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ABSTRACT

A number of new nitrite complexes were prepared and the
manner of nitrite bonding in these was investigated by means
of infrared and clectronic spectroscopy,

In a series of compounds formed by nickel nitrite with
various amines the manner of nitrite coordination apparently
depends on the steric nature of the amine substituents. Tetra-
N-substituted amines produced complexes of the type Ni(diamine)
(NOZ)Z having chelating nitrite groups, di-N~substitutocd amines
yielded nitritocomplexes Ni(diamine)2(~ONO)2, while with mono-
N~substituted diamines or ethylenediamine itself, nitrocomplexes
were formed, Two solid nitritocomplexes were found to exist in
a nitro~nitrito equilibrium in solution,

The properties of bridging nitrite groups were studied
in some complexXes N:'LLQCNOE)2 [L = a substituted pyridiné], and
in several of these the anions are bridged via a single oxXygen
atom, a hitherto unrecognised mamner of nitrite coordination,

Compounds containing the anions M(N02)64— [M = Ni, Co and
Cu], M(Noz)g" [M = Ni and m] , M(Noz)f" [M = 7n, Cd, Hg, Cu,

Co and M#] and Ni(NO " are described and, where possible,

2)3
structures are proposed for these complexes,
A summary has been made of the different ways in which

the nitrite group was observed to coordinate in metal complexes



and of the methods by which these types of bonding can be
distinguished. The apparent reascns for the adoption of the

particular structures found are alse discussed,
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Ligand Abreviations

The following ligand abreviations are used throughout this

work.

ligand abreviation
ethylenediamine en
N-methylethylenediamine mnen
N-~ethylethylenediamine een
N,N-dimethylethylenediamine a~dimen
N,N~diethylethylenedianine a~dieen
N,Nt-diethylethylenediamine s-dieen
N,N,N!,N'~tetramethylethylenediamine tetmen
N,N,N',Nt~tetraethylethylenediamine teteen
meso-1,2~diphenylethylenedianine m-stien
racemic-1,2~-diphenylethylenedianine r-stien
1,2~diamino~2~methylpropane ce—-dimen
pyridine Py
2-methylpyridine 2-1epy
3-methylpyridine Senepy
Lemethylpyridine Lepmepy
guinoline quin
isoquinoline i=quin
triphenylphosphineoxide PhBPO
triphenylarsineoxide PhBAsO
ortho-phenylenediamine o=-phen

o--xylylenebis—(triphenylphosphonium)2+ o-Cat2+



CHAPTER I

Introduction and Historical Survey

Introduction

Probably thc most interesting feature of the nitrite group
as a ligand is its ability to coordinate to a metal ion in
several different waoys. The present investigations have
largely been concerned with identifying the manner in which
the nitrite group is bonded in a number of metal complexes,
and elucidating the reasons behind the adoption of the
particular structures found.

It is pertinent at this stage to consider briefly the
information available on the properties of the nitrite ion and
metal-nitrite complexes prior to the commencement of this work.

Monodentate nitrite coordination

As a monodentate ligand the nitrite group can coordinate to a
metal ion either via nitrogen, forming a nitrocomplexl (1), or via

oXygen, giving a nitritocomplex (II).

0 i

1 NN
I, M2, I1. Me—0" o
\O
A large number of nitrocomplexes have been reported, both mixed
ligand complexes such as Nl(NH3>4(—N02>2 and [Pd (NH3)3(~N02)JC1
and compounds containing polynitrite ions, eg. Na3Co(~N02)6 and

Oxygen coordination of the nitrite group, however, was



comparatively rare, being limited almost exclusively to a few
unstable complexes of CoIII and some closely related compounds., The
first nitritocomplex to be recognised as such was pink

éCo (NH3)5 ~ON§ 0122. However, this was found to rearrange within

a matter of hours to the more stable nitro~isomer, yellow

?o (NH3)5 —NOQCIZ, and almost all the other nitritocomplexes
behaved in the-same manner, The kinetic mechanisms involved in the

linkage isomerism of these nitrite complexes have been the subject

of muech investigation,

-
Kinetic studies The formation of t?o (NH3)5 —ONd]ClZ, together

with one or two similar complexes of CoIII was studied by Basolo

3

et al.” and Murmann and 'I.’aube4 and the following unusual reaction

sequences were shown to occur: -

Lo (1 G2+ . 03+ [ P -1
I 8 kY —
. f ‘Co (i 1{3)50% + Hy0 = Co(NH 3)5E 20‘ — {Co(IMH; )50l
+
| 2mmo, — NOT.-e NO7 + H20
i
2. Co(WH, ) - O -:r 54 — rCo(NH ) --ONO_' 2% . mo
3°5 , L 3’5 2

T ieeNOT
ON ! h02

The production of themtrito-isomer was thus due to attack by
the N203 present under the svecific conditions of pH and temperature
required for the isolation of this form of the complex, The nitrito~
complex was formed without breaking the cobalt~oxygen bond of an

intermediate hydroxo-species, and subsequently rearranged in a few
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hours fo the corresponding nitrocomplex, by an intramolecular
processj'4’5. It was realiéed by Basolo et al;3 that the isolation
of these unstable nitritocouwplexes was due only to the high
activation energy of this intramolecular rearrangement and that
this was related to the 'inert‘ na%ure of metal ions having a d3
or spine—paired d6 electron configuﬁation. They were thus able to
predict the formation of nitritocomplexes with other similar metal
ions and the compounds [M(NHB)E-»ONO} c1, {M = Cr, Ir and Rh} and
%&(NH3)5~ON@ 013 were subsequéntly isolated6’7 by a preparastive
technique similar to that used for the cobalt complex, All these
nitritocomplexes, with the exception of the chromium one, also
rearranged to the corresponding nitrocomplexes within a few hours,
N

I N OO
iCr(NHB)S oo Cl,

In determining the nature of the metalenitrite bonding in

The nitro~isomer of is as yet, however, unknown,
metal complexes three physical techniques have been of major
importance, These were x-ray crystallography, and the reasurenment
of electronic and infrared absorption spectra.

X=ray studies Single crystal x-ray crystallography is now

probably the nmost accurate method of investigating detailed molecular
structures in the solid state. However, the determination of a
structure by this means is still often a lengthy and arduous process,
and it is not always possible to prepare suitable crystals. X-ray
techniques are thus generally used to confirm an interesting
structure suggested by other means, or when other technigues fail,

Nitrogen coordination of the nitrite ion has been Tound in the
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8 ~ 14
erystal structures of a nuwmber of compounds » There wasg no
crystallographic information, however, on nitritocomplexes,

Electronic spectra The 'd-d? electronic transitions in

nitrite complexes, as measured by the electronic absorption spectra,
have often been used to give an indication of the naturec of tﬁe
metal nitrite bonding.

This is because of the relative positions of the nitre—~ and
nitrito-groups in the spectrochemical series, which is shuwn below
for a number of the more common ligands, in order of decreasing
ligand field strengthls..
o™ D> ~10,” ) o-phenanthroline ) en) NE) py) ~HCS™) H,0) ~ONO™ p
0B c1”) B ) 17

Thus, while the nitro-—group is a ¥strong?! ligand, the nitrito-
group is fairly %tweak!, This means that for transition metal ioms,
particularly of the first row, the d-d bands in a nitrocomplex will
generally be at considerably higher energy than the corresponding
ones in the analogous nitritocomplex, Thus it is often possible,
by comparing the electronic spectrum of a nitrite complex with
those of similar compounds containing other ligands, to deduce the
effective ligand field strength of the nitrite groups, and hence
thelr mode of coordination., This is illustrated in Table 1, which
lists the energies of the first spin-allowed elecironic transitions
for the isomeric forms of [Co(NHEDSNqJCIE together with those of

two related conmpounds,



.13 -

Table 1

The first spin~allowed electronic transitions of the

isomeric forms of LCO(NH325E92}9£2 and two related compounds,

compound. energy (cm™1) ref,
[CO(NHB)S-ONO} c1, 20, 600 16
{C@(NH3 )5—N02] c1, 21,900 16
[Co(NHB)sHZO] o1, 20, 600 17
Co(1Hy) 6"013 21,000 17
Infrared spectra The uncoordinated nitrite ion beiongs to the

point-group CEV’ and has three non-degenerate, infrared active
fundamental vibrations, These are illusitrated in Figure 1, and
nay be designated V; and \gs, the symmetric and antisymmetric
nitrogen oxygen stretches, and 6no the N02 defornation.

2

Figure 1

The fundamentzl vibrations of the nitrite ion

AN 7‘ &
O\ 0 ~0 , 0 ,.O‘\ O\\
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The infrared and raman spectra of sodium nitrite, which



helongs to the spage=group Immm(CiS) 18, have been measured in the

solid state and in H,0 and D,0 solution by a number of workerst? 22,

Therc is general agreement on the observation of three pegks at

828%3 (nedium, sharp), 1250430 (very strong, broad) and 132642 cm ™+

(very weak, sharp), with the exception of the results of Newman,

-1 20

who reported bands at 831, 1325 and 1360 em .20 The poak at 828 cm .

nay be readily assigned as 5H0219~23’ and on the basis of the raman
19

polarisability measurenents on an aqueous solution and on single

20,23 ! has been assigned as

crystals of Nall0, the band at 1326 ert

V;. This is also suggested22 by the fluorescence spectrunm of sodium
nitrite, This leaves V;S as the broad intense absorption centred
at ~1250 cm‘l, which is in agrecment with the raman spectra of an
agnueous solution19 and a single crysta123 of sodium nitrite,
Potassium nitrite2r, silver nitrite’ and barium nitrite™, all
have infrared spectra very sinilar to that of sodium nitrite,

It is thus apparant that NOE is unusual in having Y, higher

than Vos? and in this it resembles 0326 (with which it is iso~

electronic) =nd OF227. This has been explained21 in terns of the
relatively large interaction constant to be expected between the
two negatively charged oxygen ztons,

Unfortunately, despite the evidence outlined above, several
paper528"33 concerned prinarily with the infrared spectra of
coordinated nitrite groups have incorrecily reversed the

assignnents of V:S and V;, apparently on the ground531 that an

antisyunetric stretching frequenecy tmst z2lways be higher than a
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symnietric one. However, this 1is not always the case, and there can
be little doubt that the assignrents given above arc im faet the
correct ones,

On coordination the nitrogen-oxygen stretching frequencies of
the nitrite group change fron their free ion values in a menner
quite charoeteristic of the method of bonding toking place., The
freguency 8&02, however, has not becen found to clter significantly.

Oxy.gen coordination causes the lowering of one stretching
frequeney towards thet of a2 nitrogen-oxygen single bond, the other
being raised towards that of a nitrogen-oxygen double bond, This
nay be seen from the values (Table 2) of N;S and \g34 for the
nitrito-groups in }:CO(NHB)B-ONO] 2%, (P’tCNH3)5~OI\T} 3* and the

-

liniting covalent compound trans-nethylnitrite,

Table 2

. . . -1, .
The nitrogen-~oxyegen stretchin~ frequencies (cm ~) in sone

nitrite conpounds

conpound Vg \é ref.
Nalo,, 1250 vsbr 1326 wsp™ 20 ~ 23
[coty)g -'-or\ro] Cl, 1065 s 1460 s 35
[ P4 (N5 )=CNO) c1, 995 s 1505 = 7
trans-CH;~ORO 814 s 1681 s 36
RbBCo(-_Noz)'G' 1399 s 1327 s 37
K,Call1(~H0,) ¢ 1325 vs 1335 wsp 29
CH5-1O, 1377 = 1586 s 38

a  sSp represents sharp peak
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It is apparent (Pable 2) that nitrogen coordination of the
nitrite group has a quite different cffect on its vibrational

139,40

spectrun from bonding via oxygon, Mathien et a have shoun

from ramon polarisability data and symmetry considerations that in

ITI -1

the nitrocomplexes of Co and pr1T \gs is raiscd to ~1400 en

while \g remains virtually unaltered fron its free ion value at

~1330 en™

and it may be moted thet Y . is ouch higher than Y, in
the liniting covalent conpound nitromethanejs. In KéCaNi(-ﬁ02)6
the relative intensities of the bands (see Chapter 6) suggest that
V;s has been raised to 1325 cmul while V; is at 1335 cm-l. It is
thus apparent thet bonding via nitrogen tends to raise \és
considerably, while leaving \g only slightly above its freec ion
value, This effecct has been explained by Mathleu, Postocllec and
Poulot39 in the following nanner,

The three nmain canonic forns of the nitrite ion are illustrated
in Figure 2, and it nay be scen that the induction of a positive
charge on the nitrogen atom (as presunebly cccurs in a nitrocomplex)
inerceses the contribution of forms () and (b) relative to that of
(¢). This czuses a decrcase in the negative charge on the oxygen
Figure 2

The three pain counonic forns of the nitrite ion




atong, and hence the non-bonded interaction term between then,
while a2t the same time increcasing thce double~bond character of the
nitrogen-oxygen bonds, Since the fact that Vé_>”€s in free NOE
depends on the high value of the non~bonded interaction tern,
nitrogen cocrdinetion would be expected t- raise \gs relative to
\/Swhich is in agreencnt with the experimerntal results. Also the
increasc in double bond character of the N-0 bonds should raise

\g and V. somewhat, as is indeed the casec.

So far only the infrarcd frequencies of the nitrite group
itself have been considered. However, recently interest has also
been shown in the vibrations associated directly with the metal-
nitrite bond., While these will be considered in rnore detail in
Chapters 6 and 7, it is pertinent to note that the presence of

29,41

a wagging vibration Eb,has been suggested as a neans of

identifying nitro~coordination of the nitrite group. This
frequency has been assigned at ™~ 600 cm—lin many nitroccnplexes of

Co¥TT 29:37,4L 1 a at 462 o™t in K Calli(N0,) 27, but was not

observed in nitritocomplexes and conpounds containing bridged
nitrite groups.

Bidentate nitrite coordination

While it had been known for some tine that the nitrite group
could function as a bridging ligand, the manner in vwhich it
acconplishes this was not extensively investigated. The three nost

probable ways that the nitrite group could bridge are shown in

Flgure 3 (a), (b) and (e).



Figure 3

The four most likely ways of bidentate nitrite coordination,
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The nmain cvidence as to the nature of the bridging actually

occurring in netal complexes was provided by the nitrite infrared
OH.
-

-
frequences at~1200 and ~1500 cm“l in [CO(NH ) - OH\::TCO(NH ) lCl
and some sinilar compound529’31. The slight lowering of Vgs fron
its frec ion valuc together with the raising of the mean of Ng and
\gs suggested both nitrogen and oxygen coordination of the nitrite
group, and it was concluded29’31 that bridges of the type (b) in
Figure 3 were present in these complexes,

Nitrite bonding sinmilar to that illustrated in ¥Figure 3 (e),

. . . - 42
but involving a linear nitrite group, was proposed

in the
conpound (Ni e’chylenediamine2 N02)0104, but it has since been
suggested 43 that this is incorrecct and the siructure now proposed
for this compound, which in fact involves bridging of type (b) in
Tigure 3 will be discussed in chapter 5 (A).

A prelininary x~ray analysis of the comnpound KBHg(N02)4NO3

has shown44 that the mercury ion is surrcunded by four nitrite groups,
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each chelated as in Figure 3 (d). This is thus a second way that

the nitrite group can function as a bidentate ligand,

General Summary

As a monodentate ligand the nitrite ion has usually been found
to bond via nitrogen, and oxygen coordination has normally only
been observed by virtue of an unusual reaction mechanism which
allows the formation of unstable nitritocompiexes with a few
kinetically inert metal ions, The type of bonding in any nitrite
complex is generally readily distinguishable since the nitro- and
nitrito~groups occupy quite different positions in the spectro-
chemical series and have rather distinetive infrared spectra.

As a bidentate ligand, vibrational spectroscopy suggesfs that
the nitrite group can bridge via nitrogen and an oxygen atom,
while an x~ray study has shown that chelation via two oxygen atoms

is also possible,
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CHAPTER 2

Some Nitro- and Nitritocomplexes of Nickel(II)
45-48

Considerable interest has recently been shown in the

factors influencing the different structurésadopted in metal
complexes, and the importance of steric hindrance in this respect
has been demonstrated in several studies on the compounds formed

by various nickel salts with a number of substituted ethylene-

45,46

diamines . Thus, in order to investigate the effects of steric

interfercnce on the nature of the metal-nitrite bond, a series of

compounds of the type NiD, (IO ED = a number of C~ or N-substituted

2)2
ethylenediamines} and NiL4(NO

-

2)2

[L = a substituted pyridine or
were preparedBa. These complexes are of two quite distinct

i |
types depending on the nature of the amine used being blue when D
represents m~stien, a-dieen, s~dieen and a=~dimen and L = py,

3-mepy and 4~-mepy and red when D is en, men, een, cc-dimen, o-phen
and r-stien and I = NH3' The infrared and electronic spectra of the
solid complexes suggest that the blue compounds are nitrito-
complexes while the red ones contain nitrite groups bonded via
nitrogen.

In solution some of the blue complexes undergo structural

changes, and these are considered in Chapters 3 and 4,

Electroniec spectra

The electronic spectra of fthe complexes were recorded in the

1

solid state over the range 4000 - 30,000 cm ~, and the energies of



the band maxima are given in Table 3, The speetra of the analogous

The electronic reflectance

Table 3

spectra of soue

nitro—~ and nitritocomplexes of Ni

IT

Conmpound,
N1 (py),, (~ONO) , b
Ni(Bfmepy)4(~OHO)2 b
Ni(4fmepy)4(~QNO)2 b
Wi (n-stien),(~0NO), b
Ni(a~dinen),(-ON0), 27,250
Ni(a~dieen),(-0NO), b
Ni(sgdieen)a(-ono)2 274550

Ni(s—dieen)2(0013002)2 27,500

Ni(s~diecn)2(NCS)2 27,600
Ni(NH3)4(~NOZ)2 b
Ni(en)2(~N02)2 b
Ni(cg—dimen)zg—ﬁog)a 29,240
Ni(r;stien)zc;ﬁoz)a b
I\Ii(o-phen)g(-—l\log)2 b
Ni(men)2(~N02)2 b
Ni(een)z(—H02)2 b
N1 (een) ,(CC15C0,), 27,600
Ni(een)z(NCS)2 28,700

l)a

Band Maxima (em
16;900 (~13,000sh)
(22,000s8h) 17,400 (-~13,000sh)
(21,050sh) 17,000 (-13,000sh)
(23,300sh) 17,150
17,300
(~14,800sh)

(20,400sh) 16,890

(22,500) 17,000 (-12,400sh)

17,000 (~11,800sh)
17,400 (~12,500sh)
19,900
19,650
19,230
19,900
21,200, 19,600sh
20,120
20, 000
17,600 (-~13,250sh)

18,200

a spinwforbidden bands in parentheses

b band obscured by strong ultraviolet absorption

10,400
10,600
10,500
10,300
10,950, 8,740sh
10,350, 7,870sh
10,360
9,700
10,700
11,400
12,500, 11,000sh
ll,éoo
12,500, 10,800sh
12,500, 11,000sh
12,350, 11,000sh
12,350, 11,300sh
12,020sh, 9,740

10,950
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trichloracetate~ and isothiocyanate~complexes for one typical blue
and one red cowmpound are also given for comparison, The sharp

bands in the region 4,000 - 8,000 cm-l, which may be assigned as
the vibrational overtones of the organic ligandsq6 have been
omitted, In some cases very weak peaks were observed in the visible
region, and these are probably due to spin-forbidden transitions.
The spectra of a typical red complex Ni(een)2(~N02)2 and a typical
blue one Ni(4--mepy)4(-ONO)2 are shown in Figure 4 (b) and (c).

All the compounds listed in Table 3 have electronic spectra
characteristic of six~coordinate nickel ions with spin~triplet
ground states, Three spin-allowed transitions (3A2é~——93Tég,
BAzé—~—%3Tlg (F) and 3A2é~—~53Tlg (P) inOh ligand field symmetry)
were observed for some of the complexes though the highest energy
band was obscured by electron transfer absorption for most of
them. In some cases the first electironic band was split inte two
components, This has also been observed for a number of other

45,46,49 and in the compound Ni(py)4012 it has

2y

been ascribed to the removal of the degeneracy of the g

nickel complexes,

level in the ligand field symmetry which approximates to D4h49'

In the compounds Hi(een)a(-NOE)g, Ni(men)a(—NOz)a, Ni(o—phen)2

(=NO Ni(r—stien)2(~NO and Ni(en)z(—NO it is also

2)2’ 2>2 2)2
possible that one of the two peaks at - 12,000 cm"l is due to the
3

spin-forbidden transition Aag———alEg, which can interasct with the

first spin~allowed transition, thus gaining intensityBo. However,

it is the approximate energy of the electronic bands in these



FIGURE &

The Electronie Reflectance Spectra of i~

(A) Ni(i=quin),(NO,), (_B) Ni(ean)z(noa)a (¢c) Ni(#—mepy)4(noa)2

FREQUENCY (en~l) x 10°



compounds whlch are of significanee in indicating the manner of
bonding of the nitrite groups.

iy 1 (D - i( - ) o
The red complexes Nl(JH3)4( NOE)E and Nl\cn)z( NOZ)E have been

9,10

shown to contain nitrite groups coordinated via nitrogen s and

the close similarity of their electronic spectra to those of

rD = men, een, ce~dimen, r—stien and o—phen} suggests

2
that these compounds are all nitrocomplexes, The relatively high

NiDE(—NOZ)

energy of thelr electronic transitions is in accordance with the
position of the nitro-group at the 'strong! end of the spectro-
chemical series (see Chapter 1).

The ban@ positions of the blue compounds NiL4(—ONO)2 [L = DY,
3-mepy and 4—mepy] and NiD2(--ONO)2 are all quite different from
those of the red nitrocomplexes and are rather similar to those of
the thiocyanate and trichloracetate complexes, This suggests that
the nitrite groupsproduce a relatively weak ligand field and are
thus coordinated via oxygen.

It is impossible to estimate the ligand field sirengths of the
nitrite groups in these complexes accurately, since the A values
(4 = 1ligend ficld splitting parameter) of the substituted amines
are unknown., Moreover, it is also possible that the strength of
the metal-nitrite bond may vary from one nitritocomplex to another
(this possibility is discussed on Page 35). However, some idea of
the relative A ~values may be obtained by the 'average environment!

51 II

method of Jérgensen” ., For Ni™~ in Oh ligand field symmetry the

first electronic transition approximates to & and this is at
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~12,000 en™t in a typical nitrocomplex Ni(een)a(—Nog)z, and at
10,360 cm"l in a typical nifritocomplex Ni(s~dieen)2C-OHO). Taking
the ~value of the diamires as 11,500 cm"l 52, that of the niltro-

groups in Ni(een)z(NO is ~13,000 cm"l and that of the nitrito-

2)2
groups in Ni(s~dieen)2(—ONO)2 is ~8,100 cmfl. These values may be
compared with 4 = 8,500 cm™L for H,0 and & = 10,800 en™t for NH353,
and are quite similar to those observed for the nitro- and nitrito-
groups in the isomeric forms of {CO(NH3)5N02}012 (Table 1), if the
difference in oxidation state of the metal ifon is taken into account.

Infrared spectra

The spectra of the nickel nitrite complexes listed in Table 3
were determined over the range 2000 -~ 400 cm'"l and the bands due
to the nitrite groups (Table 4) were identified by comparison with
the spectra of the corresponding nickel thiocyanate and, in many
cases, halide complexes, The spectra of Ni(en)z(—-l\IOZ)2 and
Ni(NH3)4(—N02)2 are shown in Figure 5, and that of Ni(py)4(—ONO)2
in Figure 13 (Page 71).

In the case of Ni(o—phen)z(—mog)z, although a strong band
occurred at ~1280 cm™+ which could be due to nitro-groups, the nitrite
frequencies could not be identified with any certainty, because the
infrared spectrum of the coordinated amines altered on going from
one control compuund to another, a feature which has also been

noted by other workerssq. The compuund Ni(py)4(-ONO)2 loses pyridine

regdily and the spectrum of nujol mulls of this complex showed, in



- 20 -

Table 4

The nitrite infrared frequencies in some nitro- and

nitritocomplexes of NiII

Compound® Band Maxima (cm—l)

EENOZ Nitrogen-Oxygen Stretches

Ni(4—mepy)4(~ONO)2 b 1119vs, ll44vs 1401s
Ni(B-mepy)4(—ONO)2 b 1126vs 1389s
Ni(py)4(—ONO)2 825n 111l4vs 1393%s
Ni(a-—dimen)e(—ONO)2 817s 1130vs 1387s
Ni(a~dieen)2(—ONO)2 824m 1163vs 1361ls
Ni(s-dieen)z(-ONO)2 821w 1205vs ‘13375
Ni(m-stien)2(~ONO)2 b 1221s 1350ms
Ni(r~stien),(-NO,), 814 ~1300° ~1320sh®
Ni(co-dimen),(-NO,), 832w, 818m  ~1325° b
Ni(een),(-NO,),, 837m 1303vs 1333u°
Ni(men),(~%0,), 813 1335vs 1353°
Ni(en)z(—NOE)2 807m 1299vs b
NL(IH;), (<NO0,),, 814w 1300vs 1360°

a nujol and hexachlorobutadiene nmulls
b Dband obscured by other ligand vibrations
¢ exact position of band maximum rendered uncertain by other

ligand absorption.
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(A) Fi(en),(NO,),
(C) Ni(NH,),(NO,),

FIGURE 5

The Infrared Spectra ofie
(B) M(an)(NOa)2
(D) lﬂ.(l\m})z(ﬂoz)2
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The nitrite bands are indicated by arrows,
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addition to the strong bands listed in Table 4, weak peaks at
1311 and 841 en™ due to Ni(py)z(NOE)z. These peaks disappeared
when the compound was mulled in a little pyridine.

The effects of coordination on the nitrite infrared spectrum
have been discussed in Chapter 1

The red compounds NiDz(—-NOE)2 {D = en, men, een, cc~dimen
and r-stien] and Ni(NHB)q(-NOQ)2 all had sirong nitrite bands at
~1300 en”t assignable as W, _. In some cases Y, could also be
observed as a weak sharp band at ~1335 cm"l, though generally the
feeble nature of this peak prevented its unambiguous assignment,

The raising of v _ from its free ion value of ~1250 en™t

, with V;
remaining virtually unaltered in position and intensity at the
uncoordinated value of 1326 cm~l, is quite characteristic of
nitrogen bonding of the nitrite group and confirms these compounds
t0 be nitrocomplexes,

In the blue compounds NiD,(-ONO), [D = a-dinen, a~diecen,
s=dieen and m~stien] and NiL4(-ONO)2 {L = py, 3-mepy and 4-mepy} ,
however, \;S occurs in every case below the free ion value, vhile
there is also an increase in the frequency and intensity of \g.
This divergence of \gs and \; from their values in the uncoordinated
ion is what is expected for oxygen bonding of the nitrite group, in
agreement with the formulation of these blue compounds as nitrito~
complexes, It is, however, clear that the frequencies of nitrito-

groups can fall over a much wider range than had hitherto been

supposed, This is illustrated in Figure 6 which conpares \gs and
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A Comparison of the Nitrogen-oxygen Stretching Frequencies
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\g in these nickel compounds with the corresponding freguencies in

TIL and PiIV and a typical nickel

the nitritoconplexes of Co
nitrocomplex, It is apparant that although the nature of the
perturbation on the nitrite ion is the same in each nitritocomplex,
the degree is differen%, and it is the comparison of the nitrite
frequencies with those of the free ion which is of value in
determining the manner of coordination of the anion.

The presence of a wagging frequency Pw’ which occurs only in
nitrocomplexes and has been assigned at 462 cm"l in KZCaNi(—N02)629
has been suggested as a means of distinguishing nitrogen
coordination of the nitrite group. However, no band assignable to

1

this vibration was observed above 400 cm ~ in any of the nickel

nitrite complexes listed in Table 4, The compounds Ni(a—-dieen)2

were also examined in

(~0NO),, Ni(en),(~NO,), and Ni(NH;),(~NO

2)2 2)2
the region 400 ~ 200 cm"l, but again all the bands present in the
nitrite complexes were observed in the control compounds as well,
It thus appears'that in these nickel amine nitrocomplexes ?} is

either weak or consistently hidden by other bands and its absence

cannot be taken as indicative of the presence of oxygen coordinated

nitrite groups.

The Structure of Ni(a~dimen),(-O0NO),

In order to confirm the oxygen coordination of the anions in
the blue nickel nitrite complexes and to investigate possible

structural causes of this methed of nitrite bonding, a three-
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dimensional x-ray study of Ni(a~dimen)2(—ONO)2 was carried 6&%2
While the structural ahalysié has been described in detail
elsewhere55’56; it 15 of interest to note the main features of

the molecule and these ave shown in Figure 7 and Table 5,

Table 5

Some nolecular dimonsions of Ni(a--dimen)z(-ON_Q)2

Bond Lengths (Z) Bond Angles
A 2-107 % 0+008 « 85002 & 0433°
B 14290 % 0:014 B 84430 L 0.38°
¢ 1.207 ¥ 0.016 ¥ 92i86 f psi3do
D 2.089 I 0.009 % 11953 % 0.75°
E  2.219 & 0.012 € 114.97 £ 1.10°

As expected, the nitrite groups are coordinated via oxygen.
The bonded oxygen to nitrogen distanece (B) is significantly longer
than the non-bonded oxygen to nitrogen distance (C). There is quite
a large difference in the nickel to nitrogen bond lengths (Ni~N
= 2089 49, and the coordinated Axygen

2
atoms are slightly displaced from axial positions, away from the

o
(CH;), = 20219 A, Ni-NH

two ncarest methyl groups. The plane of the two 0-I~0 groups runs

nearly through the NH,-Ni-NH, axis, and the nitrite nitrogen atoms

2 2
overlie the amine nitrogens with the equatorial hydrogens. There

. Q. .
are several non-bonding close contacts (3+0 -~ 3+1 A) between the



FIGURE 7

‘The X-ray Structure of Ni(a-dimen)m(N('),,_z2
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nitrite groups and the rest of the molecule, and the abnormal

length of the Ni-N(CH bonds and the positioning of the nitrite

32
groups in the molecule appear to be caused prinarily by these

steric interactions,

Discussion of the Factors influecnecing the Nickel-Nitritc Bonding

Prior to the present work almost the only nitritoeonplexes

I III

known were of the type M(NH,)_~0NO ¥, where M = collI, crill

IrIII, RhIII

305
and PtIV. The cause of this method of nitrite

bonding in these compounds is a kinetic one involving attack by
NZOB and they usually rearranged fairly quickly to the
corresponding nitrocomplexesB"?. However, the isolation of the
stable nickel nitritocomplexes described here shows that the
inert nature of metals with a d3 or spin=paired d6 electron
configuration is not essential for the formation of nitrito-
complexes in general,

The oxygen coordination of the nitrito~groups in these
nickel compounds cannot be due to the kinetic effects envisaged
for the other complexes mentioned above, since the nickel compounds
are far too labile and are formed, moreover, in alkaline solution
which presumably precludes the presence of NEOB’ as this exists in
weakly acidic conditions, In the series NiD2<N02>2 nitritocomplexes
arenformed when D is a di~N-substituted anine, while nitrocomplexes
occur when D is a mono~N-substituted diamine or ethylenediamine

itself. It thus seems likely that steric factors are important
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in deciding the manner of coordination of the nitrite groups in
these compcunds,

In a complex such as Ni(en)z(—Noz)2 there can be little
or no anion-diamine steric interferance, However, when bulky
anine substituents are present, coordination via an oxygen atom
nay eause considerably less steriec interaction between anion and
diamine than nitrogen bonding, The fact that steric effects are
indeed important in $his connection is demonstrated by the complexes
formed by meso~ and racemic-~stilbencdiamine with nickel nitrite.
While Ni(m--stien)z(-'-ONO)2 contains anions bonded via oxygen,
Ni(r-—-stien)z(-NOE)2 is a nitrocomplex, The only differcnce between
the amines in these compounds is in the position of the benzene
rings, In the r-stien complex these are in equatorial positions,
while in the m~stien analogue they are axially directed and
consequently offer nuch more steric repulsion to anions situated
along the z-axis. It 1s probably this repulsion which causes many
of the complexes of m-stien to be diamagnetic and presumably four-
coordinate, while their counterparts with restien are paramagnetic

48,57

and six-coordinate y and it appears to be this repulsion also,
which causes the differcnce in mode of anion coordination between
the two nickel nitrite conplexes of stilbenedianmine,

It may be noted that Basolo et a1.58

have proposed that
steric effects exactly analagous to those envisaged herce are
important in deciding the manner of bonding of the thiocyanate ion

in a number of complexes of palladium.



- 35 -

It is interesting that the aromatic rings in NiL4(—ONO)2
{L = py, 3-mepy and 4—mepi} apparcntly provide suffieient steric
repulsion to cause oxygen bonding of the nitrite groups, though
this is perhaps hardly surprising since the pyridine rings in
Ni(py)4012 are known’” 4o be at an angle of ~45° {0 the Ni-N, plane.
The compound Ni(o~phen)2(~N02)2, in which the benzene rings should
offer wuch less steric interaction, is, moreover, a nitrocomplex,
If the divergence of ‘és and V; from their free lon values
is taken as an approxiuate nmeasure of the metal-oxygen bond
strength, then the bonding in these nickel compounds is weaker
than that in the nitritoconplexes of CoIII and PtIV, as expected,
Also the values of \gs and Y appear to follow a definite
sequence (Figurc 6)., It is possible that the steric hindrance
between the anions and in-plane ligands influences not only the
manner of coordination of the nitrite group, but also the stremgth
of the metal-donor atom bond., This sequence might then be due to
the changes in the Ni-0 bond strength caused by the different
steric requirenents of the amine ligands, However, effects such as
hydrogen bonding oculd also cause a reduction in the divergence
of V; and \;S, and this might then be responsible for the

differences between the nitrogen-oxygen stretching frequencies uf

somie of the compounds,

Preparation of compounds

45

The complexes Ni(a—dimen)2(~ONO)2 ' Ni(a~dieen)2(~ONO)246,
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Ni(s—dieen)ZCNCS)z, Ni(s~dieen)2(0013coz)2, Ni(een)a(CC13C02)2
and Ni(een)Z(NCS)26O had all becen »reparcd prior to this work,
The compounds with nen, s-dieen, r-stien, en, o-phen, cc~dinen,
3-piepy and 4-nepy were preparcd by nethods very sinilar to that
described below for Ni(een)z(nﬂoz)z. Further details for
individual complexes are given where appropriate, amd analysis
results arc listed in Table 6,

Nigeenzzg:ggalz A methanolie solution of nickel nitrite was
prepared metathetically fron Ni(N03>2'6H20 and an excess of
finely powdered NaNOZ. The resulting nixture was cooled in COZ/
acetone aond filtered., N~ethylethylene~diamine (0402M) was added
dropwise to the vigorously stirred nickel nitrite (0+01M)
solution, and the mixture was taken to dryness on the vacuun line,

The residue was recrystallised from nitronethance to give red

erystals. yield 45%

Ni(s-dieen)2(~ONQ)2 Blue~green crystals on recrystallisation
fron ethanol, yield 40%

Ni(men)s(QNoglg A pink nicroerystalline solid on recrystall-
isation from i-propanol, yield 40%

N:i.(en)i(--l\l’oaz_2 Large red crystals from methanul, yield 50%
Ni(cc—dineg)2§~Noalz Large red crystals on reerystallizing
fronm nitrcmethane, yield 30%

Ni(fr;stien)z(-—NOE)_2 A saturated alecholic solution of r-stien

was used, Red crystals were formed and recrystallised fron

nitromethane, - yield 30%
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A saturated solution of o~phenylenedianine

Nl(o-phen)2(~NOElg

in an equivoluue nixture of acetone and nethanol was used and gave

a red, nicrocrystalline precipitate, yield 40%
Ni(3~nepy), (~0H0) Excess 3-nethylpyridine was used and the

crude produc% was recrystallised from acetone containing a little

3Qmethy1pyridine to give large blue crystals, vield 50%

Ni(4-nepy), (~ONO) A nethod sinmilar to that used for the above
conpound yielded a pale blue erystalline precipiteote, yield 60%

Nipy), (~0NO0) . The method of Palmer was usseci@L and the crude

product was recrystallised from i-~propanol containing a little

pyridine, yield 40%

Ni Nﬁjg!gumogla Large red crystals by the nmethod of Palmer62.
yicld 10%

Ni(n-stion) (~ONO) Sodiurt nitrite (0¢003M) and Ni(m;stien)z

(0104)2C0'001M) were heated in ethanol, After a few scconds the
desired product forned as a grey-blue nicrocrystalline

precipitate, vield 80%



Table 6

Analysis detalls for sone nitro— and nitritocoiplexes of

nickel
C(;Epound ' Calculated | Found
¢c | B ® 0 f Wil C |HE . N o | mi
Ni(een)z(NOa)z 29'39?'?'4—0 2571 ‘ 29+54|7+10{25+99
Ni(men),(N0,), 2440916270|28+11 : ] 23+95]6+68| 2841
I\Ti(e:o.)g(NOg)2 17"?31_5'95 é21‘6'? 17955467 2164
Ni(N33)4(Noz>2 1553 §26-81 | Selth 26+88
Hi(s-dieen),(N0,), | 37+62 842 2194 15+32 37571 8+5121+63 15+40
Ni(mfsticn)ECNOZ)z 14+6111112{10+20 i 14211130 10~19
Ni(r-sticn),(10,), 1446111212110 20 ‘ 14+20| 11041 996
Ni(ce~dinen) ,(HO,) ,f 29439 |7+40|25+71 |19+57 29+¢31|7+16|2566|13+47
Ni(o-phen),(H0,), 39+26|4:39|22-91 39.00{ 4382320
Ni(py)4(N02)2? 12+57 12-80
lNi(Bfmepy)4(H02)2 55+08{5+3916+07 55+21 5-49 16-08
N (4-11epy);, (N0,), | 55+08[5+39 12423 55452 5436 1239

a analysis for NOZ cale, 19:70; found 1951
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CHAPTER 3

The Linkage Isomerisp of sore Nickel Nitrite Complexes

A) A Nitro-Nitrito Solution Egquilibriun

In the previous Chapter it was suggested that in the solid
conpounds NiDz(NOE)2 [D = a substituted ethylenediamineﬂ the
rianner of bonding of the mnitrite groups depends primarily on the
steric nature of the anine substituents,

The compounds Ni(a.---dimen)g(Noz)2 and Ni(s—dicen)z(NOZ)z,
which were nitritocomplexes in the solid state, were found to
exist in a2 nitro-nitrito equilibrium in solution in various
solvents, and this eguilibrium has been studied over a tenperature
range for Hi(s-;dieen)z(l\fog)2 in chloroforn and benzene,

Solutions of Ni(a—dimen)a(m’oa)2 and Ni(s~dieen)2(N02)2 were

found to be mononeric (Table 7) and non~conducting.

Teble 7

Molecular weight measurenents

Compound Solvent conc.M ﬂobs Mﬁwlc
Nl(s~d1een)2(N02)2 CHCl3 0«04 435 383
Nl(a-dlmen)z(ﬁog)g CHClE 001 343 330
Electronic speectra The band naxina in the solution spectra

of N%(een)zﬁNO o Ni(apdieen)z(ﬂoe)z , - Ni(s—diaen)zCNOE)z and

2)
Ni(a~aimen)2(N02)2 are listed in Table 8,
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Table 8

Electronic spectra.

Compound state band max, (cm—l)
. b

N:L(een)e(NOE)2 CHCl3 a 2Q200(15) c
Ni(a-dimen),(NO,),  CHCl a 2q300,~17,000sh 11100
Ni(a-dimen)2(~ONO)2 solid 27250 17300 1Q950,~8740sh
Ni(s-dieen)e(NOz)z CHCl3 a EOﬁOOfVlZOOOSh b
Ni(s~dieen)2(~ONO}2 s0lid 27550 17000 1Q360
Ni(a-dieen),(NO,),  CH,Cl, a 17040(9+5) 9800(6+6)

a band obscured by electron transfer absorption
b figures in parenthesis are molar extinction coefficients

1 not studied

¢ region below 13500 em
None of the other compounds NiDZ(NOZ)2 were soluble enough in
suitable solvents to enable spectra to be obtained,

The solution spectra of N’l(een)z(N'OB)2 and. Nl(a-dleen)a(NOZ)2
are very similar to those of the solid complexes (Table 3). The
spectra of N’J.(a.-—dlmen)z(NOZ)2 and Nl(s~d1een)2(N02)2, however,
in chloroform and some other solvents are quite different from
those of the solid compounds, In addition to the band at ~17,000 et
found for the solid nitritocomplexes, there is in each case a
strong peak at ~20,000 cmfl, which is similar to those observed

for the solid nitrocomplexes (Table 3), The spectrum of Ni(s-dieen)2

(NOE)Z in chloroform (Figure 8), benzene (Figure 9), chlorobenzene
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FIGURE 9

The visible spectrum of 0:015 M

Ni(s-dieen)n(l\looz2 in benzene at

various temperatures
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and nitromethane was recorded over a teiperature range in the
region 30,000 - 13,500 em™t and the band at ~20,000 et was
found to decrease with increase in temperature, In each solvent
a well~defined isosbestic point occurred at ~17,500 cmfl,
indicating the presence of only two specles, These results
suggest that for N’i(s—-dieen)z(Noe)2 and Ni(a-dimen)z(NOZ)Z there
is set up in solution an equilibrium of the type: =~
Ni(diamine),(-0NO), === Ni(diamine),(-N0,),

Although other equilibria are perhaps theoretically possible,
the one above, which involves species of & known type, fits the
experimental observations well, and there is no evidence from
the electronic or infrared spectra, or molecular weight and

conductivity measurements, for any alternative species,

Infrared specira

The infrared bands due to the nitrite groups in the complexes
are listed in Table 9,

The solution spectra of N’:.(een)z(NOE)2 and Nl(a~d1een)2(N02)2
are again wvery similar to those of the solid compounds, The
chloroform solution of Ni(aﬁdimen}z(moa)z, however, showed, in
addition to the bands at 1130 and 1389 cmfl also present in the
solid nitritocomplex, a strong peak at 1314 et assignable as

I via nitrogen. The

\gs of nitrite groups coordinated to Ni
solution of Ni(s#dieen):z(l\foe)2 in chloroform also showed a strong

band at . 1316 cm—l indicative of a nitro-form, but in this case



Table ©

Nitrite infrared bands (em L)

Compound state ‘V; \gg IS
Ni(een)z(NOZ)z CHCl3 a 1320vs b
Ni(andimen)p(NOg)g CHCl3 138%w 13145, 1130m b
Ni(a;dimen)zc—omo)g mall 13875 1130s 817n
Ni(sfdieen)g(Noe)er CHCl3 a 1316s, b b
Ni(s—dieen)z(--ONO)2 mull 1337s 1206vs 821w
Ni(awdieen)g(NOE)z CH,C1, a 1130s b

a band due to nitrite group could not be idenbdified
because of other absorption

b band obsecured by solvent absorption

the regions where \gs and \g would be expected for the nitrito-
isomer were obscured by solvent absorption and the strong band
due to the nitro~groups.

Thus the solution infrared spectra are quite in accordance
with the presence of nitro-nitrito equilibria for Ni(a.-—dimen)a(NOE):2

and N1(5~dleen)2(N02)2-

Temperature dependence of the equilibriun

The equilibrium was studied by measuring the variation with
tenmperature of the visible spectrum of Ni(s-dieen)z(l\foz)2 in

chloroform (Figure 8) and benzene (Figure 9), The visible spectrum
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of Ni(een)E(NOE)E in chloroform was also measured at 293° and
323°K and showed no evidence for any equilibrium, Moreover, the

L did not vary

extinction coefficient of the band at 20,000 em™
significantly with temperature.

In these studies the temperature was varied by passing water
from a thermostatically controlled bath through the cell-holder
and measured with a copper/constantan thermocouple encased in a
glass tube and placed in the solution under observation, All

values of the optical density refer to 0+015M solutions and cells

of path length 5 cm were used throughout.

Chloroform solution The constant K for the equilibrium(I)

Ni(s-dieen)a(-ONO)a‘\::f Ki(sﬂdieen)EC“Noz)ao *sevcer (I)
DD

is given at any concentration C by the expression K = ORO
D . =D
where D is the optical density at any suitable NOZ

wavelength, and D and D are the optical densities at this
010) N02
wavelength which would be found for solutions, each of concentration
C, of the pure nitrito- and nitro-isomers respectively, Usually
the extinetion coefficients of the participants in an
equilibrium (in this case D and D...) amay be found accurately,
N02 ONO
either by isolation of the two species or by displacement of the
equilibrium until one componant is at virtually zero concentration,

However, neither of these approaches is possible herej also, in

this case there 1s no other property such as a change in spin



multiplicity to indicate the proportion of the isomers present,
The following method of estimating DN02 and DONO was thus
adopted,

It is apparent (Figure 8) that the band maximum of the
nitrito~form of Ni(s~dieen)2(N02)2 in chloroform is close to
that (17,000 cm“l) of solid Ni(s-dieen)2(~ONO)2, though the
latter is broader as 1s usually the case with reflectance spectra.
The isosbestic point at 17,650 em~' must lie on the limiting
nitrito~curve ar the concentration of the nitro-~form vanishes to
zero, The proximity of this isosbestic point to the nitrito-band
maximum allows the molar extinetion coefficient of nitrito-
Ni(s~dieen)2(N02)2 to be estimated fairly accurately as
7i5 % 0¢5 at 17,000 em™' in chloroform,

Gaussian analysis was carried out on the specira obtained
at 280° and 324°K, The band contours found agreed well with those
of related compounds (Ni(een)z(lmz)2 in chloroform for the
ritro-isomer, and Ni(a~dieen)2(~ONO)2 in CH2012 for the nitritow-
form). From these analyses the optical density D1 of the nitrito-
isomer at 17,000 en™t and that of the nitro~form D, at 20,400 ent
were estimated at each temperature. These are points X and Y in
Figure 10, a plot of D1 against DZ' Point Z on this graph was
obtained from the molar extinction coefficient of the nitrito-
isomer at 17,000 en™t (Dy = 0+56, D, = 0), The points X, ¥ and Z

should 1ie on a straight line which, within experimental error,
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Figure 10
A graph of Dl against D2 (see text for the definition of

these parameters). The broken lines indicate the maximum

possible error assumed from the experimental results,

5.0

is indeed the case. Extrapolation of this line to Dl = 0 then
allowed the optical density of the pure nitro~form to be
estimated as D2 = 1457 % o0.15 {corresponding to a molar

extinction coefficient of’éNo = 21 & 2) at 20,400 omt,

>
The equilibrium constant K was calculated from K = (D-DONO)
/(DNO ~D) where the values of D, DONO and DNO all here refer to

data at 20,400 cm~ (the wavelength where the greatest change in
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D witp tenperature occurred), The value of Dm.02 was taken as

1.57 & 0-15 (see above), while that of Doy, which is small at
20,409 cmfl, was estimated as 0+07 X 005 {values in the range
0+05 = 0409 were obtained by assuming curve shapes similar to
those of related compounds Ni(diamine)2$2 where X = an oxy~anion),
Three separate solutions were studied, and the values of D
observed are listed in Table 10. These values were plotted against

Table 10

1

Bxperimental optical density values at 20,400 en™~ for 0¢015M

solutions of Ni(s;diean)ﬁgnoqln in chloroforn at various

tenpergtures,

Temp, °K Solution No, Optical Density D
278 1 14005
276 2 1.000
280 2 0-975
281 1 0:975
289 2 04955
292 2 0+915
305 2 0860
307 3 0855
311 3 0835
312 2 0-835
317 2 0-805
se2 3 0+785
324 2 04780
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tenperature to minimize experimental error, and Dwvalues at

seven temperatures (Table 11) were read off from this graph,.

Table 11

Values 10g,0§>for the nitro~nitrito equilibriun

of 0-015M Ni(s~dieen).(NO.), in chlorofnrm,

D ™K logyy K 2
P i 1IIP
1+005 276 04219 0+139 0+329
0+985 280 0+194 00118 002985
0+935 290 00134 0+0665 0+2255
0+890 300 0+081 104020 0-162
00840 310 04023 50-031 0+09%
04795 320 02029 ~0+077 0+033
0775 324 -0+ 052 ~0+0975 0+007
a ¢ale, from X = (DwDONO)/(DNoanb)
b for I, Dy, = 0:07, DNO2'= 1:573 II, Dy, = 0002, DHOE = 1723
III, Dy, = 0-12, DNOZ = 142,

Three sets of 10810K were calceulated, one using the mean values

of DNOE and Dy quoted above, and the others using Dy, = 012,

DNroz = 142, and DONO = 002, DN02 = 1+7 (the last two sets were
the nost extreme values of logloK considered commensurate with

the experimental results). These sets were plotted as 1oglOK
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3]

y and &H and AS were calculated from the three graphs

. R _ _hS HH : .
using the wxpression loglOK = 3U505R ~ 5 303RT ° When, the relatively

against

small errors in measuring D were also taken into account, the final
values AH = =23 £ 046 kcals/mole and AS = ~7+3 £ 1¢3 e,u, were

obtained for the change Ni(s—dieen)2(~ONO)2———a-Ni(s-dieen)2(~N02)2.

Equilibrium in benzene It is appax nt that the electroniec

spectrum of 0+015M Ni(s-dieen)e(NO in benzene (Figure 9) at

2)2
any temperature is rather different from that in cechlorofornm
(Figure 8). This could be due to a change either in the proportion
of the isomers present, or in the intensity or shape of one or more
of the electronic bands, or to a combination of these effects.

The isusbestic point at 17,150 cm"1 in the benzene solution

of Ni(s~dieen)2(NO allowed the molar extinction coefficient of

2)2
tﬁe pure nitrito~isomer to be estimated as EONO = 10 & 05 at
16,850 em™) in this solvent.

Gaussian analysis was carried out on the curves at 283°
and 331°K in benzene, and the same procedure described for the
chloroform solution was used to estimate the value ENOE =16 % 4
for the pure nitro-isomer in benzene at 20,200 cm"l. These analyses
also showed that the band due to the nitro-isomer in benzene was
much broader than that in chloroform, and in agreement with this
the isosbestic point was 500 r.zm_1 lower in benzene and at a higher

optical density.

Values of D (Table 12) were measured at 20,200 e~ for two



Table 12

Experimental optical density values at 20,200 en~t for

0-015M solutions of Ni(s~dieen). (NO,), in benzene at various
[ o

temperatures,

Temp, °K Solution No, Optical Density D
283 1 0+676
285+5 2 0-666
286 2 0674
290 1 0+663
29445 2 0+648
300 1 0~627
306 2 04620
309 1 0+596
317 1 0574
3175 2 0583
3205 1 0+550
327 2 0550
331 1 0502
33445 2 0+509
338+5 1 0483

solutions of 0+015M Ni(s~dieen)2(N02)2 in benzene, and these were
plotted against temperature., D-values were estimated from this
graph at seven temperatures (Table 13) and values of loglOK were

calculated at each of these from the expression K = (D~D..__)/(D, . =~D).
ONO NO2



Table 13

Values of loglOK for the nitro-nitrito equilibrium

of 0.015M Ni(s=-dieen). (NO.), in benzene,
<. [y

D ToK logy, K °
1P 11’

0+69 280 -0+ 089 0425
0662 290 ~0+1225 0+349
0+63 300 ~0+161 0268
0+597 310 ~0e222 0-188
0+562 320 -0-24é 0-107
05225 330 ~0+298 0+017
0+486 340 =0+ 347 -0+066
a cale, from K = (D—DONO)/(DNOZ—D)

b for I, Do = ©°03, DN02.= 1.5 and for 1I, DONO = 0-13, DN02= 0.9

In this case DNO was taken as 1:2 X 0«3 {(from the above value of

o,

20,200 cm~t, Two values of log, K were calculated at each

= 16. % 4) and Doyo ¥as estimated as 0-08 £ 0405, both at

temperature (Table 13), using the most extreme valuss of DONO

and DNO possible, These two sets of loglOK were plotted against

2
-%-to obtain the valucs AH = =3 X 1.2 kecals/mole and OS = =945 A 3

e.u, for the equilibrium of Ni(s~dieen)2(N02)2 in benzene,

Because of the shape of the spectra, the Gaussian analyses
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on the curves in benzene werc considerably less accurate than
those on the chloroform-spectra. This meant that €N02 and DNOE’
and consequently A H and AS, could be estimated less accurately
in benzene than in chloroform. However, it does seem that, within
experiuental error, the thermodynamic parameters for the equilibria
in the two solvents are rather similar, The c¢ifference in the
spectra betwecn the two solutions is apparently due to the
changes in shape and extinction coefficients of the eclectronic
bands which occur on going from one solvent to the other, In
particular, the molar-extinction coefficients of the visible
bands of the two isomers are much more similar in bengene than
in chloroform,

Equilibria were also observed in solutions of Ni(s~dieen)2

(NO in chlorobenzene and nitromethane, but thermodynamic

2)2
paramneters were not caleulated for these solvents.

Discussion

The solution nitro-nitrito equilibria described here are
particularly. interesting in view of the many studies which have
been made on the kineties of formation of nitritocomplexes of
CoIII and their subsequent rearrangement to the more stable nitro-
analogues3"7. In the cobalt (III) compounds the nitro-nitrito
equilibria lie well to the side of the nitro-isomers, and the

nitritocomplexes are only isolated because of the relative
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inertness of the Co-0 bond, The nickel complexes studied here,
however, are labile, and the establishment of the equilibria in
solution, where lattice forces are absent, shows that in certain
cases the factors deciding the manner of bonding of the nitrite
groups nust be finely balanced.

In Chapter 2 it was suggested that the main reason for the
adoption of oxygen coordination of the nitrite groups in the
so0lid nitritocomplexes NiDE(-ON’O)2 is steric in origin, In the
solution equilibrium of Ni(s~dieen)2(N02)2 the enthalpy tern
favours the nitro~isomer, as expected., However, the entropy term
favours the nitrito-form, in agreement with a reduction of the
steric interaction and consequent greater freedom of movement,
envisaged when the anions bond via oxygen rather than nitrogen.
This interpretation of & H and { S ignores solvent effects, though
the variation in €ﬁ02 and ebNO on going from chloroform to benzene
indicates that some solvent-solute interaction in fact does occur,
However, thesc effects are likely to be small in the solvents used
here, and this is confirmed by the fact that the thermodynamic
paraneters appear, within experimental error, to be the same in
chlorofa™i and benzene. The complexes Ni(ean)2(~N02)2 and
Ni(a—dieen)2(~ONO)2 do not exhibit equilibria, and it scems that
in the case of solutions of the s-dieen and a-dimoen complexes the

increase in bond energy on going from the nitrito~ to the nitro-

isomer is approximately cqual to the energy lost through the
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increased steric interaction expected when a nitrogen-bonded
nitrite group is present compared with one coordinated via oxygen,

The fine balance of the factors deciding the anion coordination
in solutions of some of the nickel nitrite complexes raises the
question of the possible existence of solid nitro~ and nitrito-
isomers of stoichiometry Ni(diamine)a(l\roa)2 somewhat analogous to
the paramagnetic and diamagnetic forns of Ni(mrstien)a(CCIBCOZ)ZSY.
However, with each of the damines studied here only one of the
potential isomers was stable in the solid statec, Rccovery of the
complexes Ni(s--dieen)a(m’oz)2 and Ni(a.-dimen)‘a(NOz)2 from solution,
either by addition of ether, or evaporation of the solvent,
produced only the solid nitritocomplexes. A pink solid, presumably
mainly Ni(s-dieen)2(~N02)2, was isolated by tipping a frozen
chloroforn solution of Ni(s-dieen)z(l\foa)2 into cold petrileum
ether and filtering rapidly, but this reverted to the blue
nitritocomplex within a few seconds, Also, although the rcaction
1,6 [0oLy) . () (<0103 ] *— 1, 6=[Co) (o) p(-110,), | * is
thought63 to inveolve a nixed nitro-nitrito intcernediate, species
of the type Ni(diamine)2(~ONO)(~N02) were not detected in the

equilibria studied here,



B) A Mixed Nitro-litritocomplex of Nickel(II)

The nature of the metal-anion bonding in compounds of the

type NiL4(N02)2 formed with differcent heterocyclic amines is of
particular interest as it is apparently steric interference with
the bulky heterocyelie ligands which causes the unusual manner of
coordination of the nitrite groups in the blue nitritocomplexes

Ni(py)4(~ONO)2, Ni(}-mepy)4(~ONO)2 and Ni(4~mepy)4(~ONO)2.

The complex Ni(i-quinlh(ﬂoole

The compound Ni(i—quin)4(N02)2 was prcpared as a brown
nmicrocrystalline precipitate by the slow addition of a methanolic
solution of nickel nitrite64 to a large excess of isoguinoline
dissolved in a little methanol. The complex could bec recrystallized
from acetone and nitromethane to give fairly largc purple crystals
with infrared and electronic spectra identical to that of the

original substance. yield 70%

Analysis details

Calculated:- C, 64-79; H, 4-23; N, 12:60; 0, 9:59; Noz“, 13+79,

Found:- C, 64.18; H, 4-21; N, 12:70; 0, 9+54; N0, , 13:60.
Infrared spectrum The infrared spectrum of solid Ni(i—quin)4
1

(N’Oz)2 (Figurce 11) was recorded in the range 2000 - 400 o™ . and
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FIGURE 11
The Infrared Spectra ofte

(A) Ni(i-quin),(NO,),  (B) Fi(i-quin),Br,

o f

13 15 17
FREQUENCY (em™! x 100)

The nitrite bands are indicated by arrows,
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the nitrite bands (at 1124, 1314 and 1397 cm“l) were identified
by comparison with the spectra of Ni(i~quin)4}{2 [? = €1, Br and ﬂ N
The bands duc to the nitrite groups at 1124 and 1397 em * in

Ni(i~quin)4(N0 are very similar; both in relative intensity

2)2
and position, to those assigned as W;s and V; in the nitritocomplexes
NiL,+(~ONO)2 {L = py, 3«umepy and 4«mep%}, and suggest that the
isoquinoline complex also contains anions coordinated via oxygen,

The band at 1314 cm"l in Ni(i»quin)ﬁ(NO however, is at

2)2’
considerably lower frequency than Y, in any of the nitritocomplexes
described in Chapter 2, and is very similer to that assigned as
'Y;S for the nitro~groups in the nitrocomplexes Ki(diamine)g(-NOZ)z.
Morcover, this band rcmained unchanged on mulling in a little
isoquinoline, showing that it was not due to any dissociation of
the type:- N1(1~quln)4(N02)2-~}vN1(1~qu1n)2(N02)2 + 2(i=quin).

The infrared spectrum thus suggests that Ni(inquin)4(N02)2

contains both nitroe and nitritomgroups,

Electronic spectrygn The electronic reflectance spectrum of

Ni(i-quin), (NO (Figure 4 Page 23) consists of bands at 11,000,
L

2)2
17,400 and 21,280 cm"l. These peaks do not correspond to the three
spin-allowed electronic transitions of nickel(II) in near Oh ligand
field syrmetry®, While the bands at 11,000 and 17,400 cr™t may be

assigned as the first two spin-allowed transitions (3A2g~—%>3Tb
3

g

and -%’3Tig(F) in Oh syrmetry) of octahedrally coordinated

AZg
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IT 3

mi'T, the band due o the third transition (24, > 7T (P)) s
then expeeted at about 28,000 cm"l, which is considerahly higher
than the observed value of 21,280 cn~Y, It is unlikely that the
bands at 17,400 =nd 21,280 cm‘l are due to transitions to the A
and E conponénts of the level 3Tlg(F) split under a ligand field
symnetry lower than Oh’ since the peak at 11,000 cm"l is not
split. Morcover, the separation of the A and I comnponents of the
3Tlg(}?) level in the tetragonal complex Ni(i~quin)4Br2 is only
2200 cﬁélGG. The magnetic noment of Ni(iuquin)4£N02)2 is 3+14 B,M.
(neasured at room tonperature and corrected for disnagncetisn) and
this indicates that no significant concentration of dianagnctic
species is present in this conpound, It nay also be noted that
the conplexes Ri(i-quin)4X2 [X = Cl, Br znd %] are all paramagnet106§
which nmeakes it unlikely that any forn of~Ni(i~quin)4(N02)2 would
be diamagnetic.

In fact the eleetronic end infrared spectra of Ni(i~quin)4

(o soriewhat resenble those of the pixtures of nitro~ and

2)2
nitrito~isoners occurring in solutions of Ni(a-dimen)z(NOZ)2 and
Ni(s-dleen)a(Noz)z. The reflectance spectrun of Nl(i-quin)4(N02)2
thus appears to be 2 superimposition of the spectra of two isomeric

forms of this conmpound, one a nitritoconplex and the other a nitro-

conplex, The broad band at 11,000 cm"l is a superinposition of the

1

first spin-allowed transitions which occur at ~10,000 ern - and

A12,000 cm"l in sinilar nitrito~ and nitrocomplexes rcspeetively,
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while the greater separation of the second spin-allowed transitions
of the two isomers zllows these to be resolved as the peaks at
17,400 and 21,280 co~t, The band at 21,280 cr~t is at rother

higher energy than the corresponding bands of sinmilar nitro-
conplexes (Teble 3)., However, under the D4h syrmetry expected for

a species of the type izéaérﬂi(i-QUin)gﬁ“N02>g it is probable that
the 3Tlg(F) level will split into 4 and B componcntsG?. It is
possible that the peak at 21,280 on™* is duc to a transition to
only one of these components, the transition to the other componant
being nasked by the absorption between the peaks at 17,400 and
21,280 cm"l. The weighted mean of thc componunts of the 3Tlg(F)
level in nitrOvNi(i-quin)4(—N02)2 might then lie sonewhot lower
than 21,280 en™t,

The electronic specirun thus suggests thot the fornula of
Ni(i-quin)tp(Noa)2 is better written as Ni(inquin)4(—N02)2‘xNi
(i~quin)4(~ONO)2, and this is quite in accordance with the
infrared spectrum, It is unlikely that the speciecs Ni(inquin)4
(—ONO)(~N02) is present in any quantity, as this would presumably
have an electronic speectrun interncdiate between those of a nitroe

and nitritocomplex, and not the superinposition of spectra

actually obsorved,

Discussion

The fact that the singlc crystals of Ni(i—quin)4(—N02)2-xNi



(i~quin)4(—ONO)2 all look rather similar under the polarising
nicroscope suggests that the two linkage isouers are present in

the same crystal lattice, rather than as a physical nixture. This
compound thus bears a structural reserblonce to Ni{kCGHll)(CGHS)Z?khé
in which both planar and tetrahedral isomers occur in the sanme

68

crystal lattice .,

In the previous Chaper it was suggested that nitroconplexes
generally form only when relatively little anion-amine steric
interaction is expected (eg. Ni(NH3)4(~N02)2), and the corpounds
NiL4(—ONO)2[ L = py, B=umepy and 4~mepy] are all nitritoconplexes,
It is consequently rather surprising that Ni(i-quin)4(—N02)2-xNi
(i~quin)4(—0NO)2 should exist in a nitro-form, even as =
corponent in a nixed nitro~nitritoconplex, since isoquinoline
night be expected to produce similar or even greater anione-amine
steric interference than pyridine. A tentative cxplanation lies in
the relatively large size of the isoquinoline rings, which rieans
that intermolecular packing must be rather inmportant in the lattice
energy of any isoquinoline complex, With flet heterocyeclic ligands
such as these, anion-aninc steric interaction rust be very
sensitive to the positions adopted by the amines in each
Ni(i~quin)4(N02)2 molecule, It secms reasonable that in the
nininisation of the interrniolecular packing energy a certain
proportion of the molecules composing the unit cell might adopt

anine configurations producing small enough steric interference to
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allow coordination of the nitritc groups via nitrogen, while in
the remainder of the molecules the anion-amine repulsion is
sufficient to stabilise oxygen bonding of the nitrite groups.

It may be noted that'Y;s in the infrarcd spectrum of Ni(4—mepy)4
(--OI\TO)2 is split by 25 em™t suggesting that the metal-nitrite
bonding also varies =znong the molecules conposing the unit cell

of this rather similar conmpound,



CHAPTER 4

Some Compounds Containing Chelating Nitrite Groups

Prior to the present investigations chelation was virtually
unknown as a method of nitrite coordination, being recognised
solely from the chelation of the nitrite groups in the compound

; 44
KB[Hg(mog)q}Noj .

However, several lines of evidence suggest that in the new
compounds CoLz(N02)2 [L = PhBPO and Ph3As§], NiLz(NOZ)Z {é = DY
2-mepy and qui%], Ni(tetmen)CNoz)z and Ni(teteen)(ﬂoz)2 the anions
are present as bidentate, chelating ligands. Also, on solution in
benzene the solid blue nitritocomplexes NiL4(~ONO)2 [ﬁ = pyy 4-mepy
and 3~mep#] were found to disproportionate to give the green species
NiLg(NOZ)2 containing chelating nitrite groups,

The compounds CO(PhBPO)E(N02>2’ Co(PthsO)Z(I\TOE)2 and Ni

(tetmen)(NOz)2 were all found to be monomeric in solution (Table 13),

Table 13

Molecular weight data on some complexes containing chelating

nitrite groups.

Compound Solvent conc= Eobs ﬂcalc
Co(PhBPO)z(HOE)2 acetone ~ 0+ 01M 725 708
OO(Ph3ASO)g<N02)g acetone «0*01M 793 795
Ni(tetmen)CNOZ)2 chloroform -~.0+05M 270 267



Cobalt Complexes

Electronié‘spectra The electronic spectra of the purple

compounds Co(PhBPO)E(NO and CO(PthSO)Z(NOZ)Z’ (Table 14) are

2)2
very similar both in band position and intensity to those of the
analogous nitrate complexes (Figﬁre 12)69. X~ray studies have
shown7o that the nitrate groups in Co[(CH3)3PQ]2(N03)2 are
chelating, and similar structures have been proposed for the
corresponding complexes with triphenylarsine oxide and triphenyl-
phosphine oxide, The band intensities in these cobalt nitrate
compounds are guite distinctive, being midway between those
usually observed for CoII in octahedral and in tetrahedral
conplexes, This unusual feature has been ascribed to the
irregularity of the ligand field produced by the assymmetric

array of six oxygen atoms around each cobalt ion, and the close
similarity of the nitrite to the nitrate electronic spectra
suggests similar ligand environments in Co(PhBPO)‘E(Noz)2 and
Co(PhBAsO)z(NOZ}2 also. Since the two cobalt nitrite complexes

are monomeric in acetone with solution specira very similar to the

solid compounds, they are unlikely to contain bridging anions and

each nitrite group is probably chelated via two oxygen atons,

Infrared spectra The nitrite infrared frequencies (Table 15)

in solid Co(PthO)E(N’Oa)2 and Co(PhBASO)2<N02)2 were identified by

comparison with the analogous halide complaxes, Both the nitrite



FIGURE 12

The Klectronic Reflectance Spectra ofi=

(B) Co(thAso)a(Nos)z

(A) Co( PhBABO)Z(NOZ)Z

10

FREQUENCY (em™* x 10°)
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Table 14

The electironic spectral bands of some compounds

containing chelating nitrite groups

Compound State Band Maxima, cm"l(émolar for solutions)
Co(PhsPO),(NO,), solid 17950% 12700  7400°
acetone(0+01M)~20600sh 18400(80) 13000(2) 7800(8-5)°
Co(Phy4s0),(NN0,), solid 17000* 12700  7870°
acetone(0+01M) 17450040 *12700sh  7900(14)P
Ri(tetmen)(NO,), solid 25800 15900 12500° 10000,~8000sh
CHC15(0+033U) 25800(35)  15850(15) 10000(6- 8)°
Ni(teteen)(NO,), solid 25600sh 15600 9300°
benzene(0+0LM) 253005h(~30)15600(16) 9200(6)P
Ni(py), (N0,), solid d@ 21000° 16500 10100
Ni(2-mepy),(N0,), solid 24600 15800  ~12500sh® 8700
N’i(quin)z(NOE)2 solid 24500 15850 8850
Wi(py),(NO,),  bemzene(0-OLM) d 16400(15) 10000¢4)°
Ni(3-mepy),, (NO,), benzens(0-0LM)  d 16300(15) 9700(7)P
Mi(4-mepy), (FO,), benzene(0+01l) 4 16100(18) 9500¢6)°

a band assymmetric to higher energy
b band assymmetric to lower energy
¢ very weak band assigned as a spin-forbidden tramsition

d band obscured by strong elesctron transfer absorption



Table 15

The infrared frequencies of the chelating nitrite

groups in some complexes,

Compownd  stake X Yoo i,
Co(PhgP0),(NO,),  solid At266mw™  1199vs, 1176vs™ 856m
Co(Ph;450) ,(NO,), solid 1314me® 1193vs, 1183vs 847n
Fi(tetmen)(NO,), solid  1289m” 1200vs 863m™

CH4ON 1284n" 1205vs 86om™
Ni(teteen) (NO?.) 5 solid b 1199vs b

Celg b 1200vs b
Ni(2~-mepy) 2(NOE) 5 solid 1272 11998 866w, 862w
Ni ('py)‘,a(lﬁs)’og)2 solid 1304m 1196vs 858m, 838m, 816w
N’:i(qu:?-.n)Z(N’OE,)2 solid 1299m, 1289m 1203vs, 1193vs 867m
Ni(py)4(N02) 5 CeHe 1300n 1190vs 860wbr, 840w
Wi(3~mepy), (NO,), CglH, 1300m 1195vs 860wbr
Ni(4-nepy) 4(N02)2 CGHG b 1190vs ~860wbr

a band position rendered uncertain by organic ligand bands

b band unassigned due to other ligand bands

compounds had a very strong band at ~1190 cm-l assignable as Vas
and a medium peak at ~1300 e due to VS of the nitrite groups.
In each case Yas was split into a doublet, perhaps by the low

synmetry which these compounds possess.
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The frequencies V;s and ¥ in these complexes are thus both
lowered from their free ion values (Y;lS =-1250,'Y; = 1326 cm”l
in NaNOZ). This effeet is quite different from that produced by
nitro~ or nitrito~coordination, or bridging of the nitrite
group via nitrogen and oxygen, or a single oxygen atom (see
Chapter 5) and is, in fact, quite in accordance with chelation
of the anions in these compounds,

For an tidealt! model in which both metal~oxygen bonds are
equivalent, chelation retains the equivalence of the {wo N-0O
bonds of the nitrite group, while somewhat reducing their formal
bond order and hence fhe frequencies V;S and Y;. This is rather
similar to the effects observed for the C~-0 stretsching
frequencies in some compounds containing bridging carboxylates7l
though for others, eg. Cra(CH3C02)4'2H20, the values of Y; and
\;s are similar to those of the free ion, It should, however, be
noted that the infrared spectrum of a nitrite group bridged via
two oxygen atoms might closely resemble that of the chelated
anions described here,

The band due to V; in the chelated nitrite groups is very
nmuch weaker than‘V;S, as is also the case in NaNO2 and many
nickel nitrocomplexes, This is in direect contrast to nitrito-~
complexes and compounds containing nitrite groups bridged via a

single oxygen atom or bridged via nitrogen and an oxygen atom,

where V; is relatively intense.
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and in nearly all

In Co(Ph3PO)2(NO and Co(PhBAsO)E(NO

2)2 2)2
the nickel complexes also listed in Table 15, 5NO is 20 - 30 em™*
higher than in the free ion (828 cm—l). Although guch a difference
is certainly not diagnostic of chelation, it does appear that

this manner of bonding generally raises the frequency 5N02

somewhat,

Magnetic measurements The room temperature magnetic moments of

co(Ph3P0)2<N02)2 and Co(PhBAsO)z(NOz)2 (Table 16) are a little

Table 16

The magnetic moments of some compounds cortaining chelating

nitrite groups,

Compound gaB.M.
CO(PhBPO)Z(NOZ)Z 4.96
Co(Ph}ASO)e(NOZ)2 503
Ni(tetmen)(Nog)a 337
Ni(teteen)(NOz)2 322
Ni(py),(NO,), 306
Ni(2~mepy)2(N02)2 328
Ni(quin)z(Noa)2 329

a neasured at room temperature and corrected for diamagnetism

higher than those (~4:6 B.M.) of the analogous nitrate complexe569.

However, the splitting of the ground state C4Tig inxoh symmetry)
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and hence the magnetic properties must depend upon the actual
geometry of each individual compound and the ligand field
strength of the oxygen atoms involved. Thus some differenées
between the two groups of compounds might be uxpected. The
higher moments observed for the nitrite complexes suggest that
the ligand fields are somewhat more octahedral than in the
nitrates, It may be noted in this context that the molar
extinction coefficients of the bands at ~18,000 o™ in the
electronic spectra of the nitrite compounds are apprecizably

lower than those in the corresponding nitrate complexes,

Nickel Complexes

Infrared spectra The nitrite infrared bands (Table 15) in the

solid compounds NiL2(N02)2: E.: Py, 2-mepy and quin] and Ni{tetmen)
(NOZ)2 were identified by comparison with the analugous halide
complexes, In the case of Ni(teteen)(N02)2 no control compound
was available, but the infrared spectrum of this compound was very
similar to that of Ni(tetmen)(NOz)Z, so that the strong band V;s
could be identified without much ambiguity., The infrared spectrum
of Ni(py)a(NOZ)2 is shown in Figure 13,

The frequencies'V;, V;s and é§02 in the solid nickel complexes
listed in Table 15 are very similar to those in Co(PhBPO)Z(NOE)2
and co(PhBASO)ECNOE)E’ and th? remarks made on the nitrite

infrared peaks in the cobalt compounds apply to the nickel ones
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FIGURE 13

The Infrared Spectira of:=

(A) Ni(py)4(N02)2 (B) Solution of Ni(py)4(N02)2 in Benzene

(C) Wi(py),(N0,), (D) Nipy),(NO,),e1/3CcH,
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The nitrite bands are indicated by arrows, .



as well, It thus seems probable that the nickel complexes also
contain nitrite groups chelated via two oxygen aztoums,

The solid, blue nitritocomplexes NiL4(~ONO)2 [L = DY,
3~mepy and 4~mepi] dissolved in benzene to give emerald green
solutions, having nitrite infrared bands quite different from
those of the solid compounds (Figure 13). The strong bands at
~1120 =nd ~1400 cm"l, due to Yés and Y; of the nitrito-~groups
in the solid complexes, were replaced in the benzene solutions
by a strong band at ~1200 cmﬁl and z medium one at ~1300 cm“l,
and these are very similar in position and relative intensity to
those assigned as Y;s and V; of the chela@ing nitrite groups in
the solid compounds NiLa(Noz)2 [L = Py, Zémepw and qui%}.
Consequently, it seems very probable that solution of the 4:1
complexes in benzene produces extensive dissociation of the types-
NiLg(;ONOJZ-w~4> NiLz(N02)2+2L [L = py, 3~mepy and 44mepi] with
the nitrite groups in the species NiLz(NOZ)2 being present as

chelating ligands,

Electronic spectra The band maxima in the solid, green

conpounds HiLz(NOZ)2 [? = py, 2-mepy and quiﬁl, Ni(tetmen)(ﬂoa)z
apd Ni(teteep)(Noa)z, and in the species NiLg(Noa)2 [L = Py,
Z-mepy and 4;mepi] present in the benzene solutions of the solid
compounds HiL4(;ON0)2 are listed in Table 14 and the electroniec

spectrum of Ni(py)z(ﬁoz)2 is shown in Figure 16 (Page 90).
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The electronic spectra suggest that each of the complexes
contains six-coordinate NiII in a fairly weak ligand environnent,
This is quitec chasistent with chelation of the anions in these
complexes, since the oxygen~coordinated nitrite group is a
relatively t%weak? ligand,

It nay also be noted that the eclectronic spectra of the
nickel complexes in Table 14 are very similar to those reported73
for the compounds Wil,(NOs), [L = 2,3=, 2,4~, and 2,5~ lutidin%

vwhich are thought to contain chelating nitrate groups.

Magnctic measurements The roon temperature magnetic moments
(Table 16) of the complexes NiL,(NO,),, [L = py, 2-mepy and quixﬂ .
Hi(teﬁmen)(NOa)g and Ni(teteen)(ﬂoa)z,all lie within the range
(2¢Q = 323 B,M,) normally found for six-goordinate, paramagnetic

nickel(II),

The structure of Ni(tetmen)(ﬂoalg

In order to confirm the manner of anion coordination and to
investigate the detailed geometry of a typical conplex containing
chelating nitripe groups, the structure of Ni(tetmen)(NOZ)Z was
determined by x-ray crystallography56’74.

The molecular configuraticn (Figure 14) confirmed the
presence of chelating nitrite groups. Some bond lengths and

angles are listed in Table 17.



FIGURE 14

The X-ray Structure of Ni(tetmen)(NO,),
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Table 17

Some dimensions of Ni(tetmen)(moqlz.

(o]
Bond Lengths (A), Angles (°).

1+
i+

& 1.259 = 0015 o 1.218 L o0.014
b 1.245 2 0016 b 1.326 £ 0.014
¢ 2066 % 0+009 ¢ 2.059 ¥ 0.009
d 2150 I 0+009 d' 2,117 £ 0.008
o 111:65 £ 1.69 « 111469 £ 1.38

A 58-83 % 0-51 8 60.57 % 0.51

¥ 8555 X 0:34

e 2:087 £ 0-009

F 2.086 % 0.009

g 3109 % 0.016 %' 3.066 % 0-016

The molecule was appreciably distorted from a regular
octahedron and this was achieved by an angular distortion of ~15°
by each of the four oxygen atoms away from the octahedral

positions defined by the twu Ni-N(CH bonds, In KBHg(N02)¢NO '

302

which contains four chelating nitrite groups around each mercury

ion, the four Hg~N vectors are arranged in a good approximation
o . : ‘

to a tetrahedron ', Similarly, in Cc{(CHE)BPOJ 5(H05), the

phosphine oxide oxygen atoms and the nitrogen atoms of the

chelating nitrate groups lie on the verticas7o of a tetrahedron,

44 .70

It has thus been suggested that each of the coordinated anions
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in Hg(N02)2~ and Co[(CHB)BPO](NOB)2 can be considered as
occupying essentially a single, tetrahedrally directed
goordination position, In Ni(tetmen)(NOz)z, however, the N(CH3)2
-Ni~I\T(CH'3)2 plane and the plane defined by the two nitrite
nitrogen atoms and the nickel ion are at an angle of 63°, and
it seems better to regard the nickel complex as having a

distorted octahedral structure,

Discussion

The reasons for the adoption of the chelating structure by
the nitrite groups in the complexes described in this Chapter
are not completely clear, It is hardly surprising that the
nitrite group can coordinate in this manner, sinece both the
nitrate75 and carboxylate ions75'76 do this. What is less
obvious is why it should bond in this way in preference to other
nethods, It may be significant in this context that the solid
complexes NiLa(N'Oz)2 [L = py, 2-mepy and qui%’ and CoLz(Noa)z
[L = PhBPO and Ph3AsO] are formed, with the exception L = py,
with ligands L reluctant to give compounds of stoichiometry
MIg[*_X2 with other CoII or HiII salts. Moreover, the complexes
MLZXEVare generally pseudow~tetrahedral, Thus PhBPO and PthsO
form tetrakis—~complexes only when the anions have poor coordinéting
ability’ """, e.g. I and C10}, and the bis-complexes with the

go

netal halides are pseudo~tetrahedral?8'?9. Both quinoline™™ and
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2-methylpyridin981 form pseudo-tetrahedral complexes with

nickel chloride and bromide though the corresponding iodides are

also known®0, In the case of the species NiL,(NO,), [L = py,

planar and a polymeric octahedral form of Hi(quin)‘ECl2 is
3~-mepy and 4~me§§] which contain chelated anions and are formed
on solution of the solid nitritocomplexes NiL4(~ONO)2 in benzene,
it is known that the compounds*NiL4X2 [}.: py and 3~-mepy, X = #}
dissociate in solution to form the pseudo~tetrahedral species
NiLaX2 83. Quinoline, 2-methylpyridine, tetmen and teteen do mnot
form complexes of stoichiometry Nipq(ﬁoz)g or Ni(diamine)g(ﬂoa)a,
and this is probably due to the sterie requirements of these
bulky ligands, It seems likely that it is also these steric
requirements which prevent anion bridging in the compounds
NiLZ(N02)2 and Ni(diamine)(NOz)2 formed with these amines, Halide

bridges in Wil X, are known to form less readily when L is one of

2
the more sterically hindered heterocyclic 1igand582; The adoption
of chelation, rather than monodentate nitro~coordination in these
complexes, is probably due to a more favourable bond energy
resulting from the formation of four M —~ 0 bonds than two M =~ N
bonds, In the nickel complexes, which are apparently as near
octahedral as the presence of the four-~membered rings will allow,
this can be related to the tendency of nickel(II) to attain

six~coordination wherever possible, though it should be noted

that the anions in Ni[ﬁn~C4H9)3é}2(-N02)2 are bonded via nitrogenaq.



However, nickel complexes with trialkylphosphines are usually
diamagnetic trans—planarSS, and the spinepairing would favour
M—N02 bonding since the nitro-group lies higher in the spectro-

chemical series than the nitrito-group,

Preparation of compounds

Co(Ph.P0) .(NO A solution of Co(Ph3P0)2012 in dry acetone
> [

2o
was shaken with a two-fold excess of finely powdered.AgNOa until

the colour had changed from dark blue to mauve {about two
minutes), The fesulting solution was filtered and then
evaporated in vacuo until mauve erystals formed, together with
a small amount of brown solid. The solid products were filtered
off, the brown impurity was removed by washing with nitromethane,
and the mauve crystals were dried in vacuo,

yield 40% m.p. 200+5°
QQLEQBASO)ESNOEEE This complex was obtained as mauve crystals
by a method similar to that used for the previous compound,

vield 50% m.p. 183°

I\TJ'.('l'.etme:rl)(1\1'0,,‘_)_.2 A four-moler excess of tetmen was added to

a solution of nickel nitrites4. Bright green crystals formed and

were recrystallised fronm chlorofornm,

yield 60% nm,pe 174°

Wi(teteen)(NO ), This was prepared as bright green crystals
by the method used for the previnus compound,

yield 70%
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Ni(z-mepy)n(moala This was obtained in 60% yield as emerald

green crystals by the procedure described for the tetmen complex.
The compound turned yellow with decomposition at ~150°,

Ni(guin)q(Noala This compound was prepared by the method

used for the tetmen complex and recrystallised from guinoline gs
bright green crystals,
yield 70% m.p. 219° deec,
| i Ezgagggaze' A dark green compound approximating to this
stoichiometry was prepared by heating finely ground,Ni(py)4(—ONO)2
in vacun 2t 100° until the weight drop showed that about two
moles of pyridine had been lost (zbout two hours),
weight loss of Ni(py)4(N02)a———? Ni(py)2(N02)2
cale. 33+85%, found 34+46%

An attenpt was also made to prepasre a 'low-temperaturet form

of this compound by exchanging an acetone solution of Ni(py)ZCl2

with excess AgNO,, filtering =nd removing the solvent under

2!
vacuun, The derk green solid formed, which wos not znalysed, had
an infrared spectrum identical with that of the zbove compound,
but with zddition of bands at 3500 and 1650 cm-l, showing the

presence of water,



Table 18

Analysis data on some complexes containing

chelating nitrite groups

Compound Calculated Found
cl®E| Ni o|wm | ¢ciu ! ®¥ | o] m]
Co(Ph;P0),(NO,), | 61+12]4+28 1357 60487/ 4419 1315
Co(Ph;AS0),(NO,) | 54237|3+80| 3+52|12-07 53+76{ 396 351{12+08
Ni(tetmen)(NO,), | 27+00| 60420499 21+99| 2736 6+12| 2046 22420
Ni(%eteen)(ﬂoz)z 37+18|7+49|17+35 3737|726 17'5é
Fi(2~mepy),(NO0,)  42+77|4+19]16+63|19+00 4239| 4+17]16+61 19420
Mi(quin),(NO,), 52~Bé 3+45(13.71 52¢93] 3263|1341
Ni(py), (NO,), 3887 3-26 19+00{ 3818} 3.22 19.21
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CHAPTER 5

Some Complexes Containing Bridging

Witrite Groups.

While it had been known for some time that the nitrite group
could function as a bridging ligand, the method by which it
accomplished this was not extensively investigated,

This Chapter describes some new nickel complexes thought to
contain bridging nitrite groups. The electronic and infrared
spectra are discussed in terns of the manner of nitrite bonding

envisaged in these compounds.

A) Some Complexes Containing Nitrite Groups Bridged via

Nitrogen and a Single Oxygen Atom

The complexes [Ni(en)ZNOZ]X [X = Cqu and BF%] and NiD(NOz)2

[D = en and meé] were prepared, In contrast to the bright green
ngckel nitrite complexes containing chelating nitrite groups,
the above compounds were all red, Crystallographic evidence
showed that the compounds [Ni(en)zNozj X [X.: 0104 and BF%]contain
nitrite groups bridged via nitrogen and an oxygen atom (as
illustrated below), and the infrared and electronic specira of

0

M&—N
0—> M

Ni(en)(N02)2 and Ni(men)(N02)2 suggest a similar wmanner of anion
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coordination in these complexes also, The term nitrite bridging(W0)
will be used to specify the above manner of nitrite coordination.

The compound Ni(NHB)Z(NO was forued as a grey powder by

2)2
~r . . o} . +
heating Nl(NH3)4<N02)2 in vacuo at ~100°. It seens that Nl(NH3>2
(NOZ)2 contains two types of nickel ion, one coordinated to
bridged(NO) nitrite groups and the other probably bonded to

chelating anions,

The structures of[NiCen)?_}\Igaj €10, and [Ni(en)B_BLQZ] BF,

A recent, two-dimensional x-ray study on the red compound

[Ni(en)al\l’oa] C10, was interpreted 2

as indicating an approximately
linear nitrite group bonded via one of its oxygen atous to two
equidistant nickel ions in a polynmeric chain, This novel form of
nitrite coordination seemed improbable for several reasons,

A linear nitrite group is in itself rather unlikely, since
it requires the prowotion of the non~bonded lone-pair of electrons
associated with the nitrogen atom of the angular nitrite ifon
(oﬁo #= 115°) into some other orbitzsl. The Ni~0 bonds were
inprobably long (2-58 Z) in the proposed structure and inconsistent
with the electronic reflectance spectrum of [Ni(en)zlxl'oz:]ClO4
(Figure 16, Page 90), which showed bands at 20,240, 12,500 and
~10,900 cm"l (Table 20), These band energies are very sinilar to

those found for Ni(en)z(—NO but are considerably higher than

2)2’

those observed for the nitritocomplexes Ni(diamine)z(-ONO)2



(Table 3). Since the crystallographic evidence for the postulated
structure was unconvincing, the nitrite group being rather poorly
defined, a reinvestigation of the structure of [Ni(en)ENOé]ClQQ
secned desirable,

Only two nitrite group frequencies could be found in the
infrared spectrum of [Ni(en)aNOé]ClQ4,at 1256 and 814rcm~1
(Table 21). These were identified by comparison with the spectra
of Ni(en)g(NCS)z and Ni(en)2(~N02)2. The peak at 814 cmﬁl could
be assigned as 6&02, but the observation of only one of thc two
nitrogen~oxygen stretching frequencies nade it impossible to use
the nitrite infrared spectrum as z guide to the nature of the
nickel-nitrite bonding. A three-dimensional x-ray analysis thus
seented the only way of determining the structure afﬁyi(an)aNOé]Clo4.

The red compound Eﬁi(en)zNoélBF4 was prepared and had
identical electronic and infrared spectra to the perchlorate,
except for the differences bhetween the infrared bands of 0105 and
BFZ. The two compounds also proved to be isomorphous and, as it
appeared more suitable, the fluoborate was chosen for the
crystallographic siudy.

56,86

It was found that the structurce involving the linear,

single-oxygen bridged nitrite groups wos incorrect and the actual
structure of [ﬁi(en)zNOé]BF4 is shown in Figure 15(z) with bond

lengths and angles being listed in Table 19, Each nickel ion in

the polymer chain is coordinated to two bridged(NO) nitrite groups,



FIGURE 15

The X-ray Structure of I'Ni(en),,(NO,,_)_]&
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Table 19

Some rolecular dimensions in %Ni(en)eﬂgé]BFq

-~ -
Bond Length (4), Angles (°)

a 2117 ¥ o.011 &k 8hell L 046
b 2097 & 0.012 g 9408 I 0-67
¢ 2.215 % 0.017 & 100468 % 0457
a 2:155 % g.019 ¥ 83:39 L 0469
e 1.276 £ 0.026 ¥ 81.11 & 0.59
£ 1.224 L 0.025 & 110.78 £ 1.71
o X e P
one viz nitrogen and the other via oxygen. The grouping NIG_N‘\O;aNi

is virtuclly planar and the angle N -ﬁ§~0 is 155+8° with the
oxygen ator being more displaced from the axial position than
is the nitrite nitrogen aton, e

Although the nitrite groups in any one chain are probably
ordered, at least for long distances azlong the chain, the structure
as a whole is disordered in the manncr illustrated in Figure 15(b).
This disorder orises from the reversal of zll the NO2 groups in
either adjacent chains or domains of chains,

The similarity of the eleetronic spectra of [Ni(en)zﬁOa]BF4
and Ni(en)2(~N02)2 suggests that the A ~volue of a bridged(NC)
nitrite group is very high and close to that produced by a nitro-

group, This is in agreement with the electronic spectrum of

ENCCH3)4]N1(NOZ)3 (see Chapter 6), which contains three nitrogen-—
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oxygen bridged nitrite groups and for which a Aw~value of
12,900 cm~1 is found, This may be compared with O 213,400 cm_l
for six nitro-groupng'S?.

It might be expected that coordination to = nitrogen and
oxygen atom of two bridged(NO) nitrite groups, as in [ﬁi(en)gwog
BF4, would provide oz ligand field nidway between those gf a
ronodentate nitro~ and nitrito-group (i.e. A~11,500 cm-l) but,
at least in the conpounds discussed above, this is apparently not
the case, However, it seens likely that W-bonding plays an
important part in deternining the energies of the electronic
transitions in nickel nitrite complexes, and the W-bonding
properties of zo bridged(NO) nitrite group may be rather different

from those of monodentate nitro- and nitrito-groups.

The Compounds Ni(en)(NW0,),., Fi(men)(NO,), and N‘i(NHB),,(I\TOq_)_2
(bl b Yty aihy —& “

Infrared spectira The infrared peaks due to the nitrite groups

in I\Ti(en)(N’OZ)2 and Ni(men)(N02)2 (Table 20), were identified by
conparison with the corresponding bisdianine nitro- and iso-~
thiocyanato-complexes, The infrared spectrum of Ni(en)(N02)2 is
shown in Figure 5 (Page 27).

Although there were slight differcences, nainly in intensity,
between the bands assigned to the amines in Ni(en)(N02)2 and
Ni(men)(NOZ)2 and those in the corresponding Ni(diamine)a(-ﬂoa)2

complexes, some changes night be expected and the relatively great
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Table 20

The nitrite infrared frequencies in some conplexes

containing brideged(NO) nitrite groups,

Compound Frequency (cm"%)
V; Y;s 8N02
[1ri¢en) o, | c10, a 12565 863w
Ni(en)(N02)2 1429s 1241vs 826w, 836w
Ni(men)(N02)2 1429g 1241vs a
W) , (10, 1433s ~e12355h” 839w br

a band unassigned because of peaks due to the anine ligands

b band position rendered uncertain by the amine band at 1210 en~t

intensity of the bands at 1241 and 1429 cmfl meant that these
could confidently be assigned as \;s and \; of the nitrite groups,

The infrared spectrun of Ni(NHB)Z(NOE)E (Figure 5) was
somewhat more difficult to interpret. The strong, broad band at
1210 et and the medium peak at 1357 et also occur in,Ni(NH3)4
(~N02)2 anq nay thus be assigned to the amine ligands. The peak
at 1433 em™t in Hi(NH3>2(NOZ)2 nay be assigned as the frequency
V; of the nitrite groups, with.Y;S probably occurring as the

1

shoulder at ~1235 ci . The very weak band at 1302 et in

Ni(NHB)g(NO could possibly be due to Y; of chelated nitrite

2)2
groups, but it could also be caused by a suall zsnount of Ni(NH3)4

C~N02)2 impurity, as this has a very strong band at 1299 cm-l.



Thus, in each of the coimplexes Ni(en)(NOz)a, Ni(men)(N02)2
and Ni(NH3)2(N02>2 the nitrogen—oxygen siretching frequencies

occur at 1240 and ~1430 cm"l. This divergence of VvV (s and\/s

from their free ion frequencies (VQS = ~1250 cm~l, \g = 1326 et

in NaNO2) together with the raising of their mean value is a
coumbination of the effects that nitrogen and oxygen coordination
have on the nitrite infrared spectrum, as nay be secen from
Figure 18 (PzgelO0). Such a combination is in accordance with
bridging(NO) of the anions similar to that occurring in
[kl(en)zﬂo BF4. Brldglng of this {ypc has been suggested in

'OH

[Co(NH ) \\\CO(NH ) * which has nitrite infrared frequencies
29

2 1516 cm

at 1200 and
However, since chelating nitrite groups have a strong band
at ~1200 cn -1 and only a weak one at~ 1300 e’ (Table 15), the
possibility that anions bonded in this manner are present in
addition to the bridged(NO) groups must be.considered., The

~1

relative sharpness of the peaks at 1241 e — in Ni(men)(NO

2)2
and Ni(en)(NOz)2 nakes this unlikely for these two compounds,
However, as there is a strong anine band at 1210 cm"l in Ni(FWH.)

(¥0,),s it is impossible to tell from the infrared spectrun of this
2°2

conrpcund whether it also contains chelating nitritce groups or not.

Llectronic Spectra and Discussion

The band naxina of Ni(en)(Nog)z and Ni(men)(NOa)z are listed
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in Table 21, and the reflectance spectrun of Ni(en)(Noz)2 is

Table 21

The clectronic reflectance spectra of sone complexes

containing bridged(¥0) nitrite groups

Conpound Bond Moxima (erb)
[Ni(en)aNOE]Clo4 20, 240 12,500, ~10,900sh
Ni(en)2(~N02)aa 19,650 12,500, ~11, 000sh
Ni(en)(K0,), 19,900 11,900
Ni(nen)(NOg)E 20, 000 12,000
Ni(NH3)2(N02)2 20,800, 17,100 10,700br

a this conpound contains nitro-groups, not bridging(N0) nitrite

groups, and is included for comparestive purposes,

shown in Figure 16. The two bands observed for each compound

nzy be assigned as the first two spin-allowsd transitions of NiII
in a pscudo~octahedral ligand environment. The high energies of
the band naxima (¢-+12,000 and ~20,000 cm"l) suggest a relatively
strong ligand field around each nickel ion, in contrast to the
fairly weak ligond field (with bands at -+10,000 and~17,000 cmt)
observed for the conplexes Ni(dianine)(NOZ)z containing chelating
anionz, This 1s consistent with the conpounds Ni(en)(NOa)2 and
Ni(men)(NOe)2 having bridging(NO) nitrite groups, since this

form of nitrite bonding produces a high ligand field as it



FIGURE 16
Electroni¢ Reflectance Spectra oft-

(A) Bi(py),(N0,), (B) Ni(en)(NO,), (C) [mcmrx)a(xwa)]c:1o4
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involves nitrogen coordination of the anion,.

It is perhaps surprising thet the electronic spectra of
N.':‘.D(Noz)2 [D = en and men] are very sinmilor to that of [ﬁi(en)z
NOé]Cqu (Figure 16), since in the forumer compounds four
coordination positions are occupied by nitrite groups, while in
the latter only two coordination positions are tzken up by NOE.
However, as has already been mentioned, the high ligand field
strength of the nitrite group in [Ni(en)aNOé]ClO4 is probably
related to its W~-bonding properties, and thesec nay well depend
upon the actual molecular configuration involved, Since the
electronic spectra of Ni(en)(NOE)2 and Ni(nen)(N02)2 suggest
that only nickel ions in essentially sinilar ligand environments
are present (or the bands would be broad or split, as in
¥4 (NH) (W0, .}, each wi'l is probably bonded to %wo nitrogen
and two oxygen atons of the bridging nitrite groups. Because of
the presence of the chelating diamines, two of the coordinated
nitrite atons presunably cannot adopt the 'ranst positions
found in [Ni(en)zﬂoa] BF,, and this could vell decrease the
effective liggnd field of the anions in Ni(en)(l\foz)2 and
Ni(men)(NOa)z.

The electronic spectrun of Ni(NHB)Z(HOE)Z (Figure 17),
suggests the presence of nickel ions in two different ligand

environnents, one reletively tweack'® and the other tstrong!. The

peak at 17,100 ent is rather sinilar to the corresponding band



FIGURE 17
- Rlectronic Reflectance Spectra ofie

(A) Ni(NHB)a(NO‘?)2 (B) Ni(py)a(Noa)z'l/JCGHG (c) Ni(a-dieen)(NOz)a
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in the compounds NiLe(NOQ)a, in which chelating nitrite groups
are present, while the band at 20,800 '::m"'IL resenbles those of
the complexes containing bridging(V0) nitrite groups. The band
at 10,700 cn-l is broad, in agreecnent with its being a super-
inmposition of the two lower energy bands (at ~10,000 ond
12,000 cn ') expected in conjunction with the peaks at 17,100
and 20,800 en~t,

It seens thus probablo that in Ni(NHB)ZCNOE)Z soie nickel
ions are coordinated to nitrite groups solely (or, at least,
nainly) via oxygen atoms, while the rest are bonded to bridged(NO)
nitrite groups., It is impossible on the present data to be nuch
more specific about the structure of this compound, since
several configurations could conceivably give rise to the
observed infrared and electronic spectra. One such structure
which, it rnust be stressed, is only a possibility, is a nixture

of H‘:‘.(NHZB),)(I\IOZ)2 riolecules having bridged(¥0) nitrite groups

with Ni(NHB)z(NOékpolecules having chelating nitrite groups. It
rnay be noted that, with the HHB nolecules in the cxpected $transt

positions, the Ni(NH3)2(N02)2 rniolecules having the bridging(NO)
nitrite groups night easily adopt a *sheet! configuration. The
bulk structure of Ni(NHB)ZCNOZ)E rnight then consist of such
tshects ! interspersed by leyers of disercie Ni(NHB)z(NOa)z
jolecules hoving chelating nitrite groups. In Ni(en)(N02)2 and

Ni(men)(NOa)E, where the amines presunably occupy fcis! positions,
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such polymeric fsheets! could not form, and this could possibly
explain the structural difference between Ni(NH3)2CN02)2 and
these two compounds,

Any inter~ or intramolecular steric interference in the
compounds [m(en)zmoz]x [x = BF, and 0104] and NiD(NO,), [D =
en and me#] is likely to be small, and it may be noted that these
complexes are formed with diamines which also give stable nitro-
complexes Ni(diamine)2(~N02)2. This suggests that the bridging(NO)

found in [Ni(en)zﬁojlx and Ni(diamine)(NOa)2 is the manner of

2
nitrite coordination generally adopted in compounds of this type
when steric comsideratioms are relatively unimportant. However,

this is not always the case, since although there can be little

steric interaction in Ni(NHB)Z(NOZJB, this compound apparently

eontains chelated anions in addition to bridged(NO) ones.

Preparation of compounds

[Hi(en),jﬁgg c10,, Ethylenediamine (0+015 M) was added to an
aqueous solution of Ni(ClO4)2-6H20 (001 M) and.NaNOZ (0005 M).
On allowing the solutiun to evaporate large red crystals of the

desired product formed and these were filtered off, washed with

ethanol and air dried. yield 30%
[Nigen)éggg EF, This was prapared as large red crystals by the
method for the previous compoungd. yield 20%

Ni(en)(NOale A solution of ethylenediamine (0+01 M) in methanol
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(5 mls) was added slowly to a solution of nickel n:H::c'z‘.’c.eGI'F
(0+02 M) and the resulting, slow-forming red precipitate was
recrystallised from methanol, yield 40%

Ni(mem)(N‘Oa)__2 Red crystals by the method used for Ni(en)
(W04, yield 50%

Ni(NH}lQ(Noglg Finely ground Ni(NH3)4(;N02)2 was heated at

116° to constant weight in vacuo to yield a browm powder, Weight

loss for I\Ii(NHB)#(NOa)a-«’)Ni(NHB)Z(NOE)2 calc,16+80% found 16+95%

The preparation of the compounds N’i(en)(NOZ)2 and Ni(men)

(NOQ)E was also attempted by heating the bis~diamine nitrocomplexes

in vacuo at 120° and 144° respectively. However, even after several

hours no significant weight loss was observed., It has been
reportedgg that Ni(en)z(-NOE)2 turns blue on heating to 130°,

but this effect was not observed in the present experiment.

Table 22

Analysis detalls of some complexes containing

bridged(NO) nitrite groups,

Calculated Found
Lompound c lz | 5| o Is | ¢ |u ] w]| olm
[Nicen)aNoz'J BF,, |15+41|5-17 1572|523
[Ni(en)zl\loa] €10y, | 14+814+97 [21+60 15+ 04} 4+ 94|21 .50
M1 (en)(K0,), 11-40/3-82 30+37|27-85| 11-71{4e22 30,37 |28+30
Ni(men)(NO,),  [16+03|4+48 2847 160044469 28+78
Ni(NE;),(NO,), 30+33|34+63{3177 30062} 3428|3162
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B) Complexes Containing Nitrite Groups Bridged viaz a

Single Oxygen Atom

The'compounds NiLz(NOZ)‘2 [p = 3emepy, 4-mepy and inquin}
and Ni(a~dieen)(N02)2 were prepared by heating the corresponding
nitritocomplex NiL4(~ONO)2 and Ni(a~dieen)2(N02)2 at ~100° in
vacuo; the complexes Ni(py)z(N02}2-1/3C6H6, Ni(3~mepy)2(N02}2-l/3
Cgﬂg and.Ni(#—mepy)z(Noa)avlC6H6 were obtained as black crystals
from benzene solutions of the nitritocomplexes N1L4(-ONO)2.

All these compounds had very similar clectronic spectra
and nitrite infrared spectra, which suggests that the benzene
molecules present in those obtained from solution are clathrated
and do not take part in any formal bonding (benzene is known teo
be clathrated in this manner in a number of similar complexesg9’9o).

All of the above nitrite complexes apparently contain anions
bridged via a single oxygen atom (as illustrated below), a
hitherto unrecognised manner of nitrite cvordination, This form of
bonding will be referred to as bridging(0) uf the nitrite group.
0

N="

|
M*///O\\Era

Magnetic susceptibility measurements

The magnetic moments of N’iLg(N’OZ)2 {i = 3=mepy, L4~mepy and
i~quin | and Ni(3-mepy),(HO,),*1/3C H, are listed in Table 23, The

cbserved ﬁalues all lic within the range (U = 2+9 =~ 3+3) normally
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Table 23

The magnetic moments of some compounds containing

brideed(0) nitrite groups.

Compound e
Ni(Bfmepy)z(NOE)z-1/3C6H6 31l
Ni(i~quin),(¥0,), 3.01
Ni(3-mepy),(¥O,), 3-16
Ni (4-nepy) ,(N0,), 309

a measured at room temperature and corrected for

diamagnetisn

found for six-coordinate, spin-free nickel(II),.

Infrared spectra The infrared bands due to the nitrite groups

in NiL,(NO,), [L = 3-mepy, 4~mepy and i~quin) , Ni(a-dieen)(NO,),,
Ni(py)z(Noz)z-l/BCGHG, Ni(B—mepy)z(NOZ)Z-1/306H6 and Ni(4~mepy)2

(o '1C6Hé are listed in Table 24 and the spectrum of Ni(py)2

2)2

(N0,),+1/3C.H, is shown in Figure 13. The bands due to NOE in

2)2

Ni(a~dieen) (X0 were identified by comparison with the infrared

2)2
spectrum of Ni(a~dieen)(NCS)2 . The nitrite peaks in the other
compounds were identified by conparison with the spectra of the
corresponding halide complexes NiL2X2 [X = Cl, Br and I}, and the

spectra of the compounds containing clathrated benzene were also

compared with those of appropriate mixtures of the amines with
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The nitrite infrared bands in some complexes

containing bridged(0) nitrite groups.

Compound & NO, vas A
Ni(i-quin%{ﬂoa)z a 1OlOsb 1220vsb a 1437s 1486s
Ni(B-mepy)z(NOE)2 829m 844+ 861m 1025vs 12O9vsb 1294m 1437sb a
Ni(i&-mepy)a(NOZ)2 831w 846m 861n 876vw 1026vsb 1225vsb a.l429sb 1471m 1488s
N?i(a—-dieen)(l\l'02)2 838w 846vw 861vw 1020s  1220vsbd a  1429sbr a
Ni(py),(NO,), 810vw 823m 840w 1020s  1206sh [1283m 1420s 1475s
[ +1/3C.H, 863w 1233vs®

Ni(3~mepy),(NO,), [843n 863n 1019vs 1236ve (1299m 1412s” 1460s
-1/3C6H6

Ni (4-mepy ) ,(H0,),, |839w 859 875vw 1007s® 1200vs| a 14375 a
-1C6H6

a nitrite band obscured by amine or benzene bands

b

by presence of amine or benzene bands,

exact position of nitrite band maximum rendered uncertain

benzene, In the compounds Ni(py)a(H02)2-1/306H6 and Ni(3-mepy),

(N02)2-1/3C6H6 the bands due to the benzene did not interfere with

the identification of the mitrite bands, as in 6:1 molar mixtures

of pyridine and 3-methylpyridine with benzene the infrared peaks

of the benzene were very weak compared with those of the amines.
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In Ni(4~mepy)2(NO *1C4Hc, however, the benzene bands at

2)2
~1500 and ~1000 cu™" made the identification of nitrite bands
in these regions rather difficult,

The nitrite infrared spectra of the compounds listed in
Table 24 are rather complicated, The sharp bands in the region
800 ~ 900 em~* may be assigned as Sﬁo . The other bands may be
attributed to the ﬁitrite nitrogenyoxigen stretching frequencies,
and Figure 18 compares the values of Y; and V;s in these nickel
nitrite complexes with the values found for nitrite groups
coordinated in several different ways.

Each of the compounds in Table 24 has a very strong, broad
band (Y, ) at ~1220 on™ and a strong band (V) at ~1430 on’,
and these are very similar to those found for bridged(NO) nitrite
groups in related conpounds, The complexes Ni(py)z(N02)2-1/3C6H6,
Ni(3~mepy)2(N02)2- 1/306H6 and Ni(3—mepy)2(N02)2 also have a

L and this, together with the

medium peak (Y.) at ~1290 cri
broad band (Y;S) at ~1220 9m"l, is characteristic of nitrite
groups bonded via two oxygen atoms, probably by chelation. The
conpounds Ni(i~quin)2(N02)2, Ni(a—dieen)(ﬂoz)z, Ni(4—mepy)2(N02)2
and Ni(4-mepy),(NO,),+1C B, all have amine bands at ~1300 cm™,
so that it is impossible to tell from their infrared spectra
whether they contain chelated nitrite groups or not.

In addition to the frequencies nentioned above, all of the

complexes listed in Table 24 have a very strong band (Y“as) at

~1020 cm"1 and nost of them also have a strong peak (Vg) at
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Figure 18

A couparison of V. and.'yg for soiie nitritc complexes
=3 o

Corpound

NaN02

i (py), (W0, ,
Wi(py), (-0K0),
KECaHi(-NOZ)G
Ni(en)(N02)2
Ni(i—quin)g(NOB)2
Ni(a~dieen)(N02)2
Ni(Bfmepy)g(HOz)g
Ni(4~mepy)2(N02)2
Ni(#—nepy)g(H02)2'106H6

Ni(py)z(NO “1/3C

2)2
Ni(B—mepy)E(NOE)éLGC6H6

Froquency (er™ x 100)
10 e R ¥ ,;g .
[
. N
"""" :'_]Lj’
.. . -"‘ '
' ..... !
| |
l l l
| 't
l' |
| o
| 1]
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~1475 cm”l (in the compounds Ni(apdieen(NOZ)z, Ni(}-mepy)a(NOZ)z

and Ni(4—mepy)2(N0 -IC6H6 the presence of amine or benzene

2)2
bands atr 14975 cm"l rakes the unambiguous identification of a
nitrite band in this region impossible.,) These two frequencies
are quite different from those observed for the bidentate nitrite
groups already mentioned, particularly in the low wvalue of Nés

at ~ 1020 cm—l. In fact the bands at~1020 and ~1475 cm“l are

rather similar to those found for monodentate nitriteo-groups

(Figure 19), However, since the nagnetic moments and electronic

Figure 19

A comparison of Y. and V' in some nitrite conplexes,
d (oA

Coapound Frequency (cm"l x 100)

10 —l2 Vag ‘ )/ 14
2 ) __--~J .
Ni(py),(~ONO), I 1

[COCNH

NalNO

psonler, i g
i (py) (0, » L/5C4H I |

[Peim

~ONO]CI [" i

305 3

spectra suggest that each nickel ion in the complexes listed in
Table 24 is six~coordinate, each nitrite group is presunably
two-coordinate, The only two-coordinate nitrite bonding likely to
have infrared frequencies similar to those of a nonodentate nitrito-

group is bridging via a single oxygen aton.
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The magnitude of the divergence of \gs and \g from
their free ion values is also in accordance with this manner
of nitrite bonding., The effect on the nitrite infrared specirun
of two nickel ions attached to a single oxygen aton of a nitrite
group should be considerably greater than that produced when
one nickel ion is so bonded. It is apparent (Figure 19) that
this is the case with the complexes in Table 24, and the
frequencies at ~1020 and ~1475 cr~ lie between those observed

Il Iv

for monodentate nitrito-groups coordinated to CoI and P£7°°

Electronic spectra and Discussion

The electronic spectra of the complexes (Table 25) closely

Table 25

Reflectance spectra of some conplexes containing

bridged(0) nitrite groups.

Corpound Band, Maxima (cm™>)
Wi(i-quin),(NO,), 20,900 17,200 11,000br™
N4 (3~mepy),(N0,), 20,500 17,400 10, 650br>
W (4-mepy) , (110, ) 5 20,750 17,400 10, 650br®
Hi(a~dieen)(NO0,), 20,900 17 ,400 11,070
i (py), (W0,),* 1/3C H 20,700 17,200 10, 600br™
Ni(3~mepy) ,(NO,),*1/3C.Hs 20,600 17,400 10, 600br®
Hi(4~repy) ,(N0,),1C He 20,800 17,100 10, 600br™

a band assymmetric to lower energy
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reserble that of Ni(NH3)2(N02>2 (Figure 17) and the discussion
of the spectrum of this compound also applies 1o the conplexes
listed in Table 25, The reflectance spectra of Ni(py)a(l\)’oz)2

-1/3C6H6 and Ni(a~dieen)(NO are shown in Figure 17.

2)2
The elctronic spectmmr of each of the conplexes in Table 25
thus apparently consists of the superinposition of the spectra
of two types of six~coordinate nickel ion, one in a relatively
weak ligand field produced by anions bonded via oxygen atoms,
and the other in a strong ligand tield and coordinated to
bridged(N0) nitrite groups, The infrared spectra suggest that
bridged(N0), bridged(0) and probably also chelated nitrite groups

are present in these compounds, These three types of anion

coordination could provide the two sorts of nickel environment

in several different ways, and on the present data it is inmpossible

to distinguish between these alternatives, A structure which
would explain the observed electronic and infrared specira would

be tsheets? of NiLa(NO molecules connected by the two sorts

2)p
of brideging nitrite groups, interspersed with layers of discrete

N’iLZ(N'Og)2 rnolecules having chelating nitrite groups. It must be
enphasised, though, that this is only one of several possible
structures and it should be noted that Ni(apdieen)(ﬁog)z, having
a chelating dianine, probably could not adopt such a 'layer?

configuration.

Tt is hardly surprising that the compounds Ni(py)E(NOZ)2°1/3qg%,



- 104 -

Ni(3~mepy)2(N02)2'1/3C6H6 and Ni(#«mepy)g(N02)2-10656 should
contain clathrated benzene, considering the loose, polyneric
structures envisaged for these conplexes, and the similarity in
size and shape between benzene and the heterocyclic amines, The
compounds Ni(py)4(0104)2 and.Ni(#—;rpropylpyridine)4(0104)2

have also been found to contain clathrated benzene on crystalli-
sation from this solvent9o. In the nitrite complexes, the benzene
nolecules apparently contribute quite significantly to the
lattice energy, since the compounds NiLz(I‘IOZ)2 [p = Py, 3-~mepy
and 4~mepy] could not be prepared from other solvents, and the
banzene in,Ni(3~mapy)2(N02)2-1/306H6 could not be removed without
the complete decomposition of the complex (see preparative
section), Similarly, the benzene in Ni(py)4(ClQ4)-xhenzene is
reported to be strongly held, and solvent molecules are not
clathrated on crystallisation of Ni(4—irpropylpyridine)4(Clq4)2
from acetone, cyclohexane and chloroform9o.

Since bridged(0) nitrite groups only occur in conjunction
with nitrite groups bonded in other ways, any correlation between
this manner of nitrite coordination and the nature of the other
ligands present is impossible. However, it nay be noted that the
corplexes l\IiLz(NOZ)2 [L = 3~nepy, 4-mepy and i-quin], NiLz(N02>2
“XCHe [L = py, 3-mepy and 4~mepy] and Ni(a—dieen)(N02)2 which
all contain bridged(0), bridged(NO0) and probably zlso chelated

nitrite groups, are formed with amines which give stable nitrito-
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complexes N1L4(~ONO)2 or Ni(diamine)(uONO)z. It seems likely
that the anion-~amine steric interference in the above complexes

NiLz(Noz)2 and Ni(a~dieen)(NO is large enough to preclude

2)2
the presence of only bridged(NO) nitrite groups (such as occur
in Ni(en)(NOz)E), but is not large enough to prevent all nitrite
bridging from taking place, Structures are thus adopted in which
several different modes of anion coordination occur in the

same lattice,

A preliminary x-ray investigation of Ni(3~mepy)2(N02)2
-1/306H6 confirms the effective molecular weight of this
compound9l. Although the refinement of the structure is still
at a very early stage, the two-dimensional Patterson prcjections
show strong nickel-nickel vectors at a distance of .37 Z.

This is in good agreement with the presence of bridged(0)

nitrite groups in the complex, since these would require a

nickel~nickel distance of about this value,

Preparation of compounds and analysis details

Wi (a=dieen) (NO The complex Ni(a~dieen)2(--ONO)2 was

22p
heated in a drying pistol at 116° to constant weight to yield

a grey powder, weight loss calculated 30+34%, found 30.38%,
analysis:~ cale, C, 27+00; H, 6+04; N, 20-99,
found €, 27+18; H, 630; N, 2091,

Ni(i—quin)q(NOa_)_2 This was prepared as a grey solid (sample a)
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by heating finely powdered Ni(i—quin)4(NO in a drying

2>2
pistol to constant weight at 115° (.six hours).
weight loss calculated 38:37%, found 38-:72%,

The compound Ni(i~quin)2(NO was also prepared as a

2)2
grey-brown crystalline precipitate (sample b) by adding
i-guinoline (0-01l5 M) in methanol (5 ml.) to nickel nitrite
solution64(0'01 M),

The two samples had identical infrared and electronic spectra.
analysis:~ sample a) cale, N, 13+71; 0, 15:65; NOE, 22450,

found N, 13.92; 0, 15:79; NO., 2260,

29
sample b) cale, C, 52863 H, 3+45; NO,, 22:50.
found C, 52-88; H, 3+70; NOE, 2268,

Ni(B—mepy)o(NOOlE A grey powder by heating Ni(B—mepy)4(-ONO)2

in a drying pistol at 90°.

weight loss calculated 35¢60%, found 35:49%,

analysis:- calc., C, 42.77; H, 4+.19; Ni, 17-42; NOE, 27431,
found C, 42-80; H, 4+37; Wi, 17+34; NO_., 2725,

i (4~mepy) (WO A grey powder by the method used for the

222

previous compound,

weight loss calculated 35+60%, found 35.32%,
analysis:~ cale, C, 42.77; H, 4.19; Ni, 17-42; Nog, 2731,

found C, 43.07; H, 4-41; Ni, 17+70; NOE, 27400,

i (py),(NO,) ,+ 1/3C H, A mixture of Ni(py),(~ONO), (%g.) and

Ni(Py)2<N02)2 (%g.) was boiled in benzene (50 ml.,) for two
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minutes and the bright green solution was filtered and stoppered
to prevent atmospheric oxidation of the nitrite ion, After
several days large black crystals formed and these were filtered
off, washed with benzene and dried quickly in wvacuo,

yield 30%
analysis:~ cale, C, 43-03; H, 3-61; ¥, 16-73; Ni, 17'53;N05,27'48.

found C, 43-00; H, 3+52; N, 16-66; Ni, 17-80;No£,27-50.

Ni(3~mepy)2(NOElg-1/30656 The compound Ni(}—mepy)4(~ONO)2
(1g.) was dissolved in boiling benzene (200 ml.) and the green
solution was filtered and left, stoppered for *hree dayse,
when large black crystals formed,
yield 70%
analysis:- cale, C, 46313 H, 4+44; W, 15443 0, 17+63; Ni, 16-17;
NOS, 25°35.
found C, 46+72; H, 4.70; N, 15+50; 0, 17+93; i, 15+99;

Nog, 25448,
Ni(4—me£1)2(N0222-106H6 The compound Ni(4;mepy)4(~ONO)2,

(lg.) was dissolved in boiling benzene (150 wml.) and the
solution was filtered, stoppered and left for three days when
large black crystals formed,
yield 70%
analysis:- cale, C, 52+10; H,4-86; N, 13-50; 0, 15-42; NOE, 2217,

found C, 52:05; H, 5-11; N, 13-52;0, 1536; No;, 21+80,
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Attempts were made to prepare compounds of stoichiometry
NiL,(X¥0,), from solutions of Ni(py),(-ONO), and Ni(:s-;mepy)[k
(—ONO)2 in acetone, ethylacetate and chloroform, but these
were unsuccessful, producing only the starting material on
slow evaporation of the solvent. The preparations of Ni(a-dieen)
(NO

Ni(s~dieen)(NO Nl(a—dlmen)(NOE)g, Nl(py)z(N02)2 and

2)2’ 2)2’
Ni(3~mepy)2(NO2)2 were all attempted by mixing dry, methanolic
solutions of nickel ni’cri’ce64 with an appropriate quantity of

each amine, However, on slow evaporation of the solvent basic

conpounds were formed in each case,

The thermal decomposition of Ni(}-mepy)e(NO -1/30636 was

2)2
studied, but the compound was found to lose. weight gradually
at 80°, and no phase corresponding to Ni(B—mepy)z(N'Oa)2 was

observed,
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CHAPTER 6

Some Compounds Containing Anions of the Type

b MQI0,) "

M(I\l’oa_z6

and MQNOE_)_}"_

Hexanitrocomplexes

Compounds of the type CCJ} MCN02)6 , where C and CY are
cations and M represents one of a nuwber of first and second
row transition metal ions, have been known for many years. From

an extensive study of their x~ray powder patterns Ferrari and

1 that most of these compounds (including

those in which M = CoII, NiII, FeII and CuII) have very similar

his co~workers found

crystal structures in which the metal ions M are surrounded by
six octahedrally coordinated nitro-groups. Although the infrared
spectra of numerous hexanitrocomplexes have been reported39’4o’9%
and detailed band assignments have been made on several compounds
containing the ion Co(~N02)63~ 37,41,93 the infrared spectra of
ions of the type M(-Nog)g~ have been much less well characterised,

During the present investigations the buff-coloured KaBaNi
(NOZ)G, yellow brown NaZCaEi(NOE)G, green KZSrCu(NOE)6 and

green K BaCo(NOZ)é were prepared, all frcm aqueous solution,

2
With the exception of the copper complex which decomposed within
a few weeks, evolving nitrogen dioxide, the compounds were guite
stable and only HaZCaNl(N02)6 and KzsrCu(N02)6 had not been

described previously.
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Infrared spectra The spectra of the four compounds were

recorded in the range 2000 -~ 200 cm“l and those of KéBaM(NOE)G
{ﬁ = Co and N{] are shown in Figure 20, together with that of
RbSCO(NOE)G for comparison,
The spectra will be considered in two scctions: -
a) the vibrational frequencies of thc nitrite
groups (2000 - 800 cm"l)
b) the vibrational frequencies associated directly

with the metal-nitrite bond (800 -~ 200 cm"l)

a) The nitrite infrared frequencies

Before discussing the infrared spectra of the comporunds it
is of value to recall the effects that nitrogen~coordination has
on the nitrite infrared frequencies, In sodium nitrite V;S oceurs
as a strong band at ~1250 et and Y; as a weak, sharp peak at
1326 cm"l. Coordination of the nitrite group via nitrogen raises
Vgs (to ~1400 cm&l in Co(~N02)63") while leaving \; at about its
free ion value, The frequency Jﬁo at ~-830 et does not alter
significantly on coordination andawill not be considered further
in this section,

The nitrite infrared frequencies for the compounds studied
here are listed in Table 26(a), and the bands reported by Elliott,
Hathaway and Slade94 for the complexes K2BaM(N02)6 [M = Co and N{l

are shown in part (b) of this Table, The values found in the
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Table 26

a) The nitrite infrared fregquencies (ert) in some

hexanitroconplexes.

E

Qggggzggé y; V;s gﬁoz
KgBaNi(—Noe)e 1348w sp 1312vs 84OW‘,—550;-~——
NaZCaNi(~N02)6 1332w sp ~1335vs 833n ,~830w sh
KZBaCO(~N02)6 1395n sp, 1335w sp|l32lvs, 1282s|829sp, 825sh n
KéSrCu(-N02)6 ‘1348sh sp 11335vs; 1280si 82711 , 818n

a mneasured as nujol and hexachlorobutadiene mulls using
KBr plates. The spectra were also measured using AsZS3
disks in the region 1300 -~ 1400 cmﬁl to ensure that no

exchange with the KBr plates had occurred,

b) Nitrite infrared frequencies reported

by Ellistt et al.94 for sone

. a
hexanitroconplexes,

gt

Compound Yy Y;S NO
2
KZBaCo(—N02)6 1330s, 1292sh, 1250sh 1400s, 1650vw 830s

KeBaNi(~N02)6

1348s, 1341vs

14051 sh, 1640vw

836w, 810m sp

a it should be noted that the assSignments of V; and V;s reported

by these workers are incorrect and should be reversed.
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present studies will be considered first.

The nickel complexes each have one strong band and one
sharp, weak peak in the region 1310 — 1350 cp ™+, From the
relative intcensities the strong band nay be assigned as Yés and
the weak one as Y;. In HaZCaNi(NOE)G these two frequencies alimost
coincide, Y; occurring as a weak,sharp peak near the tap of the
broad intensec band"Y;S.

The infrared spectra of the cobalt and copper conplexes are
.nore corplicated than those of the nickel ones, However, again
fron the relative intensity of the bands, it seeus likely that
in X Ban(N02)6 and X SrCu(N02)6 the pair of bands at ~4280 and

2 2

~1330 it may bo assigned as \2 . In the cobalt complex two

5
sharp peaks, at 1335 and 1395 cnfl, due to Vé were observed,
while in KESrCu(N02)6 only one peak, 2%t 1348 cm~l, assignable to
V; could be resolved,

Thus in each of the conplexes Y;S is raised fron its free
ion value, while Y; occurs as a weak, sharp peak gencrally not
far from its position in the uncoordinated ion, This is consistent
with the formuletion of the corpounds as nitroconplexes,

During the preparation of this thesis Elliott et al,
published the infrarcd spectra of a number of conpounds containing

the hexanitro~ions of CoII, CuII, NiII and FeII %4

« The nitrite
bands and their assignnents which they rceport for KZBaM(—N02)6

[M = Wi and c% are listed in Table 26(b). It should be noted
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that these authors have incorrcetly reversed the assignnents of
V% and VAS in free N02~. This presunably means that these
assigniments should also be reversed in the caniplexes they have
studied. There is generally poor agrecnent betwesn the bands
observed by Elliott et al, and those found by this author, It
secus nost unlikely that the assignments of the very weak peaks
at ~41640 cm"l as nitrite fundanental vibrations by Elliett et al,
is correct., Thesc peaks are probably duc to a snall anount of
lattice water, Weak bands were also sonetines observed in this
region in the present investigations, but these disappearcd on
drying the sanples in vacuo at ~100°, No explanation can be offerecd,
however, for the other differcecnces between the values listed in
Table 26(a) and (b),

It is intercsting to speculate on the cause of the doubling
of the frequency V;S in the conpounds KaBaCo(~N02)6 and KESrCu
(~NOE)6. In previous Chapters it was shown that in nitritoconplexes
the nagnitude of the change in T;S and Y; fron their free ion
values was related to the strength of the netal-nitrite bond., A
sinilar effect is also to be expected in nitrocomplexes, as has
been noted by Nakauoto95, and this would explain why V;S occurs
at, ~1400 et in,cO(—N02)63", w1320 e Fin Ni(-N02)64" and ~1250
cﬁ-l in uncoordinated N0, . The occurrence of two frequencies

2

¢ . ..
\as in KESrCu(-NOE)6 and KaBaCo(—N02)6, onc at a value sinilar

to that in Ni(~N02)64", and onc nearer to that of the free ion is
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in accordance with distorted, tetragonal structures for the

cobalt and copper complexcs, The bands at ~1330 cmﬁl would be
due to relatively strongly bonded nitro-groups, while those at
~1280 cm*l would be associated with nnre weakly bound nitrite

IL

groups, Conplexes of CuII and spin-paired Co often have

tetragonal configurations and these distortions arc usually

96

explained in terms of the Jahn~Teller theoren” . It rust, however,
be noted that the doubling of ¥, _ in KZSrCu(;Noz)G and K,BaCo
(~N02)6 dues not necessarily show the existance of two types of
netal-nitrite bond, It could also be caused if the MC~N02)64"
ions have a regular octahedral configuration, but occupy a crystal
site of low syrmetry, The Co(~N02)64" ion is known to occupy a
site of symmetry Sg in KzBaCo(NOE)6 97, and this should split
both V;s and, V; into two frequenciesjv. It is, howeyer, unlikely
that this cffect would be large, The ion Ni(;NOZ)é4" has = site
syrmetry of C._),i in KANi(-N02)6-1H20, frJg which both Vés and Y;
should be split into two frequencies4o. Ho such splitting is
cbscrved in practise, though (Figure 24), The structures of

K BaCo(-N02)6 will be discussed in connecction

2SrCu(-NOa)6 and X,
with the crystallographic informatiom reported un thesc compounds

in the section on clectronic spectra.

b) Vibrations associated dircctly with the netal-nitrite bond

If the planar group M - NO, is considercd in isolation, it
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has six normal vibraticnalmodes. Threec of these approxinate to

Vé, Y  and % , of uncoordinated N0, ., The other three are
as O2

illustrated in Figure 21 and nay be designated \ﬁ_ y the netal-

Figure 21

Diagran of the stretching, wagging and rocking vibrations

associated dirccily with the M--NO2 2T oup.

P
™

M M+ M
| j
N "B’T\" o +0 ’/N:\‘“ O+ 5 N\\ 0
W
\&-N Pw E;

nitrogen stretch and er and g which are wagging and rocking nodes,
In a polynitro-ion of the type M(~N02)64~ the vibrations will
be nore conplicated, However, it is still to be expected that
three sets of bands corresponding essentially to the vibrations
Y o O ana € i11ustrated above will be observed,
The infrared spectra of the complexes were neasured in the
range 800 ~ 200 cmfl and the bands obscrved are listed in Table 27
(a) together with the proposed assignuents, The bands in this region

and their assignnents, reported by Elliott et al. for the compounds

KaBaM(-N02)6 [M = Co and Ni] are shown in Table 27(b)., There is
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Table 27

a) Infrared bands (cm"l) in the region 800 - 200 o™

in some hexanitrocomplexes,

Compound \{'I-N a Pr Unassizned Bands
K, Balli (-N0,,) ¢ 2935 433y 259m 610vw
Na,Calli(-NO,),  280m 4:60m 252"
K,BaCo(-N0,) . 323sh®,290v> 415n%,369%> 250br? 631w, 599vw, 565us
K SrCu(-N0,) 294m 460w 255w sh®, 208w" 617vy

a assignment uncertain, See text for a discussion of this band,

b) The infrared bands and assignments reported by Elliott

et al.94 for some hexanitrocomplexes in the region

800 - 200 cm"l.

Compound \ﬁ;N 61
K2BaCo(—N02)6 418, 384w 326w,293s
K2BaN1(~N02)6 435y 296s,288s

fairly good agreement between the values found by these authors
and those observed in the present work, except that in KaBaNi
<_N02)6 Elliott et al, observed a band at 288 cm-l, while this
band occurred at 259 cm~1 in the sample studied here, It may

also be noted that the spectra of KZBaM(~N02)6ﬁﬁ = Co and NiJ

reported in this work showed very weak bands at ~600 cm"l. Although
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Elliott et al, do not describe similar peaks in their samples

of K2BaC0(~N02)6 and X BaNi(~N02)6, they do report weak or very

2
weak bands in this region for most of the coumpounds containing
the ions M(~N02)64" [M = Co, Fe and Cu} which they studied, The
band assignments in the present work, however, are quite different
from those made by Elliott et al, and the reasons for this will
now be discussed,

In the assignment of infrared frequencies in this region
the coumparison of spectra with those of compounds for which
conplete band assignments have been made is often very useful,
The infrared spectrum of RbBCO(—NOZ)G is shown in Figure 20,

The ion Co(-N02)63" has been studied by several workers and

there is general agreement on the following band assignments: -

e -l - -1 =1
E; 630 em , \gLN 420 en -, 63 250 ~ 290 com
A normal coordinate analysis has been made on the planar nitro-
complex KaPtC-N02)4 by Nakamoto et al.29, and this has recently
been revised by Postollec, Mathieu and Pouletzg. The latter

workers give the following assignments: -

-1 -1 ) ~1
(’; 610, 633 cm -, \'314~N 357, 377 om Fr 270,~ 300 cm
On the basis of the values for Co(-N02)63" Elliott et al, made

the following band assignments for the ions MC—N02)64- M = Co,

Ni, Cu and Fe ¢ -
e ~1 -1 -1
W_470 -~ 650 en -, I 350 = 450 e , ﬁ? 270 - 320 ecnm
While at first sight these assignments look quite reasonable,
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they do not account for the important fact that the metal-ligand
vibrations (particularly the stretches) are expected to be
considerably lower in complexes of divalent metal ion such as
¥i' than in those of Co™™T It §s a little difficult to predict
exactly where \ﬁ;N should come in the spin-paired ions Co(—N02)64—
and Fe(-N02)64~. However, both Fe(~N02)64_ and Co(-N02)63“ have
spin-paired d6 electron configurations, so that on purely
electrostatic grounds, the metal~-ligand stretching frequencies
should be lower in the iron complex,

In considering the region in which \&~N is to be expected
in the ioms M(—N02)64—, it is of interest to compare the metal-
nitrogen stretching frequencies in the complex ioms Ni(NH3)62+,

2+

Co(NH,) 3+, spin~free Co(NH.,) 2+ and Pt (NH.) » The generally
376 36 34

accepted values of these are shown in Table 28, It is apparent

Table 28

Sone netal-nitrogen stretching frequencies (cm”l).

Conpound %&—N Ref.
[wcens), ) ric-nes), 245 98
{N(CH3)4j3Cr(-NCS)6 364 98
Ni(NH;) (Cl, 334 99
Co(liz) €L, 318 106
CO(NH3)6013 500, 476, 448 99

Pt(NH3)4012-H20 Loy 101
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2+ s 2+
to Ni(NH3)6 and

that on going fronm Co(NH3)63+ and. Pt(NH3)4
CO(NH3)62+(spin free) there is a drop in \ﬁ;N of some 30%,
Sinilarly \ﬁ-N is considerably lower in Ni(~NCS)64~ than in
Cr(—NCS)63". Assuning that an analogous reduction occurs on
going from Co(-N02)63~ and Pt(~N02)42~ to Ni(~N02)64", the

1. 4
in Ni(~N02)6 v

frequency V&_N.is to be expscted at ~270 e~
Since a strong band occurs at ~ 290 cmfl in all of the conplexes
listed in Table 27(a), this has in ecach case been assigned as
V&—N‘ However, so many bands occur in the region 415 - 200 cm~l
in the infrared spectrun of KZBaCo(—N02)6, that the definite
assignment of any of these as V&-N’ e;,or er is impossible.
Considering that \gs and Mg are also splip in this ccmpound, the
'richness? of the infrared spectrum of KEBaCo(—N02)6 in the
region 800 ~ 200 cm—l is hardly surprising, It is also likely

that »&-N is split in K SrCu(—N02)6, and possible that it is

2
split in the two nickel complexes, as will be discussed later,
Nevertheless, in all the corpounds containing ions of the type
M(~N02)64~ described here it seems highly probable that V&-N
acecurs at~290 cm—l and not as stated by Elliott et al. at

~400 oL,

daving assigned V&.N'tO the relatively strong bands at
~290 cm“l, the question of the assignnents of E; and F; renains,

The infrared spectra of KzBaNl(-NOE)G, NazcaN1(~N02)6 and KzsrCu

(~N02)é each show a mediun or weak band at v250 cmnl, and a weak
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or medium band at ~450 cm™l, The spectra of K, Balli(~NO

> 26
K2BaCO(rNU2)6 and K SrCu(—N02)6 also show very weak bands at

1

2
. The bands at ~450 cm"l are here assigned as ew’ This

29

~610 em
is in ggreement with Nakamoto et al. who have assigned €W at
462 cm"l in KECaNi(—NOZ)G, and Postollec et al.39 who have
assigned Qw at 430 cm T in K4Ni(N02)6-lHZO. The very weak bands
at ~610 cm“l assigned by Elliott et al, as E& are not assigned
as fundamental vibrations in this work,

The remaining bands at ~250 en™t are tentatively assigned
as e;. However, it is also possible that they are due to
components of the vibration \Q-N‘ This frequency is triply
degenerate in the symmetry Th expacted for a regular M(-N02)64"
ion, but twisting of the —-NO2 groups can cause a lowering of the
symnetry to S. and this gives two frequencies \ﬁuN' (For a
discussion of the number of bandé predicted for the M(~N02}6n-
ion in different symmetries see reference 37.) It seems highly

probable that \ﬁ will be split in the apparently distorted

=N
compounds KESrCu(--HOE)6 and KEBaCo(~N02)6, and the bands in the
region 270 -~ 200 cm’"l in these compounds are probably due both

to WM-N and f;.

Electronic spectra and Discussion

The band maxima in the reflectance spectra of the compounds

are listed in Table 29, together with those reported by Elliott
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Table 29

The electronic reflectance spectra of some hexanitrocomplexes,

Compound Band Maxima ( cm“'l ) Ref,
KESrCu(-N02)6 22,700 16,300 7,600 a
KEBaco(_NOZ)G 23,000 15,700 7,350 a

23,530 15,920 7,140 94

KzBaNi(-N02)6 20,620 13,750 a
20, 660 13,590, 10,990sh® 94

Na,Calli (~N0, ) . 21,500 13,800, 11,300sh® a

a +this work

b weak band assigned as a spin-forbidden transition
et al, for KEBaM(—N02)6 [M = Co and Ni}.

Nickel complexes,

The strong bands at~13,800 anda 21,000 e} observed in the

two compounds containing Ni(—N02)64- may be assigned as the

3 3, 3

- 3 - . LIT
transitions Azé—-«——) ng and 2"@“”'4 Tlg(F) of spin-free Ni

in an octahedral ligand environment, and suggest a & -value of
~13,400 cm~l for six nitro-groups around nickel(II),

The very weak shoulder at 11,300 e in Na,Cali(~N0,) is
3, 1

probably due to the spin-forbidden itransition zé_-—-——-) Eg.
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Cobalt and copper tomplexes

The reflectance spectra of KZBaCo(~N02)6 (Figure 21) and
KZSrCu(—N02)6 are very similar, The bands at~ 7,500 and~ 16,000
cm&l may reasonably bé assigned to d-d transitions, The peaks
at~ 23,000 cm~F could, however, either be d—-d in origin or due
t0 some form of charge transfer, Since none of the compounds

102

KyCu(i0 , (o~Cat2+)Cu(N02)4 and (o—Cat2+)Co(N02)4 (see

2’5
Chapter 7) have bands in this region, it seems unlikely that

the peaks at~ 23,00 et in the hexanitro-cobalt and copper
conplexes are due to charge transfer, Nevertheless, this
possibility cannot be entirely ruled out, since the nature of
the netal-nitrite bonding in ths tetra-, pentaa\and hexanitrite-

complexes of CuII

is different, and the electronic ground states
of the CoII ions in Co(N02)42~ and Co(—N02)64_ are not the sane,
Since only a single, spin-allowed transition in the region

5 — 30,000 et is expected for cull and spin-paired cott

in Oh
ligand field symmetry, the observation of two or possibly three
bands for the hexanitrocomplexes suggests that they have distorted
structures, If the bands at ~23,000 st are assigned as d-d bands,

then the spectra of the ions Co(~N02)64— and Cu(—N02)64“

can be
explained in terms of a tetragonal structure in the following

manner.,

The ions are assumed to have four short and two long M—NO2

bonds with the nitro-groups acting as TT~acceptors, Spin~-orbit



FIGURE 21

Electronic Roflectance Spectra ofi=

(4) KabaCo(moz)s (B) cszm(moz)s (C) N!(CB})#Ni(Nfoa);
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coupling is neglected, In the 'strong field! approach, which is
applicable to hexanitroconplexes, the electronic spectra may be
considered in terms of transitions between the individual

d~orbitals, The approximate ordering of the d-orbitals are shown

in Figure 22,

Figure 22
The approxinate ordering of the d-levels in
a) Cu(-—HC)g)6 b) Co(-—N02)6
(y ” dxz __yz 2y 7\——‘7\7 d-xg _yz
TJ' - Gpe AR T A2
N N A
4 xz' Tyz xz' yz
1 T, :
dxy xy
The three bands in the spectrum of KZSI'CU.(--MOE)6 are then
assigned as 4, = 7,600 cm"l, Az = 16,300 en! and Q= 22,700

cm-l. The value of 10Dg is given approximately by (2 QE-F&B)/B

- Al/z = 14,600 cm”l, in fairly good agreement with the value
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of 10Dq~13,800 en™! for six nitro-groups around wi Tt

« The
spectrum of Co(—N02)64~ should then consist of three bands
(due %o Al’ D 5 and [)3) corresponding to the three %ransitions
in Cu(~N02)64", plus two additional bands due to the transitions
454 andlﬁfy The transition qu should occur at a wavelength
equal to [}2.~ 451, and from the spectrum of KESrCu(—NOZ)6 this
is 16,300 - 7,600 = 8,700 en™ T, Similarly, the transition & 5 =
8- D, =22,700 - 7,600 = 15,100 cm™t, Thus the bands in the
electronic spectrum of K2BaCo(~N02)6 can be assigned as follows,
That at 7,350 cmfl, which is somewhat broad, is a superimposition
of the peaks due to the transitions [31 and £§4, while the band
at 15,700 em™" is due to the transitions O, and 05. The peak
at 23,000 cm™t is due to the transition B, The similarity
between the elactronic spectra of KzBaCo(-N02)6 and KESrCu(~N02)6
is thus purely fortuitous, and it is not generally to be expected
that the electronic spectra of distorted, spin-paired CoII
complexes will resemble those of their CuII analogues,
Tt thus seems that the electronic and infrared spectra of
KaBaCo(~N02)6 and KZSrCu(~N02)6 are in accordance with distorted,
tetragonal structures for thesc compounds, While no crystallogra-
phic data appears to have been reported for KzsrCu(-N02)6, the
x~-ray powder patterns suggest94 that the similar compounds
K CaCu(-N02)6 and KEBaCu(—NOZ)G both have tetragonal structures,

2
A three-~dimensional x~ray determination of the structure of
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KZBaCo(--NOg)6 has shown.97 the Co(~N02)64“ group to have an
undistorted octghedral configuration, Since such a structure
seems to be at variance with the electronic and infrared spectra
of this compound, it is probable that the 00(~N02)64" ion
undergoes a dynamic Jahn-Teller distortion in KEBaCo(wNOZ)G.
This possibility has also been suggested by Bertrand and

Carpenter I and Elliott et a1.94.

Preparation of compounds

KEBaNi(Noalé An aqueous solution of potassium nitrite was
added to one of nickel chloride (0:01 M) until the orange
complex potassium nickel nitrite began to precipitate., Water
was then added until the solid just redissolved, The resulting
solution was filtered into an aqueous solution of barium chloride
(0s01 M). A buff-coloured precipitate immediately formed, This
was recrystallised from an agueous solution of sodium nitrite
(0.02 M), vield 25%
analysis:- calc, Ba, 24-95; HOE, 50-17,

found Ba, 25-01; NOE, 50.02,
E§203N15N0216 An agueous solution of an equimolar mixture of
nickel chloride and caicium chloride was added to an agueous
solution of excess sodium nitrite., On leaving the solution to
evaporate slowly for several days a brown precipitate formed.

This was recrystallised from water to give yellow-brown crystals,

yield 10%
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analysis:- cale. Ca, 9+53; Ni, 13-92; No‘?:, 65463,

found Ca, 9+30; Ni, 13.46; No’z‘, 64410,
X SrCu N0216 An aqueous solution of an equimolar nixture
of copper chloride and strontium chloride was added to an
aqueous solution of excess potassium nitrite., After a few
seconds a dark green microcrystalline precipitate formed vhich
was filtered off and washed with ice cold water, vield 50%
analysis:=- calc. Cu, 12-55; NOE, 54+ G4,

found Cu, 12:60; No'zt, 54460,
géBaCo(N0226 Cobalt chloride (0+01 M) was dissolved in é
little oxygen-~free water and added to an aqueous, oxygen~free
solution of potassium nitrite (002 M), barium nitrite (0.01 M)
and sodium nitrite (0.05 M). After a few minutes a dark green
microcrystalline precipitate formed which wns filtered off under
nitrogen, washed with a little water and dried in vacuo. Since
the infrarcd spectrum showed the presence of a small amount of
water, the compound was heated in vacuo at 95° to constant
weight, after which the water infrared peaks almost disappeared,

yield 10%

" analysis:~ cales Co, 10°70; NOZ, 50-12,

found Co, 1.0:553 Nog, 50+19.

The conpounds K,Ni(N0.) ¢1H.0 and K,,NiQ\TO,,lé

It has been known for over a hundred years that addition of
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an aqueous solution of a2 nickel salt to an aqueous solution of
excess potassium nitrite produces an orange crystalline
precipitatelos. In provious work this conpound has clways been
formulated as KﬁNi(NOZ)G and as such its crystal structure has
been investigated by Ferrari et a1. 2% ana its infrared spectrun
wag reported by Postollec et a1.39’40. On the basis of two=
dinensional x~-ray data, Ferrzri et al, proposed a teiragonal
unit cell of dimensions a = 7463 Z and ¢ = 22+42 Z with 2 = 3
for this compound, and suggested that each nickel ion was
octahedrally coordinated to six nitro-groups,

In the present work an orange erystalline preecipitate was
prepared by adding a concentrated aqueous solution of nickel
bromide to excess, saturated aqucous potassiun nitrite. Careful
enalysis of the compound showed it to have the forimla
K#Hi(NOZ)6‘1H20:~

calc. K, 30+71; Ni, 11+53; No'a', 54e24 %,
found K, 30+99; Wi, 11+49; No’z‘, 53493 %.

In agreenent with this the infrared spcetrun of the compound
showed sharp peaks at 3610, 3540 and 1621 cm“l, assignable as the
O-H stretching and deformation frequencies of water, A1l the

105 of the corplex

najor lines in the x~pzy powder pattern

(Table 30(a)) could be intcrpreted in terms of = tetragonal unit
o] o}

cell of dinensions a = 7634 4, ¢ = 22450 A with z = 3 and these

are very sinilar to the values reported for the compound studied
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Table 30

a) K Fi(NO,) 11,0

7 «4556ns
6+2873s
5-6552w
4+2618vw
3-7827s
3~588éms
3+3107w
324150
3.1431w
2-8665vw
28271w
2-6533vs
2+4614w
2+4195vw
2*2&35m
2+1843ns
2+16621s
2+1255w
2+1124w
2+0735vv
1+9573vw
1-9395w

1-8917w
1« 8440w
1.8128vw
1.7246vw
16692y
1+6588vw

b) K0,

5-9392s
5e4241ns
Le7138vw
4-3064W
3+8376ns
355738
35140ms
3.299501
3+0145n1
2+9960n
2-8535n
2+7280vs
2'697OW
2‘54éévw
244179vw
2+3468u
2.1778vv
2+1588w
2'14éva
2+ 0202vw
1-9966vW

1.9670vw
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by Ferrari et azl. Moreover, the monohydrate had an alnost
identical infrered speectrun to that described for the
conpound investigated by Postollec et al, except that these
workers did not report the three water bands mentioned above.
It is possible that they observed the water bands but did not
mention then as they were concerned prinarily with the infrared
frequencies of the nitrite groups. Since, as will be shown,
anhydrous KANi(HOZ)G has quite different properties fron
those of the hydrated conpound, there cazn be little doubt that
the complexes studied by Postollec et al, and Ferrari et al,
were in fact KﬁNi(HOz)é-lﬁzO, and this will be assuned in
considering the results of these workers,

The water in the orange conpound was quite strongly held
and was not renoved even by storage in vacuo over on5 for
several nonths. However, on heating to ~100° for a few hours,
the complex turned brick-red and this was acconpanied by a2 weight
loss corresponding to the loss of one niole of woter:—

cale., 3+94% found 4+00%
The x-ray powder pattern clso altered completalylos and the
d-spacings of the red compound (which could not be identified in
terns of unit cell dincnsions) are listed in Teble 30(b).
Moreover, the infrarced spectru: changed comsiderably and the

1

bands at 3610, 3540 and 1621 cm —, duc to waber, disappeared.

The analysis of the rod conplex agreed with the fornula
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K, Hi(HO,) 1= cale, Wi, 11-93; NOE, 56-19;
found Mi, 11-86; No;, 55-85.
Although the anhydrous conpound renained unchanged in the
absence of water for scveral months, it was very hygroscopic
at roon tenperature and if exposed to the atrosphere, gained
in weight to the extent of one mole of water to form anm orange
conplex identical in all respeets with the original monohydrate.
Clearly KﬁNi(EOZ)é~1H20 and K4Ni(N02)g are two quite distinct
conpounds and their properties znd possible structures will now

be discussed,

Elcctronic spectra The eleetronic spectra of K¢HiCN02)é-lHZO
and K&Hi(HOE)G cre shown in Pigure 23 and the band maxina (cmfl)

are listed below:-~

Py ’ a
K, 1 (NO,) o+1H,0 20,700 13,200 n11,000sh
K, (H0,) ¢ 19,200 12,050 ~10,500sh
a very wezak peak assigned as a spin-forbidden transition

Except thet the band =t 13,200 en’™

in the spectrurr of
K#Ni(ﬂoz)é-lﬁzo is at slightly lower encrgy then the corresponding
bands in +the hexanitrocomplexes KzBaNi(-NOZ)é and,NaZCaNi(—NOZ)G
(Table 29), the electronic spectra of these three conpounds are

very sinilar, Thus KANi(Nog)é-lHZO probably contains six nitro-



FIGURE 23

Electronic Reflectance Spectra ofte

(A) x4n1(N02)6-1n20 (B) K4N1(N02)6 (¢C) cssz’r‘:n(uo?_)5
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groups octghedrally bonded to each nickel ion and it secems
unlikely that the water molecule is coordinated. This is in
agreement with the infrared spectrum, as will be discussed
later, and with the structure proposed by Ferrari et al.
Although the spectrum of anhydrous KANi(Nog)s also suggests
a near octahedral coordination for the nickel ion, the bands at

1 are each ~1300 et lower in energy than

19,200 and 12,050 cm~
those in the hydrated complex, The shoulder at ~10,500 ¢+ in
KﬁNi(N02)6 is probably due to the spin-~forbidden transition
3A2éf——ﬁ}Eg, though it could also be due to a component of the
3Tag level if this were split by a low ligand field symmetry.
The lowering in energy of the bands on going from the nono-~
hydrate to K4Ni(N02)6 suggests that a considerable weakening of
the ligand field accompanies dehydration, The most likely
explanation of this is that some of the nitro;groups in
KﬁNi(N02)6-1H2O are replaced by oxygen-coordinated nitrite ions
in K¢Ni(N02)6, as the nitrito-group is considerably lower in the
II

spectrochemical series than the nitro-~group. Since for Ni

A == 13 400 cm~l and A ~:9, 000 cmfl, the replacermont

IV O2 ~0ONO

of one nitro-group by a nitrito-group should cause a shift of
~700 cmfl to lower energy in the spectrum of a six-coordinate
nickel complex, The fact that one reasonably sharp bandz:t~19p000m7LE
observed in the spectrum of Kll_l\fi(NOE)6 suggests that only one

type of nickel ion is present in this compound, as two bands would
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be expected from a mixed species of the type KﬁNi(4N02)6°§4Ni
(-N02)2(—ONO)4. Thus the spectral shift on going from K4Ni(N02)6
OIHZO to K#Ni(N02)6 is consistent with approximately two of the
nitro=-groups in the former compound being replaced by nitrito-
groups in the latter. The reason for this rather surprising

change will be diseussed later,

Infrared spectra The infrared specira of Kﬁﬁi(NOZ)G'lHZO

and K4Ni(N02)6 are shown in Figure 24, and the band maxima due

to the nitrite groups are listed in Table 31; together with those

Table 31

The nitrite infrared bands in the compounds

K, Ni(NO,)+H,0 and K, Ni(NO,)

Compound Pw, S NO vas Vs
2
K4Ni(N02)6-lH20 42 810s 833n 1319vs 1346w sp
KﬁNi(NOz)GolHEOa 430n 815s 836n 1320vs 1347sh
K4N1(N02)6 414m 423w 813w sp 826m sp 1206s 1325vs 1347w sh
846vw  86%7m sp 1387m sp

a values taken from references 39 and 40

reported by Postollec et als for the hydrated complex,
In K4N1(N02)6'1H20 the nitrite infrared bands are very

similar to those observed in the hexanitrocomplexes listed in
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Table 26(a) and the assignments of the frequencies have been
made accordingly. This confirms KANi(~N02)6~1HZO to have six
coordinated nitro-groups, since no bands were observed in the
region in.which \gs occurs for uncoordinated nitrite ioms
(~1250 cm"l). Tn addition tn the peaks listed above K4H1(N02)6
50 had a broad band centred at 510 er ! and this was also
reported at ~500 ent

«1H
by Pustollec et al.39. As this band was
absent in K4Ni(NO2)6 it is probably due to librational
vibrations of the water molecule, Similar bands have been
reported in a number of other compounds containing water of
crystallisationlOG.

The nitrite infrared spectrum of K4N1(N02)6 is more
complicated than that of the hydrated complex, Four bands due
to SNO were observed all at different frequencies from those

2
in K4Ni(~N02)6-lH20. The strong band at 1325 cmfl, the weak

shoulder at 1347 cmfl, and the peaks at 414 and 423 ent in
. . 5 (T .
K#Nl(N02)6 are all similar to those in Kﬁﬁl( k02)6 lHZO and
analogous hexanitroconplexes, and nay thus be assigned as nitro-
group freguencies,
In addition to the bands due to the nitrogen bonded nitrite
-1
i v n
ErOoupS, KANl(N02)6 has a strong peak s at 1206 ¢ and a
nedimiy peak \g at 1387 cm"l. These frequencies are similar tc

the values of \és and \g observed in several nickel nitrito~

conplexes of the type Ni(diamine).(=-0NO), and to those found in
2 2
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IT

the tetranitritocpaplcxx(o~Cat2+)M(N02)4 [M = Co™ ™, CuII

and
ZnII} discussed in Chapter 7. This suggests that K,Ni(FO,)
contains nitrite groups bonded via oxygen, though it nay be
noted thgt V&S is not lowercd from its free ion value of

~1250 cm’l by as much as is often observed in nickel nitrito-
conplexes, i.c,. \gs = 1114 cn”l in Ni(py)4(;ONO)2. The lowering
of \gs iz dependant on the difference in bond strength between
the two nitrite nitrogen-oxygen bonds, If, as is suggested in
the discussion, there is rather strong interaction between the
potassiunm lons and the forumally!non-bonded! nitrito-oxygen atons

(Figure 25) the lowering of \és is in fact cxpected to be rather

Figure gé

The possible configuration of the nitrito-groups in

K, Vi N0226

less than that observed in nitritoconplexes of the type
Ni(py)4(7ONO)2, wvhere no such interaction can occur, In the ion
Co(NOE)i", in which it is thought that cach nitrite group is
coordinated to the cobalt ion strongly via one oxygen. atom and

weakly via the second oxygen aton, Vs is at ~1200 cmfl and w;
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at 1390 ol and these values arc very similar to those of the
nitrito~groups in K#Nl(NOE}G'
The infrared spectra are thus gquite in accordance with a

change of the typei-~

K4N1<"H02)6.1H20 >KﬁNi<~ONO)n(~NOE>6—n+lH20

oceurring on heating hydrated potassium nickel nitrite.

Discussion

Although the water molecule is apparently not fornally
coordinated to the nickel ion in K4Ni(~N02)6-1H20, its presence
is clearly of considerable importance in thc total energy of
this compound, since on dehydration the structure of the complex
and the nature of the nickel-nitrite coordination alter
radically.

A possible explanztion of the part played by the water
nolecule in KﬁNi(—N02)6°lH20 is suggested by the structure of
this compuund proposed by Ferrari et al.., Although these workers
did not rcgognisc the presence of the water molecule they
reported the egistence of teavitics? between coertain pairs of
potassiun ions, Whereas nost of the potassium~potassiun
interactions were 'cushioned! by suitably situcted nitrite oxygen
ators, the pairs of potassiun ions on either side of these
reavities! were not. Ferrari et al. could not explain this

feature of the strueturc and it seems probably that the water
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1olecule in KﬁNi(NOZ)G'IHEO is situated in this tcavity?, thus
reducing the interaction between the positively charged
potassiun ions, This hypothesis is supported by the foet that
the structure suggested one fecavity' per nickel ion, in
agrecenent with the fornuleo K#Hi(N02)661H20.

Dehydration muast remove the Yeushioning' between these
pairs of potassiun ions and the inteorzection between then is
apparently then so strong that the structure is rendered
unstable and alters to that of the nitro~nitritoconplex
K#Hi(«ONO)n(nﬂoz)G_n. The reasons why sorie of the nitrite groups
are bonded via oxygen in thc anhydrous conpound, although this
nethod of nitrite coordination is umually less stoble than
nitrogen~bonding, are not conpletely clear, It is possible that
it is beeause better 'cushioningt of the cations by the
negatively charged oxygen atous can be obtzined if sone of the
nitrite groups arce bonded via oxygen. (The non~bonded oxygen aton
is considerably further from the nickel ionm in the grouping
M‘G-O"N"‘O than in the grouping M & H:fg.) Presuniably, the
cnergy goined fron the decrease in the potassiun~potassiun
intercetion rust be grester than that lost by replacing a Hi~N02
bond by a Ni~-ONO bond. The high ratioc of the cations to the anion
in K4HiCH02)6 is probably significant, since nany anhydrous
corpounds of the type (cation)3M(N02)é are kunown, and in these

the nitrite groups are apperently always coordinated via nitrogen,
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Two pentanitrite complexes

Although the dark red conplex CsBN'i(NOE)5 had bcen reported
previouslylo7 its structurc was unkmnown. Since compounds of this
stoichionetry are comparctively rare it was thought of interest
to investigate the nature of the metal-nitritc bonding in this
coriplex, The new bright yellow complex CSBMn(NOZ)S is also

described,

Eloctronle spectra

Nickel conplex The electronic spectrum (Figure 21) of this

conpound consists essentially of two rather broad bands at
18,300 en™ and ~11,900 or™t, This is consistent with a pscudo-
octahedral ligand ficld around the nickel ion and implies that
tetrahcdral or planar species are absent. Thus, it is unlikely
that the structure can be of the type 053[N1(1¢02)4]1102 or
CsyMi(W0,) ¢+ Cs, Hi(NO, ). The lower energy bond has a very
proiinent shoulder at ~10,500 cm”l. Since this could either be

3a

assigned to the spin~forbidden transition Zé'a lEg’ or to a

3
ng

syrmetry, the energy of the first spin-allowed transition in

transition to = comnponent of the level split under low
CSBNi(NOZ)B cannot be estinmated accurately., However, it does
seenn that it is approxinately holf-way between that produced by

six nitro~groups (~13,800\cn"1) and six nitrito~groups (~9,000 cm‘ll
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Mongenese gomplex .

The electronic spectru: of CS3MHCN02>5 (Figure 23) consists
of 2 single band at 21,700 cm‘l. Since several electronic
transitions are expected for spin-frec MnII in this region; a
Precise assignnent of the band has not been attempted. Although
no aceurate cestinates of the intensity could be nade, as solution
neasureients were not possible, the band was far stronger than
those norrnlly observed for 't in pscudo=octahedrzl ligand
field symmetry. This suggests that the ligand field in CsEMn(NOE)S
has no centre of synuetry, because rather sicilsr band intensities

hawve been observed.lo8 for the tetrahedral ions MnXQ rX = Br and I

and in psaudo~ei@ht—coor&inn¢e-Mn?HOE)E" (sec.Chapter 7),

Infroared spectra and discussion

The infrored spectrs of the compounds are shown in Figure 24

and the band naxinz are listed below.

Cez MO, s Mn(li0,)

- 406w, 433w
SNOE 80911 sp,821n sp, 81;m.5p,837m SP,
833vw sh, 860n sp 846vw sp
Yas 1208s, 1325vs 1215vs,1287s
Y ~ 1348vw sh,1372w sp 133%3vw sh,1353w sp
unassigned ~250s,~275s, 260s br,319:z

bands ~305sh, 340n
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Nickel complex The very strong band at 1325 er™ and the

shoulder at 1348 et ray be assigned as »gs.and V5 of nitro-

groups, with the weak peaks at 406 and 433 cm"l being due to
e.

v
The nost likely explanation of the peaks at 1208 and

1372 ot is thot they ere v and \g of whalt are essentially

nitrito~groups. It is, however, zlso possible that the pesk at

1372 ot

is V¥ of ths nitro-groups, this frequency being split
into two components. The band at 1208 eo~t could then be Vg oFf
chelated anions, with Y, of these nasked under the nitro-band 2t

1 135 2 nitro-

1325 en —. It seems unlikely that the peak at 1372 em
frequency, though, since the nitro-band ¥/, at 1325 et is
unsplit. Moreover, the frequency wg has not been observed above
1350 cn"l in any. other nickel nitroconplexes, The absence of a
band at ~1435 et showed that no bridged(l0) ni%rite groups are

present.,

Manganese conplex Except for the inexpliceble absence of bands

ot ~400 er~t due to F;, the spectrun of CSBMn(NOZ)S generally
resautbles that of the nickel pentanitrite complex, The pezks =z

1287 and 1333 cn"l, zssignable as and \g of nitro=-groups, are

as
at lower frequency than those in’CSBNi(NOE)B' Sinllarly, the bands
at 1353 end 1212 cm”l due to Y and \g of the nitrito-groups are
slightly closer to their free ion values, This is in agreenent

with metal-ligand bonds being generally slightly wesker in



manganese(ll) coriplexes than in the corresponding nickel(II)
coripounds,

Although the compounds were not found to bhe isomorphousgl,
the general resemblance of the infrared spectra suggests that the

vetal-nitrite bonding is rather sirilar in the two complexes,

Discussion Despite the difference in stoichionetry there is

a distinet sinilarity between the infrared spectra of the
pentanitrite couplexes and the nitro-nitritocorplex K&Hi(wOHO)n
(~HQ2)6;H. In the last compound it was suggested that the fornally
non~bonded nitrito-oxygen atoms interact with the potassiun ions,
and that this explains why the nitrito infrared frequencies are
relatively close to those of free NO.., In CSBM(H02)5 [Mﬁ: Hi

and Mh} the nitrito frequencies are even closer to those in

HaEOE. However, because of the stoichionetry of the compounds,
and as the caesiun ion is far less polarising than K+, it seens
probable that in the pentanitrite corplexes the formally non-
bonded oxygen =2tons of the nitrito~groups interact with the
nanganese and nickel ions, This could either be by unsymnetrical

chelation, or unsyrmetrical bridging, as illustroted in I and

IT below.

-x O~ I‘F«*"/’o"s .
g/// J] M@/// ‘g

I IT
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The reasons why bonding of this type is adopted in
prefercence to the nore usual forns of mono- or bidentate nitrite
coordination are obscurc, However, five-~coordinate conplexes are
colzparatively rare, and are usually only for:ied when siX-

109

coordination is prevented for steric reasons « In several

tetranitrite ions with siniler netals, €e¢Ze COII, it seens
likely that four unsyrmetrical bonds of type I above are foruned,
and this nanner of bonding is probably adopted in order to
inereasc the effective coordination number of the central netal
ion, The hexa-nitrite ion Ni(NOz) 64“ nornally contains six
nitro~groups and it seens likely that in the penta-nitrite
conplexes a balance is set up in which sone of the nitriide
groups coordinate in their generally preferred nanncr, il.c.

viz nitrogen, while others coordinste as in I or II in order to
raise the effective coordination nurber of the manganese and

— and MnII tend to adopt a relatively high

nickel ions. Both Ni
coordination number (usually six) whenever this is not precluded
for steric reasons. It is not clear why a structure involving

bridged(li0) nitrite groups does not occur, though this nay be

prevented by the large size of the caesiun ions,

Preparation of Coripounds

ggaNigﬁoals Aqueous solutions of nickel nitrite (0°0l M) and

caesiun nitrite (0+03 M) were prepared by treating solutions of
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the sublntes with bariun nitrite solution and filtering, The
nitritc solutions were nixed, filtered and allowed o stand
over sulphuric acid, AfYer some days cderk red crystals fornmed
and these were washed with = little ice-cold water and dried
in vacuo, yield 5%
analysis:= czalec. Ni, 8+54; NOE, 3346,

found Wi, 8.57; NOE, 33.16,
£§3ﬁ2$N0225 A rethanolic solution of manganous nitrite
(0+01 M) wans prepared netathetically from nanganous bromide and
excess finely powdered silver nitrite. This was added to a
solution of caesium nitrite (0+05 M) in methanol (200 nl). On
leaving in the refrigerator a cresn coloured precipitate forned,
This was recrystallised from nethanol., The compound was slightly
photosensitive, slowly darkening after zbout two weeks., It
renained unchanged for several months, however, on being stored
under its nother liguor in the refrigerator. yield 15%
analysis:= ecalc, Mn, 8043 0, 2341; NOE, 33465,

found Mn, 7+83; 0, 23-51; NOE, 3342,
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A Trinitrite Couplex

No well-zuthenticated trinitrite complexes had been
reﬁorted. The corpound N(CH3)4H1CN02)3 was prepared as a
fawn, nicrocrystelline precipitate by adding a concentrated
aqueous solution of nickel bronide (001 M) to an agueous
solution of tetramcthylammoniun bromide (0401 M) and an excess
of sodium nitrite, An identicel compound was cobtained using a
large excess of tetranethylarmoniun bronide.

vield 70% 11.De 270°

analysist~ cale. Ni, 21+67; N, 204683 0, 3544 NOE, 50494,

found Ni, 21.93; N, 20.80; 0, 35+153 NOE, 50.82,

Infrared spectrun The nitrite infrared bands in the compound

oececurred ati- gNOZ' 852(m) s \gs, 1202(vs); \g, 1435(s) cn"l. The
bands were identified by coumparison with the spectra of

. 3 el : 2 2
N(CH3)4Cl and H(CHB)QBr. These values of \g and \gs are sinilar
to those of the bridged(NO) groups in Ni(en)(NOZ)2 and Ni(nen)

(mo and suggest a similar ranner of nitrite coordination in

2)2
the trinitrite complex., Sinceé chelating nitrite groups have a
strong band at ~1200 eat and only =z weak peak at ~1300 cmfl, the
possibility that thesc are also present must be comsidered,

However, the occurrence of only one, very sharp band due to SNO
2

nakes the presence of more than one type of nitrite group

rather unlikely,
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Electronic spectrum and Discussion The reflectance spectrum

of the complex (Figure 21) consists of two strong bands at
13,250 and 21,000 en which may be assigned as the first two
spin~allowed transitions (BAzé“‘* 3Tég and BABQ——’ 3Tlg(F) in
Oh symzetry) of octahedrally coordinated NiII. The weak shoulder
at ~~10,900 cm—l is probably due to the spin-forbidden transition
3A2é-9 lEg. The band at 13,250 en~t suggests a A-value of
12,900 cm“l for three bridged(NO) groups, which is only slightly
less than that (~ 13,400 cm“l) produced by six nitro-groups.

It is of interest to consider why a compeund of stoichiomeiry

(cation) Ni(NO,). is formed with N(CH3)4+, while other catioms

2)3

yield hexa- or pentanitrite complexes with nickel nitrite, The

structure of Ni(NO )jr probably consists of chains of
0
/'
,4N1(—-IT\\ _aNige groupings running in three dimensions,
[o7
Every eight nlc?el ions then form a2 hollow cube of side ~5A

and there will be one such cube for each nickel ion, Since the
volume occupied by a tetramethylammcnium ion is '\'60(.&)3 110,
it seems likely that this catiom is just the right size %o fit
into such a polymeric structure., An attempt 1o prepare N(CEH5)4

¥i(Wo by the same method used for thc tetramethylammonium

2>3
complex was unsuccessful, producing no solid produet, This is

not surprising as the volume of N(C H5>4, is ~:26OCA)3 110

which would make it too large to fit into the polymeric tcagework?

of the Ni(N02)3_ ion,
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CEAPTER 7

Some Tetranitrite Complexes

Although the planar nitrocomplexes K2Pt(N02)4 and
Kde(N02)4 vere known39, and the compound KE{Hg(N02)41N03 hed
been shown.#4 to contain four chelated nitrite groups, there
were no well-authenticated reports of tetranitrite complexes
of first-row transition metal iomns,

Since the employment of large cations had been of value in
stabilising ions of the type MX42" (where X represents a pseudo-

111,112 or nitra.tell3 group) in solid compounds it wos

halogen
felt that the use of these might be helpful in the preparation
of tetranitrite complexes. A series of compounds(o~0at2+)M(N02)4
[M = 7n, Cu, Co and Mn] and (cation),M(N0,), [cation = N(cH;),,
Cs or K and M = Zn, Cd, Hg and Mh] were prepared, and the

infrared and electronic spectra of these are reporied here,

together with their possible structures,

Electronic Spectrg

The spectra of the conmpounds containing the ions Co(NOz)qz-,
Cu(N02)42~ and Mn(N02)42“ were recorded in the solid state and
in solution in acetonitrile containing é%-N(CH3)4N02 in the range
4,000 - 30,000 cm—l, and the band maxima are listed in Table 32,
The spectrum of (o—Cat2+)Co(N02)4 is very sinilar to that

reportedlla’114 for the compound [%(CH3)4]2C0(N03)4 (Figure 26)
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The Electroniec Spectra of te
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Table 32

The band mnaxima in the clectronic spectra of sone

tetranitrite complexes,

Conpound State Band Maxima (cmﬁil
(o-Cat2+)CO(N02)4 solid 18, 000 8, 260br
CHBCNa 19,000(105) 8,300(10br)
(o-cmz”)Cu(Nog)LP solid 13,200
CHBCNa 14,800(108)
(o—Cat2+)Mn(N02)4 solid 22,200sh ~18,000sh?
[N(CH3)4]2Mn(NOE)4 solid 22,800
cuzcwa 23,300(6+9)
Cs Mn(NO,), solid 23,200

a solution containing g%'H(CH3)4N02

b very weak band probably due to a small amount of CO(N02)42"

and the band intensities are unusual in being midway between
those usuzally observed for CoII in octahedral and tetrahedral
ligand fields. In the nitrate complex this has been related to

115, in which each nitrate

the novel sitructure of the conpound
ion is bonded to the cobalt by one short bond (~2:0 Z) and one
relatively long bond (w25 Z) as in I below. The sinilarity of
the electronic spectra suggests an essentially analogous nmanner

of coordination for the nitrite groups in (o-Cat2+)Co(N02)4, as

in ITI and this possibility will be considered nore fully in
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cénjunction with the infrared spectira.

The speectra of the compounds CS2Mn(N02)4, (o-Cat2+)Mn(N02)4
and [N(CH3)4JEMH(N02)4 were neasured in the solid state, and that
of the tetramethylammonium compound was found to be the same in
acetonitrile solution, as in acetonitrile containing %%-N(033)4
Noz. The spectrur of the ion Mn(N02)42” consists of a single,

broad band centred at ~23,000 e, The intensity of this
IT

(Gﬁ = 7) is much greater than that usually observed for Mn™~ in an
octahedral ligand field, and is sinilar to that found108 for the
bands at ~23,000 en~t in the tetrahedral species MX&”[ X = Br

and I]. While in each of the tetrahalo-nanganate(II) ilons

several bands occur in this region, in Mh(N02)4?~ only one broad
band can be resolved, However, as the mangancese ions in the
tetranitrite conplexes are apparently fornally eight-coordinate,
as will be discussed later, its electronic spectrum is not
necessarily expected to resemble those of the tetrzhedral ions

nentioned above. In addition to the peak at ~23,000 en~t, the

compound (o~Ce.t2+)Mn(NOa) 4 had a very weak band at ~18,000 cm*l.
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This is probably caused by a trace of (o~Cat2+)Co(N02)4 inpurity,
since even a spall anount (~5%) of this would produce bands
conparable in intensity to those of Mn(N02)42~. The absence of
this band in [N(CH3)4)2Mn(N02)4 and CSEMB(NOZ)4 can be attributed
to the instability of the cobalt tetranitrite cormplexes with
these cations (sec preparitive section),

The spectrun of (o-Cat2+)Cu(N02)4 consists of z single

broad band which is at 13,200 cu™> in the solid cumpound,
12,000 cm"l with possibly a shoulder at ~22,000 cm"l in
1

acetonitrile containing no cxcess NOE, and 14,800 en ~ in

acetonitrile containing .5 ¥(CH.),¥0,,. The rcason for thesec
20 3402

differences in the solution speetra is not apparent. If no d-d

bands are obscured under the relatively strong eleciron itransfer

absorption comuencing at ~23,000 cm"l, the oeccurrence of only

a singlc electronic transition suggests a fairly distortion-free

gtructure for Cu(N02)42F. However, the ion,Cu(N03)42— has bands

1 113, so it secns quite possible that

the tetranitrite species nay also have a peak at ~25,000 e t,

at ~14,000 and 25,000 cmr

No definite conclusions can thus be drawn with regerd to the

electronic speetrun of (o~Cat2+)Cu(N02)4u

Magnetic Measurenents

The roon tenperature nagnetic nonents of (o~Cat2+)M(N02)4

[M = Co, Cu and Mn] are listed in Table 33, The value for the



Table 33

The nagnctic wonents of seme tetranitrite complexes,

Cormpound L_{g B, M, )%

(o«Cat2+)Co(N’02)4 L4y
2+

(0~Cat=")Cu(W0,), 2400

Co-Cat2+)m1(1\T02) i 5.98

a corrected for disnmagnetisn

cobalt complex is rather similar to that reported (~4.67 B.M.)
113,114 for CO(N03)42- and is typical of the walues generally

found for CoII lons in pseudotetrahedral ligand environments,

Infrored Spectra

The infrared spectra of the coupounds were neasured in the
region 2000 - 200 o and the nitrite bands in the conpounds
having orgenic cztions were identified by comparison with the
spectra of the appropriate cation halide and nitrite salds, The
frequencies will be considered in two scotionsie
n) The infrared frequencies of the nitrite groups 2000 ~ 800 et
b) The infrared frequencies associated directly with the netal-

; 1)

nitrite bonds (800 -~ 200 er

a) The nitrite infrared frequencies The nitrite infrared

1

bands in the region 2000 - 800 e ~ are listed in Table 34.



- 155 -

Table 34

The nitrite infrared froguencies (2000 -~ 800 cn"%)

in some tectranitrite conplexes.

Cozpound State
2+
(O""Cu.'b )Zn(NO?_)l;. mull
C
CH3 ¥
Cszzn(N02)4 mll

(o~Ca‘b2+)Co(N02)4 rmll
(o~Cat2+)Cu(N02)4 mull

(o-Cat®")n(N0,), rull

[N(CHB) 4] Ma(H0,), mull

CH,CN
Cs, Mn(NO,), rull
K, Ca(WO,), rmull
K,Hg(N0,),, mull

1184s
~1176s
1167vs
1191s
1218s
1195s
1188s
1238vs
121lvs
1208vs
1225vs
l266vs
1258vs

br
br
br
br
br

br

Vs
1397n

9]

1381s
13290

1372s
a
a

a

1302vw eh

b
b

a
a
837us sp
837as sp
841ns sp
851n sp, 858w sp
851 sp,858w sp

a cation or solvent absorpition cbscures the region where this

frequency is expected,

b band probably obscurcd by V .

fak=]

The solid tetranitritc conplexes of Zn (Figure 27a), Co and

Cu each have = strong band \("s at ~1180 cn"l, and a2 nedium peak

Y, at ~~1380 er™l, This divergence of \ﬁé and ngfron their free
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FIGURE 27

The Infrared Spectra of:=
(A)‘CsQZn(N02)4 (B) 052Mn(N02)4 (¢) Kacd(N02)4

1 x 100)

Frequency (em
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ion values <\£s ~ 1250, Yy = 1326 cmfl) is characteristic of
oxygen coordination of the nitrite group and suggests that these
conpounds are nitritocomplexes. However, it ney be noted that
in (o—Cat2+)Co(N02)4 )gs is not as low as in sone other nitrito-
couplexes of CoII[Was = 1100 cm“l, Y = 1410 e™* in Co(py)4

116 s s R . R . R
] . » This is consistent with sone interaction occurring

(--OMO)2
between the formzlly non-bonded nitrite oxygen aton and the cobalt
ion in Co(NOE)QE", a5 is suggested by the electronic speetrumn,

On dissolving (o~-Cat2+)Co(N02)4 in accetonitrile the frequency

\;S changed fror: 1191 to 1218 cm”l. This incresse was not due to
dissociation, as the electronic speetrun of the solution was
identical to that contaianing %%~N(CH3)4NOZ. However, it is quite
possible thot the bond lengths in a pseudo-eight coordinate

structure of the type suggested for Co(N02)42 night alter
souewhat on solution in = highly polar solvent, and this could
cause shifts in the nitrite infrared frequencics,

The frequencies \gs and \g in the compounds containing
Mn(H02)42~ are different fron those in the copper, cobalt and
zinc complexes, as may be seen from Figure 27b, In the mangenese
conrpounds \gs is a strong, broad band at ~1220 cmﬁl, and in
CszMn(M02)4 \g can be resolved as a wesk shoulder at 1302 cm"l.
These frequencies, and the relative intcensities of the bands, are
sinilar to those obscrved for the chelating nitrite groups in the

conplexes deseribed in Chapter 4 and suggest a sinilar manner of

anion coordinntion in Mn(N02)42".The nengenese ion in these
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corplexes is thus formally eight coordinste ,with coch nitrite
group bonding via two oxygen atoms,

The infrored spectra of KECd(E02)4 (Figure ?70) mmd KzHg(H02)4
each show 2 broad intense band »gs centred at ~1260 cn-l, but in
neither of these conpounds could a peak assignable os \g be
resolveds It seens likely that the band due to this latter
frequegcy was obscurcd under the very strong absorption caused
by V;S; The antisymmetric nitrogen~oxygen stretching frequeney
in these complexes is very sinilar to that in sodium nitrite,
which riakes any deductions about the me?al-nitrite bonding
based on tho infraved spectra Aifficulte Tt is known' that the
conpound KB[Hg(NOE)4JND contains four chelating nitrite groups,

3
117
and the fregquency \gs was reported

at ~1200 cmfl in this
corpound, The frequency \g was apparcntly not opserved, the only
other bends in this region (at 1377 and 1394 cnf% being
assignable as.\gs of the ionic nitrate, It scens unlikely that
the nitrite groups should be chelated in KE[ﬁg(NOZ)q]NO3 and
bonded differently in K2Hg(N02)4, and the fact that their
infrared spectra cre not identical is probebly cttributable to
relatively small differences in the nmetal-nitrite bonding. By
analogy it scems likely that K2Cd(N02)4 also conbtains chelated
nitrite groups.

Postollce e% a1.39 have reporited the following bands for the

) -l
conpounds KECd(N02)4:— NOZF 8551 ‘é;, 1250 «~ 1275: \é. 1345 e
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end KgHg(N0,) 5 Hy0: SNOa’ 848 ~ 855; Y, 1250; ¥ ~1310 el

The nercury corpound, which was formulzted in the older literature

lzoas a2 pentonitrite monohydrate, has since been shown44’ll? to

be K?I?g(N02)4]N03, but as Postollec et al. reported, no bands
assignable to lonic nitrate, they presunably could not have
studied this complex, AS no agnalysis figures were quoted the
conpound they formmlated as KBHg(NO )5tH20 ‘must be considered

doubtful, and nay possibly have been the same as the complex

K Hg(NO )4 studied here.

b) Infrared frequencies associated dircetly with the netal-

nitrite bond

As the exzet nature of the bonding and thus the overall
syrmetry of the ions M(N02)4 e are unknown, no rigorous analysls
of the infrered spectra has been attenpted, However, the observed
frequencies (Table 35) can be interpreted in a gencral manner in
terns of the approxinate structures suggested by the infrared
spectra in the higher energy rogion., The two extrenc foriis thet
the netal-nitrite bonding in the complexes can take arce nono-
dentate nitrito-coordination and symmetriczl chelation (Figure 28

a ond ¢)., Clearly between these linmiting forms there arc an

Figurc 28
P "\ ay
(2) o ® o] o (o)
\ - \ /

M M-
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Table 35

The infrared spectrz (800 — 200 cn“l)

of sone tetranitrite complexes,

Corpound \ﬁ;o Unassigned Bands
2+
(o-Cat )ZII(I\TOZ)4 308s
0s,Za(HO,),, ~s290, 328s

(o-Cat®™)Co(N0,),  n294sh,332s
(o~Ce.t2+)1\ﬁ1(I.\T02) L  ~260 %301 2

! . a a
[m(cn3)4jzm(zwoz>4 ~ 255 &, 301

Cs Mm(NO,), 260s bro,315n°

(o=Cat=T) cu(in,), 28311, 3255

K,Cd(I0,,) ohovs bre 323w, 340w
K Hg(HO,),, 297vs bro 337w

a peak not =assigned with certainty, sec text for discussion

infinite nunber of configurstions hoving one relatively strong
and one weak metal-oxygen bond, and this type of coordinztion is
illustrated in Figure 28(b). The netal-ligand vibrations to be
expected from these three types of coordinction will now be
considered,

In o conplex heving nmonodentate nitrito-groups, the rocking
and wagging vibrations will probably be at relatively low energy

and will consequently be ignored in this discussion, If only the
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coordinated oxygen ntons are aeonsidercd, the symnetry around
the netal ion is likely to be Ty though if the nitrogen and
non-bonded oxygen atoms are also teken into account the symmetry
is lowercd, probably to 84. A single infrered active, triply
degencrate netal-oxygen stretching frequency \QMO is expccted
in Td’ and this is split into A and E conponants under S4
syrmetry.

In counpounds in which the rnionodentote nitrite coorination
is distorted into umsyrmetrical chelation, as in Figure 2&(b),
the symmetry of the primary coordination sphere is likely to be
lowered, probably to D&d' and. the frequency \ﬁ~0 is expected to
be split into A and E conponants,

A complex M(N02)42" having four chelating nitrite groups is
likely to have DEd symrietry. Without neking detailed cealculotions
it is difficult to predict the relative energies of the stretching
and bending modes in a ring-syster, such as M:::Zj::ﬁ. However,
for this four-nenbered ring two distinct frequencics \ﬁ;o which
are essentially netal-oxygen in character ore to he expected, It
has becn suggestedllg that for the nitrate group chelation should
produce two metal-oxygen stretching freguencies ond nmonodentate
coordination only o single frequency \&;O'

The compound (o~Cat2+)Zn(N02)4 hes only o single band at
308 cm"l, which nay be assigned as \ﬁ~0' This suggests that the

symetry of the complex is effectively Tqe anc that cach nitrite
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group is bonded essentially vie a single oxygen az2ton, In
Cs2Zn(N02)4 the band at ~310 cm“l is very broad and apparently

consists of two corpponents at 328 and ~290 en~l. This splitting

of Mi o

ions are considerably morc polarising thom o=Cat

nay well be due to solid stote effects, as the cassiun
2+
L
In (o—Cat2+)Co(N‘02)4 \&—O is assyrmetric to lower - encrgy
and is apparently composcd of two components ot 332(s) and

1. This is consistent with 2 distoriion of the

~294() e
prinary coordination sphere fron T& to Dza’ and is in cgreenent
with nitrite coordination of the kind shown in Figurc 28(b).

The spectra of all the compounds containing Mn(N02)42“ show
two quite distinet bands, ot ~300 ond ~260 cm‘l, and these have
tentatively becn assigned as ‘&.o' This is consistont with the
nitrite groups chelating in these conplexes. It is also possible,

1

however, that the broad band at ~260 cx — is cue to the nitrogen-

oxyzen stretching frequencics, and the pesk at ~300 cn"l is due
to an out of plane wagging vibration sinilar to f; in nitro-
conplexes (sce Chapter é§. This wagging vibration should be at
ruch higher chergy for a chelated nitrite group than z nono-
dentate nitrito-group.

The conpounds KEM(N02)4I:M = Cd and Hg] each have o strong
broad band at ~230 cm"l, and = weak sharp peak at ~330 cm"l, the

letter belng split into two components in the codmiwn complex,

The observation of two peaks in this region is consistent with
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chelation of the nitritc groups in these conplexes, It seens
likely that the broad band at w230 et is cue in each case
essoenticlly to onc or rnore netal—oxygen stretching vibraotions
and it is possible that this band could have furiher components

1

below 200 ent ~. The wenker sharp bands at ~340 cm-l could either

be due to o component of \ﬁ_o, or to the out of plane wagging
vibration aolready discussed for the nanganese(II) conplexes,
The unusual nature of the bonding in most of these
conpounds anc the consequent splitting of \ﬁ;o nokes a direct
coiparison with other systenms difficult, If the weighted nean
of the split bands is token, the stronger bonds being assigned

as E niodes, the order of decreasing \D//I«O is Co)Cu) Zn) Mn) cdy

Hg. This sequence is rather sinilar to that found for the netal~

ligand vibrotions of other systens MX42“,e.g. for X = HCO the

following values of \ﬁ-N have been reported121:~
Co, 3453 Cu, ~338; Mn, 325; Zn, 321; Cd, 298 cmfl.

The retal-oxygen stretching frequencics in the tetranitrite

corplexes are at rather sinilar values ’co‘\/g[_.H ( ~290 cmﬁl) in
the hexanitro-ions M(-~N0.), [1 = Ni anc Cu]. This secus quite
reasonable, since the difference in nass between oxygen and
nitrogen is smell, Also, although N&~X generally occurs rather

higher in tetrahedral MX42~ jons than. in octahedral MX64— ions

(eege \’1N is at 287 ent in Mn(NCS)42~ and 220 em™* in Mn(NCS)g“

Mo
98) the forece constant of the bond M~N02 nay well be sonewhat
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greater than that of the bomd M-ONO,

It is interesting to corpare the region in which \ﬁ;o
occurslin these tetranitrite complexes with the netal-oxygen
stretehing frequencics observed in other compounds, In several
conplexes of the type M(PhgAsO) X, [1 = co, zn, Wi and ¥n; X =

a halide] Rolley et al, have assignod122 \&;O at ~400 cmfl.

Sirilarly Nekamnoto et al, have assigncdlz) wﬁ;o at ~420 cn”l

in thc acetylocetonates of MiII, CoII and ZnII

» These frcquencies
are consicerably higher than those observed in the conpounds
studied here. However, the nature of the ligands is so different
that it is not really to be expected that the netaléoxygen
vibretions should ocecur in a sinilar frequency range., The spectra
of a nurber of complexes containing coordinated nitrate and
sulphate groups have been reported (Teble 36) and, while the
structures of these compounds are ganerally complicated or
unknown, the netal~oxygen stretching frequencies have been

assigned in a sinilar frequency range to that in the nitrite

conplexes described here,
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Table 36

The netal~oxygen stretching frequencies of sone

coorcinated sulphate and nitraote groups.

Corpound \@—O Reference
Co(NO,), 316sh, 271s 124
Co(PhE,)PO)g(N'O})Za 313, 279 125
Cu(NO3)2 336s, 299sh, 253w sh 124
Cu(2~nepy)2(N03)2 328s, 28ls, 273s, 266sh 125
Cus 0y, 345n 124
Mn(I\TOB)a 231ls, 199sh 124
Zn(N03)2 317s, 284s 124
Ca(H0,), 199s, 162sh 124

a only \&_O of the coordinzted anions is given
Discussion

It is intercsting to speculatc on the cause of the manner
of cocrdination adopted by the nitrite groups in the tetranitrite

T~ * I red -t -~ i -

complexes described here, Both heBaCo( HOZ)6 and RESrCu( NOZ)G
are nitrocorplexes, so that the cause of the oxygen coordination
of the anions in Co(NOE)QZ" and Cu(N02)42" presunably cannot be
steric in origin, as nore crowding of the ligands is to be
expected in the hexanitrite complexes. It is possible that it is

. . . . . II
the incrcase in the offective coordination nurmber of the Co and

CuII ions which occurs on the unsymmctrical chelation of the
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nitrite groups which provides the driving force for the adoption
of this method of nitrite coordination. Although copper complexes
with a coordination number greater than four are comparitively

12 .
rare, both K SrCu(-N02)6 and Cu(NH3)4(-N02)2 are six-

2
coordinate, and both contain nitrite groups bonded via nitrogen.
It thus seems reasonable that the cause of the oxygen coordinatinn
of the anions in Cu(NOZ)42~ should be to increase the effective
coordination number of the copper ion, Another factor related
to this, which is probably important in influencing the manner
of nitrite coordination adopted in a complex, is the formal
charge of the species involved, In an ion of the type MX42" the
metal is likely to have a relatively high affinity for negative
charge. As the formal charge in N02~ is carried on the oxygen
atoms, this will tend to favour oxygen coordination of the
nitrite groups in a tetranitrite complex, In MX64“ though, the
tendancy will be for the negative charge to be dispersed over
the molecule as a whole. Since the nitro-group probably acts as
a Tl—acceptor (and the nitrito~group as a Ti~donor) this will
favour nitrogen-coordination of the nitrite groups in a hexa-
nitrite complex.

Nitrite bridging in the compounds (o~Cat2+)M(H02)4 is
probably precluded by the large size of the cation, It is known98

that while bridging thioccyanates occur in [N(CH3)4]2N1(NCS)4,

monodentate thiocyanate groups are present in (p~Cat2+)Ni(NCS)4.
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The fact that in M(N02)42" the nitrite groups appear to
be essentially monodentate when M = Zn, Co and Cu, but bidentate
when M = Mn, Cd and Hg, is probably related to the size of the

metal irns, The approximate radii of thasco, as cstirccted by

Pauling 126, are as follows:~ Zn?+, 0743 Coz+; 0743 Cu2+,

2t 0.80; €a®t, 0497; HgET, 1-10 A. With coordination
0

of the type M*fi IT:N a bclance must be set up between the
™0

0:72; Mn

gain in energy on thce formation of the second metalwoxygen bond
and the inecreased steric interaction as eight oxygen atoms are

accommodated around the metal ion, With the relatively small

24 o 2% 2+

ions Zn™", C only four short metal-oxygen bonds
can be tolerated, while with the larger Mn°', Cd°% and Hg®™

and Cu

eight apparently equivalent oxygen atoms can be positioned

around each nmetal ion,

- o 39
Both KEPd(N02)4 and KéPt(N02)4 are planar nitrocomplexes””,

However, the spin-paired d8 electron configurations of PtII and

IT

PA™" usually give rise to the formation of planar compounds, and

this would tend to favour nitrogen~coordination of the nitrite

groups,

Preparation of Compounds

The o~Cat(NO used in the following preparations was

2)2
made by treating a cold, ethanolic solution of o~CatBr2 with

excess finely powdered silver nitrite, shaoking vigorously for
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about a minute, filtering and precipitating the desired product
with ether., Methods essentially similar to that deseribed below
for (o—Cat2+)Mn(N02)4 werc uscd in the preparation of (o~Cat2+)
M(N02)4 [M = Cuy Co and Zn}. Details for individual compounds

are given below,

(o-Cat>"Mn(NO.), A cold ecthanolie solution of Hn(30,) ,
Clg%O) was preparcd metathetically fronm MnBrz'GHZO and excess

finely powdered silver nitritec, This was added to an ethanolic

solution of o~Cat(N02)2 G%é%%§ to give a yellow precipitate of
(o~Cat2+)Mn(N02)4. yield 70%

analysiss- cale, C, 60-88; H, 4+41; 0, 14.75,
found C, 60-39; H, 4+48; 0, 14455

LgeCat2+)Cu(Noal4_ A green, powdery precipitate. vield 60%

analysis:~ cale, C, 60-30; H, 4-37; 0, 14.61,
found C, 604503 H, 4+50; 0, 1450,

Qo-Cat2+)Co(N0224‘ Oxygen frec acetone was used as the solvent

in the preparation of this complex. On mixing the solutions of
Co(N02)2 and o~Cat(N02)2 e faint yellow precipitate formed,

which was filtered off and discarded. Addition of ether produced
a precipitate of (O—Cat2+)Co(N02)4vand this was recrystallised
from oxygen free acetone as large purple crystals, yield 15%
analysiss=~ cale, C, 60+61; H, 4+39; N, 6+43; O, 14:69; NOE, 21-12.

found C, 60-43; H, 4-46; N, 6+48; 0, 14+23; No,, 21+00.

(o—Cat2+)Zn(N02)_4 A methanolic solution of zine nitrite was
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preparcd métathetically fron Zn(NOB)2-6H20 and sodiunm nitrite
and added to a methanolic solution of o-~Cat(NO )2. On zddition
of o little ether a white, crystolline precipitate formed,
yield 40%
analysis:i— cale, C, 60-17; H, 4+36; N, 6+38; 0, 14+57; NOE, 20495,
found C, 59+91; H, 4343 N, 6:02; 0, 14¢45; Nog, 21+17.

[NKCH3Q4}2Mn(N0214 Yellow erystals of this compound were

prepared by o method similar to thet of (o~Cat® )Mn(K0), but
using N(CH3)4Br as a storbing moterizl. yicld 70%
analysisi~ cale, C, 24-81; H, 6+25; 0, 33-06,

found C, 25-22; H, 6+36; 0, 33+15,

Cs,Zn(NO 24 Cacsium nitrite was preparcd by nixing equimolar
aqueous solutions of e¢aesium sulphate and barium nitrite,
filtering off the ore01p1tﬁted bariun sulphate, and evaporating
the resulting solution to dryness. A nmethanolic solution of
) was preparcd metathetically fron Zn(NOB)E-GH 0

(..EL.
1000
and sodium nitrite and added to coesium nitrite <T%%6) in

Zn(NO

nethanol (40 mls.). This yiclded a white, crystalline precipitate
which was recrystallised from methanol. yield 10%
analysis:~ cale, Zn, 12:69; NOE, 35.71,

found Zn, 12:78; Nog, 3542,
Cs, Mn(N0214 A nethenolic solution of mangenous nitrite <1¥o)
was added to cacsium nitrite ClOO) in methenol (40 mls.) to give

a crecam preecipitate, This was recrystallised from methanol to give
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large yellow crystals. These were slightly photosensitive, but
resmained unchanged for several wecks on being stored at ~0°C
under the mother liguor, yield 15%
analysis:Q calc, Mn, 10-88; NOE, 36+46.

found Mn, 10-60; I\TO’Z', 36435,
K Ca(NO ), Soturated aqueous solutions of cadmium bromide
and excess potassium nitritc were nixed and left for several
days when'large, pale yecllow crystals formed, yield 30%
anolysisg~ cale. Cd, 30-00; Nog, 49-12.

found Cd, 29-91; Nog, 48.93,
-KEHESNOEA4 A solution of nmercuric nitrite was prepored
netathetically in the minimun of water fron mercuric chloride
and a slight excess of silver nitrite, This was added to a
saturated aqueous solution of excess votassiun nitrite. On
leaving at 0°C for two doys large straw-coloured crystals
forned, yield 30%
analysis:i~ cale, Hg, 43.43; No’z‘, 39477,

found Hg, 4%.06; Nog, 39.80.

Severnl attenpts were mcde to prepare o conpound by nixing
ethanolic solutions of nickel nitrite and o~Cat(N02)2. In each
case a grey, gelatinous precipitate formed, but although
solutions dried with molecular siceves were used, and the
reanction was carriced out in an encloscd epparatus under dry air,

the product was in each case found to be very hygroscopie ard to
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exhibit infrarcd bands due to water. No analysis of the conpound
was made.

Brown preeinitates were also obtoined by nixing an
cthenolic sclution of ferrous nitrite (preparcd by cxchanging
ferrous chloride with silver nitritc) with ethanolic solutions

of o-~-Cat(NO or N(CH3)4N02, the rcoetion being in cach ensc

2)2
carried out under nitrogen., However, n~s thesce products showed
infrarced bonds duc to water and gave off brown funes of nitrogen
dioxide on exposure to the atmosphere, they were not oanlyscd.
Purple crystnls werc obtoined by adding, under nitrogen, an
cthonolic solution of N(CH )4NO (loo) to an cthanolic solution
of cobaltous nitrite (100) On filtering under nitrogen these
went brownish~green and exhibited infrared bands duc to woter,
They were not analysed., Addition of an cthonolic solution of
H(CH3)4H02 to an ethanolic solution of cupric nitritc produced
a brown, unanclysed, precipitate, which had infrarcd bands duc
to watcr and gove off funes of nitrogen dioxide on exposurce to

the air,
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CHAPTER 3

A General Suniary

This Chapter summariscs the ways in wvhich each of the
different necthods of nitrite coordinction can be identified,
and the type of corpound in which they are normally found,

The known :icthods of nitrite bonding arce illustrated
below, together with the teruninology used in this summary to

specify each tyve of coordination.

i //O
Me— 077 o M N
A
O
nitrito nitro
0 0
i../// \ V/’ \“I\r
We_ T N
,O,t’ ‘\O
cheloting unsyunctrical chelating
y—="0
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e
e 17" M u< SNy

N

bridging(1l0) bridging(0)
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Identification of the method of nitrite coordination

4) Infrared Spectra

The frequencies and relative intensities of the nitrite
infrared stretching vibrations V; and \gé are usually the best
guide to the method of nitrite coordination in a comnpound, The
frequency ranges associated with each type of bonding are given
in Table 37.

The frequencies are often dependant upon the nature (and
particularly the oxidation state) of the netal ion to which the
nitrite group is coordinated. Also, the frequency ranges
sonctines overlap; thus the nitrite infrarced spcetrur of an
unsymnctrically chelated group is sinilar to that of a weakly
bound nitrito-group,

The infrared vibrations associated directly with the netal—
ligand bond can sorctinmes act as a guilde to the type of nitrite
coordination in a conplex, However, only a livited nurher of
coupounds have becn studied in this frequeney range, and these

have becn discussed in Chapters 6 and 7.
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d this freguency has not beon assigned with certainty

Table 37
TR T T T T
Type of I HMetal % v/ (cm-l) ; kf(cm"l)
Nitrite Bondin% Ton as I E Rotorence
ionic %aI KI | 1225-1270 vs br|l325-1335 wv-vw! 19«23
Ball 1 sp o5
nitrito eIl 11141220 swvs |1340-1400 ns-s | a
%OIII RRTTT 1060-1070 s-vs |1460-1470 s 6, 7, 29
1 ITT ¢, TTT
py TV 995 s 1505 s |7
nitro gy I B 1300-1335 vs |1320-1350 w~vw | a, 29, 39
:COII ¢ CuII 1280-1335 vs [1335-1395 u-vw | a, 92, 94
00T T RyITT} 13951420 s-vs |1330-1350 s 39, 92
%TIII
fptII patl | 1380-1440 s-vs |1310-1350 s 09, 39
:PtIV 1460-1485 s~vs |1325-1335 = 39
cholating T coll | 1175-1205 vs 11265-1315 vuer | a
1 11 1205-1240 vs br| 1300 ww |a
éCdII Hg'L | 1200-1270 vs br] d a, 39,117
‘unsyz:::ﬁtricallyg CoII CuII 1195~1205 vs 1370-1390 n-s a
chelating %
bridging(no) il 1200-1255 s-vs |1410-1440 s a
chIII 1180-1200 5  [1485-1515 s 29, 31
bridging(0) it | 1005-1025 s 1460-1490s  ‘a
a this work b spin-frecec ¢ spin-paired

i
|
H
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B) Electrounic Spcetra

When iavestigating the nature of the bonding in a nitrite
coisplex the energics of the d-d electronie transitions are
useful in cssontially two ways.

Pirstly, in conjunction with the .agnctic susceptibility,
they usually indicate the approxinate syitetry of the ligand

ield, i.c. whether the complex is planar, tetrahedral or

=

octahedral, From the stoichiometry it is then often apparcnt
whether the nitrite groups arc cxpected to be nmonodentate or
bidentate.

Sccondly, it is generally possible to tell fro: the
elcctronic spectruir of a complex vhether the nitrite groups
aro coordinated via nitrogon or oxygen. This is because nitrite
groups coordinatced solcly via oxygen (i,ec. as aitrito, chelated,
unsyimiotrically chelated and bridged(0) groups) arc at the
weak end of the speetrochoenical series, while thosc bonded
solely or partly via nitrogen (i.c, nitre and bridged(ll0) groups)
~arce at the stroug end, The oxygen boaded nitrite groups have
a 8 -value of ~9,000 cn“l wihen octahedrally coordinated to
11 ~1

i7", whilc thoze bonded via nitrogen have 4~13,000 ern .
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Discussion of Compounds containing the different kinds of

coordinated nitrite group

Nitro

This is the method of nitrite coordination adopted in most

-
of the complexes of WitT, PtIT, pall, ottt rulll, 1pIII ang

pptVe
Hitrito

Unstable nitritocomplexes of the 'inert! metal ions CoIII,
RhIII, II'III and PtIVrare known, but these have only been

37

isolated by means of an unusual reaction sequence

A series of stable nitritocomplexes of NiII have been
prepared, and it has been suggested that the oxygen coordination
of the nitrite groups in these is caused prinarily by steric
interferance with other ligands,

In the only two nitrite complexes of CrIII which have been

studied29’127, oxygen bonded nitrite groups are present, The
reasons why this nanner of coordination occurs arc not known,

It is possible that the nitrite group norually bonds via
nitrogen because of the greater crystal field stabilisation
energy produced by this nanner of coordination., If so, in
cor:plexes where this energy is effectively zero (i.e., with
netal ions having filled or half-Tilled deshells) the nitrite
groups night be expected to bond via oxygen rather than nitrogen,

particularly as the hydrogen in nitrous acid is attached to an

oxygen aton, However, as yet alnost no conplexecs with netal ions
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of this kind are known, so that this hypothesis renains to be
investigated,
Chelating

Chelating nitrite groups occur in several complexes of the

I and NiII, L = a nonodentate ligan% .

type KL, (110,), {M = Co
The stoichionetry of these coupounds is apparently linited by
the bulky nature of the ligands L, and 1t is probably also the
steric requirerents of these ligands which prevents nitrite
bridging. The nitrite groups presumably chelate since by this
rneans the cffective coordination nuwmber of the netal ions is
incrcased fron four to six,

Chelating nitritce groups are alsc present in M(N02)42~
[M = Hg, Cd and Mn|.

Unsymietrical Chelating

This ranncr of coordination is apparently present in the

I forued with bulky cations,

tetranitritce corplexes of CoII and Cu
The size of the cations probably precludes nitrite bridging, and
the anions presumably cannot all chelate as this would produce
too ruech steric interaction between the oxygen atois around the

I ions, Instead, the effective

relatively suall COII and Cu
coordination number of the metal ions appears to be increased by

unsyrimetrical chelation,

Bridging(l0)

I III

Several cormplexes of NiI and Ca have nitritc groups
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bonded in this way, and it seens likely that this method of
bidentate nitrite coordination is the one generally adopted
with thesc motal ions when steric considerations are unirportant,

Bridging(0)

This type of bonding is at prescnt known only from an
isolated series of nickel complexes, and the reasons for its

adoption are obscure,
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Physical Measurcrents

Electronic Spectra

These wore ncasured in the solid statce by the reflectance
technique using Unicam S,P. 500 and Beckman DeK. 2 spcciro=-
ineters, Solution spectra werce observed using o Perkin-Elner
Model 350 spectroncter.

Infrared Specira

In the range 4000 - 400 cn-l hese wore obtained using a
Grubb-Parsons Spcctronaster grating spectroneter, and between
400 and 200 cn“l with a Grubb-Parscns D,li. 2 grating spectro-
ireter,

Magnctic Susceptibility neasurcrients were 2ade using a
Gouy balance of the conventional type.

Molecular Weights were deternined in solution with a

Mechrolab., Inc, vapour pressure osnoneter, Model 301 A,

Analysis Methods

The elenents C, Hy, N and O werc dceterrnincd by the
Imperizl College Microsnalytical Laboratory. Metals were
usually deternincd voluuetrically by titration with E.D.T.A.las,
though potassiun was estireted by flame photometry, and nickel
was in souc cases deternined gravirnetrically by precipitation
with dinethylglyoxive, Analysis for ionic nitrite was carried

out by the method in Voge1129.
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