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A INTRODUCTION

Thus review 1s concerned with the chemustry of transition metal complexes of the nitnide
ligand, N*. It has been written to complement the author’s earlier review on metal oxo
complexes' , and the general arrangement of material in that article wall be followed here.
The complementary nature (or mtention} of the two teviews is emphasised because the
Ligands N3~ and O*" are isoelectronic and their chemustries are in many respects quite
sumilar.

In order to keep the matenal within bounds we constder only those complexes which
may reasonably be considered to involve discrete molecular units, 1 e. those of the form
[MNX,],"~ (where z < 4), so that high-polymer and interstitial nitrides are not covered.

Coord Chsm. Rev , 8 (1972)



370 W.P. GRIFFITH

There is a faurly recent review on the binary nitrides of first-row transition elements?, and
both these and other nitrides not mentioned here are adequately covered in the standard
texts of Mellor, Gmelin and Paseal. It may be added here that for the purposes of this
review mercury 1s considered as an honorary member of the transition metal group stnce it
has a particularly interesting nitride chemistry

{1} Arrangement of material

This follows the pattern of the oxo ligand review’ . In Sect. B we survey the general
chemustry of mtrnido complexes, the nature of the metal—nitride bond, and summarise the
principal physico-chemical measurements which have been made on nitrides. Fmally, mn
Sect C, we consider individual complexes by the Periodic group to which their metals
belong.

(ii} Nomenclarure

The only term which seems to be consistenily used in the literature for the (N*7) ligand
is mtride, and 1ts complexes are indiscriminately referred to as “nitride” or “nitrido™
species, we shall use the latter term.

{uij Reviews

There are no other comprehensive reviews on nitnndo complexes, the author gave a short
account of the subject some years ago” , and it was very briefly reviewed in the course of an
article on the activation of molecular nitrogen®

B GENERAL SURVEY
{1} Occurrence

In Table 1 we summarise the known complexes of the type [MNX,,];”~ for each
Petiodic group, only reasonably well characterised complexes are listed It will be observed
that, as is the case with most transition-metal oxo complexes, monomeric nitnndo species
are formed by metals in their hugher oxidation states only, the d® and 42 electron
configurations being the most common (hence the predominance of complexes from the
left-hand part of the Periodic Table). A stnking difference from the chemustry of oxo
complexes 15 that most niirido species are formed with second- or third-row elements; this
may be a reflectiodf of the very effective hiph-oxidation-state stabilisation brought about by
nitride, a factor which will favour heavier elements since these are more prone to formation
of high oxidation states For binuclear mtrido complexes the 4* configuration 1s found,
while for trinuelear systems where there 1s a much reduced capacity on the part of the
bridging mitnde for n-donation, near-normal oxidation states are found.
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(it} Stereochenustry

Most nitnndo complexes have octahedral coordination, albest with strong axsal
compression brought about by the shortness of the M=N bond, the oxo species [MO, N}~
(Mow, ReVE, Osvm) ar¢ distorted tetrahedra (both oxo and nitrido ligands are such strong
m-donors that it 15 unlikely that the two together could sustain octahedral coordination of a
metal) and pentacoordination occurs for a few mitrido phosphines, e g. ReNClL (PPh,),,

probably for steric reasons™. Heptacoordination may possibly occur in MNCla(py); (M =Mo,
W, see p. 385).
{11} Modes of bonding

Most nitrido complexes involve a terminal N3 group, M=N, as indeed most oxo
complexes involve terrmnal, “triple”-bonded oxide. In (a)—(d) we 1illustrate the ather types
of bonding which have been established for mtndo complexes with examples of typical
bond parameters, where these are obtainable

MXNZXM MXN_Y_M
(@) {(b)
Linear symmetrical, as 1n Linear asymmetric, as 1
K3 [Ru; NClg(H,0)], K3 [ReN(CN)4jn,x =153,
x=1.7204 y=244 A
M ™ Hg
N i
N N
Ha
(c) (d)
Trigonal planar, as in Tetrahedral, as in
(NH, )4 [Irs N(SO4 )6 (H; O)s I [(H3 CHE)« N (CIO, ) (no structural
x=106184 ! data available}

Comparison of each type of bridge with corresponding oxo systems is of mterest. For
binuclear mitrides, only hnear bndges (symmetric or asymmetric as in (a) or (b)) have been
0\ /0\
established, whereas for oxo species bridges of the types M Mand M\ /M are quite
¢

common, it addition to the linear bridge found in nitrides. 1t 1s true that a di-nitrido brdge

*The halogeno complexes (MNX, ]~ (M = Mo, Re, Ru, Os, X = Cl or Br) have recently been 1solated
(Sect, C), and may also be pentacaordinate.
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N
of the M: \M type has been proposed for a series of polymeric complexes®, but this

N
structure has not been establiched and is 1n the author’s opuuon unhkely to be correct;an

- N\
osmuwm complex has been claimed 1o which a bent M M brnidge was supposed to
feature, but doubt must be cast on this also (see p. 392 below). There are a mumber of oxo
analogues of typs (c), in which the M3 N or M3 O triangles are coplanar (there are also
examples in 0xo chemustry of pyrarmdal M3 O groups, though coplanarity of all four atoms
1s much more common), and there are oxo analogues for the tetrahedral type @*
Only one mitrido cluster compound has been claimed, Bag Os3Nyg (see p 392 below);

the structure 1s not known

(v} Simidarities between nitride and other ligands

The most important property of (N>7) 1s its very strong n-donot capability, and so it is
best compared with other higands which also have such properties, it is particuiarly relevant
to consider the 1soelectronic oxo and pseudo-isoelectromnie sulphudo ligands. From bond-
length data, force constants and rrans-effect studies it 1s apparent that (N*7) is by far the
strongest m-donor ltgand known, 1ts only rival 1n this respect bemng the oxo higand. The fact
that, whereas poly-oxo species are common, only mono-mtrides have been characterised 1s
also indicative of 1ts very effective m-donor character. Comparisons between 1t and otlter
hgands such as F~, $*™ and (03 )*>~ have also been made’

(v} Preparation of mtrido complexes

{a} Deprotonation of ammonia

This is used under aqueous solution conditsons for preparation of {OsO;N]~ from OsQ,,
and for the formation of “muxed valence” indium complexes contaimng the Iry N unit It is
also posable to prepare binuclear osmium and ruthenium nitndo spectes in this manner
Liquid ammonia or solutions of potassium or potassium amude in liquid ammonia have been
used for preparation: of [MO3N]3™ (M = Mo, W), {ReO3N}*~, and complexes of Group 1b
metals

(b} Deprotoration of hydrazme
Thus is potentially a vety useful method, though so far 1t has been used for rhenium(Y)
mtrido complexes only.

W
No examples of {d) are yet known with transitton metats, although there are transition metal oxXo
a:mlogucs.

Coord. Chiert. Rev , 8 (1972)
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{c) Dzcomposition of azides

The thermal decomposition of azides has been used for preparation of nitrido species of
vanadium(V), molybdenum and tungsten(VI), ruthenium(V1) and some rhemum(V)
phosphine complexes

{d} Miscellaneous methods

These include the thermal decomposition of ammeonium hexahalogenoosmates (for
osmium binuclear nitrides), the reaction of coordinated nitrosyl groups with reducing
agents (ruthemium mtndes), and the decomposition of coordinated sulphamate groups.

It 15 one of the problems of nitride chemistry that no one of these methods seems to be
really general, the azide method has so far proved to have the widest range of applicabihity,
but even this 15 severely luntted by the few suitable azides which have been synthesised
There 1s no doubt that many more nitndo complexes remain to be discovered, and 1t 1s
likely that the best method of making new species would be to use a suitably destgned
deprotonation technique (or to use azide 10n as a nitrogenating agent).

{vi} Properties of nitrido complexes

The physico-chemical properties of the complexes are summarised n the sections below
and 1n Sect. C. The most remarkable general chenncal property 1s the stabihity of the metal—
mtrogen bond, particularly noticeable 1n the platinum group elements and 1n rhenium(V)
(the chemical stability of the M=N bhond in Group Va and Vla elements seems to be of a
much lower order). This extends not only to addition and substitutton reactions but in
some cases to chemical reduction as well. Thus, the ostmuamate 1on [OsO3N] ™ 1s a much
more stable chemmcal entity than the isoelectromic Os0Q,, and when it 18 attacked, for
example by muild reducing agents, 1t 1s the Os=0 rather than the Os=N bonds which are
broken. Treatment of [0sO3N]~ with HX (X =F, Cl, Br, CN, % ox, etc ) yrelds [OsVINX, 17~
or trans-[0s¥IN(H, G)}X4 "™, in which there is still an Os=N triple bond, while the use of
strong reducing agents like stannous chlonde does not break the metal—mitrogen bond but
reduces 1t to a coordinated ammine. The same stabulity 1s found in the M3 N groups it such
spectes as [May NXg(H,0) P~ (X =Cl, Br, I, M= Os, Ru) and [M; N(NH,)s (H;0) ]*",
which will undergo a wide range of substitution reactions of all the outer ligands without
affecting the My N unit. In indium complexes containing the coplarar IryN unit,
substitution, oxidation or reduction reactions may be carried out in agueous solution
without destroying the metal-—nitrogen triangle.

{vii} Structure and bonding

There have as yet been no theoretical calculations on metal-nitndo bonding in
complexes. The structural datz are so far rather scattered although a carefnl study has been
made on themum{V) nitrides; all the reputable studies which have been made are
summarised in Table 2. It is clear from the following compilation that the metal—mtrogen
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distance n nitrides 1s considerably less than that of a “normal’ g-bond.

Complex dM—N Ref
(A)

Os{NH,)Cl, (PPh,}, 2 136(9) 6
K, [OsNCL, ) 1 614(10) 7
trans-[Ru(NH, ), (80,)CI]CI 2127(6) 8
K, [Ru,; NCI, (H,0), ] 1725534 9
K, n[ReN(CN), I,y 8H, 0 153,2447 10
Re(N, )CI(PMe, Ph), 1 966(20) 11
ReNCl, {PPh,), 1 603(9 12
(NH_}, [Ir,N(S0,},H, 0}, ] 1918(2)7 13

2M_N {bridge) distance

Thus, in nitrido complexes, the metal—nitrogen bond always has some multiple bond
character, in terminal mitrides 1t 15, of course, a valence requirement that the bond should
be tniple The situation 1s to some extent mirrored 1n the mtrogeno complex

Re!(N; )C1(PMe, Ph),, where the Re—N distance 1s also short, but 1n this instance the
shorterung anses from the m-bond component in the metal-to-ligand sense, rather than the
ligand-to-metal #-donation which is such a dormnant feature m metal mtrido complexes

{a) Bonding i mononuclegr numdo complexes

Although no comprehensive bonding scheme has yet been proposed *.7¢ may borrow that
of Gray and co-workers for vanadyl and related mono-oxo complexes, m which there 1s
effectively a metal—oxygen triple bond (one o, two m-bonds)!*. The osrmumi(VI), 4%
complex K, [OsNCls ] 1s taken as an example If the nitnide hgand 1s placed on the vertical
2z Cartesian axis with the equatonal hgands on the x and y axes, the metal—nitrogen orbatal
overlaps will be

N-Mo-bond spy 10 5d,;2 +65 (g}
N-M m-bond (1} 2py to 5dy, ©
N-M mbond (2] 2p, to 5dy;

For the M—X bonds, ers (four ligands) and trans (one), the overlaps would be

Xi—M c1s o-bonds p, 1o 6s — S5d;2 (a), to 6px and 6py (€), to Sdxz _ 33 (5y)
XM trans g-bonds p, to 6p; (a,)

It 15 implicit n this scheme that the ligand bound rrens to the mtride group wall be less
strongly held to the metal atom than those cis to 1t, and although there 1s some structural
and other endence of such a trans weakening effect in many nitrido complexes, 1t is
difficult to disentangle structural from steric factors (see below).

The metal—mtrogen distances in terminal nitrido species have been the subject of careful
study in rheniuvm(¥) and osmium(V1) complexes. In the case of K, [OsNCl; ], the chlonde
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higand frans to the mitride is 2.605 A distant from the osmmum atom’ while the cis chlonde
higands are at 2 363 A. Although this mught, on the face of it, appear to constitute good
evidence for the sort of frans weakening influence discussed above, the parameters may
equally well be explained by simple steric hundrance effects. In K, [OsNCls ] the
(cis) C1-0Os—N angle is not 90° as would be expected for an undistorted octahedron,
but 97 5% — that 1s, the osmum atom 1s shafted out of the (Cl, ) plane towards the mtride
hgand (a sirmular effect has been found in a number of mono-oxo complexes) By so
distorting the octahedron the (c15) chlonne-to-nitrogen distance becornies preater than the
sum of van der Waals radii of nitrogen and chlorine so that steric hindrance is mintmised,
and as a consequence the frans Os—Cl distance 1s lengthened”’ (earlier, erroneous X-ray data
on the salt had suggested that the frans chlonde was closer to the metal than the cis higands
— see below, p. 391).

Comparisons have been made between the Re—N distances in rhenmum(V) imido
complexes, based on very accurate X-ray studies

Complex aM—N Ref
{A)

I ReNCIL,(PEt,Ph), 1 788{10} 15

iI Re{N-PhOMe)Cl,{PEt, Ph}, 1709 16

Il Re(N—PhCOMe)ClL, (PEt,Ph), 1 690 16

IV Re(N—Me)Cl, (PPh, Et), 1 685 17

V ReNCl,(PPh,), 1603 12

It appears from these data that the Re—N bond lengths in the nitrides (formally a triple
bond) and 1n the imides (formally a double bond) are quite close, and indeed in the case of I
the Re--N distance 15 longer than in any of the others The reasons for the differences in
Re—N bond lengths between 1 and V appear to be basically steric (an I the long metal—
nitrogen distance Is attributed to repulsion between the nitrogen atom and the very bulky
triphenylphosphine groups, whereas m V there are only two such groups’), an alternative
explanation based on electromc bonding considerations has been adduced?®, but the steric
factors are now constdered to be of overnding importance’ . It 1s of nterest 1n this
connection to note that all attempis to make the triphenylphosphine analogue of I lead
always to V. In the rmino complexes stenc factors again play some part mn dictating the
observed metal—nitrogen distances’, but here electromc factors are probably more
important in explaiming the shortness of these lengths and their comparability with those mn
the nitrido complex, V. It has been argued by Chatt et al '® that the nitrogen in the mudes
has more s-orbita] character to impart to 1ts Re—N g-bond, which would lead to a
strengthening, and hence shortening, of that hond Spectroscopic evidence has also been
brought forward as evidence for this, the Re—N stretching frequency in the wmide IV 1s
higher than that in the nitrides'®

(b} Bonding i binuclear nitrido-bndged species
The structures of both the potassium and ammonium salts of the [Ruy NClg{H, 0) 17—

Coord Chem Rev , 8 {1972}
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Fig. 1 Structure of the [Ru, NC1.{H, 0}, 1*" 1o

ion have been studied by accurate X-ray analysis. The amon is centrosymmetric (Dap
skeletal symmetry) with a metal—nitrogen dustance of 1.720 A (Fig 1)°-'?; the shortness of
this symmetrnc bridge 15 clearly indicative of considerable metal—nitrogen multiple bonding.
The 10n is isoelectronic {after due allowance has been made for the replacement of the two
water hgands by two chlonde sons) with K4 [Ru, OClye] which simularty?® has Dyp
symmetry and a linear, symmetrnc M—O—M brnidge (Ru—0 =1 80 A) For the mtrido
complex, then, we may justifiably use the bonding scheme of Dunrtz and Orgel?* which has
been applied to [Ru; OClyp]*~ The mitrndo bndge uses iis sp, orbatals to overlap with the
metal dx? _ 2 orbitals, while its filled 2p, and 2p,, orbitals interact with the dy, and dyy
of the two ruthemmum(IV) atoms. These each accommodate one electron so there are under
Dy symmetry, two sets of bondmg, two of non-bonding and two of antihonding MO’s.
The eight electrons (four from nitrogen m 1its py and p,, orbutals, four from the metal atoms)
fill all but the antibonding molecular orbitals. The remaining “metal™ electrons {two per
rutheruum atom) then pair up in the remaining 755 orbital, the dy;z, so that overall
diamagnetism results

{c} Bonding m tnnuclear complexes
In (NHg )4 [Ir3N(SO04)s(H; 0)3]. 3%H, O there 1s a coplanar Ir; N unit (Ir—N=1 918 A)
and octahedral coordination ahout each metal atom from the bridging sulphate groups with

{so,,)

\ - (SQ&L y
‘ y \

E
t
\
S {50}
op % s (5041

.

QH,

Fig 2. Suructure of the [lr, N(SO,) (H.0), ] ton.
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one water molecule per metal atom coordinated frans to the nitride bndge'?. There 1s
effectively, according to the formula, an average oxidation state of 32/, or two 1ndium(IV)
plus one indium(i{l) atom. The crystal structure suggests that, within the errors of the
analyas, the three Ir—N distances are the same, but prelimnary Mossbauer studies (see
below) favour an inequivalence of the indium atoms. A bonding scheme for the amon has
been proposed ;m which the diamagnetism of the species is accounted for by assuming
equivalence of the three metal atoms and a four-centre molecular orbital encompassing the
planar Ir3N umit®. The 2p; filled orbital of (N*7) — assumung the z-axs to be
perpendicular to the Ir; N plane — bas the correct symmetry to overlap with one of the £,
orbitals of each metal atom, assuming a low-spin configuration, there are sixteen electrons
1n the metal £54 orbitals and these, together with the 2p, nitride paur, give a bonding and an
antibonding molecular orbital If the latter rematns unoccupied then the resulting system
will be diamagnetic, as observed®” . Reduction and oxidation of the species will then be
possible without destruction of the Ir3 N entaty if electrons are put in the antibonding level
(an the case of reductionto a 3 X i state) or If an electron is removed from the bonding
level (giving 3 X IV (see below, p. 392).

{vu] Physical measurements on mtrido complexes

We have already reviewed the structural data (see above and Table 2), further teference
to these, when appropriate, 1s made in Sect C.

{a} Vibrational spectra

{ 1] Mononuclear spectes Complete assignments of the vibrational spectra of the
[ReO4N]?™ (ref 23)and [OsO3sN]~ (ref 24) anions have been given on the basis of Cy,
symmetry (Tzble 3), force constants have been calculated from these data and are
remarkably simiar for the two species It 1s of inferest to note that these force constants do
support the hypothesis that the nitnde ligand 1s a more effective n-donor than (0?7), at
least on the basis of the greater strength of M=N bonds than M=0 Thus, 1n the species
[ReVO,X]™—, the Re=0 stretchung force constant for the (Re0,) unit 15 6.24 mdyne/A
when X = N, but rises*® to 7 50 when X = S and to 7.54 when X = Q, sumilarly, in
[0sO3X17, the Os=0 stretching force constant for the (OsO,) umit 15** 6.76 mdyne/A
for X =0.

Partial assignments have been given®® for [OsNCls ]*~ (the Os—N stretching band
1073 cm ™! shufts to 1041 cm™! on '* N-substitution, thus confirming the correctness of
the assuignment®¢), for [MoNCls ]~ and [WNCls]*~ (ref. 27), [MoNCl, ], and [WNCl, ],
(ref. 28), [VNCl;31" and [VNCl3]™ (ref. 29) (Table 4) There are also a considesable
number of data on the M=N stretching frequencies i a wide range of rhemum(V)
phosphimne nitrido complexest®*3%+3! of osmmum(VI) species®®, and of a few molybdenum and
tungsten(VI) complexes®” . Most M=N stretches fall in the comparatively narrow range of
1020-1150 em ™", there 15 far less mformation on the posttion of the deformation mode,
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1

but this 1s probably to be found in the 300—380 cm ™ range for most complexes.

(2} Polynuciear spectes There are studies® *>* on the Raman and infrared spectra of
ruthenium and osmim binuclear mtrido-bndged complexes of the form [M, NXs (H, 0), >~
and [M, NONH;3)s Y2 PY (X =Cl, Br, Y =CI, Br, NCS, N; ). In these the asymmetric M, N
stretch appears near 1050 cm ™! for the ruthentum compounds and near 1120 cm ™! for
osmium, the symmetric (Raman-active) M, N stretching modes are near 350 cm ™!
(ruthentum) and 280 cm ™! (osmum)??, while the infrared-active M, N deformations fall3?
pear 120 cm™! In tninuclear complexes contammg Ity N umits the asymmetric M, N stretch
1s found®? near 770 cm ™! and the symmetnc mode near 220 ¢m ™", while 1 the only
established complex containing a Mg N unst the mercunc complex f(H; CHg), NJ(CI04),

the asymmetnc stretch 1s seen mn the mfrared at 590 cm ! and the symmetrnic mode 1s
mferred® to lie near 141 cm ™!

We may summarise the information on positions of stretching and deformation modes,
making companson with the corresponding bands in analogous oxo complexes; despite the
greater mass of oxygen compared with nitrogen, 1t 1s clear that the M=N bonds are stronger
than M=0, and this result 1s also obtamed from force-constant data?3-3.32

Companson of the wvibrational spectra of mtrido and oxo complexes

ASYTN SYTI

VM, X VM, X My X
MO, X7~ X =N ~10320 ~ 380
X=0 760—980 770—970  260-430
[MXY),1"" X=N 1000-1120 300-370
X=0 850—1040 300-360
M, XY, 17~ X=N 1040-1130  240-370 ~ 120
X=0 750-900 200-260 ~ 110
M, XYy1"™ X=N ~770 ~ 220 ~ 130
X=0 ~660 ~ 200 ~110
(M XYy, "™ X=N ~600 ~ 140
X=0 ~580 180 ~ 100

(b} Electronic spectra

The electronic spectroscopy of mtndo complexes and interpretation of the resulisisa
wide-open field for investigation, no doubt one of the reasons for 1ts neglect 1s that most of
the complexes available for study are from the second- and third-row transition eleinents.
The electromc spectrum of the osmiamate 1on, [0OsO3N] ~, has been studied both in
aqueous solutton and 1n its solution in hquid ammonia, and tentative band assignments
proposed®s . The spectra of a number of bimuclear ruthentum(IV) and osmium(IV)
complexes have been recorded** >3 and the results qualitatively interpreted on the model
used to explain the spectra of the analogous oxo-bridged species®”, on this basis it appears
from the shifts of the mtrido complex bands to higher energies that the metal—nitride bond
1s stronger than the metal—oxo bond?? 3¢ _ Finally, the spectrum of [Iry N(SO,)s(H, 0);]1%
has been interpreted satisfactonly on the basis of the molecular orbital bonding model



TRANSITION METAL NITRIDO COMPLEXES 383

outlined above (see p 378)%2+37-38,

{c) ipole momens data

Systematic studies on the dipole moments of a number of rhenium(V) nitrido phosphine
complexes have been made® and suggest that the Re=N bond has approximately the same
moment as the Re—Cl bond (ca 1.5~2 0 debye); the results were compared and contrasted
with those obtained for themum(V) mudo phosplune speciesi® -3,

{d) Mossbauer specrtra

Prelminary studies on salts of the [IryN(SO4)s(H: 0)5 ¥ ion at 4°K suggest3® that two
rridium atoms are equivalent and the third non-equivalent, presumably as 2 x 1r™Y and one
I, This contlicts with the molecular orbstal approach to this ion given above (see p 378)
and clearly a more complete discussion of the results would be of interest.

C DESCRIPTIiVE CHEMISTRY

The arrangement of matenal 1s based on the Pertodic group of the metal atom.

{1) Groups iVaand Va

No established nitrido complexes of Group 1Va are known; [TINC}],, can be made®® %

by thermal decomposition of the azide TiCly (N3 ), but the species 1s probably a polymer.
No zirconium or hafninm analogues are known

Treatment of vanadium tetrachlonde with CIN3 pgives an azido complex ClyV{N; ) which
may be thermally decomposed to Cl,V=NCl This is, in the Lewis sense, amphoteric, and
will react wath antimony pentachloride to give [VNCl;]* [SbClg]™ and wath pyridine to
gve [VNCl,]~ {Ci(py);]". In the former case the bonding has been represented as
[Cly V—N‘} while n the latter, anionic species 1t is [Cl;Vv—N] ~; the V—N stretchung
frequenctes are at 1038 and 1208 cm ™! respectively?®. The X-ray crystal structures of
these spectes have not been obtamed and the ionic formulations above are based on
spectroscopic and anaiytical data, but the struciure of the parent species, Cly V=NCI, has
been established by X-ray methods (Fig. 3) The complex 1s basically dimernc with
approximate square-based pyramudal coordination for the vanadrum atoms, these dimer
unuts are, however, hinked by weakly bound chlonde bridges (V—Cl (termunal) 2.204 A,
V—CI (bridge) 2.600 A), so that the vanadium may be thought of as having distorted
octahedral coordination. The V=N—Cl! group®' 1s linear (V=N 1.642(9) A, N-Cl 1.59 &);
the shortness of the V—N linkage 15 remarkable since there 1s formally a double rather than
a tnple bond in the compound. The reason is probably stmular to that which has been
suggested for rthenium imido compiexes (see abave, p, 377); one may compare this distance
of 1.642 A for V=N with that*? of 1.62 A for 2 V=0 bond i (NH, ), [VONCS), (i1, 0)].

Apart from these, the only other vanadium nitrido species reportad 1s the rather ui-
defined K; [(VO)}, N(NH), }, obtained from “vanadyl anude™, VO(NH; }2, and potassium

Coord. Chem. Rev , 8 {1972}
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CI CI

// \“2

¢l cz

cf ,260

Fig 3 Structure of the dimer uant, (CI, VNCI); The dashed lines indicate the positions of chlonde
bridge atoms linking dimer units

in lquid ammonia®® | and [VON] ¢, made® by heating VOCI, (N3 )
{ii) Group Via

It 1s surprising that no chromium mitndo spectes have been established or even clammed,
though 1t 15 possible that the rather ili-defined products of the reaction between chromium
trioxade and liquid ammona® could contain such a complex.

The only oxo—nitndo complex established for this group 1s the molybdenum species
[MoO3N] 37, of which potassium, lead and silver salts have been 1solated Anhydrous
molybdenum trioxide 1s allowed to react with liquid ammoma at room temperature 1n a
sealed system to give a product which 1s etther (NHg ), [Mo(NH)O3] or (NH, ), [MoN(OH)O, ],
reaction of this with potassiuvm in hquid ammonia yields the very unstable potassium salt,
K; [MoO4N], which 1s instantly hydrolysed by water. The lead and silver salts may be
prepared by metathetical procedures and are more stable than the potassium salt®® The
action of potassum in bqutd ammonia on MoO, Cl; 15 also sarid® to give K3 [MoO3N],
though the ammoma—MoO; Cl, reaction is said by other workers to yield a complex
mixiure of molybdenum{VI) amdo compounds®”. A tungsten complex, formulated® as
WO; 3NH; or as (NH ), [WONH)O; ], might perhaps contain the [WO3N]3~ 10n, one
would ceriainly expect a tungsten{VI) mtndo spectes to be more stable than its
molybdenum analogue.

MNitnndo—chloro complexes of both molybdenum and tungsten are well charactensed,
however The species [MNCl3],, (M = Mo, W) are made by thermal decomposition of the
azides M(N;)Cls (which 1a thetr turn are made by the action of chlonne azide on MoCl; or
WClg). The molybdenum complex ts deep violet (sublimes in vacuo at 130°) and the
tungsten species 1s ochre-coloured (sublimes 1n vacuo at 80°)*7*** | Powder X-ray data for
bath species have been reported®® . The Xeray crystal structure of [MoNCls ], has been
established (Fig. 4). There are teiramedc [MoNCly]s units which are themselves loosely
hsld tegether by weak chloro bridges Mo—Cl (terminal) 2 276 A, Mo—Cl (bndge) 2 822 A)
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Fig 4 Structure of the tetramer umt, {MoNCl,}, For simplicity, chlornde ligands are shown for only
two of the metal atoms. Dashed lines indicate chloro bridges linking tetramer units

The tetramer umits have approximate Csp symmetry, and each unit contains two paurs of
Mo—N-Mo bndges, differing only in the Mo—N—Mo angles (178° and 167°) Each bndge s
asymmetric, the two Mo—N distances being 1.67 and 2 14 A The coordination about each
metal atom 1s square based pyramudal or, 1f the weakly bridging chloride ligands are taken
wnto account, distorted octahedral®® The infrared and Raman spectra of both the
molybdenum and tungsten species have been measured (Table 4)*® and a number of the
fundzmental maodes assigned, it 15 said that the M=N stretching force constants are some
0 5 mdyne/A higher for the tungsten than the molybdenum complexes, and that this 1s also
true for the other nitrido—chloro complexes of these metals described below?728

Reaction of [MNCI;],; (M = Mo, W) with tetramethylammomum chloride yields the
pentachloro compiexes (NMe, ), [MNCl; 1, and the infrared spectra of these have been
measured (Table 4)*” With pyridme, [MNCl3], ytelds the adducts MNCI; 3py (M = Mo, W)?’
which appear to be heptacoordinated on the basis of their formulae; with triphenyl-
phosphine, MNCl;3 yields?’ MNCL,(PPh;) Infrared spectra of the pynidine and triphenyl-
phosphime complexes have been measured?”™,

(it} Group Vila

No nitrido complexes of manganese or technetrum have been established (the so-called®
“TcNF” 1s almost certainly (NH,); [TcFs]). In view, however, of the considerable stability
of rthemum(V) nitride complexes 1t 1s likely that technetium nmitrido species could be made,
and probably manganese complexes also.

The oxo—nitrido sait K, [ReO4N] can be prepared by the reaction of rhenmm
heptoxide with potassium amide in ligmd ammonia®®, vz,

Re, 0, + 3 KNH, — K, [ReO,N] + K[ReO,] +2 NH,

*Reaction of azide 10n with MoCl, yields satts** 2 of [MoNCE, | .
Coord Chem Rev ,B (1972}
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It 1s the salt of a weak dibasic acid, and ltke its molybdenum analogue 1s excessively
unstable, being instantly decomposed by water with the evolution of ammonmia We may
note here that the stabilities of the three known oxo—nitrido complexes fall in the

sequence
[0sO4N]~ >> [ReO3N]?~ > [MoO;N]3~

The infrared spectrum of the potassium salt has been measured and all the fiindamentals
assigned on the basis of (3 symmetry for the anion, the frequencies and force constants
are remarkably simudar to those for [OsO3N] ~ (Table 3)#

The mitrido—halides (Ph, As){ReNCl;] and Csy [ReNCls | have recently been made®52
by chlormation of ReNCl, (PPh3),; The so-called “ReNF* has been shown to be
ammonium perrhenate®

Twao mtrido—cyantde complexes of rhentum(V}) are known (with the exception of
[ReO3N} 2, [ReNCls 1%~ and [ReNCly ]~ all rhemum nitrido species so far 1solated
mvolve the metal in the pentavalent state} Reaction of a solution of potasstum cyamde in
methanol with ReNCla (PPhs)s yields the yellow pentacyano complex K3 [ReN(CN})s] 1f
the potassium cyamde 1s present in excess, 1f 1t 1s nat, then the polymenc species
K., [ReN(CN)41, nH2 O 15 formed Caesium and sodium salts were also prepared, and the
electronic and infrared spectra measured®! The tetracyano complex can also be made by
treating a muxture of potassium cyanide and potassium perrhenate with hydrazine™ The
infrared spectra of penta- and tetra-cyano species are quute different in the Re=N stretching
region, the stretch bemng at 1035 cm ™' 1 the former and at 980 cm ™! 1n the latter

complex®?

An X.ray crystal structure analysis of Kj;,, [ReN(CN)4 ]y #Hy O shows that this contamns
imear Re—N - -+ Re chams, the alternating thenium—nitrogen distances*® bemg 1 53
and 2.44 A.

There are many nitrido—phosphine complexes of rhenium(V), and these have been the
subject of particularly detarled studies by Chatt et al '®+3%:3! anq, in respect of their
structures, by Ihers et al 7»¥*+15 The compounds fall 1nto two mam classes, six- and five-
coordinate The octahedral species are ReNX; (PR, Ph)y (X =Cl, Br, R = Me, Et, Pr", Bu"},
ReNX, (PEt, Ph); (X = Cl, Br, I} (refs 30, 31)and ReNCl, (PRPh, ), (R = Me, Et, Pr")

(ref 18) They are made by the reaction of the oxocomplex ReOCl3{PR;); with

hydrazine in the presence of ethanol, a less convenent method of preparation involves the
treatment of Re!llCl, (PR4)s with azide followed by decomposition of the product to the
nitnide*® . The mechanism of formation of the complexes by the hydrazine reaction, 1t has
been suggested, mvolves the prior formation of an oxo—ethoxo—dichloro rhenum(V)
complex, protonation of the ethoxo group and its replacement by the positively charged
hydrazimum group, NaHg* This highly electronegative ligand increases the electrophilic
character of the oxo ligand which 1s removed with the encouragement of the nucleophulic
phosphune A rhenium(ill) complex s formed which then de-protonates and reduces the
hydrazine giving the rhenium(V) rutride'® The pentacoordinate complexes are ReNX, (PPhy ),
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(X =Cl, Br, I) and ReNCl,(PEtPh, },, and these are prepared in similar fashion to the
octahedral species?® 3%

Dipole moments have been measured for many of these complexes and the resulis
suggest that the moment of the Re=N bond is roughly equivalent to that of the Re—Cl
bond (ca 1 5—2.0 ). Infrared studies on the compounds m the Re=N and Re—Ci
stretching regions have heen carned out; the former are lower than the Re=N streiches in
wmdo rhenium(V) analogues (see p. 377 above). There 1s some evidence for the existence of
a frans weakening effect brought about by the nitnde group on the chlonde ligand opposite
1t in ReNCl, (PEt; Ph), (Fig 5), since the two Re—Cl infrared stretches are so far apart'® at
285and 217 em ™.

The crystal structures of ReNCI, (PEt.Ph); (Fig 5)*° and of ReNCl; (PPhs ), (Fig. 6)'*

30,31

N Ci
PPhEL 218
Et,FhP 2as 170 247 2
- A Ph,P
e6* 'Re 35) 2 \éﬁe 2 45 P Ph3

4399\

258 160 Cl

Ci

Fig 5 Structure of ReNCl, (PEt, Ph), Fig 6 Structure of ReNCl, (PPh,),

have been mentioned above {p 377 and Table 2). In the former case the rhemum has
distorted octahedral coordination with the chloride fraxss to the nitnde 0 01 A further from
the metal atom than the cis chloride. In the second complex there 1s approxumately square-
based pyrarmdal coordination of the rhenium with the mitride 1n the axial position'?, the
two phosphorus atoms being drawn out of the basal plane towards the metal atom

(L CIReN 110°, L PReN 98°)

Rhemum mitndo complexes as figands 1t has been shown®? that ReNX, (PEt, Ph), (X = CI,
Br) can function as Lewis bases, the nitride being the donor atom, gving species of the
form (PEt; Ph); Cl; Re=N—~L (L = BFa, BCl,, BBr3, PtCl, (PEt;)), and

(PEt; Ph), Br, Re=N—L (1. = BCl,, BBry) These are prepared from the acceptor and the
nitnide in benzene solution, and the adducts often contain benzene molecules tn the lattice
The Re=N stretching frequency increases on such coordination by some 100 em™? for
boron trihalide acceptors, although the increase 1s only 20 cm ™! in the “heterometaltic™
rheuum mitndo platinum complex The increase has been attributed to a strengthening of

*The rhemum{VI} spectes ReNCIL, (PPh, ) has also been 1solated*2

Coord Chem Rev ,8 (1972}
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the rhemium—nitrogen bond brought about by an increase 11 the s-orbital contrtbution to
the Re—N &-bond (a similar explanation has been used to account for lugh Re—N stretching
frequencies mn rhenium(V) imudo complexes, cf. p 377 above)!®-52,

It 15 also of interest to note that, whereas in ReNCL; (PEt, Ph), the two infrared Re—Cl
stretches are well separated at 285 and 217 ecm ™!, supgesting a possible trans weakening
for the chloride opposite the miride (vide supra), m the donor—acceptor complexes these
two frequencies draw closer to each other (e g 285 and 265 cm™ ' m
(PEt; Ph), Cl; Re=N->BCl, ), which suggests that formation of the N—L bond weakens the

trans effect of the nitride ligand®?
{v} Group VHI

{a) Iron—cobalt—mckel tnad

Lis[FeN,] and Fi4[Fes N, ] have been reported, but are almost certamniy polymeric or
mterstitial compounds®® The reaction between cobalt(IIf) amtde, Co(NH;); and
potassium amude yields®* K3 [CoaN,].

{b) Platinum group metals
There 15 a shost review on nitrido complexes of the platinum group metals®®, and the
author’s book on four of the metals also treats the subject™®

( 1) Ruthentum—rhodmm—palladium rriad. No nitrido complexes of rhodium or palladium
have yet been established, and most of those so far obtamned for ruthenium are polymeric
and probably involve the metal in the tetravalent (d*) state

Mononsiclear ruthenium rutndo complexes. Few of these are known as yet, since reduction
to the ruthenium(IV) binuclear species 1s very easy. Reaction of ruthentum tetroxide with
HX (X = Cl, Br) and azide under carefully controlled conditions leads®*? to [RuNX;s]*~
and to rans-[RuN(H,O)X, 1™ * Tt would be expected, by analogy with the osmm
systems, that ruthemum(VII1) or {VI) complexes should be obtamnable by deprotonation
of ammonia by ruthenmum tetroxide, but such reactions lead in the first instance®” to
Ru0Q.(NH;) and then 1o a polymer formulated as a ruthenmum(V1) tetramer™®,

RugNyy Oy Has.

Binuclear ruthenium{IV) complexes. Several of these are known, the typical member of the
series being Ky [Ru, NClig (H, O)2 ], which can be made by reaction of K, [Ru(NC)Cls ]
with formaldehyde®+*® orstannous chloride®?+? ; it was thought to be a nitrosyl hydndes®
or an armdo brzdged species®® by the onginal workers Its present formulation followed
spectroscopic®®+®! and X-ray studies®. Other methods of preparation have been reported®' %6
using ruthenuin trichtoride and sulphamate or potassium ruthenate and ammoma followed
by treatment with ammosa; the mtermediate in the latter process was thought to be an
axo complex of ruthentum(VIII) (ref. 63) or mthenium(VI) (ref. 64), but 1s in fact a

*The complexes (Ph JAsHRuNX 17 (X = Ci, Br} have recently been 1solated (see also p. 391)%%
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ruthentum(IV) nitrido complex®? , Ru, N(OH)s.nH, Q. There are crystal structure data on
both the potassium® and ammonium!? salts, both giving very stmlar parameters for the
complex amon (Table 2 and Fig. 2} It 1s noteworthy that the ruthenium atoms are
displaced some 0.19 & out of the Cl, planes towards the bridging nitrogen atom, an effect
which 1s almost certainly to be attributed more to steric factors®**? than to bonding
considerations. By undergoing such a displacement the distance between the bridging
nitrogen atom and the chlionde lipands becomes approximately that of the sum of the van
der Waals radn of these atoms, whereas a stnct “octahedral™ angle for CI-Ru—N of 90°
would involve considerable nitrogen—chlorine repulsion As a consequence the ruthenium--
oxygen drstance for the coordinated water motecules 1s apparently unduly long (2.180 A)
(a stmalar effect” 1s observed in K [OsNCls 1), so thus long Ru—Q distance may not
justifiably be used as enidence of a trans weakeming effect of the bridging nitride igand
Nevertheless, the difficulty of substituting these water molecules by m-bonding ligands does
snggest that there 1s a frans weakemning effect, although such species as [Ruy NCl;]%7,

[Ruy NCI, (Hy O} 4 (ref 32), [Ruy N(CN)o 15—, [Rny NCI; (NOY(H, 0)]*—, and

[Ru; NCl3 (CO)H, 0)} >~ have now been obtained®® Vibrational spectra of

[Ru; NCig (H; O)2 1 salts have been obtained together with their '* N-substituted
analogues and are consistent with the known structure3? 3261 The electronic spectrum of
the amon suggests that the Ru—N interaction 1s stronger 1n [Ruy NClg(H, Q) ] than the
Ru—O interaction m the *“pseudo-isoelectronic™ {Ruy OCl; 1% 10032 (see p 382).

Apart from the anionic species mentioned above metathetical reactions have been used
to 1solate®® salts of [Ru, NXg(H;0); ] (X = Br, NCS), and [Ru, NNO, )¢ (OH); (H, 0), 17~
Spectra of these species suggest that the linear Ru—N—Ru unif 1s present in all of them, and
thus 1s also the case for the catiomc complexes [Ru; N(NH3)s X, 3T (X = Cl, Br, NO,) and
[Ru, N(NH;3)s(H, 0)Y5]2* (Y = NCS, N;)*

The polynuclear complex Rug N, Oq2 Hyy 15 said to be the final product of reaction of
ruthenium tetroxide with iquid ammonia®?, and the structure 1s thought to be related to
that®® of Os3Ny Qg H,, It 15 believed to decompose to the nitride, RuN There 1s also
evidence®” for the existence of a red trtnuclear species [RusN(SO, )s{Hz O)317 ", analogous
to the indium trinuclear sulphato complexes (p. 392).

{2} Osmum—mdmum—platinum riad No platinum nitndo complexes are known, and all
those as yet established for wridium are tnnuclear. Osmmm, however, has a very extensive
nitnde chemustry, the (VIII}, (VI) and (IV) oxidation states bemng involved. It 1s probably
true to say that osmum has the most extensive minde chemustry of all elements.

fa} Osmwum nmitndo complexes
{ 1} Mononuclear. The first nitrido complex to be prepared™ was the oxo—nitndo complex
K[OQsQ3 N1, by long usage, salts contamning the {OsQ3N] ™~ 10n are known as osmuamares.
They are made by addition of aqneous ammonta to a solution of osmium tetroxide 11 an
alkali-metal hydroxide; potassium hydroxide 15 most commonly used, giving the sparingly
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soluble yvellow, crystalline K[OsO3;N] Although the structure originally proposed for the
complex amon was

Werner and Dinklage showed that the mitnido formulation was much more likely ™, chiefly
on the grounds that the salt evolved mitrogen rather than oxides of nitrogen when heated,
and with hydrochlone acid gave an oxygen-free product™, K, [OsNCl; |

Free osnmamic acid can be obtained by the action of iquid ammomna on osmium
tetroxrde, a complicated reaction which also yields’? 0s0, NH, and, ultimately, a poly-
nuclear species®”“® Infrared studies on the free acid (which 1s apparently anhydrous)
indicate that the proton is attached to an oXygen rather than a mitrogen atom, so that tt 1s
best formulated®® as OsN(OH}O,.

Although potassiurm osmiamate ts an exceedingly useful starting matenal for osrmuum
complexes and has long been known there 1s still no fully adequate structural study of it,
though two attempts have heen made The first, that of Jaeger and Zanstra, showed that
Werner and Pinklage’s structure for the anion was correct, there bemg three oxo and one
nitrido higand about the metal atom (the tetrahedron 13 slightly distorted to give a tetragonal
bisphenoid), the Os=0 and Os=N distances were both given™ as I 56 A A more recent
study, while 1n agreement with the unut cell data of the earlier workers, pave both the Qs=0
and Os=N distances™ as 1.75x0 02 A There have been X-ray powder diffraction studres
on a number of heavy metal ostmamates in which the unit cell dumensions were measured™ |
and a careful study of the Raman spectrum of [QsO3N] ™ in aqueous solution in which
all the fundamental modes were assigned (Table 3) (the frequencies and force constants?*
are remarkably surular to those observed for [ReO3Nj?™) There 15 an infrared study?® on
osmiamate sutstituted with mutrogen-15 and studies on the infrared spectra of a number of
osmiamates with factor group analyses of the results™*72 [t 1s interesting to note that the
Os=N stretching frequency n K[OsO;N], 1021 em ™?, 1s lower than that ascribed™ to
the (formally doubly bonded) Qs=N stretch in Mey CN=0s0; (1184 cm ™), the reason is
presumably similar to that suggested for the corresponding phenomenon 1n rhenum(V)
imido and mitrido complexes (¢f p. 377 above). The electronic spectrum of [OsO3N] ™ has
been measured tn aqueous and liquid ammonia solutions™ .

Osrmuamates are stable 1n the solid state and fauly stable 1n aqueous solution, they are
slowly decomposed photochemucally, and on heating to 200° decomposition to nitrogen,
osmuum dioxade and potassium osmate occuirs With acids HX, salts of [OsNX1*~ or
[OsNX,(H; 0)] ~ form (X = CI, Br, CN, ¥ ox) (see below). All these are osmium(VI)
complexes, and 1t 1s surpnising that no osmum(VIID) nitrido complexes other than [OsO3N] ~
are known, Certainly an osmum{VI) mtndo oxofluoro complex mught be expected. but
reaction of hydrofluoric acid with K[OsO3 N} 1s said to yield K[OsN(H, O)F,; (OH), ]

Nrrido- halo complexes of osrmuum(VI) are formed from the osrmamate 1on and the
appropnate halogen acid (binuclear osmium(IV) mitnndo halides are considered below,
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p. 391) The best known salt 15 K, [OsNCl, |, made by the action of hydrochloric acid on
K [OsO3N] in the presence of potassmam chlonde , recrystallisation from water yields™
trans-K[OsN(H, 0)Cl;] Both are red, crystalline solids. The bromo complex
trans-K[OsN(H, O)Br, ] 1s formed by the action of hydrobromic acid on potassum
osmuamate, the pentabromo salt (NH, ), [OsNBrg ] may similarly be prepared”. Finally,
hydrofluone acid and potassium osmuamate yield®® K[OsN(H, O)F, (OH), ]

There has been a very careful X-ray crystal stru¢ture analysis of K, [OsNCls ] (Table 2
and p. 376)”. It shows that the octahedron 1s very distorted, the Os=N distance beung
1 614 A, the Os—-Cl (cis) distance bemng 2 362 A with the chlonde trans to the nutride at
2 605 A. In an earlier and now discredited X-ray analysis of K, [OsNCls ], 1t was suggested
that the Os=N distance was 1 61 &, the czs Os—Cl bond length 2 40 A and the trans Os—Cl
distance had the extraordinanly short value”” of 2 16 A It now appears very ltkely that the
substance actually examined was K[OsN(H, O)Cl,] or an impure form of this’, although
elaborate theones mvolving §-bonding between the metal and the frans chlonde ipand were
put forward at the time to explamn 1ts apparent shortness’, a recent publication also
suggests that the complex examined may have been the aquated tetrachloro salt™ Another
early X-ray study, this ttme on K[OsN(H; O)Br, ], may also be of dubtous value according
to Bnight and Ibers” In thus study, a frans configuration for the anion wath an Os=N
cdistance of 1 61 A and an Os—O distance of 2 07 A was reported”’.

There has been an nfrared study® on K, [OsNCl; | and its ** N-substituted form?®
(Tabie 4), and the Os=N stretching frequencies for the bromo and fluoro complaxes (and
their deuterated forms) have been measured® *

Miscellaneous mononuclear osmuum complexes A nitrido cyanide, trans-K{OsN(I1, O)(CN}, ],
can be obtained by the action of hquid hydrocyanic acid on potassium osmiamate, and the

use of oxalic actd with the latter leads to zrans-K[OsN(H,O)}ox); | and -K[OsN(H, O} OH), o0x}.
The infrared spectra of these species were measured® .

The absence of osmium(VI) mtrido—phosphines 15 puzzling, a number of methods have
been tried in order to prepare these compounds, but none has been produced’® They are
expected to be stable since the 1soelectronic rhenum(V) species are easily made and are
very stable
(2} Polynuclear complexes Reaction of ammonium hexachloroosmate, (NH, ), [OsClg |
with chlorme at 400—500°C gives an 1ll-defined polymeric species which has been
formulated®® as Os, NCl,,, where n1 vanies from 5 to 7, since it 1s diamagnetie, [0s; NCls ],
18 probably the best formulation®® . Infrared spectra suggest that a linear Os—N—Os unit 15
present®®. Reaction of the material with hydrochlone acid and potasswum chlonde yields
deep red crystals of K4 [Os; NCig (H,0), 1, the vibrational spectrum of which suggests that
the anton has a centrosymmetric structure sumlar to that of the analogous ruthenmum
complex®®_ A bromo analogue, K4 [Os; NBrg(H,0): ], can be made by the action of
bromune on (NHg ), [OsBrg] at 450°, followed by treatment of the product with potassmm

*Tetraphenylarsoniim and tetrabutylammonturn saits of [OsNX, 1™ {X =Cl, Br) have recently been
wofated; as yet 1t 18 uncertain whether these have nitrrdo-bridged octahedral or truly pentacoordinate
structures®s
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bromide and hydrobromic ac1d>?

As with ruthenium, binuclear octa-ammuines with matrido bnidges can be made for
osmuum Reaction of Kg [Osy NClg (H2 0)2 ] with ammonia ytelds [Os; N(NH;)p Cly ]Cl5,
and metathetical reactions with thus lead t0® [Os; N(NH;3)s X, 3" (X = Br, I, NOy, NCS,
N,) The chloro and bromo species can also be made by the reaction of saits of [OsXg]*™
with aqueous ammonia In a sealed tube® ™% The origmal workers suggested a mtride-
bridged structure for the complexes® , and this was later confirmed by the study of the
infrared spectrum of the bromo complex, with its normal and nitrogen-15-enriched forms™
Studies have been made of the Raman, infrared and electrontc spectra of some osmium octa-
ammne nitrido complexes, and the results are consistent with the presence of a centro-
symmetric structure>? analogous to that established for [Ruy NCly (H,O) 13 No osmium
species analogous to binuclear ruthenium hexammines, [Rus N(NH3)s (H, 0)X 5 ', have
been found??

The reaction between [:quid ammeoma and osmium tetroxide gives free osmiamic acid
and OsO,4 NHj 1n the first instance®”, but prolonged reaction leads to a polymeric species
formnlated as an osmuum{V1) complex®?+%% , Osy N, Oy Hy,

A nitnde cluster compound, BagOssNjg, has been made by heatnig barium nitride with
osmimum metal at 750° The magnetic moment is I 76 B M , but the structure 1s unknown®$
It 1s possible that the explosive black compound obtained by treatment of an ammonium
osmiamate with ammorua under pressure contains Os; N(OH); #H, O or an ammoniated
form of this, the onginal workers®® formulated 1t as OsO(NH; ), (OH),

{ b} Indium nitrido complexes

All the ridium nitrido species so far reported involve the trinuclear IrgN unat The series
of nitrido—sulphate complexes, made by boiling (NH, ), [IrCl, ] with sulphuric acid, have
long been known as Delepine’s green salts, and they were formulated long after therr
origmal discovery at the turn of this century as contarmung the [IraN(SOg4)s(H3 0)5]* 10n®?
A structure was proposed 1n which there 1s a coplanar Ir3 N umt, with coordinated water
molecules zrans to each of the three Ir—N bonds, the octahedral coordination for iridmm
being made up by brdging sulphato higands (Fig 2)??+*7. Thus predicted structure was
shown to be correct by a recent X-ray crystal structure study of the green ammontm sal
the Ir—N distance of 1 918 A 1s shorter than that expected for an rdium—nitrogen single
bond and 1s thus consistent with the proposal that a delocalised four-centre molecular
orbital encompasses the iridium and mtrogen atoms®? (cf. p. 378). The rrans indium—
oxygen (water) distance and c¢is indium—oxygen (sulphate) distances of 2 059 and 2.005 A
respectively are not exceptional!? . The vibrational®? , Mossbauer®® and electronic?? 3732
spectra of the ion have been measured.

Treatment of salts of [Ira N(804)s(Ha 0)s ¥~ with alkalt leads to a hydroxo complex
[IrsN(S0,4)s(OH)] *~ and finally to an insoluble matenal, presumably Irs N(OH)g nH, O
Treatment of the latter with hydrochloric acid gives salts of the [IrsNCly; (H;0)3]° 1007,
vibrational spectra of these species were measured? . It 1s also possible to replace the three
coordinated water molecules in [IrsN(S04)s(H20)3]° ™ by pyndine, ammonta or
f-picohne? 58
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Studses on the redox behaviour of [Ir3N(8Q4)s(H;0)3]% have been made; there 1s
some evidence that there may be oxidation to an wridum({IV) species, presumably
[Ir3N(504)¢ (H;0)3]> . It appears that the nitride 1s unlike the somewhat analogous 0xo
system, [Ir3Q(S04)5 1'%, which may readily be oxidised or reduced®. It 1s possible to
reduce the mtnide chemucally, however, by means of 2in¢ in sulphuric acid or by using
vanadium(IT) solutions, the product 1s straw-yellow (in solution), and may be re-oxidised to
the original green salt with hydrogen peroxide®” This implies that the Ir, N system is not
destroyed, a remarkable circumstance because there can be no metal—nitrogen n-bonding to
stabilise the presumed irdum(III) reduction product, [IraN(SO4)s(H2 Q)5

{v) Groups Ib and IIb

{a) Copper—silver—gold triad

There has been httle systematic mvestigation of the mitrido chemustry of these elements.
Copper nitde, CuzN, can be made by heating cupne fluonde and ammonium fluonde in
mtrogen®, the complexes CusN rNH; and K, [CuN(NH, ), ] (7 =1, 2 or 3) have been
1solated from the reaction between cupric nitrate, potassium amide and liquid ammonia
It seemns possible that K3 [CuN(NH;)a] could contan the nitride igand 1m a tetrahedral
environment (p. 372). The explosive silver nutride, Agy N, can be obtained from silver oxide
and aqueous ammomna; it 1s soluble 1n ammmonia to give complexes of unknown constitutton®
The 10do complex AgNI,; has also been reported® There do not appear to be any gold
nitrides

a0

i

{b) Mercury

Although 1t 1s not a transitron metal, mercury forms mitrido complexes of an unusual
nature and of a type which could well exast for transition metals There are two reviews on
mercury—nitrogen complexes, one, the more recent, dealing with the general chemistry®?
and the other with structural studies® . The metal has considerable affinity for nitrogen
and many of the complexes 1t forms with 1t are polymeric
{1} Monomeric mitndo complexes The complex [(CHaHg)s NJ(ClO4) can be obtamned®s by
deprotonation of mercury amides (eqn. (1)) or by disproportionation of a mercury imide

{ean. (2))
2 CH3HgOH + [(CH3Hg), NH, }(C104) —~ [(CH3Hg)4NJ(ClO4) +2 H, 0 (1)

2 [(CH3Hg)sNH](CI04) - [(CH3Hg);NH; J(C10,) + [(CH3Hg)4N](CIO,) (2)

An infrared study® showed that the asymmetnic mercury—nitnide stretch is at 590 cm™*
and the Raman symmetric stretch, though not directly measured, was calculated to lie near
141 cm ™. This complex is, so far, the only example of a system in which the nitnde
hgand forms four bonds to metal atoms (1t is presumed that it lies at the gentre of a
tetrahedron of mercury atoms)® .
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Although (CIHg) s N has been reported (it 1s said to be formed by the reaction between
mercuric chloride and ammonmum chloride)®® it appears® that the product 1s HgCl, (NH;),.
One might however expect such 2 trinuclear compound to exist since the corresponding
oxo spectes [(ClHg); 0)] Cl, 1s well known and very stable
{2) Polymeric complexes The mitride HgaN; can be made by the action of potassam
amude in liquid ammoma on mercuric chlonde; 1t 1s soluble 1n ammonia to give complexes
of unknown constitution®’. Matlon’s base, NHg, OH.2H, O, 1s made by the action of
aqueous ammonia on yelfow mercunc oxide, and a number of derivatives, e.g the halides
NHg, X (X = Br, I) can be prepared. Milon’s base itself has a cubic structure analogous to
that of cristoballite (nitrogen replacing silicon, mercury replacing oxygen)*® while the
halhides have a denser hexagoral lattice of the tridymute type®® 1In all cases the lattices are
made up of tetrahedra of mercury atoms joined at the vertices, there bemng mtnde rons at
the centre of each tetrahedron (Hg—N distances lie between 2 04 and 2.09 8)* . Infrared
spectral studies show that the mercury—nitrogen stretching frequencies in Millon’s base and

its dervatives lie 1n the 620—700 cm ™! region'®
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