qU(,flchccJ lly Ltle addition of 5% 
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acetic acid (aqueous). The THF was removed by rotary evaporation at 

reduced pressure. The aqueous residue was extracted with dtettlyl ether 

(2 x 75 ml). The organiC extracts were combined, washed with brine (2 

x 50 ml), dried over MgS04, filtered, and evaporated. The residual oil 

appeared to be solidifying, and was left at 27 D e overnight. The 

diethyl ether/solid was triturated with hexanes, filtered, and the 

The product, DL-ethyl-NU-formyl-

C(,B-dehydro-B, S-cyclopentylidene glycinate, was obLained as a fluffy 

white SOlid; 

1.75 g; 4i~% yield; Rf 0.20 (ethyl acetate/hexane 1/2, v/v); the 

m.p. and 1H NMR of this compound was identical with previously 

prepared material. 

Reaction of lithium 4-methylbenzylthiolate with 
ethyl NU-formyl-a, p-dehyrJro-B,G -cyc1o.l2()l1tyltdene 
glycinClte 

Anhydrous THF (8.0 ml) WClS added via syringe to a 3-neck 25 ml 

round bottom flask followed by 4-methylbenzylmercaptan (1.1 ml, 1.05 h, 

7.5 mrnol). The solution was cooled to -7S D e (e02/acetone) and n-butyl 

lithium (3.0 ml, 2.5 M (hexanes), 7.5 ~nol) was added dropwise from a 

syringe. The solution of lithium il-rnctilylbenzylthiolate VICJS stirred 

fOI' five (5) minutes at -7S De, tilen tilO solu tion was added v/i th a 

syringe to a cold (-7SDe) solution of ethyl N((-formyl-a,i3-dchydro-S,B-

cyclopentylidene glycinate (500 mg, 2.5 rnmol) in anllydrous TIIF (10.0 

ml) . The reaction was stirred for fifteen (15) minutes and -7S De, and 

the e02/acetone bath \·/05 replaced wi til an ice/water batll. The mixture 

WClS allowed La WOI"m with stirring from -7S De to 0°e to 27 De overnight. 
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The excess anion was quenched by the addition of brine (10 ml), the 

THF/hexane was removed by rotary evaporation at roduced pressure. The 

crude organic product was oxtracted into ethyl acetate (2 x 50 ml); the 

combinod organic oxtracts wero washod successively with water and brine 

(2 x 50 ml each), dried (MgS04), filtered, and evaporated. The organic 

product was dissolved in a minimum volume of ethyl acetate/hexane (1/2, 

v/v), and chromatographed on a 14 mm x 80 mm flash silica gel column. 

Ethyl acetate/hexane (1/2, v/v) was usod as eluant; fractions of 

approximately 15 ml were collected at a flow rate of 4.5 ml/min. Thin 

layer chromatography on silica gel indicated that fractions 810-15 

(150-225 ml) were combined and evaporated at reduced pressure (water 

bath temperature ~ 40°C) to obtain tho product, eLhyl Na_ro rmy l-6-S-

pora-metllyl benzyl- p, p -cyclotetl'ome thylenecystelne eUlyl ester; 

300.0 mg; clear, colorless oil; 110.0% yield; Rr 0.20 (EtOAc/hoxone, 

1/2); Rf 0.22 (EtOAc/hexone, 1/1). 

lH NMR (60 MHz, COC13) o 8.2 (s, 1 H, HCO- ) ; o 7.3 (s, 511, -

o /1.8-/~.7 (d, 1H, (~-CH-); 

o 3.6 (s, 21-1, -SCI12-); 02.9-2.6 (m, 211, allyl -CI-I2-); (; 2.5-

2.1 (m, 21-1, allyl -Cl-lr); o 1.9-1.6 (br.m, ltH, -CH2-(2»; 

,S 1./~-1.1 (t, 311, -CII3). 

!il'd rol Vs i s 0 f N C(_ fOI"my I-G -S-para-l1let.l~y..lJ~Q.rJfl) -fLQ.= 
~'y'c 1 0 to t ramo til V 1 el'.l.!!~;"Y..:U:C!.l!"~ 0 l . .!.l.y.!_.!:::.; ~o ,::. __ .t()_l' - S.::JL(I.c~'= 
me thy 1 benzV 1- ri, (3-cyc I 0 to tl'ome t.lly lenr;c yc; tn i ne 
rlVdrochloric!e 

The purifiod product, DL··N('(-ronnyl-I)-S-~:ra-meLhylbenzyl-p,r3-

cyclotetramelhylenecystoine othyl oster, was dissolved in a small «10 
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ml) of dichloromethane in a 50 ml round bottom flask. The 

dichloromethane was removed by ratory evaporation, and the residue (300 

m9) was suspended in aqueous 4N hydrochloric acid (25 ml). A stir bar 

was added, and the mixture (non-homogenous) was heated to a moderate 

reflux under a water cooled condensor for twenty-four (24) hours. The 

heating mantle was I~emovcd, and tile homogenous solu tion was cooled to 

27° C. The excess HCl and part of the water were removed by rotary 

evaporation at water aspirator pressure, followed by evaporation at 

vacuum pump pressure. The product, DL-p-S-para-methylbenzyl-p,p-

cyclotetramethylenecysteine hydrochloride, was filtered 

scintered glass funnel and dried over P205 in vacuo; yield 

187.0 mg white crystals; 66.4~ yield; m.p. 164.0-165.5°C. 

~nt.hesi s 0 f DL-N Ci- t - Ooc -[3-s-pOl-a-methylbenzyl-
0,0 -cyclotetramctrlylenecysteine 

onto a 

The hydl-ochlol-ide salt of DL-(3-S-para-methylbenzyl- 0 ,(3-

cyclotetramethylenecysteine (378 ~mol, 130.7 mg) was dissolved in 

dioxane/water (2/1, v/v, 20 ml) and the solution was cooled to 0°C in 

an ice/water bath. Aqueous sodium hydroxide (0.5 M) wa~ added dropwise 

to the stilTed solution to pH 11.0, trlen di-tert-butyl dicar'bonate (150 

mg, 700 ~mol) was dissolved in a small amount (2-3 ml) of dioxane and 

added to the amino acid solution with a pipet. The pH was maintained 

at approximately 10.5 by adding base us necossary. Wlwil Ule pH 

remained constant the dioxane was removed in vacuo. Ethyl acetate (50 

ml) \'laS added to tllO residue; the mixtur~ was cooled to 0°C in an ice 

water bath. The pH was lowered to 2.1-2.2 by adding cold (0°C) 4% 
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aqueous hydrochloric acid to the two phase mixture. The aqueous ethyl 

acetate was poured into a separatory funnel, ice chjps were added (50-

75 ml ice/e~traction); the organic products were partitioned between 

the ethyl acetate and the aqueous by shaking vigorously until most of 

the ice had melted. The aqueous acid was separated and extracted with 

a second portion of ethyl acetate; the ethyl acetate extracts were 

combined and washed with cold 4~ HCI (2 x 30 ml) and brine (3 x 40 ml). 

The ethyl acetate solution was dried (MgS04)' filtered, and evaporated 

to obtain the product, DL-NU-t-Ooc-p-S-para·-methylbenzyl- 6,S -

cyclotetramethylenecysteine. TI18 protected amino acid was 

recrystallized at -20°CC from dtethyl ether/hexane (::::1/5 v/v), filtered 

ninhydrin test (-); m.p. 99.0-100.5°C; 

lH NMR (G0 MHz, CDCI3(TMS) o 9.6 (br.s, HI, -011); 07.2-7.0 

05.5 (br.d, 111, -NH-); o 4.£, (br.d, 111, 

a·-CI1-) ; o 3.65 (bl".s, 211, -S-CH2-); 

Thin layer cllromatograpllY: f~f 0.1/, (CHClj/CfISOIl 9/1, v/v); Rf 0.1.2 

(acetone/acetic acid 98/2). 

Reaction of lithium 4-methylbenzyl thlolute 
with eUlyl NC(-formyl-a.,G -dehyrJro-S ,13-(lj
tert-butyl)cyclohexyliden~cinato 

Anhydrous THF (7.0 ml) was added Lo a 3-neck round bottom flask 

via a syringe, followed by 4-mcthylbenzyl mercapLan (2.2 ml, 2.1 g, 

15.0 Inmol). nle t11iol solution v/os cooled to -lSoC under' argon; n-

butyl ithium (6.0 ml, 2.5 M, 15.0 mmol) was added dropwise to the 
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stirred, cold solution. The THF solution of li thium 4-

methylbenzylthiolate was stirred for fivo (5) minutes at -78 D C, and was 

added via a syringe to a cold (-78 D C) solution of ethyl NCt -formyl-Ct,(3-

dehydro-B,B-(4-t-butyl)cyclohexylidene glycinate (1.34 g, 5.0 mmol). 

The reaction was stirred for ten (10) minutes at -78 D C; the C02/acetone 

bath was removed and the reaction was stirred for an additional two 

hours and twenty (20) minutes. The excess anion was quencllcd by adding 

brine (Z5 ml). The TIIF /l'lCxane was romoved by rotary evaporation, the 

organic product was extracted into ethyl acetate (2 x 50 ml). The 

combined organic extracts were washed witll brine (2 x 25 ml), dried 

(MgS04), filtered, and evaporated. The crude organic product was 

chromatographed on a 14 mm x 80 mm flasll silica gel column eluted with 

ethyl acetate/hexane (1/2, v/v). Thin layer chromatography showed that 

the protected sulfur amino acid ester was in fractions #5-8 (61-120 

ml). The fractions were combined and evaporated at reduced pressure. 

The purified pl'oduc t, DL-N Ct- formyl nil -S-pnrtl-me thyl ben zyl- B, r3- (II - t-

butyl)cyclopentamethylenecysteine ethyl ester was obtained as a 

colorless, clear oil; yield 810 mg. 

1H Nr~H (60 MHz, CDCI3) 0 8.2 (s, HI, !:!CO-); 07.2 (s, IIH, -

C6H4-); 0 G.8-6.6 (br.d, 111, -NII-); 0 /;.7- /1.6 (d, 111, ct-CH-); 

o 4.1+-4.0 (q, 2H, -OCH2-); IS 3.6 (br.s, 211, -S-CH2-); 02.3 

(s, 311, -CGII/I -~IJ3) ; 

1 .2 (t, 3H, -CH3); 

l) 2.0-1.11 (m, 911, -CII2-(/I), -CII-); 

o 0.9 (s, 91-1, -C(CH3)3). 



Hydrolysis of DL-NU-formyl-13-S-para-methylbenzyl
S,B-(4-tert-butyl)cyclopentamethylenecysteine 
ethyl estel" to ---'2l::J!-S-para-methylbenzyl r:i, 13-
(4-t-butyl)cyclopentamethylenecysteine 
!:!"ydrochloride 
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The protected amino acid ester was suspended in 4N aqueous 

hydrochloric acid (30 ml) in a 100 ml round bottom flask, and heated to 

slow reflux with stirring for forty-eight (48) hours under a water 

coled condensor. The reaction was cooled to =27 D e, then placed in an 

ice/water bath for a few minutes to ensure complete precipitation. The 

product, DL -13 -S-para-methy 1 benzy 1- B ,S - (4-t-but y 1 )cyc 10pentamettJylene-

cysteine hydrochloride was filtered and dried in vacuo over P205 to 

obtain 337.0 mg (43.6% yield) of flocculent white solid; 

m.p. 183.0-183.5; Rf 0.16 (acetone/acetic acid 98/2); ninhydrin 

test (+); Ellmun test (-). 

Reaction of Ii tilium If-methylbenzyl Uliol.ate 
with ethyl. NC<-formyl-u,B-dehydro-B,B
cyclopentylidene glycinate 

Anhydrous THF (10.0 ml) and 4-methylbenzylmercaptan (2.7 g, 2.8 

ml, 20.0 mmol) were added to a 3-neck 25 ml round bottom flask via 

syringe. The thiol solution was cooled to -78 D e under argon; n-butyl 

lithium (8.0 ml, 2.5 M (hexane), 20.0 mnol) was added dropwise from a 

syringe to the stilTed solution. TIle solution was stirl"E;d for ten (10) 

minutes at -78 D e, the color of tile reaction ctlanged from l.igt-Jt yellow 

to medium orange. The sulFur anion was added witt-J a syringe to a cold 

(-78 D e) solution of ethyl f'P-formyl-ci,() -detlycJro-B,B-cyclopentylidene 

ethyl ester (1.20 g, 6.0 mmol) in dry THF (10.0 ml). The e02/acetone 

batt-J was removed from tho amino acid solution immediately after the 
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addition of the sulfur anion was completed. The reaction was allowed 

to wal"m from -7SoC to 27°C with stirring; excess onion was quenched 

ofter six (6) hours and thirty (30) minutes by adding brine (5 ml). 

The THF/hexane was removed by rotary evaporation at reduced pressure, 

and tile aqueous residue was extracted twice with ethyl acetate (60 ml 

and 30 ml). The ethyl acetate extracts were combined, washed with 

brine (2 x 50 ml), dried (MgS04), filtered, and evaporated. The 

product, DL-rP -formyl-S-S-pal"a-methylbenzyl- (3, i3 -cyclo tetrametllylene-

cysteine ethyl ester, was obtained as 450.0 mg of clear, colorless oil 

(37.5% yield). The compound was identical with previously synthesized 

moterial by thin layer chromatography in ethyl acetate/hexane (1/1, 

v/v) and ethyl acetate/hexane (1/2, v,v), and was hydrolyzed with 

fUI"ther characterization to DL- j3-S-paro-methylbenzyl-j3, i3 -cvclotetra-

methylenecysteine hydrochloride (see below). 

Hydrolysis of DL-NO:-formyl-G-S-para-methylbenzyl
.fL..Ji::£~otetrometilylcysteine ethyl ester to 
DL-(3-S-para-methylbenzyl-G,G-cyclotetra
methylenecysteine hydrochloride 

The amino acid ester, Ql-NO:-formyl-i3-S--Rora-methylbenzyl-f3,i3-

cyclotetramethylenecysteine ethyl estor (410.0 mg, 2.1 mmol) was 

sllspended in aqucolls '1111 hyclroctl1ol'ic oeid and ilOotcd to r'eflux vii ttl 

stirring for fifteen (15) hours. The hot aqueous acid solutionw as 

filtet"cd (111 filter paper), and ttw solution was coolod to 27°C. Tile 

amino acid bogan precipitating from tho solution after a few minutes at 

27° C. Tho DL -13 -S- pore-moth VI benzyl- f:), i3-c VC 10 tetramettl yl enecvs te i ne 
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hydrochloride was obtained as white crystals (205 mg, 670 ~mol, 30.1% 

yield); 

m.p. 160-161.5°C; ninhydrin tcst (+); Ellman test (-); Rf 0.17 

(acetone/acetic acid 98/2); 

lH NMR (250 MHz, DMSO-d6) o 4.0 

(br.s, lH, a-CH-); o 3.65 (dd, 211, -CH2-S-); 02.0-1.5 (m, 

8H, -CHr). 

CI. 
SyntheSiS of ethyl N -formyl-a.8-dehydro-
B,B-diethylidene glycinate 

A suspenSion of sodium hydridc (1.2 g of 60% mincral oil 

disperSion, 720 mg, 30.0 mmol) in dry THF (20.0 ml) was cooled to 0°C 

under argon. A solution of 3-pcntanone (1.9 g. 2.3 mI. 18.6 mmol) in 

dry THF (7.5 ml), and a solution fo ethyl isocyanoacetate (2.4 g, 2.5 

mI. 22.1 mool) I"lere added simul tancously from two pressurc cquolizing 

addition funnels. The ice/watcr bath was removed; the reaction was 

stirred for an additional ninety (90) minutes, and exccss anion was 

quench cd by addition of brine (5 ml). The THF was removed by rotary 

evaporation at reduced pressure and the organic product was extracted 

into dichloromethane (2 x 50 ml). The combined d{chloromethane 

ex tracts wel"e l"laSIICd \"li ttl brine (2 x 30 ml), dr icd. filtel"cd, and 

evaporated. The crude organic product was crystallized by adding a few 

crystals of pl"eviollsly pr'oparod oUlyl NC'-fonllyl-n .f) -eJellydro-B,ll-

diethylidene glycinate. The product I'IOS triturated with hexanes, 

filtered, and dried in vacuo over 1'205; 
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1.0 g; 38.9% yield slightly yellow crystals; Rf 0.33 (ethyl 

acetate/hexane 1/1); Rf 0.21 (ethyl acetate/hexane 1/2). 

Synthesis of ethyl Na-formyl-B-S-para
methylbenzyl-B.B-diethylcysteinate 

Anhydrous THF (10.0 ml) was added from a syringe to a 3-neck 25 

ml round bottom flask. followed by 4-methylbenzylmercaptan (2.6 mI. 2.8 

g. 20.3 mmol). The solution was cooled to -78 D C under argon; n-butyl 

lithium (8.0 mI. 2.5 M (hexane). 20.0 mmol) was added dropwise to the 

thiol from a syringe. The THF solution of lithium 4-

methylbenzylthiolate was stirred for approximately five (5) minutes at 

-78 D C. and was added dropwise from a syringe to a cold (-7a D C) solution 

of ethyl NCX-formy.,l-cx. B-dehydro- B.B -dietllylidene glycinate (1.7 g. 8.5 

mmol) . The C02/acetone bath was removed. and the reaction mixture was 

stirred for tllree and a half (3 1/2) tlOln-S. The excess anion was 

quenched by adding brine (5 ml). the TIIF layer was separated from the 

aqueous in a separatory funnel. The aqueolls portion was extracted with 

diethyl ether (2 x 25 ml). the ether extracts were combined with the 

THF. The combined organiC extracts were washed with brine (2 x 30 ml). 

dried (MgSO,+). filtered. and evaporated. The product. DL-NCX -formyl-!3-

S-para-metllylbenzyl-rl.i3-diethylcysteIne eLhyl ester. was obtained as a 

colorless oil (1.2 g. 70.6% yield). This material was identical by TLC 

\-lith previously pr-opared compound (12 nnd lJV li~Jlrt visuallzntion of TLC 

plates). and was used without further characterization for hydrolysis 

to DL-B-S-pot-a-metllylbenzyl-!3.!3-dietllylcysleine tlydr-octlloridc. 
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