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CHAPTER I 

INTRODUCTION SECTION 

The nitrogenase enẑ rme is an extremely important compound from 

the standpoint of terrestrial life. This is so because this particular 

enzyme enables certain micro-organisms, notably Azotobacter vinlandii , 

to convert atmospheric nitrogen into a biologically usable form, 

ammonia. The nitrogenase enzyme has been isolated in crystalline 

2 
form, but its structure has not been elucidated . Considerable work 

has been done concerning the reactions and characteristic properties 

1 2 
of the nitrogenase enzyme ' . 

Several model systems have been proposed for the nitrogenase 

enzyme in an effort to explicate the mechanistic details of the 

reduction of nitrogen to ammonia in the biological system. In this 

case, the proposed models have not involved materials derived ex

clusively from biological sources. This becomes important when 

mechanistic data are desired since all of the components of the model 

have known structures, purities, and properties. 

In general, a meaningful nitrogenase model must contain the same 

metal ions that are present in the enzyme and must be operative in 

homogeneous, aqueous media with a minimum of essential components at 

3 4 
physiologic or near physiologic pH ' . In addition, the model system 

should utilize a reactive center that simulates the enzymic-metal 

3 
binding site as closely as possible . 

The nitrogenase enzyme has been shown to contain molybdenum, iron, 

2 
cysteine, and labile sulfide in the approximate mol ratios 1:20:20:15 . 



However, it has also been shown that iron-sulfur compounds are not 

5,6 
active unless at least a trace of complexed Mo(V) is present 

Dr. G. N. Schrauzer has developed the best model system yet pro

posed * , His model utilizes a Mo(V)-dicysteine complex, shown 

In Figure 1, in aqueous solutions buffered at pH 9.6 with borate * . 

Sodium borohydride or sodium dithionite have been used as reducing 

3 

agents and a whole host of compounds has been used as the substrate . 

However, acetylene is the substrate of choice for evaluating new 

systems since it is isoelectronic with nitrogen and undergoes reduc

tion more quickly and under milder conditions than does nitrogen. In 

addition, acetylene and its reaction products, ethylene and ethane, 

are easily measured by gas-liquid chromatography. 

Dr. Schrauzer's proposed mechanism for the reduction of acetylene 

to ethylene by the Mo(V)-dicysteine model system is shown in Figure 

2. This mechanism is well supported by experimental evidence and 

is generally accepted. The central feature of Dr. Schrauzer's model 

system is the Mo(V)-dicysteine complex, which demonstrates less 
1*3-5,7-13 

specificity and less activity than does the nitrogenase enzyme 

The objective of the work reported in this thesis was to develop 

a model system for the nitrogenase enzyme that more closely mimicked 

the reactions of the enzyme than did the model systems reported prior 

to 1974. 
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Figure 1. The Mo(V)-Dicysteine Complex. 
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Figure 2. The Proposed Mechanism of Acetylene Reduction by Mo(V)-

Dicysteine. 



It was thought that by incorporating more structural rigidity 

into the Mo(V)-ligand complex, that the spatial relationship of the 

complex components would be retained throughout the process of 

association-dissociation inherent in the mechanism of the reaction 

and that the monomers thus formed would exhibit greater specificity 

than would the randomly oriented monomers resulting from the dissocia

tion of Mo(V)-dicysteine. It was felt that the most suitable way in 

which to introduce the desired rigidity was to link two sulfhydryl-

carboxyl moieties together via a carbon bridge between two nitrogen 

atoms. The desired ligand, shown in Figure 3, was found to have been 

previously prepared several years ago by an Italian pharmaceutical 

research group interested in the treatment of mercury poisoning * 

Little or no further work was done on this compound subsequent to 

their pharmaceutical evaluation. 

The desired Mo(V) complex incorporating this DETEDDA ligand is 

shown in Figure 4. 

It was also desired to introduce a degree of conformational 

rigidity into the complex. This can be accomplished in Mo(V)-EDTA 

complexes by attaching a methyl group to the carbon bridge between 

the nitrogen atoms, the net result being to drastically raise the 

energy required for conformational interchange . The desired ligand 

for the conformationally-locked complex would then have the structure 

shown In Figure 5. However, it proved to be impossible to synthesize 

this compound via known methods. 
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CHAPTER II 

EXPERIMENTAL SECTION 

The Synthesis of DETEDDA 

The overall scheme of the synthesis of DETEDDA is shown in Figure 6. 

Synthesis of 2-Benzylthioethylamine (I): To a solution of sodium 

ethoxide in ethanol (prepared by dissolving 2.5 grams of metallic 

sodium in 50 ml of 95% ethanol) were added 10.25 grams of powdered 

bromoethylamine hydrobromide (Aldrich, 99%) with stirring under a 

nitrogen atmosphere. To the resulting mixture were added all at once 

6.2 grams of benzyl mercaptan (Aldrich, 99%) and the flask was briefly 

purged with nitrogen. The mixture was then brought to reflux with 

stirring and allowed to reflux for two hours. 

The hot solution was poured into a beaker and made strongly 

acidic with concentrated hydrobromic acid (ACS Reagent). The residue 

in the flask was not transferred but rather rinsed twice with 95% 

ethanol and the rinsings added to the beaker. The acidified solution 

was then evaporated to near dryness and then dissolved in 20 ml of 

distilled water. This solution was extracted twice with one-fourth 

of its volume of peroxide-free diethyl ether. The ether extracts 

were combined and discarded as they contained dibenzyl disulfide and 

had a strong malodorous stench. 

The water layer was then made alkaline with 3N sodium hydroxide 

and extracted three times with one-half of its volume of peroxide-free 

diethyl ether. The ether extracts were combined and the ether was 
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Figure 6. The Synthesis of DETEDDA. 



removed under reduced pressure. The resulting oil was allowed to 

stand until solidified to a white waxy material, 2-benzylthioethylaiiine, 

I, melting point 70-72*0 (corrected). The melting point of the 

hydrochloride salt was 119-121'C (corrected) compared to the literature 

18 19 
value of 120-121'C. * . The average yield was 77% of the theoretical 

amount, based on the benzyl mercaptan. 

Synthesis of 2-Benzylthioethylamine-N-ethyl acetate (II): To a 

stirred quantity of dry benzene (250 ml), warmed to 40"C, were added 

41.7 grams of 2-benzylthioethylamine, I. As soon as all of the I had 

gone into solution, 15.31 grams of ethyl chloroacetate (Aldrich, 99%) 

were added all at once with stirring. The solution was then brought 

to reflux and allowed to reflux for four hours. Upon cooling to room 

temperature, excess I precipitated as the hydrochloride and was removed 

by suction filtration. The benzene was removed from the filtrate to 

yield 2-benzylthioethylamine-N-ethyl acetate, II, a colorless to pale 

yellow oil. 

Synthesis of 2-Benzylthioethylamine-N-acetic acid hydrochloride (III): 

The 2-benzylthioethylamine-N-ethyl acetate, II, obtained above was 

stirred vigorously while 300 ml of concentrated hydrochloric acid (ACS 

Reagent) were added all at once. The resulting mixture was brought to 

reflux and allowed to reflux for five hours. 
* 

Upon cooling to room temperature, the product 2-benzylthioethyl-

amine-N-acetic acid hydrochloride, precipitated to yield a thick 

slurry. This slurry was then filtered and the filtrate discarded. The 

buff white granular product was recrystallized from absolute ethanol 
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to give approximately 17 grams of 2-benzylthioethylamine-N-acetic 

acid hydrochloride. III, with a melting point of 195-198'C (corrected) 

compared with the literature value of 196-198'C^^. The average 

yield was 50% of the theoretical amount, based on the ethyl chloro

acetate. 

Synthesis of N,N'-di(2-benzylthioethyl)-ethylenediamine-N,N*-diacetic 

acid (IV)! To 100 ml of 50% aqueous ethanol were added 52.2 grams of 

2-benzylthioethylamine-N-acetic acid hydrochloride. III, and the 

resulting solution was brought to pH 9-10.5 with part of a solution 

of 8.4 grams of potassium hydroxide in 30 ml of 50% aqueous ethanol. 

The resulting solution was then brought to reflux with stirring and 

20.1 grams of 1,2-dlbromoethane (Aldrich, 99%) were added in a drop-

wise fashion over a two hour period along with the remainder of the 

potassium hydroxide solution in such a way as to maintain the pH of 

the refluxing solution between 9 and 10. The solution was then allowed 

to cool and the ethanol was removed under reduced pressure. To the 

viscous yellow oil thus obtained were added 40 ml of distilled water 

and the resulting solution was extracted three times with one-fourth 

of its voltime of peroxide-free diethyl ether. The ether extracts 

were discarded and the pH of the water layer was carefully adjusted to 

6.9-7.1 with 5N hydrochloric acid. The solution was then allowed to 

stand undisturbed until precipitation was completed (two to ten hours). 

The waxy glistening needles were collected by suction filtration 

and were recrystallized from 50% aqueous ethanol to yield approximately 

27 grams of N,N'-di(2-benzylthioethyl)-ethylenediamine-N,N*-diacetic 
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acid, IV, with amelting point of 164-166"C (corrected) compared to 

the literature value of 165-167'*C^^. The average yield was 50% of 

the theoretical amount, based on the 2-benzylthioethylamine-N-acetic 

acid hydrochloride, III. 

Synthesis of N,N*-di(2-thioethyl)-ethylenediamine-N,N'-diacetic acid 

(DETEDDA): Into a two-liter, three-necked flask fitted with a dry-ice 

condenser, a mechanical stirrer, and a potassium hydroxide-filled 

drying tube, were placed 23.8 grams of purified and dried N,N'-di(2-

benzylthioethyl)-ethylenediamine-N,N*-diacetic acid, IV. 

The system was purged with anhydrous ammonia before the dry-ice-

methanol coolant was placed in the condenser. Anhydrous ammonia was 

then condensed to a volume of 1200 ml of liquid. To this stirred 

mixture were then added 6 grams of clean metallic sodium in small 

pieces, care being taken that the deep blue-black color was discharged 

from the solution before successive pieces of sodium were added. 

The mixture was stirred for an additional two hours after all 

the sodium had been added. The excess sodium was then destroyed by 

adding 10 grams of dry ammonium chloride to the mixture. The liquid 

ammonia was then removed, 150 ml of distilled water were added, and 

the solution was acidified with 6N hydrochloric acid. 

The solution was then heated to 70-80**C for five minutes and then 

was filtered while hot. The filtrate was then added in a dropwise 

fashion over a fifteen minute period to a hot (70-80*C) vigorously 

stirred solution of 40 grams of mercuric chloride (ACS Reagent) in 

500 ml of distilled water. A voluminous white precipitate formed 
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immediately, the mercuric salt of DETEDDA * , and was collected by 

suction filtration, washed thoroughly with distilled water and then 

with 200 ml of purified methanol. 

The dried mercuric salt, approximately 38 grams, was suspended 

in 500 ml of distilled water with vigorous stirring while hydrogen 

sulfide (99%, Air Products) was bubbled into the suspension through 

a medium-porosity glass frit. The temperature of the mixture was 

raised to 80-90**C over a thirty minute period and the hydrogen sulfide 

addition continued for another hour. The solution was allowed to 

cool to room temperature and the red mercuric sulfide was removed by 

suction filtration. 

The filtrate was treated with decolorizing carbon, filtered again 

to remove the carbon, and then was concentrated to a volume of 

approximately 50 ml. The pH of the filtrate was then adjusted to 

3.48-3.52 with 3N sodium hydroxide and the solution was then further 

concentrated to a volume of approximately 7-10 ml. 

An equal volume of 95% ethanol was then added with stirring and 

the solution chilled in an ice-salt bath. Fine crystals of N,N'-di(2-

thioethyl)-ethylenediamine-N,N*-diacetic acid dihydrate precipitated 

and were collected by suction filtration and washed very sparingly 

with chilled 50% aqueous ethanol. 

The dried DETEDDA dihydrate, with amelting point of 99-102"C 

(corrected) compared with the literature value of 103-105*C , was 

obtained in an average yield of 65% of the theoretical amount, based 

on the N,N'-di(2-benzylthioethyl)-ethylenediamine-N,N'-dlacetic acid, 

IV. 
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Anhydrous DETEDDA, melting point 134'136*0 (corrected) compared 

with the literature value of 135-137*0 , was obtained by desiccating 

the dihydrate in an Abderhalden apparatus at 0.1 torr and 65-66*0 

with phosphorus pentoxide as the desiccant. The dihydrate can be 

recrystallized from 50% aqueous ethanol but this occurs with some 

reluctance. 

The characterization of compounds I, III, IV, and DETEDDA was 

carried out by comparison of observed melting points with the literature 

values. The thermometers used were calibrated agains reliable standards 

and the stem correction applied. In addition, the infrared and proton 

nmr spectra were recorded and were consistent with the structures 

given in Figure 6, page 8. The characteristic absorption frequencies 

for these compounds are shown in Table 1 and the proton nmr chemical 

shifts are shown in Table 2. 

The Synthesis of Mo(V)-Ligand Complexes 

21 
The Preparation of Mo(V)-dicysteine : To 5 ml of distilled water 

were added 3.2 grams of cysteine hydrochloride hydrate (Sigma), 18.2 

nmol, with stirring. As soon as all of the cysteine had dissolved, 

this solution was added slowly with stirring to a solution of 5.06 

grams of sodium molybdate dihydrate (Sigma), 20.1 mmol, in 8.3 ml of 

distilled water. To the deep red-orange solution was then added all 

at once with stirring a freshly prepared soltuion of 1.66 grams of 

sodium dithionite (MO&B, purified powder), 9.6 mmol, in 6.6 ml of 

distilled water. The solution turned a very dark golden brown and 

fine orange crystals precipitated from the solution after about twenty 
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Table 1. Infrared Spectral Data for DETEDDA and its Precursors. 

Compound 
- l a b 

Characteristic Absorption Frequencies (cm ) 

I • HOI 

III • HCl 

IV 

DETEDDA 

3040b, 2610 m, 2420 w, 1580 b, 1495 s, 1450 s, 

1425 m, 1265 m, 1130 m, 1075 m (1060 sh), 930 m, 

755 s, 700 vs, 670 m. 

3000-2700 bvs, 2360-2400 m, 1750 vs, 1595 w, 

1490 m, 1450 m, 1410 vs, 1210 vs, 1065 b, 890 w, 

770 m, 690 s. 

3080 m, 3060 s, 3020 s, 3010 s, 2080 m, 2955 s, 

2920 s, 2850 s, 1650-1480 bvs, 1450 s, 1380-1270 bvs 

1250 s, 1225 s, 1065 s, 1030 s, 1000 s, 945 s, 

915 m, 900 m, 850 s, 785 m, 770 s, 745 m, 720 s, 

690 vs, 570 vs, 480 m, 450 s. 

2970 s, 2950 s, 2915 s, 2850 s, 2560 m, 1750 vs, 

1450 b, 1400 m, 1325 s, 1280 mb, 1250 s, 1000 s, 

930 mb. 

*The spectra were run as potassium bromide pellets on a Perkin-Elmer 

PE-457 grating infrared spectrometer, calibrated against a polystyrene 

film, 

^vs-very strong, s-strong, m-medium, w-weak, b-broad, sh-shoulder. 
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Table 2. H NMR Spectral Data for DETEDDA and Its Precursors 

Compound 

III 

IV 

DETEDDA 

Solvent* 

d,-dimethyl 

sulfoxide 

deuterium 
oxide-sodium 
deuteroxide 
(pD = 10) 

d,-methanol 

Chemical Shifts (ppm) 
b.c 

deuterium oxide 

7.57" 

4.05 

3.18^ 

2.95^ 

2.75 

6.79^ 

3.19 

2.58 

2.09^ 

6.54*̂  

3.03 

2.45 

1.92 

1.73 

3.79 

3.47 

3.14 

2.91 

Peak Area 

5 

2 

2 

2 

2 

5 

2 

2 

4 

5 

1 

1 

2 

1 

1 

2 

1 

1 

^All deuterated solvents were obtained from Stohler Isotope Chemical 

Company and were at least 99.6% isotopically pure. 

^These spectra were recorded on a Varian XL-100 nmr spectrometer with 

TMS or DSS as internal standard. 

^All signals were singlets unless otherwise noted. 

Complex multlplet. 
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minutes. These crystals were recrystallized from 50% aqueous ethanol 

to yield approximately 4 grams of the Mo(V)-dicysteine complex. The 

average yield was 65% of the theoretical amount based on the cysteine. 

The Preparation of Mo(V)-DETEDDA: To 3 ml of distilled water were 

added 1.715 grams of DETEDDA, 5.16 mmol, with stirring. The resulting 

solution was then added slowly with continuous stirring to a solution 

of 2.4195 grams of sodium molybdate dihydrate (Sigma), 10.0 mmol, in 

4.4 ml of distilled water. The color of the solution changed from 

bright yellow to golden orange during this addition. To this solution 

was then added a freshly prepared soltuion of 0.870 gram of sodium 

dithionite (MC&B purified powder), 5.0 mmol, in 3.5 ml of distilled 

water. The solution immediately turned a dark golden brown color. On 

standing for 24-48 hours, tiny yellow-orange needles precipitated and 

were collected on a fine-porosity glass frit micro filter. The 

filtrate was allowed to stand for an additional 48 hours and a second 

crop of these minute needles was collected to give a total of 0.6 gram 

of Mo (V)-DETEDDA sesquihydrate, a yield of approximately 20% of the 

theoretical amount, based on the sodium dithionite. These tiny yellow-

orange needles were recrystallized slowly from distilled water allowed 

to slowly evaporate at ambient temperature to give deep red hexagonal 

plates of quite regular geometry and about 1 mm on a side. 

The elemental analysis results, performed by Ohemalytics, Inc., 

Tempe, Arizona, for the Mo(V)-DETEDDA-sesquihydrate are shown in 

Table 3. 
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Table 3. Elemental Analysis of the Mo(V)-DETEDDA Complex 

H N 

Theoretical (%) 19.33 2.60 4.51 

Found (%) 19.36 2.82 4.32 

Procedures for Acetylene Assay 

In general, the procedures used for the acetylene assay of the 

complexes prepared as described above were those of Schrauzer and 

Doemeny and are briefly related here. 

Acetylene Assay of Mo(V)-Ligand Complexes; A known quantity of the 

Mo(V)-ligand complex was placed in a clean, dry, 6 dram glass vial 

fitted with a rubber septum. The vial was then purged with argon 

(99.998%, Air Products) and set aside for later use. 

A known quantity of sodium borohydride (98%, Alfa Ventron) was 

dissolved in a measured volume of 0.02M borate buffer, pH 9.6, the 

solution placed in a vial, the vial sealed with a rubber septum, and 

then purged with argon. 

Cylinder acetylene (98%, Matheson) was collected in a dry vial 

that had been previously purged with argon, the acetylene having been 

freed of acetone by passage through a glass-frit scrubbing bottle. 

The desired quantity of sodium borohydride solution was injected into 

the vial containing the complex and the total volume of the solution 
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was adjusted to 3.5 ml with 0.02 M borate buffer. 

In order to start the reaction, 20 cm of acetylene were injected 

into the vial containing the complex and the sodium borohydride 

solution. Gas samples of 0.15 cm were withdrawn periodically and 

injected into a Varian Aerograph Series 1520 gas chromatograph 

operated at ambient temperature. A previously calibrated column 30 

feet long and one-eighth inch in diameter, packed with 25% UCON 50 HB 

100 on Chromasorb P, was used in conjunction with flame ionization 

detectors for these experiments. 



CHAPTER III 

RESULTS AND DISCUSSION SECTION 

Synthetic Approach for DETEDDA 

It was found to be necessary to protect the sulfhydryl group in 

order that the necessary condensation reactions, Figure 6, page 8, 

could be carried out. Initial attempts to form DETEDDA by direct 

reaction of 2-chloroethanethiol with ethylenediamine-N,N'-diacetic 

acid in aqueous media at pH 10.5-11 and 0*C were unsuccessful, yielding 

22 23 
only an intractable polymeric material ' 

The benzyl moiety is a relatively common protecting group for 

sulfhydryl groups, and is stable to quite vigorous conditions, being 

18 19 
removed only by treatment with metallic sodium in liquid ammonia * 

The synthetic procedures found in the literature for DETEDDA and 

its precursors had to be modified somewhat in order to obtain satis

factory results. Since the necessary modifications were in some cases 

considerable, and since the original papers are in Italian, the details 

of the synthesis are presented in this thesis (see Experimental 

Section). 

Synthetic Approach for DETPrDDA 

In order to synthesize the analogous ligand, N,N'-di(2-thioethyl)-

l,2-propylenediamine-N,N'-diacetic acid (DETPrDDA) (Figure 5, page 6), 

which contains an extra methyl group attached to the backbone, the 

obvious method appeared to be to replace the 1,2-dibromoethane in the 

19 
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previous sequence with 1,2-dibromopropane. This change in shown in 

Figure 7. 

Unfortunately, the reaction between 2-benzylthioethylamine-N-

acetic acid and 1,2-dibromopropane yielded none of the desired product, 

V, and the starting material, 2-benzylthioethylamine-N-acetic acid 

hydrochloride, was recovered almost quantitatively. That no N,N'-

di(2-benzylthioethyl)-l,2-propylenediamine-N,N*-diacetic acid, V, 

was formed in the reaction was confirmed by the use of proton nmr and 

infrared spectroscopy as well as by careful examination of melting 

point behavior. All three of these techniques indicated that only the 

starting material was present in the reaction mixture. 

Several attempts to synthesize the DETPrDDA precursor V were made 

using the reaction shown in Figure 7, utilizing solvents of different 

polarity (water, aqueous ethanol, and dimethyl sulfoxide) and using 

extended reaction periods (up to 90 hours). These experiments also 

failed to produce any of the desired compound V. 

It was then proposed to form the branched carbon bridge between 

the nitrogen atoms before attaching the carboxyl groups and thereby 

reduce possible steric influences on the course of the desired 

nucleophilic reaction. This synthetic scheme is shown in Figure 8 . 

The nucleophilic reaction of I with 1,2-dibromopropane shown in 

Figure 8 proved to be as hindered in its own way as that reaction 

shown in Figure 7. Infrared and proton nmr spectroscopic examination 

of the products of the reaction shown in Figure 8 confirmed that the 

desired reaction had not occurred. 2-Benzylthioethylamine, I, was 

recovered almost quantitatively from the reaction mixture. 
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Figure 7. Proposed Synthetic Scheme for DETPrDDA Precursor, V. 
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Figure 8. Alternate Synthetic Scheme for DETPrDDA Precursor, V. 
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The reaction shown in Figure 7 occurs in a highly polar medium, 

with added strongly basic reagent. It is considered quite likely 

that elimination is competing altogether too successfully with sub

stitution in this reaction. 

On the other hand, the reaction shown in Figure 8 occurs in a 

quite non-polar medium with the amine I acting as the nucleophile. 

It is considered probable in this case that the amine I is too weak a 

base to pull of the secondary bromide. 

At this point it was decided to abandon further attempts to 

prepare compound V. 

Characterization of Mo(V)-DETEDDA 

Initial attempts to form a stable complex between Mo(V) and 

either cysteine or DETEDDA, using stable solutions of Mo(V) in 3 N 

hydrochloric acid , were not successful. This approach works quite 

well with ethylenediamine-N,N,N',N'-tetraacetic acid, EDTA, and other 

related ligands , but apparently does not apply to complexing ligands 

containing sulfhydryl groups. 

The method employed by Kay and Mitchell for the preparation of 

21 

the Mo(V)-dicysteine complex was successfully adapted to the pre

paration of the Mo(V)-DETEDDA complex. 

The Mo(V)-DETEDDA complex was characterized by infrared and 

electronic spectroscopy ^* -'* . Table 4 compares the infrared 

spectral absorptions of Mo(V)-DETEDDA and of Mo(V)-dicysteine. 

Table 5 compares the electronic spectra of the two Mo(V)-ligand 

complexes with that of the nitrogenase enzyme. 
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Table 4. Infrared Spectral Characteristics of Mo(V)-DETEDDA and of 

Mo(V)-dicysteine. 

Characteristic Frequencies (cm ^) 

Absorption Mo(V)-DETEDDA Mo (V)-dicysteine 

v(OH) 3400 3430 

v(NH) 3210 

v(CH2) 2960 2990 

v(CH2R) 2920,2840 2900,2840 

v(C02) 1620 1630 

v(NH) 1590 

v(C0)2 1400 1385 

v(CN) 1325 1320 

v(CH2S) 1225 1245 

v(Mo=0) 940 945 

v(OH) 925 930 

v(Mo<^Mo) 725 735 

v(Mo(^>Mo) 470 445 

v(MoS) 370 370 
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Table 5. Electronic Spectral Data 

Compound X max (nm) 

Mo(V)-dicysteine^ 585(40), 490(160), 300(10,800) 

Mo(V)-DETEDDA 605(47), 495(97), 290(11,800) 

Nitrogenase enzyme^ 557(40), 525(45), 412(85), 280(470) 

4 

The number in parentheses is the molar extinction coefficient. 

These data are taken from References 21, 25, and 27, and are confirmed 

by experiment. 

^These data are taken from Reference 2. The numbers in parentheses are 

milllmolar extinction coefficients. 
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The data presented in Tables 4 and 5 indicate that the Mo(V)-

DETEDDA complex is very similar in structure to the Mo(V)-dicysteine 

complex. Another bit of information that reinforces these indications 

is the observation that the Mo(V)-DETEDDA complex exhibits an esr 

absorption in aqueous solution. The signal appears to be a nominal 

singlet in the first derivative spectrum recorded at ambient tempera

ture. The esr absorption characteristics of the two model complexes 

and of the nitrogenase enzyme are shown in Table 6. 

Ion-exchange chromatography of the Mo(V)-DETEDDA complex on a 

jacketed column 60 cm long and 2.1 cm in diameter packed with 100-200 

28 
mesh DOWEX lX-8 ion-exchange resin , gave only one deep red narrow 

band upon elution with 0.5 M potassium chloride. There was no change 

at all in the electronic spectrum of the chromatographed complex as 

compared to the Mo(V)-DETEDDA complex that had not been chromatographed. 

Acetylene Assay 

The results obtained with the Mo(V)-dicysteine system, shown in 

Figure 9, are in good agreement with those reported by Schrauzer and 

Doemeny^, but the results obtained with the Mo(V)-DETEDDA system 

clearly indicates that little or no reduction of the substrate acetylene 

occurred. The results shown in Figure 10 for the Mo(V)-DETEDDA 

complex were the same for several concentrations of complex and were 

not altered by the presence of ATP in the reaction solution. The ATP 

(Disodium crystalline salt, Sigma grade, 99-100%) was present in 

fairly substantial amounts, 100 mg in 3.5 ml of solution, and markedly 

increased the observed rate of reaction for the Mo(V)-dicysteine 
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Table 6. Esr Spectral Data 

Compound Absorption (gauss) g value 

Nitrogenase enzyme 41 1.97 

Mo (V)-dicysteine^ 35 1.975 

Mo (V)-DETEDDA^ 52 1.99 

a 2 
Spectrum recorded at pH 6.5. 

Spectrum recorded at pH 9; standard was diphenylpicrylhydrazyl 

radical. 

^̂ Spectrum recorded at pH 6; standard was potassium nitrosidisulfonate 
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system whereas it had no apparent effect on the Mo(V)-DETEDDA system. 

Mechanism of Acetylene Reduction 

Schrauzer's proposed mechanism for the reduction of acetylene 

was shown in Figure 2, page 4. It was found that water was the source 

of the ethylene hydrogens since cis-dideuteroethylene was formed in 

95+% isotopic purity when deuterium oxide was used as the solvent. 

When sodium borodeuteride was used in the reaction in the place of 

4 
sodium borohydride, no deuterated ethylene could be detected . 

It was also found that small amounts of ethane were formed in 

the reaction, even though ethylene is not a substrate. The ethane 

was postulated by Schrauzer to be a product of the reaction of acetylene 

with a binuclear, partially dissociated species such that both Mo 

sites contributed two electrons to the attached acetylene at the same 

time . This sort of situation is shown in Figure 11. 

The unexpected failure of the Mo(V)-DETEDDA complex to reduce 

acetylene could possibly be due to more than one factor. Among these 

is the possibility that the ethylene bridge between the two nitrogen 

atoms. Figure 3, page 4, is too short to allow the complex to dissociate 

into the active monomers required by the mechanism shown in Figure 2, 

page 3. This seems to be the most obvious explanation for the lack 

of reactivity, but there are two bits of experimental data that 

indicate that the Mo(V)-DETEDDA complex does indeed dissociate. The 

small absorption band in the vicinity of 600 nm in the electronic 

spectrum of Mo(V)-dicysteine has been tentatively assigned to the 

97 
Mo(V) monomeric species in solution . The Mo(V)-DETEDDA complex 
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Figure 9. Acetylene Assay of Mo(V)-Dicysteine. 
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Figure 10. Acetylene Assay of Mo(V)-DETEDDA. 
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also has a weak band in this region of the electronic spectrum and 

it seems reasonable that the two bands arise from the same or very 

similar species. In addition, solutions of the Mo(V)-DETEDDA complex 

gave an esr signal, which is characteristic of Mo(V) monomeric species 

coordinated to ligands containing one or more sulfhydryl groups and 

27 29 
is not observed in the case of the Mo(V)-EDTA complex * . Quanti-

27 
tative esr studies on the Mo(V)-dicysteine complex have been reported 

and indicate that only about two percent of the total molybdenum 

present exists in solution as monomeric species. It would seem 

reasonable in this case that any reduction in the concentration of 

monomeric species would result in a decrease in the rate of acetylene 

reduction. 

It is also possible that the Mo(V)-DETEDDA complex dissociates 

into a binuclear, partly dissociated species of the type suggested 

by Schrauzer to explain ethane formation in the Mo(V)-dicysteine 

system , Figure 11, but that the relatively great rigidity of the 

ligand backbone, combined with the unbroken oxo bridge, prevents the 

two molybdenum sites from moving far enough apart that the acetylene 

molecule could attach to the active sites. This sort of situation is 

depicted in Figure 12. 

It is thought possible to induce the complete dissociation of 

species such as that shown in Figure 12 by changing the number of 

carbon atoms in the backbone between the two nitrogen atom. There is 

very likely to be an upper limit to this type of modification, since 

if the backbone were too long, the two oxo bridges between the 
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Figure 11. Proposed Mechanism of Ethane Formation, 
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H - C = C - H 

Figure 12. Proposed Configuration of Acetylene Attack on the Mo(V)-

DETEDDA Complex. 
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the molybdenum atoms would be broken, with the result that the 

modified complex would have a much lower degree of stability. 

The work reported here on the Mo(V)-DETEDDA complex has there

fore demonstrated some of the limitations of these model systems 

insofar as structural modifications are concerned and has raised 

some interesting questions about the orientation and structure of 

the active site in the nitrogenase enzyme. 
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