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ABBREVIATIONS

acac = acetyiacetonate NADH = reduced nicotinamide-adenine dinu-
ADP = adenosine diphosphate cleotide

ATP = adenosine triphosphate NADPH = reduced nicotinamide-adenine
A. vinelandii = Azotobacter vinelandii dinucleotide phosphate

CoA-SH = Coenzyme A NAS = nitrogen-activating system

C. pasteurianum = Clastridium pasteurianum PCMS = p-chloromercurisulphonate
Cr-P = creatine phosphate PhyP = triphenylphosphine

DMSO = dimethylsulphoxide P; = inorganic phosphate

Fd = ferredoxin Py — pyridine

HDS = hydrogen-donating system TPP = thiamine pyrophosphate

* Precent address: School of Chemisiry, Leicester College of Technology, Leicester.
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A. INTRODUCTION

The process whereby micro-organisms (either themselves or in association
with certain plants) “fix>* atmospheric nitrogen and convert it into nitrogeneous
cell constituents has intrigned biologists and chemists alike for many years. Whereas
this biochemical activation of the nitrogen molecule by the metallo-enzyme systems
present in such organisms occurs under mild conditions, all industrial processes
utilising gaseous nitrogen have used very forcing conditions®.

The section of this review dealing with enzymatic nitrogen fixation is not
intended to be exhaustive. It attempts to survey the findings of the many major
investigations with particular reference to the involvement of metal centres, and
thus highlights those sections of the work which may assist in imitating nature.

‘The developments in organometallic and coordination chemiistry in recent
years have given fresh hope that a metal complex will be found capable of activat-
ing nitrogen under ambient conditions so that it may readily react to give useful
inorganic or organic compounds. Reaction of molecular nitrogen with organo-
metallic species and the metal complexes of nitrogen are discussed in detail, and a
number of metal compounds which confain nitrogen are considered as analogues
of fixation intermediates. ’

Some consideration is given to nitrogen adsorbed on metal surfaces and
Haber catalysts to compare heterogeneous, biological and possible homogeneous
routes to ammonia synthesis. For completeness the reactions of ‘““active™ nitrogen

are also mentioned.
This review thus attempts to gather together all the relevant literature in-

formation (although it must be remembered that this field must suffer more than
most from unpublished negative results) in the hope that any rationalisation which
may follow will help in the discovery of catalytic nitrogen fixation under mild
conditions.

B. BIOLOGICAL SYSTEMS WHICH FIX MOLECULAR NITROGEN

The biological systems studied may be divided into two basic classes® (a)
free-living (asymbiotic) micro-organisms which include certain aerobic, anaerobic
and photosynthetic bacteria; blue-green algae; actinomycetes; some yeasts, and
even certain hydrocarbon-oxidising bacteria®: (b) symbiotic associations in which
bacteria are incorporated into the root systems of certain plants, to form nodules
which are the sites of fixation, e.g. the Iegume-Rhizobium association.

(i) Asymbiotic systems

By far the greatest proportion of work has been carried out on cell-free
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extracts of two bacteria, namely the aerobic dzorobacter vinelandii and anaerobic
Clostridium pasteurianum. As a consequence, this discussion is based mainly on
the results obtained from these two systems. Results of studies on other micro-
organisms lend support to the following conclusions?+?.

Fixation of nitrogen by such enzyme extracts depgsds basically on the ad-
sorption of the nitrogen molecule at a suitable ““active site™ on the enzyme surface,
a source of energy, and the presence of a suitable reducing system, for conversion
of the bound nitrogen to ammonia. It is the precise nat~  of, and role played by
these components that have occupied biochemists for many years. )

(a) Clostridium pasteurianum

Extraction of the nitrogen-fixing enzyme system from this organism has been
achieved? either by (a) crushing the frozen cells in a Hughes press and centrifuga-
tion to obtain an active cell-free extract or (b) rapid drying (30—40°) of a cell paste
and extraction of the powder with 0.05 m phosphate buffer under hydrogen
(pH 6.8), followed by high-speed centrifugation at 0°.

Nitrogen-fixing activity may be determined by exposure of the extracts to
I5N-enriched nitropen and Kjeldahl digestion following a suitable incubation
period. Release of the nitrogen and analysis by mass spectrometry provides the
atom-% excess of 5N, Values greater than 0.015 atom-9%{ excess (a conservative
estimate for the sensitivity of the mass spectrometer) are accepted as a reliable
indication of fixation?+*<'6,

Requirements for activity

Pyruvate; ferredoxin; ATP or ADP; P;; ATPase; coenzyme A; TPP; Mg;
Fe: Mo.

The role of added pyruvate appears to be twofold, in that in addition to
furnishing reducing power, it serves as a source of high energy phosphate (ATP),
the latter being a key requirement for fixation?~!%. Pyruvate metabolism produces
a steady-state level of acetyl coenzyme A (an active acyl-transfer agent in vao)‘ Ia
acetyl phosphate and ATP via the phosphoroclastic reaction (Fig. 1). TPP could
well be involved in the oxidative decarboxylation of pyruvate!!®,

TeR out
CH:“?O o S N CH3c|o +Cop + 26 S e,
coO PP

CoA—5H
CoA—SCOCHy

cnﬁo
A OPOLH, + CoA-tH

ATP /ADP

Fig. 1. The phosphoroclastic reaction.
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In 1962, Mortenson ef al.*2 reported the isolation of a non-haem iron/sulphur
containing protein (Fd) from the pyrnvate-utilising system of this organism®*. This
protein has a potential near that of the hydrogen electrode and it was realised
that the pyruvate oxidation ahove is coupled to the reduction of ferredoxin, the
latter being involved in the electron transport sequence from the electron donor
to the nitrogen molecule®-2?:

H,+Fd hydrogenase Fdreducsd | o7+

Ferredoxin markedly stimulates the evolution of hydrogen from pyruvate'Z,

Evidence that fixation requires high energy phosphate is supplied by the
observation that arsenate inhibits fixation”. It competes with phosphate in the
phosphoroclastic reaction, preventing build-up of acetyl phosphate, and hence
indirectly inhibits ATP synthesis. One suggestion® for the role of ATP is to activate
the enzyme such that combination with nitrogen occurs, with subsequent use of
the energy derived from ATP for sufficient activation of nitrogen to allow reduc-
tion to take place®. A reductant-dependent enzyme ATPase, and Mg** are re-
quired for ATP consumption®*. The role of magnesium could well be to provide
a centre around which ATP and the species utilising the derived energy can in-
teract!5-18_ Other roles for ATP way be to initiate or maintain pyruvate metabol-
ism, and when hydrogen is the electron danor, to aid in the generation of reduced
ferredoxin'®. In addition a hydrogenase function which liberates hydrogen from
the active system in the absence of nitrogen is ATP dependent®.

Pyruvate has to be replaced by a suitable ATP generator and a reductant,
which confirms the dual role played by pyruvate. For example, KBH,, H,, NADH
or NADPH can act in combination with an ATP generating system such as acetyl-
phosphate (provided ADP is present), or creatine phosphate/creatine kinase?.

Reduced ferredoxin can act as the electron carrier from the active reductants
to nitrogen, but the dye methy! viologen can substitute??. Recently Knight ef a/.17
have isolated a metal-free flavoprotein from Clostridinm extracts grown in an iron-
deficient medium. This protein probably replaces ferredoxin as electron carrier
under such circumstances.

Mortenson et al.}?® have separated the active extracts of C. pasteurianun: into
two fractions, designated as the nitrogen-activating (INAS) and hydrogen-donating
(HDS) systems, which apart are inactive but in combination result in full fixation
activity. The HDS was obtained by heating cell extracts at 60° under hydrogen,
and contained the hydrogenase and pyruvate-metabolising activity, The NAS was
obtained by treatment of extracts with protamine sulphate, followed by calcium
phosphate gel at pH 6.5. Further work on the latter component has established??®
the presence of two components, one containing at the reported stage of purity
(78%4) 1 atom Mo, 1 atom Mg, 12 atoms Fe and 3 atoms sulphide per molecule,
(named molybdoferredoxin} and the other containing Fe/sulphide (named azo-
ferredoxin). Both components are inactivated by oxygen, and although the former
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component could be frozen anaerobically with little loss in activity, the latter lost
partial activity under all examined conditions of storage.

(b) Azotobacter vinelandii

Active cell-Tree extracts can be obtained either by ultrasonic or lysozyme
distuption of cells in the medium in which they are grown'®. Successive high-speed
centrifugations result in active particulate fractions sedimented between 25,000
and 144,000 g. Exposure of the extracts to **N or radioactive **IN have confirmed
fixation?®,

Requirements for activity

Non-haem iron {not ferredoxin); ATP (or generator); ATPase; flavin; ¢yto-
chromes b, ¢, a; 8,0,% ; Mg; Mo.

The physiological source of reducing power in this organism is not pyruvate
(¢f. C. pasteurianum), and still remains to be identified®*.

In studies of this organism, dithionite has been extensively used as an exo-
genous electron donor?', and creatine phosphate/creatine kinase as ATP gener-
ator?!-*2;

ADP + Cr-P Creatine kinase A Tp4. Cr

An ATP-dependent hydrogenase is also present (¢f. C. pasteurianum), which liber-
ates hydrogen from dithionite®*’. The celi-free preparations of A4. vinelandii are
routinely prepared in air, and in contrast to Clostridium?? extracts they are not
cold Iabile or unstable to dialysis®!.

The presence of a reductant-dependent ATPase has been established, which
may function either in the activation of electrons for nitrogen reduction, or in
energy-dependent hydrogen evolution in the absence of nitrogen?2. Inorganic phos-
phate (P.) elimination occurs from ATP via this ATPase in 4. vinelandit, and
although not proven, it is likely that a similar elimination occurs in C. pasteurianum,

Although Bulen er al.2* succeeded in isolating a molybdennm-rich partic-
ulate fraction in 1956, it was not until almost 10 years later that the localisation of
nitrogen-fixing activity in this fraction was reported. Purification?* of the extracts
by protamine precipitation and anaerobic chromatography has separated the active
material into two enzyme components, one containing non-haem iron and molyb-
denum, and one containing non-haem iron only. The presence of both components
is required for both nitrogen reduction and ATP-dependent hydrogen evolution.

The use of e.s.r. techniques has established the presence of both flavin and
cytochromes b, ¢ and a (containing haem-iron)*®*® which are components of the
electron-transfer chain. In addition a reduced form of non-haem iron (not ferre-
doxin) is observed which may either act as yet another electron carrier, or perhaps
as the endogenous source of reducing power. However, the precise nature of, and
role played by this latter compenent awaits clarification.

Coordin. Chenr. Rev., 3 {1968} 429-470
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(ii) Symbiotic systems

Until very recently, great difficulty had been experienced in attempis to ob-
tain cell-free extracts from root nodules with nitrogen-fixing activity. Excised root
nodules themselves, obtained from soybean plants, actively fix nitrogen and Ber-
’ gersen in 19607 proposed a general theory of fixation, suggesting that in such plant
cells, fixation occurred within a membrane envelope which encloses the bacteroids
and leg-haemoglobin, a haem-iron component known for many years to be present
in active nodules28—32, .

Then followed a report by Abel et al.** that ferrolegoglobin (when isolated
under hydrogen) complexes with molecular nitrogen in preference to oxygen. Isola-
tion of this haem-protein by conventional techniques results in a product (ferrilego-
globin) which preferentially complexcs with oxygen. It was therefore considered
that in “native” ferrolegoglobin, the haem group occupies a protected position
within the protein folds, and on autoxidation, exposure of this hacm group occurs
(ferrilegoglobin)®*, On this basis, a mechanism involving legoglobin as the active
site of fixation was proposed (vide infra).

More recently, studies on an active brei (pulp) of soybean nodules®® have
shown that, in addition to a dependence on oxygen, fixation requires ATP.

However, in 1967 Koch et al.*® successfully obtained ceil-free extracts of
bacteroids from soybean nodules, and demonstrated the additional requirements
of an ATP generator, S,0,* as electron donor and anaerobic conditions (i.e. very
similar requirements to A. vinelandii}: hydrogen evolution occurs during fixation.
In this latest report, a non-haem iron protein was also isolated, but to date no
consistent enzyme activity has been achieved with this component. It is also of
interest to note that no mention was made of a legoglobin component in this study
of a cell-free system.

(iii) Fixation intermediates

Ammonia is recognised as the key intermediate of fixation, namely “the
inorganic compound at the end of fixation before assimilation of fixed nitrogen
into carbon skeletons occurs™??. Support for this hypothesis stems from the ob-
served fate of the tracer when active extracts are exposed to nitrogen containing
1°N,. Ammonia is the most heavily, and most rapidly labelled entity?-35.

A reductive pathway, possibly viz diimide (HN=NH) and hydrazine is
preferred®9-*1, although hydrolysis of diimide to hydroxylamine, and subsequent
reduction of the latter to ammonia is also a possibility. However, no intermediates
between nitrogen and ammonia have been observed. Diimide (generated by hydro-
lysis of dipotassium azodicarboxylate) proved inhibitory to fixation by C. pasteu-
rianum. Use of **N-enriched nitrogen in the presence of hydrazine or hydroxyl-
amine have failed to detect any labelling on subsequent isolation of their respective
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derivatives®!. Hence whatever the intermediates are, they must remain tightly
bound to the enzyme surface until the ammonia stage is reached. A recent report*>
of haem-protein/diimide interactions is the first piece of experimental evidence that
such complexes can exist.

(iv}) Metal requirements of nitrogen-fixing organisms

It is now well established that iron and molybdenum are required as trace
metals by free-living organisms that fix nitrogen.

Strains of Azotobacter require iron and molybdenum whilst utilising mole-
cular nitrogen as their nitrogen source for growth?-42-4b-4¢.232.43 The njtrogenase
systems of botb 4. vinelandii*® and C. pasteuriamum®® have been separated into
an iron/molybdenum component and an iron component. The presence of molyb~
denum has also been established in other biological systems, e.g. Xanthine oxidase**
and nitrate reductase*®

E.S.R. studies by Nicholas et a!.z"‘b'zf’ also demonstrate the presence of iron
and molybdenum in active organisms. In addition to the haem-iron components
(cytochromes) necessary for cell metabolism, an e.s.r. signal (g 1.94) attributed to
a reduced form of non-haem iron has been observed, although 4. vinelandii does
not contain ferredoxin. A g 1.97 signal also found in 4zebacter particles is probably
associated with MoV, for on oxidation or further reduction the signal disappears.
It is of interest that particles from cells grown on NH,* do not contain appreciable
concentrations of molybdenum.

The g 1.94 iron signal also appears in the NAS component of C. pasteuria-
num?%43 but MoV is not observed. However, the absence of Mo" does not dis-
prove the existence of molybdenum, since oxidation states other than MoV or
Mo would not produce e.s.r. signals. In addition at least a 10 M™% metal con-
centration is required for detection by this technigue.

A Mn!! signal is observed in crude extracts of C. pasteurianum, but not in
the separated NAS component. However, the significance of manganese, which is
found in a number of bacteria, is not clear, although it may well be associated with
the metabolism of hydrogen?®

An apparent requirement for molybdenum is reported for fixation both in
legumes®® and non-legumes*®*7, and, as mentioned previously, the leg haemo-
globin of legume symbiotic systems contains iron?8-32,

Cobalt (as Vitamin B,,) also appears to be essential to.nitrogen fixing
systems?-#%-48  but because of the very low concenfrations involved it is not con-
sidered to be an active component of the nitrogenase systern, but may be involved
in the biosynthesis of the enzyme systems.

In spite of the numerous papers published on the subject of biological nitro-
gen fixation, a great deal of speculation still exists as to the precise roles played by
the iron and molybdenum components, and definitive proof is still awaited. At the
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present stage of the subject, enzyme purification is the major obstacle confronting
the biochemist, and until the detailed examination of a highly purified enzyme is
achieved, one can still only speculate. '

Yakovlev and Gvozdev®? have recently studied the kinetics of molybdenum
and iron uptake by growing 4. vinelandii cells, and find that the extent of molyb-
denum incorporation into cells utilising molecular nitrogen is directly proportional
to their nitrogen-fixing activity. In contrast molybdenum incorporation into cells
grown in an NH," medium is proportional to cell growth. The latier is also
paralleled by hydrogenase activity and the extent of iron incorporation into cells
growing on nitrogen gas. It is therefore postulated tbat molybdenum participates
in the enzymic activation of nitrogen, rather than being associated with the hydro-
genase function.

I'ina®? suggests that a similar correlation exists between molybdenum and
the nitrogen-activating system of mycobacteria, in which molybdenum does not
affect hydrogenase activity, but does stimulate certain dehydrogenases. It would
appear, from analogous studies on A. chroococcum®?, that this organism adapts
to a certain concentration of molybdenum, above which no further increase in
nitrogen-fixing activity is observed.

In contrast to the above, Bulen ef 1?5, assume from the available evidence
that iron is the metal site at which the nitrogen molecule is bound, with molyb-
denum (in cooperation with a flavin moiety} functioning as a single-electron trans-
fer agent (vide infra).

The idea that fixation of nitrogen occurs at a metal site on the enzyme surface
receives support from the observed inhibition of fixation by substrates other than
nitrogen. H,, CO, N,O and NO competitively inhibit fixation in extracts of C.
pasteurianum, at concentrations which do not markedly affect the rate of pyruvate
metabolism'*+32, Cyanide and azide are both weak inhibitors. However, although
hydrogen inhibition is competitive at low concentrations of phosphate, it becomes
noncompetitive at high concentrations *%. The reason for this behaviour is unknown.
Hydrogen is also a competitive inhibitor of fixation both in 4. vinelandii®* and
cell-free extracts of soybean root nodules?S,

A number of studies have found that acetylene is also a competitive inhibitor
in cell-free extracts of C. pasreurianum®*35, A. vinelandii*® and soybean root
nodules?s.

Removal of the gaseous inhibitors by evacuation and replacement by nitro-
gen results in regeneration of fixation activity, thus indicating the reversible nature
of inhibition. It also strongly suggests that the inhibitory site is identical with the
nitrogen-binding site on the enzyme. A metal centre would seem to be a very
attractive possibility as the site for facile attachment of such a number of low
molecular weight gases of diverse properties.

In addition to these inhibitory effects, certain fow molecular weight sub-
strates also undergo reduction by the biclogical nitrogen-fixing systems. Nitrous
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oxide is reduced to ammonia by C. pasteurianum®? at approximately 69/ of the
rate of nitrogen fixation. This presumably occurs via the conversion:

N,O — N, +H,0

as evidence of this conversion has been reported from studies on nodule’® and
free-living® 7 systems. '

Acetylene is readily reduced to ethylene by C. pasteurianum extracts¥*-33,
the requirements being identical to those for nitrogen reduction, namely ATP,
Mg and ferredoxin. In this connection, Moustafz and Mortenson®® have recently
found that Mg2* ions are needed for ATP utilisation, and have suggested that
two molecules of ATP participate in the rate-determining step(s} catalysed by the
acetylene-reducing system. ADP appears to reguiate the sequence of events by
acting as a “negative modifier”. When a low ATP: ADP ratio is present, acetylene
reduction (i.e. nitrogen-fixation) is inhibited and the remaining ATP can be utilised
for other cell functions.

Both the brei and cell-free extracts of soybean root nodules also reduce
acetylene to ethylene®®. Further reduction of the ethylene formed does not occur,
apparently due to the olefin being readily released from the active site. The facile
measurement of acetylene reduction has even been used®® as an index of fixation
in situ, in such habitats as lakes, soils and nodulated plants, It is a sensitive method,
and is much more rapid and cheaper than the conventional **N techniqne.

Other substrates reduced by the nitrogen-fixing organisms C. pasteurianum,
A. vinelandii and A. Chroococcum include acetylene analogues®®, hydrogen cyan-
ide®%:%°, alkyl cyanides and isocyanides**-*®, and azide ion®°:¢*, The following
table (Table 1) presents the snbstrates studied and the isolated reduction products
in order of decressing rates of reduction.

The overall conclusions drawn from these studies are that the conversions
proceed by two-electron reductive steps; the requirements for reduction heing ATP,
and dithionite {or hydrogen or borohydride) as electron source. The substrates
inhibit ATP-dependent hydrogen evolution from dithionite, and all the reductions
are inhibited by carbon monoxide, although the latter is not reduced. The number
of electrons involved are either two, four, six, eight, ten or twelve, thus demon-
strating that if nitrogen is reduced to ammoniz by the same mechanism, then
diimide and hydrazine would be intermediate products. Since further reduction of
ethylene to alkane is not observed, release of olefin from the binding site must he
a factle process, in contrast to the nitrogen reduction intermediate at the same
oxidation level, i.e. diimide.

Differences in the rates of reduction encountered between different sub-
strates are assigned to either electronic or steric effects at the substrate binding
site, e.g. CH,NC > CH;CN, due to betier end-on bonding of the electron-rich
terminal carbon of CH3;NC. The reduction of CH;CH=CHCN and CH,=
CHCH ,CN, versus the unreactivity of CH,CH,;CH,CN, may be attributed to the

Coordin. Chem. Rev., 3 {1968) 429470
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TABLE 1
SUBSTRATES REDUCED BY CELL-FREE EXTRACTS OF ASYMBIOTIC NITROGEN-FIXING BACTERIA™

Substrate Isolated Products
CH,NC CH,+CH;NH, [{ttraces of C,H, and C;H,]
HCN L CH,+NH, [+traces of CH,NH,]
CH,=CHCN CyH+CiHy
CH,CN CoH [+trace NH;]
CH,CH,CN C.H.+C,H,
cis CHy,CH=CHCN CH,CH,CH=CH.+C_ H,,+cis CH,CH CHCH,
CH,=CHCH,CN CH,CH.CH=CH,
trans CH.CH= CHCN trans CH,CH=CHCH,
CH, o

CH,=CCN
CH,CH,CH,CN

CH, > no reduction

I
H<|:CN

CH,
CH,C=CH CH,CH=CH,
CH,CH,C=CH CH,CH.CH=CH,
CH,C=CCH,

CH,=CHCH=CH, } no reduction
a== =

bossibility of interaction of the double bond at a second site thus enhancing the
pinding to the enzyme. Steric effects may he operative when the comparison of
cis-CH,CH=CHCN versus trans-CH,;CH=CHCN or CH,=C(CH,)CN is con-
sidered. By using deuterium oxide as solvent for extracts and reagents during
acetylene reduction by C. pasteurianum, Dilworth* found that ¢is-C,H,D, was
the sole product. The reduction therefore appears to be completely stereospecific,
with only cis addition of hydrogen occurring, which suggests that the substrate is
both firmly and specifically bound to the enzyme during reduction,

(v) Mechanisms of fixation

Winfield in 1955%% proposed that a multifunctional dinuclear metal site on
the enzyme surface serves to bind the nitrogen molecule, for subsequent hydrogena-
tion t0 ammonia, with lisand atoms (possibly carbon) facilitating the transfer of
hydrogen atoms to the bound nitrogen (Fig. 2). Roberts®? considered that initially
a chemisorption of niirogen occurs {analogous to that postulated to oceur when
clean metal surfaces are exposed to nitrogen, vide infra) and that maybe even poly-
nuclear metal sites are involved (Fig. 3).

In these schemes, suhsequent release of the product ammonia then regener-
ates the dinuclear site, and the catalytic cycle is repeated.
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Fig. 2. Mechanism of fixation according to Winfield*.
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Fig. 3. Mechanism of fixation according to Roberts®i.

In 1963, following the observation that ferrolegoglobin present in legume
root nodules preferentially complexes with nitrogen®?, Abel®* expanded a me-
chanism put forward by Hoch et al.35, and incorporated a role for legoglobin as
the site of fixation in symbiotic systems (Fig. 4). The assumptions made were (a)
that two legoglobin components forin a complex (I} in vive, thus providing a
dinuclear metal site, and {(b) that configuration changes occurred within the com-
plex, to provide for the increase in N-N bond length from 1.09 A in nitrogen gas
to 1.47 A in the postulated enzyme-bound hydrazine intermediate. The reversible
valency change of Fe' == Fe'!, which can occur with the central haem-iron of
such components, also plays an important role.

The postulate of a transient bound [N,]2~ intermediate(II) receives some
theoretical support from the electron affinity estimates of Bauer®, who reported
that the [N;]",, amon may become moderately stable when situated near sufficient
positive charges (f.e. metal cations), and that such an ion would show a great
affinity for a proton in an aqueous environment. In fact Bauver had previously

Coordin. Chem. Rev., 3 (1968} 429470
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Fig. 4. Mechanism of fixation according to Abef®s.

proposed®® a free-radical mechanism for symbiotic fixation at a mononuclear
legoglobin site, involving the hypothetical N,H radical, formed either from [N,]™
by proton capture, or by attack of a hydrogen radical on a legoglobin-bound
nifrogen molecule.

In order to allow for the increase in N-N bond length in the diimide and
bydrazine intermediates, Abel suggested that an enzymic configuration change
occurs (Il — III and IV — V in Fig. 4} via removal of protons (to produce hydro-
gen) from the immediate vicinity of the binding site, with a resultant increase in
pH. During the final stage of the cycle, following release of ammeonia from the
active site, back-diffusion of protons is assumed to occur, to re-establish the original
PH with a consequent configuration change (VI -+ I) necessary to bind a further
molecule of nitrogen.

The effect of gaseous inhibitors would be to compete with nitrogen for the
metal centres, with, for example, carbon monoxide being preferentially bound,
since it need only react with one metal atom to block the dinuclear site required
by nitrogen. The presence of excess hydrogen would prevent the necessary con-
figuration changes by inhibition of the conversion of protons to hydrogen. The
latter would thus inhibit fixation.

In 1965, without recourse to Abel’s work, Bulen ef al.?5* suggested a working
hypothesis for nitrogen fixation in free-living organisms. In the light of work by
Koch. et 4136 on cell-free extracts from root nodules this might also he applicahle
to symbiotic systems. This mechanism (Fig. 5) envisages that one of the roles of
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Fig. 5. Mechanism of fixation according to Bulen et al.®*2.

ATP is to effect configurational changes of the enzyme, akin to those envisaged
by Abel as occurring via changes in pH. It was thought tbat ATP might also
function in providing low potential electrons when an endogenous electron donor
is used. The scheme again assumes an iron dinuclear active site, but in contrast to
Abel’s mechanism, a possible role for molybdenum is suggested (by analogy with
molybdenum participation in other enzymes), namely as a one-electron transfer
agent in conjunction with a flavin moiety. This could facilitate reduction of the
iron from Fe™ to Fe' (I — 2) before attachment of nitrogen occurs. Subsequent
re-oxidation to Fe''l, transfer to the bound nitrogen molecule (4 — 5), and proton
capture (5 — 6), leads to the initial reduced form of nitrogen at the oxidation level
of diimide and ultimately to ammonia. It will be noted that the [N,]~ anijon is
postulated as a transition state. It is also recognised that the poss:b:hty of poly-
nuclear metal sites should not be overlooked.

At stage (3) in the absence of nitrogen, interaction with protons could
regenerate tbe ferric state with evolution of hydrogen. The idea of only one iron
atom undergoing reduction (2), is to provide polarisation of the nitrogen molecule
once bound (4), and hence facilitate electron transfer (5). Carbon monoxide could
also interact with metal centres at the nitrogen binding site (3}, but although it
would inhibit fixation, hydrogen evolution would be unafifected, since carbon mo-
noxide would not accept electrons. Nitrous oxide inhibits both fixation and hydro-
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gen evolution, and it may be that this molecule is bound before the configuratiopal
change occurs (2).
Hardy et al.??-°7 also consider the mechanism of fixation as involving two
active metal sites on the enzyme (Fig. 6}, namely an electron-activating site and a
substrate-binding site. However they do not necessarily consider a dinuclear metal
site for binding tbe nitrogen molecule prior to reduction. Although the mechanism
is based on results obtained with C. pasteuriaruni and A. vinelandii, it is likely that
an analogous pathway could be applicable to the nitrogen-fixing systems of sym-

biotic associations.
Ha + Mgy

ATP -
H‘!
2.2 Mox Mess,  (M—H)
MgQ‘I-
/ ATPase 4 Ne=N
2aTP 2ADP + 2P,

i
M N=N-—M

lred“,

: 2 NH,
Fig. 6. Mechanism of fixation according to Hardy er gql.2%87_

Electreons from a suitable donor e.g. dithionite, or hydrogen via hydrogenase
and ferredoxin (or other electron transport proteins) are activated by ATP viaz the
reductant-dependent ATPase. Reduction of a metal site (M, ) occurs to produce
M,., which could exist as a metal hydride. It may be that ATP assists in metal
hydride formation by providing a good leaving group:

O O

H Ht il
M-OH+ATP —» M-O-P- T—» M-H+ ~O-P-

! e i

OH OH

The observation that the reductant-dependent ATPase is inhibited by chelat-
ing agents snggests metal involvement, and the presence of thiol is suggested by
the inhibition obtained with PCMS. This electron-activation sequence is not in-
hibited by CO, H,, N,O, CN~ or N3~ and in the absence of an electron acceptor
the activated electrons are released as hydrogen.

The substrate-binding site (M”}, probably a metai-protein complex, accon-
modates the substrates undergoing reduction, and is sensitive to carbon monoxide
and hydrogen which can block the site, thus inhibiting fixation. Subsequent use of
the activated electrons (M, 4 ) results in the reduction of nitrogen to ammonta.

The sites (M) and (M’) which may involve iron or molybdenum, must be
distinct from each other for the former is insensitive to competitive inhibitors of
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fixation, in contrast to the latter. However it is likely that coupling of the two sites
occurs in some way during fixation to increase the efficiency of the process.

C. REACTION OF NITROGEN WITH ORGANOMETALLIC SPECIES

The discovery of the first transition metal systems to react with nitrogen
under mild conditions was made by Volpin, Shur et @/.% Their work has estab-
lished a basis for attempts at the catalytic fixation of nitrogen. Using mild condi-
tions, room temperatures and pressures from 1 to 150 atmospheres, l‘_._hg‘:}'r-success-
fully observed the reaction of nitrogen with the two-component system consisting
of a transition metal halide and a reducing agent (i.e. RMgX, AIR ,, LiR, LiAIH,).
Subscquent hydrolysis of the products from these reactions liberated ammonia.

TABLE 2

THE REACTION OF HITROGEN WITH TRANSITION METAL COMPOUNDS AND REDUCING AGENTS

Transition metal Reducing Solvent Nitrogen pressure  Ammonia produced on

Compound agent fin atmospheres) hydrolysis (in molesimole
of transition metal)

TiCl, Mg+I, = Ether 90 1.30

(-C HQ).TiCl, C,H:MgBr Ether 130 0.93

(1-C H ). TiCl, LiC,H, Ether a0 0.65
{+0.15 moles C,H,NH.)

€r-CH ) Ti(CH,). - Ether BD* 0.20

TiCl, Al(Bu'), Heptane 150 0.2s

TiClI, C.H:MgBr FEther 150 0.104

VO(acac), LiBu" Toluene 83 0.35

CrCly C.H MgBr Ether 150 .20

CrCl, C,H.MgBr Ether 150 0.168

MoCl, C.H,MgBr FEther 150 0.075

WwWCl, C,H MgBr Ether 150 0.147

Mnfacac), Al{Bu'), Toluene 100 0.09

FeCl, C,HsMgBr Ether 150 0.088

COClg

NiCl,

PACl, C,H;MgBr Ether 150 0.00

(Ph,P).PtCl.

Cu,Cly

* At 100 °C; all other reactions carried out at room temperature.

Table 2 indicates the range of elements, types of complexes and yields of
ammonia that Volpin and Shur were able to obtain. Experiments®® using 1N,
proved that fixation was occurring since at least 979/ of the ammonia produced
came from the gaseous nitrogen.

The use of hvdrogen/nitrogen gas mixtures showed that in most cases
hydrogen caused a slight inhibition of fixation or had no effect at ali. However,

(31
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with the Tiacac),/AlBuj system there was a significant increase in ammonia
produced on hydrolysis when a N,:H, ratio of 3:1 was employed. )

By depositing ferric chloride on various carriers (alumina, silica gel etc.)
Khidekel and Grebenshchikov’? were able to overcome the slight inhibition which
hydrogen causes when ferric chloride is used alone, The presence of the carrier
does not increase the yield of ammonia but seems to prevent attack of the reactive
species by hydrogen,

Nitrogen was also shown to react with single organometallic species;
(m-CsH3),Ti(CH 3); and (n-C.H,), Ti(CsH ), 7:. On heationg these compounds with
nitrogen at 80-90 atmospheres pressure, reaction occurred and subsequent hydro-
lysis yielded ammonia. Heating will convert both these compounds to titanocene,
but further experiments showed that although titanocene would react with nitrogen
the yield of ammonia was Iess than for either titanivm(IV) compound. It is perhaps
significant that the presence of hydrogen increases the yield of ammonia with ali
three compounds.

Careful investigation of the products from the system (n-C;H),TiCl,/
LiPh/N, after hydrolysis showed aniline (0.15 mole/mole) as well as ammonia
(0.65 mole/mole) 72. Use of the p-tolyl lithium reagent gave p-toluidine. Volpin and
Shur offer two altemative mechanisms: nitrogen insertion into a metal-aryl bond,
forming intermediates such as Ti-N=N-Ar (vide infra) or direct attack of phenyi
lithium on a nitrogen molecule activated through coordination.

Carbon monoxide and hex-l-ene inhibit the nitrogen fixing ability of these
systems’> and this lends support to the theory that nitrogen coordinates at an
active site on the transition metal—a site that is effectively blocked by carbon
monoXxide or an olefin.

In general the above experiments are probably suggestive of hydride inter-
mediates being important®®® and Brintzinger 74 has carried out e.s.r. work on the
system (n-CsHy), TiCL, /C.H MgBr to show conclusively the presence of hydrido-
titanium species. Addition of excess Grignard to (n-C;H,), TiCl, under argon
gives rise to a complex signal near g = 2 which transforms in about one hour into
a symmetric signal at g = 1.993, which deuteration studies confirm as being due to
two equivalent protons coupling to titanium. Brintzinger has since 7*? reassigned the
spectra as being due to a monomeric dihydride anion [(m-C H;), TiH,]~, rather
than his original formulation of a hydride bridged dimer,

H.
(n-CsH3), T, H>Ti(fr-C5H5)2.

This new forrnulation is based on the fact that only ten equivalent cyclopentadienyl
protons can be seen coupling to each titanium nucleus. Brintzinger receives sup-
port from Maskill and Pratt”? in stating that this injtial species is indefinitely stable
in the absence of air, whereas Shilov er al.7% state that a delay in introducing



THE ACTIVATION OF MOLECULAR NITROGEN 445

nitrogen will result in less fixation. It is conceivable that an unidentified titanium
complex (perhaps the species with g = 2) is the reactive intermediate and is in
equilibrium with the observed hydride prior to reaction with nitrogen. Brintzinger
also examined the final reaction solution before hydrolysis after a mixture of
(n-C H;), TiCl, and a ten fold excess of C,H;MgBr had been kept under 150
atmospheres pressure of nitrogen for 15 days. Only weak and complex e.s.r. signals
were seen; however, slight acidification produced a strong signal at g = 1.987.
Although Brintzinger onginally clairned 7#® that the hyperfine pattern was due to
two equivalent nitrogen atoms, he later showed”® that it was due to the four
methylene protons of [(n-CsH),Ti(C,Hs),]1~, formed by the action of excess
Grignard reagent on the halide species resnlting from acidification of the nitrogen
containing complex.

An important contribution to the mechanism of the (m-CH),TiCl,/C H -
MgBr system was made by Shilov er al.7$, using deuterated Grignard and solvent
ether. It was first noted that about 1/3 of the gaseous products were liberated in
the first five minuies after mixing and this occurs prior to any nitrogen fxation.
The reactive intermediate formed at this stage is unstable {¢f. Brintzinger’ and
Maskill and Pratt”?®) and any delay in introducing nitrogen reduces the amount
of fixation. Hydrolysis at this stage with D,0 liberates HD which would be anti-
cipated from the hydrolysis of a metal hydride. When nitrogen is present less
hydrogen is liberated since less of the hydride species will be present. This may be
due to reaction of the hydride species with nitrogen or due to the precursor of the
hydride preferentially reacting with nitrogen. Ethylene and ethane are evolved and
a complete breakdown of the ligand system occurs. Using C,D;MgBr the ethane
is substantially C,Dy, showing that the solvent is not taking part. Again if the
system (n-C,H,); TiCl,/C,DsMgBr is hydrolysed with H,O then HD is liberaied
showing that the hydride ligand originates from the Grignard.

In the system (n-C Hj), TiCl,/C,D ;MgBr/(C,D,),0, if the final hydrolysis
is carried out using H,0O, no deuterium is found in the ammonia. Since ND,
introduced at the beginning of the reaction retains deuterium Shilov et al. con-
clude that no hydrogen is attached to nitrogen prior to hydrolysis and that a
nitride is formed from finely divided titanium metal and nitrogen.

Maskill and Pratt”5 carried out some kinetic measurements on the (m-
C;H,),TiCl,/C,H;MgBr system, taking the amount of nitrogen fixed after one
hour as a measure of rate. Despite the complexity of the reaction, several interest-
ing points emerged based on this assumption. Using nitrogen-argon gas mixtures
(to a total pressure of one atmosphere), the rate of niirogen fixation is dependent
on the partial pressure of nitrogea {pN,) when the latter is low, but becomes in-
dependent at high pN, values. Thus the reactive intermediate is in excess at low
pN, whereas ifs formation is the rate-determining step at high pN,

. A . B
ie. 2 T* — Tiy* E¥q Products
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Process A (which other resnlts suggest may be a dimerisation) is rate deter-
mining at high pN,, and B at low pN,. Ti* and Ti,* are unidentiﬁed-;nionomeric
and dimeric species. If Brintzinger’s intermediate dihydride anion is a major con-
stitent of the solutions, it cannot then be the reactive intermediate. Maskill and
Pratt postulate a zero-valent titanium species as a possible intermediate:

e

R
G D>
H
H
This species could be analogous to a metal surface but not finely divided metal as
suggested by Shilov er al.

Olivé and Olivé?? have worked on metal halide systems with lithium naph-
thalide in THF as reducing agent. Under argon the products of this reaction-
probably have o- and m-naphthalene residues coordinated to the metal, and are
good starting materials for a variety of complexes’”®. These reduced species can
store up to six electrons per transition metal and will react with nitrogen?”®. The
electrons are transferred to nitrogen so that it is bound as two nitride entities, 7.e.

Nz-—ﬁi 2N3". Hydrolysis will liberate ammonmia.

The ability of the complex to fix nitrogen depends on the capacity of the
reduced species to store electrons, and this can be estimated by hydrolysis prior to
reaction with nitrogen—the amount of hydrogen liberated being dependent on the
electrons available. In the most favourable case (VCl; with a seven-fold excess of
lithium naphthalide at 120 ats. of nitrogen for a reaction time of 30 minutes at
20 °C) 2.0 moles of ammeonia/mole of vanadium are produced on hydrolysis. This
is an improvement on any system studied by Volpin and Shur—their maximum
yield was 1.30 mole/mole for TiCl,/Mg/Mgl, system.

Olivé and Olivé also found that CrCl, and TiCl, would fix nitrogen under
their conditions but NiCl,, although yielding a reduced species useful for preparing
mickel complexes, was inactive.

The major objection to the above systems is that hydrolysis is necessary to
produce any useful nitrogen-containing products. Recently van Tamelen er 4l.”®
published details of a system similar to those of Volpin and Shur but with a
significantly different resuit in that ammonia is evolved without recourse to hydro-
lysis. Titanium tetrachloride was added to potassium z-butoxide in diglyme under
nitrogen to give TiCL(OBu'),. Addition of two equivalents of potassium resulted
in reduction of titanium(IV) to titanium(IT) and ammonia was evolved. The am-
monia was identified in exit traps 48 hours after the addition of the potassium
and evolution continued for several weeks. Yields of ammonia were 10-15 9% based
on titanium, and more was obtained by hydrolysis of the reaction mixiure. Various

M
—= [utchg] —% el .,
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titanium alkoxides were used successfully but a change in solvent markedly reduced
the amount of ammonia produced. It is concluded that hydrogen abstraction from
the diglyme occurs,

The oxidation-reduction steps may be written in the following way:

6K\ g3TE~ g2NY

EK) (3TiN>CN2 .

The ability of the titanium species to be indefinitely cycled is perhaps the key
factor here—if it can be recycled there is a potentially important catalytic process.
However, hydrolysis does yield more ammonia and this may be coming from a
titaninm nitride species which wonld be a termination sequence in the above
process.

It should also be mentioned that Yatsimirskii and Pavlova?? achieved nitro-
gen fxation in agueous systems. Metal salts in acidic media were reduced with
zinc or zinc amalgam and found to react with nitrogen—alkali was needed to
liberate ammonia. Active compounds included TiCl,, VOSQ,, NbCl,, K,Cr,04,
Na,McO,, Na,WO, and KReO,, and were those considered to be reducible by
zinc or zinc amalgam. KMnO,, CrCl;, TaClg, HFOC!, and ZrOC]; were found

to be inactive. CrCl, is clearly an exception to the rationalisation since it is inactive
but readily reduced by zinc amalgam.

D. NITROGEN COMPLEXES OF TRANSITION METALS

The work of Yolpin and Shur has shown without any doubt that nitrogen
will react with certain organometallic compounds, but the appearance of a paper
in December 1965 by Allen and Senoff3? represents the point at which a new
interest was taken in the field of nitrogen fixation. The limitation of Volpin and
Shur’s work, in that hydrolysis is necessary to produce ammonia, is always ap-
parent and Allen and Senofl’s paper showing that molecular nitrogen could func-
tion as a ligand to a transition metal seemed {0 open up new areas for work and
speculation.

There are now several examples of nitrogen complexes and these will be
treated element by element:

Ruthenium: Allen and Senoff’s contribution was to recognise the existence
of [Ru(NH;)sN,]** (isolated as chloride, bromide, iodide, tetrafluoroborate and
hexaflnorophosphate, from the reaction of ruthenium trichloride* and hydrazine
hydrate) and thus establish for the first time molecular nitrogen as a ligand.

This reaction had been tried much earlier by Goremykin®! using hydrazine

®* Rutheninm trichloride as supplied commercially contains ruthenium(IV) as well as ruthe-
nium(TIl) species.
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hydrochloride, and he reported a red compound which on treatment with acid
gave a yellow crystalline material. Both were formulated as hydrazine complexes
but Prout and Powell®*? showed by X-ray analysis that the yellow compound was
Ru(NH,);CI]ClL,. The red compound has not been properly characterised and
may contain coordinated nitrogen. A known reaction of the nitrogen complex (see
Fig. 7) is to form [Ru(NH,)sCI]CI, with hydrochloric acid.

The presence of nitrogen in Allen and Senoff’s compound was confirmed by
a series of experiments whereby various ligands were used to displace the nitrogen,
which was collected and analysed by mass spectrometry (see Fig. 7). Decomposi-
tion of the compound by concentrated sulphuric acid yielded pure nitrogen but
only in 409 of the theoretical amount.

RuCiz+ NHo
Nabdy, 3+
23
RUCL, [Res 3 16N;] [RutNHy=01
€ NH1aRUCtg
KEERUCIS‘H O} H. aq 2 -
c Taflang, [RutnHaIs ] L [RuttiHa)s HaG)

[RutNHalg MO (€CH35093;

[RutnHa3sCE] Cigy
[RuCiz(PRaY3) / \
. HCE Zﬂ/Hg
OMS0) NH3
2 /

[Putrty,eya]

Ru(nnsci®t
Py . [Restribyyg] 2
[rot nHL ;DR
NaBHg

[Ru (MH3)a Py, 24

|
B NH3

Fig. 7. Preparations and reactions of [Ru(NH,) N,

Examination of the i.r. spectra of these compounds revealed a very character-
istic strong absorption band at ea. 2100 cm ™! which must be assigned to the N=N
stretching frequency if nitrogen is a ligand. This would represent a lowering on
coordination of about 200 cm ™! compared with the Raman active band in mole-
cular nitrogen which is observed at 2331 cm™!. An alternative explanation was
that nitrogen had been eliminated from a hydrazine or diimide ligand and that the
2100 cm ™ * band was due to a metal hydride. This was dispelled by deutero-hydra-
zine experiments®?: the compound prepared from N,D, . D,0 had an i.r. spec-
trum in which all the bands characteristic of N-H in the original sample had
shifted whereas the 2100 cm™ ! band was virtually unchanged.

Subsequently Allen and his co-workers®? discovered two better routes to
this compound-—from the decomposition of [Ru(NH,)sN,1**, which provides
further proof of the structure of the compound, and by the reduction of
[Ru(NH,)};H,O];," with hydrazine hydrate. There is, in fact, 2 wide range of
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ruthenium complexes, including RuCi,(PR,),%%, which will give Allen’s com-
pound on treatment with hydrazine hydrate.

Allen et 2183 speculate on the mechanism of formation of the nitrogen com-
plex; when ruthenium(I'V) species arc trcated with hydrazine hydraté it is possible
to detect coordinated azide as an intermediate, but this does not occur when a
pure ruthenium(¥I) compound is used. Azide ion is only formed by a 2 electron
oxidation of hydrazine. However, the recent work of Harrison and Taube®5 has
shown that the nitrogen compound can be formed from nitrogen gas, which would
be produced by the action of a one electron oxidant on hydrazine. Simple treat-
ment of [Ru(NH,);H,O]** (prepared in situ by zinc amalgam reduction of
[Ru(NH,);ClI]Cl,) with nitrogen at atmospheric pressure will give Allen’s com-
pound. A second compornd was formed in this reaction, as evidenced by a peak
in the wv. but it was not identified. A solid was isolated which showed a weak
absorption near 2100 ¢cm™' and liberated nitrogen on oxidation. Very recently
Taube and his co-workers®® were able to identify this new species as [(NH,)sRu
N,Ru(NH,);]** (isolated as the tetrafluoroborate). This represents a new class
of nitrogen complexes with molecular nitrogen acting as the single bridging group
between two metal atoms. As would be expected from such a symmetrical arrange-
ment, the i.r. absorption is w=ak and is centred at 2060 cm 1. An alternative pre-
paration is by addition of [N,Ru(NH,);]** to [(H,O)Ru(NH,):]** ie. both
molecular nitrogen and the nitrogen complex are capable of displacing water from
the first coordination sphere of ruthenium,

Even more surprising is a report by Chatt and Fergusson®7? of a [Ru(NH.).
N,ICl; preparation which apparently involves oxidation of ammonia to nitrogen
in a strongly reducing environment. Hexammineruthenium{iI) dichloride is pre-
pared by the action of zinec on ruthenium chloride in concentrated aqueous am-
monia. However it was noticed that the product was always contaminated by 1-3%,
of [Ru(NH;)sN,]Cl,. The nse of anhydrous ammonia followed by hydrolysis in-
creased the yield of the nitrogen complex to 10-15%,. The experiments were carried
out under argon thus leaving ammonia as the only source of nitrogen. The yields
of [Ru(NH3)sN,]Cl, were not, in fact, increased by bubbling nitrogen through
the solution.

The decomposition of ammonia to nitrogen occurs readily on some metal
surfaces (vide infra) but is a surprising reaction in a strongly reducing medium.
Chatt and Fergusson suggest that a rnthenium hydride species may form which
reacts with nitrogen liberating hydrogen.

Taube et al ®® had previously made efforts to prepare nitrogen complexes
by attacking coordinated azide with nitrosoninm ion, e.g. '

(NH,)sCoN4 2+ £ NO* — [(NH,)sCoNNNNOP* — (NH;3)sCoN,3* +N,0
M [(NH,);CoN(NOINNJ** — (NH,),CoN,0** N,

Despite using [(NH3)sCoN,I**, [Pt(dien)N,;]*, [Ru(phen)y(py)N,]* and
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[{CN);CoN,1*~ no evidence could be gathered for either nitrogen or nitrous
oxide complexes. . _

Fig. 7 summarises the methods of preparation of [(NH,);RuN,]?* and the
uses to which this compound has been put. In particular Allen®? has prepared a
variety of compounds [Ru(NH;)sX]?* which cannot easily be obtained by other
routes,

Allen and Senoff®° also report the sole example of enhanced reactivity of
the coordinated nitrogen; reduction by sodium borohydride followed by alkali
treatment liberates 6 moles ammonia/mole of ruthenium. It is not explained why
only half of the coordinated nitrogen shounld give ammonia, nor is it clear why
sulphuric acid treatment gives only 409, of the theoretical amount of pitrogen.

A crystal structure determination®® of [Ru(NH;)}sN,]E, has shown the ru-
thenium atom and the two nitrogen atoms to be linear. Disorder in the crystal
unfortunately prevented accurate determination of bond lengths: the approximate
valnes being Ru-N ~ 2,11 A and N-N =~ 1.12 A.

Shilov et al.®! reduced a THF solution of ruthenium trichloride with zinc
in an atmosphere of nitrogen and isolated, but could not characterise, the first
nitrogen complex to be prepared from molecnlar nitrogen. The solid product ob-
tained on evaporation of the THF was shown to contain coordinated nitrogen by
an ir. band at 2140 cm~ ! which shifted to 2070 cm ™! when the experiment was
repeated using nitrogen-15.

Yamamoto et al.®? report the formation of a hydridoruthenium species,
possibly (Ph,P),RnH,, which reacts reversibly with molecular nitrogen to give a
nitrogen complex. In contrast to the stable [(NH;3)sRuN,]**, the coordinated
nitrogen is extremely labile and can even be displaced by argon as well as hydrogen
and ammonia.

Osmium: Allen®? has prepared the osmium analogue of his nitrogen ruthe-
atum complex by reacting ammonium hexachloroosmate{IV) with hydrazine hy-
drate. Borod’ko et al.* have also published some observations on the reaction of
0sCl, and OsCl,0H with hydrazine hydrate. In the product the i.r. band observed
at 2010 cm ™! shifts to 1950 cm™! when nitrogen-15 hydrazine hydrate is used.

The osmium complex [Os(NH;)sN,]** is much more stable than its ruthe-
ninm analogue, and can he refluxed in 50 9 hydrochloric acid without decomposi-
tion. Thermal decomposition of the solid viglds 87 of the theoretical amount of
nitrogen.

Iridium: Collman and Kang®® prepared the complex (Ph,P),Ir(N,)CI by
attacking the carbonyl group of Vaska’s compound [(Ph;P),[rCOCI] with an acyl
azide: it is necessary to have alcohol or water present for the reaction to go to
completion and Collman later proposed a mechanism (Fig. 8)°%.

The presence of an alcohol removes the acyl isocyanate(Il) and enables the
nitrogen complex (I) to be isolated in good yield rather than further reaction to a
n-bonded isocyanate (FII} occurring.
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Il
ir + ArC—NCO Ul
EOH
o
Bl
ArC—NHC—OEt

{1 {111}
Fig. 8. Mechanism of formation of {PhyP).Ic(N:)Ci*".

The complex (Ph1P),Ir(N,)CI exhibited a characteristic sharp absorption at
2095 cm ™! together with an “impurity” band at 1970 cm ™ * (¢f. cobalt complexes}.
The olefin adduct (IV) showed a large shift in N=N stretching frequency to
2190 cm™ %,

This preparation is very similar to a reaction carried out by Beck®? in which
azide ion was used to attack a coordinated carbonyl group with the evalution of
nitrogen and the retention of isocyanate:

W(CO)s+ N, = W(CO)sNCO™ +N,

This approach may give a general method for preparing nitrogen complexes.

Rhodium: An analogous compound (Ph,P},Rh(N,)CI was prepared by Khi-
dekel ez al.®® using Colbnan’s route, but is considerably less stable and must be
kept below room temperature in an inert atmosphere.

Cofacacy + 3P

aygub ALELOES
2 Ar PyCOICoH )
N Nz Ny CZHA/
/ M
PCoX, + P PLCOMN, YH = om o e m = =t PR CONy
2%
\M
Hz Ry ColNH, Y,
)
2l \C%
PyCOHy ~me o~ em — — am RCOH,
irreversihle displacement
. of nitrogen
CaHy b

cclg CHCl,
Fig. 9. Preparations and reactions of (PhP)Co(NH.
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Cobalt: The entity (Ph,P),Co may be considered analogons to a metal surface
in its ability to bind a number of small molecules, including nitrogen, hydrogen,
ammonia, ethylene, etc. The scheme in Fig. 9 represents the interesting reactions
that have becn published on this system. This should be compared to (Ph;P),Pt
which will coordinate a range of small molecules®®, although not nitrogen, and
the work which has been done on metal surfaces. Eischens and Jacknow! °° found
an ir. band at 2202 cm ™! for nitrogen adsorbed on a nickel surface and postulate

H-
species such as Ni“N=N" when hydrogen is introduced into the system. This is
interesting in view of the compounds (Ph,P),CoN, and (Ph,P),Co(IN,)H which
are claimed to exist. In Fig. 9 double headed arrows link those compounds that
could be identical,

The first paper to appear on this system was by Yamamoto ef al.t%!, who
isolated a yellow crystalline complex which analysed for (Ph,P);CoN,, by the
reaction of cobalt tris-acetylacetonate with diethylaluminium ethoxide in the pre-
sence of triphenylphosphine and nitrogen. The i.r. spectrum exhibited 2 strong
band at 2088 ¢cm ™! and the product evolved the theoretical amount of nitrogen
on heaiing. Subsequently, Yamamoto et al.!°* reported on some exchange reac-
tions of this complex and were able to establish reversible equilibria with hydrogen,
ethylene, etc. An unexplained band at 1940 cm™! was reported in the infra-red
specttum of the dihydride complex (Ph,P),CoH,.

Misono et al.1%% were working simnltaneously on an identical system except
that tri-isobutylaluminium was used as the alkylating agent. Thermal decomposi-
tion of their product yielded hydrogen as well as nitrogen and they concluded that
two products, (Ph4P},CoN; and (Ph,P),Co(N,)H, were fortned. By working under
an atmospbere of hydrogen rather than nitrogen Misono et al.'®* were later able
to isolate a dihydride complex (Ph,P);CoH, which on thermal decomposition
yielded hydrogen and henzene. A dimeric structure was proposed for this complex
to account for the observed diamagnetism. The high field quartet in the 'H n.m.r.
was atiributed to three equivalent *'P nuclei coupling to the two equivalent hydride
ligands. The dimeric formulation could not be confirmed by molecular weight
measurements, and i.r. spectra show three bands at 1755 cm™ %, 1900 cm~! and
1935 cm ™1, whereas the symmetrical dimeric structure requires only one i.r. active
band. The above details are more consistent with a cobalt(IIT) trihydride structure
f.e. (Ph,P),CoH,, since the n.m.r. spectrum of (Et,PhP);IrH ; has been shown to
contain a high field quartet!®s.

Sacco and Rossi'®® prepared such a cobalt(II) trihydride by treating
(Ph;P);CoX, with sodium borohydride and one mole of phosphine in an atmo-
sphere of hydrogen or argon. However, the i.r. spectrum exhibited only two bands
in the metal-hydrogen stretch region, at 1745 cm ™! and 1933 cm ™. This complex
readily (and reversibly)} reacts with mitrogen to form a nitrogen hydride complex
with climination of hydrogen (see Fig. 9).
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Sacco and Rossi were able to produce good evidence that hydrogen was
present in their nitrogen complex, and this has been confirmed by a crystal struc-
ture determination. Using Yamamoto’s method of preparation, Ibers et al.®” were
once able to obtain crystals which were suitable for an X-ray study. The complex
crystallised as (Ph;P)},Co(N,)H . Et,O and showed i.r. bands at 2085 and 2105
cm™!, whicb may be due to resolution of the metal-hydride band from the N=N
stretch, Unfortunately the complex decomposed before sufficient data could be
obtained for a very refined structure. However there seems no doubt that nitrogen
is coordinated in an approximately linear manner, and that there is sufficient space,
trans to the nitrogen for a hydnde ligand to reside without any stenc interference,

(see Fig. 10).

N
4
]
Co—nN = 1.804
~
:P-—*C'B\\ . N—N = 1.16 &
S P - Co—N—N = 175%
"

Fig. 10. Crystal structure of (PhyP)sCo{NH?7.

As is to be expected the cobalt atom is raised slightly out of the plane of the
three phosphorus atoms, and the nitrogen bond length is increased slightly. More
surprisingly the <Co-N-N is 175° rather than 180° as observed in the structure®°®
of [Ru(NH ,) . N,1I,.

Manganese: Johnson and Beveridge reported a nitrogen complex which
did not show any characteristic i.r. absorption in the 2100 cm™* region. The com-
pound N, N-disalicylaldebyde-1,3-propanediiminemanganese(TI) in benzene soln-
tion was reported to absorb either nitrogen, carbon monoxide or oxygen at less
than 1 atmosphere pressure to form 1:1 adducts. The absence of i.r. bands around
2000 cm™*! in both nitrogen and carbon monoxide adducts is very unusual,

tog

Nature of the bonding in nitrogen complexes

The i.r. spectra provide the most obvious physical parameter for a constdera-
tion of the bonding of nitrogen in these complexes. The intensity of the band
associated with the N=N stretching vibration suggests that the nitrogen molecule
is coordinated in a linear fashion, rather than in a symmetrical “n™ arrangement.
This has subsequently been confirmed for two complexes by X-ray crystallo-
graphy®°-1°7, Table 3 lists the N=N stretching frequencies and in some cases the
M-N, stretching frequency in the compiexes prepared to date.

Within the two series, [Ru(NH 3) N, 1X, and [Os(INH )N, X, the y(N=N)
band varies markedly with the apion, moving to higher frequency with increasing
size of the anion.

Allen er al.®? sugeest that extensive back donation from filled metal d orbi-
tals to the empty antibonding = orbitals of nitrogen must occur to give these com-
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TABLE 3

THE LR. SPECTRA OF NITROGEN COMPLEXES

Complex #HN=N} v(M-NJY  Ref.

R R
(PhaP)LIrNY(CD >C=C< 2190 95
CO.R CO.R

(PhyP),Tr(N)CI - 2005 95
[Ru{NHy)N.I{PFg). . 2167 474 83
{Ru(NH3)sN.] (BF ). 2144 487 83
[RUMNH (N,1T, 2129 489 83
[Ru(NH,}sN.IBr. 2114 499 83
[Ru(MH)N.]Cl, 2105 508 83
Ru/THF{N. 2140 91
(Ph,P);CoN)H 2088 106
{Ph,P),CofN.) 2088 101
[Os(NH,):N,] (BPh,), 2061 520 93
[Os(NH,).N,] (BF ). 2055 529 93
[Os(NH),N.] (CIO,). 2051 )| 93
[OsNH ) N:H, 2033 533 93
[Os(INH,}:N,IBr, 2028 340 93
{Os(NHDNLICI, 2010 546 93
Os/Na 2010 94

plexes their stability. This is supported by Collman and Kang’s abservation® that
tbe ¥(N=N) frequency is increased ca. 100 cm™ ! by the coordination of an olefin
to (Ph,P),Ir(N,)CL. Coordination of the olefin will reduce the extent of d arbital
“backbonding™ into nitrogen and hence decrease metal-nitrogen bond order with
a consequent change in v(IN=N) nearer to that in free nitrogen.

The strength of the metal nitrogen bond is well reflected in the "N=N fre-
quency; in the osmium series the nitrogen is only displaced with difficulty whereas
in the rutbenium series the nitrogen is very readily displaced.

Nitrogen and carbon monoxide are iscelectronic but significant differences
occur in molecular orbital schemes for the two molecules, which to some extent
explain the different chemical properties® 2.

The highest filled orbital of carbon monoxide contains the lone pair on the
carbon atom which has considerable p character, and a directional bond is readily
formed to metals. Back bonding from filled metal d orbitals into empty =* anti-
bonding orbitals enbances the stability of the complex. In nitrogen the highest
filled orbital is 2 ¢ orbital’!? but it is concentrated between tbe niirogen atoms.
However the strongly bonding r orbitals shield this ¢ orbital and inhibit donation
to a metal. The lone pairs are contained in s orbitals of low energy and are thus
unsuitable for forming bonds with metals. Because of the mueh greater difference
in energy between s and p orbitals for nitrogen as compared to carbon, little
mixing occurs. The major contribution to the stability of the nitrogen complexes
must therefcre be due to back bonding into the lowest empty orbital which again
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is a n* antibonding orbital. Any concentration of electron density in this orbital
tends to destabilise the nitrogen molecule and should in fact render it more suscept-
ible to attack. The bond length of coordinated nitrogen is somewhat longer than
that observed in free nitrogen, as is to be expected since it is really an excited state
of nitrogen attached to the metal.

It is interesting to compare those elements which are active in reactmg with
nitrogen after treatment with a reducing agent, and those which form stable nitro-
gen complexes. The Periodic Table {Fig. 11) shows that elements on the left react
with nitrogen while those on the right, having more d electrons, are capable of
forming stable nitrogen complexes.

@ ® @ & & BUgsoLs
[r4] -;),‘5
@) [es] [r] 7€

Fig. 11. Periodic Table showing those eltments that are actwc,'e.g.@ and those that are in-
active, e.g. fg‘(v in the nitrogen fixation systems of Volpin and Shur. Also shown are those elements
which form stable nitrogen complexes, e.g-

\

E. INTERACTION OF NITROGEN WITH METAL SURFACES

Iri 1964 Eischens and Jacknow!'®? successfully observed the infra-red ab-
sorption of nitrogen chemisorbed on a nickel surface. The band at 2202 cm™' is
only ca. 100 cm™* lower than the Raman active band of nitrogen itself and su geests
a structure similar to that found in nitrogen-metal complexes; f.e. only one of the
nitrogen atoms is attached to the surface, and that to a single metal atom.

In view of this work it is obviously relevant to consider some of the work
and theories concerning nitrogen chemisorbed to various metal surfaces. Mecha-
nisms for the heterogeneous catalysis of ammonia formation from nitrogen and
hydrogen arise from these studies, and their relevance towards possible homoge-
neous reactions is discussed. No attempt is made to make a fuli coverage of the
literature on this topie, but rather a few important papers are cited to establish
the major trends. Detailed reviews of the catalytic synthesis of ammonia have been
presented?!!,

Nitrogen can adsorb on a tungsten surface in at least three different states" ' 2.
Below 200 °K the y-state forms but this is a typical physic2ily adsorbed state (ie.
it can be removed by evacuation at —78 °C). The primar: ci:emisorbed state {f),
which requires teinperatures in excess of 2000 °K to < :sorb, is considered by
Ehrlich?!2 to be atomic. However Yates ai;? Xadey’’” using **N, and 2°N, ad-
sorbed on polycrystalline samples of tungsten suggest that there are two f-states
of very different binding energy, #, being molecular and g, atomic. Both these
states undergo complete isotopic exchange fe. treatment of the surface with a
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mixture of *#N, and *°N, and subsequnent desorption yields ?°N;, in contrast to
adsorption in the p-state where the oziginal 28N, and 3°N, are obtained without
mixing, Exchange in the f,-state is explained by suggesting complex formation
between two adsorbed nitrogen molecules; mixing thus occurs vig a

N—N adsorbed species.

| 1
N--N

The third distinct state {«) of chemisorbed nitrogen which is populated at
room temperature is thought to be molecnlar’'*. This adsorption only occurs
where a f§-state exists.

The Field Ton Microscope provides some interesting information about the
nature of the adsorbed species!**. Two distinct sites of nitrogen adsorption were
observed on tungsten and iridium. In the case of adsorption as atoms, field desorp-
tion removed the underlying tungsten or iridium atom as an MN complex. Field
desorption of chemisorbed molecules did not produce any corrosion of the metal.
Iridium favours molecular chemisorption and it was suggested that the surface
complex was

N=N .

SN

Ir Ir
However the iridium atoms are 7.15 A apart which leads to a very elongated N-N
distance. Syrkin‘'® has suggested a 3-centre bond with the nitrogen molecule
symmetrically disposed to a single snrface atom. However, there seems no need to
postulate a.structure other than that now accepted for nitrogen metal complexes,
particularly since iridium forms such a complex.

A large number of atomic and molecular arrangements for nitrogen on a
metal surface have been supggested as the above brief summary indicates. Eischens
and Jacknow!?® go some way towards identifying one surface species as Ni-N=N*.
Their experimental findings are supported by Nakata and Mansushita'!$. Use of
2%N, and *°N,; confirmed that the observed infra-red band was due to a N=N
stretch since the heavier isotopes lowered the frequency from 2202 to 2160 and
2128 cm™?! respectively. Admission of hydrogen to the system at — 100°C gave
rise to a band at 2254 cm™* which it was suggested arose from the species

N et

which is of inferest in view of the recent cobalt complex (Ph,P),Co{N,)H.

Somnte recent studies'!? concerning i.r. and electron microscopy suggest that
the nitrogen on mickel, palladium and platinum surfaces which gives rise to i.r.
bands around 2000 cm ™! is physically adosrbed. It is suggested that the diameter
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of the metal catalyst particles is the significant parameter. Physical adsorption
occurs on the surface but only at certain small crystallites is the nitrogen i.r. active.
Here, large electric fields exist and a preferred orientation of the nitrogen molecule
can ocecur. A further point put forward to support physical adsorption is the non-
specific nature of the adsorption i.e. occurring on paliadinm and platinum as well
as nickel.

The significance of these different chemisorbed states towards the catalytic
processes which occur have been considered. Ehrlich and his co-workers''® sug-
gest that the weakly bound molecular species may be catalytically significant and
its conversion to a strongly chemisorbed species may be crucial. Carbon monoxide
which behaves similarly to nitrogen in many situations does not have a weakly
bound y-state and does not dissociate to atoms on the metal surface, Roberts??,
working with molybdenum films, has estimated a value of 0.18 kcal mole™? for
E,-E, where E, and E, are the activation energies for desorption of precursor
molecules and their conversion to a chemisorbed state respectively. Thé first state
is considered to be adsorption on the external surface of the metal, and a transfer
occurring to the interfor of the film where the molecules can truly be said to be
chemisorbed.

Field emission microscopy has been used!2° to study nitrogen adsorbed on
an iron tip, and shows that preferential adsorption occurs on the 111 face of the
iron crystal. The nitrogen molecules are aligned with their axes perpendicular to
the 111 face, and the model proposed for the bonding to the surface suggests that
the 4 electrons are transferred to suitable atomic orbitals on the iron atoms, thus
substantially weakening the bond between the nitrogen atoms. This may be the
first step in the synthesis of ammonia.

The mechanism of ammonia synthesis on a metal surface seems most likely
to involve reaction between adsorbed atomic nitrogen and adsorbed atomic hy-
drogen?!. The surface species are thus =N, =NH, —NH,, —NH, and H. The
affinity of the surface for nitrogen atoms must not be so great as to form a stable
nitride.

Hydrogenated species containing the two nitrogen atoms still bonded to-
gether are rarely postulated®*****'*-*2* and there would seem to be no analogy
between the heterogeneous and the biological nitrogen fixing systems, except per-
haps in the initial molecular nitrogen complex.

In this context it is interesting to note that atomic hydrogen and molecular
nitrogen do not give ammounia whereas atomic nitrogen and molecuiar hydrogen
do. However, this fact is to some extent contradicted by some nitrogen isotope
exchange work on various iron catalysts'??. Exchange of ?2N, and 3°N, occurs
on iron catalysts which are only feebly active for ammonia synthesis, but no ex-
change is observed on promoted iron catalysts which are good for ammeonia syn-
thesis. It is thus concluded that dissociation into nitrogen atoms is not a require-
ment for ammonia synthesis.
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There is still debate about the.rate determining step in ammonia synthesis.
Chemisorption of nitrogen, or perhaps the conversion from a weak to a strongly
adsorbed species was thought to be the rate determining stép'?3.

The major theoretical work24, interpreting the rate data from many labora-
tories, assumed the rate determining step as chemisorption of nitrogen molecules
onto a catalyst surface covered by nitrogen atoms.

Some kinetic measurements!2% utilising H,/N, and D,/N, mixtures over
doubly promoted iron at 218-302 °C and 1/3 to 1 atmospbere, supported the
postulate that the chemisorption of nitrogen was the rate determining step but
concluded that the surface was covered by NH radicals. It was pointed out that
the extent of reduction of the surface could give rise to very different mechanisms.
A well reduced surface could result in dissociation of the chemisorbed molecule
into atoms, whereas a moderately well reduced surface may give rise te an ad-
sorbed species of the type (HN-NH) which will dissociate inte NH radicals.

It was later shown'2® during work on ammonia synthesis on tungsten that
tbe dissociative adsorption of nitrogen is accelerated by the presence of hydrogen.
Experiments which separately determined nitrogen adsorption rate and ammonia
synthesis rate and then equated the two, were not valid. Azuma®2® considered the
rate determining step to be NH (or possibly NH,) formation from adsorbed atomic
species. Surface potential measurements!?? on nickel and iron support Azuma in
that the important step is the formation of =NH or -INH, adsorbed states.
Evidence was obtained for a Fe=N species but not the corresponding Ni=N.
Tamaru'?® empbasises the enhanced rate of chemisorption of nitrogen due to the
presence of hydrogen using a commercial doubly promoted iron catalyst. At 250 °C
the chemisorption and hydrogenation of chemisorbed nitrogen proceed at com-
parable rates. Very recently the use of field ionization mass spectrometry®2® has
shown that nitrogen enters the surface only in the molecular form. No evidence
for atomic nitrogen was obtained by absorbing N,/H, mixtures or ammonia on
an iron tip.

It should be emphasised that the commercial catalyst will give rise to a more
complex system than that encountered on using extremely pure metal surfaces and
tips etc., and different mechanisms may operate.

Experiments have also been performed on the decomposition of ammonia
on metal surfaces. Simultaneous measurement of adsorption and reaction rate on
a nickel catalyst showed?3® large amounts of NH, on the surface and the desorp-
don of nitrogen as the rate determining step. Studies of ammeonia decomposition
on tungsten films enabled Dawson and Hansen'*! to propose a new mechanism,
Ammonia was adsorbed below 300 °K and complete decomposition to nitrogen
and bydrogen occurred by 500 °K. The nitrogen residue does not desorb until
1200 °K. From data obtained usiag the field emission microscope it was postulated
that the formation of a-nitrogen (chemisorbed molecules) is the rate determining
step for the decomposition of the bulk of the ammonia. The following mechanism
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was suggested:

W\N+
-w v
(i.e. B-nitrogen} is the first stable surface species formed on admitting ammonia
to the clean tungsten tip. This picks up ammonia from the gas phase:

$>N--§JH3 s :>N—- NH —» a-N,

There are stable metal complexes analogous to these intermediates (vide infra).
It may be possible to draw further analogies:
(i) between the weakly adsorbed molecular species and the more labile nitrogen
complexes {e.g. (Ph3P);Co{N,)YH and (Ph;P),Ir(N,)CI).
(ii) between a more strongly adsorbed nitrogen molecule and the more robust
nitrogen complexes 2.g. [[NH,);RuN,]** and [(NH,;);0sN,]**, which seem to
retain one nitrogen atom during many reactions. A surprising reaction in the
ruthenium system appears to be the formation of nitrogen from an ammonia
ligand®? which may proceed by a miechanism similar to that given above for a
tungsten surface.
(iii} between the adsorbed, reactive nitrogen atom and the nitrogen containing
intermediate in Volpin and Shur’s system. No suitable hydrogen radical source
seems to have been found for these systems and hydrolysis is required to produce
ammonia. Perhaps in the modification of van Tamelen et al.7® the hydrogen ab-
stracted from the solvent is in the correct state for direct reaction with nitrogen.

E. “ACTIVE” NITROGEN

The term “active nitrogen™ genecrally refers to nitrogen gas which has been
subjected to some form of ionising radiation or electric discharge. The subject was
reviewed in 195832 and in nearly all instances reactions are due to nitrogen atoms
in the ground state. Considerable effort has been devoted to determining the spec-
troscopic state of the atomic nitrogen. Also active nitrogen can be used to transfer
energy to other systems which subsequently decompose. Neither of tbese aspects
are relevant to the present discussion and the reaction of active (atomic) nitrogewn
with hydrocarbons*?? or even organometallics**# is only of marginat interest since
molecular nitrogen is not involved.

Since nitrogen c¢oordinated to a transition metal must be considered to be
in an excited state (with electron density forced into high energy orbitals) the reac-
tions of active nitrogen may give a clue as to suitable reactions to be attempted on
co-ordinated nitrogen.
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Discrepancies in the nitrogen atom concentration, as measured by HCN
produced from ethylene and by the disappearance of NO, have been attributed***
to the reaction of excited nitrogen moleciles (produced by atomic recombination)
with nitrix oxide. Subsequently Elias!*® measured nitrogen atom concentration
by the pressure drop-when recombination to molecules occurred, and concluded
that the nitric oxiae method was correct and low values were obtained from the
ethylene reaction. The situation is furtber complicated by the finding'*? than an
excited molecular state of nitrogen will react with nitric oxide. The species is pro-
duced by resonance capture of an excited electron and subsequent decomposition
of the unstable negative excited molecular ion.

The reaction of active nitrogen with metal carbonyls
emission spectra of the metal atoms; carbonyl groups being stnpped from the
metal in a stépwise manner:

138 oives rise to the

M(CO),+N - M(CO),_, + NCO

Metastable. nitrogen molecules are considered to be involved in this reaction,
in that collision with the metal atoms gives rise to the emission spectra of the
metal.

Dodonoval?? successfully activated nitrogen with vacuum-u.v. radiatiomn.
Circulation of a nitrogen-methane mixture for 8-10 hours at 5-8 mm past a w.v.
light produces a small yield of hydrogen cyanide which could be trapped out and
identified. Presumably dissoclation into atomic nitrogen occurred.

Getoff'4¢ was able to use u.v. light or y-radiation to fix nitrogen. Ammonia
was produced by reaction of nitrogen with water, provided acid or iron{Il) ions
were present. The u.v. lamp that was used emitted at 1495 A and 1745 A only.

Only e.s.r. investigations have been carried out on the species N, ™. X-ray
bombardment of a sodium azide crystal**! or w.v. irradiation of a potassium azide
crystal'#? produces N, trapped in the crystal lattice. The lattice has a big in-
fluence on the spectra and the anisotropy is such that only one of the «* levels is
populated,

There is only a single example in which both nitrogen atoms of the molecule
are incorporated into an organic compound***. A mixture of perchlorocarbon
compounds and nitrogen were suhjected to ionizing radiation (y-radiation from a
50Co source). A mass spectrum of the products contained several peaks which were
28 mass numbers higher than blank experiments with argon replacing niirogen.
Alsc w.v. and ir. measurements could tentatively be assigned to the -N=N-
grouping. Since reduction gives rise to a single NH band a cyclic structure is
proposed in which nitrogen has added across the double bond:

N=N
[
>C—C
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G. MISCELLANEQUS REACTIONS OF MOLECULAR NITROGEN

In 1964'%* it was reported that molybdate ions would catalyse the cathodic
reduction of nitrogen to ammonia. Nitrogen was bubbled through an electrolytic
cell (platinum or porous graphite cathode) containing hydrochloric acid and mo-
Iybdate ions. Ammonia was produced, 1074 to 10™2 moles/litre, after current had
been passing for several days. Haight and Scott suggest interaction of nitrogen
with molybdenum(IV) or molybdenum(V) and weakening of the N-N bond. Al-
though there has been a report confirming these findings'*%, there have been no
further papers exploiting the possibility of electrochemical nitrogen fixation. )

Anbar'#® has successfully oxidised molecular nitrogen at 100 atmospheres
in agueous solution to nitrate using singlet state excited oxygen. The latter was
generated in situ by the reaction of sodium permanganate and hydrogen peroxide
and it was found that nitrate was produced in yields of .05-.5% based on nitrogen.

Much earlier, Virtanen and Ellfolk reported'*” on the oxidative fixation of
nitrogen in ultrasonic fields. The ultrasonic vibration causes cavitation bubbles
which resuit in large fields and high pressures. Nitrite (at high pH) and nitrate {at
low pH) ions are produced in amounts depending on the oXygen concentration in
solution. Nitrogen is activated in the bubblies, either to N, or atomic nitrogen,
and reacts with oxygen or hydrogen peroxide.

Volatile substances (e.g. ether) can inhibit this oxidative fixation, and al-
though it is not yet proved that cavitation is responsible for fixation, Virtanen and
Ellfolk consider**® that the effect on the surface tension of the aqueous medium
is more important than the earlier consideration that the volatile substance filled
the cavity and prevented the establishment of high fields.

A most remarkable and facile reaction of nitrogen with an organic substrate
has been described by Helmkamp and Owsley**®. If the benzene-sulphenium cation
(CsHsS™)is generated in the presence of nitrogen gas, reaction occurs and although
no pure compounds bave yet been isolated, the products contain nitrogen as con-
firmed by elemental analysis, mass spectrometry, infra-red and ultra-violet mea-
surements. The most likely product from this reaction is '

N
CGHSS*< || or CsHSN,*
N

which would be expected to undergo the observed diazonium coupling reaction to
give (CaH;SN=NAnH™*.
Borod ko and Krylova!S? were able to ohserve some interaction between

nitrogen and BF, and postulate the existence of a weak complex
53—

Borod ko ef al.13! speculate on the methods of activating molecular nitrogen
and report on the exchange of labelled nitrogen with diazomethane:
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CH, N, +*’N, == CH,**N, +N,.

The thermodynamics of diazomethane formation _l_;z_we heen discussed by von
Buenau et al.t52 '

It is wortbwhile to report on some reactions of nitrous oxide which are being
investigated by Pratt'3* and his co-workers. Several complexes of cobalt either
directly reduce or act as catalysts for the sodium horohydride reduction of nitrous
oxide to nitrogen.

It has also been found that nitrous oxide can be electrochemically reduced
to hydrazine—the suggested®5* mechanism is that nitrous oxide is adsorbed by
the electrode surface and then reacts with protons. Adsorption via M-O-N-N
would probably lead to evolution of nitrogen and an oxide film on the electrode.
Adsorption must therefore occur as M—N-N-O with subsequent weakening of the
IN-NN bond and easier reduction to hydrazine. This may be analogous to nitrogen
on a metal surface, -

Since only nitrogen is obtained by Pratt et al.' 32 from the reaction of nitrous
oxide with cobalt complexes, it must be assumed that the oxygen attaches to the
metal. Any variation which could produce hydrazine from nitrous oxide using a
simple metal catalyst would be an exploitable reaction.

H. MODEL SYSTEMS FOR NITROGEN FIXATION INTERMEDIATES

The work with biological systems has established that ammonia is the first
identifiable product of nitrogen fixation?-*7-38_ It is very reasonable that nitrogen
will first coordinate to a transition metal and will be converted by a reductive
pathway to ammonia. Attempts to identify free diimide and hydrazine in the bio-
logical systems have failed*! and it is probable that these species remain coordin-
ated throughout their lifetime. Their reactivity when coordinated can be expected
to be very different from that in the free state. '

PEty H PEty |* PEty
— oH"
AFNE=EN" ¢ H—Pt—Cf — = |ArN=N—Pt—Cl(| —e [ArN—=N—Pt—CI

PEty PEls BEYs
- AVIE
PEt, |t PER, PEty
ACMHNH Ot —CL i._ H—Pt—CL + ACNHMH, Ar—i;t—Cl + Ny
PEL, PEL, PEt,
1
ArNHy + NHy

Fig. 12. An inorganic analogue of nitrogen reductase!ss,



THE ACTIVATION OF MOLECULAR NITROGEN ' 463

It is worthwhile considering some of the recent organometallic systems con-~
taining coordinated nitrogen compounds to see their relevance to nitrogen fixation.

Parshall'3® has successfully formulated an inorganic analogue of nitrogen
reductase. Using a diazonium salt as a model for coordinated nitrogen and a metal
hydride as the reducing agent, the reaction sequence shown in Fig. 12 was oh-
served. S
Stepwise reductions can be performed in a manner whlch may be analogous
to the biological reduction. This model assumes that two centres are needed for
fixation—one to bind the nitrogen and the other to provide reduction via a metal
hydride. This is substantiated by the fact that the hydrogen evolution which goes
on continually from the hydrogenase enzymes is not affected by a monodentate
ligand such as carbon monoxide (although nitrogen reduction is mhlblted), but is
prevented when a chelating ligand is added.

Green and Sanders' °® have worked on an interesting series of molybdenum
and tungsten compounds with a hydrazone ligand which can easily be protonated
or alkylated (Fig. 13). The anionic compound is prepared from the cyclopenta-

CeHg, (CO)y MONH-N:CHCO,E t

—H* +
H (i =
-t

[CH, O3, MoNH- N %cozst] - [C.RCOr, MONH-NH:CHCO,EX] *

e

CEnH!S{CO}j fONMeE - N: CHCO,Et

Cco

+H* +
- EZSH5(CO)3MONME-NH:CHC02E€1

Fig- 13. Reactions of a coordinated hydrazone ligand®s,

dienyltricarbonylmolybdenum anion and diazoacetic ester. It can be seen that a
large number of reactions can be carried out on the nitrogen function which is
attached to molybdenum.

An interesting dehydrodiimide complex of platinum has been preparcd and
its structure determined'3?. The complex is prepared from (Ph,P),PtCl, and
agueous hydrazine and is the intermediate in the formation of (Ph,yP),PtHCL:

H 24
|
PhP fal ] PraP N\ /nph; Phap\ /Cl.
Pt + NH, aq —= /'m /Pt'\ —— /Pt\ + Ny
PhyF ci PhaP ffll Prhy H PPhy
N
H

An accurate estimate of the N-N bond ength could not be obtained since a second
compound was considered to be present,
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2+

Hy
LN
TN TN
Phyp N PPhy
2

(This was deduced since the intensity pezak for the nitrogen atom in the bridge was
twice as great as that for the other nitrogen.) A value of 1.18 &+ 0.09 A was obtained.
This reaction is, in effect, the reverse of a desired reaction of molecular nitrogen,
viz. inserfion into a metal-hydride bond.

Of interest are the stable nitrido-complexes with a single nitrogen atom
attached to a metal, for these may be analogues for some of the surface species
formed in the Haber process. Most important are the rhenium cornplexes!>8,
[ReNCL,(PPh,),] and [ReNCL{PEt,Ph),] prepared by hydrazine dihydrochloride
reduction of potassium per-rhenate in the presence of phosphine. These have
recently been studied by X-ray analysis'*®, and have a short metal-nitrogen bond
length.

Chatt and Heaton®®? have likened the nitrogen atom in these complexes to
that in organic nitriles and have successfully used the electron-donor properties to
prepare complexes of the type [(PEf,Ph);Cl,Re=N —» PtCL(PEt,)), with a single
nitrogen atom bridging iw ometals.

A trinuclear osmium complex has been prepared'®! by ammonia treatment
of osmium tetroxide, in which similar bonding is proposed:

Pyrolysis of this compound gives ammonia, water and a complex which is for-
mulated with nitrido-groups bridging in conjunction with oxo bridges:

H;N
~,7 PN | / ™~ /
o N / | . / \
MHy
A Patent!%? claims complexes in which two nitrido-groups bridge metal
atoms:

/\/\
\/\/

where the central metal atorn (M) can be Fe, Co, Ni, Pt, Pd, Ru, Rh and Mn.
Iridium also forms a nitrido complex in which it appears as though three
metal atoms are attached to the single nitrogen®®3:

K4 [N{I:H,0(50,),} 5]

CiMo)
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; CPha
] ?4“9
N
/ “"“-..Fe N
Fe' /
/N

\ Fe Ni;(-m
-~ e ~—
M CSH5 C5H5

A

Secpn,
Fig. 14. Crystal striueture of two complexes which have three metal atoms bound to a single
nitrogen atgm®, 198,

This type of bonding has been confirmed by X-ray analysis for an fron'%*

and a nickel complex'®?, (Fig. 14).

This opens up the field of nitrogen compounds bonded to transition metals,
the scope of which is too great to be entered upon here. Suffice it to mention®®®
a chenium complex, [Re(NPh)Cl,(PEt,Ph),], and to comment on the fact that
there is considerable interest now being shown in the variety of bonding arrange-
-ments which can be obtained from the reaction of organometallic complexes with
organo-uitrogen compounds’®’.

1. SUMMARY

The problem of nitrogen fixation now commands intense effort and interest.
We know that nitrogen and hydrogen’®® will coordinate to a metal; the change in
reactivity of organic and inorganic substrates by coordination is a basic premise
of organometallic chemistry® ¢®, Hydrazine! 7% 7" and ammonia’?* complexes are
well known and now a diimide*? complex has been reported. A pathway from
nitrogen to ammonia is thus established.

Complexes representing plausible siruchures for intermediates, such as the
dehydrodiimide platinum complex®*7 and the arylazo complex®*5-17%, have been
prepared.

Reactions of nitrogen with organometallic species will rupiure the triple
bond and ammonia can be liberated on hydrolysis®®. This type of reaction has
been developed until it gives ammonia in 1009 yield based on transition metal? 7®;
and now it has been shown that ammonia can come directly from such systems
although in small amounts?®. Reaction of nitrogen with an organic compound has
occurred’#? although the products have not been fully characterised.

The scene is therefore set for the discovery of the vital reaction—the catalytic
production of ammonia from nitrogen and hydrogen at room temperature and
atmospheric pressure.

Coordin. Chenr. Rev., 3 {1968) 429-470



466 R. MURRAY, D. C. SMITH

REFERENCES

B. Timust, Chem. fnd. (London), (1960) 274.

D. J. D. NicHovLas, Symbiotic Associations, 13th Symposium Soc. Gen. Microbiol , (1963} p. 52.

V. F. Cory, Biotech. and Bigeng., & (1967} 25.

{a) E. G. MuLDER, Plant and Soil, 1 {1948} 94; ibid., 5 (1554} 368.

(b} D. I. D. NicHOLAS, Biol. Rev., 38 (1963) 530.

(c) F. H. Grav and P. W. Wirson, J. Bacteriol., 85 (1963) 446.

{d) 3. C. Hwang and S. Do1, Hakko Kogaku Zasshi, 41 (1963} 474.

(e} T. K. IL'tNA, Mikrobiologiva, 35 (1966) 155, 323.

{f)} 1. D. Ivanov anp N. 5. DeMIna, ibid., 35 (1966) 780.

(g} N. E. R. CampreLL, R. Durar, H. Lees anD K. G. STANDING, Can. J. Microbiol., 13
(1967} 587.

M)y T. G. Zimenka anp M. M. Garnak, Vestsi Akad. Navuk Belarus. SSR, Ser. Biyal.
Navuk, (1967} 68.

(1) R. B. Patir, R. M. PeNGra aND D. C. YocH, Biochkim. Biophys. Acra, 136 (1967 1.

() D.F. Wnz R. W. DETrROY AND P. W. WiLsoN, Areh. Mikrobiol., 55 (1967 369,

(k) P. Fay anp R. M. Cox, Biochim. Biophys. Acta, 143 (1967) 562.

M K. 1. ANDRIVUK, ibid., 29 (1967) 91.

(m) Z. P. KoPTEVA, Mikrobiol. Zh. { Kiev}, 29 (1967) 95.

(n) M. KeLLY, J. R. PDSTGATE AND R. L. RiCHARDS, Biochem. J., 102 (1967) 1c.

5 1. E. CArRnAHaAN, L. E. MogrTENsON, H. F. MOWER AND J. E. CastLE, Biochim. Biophys. Acta,

38 (1960) 188; 44 (1960} 520.

R. H. Burris anND P. W. WILsON, in Methods in Enzymology, S. P. CoLowICK AND N. O,

Karran (Editors), Academic Press, New York, 1957, p. 355,

J. E. MCNARY aND R. H. Burwss, J. Bacteriol., 84 (1962) 598.

L. E. MorTENSON, Proc. Nar. Acad. Sci. I/.5.. 52 (1964) 272,

{a) R.W. F. Harpy anD A. J. D’EustacHio, Biochem. Biophys. Res. Commun., 15 (19641 314.

(b) ibid.. 15 (1964) 319.

10 M. 1. DicwortH, D. Supramanian, T. O. Munson anp R. H. Burris, Bischim. Biophys.
Acta, 99 (1965) 486.

11 {a) D. W. Hutcumison, Nucleotides and Coenzymes, Methuens Monographs or Biochem.

Subjects, Methuen, London, 1964, p. 58.

(b) fbid., p. 91.

12 L. E. MorTENSON, R. C. VALENTINE AND J. E. CARNAHAN, Biochem. Biophys. Res. Commun.,
7 (1962) 448.

13 L. E. MorTENsOn, H. F. MOWER AND J. E. CARNAHAN, Bacteriof. Rev., 26 (1962) 42.

14 R. W. F. HarDy, E. KHIGHT AND A. J. D'EustacHio, Bischem. Biophys. Res. Commun.,
20 (1965) 539.

15 L. L. TNuGrRANAM AND D. E, GREEN, Science, 128 (1958 310.

16 E. MousTara anDp L. E. MoORTENSON, Nature, 216 {1967 1241,

17 (a) E. KNiGHT, A. J. D’EustacHIO AND R. W. F. HarDY, Biochim. Biophys. Acta, 113
{1966) 626. ’
(b) E. KnigHT anDp R. W. F. Haroy, J. Biol. Cheni., 241 (1966) 2752.

18 {a} L. E. MORTENSON, Biochkim. Biophys. Acta, 127 (1966) 18,
{b) L. E. MorTENSON, J. A. MORRIS AND D. Y. JENG, ihid., 141 (196T) 516.

19 D. 1. D. Nicuoras aNp D, 1. FisHer, Narure, 186 (19600 735,

20 D. J1. D. Nicioras, D. J. SiovesTer AnD J. F. FowLER, Narure, 189 (1961) 634.

21 W. A, Buren, R. C. Buans anp L. R. LECOMTE, Proc. Nat. Acad. Sci. U.S8., 53 {1965} 532.

22 R, W. F. HarDY anND E. KNIGHT, Biochim. Biophys. dcta, 122 (1966) 520.

23 (a) R.D.Dua avp R. H. Burris, Proc. Nat. Acad. Sei. U.S., 50 (1963) 165,
(b) idem, Biochim. Biaphys. Acta, 99 (1965} 504,

24 R.F.KsrLEr, W. A. BULEN AND J. E. VARNER, 1. Bacreriol., 72 {1956} 394.

25 (a) W. A. BULEN, 1. R. LEcoMTE, R. C, BURNS AND J. HNKSON, In Non-Haem Iron Proteins:

Role in Energy Conversinn in A. San PieTro (Editor), Antioch Press, Ohio, 19865, p. 261,

Ry

L

Do =]



THE ACTIVATION OF MOLECULAR NITROGEN 467

26

27
28
25
30

32
33
34
a5
36

37
38
39
40
41

(by W. A. BULEN, Federation Proc., 25 (1966) 341.

() W. A. BuLen ame 1. R. LecosmtEe, Proc. Nat. Acad. Sci. U.S., 55 (1966) 979.

D. J. D. NicHOLAS, P. W, Wirson, W. HEWNEN, G. PALMER aND H. BEMNERT, Namre. 196
(1962) 433.

F. J. BerGERSEN, Bacteriol. Rev., 24 (1960} 246.

A. L VIRTANEN, J. JorMA, H. LINXOLA AND A. LINNasaLMi, Acta, Chem. Scand.,  (1947) 90.
A. L ViIrRTANEN, J. ErkarNa anD H. Lwkova, ibid., 1 {1947 861.

N. ELLroLx aND A, 1. VIRTANEN, ibid, 4 (1950) 1014; &6 (1952) 411.

M. H. ArrisoN aND R. H. BURRIS, Secience, 115 (1952} 264.

M. ELLFOLX, Acta. Cherm. Secand., 13 {1959) 596.

K. Aper, N. Bauer anwD J. T. SPENCE, Arck. Biochem. Bigphys., 100 { 1963} 339.

K. ABEL AND N, Bauer, Arclt. Blochem. Bioghys., 99 {1962} 8.

F. J. BERGERSEN, Biockim. Biophys. Acta, 130 (1966) 304,

(a) B. KocH, H. J. EvANS AND 5. RUSSELL, Plant Physiol., 42 (196T) 466.

(b) idem, Proc. Nat. Acad. Sci. U1.5., 58 (196T7) 1343.

P. W. WiLson aND R. H. BORRIS, Ann. Rev. Microbiol,, 7 (1953} 415.

F. 1. BERGERSEN, Australian. J. Biol. Sci., 1B (1965} 1.

M. A. Azrv aNo E. R. RoserTs, Biackim. Biophys. Acta, 21 (1956) 562.

M. K. BAcH, ifid., 26 (1957) 104,

R. H. Burais, H. C. WinteERr, T. O. MunsoM AND J, GARCIA-RIVERA, in Non-Haem Fron
Proteins: Rele in Energy Conversion, A. SAN PrETRO (Editor), Antioch Press, Ohie, 1965,
p. 315.

W. G. Hansremw, J. B, Lerr, C. E. McKenna anp T. G. Trayror, Proc. Nai. Acad. Sci.
{7.5., 58 (1967) 1314.

D. J. D. NicHoLas, D. J. FisHeER, W. J. REDMOND AND M. A. WRIGHT, J. Gen. Microbiol.,,
22 (1960} 191.

H. R. Manuter anD D, E. GREEN, Science, 120 {1954} 7.

R. W. F. Harpy, E. KNIGHT, C. C. McDoNALD AND A. J. D'EustacHio, in Non-Haem Jron
Proteins: Role in Energy Conversion, A. SAN PIETRO (Editor), Antioch Press, Ohio, 1965,
p. 275,

G. BoND anDp E. J. HEwrTT, Nature, 190 {1961} 1033.

J. D. BEckmG, Nature, 192 (1961) 1204.

M. Kimewer aND H. J. Evans, Nature, 194 (1962) 108,

V. A. Yaxoviey anp K. L. Gvozoev, Zh. Evol. Biockhim. Fiziol, 3 (1967) 185.

T. K. IL'ma, Mikrobiplogiya, 35 (1966) 421.

V. V. KovaL'skn, 8. V. LeTunova aND L. F. GmeovskAa, Dokl Akad. Nauk SS5SR, 173
(1967) 199.

A. Locxsamy anp R. H. Burris, Biockim. Brapky:. Acta, 111 (1965) 1.

G. W. STRANDBERG AND P. W. WILSON, Prac. Nat. Acad. §ci. U.S., 58 (1967) 1404,

M. J. DiowonrtH, Biockim. Biophys. Acta. 127 (1966) 285,

R. SCHOELLHORN AWD R. H. BURRIS, Proc. Nat. Acod Sei. U.S., 58 (1967 213,

G. E. HocH, K. C. SCHNEDER AND R. H. Bornis, Biochim. Biophys. Acta, 37 (1960} 273.
R. W. F. HArRDY anD E. KNIGHT, Biochem. Biophys. Res. Cammun., 23 (1966) 409,

W. D. P. StEwanT, G. P. FirzgeraLp anp R. H. Burris, Proe. Nat. Adcad. Sci. U.S., 58
(1967 2071.

R. W. F. Harpy anp E. K. JacrgsoN, Federarion Prac., 26 (1967} 725.

R. W. E. Harpy anc E. KWiGHT, Biockim. Biophys. Acta, 139 (1967) &9.

R. SCHOELLHORN anD R. H. BimRts, Proc. Nat. Acad. Sci. U.S., 57 (196T) 13117,

M. E. WINFELD, Rev. Pure Appl. Chem., 5 (1955) 217,

E. R. ROBERTS, Symp. Soc. Exp. Biol.,, 13 {1959) 24.

K. ABEL, Phyrochemistry, 2 (1963) 429.

N. BAUER, J. Phys. Chem., 64 (1960} 833,

N. Bauer, Narure, 188 (1960} 471.

R. W. F, Harpy, E. KNIGHT AND A. J. D'EustacHio, Biochem. Biophys. Res. Commun.,

20 (1965) 539.
(2) M. E. VoLPIN ARD V. B. SHUR, Dokl Chem. Proc. Acad. Sci. USSR, 156 (1964) 1102.

Coordin. Chem. Rev., 1 (1968} 429470



468 R. MURRAY, D. C. SMITH

) M. E. Vorrm, M. A. [LaTovskava, E. L. Larikov, M. L. KHmeket, YA, A. SHVETSOV
AND V. B. SHuR, ibid., 164 {1965) 861.
{c)} M. E. VoLrIN, V. B. SHUR AND N. K. CHAPovSKAYA, Bull. Acad. Sci. USSR, Dnr Chem.
Sci., (1966) 1033.
(d} M. E. Vorrmy, V. B. Sutrr AND M. A. FLatovskaya, ibid., (1364 1644,
(&) M. E. VoLrIN, V. B. Siime AND A. A. BeLyy, ibid., (1965) 2196.
{f) M. E. VoLrin AND V. B. SHUR, Festn. dkad. Nauk. S55R, 1 (1965) 51.
{g) idem, Zh. Vses. Khim. Obshchestva im. D.I. Mendeleeva 12 {1967) 31.
69 M. E. VoLpIN, V. B. SHUR aND L. P. BicHy, Bull. Acad. Sci. USSR, Div. Chem. Sci., {1966)
698.
70 M. L. KamexEL aND YU. B, GreBENSHCHIKOV, ibid., (1965) 747,
71 M. E. Vorrm, V. B. SHUR, V. N. Latvaeva, L. L. Vvsnmsx,nm AND L. A. SHULGAITSER,
ibid., (1966) 364.
72 M. E. Voremi AND V. B. Snun, ibid, {1966) 1819.
73 {a) idem, Nature, 209 (1966) 1236,
{b) idem, Proec. IX LC.C.C., (1966) 334,
74 (a) H. BRINTZINGER, J. Am. Chem. Soc., 88 (1966) 4305, 4307.
(b} idem, ibid., 89 (196T) 6871,
75 R. Masxnt anp J. M. Pratr, Chem. Commun., (1967} 950.
76 G.N. NecHIPORENKO, G. M. TaBRmNA, A. K Sunova anD A. E. SHiLov, Dokl Chem. Prac.
Acad. Sci. USSR, 164 (1965} 977,
77 (a) G. HENRICI-OLIVE AND 8. OLIVE, Angew. Chem. Intern. Ed. Engl, 6 (1967) 873.
(b)Y idem, ibid., 6 {1967) 873,
78 E.E. van TAMELEN, G. BocHE, 5. W. ELa anD R. B. FECHTER, J. Am. Chem. Soc., 89 {1967)
5707,
79 K. B. Yarsnrxstt AND V. K. PavLova, Dokl. Chem. Proc. Acad. Sci. USSR, 165 (1965) 1088.
80 A D. Arrem anp C. V. SeNoFF, Chem. Commun_, {1965) 621,
81 V. L GoOREMYKIN AND T. D. AVIOXRATOVA, Hull. Acad. Sci. USSR, Classi Sci. Chim., (1547T)
427. See Chem. Abstr., 42 (1948) 18394d.
82 C. K. Prout anp H. M. PoweLL, J. Chem. Soc., (1962) 137.
83 A. D. Arten, F. BorToMLEY, R. O. Harris, V. P. REmisaru anp C. V., SENOFF, J. Am.
Chem. Soc., 89 (196T) 5595.
84 J. CHatT, G. I. LeiGH aND R. J. PaskE, Abstr. Autuma Meeting Chem. Soc., Brighton,
1966, B22.
85 D. E. HarrisoN anp H. TAUBE, J. Am. Chem. Soe., 89 (1967) 5706.
86 D. E. Harrison, E. WEeIssRErRGER AND H. TAUBE, Science, 159 (1968} 320.
87 J. CHatT anp J. E. FERGUSSON, Chem. Commun., (1968} 126.
88 R. B. JorpaAN, A. M. SARGEsSON AND H., Taurg, Inorg. Chem., 5 (1966) 1091.
89 A. D. Ar1ren aND C. V. SENOFF, Can. J. Chem., 45 (1967) 1337,
90 F. BoTToMmLEY AND S. C. NYBURG, Chem. Commun., {1966) 897,
91 A. E. Surtov, A. K. SutLova ann Yu. G. Borobp k0, Kinetika i Karaliz., 7 (1966) 768.
92 A. YamamorTo, S. EaTazUME aND 5. IREDA, J. Am. Chem. Soc., 90 (1968) 108%.
93 A.D. Ar1eN anD J. R. STeEVENS, Chem. Commun., (196T) 1147.
94 Yu. G. Borop ko, V. 8. Buxnrev, G. I. Kozus, M. L. KHIDEKEL AND A. E. SuiLov, ZA.
Strulcy. Khim., 8 (1967) 542,
95 J. P. COLLMAN AND J. W. KaNG, J. Am. Chem. Soc., 88 (1966) 3459,
96 JI. P. CoLLMAN, M. KUBATA, JUI-YUAN SuUN aND F. Vastmie, J. Am. Chem. Soc., 89 (1967)
169.
97 {a) W. Beck anD H. S. SMEDAL, Angew. Chem. Intern. Ed. Engl., 5 {1966) 253.
(b} W. BeEcx anD W. P. FEHLHAMMER, ibid., 6 (1967) 165.
98 L. Yu. UxHIN, YU. A. SHVETsSOV aND M. L. KHaDexsL, Bull. Acad Sci. USSR, Div. Chem. Sci.,
(1967) 534.
99 (a) C.D. Cook AND G. S. JauHAL, Inorg. Nucl. Chem. Letters, 3 {1967} 31.
(b} G. WiLkE, H. ScHoTT AND P. HEMBACH, Angew. Chem. Intern. Ed. Engl., 6 (1967) 92.
() D. MoreLL1, A. SEGRE, R. UGO, G. Lo Monrca, §. Cenvt, F. CoNT1 AND F. BomaTr,
Chem. Commun., {1967y 524.



THE ACTIVATION OF MOLECULAR NITROGEN . 469

100

101
102
103
104
105
106
107
108
109
110

111

112
113
114
115
116
117
118
119
120
121
122

123
124

125
126
127
128
129
130
131
132
133

134
135
136
137
138
13%
140
141
142
143

144

R. P. EisCHENS AND J. JACKNOW, Proc. 3rd. Intern. Congress on Catalysis, N. Holland Pub.

Co., Amsterdam, 1965, p. 627.

A. YamaumoTo, S. Korazinde, L. S. Pu aND S. IKEDA, Chem. Commun., {1967} 79.

idem, J. Am. Chem. Soc., 89 (1967) 3071.

A. Misowo, Y. UcHmba anND T. Sarmo, Buil. Chem. Soc. Japan, 40 (1967) TH.

A, MisoNo, Y. UcHIDA, T. SAITO AND K. M. SoNG, Chem. Commun. {i967) 419.

Y. CHATT, R. 5. Correy awp B. L. SHaw, J. Chem. Soc., (1965) 7391,

A. Sacco anp M. Rosst, Chem. Commun., (1967) 316.

J. H. ENEMmaRy, B. R, Davies, J. A. McGINNETY AND T, A, IBERS, Chem. Cammun., {1968) 56.

G. J. JouNsoN AND W. D. BEVERIDGE, Tnorg. Nucl. Chem. Letters, 3 {1967)'323.

H. H. Jaret anp M. Orcum, Tetrahedron, 10 (1960) 212,

M. GrEerN, in Developments in Inorganic Nitrogen Chemistry, Vol. 1, C. B. CoLBURN

(Editor), Elsevier, Amsterdam, 1966, p. 21.

{a) W. G, FRANKENRERG, in Catalysis, Vel. ITT, P. H. EmmerT (Editor), Reinhold, New
York, 1955, p. 171,

(b) C. BoxkHOVEN, C. vaAN HEERDEN, R, WESTRIK aND P. ZWIETERING, ibid., D. 265.

(c} E. K. RIDEAL, Cencepts in Catalysis, Academic Press, New York, 1968, p. 115,

G. EHRLICH, J. Phys. Chem., 60 {1956) 1388.

J. T. YaTes avp T. E. MADEY, J. Chem. Phys., 43 (1965) 1055.

I F. MuLsox anp E. W, MilLLER, J. Chem. Phys., 38 (1963) 2615.

Ya. K. SYRRIN, Zh. Strukr. Xhim., 1 (1960} 189.

T. NAKATA AND 5. MANSUSHITA, J. Catolysis, 4 (1965) 631.

R. val HANDEVELD AND A. VAN MONTFOORT, Surface Sci., 4 (1966) 396.

G. EnrvicH, T. W. HickMoTT anp F. G. HuDDA, J. Chem. Phys., 28 (1958) 506.

M. W. RoBerts, Trans. Faraday Seoc., 56 (1963} 698.

R. Brirt, E. L. RicHTER anD E. RUCH, Angew. Chem. Intern. Ed. Engl., 6 (1967) 882.

G. C. Bonp, Catolysis by Metals, Academic Press, New York, 1962, p. 371,

A. KrYLovA AND S. RosmNskn, Izv. Akad, Nauok SSSKR, Otd. Khim. Nauk, (1957) 1271.

See Chem. Abstr., 52 {(1958) 4300b.

(2) J. J. F. SCHOLTER aND P. ZWIETERING, Trans. Faraday Saoc., 53 {1957} 1363.

(b) C. Boxrover, M. J. GORGELS AND P. Mars, ibid., 55 (1959} 315.

M. TeEMXIN AND V. PyzHev, Actg Physicochim. U.R.S.5., 12 (1940) 327. See Chem. Abstr.,

34 (1940) 65127

A. Ozaxi, H. TaYLOR aND M. Bounarrt, Proc. Roy. Soc. {London) Ser. A, 258 (1960) 47.

K. Azuma, Natere, 190 (1961) 530.

P. M. GUNDRY, J. Haser anD F. C. ToMekm, J. Caralysis, 1 (1962) 36]3.

K. Tamaru, Trans. Faraday Soc., 59 (1963) $79.

W. A. ScmanT, Angew. Chem. intern. Ed. Engl, 7 (1968) 139.

K. Tamary, K. TaNaka, S. Fukasaku aND S. Isuma, Trans. Faraday Soc., 61 (1965) 165.

P. T. DawsoN AND R, S, HaNsEN, J. Chem. Phys., 45 (1966) 3148,

K. R. JENNINGS AND J. W. LINNETT, Quart. Rev. (London}, 12 (1958) 116.

(a) D. R. SaFraNY, Dissertation Abstr., 26 (1965) 3067.

(b} K. D. Fostexr, P. KEparLE AND H. B. DUNFORD, Can. J. Chem., 44 (1966) 2651.

R. H. MARcH aAND H. L. Scuirr, Can. J. Chem., 45 (1967) 1891,

A. N. WrIGHT, R. L. NELsoN anND C. A. WiNKLER, Can. J. Chem., 40 (1962) 1082.

L. Ertas, J. Chem. Phys., 42 (1965) 4311.

V. CERMAK, J. Chem. Phys., 44 (1966) 1318.

W. R. BRENNEN AND (5. B. Kistiaxowsky, J. Chem. Phys., 44 (1966) 2655.

N. Ya. Doponova, Russ. J. Phys. Chem., 40 (1966) 523.

N. Gerorr, Nature, 210 {1966} 940.

E. GELeRINTER, Dissertation Abstr., 26 (1966) 6805.

M. C. R. SyMons, J. Chem. Soc., {1963) 570.

(2} L. V. VERESHCHTNSKI AND A. T. PODKHALYNZIN, Doki. Chem. Proc. Acad. Sci. USSR,
165 (1965) 1065.

(b} USSR Pat., 172410.

G. P, HAIGHT avD R. S5coTtT, J. Am. Chem. Soc., 86 (1964) 143,

Coordin. Chem. Rev., 3 (1968) 4259470



470

145
i46
147
148
149
150
151

152
153
154

iss

156
157

158
159

160
161
162
163
164
165
166
167

168

169

170
171

172

R. MURRAY, D, C, SMITH

M. K, KiNG; C.5..R.O. Ann. Rep., 1964-3.

M. ANBAR, J. Am. Chem. Soc., 88 (1966) 5924.

A. L ViaranNen anND E. EviroLx, dcta. Chem. Scand., 4 {1950) 93.

idem, ibid., 6 (1952} 660.

D. C. OwsLEY AND G. K. Hervmkampe, J. Am. Chem. Soc., B9 {(1967) 4558,
Yu. G. BoroD 'xo anD A. E. Kryrova, Zh. Strukt. Khim., 8 (1967) 248.

YU, G. BoroD 'k0, A. E. SHILOV AND A. A. SHIEINMAN, Dokl Chem. Proc. Acad. Sci. USSR,

168 {1966) 510.

G. voN BUENAU, P. PATZINGER AND G. O. ScHENK, Tetrahedron, 21 {1965) 1293,

R. G. 5. Danks, R. J. HENDERSON aND J. M. PRATT, Ckem. Commun., (1967) 387.

J. H. G. VAN DER STEGEN, W. VIsscHER AND J. (G. HooGLAND, Electrochem. Technol., 4

{1966) 564.

(@) G. W. ParsHaLL, J. Am. Ckem. Soc., 89 (1967} 1822.

() G. W. PARSHALL, ibid., 87 (1965) 2133

M. L. H. GrEeN AND J. R. SANDERS, Chent. Cammun., {1967) 956.

G. C. Dormsor, R. Masor, G. B. Rosertsonr, R. Uso, F. Conmi, . MorerLnr, S, CENINT

AnD F. BoNatl, Chem. Conumun., (1967) 739.

J. CHATT, L. D. GarvrorTH, N. P. JoHNsON AND G. A. Rowe, J. Chem. Soc., (1964) 1012,

{a} P. W. R. CorFiELD, R. J. DoOeDENS AND I, A. IBERS, Trorg. Chem., 6 (1967) 197,

(b} R. J. DoEDENS aND J. A. IBERS, ibid., 6 (1967) 204.

J. CuaTT aND B. T. Hea10N, Chem. Commun., (1968} 274.

G. W. WATT AND W. C. McMoRbiE, J. Tnorg. Nucl. Chem., 27 (1965) 2013,

U.S. Pat., 3288722,

C. K. JORGENSEN, Acta Chemn. Scand., 13 (1959) 196.

P. E. Baikie aND O, 8. MiLLs, Chem. Commun., {1967 1228.

S. O1suka, A. Naxamura AND T. YosHma, frorg. Chem., 7 (1968) 261.

J. CHATT aND G. A. RoweE, J. Chem. Sac., (1962} 4019,

(2) M. M. BAGGA, P. E. BAIKIE, O. 5. M1iLLs anD P. L. PavusoN, Cherm. Commun., {1967)

1106.

(b} Y. MaTsuU-URa, N. Yasuoka, T. Usxr, N. Kasar, M. Kaxupo, T. YosHIDA anD S.
O1suka, Chem. Commun., (1967) 1122,

A_P. GINSBERG, in Transition Metal Chemistry Vol. I, R. L. CarLIN (Editor), Marcel Dekker,

New York, 1965, p. 112

{a) J. P. CanNDLIN, K. A. TaYIor anND D. T. THOMPSON, Reacnons of Transition-Metal
Complexes, Elsevier, Amsterdarn, (1968).

() 1. P. CoLiMan, in Transizion Metal Chemistry, Vol. 2, R. L. CarLN (Editor), Marcel

;  Dekker, New York, 1966, p. 1.

L. F. AUDRIETH AND B. A. OGG, The Chemistry af Hydrazine, John Wiley, New York,

1951, p. 181.

W. P. GRw¥FIIH, in Developments in Inorganic Nitrogen Chemistry, Vol. I, C. B. COLBURN

(Editor), Elsevier, Amsterdam, 1966, p. 241

R B. KNG anp M. B. BisNeTTE, fnorg. Chem., 5 (1966) 300.



