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ABSTRACT

The research described in this thesis is concerned with the preparationm,,
characterisation, and chemical and physical properiies of complexes containing
a nitrido ligand, NB-. Particular use has been made of vibrational spectroscopy,
and 15N and 2D isotopic substitution bas helped in the assignment of

vibrational modes.

New ruthenium terminal nitrido halide complexes have been prepared
from trans~dioxo species by azide decomposition reactions. They are five
or six coordinate, R[huNX4], or CSQ[RuNXé](X = 01, Br; R = Ph,As, BuZN)
according to the cation used as precipitant; osmium nitrido halide complexes

showed similar behaviour. Some new ruthenium oxo and dioxo complexes have

been prepared as potential precursors for further nitrido species.

The reactions of R MNXé] (M = Ru, Os) with tertiary phosphine, arsine,

and stibine ligands, ILR!, have been studied. Substituted nitrido complexes of

5!
the type EENXB(LR%)Z] have been obtained, and also species with phosphinenitride
ligands [M(NPR%)CIB(PR%)é] . The nitrene-like behaviour of the nitrido ligend

in M(VI) complexes is discussed,

New binuclear nitrido complexes with an Ru-N-Ru unit and attendant
T-bonding and chelating ligands are described. Some supposed osmium oxo ammine
species have been reformulated as trinuclear complexes with bridging nitrido

ligands.

The reaction of sulphamic acid with platinum metal chlorides has been



investigated as a potential route to nitrido complexes. Salts containing
an N-bonded sulphamato ligand, K5 [M'Cl5(NH2803)] » and lattice sulphamic acid,

}%[M'Cld .nNH3803, (M* = Bh, Ir, Ru, Os; n = 0.9-1.1) have been isolated.
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Abbreviations and symbols

1. Vibrational spectra

Frequency units for infra - red (i.r.) and Raman spectra are

wavenumbers, cm_l. Vibrational modes involved with the stretching,

deformation, or rocking of & particular bond or group are designated

v, %, or e respectively. Subscripts to these symbols refer to the bond or

group involved in the vibration, or the symmetry of the vibration, sym,

symmetrical or asym, asymmetric. I.r. absorptions are described as s, strong,

m, medium, or W, weak in intensity, and these descriptions may be qualified

by v, very, m, moderately, br, broad, or sh, shoulder,

2. Ligands and radicals

He,
Et,
Bun,
Ph,
Py,

Bipy,

methyl, CHB'
ethyl, 02H5.
n~-butyl, C4H9.
phenyl, C6H5.

CsHsN.

2,2'-bipyridine.

pyridine,

3. Miscellaneous

£,
B.M.
M.D.

nm,

ﬁngstrom unit.
Bohr megnetons.
melting point.

nanometres.

X

Mefs

n.m.r. nuclear magnetic resonance

1,2~diaminoethané.

1 2~

6204 .
N,N'-diethyldithiocarbamate,

oxalate,
alkyl or aryl.

ligand,

gram susceptibility.

effective magnetic moment.



CHAPTER 1

INTRODUCTION.

The work presented in this thesis is mainly concerned with the prep-
aration and characterisation of complexes containing a.nifrido ligand, Ns-,
and an investigation of the structures and reactions of complexes of this
uncommon ligand. The research has been carried ocut using the platinum group
metals, ruthenium, rhodium, osmium and iridium, but we shall concentrate
mainly on ruthenium and osmium, since they both have commenly occurring high
oxidatioﬁ states which are able to stabilise the nitrido ligand. Here we
shall discuss the properties of the ligand, its occurrence in metal complexes,
the structures and bonding of such, and the application Ef various physical
techniques in charactefising nitrido complexes., A discussion of trans-
effect and trans-influence with respect to.the hitrido ligand is aiso in-
cluded, since it is freqﬁently claimed to;éxert either or both of these

properties, We shall only consider species with discrete molecular units

e 1" (2€4)

X yla

1 - A, (GENERAL SURVEY QF NITRIDO CGHPLEXESl

1 - A- 1. The nitrido ligand.

Transition metal complexes containing a nitrogen atom bonded solely to
a metal or metals are normaily considered to be complexes of the nitride
anion, Na—, and referred to as nitrido complexesl, a convention and notation
which we will adopt here. Pauling has estimated the radius of the H3_ ion

(o]
as 1.71 & °

, but even in the most Yionic! nitrides (e.g. Li3N) there is likely
to be significant covalent bonding. In nitrido complexes the short metal-

nitrogen distances (1.6 ~ 1.9 X) are normaliy censidered indicative of strong



o- and m- éovalent bonding. Since all thé available ligand orbitals will be
filled, overlap with empty metal orbitals of tﬁe appropriate symmetries and
energies will give a favourable bonding situation. As a consequence, the
nitrido ligand will tend.fo stabilise (or be stabilised by) metals in high
oxidation states. In these respects the nitrido ligand is very similar to
the isoelectronicoxo ligand, and indeed many useful comparisons can be made

3

between the two’.

The presence of extensive multiple covalent bonding between ligand and
metal means that little significance can be attached to the formal oxidetion
state of the metal in nitrido complexes. In a formal sense, they could

equally well be regarded as complexes of deprotonated nitrene, N , i.e. in

valence bond terms we have two canonical forms:

[M’H(N}-) LyJ <> [ﬁ(x'z)"’" (x7) L]

i
The electron distribution in a particular M-N bond will be a function of the

sultability of the required metal-ligand orbital overlaps and the electron-

egativity of the metal,

1l ~ A~ 2, Types of nitridc complexes.

Complexes with nitrido ligands have been established for relatively few
transition metals, namely vanadium, mnolybdenum, tungsten, rhenium, ruthenium,
osmium and iridium. The predominance of 2nd and 3rd row elements is noteworthy,
and reflects their greater tendency to give high oxidation states. Nitrido
complexes normally have highly distorted octahedral structures, and several
cases of the distortions producing penta-coordinate complexes are now known.
The three substituted oxo anions [14031\1] " (M = Mo, Re, 0Os) have distorted

tetrahedral structures.



Several different structural environments are known for the nitrido
ligand, and these are illustrated below:

a) Terminal nitrido complexes

IfS’ M=N e.g. K2 [OsNCls],4 0s - N distance 1.6143.

b) Linear, symmetrically bridged nitrido complexes

L MEFE M e K [RuNCl(HO):l ; x = 1.7204
Yy Y *er 3 2 gr2r2] ‘
(Refo5)

¢) Linear, asymmetrically bridged nitrido complexes.

/s

,

X x’-

L M

N
y

MLy e.g. K, [ReN (CN)4]n. nH,0 ; (Ref 6)
- ‘. /
X = 1.532-9 X,‘ = 2044K .

The two metals here are not necessarily the same and ¢ MM mey vary slightly
from 180°, Such a compiex is best pictured as a terminal nitrido complex

(see (a) ) functioning as a weak nitrogen donor ligand to enother metal.

d) Trigonal. planar nitrido complexes

LyM MLy
. 7. - °
N\ NA e.gs (NH4)4 [Ir31q(804)6(H20)3:l ; x = 1.9184

X

My

A linear trinuclear unit has been proposed for an ill-defined osmium (VI')

c:omplex8

IyOs———N———Os-—-N-—-OsI{Y

1

A tetrehedral enviromment for the nitrido ligand has been suggested for the

complex [(CHBHg )4 N] ClO4 ’

~10-~



Hg;/ N\,

Each of the above types of nitrido complex have well defined oxo anal-

ogues, but there are several well known series of oxo complexes (e.g.
_-0 .
~ S~ -
[0 4] ™, [, ]n [L oM O/MOLB] D=y which have no nitrido ansl-
ogues.3 There have been fewer investigations on nitrido than oxo complexes,
but it is likely that the range of stable nitrido complexes will be more

limited than those of oxide because of the more demanding n-bonding reguire-

ments of the nitrido ligand, and its greater charge delocalisation.

There are no complexes of the lower Group V congeners of the nitride
ioﬁ with similar structures to the above nitrido types, but complexes with
mononucleaxr phosphoruslo, arsenic11 and antimonyl2 ligands are known. They
have structures similar to the hydrocarbon cubane, with two interpenetrating

tetrahedra of metal and ligand atoms.

L = P, AS, Shb.

Since there are also ox013 and sulphide14 analogues of these species, it is

possible that nitride too will give complexes of this type.

l - A~ 3 Synthesis of nitrido complexes

A more detailed discussion of the synthesis of nitrido complexes will

-1]-



be given at the beginning of the appropriate chapter, but here we give a
brief illustrated summary of the methods which have been used. There is no

general preparative route, and each of the methods is normally quite specific

in its application:

a) Deprotonation of ammonia.

aq.NH5
(1) 080, - K[OS%N‘] 15
KOH
lig.NH
(ii)  MoO,,Re.0 . K [MoO n] 16 ¢ lpeon| .17
1L 3’ 2 7 KNE 3 3 1y 2 3 .
2
aq.NH3 B
(iit) [03x6]2" - . [OSZN(rm3)8x2]3+ (Ret.8) (X€1,Br)
100°C, pressure
NH4+
(iv) [IrClGP'____._»[i%N(so 4)6 (H20)3] 4- (Ref. 18)
H,50
279 .
b) Decomposition of hydrazine
N HC1,,PPh,
(i) [ReOCl (PPh,) ] M [Rénm (PPh )] 19
577520 mrom/m,o 252
2
¢) Decomposition of azide
1N
C1N;

(1) Welg, MoOly —— s [Mc15N3 — [1m013] s 20 (3att0, W)

N

(i1) [ReClB(Pﬁs)B]———E—-—» [ReNClz(PBB);J 19

=19~



d) Miscellaneocus methods

400° aq.HCL,
8
(1) (wm 4)2 [0s016] T [0s2N015 JnT 055 [0s2N018(H20)2]
2
SnClz
s 2- 3
(ii) |ru(wo)ci » |Ru,NC1, (H,0) (Ref. 8)
[rtwores, ] [rugior, (2,0,]
NH, SO .
(iii) "RuCl," AN (wg,), [BuWC1,(H,0) 1 -
3 3 a4z Lhet et

1-A-4 Bonding in nitride complexes.

5y -

No comprehensive bonding schemes have been proposed for termingl and
linear, symmetrically bridged binuclear nitrido complexes, and we therefore
use adaptations of the bonding schemes proposed for similar oxo species.
The bonding in trigonal planar nitrido and oxo complexes has been discussed

by Jzigensenzz.

(a) Terminal nitrido complexes

23

We use the bonding scheme proposed by Gray for vanadyl®™ and chromium

24

and molybdenum™ ' mono-oxo complexes, and apply it to the d2 0s(vI) complex

[ose1,] 2",

[:] nitrogen
@% osmium

() chlorine

Figure 1.1.

-13-



For bonding purposes we use 5d, 68, and 6p osmium orbitals, SDg
chlorine orbitals, a nitrogen spy; orbital ( 05),and two nitrogen p orhitals
(2p and 2_ ). Ve assume no m-bonding between the osmium and the chloro-

x Y

ligands. Under C4V symnetry the metal and ligand orbitals transform as shown

below, and we set the metal and ligand orbitals which overlap side by side.

Representation Metal Orbitals Ligand Orbitals Bond Description
ay . 5d22 + 6s 05‘ N-0s o Dbond
3 i — Oa
65 ~ 54,2 §(01+02+03+04) Cl,;,~ Os obonds
6PZ ' 06 3 Cltrans o OS C'bond
e 5,.,s 5dyz m (2px, - 2py) Two N - Os nbonds
A g - 1l g = -
6Px’ 6py ‘/2(01 05),‘,2( g, 04) Cl . - 0Os obonds
) 1 188
by 542 yz 3 ol o+ 0; 04) Cl,;, = 08 obonds
b2 5dxy Non-bonding
Gray23 has calculated the ordering of molecular orbitals so produced

for the vanadyl system, and on this basis we show 2 simplified molecular
orbital diagram for [OsNClslz", showing for clarity only the orbitals of the

metal-nitrogen bond. (See Figure 1.2.)

The six electrons in the nitrogen Spy and 2px and 2py orbitals, and the
two from the osmium atom f£ill the bonding &y and e and non-bonding b2
orbitals. Since the antibonding orbitals remain unfilled, the Os-N linkage

has a bond order of three. Ve would thus expect that d2 terminal nitrido

-14-



METAL ORBITALS ‘ LIGAND ORBITALS

6s

5d

N

Figure 1.2.
complexes would be diamagnetic. It is interesiing to note that under this

scheme the ligand trans to the nitrido ligand is more weakly bonded than

those cis to it.

(b) Linear symmetrically bridged nitrido complexes

5

The diamagnetic potassium’ and ammonium-? salts E;3[3u2N018(H20)2]

(M; = K,NH4) both have a centrosymmetric anion with a linear H,O-Ru-N-Ru-OH,
unit and overall D4h symmetry. For these complexes we therefore use the
scheme of Dunitz and Orge126 for [Ru200116]4", which has a similar structure.

The local symmetry of the ruthenium atom in [ﬁuENCls(H20)2]3~ is C, , and to

4v
form c~bonds to the nitrido, chloro and aguo ligands we therefore use the
same overlaps as in [bsNClé]a—, but using ruthenium 4d, 5s and Sp orbitals
(See Figure 1.1.).%Whereas in [OsNClé]a- one spgy orbital on the nitrogen was

wnused, here it is used in o-bonding to the other xruthenium atom. This

-15-



leaves a b, orbital (dxy) and e orbitals (dxz’ dyz) on each ruthenium atem,
and a degenerate pair of p orbitals (2px, 2Py)’ which transforms as e, under
D4h symmetry,on the nitrogen atom. We combine the remaining atomic orbitals
on the ruthenium atoms to give new molecular orbitals, transforming (in the
point group D4h) as b2g’ b2u’ eg and ey The metal and nitrogen € orbitals
overlap to give a bonding and an antibonding orbital, while the b2g’ b, and

2u

eg orbitals remain non bonding; they have similar energies.

b LIGAND yc ~ORBITALS

METAL ORBITALS

There are twelve electrons to feed into this system, four from each
ruthenium atom, and four from the nitrogen e, orbitals. These pair up in
the e b2u and b2g molecular orbitals, and thus there is a degenerate
g n-orbitals supplementing the BRu - ¥ - Bu o bonds., 4s a
consequence of this v -bonding system, the ligands on the two ruthenium

atoms will be eclipsed, Furthermore, as is indeed found, the complexes

should be diamagnetic and have short Ru -~ N bonds.

(c) Trigonal planar nitrido complexes

The trinuclear iridium complex anion [iraN(SO4)6 (H20)5]4_ has a -

trigonal planar Ir N unit, octehedrally coordinated iridium ! and is dia-

3

magnetics. The bonding scheme of Jorgensen22 requires overlap of the nitrogen

2p, orbital (the z axis is the three fold axis) with a linear combination of

-16-



iridium . t2g orbitals of appropriate symmetry giving a bonding end an anti-

bonding orbital.

Non-bonding
9 Iridium
£ —~~-{6 nonbonding orbitals]
t2 orbitals
g
Nitrogen
P orbital
Z
bonding

The remaining 8 linear combinations of iridium t2g orbitals are‘non-bondingo
The sixteen iridium electrons and the nitrogen pair fill thz bonding and
non-bonding orbitals. We thus explain the planarity and dismagnetism of

the complex.

1-A-5 Trans-effect and trans-influence.

The trans-influence of a ligand L in a metal complex has been de;t‘inec127
as the extent to which L weakens the bond trans to itself in the equilibrium
state of that complex. A ligand is said to exert a izgggreffeotzs when the
rate of substitution of the ligand trans to it is preferentially accelerated
with respect to similar ligands in cis positions. Ligands which have a
high trans-effect need not necessarily have a high trans-influence. One
might expect that a trans-influencing ligand L would labilise the ligand
trans to it in solution, and 170 n.m.r. studies show that the rate of exchange
of the aquo ligand trans to the oxo group in [VO(H20)5] 2+ 35 at least 10°

times greater than that of the cig agquo ligand529. In view of the likely

~17-



30

nature of trans-influence’ , however, the rate of substitution of the ligand

trans to L will probably depend on the nature of the incoming ligand.

A discussion of the trans-effect of the nitrido ligand is premature
since there have been no kinetic studies on its complexes. Trans-influence
studies on other ligands mainly uge deta from n.m.r. coupling constants, i.r.
gpectroscory and X-ray structural determinations 30. Data of the latter two
types are available fof nitrido complexes. The different techniques will
have different sensitivities to the two major components ofvizgggrinfluence,
said to be -0 (a) the effect of L on the hybrid orbital used by the metal
in its bond to the trans ligand A and (b)_the.pharge transfer (Gcovalent +1r)
from L to the metal. A ligand L which has a high Irans-influence on the.

M - A bond wiil be the one with more demanding overlap requirements for the
M - I. bond and the one which has & high net cha;ge transfer from itself to

the metal.

We have already noted that the nitride ion forms strong covalent bonds
to metals and transfers much of its negative charge to the metal. In the
bonding schemes for [OsNCléIQ_ and [ﬁuZNCls(HZO)Z]B-, there is no metal s
orbital character in the bond to the ligand itrans to the nitride. We would
therefore expect the nitrido ligand to exért a high trans-influence. It is
however difficult to obtain evidence for trans-influence in nitrido complexes,
since the lengthening of the bond trans to the nitride observed in such
species can be explained simply by steric factors 4. In the course of this
work however we shall discuss several points of evidence vhich indicate that

the nitrido ligend does indeed have an electronic trans-influence of the type

discussed above,

-] 8-



1l - A~ 6 Structural characterisation of nitrido complexes.

Several X-ray structural determinations have been carried out on nitrido
complexes and the data thus obtained are shown in Table 1. O0Of particular
note are the short metal—nitrogén distances (1.6 - 1.92), the rather long
bonds irans the nitrido ligand (or the absence of a ligand trans to the

nitride), and the rather large N - M - Xoia

angles, 1In order to interpret
these effects Ibers made a careful study of complexes II, V and VLI ana also
some related imino complexes [Re(NPhy)c:LB(PEtZPﬁ)Q] (Y = oac, OMe) S,
and [Re(NCHB) 013(PPh2Et)2] 59 Which have meridional chloro ligands and

trans phosphine groups. The pointg of interest are:

(2) The long Re = N bond in V

(b) The long bonds trans to the nitrido ligand in IT ande

(e) The Re = N bonds in the imino complexes are short (1,69 - 1.71R) and
insensitive to the nitrogen substituent gréup.

(a) A1l the Re - C1 bonds in thé imino complexes are of similar length.

(e) In all the complexes the metal is raised above the plane of the cis

ligands towards the nitrogen donor,

Ibers rationalised these variations by reference to intramclecevlar non~
bonded interactions between the nitrogen donor and the cis ligends®. The
N....Cl and N....P distances are never less than 3.03, and because of the
short M - N distances this Treguires
(i) Raising the metal above the plane of the cis ligands.
(ii) In some cases lengthening the bonds to the ligands in the cis plane.
(1f effect (i) alone operated it could cause undue non-bonded inter—
actions between the ligands in the cis plane).

(iii) In the case of V, lengthening the Re = N bond.

~19~-
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TABLE 1.

Structurz]l data for transition-metal nitrido complexes

Q- ?2232 iiZZths in R) ~~ Space group 7] Ref.

T K|'OsO,N] 1.75(2) 0s-0 1.75(2) | Ih/a 4 31

ITI X, |OsNC1;] 1.614(10) cis0s-C12.362(2) Pnma’ L L
trans0s-C12,605( 4) ;4N0sC197. 5p

III K| OsNC1,(H,0)] 1.74 0s-C1 2,35 32

IV trans-K|[OsN(H,0)Br,] 1.61 0s-0 2,07 Cme b 33

V ReNC1, (PEt,Ph), 1.788(10) . cisRe-C12.45h(4); 2, /0 b o3

trans Re~-C12.563(4)
cis Re-P2,442(4)

VI ReN(S,CNEt, ), 1.687 Re-S 2,381 < NReS 108 P2, /c 4 35

VII ReNCI,(PPhy ), 1.603(9) vcisRe—C].2.377(2) I12/a 36
cis Re-P2,448(2)
VIIT K |RupNC1,(H,0),] ‘ 1.720(1)*  Ru-C12,264(6) Ru-0 2,175(20) ¢2/n 2 5
ACIRuN 94,3 ‘ ,
IX (NH, )5 |Ru,NC14(H,0), ] 1.725(5) Ru-C12,370(10) jRu~0 2,20(20); " B2/m 2 25
X [MoNC1; ], 1.6720 Mo-C12,276 151 4 37
2,143 . € MoNMo 167, 178
XI K, |'ReN(CN), ], .nH, O 1.53 Re-N 2,13,C~N1,31 Iom2 2 6
' ' L,44
XIT (NH,,)Q[Ier(SO,é)5(H20)5].33/4H20 1.918% Ir-0H, 2.059,Ir-0(S0,) 1434 8 7

2,005 to 2,056
aBridging M-N distances,



As a result of these distortions the M - Cl bond trans to the nitrido
group in IT and V is necessarily long, because of non-bonded repulsions

between this ligand and the other ligands cis to it.

N

At least 3.0R
Cl

At least 3.3R

- C1

The small changes in the Re -~ N bond strength in the imino complexes
brought ebout by changing the nitrogenssdﬂstitﬁent will be dissipated by
increasing or decreasing strain on other ligands. Since effect (ii) operaies
in these complexes any lengthening of the.bond.izggg to the iminoe group due

to trans-influence is masked.

These arguments can successfullybe spplied to explain the distortions in
the binuclear nitrido complexes M;B [Ru2H018(H20)2], 33 25, and also in %the
oxo complex Cs4 [0s200110] 40. In IIT and IV the aquo ligand (which has a
lover trans-influence than chloride)41 is trens to the nitride, and in the
five coordinate complexes VI and VII a distorted square based pyramidal
configuration with apical nitride is adopted, and the poéition trens to the
nitride left vacant. ZEven here, however, it is difficult to disentangle
steric and electronic effects, and we conclude overall that steric factors

play a most important part in determining the structures of nitrido complexes.

D1



Apart from Xéray data, the most useful method of identifying nitrido
complexes is by their infra-red spectra, which show a strong band in the
region 1000 - 1150 cmfl (apart from trigonal planar complexes), due to the
stretching of IMN bonds. In a complex spectrum this band can be readily iden-—
tified by 15N isotopic subgtitution. The high frequency of the wvibration

42

and corresponding high bond stretching force constants’ are further indic-

ations of the multiple character of the metal-nitrogen bond. There are
several effects which may cause small variations in the frequency of the
absorption which we will discuss in later chapters, but it is interesting

to note that the complexes V (d = 1,6038) and VII (dReN 1,7788) probably

Rell
have very similer values for the frequency of :YReH’ near 1050 cm—l (Ref. 19)
43,44

A similar situation occurs in some isomeric molybdenum oxo complexes

-2



CHAPTER TWO

TERMINAL NITRIDO HALIDE COMPLEXES OF RUTHENIUM AND OSMIUM

ABSTRACT

The preparation and physical properties of the new complexes Cs [Rum;
R[MNX] and Et N[MNX (5,0)] (X = €1, Br, M = Bu, 0s; B P hs,Buy N) are
described. The structures of these species and of known osmium nitrido
halidé species are discussed on the basis of their vibrational spectra and

other properties. The X-ray crystal structure of Ph4As [psNCl4] is reported.

VWe also describe some new oxo- and dioxo-complexes of ruthenium.

SECTION 2 - A KITRIDO COMPLEXES OF THE FORM [mxb_] - [rmxﬁ(nzo)]“ and
. “
b, 1 :

2 - A~ 1, Introduction.

The first known complex containing an M = N triple bond was poltassiunm

-

osmiamate, K[@sOBﬂI, prepared by adding aqueous ammonia to & solution of

15

osmium tetraoxide in aqueous potassium hydroxide™, Reduction of osmizmate
in aqueous BX (X = C1,Br) gave the terminal nitrido halide salts M;Z [psNXé]
and K[0s NBr,] 28,0 (1" = K, Bb, Cs; X =Cl, Br) *°. There are no knowmn

ruthenium anslogues of any of these species.

At the commencement of our work, terminal nitrido halide complexes of

20,47 19,48,43 | 4 o1co

venadium (?)46 molybdenum and tungsten, and rhenium
been reported. The vanadium, molybdenum and tungsten complexes are made from
the products of the reactions between chloroazide, ClNB’ and VCl4,46 MoCl5
and WCl6 20. The reactions are said to proceed vie intermediate azido com-
plexes [VCl 41\73] and [14015(1@5)] (M = Mo,W), which decompose to give {'_(:13v1\rc1]
and [MNCI£]4. The vanadium imido complex is Lewis amphoteric reacting

with SbCl to give [VNClﬂ[SbClé] and with pyridine to give [py201][VNCl;<46
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BVV‘ - %] (i.e. coordinated N)

and [ClBVv'E ﬁ]- respectively, although they mey be polymeric. The latter

These vanadium ions have been formulated [Cl

is iscelectronic with [MoNC13]4 wvhich has asymmetric M= K ....M.bridg9337.
The complexes [MNC15]4 can be converted into terminal nitrides by treatment
with Me4NCl in dichloromethane which gives (Me4N)2 [MNClS] 47. Since the
completion of this work the synthesis of Et4NEMoNCl43 by reacting azide ion
with MoCl4 or MoCl5 in dichloromethane has been ;eported, and similar reazctions
are said to occur for V(III) and V(IV).SO The isolation of Re(VI) salts
CSZ[ReNClé]énd Ph4As[ReNCl4] has also been reported49. These are made by
chlorine ‘oxidation of [RéVNC12(PPh3)2] , itself made by reacting [ReClS(IT%B)B]
19

with azide jons™. . -

Thus, with the exception of the osmium complexes, terminal nitrido com-
plexes are normally synthesised by reactions involving decomposition of a
coordinated azide ligand, although in most cases the intermediate azido com-
plexes are £oo unstable to be isolated. Two modes of decompcsition of co-
ordinated azide involving cleavage of an N-N bond are knownsl, The first
type (Type A) is given by metals which are readily reduced by one electron, for
cxample M(III)?%, Ce(Iv)?2, Co(IIT)>* and Ru{III)?°, and here the overail

reaction is

NB — 3/2 N, + e

The thermal decomposition of sodium azide is of this type.

The second type of reaction (Type B) produces 1 mole of nitrogen, and
the resulting N species normally effects & two electron oxidation of the

metal, The overall reaction is

2¢ + N~ 3-

e + 3 —4-N2 + N |
+

c.g. AT 4 i RIS W, (M = or,v)2°
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The formation of nitrido complexes by azide decomposition.are reactions of

this type

IIT N v -
[Re o1 (PRB)B] 2 [Re HCL,(PRy),]  +N, + C17  Ref 19

N_~ VI -
[MovCl 5] 37 Mo ~ XCl 4] + % €l, +N, Ref 50

In some reactions of this type the formal transfer of electrons from the
metal to N~ after the decomposition is not required, since intermediates

which show electrophilic nitrene-like behaviour are formed

LTt (), (n)3 % S o (M) ()] 4
[ (Wi, ) ()] 5o . HOL [MIII(M5)5(MIZC1)]3+

(M = R 57;"Ir58, * hv only)

2 - A~ 2 Preparation of osmium and ruthenium nitrido complexes from

azide ion.

The considerable stability of o.:;(v:cﬁ) and 0s(VI) nitrido complexes led
us to investigate the possibility of preparing similar ruthenium species.
We found that the reaction of trans [Ru02X4] 2= jons (X = C1,Br) with an
excess of azide ions folloﬁed by addition cf caesium halide gave a simple
route to the light brpwn, diamagnetic nitrido salts Csz[Ruﬂxgl. The knovn
osmium complexes Cs, [OSNX5] 45 could also be prepared by a similar method
using trans [9302X4] 2- ions. During the course of these reactions nitrogen
and free halogen were liberated. This is consistent with the formation of
an intermediate azido (or hydrazo)59 conplex which undergoes a two electron
oxidative decomposition reaction of Type B (see previous section), The

resulting complex is then reduced by HX,

[MVIOZX4}2‘ + BN, + 3HXK —» [0 NX5]2‘ + Ny+X, 42H,0, (4 = Fu,0s)

3
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Although this reaction scheﬁe does not necessarily imply that M(VIII)

species (e.g. [M03N]") are intermediates, we isolated Cs[OsO3N] by reacting

a suspension of Ké[Ost(OH)41 with azide and caesium ions in cold dilute
aqueous acetic or oxalic acid. Osmiamate is not reduced under these conditions,
although it is rapidly reduced by aqueous hydrohalic acids to [OsNXé]Z-.

The unknown ruthenium analogue of osmiamate, [RﬁVIII

O3Nj— cculd not be pre-
pared using procedures similar to those used here to isolate osmiemate, e.g.
the reaction of Cs, [Ru02C1,4] or K, L RuO 4] in agueous acetic acid with azide

ions.

If large organic cations were used in place of caesium in the prepar-
ations of [MNX5]2‘, then pink, diamagnetic salts R [NNX4] (R = Ph4As,Bu4n )
were isolated. These species are 1:1 electrolytes in acetone. From solutions
of osmiamate in agueous HI we have similarly isolated the salt Ph4Asi:OsN14]
in low yicld. The addition of the cation BtN' to solutions of [MNX%?"
gave the purple (osmium) or brown (ruthenium) diamagnetic salis Et4H[MNX4(H20)].
In some cases these were dehydrated to Et4N'[MNX4]. The formation of twé
types of nitrido salts, CsZ[ReNC15] and R[BeNCl4], has recently been reported49,
and enalogous behaviour is found in complexes of the iscelectronic oxo ligand
where, for example Csz[MOX§] and R[MOX#], or in some cases R[M0K4(L)]

(M= Mo, Re; X = Cl, Br; L = solvent molecule) have been isolatedBﬁ We
have already noted the weak binding of the ligand irans to a strongly cand
T donating nitrido or oxo ligend (Sections 1 - A - 4 and 1 - A = 6) and it

is presumably this ligand which is lost in our 1:1 salis. This process may

be favourable because of lattice-energy effects with these large cations.
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2 - A -3 X-ray crystal structure of PhAAs EOsNCl4]

An X-ray diffraction study of the nitrido complex K2[08N01§lhas been
made, and the distortions of its coordination polyhedron rationalised in terms
of intra~molecular non-bonded interactions?. (See 1 - A - 6). Dr. Skapski
of this department has kindly made a similar study of Ph4As tOsNCl4] in
order to compare the dimensions of its anion withthose of its six~coordinate
counterpart60. In the tetrapﬁenylarsonium salt, the large non-interacting

cation allows the anion to adopt its optimum shape.

Crystals of Ph4As [OsNCl4] (4) were growvn from methyl cyenide solutions.
They are wine-red tetragonal prisms with unit-cell dimensions a = 12.6678,
= 7.8208 and U = 1254.78 °, space group By 80 7 = 2. Single crystal
photographs of Ph4As{:RuN014]showed that it was isostructural with
»PhAAs [OSN014] . The square-based pyramidal anion [OsHCl']— is illustrated
in Figure 1 and its principal bond lengths and angles are listed in Table 1

and compared with those of Kz[bsN015] (B)-.

The structure of (A) differs from that of (B) in three main respects
(a) There is no ligand trans to the nitride in (&)
(b) A1l the metal-ligand distances are shorter in (A) than (B)

c) The N = 0s-Cl . angle is larger in (A) than in (B)
CLs

The decrease in the mean Os-Cl distance in (A) is comparable with decreases

observed in similar closely related five and six-coordinate systems, e. g-

Re-S in [RelN(ate);} (2.39%) 35 and [re,0.(ate),]  (2.448) 61 2nd Re-Cl in
6

Daemnz (PPhB)Z] (2.38R) 56 ana @emlz _(PEtzph); (2.458) 54 These

reductions in bond length may be due to

(1) The enhanced electronegativity of the metal atom caused by the removal
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FIGURE 1.

Structure of E)sNClB'_. Standard deviation$ are: Os-N, 0.011; 0s-Cl, 0.002%;

£ §-0s-C1, 0.06°,

TABLE 1.
Interatomic distances (£) and bond angles (°).

[osc1 17, (4) \'psmlgz", (B) (See Ref.4)
Os-N 1.600 1.614
0s-C1(cis) 2.310 2.362 (mean)
0s-C1(trans) - 2.605
N-0s-C1(cis) 104.60 96.2 (mean)
N...Cl(cis) 3,12 | 3.00 (mean)
C1(cis)...C1l(cis) 3.16 3.32 (mean)
c1(cis)...Cl(trans) - ' 3,31 (mean)
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of one donor atom,

(ii) Electronic effects e.g. change in metal ion hybridisation and better

overlap between metal and ligand orbitals in the less strained system.

(iii) Removal of non-bonded interactions which would cause bond lengthening.
This latter effect is thought to account in part for the long Re~Cl bonds in
[rency, (potyPn);) (2.458) 34 ana [Re(WPHY)CL,(PBt,Fh) ] (2.40, Y=0hc,Ole )",
although it is probably not importent in (B)., The increase in Cl-0s = N

bond angle in (A) is similar to the increase in Cl-Re = O angle in.[ReOCl&J

(105°) 62 compared with Lre0c1,(8,0)] (98°) ©3,

These changes in coordination geometiy in (A) do however produce an
unexpected effect. The basal chloride ligands here (and in [ReOCl4)) are
moved to within 3.16R of each other, a much closer Cl....Cl contazet than
found in (B) or any of the similar rheniunm compiexes discussed in Sec. 1 - A - 6,
where such inter-ligand distances are said to dictate bond angles and lengths.
Furthermore, the ¥...Cl distance in (&) (3.128) is greater than in (B)

(3.00A)where it is said to be the main factor in determining the ccordination
geometry 4. This would seem to indicate that . electronic rather than
steric effects cause the distortions of the square pyramid in (A). It must
however be noted that the steric interactions we are discussing are not
between hard, charged spheres but rather between both bonding and non bonding
electron pairs within the anions. Thus, if we consider the 0s=N bond, vhose
o+m electron density is likely to be greatly polarised towards the electro-
negative osmium (VI) ion, these bonding electrons will repel (a) the .CsL1l
bonding electrons and (b) the nonuboﬁding electron pair in the qu orbital
(Sec 1 - A - 4). PFactor (b) is probably less important than (a) since there

is a close correspondence between the bond parameters of (A) and the dl
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system fRrReoC1 4] 62. If, as is likely, the polarisation of the Os = N bonding
electrons towards the metal is greater in (A) then in (B), we would expect

a greater repulsion between them and the Os-Cl electrons in (A) and hence

an increase in N = 0s-Cl angle and distance. Similarly, removal of more
electron density from the chloride ligands in (A) might permit closer mutual
contact, However, data from other similar square pyrémidal systems show
that the apical-cis ligand angles are as large as basal interactions will
pernit (< NReS = 108° in [ReN(atc),] 55 and€ 02080 = 111° in
[05204(0202Me‘4%? )64. We therefore conclude that there is an electronic

rather than steric effect causing the distortions in the structure of (A).

2 - A~ 4 Vibrational spectra.

The main features of the vibrationel spectra of Cs, [MNX53’ RDﬂﬁ&P,
Et 4N[I\ﬂ\a'X 4(H20)] and K[OsNBr 4(1120)11120 are presented in Table 2;

(M = 0s, Ru; X = C1,Br; R = Ph4As,Bu4n N).

(a) Complexes of the type [MNXé}z_, [NNX4}~

The skeletal symmetry of the anions in both Ké [OsH015] 4 and
Ph4As [OSNCI4] 60 is approximately C4v’ and for these two anions we expect
eleven (4A1 + 2B, + 3B, + E) and nine (BA1 + 2By + 3B, + 3E) normal vibra~
tional modes respectively. All the modes are Raman active with the Al modes
polarised, and the Al and E modes arc also infra-red sctive. The Raman
spectra of most of the salts of these types were rather poor, and most of
the ensuing discussion relates to their i.r. spectra. The spectra are
consistent with C4v symmetry.

The M-N stretching frequency, YNN’ an A, mode; is readily identified by

1

its characteristic absorption frequency and shift on 15N substitution. It
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Cs, [RuNC1, ]

Et,N|'RuNC1, (H,0)]
Ph, As[RuNC1, ]

Cs, [RuNBr; ]

Ph, As|RuNBr, ]

Cs, |[0SNC1, ]

Rb, [0sNC1; ]

K, [OsNC1; ]

Et, N{0sNC1, (H,0)]
Ph, As|OsNC1, ]

Cs, | OsNBr; ]
Et,N|'0OsNBr, (H,0)]
Ph, As|'OsNBr, ]

K[OSNBI‘,. (Hz O)] .Hz 0

Ph, As[0sNT, ]

TABLE 2,

Vibrational Spectra of metal nitrido complexes (200 - 4000 cm_l)

YMN('Al)

1045 s

1084 s

1092 s

1045 s

1088 s

1073 s (1040)
1079 s

1084 s

1106 wt

1116 m

1123 m (1085)
1073 s (1040)
1114 m

1120 m (1082)

1109 m
1105 w sk

1108 m

‘75
I‘/IXI+

A
(A7)

318 (1o)

546°(10)
207 (5)

348 (10)7

358 (10)

198 (10)F

229 (10)

as
*Mx4 (E)

(340 s
(338 s

342 5
378 s
257 s
.202 s

(331 s (320)
(225 s (324)

331 8
326 =

(336 s
(329 s

228 s

365 s (362)
234 s (232)
232 s

274 s (269)

232 s

§ B

235 m

263 w
267 m

206 m

270 m

2k m (228)
252 m

2t m

262 m
250 w

276 w
271 w (262)
216 m (210)
25 m
233 m (228)

(261 m
{250 m

Other strong bands

- *
507 (19, 2% ) s
233 (5)

3478 m, 1610s, 555m,b,
o4 (), ¥ 266 (557
201 (1)

208 m.,
205 m

334 (2)F 324 (1t
26k (B, 210 s
3465 m, 1612 s, 585 m,b.

352 (1) *

3425 m, 1608f,ss 595 m,b,.

=3

3580s, 3500s, 3400s,b, 1605s,
15975, 618 S’b’ 536S,b9 3005,b



Key to Tgble 2,

Bands due to cation not quoted. All spectra from infra-red studies on
gsolids except where indicated. ZFrequencies in parentheses refer to ljﬂ

substituted species.

* Raman data on solids;

* Spectra on complex in D20 solution with excess X ion, ** in D20 solution,
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falls in the range 1045-1090 cm - for the ruthenium complexes and 1070-

1120 cm."1 for the osmium complexes. Force constant studies65 show that the
M-N stretching force constant k.‘MN is some 10% lower for ruthenium than

osmium in corresponding complexes. We attribute this effect to less effective
mw- oxrbital overlap in the ruthenium-nitrogen bond. For the osmium chloro
complexes Y, o varies in frequency CSZY_OSNC].5] (1073 cm_1)< Rb2[05N015]
(1079 cm-l) £ K2EOsNCI5] (1084 cm"l) < [OSN015] 2- in aqueous DC1

(1106 cm"l)< Rr{0sHC1 4] (1123 cm‘l). Similar trends obtain for the osmium
bromides and also the ruthenium complexes. The difference in YMN between

the solid penta- and tetra-halo salts may be atbributed chiefly to inter-
action between the polarisable a.lkali—metal cations and the M=N bond rather
than a coordination number effect. A similar effect is seen in some rhenium
0X0 compléxes: Y peo 1s at 955 em ! in Cs [EeOBr;], whereas in Ph,As

4
1 66

[Re0Br} it is at 1000 cm . The addition of a weakly bound trans ligand

4

to this latter complex to give Ph 4As [ ReOBx 4 (11eCN)] causes only a small

decrease (~ 5cm-1) in YReO.sj It is 1ikeély that in all our penta~halo
complexes the ligand treans to the nitride is weakly bound. A situation where
the ligand trans to the nitride is likely to be strongly bound is in
[ReN(CH)s} 3", and here Yp . is some 45 cm_l lower in frequency than in

{ReN(CN) A (1,0)) 2- 48

In the R [MNX4] species, the i.r. absorption due to YMN occurs as a
moderately strong, very sharp band, and we therefore conclude that they are

all monomeric, as is the cagse with Ph4As [Osﬁ014] (Sec 2 - A - 3). If

substantial linear M = N,...M 5 N... chain bonding were present in these'

species, we would expect YMN to occur as a broad absorption at lower fre-

guencies than in Csz[lfiNX5]. Such effects are observed in the i.r. spectra

, 6,48 . 68 . . . o
of K, [rer(CN) 4'] 5 TH0 and [wocl 4] ,  vwhich contain such chains in
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thé solid state, when compared with their monomeric counterparts

K3 [ReN(CN)é] 48 ona gaseous (WOCI#] .69 The X -~ M = N deformation mode
has been identified for the first time in nitrido complexes. It is near
250 cm—l, and changes in sympathy with YMN'

In contrast to Y the i.r. active metal-halogen stretching E modes

MY
Vi (1 for [MNX&]_,qmlfor [MNXé]z— ) show marked changes in frequency with
coordination number. The higher frequency M-X s%retching absgrption in
[ﬁNXé]z— increases sharply in frequency in the corresponding [MNX#]_ species,
and it has been shown that there is an attendant increase in the M-X stret-

ching force constant65. This is consistent with the shortening in Os-Cl

distance from K2[QSN0153 to Ph4As[OsNCI4J . The spectra of the six-coordinate
salts Mlz [OsN015] (M; = K,Rb,Cs) show a low frequency bend near 210 et
which does not appear in the bromo complexes, nor does it shift OnlsN sub-
stitution of the complex., This is probably the - M-X stretching A, mode,

associated mainly with the vibration of the weakly bonded chloride trans to

the nitride. Similar low frequency bands have been tentatively assigned to

Y in [Relcl, (PR;),] 19 where the weakening of trans bond has

Re~Cl trans
been attributed to steric effects, as in K2 [OsHClé} 4. It is interesting
in some iridium

to note that low frequency bands have been assigned to YIrCl

complexes with a chloride ligand trans to a strongly trans-influencing acyl

group7o.

(b) Complexes of the type Et

4N[I~7ID(4(H20)] and KEOsNBr4(H20)] . H,0.

We now assign structures to salts containing [HNX4(H20X]— anions by

reference t0 the discussion on YI and YMX in the preceding section. The

N
spectra of these species are best interpreted on the basis of distorted

square-based pyramidal anions with a weakly bonded aquo ligand trans to the
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apical nitride. Ve assign a strong, sharp band near 1100 em -1 in the i.r.

4H+ salts to Y. Its frequency is 5 - 10 P lower than

in R[MNX&], and we therefore rule out structures containing M= N...M= N

spectra of the Et

chains. There is one band in the M-X stretching region, which we assign to
the E stretching mode. It has a frequency characteristic of a six—cooréinate
complex, which indicates that the water molecule in these complexes is indeed
coordinated. Only three bands due to the aguo ligand are seen in the spectra
of these salts, at ~3450 cmfl, 1610 cm.—1 and ~580 cmfl. Similar bands have
been observed in Bt,N{ReOBz, (2,0)] 66 \hich has a structure of the type

we propose for EtAN[MNX4(H20)]. The position and shape of the i.r. bands

due to water in these Et4N+ salts are ratber d?fferent to those in Ph4As
[M00X4(H20)], where two O-H stretching bands are seen at<:v3600 cm."l and
3525 cm_l, and the 5H20 mode is at 1575 cm,-1 71. These differences can he
¥t salts, probably o

4

another anion., There are rather different crystal lattices for EtAN

attributed to hydrogen bonding of the water in the Et

[ReOBr 4(1120)166 and Ph 4As [ MoOBr 4 (HZO)]7.2_, with 1ittle possibility of hydro-
gen bonding in the latter. The six coordinate Et4n‘[MNX4(H20)] configuration
may be preferred to the five coordinate Et4ﬂ{MNX4] errangement in these

salts because of this hydrogen bonding.

The complex K [OsNBré] 2ﬁ20 was first reported by Werner 45 e i.r.
spectrum of *K[OsNBr4 (HZOX]' has been discussed73. Ve find that from
solutions of osmiamate in hydrobromic acid two complexes can be isolated
vhose i.r. spectra differ, One complex has an i.r. spectrum similar to that
already reported for I‘K[,OSNZBJ:'Ar (H20)] ‘. The other complex, probably the

one isolated by Werner, has a rather different i.r. spectrum with a sharp

1

band at 1109 cm ~ and a strong band at 232 cm.-1 vhich we assign to Y 20

Cs

YbsBr respectively. The frequency of YOsBr suggests the anion has a gix-
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coordinate structure. The rest of the spectrum is rather complex with bands
vwhich can be assigned to lattice and coordinated water. We therefore propose

Werner's salt should be formulated K[QsNBr4(H20)]. H,0.

SECTION 2B SOME RUTHENIUM OXO COMPLEXES

2 =B -1 Introduction,

The formation of [RnHClé]z' from azide and trans [Ru02014]2— 1ons
prompted a further investigation of ruthenium dioxo complexes as possible
precursors for nitrido species. Only trans [RuozBréJQ" ions were useful
in this respect, but we have isolated a number of other ruthenium oxo species
in the course of this work. The only firﬁly established 'ruthenyl' species

ere those of trans Cs, [Ru0,C1,] ™ ana trans Lru0,(0n), py2]75: although
spectroscopic data have been reported for saltsvof the anions [RuOQBréIQ-,
and [Ru02(804)2] 2—, no preparative details were given.76 Octahedral com~
plexes containing an FK@ unit are also known fo; vanadium, molybderum, tungj
sten, rhenium and osmium3, a list which correlates well with that of metals
knownto form terminal nitrido complexesl. Such complexes mormally have

a® or d2 electron configurations with cis and itrans oxo ligands respectively.
This structural feature has been rationa;ised in terms of competition belween
the metal electrons and the ligand mr-electrons for the metal tZg orbitals77.
The oxo ligand is a good o~ and - donor, but in trans complexes it is
cormpeting with another oxo ligand for both G+ir orbitals on the netal, X-ray
structural and FM-0 stretching force constant studies show that M-0 bonds are

consequently wesker in trans than cis complexes, although comparisons

between cig and trans complexes in the same oxidation state with the same

attendant ligands are not yet possible.
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2« B~ 2 Preparation and properties of oxo complexes.

The complex Cs L Ru0,Cl, 1 was originally prepared by dissolving ruth-
2774
T4

enium tetrasoxide in concentrated HC1l containing caesium chloride'”, We have
shown that by reacting solutions of ruthenium tetraoxide in carbon tétra-
chloride with ice-cold aqueous solutions of HX and CsX'(X = Br, %C204), the
salts Csz[Ru02X4] can be isolated. The ammine complex [RuOQ(NH3)4] C1, was

prepared by treating a. similar solution of Ru0, with & mildly alkaline golution

4

of ammonium chloride., The amine chlorides pyHCl and bipyHCl also react with

Ru0, in mildly alkaline selutions to form [RuO'przClz] and [Ruoz(bipy)Cl;] .

A1l these complexes are diamagnetic, as expected for Ru(VI) complexes
78

with a trans dioxo group . They show the characterigtic i.r. absorption

of such a group due to Yés Ru02 near 830 cmfl. For those complexes whose

Raman spectra could be measured,Y; Ru0, occurred as an intense sharp band in

2

the same region. Using these two frequencies, approximate stretching force

constants for the Rul, system were calculated using the eguations of Cotton

2
and Wing!”. They were some 10% lower than in the corresponding 0s(VI)
77

complexes' , probably a result of less effective overlap in the 0*M m-bonds
for the second row element. The i.r. active metal halogen siretching fre-
quencies in Csz[RuOQXf4] (X' = C1,Br) are at lower frequency ﬂ{X{ vibra~
tion, in Csz[ﬁuﬁx}sj. This could reflect the lower positive charge on the

metal in the dioxo complexes, or indicate Ru-Cl bond weakening due to non-

bonded Cl...0 interactions in the dioxo complexes.

The reaction of ruthenium tetraoxide with an ice~cold solution of

sodium cyanide in the presence of caesium ion did not, surprisingly, yield

Csz[Ruoz(CN)4]. A green paramagnetic salt (Jleff = 3.0BM), which showed i.r.

e
bands characteristic of coordinated cyano and isocyanato groups was formed .



The complex also has a strong i.r. absorption in the Ru = O stretching
region atA787 cm-l which also appeared in its Raman spectrum. We formulate
this complex Cs3[RuO(CN)4(NCO)é], although its magnetic moment is rather
high for Ru(V) (it is a typical Ru(IV) value), and seven coordinate ruth-
enium is unusval. Another ill-characterised oxo-cyano species was made by
adding sodium cyanide to an ice-cold solution of Na2 [Ru04] in concentrated
sodium hydroxide. A plum red solution was formed,which slowly turned yellow,
and caesium carbonate precipitated a yellow paramagnetic salt, Cs5
LRu205(CN)§]. The i.r. spectrum of this salt shows peaks typical of co-
ordinated cyanide, and also two bands at 690 and 758 cm-l which may be due to
oxo ligands. A possible formulation is Cs5 L(cw) 40Ru ORu(CN)5], 3H,0.

SECTION 2 - C EXPERIMENTAL

Di-caesium pentachloronitridoruthenate (VI), qu[RuNCl5]

A solution of ruthenium tetraoxide in carbon tetrachloride (10 ml1)
(vide infra) wes stirred rapidly with 8M hydrochloric acid (7 m1), and the
red solution cooled to OOC. Sodiuvm azide (0.24 g) vas added to the reaction
mixture and the solution stirred at room temperature until the effervescence
hed ceased (~15 mins). Caesium chloride (0.8 g) was slded and the light
brown precipitate (80%) was filtered, washed with ice cold concentrated
hydrochloric acid (2 ml), then acetone, and finally dried at 110°¢. (Found:

Cl, 31.4; Cs, 47.5; N, 2.6. Cl5Cs NRu requires Cl, %1.8; Cs; 47.63

2
N, 2.5%).

Tetraphenylarsonium tetrachloronitridoruthenate (VI)gPh4As[RuNCI4]

A solution of tetraphenylarsonium chloride (0.6 g) in methanol (5 ml)

was added to the previous reaction mixutre in place of caesium chloride.
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The pink precipitate (80%) was filtered, washed with water and methanol, and
recrystallised from acetonitrile. (Found: C, 45.0; H, 3.2; Cl, 22.9;

AsCl,NRu requires C, 45.0; H, 3.1; Cl, 22.2; N = 2.2%).

N, 2.1, Cy,H,AsCl,

Tetra-n-butylammonium tetrachloronitridoruthenate (VI),Bun NIRuNC1
— 4 4

Tetra-n-butylammonium hydroxide solution (40%, 2 ml) replaced tetra~
phenylarsonium chloride solution in the preceding preparation. The pale
pink precipitate (80%) was filtered, washed with1water and diethyl ether
and recrystéllised from acetone to give brown .crystals of the product.

(Founa: C, 38.4; H, 7.0; Cl, 28.9; N, 5.2. CyH, €l N,Ru requires C, 38.5;

A
H, 7.2; Cl, 28.4; N, 5.6%). Infra red (excluding cation bands) 1095(m),

576(s), 265(m). Molar conductance in acetone 121 mho en™® in 1072 M solution.

Tetraethylammonium aguotetrachloronitridoruthenate (VI)ﬁEﬁ4N[BuNC14(H2Q)J

Tetraethylommonium chloride (1.0 g) replaced the cations in the pre-
ceding preparations and gave brown crystéis (50%) of the product which were
filtered off and washed with ice cold concentrated hyrdochloric acid.
(Found: C, 24.1; H, 5.3: N, 6.9. C.H,,Cl XN, ORu reguires C, 23.7;

8 22" 42
H, 5.4; N, 6.9%).

Dicaesium pentabromonitridoruthenate (VI), CSZERuNBrS]

Sodium ezide (0.24 g) was dissolved in an ice-cold solution of water
(2 ml) and concenirated hydrobromic acid (5 ml). Ruthenium tetraoxide
solution (10 ml, vide infra) was added to the solution and the mixture
stirred vigorously at 0°C for five minutes, Caesium bromide (0.9 g) was
added to the solution and the light brown product (40%) was filtered off,

vashed with acetone and dried at 110°C. (Found: Br, 50.3; Cs, 34.2; N, 1.9.

-39



BryCs,NRu requires Br, 51.2; Cs, 34.1; N, 1.6%).

TPetraphenylarsonium tetrabromonitridoruthenate (VI), Ph4As[RuNBr4}

A solution of tetraphenylarsonium chloride (0.5 g) was dissolved in
methanol (5 ml) and added to the previous reaction mixture in place of
caesium bromide. The bulky yellow precipitate was filtered off and washed
with methanol to leave the light pink precipitate (40%).

(Found: €, 35.2; H, 2.6; Br, 38.9; N, 1.6. C AsBr NRu reguires

24B20hSBTy
C, 35.2; H, 2.4; Br, 39.1; N, 1.7%).

Dicaesium pentahalogenonitrido-osmates (VI), 082£OSNX§)

The chloro and bromo complexés were prepared by the-literature methods45;
an alternative procedure which eliminates contamination with the correspond-

ing osmiun (VI) dioxo complex is as follows

a) Chloro complex. Potassium osmate (0.08 g) was dissolved in concentrated

hydrochloric acid (% ml) and sodium azide solution (0.03 g in 1 ml water)
added. The solution was stirred for 20 minutes and caesium chloride (0.05 g)
precipitated the purple product.

b) Biomo complex. The procedure follows thal for {ihe chloro complex but

using hydrobromic acid and caesium bromide, giving the purple product.

The tetra~halo organic cation salts were precipitated from solutions of

[OSNXé]Z— in KX (X = €1, Br) using the procedvres described for the ruth-

~

enium salts.

‘Tetraphenylarsonium tetrachloronitrido-osmate (VI) Ph4AsYOsNClQ

Pink crystals (90%). (Found: C, 39.5; H, 2.9; €1, 19.2; N, 2.0.

024H2 AsCl4NOs requires C, 39.5; H, 2.7; Cl, 19.5; N. 1.9%).



Molaxr conductance in acetone 113 mho cm-2. in lO_BM gsolution.,

Tetra=-n-butylammonium tetrachloronitrido-osmate (VI),Bun4[QsNCI4J

Red complex (90%). (Pound: €1, 23.8; N, 5.5. 0161%601411203 requires

Cl, 24.1; W, 4.8%). Infra~red bands (excluding cation absorptions) 1125m,

3533, 262w. Molar conductance in acetone 124 mho cm-2 in lO_BM solution.

Tetraethylammonium aguotetrachloronitrido-osmate (VI), Et4NEpsNCl4(H2Ql]

~ Purple crystals (65%): (TFound: ¢, 28.4; N, 6.0. 08H22014N2005

requires C, 28.7; N, 5.7%)

Petraphenylarsonium tetrabromonitrido-osmate (VIngh4As[OsNBr4]

Pink crystals (904). (Found: €, 32.0; H, 2.0; Br, 35.5; &, 1.7.

021;H20A58r41J0s requires C, 31.8; H, 2.2; Br, 35.3; N, 1.5%).

Tetra~n-butylammonium tetrabromonitrido-osmate (VI),Bun4[OsNBr41

‘Deep red crystals (90%). (Found: Br, 40.8; N, 3.5. Oy gl gB ;05

requires Br, 41.7; N, 3.7%). Infra~-red bands (excluding catlon absorp~

tions) 1120m, 270s, 232m. Molar conductance in acetone 124 mho em 2. in

-
1077 M solution.

Tetraethylemmonium aquotetrabromonitrido-osmate (VI),Et 41\7[051\131« 4(11201] .

Purple salt (80%). (Found: Br, 46.8; N, 4.4. CBH22Br43200s requires
Br, 47.5; N, 4.2%). Veight loss on dehydration 2.9%; calculated for

Et 4IILOSNBr 4(OH2 W5 2.7%.
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Tetraphenylarsonium tetraicdonitrido-ogmate (v1), Ph4As[OsNI4]

Potassium osmiamate (0.5g) was added to concentrated HI solution
(5m1), and to the resulting dark brown solution a solution of tetraphenyl-
arsonium chloride (0.5g) in methanol (2ml). The voluminous yellow-brown
precipitate was filtered off and washed freely with acetone, leaving the
light pink product (20%). (Found: C, 26.2; H, 1.9; I, 46.1; N, 1.4.

024H20ASI4NOS requires C, 26.3; H, 1.8; I, 46.4; N, 1.3%).

trans~Dicaeéium tetrabromodioxonthenate (Vl)g'CSQLBuOZBIZJ

A séturated solution of caesium bromide in a solution of hydrobromic
acid (5 ml) and water (2 ml) was cooled to 0°C and ice-cooled ruthenium
tetraoxide solution (5 ml) was stirred into it. The ligﬁt-brown precipitate
(40%) was quickly filtered off, sucked dry on the frit and washed with
acetone. (Found: Br, 43.9; Cs, 37.6. Br,Cs.0 Ru requires Br, 44.5;

477272
* * -
Cs, 37.0%). Infra-red spectrum: 825s, 821ssh, 23%0s, 226ssh cm L

trans-Dicaesium biscxalatodioxoruthenate (VI), Cs?(32920§é]

Oxalic acid (0.45 g) and caesium carbonate dihydrate (0.90 g) were
dissolved in water (4 ml) and the solution ice-cooled. Ruthenium tetra-
oxide solution (6 ml) was stirred into the solution and the light green
precipitate (30%) filterec off after 5 minutes. It was washed with carbon
tetrachloride and ethanol. (Found €, 8.0; Cs, 45.8. C,Cs,0, (Ru requires
C, 8.4; Cs, 46.2%). Infra-red spectrun 1710s,b, 1680s, 1335s, 1192m,

910w, S?Bm, Bjés, 810s, 549m, 460m, 385w, 36lssh, 350s cm-l.

trens-Tetraamminodioxoruthenate (VI)dichloride, [Ru02(§§3)4]gl2

Ammonium chloride (1.0 g) and sodium carbonate (0.1 g) were dissolved
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in 4 ml ice~cold water and ruthenium tetraoxide solution (6 ml) stirred
into the reaction mixture. After 15 minutes the yellow microcrystalline
precipitate was filtered off, and washed with carbon tetrachloride and
ethanol. (Found: H, 4.7; C1, 26.4; N, 20.7; 0, 12.1. H12012N 0, Ru requiies

472
B, 4.4; C1, 26.1; N, 20.6; 0, 11.8%). Infra-red spectrum (deuteriated

sample in brackets). 3360vsb (2420) 3070vsb (2280), 1660m, 162%m (1148),
1583m 1540msh (1080Y%, 1322s (1018) 1304s(1008), 870s (650), 84§s, 782s,

(622), 478m (440), 278s,b (250), 215s o™, Raman: 841 (10).

trans-Dichlorodioxodipyridinoruthenate(V1), [Ruoszécg%g.

A solution of pyridine (1 ml) in water (2 ml) was neutralised by hydro-
chloric acid and the solution made alkéline with sodium carbonate (0.1 g).
Ruthenium tetraoxide solution (6 ml) was stirred into the ice-cooled
solution and after 5 minutes the yellow microcrystalline product was filtered
off and washed with carbon tetrachloride, water and ethanol. (Found:

C, 34.0; H, 2.9; Cl, 18.8; N; 7.9. CloHi6012NQO2Ru requires C, 33.1;
H, 2.8; €1, 19.6; M, 7.7%). Infro~red spectrum (neglecting bands due to

* -
pyridine). 825s, 325 om L.

trans-2,2 'bipyridinodichlorodioxoruthenate(VI), [RuozbipyClé].

2,2'bipyridyl (0.3 g) was stirred into water (3 ml) and 2M hydrochloric
 acid added until it was completely dissolved. Sodium carbonate (0.1 g)

wvas added to the ice-cooled solution, and then ruthenium tetraoxide solution
(6 ml). The yellow crystalline product was filtered off after 5 minutes
and washed with water and acetone. (Found: G, 33.6; H, 2.4; Cl, 19.6;

N, 7.9. 0, HCL W0, u requires C, 33.3; H, 2.2; C1, 19.7; N, 7.8%).
Infra-red spectrum 83§s, 525s, 319ssh om L,

(* For dioxo complexes indicates vaSMOQ)-
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Caesium tetracyenobisisocyanatooxoruthenate(V), CSBLRuO(CN)4(CNO)é]

Ruthenium tetraoxide solution (5 ml) was stirred with an ice—cold
saturated aqueous solution of sodium cyanide (5 ml) which contained caesium
chloride (1.09 ). The green preﬁipitate was filtered off after 5 minutes
and washed with methanol. (Found: C, 10.2; Cs, 56.7; N, 12.3; 0, 6.7.
C4Cs, N0, Ru requires C, 10.2; Cs, 56.4; N. 11.9; 0, 6.8%). Infra-red
spectrum 3600w, 3515w, 2195vs, 2125s, 2060w, 1630w, 1335w, 787s, 690w,
609w, 450, 388m,s, 370m,s, 328m em™t.  Raman spectrum, 2200(1), 2149(5),

787(10) cm L,

Xg = 5.57x 10—6' CefeS.U. . -

Bopp = 3+00B.M.

Ruthenium Tetraoxide solution.

The solution of ruthenium tetraoxide in carbon tetrachloride was made
by an adaptation of Nakata's methodBl, with commercial ruthenium tri-
chloride (10 g) being converted to the hydrated hydroxide and this material
being oxidised by sodium metaperiodate (45 g in 400 ml ice-cold water).

The resulting aqueous solution of RuO, was divided into three and each portion

4
extracted with 3 x 30 ml1 of carbon tetrachloride, the final solution being
made up to 300 ml to give a concentration of ~22 g/l ruthenium tetraoxide.

The solution was stored at -5°C in the presence of sodium metaperiodate.

All the complexes are diamagnetic unless otherwise stated. K2[OSNC15],
RbéDsNCléland K[DsNBr4(H20)] 0,0 were prepared by the literature method,*?

The 15N substituted osmium complexes were prepared from K[{0sC ISNJ, obtained

3
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from isotopically enriched (95%) ammonium chloride and osmium tetmoxide

in potassium hydroxide solution.
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CHAPTER 3

OSMIUM AND RUTHENIUM NITRIDO COMPLEXES

WITH GROUP V LIGANDS AND THEIR REACTIONS.

ABSTRACT,

The reactions of the nitrido halide anions [bsNX#]- and [ﬁuNCl#]-'
(X = €1, Br) with amine, and tertiary phosphine, arsine and stibine ligands
have been studied. The new complexes thus obtained are of two.main types,

3 3 . 1 \
(2) nitrido complexes [OSNXB(L PhB)Z_J’ _[RuIJCls(L Ph3)2]’ [OSNC]'}(ASEt});’
EJsNXB(bipy)'] and €0s11013(PR3)2'],and (b) complexes with phosphinenitride

i Os(NPE' ) Br,(PR' 1( MPM '

ligands ﬁ/I(NPB})Cls(PRs)Q_J, [os( 5) Brs 3_3)2'1 and |1 hezph)013(AsPh3)2]
Bt,PEt,Ph, PEb

(X =c1, Br; L' = As, Sb; PR, = PPh_, PPh Ph;

3 3 2 2 3 2
PPhQEt, PEtQPh; M = Os,Ru). Other new products obtained include

s PthMe, File
PR'. = PFh
3 30 FER
the phosphinimine complex E)s(NHPPhB)Cl 4(PPh3)], and [0sC1 4(PPh3)2],
» - 1 11] t =
Ph4As[05015(PPh3.)l E)s(OMe)zC-z(PPhB); and Ph4As[osx4(PR 3); (vr "
PPh;! PEtZPh). .The'formaﬁion and reactions of these complexes, and their

characterisation by chemical and physical methods are discussed.

ARRANGEMENT OF MATERTIAL.

The order in which these complexes and their interconversion will be
discussed is shown in the following diagram for [bsNClé]—. VWVhere similar
reactions and products have been obtained for lbsNBrél_ and [huHCl4]-, they
will beconsidered in the same section as their osmium-chloro analogues. For
clarity, the nitrido phosphine complexes [bSN013(PRB);3 will be dealf with
in Sec, 3 - A - 24 before the discussion of the formation and structures of

the phosphinenitride complexes (Sec. 3 - B - 2) from which they are made,
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@s(NHPPh5)Cl 4(PPn;)

Sec. 3-B-1
0sNC1, (SbPh
[ostey (5%, )]
Sec. 3-A-1
. [Oswe1, (4sPn, )]
n s I
Bu), 0sN01;\ | Sec. 3-hel
_ ] [OSNClB(_ PR; ) o]
Miscellaneous [OS(NPRB)CIB(PRE); / Seo. 3-A-2
Products, Sec} Sec. 3-B-1, 3-B~2 |
3-0-1 ~
Phogphinenitride and Nitrido complexes
phosphinimine complexes Sec., 3-A
SECt B—B
INTRODUCTION.

A number of stable 0s(VI) complexes containing Os s N bonds are known
(Sec. 2 -~ A -~ 2), but although the isoelectronic Re(V) ion forms a wide
range of stable nitrido complexes with tertiary phosphine ligands;l9 all
previous attempts to prepare their Os(VI) analogues have failed., The methods
which have been tried are:

1) Reaction of K[OSVIIIOBN-J or K, [(_DSVINCl; with PRy in BtOH/HX
(X = CiBr). This gave E@SIVX4(PR3)é}, then [bsIIIXB(PRB);] and finally
fos™2 x;(PR; ) Ix 82, " |

I1I

83
2) Reaction of [0s XE(PR .] with ammonia. This gave [bsII(NHB)Xz(PR35;l

3)3
3) Reaction of E)svom (PPh )] with N, H C1, in EtOH/HC1
* 3 3/2 2H6v 2 .

\
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ESIII(M3)013(PPh3); was’obtained-m [Bev0013(PPh3); reacts with

. ) \é 19
N,HCL, in vet ethanol to give [Re N012(PPh3)2—j.

4) Thermal and photochemical decomposition of azido complexes, (a)
[OSII(NB)Q(PMeQPh) 4] which did not react and (b) [0s111012(n3)(1>33)3] which
84

gave unpurifiable mixtures which may have contained a nitrido complex ~'.

5) Reaction of azide ion with [Bswcn 4(1333)2], vhich gave unpurifiable
mixtures which possibly contain a nitrido complex 84. CBeIIIClE(PR5);]

reacts with azide ion to form [Re’vNClZ(PRB)B-] .19

The stability of the Re(V) nitrido phosphine complexes and the difficulty
in preparing their 0s(VI) analogues suggeéted.;hat these latter complexes
might be much more reactive, .and unstable under the reacéion conditions
previously used. We have isolated the complexes BﬁZN[bsNXAJ and
BuiN[huNCl&] (Sec. 2 = A -~ 2), which are readil& soluble in a variety of
polar organic solvents at room temperatupg, and have thus been able to attempt
to substitute them - with tertiary phesphine ligands under very mild
conditions. For comparison we have also studied the reactions of these salts
under similar mild conditions with less nucleophilic, less reducing arsine
and stibine ligands, and also the more nucledophilic non-reducing amine 2,2'-
bipyridine. There are no known nitrido arsine or stibine complexes of any

metal.

3 -~ A OSMIUM AND RUTHENTIUM NITRIDO CCMPLEXES WITH GROUP V LIGANDS.

3~ A~ 1., Complexes with arsine, stibine and amine ligands.

The reaction of concentrated solutions of L'Ph, (L' = As,Sb) in acetone

3
with warm solutions of BuZ’I-I[OsNX;] or BuZ[ImNCl? (X = €1, Br) in methanol

gave an immediate precipitate of the diamagnetic nitrido complexes
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[OSNXB(L'PhB); and @uNU15(L'Ph5); in 80 - 90% yield. If these preparations
were car;Eed out in acetone alone, then the reactions proceeded much more
slowly, taking up to 36 hours for completion. This is presumably because
acetone is less able than methanol to solvate the displaced chloride ion,
since the reactions in acetone can be expedited by addition of water or

agueous HX,
E)SNX‘;J_ + 2L'Ph3""3'E)SNX5(L'Ph5);+ X

~The complex_[bsNClS(AsEtB)é] was made by rﬁpid evaporatioq of the solvent
from a solution of Buiﬁ[bsNCli] and AsEt5 in écetone. A second isgmer of
[bSNBr3(ASPh5)é] (Isomer B) was made by slow evaporation (~48 hours) of
solutions of [bsNBréI- end AsPh5 in acetone. The other isomer, (Isomer A)
was obtained when any of‘the more rapid methods outlined_;bove were employed.

Slow evaporation of solvent from solutions of BujﬂjbsNXé] and 2,2'-bipyridine

(bipy) in acetone gave microcrystalline precipitates of [bsNX5(bipyi].

3 - A ~ 2. Complexes with phosphine lirands.

Reactions similar to those outlined in the previous section between

the tertiary phosphine ligands PPh. and PEtzPh,and Bu?N[bsNXé} or Buﬁ[ﬁuNClé]

3
in acetone or methanol did not yield nitrido complexes., These reactions

and their products will be discussed fully in Sections 3 ~ B -~ 1, and 3 -~ C -1,
The diamagnetic tertiary phosphine nitrido complexes [bSVIN013(PR3)é]

(PR3 = PPh5,PPhQEt,PEtQPh,PEtB,PPhQMe,FMeQPh) were made however by oxidising

a suspension of [bsIV(NPRB)Cl5(PR5)2] in methanol with chlorine., (The pre-
paration and structures of these starting materials will be discussed in-

Sec. 3 = B). We could not isolate pure samples of IbSVINBrB(PRB);l by

bromine oxidation of [bSIV(NPR3)BIB(PR3)£] (Sec. 3 - B), nor pure samples of

[RuVIN013(PPh3)2] by chlorine oxidation of [RuIV(NPPh5)013(PPh3)2_J (Sec. 3 - B).
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In this latter case products which showed an i.r. band characteristic of
vRuN have been obtained, but the products were always contaminated with a

large proportion of starting material,

3 -= A -3 BSolution properties,

Solution measurements on these complexes must be interpreted with caution.
There are two main reasons for this. Firstly,the i.r. and n.m.r. solution
- gpectra of the phosphine complexes [bSNCIB(PR5)é] showed that decomposition
occurred,in.some cases (e.g. PR3 = PPhB) very quickly. Secondly, the complexes
[bSNX5(LrPh3)é] and [ﬁuNCl5(LfPh5)£] are only slightly soluble in common
organic solvents. Apparent molecular weights in benzene solution for the
L'Ph3 complexes were approximately halfﬂtheir formula weights, but similar
meaéurements on some of the more stable PR3 complexes showed that they were
essentially undissociated. Neither the L'Ph3 complexes nor the PR3 complexes
vere electrolytes in acetone or dichloromethane. The L'Ph3 complexes pres—
umably lose an L'Ph3 ligend in solution, and it is easy to appreciate vhy
dissociation occurs in such a crowded coordination sphere. If a similar
disgociation of the PR3 complexes did occur then it is likely that further

decomposition would follow (Sec. 3 - B - 8).

3 - A~ 4 Infra-red spectra.

The i.r, absorptions of these complexes from 4000 - 200 CHFI asgigned
to vibrations of the nitrido and halide ligands are presented in Table 3.l.
The presence of a strong sharp band near 1060 cm—l for all the osmium com-
plexes, and near 1030 cm.—l for the two ruthenium complexes, which shifts some
30 cm-l to lower frequencies on 15N substitution,confirms the presence of
1

an M= N unit in these species *, The shape, position and shift on isotopic

substitution of this absorption are quite characteristic of the metal-
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TABLE 3.1.

Infra-red amd 'H n.m,r. spectra of osmium and ruthenium nitrido complexes with Group V ligands

|0sNC1, (PPhy ), ]

ros e, (PPH, ), ]
[OsNC1; (PPh, Et), ]
[OSNC1; (PEt, Ph, ]

OSNC1; (PEt; )2 ]

|'0sNC1, (PPh; Me), ]
'[:OSNC 13 (PMGZ Ph)z ]

[ OsSNC1; (AsEty ); ]

|/OSNC1; (ASPhs ), ]

m.p., t'C.

145( decomp)

oA

176

129

160

158

Decomp.
135-145

257

-1
Yosn, ™

1058 s
1026 ms
1062 ms
1070 s

1063 ssh

1070 ms

1072 ms
1065 ms
1068 ms

1070 s

1059 s

-1
Yosx? ™

327 s
252 ms

329 s
251 ms

321 s
240 s

325 8

330 ssh
319 s.’
245 ms

330 s
24 ms

325 s
238 ms

3L0 sh
328 =
02 sh
230 s

325 s
251 ms
243 sh

SN0sx’,°m—l

226w
223w

230w

219 w

n,m,r. spectra, (r), in CIC1,,0°C,
y

£

8.36(1e4.6.4.1 quintet), methylene; 6.95(methyl);
2,46, 2,07(phenyl).

8.72(1.4.6.4.1 quintet), methylene; 7.02(methyl);
2.49, 2,18, phenyl,

A

7.53(1.2,1 triplet), methyl; 2.56, 2.25, phenyl.

7.86(1.2.1, triplet), methyl; 7.25(1.2.1. triplet)meth
(Two isomers?); 2.72, 2.32, 1.72 (phenyl).

8.66(1.2,1. triplet), methyl; 7.68(quintet),methylene



..zg...

|'0SNC1s (SbPhs )2 ]

|'OsNBrj (AsPhs )2 ]
(Isomer A)

OsNBr; (AsPh; ), ]
(Isomer B)

| OsNBrs (SbPhy ), ]

'0sNC1, (bipy)]

| OsNBr, (bipy)]

I'RuUNC1, (AsPhy ), ]

I'RuNC1, (SbPhy ), ]

»# Not assigned:

£

170

221

171
355

169

165

Not measured

TABLE 3,1, contd,

1065 s 327 s 223w
1032w 306 ms
237 ms
1068 s 202 s 231 nmw
1035 stexr
1062 s 200 s 230 mw
1030 #s»
1061 s # 210 m
1086 s 340 s S
326 s
240 m
1090 s # *
1023 5 335 & 215 w
323 s
240 ms
1029 s 338 s P
286 s
239 s

e 15N substituted.



nitrogen stretching vibration,YMN, in a complex with a terminal nitrido
ligand. The frequency of YﬁN is some 30 -~ 40 cm_l lower than in the corres-
pbnding penta-halo complexes [ﬁNX5]2- (1 = 0s, Ru, X = C1,Br) 86. There is

no large variation in Y.

LT for amine, phosphine, arsine and stibine complexes

of the same metal. In general, the more elkylated the phosphine. or arsine,
the higher the value of'YMN. ‘these small variations in'YﬁN, with higher
frequencies for more basic ligands with correspondingly lower steric reguire-

ments, are similar to the small variations of ¥ observed in

Rel

| 19 " . { e -1
[BeNClQ(PRB)éj . The two isomers of [bSNBr3(A°Ph3)2j have YCEN'at 1068cm
(Isomer A) and 1064 et (Isomer B), There are similar small differences in

i : N 87

.YReO for the three isomers of [ﬁeOClB(PP§3)é] « Isomer B also had two
additional i.r. bands at 695 cm—l and 455 cm-l, and a rather dirrerent spec-
trum near 330 cm."1 tc Isomer A. These latter modifications to the i.r. spec-

trum of Isomer B are probably associated with arsine vibrations, and are not

seen in the spectra of any of our other triphenylarsine complexes.

The number of M - Cl stretching absorptions in the i.r. spectra of
complexes such as these is not normally a good criterion for determining
their stereochemistries. %hus, for each of the three possible geometrical
isomers of MNC13(LR5)é] (Sec. 3 = A = 6), we would expect three such abs-
orptions. Ve normally see two, sometimes three bands which we assign to‘VHCI,
but one of these is some 70 - 80 cm-1 lower in frequency then the others.
These low frequency bands are not present in the bromo complexes, nor do they
shift on 15N substitution, and ere probebly due to the stretching vibration
of a chloro ligand weakly bonded trans to the nitride. Such bands have been
similarly assigned in [Re1¢012(1>33)5] 19 $hey probably obscure the ¥ = N

deformation absorptions in most of the chloro complexes, but in some cases

weak bands near 220 om T may be due to this mode.
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1H n.m.r. spectra.

3 -A-5

The 1H n.,m.r. spectra of the more stable osmium nitrido phosphine
complexes and [0sN013(AsEt3)£j are listed in Table 3.1. The chemical shifts
of the ligand protons are typicél for diamagnetic complexes. The spectra of
[bsHCls(PEtzPh)é] and [@sNClB(PthEt);l show quintet l.4.6.4.1>resonances
near 18.5 which are assigned to methylene protons. That of E)sNClB(PthMe)z-]
has a triplet centred on 17.51 which is assigned to methyl protons. These
splitting patterns probably arise because of ‘'virtual coupling! 88 of the
two phosphorus nuclei , a phenomenon which normally, though not exclusively89
occurs when the two phosphorus donors are trans to each other, The patterns
provide further evidence that the phosphine ligands do not dissociate from
the metal in solution. It must however be noted that the methylene reson-
ance in [@sNCls(AsEts)é] is also a quintet although 75As has no nuclear spin.
The presence here of a quintet may be due to the overlapping of the two
quaitet resonances of methylene protons sterically restrained in non-equivalent

98

positions.

3 - A - 6 Structures.

There are three possible geometrical isomers for complexes of the type

qum;(LR})zj (L = P,As,Sb).

7 z z
L c1 R,L c1 c1 c1
NN N
01/ \L:R3 Ryl | \01 331,/ o1
c1 cl IR,
s o, PR
I 4 II ITI
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The evidénce that we have presented in the previous two sections suggests

thet in our nitrido complexes (2 = N), there is a chloride (or, presumably,
bromide) ligand trans to the nitride, and that in the phosphine complexes

at least, the LR3 groups are trans to each other, i.e. there is coﬁfiguration I.
In X-ray structurgl determinations on similar compounds. (% = O, 20 NR 58’39)
configuration I has been found. One might predict such a structure on steric,
electronic ( ligand of lower trans-influence trans to the nitride) and kinetic

(trens directing influence of LR, groups in substitution reactions) grounds.

3
Configuration II is much rarer, buit it has been proposed for one of the three
isomers of EﬁeOClS(PEtQPh)é] 1 which has a high dipole moment, and also for
92 '

some ruthenium nitrosyl complexes o Our 2,2'-bipyridine complexes probably

have this structure. Complexes with configuration III are not known.

There is however the possibility of anothe3 type of isomerism in these
extremély crowded systems. There are two isomers of'[ﬁoOCIZ(PR2Ph)£] 45
(R = Me, Et), one blue and one green, having molybdenum-oxygen stretching
' frequencies Yy, , differing by 10 en Y. The blue isomer of EvIoOClz(PMeZPh);(A)93
and the green isomer of EioOClz(PEt2Ph);(B)94, both have very distorted
octahedral structures with mer phosphine ligands and a chloro ligand trans

to the oxo group, that is configuration IV,

(0]

Cl P
2 1
> Mo\

P3 P2

Cll
v



There are however some important differences betyeen'thé strucﬁures.
The Mo-O distance in (A) is 1.676% and that m (13)’ ié 1.8018, despite the
fact that‘YMOO for the two comple#es are very siﬁilar. Thé corresponding
Mb—Cll distances are 2.551& and 2.4242 respectively. Furthermore, in (A)

there is a mirror plane defined by the atoms 0,Cl Clland P2, but in (B) the

2’
substituent groups on the phosphine atoms adopt a different mutual orienta-
tion in order to relieve intra-moleculer overcrowding, and hence the mirror

plane is not present. This has been called 'distortional isomerism'.44

An isomerism of this type is an attractive possibility in l@sNBrB(AsPh3)£]
in view of the extreme congestion of its coordination polyhedron, and the
modified i.r. spectrum of the arsine ligands in Isomer B. It may also be
present in some of our osmium nitrido phosphine complexes which show two
‘bands in their i.r. spectra due to ¥oanr (Table 541) The *H n.m.z. spectrum
of [:OSNClB(PEtZPh)Z? (wvhich has two such i.r. bands) shows that only one isomer
is present in solution. The green and blue distortional isomers of
[ﬁoOClz(PHezPh);l show similar behaviour 43. This type of isomerism may be
guite common; it is a possibility for one of the three isomers of
[ﬁeOClE(PRB)é] (PR5 = PPh5 87, PEtzPh91) and also two of the isomers of

[Ru(NO)ClB(AsEtZPh) 2]92.
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3 - B NITRENE-LIKE BEHAVIOUR OF THE NITRIDO LIGAND TN SOME OSMIUM AND

RUTHENIUM NITRIDO COMPLEXES: COMPLEXES WITH PHOSPHINENITRIDE (NPRB)_ AND

PHOSPHINTMINE LIGANDS.

The reactions discussed in Secs. 3 = B - 1 and 3 -= B - 2 are illustrated

in Figure 3.1.

3 ~ B~ 1, Preparation and characterisation of osmium complexes with

triphenylphosphifiimine and trivhenylphosphinenitride ligands

We have already reported (Sec. 3 = A - 2) that even under the mildest

substitution conditions, viz, the reaction of PPh, with Bu2H[bsNX4]

3
(X = C1,Br) in acetone at room temperature, we could not isolate osmium
nitrido phosphine complexes. These reactions gave paramagnetic species
[oSNq13(PPh3)3]. Me,C0 (¥ o 1.8 BJM.), (C) and E)smjrB(PPha);oMeQCO. Conplex
(C) was also formed when the nitrido complexes [bsNCl5(PPh3)é] and

[bsNClB(AsPhB)é] were reacted with PPh, under similar mild conditions, which

3
suggested that all these O0s(VI) nitrido cdmplexes had a similar reactivity
towards PPhB. A protonated derivative ot (C), [@s(Nﬂ)Cl4(PPh5)é].Me200

1.6 B.M.) (D), was made by reacting PPh, with [@sNCléX" in the presence

(Hegs 3
of 1 mole of®tetraphenylarsonium chloride', TPC. ('TPC' iz in fact
Ph4As[h50é3012, 92 and therefore a convenient source of HC1l in readily con-
trolled small quantities). Complexes (C) and (D) are interconvertible.
Complex (C) was protonated to give (D) by treating it in acetone suspension

with TPC, and the deprotonation of (D) to give (C) was accomplished by

triethylamine in acetone in the presence of excess PPh3

[0sNCl5(PPh3)3'] e, [os(xm)c1 4(1>Ph3);_\

(c) Et3N, PPh3 . (D)
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FIGURE 3.1,

ul
EOSIV(NPMezPh)c:15(Asl>h5)Z[q Elfe,Ph, le,C0. 25° C[o VIic1 5(asn;) 7]

012/Me0H
PRy, e, 00
25°¢
: PPh, * d
VI .. - v v,
Los Inc:l;] —-—————@- [os™ (ePn )013(1% )2 ©) [os (1R )01, (PR;), "
Me CO 25 C
EtBN, TrC, aq.HC1,
. o
PPh Me,,CO, te,G0, 607C
3 2 :
Me,C0, 25°% | 60°%
Y
[ (mewpn;)c1, (PPn. )] (D)-——-—cav Tos™ea 4(PPh )j
PPh,, He,,CO
TPC, e,,CO 60°¢C
60°c

v
Phhs E)s,IVc:ls(PPh5 )]+ [Ph5PNH2] c1

.-¥ Also for PMezPh

TPC; tetraphenylarsonium chloride, Ph4As[ﬁ5Oé]Clz.

PR

(13

3 PPh3' PPhQEt, PEtQPh, PEt5’ PPhZHe
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We propose that these complexes are Os(IV) derivatives of triphenylphosphine-
nitride, E)s(N?Ph3)CJ3(PPh3)2j.Me200, (C), and triphenylphosphinimine,
[oS(Imph3)01 4(PPh3)]. Me2CO,(D), formed by nucleophilic attack of the
phosphine on the nitridoligand, on the basis of the following chemical and

physical properties.

1. When complex (D) was heated with 1 mole of TPC in acetone, a mixture OF
aminotriphenylphosphonium chloride, E@hBPNHé]Cl;ﬁZO and the red salt
PhAAs[DsCls(PPhB)] was produced. The phosphon;um chloride was removed by
washing with methanol. The yields were 80 - 90% based on the)equation

E)s(NHPPhs)Cl 4(PPh3):l + Ph 4Asﬁ{502}312—9 Pg 48 [f)sCls(PPhs)] + EPPhBNH;ClHQO + H.C.

2
Triphenylphosphinimine is known to react with hydrogen chloride to

give [PhsPNHé]CI, 96. The phosphonium salt had an i.r. spectrum identical

with that of a sample prepared by a published method 97. Vhen it was pre-

pared from 15N substituted (D), the strong bandAin its i.r. spectrum assigned

to the P-N gtretching vibration,‘{PN, showgd a characteristic low frequency

shift of 20 em™Y. In contrast, the spectrum of PhdAs[bs015(PPh3)] (a 1:1

electrolyte in acetone solution) had no band which shifted when prepared

from 15N substituted (D). It showed two bands in the 0s-Cl stretching region

however, and we assign the lower frequency oneto: the stretching vibration

of the chloride ligand trans to the phosphine.

2. Complexes (C) and (D) were recadily converted into [@s014(PPh5)é] in
85 - 95% yield by treatment in acetone with an excess of agueous HCl. Com-

plex (D) required 1 mole of PPh5 to complete the reaction.
E)s(NPPhB)MB(PPhB)z-] + 2101 —]0sC1 4(PPh5)2] + [?hBPNHz]Cl

Es(lﬂﬂ’Phs)Cl 4(PP113)] + HCL + PPhy~7[0sC1 4(PPh.j);[+ [léhBPI\HI;Cl
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3, A triethylphosphine analogue of (C), [bs(NPEt3)013(PEt3)é] was made.
VWe therefore rule out schemes vhich involve attack of the nitrido ligand on

a phenyl ring.

4. Although (D) is paramaghetié, it had a sharp 1 n.m.r. spectrum, which
showed chemicel shifts characteristic of an OS(IV) complex 98’99. In
‘particular, the resonance assigned to the ortho protons of the phosphine
ligand was seen at T~.2.5; its intensity was one quarter of the totel
intensity of the resonances due to the remaining protons¥ We could not
measure the LH n.m.r. spectrum of (C) since it was insufficiently soluble,’;
and in any case decomposed in solutién (i.r. measurements). We have however
measured the 1H n.m.r. spectra of more stable alkyl-sTyl phosphine analogues

of (C), and they showed sharp, shifted spectra similar to that of (D)

(Sec. 3 - B - 6).

5. The infra~red spectra of (C) and (D). showed strong, brosd bands at

1127 cm.-1 and 924 cm.“'1 respectively, which shifted some 20 cm.'-1 to lower
frequencies on 15N substitution. Similar bands with small shifts have been
assigned to P-N stretching vibrations,'YPN, in PhBPNH, 100 PhiPNR,lol and
Ph,PNH complexes 100 pe spectrum of (D) also had bands at 3299 (W-H stretch),
1243 (N-H deformation) and 586 o (0s-N stretch), which shifted slightly

on 7N substitution (to 3291, 1240 and 579 cnt respectively) and markedly

on deuteriation. Deuteriation shifted the high and low frequency bands to
2445 and 572 cm~, but the sharp band of moderate intensity at 1243 om
shifted to the same place as the shifted very broad, very strong band due
to Yp. This resulted in the appearance of two bands st 979 end 865 cm"l,
both moderately strong and fairly broad. This effect may be due to Fermi

resonance between'YPN and the N-D deformation mode.

¥ The shifts decrease, however, with increasing temperature.
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6. The effective magnetic moments at room temperature of (C) (1.8 B.M.)

and (D) (1.6 B.M.) are typical values for Os(IV) complexes 2,

3 — B~ 2 Osmium and ruthenium complexes with tertiary phosphinenitride

ligands (NPR, ).
2

The reaction of'BuEN[Rung with PPh_, and BuIZ'N [Osx 4] (X = C1,Br) with

3)

PEt,Ph in cold acetone did not give analogues of the triphenylphosphine-

2
nitride complex [§S(NPPh5)015(PPh5)é]! (). These reactions and their pro-
ducts are digcussed in Sec. 3 - €, Analogues of (C).were however readily
prepared £y reacting dry, deoxygenated acetone suspensions of the nitrido
complexes [ﬁNCl3(AsPh3)é] (¥ = Os,Ru) with a variety of tertiary phosphines
at room temperature, which gave the paramagnetic species'[ﬁ(HPRS)Cl5(PR5)é]

(Pﬁ3 = PPhB, PPh.Et, PE Ph, PEt

2 39
starting material we isolated E)s(NPPhZEt)Brg(PthEt)Q and [Os(NPEtZPh)Br3

PPhMe), Using E)SNBIB(AsPhB)Z] es

(PEtéPh)é]. The magnetic moments at room temperature of these products are

~1,8 B.M, for osmium complexes and ~2,9 B;M. for rutheniur complexes, which

are typical values for 0s(IV) and Ru(IV) species 102,

Dimethylphenylphosphine reacted differently with [ﬁNGlB(AsPh3)2 wnder
similar conditions, giving the intermediate species [ﬁ(NPMezPh)ClB(AsPhB)é].

The osmium complex was oxidised back to the starting material in 90% yield
by chlorine (Sec. 3 = A = 2), confirming that the phosphine had attached
itself to the nitrogen in these complexes, rather than partially substituting
the arsine. We suceeded in preparing [@s(NPHeZPh)ClB(PMeZPh)é] by reacting
the phosphine directly with BuZ{bsNClAJ in ice-cold acetone, after the
mermer of the preparation of (C), probably because the complex is rather
insoluble and can be guickly filtered off. The general wnsuitability of this

method for preparing phosphinenitride complexes can be attributed to the
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presence of a displaced, poorly solvated,nucleophilic chloride ion in the

reaction mixture, which in turn displaces the phosphimenitride ligend.

5PR; + [0sN014fl‘ a@s(l@ﬁz)c%(m;); + C1”

SPR; + [0s11015(AsPh3)2] '—-?ES(NPRB)ClB(PR})zj + 2AsPh;.
The triphenylphosphinenitride ligand in [Ru(NPPh3)013(PPh3)2—} was

recovered as aminotriphenylphosphonium chloride, [}h PNH;]Cl by treating
an acetone suspen51on of the complex with Ph AQ[H ']Cl thus confirming
that this llgand is indeed present, as in the osmium complex
E)s(NPPhB')mB(PPh})e] (Sec. 3 - B - 1). Attempts to prepare a ruthenium
analogue of [@s(NHPPh3)014(PPh5i] by reacting'[huNClB(AsPhB)é] in acetone
with triphenylphosphine in the presencé of Ph4As[ﬁBOé]CIé”gave only

Phhs [RuCL, (PPh,), ] and [Pn Pum, el

3 - B - 3 Solution properties of IVE(HPRB)_Q_J,_B(QRB);_

The i.r. and n.m.r, spectra of chlofdform solutions of these complexes
show that they decompose in solution, in some cases very quickly. Vhere we
have been able to obtain solution data it appears that these ccmplexes are
non~conductors in acetone, and have molecular weights of approximately 85%
of their formula weights in benzene. These rather low values may indicate
that slight dissociation of the complexes occurs, or, more likely, that some

decomposition occurs during the time taken for the measurement,

3 ~ B - 4 Infra-red spectra of ﬁI(ITPRB)_Q_l 5(2115)2].

Selected bands from the i.r. spectra of these complexes are presented
in Table 3.2. The main feature of the spectra is a very strong, broad

absorption near 1125 cm_l which we assign to the P-N streiching vibration,
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['Os(NPPh, )C15 (PPh, ), ].Me, CO
[0s( *”NPPh, )C1, (PPhy ), ].Me,CO
[Os({NPPh,Et)C1; (PPh,Et), ] Me, CO
[Os(NPEt, Ph)Cl; (PEt, Ph), ]

[Os(NPEt; )C1; (FEt, ), ]
['0s (NPPh, Me)C1; (PPhyMe), ]

| Os(NPMe, Ph)Cly (PMe, Ph), ]

[Os(NPMe, Ph)C1; (AsPhs ), ]

[OS(NPPh; )BI‘; (PPh; )2 ] .Mez Co

TABLE 3,2,

Osmium and Ruthenium Phosphinenitride complexes,

m.p.7°C.

136

132

134

165
(decomp)

95-102
(decomp)

156

122

1127s,br
1104s,br
1085s,br
1204s

1125, S, br
1128s,br

1165v3,br

1081vs

1125s,br

-

YOsxcm

209s
294s
285msh

309s
293 s
284msh

09%s
285s
26%9s

300ssh
2%0s
276ms

292s
269ms

209s
296s

290s
286s
270s

2233
294m

212s

n.m.,r. spectra, () in CICl, .

£

9.42, 8.12(triplet): 4,08, 3,60(doublet of quartets);
1.72; 1.32; 0,02(v.complex);-2,92(triplet);

~11.8(doublet): T = O°C

12.36(CH, of Bt,PN ); 4,.38(CH, of PEt;): 3.50
‘(CH; of ‘PEt;) -0,08(CH, of Et;PN"): T = -50°C

9.00: 8,10: 7.86: 6.64: L, gh: 3,64t -0,42(triplet)
-8,92: -15,65: T = 0°C

11,402 8.50: 7,65t 5.35: L4.00: 2,20: 0,00(triplet),
~12,65(doublet), -17.30: (T = C°C)
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[0s(NPPh,Et)Br; (PPh, BEt), ] .Me, CO

[OS(NPEtz Ph)Br; (PEtz Ph)z ]

[Ru(NPPh; )C1; (PPhs )z ] .Mes CO
|'Ru( NPPh,Et)C1, (PPh,Et), ] .Me, CO
[Ru(NPEt, Ph)C1l5 (PEt, Ph), ]

| Ru(NPEt; )C1, (FEts ), ]
[Ru(NPPh, Me )C1; (PPhy Me), ]

|Ru(NPMe, Ph)C1; (AsPhy ), ]

A Not measured.

154
(decomp)

150 decomp

114

134
decomp

145

TABLE 3.2, contd.

1090s,br

1160s

1108s,br
1063s,br
1165,s,br

1099s, br
111ks,br

1055vs

213s

205s

325s
201s
280m

317s
290s
269s

320msh
202s
293s
311s
291ms

317s
297ms

225s
310ms
286m



YEN’ since it shifts from 1127 to 1104 cm—l on 15N substitution of
[bs(NPPhB)CIB(PPh3)éJ. The frequencieg of’Y?N here are rather lower than in
R3P = NY (Y = alkyl, aryl, p-substituted tosyl), where this frequency has
been correlated with the electronegativity of Y and R T°Y, As the electro-
negativity ofAY increases, so the frequency of‘YPN.falls, and & comparison
of'YPN for ruthenium and osmium complexes of the same phosphine would seem
to indicate that Ru(IV) is here more electronegative than 0s(IV), although
mass effects might complicate the relationship. A comparison of'YPN in
[0s(NPMe2Ph)c13(P1»1e2Ph)2] (1165 cm"l) and E)s(m-xezph)c:LB(AsPhB);] (1oalcm"1)
shows that, as one might expect, the ligand PI~Ie2Ph renders the Os(IV) ion
less electromegative than does AsPhB. In.cont?ast, as the electronegativity

of R increases, sO does'YPN 101

. Such changes in'YPN caused by changing the
R groups of the phosphinenitride ligand in these complexes are obscured by
the change in the electronegativity of ¥ (i.e. the metal) caused by the

correspending change in the phosphine ligands.

We have not been able to identify”VMN in the i.r. spectra of these com~
plexes, nor can we deduce their configuration from the number of i.r. active
metal-halogen stretching modes, since for each of the three possible isomers
three such i.r. absorptions are expected (See Sec. 3 - A - 6). Two or some-
times three bands are seen, and the absorption profiles vary as the phosphine
is varied, although the profiles are similar for complexes of the same .
phogphine with different metals. Trom steric and electrouic:considerations,
however, we might expect that these complexes had trans phosphine and merid-

ianal chloride ligands.

3 -~ B -5 Infra-red spectrum of EOS(rnmPh5)91 4(213113)]. Me,,CO, (Table 3.3.)

The P-N and N-H vibrations of this complex are discussed in Sec. 3 - B - 1.
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TABLE 3, 3.

Infra-red spectrum of |'Os(NHPPh,),Cl,(PPh;)].Me,CO, cm-l. (M.p. 162°C)

Ny
[0S (NEPPhy )C1, (PPhs )] (CH, ),CO 3299ms
[0S (NDPPhy )C1, (PPhy )].(CD; ), CO 24Sms
[os( T NHPPh, )C1, (PPhy )7.(CH; )2CO  3291ms

+ BSee text,

1243ms

979ms™*

1.240ms

Yoy

924vs

865ms ™

0 6vs

TosN

5868

572s

. 2798

YbsCl

3338,
203s,

334s,

302s,

33hs,
Z0ls,

3208,

289s,

319s
290s

3208

290s



For its two possible geometrical isomers, V and VI we would expect four

(3" + A" ) and two (1A + 1E) i.r. active osmium-chlorine stretching modes

respectively.
Prh PPh
p] \ )
TH NH
Cl\\\\\ ////,Cl Cl ////,Cl
Os\ /Os
01/ PPh, c1 \c1
Cl ' PPh.
3
v VI
Skeletal Cs c B
gsymmetrys 4v

1oy

We sce four bands near 300 cm”l vhiich do not shift on deuteriation or
substitution cf the complex, and therefore conclude that it has configuratiou

V.

3 =B -6 YHnmr. specira of [ii(:rm;)g_%(gﬁ});.

We have made preliminary studies of the lH n.n.r. spectra of these apecies,

and find that all show sharp resonances with chemical shifts greater than
those observed in diamagnetic complexes. Sharp, shifted lﬁ ﬁ.m.r. spectra
have been reported for paramagnetic tertiary phosphine complexes of Os(IV)
end Re(III) (d4) 98599 ana W(IV)(dz) 103, though there are several differences
in direction, magnitude and temperature dependence of the chemical shifts
betveen the a and a° systems. 0s(IV) and Re(III) complexes which exhibit

temperature independent paramagnetism are said to have a diamezgnetic ground
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state with moments caused by mixing in of a triplet state of only slightly

higher energy 102’104. The abnermal temperature dependence of the spectra of

0s(IV) complexes has been related to this effect 98’99.

The low room temp-
erature moments of W(IV) complexes are due to a high spin-orbit coupling

constant.

The spectra of our Os(IV) and Ru(IV) complexes are listed in Table 3.2.,
although only for [@s(NPEtB) 013(PEt3)é] have assignments been made, The
spectra of the 0s(IV) complexes differ from those which have been reported?g
prineipally in that the temperature dependence of the chemical shifts is an
inverse fuhction of temperature, and that upf%eld and downfield shifts over a
range of 35 p.p.m. ( T= ~20 to T= 15) -are seen. The spectra of our Ru(IV)
complexes show similar shifted spectra, with rather broader lines, even though
they have moments of ¢.2.9 B.Ji. A thorough study of the lH and 31? n,m,r
spectra of our Ru(IV) and Os(IV) phosphinenitride complexes, coupled with

studies on the temperature dependence of .their magnetic moments would clearly

be of considerable interest.

3 =B -~ 7 Structure and bonding in phosphinenitride comrlexes.

Preliminary X-ray date for the complex [ﬁu(NPEtZPh)013(PEt2Ph);] , (B)
are in agreément with our proposed structure for the [ﬁ(NPRB)Clz(PRS)él
complexes, There is distorted octahedral coordination about the ruthenium atom
with trans phosphine and meridicnal chloride ligands, and Ru-~-Cl bonds rather
longer than in [ﬁu2N018(H20)é]3". In these respects the complex (E) i1
similer to the rhénium imido  complexes [%e(NR)013(PR¥5)é]
(R = PhOAc, -° PhiMe, -° CE, 59). The important structural feature of (E)
is the presence of a slightly non-linear, Ru-F-D,' system Oﬁzhﬂﬁlfvl65°),

with an overall Ru-gﬁdistance of 3.458. Phosphorus-nitrogen single and
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double covalent bond lengths have been estimated at 1.783 and 1.64R respect-
ively 2, and so there is likely to be considerable multiple bonding between

the nitrogen and ruthenium and/. or phosphorus atoms.

A possible bonding scheme involves multiple Ru-N bonding and a polar
=N - fg bond., We take the Ru-N bond as the z axis and choose x and y

axes along the Bu-Cl and Ru-P bonds.

If there iz sp hybridisation on the nitrogen, then overlap between

nitrogen 2p.. and 2p_ orbitals and ruthenium 5d__ and 53 orbitals is possible
o Yy : X2 ¥z .

7 1 anti-bonding
dez Rutheniwn-nitrozen
54 11 - .
vz {m—=3.---.. —15 J-bonding
54, 2p
Xy X
2
Py
/
X / bonding

The four nitrogen p electrens fill the two bonding orbitals, two of the
four ruthenium electrons pair up in the non-bonding 5d__ orbital with the
two others remaining unpaired in antibonding orbitals. This scheme gives z

total Ru~N bond order of two and a fﬁf-N = single bond. There may of course
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also be N~ P, bonding but overlap of a P, = 4 type is probably more

pd dﬂ

favourable for H-Ru then N-P bonds. In the anion [(HZO)CJ. 4Ru-N'-RuCl 4(OH2)]5-
' 5

there is a linear Bu-F-Ru system -, and this has been attributed to such

Ru-l-Ru d, - p, ~ d_bonding (Sec. 1 - A - 4), In [PhBP-N-PPh;"', hovever,
4 FnP is neaxvl40°, and could be smaller but for steric interactions 110.
In FthP = NMe the nitrogen adopts sp2 hybridisation and only one of the

nitrogen lone pairs is involved in H-P R - d" bonding 111.

A consequence of our bonding scheme for phosphinenitrides is that the
energy of thé metal dxz and dyz orbitals is raised above that of the ¢
orbital. Thus in the osmium (IV) phosphinenipride complexes it is possible
that the normal ordering of siﬁglet ground state and low lying triplet
excited state is reversed, If éuch an effect occurs, we would still expect
rather low room temperature magnetic moments because of a high spin-orbit
coupling constant, but these should be temperature dependent., Furthermore
a normal temperature dependence for 1H n.m.r, chemical shifts for these

complexes might be expected.

%2 - B -~ 8 Nitrene-like behaviour of the nitrido ligand in osmium (VI)

snd_ruthenium (VI) complexes.,

The reaction of M(VI) nitrido complexes (I = Os,Ru) with tertiary
phosphines to give M(IV) phosphinenitride species D-T(I@R3)013(PR3)2 is
unusual. We propose that the highly electronegative M(VI) ion renders +the
nitrido ligand susceptible to nucleophilic attack, i.e. the nitride is |

showing electrophilic nitrene-like behaviour:

:}WI st N &> m;v:
1-v * e L2 3 + IV L 3
I A | : PR3 —_— M PRB(;—--:;: s Nz PR3
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This is in contrast to Be(V) nitrido complexes, where the nitrido

85

ligand shows weak nucleophilic properties .

There has been considerable recent interest in the stabilisation of

the radical nitrene (IH) by coordination to & metal. Nitrene is an inter—

105

mediate in the decomposition of hydrazoic acid , and the decomposition

of azido complexes has been shown to give electrophilic intermediates which

55,57, 58

probably contain coordinated nitrene One might expect nitrene ‘o

be stabilised by metals in low oxidation states via M, <N bonding, and

d P
: x T
indeed stable complexes of alkylnitrenes RN are known for Fe(O) 106 and

Ir (I) 107. Some Re(V) organo-imido complexes could also be formulated as
Be(III) organo-nitrene species 108, and one of them shows some evidence for

109

nitrene~like behaviour .

In our reactions, we have shown that stqblé nitrido complexes probably
undergo nucleophilic attack at the nitrogen atom by a phosphine ligand and
thus might be better described as complexes of deprotonated nitrene, W . Other
nucleophiles e.g. C1°, 2,2'-bipyridine, triethyl- and triphenyl- arsine and
triphenylstibine do not however give similar reactions. The formation of
complexes of phosphinenitride may perhaps be related to the ability of
phosphorus to form stronger n-bonds to nitrogen in this situation than any

of these other nucleophiles.
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3 - C. MISCELLANEOUS REACTIONS OF OSMIUM AND RUTHENIUM NITRIDO CCHMPLEXES

WITH PPh3 AND PEtZEQ.

These reactions are illustrated in Figure 3.2. for [bsNClé]n.

3 -« C =~ 1. ZReactions.

We have shown (Sec. 3 -« B - 1) that the reaction of PPh. with R[bsNXé}

3
(R = Ph4As, BuZN; X = Cl, Br) in cold acetone gave the phosphinenitride
complexes [@s(NPPhB)X5(PPh3)é].MeZCO. Similar reactions using other tertiary
phosphines and [OsiX 4]' or any phosphine and [mm014'1' did not give phos~-
phinenitfides. From the reaction of PEtzPh with Ph4As[psNX£] and PPh3 with
Ph,As [RuNCll;\ in cold acetone we obtained Ph 4A“s[0sx 4(PEt2Ph);land
Ph4As[§u014(PPh3)é]. These products are analogues of Ph4As[DsCl4(PPh3)é]

which is produced when PPh, is reacted with Ph4As[DsNCI4] in hot acetone.

3
The similarity of all these products suggests that the resctions all proceed
via intermediate phosphinenitride species, which are unstable under these

conditions. The products are 1l:1 electrolytes in acetone or dichloromethane

and have typical magnetic moments for Os(III) or Ru(III) species.

The phosphinenitride complex [bs(NPPhB)Cls(PPhB)é] (2) was not cbtaiusd
if the reactioﬂ between PPh3 and [@sNClé]_ was carried out in some solvents
other than cold acetone. If acetone-agueous HCl was used then [bsCl4(PPh3)é]
was obtained, end if methanol was used then a red product, probably
[bs(OMe)zle(PPhB)él was formed. It is likely that the phoshinenitride (C)
is an intermediate in these two reactions, since it reacts with these two
solvents to give the same two products. A solution in dichloromethane of
{QS(OMe)ZClz(PPhB)gl_gives [bsCl4(PPh3);1 when shaken with aqueous HCl., For

this reason we prefer its given formulation to [bsO(OMe)ClQ(PPhB)él (which
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FIGURE 3,2.

[0sc1 4(PPng) ]

aqg . HC1,
Me2CO
MeOH .
ol
: PPh '
3 e | e [ DY 5/
Ph,As [oswea 4] \ w[O.»(IIPPnB)Cl}\PPhB) o)
He2CO
PEt,Ph,
PPhy, Me,CO, 60°¢
e CO
2
]
Ph,hs [osc1 4(PEt2Ph)2] Phhs [osc1 4(PPn;) 2]
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would have virtually the same analyses), since one would expect such an

oxo complex to give the stable [@sOClB(PPhB)é] 19 under these conditions.

3 - C -2 Structures.

We assign trans structures to the bis-phosphine tetrs-halo complexes

[03014(1»13115)2'] and [('_)sX4(PR//5')2—K— (X = €1, Br, PR//B’ = PPhy, PEt,Ph), since

the i.r. spectra of the chloro complexes show only one strong Os-Cl stretching
absorption (sometimes split by solid state effects). Ve would expect one

such bgnd for a.centrosymmefric D4h complex with trans configuration, where-
as for a cis éonfiguration (C ), four i.r. active M-Cl stretching modes are
expected. A similar trans structure has been found for [bsCl (PFe Ph)"l 112

and assigned to Ph Aq[PuCl (PP ),) 115 -

The i.r. spectra of [OS(OCH3)2012(PPh3}2] and [0s(ocn,3)2012(1>?h3)2—]

114

show that a methoxo ligand is present in these complexes, There ic a

strong, low fregquency C-H stretching v1bratlon‘y at 2;99 cm l,

(yascm3 2038cm™) and a band sssigned to YO-CH3 at 1022 cm~ (*rO_CD5 995 cm"l_).

Inconsistent analyses preclude positive indentification of this compound,

“but we exclude the pessibility of [@sO(OMe)Clzkffh3)2 on chemical ground

(Sec, 3 = C - 1), and also since there is no strong i.r. band near 850 cm"l

vhere one would expect‘YOQO,
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3 -~ D, EXPERIMENTAL,

All manipulations involving air-sensitive tertiary phosphine ligands
were cerried out in dried, deoxygenated solvents under an atmosphere of

nitrogen.

3 - D~ 1, Complexes of the type [ENXv(L‘PhB)éj: M = Ru, Os,
3 —_—

X bt Clj Br, :[Jy = AS’ Sb.

To a rapidly stirred solution of L'Ph3 (1 g) in boiling methanol (6 ml)
was added Ehi??ﬁmixé] (0.1 g). The immediste precipitate of the product was

filtered off, washed with acetone and air dried on the filter.

a) Trichloronitridobisfriphenylatsine)osmivm (VI), (bsnc15(AsPh3);l.
Pink-brown diamagnetic precipitate, (90%). (Found: C, 47.0; H, 3.4
Cli, 11.4; W, 1.7. C36H30AS2013NOS requires C, 46.9; H, 3.3; C1, 1l1.5;

N, 1.5%).

b) Trichlorcnitridobis(triphenylstibine)osmium (VI), IBSNClB(SbPhB)Q].

Orange diamegnetic precipitate, 85%. (Found: C, 42.6; H, 2.9;
01, 10.4; N, 1.5. O, H,01,NO0sSb, requires C, 42.5; K, 3.0; Cl, 10.5;
N, 1.4%).

¢) Tribromonitridobis(triphenylarsine)osmium (VI), Isomer A,

[bsNBrB(AsPhs)gj,

Brown diamagnetic precipitate, 85%. (Found: C, 40.9; H, 2,9; Br, 22,8;

H, .As Br,NOs requires C, 40.9; H, 2.9; Br, 22.7; N, 1.3%).

N, 1.5, C36 5009557

d) Tribromonitridobis(triphenyl stibine)osmium (VI), [@sHBr,(SbPhB)él.
2

Ovange dismagnetic precipitate, 85%. (Found: C, 37.4; H, 2.6; Br, 20.T;

N, 1.4. H, ;B NOsSb, vequires C, 37.6; H, 2.6; Br, 20.8; N, 1.2%).

C26150575
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e) Trichloronitridobis(triphenylarsine)ruthenium (VI), [RuNcl,(AsPh,).])
3/2

Brown-yellow diemagnetic precipitate, 80%. (Found: G, 51.5; H, 3.8;

¢1, 12.5; N, 1.7. 036H30 As,Cl,NEu requires C, 51.9; H, 3.6; Cl, 12.8;

3
N, 1.7%).

f) Trichloronitridobis(triphenylstibine)ruthenium (VI),[iuN013(SbPh3)2]
Orange diamagnetic precipitate, 90%. (Found: C, 47.3; H, 3.3; C1, 11.8;

N, 1.4. NRqu2 requires C, 46.6; H, 3.3; Cl, 11.5; N, 1.5%).

036?1;0013

3 - D - 2 Tribromonitridobis(triphenyiarsine)osmium (VI), Isomer B,
ﬂQsNBrB(AsPhB)éj

A solution of triphenylarsine (1.0 g) and BuﬁN[@sNBr#] (0.15 g) in cold

acetone (12 ml) was set aside for 48 hours. The brown microcrystalline
precipitate (50%) was filtered off, washed with acetone and air-dried,
(Found: €, 41.1; H, 3.0; Br; 22.7; N, 1.5. C5¢Hzhs,Br,N0s Tequires

C, 40.9; H, 2.9; Br, 22.7; W, 1.3%).

3 - D - 3 Trichloronitridobis(triethylarsine)osmium (VI), [bsNClj(AsEt3)é]

Triethylarsine (1 ml) was added to & solution of BuZN[bsNClé] (0.5 &)
in de-oxygenated acetone (2 ml). The mixture was poured onto a watch gless
and the solvent allowed to evaporate, until a sticky mass of red micro-
crystalline precipitate remained, The precipitate was washed onto a sinter
with the minimum amount of acetone (1 ml), filtered off, triturated with a
further portion of acetone (1 ml) and air dried on the filter, to give a
red microcrystalline solid (50%). (Found C, 22.4; H, 4.9; N, 2.0,

CIZHBOASZClBHOs requires C, 22.7; H, 4.8; K, 2.2%).
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3~-D-4 (2,2'- bipyridine) trihalo nitrido-osmium (VI),

[osux_(bipy) ), (X = €1, Br)
) .

Solutions of 2,2' bipyridine (1.0 g) and BuiN[bsNX4] (0.2 g) in acetone
(5 ml) wvere set aside for 24 hours and the microerystalline precipitates

filtered off and washed with a small amount of cold acetone,

a) (2,2'- bipyridine)trichloronitrido—-osmium {VI) [bsNCla(bipyi].

Deep red microcrystals, 60%. (Found: c, 25.8; H, 2.,1; C1, 22.7, N, 8.9.

C Os requires C, 25.7; H, 1.7; Cl, 22.8; N, 9.0%).

10 8C13N

3.

b) (2,2'-bipyridine)tribromonitrido-osmium (VI), [bsNBr (bipy .

Purple micro-crystals, 50%. (Found:Br, 39.0; N, 6.9. C, ofgBr, N303

requiresBr, 40.0; N, 7.0%).

%2 = D~ 5 fTrichloronitridobis{tertiaryphosphine)osmium (VI),

[osnc1 5(ER );}_g_ﬂ = PPh,, PPh, B, PRt , PPh, Mo, Plle, Ph.

Finely ground [bs(NPRB)CIB(PBB)é] (0q2 g), (see below) was suspended

in methanol (2 ml), and chlorine gas passed through the solution until all
the starting complex had reacted (5-30 sec). The brown to yellow complexes
precipitated from the solution within one minute and were filtered off and

washed with 1 ml cold methanol. The yields were 50 - 70%,

a) Trichloronitridobis({triphenylphosvhine)osmium (VI), [bsNClB(EEhB)é]
Brown complex (60%). (Found: C, 51.6; H, 3.8; Cl, 12.9; H, 1.8,

Cyll; (C1 0P, requires C, 51.8; K, 3.6; C1, 12.7; N, 1.7%).

b) Trichlorobis(ethyldiphenylphosphine)nitrido~osmium (VI),

[bsn013(gggzai)é].
Light brown complex (60%). (Found: C, 45.2; H, 4.0; Cl, 14.7; N, 1.8.

C NOsP, requires C, 45.5; H, 4.1; C1, 14.4; N, 1.9%).

28150013
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c) Trichlorobis(diethylphenylphosphine)nitrido—osmium (VI),

[bsNClB(EEtQEQ);].
Yellow-brown complex (70%). (Found: C, 37.5; H, 4.7; Cl, 16.7; N, 2.1,

20H3001 NOsP, requires C, 37. 4; H, 4.7; C1, 16.6; N, 2.2%). H.W. 633; req. 643.

d) Trichloronitridobis(triethylphosphine)osmium (VI), [ésN015(£§ﬁ3)é]
Brown complex (50%). (Found: C, 26.4; H, 5.4; CL,20.2; N, 2.5.

012H30013N0sP2 requires C, 26.3; H, 5.5; Cl, 19.4; N, 2.6%).

i

e) Trichlorobis(methyldiphenylphosphine)nitrido~osmiwm (VI),

-iqu013(§§h2Mg);].

Light brown complex, (70%). (Found: C, 43.6; H, 3.8; Cl, 14.9; N, 1.9.

026H26 5NOsP requires C, 43.9; H, 3.7; Cl, 15.0; N, 2.9%). M.W, 671; req. T1l.

f) Trichlorobis(dimethylphenylphosphine)nitrido-osmivm (VI),

‘osN015(2me23g)é].

Yellow brown complex, {(65%). (Found: C, %2.9; H, 4.0; €1, 19.1; N, 2.3.

C, HioC 5NOsP requires C, 32.7; H, 3.8; 01 18.1; N, 2.4%).

' 3=-D-6 Trans—trichlorobis( trivhenylphosphine ) triphenylphosphine-

nitride)osmium( IV)acetonate, [@sﬁNPPhB)C;S(PPhB)éiﬁgzgg.

To a stirred solution of triphenylphosphine: (0.2 g) in dry, cold acetone
(4 ml) was added BﬁZH(@sNCl4j {0.1 g). Orange crystals (90%) precipitated
from the solution after one minute and were filtered off and washed with
acetone. (Found: C, 59.4; H, 4.2; C1, 9.0; N, 1.3; 0, 1.6; P, 8.0,

Cg By C1N00sP, requires C, 59.3; H, 4.5; C1, 9.2; W, 1.2; 0, 1.4; P, 8.0%).
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'3 = D - T Cis-tetrachloro(triphenylphosphine)(triphenylphosphinimine)

osmium( IV) acetonate, fas(NHPPhB)9;4(22h35lﬂezqg;

To a rapidly stirred solution of triphenylphosphine (0.25 g) in acetone
(4 ml) was addedan intimate mixture of Ph4As[h502 c1, (0.2 g) and
BﬁZN[@sNCl4] (0.1 g). The bright red precipitate (79%)'wa§ filtered off
after two minutes stirring and washed with acetone, then methanol,and air-
dried. (Found: C, 50.5; H, 4.1; C1, 15.1; X, 1.8; P, 7.2, C1, NOOsP,

C3937%
requires G, 50.4; H, 4.0; Cl, 15.3; N, 1.5; P, 6.7%).

3 - D~ 8 Complexes of the type [ﬁ(NPR3)§3(233)é],(M = Bu, Os;

EB3 = PPh PPhZEt, PEtzPhJ PE% PPhENe; X = Cl, Br).

37 37
The preparation of all these complexes followed the same outline. Ve

report below the method with the generally used quantities of reagenis. In

some cases the method ﬁas varied slightly because of the particular solubilities

of the complexes concerned. These modifications will be listed under the

appropriate complex,

To 2 suspension of [ﬁHXB(AsPhB)é] (0.3 g) in cold, dried deoxygenated
acetone (5 ml) in a reaction vessel sealed under nitrogen, was added PRB
(0.7 g, 0.6 ml) and the solution stirred until all the starting material
had dissolved. This gave an orange (M = 0s) or dark brown (M = Ru) solution
(30 sec). This solution was injected into ice-cold, deoxygenated 60/80
petroleun ether, (100 m1), also sealed under nitrogen. The mixture was set
agside at 0°C for up to 1 hour, and the orange (M = Os) or dark brown (I = Ru)
precipitate filtered off and air dried. The yields were 60 ~ 90%. If a
fluffy yellow precipitate is formed when the reaction mixture is injected
into the 60/80 petroleum ether, dry aoetone'(up to 10 ml) must be added to

redissolve it.
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a) Trans-trichlorobis(ethyldiphenylphosphine)(ethyldiphenylphosphine-

nitride)osmium(IV) acetonate, E)s(NPPhZEt)013(fgth_g)z_:uf_equ.
Orange crystals, 80%. The complex may begin to precipitate from acetone
solution, It can be filtered off from the 60/80 pet. ether solution after
5 minutes. (Found: C, 53.6; H, 5.3; Cl, 10.7; N, 1.4. C,_H_.. C1, NOOsP

4551773 3
requires C, 53.4; H, 5.6; C1, 10.5; N, 1.4%).

b) Trans—trichlorobis(diethxlphenylphosphine)(diethylnhenylphosphine—

nitride)osmium(IV), E0s(1mEtZPh)015(@t2Pg ) 1.
Orange crystals; filtered off after 1 hour (50%). (Found: C, 44.5;

H, 5.8; Cl, 13.5; N, 1.8. NOsP, requires C, 44.5; H, 5.6; Cl, 13.1;

Cc,.H,.Cl
30745773 3
N, 1.7%)s Molecular weight in benzene, 682; reéuires 809.

This complex is particularly sensitive to water in the reaction solution;
it readily gives an uncharacterised protonaeted species (V%N = 962,

Yo = 3335 cut).

¢) Trans—trichlorobis(triethylphosphine)(triethylphosphinenitride)

osmiun(IV), Es(l@EtB)g_l_B(gp;ts);.

Triethylphosphine is pyrophoric, and all the reaction solutions mu;t
be carefully deoxygenated. [psN013(AsPh3)2] (1.0 g), acetone (2 ml)‘,PEt3
(1.5 ml) and 60/80 pet.ether, 250 ml, were used to prepare this complex,
wvhich gave orange crystals (50%). The complex is extremely soluble, and

air and moisture sensitive. (Found: C, 32.7; H, 6.9; C1, 16.1, N, 2.1:

018H45q151IOSP3requires C, 32.5; H, 6.8; "1, 16.0; N, 2.1%).

d) Trans-trichlorobis(methyldiphenylphosphine)(methyldi phenylvhosphine~-

nitride)osmium(IV), E)s(HPPhZMe)Cl}( EPh,Me) .

Orange crystals filtered off after 10 minutes, 80%. (Found: C, 51.5;
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H, 4.4; Cl, 11.5; N, 1.7. Cl,NP,0s requires C, 51.4; H, 4.3; Cl, 11.T;

C..H
3973977373
N, 1.5%). Molecular weight in benzene, T61l; requires 911,

e) Trans-tribromobis(ethyldiphenylphosvhine)(ethyldiphenylvhosphine—~

nitride)osmiun(IV) acetonate, Es(erhZEt)Br5@h2§t) JLie, co.
Orange crystals filtered off after 1 hour, 50%. (Found: Br, 21.3;

c 45115131«31100393 requires Br, 20.9%).

f) Trans-tribromobis(diethylphenylphosphine)(diethylphenylphosphine~

nitride) osmium (IV), [E)S(NPEtQPh)IBrB.(PEtEPh)zl.

In this preparation, 200 ml 60/80 petroleum ether were used and the
resultant solution cooled for two hours at -10°¢. Orange crystals (25%).
Very soluble in acetone. (Found: Br, 25.3. C3OH45}31=5NOSP3 requires

Br, 25.4%).

g) Trans—trichlorobis(trinhenylphosphine)(triphenylphosphinenitride)

rutheniun(IV) acetonate, [Ru(mpp%)_q%(ggh;);g«;ezgg.

The complex is rather insoluble and did not require preciﬁitation by
60/80 petroleum ether. Dark brown microcrystals (90%). (Found: C, 63.9;
H, 4.7; €1, 10,0; N, 1.3, C57H51015H0P3Ru requires C, 64.2; H, 4.8; €1, 10.0;

N, 1.3%).

h) Trans-trichlorobisﬁethyldiphenylphosphine)(ethyldiphenylphosphine-

nitride)ruthenium (IV) acctonate, L'Ru(NPPhZEt)CJ.B(g_EhZE;c_)Z];EeZQQ.
Dark brown complex (85%). (Found: C, 58.8; H, 5.4; C1, 12,0; N, 1.5,

C45H51C13N0135Ru requires C, 58.7; H, 5.6; Cl, 11.5; N, 1.5%).

i) Trans-trichlorobis(diethylphenylphosphine)(diethylphenylvhosphine~

nitride)ruthenium (IV), Eiu(hTEtzPh)Cl3(_1'Et2P_ll);l .

Brown complex (80%). (Found: €, 50.7; H, 6.6; Cl, 14.6; N, 1.5,
C56H45013NP3R‘* requires C, 50.0; H, 6.3; Cl, 14.8; N, 1.9%).
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j) Trans-trichlorobis(triethylphosphine)(triethylphosphinenitride)

ruthenium (IV), [hu(NPEtj)g;B(ggtB)é].
The quantities used for this very soluble complex were [RuNClS(AsPh3)2],

0.5 g, PEt,, 0.7 ml, Me,CO, 2ml and 60/80 pet.ether 250 ml. The brown

3’ 2

air and moisture sensitive precipitate (50%) was filtered off under nitrogen
and sealed in an inert, dry atmosphere. For other comments see complex 3—D—8(c).

(Found: €, 36.9; H, 7.3; C1, 18.8; N, 2.2, H, .C1,NP Ru requires C, %7.5;

C16M4501 51
H, 7.9; C1l, 18.5; N, 2-4%)'

k) Trans-trichlorobis(methyldiphenylvhosthine)(methyldiphenylphosphine=

nitride)ruthenium (IV), [Eu(NPPhQMe)013(gzh2mg);}.
Brown complex (70%). (Found: C, 57.2; H, 4.7; C1, 12.6; N, 1.9.

039H59013NP3Ru requires C, 57.0; H, 4.8; €1, 12.9; N, 1.7%).

3 ~-D -9 Complexes of the type {ﬁ(NPMe2Ph)013(AsPh3)éW (M = 0s,Ru

To a rapidly stirred solution of[th;j(AsPh3)2] (0.5 g) in cold, dried,
deoxygenated acetone (5 ml) was added PMQzPh (0.5 ml). The pink (osmium)

or green (ruthenium) complex (90%6) was filtered off after 20 sec.

&) Trans-trichloro(dimethylphenylphosphinenitride)bistriphenylarsine—

osmium (1v), [0s(1PMe, Ph)C1 (AsPh, ).
2 3 3 »
Pink microcrystalline precipitate. (Found: C, 49.8; H, 3.9; Cl, 10.0;

N, 1.4. H,. As Cl3NOsP requires G, 50.2; H, 3.9; €1, 10.1; N, 1.3%).

Chafpates

b) Trans-trichloro(dimethylphenylphosphinenitride )bistriphenylarsine~

ruthenium (IV), [hu(upMenPh)017(AsPh3)é].
< 7

Green microcrystalline precipitate. (Found: C, 54.5; H, 4.4; Cl, 10.7;

As_C1 NFRu requires C, 54.8; H, 4.3; €1, 11.0; N, 1.5%).

N, 1.3. 044H41 oCls
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3 -~D=~10 Trans—trichlorobis(dimethylphenylphosphine)(dimethylphenyl~

phosphinenitride)osminwn (IV), [bs(NPMegPh)Cl,(PMezPQ)é].
D

Dimethylphenylphosphine (0.5 ml) was added to a solution of BuZN[bsNCl4]
(0.5 g) in ice-cold, dried, deoxygenated acetone (2 ml). The orange micro-
crystalline precipitate was filtered off after two minutes, and washed with
a small amount of ice-cold acetone. (Found: €, 39.0; H, 4.7; Cl, 14.8;

NOsP, requires C, 39.8; H, 4.6; Cl, 14.7; N, 1.9%).

Ny 1.7, C,,HsC1,N0sP,

3 =D 11 Recovery of aminotriphenylvhosphonium chloride from

Os NHPPh3)§;4(ggh3)l. Me,CO.

A suspension of [bs(NHPPh3)Cl4(PPh3)]. Ke;,CO (0.186 g) in acetone (5 ml)
was heated under reflux for ten minutes_in the presence of tetraphenyl-
arsonium chloride, Ph4As[h50é]ClZ (0,091 g). The solution was cooled and
the.reéaltant precipitate filtered off. The precipitate was triturated on
the glass sinter with methanol (2 ml), and the methanol then collected and
evaporated on a watch glass. This left a white residue of aminotriphenyl~
phosphonium chloride hydrate, [?hBPNH;]c1. 0 (85%). (Found: C, 64.9;

H, 5.3; C1, 11.7; W, 4.1. 018H1901N0 requires C, 65.1; H, 5.8; Cl, 10.7;
N, 4.2%).

A red product (807) was left on the sinter which was

tetraphenylarsonium pentachlorotriphenyvlphosrhine~osmate (IV), Fh As[b5015(££h53

4

(Found: C, 50.4; H, 3.5; Cl, 17.5: C42H35AsClSOsP requires C, 49.8;

H, 3.5; Cl, 17.5%). Infra-red bands assigned to Vogoys 5188, 270m.

3 = D - 13 HMiscellaneous Products.

a) Tetraphenylarsonium tetrachlorobis(triphenylphosphine)osmate (IIT)

acetonate, Ph4As[05014(22h3)zlﬂgzqg,

To a hot solution of triphenylphosphine (0.2 g) in acetone (4 ml) was
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added Ph4As]bsN014] (0.1 g). The solution was stirred rapidly for two
minutes giving a yellow, microcrystalline precipitate (60%), vwhich was
filtered off, washed with acetone and air dried. (Found: C, 57.1; H, 4.T;

requires C, 58.3; H, 4.4; Cl, 10.9%). Molar
2

Cc1, 11.2, C65H56AsCl OsP

4732

conductance (in acetone) 6217 em 2 in 10-3M solution. O0s-Cl stretching

frequency: 2980m_1(vs).

b) Tetraphenylarsonium tetrachlorcbis(diethylphenylphosphine)osmate

(I11), Ph4As[0scl4(g§¢ZBg)é].
Ph44s[0sN014] (0.1 g) was 2dded to a solﬁtion of diethylphenylpvhosphine
(0.5 ml) in acetone (2 ml). The solution was stirred for two minutes giving
a yellow microcrystalline precipitate (50%), which vas filtered off, washed
with acetone and air dried. (Found: C, 51.0; H, 4.8; C1, 13.2.
044H50ASCI4OSP2 requires C, 50.4; H, 4.8; Cl, 13.5%). Molar conductance

(in acetone) 62Q°% on? in 107°M solution. 0s~Cl stretching frequency: 238vs,

c) Tetra-n-butylammonium tetrabromobis(diethylbhenvlnhosnhine)osmate

(111),Buﬁﬂ[os3r4(g§tng)é].
As the previous preparation, but using BuﬁN[QsNBr4] (0.1 g); yellow
brown microcrystals (6(%). (Found: Br, 15,3; N, 1.6. 036366Br HOs5
requires Br, 15.7; N, 1.5%).

d) Tetrachlorobis(triphenylphosphine)osmium (IV), EOsCl4(£§h5)é},

Ph4As[0sN0143 (0.1 g) was added to a solution of triphenylphosphine
(0.2 g) in acetone (4 ml) and concentrated hydrochloric acid (1 ml). The
light brown precipitate (90%) was filtered off, washed with acetone and air
dried. (Found: C, 50.3; H, 3.9; Cl, 16.6. 036H3001403P2 requires
C, 50.5; H, 3.5; Cl, 16.6%). 0s-Cl stretching frequemcies: 330s, 323ssh, en L,
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e) trans—Dichlorodimethoxobis(triphenylphosphine)osmium (IV),
Los(are),C1,(Eh; ), ] |
A solution of BuZ[DSNCl4] (0.1 g) in methanol (2 ml) was added to a

warm solution of triphenylphosphine (0.2 g) in acetone (2 ml)., A red
microcrystalline precipitate was formed which was filtered off, washed with
acetone and air dried. (Found: C, 53.5; H, 4.3; Cl, 8.5.

C3SH 0120208P

36 , requires C, 53.8; H, 4.3; Cl, 8.4%). 0s-Cl stretching

frequencies: 324s, 313ssh, cm_l.
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CHAPTER 4.

POLYNUCLEAR NITRIDO COMPLEXES

ABSTRACT

The reactions of K3[3u2N018(H20)2] with chelating and 1m-bonding ligands
have been studied and a number of new substitution products optained. The
product from the prolonged reaction of osmium tetraoxide and agueous ammonia
has been reformulated as a trimer with a linear Os-N-Os-N-Os unit. From
solutions of this complex in aqueous HX, similer trimers CSB[Os3N2X11(NH5)§},
20,0 (X = Cl,Br) can be isolated. The polymeric nitrido complex

2
Kn[DsNBr4]n is described. .

TNTRODUCTION,

3
9

N A . . . . .
The nitride ion ~, like the isoelectronic oxide ion “ can act as a

> 1

terminal ligand, and also bridge two 7, three ! or four 7 metal atoms in

linear, triangular or tetrahedral arrays.

The best known binuclear nitrido complexes are those with
M ¥ units (K = Os,Ru) ©. One of these complexes,
KBERuZNCIB(HEO)é] has been studied by X-ray diffraction: it has a linear
Ru-N-Ru unit, short, equivalent Ru~N distances (1.7202) and considerable
5

intra~anionic strain 7. An extensive series of diamagnetic complexes con—

taining this wnit with a wide variety of dtendant ligands (e.g. Cl,Br,Iﬂ%,
NCS-,NOZ_) have been characterised . These normally have the stoichioﬁetry
[MENX8Y2 U7 and it is assumed that the two Y groups are trans to the nitride
as are the aquo ligands.in KBLRuZNGIB(H2O)é]' In several of the compounds

the attendant ligands are not normally found in mononuclear MIV complexes,
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Ci]3+ are unknown.

e.g. [m”(m3)5
The existence of nitrido bridged trinuclear complexes was firmly estab-
lished by an X-ray structure determination of (NH4)4[Ir3N(SO4)6(H20)5] 7,
This has a planar, triangulaxr IrBN unit with fairly short, equivalent Ir-N
distances (1.9182). The prolonged reaction of osmium tetraoxide and liquid
127

ammonia gives the trinuclear 0s(VI) complex Os_N,0.H , for which a

379721
nitrido bridged structure with a linear Os-N--Os(N)-N-Os unit has been pPro—-
posed 8. The corresponding reaction between ruthenium tetraoxide and liquid
grmonia gives Ru4N11012H35 which may also contain bridging nitrido ligands.

e o i . 115
It has a similar i.r. spectrum to OSBN7O9H21 .
Complexes in which a nitrido ligand asymmetrically b}idges two metal
atoms are also known. For example the tetramer [M0N015]4 has
Mo = N.....Mo = N... bridges 37, and the polymer KZnEReN(CN) 4]n.,nﬁzo has
infinite ...Re = N....Re = N... chains 6. The terminal nitrido complex
[ReHClz(PEtzPh)é] acts as a weak nitrogen denor and forms a presumably

agymnetric Re = N...Pt bridge in the heterometallic compound

e : 85
[(PEtzPh)BﬁzRe =N Ptc:Lz(PEtB)] .

SECTION 4 - A BINUCLEAR RUTHENIUM NITRIDO COMPLEXES.

In oxder to test the hypothesis that the binuclear nitrido complex
K3[Ru2NC18(H20)é1 behaves in its substitution reazctions as if it had =
lover oxidation state than its formal Ru(IV), we have attempted to substitute
this complex with ligands not normally found with Ru(IV). A more convenient
starting material than the chloro anion is often the hydroxide
RuZH(OH)5.nH20, made by adding sodium hydrox?de to aqueous solutions of

Ka[RuzNCls(Hzo)z] 8. Ve nave attempted to produce a suitable starting
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material for substitution reactions in organic solvents by evaporating to
dryness solutions of RuZN(OH)S.nHZO in agueous HCl. This gives a brown

material which shows two bands in its i.r. spectrum due to YésM N, and is

2
probably [Ru2N015]n xH,0.

This complex is quite soluble in methanol, but less soluble in acetone
and other mild organic solvents. Unfortunately, reactions in alcoholic
solvents with [3u2N0151n-XH20 readily give reduction rather than substitution

products.

4 - A -1, Carbonyl complexes.

Solutions of Ru2N(0H )5.111120 in conoéntra:ted aqueous HX (X = €1, Br)
(effectively [Ru2NX8(H20)é]3*) when heated under reflux,<;lcwly took up
carbon monoxide, and from the resulting solutions CSBERuZNXS(CO)é] W
isolated. The reactions only took place in conéentrated acid solutions;
no carbonyl complex was isolated from a similar reaction in 21 HCl. These
reactions are similar to that between CO and [BuClé]s- in agqueous HCl which

116.

gives [Ru(CO)Clé]z_ ; here too an increase in the rate of CO uptake with

decreasing pH has been observed. It is also possible to prepare

2O ina
2:1 mixture of concentrated formic and hydrochloric acids. Again, [RuClé)B-

117

[RuZNCZLS(CO)é]3~ by heating under reflux a solution of RuZN(OH)5.nH
reacts under similar conditions to give [Ru(CO)Clé]z-

The i.r. spectra of CS3(BuENX8(CO)é] show bands which we assign to

1

C-0 stretching freguencies, Y., at 2038 on 2 (X = €1) and 2022 and 1970 cm

H¢]
(X = Br) which are similar in freguency to those in [Ru(CO)Xs] 2=, The
nitrido complexes also have bands at 1016 (X = C1) and 984 em T (X = Br)

which we assign to];SMQH; these are some 50 cmfl lower in frequency than
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YasMéN in the corresponding diaquo' octahalo parent complexes. We have not
been able to obtain Raman spectra for the carbonyl complexes because of their
poor colours, but the i.r. spectra of 0s5[ﬁu2N018(H20)2] and
033[Ru2N018(CO)é] have similar profiles in the Ru-Cl stretching region, and
we therefore propose that our two carbonyl complexes contain a linear

0C~Ru~N-Ru-CO unit.

If this is indeed the case, then a strong mn-donor ligand .is trans to
a nuacceptiﬁg ligand, a situation rather similar té that of
[Ru(NO)(NH3)4(NH2))2+ 118, where the rare mdonating terminal amide ligand
is stabilised by the presence of a trans mraccepting nitrosyl ligand. The
N-0 stretching frequency in the amido cﬁmplex is some 50 cm—1 lower than in

[Ru(x0)(3H 5] 3+; and this has been attributed to less Ru-NO o bonding and

3)
more Ru-l0 back mbonding in the amide. Ve would therefore expedt‘YbO in
our complexes to be subject to two influences, Firstly,‘yco should be
higher than in (Ru(CO)Xélz— because of the increase in oxidation state, and
secondly the influence of the itransmdonating nitrido group should lower the
frequency, The similarity in Y for [RuIII(co)XS] 2~ and [RuZIVNXB(co)ZP“
suggests that the effective electron density on the metal experienced by the
carbonyl ligand is approximately the same in these complexes. The 1oweriﬁg

of yasRuzN in the carbonyl complexes probably reflects the competition of

the nitrido and carbonyl ligands for the same metal t2g m-orbitals.

4 - A - 2, Cyano complex.

By dissolving [RuQN(OH)sj.nHEO in a hot concentrated agueous solution
of potassium cyanide we obtained the very stable yellow c¢yano complex
K5[Ru2N(CN)IO].3H20. The water molecules of crystallisation were guantit-

atively removed by heating the complex to 11000, and thesewere taken up again
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quantitatively when the complex was set aside in the atmosphere, The i.r.
and Raman solution and golid state spectra of the complex are presented in

Table 4.1.

The i.r. spectrum of KS[Bu2N(CN) .3H,0 was very complex in the C-N

10]

stretching region neaxr 2000 cmfl, and also showed high frequency (3500 -
3650 cmfl) bands due to crystal water. On dehydrstion the band structure

near 2000 cm.-l became much simpler. This behaviour is similar to that ob-

119

neaxr 2000 cm.-1 is
120

served in NaQtEe(CN)SHO].2H2O vhose i.r. spectrum
similarly more complex than that of Na2[Fe(CN).(HO)]. X-ray studies
show that the water molecules in Na2[Fe(CN) (NOX£2H 0 have equlvalent
positions in the lattice and aloeng with nltrowen atoms from some cyano ligands

are weakly bonded to the cations. There may also be weak hydrogen bonding

from the water molecules to the complex anion.

The Raman and i.r. spectra of K5[Ru2§KCN)1d] are very similar in the
solid state and in solution, which suégests that there is ne change of co-
ordination geometry in solution. In all, seven bands due to'YbN are seen
in the solution spectra, three i.r. bands and four Raman bands, with two

of the latter polarised. However, for both the likely configurations of

[Ru2N(CN)ld]5- with either eclipsed cyano ligands (D4h,c.f. [Ru2NCI (H 0)']5“
. 6- 121 1 . ., 122y
or staggered cyano ligands (D4i’ c.f.[Coz(CN)ld] and [Ln2(CO)16]

we would expect this number of bands. Ve cannot therefore distinguish between

these two configurations on the basis of this study, bvt the difference in

band proriles in the 2000 cm T region for [ru, H(or) > and [Mn2(co)163125

16]

suggests that as expected the symmetry of this anion in solution is D4h

We provisionally assign the highest polarised Raman active band neaxr
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-T 6_

Vibrational spectrum of Ks|Rup,N(CN),q], cm

KSL.RuZN(CNLo]: I.r. solid

I.r. aqueous
solution

Raman solid
Raman aqueous

solution

Ks |Ru; N(CN), ¢ 1.3H,0 I.r. solid

+ Polarised

TABLE 4,1,

3625ms, 3590s

1

on

2150m, 21405, 21 38ssh
2120s, 2088m, 2078m
2055m, 2040m

2142m, 2121vs,
2044m

2155(7),2142(6)

2134(7),2123(1) -

2156(7)+,2142(6),
2120( 3), 2116(1)+ -

2143s,2138s,2130s,2122s,
2110s, 2095w, 2080mw,
2055ms, 2040ms

!

H,0 v, Ruz

- 101%sb

- 1006s

1635s,1620s 1010s
1610s 985s

YSRuz N

262(4)

264(7)+



2000 emt to the symmetric stretch of the cyano ligands and the lower fre-
quency, weaker, polarised band to that of the cyano ligands trans to the
nitride., This lower frequency probably occurs because the axial cyanide is
trans to a strongly irans-influencing nitrido ligand. One might therefore
expect a weaker Ru“caxial bond and possibly greater Ru~C w-back bonding

and both these effects would lower YCN‘

This competition for corbitals between nitride and cyanide may also
be reflected in the symmetric and asymmetric RuzN stfetching vibrations
YsRu N and Y, Ru,N vhich are both some 60 et lower than in
[Ru2N018(H20)é]3—. A similar fall in the frequency of Y . is observed in
the solution spectrum of [Re(N)(CN)5]3—‘compared with [Be(N)(CN)4(H20)]2— 48,
to which the penta-cyasno complex is readily hydrolysed. Careful Raman studies
of solutions of [thN(CN)ld]S— show no free cyanide is present in the
solution even after setting the solution aside for several days at room tem-

perature.

4 - A - 3 Complexes with chelating ligands

The ‘chelate effect’ leads to greater stability constants for complexes
with chelating ligands compared with similar monodentate donors, due to a
favourable entropy effect. In the Ru~H-Ru system the increased steric
requirements of chelating ligands could well produce a correspondingly un-
favourable enthalpy effect in view of the steric constraints resulting from
the short Ru~N bonds. We have accordingly at%empted substitution reactiéns

of [Ru2N018(H20)é]3— with chelating ligands.

The 1,2-diaminoethane (dae) complex [RuéN(dae)4012] C15.F,0 was readily
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prepared by heating an agueous solution of KB[RuzNCls(HZO)é] under reflux
with 50% dae. The 2,2'~ bipyridine (bipy) complex [BuzN(bipy)4Clzj (PF6)3
vas similarly made by heating under reflux an agueous solution of
K3[Ru2N018(H20)é} with an acetone solution of the amine. If methanol was
used to dissolve the amine, and the reaction carried out under similar con-
ditions, reduction to the red salt [Ru(bipy)é]CIZ occurred. Because of

steric interactions a trans arrangement of bipy ligands is uncommon 124

, and
“hence-in our binuclear complex it is likely that the chloro-ligands are cis

rather than irans to the nitrido ligand.

The reaction of sodium diethyldithiocarbamate, Na;(dtc) with an agueous
solution of Ks[Ru2N018(H20)él gave EBuQN(Atc)4Ci], which is a non-electro-
lyte in acetone. This may be polymeric in the solid s@ate with
~Ru~Cl-Ru-N~Ru-Cl-Ru chains. One might expect considerable steric repulsicns
in this complex, since X-ray studies on [Rezos(étc)élsl show that such
repulsions cause a staggered configuration of dtc ligands on adjacent metal
atoms, presumably at the expense of mbonding in the Re-0O-Re system. The.
complex [ReN(dtc)é]ss has a five-coordinate structure with an N-Re-~S angle

of 108°.

4 - A - 4 liscellaneous reactions.

We have made several attempts to prepare phosphine derivatives of
[Ru2N018(H20)é]3_, but the anion has a marked inertness towards these

ligands. An acetone/water solution of FPh, and K3[Ru23018(H20)é] when

3

heated gave a small yield of a diamagnetic complex whose i.r. spectrum

2N and had a chlorine to phosphine ratio of 2:1,

The analyses were consistent with its formulation as KZERuZHCl6(PPh3)2(OH)],

showed a band due to Y;s Iu

and this rather odd structure supported by the presence of a band near
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3600 cm._l in the i.r. spectrum which we assign to YbH. If ethanol/water
was used as a solvent for this reaction, then reduction occurred giving

[RuClB(PPhB)é].

Attempts to prepare nitric oxide analogues of the carbon monoxide
complexes described in 4 - A - 1 were made by passing NO gas through a
solution of [hu2N018(H20)é]5' in concentrated HC1 heated under reflux.
Caesium ion precipitated a soluble yellow salt from this solution with"YNo
at 1850 et and YQSRuzN at 1020 cmfl, but no pure products were ever iso-
lated., Prolonged reaction times gave Csz[hu(NO)Clé] and this material norm—
ally contaminated the yellow salts. An aqueous solution OfE?u2N018(H20)é]5-
vas reacted with hydrazine hydrate in an attempt to prepare a nitrido com-
plex. A vigorous reaction took place, end from the reaction mixture szlts of

the [Ru(;)gH, 2+ cation vere isolated.

Attempts to reduce ERuaNClB(HZO)é]37~were mede using a variety of reduc-
ing agents (e.g. 5032", 82042", SnCl,, BH4_, Na/Hg amalgum), but in no case
did we isolate products suitable for analysis. The more vigorous reducing
agents (e.g. BH4_) often produce metallic ruthenium. The yellow solutions
of the cyano complex [RuzN(CN)léls_ were not reduced to the metal by BH4_.
Red solutions were formed from which yellow solutions could be mgenerated by
passing air or adding hydroxide ion to them. Whereas the ions [Bu2NX8(H20)é]3_
(X = C1,Br) give excellent baths for electrodeposition of rufhenium from

125, the cyanide anion gives no deposit of metal under similar

aqueous solution
conditions. Refluxing solutions of [BuaNClS(HzO)é]B_ in formic acid/hydro-
chloric acid (19:1) gave red solutions from which caesium ion precipitated

red salts which had i.r. bands characteristic of carbonyl, chloride and formate

ligands, but no bands due to W;SRuzN. Dissolution of these salts in dilute
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aqueous HCL led to reformation of [Ru,NC1,(H,0).]°".



SECTION 4 - B POLYNUCLEAR OSMIUM NITRIDO COMPLEXES,

4 =B -1, Trinuclear osmium nitrido complexes.

Some early work by Claus 126 showed that the prolonged reaction of
osmium tetraoxide with agqueous ammonia yielded a black, diamagnetic, amorp hous
precipitate said to be [bsOZ(NHB)z(HZOf]. The reaction proceeds via yellow
solutions which contain the nitrido anion [03031ﬂ'. When the black material
was dissolved in concentrated HCI, [OsC14(NH5)é] wes said to be formed 120,
We examined .the i.r. spectrum of the black material and found that it was
rather similar to that of Og,N_O.H 1* the black, diamagnetic materizl pro-

357972
duced by prolonged reaction of osmium tetraoxide and liquid ammonia 127. Th

e
spectrum had two broad bands near 10000mf1, vhich we assign to the vibration
of bridging nitrido ligands. A 15N substituted sample of this material was

prepared by dissolving K[Dso
1

3

shifted some 20 cm.-1 to lower frequencies. This strongly supporis

15N] in agueous 14NH3, and these baxnds near
1000 cm A
the presence of nitrido ligands in this complex. The ligands whose vibra-
tions shift must be derived from the nitride in osmiamate, since no 14N peaks .
were seen on the spectrum. We therefore reformulate the complex
[pssﬂz(NH5)4(OH)é(H20)é]b This black material dissolved in concentrated agueous
HX, (X = C1,Br) and from the yellow-brown solutions, diamagnetic salts
CS3[bSBN2X11(NH3)5]'2H20 were precipitated by caesium ion. The i.r. spectra
of these salts showed the same two strong absorptions near 1000 cmfl as the
black starting material. These are lower in frequency for thé bromide than
the chloride salt, and shit't some 20 cm._1 to lower frequencies in a 15N sub-
stituted sample of the chloride. Characteristic ammine bands were identi-
fied by their shifts ondeuteriation of fhe chloride complex, which caused

only a small shift in the bands near 1000 cm_l.

We propose that these complexes have structure I or II, and assign the
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i.r. bands near 1000 cm."1 to vibrations of the bridging nitridoligands.

X X X X 3.

/ \/3 N\ /

Xowmme 05 e N N Os X Structure I

/\, /\ A

X

X X X X 3
\ / \/ \ J/
NH3 Os N N Os NH3 Structure II
/ \. /\ 7\
X X X X
- 3 (X = €1,Br)

These species contain osmium in an average oxidation state of +4&

i.e. Oévu OsIv— OSV or OsIV—-OSVI-OsIV, and we rationalise their diamagnet-
ism using the bonding scheme applied to 'ruthenium red! %29,
[Rusoz(NH3)14]6+, wvhich has a similar structure with a linear
RuIII-O-RuI‘ 0~ Ru 1L 128 unit, In our complex there are four fewer

electrons to feed into the multicentre ﬂ-bdnding system which covers the

129 +

Og=N-0Os-N-Os unit. It has been proposed -~ hat in ruthenium red, the three
filled orbitals of highest energy are non-bonding orbitals, two from a
combination of the dxy orbitals on the terminal ruthenium atoms, and another
from the d 2 2 orbital on the central ruthenium atom; they have similar
energies. Thus in our complex the four fewer electrons are missing either
from the combination of terminal osmium dXy orbitals giving Osv - OSIV - Osv,
or two from the central osgium dxgyZ orbitals, and two from the higher energy
molecular orbital of the two formed from the terminal osmium dxy orbitals

giving OSIv - OsvI - OSIV.

4 - B ~ 2 Polymeric osmium nitrido complex.

Dehydration of the red terminal nitridc salt k[bs(N)B (H 0)].H 0

(Sece 2 - A = 4) at 110°¢ gave a green substance Kh[bsNBr4 n vhich quickly
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reverted to the starting mmterial on getting aside in the atmosphere. The
loss and uptaeke of the two molecules of water occurred quantitatively. A
comparison of the i.r. spectra of K[OsNBr 4(H20)].H20 and Kﬁ[OsNBr 4]n shows
thet, whereas in the former the Os = N stretching frequency is seen as a

very sharp moderate intensity band at 1109 cnrl, in the latter it is very

much broader and stronger and is at 1002 cm-l. There is a similaxr difference

130

in W = 0 stretching frequencies in monomeric [WOCl4(L)] and the polymer

68
fwoc1 4]n

polymer Kzn[ReN(CN)4].nH20 44. We propose therefore that in

and in Re = N stretching frequencies in KB[ReN(CN)é} and the

Kh[bs(N)Br4]ﬁ there are infinite linear Os = N,...0s = N.... chains,
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SECTION 4 - C, EXPERIIM:NTAL,

Tricaesium Dicarbonyloctachloro-y-nitrido-diruthenate (IV)

Os A, 1E1(00) ]

Method (a) The complex KSEHu2N018(H2O)é] (2.5 g) was heated under
reflux in concentrated hydrochloric acid (25 cmB) under a stream of carbon
monoxide (15 h). The solution was cooled, hydrochloric acid (10 cms) added,
and the resulting solution set aside under the gas stream (l h). The solution
was then filtered to remove starting material and caesium chloride (2.0 g)
added to precipitate the light brown product (30%), which was filtered off
and washed with acetone (Found: C, 1.9; Cl, 30.3; Cs, 41.2; N, 1.3,
CZClBCs3N02Ru2 requires C, 2.5; Cl, 29.7; Cs, 41.7; H, l»?%).

Method (b) The complex K3[Ru21q018(}120)2] (2.0 g) was dissolved in boil-
ing water and the insoluble precipitate RuzN(OH)SnHQO formed by the addition
of sodium hydroxide. The precipitate was filtered off, washed with boiling
water, and dissolved in formic acid-hydrochloric acid (2:1, 20 cmB). The
resulting solution was heated under reflux (90 min) and on cooling caesium
chloride (2.0 g) wes edded to give a yellow-brown precipitate, which was
mainly the caesium salt of the starting materisl. The precipitate was filter-
ed off and acetone (50 cm3) added to the filtrate to precipitate the light
brown product (10%); the latter was filtered off and washed with acetone.
(Found: Cc, 2.0; C1, 30.1; Cs, 42.1; X, 1.5%), I.r. spectrum: 203%8s; 1016s;

590w; 470m; 321m; 300m; and 264m cm-l.

Tricaesium Octebromodicarbonyl-p-nitrido-diruthenate (IV),

.Q.ssi'&g%( c0),.1

An adeption of method (a) for the chloro-complex was used with
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K3[Ru2NBr8(H20)2]’ hydrobromic acid, caesium bromide and a reflux time of
6h., The complex is yellow-brown. (Found: C, 1.7; Br, 49.3; Cs, 31.2;

N, 1.3 CzBrSCSBNozRu2 requires C, 1.8; Br, 48.5; Cs, 30.4; N, 1.1%). I.r.
spectrum: 2022s; 1970m; 984s; 5T0w; 45Tm; 432w; 245s; and 210m cm_l.

Potagsium Decacyano-y-nitrido-diruthenate (IV), K5th2NLg§)ld]iiﬁqu

The complex K3[Ru2N018(H20)é] (1.0 g) was dissolved in boiling water
and the insoluble precipitate RuzN(OH)5,nH20 formed by the addition of sodium
hydroxide. The precipitate was washed with boiling water and stirred (20 min)
in a boiling agueous solution of potassium cyanide (4 g in 10 cmB). The
cooled yellow solution was poured into methanol (40 cmB) and the yellow prec-
ipitate (80%) which formed was filtered off and washed with boiling methanol
(200 ¢ 3). ‘(Fouﬁd (for the trihydrate): €, 16.3; K, 26.7; N, 20.9.

Cl H

o 6K5N1103Ru2 requires C, 16.5; K, 26.9; N, 21,2%).

Dichlorotetrakis (1,2-diaminoethane)-p-nitrido-diruthenium (I¥)

Trichloride, [RuzN(dae)4Qlélg13.

A solution of the complex K3[Ru2NC18(H20)é] (1 g) in boiling water (10
cma) was added to boiling aqueoﬁs 1,2-diamincethane (50%, 20 cms) and the
solution heated under reflux (3 h). Hydrochloric acid (2 cmB) was added to
the cooled orange solution to precipitate orange crystals of the complex.

(Found: C, 14.9; H, 5.3; €1, 27.2; W, 19.7. C1l_N_Ru, required C, 15.2;

CgllzoCLgNgiu,
H, 5.1; ¢1, 28.0; N, 19.9%). I.r. spectrum (neglecting bands due %o
1,2-diaminoethane): 1052s and 315m em . Raman spectrum: 359(6); 353(5);

260(7); 202(3); and 174(1) o
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Tetrakis (2,2'-bipyridine)dichloro-p-nitrido-diruthenium (IV)

v

Trishexafluorophosphate, ERuzN(blpy)4C;2]£gFB)3.

Warmed solutions of the complex K5[Ru2N018(H20)é] (1.0 g in 20 o’
p)

water) and 2,2'-bipyridine (4.0 g in 30 cm”’ acetone) were mixed and heated
under reflux (4 h). The resulting mixture was filtered, cooled, and a
solution of ammonium hexafluorophosphate (4 g in 10 cm3 water) was added to
precipitate the brown complex (80%), which was filtered off and recrystallised
from acetone. (Found: C, 36.1; H, 2.4; C1, 5.0; N, 9.1; P, 6.4,
C4OH32012F18N9P3Ru2 requires C, 35.63 H, 2.4; Cl, 5.2; N, 9.4; P, 6.9%).

I.r. spectrum (neglecting bands due to 2,2'-bipyridine and PF6”): 1054m and

340m emt,

Ehlorotetrakis(diethyldithiocarbamato)-p-nitrido-diruthenium (IV),

T " 2o N v T
[RuzNSZCNmt2)4CIJ. Hot solutiong of the comple; K3[3u2h018(H20)é] (1.0 g
3 3

in 10 cm’ water) and sodium diethyldithiocarbamate (4.0 g in 10 cm water)
were mixed and warmed on & steam-bath (Z‘Qin). The brown precipitate which
formed was filtered off and dissolved in acetone. This solution was filiered
and evaporated to dryness to give the brown product (60%). (Found: C, 29.6;

H, 4.9; C1, 3,3; N, 8.6; S, 30.2. C, CIN_Ru,S, requires C, 28.4;

o0 s Ru,Sg
H, 4.7; C1, 4.2; N, 8.3; S, 30.3%). VM:N(asym) 10%0 e T,
2

Potassium hexachlorohydroxotris(tripheny;phosnhine)—p-nitrido«

diruthenium (IV) [BuQNQ;G(EEhB)B(Qgi].

K3[3u2N018(H20)2] (2 g) was dissolved in 40 ml boiling water, and
PPh3 (6 g) dissolved in acetone (100 ml). The hot solutions were mivxed and
varmed on & steam bath for 15 minutes. The solution was then made up to
140 ml with acetone, and the precipitate collected on a warmed filter +o

remove K3[Ru2N018(H20)é] and reprecipitated with 80/100 petroleum ether.
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(Found: C, 48.1; H, 3.4; Cl, 15.9; N, 1.1; P. 7.5. C K, NOP, Ru

547 466X 21 OF 3R,
requires C, 49.4; H, 3.4; C1, 16.2; N, 1.1; P. 7.1%). I.r. spectrum

(neglecting bands due to triphenylphosphine ) 3545m; 983s; 848m; 342m;

314w om L.

Ruthenium nitrido nitrosyl complex.

In a typical reaction, nitric oxide gas, freed from nitrogen dioxide
was passed through a solution of K3[Bu2NC18(H2O)é] (2 g) in concentrated
hydrochloric acid (50 ml) heated under reflux. 5 ml portions of the
solution .were extracted at the hourly intervals and their contents precipi-
tated with caesium chloride. The yellow prodqcts obtained after up to three
hours refluxing showed i.r. bands at 1850-cm“1'Yﬁ0) and 1020 cnt CYaSRuZN);

after six hours refluxing, Cszfﬁu(NO)Clél was obtained.

Tricaesium Di-p~nitrido-bis(amminetetrachloro~osmate (V) amminetrichloro-

20

osmate (IV)) Dihydrate, 053[953N20111(ﬁﬁa)3]4_2ﬁ

The method of Claus 126\was used to prepare the complex [OSOQ(NHB)ZHZO]
which we reformulate EOSBNZ(Nﬂa)4(0H)8(Hzo)él. The black complex (1.0 g) was
heated under reflux in concentrated hydrochloric acid (30 rin) and the
solution then filtered. To the filtrate was added caesium chloride (é.O g)
to precipitate the brown product (40%). The latter was filtered off, washed
with concentrated hydrochloric acid and acetone, and dried at 110°¢c. (FPound:
Cl, 26.7; Cs, 26.0; N, 5.2. CllH13Cs3N5OZOs3 requires Cl, 26.4; Cs, 27.0;

N, 4.8%). I.r. spectrum (figures in perentheses refcr to deuteriated sample):
3540sb (2430); 3260s (2300); 3200s (2260); 1620s (1225); 1565msh (1140);
1335s(obe.);  1025ms, 10047; 970s, 948" 550m; 450m; and 320s —

+15N substituted sample.
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Potassium catena~p-Nitrido-tetrabromo-osmate (VI), Ki{OsNBr#]n.

A sample of the complex K[psNBr4(H20)],H20, prepared by a literature

method,ll was heated to 110°C (15 min) and the green product sealed in an

ampoule, (Found: Br, 56.7. Br4KNOs requires Br, 56.8%). Weight loss on

dehydration: 6.5. Calc. for 2H,0: 6.0%.
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CHAPTER 5,

SULPHAMIC ACID AND SULPHAMATO COMPLEXES AS SOURCES OF PLATINUM-

METAL NITRIDO CCHMPLEXES,

ABSTRACT

The néw complexes K§[MCI5(NH2805)] (M = Rh, Ir, Ru, Os) and
Kz[PdClz(NstOB)é] have been characterised and their chemical reactions
gtudied, Spectroscopié data suggest that sulphamate is bonded via the
nitrogen atom in these salts and also in K2[PtX2(NH2SOB)é] (X = C1,Br,1.)
and the -imido sulphonate Cs4[Pt012(NHSOB)é]. The complexes

K5[NClé]-nNH380§(n = 0.9-1.1) are also described.

5 - A~1 Introduction.

A recent report has described the preparation of the nitrido complex

(NH4)5

sulphamic acid and ruthenium trichloride 21. We have therefore examined the

[Ru2N018(H20)51 by heating together under reflux aqueous solutions of

reactions of this and other platinum-metal chloro complexes with sulphamic
acid, to see if other nitrido complexes can be made by this route, and to
identify the intermediate species present in such reactions. In order to
interpret ﬁhe vibrational spectra of the intermediate species we have stud-
ied the i.r. and Raman spectra of sulphamic acid, potassium sulphamate, and

their respective deuteriates.

Sulphamic acid is a‘white, crystalline solid (m.p.205°C) and a strong
monobasic acid in aqueous solution. Although its agueous solutions are quite

stable at room temperature, it is hydrolysed at higher temperatures to

amonium bisulphate (40% in 6hr. at 80°C) T2, Baumgarten proposed a

132

zwitterionic structure for the molecule and this suggestion has been
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133

verified by a neutron diffraction study . The --NH3 protons are staggered

with respect to the ;SO3 oxygen atomg and there is extensive N-H....0 inter-

molecular hydrogen bénding. A neutron diffraction study of potassium

134

sulphamate has also been made s and the anion has the same atomic¢ frame-

work as the acid with one proton removed. The tetrahedral co-ordination at
the nitrogen atom in this salt indicates that there is no K-S Pn-d“
bonding, although the N-S distance (1.67R) is somewhat shorter than in the

free acid (1.76%).

Few complexes of sulphamate ion have been reported. There are the
platimm complexes K[PtX,(1M,50,),] (X = 01, (cis, trans), Br,T,NH,s0;) 135,
and also the ammine species [M(NHB)s(NH2SOB)]2+ (1 = Co, 1361137 g, 138y,

The complexes [M(MH (NHSOB)]+ 137,138 na K4[PtCl2(NHSOB)é} 135 are also

3)5
Inmowvm; the acidity of coordinated sulphamate in agqueous solutions of

[co(1H (1\]H2803)]2+(pKa. = 5.8) 7 ana [ru(im 138

3)5 3)5
10

is at least 107 times greater than that pf the free ion.

(I\IH2803)12+ (pKa = 2.6)

5~ A - 2. Preparation of sulphamato and sulphamic acid containing

conplexes,

The reaction of hot agueous solutions of [MClé}B" (M = Rh,Ir,Ru,0s)
with sulphamic acid in the presence of potassium chloride gave the
sulphamato complexes K3[M015(NH2803X3 in good yield. A palladium complex,
K2[PdCl2(NH2805)é] was prepared by warming together aqueous solutions of
K2[Pd014] and sulphamic acid, a method similar to that used to prepare trans-
K, [Pto1, (E,50;) 1] 135, From this latter complex were made K, [Ptx’ o(¥E,50,) )

1
(X' = Br,I,NHZSOB) and CS4[P’EC12(NHSOB)2] 53,

If agueous solutions of potassiuﬁ chloride and sulphamic acid were
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added to solutions of [NClé]3- in warm 6M hydrochloric acid, then another
series of complexes, KB[M016].nNH3SO3 (n = 0.9 to 1.1) were precipitated es
shiny platelets from the cooled reaction mixture., Similar reactions using

Ké[h'014] (M' = P3,Pt) did not give complexes containing sulphamic acid.

Attempts to prepare sulphamato or sulphamic acid complexes using the
tetravalent chlorides EM"Clé]Q_ (M'* = 0s,Ir) were not successful. The
reaction of [DsClé]z_ with sulphamic acid gave an immediate precipitate of
(NH4)2[psClé] which indicates that this anion readily catalyses the hydrolysis

of sulphamic acid.

The magnetic moments of all the new rhodium, iridium, ruthenium and
osmium complexes were consistent with the presence of trivalent metels.
The palladium complex was diamagnetic. X-ray powder photographs of the two
rhodium salts showed none of the lines characteristic of NH3SO3’ KNHQSOB,
KC1, Kz[RhCIS(HQO)] or K3[3h01é]. On the basis of the following spectro-
scopic data, we propose that the sulphamato complexes have a N-bonded
sulphamato ligand, and those containing sulphamic acid have this zwitterion
hosted in a lattice of [MClé]s— ions. This is in accord with previous
chemical ecidence for N-bonding in sulphamzto complexes 137’138. Also, we
have been unable to prepare analogues of these species by reacting
K3[Rh016] with methanesulphonic acid(CHBSOBH) or its potassium salt,
KCH3803 (the anion of which is isceelectronic with NH2803_) using a variety
of reaction conditions. This suggests N- rather than O-bonding in sulpha-

mato complexes, and that the zwitterion nature of sulphamic acid is import-

ant in Ks[ﬁ01é].nNHBSOB.
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5 - A~ 3% Vibrational spectra.

a) Potagsium sulphamate and sulphamato complexes.

139 140

Incomplete data on the Raman and i.r. , spectra of potassium

sulphamate and its deutero-analogue have been reported. In Table 5.1. we

present the i.r. and Raman spectra of these two species from 200 to 4000 cm—l;

we use the notation of Katiyar 141.

134

The symmetry of the sulphamate ion is Cs » and fifteen normal modes

of vibration are expected (9A' + 6A"), all of which are i.r. end Raman active.
The -ﬂHz vibrations (3A' + 2A") were readily identified by their shifts on

deuteriation. We reassign Yﬁs in KNDZSO5 to the band near 800 cm -1 in view
of the relative intensities of the two Raman lines at 809 and 728 cm“l; this
mode is mixed with & ) 141.

,» (v
ND2

The i,r. spectra of [MC1 (NH SOBX] ~ (M = Bh,Ir,Ru,0s) are compared with

that of KNH 50, in Table 5.2. They are con51stent with N-bonding of the

3
sulphamato ligand. The —NH2 vibrations of complexed sulphamate, identified
by preparing deuteriated samples of the rhodium and iridium complexes, are
affected more than the —SO3 vibrations by coordination, and vary slightly
from metal to metal, The asymmetric -NH, rocking mode (712) is particularly
affected; its frequency falls to the region in which the corresponding vibra-

9 142

tion occurs in mercury (II) amides 7 and platinum-methylemine complexes.
The N~S stretching frequency is lower in the complexes than the free ion,
The small changes in the ~SO§ vibrations brought about by coordination are

143

similar to those seen in S~bonded thiosulphate complexes , that is a
small increaseAin —SO5 stretching frequencies and & corresponding small
decrease in —SO5 deformaﬁion frequencies., The --SO5 rocking frequencies were
not identified in our complexes; they are possibly obscured by the M-Cl

stretching bands.
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TABLE 5.1.

Vibrational spectra of potassium sulphamate and potassium sulphamate-d,, cm-l.

KN, 50, KND, SO5
IR Raman R " Raman
Y,(A') sym. S0; rock . 359s 367(3) 292s 302(1)
32hm
Yy, (A'") asym, 80; rock 403m 406( 6) 365w 388(5)
382m
v (A') sym. SO; def, 502m Lol(1) L32m 422(1)
w3 (A'") asym. SO, def. 562vs 562( 5) 5435 Skl 4)
Yo(A') sym. SO; def. 586 o 583(3) 578 o 580 ()
595 . 587
Y,(A") sym. N-S stretch go7s - 803(5) 806s 809(5)
T32(A'") asym, NH, rock 956w 952(1) 718m Co728(1)
vs (A') sym. 805 str. 1054s 1046(20) 1040ssh 1041(20)
1047s
Ys(A") sym.NH, wag 1127m 1141(1) . 819ssh obsc, by v, %
v,(A") sym, 80; str, 1197vs 1192(3) 1195vs 1196(1)
Y31 CA"") asym, SO; str. 1225vs 1251( 1‘/2) 1210vs 1228(1/2)
- 1, (A') sym. NH, bend 1545m 154901) 1156m 1156(1)
Y (A") syn. NH, atretch 3265s 3262(7) 2391s 2396(6)

no(A"') asym. NH, stretch 3315vs 332L4(2) 24°73m 24L89(32)
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(i) Proton vibrations,

KNH, SO5

Ks [RhC1; (NH,50; )]

K5 [RhC1; (ND, 505 )]

K 'IrCl; (NH, 505 )]

K; ' IrC1; (ND,SO;5 )]

K5 [RuCl; (NH, S0z )]

K3 |[0sCL; (M, 505 )]

K, [PAC1, (NH, 505 ), ]
transK, [PtC1, (NH,S0; ), ]
transK, ['PtC1, (ND; S0;); ]
cis K, [PtCl, (NH,S0;); ]

Kz [PtBrz (NHZ 803 )2 ]

Infra-red spectra of N-honded sulphamato complexes; for description of modes see Table 5.1.

TABLE 5,2,

Y10
3%15vs

3248m

242l

3234m

2410m

3248m

22%0m

3180s

3168s

2368s

3206s

3148s

Y
22658
3142m

2315w

3133m

2209m

3153m

3138m

3llzs

3110s

2297s

3115s

3119s

Yz
1545m
1516m

ll22m

1519m

1125m

1515m

1517m

1533m

1534m

1134m

1540m

1550m
1524m

Ye
1127m

1151m
1128m

S03m

116%m
1146m
921m

1150w
1122m

1156m

1129m

1168m
1143m

1193m
1153m

oL8m
861m

1185m
1146m

1194m
1168w

N2 Yo
956w 807s
- 676w 72hs

604w
516w 708s
L78w
700w 723s
612w
560w 706s
51%w
£58m '726s
585w
674w 721s
598w

7585 7365
626ém
781m 738s
634m
595m 7258
7h2ssh  730s
626m 727
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TABLE 5,2, contd,

K, 'PtI, (NH; 805 ), ] 3141m 3120m 1538m 1188m 622w 719s
1525sh

Cs, PtC1, (NHSO;) 2] *7F 32bhs 1270m 883s

Cs, | PtC1, (NDSO; )] ** 24ols ' 960m ‘ 839s

++ Yo3 N=H or N-D stretch: ygj N-H or N-D deformation: v, N-S stretch

(ii) =50, and other low frequency vibrations.

i Y Y Ye T3 Yis Other absorptions

KNH, S 05 1225vs 1197vs 1054s 595s 562vs 502m

_ ‘ 586s
K5 [RhC1; (NH, SO, )] 1293vs 1252s 1058s 575m 538m 4o2m  3%0vs, 310m, 302m, 257w
K; [RHC15 (ND, S05 )] 1277vs 1246vs 1057s © 57hm 536w L78w %2hvs, 310ssh, 297msh
K5 |'IrCls (NH, SO; )] 1250vs 1259vs 1058s 575m 538m 498n  313vs, 297vs, 259mw
K; | IrC1s (ND, 505 )] 1278s 1248s . 1058s 580m '538m 485m  3l2vs, 2958, 255mw.
K5 |RuCl; (NH, 505 )] 1290s 1252s 1057s 573m 537m 486m  323vs, 308vs, 285m§
K5 | 0sCLs (NH, S0;5 ) ] ~ 1293vs 1256vs 1058s 571m 536m Loom 319vs, 306s, 297s, 274m
K, |'PAC1, (NH,S0;5 )2 ] 1265vs 1240vs 1054s | 585m S4lm 508s not measured |
trans-K, |'PtC1, (NH,505 ), ] 1.263vs 1245vs  1051s 582ms Sklms  S5l2ms  373%s, 343s, 280m, 22551

trans~K, | 'PtCl; (ND;SO05 )2 ] 1260vs 1240vs 1056s 563ms 528ms 505ms  345s, 282m, 210m



il NN

cis~K, 'PtC1, (NH, 505 )2 ]

K2 [PtBI'z (NHZ SO} )2 ]

Kp | PETz (NH2 803 )2 ]

1268vs

1313vs
1295vs

1310vs
1293s

Table 5.2. contd,

1238vs

1265vs
124hvs

120s
1237s

1052s

1056s

1051s

(ii)

581m
578s

575s

543m
545m

548m

500m

520m
505m

513m
501m

375“1) 359!11, 33551 278W
382s, 286m, 220vs

378s, 280m, 235w



The spectra of the known platinum sulphamato complexes Kz[?tXZ(NHZSOB)é]
(X =01 (cis,trans), Br,I) 135 were measured for comparison and are pre-
sented in Teble 5.2., along with that of Kz[PdC12(NH2S03)é}. They show
the same features as the penta~halo complexes, but the -NH2 and -SO3
stretching frequencies are somewhat lower, and the corresponding deformation
frequencies rather higher than in the six-coordinate complexes. This may
indicate that there is a stronger interaction between the sulphamate ligand
and the metal in the sguare~planar complexes. The spectra of the platinum
and palladium complexes show two absorptions other than those due toYNX
in the reégion 400 - 200 cmfl, at 370 and 280 cmhl. The higher frequency
band i1s shifted in transg Kz[?tClz(NDstB)é], probably to under the'thCl
absorption at 343 cm-l, and we therefcre assign this to'YﬁN, and the lower
frequency band to an -SO5 rocking vibration. We assign a trans configuration
to Kz[PdClz(NHZSOB)é] since the Pd-N and Pd~Cl stretching absorptions are

single bands in the i.r. spectrum; for a cisg (sz) configuration, two bands

of each type would be expected.

The i.r. spectrum of the deprotonated species 054{?t(NH803)201é] has
just one W-H gtretching absorption, and one high frequency ¥-H deformation
mode. The N-S frequency is some 150 cm * higher than in K, [P(1H,50,),01.),

and' this may indicate some N-S Pp- d" bonding is present.

b) Sulphamic acid and complexes containing sulphamic acid.,

Incomplete data on the i.r. 140,144 and Raman 145 spectra of sulphamic
acid and sulphanic acid—d3 have been reported. In Table 5.3. we present the

i.r. and Raman spectra of these two species from 200 ~ 4000 cm_l. We use
140

Sy
, noting their misassignment of‘YSO

5

the notation of Vuagnat and Wagner
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TABLE 5.3,

Vibrational spectra of Sulphamic acid and Sulphamic acid-d,

vyq4 (E) degen, SOs rock

Yl' (A‘!) sym. SO; def,

. Y19 (E) degen., SO; def.

s (4, ) N=5 stretch
Y,(E) degen. NH; rock

vs (A, ) sym. SO5 stretch
vg(E) degen., $0; stretch
Y2 (A ) sym. NH; def,

v» (E) degen, NH; def,

v (4 ) sym. NH; stretch

V(E) degen NH, stretch

NH; SOy
IR

352
370 "

538ssh

5k
552 ©

690

706 vs
1002
1014 ™

1068
1050 °

1260, 1275, 1290
1305, 1320,vs

1437
1443 m
1450

1556
1568

m

3200~
2500

V3, b

Raman

357( %)
364(5)

539(7)
558(5)

683(3)
702(1)

1024(1)

1061(20)

1282(1)
1308(1)
1320(2) ¢

1440(1)

1542(1)
1573(1/2)
Z0L4(3)

3130(2)

ND; SO5
R .

343
367 °

507
516 °

531
539 ©

670
685 V°

792
802 @

1056
1061 vs
1065

1255
1315

vs

1095m

Raman

336(7)
517(8)
542(5)
665(1)
€88(3)

808(1)

1057(20)

1292(1)
1314(1)

1108(2)

2280(3)

2371(2)



(Y3’Al) and SSO:}’IH (Y ’Al) 144-

The-éymmeﬁr&*bf the gulphamic acid zwitterion is approximately CBV’
the slight solid-state distortions being dve to extensive inter-molecular
hydrogen bonding within the unit cell 135. Twelve fundamental modes of
vibration are expected belonging to the classes 5A1 + A2 + 6E, The Al and
E modes should be both i.r. and Raman active, and the A2 mode (N-S torsion)
active in neither. Of these vibrations, five involve the - 3 group

(2A1 + 3E), and these, along with Y. (Al) were readily identified by their

shifts on deuvteriation. Several of the abscrption bands showed extensive

splitting, and this has been attributed to the low site symmetry in the

crystal (Cl) and the coupling of modes within the unit cell 140.

The i,r. spectra of K [MC1,).nNH,SO, (M = Rh,Ir,Ru,0s) are all very
3 6 3773 :

similar, end these are presented in Table 5.4 along with that of

stﬂhClé]enNDBSO5 and, for comparison, sulphamic acid., The spectra are

consistent with the presence of molecules of sulphamic acid hosted in the

lattice of [HClé]5_ ions, with N-H....Cl1 hydrogen bands.

anion
The bands which are shifted on deuteriation of the rhodium complex

have positions and profiles characteristic of an --NH3 rather than an -NH2
group. The positions of these bands are shifted from those of the corresp-
onding bands in sulphamic acid, but the strong FN-H...0 hydrogen bonds of the
acid will not be present here., The --NH3 stretching vibrations still occur
at rather low frequencies in the complexes, however, which indicates that
here too there is hydrogen bonding. In this cgse, however N-H....CL anion

bonds are more likely.
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Sulphamic acid containing complexes, infra-red spectra 4000-200 cm

TABLE 5.4,

1

For descriptions of modes, see Table 5.3.

(i) Proton vibrations,

NH; SO,

K; [RhC1le ] ND;SO5

" K; | IrCle ] .H; SO5

K3 [RU.Cls ] .NH3 803

K3 [OSC]_G ] .NH3 SO} )

Yo N Y7
32008 3140s 1568m
1536m
2075s 2990vs 1550m
1527m
2279s 2210§. 1124w
Z080s 2995vs 1547m
1525m
Z078s 2995vs 1547m
1525m
2075s 2998vs 1550m
1527mw

Y2

1450m
1443m
1437m

1389m

1071w

1385m
1387m

1387m

1014m
1002m

999

791

m

w

995m

9

9€m

996m

Y5

706s
€£90s

692s

678s

691s

63%s

© 689s
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TABLE 5.4, cont.

(ii) -80, and low frequency vibrations.

NH; 505

K; [ IrCl, ], NH; SO;

s

1320vs
1305vs
1290vs
1275vs
1260vs

1295vs
1279ssh

1291 vs
1277sh

129%vs
1278ssh

1292vs
1280ssh

1295vs
1280ssh

s

1070s
1068s

1071vs

1094vs

1068s.-

1071vs

1071vs

10

582s
Skt s

532m

5425

Shas

Sh2s

538ssh

518m.
4§5m
S17m
5i8m

S16m

1

370m
352m

3h43s

3hhs

3h3s

3h3s

Other absorptions

330ssh, 3158, 285w

320vs,b, 288w

322ssh, 305s, 295ssh,

320m, 30k4vs

204msh, 290s, 275wsh



Apart from the N-H strefching région, the spectra of the complexes
are extremely simple, showing only the nine absorptions anticipated for a

sulphamic acid molecule with C,  configuration, and only two of these

3
absorptions ('Y7(E), and‘Yé(E)) show any splitting. If oxygen-coordinated
sulphamic acid were present, then we would expect considerable changes in the
---SO3 group frequencies, and splitting of the E modes due to the lowering of the
local symmetry of the molecule to CS°

For en octahedral EMClé]3~ ion we expect one i.r., and two Raman active
M-Cl stretching modes., The Raman spectra of the rhodium and iridium complexes

show two such bands, but in general the i.r. siretching absorption is split

into two, probably a result of solid state effects.

5 ~ A -~ 4 Electronic spectra.

In view of the similarities between the i.r. spectira of all the sulph-
amate complexes, and the similarity of the i.r. spectra of those complexes
containing sulphamic acid, we only measuféd the electronic spectra of the
two types of rhodium and iridiwn complex since their spectra are easier to

interpret.

The ground state of low spin octahedral d6 complexes is a 1A

| 1g state;
excitation of an electron to give the configuration to t2g 5egl produces
3 1 1 3 146 . ,
the states ‘l‘lg + ‘l‘lg + ng + ng . The singlet excited states have

higher energies than the triplets. The spectra of K3[M01é] T ana
K2[MC15(H20)] 148(M = Rh,Ir) have been interpreted on this basis (despite
the lower symmetry of the latter complexes), and the singlet—singlet.trans—
itions assigned. The wavelengths of the singlet-singlet absorpiicns in
%[14016] and 1<2D-'1015(Hzo)] are compared in Table 5.5. with those of the

50..

i i in K, IC NH,.S0 d K, |MCl,].nNH
corresponding absorptions in 3[ 15( 5 3)] and K, U é] 3505
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TABLE 5.5.
Electronic Spectra of Sulphamate and Sulphamic-acid containing complexes, . 200 - 200 nm.

(i) Rhodium complexes,
Sinélet-Singlet transitions QOthers

K5 |RhC1g ] . nlNH; SO; Aq. Solution 508(105)" 380(100)*

Reflectance 528m 422m 321m
. 147
K, [RhC1¢ ] Ag. solution 518(102) L 2(82)
Kz RhC1s (H,0) ] Ag. solution 507(99) ' 402(99)
Reflectamce 520m 41 7m 342m

K5 | RhC1; (NH, SO; )] Aq. Solution 475(80) . 282(80)
Reflectance . L75m 295m 306m
L70m ' 590m 330m

(NH,, ), [RhC1; (NH; ) ] Reflectance

+ Absorptions due to [RhCls(OHz)]Z-
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Table 5.5. Contd,

(ii) Iridium complexes,.

Kj [ IrC1, JnNH; SO5

K; | IrClg ]

K, | IrC1; (H,0)]

K, [ IrC1, (NH, 505 )]

Reflectance
Aq._Solution147

148

Aq. Solution

Aq. Solution

Reflectance

Singlet-Triplet transitions
562(m)

615(8)
560(10)

550(12)

| 536(10)

Sij

Figures in parentheses are molar extinction coefficients,

Singlet-Singlet transitions

479m 370m
415(76)
405(110) - 347(110)
365(100)  330(115)
%87m 343m

QOthers

313w

298w



It can be seen that the assorption maxima in solutions of
K3[M015(NH2503)] are at shorter wavelengths than the correséonding aguo
complexes, as would be expected for & nitrogen donor. Furthermore the
maxima in the complex K3[3h015(NH2803)] have similar wavelengths to those in

(NH4)2[Rh015(NH3)3. The reflectance spectra of KBEMCIé].nNH show

SO
3773
absorptions due to the same two transitions at much longer wavelengths, and

‘near the maxima reported for Ez[}wxég 142 The solution spectrum of

K3[3h01é].nNH shows that the species present is almost certainly

S0
3773
[Rh015(H20j]2-; the [RhClé]B— ion is rapidly agquated in solution.

5—-A -5 Reactions of N-bonded sulphamato complexes.

When agueous solutioné of K3(Bu015(NH2805)] were heated under reflux
in & nitrogen atmosphere, then the binuclear nitrido anion [BuZNC18(H20)é] >
was formed. It was precipitated as the caesivm salt in 80% yield. Sulphite
ion is also produced by this reaction. Similar reactions using
K3[9s015(NH2803)] gave products which contained only small amounts of
Cs3[032N018(H20)éj, which was identified by its characteristic i.r. absorption

1

at 1135 cm ~. Similar impure products were obtained when NastpsClé] vas

heated under reflux with an excess of sulphamic acid. The mechanism of
these solution reactions is not clear. A possibility in the ruthenium
reaction is a two-electron oxidative decomposition reaction to give a Ru(V)

55

imido (Ru(ITT) nitrene) complex in a similar manner to the proposed

decomposition of Re(IIT) azido and hydrazinium complexes to give Re(V) nitrido

19

species .

' IIT. 3~ v 2
[915Ru - ansoéj > [?15Ru (w1~ + HSO,

This intermediate could then react with another Ru(III) species to form the
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bridging nitrido linkege.

II

[0153uV(NH)]2" N [ClSRuI - ¥E,50,) >, [015}2u-N~Ru015]5‘ + NH,SO

3773

The decachloro complex is then aguated 8 to give [BﬁZNClS(HeO)é]B_.

Some Ru(III) complexes have been shown to undergo dispfoportionation to
Ru(II) and Ru(IV) 149, end such a process could also be involved. The course
of the sulphamato complex decomposition will obviously depend on the rate

of the M—NH2803 bond-breaking process and the stability of the inter-

mediates involved; either or both of these factors must not be favourable

in the osmium case. Pyrolysis of K3[HUC15(NH250 )] at 250o also gave a

3
nitrido complex. Vhen the productvas dissolved in dilute agueous HC1l which

contained caesium chloride, Cs5[Ru2N018(H20)é3 was formed, -

No evidence for the formation of nitrido complexes was obtained by
heating aqueous solutions of KBEM'Cls(NHZSOBIl '(M‘ = Rh,Ir) under reflux.
The iridium salt was recovered unohanged'éfter reaction for two days, where~
as the rhodium salt was converted into Kz[ﬁhCls(NHs)] after one day. This
ammine c¢omplex was also formed by heating aqueous solutions of rhodium

trichloride and sulphamic acid together for two days.
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SECTION 5 - B EXPERIMENTAL

Potassium Sulphamatopentachlororhodate (III), K5[Rh(NH2S03)Q;é]LE20;

Hydrated sodium hexachlororhodate (III) (1.5 g) and potassium chloride
(1.5 g) were dissolved in water (10 ml) and & saturated solution of
sulphamic acid (1.2 g) added. The mixture was warmed for 2 min, cooled,
and the light orange microcrystalline solid filtered off and washed with
water and acetone (yield 80%). (Found: Cl, 34.4; K, 22.6; N, 3.4; S, 6.4.
H,C1_K.NO BhS requires Cl, 34.7; K, 22.9; N, 2.7; S, 6.3%). The complex is

4753 :
diamagnetic.

Potassium Sulphametopentachloroiridate (III), K5[Ir(NH2s05)015],gﬁqu

This was prepared in a similar manner to the rhodium salt but using
hydrated sodium hexachloroiridate (III), The product is salmon-pink (yield
75%). {(Found: C1, 28.9; K. 19.0; N, 2.4; S, 4gé. H6C15KBIrNO5S requires
Cl, 28.7; K, 18.9; N, 2,3; S, 5.2%). The complex is diamagnetic. Raman
spectrum of normal salt: 326(10), 3%05(6), 258(2), 169(1) cm—l; of deuteriate

the sanme.

Potassium Sulphamatopentachlororuthenate (III) K,[Ru(NstOB)gléyl
3

Potassium hexachlororuthenate (III) (1 g) and sulphamic acid (1.2 g)
were refluxed together in water (10 ml) for 15 min, and potassium chloride
(1 g) then added to the mixture which was filtered while still hot. On cool-
ing, the brown microcrystalline salt separated out; it was washed with
wvater (5 ml) and then with acetone (yield 50%). (Found: Cl, 35.6; K, 23.3;
N. 3.0; S, 6.6. H_C1_.K,NO,SRu requires Cl, 36.1; K,23.9; N, 2.9; S, 6.5%).

277573773
Gram susceptibility ( xg) 3.74 x 10‘6 c.g.s.u. (25%C) ( Mopp 2.18 B.M. ).
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Potassium Sulphamatopentachloro-osmate (III), K5[OS(NH2805)Q;5]:_

This was made by reaction of sodium hexachloro-osmate (IV) (0.9 g)
and stannous chloride (0.49 g) in 25% hydrochloric acid (7 ml)., This mixture
was warmed with sulphamic acid (1 g) and potassium chloride (1.2 g); on
- cooling, yellow platelets of K3[03016],1.1(NH3803) separated out. This
(0.7 g) was warmed with sulphamic acid (1 g) and potassium chloride (1.2 g)
in water (5 ml) under a nitrogen atmosphere. After 2 min, yellow crystals of
the product were formed and were filtered off (yield 40%). (Found: C1, 31.1;
K, 19.6; N,~2.4. H2015K3N03SOS requires Cl, 30.5; K, 20.2; N, 2.4%). Gram
susceptibility Xg 3.27 x 1070 c.g.s.u. ( Mg 2421 B.M.).

trans-Potassiun Bis(sulphamato-N)-dichloropalladate (II),
K, [Pa(1m,80,) .01,

Sulphamic acid (2 g) was added to a hot solution (10 ml) of potassium

tetrachloropalladate (II) (2 g). The yellow precipitate was formed immediat-
ely (yield 80%). (Found: Cl, 15.6; N, 6.4. 1,C1,K,N,0.PdS, requires

Cl, 15.9; W, 6.0%). Raman spectmm: 3182(%), 3125(1), 1534(3), 1272(1),
1248(2), 1165(1), 1066(3), 768(1), T08(L), 623(1), 578(%), 548(3), 496(2),

312(9), 269(1) ca ',

cis-Potassium Bis(sulphamato-N)-dichloroplatinate (II),

KQEPt(NH2803)2C1 21120,

This vas made by the literature method “2°. (Fownd: Cl, 12.5; N, 5.1;
S, 10.6. HgCl K, N,0.8,Pt requires C1, 12.6; N, 5.0; S, 11.4%). Ramran
spectrum:  3202(%), 3155(%), 1290(1), 1265(1), 1245(3), 1176(1), 1150(1),
1050(10), 1024(1), 1010(10), 792(1), 745(5), 622(3), 584(4), 545(1), 503(3),

376(1), 329(2), 325(10), 274(1) e t.
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trans-Potasgium Bis(sulphamato—N)ndichloroplatinate (II),
Kz[PthH2803)2Clé];.

This wasg made by the literature method 135. (Found: C1, 13.2; N, 5.6.

H4012K2N206Pt82 requires Cl, 13.2; N, 5.2%3). Raman spectrum: 3176(1);
3119(1)3 1538(1); 1277(3), 1252(1), 1191(1), 1156(1), 1066(10), 764(4),

739(3), 648(1), 580(2), 544(%), 506(3), 366(1) cu>.

Potassium Bis(sulphamato-N)~dibromoplatinate (II), K2[Pt(NHéSO5)2Bré]L

. z
This was made by Kirmreuther's method 155, (Found: Br, 25.6; N, 4.6;

S, 9.6. HﬁBr2K2N206PtS2 requires Br, 25.6; N; 4.5; S, 10.2%). Raman
spectrum: 1280(1), 1250(1), 1070(10), 756(2), 743(10), 600(3), 577(2),

547(1), 500(5), 375(1), 285(3), 200(10) cm >,

Potassium Bis(sulphamato-N)-di-iodoplatinate (IT), Ké[Pt(Nstoz)zIél;
el

This was made by the literature method 135. (Found: N, 4.1; S,8.4.
H412K2N206Pt52 requires N, 3.9; S, 8.9.)

Potassium Hexachlororhodate (II1)-Sulphamic Acid, K5tﬁh01él,1,1N33803.

Rhodium trichloride (hydrated; 1 g) was dissolved in hot concéntrated
hydrochloric acid and potassium chloride (1.5 g) and sulpha@ic acid ( 1.2 g)
added. Shiny pink platelets of the salt were precipitated ufon cooling the
solution; they were washed in ethanol and acetone (yield 70%). Similar
complexes of iridium, ruthenium and osmium (III) may be prepared in like
manner using Na [txc1,] 28,0 (green shiny platelets, 80%), K3[§u616]

(brovm shiny platelets, 75%) and Ha bsClé] (yellow shiny platelets, 80%).

3
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Caesium Bis(imidosulphemato)dichloroplatinate (II), Cs 4[Pt(IMS03)2012].

This was made by the literature method 155. I.r. spectrum; 3244s,

1270m, 1140s, 1120s, 1008s, 886s, 770m, 720m, 635m, 580m, 510s, 31ls,

280m cm‘l.

Potassium _M-Nitrido~octachlorodiaquodiruthenate (IV),
Ks\'.ngN_QlB(_HZQZ].

An agueous solution of Ks[Ru(NstOB)Clsj (0.5 g in 2 ml) was refluxed

for two days; Potassium chloride (2 g) was added to the solution and the

brown crystals of the product filtered off ( yield 80%).

Ammonium Amminopentachiororhddate(lII),(NHA)Ztggg;s(NHS)].

An aqueous solution of sulphamic acid (7 g) and of hydrated rhodium
trichloride (3 g) were refluxed in water (30 mlj for two days. The solution
was then evaporated to low bulk and conc. hydrochloric acid (5 ml) added.
The browm crystals were filtered off and washed with water fo remove
(NH4)3[RhCla . (Found: €1, 51.4; N, 11.8. H,.CL_N,Bh requires Cl, 53.5;

1177573
N, 12.6%). '
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Physical Measurements.

Infra - red spectra were measured as nujol mulls between caesium
iodide plates on a Perkin-Elmer 325 instrument (4000 - 200 cm—l), and Ramen
spectra (4000 - 40 cm-l) on a Cary 81 instrument with a CRL52 Kr laser using
excitation at 647.1, 568.2, and 530.8 nu. 1H n.m.r. speetra were measured over
a temperature range from 223 to 308°K on a Perkin-KElmer B -~ 12B instrument,
which operates at 60MHz, Electronic spectra were obtained from a Cary 14
machine,

Microanalyses were performed by the Microanalytical Department at
Imperial College, Alfred Bernhardt, and F. Pascher., Potassium, ammonium, and
caesium were determined as tetra-phenylboronates.

X -~ ray powder diffraction studies were made by Miss J. Osborne of

this department.
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Sulphamato-complexes of the Platinum Metals
By W. P. Griffith and D. Pawson, Department of Chemistry, Imperial College, London SW7 2AY

The new complexes K3[M(NH;S0,)Clg] (M = Rh, Ir, Ru, or Os) and K,[Pd(NH,S0,),Cl,] have been charac-
terised and their chemical reactions studied. Spectroscopic data suggest that sulphamate is nitrogen-bonded to
the metal in these salts, in K,[Pt(NH,S04)¢X,] and in the imido-sulphonate Csy[Pt(NHSO,),Cl,].

WE have recently described the properties and structure
of the nitrido-bridged species K4[Ru,NCl(H,0),],} first
made 2 by reduction of K,JRu(NO)Cl;]. Another recent
publication has shown that (NH,);[Ru,NCl(H,0),] can
be made from ruthenium trichloride and sulphamic acid
in the presence of chloride ion3 As part of a general
study of platinum metal nitrido-complexes we have

magnetic moments of the four pentachloro-species
indicate that the metal is in the trivalent state, and, in
the case of the rhodium complex, X-ray powder photo-
graphs show that the complex contains no free
K,3[RhCl), potassium sulphamate or sulphamic acid.
Several properties suggest that the sulphamato-ligand
is bonded to the metal via its nitrogen atom rather than

Lr. spectra of sulphamate derivatives in the N~H and N-S regions (cm™)

YNHat? YNHA®
K(NH,SO,) * 3328s 3250s
K(ND,SO,) 2608s 2417s
K [Rh(NH,S0,)Cl;] 3248m 3143m
K,y [{Rh(ND,SO,)Cl;} 2424m 23156m
K,[RhCl;],1- INH, SO, 30756s 2990vs
K, [RhCl,],1-1ND¢SO, 2279s 2210s
NH,SO, ¢ 3200s 3140s
ND,SO, 2370s 2299s
Cs,[Pt(NHSO,),Cl,] 3244s '
Cs,[Pt{NDSO,),Cl,] 2401s

@ Using the assignments of L. Kaityar, Indian J. Pure Appl. Phys., 1968, 8, 686.

B. L. Wagner, J. Chem. Phys., 1957, 26, 77.

studied the reaction between the metal halogeno-
complexes and sulphamate ion in order to establish the
nature of the intermediate species involved, and to
investigate the possibility of making nitrido-complexes
from them. There are few fully characterised sulpha-
mato-complexes in the literature: those previously re-
ported are of platinum(1) % and [M(NH,SO,)(NH,);]%*
(M = Co%7 and Ru?).

We find that reaction of hexachloro-complexes of
trivalent rhodium, iridium, ruthenium, and osmium
with sulphamic acid in the presence of potassium chloride
yields K [M(NH,SO;)ClL] in good yield, and a similar
method with K,[PdCl,] gives Ko[Pd(NH,S0,),Cl,]. The

1 M, J. Cleare and W. P. Griffith, Chem. Comm., 1968, 1302;
J. Chem. Soc. (A), 1970, 1117.

2 L. Brizard, Compt. rend., 1896, 128, 182.

? G, S. Reddy and P. Taimsalu, Trans. Inst. Metal Finishing,
1969, 47, 187. )

¢ L. Ramberg and S. Kallenberg, Ber., 1912, 45, 1512;
H. Kirmreuther, ibid., 1911, 44, 3115.

SNHR*® SNHA® NH, rock V3—N
1546m 1128m 956m 805vs
1160m 803m 718m 712vs
1616m 1161m 676w 724vs
1122m 903m 516w 708vs
1660s 1389m 999m 692s
1124s 1071m 791m 678s
1570m 1446m 1016m 698s
1143m 1102m 801m 683s
1270m 883s
960m 839s

b Using the assignments of A, M. Vaugnatand

oxygen in these new complexes as well as in the platinum-
(11) species K, [Pt(NH,S0,),X,] (X = Cl, Br, or I). 1I.r.
(and, where obtainable, Raman spectra) of the solids
when compared with those of potassium sulphamate

- show that it is the -NH, modes (easily identified by their

shifts on deuteriation) rather than the -SO, mades
which are affected by co-ordination (see Table and
Experimental section). The large shifts in the -NH,
modes are similar to those found in mercury(if) amides,®
while the much smaller shifts in ~SO; modes are similar
to those found in S-bonded thiosulphato-complexes.1®
A drop in the N-S stretching frequency from free to

5 V. V. Lebedinskii, Izv. Inst. Plat., 1947, 194, 99.

¢ F. Ephraim and W. Flugel, Helv. Chim. Acta, 1924, 7, 724.

7 L. L. Po and R. B. Jordan, Inorg. Chem., 1968, 7, 626.

® J. N. Armor and H. Taube, Inorg. Chem., 1971, 10, 1570.
o * N. Q. Dao and D. Breitinger, Spectrochim. Acta, 1971, 274,

05.

1© G, W. Cox, T. M. Sabine, V. M. Padmanabhan, N, T. Ban,

M. K. Chung, and A. K. Surjadi, 4cfa Cryst., 1967, 28, 578,
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co-ordinated sulphamate is observed and would be
expected for nitrogen co-ordination. In the imido-
sulphonate complex Cs,[Pt(NHSO,),Cly] (made? by
deprotonation of [Pt(NH,S04),CL;]2-), the N-S frequency
rises to 886 crm™? due presumably to the greater degree of
N-S =-bonding attendant on the removal of a proton
from the sulphamate amide group. The electronic
spectrum of the rhodium complex Kg[Rh(NH,SO,)Cl;] is
very similar to that of K,[Rh(NH,)Cl;], and indeed the
latter complex may be made from the former by reflux-
ing in aqueous solution, which again suggests N- rather
than O-bonding of the (NH,S0;) ligand. Attempts to
prepare complexes of CH;SO;~ from platinum metal
halogeno-complexes and methanesulphonic acid or its
salts were not successful, which again suggests that the
isoelectronic (NH,SO,4)~ group probably co-ordinates via
nitrogen; on chemical grounds one would expect the
more basic nitrogen centre to co-ordinate preferentially.?8

A curious feature of the reaction system sulphamic
acid-platinum group halogeno-complexes is the form-
ation, in very acid solutions, of plate-like crystals of
K,3[MClg],#nNH4S0, (# = 0-9—1-1). The spectra of all
four species (M = Rh, Ir, Ru, and Os) are very similar to
each other and that of sulphamic acid in solution (i.e. the
spectrum of sulphamic acid in the solid state is more
complex than that of the solid ‘ complex’). X-Ray
powder photographs for K /RhCl;],1- 1NH,SO, are quite
different from those of K4{RhClg], solid sulphamic acid,
potassium sulphamate, or potassium chloride; moreover
the colour of K3[0sClg] NH SO, (yellow) is quite different
from that of K, [OsCl;] (red). It seems probable that
the zwitter-ion structure of sulphamic acid may be
responsible, the lattice of the ’complex’ containing
distorted molecules of [RhCl]® and NH,*SO,;~ held
together by dipole-dipole interaction or by N-H---Cl
hydrogen bonds. A similar situation may exist in the
double salt K,S0,2NH;S0; recently reported.’! The
failure to prepare analogous species with K3[MClg] and
methanesulphonic acid also suggests that the zwitter-ion
nature of sulphamic acid may be involved.

Prolonged refluxing of K;/Ru(NH,SO,)Cl;] in aqueous
solution gives K Ru,NCl(H,0),] and sulphite ion
(simple pyrolysis of the ruthenium sulphamato-complex
at 250° also gives the nitride). No such reaction
is observed for the rhodium or iridium salts, but
K,[0s(NH,S0,)Cl;] gives a very low yield of a mixture
of K,[Os,NCL(H,0),] and another nitrido-species,
probably K;[Os,NCl,,]. The mechanism of the reaction
with the ruthenium system is not clear; perhaps there
is an oxidative two-electron process [via ruthenium(v)]
of the type suggested by Chatt for formation of rhenium-
(v) nitrido-complexes with hydrazinjum ion,!? or possibly
a disproportionation of ruthenium(i1r) to ruthenium(1r)
and (1v).13

EXPERIMENTAL
Potassium  Sulphamatopentachlovorhodate(111), K [Rh-
(NH,;S0,)Cl;],H,O.—Hydrated sodium hexachlororhodate-

11 § Uchida and M. Mochizuki, Chent. Letters (Japan), 1972,
1 6.
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(1) (1-6 g) and potassium chloride (1:5 g) were dissolved
in water (10 ml) and a saturated solution of sulphamic acid .
(1-2 g) added. The mixture was warmed for 2 min, cooled,
and the light orange microcrystalline solid filtered off and
washed with water and acetone (yield 80%) (Found: Cl,
34:3; K, 22-6; N, 3+4; S,6-4. H,CL,K,NO,RhS requires Cl,
347, K, 22:9; N, 2.7; S, 6:3%). The complex is dia-
magnetic. Electronic spectrum (nm) reflectance: 475m,
395m; aqueous solution 475 (¢ = 80), 382 (¢ = 80).
Ir. spectrum of normal salt: 3248m, 3143m, 1516m, 1293vs,
1252vs, 1151m, 1128m, 1058vs, 724s, 676w, 604w, 576m,
538m, 492m cm.

Potassium  Sulphamatopentachloroividate(111), K,[Ir-
(NH,S0,)Cl],2H,0.—This was prepared in a similar
manner to the rhodium salt but using hydrated sodium
hexachloroiridate(tir). The product is salmon-pink (yield
75%) (Found: Cl, 289; K, 190; N, 24; S, 48.
HCLK,IINO,;S requires Cl, 28-7; K, 189; N, 2:3; S,

52%). The complex is diamagnetic. Electronic spectrum
(nm) reflectance: 503m, 387m, 343m; solution 530w,
365vs, 330vs. I.r. spectrum of normal salt: 3234m,

3133m, 3013w, 1519m, 1290vs, 1259vs, 1169m, 1146m,
1058s, 723s, 700w, 612w, 575m, 538w, 498m, 309s, 296m,
255w cm™. Raman spectrum of normal salt: 326(10),
305(6), 258(2), 169(1) cm™; of deuteriate the same.

Potassium  Sulphamatopentachlororuthenate(inn) XK,[Ru-
(NH,SO,)Cl;].—Potassium hexachlororuthenate(rir) (1 g)
and sulphamic acid (1-2 g) were refluxed together in water
(10 ml) for 15 min, and potassium chloride (1 g) then added
to the mixture which was filtered while still hot. On cool-
ing, the brown microcrystalline salt separated out; it was
washed with water (5 ml) and then with acetone (yield
50%) (Found: Cl, 356; X, 233; N, 3.0; S, 6.
H,CI;K;NO;SRu requires Cl, 36-1; K, 23-9; N, 2:9; S,
6:5%). Gram susceptibility (yp) 3-74 x 107 c.g.s.u. (25 °C)
(e, 218 B.M.). I1.r. spectrum: 3245m, 3143m, 3010w,
2289w, 1515m, 1290s, 1252s, 1150w, 1122m, 1057s, 726s,
658w, 595m, 573m, 537m, 486m, 323s, 306s, 284s, 272w cm™1.

Potassium Sulphamatopentachioro-osmate(1r), K {Os(NH,-
$0,;)Cl,].—This was made by reaction of sodium hexachloro-
osmate(1rv) (0-9 g) and stannous chloride (0-49 g) in 259%,
hydrochloric acid (7 ml). This mixture was warmed with
sulphamic acid (1 g) and potassium chloride (1-2 g); on
cooling, yellow platelets of K4[OsClg],1-1(NH,SO,) separated
out. This (0-7 g) was warmed with sulphamic acid (1 g)
and potassium chloride (1-2 g} in water (5 ml) under a
nitrogen atmosphere. After 2 min yellow crystals of the
product were formed and were filtered off (yield 40%)
(Found: CI, 31-1; K, 196; N, 2-4. H,Cl;K;NO,50s
requires Cl, 30-5; K, 20-2; N, 2:49,). Gram susceptibility
Jg 327 x 107 cgsu. (s 2-21 B.M.). ILr. spectrum:
3230m, 3138m, 1517m, 1293vs, 1256vs, 1156m, 1139m,
1058vs, 721s, 674w, 598w, 511m cm™.

trans-Potassium  Bis(sulphamato-N)-dichloropalladate(1t),
K,[Pd(NH,S0,),Cl,].—Sulphamic acid (2 g) was added to a
hot solution (10 ml) of potassium tetrachloropalladate(rr)
(2 g). The yellow precipitate was formed immediately
(yield 80%) (Found: Cl, 15-6; N, 6-4. H,CLK,N,0,PdS,
requires Cl, 15-9; N, 6-09,). Lr. spectrum: 3180s, 3112s,
3040m, 1533m, 1265vs, 1240vs, 1168m, 1143m, 1054s, 758s,
734s, 626m, 585s, 54ls, 508s cm™l. Raman spectrum:
3182(4), 3125(1), 1534(3), 1272(1), 1248(2), 1165(1), 1066(3),

12 T, Chatt, C. D. Falk, G. J. Leigh, and R. J. Paske, J. Chem.
Soc. (A4), 1969, 2288.
13 D, P. Rudd and H. Taube, Inorg. Chem., 1971, 10, 1543.
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768(1), 708(1), 623(1), 578(}), 548(}), 496(2), 312(9),
269(1) cm™,

cis-Potassium Bis(sulphamato-N)-dichloroplatinate(11),
K,[Pt(NH,S0,),Cl,),2H,0.—This was made by the
literature method 4 (Found: Cl, 12-§; N, 51; S, 10-6.
HCLK;N,0,S,Pt requires Cl, 12-6; N, 50; S, 11-4%).
I.r. spectrum: 3600s, 3498s, 3149s, 3115s, 3040m, 1614s,
1586s, 1551m, 1522m, 1295vs, 1266m, 1245m, 1180m,
1146m, 1123m, 1087vs, 1084s, 1055s, 1046s, T92m, 748s,
724s, 626m, 619m, 576s, 543m, 503m, 345w cm™. Raman
spectrum: 3202(}), 3155(3), 1290(1), 1265(1), 1245(3),
1176(1), 1150(1), 1050(10), 1024(1), 1010(10), 792(1), 745(5),
622(3), 584(4), b545(1), 503(3), 376(1), 329(2), 325(10),
274(1) cm™.

trans-Polassium  Bis(sulphamato-N)-dickloroplatinate(1),
K,[Pt(NH,S0,),Cl,].—This was made by the literature
method ¢ (Found: Cl, 13-2; N, 56. H,CLK,N;O,PtS,
requires Cl, 13-2; N, 529%). ILr. spectrum: 3168s,
3110s, 15634m, 1263vs, 1245vs, 1193m, 1153m, 1051s, 781w,
738s, 634w, 582s, 541m, 512s, 373mcem™. Ramanspectrum:
3176(1), 3119(1), 1538(1), 1277(3), 1252(1), 1191(1), 11566(1),

11066(10), 764(4), 739(3), 648(1), 580(2), 544(}), 506(3),
366(1) cm™, _—

Potassium Bis(sulphamalo-N)-dibromoplatinate(11),
K,[Pt(NH,SO,),Br,].—This was made by Kirm-
reather's method4 (Found: Br, 25-6; N, 46; S, 96,
H,Br,K,N,O,PtS, requires Br, 25-6; N, 45; S, 10-2%,).
Lr. spectrum: 3148s, 3129s, 3052m, 2420w, 1550m, 1524m,
1313vs, 1295vs, 1265vs, 1244s, 1194m, 1168w, 1065s, 727s,
626m, 578s, 545m, 520m, 506m, 382w, 287w cm™. Raman
spectrum: 1280(1), 1250(1), 1070(10), 756(2), 743(10),
600(3), 577(2), 547(1), 500(5), 375(1), 283(3}), 200(10) cm™.

Potassium Bis(sulphamato-N)-di-iodoplatinate(11),
K, [Pt(NH,S0;),1,)—This was made by the literature
method ¢ (Found: N, 41; S, 84. HJIK,N,OPtS, re-
quires N, 39; S, 89). Lr. spectrum: 3141m, 3120m,
3030m, 1538m, 1525m, 1310s, 1293s, 1260s, 1237s, 1188m,
1051s, 719s, 622w, 575s, 543m, 513m, 501m, 376w, 279m
cm™,

Polassium Hexachlororhodate(111)~Sulphamic Acid,
K,[RhCl,],1-1NH,SO;.—Rhodium trichloride (hydrated; 1
g) was dissolved in hot concentrated hydrochloric acid and
potassium chloride (1-5 g) and sulphamic acid (1-2 g) added.

J.C.S. Dalton

Shiny pink platelets of the salt were precipitated upon
cooling the solution; they were washed in ethanol and
acetone (yield 70%). Electronic spectrum, reflectance:
522m, 422m nm. ILr. spectrum: 3073s, 2955vs, 1547s,
1525s, 1389m, 1293s, 1279s, 1071vs, 999m, 692s, 542s,
518m, 343m cm™. Similar complexes of iridium, ru-
thenium, and osmium(11r) may be prepared in like manner.

Caesium Bis(imidosulphamato)dichloroplatinate(n1), Csg-
[Pt(NHSO,),Cl;}.—This was made by the literature
method.* Lr. spectrum: 3244s, 1270m, 1140s, 1120s,
1008s, 886s, 770m, 720m, 635m, 580m, 510s, 311s, 280m
cm™,

Potassium u-Nitrido-octachlorodiaquodiruthenate(1v),
K, [Ru,NCl,(H,0),).—An aqueous solution of Kj[Ru-
(NH,SO,)Cl;] (0-5 g in 2 ml) was refluxed for two days;
potassium chloride (2 g). was added to the solution and
the brown crystals of the product filtered off (yield 809;).

Ammonium  Amminopentachlororhodate(1n),  (NH,).-
[RhCI;(NH,)).—An aqueous solution of sulphamic acid
(7 g) and of hydrated rhodium trichloride (3 g) were re-
fluxed in water (30 ml) for two days. The solution was
then evaporated to low bulk and conc. hydrochloric acid
(5 ml) added. The brown crystals were filtered off and
washed with water to remove (NH,)3[RhCl;] (Found: Cl,
51-4; N, 11-8. H,,CI;N,Rh requires Cl, 53-5; N, 12:6%,).
Electronic spectrum: reflectance 470m, 390m nm.

Electronic spectra were measured on a Cary 14 instru-
ment (700—200 nm); i.r. spectra on a Perkin-Elmer 325
(4000—200 cm™) as Nujol mulls in caesium iodide plates.
Raman spectra were measured (4000—160 cm™ or, for
weak scatterers, 400—160 cm™) on a Cary 81 instrument
with a CRL 52MG laser (argon—krypton), using excitation
at 6471 and at 5682 A. Microanalyses were performed
by the Microanalytical Department at Imperial College and
by Alfred Bernhardt, Munich; potassium and ammonium
were estimated as the tetraphenylborates.

We thank Miss J. Osborne for performing the X-ray
powder diffraction work, and we thank Johnson, Matthey
Ltd. for loan of platinum metal compounds. One of us
(D. P.) acknowledges a C.A.P.S. award from the S.R.C. and
Johnson, Matthey Ltd.
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Metal Nitrido- and Oxo-complexes.

and Osmium

1315

Part 1. Complexes of Ruthenium

By William P. Griffith * and David Pawson. Department of Chemistry, Imperial College, London SW7 2AY

The preparation and physical properties of the new complexes Csy[Ru(N)Xg] and R[M(N)X,] (M =

Ru or Os;

= PhsAs or Bu®,N; X = Cl or Br) are described. New binuclear nitrido- bndged complexes of ruthenium{Iv)

wnth carbonyl, cyanide, and chelate ligands, the polymeric nitrido-bridged species [Os(N)Br,],"~ and [Os3(N)oX;,-

(NH,-,) 13- (X = Cl or Br), and oxo- and dioxo-complexes of ruthenium are also reported. The structures of the
species are discussed on the basis of vibrational spectra and other properties.

THE nitride ion (N3-), like the isoelectronic oxide ion

(0%-), can function as a terminal ligand ! or, less com-
monly, bridges two,? three? or four* metal atoms in
linear, triangular, or tetrahedral arrays. Recently we
briefly described the preparation of ruthenium(vr)
terminal nitrido-salts Cs,[Ru(N)X;] (X = Cl or Br) and
related dioxo-species,® and here we give fuller details of
these and of other terminal nitrido-complexes. We also
report an extension of our previous work on binuclear
and polynuclear nitrido-bridged complexes of ruthenium
and osmium.®

RESULTS AND DISCUSSION

Terminal Nitrido-compleses.—Mononuclear species
containing M=N groups have been established for very
few metals, viz. vanadium,” molybdenum and tungsten,®
rhenium,? and osmium.!® In general the M=N distance
is short (ca. 1-7 A), and the metal is in a high oxidation
state due to the very effective o- and =-donor properties
of the nitrido-ligand.

Despite the considerable stability of nitrido-complexes
of osmium(vi) and osmium(viir), the only ruthenium
nitrido-complexes hitherto established are binuclear
with symmetric Ru-N-Ru units® We found that re-
action of the complexes frans-[Ru(0),X,]*~ (X =Cl or
Br) in ice-cold HX solution with an excess of azide ions

1 W. P. Griffith, Co-ordination Chem. Rev., 1972, 8, 369.

. 2 M. Ciechanowicz and A. C. Skapski, J. Chem. Soc. (4), 1971 -

1792.
3 M. Ciechanowicz, M. J. Cleare, W. P. Griffith; D. Pawson
and A, C. Skapski, Chem. Comm., 1871, 876.

905.

5 W. P. Griffith and D. Pawson, Chem. and Ind., 1972 609 :

¢ M. J. Cleare and W. P, Griffith, J. Chem. Soc. (4), 1970
1117.

7 J. Strahle and K. Dehnicke, Z. anorg. Chem., 1965 338, 287.

8 J. Strahle, Z. anorg. Chem., 1970, 875, 238; 1971, 380, 96;

W. Kolitsch and K. Dehnicke, Z. Naturforsch., 1970, 253 1080.

.ions gave pink diamagnetic salts R[M(N)X,j (M =

4 N. Q. Daoand D. Brextmger Spectrochzm Acta, 1971, 27A "2698

and caesium halide gave the light brown diamagnetic
salts Cs,[Ru(N)X;], and the known osmium complexes
Cs,[Os(N)X )1 could be prepared by similar methods
using trans-[0s(0),X,]>~. Liberation of free halogen
and nitrogen during these reactions is consistent with
the formation of a ruthenium(vi) or osmium(vi) azido-
complex which undergoes oxidative decomposition to the
nitrido-complex. TFurthermore, from the reaction of
the complex trans-[OsV(0),(OH),)2~ with azide and
caesium ions in dilute acetic acid, the complex Cs[OsVIIl-
(O)3N] could be isolated (the ‘ osmiamate ’ ions do not
react with acetic acid}. Such a mechanism has been pro-
posed for the formation of thenium(v) nitrido-complexes
from rhenium(1ir) species and azide ions,? and of molyb-
denum(vi} nitrido-complexes from MoCl; and azide
ions.12

The use of large organic cations as precipitants in
place of caesium in the preparations of the [M(N}X,]2~
Ruor
Os; R = PhyAs or But,N; X = Cl or Br), which were
1:1 electrolytes in acetone It has been shown that the
addition of [Ph,As]* and [BuyN]* ions to solutions of
[Re(N)CL;]?~ precipitates R[Re(N)Cl],"* and mono-oxo-
complexes Cs,[M(O}X;], RIM(O)X,] (M = Mo or Re;
R = PhyAs or Buy,N; X = Cl or Br), and R[M(O)X,L]
(L = solvent molecule) can be isolated %1% The
considerable repulsion between the axial =-donor
and the equatorial halide ligands in [M(N)Xg*" or

® J. Chatt, C. D. Falk, G. J. Leigh, and R. J. Paske, J. Chem.
Soc. {4), 1969, 2288.
10 T, TFritsche and H. Struve, [J. prakt. Chem., 1847, 41, 97.
A. Werner and K. Dinklage, Ber., 1906, 39 499; 1901, 84,

12 R, D. Bereman, Inorg. Chem., 1972, 11, 1149.

13 N. P. Johnson, Proc. 14th Internat. Conf. Co-ordination
Chem., Toronto, 1972, 657.

14 F, A, Cotton and S. J. Lippard, Inorg. Chem., 1966, 5, 9,
416; 1965, 4, 1621,

15 J. G. Scane, Proc. Phys. Soc., 1967, 92, 833; A. Sabatini
‘and 1. Bertini, Tnorg. Chem., 1966, 5, 207.
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[M(0)X,L]~ tends to weaken the trans-axial ligand ¢ as
shown by X-ray studies of the complexes K,[Os(N)Cl;],36
trans-[Re(0)Br, L]~ (L = MeCN or H,0),* [Re(O)Cl,-
(H,0)]," and [Ph,As][Mo(O)Br,(H,0)].1® Lattice-energy
considerations may also be important.

Vibrational spectra. The main features and assign-
ments of the vibrational spectra of the terminal nitrido-
complexes are summarised in the Table. We find
that the M=N stretching frequency vy is higher for the
solid salts RIM(N)X,] and [Os(N)X;]>~ than for the
corresponding Cs,[M(N)X;] species (M = Ru or Os;
X =Cl or Br; R=Ph,As or Bu?N). This may be
due to interaction between the polarisable Cs* ion and

J.C.S. Dalton

plexes are some 109, higher than those in the corre-
sponding Cs,JM(N)X;] salts. This remarkable increase
may be due to the four halide ligands in solid R[M(N)X,]
adopting a position which gives better ¢- and w-overlap
with the appropriate metal orbitals, steric constraints
imposed by the sixth frans-ligand being removed. Such
an effect has been observed in X-ray studies of the
complexes trans-[Re(0)Cl,(H,0)1 17 and monomeric [Re-
(0)Cl,]; % in the latter the Cl-Re-O angle of 105° is
some 7° greater than in the former, and the Re-Cl
distance is shorter.

Binuclear Nitrido-complexes.—The anion in Kz[Ru,-
(N)Clg(H,0),] is centrosymmetric (D,, with a linear

Vibrational spectra of metal nitrido-complexes (200—1200 cm™)

Complex vun(4,) vux (sym){4,) * vux, (asym)(E) Sxun(E) Other strong bands
Cs,[Ru(N)Cly] 1046s 318 (10) {3405 235m 307 (1),* 284 (3),* 233 (5) *
338s
[Ph,As}[Ru(N)C,] 1092s 346 (10) 378s 267m 304 (4),* 266 (5) *
Cs,[Ru{N)Br] 10455 207 (5) 257s 206m 201 (1)
[Ph,As][Ru{N)Bry] 1088s 302s 230m
Cs,a{Os(N)Clg) 1073s (1040) {ggés ggg 243m (238)
S
K,[Os(N)Cl,] 1084s 348 (10) t {3365 262m 334 (2),1, 324 (4),} 264 (4) 1
329s
1106w +
[Ph,As][Os(N)Cl,] 1123m (1085) 358 (10) 3655 (362) 271w (262) 352 (1) *
Cs,[Os(N)Bry] 1073s (1040) 198 (10) 1 9234s (232) 216m 5210)
[Ph,As}[Os(N)Br,] 1120m (1082) 229 (10) 274s (269) 233m (228)
K[Os(N)Br,(H,0)],H,0 1109m 232s {261m 619sb, 535sb, 300s
250m
1106w }
K [Os(N)Br,la 1002sb 241s

Bands due to the cation are not quoted. All spectra from i.r. studies on solids, except where indicated. Frequencies in paren-

theses refer to !N substituted species.
* Raman data on the solid.

the nitrido-ligand; an analogous effect has been noted
for rhenium(v) oxo-species.* This frequency is also
higher for osmium than those for ruthenium in corre-
sponding complexes and the stretching force constant
Eay has been shown to be some 109, higher for osmium
than that for ruthenium.’® The X-M=N bending mode
has been identified for the first time in nitrido-com-
plexes by 15N substitution; it is ca. 250 cm™ and changes
in sympathy with vyy.

The spectra of the R[M(N)X,] salts are consistent
with the C,, symmetry of the square-based pyramid.*
The presence of substantial + - - M=N + - - M=N - - - linear
chain bonding seems unlikely; it has been shown that
the complexes Kg,[Re(N)(CN),], 20 and [W(O)Cl,], #* con-
tain such chains and their i.r, spectra in the 850—1100
cm™ region, as compared with those of K,[Re(N)(CN);]
and monomeric [W(0)Cl,] respectively, show a lowering
and considerable broadening of the stretching modes.
No such effect is observed with the R[M(N)X,] salts as
compared with those of Cso[M(N)X;].

The M-X stretching modes in the R[M(N)X,] com-

* Note added in proof: Single-crystal X-ray studies on the

salt [Ph,As}[OsNC],] confirm that the anion has C,, symmetry
(F. Phillips and A. C. Skapski, unpublished work).

18 D, A. Bright and J. A. Ibers, Inorg. Chem., 1969, 8, 709.

17 P, W. Frais and C. J. L. Lock, Canad. J. Chem., 1972, 50,
1811.

18 J. G. Scane, Acta Cryst., 1967, 23, 85.

t Spectra on complex in D,0 solution with an excess of the X~ ion.

}{ In D,O solution.

Ru-N-Ru unit).%® Here we describe complexes con-
taining such a Ru-N-Ru unit with ligands not normally
found with ruthenium(rv).

Solutions of the complex Ky[Ruy(N)Cly(H,0),], when
heated under reflux in concentrated aqueous HX (X =
Cl or Br), slowly take up carbon monoxide, and from the
resulting solutions the complexes Csy[Ru,(N)Xg(CO)y)
could be obtained. The reaction only occurs in strong
acid; analogous reactions are found for solutions of
[RuCl}3- in HCL2 It is also possible to obtain chloro-
carbonyl species by reaction of the complex Kz[Ruy(N)-
Cly(H,0),] in formic acid-hydrochloric acid (2:1)
(again, [RuCl 1~ undergoes an analogous reaction with
HCO,H-HCl).2 Although we were unable to obtain the
Raman spectra of the Cs;[Ru,(N)X4(CO),] complexes
because of their colours, the ir. spectra in the metal-
halogen stretching regions are very similar in profile to
those of the complexes Kg[Ru,(N)Xg(H;0),], which
suggests that the carbonyl groups are frams to the

12 R, J. Collin, W. P. Griffith, and D. Pawson, J. Mol. Spectro-
scopy, in the press.

20" N. P. Johnson, J. Chem. Soc. {(4), 1969, 1843.

21 D, M. Adams and R. G. Churchill, J. Chem. Soc. (4), 1968,
2310; M. Hess and M. Hartung, Z. anorg. Chem., 1966, 844, 157;
B. G. Ward and F. E. Stafford, Inorg. Chem., 1968, 7, 2569.

22 A, J. Edwards, J.C.S. Dalton, 1972, 582.

23 M. ]. Cleare and W. P. Griffith, J. Chem. Soc. (4), 1969,
372; J. Halpern, B. R. James, and A. W. Kemp, J. Amer. Chem.
Soc., 1966, 88, 5142,
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nitrido-group as are the water ligands in the parent
species. The asymmetric Ru,N stretching frequency of
the carbonyl complexes is some 40 cm™ lower than those
of the corresponding aquo-species; if the carbonyl
groups are indeed frans to the nitrido-group, this drop
in frequency may well arise from competition of CO and
N3- ligands for the same metal 4y, orbitals. A related
situation is that in the complex frans-[Ru*(NO)(NH,)-
(NH,),]**, where the terminal =-donor amide ligand is
stabilised by the strongly =-accepting nitrosyl group.
The reaction of [Ruy(N)Cly(H,0),]*~ with potassium
cyanide gave the very stable species K[ Ru,(N)(CN)yql,-
3H,0. The ir. spectrum of the solid was very complex
in the C=N stretching region and also showed sharp high-
frequency water bands; on dehydration the C=EN band
structure became much simpler. This behaviour is
similar to that observed for the complex Na,[Fe(CN)s-
NO],2H,0, where X-ray and careful ir. studies have
shown that the water molecules occupy equivalent sites
in the lattice and have low site symmetry with very
weak hydrogen bonding.? The nitrido-species is stable
in aqueous solution and there is no evidence that aqua-
tion occurs. The Raman spectrum of the dehydrated
solid was similar to that of the solution, suggesting that
there is no change of configuration in the latter. In
solution we observed four Raman modes (two polarised,
one an intense band at 2156 cm™, and a weaker band at

2118 cm™) and three ir. bands with no coincidences.

between the two sets. However, for both the probable
symmetries Dy, (equatorial ligands eclipsed), as found in
K3[Ru,(N)Cli(H,0),],2 and D,; (equatorial ligands
staggered), as in [Mn,(CO),,],% we expect this behaviour.
Although no distinction can be drawn between . these
two symmetries on the basis of our study, the difference
in band profiles in the 2000 cm™ region for [Ru,(N)-
{CN);0]5 compared with [Mn,(CO),;,] and [Co,(CN),01¢~
(ref. 26) suggests that the complex has the expected
D,, symmetry in solution. We provisionally assign
the strongest polarised band to the symmetric stretch
of the cyano-ligands, and the weaker band to that of the
axial ligands. The symmetric Ru,N stretch occurs as a
strong, polarised band at 264 cm™ in the Raman spec-
trum of the solution.

The existence of carbonyl and cyano-complexes of
ruthenjum(rv) is unusual; it appears that ruthenium
in these binuclear species is behaving more as ruthen-
ium(rmr) or even ruthenium(ir). This is probably due
to the strong m-donor effect of the nitrido-ligand which,
in effect, fills the ¢,, orbitals of each metal atom which
then behaves as a pseudo-d® system, ready to delocalise
electron density on to n-acceptor ligands, There is also
evidence for the formation of phosphine and nitrosyl
complexes containing the Ru,N system.

2 F., Bottomley and J. R. Crawford, J.C.S. Dalton, 1972, 2146.

25 M. Holzbecher, O. Knop, and M. Falk, Canad. J. Chem.,
1971, 49, 1413; P. T. Manoharan and W. C, Hamilton, Inorg.
Chem., 1963, 2, 1043, - : ’

26 D, M. Adams, M. A. Hooper, and A. Squire, J. Chem. Soc.
(4), 1971, 71; G. L. Simon, A. W. Adamson, and L. F. Dahl,
J. Amer. Chem. Soc., 1972, 94, 7654.

2?7 E. D. McKenzie, Co-ordination Chem. Rev., 1971, 6, 187.
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Despite the steric constraints imposed by the short
ruthenium-nitrido-group bonds {Ru-N = 1718 A in
K, [Ruy(N)Clg(H,0).1%, it is possible to isolate stable
complexes containing the Ru,N system with chelating
ligands, e.g. [Ru,(N)(dae),Cl,]Cl; and [Ru,(N)(bipy),Cl;]-
(PF,); (dae = 1,2-diaminoethane, bipy = 2,2"-bipyrid-
ine); in the latter case the 2,2-bipyridine ligands are
presumably not in a plane about each ruthenium atom %
so that the chloro-ligands are likely to be-cis to the
nitrido-ligand. A diethyldithiocarbamate complex,
[Ru,(N)(S,CNELt,),Cl] has also been prepared; thisis a
non-electrolyte in acetone solution and may be polymeric
in the solid state with ---Ru-Cl-Ru-N-Ru-Cl-- -
chains, :

Polynuclear Nitrido-complexes of Osmium.—Dehydra-
tion of the red salt K[Os(N)Br,(H,0)],H,0 at 110 °C gave
a green substance, X,[Os(N)Br,],, which quickly reverted
to the starting material on setting aside in the atmosphere.
Comparison of the i.r. spectra of K[Os(N)Br,(H,0)],H,0
and K,[Os(N)Br,], shows that, whereas the Os=N stretch-
ing frequency in the former is sharp and intense at 1109
cml, in the latter it is much broader and drops to 1002
cm™; the N=Os-Br bending mode drops below 200
cml,  We propose that in this complex K,[Os(N)Br,l,,
as in that of X,,[Re(N)(CN);?® there are linear

++-M=N-.--M=N-- - chains.

The reaction of osmium tetraoxide with concentrated
aqueous ammonia yields a black, diamagnetic material
originally formulated as [OsO,(NHg),(H,0)]; with
hydrochloric acid, [OsCl,(NHg),] is said to be formed.®
We found that, from solutions of the black material in
HX, the caesium salts Csg[Osy(N),X;,(NH;)s],2H,0
(X =Cl or Br) could be precipitated; the salts are
brown and diamagnetic. The i.r. spectra of the normal
and deuteriated salts showed bands due to co-ordinated
NH; or NDj; two strong bands in the 950—1100 cm™
region were, however, barely shifted by deuteriation,
and these we assign to bridging nitrido-ligands. We
propose that these complexes have the structure (I)

Ct Cl Cl CI Cl ct 3-
\ /
H3N—~OSmNmOS==N.—.—_'Os—NH3
/\
cl cl Cl NH; Cl <l

(n

and the diamagnetism of this formally OsV-OslV-OsV
species may then be rationalised using the bonding
scheme applied to ruthenium red, [Ruy(O),(NHyg),,]8*,2®
which has an analogous structure.3? A similar structural
unit has been proposed for the product obtained from
the prolonged reaction of osmium tetraoxide and liquid
ammonia.5-31

® C, Claus, J. prakt Chem., 1863, 90, 97.

2 C, K. Jorgensen and L. E. Orgel, Mol. Phys., 1961, 4, 215;
L. E. Orgel, Nature, 1960, 187, 504.

30 P, M. Smith, T. Fealey, J. E. Earley, and J. V. Silverton,
Inorg. Chem., 1971, 10, 1943,

3G, W, Watt and W. C, McCordie, J. Inorg. Nuclear Chem.,
1965, 27, 2013. .
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Ruthenium Oxo-complexes.—The formation of [Ru-
- (N)CL;]#~ from azide and frans-[Ru(0),Cl ]2~ ions promp-
ted a further investigation of ruthenium oxo-complexes
as possible precursors for nitrido-species. Only frans-
[Ru(0),Br,4]?~ ions were useful in this respect, but we
have isolated a number of other oxo-species in the
course of this work. The only firmly established
‘ruthenyl’ species are those of rans-Cs,[Ru(0),Cl,] 2
and trans-[Ru(0),(OH),(py),] (py = pyridine); % al-
though spectroscopic data have been reported on salts
of the anions [Ru(0),Br,]*~ and [Ru(0),(S0,),1%", no
preparative details were given.3!

From solutions of ruthenium tetraoxide in carbon
tetrachloride with ice-cold solutions of HX and CsX
(X == Bror C,0,), the salts Csy[Ru(0),X ] were obtained ;
from mildly alkaline solutions of RCl (R =NH,, Hbipy,
or Hpy), the species [Ru(0)y(NH,),]Cl,, [Ru(O),(bipy)-
Cly}, and [Ru{O)y(py),Cly] were similarly obtained. All
the complexes are diamagnetic, consistent with there
being a frans-RuO, unit, as in the corresponding osmium
dioxo-species.?® The complexes all showed a charac-
teristic strong band in the ir. ce. 830 cm™ which we
assign to the asymmetric RuO, stretch, while for those
complexes whose Raman spectra could be measured the
symmetric RuO, stretch appeared in the same region.
The stretching force constants for the RuO, systems,
calculated from the equations of Cotton and Wing,36 are
some 10%, lower than those for the corresponding osmium
species.3?

The reaction of ruthenium tetraoxide with an ice-cold
solution of sodium cyanide in the presence of caesium
ion did not, surprisingly, yield the complex Cs,[Ru(O),-
(CN),]; a green paramagnetic salt, which showed i.r.
bands characteristic of co-ordinated cyano- and iso-
cyanato-groups, was formed. We formulate this com-
plex as Csg[Ru(O)(CN),(CNO),]; a strong band at 787
cm! in the ir. spectrum, which also appeared in the
Raman spectrum of the solid, is assigned to the Ru=0
stretch. The magnetic moment of 3-0 B.M. is similar to
that recently reported for arylimido-complexes of
osmium(v),3¥ The reaction of potassium tetraoxo-
ruthenate(vi) with sodium cyanide in the presence of
caesium ions yielded a yellow paramagnetic material
Cs5[Ruy(0),(CN),], the structure of which is still under
investigation.

EXPERIMENTAL

Dicaesium Pentachloronitridoruthenate(v), Cs,{Ru(N)CL).
—A solution of ruthenium tetraoxide in carbon tetra-
chloride (10 cm?) (vide infra) was stirred rapidly with 8m-
hydrochloric acid (7 cm?), and the resulting red solution
cooled to 0°C. Sodium azide (024 g) was added to the
reaction mixture and the solution stirred at room tempera-
ture until effervescence had ceased (ca. 15 min). Caesium
chloride (0-8 g) was added and the light brown precipitate
(809%,) was filtered off, washed with ice-cold concentrated

32 J. L. Howe, J. Amer. Chem. Soc., 1901, 28, 775.

33 W. P. Griffith and R. Rossctti, J.C.S. Dalton, 1972, 1449.

3% B, Jezowska-Trzebiatowska, J. Hanuza, and M. Baluka,
Acta Phys. Polon., 1970, 884, 563.
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hydrochloric acid (2 cm3), then acetone, and finally dried at
110 °C [Found: Cl, 31-4; Cs, 47-5; N, 2-6. Cl;,Cs,NRu re-
quires Cl, 31-8; Cs, 47-6; N, 2:5%].

Tetraphenylarsonium Tetrachloronitridoruthenate(vi),
[Ph As][Ru(N)Cl].—A solution of tetraphenylarsonium
chloride (0-8 g) in methanol (5 cm?) was added to the above
reaction mixture in the place of caesium chloride. The
pink precipitate (809,) which formed was filtered off, washed
with water and methanol, and recrystallised from aceto-
nitrile [Found: C, 45-0; H, 3-2; Cl, 22:9; N, 2-1, C,yHoo-
AsCl,NRu requires C, 45-0; H, 3-1; Cl, 22-2; N, 2:29/].

Tetra-n-butylammonium  Tetrachloronitridoruthenate(vi),
[Bu®,N][Ru(N)Cl,].-—Tetra-n-butylammonium  hydroxide
solution (40%, 2 cm?® replaced tetraphenylarsonium
chloride solution in the preceding preparation. The pale
pink precipitate (809%,) which formed was filtered off,
washed with water and diethyl ether, and recrystallised
from acetone to give brown crystals of the product [Found:
C, 384; H, 7-0; Cl, 289; N, 52. C;HzCLN,Ru re-
quires C, 38:5; H, 7-2; Cl, 284; N, 5-6%]. IL.r. spectrum
(excluding cation bands): 1095m; 376s; and 265m cm™.
Molar conductance (in acetone) 121 Q! c¢m™ in 107Mm-
solution.

Dicaesium Pentabromonityidoruthenate(vi), Cs,/ Ru(N)Brg].
—Sodium azide (0-24 g) was dissolved in an ice-cold solution
of water (2 cm?) and concentrated hydrobromic acid (5 cm?).
Ruthenium tetraoxide solution (10 cm?®, vide infra) was
added to the solution and the mixture stirred vigorously at
0°C (5 min). Caesium bromide (0-9 g) was added to the
solution and the light brown product (40%,) was filtered off,
washed with acetone, and dried at 110°C [Found: Br,
50-3; Cs, 34'2; N, 1-9. BryCs,NRu requires Br, 51-2; Cs,
34-1; N, 1-89,].

Tetraphenylarsonium Tetrabromonityidorutkenate(vi) [Ph,-
As)[RuNBr,).—A solution of tetraphenylarsonium chloride
(0-5 g) in methanol (5 cm?®) was added to the above reaction
mixture in the place of caesium bromide. The bulky yellow
precipitate which formed was filtered off and washed with
methanol to leave a light pink precipitate (40%) [Found: C,
352; H, 26; Br, 389; N, 1.6. C,,H,;AsBr,NRu re-
quires C, 35-2; H, 2-4; Br, 39-1; N, 1-7%].

Dicaesium Pentahalogenonitrido-osmate(vi), Cs,[Os(N)X,]
(X = Cl or Br)—The chloro- and bromo-complexes were
prepared by literature methods; ** an alternative procedure
which eliminates contamination with the corresponding
osmimm(vi) dioxo-complex is as follows.

Chlovo-complex. —Potassium osmate (0-08 g) was dis-
solved in concentrated hydrochloric acid (3 cm3) and sodium
azide solution (0-03 g in 1 cm?® water) added. The solution
was stirred (20 min) and caesium chloride (0-05 g) was added
to precipitate the purple product.

Bromo-complex. The procedure was similar to that used
for the chloro-complex but hydrobromic acid and caesium
bromide were used to give the purple product.

Organic cation salts of the tetrahalogeno-osmate(vi) com-
plexes were precipitated from solutions of [Os(N)X;)?~ in
HX (X = Cl or Br) using the procedures described for the
ruthenium salts. Tetraphenylarsonium ietrackloronityido-
osmate(vi), [Ph,As){Os(N)Cl,]. Pinkcrystals(90%) [Found:
C, 395; H,29; Cl,192; N, 2:0. C,,H,,AsCl,NOs requires

35 K. A. K. Lott and M. C. R. Symons, J. Chem. Soc., 1960,
973.

3¢ F. A, Cotton and R. M, Wing, Inorg, Chem., 1965, 4, 867.

37 W. P, Griffith, J. Ckem. Soc. (4), 1969, 211.

3% 1. Chatt and J. R. Dilworth, J.C.S. Chem. Comm., 1972, 549.
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C, 39-5; H, 2:7; Cl, 19:5; N, 1-99%]. Molar conductance
(in acetone) 113 Q! cm™ in 10M-solution. Telra-n-butyi-
ammonium tetrachlovonitrido-osmate(vi), [Bu®N][Os(N)Clg].
Red (90%) [Found: Cl, 23-8; N, 55, CygHgClLN,0s
requires Cl, 24'1; N, 4-8%]." Lr. bands (excluding cation
absorptions): 1126m; 3853s; and 262w cm™. Molar
conductance (in acetone) 124 Q7! cm™ in 107M-solution.
Tetraphenylarsonium letrabromonitrido-osmate(vi), [Ph,As]-
[Os(N)Br,]. Pink crystals (80%,) [Found: C, 32-0; H, 2:0;
Br, 35:5; N, 1°7. CpHyAsBr,NOs requires C, 31:8; H, 2:2;
Br, 35-3; N, 1:5%]. Tetra-n-butylammonium tetrabyromo-
nitrido-osmate(vi), [Bu?N][Os(N)Br,]. Deep red crystals
(90%) [Found: Br, 40-8; N, 8-5. C;¢H;yBr,N,Os requires
Br, 41-7; N, 3:7%]. Lr. bands (excluding cation absorp-
tions): 1120m; 270s; and 232mcm™. Molar conductance
(in acetone) 124 O cm™® in 107M-solution.

Tricaesium Dicarbonyloctachloro-y-nitrido-diruthenate(1v),
Csg[Ru,y(N)Clg(CO),].—Method (2). The complex Kj[Ru,-
(N)C1(H,0),] (25 g) was heated under reflux in concen-
trated hydrochloric acid (25 cm?®) under a stream of carbon
monoxide (15 h). The solution was cooled, hydrochloric
acid (10 cm3®) added, and the resulting solution set aside
under the gas stream (1 h). The solution was then filtered
to remove starting material, and caesium chloride (2:0 g)
added to precipitate the light brown product (30%), which
was filtered off and washed with acetone [Found: C, 1-9;
Cl, 30-3; Cs, 412; N, 1.8, C,ClCs;NO,Ru, requires C,
2:5; Cl, 29-7; Cs, 417; N, 1-5%].

Method (b). The complex K,{Ru,(N)Cly(H,0),] (20 g)
was dissolved in boiling water and the insoluble precipitate
Ru,(N)(OH);,#H,0 formed by the addition of sodium
hydroxide. The precipitate was filtered off, washed with
boiling water, and dissolved in formic acid-hydrochloric
acid (2:1, 20 cm3). The resulting solution was heated
under reflux (90 mm) and on cooling caesium chloride (2 0
g) was added to glve a yellow-brown precipitate, which
was mainly the caesium salt of the starting material. The
precipitate was filtered off and acetone (50 cm?) added to
the filtrate to precipitate the light brown product (10%);
the latter was filtered off and washed with acetone {Found:

C, 2-0; Cl, 30-1; Cs, 42-1; N, 1-5%)]. ILr. spectrum:
2038s; 1016s; 590w; 520w; 470m; 321s; 300m; and
264m cm™.

Tricaesium Octabromodicarbonyl-p-nitrido-diruthenale(1v),
Cs,y[Ru,(N)Bry (CO),].—An adaption of method (a) for the
chloro-complex was used, with X [Ru,(N)Bry(H,0),],
hydrobromic acid, caesium bromide, and a reflux time of 6 h.
The complex is yellow-brown [Found: C, 1-7; Br, 49-3;
Cs, 31-2; N, 1-3. C,Bry,Cs,NO,Ru, requires C, 1-8; Br,
48-5; Cs, 30-4; N, 1-19%]. Lr. spectrum: 2022s; 1970m;
984s; 570w; 538w; 500w; 457m 432w; 245s; and 210m
cm™,

Potassium Decacyano-p-nitvido-dirvuthenate(1v), K;[Ru,-
(N){CN);0],3H,0.—The complex K;[Ruy(N)Cl(H;0),] (1-0
g) was dissolved in boiling water and the insoluble precipi-
tate Ru,(N)(OH),,»H,0 formed by the addition of sodium
hydroxide. The precipitate was washed with boiling water
and stirred (20 min) in a boiling aqueous solution of potas-
sium cyanide (4 g in 10 cm?®). The cooled yellow solution
was poured into methanol (40 cm?®) and the yellow precipi-
tate (809%) which formed was filtered off and washed with
boiling methanol (200 cm?) [Found (for the trihydrate):
C, 16:3; K, 26:7; N, 20-9. C;,HK;N;;0,Ru, requires C,
16:5; K, 26:9; N, 21-29,]. Lr.: (dehydrated solid) 2150m;
9140s; 2138ssh; 2120s: 2088m; 2078m; 2056m; 2040m,
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378msh;
2044m;

1017sb; 632w; 462m; 437w; 420w; 405w,
370m; 360msh; (aqueous solution) 2142m; 2121s;
and 1006s cm™. Raman spectrum: (dehydrated solid)
2155(7); 2142(6); 2134(7); 2123(1); 493(4); 262(4);
(aqueous solution) 2156(7); 1 2142(6); 2130(3); 2116(1); }
493(5); 369(1); and 264(7) t cm™.
Dichlorotetrakis(1,2-diaminoethane)-p-nitrido-divuthenium-
(xv) Trichloride, [Ru,y(N)(dae),Cly]Cl;.—A solution of the
complex K,[Ru,(N)Cli(H,0),] (1 g} in boiling water (10
cm?®) was added to boiling aqueous 1,2-diaminoethane
(60%, 20 cm?®) and the solution heated under reflux (3 h).
Hydrochloric acid (2 cm?) was added to the cooled orange
solution to precipitate orange crystals of the' comples
[Found: C, 14-9; H, 53; Cl, 27-2; N, 19-7. CgH,,Cl;-
NyRu, requires C, 15-2; H, 5-1; Cl, 28-0; N, 19-9%3. ILr.
spectrum (neglecting bands due to 1,2-diaminoethane):
1052s and 315m cm™l. TRaman spectrum; 359(6); 353(5);
260(7); 202(3); and 174(1) cm™.
Tetrakis(2,2-bipyridine)dichloro-y-nitrido-divuthenium(1v)
Trishexafluorophosphate, [Ru,(N)(bipy),Cl,](PFg)g.—
Warmed solutions of the complex Kj[Ru,(N)Cly(H,0),] (1:0
g in 20 cm® water) and 2,2-bipyridine (4-0 g in 30 cm?
acetone) were mixed and heated under reflux (4 h). The
resulting mixture was filtéred, cooled, and a solution of
ammonium hexafluorophosphate (4 g in 10 cm? water) was
added to precipitate the brown complex (80%), which was
filtered off and recrystallised from acetone {Found: C, 36-1;
H, 24; Cl, 5:0; N, 9-1; P, 64, C,H;3,CLLF,;N,P;Ru, re-
quires C, 35-6; H, 2:4; Cl, 52; N, 94; P, 6:9%]. Ir.
spectrum (neglecting bands duc to 2,2"-bipyridine and
PF,7): 1054m and 340m cm™,
Chlorotetrakis(diethyldithiocarbamato)-u-nitvido-diruthen-
tum(1v), [Ru,y(N)(S,CNEt,),Cl]. Hot solutions of the com-
plex K [Ruy(N)Clg(H,0),] (1-0 g in 10 cm?® water) and sodium
diethyldithiocarbamate (4-0 g in 10 cm® water) were mixed
and warmed on a steam-bath (2 min). The brown precipi-
tate which formed was filtered off and dissolved in acetone.
This solution was filtered and evaporated to dryness to give
the brown product (60%) [Found: C, 29-6; H, 4-9; Cl, 3-3;
N, 86; S, 302, C,H,CIN;Ru,S; requires C, 284; H,
47; C}, 42; N, 838; S, 30-3%]. vm,n(asym) 1030 cm™.
Potassium catena-p-Nilrido-tetrabromo-osmate(vi), XK,[Os-
(N)Br,],.—A sample of the complex K{Os(N)Br,(H,0)],-
H,0, prepared by a literature method,'' was heated to
110 °C (15 min) and the green product sealed in an ampoule
[Found: Br, 56-7. Br,KNOs requires Br, 56-8%,]. Weight
loss on dehydration: 6-5. Calc. for 2H,0: 6-0%..
Tricaesium Di-p-nitrido-bis{amminetetrachlovo-osmate(v)]-
{amminetrichloro-osmate(1v)]  Dikydrate, Csy[Osy(N),Cly;-
(NH,),],2H,0.—The method of Claus 28 was used to prepare
the complex [Os(O),(NH,),H,0] which we reformulate
[Os4(N),(OH), (NH:,)S] H,0. The black complex (1-0 g) was
heated under reflux in concentrated hydrochloric acid (30
min) and the solution then filtered. To the filtrate was
added caesium chloride (2-0 g) to precipitate the brown
product (409%). The latter was filtered off, washed with
concentrated hydrochloric acid and acetone, and dried at
110°C [Found: Cl, 26-7; Cs, 26:0; N, 52, C;;H,;,Cs;4
N;0,0s, requires Cl, 26-4; Cs, 27-0; N, 4-8%,]. Lr. spec-
trum (figures in parentheses refer to deuteriated sample):
3540sb (2430); 3260s (2300); 3200s (2260); 1620s (1225);
1565msh (1140); 1335s(obsc.); 1025ms; 970s; 550m;
450m; and 320s cm™,

+ Band polarised.
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Tricaesium Di-p-nitrido-bis[amminetetyabromo-osmate(v)]-
[amminetribromo-osmate(;v)] Dihydrate, Csy[Oss(N),Bryy-
(NH,),],2H,0.—The method used was similar to that used
from the chloro-complex except that hydrobromic acid and
caesium bromide (40%) were employed [Found: Br, 44-8;
Cs, 19-3; N, 44, H,;Br,;Cs;N;0,0s, requires Br, 44-8; Cs,
20-3; N, 3:6%]. Lr. spectrum: 3510sb; 3200s; 3120s;
1610s; 1550msh; 1322m; 1115w; 1015ms; 957s; and
230s cm™1.

Dicaesium trans-Tetrabromodioxoruthenate(vi), Cs;[Ru(O) 4~
Br,].—A saturated solution of caesium bromide in hydro-
bromic acid (5 cm?) and water (2 cm?®) was cooled to 0°C
and ice-cool ruthenium tetraoxide solution (5 cm?) was
stirred into it. The light brown precipitate (40%) which
formed was quickly filtered off, sucked dry on a frit, and
washed with acetone [Found: Br, 43-9; Cs, 37-6. Br,Cs,-
O,Ru requires Br, 44-5; Cs, 37-0%]. Lr.spectrum: 825s; *
821ssh; * 230s; and 226ssh cm™,

Dicaesium trans-Bisoxalatodioxoruthenate(vi), Cs,{Ru(0),-
(0x),].—Oxalic acid (0-45 g) and caesium carbonate di-
hydrate (0-90 g) were dissolved in water (4 cm?®) and the
solution cooled in ice. Rutheninm tetraoxide solution
(6 cm?) was stirred into this solution and the light green
precipitate (30%) which formed was filtered off after 5§ min,
and washed with carbon tetrachloride and ethanol [Found:
C, 8-0; Cs, 458. C,Cs,0,,Ru requires C, 8-4; Cs, 46-2%].
I.r. spectrum: 1710sb; 1680s; 1668s; 1335s; 1192m;
910w; 878m; 838s;* 810s; 549m; 460m; 385w; 361ssh;
and 350s cm™.

trans-Tetra-amminedioxoruthenium(vi) Dichloride, [Ru-
(0)4(NH,},JCl,,—Ammonium chloride (1-0 g) and sodium
carbonate (0-1 g) were dissolved in ice-cold water (4 cm?)
and ruthenium tetraoxide solution (6 cm?) was stirred into
the resulting mixture. After 15 min the yellow micro-
crystalline precipitate was filtered off and washed with
carbon tetrachloride and ethanol [Found: H, 4-7; Cl, 26:4;
N, 20-7; O, 12-1. H,CLN,O,Ru requires H, 44; Cl,
26-1; N, 20:6; O, 11-8%]. Ir. spectrum (deuteriated
sample in parentheses): 3360vsb (2420); 3070vsb (2280);
1660m; 1623m (1148); 1583m; 1540msh (1080); 1322s
(1018); 1304s (1008); 870s (650); 845s;* 782s (622);
478m (440); 278sb (250); and 2155 cm™. Raman spec-
trum: 841 (10) cm™.

trans-Dichlorodioxodipyridineruthenium(vi), [Ru(O),(py)s-
Cly).—A solution of pyridine (1 cm?®) in water (2 cm®) was
nentralised with hydrochloric acid and the solution made
alkaline with sodium carbonate (0-1 g). Rutheninm
tetraoxide solution (6 cm?®) was stirred into the ice-cool
solution and, after 5 min, the yellow microcrystalline
product was filtered off and washed with carbon tetra-
chloride, water, and ethanol [Found: C, 34:0; H, 2:9; Cl,
18-8; N, 79. C,;,H;,CLN,0,Ru requires C, 33:-1; H, 2-8;
Cl,19-6; N, 7-7%]. ILr.spectrum (neglecting bands due to
pyridine): 825s * and 325 cm™.

J.C.S. Dalton

trans-(2,2'-Bipyridine)dichlorodioxoruthenium(vi), [Ru(O),~
(bipy)Cl,].—2,2’-Bipyridine (0-3 g} was stirred into water
(3 cm?®) and 2m-hydrochloric acid added until the ligand was
completely dissolved. Sodium carbonate (0-1 g) was
added to the ice-cool solution, and then ruthenium tetra-
oxide solution (6 cm?). The yellow crystalline product was
filtered off after 5§ min and washed with water and acetone
[Found: C, 33-6; H, 2-4; Cl,19-6; N, 7-9. C,;HCl,N,O,-
Ru requires C, 33-3; H, 2-2; Cl, 197; N, 7-8%]. Ir.
spectrum: 839s; * 325s; and 319ssh cm™.

Tricaesium Tetracyanodi-isocyanato-oxoruthenate(v), Cs,-
[Ru(O)(CN),(CNO),].—Ruthenium tetraoxide solution (5
cm?) was stirred with an ice-cold saturated aqueous solution
of sodium cyanide (5 em?) which contained caesium chloride
(1-09 g). The green precipitate which formed was filtered
off after 5 min and washed with methanol [Found: C, 10-2;
Cs, 56-7; N, 12:3; O, 6-7. C4Csy;N;OzRu requires C, 10-2;

Cs, 56:4; N, 11-9; O, 6-89%]. Lr. spectrum: 3600w;
3315w; 3440w; 2195vs; 2125s; 2060w; 1630w; 1335w;
787s; 690w; 640w; 609w; 450w; 388ms; 370ms; and
328m cm™®, Raman spectrum: 2200(1); 2149(5); and

787(10) cm™l. g 557 X 107% c.g.s.u., yepr = 3:00 B.M.

Ruthenium Tetraoxide Solution.—The solution of ruthen-
inm tetraoxide in carbon tetrachloride was prepared by an
adaptation of Nakata’s method,®® commercial rutheninm
trichloride (10 g) being converted to the hydrated hydroxide
which was then oxidised by sodinm periodate (45 g in
400 cm? ice-cold water). The resulting agueous solution of
RuQ, was divided into three portions and each portion was
extracted with 3 x 30 cm® of carbon tetrachloride, the
final solution being made up to 300 cm3 to give a rutheninm
tetraoxide concentration of ca. 22 g I'l. The solution was
stored at —5 °C in the presence of sodinm periodate.

All the complexes are diamagnetic unless otherwise
stated. The complex K,[Os(N)Cl;] was prepared by the
literature method.l! The BN substituted osmium com-
plexes were prepared from K[Os(O);®N] obtained from
isotopically enriched ammonium chloride (95%) and
osmium tetraoxide in potassium hydroxide solution. ILr.
spectra were measured as Nujol mulls between caesium
iodide plates on a Perkin-Elmer 325 instrument (4000—200
cm™) and Raman spectra (1200—140 cm™) on a Cary 81
instrument with a CRL52 Kr laser using excitation at 6471,
5682, and 5308 A. Microanalyses were performed by the
Microanalytical Department at Imperial College and Alfred
Bernhardt, Munich; caesium and potassium were deter-
mined as the tetraphenylborates.

We thank Johnson, Matthey for the loan of platinum
metal compounds, and the S.R.C. and Johnson, Matthey
for a C.A.P.S. award (to D. P.).

[2/2869 Received, 21st December, 19723
* vyo,(asym).
39 H. Nakata, Tetrahedron, 1963, 19, 1959.
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Osmium Nitrido-complexes with Triphenyl-phosphine, -arsine, and -stibine,
with Evidence for Nitrene-like Behaviour of the Phosphine Complex

By WitL1aM P. GRIFFITH* and Davip PAwsoN
(Inorganic Chemistyy Research Laboratories, Imperial College, London SWT 2AY)

Summary The new complexes [OsNX (AsPhy),] and
[OsNCl4(LPhy),] (X = Cl or Br, L = P or Sb) have been
made; we propose that nucleophilic attack of the nitrogen
atom by triphenylphosphine occurs in some of these
complexes togive derivativesof triphenylphosphine imine.

ALTHOUGH osmium imido tertiary phosphine complexes are
known! there are no nitrido-analogues, and no arsine or
stibine nitrido-complexes of any metal, We find that the
salts Bun,N[OsNX,], made by addition of Bu?,NX to
solutions of [OsNX;}*~ in HX (X = Cl or Br),? react
quickly in methanol at 70° with an excess of triphenylarsine

methanol reacts with chlorine to give [OsNCl(PPh,},]. The
bromo-analogue of (I) has also been prepared. The com-
plexes [OsNX,(LPh,),] are non-conductors in acetone and
have properties typical of osmium(vi) nitrido-species:? they
are diamagnetic and have sharp Os=N stretching i.r. bands .
near 1060 cm™! the frequencies of which decrease by ca.
30 cm™! on BN substitution.

Addition of an equimolar quantity of PhAs[H;0,|Cl,, to
Ph,As[OsNCl,] with triphenylphosphine in acetone yields a
second paramagnetic product of empirical formula [Os-
NHCI, (PPhy),],Me,CO (II) (uetr 1-6 B.M.); this may also be
made directly from (I) and Ph,As[H;0,]Cl, in acetone. If

TaABLE
Colour v(M=1N)/cm-1 v(M=1N) /cm~? M.p. (¢/°C)
OsNCl, (PPhy), Brown 1058 1027 145 (decomp.)
OsNCl,(AsPh,), . Brown 1059 257
OsNBr,(AsPh,), Brown - 1068 10356 221
OsNCl4(SbPh,), . Orange 1065 1032 170
Os(NPPh,)Cl, (PPh,),,Me,CO (I) Orange 1127= 1104» 136
Os(N PPh, )Br (PPh,),,Me,CO Brown 1123= 122
Os(NHPPh,) C];(PPh,) Me,CO (II) Red 9248 9062 163 (decomp.)

= P-N stretching frequency.

Elemental analyses for all complexes (C, H, N, O, halogen) are in satisfactory agreement with the quoted formulae.

or triphenylstibine to give [OsNX.(AsPh,),] or [OsNCl,-
(SbPh,),]. With triphenylphosphine, how=ver, a sus-
pension of Ph,As[OsNCl,] in acetone at :ocom temperature
yields a paramagnetic sczcies of emgirical formula [OsNC!,-
{PPh,);1,Me,CO (I) perr 1-8 B.M.); a suspension of tkis in

aqueous HCI is used for these two reactions, [OsCl,(I'Ph,),]
is formed. Deprotonation of (II) to gzive (I) may be
accomplished with strong bases, e.g. trie‘tylamine, in the
presence of triphenylphosphine. Wc fornitiate (I) an-i (I1)
as Os!V dlerivatives of triphenylphosphive imine, f.e. [O:



Me,CO (II) for the following reasons.
of (II) with an equimolar quantity of Ph As[H;0,]Cl, gives

J.C.S. CrEm. ComuM., 1973

(NPPh,)Cl,(PPh,),],Me,CO (I) and [Os(NHPPh,)CL,(PPh,)],-
Prolonged treatment

[PhyPNH,]Cl and Ph,As[OsCly(PPh,)] in high yields. Tri-

phenylphosphineimine is known to react quantitatively
with hydrogen chloride to give [Ph,PNH,]CIL*
spectra of (I) and (II) have strong bands at 1127 and 924

The i.r.

cm™! respectively, which shift downwards some 20 cm~! on
15N substitution, and we assign these to P-N stretching
modes (similar bands and shifts have been observed in
Ph,PNH and its complexes and in Ph,PNR 4). Complex
(IT) has additional strong bands at 3299 and 1243 cm!
which we assign to the N-H stretching and deformation
modes respectively. There is no evidence from the i.r.
data that the acetone molecule is co-ordinated in either
complex. The H n.m.r. spectrum of (I) could not be
measured owing to the low solubility of the compound, but
that of (II) gave a sharp resonance centred at+ — 2-5 which
we assign to the ortho-protons on the Ph,P group directly
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co-ordinated to osmium; its intensity relative to the
remaining phenyl protons is consistent with this assignment,.
Shifts of this magnitude, together with sharp resonances,
are characteristic of osmium(rv) complexes which exhibit
temperature-independent paramagnetism.5f

Since (I) and (II) are obtained from [OsNCl,]-, and (I)
can also be made by reaction of triphenylphosphine with
[OsNCl4(LPh,),] (L = P or As), we propose that their
formation proceeds by nucleophilic attack of the phosphine
on the co-ordinated nitrogen, which is here behaving as an
electrophili¢ nitrene. This is in contrast to the nucleo-
philic behaviour of Re =N in [ReNCL(PEt,Ph),],* although
nitrene-like behaviour has been observed for rhenium’ and
iridium® imido-complexes.

We thank Johnson, Matthey Ltd. for the loan of osmium
tetroxide, and they and the S.R.C. for a C.A.P.S.award toone
of us (D.P.).

(Recetved, 6th April 1973; Com. 484.)

T We are indebted to a referee for suggesting the measurement of the IH n.m.r. spectrum to clarify this point.
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