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ABSTRACT

NewAmonosubstituted trioxo— and oxodiperoxochromium(VI) com-

plexes Cr03L , (fﬁr L = Br , NCO , N3; 2)2
F, NCO—, NCS ™, N3, NOS and OP(C6H5)3), prepared by metathetical reactions

in-acetonitrile, have been characterized. .

NCS and N03) and Cro(0 .L (forL =

-

The vibrational spectra of the CrO3L— (infrared and Raman) and

CrQ(Oz)iL—(infrared)meomplexesﬁweremmeasuredmoverwtheArange;ZOOABAAOOOeen-1

Provisional,spectral assignments of the Cr-ligand and intraligand vibra-

¢

tions, based on comparisons with similar systems, were made. The vibrationall

absorptionrbands near z~900-cnfl;7generally assigned F°7ngm (Cr-O)VCAij;iw

were studied closely. There was a gradual but regular decrease‘in the fre-
" quency as the substituent L was changed from F, cl, NCO—,.BrF, NOS, Ng, to
NCSf, demonstrating that vsym(Cr-O) could be used as a orobe for substituent .

effects in Cr03Ln— fons.

H

The electronic charge—trpnafer spectra: of the two sets of com—<

plexes cro.L” and Cr0(02) in the UV—visible region ‘were also recorded, In

3

the case of the’ Cr03L ions, the spectra showed three absorption bands, ‘one of
}' \V

which (in the 360 mp region) has a ‘progression of gell—defined fine struct- , “
ure with 4 frequency spacing of ca. 740 cm’ 1, ascribed to the coupling of

electronic transitions with the totally sXEmetric vibration Ve (Cr—O) ' There

- 1is a significant red shift in the position of this band maximum as the elec-

P 4

tronegativity of the substf%uent L is changed in going from F Cl to Br

The substituent effects onvthe the charge—transfer spectra were discussed

in terms of the Cr—OZ- and Cr-Og- bonding interactionsbin CrO3L— and
CrO(Oz)éL, respectively;
S - -1t . , T



: Attempts were made to measure the equilibrium constant for the 3¥“f~

NS

. synthesize CrO(O )IE“ or affect exchange in‘CfO(OZ)ZL/F nd

substitution processes of the type o 7
» Cro L7+ L'm — Cro 'L'.-@ L™ i
and Cr0(02)2L + L' — €ro(0,). 1N + L

in nonjaquebus (dimethylsulphoxide or acetsnitrile) solutions, conditions

chosen to eliminate competing hydrolytﬁc process which generally occur in

e 19

' aqueous solutions. While the F.NMR studies showed very slow exchange in

, RS -
therCrOBF /F " and ErO3F'/Cl systems, the substitution reactions in

AN

CrO3L54F“ fqr,L- = Bf’, Ng, NCO*}-NCSj’and”NOS.yere,wery fast. Attempts tq

Cr0(02)2

competihg decomposition procesSes.v .

H /NC H (and dS) systems were not very successful because of

Reépeated attempts to sygthesize pure ssmples of chromium(VI)
nitrido complexes by reacting chromium(VI)vcompounds with nitriding~ree—

gents were umsuccessful, T

| oms . ”4’

3
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CHAPTER ONE S -
INTRODUCTION AND REVIEW OF .0X0  AND
‘PEROX0 COMPLEXES®OF CHROMIUM(V1) -
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 f.1 INTRODUCTION

-~ - -
B ©

a ‘ . ‘7 ‘ " A ’ ‘ RS 'vv » LW ) . ‘ .
- The element chromium.is widelyézistributed principally as the ore
v . Lo - '

,vchromite, FeCr204 lf”ﬁaa first diScoVered in 1797«in'the mineral crocoite,

t ad

»PbCr04, and- given its name (from Greek chroma meaning -colour) because of

\

its many. coloured compounds. In additiog)to their'dominance in the pigment

{findustries, compounds of chf’mium have also found uses in tanning, pickling,

£

";iwood_preservation, etc.i ‘More recently Mertz and Schwarz, 1 and Mertz?
.demonatrated that cbrominm isla'biologically'éssential trace.metal although
its~exact1fﬂnctions~andéminimumfleve13~have not yet‘been estdblished. ‘In
short,~whi1e,chromium chemicals have become a*part of:our civilization, the
‘problema offtoxicity‘(absorftion, 3 distribution,IA and elimination)\of

- these compounds, especially'chromium(Vl)~'compounda, in the body makes the

study of chromium coordination chemistry very important.

-

Chromium (atomic number, Z‘== 24) belongs to the Periodic Group VIA,
has six valence ‘electrons (3d 431) and exhibits oxidation states ranging

from -2 to +6.' In its lowest oxidation states, stabilized by_n-bonding

e

ligands, chromium ahoﬁs its greatest chemical similarity with molybdenum
and tungsten. - fhere is, however, little similarity in the chemical behaviouny
of these three metals in'their'highest oxidation state (+d)}’ Many common
’characteristics are éenerally expected from members of'the same periodic‘

grdup except where the properties depend on their atomicband ionic radii.

The chemistry of chromium is dominated by literally thousands

,," e e e e [ e e

of Cr(III) complexes. These may be neutral, cationic or anionic and, with
a few exceptions, exhibit a maximum coordination number of six. In the
higher oxidation states the chemistry of most'early transition metals is
dominated by ono | species 5 such as M0n+, MOZ , Moy and [M 0 ™ where

'



n=20,1, 2 .Q..fetc. Except for peroxo complexes the aqueous c?emistry

of chromium(IV) and (V) bave been marred by ready disproportionati‘% and/or

' reduction,to the more stable +3 state, In the oxidation state +6, chromium o

is highly oxidizing'andbcanionly‘coexist with ligands ofihigh electronegativity.
‘The role of ligands such as 02 and F in-stabilizing complexes of 0s and Ru

in the oxidation.states between +8 and +; are know‘gQS Gillespie has suggested

that, as a mechanism of relieving the high electron density and the strong

»repulsions between non-bonding electron pairs located on the relatively small .
oxygen (or fluorine) atom, multiple bonding by the O (or F) should be expected

when the ion is bonded to an atom (or a grouping) which can readily accept

ﬂ=bonding electrons. In the case of terminal oxygen, M-Ot, valency requirements

would be a major contributing factor:

Allkknown compoungs of chromium(VI) exist, with the exception of_
CrF67 which decomposes above -100°C, as .oxo species such as CrOZf, Cr03,_

© Cr0 Ln-, cro.L? cro Lo cr0.L77 and Cr0(0 h uhere n=0,1,2,...etc.

n
3 oLy 23’, 2ty 2)5L

and L 1s a single atom donor ion or grouping (eg. pseudohalide, hydroxyl or
oxyacid anion, neutral or anionic organic donor species). The existence’of

~such a series. of compounds has aroused interest in terms of the nature of the

2

metal-oxygen bond. The problems of particular interest are (1) the interaction

?

between two or more M-0 oscillators, and (2) from these some quantitative
suggestions concerning the relative importance of é&land T-bonding contributions

to the M-0 bond strength.

7’8.9.1’6"

Numerous authors have tackled various portions of the

. - R I — =

problem of understanding the nature of metal-oxygen bonds. As tsual; we
would expect the amount (or degree) of pn-dt donation to depend both on the

tendency for the oxygen (or ligand) to. donate and of the metal

R Y



N , . : N N B 3
to,accept electrons. Consider CrOQL-; coordination ogégdgands‘(L) which owe

their )igational strength primarily to their o-electron pair (Lewis base)

-
donating ability will increase the electron density on the chromium d—orbitals
and cause a reduction in the amount of pm - dn donation from the oxygens.

For instance, Kidd 11 has shown that a linear relationship exists between R

‘ oL
the 17O chemical shifts and the degree of Cr-O n—bonding in O3Cr0='—CrO3
2-, 2= '
* : * * .
B I a“d,qrochza”,wrr;

"The ideal set-up for studying‘M-O n;bonding interactions would be

" a series of‘conplekes'in which one of the ligands and the number of

coordinated oxygens can, be varied gradually, while still keeping the oxidation
state and preferably also the coordination geometry arOund the metal constant
Most second and third row transition métals have the disadvantage of readily
extending their coordination number by either polymerization or uptake of
donor species,'including solvents, into their coordination spheres.

Chromium (VI) has‘most of the properties necessary for Suchkamstudy;v A

representative series of complexes for the study would be the

Q

€r0.C1” 2= and ©r0(0,),C1", where

2)2

. well established compounds CrO Clz, 31 4
the number of oxygen atoms coordinated toythe'chromid;izl varied from two

CrO
to five while still retaining the pseudo-tetrahedral configuration around ‘qk‘
the metal. 12 . | ' o - » \';\

The dioxochromium(VI) compounds'(or chromyl compounds), CerL;nn,

for X‘€'2,3 or ‘4 and—ns—O,l or~2—presentrsomewexpéiimentalAproblems,ciIhey”,,ii,

-are generally very reactive,andjor thermally unsiable.3 Among thiﬂ;;llz \

3

% labelled (170) oxygen

AR .
L . =

.
7 ' .
- R 4 ' “ ¢



4

+ .established dioxochromium{VI) compound§;13'1é Cr02F2, the most corrosive of all,

‘has the greatest thermg]l stability (up to ~ 400°C) ; CrGZ"lé'depbmpuse343fgapprox%f¥f\——ff

9 are Unstable‘ .

3)

around room temperature. Furthermore, almost all known chromyl compounds are

mately 180°C. while the other chromyl compounds, eg. cro0,, (NO

decomposed by ultraviolet radiation.

.

S R : -
For the other chromium(VI) complexes (Cr03L and CTO(02)2L)3 except for .
_— . , C 15 Lo 16,17 -
the vibrational studies of Stemmreich and Sala*” and others on the Cr03C1 and
Cr03F- ions and the elettronicispeétraiﬁétudigé76£7Ehép§éme compounds by

Helmholz and Brennam,18 there are no vibrational or electronic spectral studies

reported on any other stable anionic monosubstituted chromates, Cro;Ln-. The

*

only—spéctral studies conducted on anionicfmonosubétituted oxodiperoxochromate (VI)

complexes, Cf0(02)2Ln-, are those of Tucklg and Griffith.20

%

Research Programme . RN

LI

This thésis intends to contribute to the understanding of the coordin-
étion chemistry 'of chromium(VI) and the métal-oxygen bond by synthesizing a host

of monosubstituted trioxo- and dxodiperoxochrométe(VI)\complexes{ Cr03L#- and BERE

-
*

CfO(Oé)anf, reSpectively,'where the substituent L is a mall and sirmple anionic

»“g\,qufies. The halides and pseudohalides were foﬁnd to be particula;lylwell-
- suited ligands fér this sys;ematic étudy. ‘Some kind pfra’trend would be expectéd;
| from tﬁe vibfational and electronic prqperties‘of fhesé‘speciésyﬁhich could bé °
related to the structure and/or change; in the electfonic distributi@n or bonding

inithe speciﬂesr,VCrO3

possibility of employing some of the properties of the M-O‘multiple bond as in-

Ln- or CrO(Oz)éLn-, Studies like this suggest the

ternal molecular probes to learn more about the nature of other ﬁetal—ligand

bondse ‘ ‘ N e



ksupvey_gﬁ gb,e_]:it;g;;arnrp qhan that the mechanism of substitution

' reactions of tetrahedral oxo complexes in non-aqueous solvents have been little

studied. The substitution\processes' A - .

o v I -
cro ™ + 1L " > cro L M+ L°
3 <N . s 3 :
' ‘ i , ' N ' :
and A €ro(0,),L + 1L \ €ro(0,),L" + L

P . . )

‘in'non-aqueous~mediaw(andwforrnoneppecipitatingasystemellwexe,studied to try _

and obtain information on the«kineticsj’substitution equilibria, bond type
(Cr-O Cr-N, Cr-S, Cr—F, Cr-Br, Cr~Cl) and’ the relative stabilities of these

~ chromium(VI) ‘species in solution.

If enough experimental data were obtainable, an evaluation of the

-

thermodynamic parameters, (changes in enthalpy AH, entropy AS and free
enetgy AG), occuring in complex formation might provide useful evidence

regarding the nature and strength of the bonding in the complex. These

quantities can be determined from the equilibrium constant K and the

a2

variation of K with temperature.

The nitride (N3-) and oxide (02_) ions are isoelectronic, The former

‘has been shown by force constant calc¢ulations on ReO3N2— and OsO3N— to- ;’

. have the greater H—bOnding ability Furthermore, the metalenitrogen bond
L 3

reportedly;has a\remarkable stability to most redox, addition and substitution

K
reactions. I have therefore attempted to,@ynthesize chromium(Vl) nitrido

complexes for the purpose of complementing the studies on the methods of- -~ -

synthesis, vibrational and electronic properties; relative stabilities,

substitution kinetics and equilibria of oxo-chromium(V1) complexes.

L3
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1.2 REVIEW OF 0X0 COMPLEXES OF CHROMIUM (VI)

— ;{::) “(é) Unsubstityted Oxochromium(VI) Complexes

. S pa -
_Although in the series Cr0,, Cr0Q, , HCrOp » veucsetos,

3’
chromium(VI) has at - best superficial stoichiometric similarities with -

: - Group VIB elements (S, Se, etc.), the resemblences” in the acidity of the

M03 and the COVaiént nature and ready hLydrolysis of M02012 compounds are

profound. The parent oxide, Cr03, an Qrange—red suﬁséance, is obtained

o o

\ by treatiﬁg sodium or potaésium dichromate with sulphuric acid. Like

it dissolves 1nysodium hydr@xide to give the tetrahedral anion

“Moo3 ahd W0,
. ‘M042— The crystal structurez1 and vibrational spectnm32’23’24‘ of the
| Cr04‘_ anion, as salts of Kf, Rb+, Cs+; Na+, Ba2+, §£2+ and NH4+, are .
avéilable. The tetrahedral tetraoxo aﬁfons MOAn- for M‘= criv), Mo(VI),~ .
W(VI), Os(VIII), Ma(V, VI and VITIs Nb(V), Ta(V), Tc(VII), Re(VII) ‘fg;

V(V), Fe(VI) and Ru(VI, VII and VIII) have also been establishedzﬁ It .

has, however, become abundantly clear that the vibrational spectra of

- these complexes are COmplicafbd?S’ZGTﬁe‘complexity haskbeen attributed to
‘ the site and factor-group splitting which, for the infrared spectra of

: ‘ t N ’ - 26 .
powders, are also obscured by strong reflectance spectra. The Cr042

crystal sttucture determination, the single crystal Raman and infrared

spectra reported by Adams and colleagues could clear up some of the

confusion over assignments of vibrational data for CrO4 . w

Inlaqueéusaéidic{gglutionsvo3-,M0042-,W04gTandt°a_“

4
lesser exisygﬂb043—,TaO3“andﬁrOZ—,undefgoeomplexhydrolylis—

4 -
3 . ‘ ' : v 28
polymerization reactions.27 Except for M%Cr207, M;Cr305£,and M;Cr4013,

5
chromium does not give rise to the extensive and complex series of polyacids

and polyanions characteristic of the somewhat less acidic oxides of V(V),



-

V,Mo(VI) and W(VI)Q The relative simplicity of chromate hydrolysis—polymeri—

zation is perhaps due to the greater extent of multiple bonding, Cr=0, for

 the smaller chromium ion So that while~Cr(VI)»appears# to be limited to
5,30

tetrahedral coordination in the oxide structures the larger V(V),
Nb(V), Ta(V), Mo(VI),and W(VI) species permit variable coordination numbers.
Conseqﬂently, the structural possibilities for polyanion.formation are much

greater for these elements than for Cr(Vi).

The electronic18 and X—ray33

ures of the Cr207 ) ipnlv

have been studied. As 1is the case ‘with the Jion, the complete
assignment of the vibrational spectrmm94‘35of*the:Gr2072- ion is'not'yet -

established.

!
i
L)

- (b) Substituted Dioxochromium(VI) Complexes

Certain ligands are known 5 to replace the oxo (02—).ion in

a complex withoyt changing the oxidation state of the metal or unduly‘

eltering the molecular geometry. For  instance, in the series 3f‘comp1exes

Vy ) CrVI‘ Moka ' :’ ' R.evII
3- ' 2~ ‘ . 2= ‘ -
vo, cr0, " - | Mo0, " _ Re0,
cro,x L M00382: Mob3N3’ Re0, X"
] X =F,cl, OH)
Cro,X M00,8,%7 (For X = 8,
, ™2™ 2°2 ~ N,F,C1,Br)
3- - 2- |
VOS,3 | Cr0(02)20H Mos,

the isoelectronic nitridev(N3_), hydroxide (OH”) and fluoride (F ), and also

the 'pseudoisoelectronic” peroxide_(022—),andtsulphideL(S?f)iion§,haye,,,,m,i,,

~ formally substituted the oxide ligand.

* The complexes K (CrO F)29 ‘and 2NaOH Ne (CrO )?0 which may contain the

Cro, (OH) ion, have been reported.

sy
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32 the'nost heavily substituted éﬁromium(VI)

Except for CIOFA

" oxo complexes alsoicontain the peroxo 1igands and will be discussed in

detail in Section 1 I On ‘the other hand a 1arge number of complexes are <ok

now known in which the dioXochromium moiety Crog is coordinated to various

donor species. of these the best known are the dioxohalogenochrom-

ium(VI) qompounds. Cr0: Cl and CrO F These complexes are prepared by

272 2°2°
the action of Various halogenating agents on CrO3 or Croib 14,36,37 The
- struct;'£é7>f cr0;C1;Ai;f‘{r;;ofir&%”ﬁ;Eéﬁ?&f&ﬁiﬁéﬁ?iﬂ&tron dmm;‘:c-y
hion and both Cr0,C1, and Cr02F2 have been- subjeéted to infrared 39 i -
Raman *0 and mass SP¢§tfal 4L studies. The electronrc\structure of Cr02012x T
has also beénginveS£ig;ted-50'The mixed halide complex, Croébi; h;é g;;n‘h\**”“”*""
‘ identified37’41’42.as a product in_the metathetical reaction of ihe two '?;;
pure,compounds ‘
Cr02CL2 -:Croze“~\_ ' . 2Crochﬁ'" » | [y (’

At

In addition toqother synthetic routes, the reaction of . Cr02C12
with silver borate,43 hydrogenbromide,44 silver cyanate,45 silicon thio-
cyanate (or OP(SCN) ), dinitrogen pentoxide46 and peroxodisulphuryldi- |

fluoride(S ) have beenyreported to yield Cr02(B02)2, CrOZBrZ, o

2%"2
)CrOz(NCO)Z, Cr02(N03)2,.anderOZ(SO3F)2 -respectively.‘Aniequally rnterest— n

ing series of compounds have'been reported for.reactions with Cros. For in-
stance, hydrazoic acid,49 acetic acid;s; Qxalic‘acid,48 acetic anhydride,52
“and various fluorinated anhydrideszs3 have - been used to prepare Cr02(N3 2,

Cr0 (ou)(cn C00), Cr0. ox, €10, (CH,C00) 5, and-CrO, (Rgcoog ~(for R

2 Jvff 3""ﬂ””"""”m””
ClFZC and € F )‘frespeetivelyTef _other studies, erlach”and Gard reported

making new five and six coordinate dioxochromium(VI) complexeS, KCrO (CF COO)

f -3 £
ClCFB). by‘reacting the halogenatedranhydrides with Cr0 Cl-,’Crouz" or

2(R COO)4 (for R, = CF or C F ), and CrO (RfCOO)3 (for R, = CF3 or

3



s 8“‘€TO*Frrwith/NaFrand‘NaN0""/a"‘a*N"C‘ﬁr’*"“"**‘*“‘”*’*
: /CI—ZO——-—REHG&H 2F7 3 produce F, and
Na2Cr0 F (N03)2, respectively, both compounds contain cr(vi). ' ‘

jg) Substituted Trioxochromium(VI) Complexes

56,57,58 59(‘“have been published .on

A number of kinetic studies

chromium(VI) species in various aqueous solutions1 t_is well established

that in neutral and basic (>pH6).solutions the t.trahedral yellow chromate

o YT O W S

O

“Ion,mérﬁin,/existsfras the pH is lowered the chromate ion is converted via"

protonation (HCrO4) and dimerization to the orange dichromate ion (Cr )
Between pH 6 and 2, the ions HCrOhrand*Cr207i are in eguilibriumt,56 Goll;u%,ll,e
. croilg+ it > cro,(0H)” o q2)
; N << ‘ 3 : : .
_ - < e .
2cr0 4 (0H)” —> 0 ¢ H,0 B &3
< 2 7. ) A

The above reactions represent just two of many situations in which the
,;oxide (0 ,) ion in the chromate (CrO4 ) is replaced by a donor group, in
'{this case hydroxylﬂ(OH—) or chromato (Croi—)kgroup. The interconversion of

2

HCrO4 and Cr2 7
. - R ‘

between chromium(VI) species and water. Studies of this exchamge process ' ;

EN

in neutral 61-and basic 62 solutions have also‘established that they pro-

‘(equation 3) has been showm to bring about oxygen exchange :

ceed at identical rates. Unfortunately, the rates of oxochromium(Vl) -

B . S

water exchange in reaction IB] do not give information on the structure :/ :

and bonding in the transition states in such dissociation - condensation ,?

5

equilibria.

R Studies ‘carried out in various scidicNEEdiafSGﬂsguh;re also 'L‘E‘
estabiishettMtTﬁm ent equilibria exist onl,y\j)n perchloric
acid solutions. Using other acids, eg, hydrofluoric, hydrochloric, .

hydrobromic, acetic, niﬁric, phosphoric, phosphorous sulphuric,
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- sulphurous and iodic‘af\ds/‘reportedly converts the CrO

¥

2

4 ’ ‘HCr04, and

Cr 02 ions to—the corresponding monosubstituted derivative Cr0, L where

2°7 3
’L = F" ci™. Br~, CH.COL, NO~, PO 3 (m>o2 or* H,PO ) ,Po3 '
3 ) ’ ] | T .,: 3 2 ’ 3’ 4 ol ’ 3
T(HPO% or H,P03), soi (or 150 2 so (or HSO3) and 103, respectively.

The possible existence of most of these species (as well as others?? 63,64

e. g CrO (S ) R CrO (NCS) .;.,. etc.,) ggve been'suggested on_the basis

of spectrophotometric (uv-visible) evidence. and only a few: have been isolated.f

-

(1) PreparatiVe Stu,dies L

D P e

ﬁistorically;ithe ruby‘redcrpstalline poﬁassium fluorochromate

3

concentrated hYdrofluoric acid on‘potassium dichromate; The product was

KCro0 F,»'was-fi'rst'preparedv65 more‘than a century ago by the action of

a

- purified by recrystallizatibn‘fron'the.concentrated solution’ in hot

hydrofluoric acid. The preservation of ‘the compound evep of the Care—»

fully dried crystals, requires avoiding both.exposure to moisture or light

£

nd contact wi%h glass or porcelain ware. R ~5;;

Cw Similarly, treating"boiling potassiudeichxomate solution with

an excess of dilute hydrochloric acid yields 66 red crystals of potassium .

chlorochromate.pKCrO Cl.;?eligot obtained the sameysalt“by‘treating‘stoich- ‘

3
‘iometric'amounts of’potassium chloride uithwchromic acid (aqueousrsolution

68
37

'_ of CrO ) Crystal structures of KCrO3F 67 and KCrO Cl have since been -i\ o

: reported and the vibrational 17 and—electronie }g—speetra established~—ww”~‘mwv~w:%

oy T
R =
. B
- ¥ I

The existence of potassium bromochromate, KCrO Br, on the other

69,70

3

hand has been questioned. Original efforts n reported isolating
the compqund by evaporating, in 1ﬂz'bqld and in vacuo, either a solution of

chromic acid and potassium'bromide or: the solution of potassium<chromate iny .

¢

L3R



. Although Guynt.72 claimed having iso{ated garnet*red cr st ls of
- ysta.

potassium iodochromate (XCxO I) by reacting potassium chromate and hydroiodic
acid, attempts ‘to repeat his reaction have met with failure. Furthermore,

the possible coexistence of chromium in the oxidation state +6 and iodide ion

73 74

‘has been questioned - on the«grounds.of their'oxidation—reduction

S S Y S U

‘"potentials. =

The preparation of potassium iodatochromate, KCr03103, by reacting

' potassium dichromate and iodic acid in nitric acid originally reported by

Berg and Blomstrand 75 has since been repeated 76

to an X-ray structural study 77

and the product subjected |

and a nuclear quadrupole resonance analysis.

Meyer and Stateczney 9 have also reported the preparation of the K+ Nafa

NH4+ and Bazf salts of the trioxosulphatochrOmate(Vl)ion, CrO“TSO ) , and

of the free acid, H Cro (SO4) by reactions carried out in the absence of

2

‘water. A typical reaction involved leading SO3 gas into a cooled sus-

| pension of the chromate salt in carbon disulphide’ and then cautiously“

warming to 60 C to remove excess SO, and CS

3 and drying between porous
i R

2’
plates in'vacuo for three days.

o N ) 80,81 ’ |
Fin4lly, Sisler and coworkers . reported the preparation of

o

a series of 1:1 (CrO‘,L) and 1:2 (CrO .Zt)fcompounds.(where L iS'one

molecule of a nitrogen car base) by adding chromium(Vﬂ'oxide to

'several anhydrous unhindered heterocyclic nitrogen bases. The l°2

' compounds were isolated for L = pyridine, B—picoline, y—picoline,
quinoline, 2,5-lutidine, 2—ethylpyridine and 4-methylpyridine. On the

* other hand, o-picoline; acridine and tribenzylamine formed only-1:1°

3




\ ‘ ' —= 12 |
adduetsgandfrequirediloweritemperatnresitnlaxoidlextensiyelQxidationlreductionllllli

~reactions, It is believed that the Cr0..2L adducts formedhavetrigonal

3
bipyramidal structure with the three oxo ligands forming the equatorial

'plane and that the predominant factor determining the formula for these

.-addition compounds 18 steric.The alcohol analogs, Cr03 2ROH are also known82 83

" (41) ’SpectroscopiCiStudies't‘. ‘ - v : R )

In addition to the preparative‘studies,‘spectroscopic‘methods
7have also provided evidence for substituted chromates, at least in

solution. For instance the existence of the aforementioned sulphatochromate—

- (WDion, CIQ3(SO:) ,‘along with the condensationrcopolymers Cro0.,.50

3 3’

-HZCrO (504)2'szcr4 13 and H2Cr38013, was proposed from spectroscopic
~evidence obtained from studies of various c:-o3 H250 — H0

' 84 o C - e
systems. L : . :

It is also well known that in dilute ~aqueous solutions and
aqueous acetic acid solutions, chromic acid oxidizes iSOpropyl alcohol
,‘to‘acetone. The oxidation of various alcohols in aqueous»solutions have

been extensively gtudied. Westheimer and coworkers 85 . have advanced .

convincing arguments that these oxidations proceed via the formation of , Ve
esters of chromic acid; e.ge (Cr03.0R) . 86» Similar intermediates
| | ‘ 87,88

(Cr04.1L) have been proposed for the oxidation of aldehydes.

£

. 8 89 o
- such as arsenite;8 sulphite, phosphite and hydrophosphite, ®?" have also

been written with a chromium(VI)-— oxoanion complex as an intermediate.

The association of chromium(VI)species with" complexes of other metals in

90

aqueous solutions has renewed interest in inorganic ehromiumoll)voxidations. :



{

ibf‘iﬂsﬁmﬂﬂf*Ehﬁ‘StﬁdY‘Ufﬂﬂﬁ?bxidatiﬁﬁ‘ﬁfﬁtbmpiéfé§44f Le(LV);*

lFe(II), | Fe(III), 73 As(III), 88 Cr(III), % Np (IV), Th(IV) and Co(III)

suggests that‘the reaction occurs via the formation of a,complex e.g.

+ T n-2 _ .+ .
M7+ HCrO,  — —  (M-Cro)"" + H N O3]

The hypothesis is,supported by the fact that the solid’derivative,

. 96
k{Cr(NH3)50Cr0 ]Cl has been isolated and more recently Coomber and

97
fGriffith o reported the vibrational (IR and Raman) spectraiofnthenpentamminelllllll

ozc;ro INo, \

134

and showed that in these sollds the chromato group functions as a monodentate

. and tetrammine cobalt(IlI)comPIGXes, [Co(NH3) 0Cr0 ]Cl and [Co(NH

and a bidentate ligand, PeSpectively.

ln all these aqueous preparations and spectrOphotometric studies;
‘the workers have had competing hydrolytic or protonation processes to
: contend with Almost all substituted chromates are easily hydrolysed to the
hydrogen chromate, e.g.

Cre:‘iCl- + H20 —-———) Cr0 (on) + B + a” 5]

.Because of this a few studies have been attempted in non-aqueous media.
 Klaning andSymons98 studied the ultraviolet spectra of dilute\solutions -

4)2Cr207, in various "anhydrous" alcohols

“(ROH) to draw a relationship between the spectra and the o (Tafts - c*
99

of ammonium dichromate, (NH

-function, a measure of the electron withdrawing power) of the.group R.
- From their observations,'the'authors claimed“the identification of

’monosubstituted-esters-CrO‘ ORf in which ‘R is "alkyl, substituted alkyl

3
or acyl and the substitution reaction was represented byueouation [6]
. - .
| (NH,),Cr, 0, + 2ROH -—-——) 2(NH JCro,0R + H,0 6]

Although the study was intended to eliminate competing hydrolytic processes,
‘ the authors admitted that the equilibrium | |

‘ hand . - + ~ . s S . .
Cro,0R + H,0 _— HCx0, CROH - oI

3 . -
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.‘iiii)»~Bonding

The relation of tetrahedral ligands to;the 1obes'of the ﬁétéllp or d
orbitals is such that none of the orbitals is lying direcfly‘along~the metél-,

ligand bonds, but the hybrids Sp3 or sdq (specifically the d d

and d )
. Xy yz

Xz

do have the correct symmetry for O-bonding.

7

- Metal and Ligand Orbital Contributiofs In Tetrahedral Symmetry

IfreduCible Respresentatidn ) . \ Contributibns
| | Metal | Ligand
a 3 s 7,7':’*‘;‘ s . po
e : d(z?, x*-y%) o o p
o . I AU
t, o P(X,y,2)4 d(xy,xz,yz}) . po, pm

In the case of CrOAZ--or CrOaLn-mions, the chromium 81(48) and t2(3d

. Xy,yz,Xxz
orbitals, which are extensively mixed with the t2(4px,py, pz)‘Orbitals, can take
part in the formation of 0 bonds; while the e - orbitals can only participate

in T-bonding.

Summazx

3

Chromic‘éxiﬁe is an‘acidic-énd very reactivé‘spécies;',Alﬁhough it is ;
pore widely ﬁsed as an_pxidant in organic chemistry, formation of 1:1 énd 1:2
adducts‘wgpb.certain donor mélecules (or 1ons):and substitution ~ addition
‘regctions, produc¢ing dioxocﬁromiﬂm(VI) complexes; are relativelf common. Of the

dioxo compoundsy the chemistry of Cr02C12 ié probably the best studied.

The Cro, - and Crzog-,iOQS have very extensive aqueous (also leading

to peroxo compiex) chemistfy as far as Apbsititutton and oxidation -’redhctidn
reactions are concerned. Unfortunately, however, there’is\very little information
on the strthure-and bonding in the substituted Cr(Vvaptoducts. 0f the trioxo-

‘complexes, Cr03(OH)-,“CrO F~ and Cr03C1]§§&e the best known, The general

3

a

reactions of the complexes are presented in Scheme 1.1 next page.

' '



.c;ovL, Cro,

3 . 2L

2- 0 Zf'-b e

67300 » 103

b .
or Cr04(0H)2_

—> Peroxo Complexes

L] L |
CrQBL' )
Where Y=Z and Y # Z S ‘TXS
and.x = n = 0,1 or 2
SCHEME .1,1

Reactions of Oxo Complexes of Chromium (VI)
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1.3 PEROXO COMPLEXES OF CHROMIUM AND OTHER TRANSITION METALS

5"

s

The process whereby transition metal compounds interact with an
oxygenating agent, oxygen (02), ozone (03) ‘or hydrogen peroxide (H ) to
‘fform derivatives!in‘which one or nore dioxygen groups (02, 0; or 02) are
coordinated to the metal‘haswbeen known for over 150 years. The co- .
existenﬁs of a dioxygen ligand with other ,,Eg,andtsk ar,qynécg,,,éggﬁ;ral;-metal’ -

%v / ) ) ‘ i\
atom depends on the conditions (inciuding‘medium) under which the comipound

is synthesized. In particular, it depends on the pH of the solution and

. ‘ , ¢ , . 100
the oxidation-reduction properties of the ions involved in the reaction.

"'Basic -Solution:

20H™ - -2.0 OH + OH™ t 0.26 .H02~ -0.4 '02- 0.6‘ 02 = [8a]

1 | -0.87 n ' 0.08 N
Acidic Solution:

~1,.229

r ; ; N : . M . '
25,0 -2.82. OH + H,0 . -0.72  H,0, -1.5 HO, +0.13 0, @b]‘ J \

L SR 1o ’ i

1;77 ) . - . -o 67 ' } <

‘The schemes above represent the redox potentials’ in volts for 02 in ba%ic [8a]
and acidic [8b] solutions (at 25 C), respectively.lo}

" - The‘need to understand the chemistry of coordinated dioxygen Y,,/f\/f

species is inspired by the many instances in which they. occur. Dioxygen
functions both-as a ligand and- as a- reagent in transition metalworgano-~f—~—~mﬁfrrfrf~

} metallic ;hemis,tryltqz,liecmgeral, orgaﬁxpmatalgch_s-_initiaj:e_theii,, S

polymerization of many unsaturated compounds in the presence of oxxgen or

peroxides, a lot of interest has developed in the synthesis, characterization
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103-105

“andfstudy—of'the~properties of oxXygen and peroxide carriers. o Dioxygen

compounds of transition metals are also of particular importance in relation

to metal-catalysed oxid?tion reactions. Although coordination does not

necessarily'actiVate the dioxygen species for reaction, the possibility of

Such activation, and therefore patalysis by this route, does exist. For'

instance, relatively fast reactions have been reported 6 k 8

R to occur ‘between .

;certainwdiQIYanAGQmpqunds,of,GrouthIII,metalshandamolecular§§§§$i§s such

as gaseous non-metallic oxldes (co, SOZ, NO, NO C02), Cs,, aldehydes,‘

29
ketones, oxime and‘thiourea. These reactions not only represent neu avenues
for the synthesis of an extended range of compounds but also hope for
catalysing ths oxygenat{on of other Substrates under ambient condit:l.onslog.-111
Finally, because of the similarity between these reactions and the direct
oxygenation of biological substrates (by non-radical pathways) by the
metalloenzyme, 1§zgenase, the coordination chemistry of dioxygen species
appear to be a promising model for an understanding of the storage and
use of oxygen in biological systems. | !

The term dioxygen has been usedfin the preceediné paragsaphs to

draw attention to the fact that, \depending on the electronic environment of

the central metal e dioxygen speciesy 2n— ‘for11= O. 1, or 2, on

coordination experiences dramatic changes. in its electronic structure and

therefore the Q¥0 bond length, such that the formal charge on the complexed

dioxygen species is frequently different,from that in the-free'ligand.r .

‘'These changes are particularly noticeable in the dioxygen complexes of

R - 111
the 1ow valent Group VIII metals (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd and Pt)

' ‘ . . . 47
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- Table 1.1. Formal Charge on thegDidgygen Species:

R ! - AR : . ~and their bond lengths (AOS

" Compound ‘ O—Ogggnd length (Ap) Comparable Ozanspecies d
. B A E - -

- 1x(0, ) (C1) (CO) (?hP) 1.30 +0.03 0,7 (1.28 + 0.02)

— - - 0, (1.2107 + 0.0001)
. _

| . 2 y
Ir (0 )(1) (CO) (PhP), 1.509 + 0.026 0¥ gt 001y |

[Ir(oz‘)(diphos)»Z][PF&  1.625 +-0.023 =

~ a. Ref. 112, b. Ref. 113, c. Ref. 114, d. Ref. 115.

On this basis, it is not certain whether the rigid demarcation ~¢“j )
\ . ) - i . . ) \ . T
in bonding schemes that‘has been created between molecular oxygen complexes‘_

and those of peroxo complexes, based on the difference in the oxidation states

of the metal atom, should be allowed to continue. A Lowden and Mulliken

v
116

populations analysis by Dacre and Elder has shown that\each 0 group in:

2

cr(o carries a negative charge of only ca. 0. 6 electrons while the

2)4

chromium, far from carrying a charge of +5, is found to be: fractionally
-

negatively charged. Furthermore, results from ESCA (electron spectroscopy

for chemical analysis) study indicates that from 1. 4 to 1.8 electrons are

transferred from the metal to the dioxygen ligand in Pt(O )(PPh ) }17 It

is apparent then tha&\adopting the same ‘basic chemical attitude, including .
bonding scheme, for both molecular qkygen- and peroxo-complexesjwould clear- -

r

up some . of the confusion characterizing this Subject.

4 The compounds studied in this vorkewerelallﬂpreparedﬂbymtreating&f¥ﬂT~

solutions of various. chromium(VI) complexes with hydregen peroxide. Considering _

the vast amount of 1iterature in the field, it is necessary that the

discussion be limited to the dioxygen carrying products of the reaction
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and metals of: the early transition series Because the

between H202

OrO bond le‘gths in these cpmplexes are generally around 1,4 — 1.5 A°

the complexes will be called ' peroxo for the purpose of maintaining und-

.. formity with other_papers although IUPAC recommended118 the use of the

]

: ﬁomenclature‘”peroxido—".

kMost»transition metal peroxo complexes  are unstable, both

-
L

*ﬂfias sélids andALQ§P§¢i?ll¥)lin~adueoues solutionquthoughwa)majoriterf“these*‘”*’*

T

complexesinvolve"laterally” coordinated peroxide groups, a few are known in

v ) ,0 - ) ~ 0 .,
Me~| NN ~M
A 0 . . 0 i
: lateral bonding o ‘ bridging -

- which' the peroxide*functions as a bridging ligand or is present as a hydro—

*

peroxide (OOH ) group; and occasionally it is present as the hydrogen:

119,120

peroxide of crystallization. Several so .d peroxides have been

isolated The use of ion exchangers, eleck olytic conductivities, potentiome—

trh:titrations and several spectroscopi ‘techniques; including Job B method of

.. continuous variations, to‘derive the chqmical composition of these peroxo

uncertainty in the extent of polymerization in acid solutions,

- ¥

species, and especially those present'yhen metal ions are in contact with

aqueou5~hydrogen peroxidé, has codtributed-little toward establishing their

-

formula and structure; This problem'is particularly acute(in derivatives

of molybdenum and tungsten which are less well defined as a result of the

121 ang

expecially when varyingwamount31of'hydrogen peroxide‘tﬂéoi‘fédﬁéégf’
polymerization) are present. The anionic species obtained by treating

»

dcidic molybdates 'or,(tung»statesk‘with\ﬂzo2 have variously been given'the

-



N ‘ - | 2- 124
formulae such as M, 0 2 122,M'O 2- 123 HMoO, or M.0 .

28 * 7279 6 2711

(a) 'Unsubstituted‘Peroxo Complexes: M(Oz)an—

¥ and K+ aifézgonzﬁining the unsubstituted

A 4
R 3- 125 .
peroxo anion M(02)A are known for M = Cr, v, Nb and Ta. The "red"

L - 126-128 6~ 6
chromium salt, previously formulated as Cr 2 12 s Cr2 13 -

The NH

- . v ;,i;Cr20156-!‘(Crzplﬁfnzp)é and now known to contain the mononuclear ion -

\Crv(02)43-, is prepared by reactingfhydrogen peroxide_and a dichtomate

fin strongly.alkaline 301utions,'beiow O°C.v‘Structurél stndies on this 9‘
gompoundlzg have shown that'the peroxobgroups!are‘coofdinated‘laterélifﬂ'
and the eight ‘atoms of oxygen are. in a dodecahedral (D ) géometrical

arrangement around the Cr — four being at distances of 1. 846 A° and the

‘ AN other foutoat 1.944 A°. ‘The bond length between two - oxygen atoms -
s - ' B ‘ R EE '

coordinated as peroxides is 1.405 A°, while the shortest distance between

oxygens not belonging to the same peroxide ions, are 2.91, 2.57 2.75

and 2.74 A°.. The magnetic moment of 1. 77 BM ~corresponding to one uppaired =

electron, indicates that the chromium is in the +5 ‘oxidation: state

A comparison of the X-ray powder photographs 130 of other

B i e T T Vg U P A R SRR L N e e DAL R AR IS e T s s
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(b) Oxoperoxo Complexes: M(OZ)Z(O)y-and'M(Ozlx(OZyLz

" ions suggest that the tetraperoxovanadate anion, V(02)4 P isv

lisomorphic with the tetraperoxometallates M(O ) for M= Cr, Nb and Ta.

1§1

This has‘been confirmed by structural studies on (NHA) V(O ) and

/
132which reportedly have quasidodecahedxaI structures .

.-—-w-r-"'

ES
N

similar to that of K [Cr(02)4]

R s

Another group of salts containing the tetraperoxo anion,

M(Oi)nz— for M = Cr, Mo and W has Valso been reported.yééf Salts ofAthe*A_#A;*A*Aggf

T+

+ o
cations Na , K, Ca , Sr' , Ba: , Co and Zn(NH3)4 were prepared by

reacting,under very low temperatures, alkaline solutions of the metallates

with excess hydrogen peroxide. The molybdenum(VI)fand tungsten(VI)

‘tetraperoxo species are chemically stable while the chromium(VI) derivative

4 _ - .
is highly explosive - -

In addition to the tetraperoxometallates,‘treating solutions

.

of transition metal salts with various amounts of hydrogen peroxide, and under A

129,134,135 %

different conditions of pH and temperature, produces other complexes_

in which the ratio of the metal to peroiide varies. For instence, in the

=3y vo(0 [or

3- N 3
series, of oompiexks V(02)4 , VO(OZ)S v(or HnVO(OZ)3 2)2

_3+n‘end polymers like H V, (0) (O ] and VO(O ) .

2)2 2)4

vanadium—to-peroxide ratio varies from 1: 4, 1:3, 1:2 to 1:1, respectively

H V(O) (o
119

Similar, though not necessarily identical, series of complexes,have slso

beﬁf‘/uﬂfg{fOT Nb, Ta, Cr, Mo, Wand U720 M

have been observed (Mo and W) efforts to Characterize them have failled..
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Although no"triperoxochrominm_componnd has yet been isolated, a

Lo - : 137 : E—
"triperoxouranium(VI) ‘complex exists, and recently structural studies

~ ~have established the existence of and a dodecahedral geometry in the

triperoxoniobate(V) compounds K[Nb(O phen];BH O and K[Nb(O, .phen]

223" 23
139

138 N ,
.3H20 HZOZ The triperoxovanadates are believed <to have eight coordin-

ation of the metal 31milar to that: observed in the peroxoniobate(v) compounds.
T : 4

.

s

Except for the adducts Cr (0 ) 3L almost all other

| -chromium dipevoxides exist as oxodiperoxides .The chromium diperoxide
moiety resembles the tetraperoxo salts; in that it has all its oxygens
in peroxo ligands.‘ The triamminochromium diperoxide complex Cr(O ) (NH3)3 '??imfgx;;
was first prepared in 1897.140 It exists as a mononfer and appears to be‘hiﬁ |
the most stable of‘the peroxochromates, though the coordinated ammonia
group can be replaced by cyanide and ethylenediamine. For instance,

K [Cr(OZ)Z(CN) ] is obtained as a red and rather stable compOund.when

.Cr(OZ)Z(Nﬂé)3 is treated with warm potassium cyanide. ‘ ‘ ‘ ‘ L

.ether - K [Cr(O

CrO(Oz)S 9) o (CN) 4]
-10-0% . M roN(ag) E
NH, (dq) | | : +50°c 18] -
(NH4)3F’91(D§?JZ] N, (aq) y [€r(0y) Z(NH3) 3] |
------ R +50°C

The olive—green ethylenediamine derivatiive—[(c2 8Nz)Cr(OZ)Z.HZO]:HZO is also

known 143 Structural investigations on the compounds Cr(ozé(NH3)3, 144

[Cr(O )y (H,0) (C,H

JHg 2)] H, ell‘iand K., [Cr(o (CN')S']'U‘G"l'rave"be’en”"fepoftéd.”""”

,I

s : The nost familiar peroxo compbund belonging to. this class is the

blue perchromic,acid formed by the reaction oftacidic solutions of chromates

The_controvers§ over its composition started

*:

(or ‘dichromates) with nzo;f
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147

44;4_4,444,4nhen4Hiedeeeeefixst,isnlatedeaecomPOundewhieh—he—formulatedeas/MeHGreeeegshefs——e—ee
‘ 148-150 i
A-Wworkers supported the formula, The final formu a CrO(O )n.L was not,

however, resolved until,the'works of‘Evans,lsl Glasner and Stainberg,lﬁzr ‘;;‘
- N P . - ) v ~ - ’;’. : o

-

and Iuck“and Walterstlszhe compound Cr0(02)2. 2O is verysunstable in water

s §‘<w’ .

but can be‘extracted\into organic solveuts such as ethers, alcohols' kétones,‘
and nitriles, where it is more stable. The species formed by suchssolvation b
‘ ould be CrO(O ) O+ L or, alternatively, one formed by the complete sub- .

stitution of the water molecule by the donor solvent @) to give CrO(O )

' It is also known that perchromic acid can reacﬁ with nitrogenous organic
153" 140

L

2 2'—bipyridy1 (bipy), 1, 10-phenanthro—“

line (phen) . - aniline and quinoline,rlir’li the eompounds ~80- formeckbeing R

bases such as pyridine y),

latively stable solids. The dimethyl,ether adduct cro(o
155

2)2 O(CH )2, which

- is - stable below —50 C explodes above ~30°C. The three stable adducts o

Cr0(02)2.L for L = pyridine,‘2,2'-bipyridy1 and l,lO-phenanthroline, have -

low electrolytic conductivities and small magnetic moments (0.4 to 0.9

130

,BM) The small moments indicate the absence of a "spin" component and

are probably due to the temperature independent paramagnetism.'
The crystal structures of the compounds [Cr0(02)2 pvl,
157 |

156

.phenllss‘haye been determined and shown to -

’[QrQ(Oz)é.bipy] and [Cro(0

2)2 ,
. bear close resemhlences to oxodiperoxo adducts of other early transition'
metals. For instance,’the mononuclear oxodiperoxoamminovanadate(V) complex
- NH [VO(OZ)ZNH3] is shown to have a distorted pentagonal pyramidal geometry .
analogous to that of the oxodipe;oxopyridinochromium(VI) complex. In addition to

the infrared and Raman spectral studies of . Griffith and- Wickins,lzof;nijiﬂ77?W%4f¢4”

Xeray structural study reported on the polynuclear anions [M (0) © )A(uo)-

159 and W(VI) , ahowed that the two complexea and

o
(0)] ” have pentagonal bipyramidal coordination

'(H202] for M= Mo(VI)
ey e oo o™ ©,

Do



S uith two peroxo groups and abbridying‘atom forming,the pentagona] plgqeh

¥ 1 : .~° P B ‘ - g e R T s

-,( ) Substituted Anionic Peroxo and Oxoperoxo Complexesck

- £1) Other Transition Metals . ;A ‘,i} 1. I 4',,[:4 ‘Vj~‘,‘w -

Lo .

Elements of the Periodic Group IVA VA ‘and VIA also form - f

substifuted.peroxo complexes,//The most stable species of this ty?e are

"Wﬁ*¥%lf?¥ usuallysanionicfandsinvolve ether eleetronegativewligandswsuehwasjbxides,meewu

i .
chlorides hydroxide, fluoride, suiphate or carboxylate. Chromium*is known Lo
‘ to form substituted peroxo (oroxoperoxo) epmplexes with only the first

three. However, some. of the best cﬁhracterized peroxo complexes ofeearly

»transition metals include peroxo—oxalates‘and peroxocarboxylates; The
\»‘v~;l‘ oxalate ion, particularly,(is interesting because, like the peroxide it is

compact and each ion generally occupieiégwo adjacent coordination sites in

- a complex * So that the coordination numbe/ of the central metal is the

“same in the peroxo-oxalato—(or oxoperoxo-oxalatd)ambit is in the unsubstitu—

ted. perexo (or oxoperoxo) complex of the same ligand-to—metal stoichiometry

Griffithlﬁgnd Griffith and Wicki 120 162have studied the peroxo-oxalates
Jmmgfﬂ m=wrm,mw5m9mamm1 m=m>wux

[M(O ) (0x). ] (M =W, Ta) and [M(0 )(0‘1’()2(1120)] (M = Ti, Zr) by means

4

;.ofC}nfrared and Raman spectroscopy on the solids and concluded that the

oxalato ligands were bidentate.l‘63 164 The crystal structure of the compound

) 2', ¢ .
'(NHA) {Nb(02)2(0x) 1. H,0 132 originally formulated as (NH ng(OiQ(Ox) ] o
;supports this conclusion and further shows that, like ‘the - Nb(Oz)4 , the.

complexﬂexhibits a dodecahedra},coordination ‘geometry around‘the‘niobimm*“* -

-

Although no monoperoxo or cationic peroxo c plexes of chromium

are known, recently the X—ray crystal: structure of/two monoperoxocarboxylato—

66
and [&(o)(oz)(azo) -

- ’metallates, ‘ 1(0) (Ti(OZ)(H 0) (C5HN(C00), )) ]

C o . . . ' 'Y
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K

(C5H3N(COO)2)J .xH20(x—1 3) ’nave been reported and- the coordination geome—

-

'.4try around each metal in the chelated complex shown to be that ‘of a distorted
'bpentagonal bipyramid It is argued1 | that in the non-chelated form‘these
complexes could be assumed to have the compositun1[V(O)(GS) 4H 0] |
[Ti(O ).4H 0] 0 , respectively. The possible existence of such species is -
further supported by Spectroscopic, conductrimetic and pH studies of

- -weaklky acid solution of- vanadium(Vl¥§zand titaﬂium(IVliéﬁsaltsutreatedswithsf

vhydrogen peroxide. o -
‘ ‘Some low mo,l\ecula,r symmetry peroxoffluoxiometallat,es have also been ‘

haracteriaed The first'peroxofluorides ofbboth molybdenum and tungsten'were
Jprepared in 1892 by Piccini£168who‘isolated them either by dissolving the
oxofluorometallates (Mo or W) in warm hydrogen peroxide,or by treating the.
solution of the molybdate or tungstate in diluted hydrofluoric acid with
hydrogen peroxide. These reactions ‘have' since been repeated and/or modified
and the following complexes isolated 120 160 162 169

[M(OZ)FS] for M(Iy) = Ti and Zr, M(Y) = Nb and Taj’ [M(O)(O )F ]
M(VI) = Mo or W and [Mo(O)(OZ) ] . The last three: complexes

'[M(O)(Oz)th]z- and fMo(O)(O ) F2] have also‘been made by ‘the action of
H2 2 on the salt carrying the corresponding [M(O)2F4] anion. The X-ray :

;\;ryst)l.structure 170

of K [Mo(b)(OZ)F 1.H,0 has been published. Griffith |,
and Wickinslzo have also reported the infrared spectra of the

oxoperoxotetrachloromolybdate(VI)complex Csz[Moo(O )Cl4] and the

'peroxodisulphatotitaniumC[V) complex [Ti(O ) (S0 2] . The frelatively

small number of ChlorOperoxo and sulphatoperoxo compared to oxalato— or )

fluoroperoxo complexes probably reflectes the relative instability of these‘

"ligands “to~Qxlidation by hydrogen peroxide. . o . : |
’/ EC(2X "= X, + 2e~) volts, Cl(l 36) and F(2 87)
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”*"*e"“*"‘fti}rsubstituted’Anionit'Oxoperoxochromium(VI) Complexes I — N

The ‘anionic oxodiperoxochromium(VD complexes CrO(O )tL resemble -
the neutral adducts CrO(O )2 .L in every aspect except that the former

species generally occurs with small univalent anion in the place of the _

BN

eorganic donor grouph

171

‘. ,  In 1904, Hofmann and Hindlemaier '~ isolated blue-violet

L "Asalts,hwhichithey “formulated aerCr06;s£rom the~reaetion~offtheeneutralfor¥—~4{%§%i;
:-very slightly acidic solutions of the corresponding dichromates w}it‘heH2 2
WiedeM7 obtained relatively purer compounds by reacting perchromic ac1d

- ‘(CrQ(OZ)Z;HZO) solutions‘with potassium’cyanide or hydroxide._ Years Iater; B

X.'jmgnetic,susceptibility measurements172 demonstrated ‘that the potassium salt,

originally formulated as KCrO' or KéCr was very feebly paramagnetic.

2 12>
 The molar conductivity ‘of the ammonium salt (= 110 ohm cm2 in HZO or MeOH

-

)127,

showed conclus1vely that éhe-compound was a 1: 1 electrolyte. More recently,

150

Griffith showed that the violet perchromate, obtained by treating an

‘anhydrous'ethereal solution of CrO(O ) .H,0 with a deficiency of ethanolic

2

A potassium hydroxide solution at -10° c, contained two peroxo groups per
¥

] 'chromiun. On the basis of these ~data, infrared spectra, elemental analysis, B
and molecular weight measurements, the formula K[Cr0(02)2(0H)] was suggested
for‘thevpotassium salt; This formulation.was also supported by the obser-

vation20 that aqueous acidegzlutions convert the anion into perchromic'acid.
o e e o o _
+ H ——%} CrO(O ) .H o o "[9T

SN S —

Cr0(02)2

The only other related anionic chromium(VI)peroxo species has’

been characterized and reported by Tuck and Faithful The royal blue -
anionic chlorodiperoxochromium(VI)complex CrO(O ) Cl ~was prepared by -

treating the tetraphenylarsonium chlorochromate, PhaAsCrO3CI dissolved in |



> o v B
— =

7ethyl acetate solution with. ice cold 30 percent hydrogen peroxide. The»hyi T e;

molar~conductivity‘(97 ohm ~ cm ) in nitromethane shows that'this'compound
too is a l 1. electrolyte. The infrared spectra of the CrO(02)2€} species

showed a band at 430 cm -1 assignable to Cr-Cl stretch and twgﬁstrong higher'

#

frequency vibrations (950 cm 1 and 940 cem ),one of which must be due to

: the Cr=0 mode The molecular formula PthsCrO(Oz)ZCI was also supported o R

A

ic by chemical analysis.~

N, S S S

- - [N

i
T 3
: T

.Although thevstructural'data on»theseranionic species, are-scarce,' L ;

&

an attempt will be made, in a later section, to discuss the possible mode

of bonding of the peroxo ggkup in the complex, Cr0(02)2L .
R IR : ”

N n £ .
Summarz‘
It is obvious from preceeding accounts that the preparations,

,and/or decompositions of chromium peroxo complexes are interelated1 9in
=

the particularly interesting way shown by the scheme on the next page._ 'fhéf :

N

‘It shows that the blue perchromic acid; Cr 0(02) H O ‘is formed when H202
' .

is added to‘acidified solutions of CrO2 or: Cr2 3-; while in strongly

4
alkaline solutions the stable peroxo compound is M Cr(O ) 4 2 derivative of
chromium(V) The chromium(V) compound decomposes in alkaline solution to -

Cr i .while it is only in acidic solutions that the blue chromium(VI) species

undergo the complex reduction to Cr(III) Treating Cr0(02)2.H20 with dOnor'qiw :1_-
molecules or ions yields the substituted derivatives, Cr0(02)2 L, and reacting
theﬁperoxochromates'With‘NH3;‘CN? or“aqueouS'ethylenediaminemgive8~theﬁCr(IV),,fwwil,l
7 species, . Cr(OﬂZL3 From~these—aecountsfit isnprobableithatlprot,naLigg‘QE\;;mgn;g;;gf
ligand basicity plays an important part in the oxidation—reduction

C : : x
relationships\emongstfthese compounds. o L <

[y

\
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___ I1.T INTRODUCTION

" The accounts in Chapter 1 show that, except’ for the much

- earlier work involving the isolation of the halochromates, Cro.L~ (for |

3
L’ =F or cl ), sulphatochromate, CrO (SO ) ~, and the iodatochromate,

_-CrO IO3 , and the growing interest in’ the associat%an of chromium(VI) with

3

" various anionic, cationic and organic_molecular species, no new anionic

o

'monhsuhstitutéd"chroﬁafestQEE’to’hEV"”Bééﬁ”isélaféd“andfiﬁenfifiédHsince-
theﬁeari;.l920‘s;Attempts to prepare:p eudohaloéenochromates-fron aqueous
solutions probahly ;ailedvhecause these substrates hre readily oxidised‘by |
chromium(VI). For instance> in acidic‘solutions;rl—land NCS— ions‘have heen‘
shown to be readily oxidised by chromiu:iVI) to iodine (I ) and thiocyanogen ’

4

‘(SCN)Z, respectively.

.The present worh was aimed, herefore at avoiding the
.complicating hydrolytic side reactions often involved in aqueous studies by
working‘exclusively in non—aqueous media. Metathetical methodslwere used to
- prepare the new compounds, and'?whenever possible lattempts were_made to
investigate the solution .and solid state bonding interactions between the
chromium‘and thejligands, '2; and L7, In this attempt only one of the four"

et

ligands was varied such that the electronic properties of the fourth

ligand, L, for L“’,='F:; c1”, Br , NCO™, NCS™, NNN-, N 3 . CH3002 » C,0 42“,

No; ", and 10"

3 scan a large- sector of the inductive drift of bonding

,electrons,by,either,cs,or,nrbonding,”ﬁ,1,1”»W"Wmlllmﬁiﬂ,,;¢l",”fl;;il,;”a,lc;w,,;u
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II.2 EX?ERIMENTAL

"(a) Apparatus and Materials.

3

 Preparative work was generally carried out in an‘acetoneebath'
whose temperature was maintained biwa Stir Kool Model SE 12 (Thermoelectronic
: ‘ o 3 \ : co

Unlimited Inc.).

The infrared spectra in the reéion 200—4000 cm—} were“ob-i
tained ‘at room temperature on-a Beckman IR 12 doublelbeam,gratinglspectrophglllll_
tometer or a Perkin—Elmer 457 instrument: Solid samples were studied in the
torm of KBr discs or'as Nujol nulls deposited on CsI windows, \There was no

.'apparent reductive reaction. Reproducibilities of_i2ucmfl were obtaine&.

. : | The Raman spectra of theisoli S'and/or‘eolutions in Qimetﬁyl—
sulphoxide (DMSO) were obtainedkon the Cary mo¥el SlﬁLaser-Ranan epectropho—
tometer with 60mW.Spectra Physics model 125 He/NE laser excitation The" samples‘
were containeg in capillary tubes. Preproducibilities of +1 cm 1‘were obtained.'

\\\ The UV—;isible spectra were recorded on the Cary 14 and somee;'
times on the Unicam SP 800 spectrophotometer, usiné 0.1 or 1.0 cm cells. The '

C, H and N analyses were performed in the department on,a‘microanalyser. The

CrosLn— compounds were found by, magnetic«measurements, to be diamagnetic.

TetraphenylarSOpium chloride hydrate was obtained from the

Aldrich Chemical Company Potassium dichromate, silver cyanate, silver

nitrate, silver oxalate, sodium oxalate, tetraethylammonium perchlorate,

used without furtheripurification. Reagent‘grade tetraethylammonium halides,

'EtANE and‘EtaNCl, supplied by Eastman Kodak, were recrystallized in vacuo_.

- from absolute EtOH, and stored over phosphorus pentoxide. The chlorine



rcontent,,determined bv precipitation as AgCl was 11.2% (Et NC1 requires | .

‘11 5% Cl) Analysis of the fluoride, using the Orion Specific Ion Activity

Electrodes, gave a low figure - ll 6% F, found (Et NF requires 12. 8% F)

'Reagent grade acids HZSOA’ HNO3, HC1l, HF and HIO3 were used as supplied

but the HBr was first shaken with SZ tri-n-butyl phosphate in chloroform,

to remove any traces of free.bromine or HBr3 beforeuse;.3

-

Reagent grade acetonitrile (QH3rN,or MeCN ) was distilled

twice from PZOS before’ use. The other solvents, carbon tetrachloride,

' methylene dichloride, benzene, hexane, cyclohexane and chloroform were

redistilled reagent grade solvents kept dry using molecular sieves. The DMSO
was distilled three times from calcium hydride. Thehwater‘content of the g
purified DMSO was shown by gas-liquid chromotography to be = 0.03% by weight.
9 . - . - : . .
Th \chromium contents were determined by atomic absorption

vtechnique or by odometric titration. In the latter method‘zge chromium was )

first reduced t Cr(III) by bubbling SO through the aqueous alkaline

2

solution of the complex After the reduction was complete the solution was

acidified with 2M HZSO4

added to the solution and boiled further to oxidise the chromium back to

and boiled to.expel any excess SOZ’ K28208 was then
»

Cr(VI) and standard iodometric t#§afion procedures followed.

(b) Syntheses of Monosubstituted Chromates:

——
(1) Trioxochloro- and Trioxofluorochromate Anions, CrO3C1- and CrO3F-.

o . ’f. 77*& o

Potassiumggna Cesium Salts'

ghe potassium salts of trioxochloro- and trioxjiguorochromates.
CrO3Cl and Cr03F s were prepared and preserved in the‘manner described

on page 10. The cesium salt CsCro0,Cl, was prepared for spectroscoplc purposes

3



L1

L e 'by—treating‘stoiehiometrieifmunni CsCl and Cr0,, dissolved in minimum

amounts of water, with 3M HC1; yellow crystals eventually formed

CsCl + Cr0, + HCl (34) ——> CsCrOyCl 1]

3Cl gave 13.3% combared to 13.4% (theoretical).: 'r‘

Analysis for Cl in CsCr0

VTetraphenylarsonium Salts:

< » ' The tetraphenylarsonium chlorochromate was prepared either by

=~

the method of Tuck and Faithfulu or by cation exchange in dry rediatilled

acetonitrile. The latter route was found to be less extravagant, fast and a
.

more convenient*Way of producing PhnAsCrO Cl. On treating a dilute

solution of Ph4AsCl tzo in MeCN with stoichiometric amounts of KCr03C1 also

dissolved in MeCN a white érystalline precipitate of KC1 is formed immediately

| RCroC1 + ‘Phl‘As‘Cl e > Ph,AsCro,Cl + KC1 [2]

" Crystalline PhAAsCrOBCl can be isolated by adding 1:1 benzenefhexane
(or'CC14) solution to the filtrate.

To obtain tetraphenylarsonium'fluoroehromate, an aqueous

- solution of Ph,AsNO, was first isolated by reaeting the corresponding -

4AsNO3
chloride with silver nitrate. ‘ ‘ R . 2 S

~Ph44sc1 + AgNOsvv_ -———————9 Ph4A3N03 + AgCl 13]

Treating the aqueous nitrate solution with a solution of K20r207 in 2MHF

(’ ; ~ ylelds a yellow pre 1pitate. \47”7¥A"4%"ﬁ‘7‘Wmff‘”*”‘”“f‘rrf*~—%f\—“~Af{\ﬁ«lfll\

2Ph, AsNO, ‘+ K,Cr,0, + gHF —————-—) 2Ph, ASCrO F + 2ZKNO,

+ H20‘ 14].



&
N

(11) Trioxocyanatochromate_Anion, CxO0_NCO ™.

'-PotaéSium Salt.

[3)

___The yellow'precipitateiwae_filtered, redissolved'in a 1:1'chloroform‘-

acetone mixture and reprecipitated with low boiling petroleum ether. .

;AsbrO3F: C, 57.43 H, 4.0; As, 14.9; Cr,

10.4; ¥, 3.5. Found: C, 57.2; H, 4.1; As, 14.9; Cr, 10.3 and F, 3.5.

Analysis (Z):‘calculated for PH

M

3

3

'dry redistilled MeCN To the solution a suspension of AgNCO (0.246 gm) in

" MeCN was added dropwise with stirring After 5 to 10 minutes _stirring at 25

C, a fluffy white precipitate formed in a strongly orangE—yellow ‘solution.
KCr03Cl + AgNCO ——————-—-) RCr0 (NCOng— AgCl - Is5]
The precipitate, containing AgCl (found O. 0579‘gm Cl compared to 0. 0582 gm
expected% was filtered of f ‘and the KCr0. (NCO) recrystallized from MeCN :

solution either by adding dry CC1 or 1:1 CH

4

2Clz-petroleum ether, and Washing

“with low boiling petroleum ether.

Analysis (z), calculated for KCro (NCO) Cr, 28.7; ¢C, 6 6; N, 7.7. Found-‘

Cr, 28 63 C 6 6 and N, 7 5

. Tetraphenylarsonium and‘Cesium Salts.

The tetraphenylarsonium salt PhaAsCrO (NCO), and the
#
cesium salt CsCr0 (NCO), were prepared by treating the corresponding
chlorochromates with AgNCO in MeCN and adding ice-cold l 2 benzene—hexane

mixture to the filtrate.

Analysis ), calculated for CsCrO (NCO) Cr, '18.9; C, 4 4 N 5.1, Found:

Cr, 18.7; C, 4.7 and N, EEQ:

(111) Tetraphenylarsonium trioxoazidochromate;“Ph‘AsCrojNB. A




i
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4 3
( 10 C) solution of NaN (0.316 gm) also in MECN. After 1 hr stirring, é\
white crystalline precipitatel formed in the yellow solution.
Ph4AsCrO3CI + NaNj —————) Ph4AsCr03 3 + NaCl v.['e]";@
The precipitate NaCl, was filtered off and the solution treated with an .

.ice—cold 1:2 benzene—hexane mixture to iSolate the product.'

I3

Found: Cr, 10 1 c, 54 8; H, 3. 9 and N, 7 7.

(iv) Trioxothiocyanatochromate Anion CrO (NCS)

‘ Tetraphenylarsonium Salt.

The solid NH

The Ph AsCr0 (NCS) complex was prepared from Ph AsCrO C1

4 4 3

ANCS (0. 052 gm) in a way similar to that of Ph4AaCr03 3,

except that here the reaction is slower (2 hr allowed for reaction “time)

(0.352 gm) and NH

and the product less stable.

Ph,AsCro,Cl + NH4NCS —> rh 4;AsCr0, (NCS) + NH4Cl , 17J,

4Cl was filtered off in the dry box and in the dark; the

Ph4AsCr0 (NCS) complex was obtained in the solid state by pumping off the
. . . f
MeCN on a.vacuum line. -

Analysis (Z), calculated for Ph4AsCr0'(NCS):’Cr,'9.6;fC, 55;5; N, 2,63

H, 3.7, Found Cr, 9.8; C 55.83 N 2,6 and H 3. 8.

‘Potassium and Cesium Salts.

'Treating a cold (-10° c) KCrO 01 or CsCrO

also iﬂ‘%ECN produces white crystals ‘NH

4NCS

cl solution (in HeCN) with NH

3

4

e —

Cl and a yellow solution Containing |

the Cr0 (NCS) anion.

| Cr0301 + NHNCS —> CrO (NCS) + ‘NH‘I‘Cl R ()]

'The NH cl is filtered off under N, or vacuum and the KCrO (NCS) or 'CsCr0, (NCS):

4 2

Ph,AsCr0_C1 (2 498 gm) disaolved in Tedistil ‘d ‘?ﬂﬂfwwﬁs‘treatedrnith*arcoldf444¥4Af

"AnalysisA{%};wcaleulated~£or~RhAAsCrO Cr,.9.9; C, 54.8; H,l3.§+lNr Q,
aa“r



f~f~vwcan~be\preeipitatedebyiaddingl db zene to the‘HECN solution. A £laky

: yellow powder was formed. Unfortunately, both compounds decompose,sometimes'

rexposively’(especially when heated), and are also easily.hydrolysed. The
hydrolysie/decomposition reaction is so fast that the weight of the'sample
changes appreciably during the time it takes to make a weighing.,Exhaustive
‘,efforts to obtain the infrared spectra (in KBr or nujol) of the freshly

__prepared compounds were abortive. c j‘ . . ‘ o

i U BV

‘VAnalysis @), calculated for. KCrO (NCS) Cr, 26.4; C, 6. l N 7.1. Found:

‘Cr, 24.5 (28.8); €, 7.9 and N, 9.3. ' '

'AThe yellow'compoundsi”KCrQBCNCS);dissoluesfin water giving,a;yellowlaolutiggl;;lewf
‘uhich slowly turns brounisﬁ-éreen. When 2M H 804 is added to the aqueous

solution, it immediately turns completely green — a Cr(IlI) cOmplex.

.(v) Trioxonitratochromate Anion,‘CrOBNoj—. o L " -,

“Tetraphenylarsonium Salt. : - ¥

CrO Cl (0.296 gm) was dissolved in MeCN and treated in

 the dark with ‘NO (0.097 gm) also in MeCN. The AgCl precipitate (found,

10.0820 gm Clc pared to 0.0823 &m expected) was immediately filtered off '
under nitrogen and the filtrate pumped in the dark on the-vacuum 1ine. It

was noticed that the compound decomposed slowly under light and more

readily when in contact with moiature or easily oxidisable organic solvents.ii

Analysis (Z), calculated for Ph,AsCrON0,: Cr, 9.65 C, 52 7- H, 3.7; N:‘2.6.“

3 3
_Found: C, 51.7 (51 5, 51, 4) H, 3.4(3.3, 3. 6), N, z 8 (z 5, 2. 4) and Cr; 9.0,

When KCrOBCl (0. 826 gm) in MeCthas treated with a solution

of tetraethylammonium perchlorate (l 090 gm), a white precipitate of KClO



s .

S -

_ forms in a vellow solution of Et, NCrO Cl. Filtering the white precipitate off

‘and treating the yellow solution with AgNO (0.805 gm) dissolved in MeCN.

causes AgCl to precipitate. out. The EtANCr03N03 solution was then pumped

on the vacuum line. This leaves a dark orange light- and moisture-sensitive

oil.
- KCrOéCl + Et,NC1O, ————) Et NCr03CI + 1<c1o4
,,,,, N lAgNO
- v -10%
Et4NCr03N03 + ,AgCl ‘ ..';[9]

Analysis (Z), calculatedffor_EtANCrojNogf Cr, 17L8; 03:32.9;~H,,6T8;WN,W9161ﬁ,77ﬁ4,7

‘Found: Cr, 18.0; C, 32.2; H, 68andN 8.2.

vAttempts to precipitaterEtaNCrO NO or Ph,AsCrO NO, from the MeCN solution

373 K 373,

CH,.Cl, or benzene resulted in decomposition.-

by adding,CHC13f )

(vi) Trioxobromochromate Anion, Cr03Brf.

Tetraphenglarsonium Salt.

‘and. thefeluant plusfwashings treated,with 10 ml_ of IM HBr _and the cr&stals

s

PhAAsCr03Br is prepared from KCr03N03 and PhAAsBr H20 by the -
reaction ‘ R T :
KCr03N03 + PhAAsBr MeCN, -10 C ) Ph AsCrOsBr + KNO3 [10]

-b

The PhAAsBr HZO used in the reaction is- prepared by passing a solution of

PhAAsCI xH 0 (3.0 gm), in a minimum amount of water, through a Dowex . 1-X4

(the hydroxide form) ion eXchange column The column was ‘washed three times

,f hﬁAsBr H.0 (melting point 279 C) thus formed \mre dried- in an oven at

o

110 c.

AsBr.H,0: C, 60.0; H, 4.6; Br, 16.6;‘Found:

Analysis (Z), calculated for'Ph4 2

" C, 60.7; H, 4.6 and Br, 16.7.
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 in MeCN with AgNO (2 120 gm) also in MeCN .

: used (immediately) in the next step. The MeCN solution could only be stored in .

"sulted in decomposition;to’a,brownish powderr This decompositionfalso.dccurs

' whenlthe‘MeCN solution is.pumpedfon the vacuum,line.

. was filtered off and the. solid Ph: AsCrO

The KCr03N03 used-in the reaction was prepared by reacting KCrO3Cl~(2.l90 gm)

-

KCr03(:l + »AgNO —_— 100} KCr0'3N03 + AgCl .' [11]5'??‘

The AgCl precipitate formed was immediately filtered off and the KCr03N03 R

the dark at —10 C the compound decomposes slowly in solution, even under tnese
conditions, and more readily when exposed to light and/or at room temperature
Attempts to precipitate the KCrO3 3 from the MeCN by treatment with benzene,-‘ E

ethers,’tetrahydrofuran, CHZCIZ’ CHCl3 or CH2012 petroleum ether mixture re~

The reaction of a MeCN solution of KCrOsNOB, at —10°C with

PhaAsBr .H 0 (6 00 gm) yields a white crystalline prec1pitate containing KNO

3

and a yellow solution according to reaction [10]. The KNO precipitate

3

42 3Br isolated by treating the filtrate

with ice—cold 1: l benzene-hexane mixture.

Analysis (Z), calculated for Ph AsCrO Br: Cr, 9 23 C 51 2; H, 3. 6 Br, 14 2.

4 3

~ Found: Cr, 8. 6 . 8 8 0); c, 50 9; H, 3.5 and Br, 13.9.

’ Because of the poor chromium analyses, it was found necessary

toiseek better ways of.preparing other compounds containing the CrOjBr

~ anionm. - .

Cesium Salt.

ItﬁwaSWROSSibleWtO'préparewcesium~trioxobromochromate~by*&ﬂﬁmtﬂ%"*ﬂm'*”y
method aimiianiomhausgmmcscnoacwzlueaun%chiued uMﬁnf,7%%
of CsBr in dilute HBr with chromic acid (Cr03'dissolved in a minimum amount ‘

of water). The mixture was allowed to react for 5 minutes, chilled with

PO a4 ko« it gy = ot B e SRR PR T 2 Y g m’p’l,v‘ BN LIRS I TR T i 11 e AT




7‘)0
b7

_ Analysis (Z), calculated_forpn¥BuPh PCr0

?7gmx was, dissolved in CHC1,

’washed with 20 ml of 2M HBr and the n-BuPh PCrO

CHC1

e
N

erushedfdfy~iee—and—the—erystals+ofgesGrOABrfcollected—by~filtrati0n4unde

nitrogen. This compound was found to be easily hydrolysed and decomposed

even in the absence of moisture or 1ight.u,:v

Triphenyl(n—butyl)phosphonium Salt.

[apap—

g When triphenyl(n—hutyl)phosphonium bromide, Ph (n—Bu)PBrA

3 treated with an aqueous solution containing -

AVCrO (2 00 gm) and dilute HBr (2M), and allowed to stir for 5 minutes, the» S

f

yellow product formed by the reaction [12]

“Ph (n—Bu) PBr, + Cre + H.Br(ZM) —-——-> Ph (n—Bu)PCrO3§ [121

*isliextracted into the chloroform layer. The chloroform layer‘was collected,

3 3Br precipitated from the

3 solution by adding low boiling petroleum ether The' precipitate was washed

with more petroleum ether and pUmped dry in the &Q552o§>th§\vacuum 1ine. Bgcause

thevcompound is very susceptible to'hydrolysisjit was necessarixto‘keep it out

of contact with moisture. R

[-4

3 4Br: Cr, 10.4;°C, 53.3; H, 4.8; Br,
16.0. Found: Cr, 10.0; C, 53.7; H, 4.9: and Br, 16.1. N |

~

3
" cyanate, cyanide, nitrite and thiosulphate).

T

(vii) Other Attempts at Preparinglcro Lnf‘ (L= acetate, oxalate, seleno—A

‘ gm) ‘solution with a slurry of Ag(OAc)(O1631 gm) in MeCN for;lS minutes,

Potassium Acetatochromate.‘ , - : S . 7

4

Attempts to prepare KfCrO (acetate)] by treating KCrO3C1 (0.651

A &

gave a quantitative yield of AgCl (weight of Cl found,was 0.1320 gm compared‘l>

to 0.1322 gn expected), but any K[CrO_(acetate)] that might have formed .‘

Adecomposed (acetic acid was given off) in solution.




o
e

cho301 ¥ ng(cn 2) —-—-——————a' K[Cro (cn3c02)} T AgCl 3] —

"When the AgCl was filtered off immediately and’ the MeCN pumped ‘off on the

/

vacuum line, the elemental analysis of the yellow powder that remained
', . gave Cr, 28. 9z c, 0. 61 and'H, 0. 0z cqmpared~to Cr, 26 37; ¢, 12. 1% ‘and H,
1.5% expected for KCrO (CH3C02) There were no- absorptions in the infrared :

¢

' spectra assignable to. C-H or C=Q stretching modes~- the only bands observed

—- . E being. 940vs, 9053, 8853, 790sh 570m-w sh, 375u cm Ea L T

R U VUL OO i p—

Others : /
—_— /

Attempts were ' méde to prepare potassium oxalatochromate

=3

‘ :by treating‘a slurry of silver'(or sodium) oxalate'in MeCNrwith K€r03€lf'f~~w~mf*f

-+ and allowing the mixture to/stir for 24 hr. There was no AgCl precipitate

EY

‘or change in the chemical analysis or vibrational spectra of the ‘starting

‘ maierials.

Attemptsto prepare CrO CNCSe) by reacting KCrO3Cl R 'Hﬁ? |

PhaAsCr03C1 or Cr0(0 )Zpy, in MeCN, with,KNCSe (greenish-yellow) gave

: greenish—yellow or grayish—green precipitates and a repugnant smell The
‘mixture was allowed to sdﬁr for 24 hr, filtered and washed twice with,MeCN..
vThe dried precipitate had no infrared absorptions assignable to any of the
,vibrations of the NCSe group. _. 5

A solution of Ph AsCrO C1 in MeCN was also treated with AgCN

3 L
slurried in MeCN for 48 hr. The mixture was filtered and the yellow compound |

precipitated fut using 1: 1 benzene—hexane mixture. From the elemental
'ranalysis andrinfrared spectra, the yé!ﬂowssolid waspPha r0361,llilf_icliil,,imll

Attemp;s to prepare CrO (S 0 ) hy reacting MeCN‘solutions

of Ph AsCrO Cl with a slurry of (NHA 53 (or Na,S

A

259 3) also.in MeCN gave no. |

&

‘sqk\__ﬁ—\evidenceuof avareaction. ~‘1t was not‘possiblevtorprepare CPh4A3)28203 for




use in alternative reactions.

kel

’

o shown by X-ray diffraction

showed that the structure of the CrO F ion is close to that of a perfect

II.3 DISCUSSION OF THE 'VIBRATIONA'I_;‘ SPECTRA OF CrO,L”” COMPLEXES. . '

(a) Trioxohalogenochromaies. o

The stereochemistry .of the ions CrO3F | andfCrOéCl-fhave heen:‘

a .
276 to. belong to the point group’ 03,. For the

3

CrO Cl ion, the interatomic distances r(Cr—Cl) and r(Cr-O) were found to be

v

) 2 16 and 1. 58A° , respectively, with all interbond angles approximately

"those of a regular tetrahedron. Studies of the salts KCrO3F and CsCrO F. i}

e

7 tetrahedron with r(Cr-O) = r(Gr—F) = 1. 53A With C symmetry point group

“

at
i

E

. ‘mental modes, 3A,

vhentals arising fromvthe Cr0

for all complexes Cr03L for L a monoatomic 1igand’?§g F, C1~ and Br ),

the vibrational spectra of the penta-ﬁtomic~species should g-ve six funda~,d

1
Ay modes Raman polarized R SR | -' o L i;,,fidn r;jm

\ | SRR o T

A In‘order to. establish,the frequencies of Some of the funda—

+ 3E, all active iﬁrRaman and in the infrared, with the

-

3L ions, it seemed\appropriate to: compare—the

Spectra of the compounds prepared in the present study with those r%%orted
7,8

’ 4 _
for CrO F and cro.cl, f*~~Table3“II”I and I1:2 show that, except for the

3 3
small shafts, these results are’ consistent with the studies of Dupuis(IR),

7

Stammre1ch et al (IR ‘and R) and Carter and Bricker (R) - Ihe spectra

3C1 and PhaAsCrO F wvere also recorded

(IR) of’ CsCrO ; .
a4 N

| CsCro,0L (RY: - 9693, 943va, 908a, ki6s, 399w, 380¢, 370w,335&w ﬁsw,fffjff;%

3 .
306m—w, 283w, 249w and zzsw. LS

\

T T ———

Ph,ASCr0,F (r)i 950ve, 923m, .910m, 639m-s and 380w.,

<

A
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Table II.1 Th¢ Raman and Infrared Spectra of KCrO F, (cm l)r L

H B

Raman('IntenSity) _/IR(solid) IR(solid) IRLgolid)L Assignments SR
aqueous soln. / w this -work IR
955 LF: . /‘ 9.5273 o M6 : " 957vs | VA(E)& ' v(Cf—é)v’ :

g

a. H. Stammreich et.. al., Spectrochimica Act:a, 19, 593 (1963)
b. T. Dupuis ‘Compt. rend., 246, 3332 (1958) -

Table _II.‘Z\: ' The '_Infraréd' an:i Raman 'Spe.ctra fo-f' KCVrO3'C—]‘.—, ,—(em-.'Jf) ‘

. Raman (Inﬁeni'iifx' )& "IR&(s‘olid)a« IR (solid), this 'b‘AssiggnLental

- 910({0)?%' 9‘12‘8‘.;" | 910”3_ 955 : »_v (45 v (Cr_oj,»f |
Ee L F e . . v V2 * “6" 890 . .
A “ f,f_« . L 6355 ». ‘- ) 620 o 6398 , (A ), V(Cr_F) .

- ‘L u87w 7
- o 1RO
370(7) 3w 375wk Vg (E), 6(07 S
I me ow e OpeGey
261(6) 257m C . 260 zfsw" v (E), V(™) ,

solufc.ion - B . work g
ety 963, . . 964y s oy
907(10)P ;9153_ . 9lks - ~v1(‘A1)gv\ff(Cr‘_-°)‘
- | " -735vw o - —_ E ' b, Vg +.v3 = ‘733‘
— 7w g e
Cmeie s T s w0 Y
S e S S Y : : ‘ L -
36s5(7) ggglw R T IR —— 5( f:'m*cr‘m
Lo X — Cr
. - 7 B 300w JEE : N =
iiiiiii 295(0.5) T | . 281‘1 v \Al), 610/"1-\01] .
2093.105 , | ““" """‘ . o (E), 6(0’C ‘c1)

ok Solutions in CH COCH3,
: Spectrochim:[ca Acta*‘m 226 (1961)

2°5°

CH COC H Okc H COC H o a. H. Stammre.ich

S

I S ST
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Tables I1.1 and II 2. give the frequencies of the normal modes

e

.
of vibratiou of the CrO F and CrO c1 ions with the descriptions of the

KE 3

approximate intramolecular motions involved,

[

Ihe Al modes are particularly interesting. The totally symmetric

stretching vibration of the Crob group, 1, is apparently. sensitive to the

J’ nature of the substituent and -as will be shown 1ater,‘coup1es with the '

electronic charge—transfer transition. ‘Alth8ugh the descriPtiODS of mOSt

say

v

\ ing frequency,‘vsym_, 3» may be dependent in part on- the formal covalent

intramolecular motions are generally consideredrmerely approximate, defi—

)

nite meanings can be assqciated- with vibrational modes whose frequencies are

widely separated from the rest - _as. appearsitoibe true: of,theACrrOestretch_ii_iiie

ing modes in the.present case. Because the values of the symmetric stretch—

-

-
&
3

A ) o = ) . S

bond orders, the“symmetric Cro3 sﬁretchingn frequencies "qf-,the: T
. R v ' A E \ ‘» N T

‘different substituted Ct03L 'derivatives, _have been inVestigateagand_;

‘will be discuased in Seetion fI(d) Vibrational Spectraloy andvthe normal- .

7

11 ,
coordinate analyses fbr the‘ trioxorhenium(VII) comple*es ReO XF ‘for

ol 2 .zk,lclf, Bt , 32‘ and Nsv,Bsupport this apprbach

) S ‘ , —,., - e N
Stammreich and coworkgys ; hsve ahown. by normal coordinate o
5{, Qs‘ v o 3 A )
analysis , that the v2 and v3 moaes of Croacl=; are strongly coupled'

¥ [y

both involve considerable deformation of ali)interbond angles, except

~

~that in. the latter vibrationrthe Cr and Cftmove in the same direction‘along

\7 the prindipaI axis, while in vz the motion of the same atomsfare in oppo- .fv b

-1

[ N N

, site di%ections’dlong thisﬁgxis Thes the observed vz frequenczkcannot be re--

*gstdeﬁfas‘truiy‘characterrstic of the Cr-Cl bond stretching frequency Further-

o




! 52‘,4

RS

more, Miller and‘couorkers12 have‘Suggested.that in cro C}Z the 'truei’fre- '

quencies of the two unperturbed Al—modes v, and V3: v(Cr—Cl) and (5(0~Cr-0)),~

. should fa11 close to 400 cm- -1 but are probably Spread apart by resonance,

interaétion. In the case.of the,Cr03F‘ ion,_however, the vz- and v3-modes‘
. O . . —1 » N . - N “,‘ .

would be 1ess‘mixed 7 gince vz(CreF) occurs at 637 cm .
For Cr03Br_;jthe six frequencies,ascribed to the fundamental

r”‘“r*“**‘Tmodesrofrvibrationﬂofwthe~Gr9~L~group§werewobseruedaandiassignmentsmmade.

in a straightforward manner, by comparison with those reported for the Cr03C1

and Cro.F ions (See Tables II 3a and 3b) The positions of the CrO?»stretching

3

‘iyand deformation bands w0u1d not be expected to change greaEly ‘between C;05CI *************

and Cr03Br - The'band occuring rather_consistently;at‘=380 cm -1 : “és‘

+

assigned’to» vz(Aiyffand, by - analogy with: the. Cr03C1f spectrum, the -

absorption at ~360 ém -1 is assigned to. Vg (E)- The doubly degenerate

de, essentially a deformation of the O—Cr—O angles,'ﬁas

5’
‘sometimes been hard to observe for the Ph4AsCr0

—

3L compounds reported in this

' study because the PhaAs cation has a strong’absorption in,the same region.

13 c:o"" i 15

But the frequencies of such vibrations in Cr02C12 %> CF2977',“'

Cr0‘01— 7 and Ccro F 7 are quite characteristic and are generally found

SO e 3 e

around 360 cm 1, and a band at this frequency is assigned accordingly.

.

The vibrational properties of the cesium salt, CsCrO Br, were

3
aiso recotded primarily to attempt to avoid any cation interferences -

‘ﬁ(Séé"Tabl TIIL3(b) *Theﬂ*cesiumssalt gave better resolution offtheiii;,iireir;
'srrrrfmr*—nmak~1ow—frequeney—(<40QAnuej\theeregiﬂneﬂf—bﬂndieEeEOde3) abaorptions,

significant shifts in the frequencies of most v1brations between Cs and‘

“. PhAASf salts suggest that the Cr03Br .ion experiences cation—dependent

lattice and polarizing effects,,



P
- Table II,3(a),fThe Vibrational Spec;fa\of the CrO3Br_-Anion, (cm-l)
Ihfr#ted»(solid) ’ Raman Qéoli&) - Assignment
Ph 4AS(;rO.:iBr ‘ n-BuPh‘BPCrQ3Br ’ | | Ph4AsCIfO3Br L
9508 o 951s |
. 920m .. %bvs -~ 929w,br . % ®, v, -0y
e MQOSmMA e -902m s k903vvse*ff~% WGA*)*kv (¢=0)
}8051 ;v . 382s ‘ , 379m » 2(A ), Vicr Br).'
360m,sh = 368w . 3618 vg (B), s(o’cr‘o)'
- R 2t W;(A) G{O:C&
2%n . v (®), aco’C’\Bﬂ
'3 o o o 180m-s | ?

Table"II.J(é), IR Spect;a‘and 2oss1bievAssignmgnE§ for CsCr03§;;1(9m71) ‘ N

- 959vs Vi | 379% . ,-YSa
90831 f vi o » 363w _‘ va.
'\ i 670w 2 315w vy
.. ‘ , ) R O ) a d =
. 665vw ‘?‘ : 2307w “3b”
, 7 *_3938 A; v, o \ 282w V3.
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“(b) Trioxonitratochromate Anion. f ‘ L \_ ’ - ‘ o o o

The free NO3 ion has a highly symmetrical planar Btruct-

ure, all its N-O bond lengths equal and an interbond angle of 120°. It
interacts with metal ions_displaying eeveral different_mode of coordina-~
tion,16 lthe most5common'of'which‘are the nymmetrical bidentate and- ‘ﬁ‘-i.

‘unidentate nitrato groups.

and ¢
s T '

Tahie*rI~ﬁAAcvrreIatibﬁ*Table‘fﬁf*ZXYE“Molecule 1h D3h, [ A
Symmetries. -
Point Group o vi(Vgs) ,\,{ZQEXXZL ,c,y,}(vgsﬁ@x},y,ag@)v; v, (8 (TXY) )
D, (ree fon) [AIR) [ANG) | B'Gr,m) B0
(unidentate) | - ‘ : ~_A' L 4 ; fﬂ R
C,y (bidentate) Al(ir)R) Blgir;n) Al(ir,R) +‘32(1r,n) Al(ir,R)+§2(1r,x),
(bridging) ' : N : ‘ : I

‘ C_ (unidentate) &' (ir,B) A" (ir,K) | AT(r,X) + A"(ir,K) A'(if,nm+A"(1r;R) o

The free NO, ion has bands at ca. 1390 (R, IR), 1050 (R), 830 |
(IR) and 720 (R, IR)~ em L, Depending on the mode of coordinationﬁ systema—
tic changes occur in the vibrational selection rule of the ion. ln all

l
cases, however the number (six) and the activity of the fundamental vibra-

tional modes are the same. To deduce the mode of coordination{a detailed
vspectral analysis would be required A normal coordinate anal&sisl7 »18 for
: unidentate bonding shows that the stretching mode v3(B ) haswhigher fre—
quency than the v (A ) component. Converselv,this anaqgsis Predicts that the

position of the. frequencieslfor theae same: componentslwould be reversed 1n,,n,m,;;_

'-the bidentate bonded case. The differehce between the A (Raman polarized)

and B (Raman depolarized) modes cannot, hgﬁtver, be identified by infrared

B

spectroscopy alone. Raman shifts, together with their depolarization )

ratios, current%y provide the most acceptable means. - Unfortunately, both

. “ . ‘ . . . "‘ . ) . . /Y
‘ ‘ : o S
‘J

i
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Table II.5 The Infrared Spectra of the CrO (N03) Anion (em ™) -'-

'l‘v There is the possibility of NO_

-

exchange with the windows.

3 1 ion 1mpurities from .

‘ : h | o e D
Ph AsCrO 3NO ( Z\ Tentative Assignments C,H ) NCr03N0 (Smear, CsI)
1580 (w-m) . 1585m .
1550(s) v (vNO) o 1550s -
~ 1380 (vs,br) - ‘ N 1370 (m, sh)
- 1340(s,sh) " 1340(s,br)
1315(m,sh) 1310(s,sh)
1287 (s ,sharp) " 1280(vs br)
1210 (w,sh) o -
T e e e T1095(s, br) -
v, in N03 1050 (m,sh)
975(m,sh) }, \ - [975(s) "
945(vs) v___(Cr0.) 945 (vs)
525 (m, sh) a8y 3
905(s,sharp) v (Cr0.,) ‘905 (s, sh)
\’ : sym' 3 " T 850(vs)
835 (m,sharp) 1r(N03)[\)2(A2 in free\NO'3)] :
~ 780(m-s) b(ONO){v,*(E_' 1in free NO*)] ~ 780(vs,br)
’ . 685 (m)
540 (w~-m,br) (CrON) or v, (Cr<g>N) 620(m) .
o 540 (m~br)
470 (w)
/ -
435 (w) (cmu) or v_ <Cr’\8>N), C435(w)
380 (m) 420 ()
. | 390 (w)
(350)7 " 8(07C™0). 350 (m, sh)
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A

Cro.No- 1in Ph,AsCrO_NO

‘modes, are not posaible at the moment.

Ph4AsCr03NO3 and (C H, ) NCrO3NO3 ‘are readily decomposed by the Ne/He
19

exciting laser and other criteria 16‘ have not proved adequate.

The spectra and assignments for the complex ion

and (C

2 5)4 3

303 4 0,N0, NCro NO3 are given in Tabie II,Q,,

.

‘ Bj comparisonlwith‘the'spectra’of'Cr03L- for L = F, c1™,

‘and Br,the absorptions between~900-and -1000-cn™have-been-assigned to

v(CrO ). Although‘ one of these bands could"also arise from the symmetric
#

‘stretching mode, vl, of the coordinated nitrate - cf. Me Sb(NO3)2(945 cm ),

(940 cm ) SnF

SbF (N03)2 (

43N0 (965 em ) and [As(NO 4] [AsF ] (915 cm )

A definite assignment of the ligand deformation modes v2 and

v, is also difficult because the region 650 - 850 cm 1, where they are ex-~

4

pected to occur is partially obscured by cation modes. As a result only
‘ r

-1

the two bands, 780 cm -~ and 835 cem , which are: assigned to v (GCGNO)) and B

vZ(WONOZ) respectively, have been identified. Comparing the values observedr ’

for V4 with those of the‘hexanitrato'complexes IMIV(NO3)6}- " for M = Zr,

22

Hf and Sn,~ ‘and for'SnF3N 4 and SbF (N03)2 suggests that the second"t""

-1

2 band probably occurs aro 'd 700 to’600‘cm . The ssignments of the

far-infrared spectra, which may contain the chromium \ nitrate stretching

v o | 23,24

v .
°
o

. The highest frequency bands, 1600 - 1100 cm” - »  have generally

’”been used to “deduce the coordination geometry of the nitrate grouﬁ% Accord— ‘

— = *"mrn‘ingrtomeurtisrand‘Curtiszs the distinction between symmetrically bi-

dentate and unidentate nitrato groups 1s based on the separation of the



' two highest frequency bands, symmetrically bidentate giving rise to greater o

‘separation than unidentate coordination In addition Field ‘and Hardy 26 Y

have suggested that occurance of  two' strong bands, one at a frequency greater

i

than 1570 cm -1 and the other at a frequency less than 1280 cm l may indicate

the presence of bridging nitrato groups. The position of the highest freQuency
: o
band in the CrO NO_, complex is such that_noggefiniteuggnglg§;gg§wcggmhe#dxannullll

regarding the type of ;itrate coordination. The Cr0,NO, absorptions at

3 3 )
s 1340, 1315,.1287, and 121()'cm'-1 are similar to'those'ree

‘r~anhydrOus”rare%eafth7mefalfniffatésfyzhw'KIthoughmthe”list;lglof%ﬁukigfi

1585, 1550, 13

ompounds, containing nitrato,groups, with established structures indicate
. & . ) R . ) ' . o L

that the nitrato groups prefer coordination through two oxygens, either

bridging or as bidentate nitrate, the predominance of tetrahedral‘coordin-

ation in trioxochromium(VI) complexes (page 7), would suggest that bondh =

formation is probably limited to only one Cr—O(NO ) bond in the CrO NO, ion

3773
The nitrate coordination in Cro (NOBE,vﬂﬂch also cghtains chromium(Vl),
has not yet been established.27 |
¢



() Trioxopseudohalogenochromate(Vl; Complexes:

(i) Electronic.and‘Geometrical Structures of Pseudohalides.

Ay

¥

) i ' . . . ‘ . . ‘ ! .
In discussing the vibrational spectra of the complexes Cro0.

3
B e, where YZ = NN, CO or CS,

Ps,. .
‘where Ps- stands for a pseudohalide grouping,
it is necessary’ to 'discuss some characteristic structural (electronic and geo-

*, ¢

metriCal)(features of,the pseudohalides and pseudohalide complexes.

— 29 - . T I
Norbury and Sinha”~ have used contributions from various reasonance:

v

forms to eXplain the fact that each of thege ions, in the~"free" state, approaches"f

-a linear triatomic configuration Variations in the mode of coordination of

these ions have been rationalized in terms of the constituent charge distribu—

-.tions calculated by Wagner, 39‘
Table II.6 Calculated Atomic Charges and rr-bond Orders_for‘NYZf (Wagner 30)'
-0. 48 - | L4019 R 4 |
N 7 ovoau-‘v---.. 7 . 7 - C ..'.".-..7._“, S ,
1.82 0.80 '
: o . 40.60 -0.81
’—0-8 e s o s se 0 as e s 0000 s0 Tt
I\il - : ) ; . N : . N ‘
1.39 . 139
077 T 0,04 -0,18
. i\N :.V'T"".....‘ | V C * 09 Q9 ¢ ey ) 0

1.5 ‘ L 1.26
where the numbers above the atoms represent'the‘reSulting ﬁ:electron charges

€

_ oh “the atoms, and the numbers written under the bonds represent the ﬂ*bond

':-orders Ve wou1d7expect rhe NCS ion, which shows only a moderate charge;

difference between the two potential donor sites, to be more likely to exhibit

ambidentate behav1our while NCQ . with the greater part of its charge localized

on the N atpm, would probably favour bonding through the N. One. calculationBOa;b'

-



whichgincludedad—bonding,ffOund equal charge densities on the N and O atoms.

The free pseudohalide has three characteristic fundamental

_vibrations, the pseudoasymmetric stretch (WNYZ(asy) or»vﬂi), the pseudo-

SYmmetfic stretch (WVNYZ(sym) or VYZ) and a doubly degenerate deformation mode
o - f . b T N

‘G(NYZ),‘ The infrared spectra of these ions are given in the Table II.7 below.

Table II.7 Infrared Spectra of the "free" Pseudohalide Tons (as K+ salts)

N . _1 . ) _1 ) . s _1 . ‘ .
Ion y NYZ(asy)-(cm ) 6 (NYZ) cm Y NYZ (sym) (em ) \gef.p
NNNT - - 2041 o eks 136Gk B
- o /l\l s
. NCY - 2165 o 637 , 1254 b
: . o 5 _ \ 1207
Co o 4628 v _ ‘
NCS ' 2053 - . [486 746 c
‘ 471 -

a. F. Basolo and G.S. Hammaker, J.A.C.S. 82, 1701 (1960); Inorg. Chem, 1, -
1 (1962). b. A. Maki and J.C. Decius, J. Chem. Phys. 28, 1003 (1958);31, 772

(1959 . c. P, 0. Kinnell and B. Strandberg. Acta;—Chen;iScand. 31, 1607 (1959).

The pseudo-symmetric vipration,\)sym(NCO),_expected at 1254'cm71, in'l"
the same region as therfiret overtone ZS(NCO),‘is'shifted to give two bands, .
‘1301 cm-¥ and 1201 cm-l, as a teSult\of Fermi resonance interaction and a "mixing"

of the two modes.

' ' 1 ‘ . . .
The available experimental data:? show that changes in the frequencies

*

of the normal vibrations of the pseudohalide (NYZ) depend on - among other things,
M!

'the mode of coordination (eg M N¥Z M ZYN M 4NYZ M", “‘ZYN-M )" and the acceptor

M‘/

chaxacter of the ventral metal The hard soft acidhbase concepts of Pearson32

" has failed, however in predicting,the prefered bonding modes in a large number

33

of complexes For instance, Pd(II), a soft acid (class "b")

34

forms the

'S~ bonded complex Pd(SCN) - but in the presence of ﬂ-bonding ligands

-



~(eg. PEtg, :

-isomers 36 of the't§pe cis - Pd(NCS)(éCN)(PhZP(CHz)ééth)Z‘are formed, The
. electronic effects apparent from the coordination behaviour of the NGS->ion
in mixed ligand complexes have beenianalysed by Norbury,37 who showed that .

each coordinatiné atom (N or S) in the NCS™ ion has both "soft" and "hard"

character.
B - O -Donor (or hard) . O -Donor_and
ligand © - T -acceptor (or soft)
: " ligand
'Cla33~"a"'acceptor -NCS ’ . -SCN \
Class "b" acceptor ~  -SCN R .

Thus it appears likely that in the trioxochromium(VI) complex,

CrO (NCS)—, and the oxodiperoxo analog, Cr0(0.,).(NCS) , the theocyanate ion

2)2
will be N-bonded but it is also possible that small energy modifications

(e g. by solvatlon) may affect 38, 39 the mode of coordination. It is alsovu.

40, 41 42

kpown 7770 that steric conditions imposed by other. ligands, counter ions

. or even the solvent in a complex do induce the incoming pseudohalide(s) to
assume specific configurations in the M—XYZ skeleton Bulkyogroups favour.

the linear (or nearly linear) M—-N—C—S over the angular linkage M’S_C-NfA

The cyanate ion has received less attention. 'Norbury And
'Sinha 29 studied complexes of the type ML (NCO)Z’ where M = Pd(II) or Pt(1I1),

and used varioas Iigands (L) with a wide range of ligand o="and "~ ﬂebonding

~7properties butgﬁailedgto—ehange—thesbending mode——asvhaSAbeengdonegwith—NCS—————ﬁ——f——

- and NCSe™ ions. More recently Norbury et al 29 claimed the isolation of

the first examples, Rh(PPh3) NCO and Rh(PPh ) OCN of solid ‘cyanate linkage

[

‘ isomers



61

(1)~

Cr0.Ps

3

-Discussion of Vibration Spectra of Trioxopseﬁdohalogenochromates '

Because there is no structural information on the complexes,\

on the germyl pseudohalide GeH

3
there the complex has a linear skeleton, i.e., the angle Cr-X-Y in CrO (XYZ)

Ps, for Ps =N

3"

NCO

and NCs,

for Ps = NCO, NNN and NCS, we will apply some of the arguments used
43 44

45

is 180°, it will belong to C3 point group, for other angles, the maximum

possible symmetry is C .

»of C

3v

or C
s

symmetry.

Table II. 8 gives the vibratlonal modes expected

fOI‘ the pseudohaIicr compIex, CI‘O (XYZ) ’ for the alternatiVe aSSumptions T

.

Table II 8 Vibrational Modes and Symmet:y Classes for Structures of .

t

--JCTXY bend and Cro

3.

, . Cr04(xyz)
: Vibrat;ons, Point Grohp
Cay .lcs
'tclass A Class E | Class A" Class A"|
XYZv'str;\(asy) ‘ V1 - Vi
XYz str.. (sym) Y2 Va2 :
'rCrO3 str. (asy) ’ - Ve V.3 M1
Cij- str. (syno Vi A o
XYZ bend (1(XYZ) and a\xvz» A V7 Vs V12
Cr-X(Y2) 'str. . .. Vo S . AT
Cr0, def. (asy) ‘ Vg V7 V13
Cro, def. (sym) Vs a Vg ‘
|€r0, * rock . Vg Vo Vig
X torsion . V1o v 10 v
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For C fsymmetry (only one plane of symmetry) all 15 vibrations are allowed

'in both the. Raman and infrared ‘ The - lOAl vibrations are symmetric to the plane
vand are Raman polarized while the S5A" modes are antisymmetric and depolarized
'The C3 point group on the other hand, would give rise to 10 fundamentals all
factive in both the Raman and IR. The 5A modes are Raman polarized while the 5E
modes givekdepolarized.Raman‘lines. The difference between the spectra of the

CrOBPs complexes and those of the analogous halides lies in the»introduction

~

of additional fundamentals aris1ng from the Cr-X-Y-Z moiety. A planar non-

linear four atom species of this type has 6 fundamental modes of vibration.

Figure II 1 Normal Modes of Vibration for a Planar Non-linear Cr-XYZ o

Moiety. .
o o ‘ - - g v e
. _X-Y-Z. | : : o /X-Y-E N -
’ ' N o . : : .
VA (v, XD V) v, XY2 VA ()
A cT
- o e’ iy
v, (A" (Txyz) Cvgan(sxyz) v6(_A')*(6vCrXY)}

Both steric effect and the hybridization on the bonding atom X (or Z)
, may‘vary the angle MXY (or MZY)'from 109 to 180 47 thu affect the degeneracy
of certain vibratiogs The structure and bonding in CrO3Ps complexes are

discussed on pages 71 72.
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L

Tetraphenylarsonium\Trfoxothiocyanatochromate.

!

»@hile the Ph4A3+‘salt was moderately stable,'the‘K+-and

cs' salts decompOSed relatively rapidly‘in‘both air”and in vacuo. .

Obtaining the complete vibrational spectrum of the CrO (NCS) ion,

'was hindered both by ‘the superposition of the PhAAs vibratibns over

=~ those of the anton ﬂ-rgbrﬁ F?T“and by~ Mecompmﬁw of thﬁbmﬁlﬁx .
The analysis of the vibrational spectra of_EhAAsCrO (NCS), therefore, g e

had ‘to involve the spectra ‘of the freshly prepared cesium and potassium

‘ salts (Table II. 10)

s  The intense'band'at iosb eml in the'PhAAsCro3(NCS)
complex isfassigned to _v(Cﬁ).AbThe small increase from_the free.ion‘
value of 2053 cm ¥ ﬂsﬁggestsucr-NCS\coordination;raccordiné to an
analysis by Tramerfags IncreaseS'of'SO]-le et have 'generally -
beenpassigned to M4SCN-'and laréer’increases“(lﬂj- lib éﬁ‘l) torstronér
bridging. Distortions from regular geometry, brought about by non—‘
linearity in Cr-NCS as well as cation49 orllattice effects may berreé :
| sponsible for the splitting of v(CN) The laréer'increase in;the V(CN)
| modevin the K*, or'sz+ salts is probably a- result of the greater o
‘polarizing effects of these cations relative to PhAAs . |

Therpseudosymmetricsstretch, >CS” is somewhat harder to‘

L i ) ey
assign. " The p031tion -and intensity of this mode in a variety of th101 R

cyanate complexes is known to be very dependent on’the environment of

’



Table iI.Q _The Vibrational S;ectré ofpth' Cx0, (

. Raman (ém-I) o ‘ Infrared (cm ) _ ‘ §“\v-Asé1 : nta'; ST f,;
B Co 12600 (7) LT e e R
969w . 950s(sharp) . . v (cfo o
914s. -~ 912m-s(sharp) v, (Cr03)- .
o ’ R , or Vg (Cr03) P
‘ . ST L é S “or v ' (Ncs) | =
SO -1 72 S— e BB e e A (c:o ) T
T o | POIW T T Veym o T
o o T o or v, (NCS) R
495s(broad). - L I G(NCS) cT e |
' - e T astesy . 0 v(Cr) T R

R - ' T e WIQL,,\L(Cr‘-S)

' Table II;lO~Spéctfp‘of ﬁhé CfO3QHEk)-,IQn»at Different States of -

[

Decomposition .

CsCrO,(NCS) ~ CsCro, (NCS) CsCrO (NCS) KCr0, (NCS) ‘KCrO (NCS)”

Nujol,fresh KBr, 24 hrs. in“MéCN; T hr.»fNujol,parcly KBr’partlyr‘u ?ﬂwa:,:
: later o —-later - - _r‘dee‘ 0 ec} rdecomposed S

~3180m, v-br .,731008,g{5; ,
2320ww ' .2340w,3h
2300w

"\ 2260vw . f2200m sh

. 2100sh - ORI R Zuir,u&-a
2060s,sh 2060vs,br 2085vs. . - 2080vs v2080v3,br £ ih
2020vs,br o o v2p10s,eh '
: . 1600w ot 7 60w - 1610w;br v
, 1400w T . -1410s. e . 1400vs,br . .
1150w ,br C13w T 1150w,br '1130s,br . .
S ' o 1080w ° . 1080m,br #
940vs - 940vs

j . 9SSs sh ;P + 940vs,b: -+ 930vey o -sgii
> - 920s,sh . 9208,sl . < 927m,sh S SO S \9% 700 .
“ s ———890m sh- - 890m, wfm£89m,shwwmf.3400m“‘ 9700 |
| © 0 780m,br ¢ 810mbr - 770s,br; .- 780ved - T
L, \5aww L 660w . SR
480w. . 4&85w.. 7 - . 485m° 480m
o . e o ST bS5 L e
o 420m . . 420w A20m - - i;*3°8h ,"\sia43°ﬂ~’ BT
| RN o 3708 ., 360s,y-br
- 350-3303& ST .

o P B . . } - Lt . .
. - - - \ - y N . . - . .
. . . - S : ~ K RS - A Y N - - .
- . . « . . .
i ' L . v 3 ' . = .

h




%
#
12

‘, the absorption shifts to 851 cm -

g
I

Y

LI

thedNCS groﬁp. For instance, in HNCS the band is at 995 cm ;, in the gash‘~

1.50, and to 845 cm ; in the CSi solntion~—i-—'

(with a band at 962 cm } unassigned) 51 The same band in GeH3NCS is at . f\"“

o

962 cm 1.“5 Furthermoreg a reviev 31 of tranadtidn metal thiocYanate

: complexes positions this vibration in'the -‘range 690 \;60 cm . In view oo

‘heciowuf266ﬁccm“*)“ﬂeﬂrstretching“frequency“of*tHE“CYOHfNES) com=

plex, and the reciprocal relationship found for C-N and c-5. stretching

frequenciea for organic 1sothiocyanates, it is reasonablqgto assign the Y .

-

B

Y

| far—infrared region and therefore outside the range of the sﬁectrophoto— o

912 cm -1 absorption to the C—S stretching mode in the PH AS aalt” This': e

"assignment favours a N-bonded thiocyanate for which according to Ttamer,f

cs wonld}occur~between 780 and 860 cm ; compared tok690 and 720 em : e
for'S-bonded thiocyanates. - . e T : \{] s
. 3 . ! . . 5 ) N T # > ' ".» ".4.

- - . . ' “ - B
f .

o The be}Iaing aaaéa;‘*”;{m v6n,Awuadrbe ex*gected fn the
. : et
meter used. "J ) ;¢Q

(A om oL L P

The ligand bending vibration, 5 has sometimes been used
N
as a diagnostic criterion qu assigning modes of coordination of the NCS

£

1on: According to Sahatini and Bertini 49 a single sharp band near ﬂ80 cm R

@

is ta en as indicative of’N—bonding, while S—bOnding ia'characterised by -~ ..

E

several bands .of 1ower intensity around 420 cm 1. The. splitting'ia oncer’ : K

e '*fﬁ"’ ’again"caused fﬁr symetry reductfon. Freshly prepared compounds contain-, e

«®

=-1- -
ing/the~6re4NﬁSc—anion"BHUWﬁbands‘at’41: of 420° cm “% while older (or

«

partially decomposed) samples exhibit multiple bands of medium intensity

between 500 and 330 om 1 “anortUnately, the Cr-N,stretching frequency‘i"

. -



‘ A o ‘ o
is also expected to accur in this region. The frequencies of v N

. W%F CI°3N3 Cr03NCO and Cr03CIN352‘ are consistently observed at
‘22495‘cm-;,‘ and it 18 generally argued that the metal ligand vibration B
'“:becomés less pur% M—N as the pseudohalide becomes heavier in the series'L

, ﬂNCO, NCS and NCSe,' 80 that*the -Cr-N vibration for Cr-NCS :could well ‘be

iiiiiitimisn\xpected for the C-N' stretching of the N—C-O unit, as is found

- 1ower than 695 L‘For*instsncerin*the“PhaAser9~{ﬂes}wspeetrumfathe

415 cm -1 absorption can be assigned to the Cr—N stretching mode and the .

..weak absorptions at 480 - 475 cm -1

to the' G(NCS) deformation. The-posi-

S B -t

tion and intensity of this mode in other transition‘metal isothiocya—
nates53 54 support. the sssignment. o 7\-' : . .
-l . , : - . . CoL N

. ! \ ' R ' - .

In genersl, the vibrational spectrum of the Ph4AsCr0 (NCS)

b'complex is compatible with a. Cr0 (NCS) anion of C3 i symmetry.‘

' Tetraphenylarsonium Trioxoeyanatochromate , o ‘ L
&y . - . . .
A ) o ] . ‘ ) ) v

A L . o . I ;
- . .

The criteria fbr assigning the bonding modes of cyanate

v,

complexes have been mbre difficult to establish, partly becauSe of 1ack ’

. .
¢ )

'of structural determinstions, and partly because of the greater mixing i
‘of'the stretching modes. ’ By’analogy with thiocyanates, an increase is - i .‘g ’

expected in, the C—Nfstretching mode if the bonding occurs through the o if/)(

oxygen,and the .reverse . for N—honding,iiAlthough ambiguity is some- . u'\';;/"

[ . . =




w:lth_thioCyanate.complexes,?5 ,larger increases have generally been

».«; ~ observed for isocyanatéds by'Forster and Goodgamesﬁ, and Bailey and

" 57 -1 | ?' ~\§ ’

Kozak. a In Table II. 11 the frequency of the band at 2206 cm in

Ph AsCrO (NCO) and 2276 cm l in KCrO3(NCO) tlearly shows the presence

4

of a coordinated NCO group, in tie case,ofFKCr03NCO the e91dence—£or

{

N—bonding is strong.

The. other interesting=mode involves the“pseud057ngetric.
: . o L

S Loas I P b _— cQ > : - —
stretching of the NCO unit. It has been shown”" that the vcd for isocyanates

‘ are generally of weak-tofmedinm intensity,'higher-in freouency than those -
of the cyanate557, and anpea; aa a singlethat‘about 1330 cmf;;‘ In‘nosi
transition metal tetraieocyanatesdtherftequency range/f; between 1319
and 1337 cm_;. The pseudoeymmetricjstretch'is ddentified as\beingvat>'
'1385 (or‘1387) cm-l in'Cr03(ﬁCO)-; fBecauserthe vsyn(N69) is known torr
increase in the N—bondedbcaaes and decteaee‘in the O-bonded ones rela=--

tive to NCO , théyspectra in Table II 11 suggest N—bonding 1n the

CrO (NCO) fon. - o S

The weakrbands'at‘630 and'616 (or 638\and 05)'cm'-1 have
;’ ‘ been assigned to the bending modes G(NCO) and G(ﬂNCO) by analogy with

the 570 - 640 cm -1 absorption bands in the spectra -of isocyanato com—‘ B

ffffffff 29,31

/

N ETRAT L e owe i L -




D ‘ /-
>"'T‘a“b1e I1.11 The Vibrational Spectra of the ;CrO3(NCO)'— Anion.
KCr0,NCO - Ph, AsCra,NCO Tentative
. o ,  (infrared solid) Assignment, - '
- Raman{solid) (Infrared _ ‘ :
e Solid) ! -~
2370w
2350w -
2276vs,br - Vos (NCO) »
o 2204vs,sh  2206vs - ™ '
1392w 1387w,br. . 1385w,br Vg ymNCO)
.. 970w 965vs,sh L
954w 951vs 951vs Vi (croj)_
940w 925w, sh sy )
915vs 910s 904s v - (Cro,) ’
T oo C sym 3
887w-m
638w-m 630vw,sh s (NCO)
'605m 616w
573w 570vw 8 (n-NCO)
516w '5128 s VereN
500s,sh. 485m,sh.
4205 420w
397 390w
: | 386 \ :
N 379s 376
‘ 371m 353
, 362w 326{very 330w
‘ 316{weak = 307m ;
. - 300{ .
28C 283m i .
266] . 268w ”
- LT T ST 243w R *
7 250-240m,br 226° © 229w y
1"] b —



FaS

.\Fe-N'stretching fundamental at 410 cm

?he‘strong‘512‘cm-1‘£andlin KCr03NCO (485m qm—% in

4AsCr03NCO)- is assigned-to the stretching of the Gr-N bond. _ The

frequency of this band is cdnsiétént with the 495,cm-1'absorption in
the compounds CrOSN;, CrOéCiN352 and Ge(NCOjasg;but higher than ;he"
‘ . 1

Ph

in (PhaAs)Fe(NCO)431.-

The complexity of the far infrared spectra”(dOO'—,ZOO‘cm_l)

' &iscourage'any efforts to make specific assignments for the defbrmatibn ‘

. at’ ?ZUOOCm-

“which reptésent, respectively, thﬁithrée bohding modes known for azido

. ’.‘\\k 4

mqges;t§(CF93),"6(OCrN) or §(CrNC).

Tetraphenylarsonium Trioxoazidochrométe
As 1s the case-with‘cyanatesAand thiocyanates the presehce
of a coo;&inatedwazidQAgrpupmcgn be easily detected bj the “infrared bands

1, -1
(V, gy (N3)), 1300 cn™

:(vsym(N3)) apdiksgwgen 500 and

__7(.')0_cn1'_1 (6(N3)).69 The type of coordination of the azido gfdgp, ie

monodentate‘or_bfjdging, canﬁé; generally be-establiqhed'éolely_by con:"

-

.sideration of infrared data.v61 Cénsider,for instance, the complexes

[Cu, (diphos) ;(N,), 1, 82 [(CO) Ma(N,) Mn(c0),] 2. and [cu(PPh,), (901,54

R
T

ST o ‘ - NeNeNa_ |
SN TN e S




;icomplexes; The solid state spectra (IR and Raman) of the CrO N anion

3°3
/ (Table 11. 12) has absorptions |
Table II.12 The Vibrational Spectra of the “’or03 3 Ton. in PhaAsCro3N3
Raman (solid) - Infrared (KBr) iﬁl, Assiggments “_5L,
T T - 2380vw R
- 2160vw o
W N
2073vs asy( )
e 1280m ”‘*’ﬁ*"gymmg,) e e
936w L .. 929s,sh
899s - . -898s (gro ) ) R
674w P . 670m,sh 6(N) o :
- \ _ 580w. & (n-NNN)
490s,br . o 4928 __5 | “v(Cr-N),
1w ~5<o*cr\o'> : g
. ‘ 6 A r\ ,CI‘
, 235m . 807" 0) or §(0 N)
20 ‘?Lo"?"*m or 8(CE-H-N)

Lo I
. at 953, 929 and 898 emq; which are assignable to the Cro0, stretching

vibrations. The frequencies of the pseudoasymmetric (2073 el ) and °

H

pseudosymmetric (1280 cm ﬂ) stretching vibrations of the N3 group are also

much in 1ine with those of other transition metal azido complexes 59 64

e T

’"The stretching vibration v, (N3) has sometimes been used to detect the

as7ﬁﬁaffy’af‘5‘666}&135‘6&‘521&8‘&?6up. “The structural data on transition

metal‘azldo complexes6§ indicate that the two N-N bond 1engths are generallyr

unequal Ad r(N Yo In the N3 1on, each N-N bond is 1 SQX

oI II) ‘ r(N, II III




-

T es ‘ ,
Agrell has demonstrated that there is in fact a linear

relationship between the. degree of the asymmetry and the energy of
vasy(Nj) (or Vg (N )) by plotting v, (N.) against the Ad for & series
of related or similar COmplexes We can, therefore, compare the vibration- '

al» ctra of the complex ion CrO3 3 - with that of the neutral solid com—. ]

plex Cr02ClN3.>In the latter complex v (N3) occurs at 2145,cm' While‘ -

(N3) drops down to 1223 cm 1

2]

In addition to the stretching modes, the spectrum of the

Cr03N3 ion also has absorptions at 580 and 670 em” (674 cm. in Raman) P

assignable to the b(ﬂNNN) and 5(NNN) modes Although these have no diag~

nostie value, they compare well with the 702 and 622 cm" 1 bands observed

for. GeH N 43 the. 637 cm -1 band pbserved in Cr02C1N3 and those of - other azido

3 3,‘ »»‘»‘ ! . . “xt
complexes.. | - ‘ AN ‘ o .
4 , X . ‘ ot ) ) N . . ; - —. & ) ( S .
-1 43
The M-N stretching vibrations are observed at 466 cm = in ng3N3, . ‘

at 492 cm -1 in CrO3N3, and 495 cm -1 . in CrozclN3 52 ~ In the CrO3NC07,'which
is isoelectronic with and possibly isostructural with Cr03N3, the Cr-N
-stretching‘frequency is at 512 cm 1. This increase is comparable  to that 5

‘ from GeH3N3 (466 cm-l) to GeHBNCOF(493 )."4‘4 Assignments of the lower
frequency deformation modes are less c rtain. . .

M
(

.

(iii) The Structure of CrO Ps Complexes and the\Nature of the Cr-Ps Bond

Except for the spectroscopic evidence suggesting Cr-N bonds in all -

-Cr03Es complexes, the analySes, in terms of the expectea and‘observed‘funda‘4*4444*
mentals assuming C3v or Cs. symmetry, have not been completely definitive But

. [ .
- A }
' . . . .
. . ¢
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. . . o . . e ) ‘ ~t
structural\possibilities developed by the inspection of a number of ground  *
state strncturesfof the N-bonded cOmpiexes could be,enviSagediﬂ’These k
structures represent the geometries of the MXYZ if steric constraints'

and/or crystal packing, caused by other ligands or counter ions, are .

| stnetchisgfvibfatiens—in—thefcomplexesfkgﬂﬂgtngOg}ggandrestabiishedra

absent
* ,
T mt K T v_,_ | ‘ ;'"F'i';l—-, T
M-N-N=N§ N (M-NEN/-.I\Iz ) M y-NeN: ' _(y;gilt.,.)g
. ’ N N R ® - .
- K BE o ‘ . -+ X
N M-NeC-Z: - T 4 M=N=CSZ:
M:.N:,,C ,, Y T ,EEN_CT:Z@ I :
¥
The M-N-C-Z and M-N-N-N. structuresTalso suggest that
extensive TT-bonding mayi be present67-69 o E \
(d) The Effects of the Substituents on the v___ Cr-o0. ‘ o 'e/rf
. : ‘ S N ) . Sym o } . » . ‘ \
Fooo - o ‘ ' e

In the ground state, the effects of substituents are

reflected in the gradual shift of the Vv ym(Cr==0) as the substituent is

changed fromL =F toL =N.. It has been established 70 7.

3 that t"he

value of the MﬂO stretching frequencies in metal oxocations ‘M 0y .is

'dependent on the other ligands attached to the cation. McGlynn and co-

70,71

L,workers ,,eﬁiused the frequencies,ofsthe symmetric -and- asymmetriemu—ofﬂﬁA7<¥~wvmwrs

% Unlikely due to the adjacent like formal charges.
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,' ligand series which exhibits a Striking.parallelism'to_the spectrochemical-

series.’ It therefore'Seemed worthwhile to investigate shifts in usym(Créd)“

M.i as a function of the anionic ligand Lrin CrO L . m~The Raman technique -

3

was used because v (Cr-O) has a particularly strong band’ % 7 in thel'

. Raman, and‘a¢curacies of +1 cm b were.obtainable.r the resultsnaré

§

““Collected together in Table TI. I3

' forces, in this stud&ithe vibrational (Raman) spectra of the freshly

To minimize solid statefeffecgs,‘e.g}fcrYStal packing ’

prepared Ph4AsCrO L compounds were meaSured in DMSO (€=46 6) and

3

CH C12~CC—8 9) Other solvents (MeCN acetone, MeNO ) were unsuitable

2
on the basis of solubility, stability or interferingvsolvent baqu in

N

the 800 - 950-cm -l region

E)
- %

‘Table 11.13 The v Cﬁ:O-Frequencies (Raman) of CrO3L9_'Compounds
‘ . svm ; — - — -

,?’ffh N Raman (cm;l) o o
‘ T L : ’ < e v t N
- Substituent’gL)‘\—'. o o DM . s CH2C12
P 910. - 1low solubility.
c1 DT 904 s
NCO - . ’ o . 903 i ‘ . ' 904 . )
: Br . S 902 oy 903
S ~N057~:”ffm~f~fé~f~~4—mvﬁ—~:7u~ﬂ77898?(decomposes)— decomposes : :
N 897 A 898 ———
3 ‘ = : . —
NCS ‘ l ‘ g ‘884? ) _ T'.‘ decomposes



of the ligands based on the position of v

AJCrO NCO™ (903 cm ) and CrO.N

'¢rQ§Cl (904 cm ) to CrO Br~ (903 em ) despite the large mass

One‘resuft of the study is that the order and relative

magnitude of the substituent effects appear to. be independent of

: solvent effects The other important factors are the‘simple mass

effects and mechanical couplingkof'the cf:o stretch with the Cr-L vi-
' o 70,71

brations. It is. assumed, as.in'preVious studies, ‘that thegeffect of

'the‘substituent’(L) on thtO " is-purely a bonding one. The coupling

of‘the Cr=0 modes.with Cr-LcmodeS'is probably insignificant\whenfﬁ l

is a heavy atom or group, and may. be neglibible even with 1ighter atoms,

'since ‘the Cr-L vibrational frequencies G) —637 cm ) are lower than
T -1
Cr>£f} In agreement with this, the shift in v (995 cm to 964 cm )

‘is much larger than would be expected (989 cm ) from mass effects alone7

So that for a series of ligands attached to the CrO3 moiety, the order

'0 should be independent’
of mass effects, and almost completely dependent on’ ligand bonding effects

L Since the vibration of a bond A-B is considerably influenced by the o

difference in the e1ectronegativities of atoms A and B the increase in

Cr=0 " s taken to be a reflection of the difference in the .electro-. o

negativites of o and-CrO L. The results are,shﬁwn in Figure 11.2. A

2
shift of the v, ym(CrO ) to 1ower frequency is interpreted to mean a

13

" weakening of the Cr=0 bond (c f the v ymCr=0 for the isoelectronic o

(897 cm ), and the small shift from

3 3 3

3
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for N compares well vith Ehe 0 44 reported by Taft and Lewis

Analysed properly, sets of V=0 such as these can

be used to estimate electronegativities of substrates. They can : . g:‘

also Be used to estimate the Hammett f% constants: (the inductive sub-

. stituent constant for aliphatic compounds) Figure II.3 shqws"

that:.a" plot of v &m (CrO ).against‘o “for F(O‘52), Cl(d 47), and Br

(0. 45) gives a straight line. From this plot it is established that.

' The value of 0. 41 o

- o for 'NCO and N3 are, 0 46 and 0.41, respectively
728,

who
derivedw!heir>¥aluefind1reetlys£rem~the¥sw ta ~and-O- pif4~20ﬂ5tant3r—uff~—f
The “most important conclusion to be drawn from the present results

is that V. (Cr -0) in CrO ‘L~ ion is indeed affected by the nature of

v:the ligand,L. This is reasonably explained in ‘terms of a transmission

.of the charge in the CrbL bond We shall .see below that the electroﬁic -

spectra are also dependent on thf 1igand D in a manner which is )

in keeping with the vibratiqnal spectra.’

0 -

e o ke s e A T
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t, . II1.4 THE ELECTRONIC SPECTRA OF MONOSUBS

v ‘ A large number of subétitﬁtionyand redox reactions Ngve

: : - 2- , 2- oo : :
‘been reported between CrO4 s HCrOA or Cr207 and various donor ionst‘and
. molecules.73~81 In. many instancea the 1n£tla1 stép 1n the reaction invoI-

ves the formation of a Cr(VI)—-substrate ~complex 0 Cr C*‘The evidence fo?y

3
equilibria'or reaetion infermediate(s) is.generally'obtained directly from”

.ch&ngesAinHthewﬂer9~ﬁabsorptton“spectrum““Tn“HUme”Eﬁﬁeﬁmsé' thé cnange is e

;; S very small and in others competing hydrolytic reactions e.g.

> HCrog-

r‘7
L4

o

have hindered drawing definite conclusionszsl It isrgenerally agreed, ‘hohj

/. w .
ever that since Cr(VI)&is a° ., the absorption must be a charge transfer, :

et e st M e s .-‘n..r—‘&um S ku .
- |
| E
o~
|
|
i
I
|
|
|
)
o
(=)
()
l—(
'
o]
[ 30)
o
4
-
&

electric-dipole allowed (g+u in Ohsymmetry), transition.0ccuring from non— T
* .bonding orbitals on the oxygens (or a v-bonding MO conslstlng of oxygen
atomic orbitals) to the Cr H orhital, in effect,reducing the. Cr(VI} in the

A I
: R a

*excited state. Charge transfer bands are usually very intense (8 > 103)

!

and occur in the UV (or near visible) region of’ the spectrum.

%

The original semiempirical,mOIecular orbital calculations .

82 2- w T
on the Cr04 and H‘no4 fons started a debate .

‘when they reported an energy level scheme in which the lowest unoccupied '

of Helmholz and coworkers

¥

N - T

orbital was the t instead of~t§eset1eve1 expected from cryatal field

2.
theory, with the ground state configuration . S ;w,i_ ”:,:ﬁ

1) (3: ) ct ) (4t z?rz*)? J f"’”ﬁd"

having symmetryA1 "The first promotion, H. 2 is exPected to give rise ;f

7uﬁ'*"w7'(ia73zfi£ )6(1e) (2, 18 (2a

- -a‘—‘—-":;y:‘\’ru 4w "o

‘to four symmetry states, Ai E T and Tz (botg singlet and triplet states

‘ are ‘possible though there is no spectralAevidence for triplet states), of :

ot bk e o W5 L

which only the Ai -+ tz transitions are eymmetry (orbital) allowed

s %



1

,,transition to other levels being forbidden ‘in the absence of perturbing

"effects The\secogﬁlexcitation was, predicted to ‘occur from the 3ty

orbital to the 4t2 orbital (symmetry states Ay, E, T1 and T ) with only

the 1A1 -+ ;TZ being-allowed. Unfortunately, the experimental results'

T
S

: % . 3 ) . : : -
" did not agree very well with the observed energies or intensities of

PA b s

‘either'transition. ' P ' o . : .
) : a . . . o . ]
e / —In 19 5& Ballh&usen and- Li'éhr 83 prepesed%altemat jve-

-

- transitions concealed plus singl’et -> triplet transitions. = The latter

energy levels and the spéc’tr'al"’chan'ge’s’"tha’t" ’6Ecﬁr"ﬁﬁén' “one passes T

o

"scheme consistent with bhe crystal field theory and assigned the first

transition to t ( A ) - e( T ) and the second- to t ( A ) - t ( T ) The first o
EHINN

transition gives T1 and TZ states, the second AI, E,le and T2 states.w T

So that,'rpﬂgdzziion to the two possible allowed , oo
1, ‘ -

A1-+ sz transitions, there are at least four orbitally forbidden

\

scheme was supported by other molecular orbital calculations83 89

»

and the 51ngle crystal electron spfh resonance spectra of certain d1

8
and a2 ions.l 90 More recent and extensive M0 calculations 9 (Fig. II 4)

Jon the Mn04 ion appear to have arrived at reasonable agreement but the

same have failed to produce a consistent energy level scheme or spectral

| assignmehts for the Croz—‘ion.

?
‘4 R}

Except for the one attempt made on'the‘Cr05F” and

.. €ro,c1” ions 92 no extensive theoretical analysis of changesxin orbital

3

from'erer' (T*}'tU‘GrG‘XfC* ) exists - 7t”studyggl‘of‘therdichroism*ofriﬁmr***4444*

KCr0,C1 complex has, however, established that the electronic ground state

3

A
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L.

i of the Crd3Cl ion is also A1, the same as the Cr04b ion. The‘symmetry .

e ‘ﬂﬁfhrrwould‘b’ expected‘tU‘split‘a11‘ofbita1‘tripletS‘tnto“*“““*
R R ’reduction‘Ta C3v e

a singlet (a) and a doublet (e), ,‘ - (e + a ) and t, > (e + a DY While

2 B
. o = ‘the degeneracy of the doublet levels may remain unohanged the molecular ‘

form and energy, relative to that in Cr0 Z s may alter. Because the . seleet—

ion rules for C
‘ T 3v

" the possibilities (a

symmetry\would allow all A ‘+“A1 and A1 +_E transitions,

1
2i+ 81,.62‘*16, e > a;, e > e,‘a1 > ai‘and 31'4,e) |
- arising from these excitations make assignment difficult, see Fig., IF.4 and5.

Furthermore,'theﬁbroblem of’how the non-bonding electrons ( in the az»andia

orbitals)92’94are distributed between the” oxygen(s) and sub trate donor

. atom makes only tentative assignment based on comparisons wi

-

31 3
and f§§nd (Figures II.6 to I1.8 ) to have a minimum of three bands .

| Cr02- and MnO4 spectra,‘possible. W& B
o . . R ‘ K ‘n—i / '
The absorption spectra of the anion, Cr03L (for L =
?—,'Cl_,‘Br- NO CO—, NCS—,;N— and acetate), ‘have been investigated

located in the regions 450 my, 360 mp and 270 my. - ..

- 7 A

(a) The Absorption Bandeentered,at Asomu.

- . v

The 1owest energy band ( 450 my) is relatively weak , -
( 100 - 300), insensitive to the nature of the substituent L and some-

~times partly overlapping with the stronger second band. It exhibits

. o 2
, distinct though poorly resolved vibratibndl peaks spaced by 700 cm l,v :

1

- Fig II.6. Similar low - intensity, poorly structured bands have been

-~ ,7' observed in the polarized spectra of ‘the GrOi - and M'nO4 ions in. N
. . _ v ok _ ¥ i Cy

.I IR 1ow symmetry‘sites of various host crystalline lattices. It has been ,

¢ -
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suggestéd thdt this Weak transition is a lA N lTl, corresponding to

v NaCro;

-LiKSO /K CrO

tions respectively, “have | been observed and shown to be e1ectric - dipole.

effects,

of this first band regardless of the nature of the substituent By com-

(b) The Absorption Band Centered at 360mp{

)J,_/r95 96 - which is electric-dipole forbidden .in the T

d point

roup. - - S ) ’ - -
group s . 7 ‘ L (

4

In the C,  (LiCIO,. 3H.0% and K.Na(s0,)./
. 4 / 4+ 3H0° 30
4)2 +3H,0/Ba 040, ), 3H, 090 ana o/

) site symmetries, however, the i_component (A -+ E)

3H20/L1Mn0
95
Y and the C (Ba(ClO

95’

27TV

4\

Iand both the_l component (A > E) and the || component (A +‘A ) tran51-

o

r

. allowed. BecauSe these observations are ‘supposed to reflect the sise

]

97 they provide further support for the aSsignment»1A1_+ ;Tl

for the parent Tdfion. ,Collingwood and’coworkers,?s',who also support“*“j
the assignment have shown, from‘the dipole strengths and site splittings,
that the intensity of this band arises from the mixing of the lTl with

the lT states induced by the trigonal £ie1d 96,99

2 Y ' | | '/" . .,
o ; ’ , R . . ‘ . .
7 Comparing the low intensity, low energy absorption spéctra ‘
of Cro4 , Mn Z, cro3F', Cr03Cl , Cr030R % and Cro3L“' (for o= Br—, ' -

'Ncb—, NCS 3, acetate ‘and 'NO_, ), it becomes attractive to think of the .
substituted ions, Cr03L ; in the same way as a slightly perturbed \\g\’//////

[y

'Cr02 ion. The perturbation does not seem to havevan“effect:on the energy -

4

H

parison, thlS is most probably the lAl -+ 1T camporient of the parent Td ion.

]
-

The intense band in the 360 my region (400 my to 320 mu)

[y

Th LTSI e e mayrees "““‘“3" e " AT



-

84
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Table 1I.14. Electronic Spectra and Vibrational Structure in the 360 my -

237sh

~ .~ (and the 270mp ) Absorption Band of CFO3Lf_ *k
e R ' Y eo1q Aol « 10-3
~ , My Vv (approx) Splitting Av(em <)\§r (X 10 7)
A —— —— — - max
. ) . (cm 1) . : ~% —
‘Ph, AsCrO,F 435 23,000 - A
. 395 25,320 - - '
! - 282 . 26,180 860 :
o371 . 26,950 ° 770..
. 361 27,700 - 750
%352 28,410 - 710 N_0.79 .,
- 343 29,150 740 . - /
336 29,760 . 610 -
329 30,400 640 -
320 31,250 850 .-
_Average ‘]49‘
~Ph,AsCr0,C1 -~ 435 C 23,000 .- 0.14
4067 o Y
397 25,190 -
384.5 26,010 820
373.5 26,770 760 .
%363 27,550° . . 780" 1.43
353.5 128,29 - 740 '
345 28,990 700
337 29,670 . 680
- 328 30,490 820
) s . Average. r?‘ 760 .
282 (max) . — ) ) -
KCroNCO 435 - 23,000 7 | 0.13 ‘
"o 407 24,570 - @g- 7
L 395 25,320 . 750 ‘
T4 26,010 690
373.5 26,770 760 . .
T *363.3 . 27,530 760 1.32
. 354 . 28,250 | 720 ‘
346 .. 28,900 650 .
-336,5 5 29720 820
— e 328 o RTTRM300490 770 T
%"E?;J S AVErage“ o 740
e 271 (max) - ¢ -
- '« 266sh ~
260sh
“248
L]
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X? my \ '~_\7__(aépr0)’<i\i - Spligtiqg Av (cmrl),emax(x 10;3)
Ph,AsCrO,NCS. 460 - | ' - -
. Ane3 ey C019
430 o Co . >
s‘ . . Q . . | |
397 . 725,190 - :
f 386.5. 25,890 & 700 R
¢ 376 26,600 710
: %366 27,320 720 1.81
356 : . 28,090 770 ' '
347.5 . 128,770 680
338 . 29,590 820
.. . -Average _ 750
- - e e R : B -
: 2§7£max)
Ph,ASCrO,NO, | | o w@
) 435 .23,000 - 0.22
406 7 |
393 25,500 -
382.5 26,100 600
371.5 -+ .26,900 800 ‘ o
7 *360 27,770 800 1.11
352. _ 28,400 700 °
342 . 29,200 800
- Average 740.
275 (max)
. i v
PhaAsCr03N3 v .
Ca 435 - ' 23,000 - - 0.26
r ~ NPV - |
a \ o407 24,500 -
T395,5 25,280 710
385 - . 25,970 690 -
. *¥375 . . 26,670 700 e 1
ﬁ S %365 . 27,400 7307 2:16
‘ : 356 28,090 690 .
‘ 347 . 28,820 730 . s
’ Coe 7338 29,590 770 EE k
' Average ) 720 S .
S Q e
) | <1//J J&v
P » N ';% ',., o



L | ° & - ‘ wh
R P L 0 _,,;L‘_P_L;,,,,rr v (approx),em_ Splitting Av.  emax(X 1073y
' B : ’ ' e - s B e ~,>.cm._i-l '
o s SR ,
3 Ph&AsCrQBBr e | | o
435 - 23,000 - o 0.23
- (4 . ) . Y ) 8 . - :., ’ -
408 - 24,510 -« = \
397 . 25,190- .  .680°
| _ . 385.5 25,940 720 e
e e s 26,700 T TTe0 T T PR
w %365 27,400 700 - 1.68
o - . 3545 28,210 740 . N
P 345.5 28,940 730 P .
“ - © 3375 29,630 690 S
328 30,490 ' 860 -~ - o
Average 740

-

¥ The maximum absorption

*# A1l numbers are averages of four determinations.
Acetonitrile solution of Ph,AsCl has. electronic
absorption bands at 271, 264, 258 and 253sh my. ,
Allowance was made for,overlap between the bands It was
assumed that thes+#first and second bands’ dre symmetrical, that _the" third —
band contributes little at the peak of the second, that the first band
has a maximum at approximately 440 mp in all cases, and that the' -
overlap of this with the second band does not extend above 450. y
-The uv-visible spectra were also recorded in CH ugxl at . -10°C
to try to improve spectral resolution and possibly locate the 0-)0 >ands, '
but without success. : g : o
: Attempts to locate thek 040 bands -(in MeCN or CH2C12 solutions)
by fluorescence spectroscopy were alsofjunsuccessful. The fluorescence band(s) .
‘., . obtained, by employing highest sensitigity, was too weak to allow any
: unambiguous conclusions to be drawn, (". Steve Lower's" helpé&v)ru‘nni’ng‘iﬁe
| spech'a is greatly appreciated. ) )
— . S

s
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Jsimilar except for the gradual shift to the red with changes in the ,

. . e _“87.-\"

exhibits strong distinct progressions of vibrational fine structure o

(Table II 14) The extinCtion coefficient at the maximum absorption
C e
range between 790 and’ 2200 The spectra. of the CrO3L complexes are

¥

electronegativity of the substituent L. Studies of the polarized .
2~

.

~ absorption spectraAof mixed crystal systems . Cr04> and MnO (C -and

C sitelsymmetries)

.chroism of KCr0.Cl and calculations.g2 on KCrO

95 assigned the structdred high intensity absorption

1, 1,

3

1 T2

tOfelectriCWdipole~allowed~transitionr Ag, *V—T— Thesdata onatheudi— -

3C1 and cale 3F and KCqQ C1 indicate v | 1

that the tranSitionLin‘CrO L ions (C symmetry) involves -a trans—

3
ition“from the 1A1 ground state to an excited E state. The fact that only '
1A1 > 1E and not both A1 -> 1E and 1A1 -+ 1Al transitions, is observed
96,99

is not well understood. "Some difficultles,have been encountered

5\

in'resolving these‘peaks in the spectra of the MnOZ and‘CrOi— ions;‘

 ascribed to the coupling of the electrdnic transition with the vsymCrO3

‘ since‘all,CrrL vibrations are below 650 cm -1 and theﬁvsym(Croa) trans4 \

S

The vibrational fine structure in the 360 my. band is

‘forms as the totally symmetric representation Al; By analogy with assign—

100'and Mo~ 96

4 the fipe

ments of the vibrational progression in CrOZ-

. structure, which exhibit an average interval of between 720°and 760 cm—1

‘(see Table II.13). The 16/ reduction is therefore ascribable

-

in CrO3Ln complexes, has been assigned to the totally sympetric stretching

frequency of the CrO3 group in the eXcited state. In the grOund-state of the

CrO3L - Vanion ‘the - freqt\ency of ‘this mode ranges from 884 -.%30 cm-'1

o the fact

that a non—bonding electron is transferred to an antibonding orbital. The

.
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CrOZ- ion is;reported 100, to show a comparable decrease, w1th a change from

" Cro0 (NCS) (Wlth either a Cr- N or Cr S bond) and to 390mp in CrO SZO

‘charge on the central atom 56 that the red shift in the Cr03L spectra

.

-1

the grOun&-state v (Cr03) value of 847 cm -1 to 780‘cm in the excited

" <
¥

state. : T S e

> ' ‘ S ) , S ‘@
Vibrational fine structure 1n solution spectra_is only rarely -

observed; gas phase or- more special techniques are required for its‘detection.r

PPV

f_‘It is noteworthy that such v1brational detail has been observed here, in: view o

L BN . ,

‘of solvent broadening effects and  the low ﬁhality of resolution attainabls&hﬁ

N

a o e
in solution at 22 C. Our attempts to improve spectral resolution or obtain

4

the fluorescence spectra of CrO3L species failed to give information\onhthe'
. . . e .

- ) : LIS

' energy of the 0> O bands. - g : - . [;Wm,, ,,if,e -

- T - T -

While the position (_,max’or %max) of each absorption maxi-

mum mgy not be impor tant, the.magnitude of shifts, due to changes in the

: o SRR 101
ch&?écter of the Substituent donor atom have been correlated" with

the electronic properties of the ligands. For instance, the band

"

‘ 2- ‘ "~
at 350mp in CrO3OH s CrO3PO4 s and CrO3SO4 3 _(all of which -have Cr-0
bonds) is{QShifted to 360mp in Cr03C1 ( with a Cr- Cl bond) 380mu in "
2-

(assumed to have a Cr-S ond) In the case of’CrO3L , for L -‘NCS ;,
A .3

2. :
N3'and 8203 , 1ntra1igan transitions may f:fluence the positions of band ..

[
maxima.

o

" One of the established trends 102»for the energy of'a-charge-

-

transfer band is that for‘a given metal, the energy increases with the negative “

probably suggests a decrease'in the formal negative charge 0n the Cr.

In :erms of bonding, these effects may be correlated with the inability of Cx

to accept more charge. A correlatiom’ of A a; with.Hammett G constanp (inducv
I .

n

tice substitient constant for alphatics) - Fig 11 9 giveS\i straight line. .

. e
©
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. e

Thus one effect of the substituent L, in CrO3
i

chromlum-oxygen dﬂ-pﬂ interaction by making €r less able to accommodate

L™ may be. ‘to decrease the

~more charge from 0 pnaelectrons. This can be accomplished if L bonds

h

_to Cr ma1n1y by G—electron pa1r donation This could explain why the

shifts in the present spectra are 1arger than those reported for the

complexes CrO3 OR™™ for R —alkoxide,gq JP03, SOj, 32 . etc. ?3

D e ‘

where the electronic propertles of the donor atom (0) do not alter much

NOZ, Cr0

®,

Figure IIJD‘shows that . a linear relationship exists between the electro-.
negativities of ‘the substrates F(3 %), C¥§: -0), Br (2. 8) , iS°TNCQ(3'Q)3,W,4”

iso—NCS(Z 6) and N (;\{/105, and the absorption maxima (V # or Amax)"

This supports the proposal by JBrgensen 106 - that the energy of a charge- .
transfer band is directf§ proportional to the‘electronegatiVity difference-

between the ligand and the central atom.

‘ ‘ ' Low . '
Because these are charge;transfer transitions ‘in which the

‘central‘metai could be conSideredL"teducedW and'the donating ligand "oxidized"
- , - 103
“in the excited state,‘ the shifts in the - absorptLOn spectra would be expec-

ted to paralrel the ease of ox1dation of the ligand system. The participation
T » ¢ : .-.,‘-137\\ L .
“of substituent non-bonding orbitals in the e( A ) donor 1eve1 has been

suggested 94 so that for the substrates whose oxidatlon products and redox

potentlals are known,Ib7t
: '.\ : , ' : |

st 2T = L+ 2¢” (for L=F, Cl, BrandNCS) . [15]

[

the relationship given in Fig.11.11, can be drawn.
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"7NCO

_symmetry., . N :* o ‘ S o

‘elﬁxdﬁpnic spectroscopy , Evidence for substituent-dependent Cr-O bonding

(c) The Absorption Band Centered at'270mu.ﬂ
‘ S ‘ R o o

‘Thé. third set of bands (the 270my region) are weakly o
structured, very intense and appear in the w end of the spectum (36 000 -

41,000 em 1) where they are generally ‘overlaid by cation and intraligand
N
Y o7 108 -109 o (2= 109 s

absorptions (especially where L = NO3 » NCS5. 52 3 and

- 110

Yo Su@bracting out the tation absorptions suggests that N

this band is“probably split intexthree or four components' the split cobld

be due to 1owered symmetry or more than one transition in the Cr03L

- — - .1 S, N

-

R 2-
complexes. By comparison with studies on the MnO4 and CrO4 ,» the most

4

probable a351gnment is a. 1A1-+ 1T2 transition,»in the Td ion which splits //fv

1,

into lA > lAl and 1E components-in the C, symmetry. Another strong

| 3v
band with no v1brationa1 structure s observed in the 240mu region. The cor-
vresponding band in the spectrum of CrOZ has been assigned to a,lAl -+ 1T1
transition, in T Ty symmetry, which splkts into an allowed lAl 1E

1
(J_component) and a forbidden A1-4 A (rr‘component) transitions in C3y

A B . I

© Summary - :L fff ?' ‘ " ‘/;.‘ o R - . F‘ A ?

) . s T . . . o
Methathetical procedures were used to synthesize a series of
new.anionic monosubstitutéd trioxochromium(VIf complexes, Cr03Ln:f
~ ) ‘

“The compounds were characterized by chemical analysis, vibrational and

® s
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) ’ 96
’’’’’ interactions was found in the ground (IR and Raman) and excited (electronic
spectra) ‘states of these ions, suggesting that the amount of Cr-0 bonding
}\b
increases with decreasing Cr - L bonding (c— or ™) interaction, at least
. - ' v ,b -
for the series{where _L C = ,F , C-l, ’and*.Br . ©
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 PREPARATION AND CHARACTERIZATION. OF SUBSTITUTED

- 0XODIPEROXOCHROMIUM (V1) - COMPLEXES .
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A

ITI.1 INTROTUCTION = - . SR A

r " The best characterized peroxo ogmplexeS'of chromium
form'three“series of deriVatives in aqueous so ut%gn depending on the pH

conditions. The preparation anda?tructural properties of the solid compounds
Mlcr (0) s €r77(0y))Ly 27,k

light of the complexity of the aqueous solution chemistry of chromium,

(O L, and Cr O(O L were discussed in Chapter 1. In

f'~w~=~7~~—~A—themstructuraisstudiesaofechromiumiyl)WPBIPKOACOmplexesflﬁquixﬁ—slhe
elimination or stringent” control of.nydrolytic reactions. It is also

apparent from preceeding accounts that certain donor molecules or

fons may stabillze ‘the CrO(O moiety, In the absence df'wgféi;~f6¥” I

2)2

instance, substitution in oxodiperoxochromium(Vl) complexes, CrO(O )

donor, appears to follow the sequence.

=

HéO 3 etherb<-py, bipy, phen, OHH,'le. oo
The kinetics of these‘substitution reactions have not received much ~
attention, probab]_y due .to the instability of perchromic' acid in aqueous

solution, and to the extremely rapid formation of adducts.

Since solutions of these adducts in non—aqueous donor solvents:

’ ' are relatively”stable, it appeared possible to study substitution reactions

‘under these ‘conditions. The use of solvents such as C‘HCl3 or MeCN has the\
added adyantage that these solvent are easily purifi;d; have lower melting

'ltemperatures'and;'bécause”of‘fﬁeir"1owfpolarity;”ionic‘productS”canwbe‘"**M"4¥Wf

’;"*‘”“*isoiated‘byrcoolingrorrbyrprecipitating—with—hydroearbensT—The—ﬁollowingfnew

oxodiperoxochromium(VI) c0mp1exes Cr0(02)2.L for L= NCO , NCS_, 3, N3, F
' and OPP lave now been synthesized, and studied spectroscopically.

-
&



In addition'to the\epparatusrand‘materials described'in the’
preceeding chapter, reagent grade pyridine used was first dried with KOH s
redistilled and stored over molecular sieves. Nitromethane was.spectro-
quality. ?h4AsNO3 was prepared,by either precipiteting out tne chloride ini
‘PhAAsCl, as AgCl‘ w1th AgNO dissolved in dilute HNO3 ‘and then evaporating

the solution, or by ac1d1fying the PhAsOH. solutlon with 1M HNO3 gndreuaponaling,rrrr

OPPh3 was pur1fied by dissolving*%ngtot benzene and adding petroleum ether

until the first appearance of turbidity, then slowly cooling in ice. The other

phosphine ox1des, OPCI3.and‘OPPhClz,were reagent grade. -

®) Syntheses of Substituted Oxodiperoxochromium(VI) Complexes

Because most of the oxodiperoxochromate(VI) complexes prepared

,»

in this study were obtained by substituting the chloride in PhaAsCrO(Oz)2
’ N

.\it is appropriate to describe a new and convenient'method_used in the

preparation of the‘Ph.aAsCrO(Oz)2

of Pb4AsCrO3C14.,as the starting material. . . _ | . .

Cl The new method uses CrO(O )zpy, instead

(1) OxodiperoXopyridinochromium(VI) Complex, CrO(Ozjzpy,
| o \ L | 13,
The solid Cr0(02)2py was prepared by established methods.

- - °

The blue needle-like crystals of CrO(Oz)épy formed .in aqueous solution were " £
*‘then uaehed three times with cold (IQOC) distilled water and the excess water:

pumped off on the %fpirator. The slightly wet CrO(OZ)ZPY precipitate was
extracted with CHElj;ﬁeeﬂrzepseeiniseEed,bymueiesméfyuleyWEQEliegrpegreleemr

ether, If not“exposed>to light, shock or higher than OOC temperatures, the

pyridinefadduct card be kept for longer than two weeks. v '
| A;%}ysis (%), calculated for CrO(Oz)zpy: Cr, 24.6; C, 28.4; H,‘2.4 and N, 6.6.
Found: Cr, 24.3; C, 28.2; H, 2.4 and N, 6.3, ‘

a

»

T St e i o - e e et e e




1 The'PhAAsCrO(qefggi‘can-be conveniently prepared at room tem=-.

- perature hy adding a stoichiometric amount of: reagent grade Ph4AsC1 dissolved

in chloroform, to the chloroform eolutid“of freshly prepared Cr0(02)2py

TCrO(Qz)Zpy f;EhAAsCI —-—-~—}'1PhhAsCrO(bz)zC1‘+ pyridine ﬂilll

‘Therreaction”is*faEt*ahd%EIEEﬁi‘ThEAEIEEWEEEdle:liﬁeﬁcr§Eta1s/werewwa;hed with -

. dry low boiling petroleum ether and air dried

The electrolytic conductivity, measured in nitromethane, was 108.6 ohm~1 cm o

Analysis (Z), calculated for Ph AsCrO(O Cl: Cr, 9, 7 c, 52 2 H, 3 8 and

4 2)2
c1, 6 4 Found: Cr, 9.5; C '52.3; H, 3 6 and Cl 6. 5.

-

Magnetic susceptibility measurement showed that the compound has

) 11,11
a gimilar magnetism (X_=4. 20 x 10 4cm3 mole ) to other Cr(VI) comp0unds.l 2
Xy

2

~and cofresppnds to a 1:1 electrolyte.since values of 70 - 120, 250 and 300

. 5 ,
ohm 1 cm  have been reported for 1:1, 1:2 and 1:3 electrolytes‘respectively.1%§

y

(1ii) Tetraphenylarsonium Oxodiperorocyanatochromateﬂyl) Complex,

PhAABCrO(Oz)zNCO
PhAAsCrO(Oz)ZCl (1.002 gm) dissolved in 10 ml acetonitrile
reacts with a slurry of AgNCO (0.272 gm), also in 10 ml acetonitrile,/fh form
| h,A8Cr0(0,),,C1 + AgNCO —— -10°% ) Ph&AsCrO(Q ) ,NCO +:Ag01- [2]

o

a white precipitate of silver chloride (0 0645 gm .of Cl was found compared to ‘

0.0644 gm, expected) and a royal blue solution of PhAAsCrO(Oz)ZNCO.:The AgCl
was filtered off and the PhAAsCrO(OZ)ZNCO in the filtrate precipitated using

-

ice—cold 1:2 benzene—hexane mixture. The cryetals were filtered ‘washed with

more benzene—hexane solution and dried by pumping on the vacuum line. The

\
: H




| compound canfbe recrystallize@ from"chlbroform'bx addigion of cyclohexane or

petroleun ether. -~ L ey i% T
. ’ ! ) - 4 - *
4 ,),NCO: Cr, 9.3; C, '53.9; H, 3.6 and

N, 2.5. ~Found: Cr, 9. 6 C, 54. 1 H 3.5 and N, 2.5. .

vAnalysis (7),ﬁcalcu1ated for Ph AsCrO(O

This blue crystalline compound decomposed alOle in the’ dark

-

at room temperature to a~greenish‘gray (mixture‘of yellow and royal blue)

powder within approximately three months, and ewentually turned completely

S - — - st N ) —
: yellow , . . . ' '

- (iv) Tetraphenylarsonium Oxodiperoxoaziddchromium(VI) Complex, Ph4AsCrO(02)

Ph AsCrO(O Cl (0 750 gm) dissolved in 10 ml of MeCN was

4 2)2
treated, at -10° c, with an acetonitrile solution of sodium azide (0 124 gm,
 finely ground) ' | )
Ph4AsCr0(02)ZCl + NaN, ——————) Ph AsCrO(OZ)zNS " NaCl A"L3]'}
‘The mixture was allowed to stir for 5 hr. The white precipitate containing
" NaCl was filtered off and the filtrate treated with 1:2 benzene-hexane mixture
to precipitate qQut the. blue crystals containing PhaAsCrO(O )N o

Analysis (Z), calculated for Ph AsCrO(Oz) Cr, 9.3; C, 51 7; H, 3.6 and N

4
7. 5 Found Cr, 9.0; C, 52.0; H, 3.6 and N, 7. 6.

(v) Tetraphenylarsonium ondiperdxothiocganatochromium(VI) Complex,

¥ l

o

Ph AsCrO(Qz)ZNCS. : SR

4

N K

Wheﬁ'a solutién of Ph AsCrO(D cl: (0 6061 gm) in 10 ml of

2)2

4NCS (0 0835 gm, finely ground)

dissolved in a ninimm amount of MeCN, the mixture slowly (in minutes)

4
acetonitrile was stirred ‘at —10 C with NH

produced white crystalline precipitate and pale sky-blue solutiOn.

After‘about<an hour, the ammon ium chloride precipitate was filtered of f .

‘a&&; 'a 2 -



-‘Analysis (7) calculated for Ph

ViBecauSe the Ph,AsCr0(0

'MECN solutions of either PhaAsH(NCS)

,‘(vi) Tetrapgenylarsonium Oxodiperoxonitratochron1um(VI) Complex, .

kas‘AgC], was obtained from lgm of Ph

. precipitate the Ph

Ph, AsCr0(02)201 + NHﬁNCS -—————) Ph, AsCrO(OZ)ZNCS + NH401 4]

and the Ph AsCrO(Oz) NCS precipitated from the solutiod\by adding ice-cold

4

1:2 benzene*hexane mixture It is important that both solvents be pure and
6‘.9 ¢

A

dry,

4ASCI‘O(O ) NCS Cr, 9.0; C, 52. 4 H, 3 5;

‘and N, 2 5. Found Cr, 8, 8 C, 52. 3 H 3. 5 and N 2! 6

4 2)2Ncs compound decomposes so easily»when in

contact with most solvents, it was necessaryato precipitate in the cold and

¢

pump dry as soon as the- reaction was complete. The analytical results and

‘ vapectral studies were obtained from freshly prepared samples. The reaction of

114 Jith croCo >27py, or AgNCS with

Ph4AsCr0(02)2

Cl,Riailed to produce PhaAsCrO(O )2NCS, and no precipitate
oﬁ AgCl was\detected. |

PhaAsCrO(OZ)2 3

‘< Numerous analyses of the Gl content of Ph4AsCr0(02) Cl have‘

(been conducted by reacting with solutions of AgNO3 in MeCN 0. ‘0643 gm of Cl

4AsCr0(02)2v

solution in MeCN 1s stable for up to .24 hr without‘much\

- 0,0644 gm was expected

The ' Ph,AsCr0(0,) N

4 3

'apparent decomposition, when kept ‘in the dark at ¢{-10°C, The metathetical

reaction is given below.

T PRASCO0CL F A0y ———) P“a“"“’“’f foy + Ml 151

~ When the silver chloride precipitation was carried out at room temperature,’

~

AsCr0(0 )2N0 gradually turned yellow. Attempts to '

the solution of Ph4

4
solvents have also failed. But when the~fresh1y prepared Phquch(oz)z

. ‘
. . . v

AsCrO(O )2NO3 by adding CC14, ‘petroleum ether atid mixed



T 102

solution (at 20° C) was treated with chilled’ dry diethyl ether, sky blue.

' phenyl hydrogens This weakens the pos51bi1ity of having formed CrO(O

. reported

_ produced’ red-brown precipitate ‘found to*contain ‘AgZCroh.

fluffy precipitate forms The precipitate was washed twice w1th more ether

. sand fittered uhder l nitrogen The 1H MMR spectra of*this compound redissolved

“in cDCL (—20 C) showed no other resonances except for the one assignable to .

3 ,
t.

2)2 - 0E 2 ‘

.NCMe, in stead of CrO(O . CrO(O .OMe 13 known and :

or CrO(O ): 2)2 2
3 0

2)2
to be stable at -50 C and explode above -30C.
- The blue solid is slightly more stable (at 25 C) th the solution s

’*in MeCN*or*CHCl“*whichrreadily~decomposesA~w1th efﬁerveseeneefﬂtouanmorangishaAMMAMA

3.
yellow solution These results suggest the possibility of the reacgions

aAsCr0(02)2N037‘+ solvent ———-—-—;» Ph AsCrO(O ),N0, € solvent. [6]

‘ , ‘ v

PhAAsQrO(OZ)z-NO3 & solvent °j—f-€> PhAAsCrO3NO3

Ph

+ (sdymm-ko) ﬁ]

-

} s . 7 -~ . - . R : 5
occuring ( where solvent = MeCN or OEt )'in‘solution instead of

ThAAsCrO(OZ)éNO3 +_ solvent -—-——-—> “PhAsNO,  + cr0(02)2 solvent E;],l,

' The freshly prepared solid gave c, 51 3; H 3 6 N 2,0, compared to'C, SQyO

H, 3.465 N, 2 4 expected for PhAAsCrO(OZ) S R

'cher attempts at preparinglthe Cro(gi)2N03-anion involved

treating CHC1 solutions;of the'pyridine.adduCt,”CrO(OZ)zpy,‘with PhéAsN03;

3

but this was inconclusive.

Analysis /&70),. calculated for Ph,AsCTO(0,),N0,: C, 50.0; H, 3.46; N, 2.4, /&

Found: C, 52.4;_H, 3.8 and N, 0.5.

Unfortunately, the infrared spectra of ‘the CrO(O ) NO ‘anion in either

3riieﬁ,il_mﬂ, S

product was unobtainable because of decomposition.

T | Treating a MeCN solution'of CrQ(oz)zﬁy‘w1th AgNOB, also in MeCN,

2%
]
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b,

:’phosphine oxide adducts, CrO(O

,(vii)' Oxodiperoxo(triphenylphosphine oxide)chromium(VI) Adduct

_cro(oz) OP(C 5)3. | e AT s

SET - T /

The initial interést in preparing the oxodiperoxochromium(VI)—‘ .

2)2 3, was to study the effects of coordi—

- nation on the phosphorus-oxygen stretching frequency and .on the 1P nuclear

magnetic resonance frequency.

R

lOQnmliofietheriwasnaddedntonlOOMmlaoisaqueousuCr0~—(Sfesgm}#ﬂu»uu

' When tﬁe mixture‘had acquired the temperature of the salt—ice bath 25m1 of 57

2 2
Xdeve10ped in the ether layer. When the reaction was- coqglete, the ether layer

solution was added dropwise with stirring. The blue colour of CrO(O ) OEt

.

\ r.
was extracted and‘wsshed twice, ﬁith 50 ml portions of chilled distilled

petroleum ether and collecting only the first crop of crystals The crystals

‘Found: Cr, 12.7; C, 52.5 and H, 3.7.

..%’ .

water. The OPPh solution in 1: 2 chloroform-ethyl ether mixturevwas added with

¢

3
stirring to the ether solution. The use of. less than stoichiome ic amount

of<0PPh safeguards against excess 1igand The mixture was al wed to react

3
in the cold (=0 C) for about three minutes.

LA

?‘*“97 £ro(o

- N

OEt, + OPPh,. 'e—é-—e—a Cr0(0,) ,-0PPhy + EtZO \ [9]Q

2)2 2" 3

The solid CrO(Oz) .OPPh. was ‘then isolated by adding chilled.Iéw boiling

3

\

WhiCh were washied with more petroleum ether, could-be»kept for nonths_at -20°C.

Analysis ), calculated for Cro0(0 . .OPPh

2y cr, 12.7;:c,‘5z.7;vu, 3.7.

3:

4

e

_ Attempts to prepare. GrO(Oz)z,OPPh3 hy,reacting,CrO(O )zpyiii,,ij ,,,,,,

in chloroform with OPPh, also dissolged in chloroform failed probablyD

because'the pyridine is more stronglycoordinated,than the OPPh3 would be.

The;31P NMR could not be investigated becauseiofithe'low;solubility and
r(///f\l S o o [: . B

e e . e e e e Lo Y e it A At s g = o
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_(viii) Tetraphenylarsonium Oxodiperoxoflugzpchromium(Vl) Complex.

»stahility40f4Cr0(02)24OEEh3linlmnstlnnnlcnnrdinatinglsglyglil4lllg chloro—”“ j

form, ether, benZene or dichloromethane.

NP I o ) Sy B
3 To. . . 19‘ N , N N . ARl

. . - . ‘_ . w’ :
Ph4AsCr0(0 ) F e ikg oo T

When the freshly prepared equal molar mixtures (at -20bC) of o

Pht*AsCro(OZ)2 4N 4 3 i rely

treated with chilled low boiling pet ether, blue crystals fell out The o
B

fluorine, carbon,,hydrogen and nitrogen analyses (Z) gave C . 55. 3, F, 3 3

cl - Et NF or_ Ph AsCrO(O ) NO - Et NF were immediaeely 332,,7.' 7

&

H. 3.9 and N, 0.0 for the first mixture, “and C, 54.6, F, 3 0, H, 4 o and 7.7\,‘

N, 0.0 for the second mixture. Ph4AsCr0(O ), F requires C; 53 8, F 3. 56-f S

H, 3.8; Phl’AsCrO(OZ)2

requires C, 50.0, H, 3.5 and N, 2.4, 'Because the room temperature X

Ccl requires, C, 52 4 H, 3. 6 and PhAAsCrO(Oz)zNO3

: infrared spectra showed no solvent, NO3 or Cr—Cl (435 cm ,) vibrations,;u,;pjd

these analytical results support ‘the formulation, PhAAsCrO(O ). F Frgp

”‘these observations, it is concluded that Ph ASC#O(O ) F is unstable buu

can probably be prepared and studied at < -20°C.

. . .

(ix) Other‘Attempts,to:Prepare CrO(Qz)sz quplexes,

T N -
Other Phosphine Oxides. ] ;' ' S '.5%

,‘.,,.A

Attempts ‘to prepare CrO(O ) OPCl3 via the method used for

~7 CrO(O ) . OPPh failed.‘ Adding OPCl to CrO(O )7py dissolved in chloro—

2" R

form and allowing the mixture to sit for 3 minutes, at 0°C, gave a solution lf7“"

which was blue for about five minutes, when low boiling petroleum ether was

C




5 T

e

added to the mixture at 2 minutes, immediate decomposition to a greenisn—*
.\yellow'powder resulted A similar reaction occurred between OPCl3 and

OEt producing an olive green ether—insoluble oil ¥he same

Cr0(02)2 ! ' 1

reaction and colour were ohserved when OPPhCl2 was used., Allowing the oil

to sit in air yields water~insoluble green crystals The analytical results

(28 7820 and 3. BZZH) suggest that the compound, probably a Cr(III) complex,; »

fsw~~s—~—fhagrotherrligandsfcontainingecarbensand/Ovshydrogen-aﬁpmssinsadditiDn to

0

Trifluoro B-diketones - !7;"\'~ o ' 1“‘lv,‘”- ,' .a~'iij

;; e - - - - —- N

Attempts to prepare CrO(Oz)ZL, fon L= TAA TTA, BTA and NTA,r

o, e

failed' When ethereal solutions of CrO(O .OEt_. or Cr0(02)2py were treated :

2)2 2

Lo with solut Lons of the ligand (L) in ether, the mixtures underwent gradual f:»

SRl i

;_,decomposition. s .{ P . ‘~, ‘
N
' Mbnosubstituted Ezgidines (NCSHAX ﬁi?r X = F Cl Br and NH ) :

» Using the procedure for the preparation -of CrO(O 7£py to o
prepare the 2 fluoropyridine analo&,failed. The initially blue solution
formed in the aqueous solution regﬁily deconosed with effervescence, to ai

'm‘brown solutiod. Nhen freshlyaprepared 2-fIUOropyridinetwas added tO‘an:ether

solution of Cro(o
19

2)2 0Et2, the blue solution was stable. for «apout 1 hr but

F NMR spectra of the mixture was idehtical to that of fresh 2—f1uoro— -

h
pyridine. Similar decomposition reaction ccured when aeﬁ?&pts were made _

to prepare the cro(o L‘adducts with72- and - 3-Lmonosubstituted pyridines, ,,,,,,,, i

2)2
~fﬂ—~fw«f~Ne§azxf£er4xe=4clTeBr4or4NH2,eusingitheimethndsiahgve-,;pr'
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iBromide, CrO(QZ)éBr—. '1 R v

~shift in tZe visible spectrum was " only from 569 to 563 mp

vgradually turned grayish blue and finally yellow..

‘ failed.

Treatingvavchloroform solution of'CrO(Oz)zpy with'PhaAeBru

or reagent grade n—@uPh PBr- failed to produce CrO(Oz)zBr because of

x«-*.

A ‘\competing detomposition reactions. -But the visible spectra of Phl’AsCrO(Oz)2

~ in MeCN is similar to that of a solution containing 1: 1 PhéAsCrO(O') NCS and

“©

NCS

i_Et NBr,'indicating that. the Cr0(0 ) Br,_anion probably exists. ~The pale.

4
blue color of PhaAsCrOKO ) NCS went noticeably darker, alth0ugh the

Acetate,'CrO(Oz)z(OAc)-

When an acetonitriie solutiOn of PhéAsCrO(OZ)ZCI nas

treated with a siurry‘of‘siiver acetate, in MeCN at 22°C,ra quantita-

tive yield of AgCl was .obtaintd.\ But the Ph AsCrO(Oz) 2(OAc) _' .solution L

. Ag(0OAc) + Phl’AsCrO(O cl —————3. AgCl + Ph AsCrO(O )y (OAc)

(decomposes)

Attempts to precipitate out ‘the freshly prepared complex PhéAsCrO(O ) (OAc)
-

T

91




III,3 'INFRAR,EDV SPECT%F SUBSTITUTED OXODIPEROXOCHROMIUM(VI) COMPLEXES =~

— - < - - . . . . ) . - ' b

The infrared and Raman spectra,of numerous complexeg containing

S

the dioxygen group have been studied in the hopé of making structural

»assignments Generally a persistent band observed in the region .
800 - 900 cm 1 has been considered "characteristic" of the 0—0 stretch 17

VMIn the- present study. however. onlyuanfew ofnthenperoxolcomplexessappearste

' _have infrared absorptions in the 800'-‘900 cm -1 regionl Considering'the .

assignments in the literature, it is obvious that earlier interpretations of the

-

IR spectra of peroxo complexes have not been totally conclusive.

(a) OxodiperoxopyridinochromiumCVI) Complex

118
The IR spectra of pyridine l and pyridino complexes 11% 120

have been extensively studied and assignments made for most of the observed

hands.‘As was the case in the other studies,llgthe vibrational spectrum of the

coordinated pyridine in Cro(o )zpy (Fig. II1.2) is qualitatively different o
-] ‘ .
from that of the free ligand (Fig, IIT.1) by
- the presence of a weak band, assigned to an overtone of a | o Y

b
LY

'lcombination, betWeen 1235 and 1250 cm_lln
| - a shift in-the strong band at 1580 cm ; to‘near 1610 cm_;,ﬁ
~ and shifts of the 601 and 403 1 bands to near 632 and 450(?) cm l,,
respectively. The complete Spectrum, 200 ~ 4000 cm 1, of . the cro(o )2py complex

is given below Fig. III 2 The spectrum is ‘consistent with that reported 121

" within the region 5000 - - 600 cm 1, by Stomberg. The discussion of the spectra

will be 1limited to ‘the identification and assignment of ‘the diagnostit bands,

1
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,CrO(Oz)Zpy; IR(KBf):"223s, 230s,br, 300vw, 327vw,‘361w,f431vw, 453vw, 460vw,éh;

946vs, 970m,sh, 986s, 996s, 1023w-m, 1100vw, 1150w-m,
1229w, 1248w-m, 1360w-m, 1450vs, 1489m, 1610s.
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-

The spectrum has weak ahsorptions at 1229 and 1248 cm-l assignable_to_the

h |
overtone onagnmbination bands. The strong absorption occuring at "1580‘cm =
-1 | |

" in the free ligand becomes weaker and moves up to 1610 ci T in

. the complex. In,the free }igand the\i?l cm! band is strong-and assigned to.

‘ plane ring deformation The rather large shift in the 601 cm -1 band to 632 cm

m,on complexing may have stereochemical sfgnificance Gill

an in—plane ring deformation while the 403 cm 1, also-strong, is an out-of-
-1

119and coWorkersv

A4

-1 -1

,ohservediiélicmiiishiftiforstetrahedral Co(py).Cl—m(monomeric)Aand~a~+30~cmeu~“*k*

for octahedral Co(py)2 (polymeric) and a +58 em shift for monomeric

cis—Pt(py) r,.. The out—of#plane ring deformation occuring at°403 ‘(:111‘"31 in the

free ligand is rather hard to identify in the complex. The lower intensity '

is*probably due to'solid state'effect.The assignment of the 881 cm -1 band to .

."O—O“stretch"'is-consistent‘With other'reports, Table ITI.1.-

_ (b) Oxodiperoxo(triphenylphosphine oxide)chromium(VI) Complex. |

%
o

Table III.1, .Vibrational Spectral Assignments for Cr0(02)2py

' "0 -0 ‘Stretch® (cm;_l o 'Cr=0 Stretch (cm ) o | Ref.
875m - | o ews T . 122
880m 910 - 960vs R 121
-~=~(?) : 934s, 942w, 950w . 123 -
881‘07" g 946VS, ,(914W,Bh, 970m,sh) /". - This work »

&' -

There was, however ‘no peak assignable ‘to the Cr-N stretching vibration.

Y

Such a peak would be uséful for the purpose of comparison with other

peroxo complexes. - . o u' o - 7 o
, 3 , . . v , o . -

o _- N, pnp i

The infrared spectra of the triphenylphosphine oxide adduct of

the oXOdiperoxochromium(VI) complex, CrO(O ) OPPh3, has also been examined.

124~ 126

Several authors have studied adduct formation of phosphine oxides with ’

i to h L i
Pl .’/ ' . \




110

metal halides and metal-halide complexes, and established the effective-

ness, as a donor, of the phosphoryl oxygen. The present study is interested

in observing the ‘effect oft coordination on the stretching frequency of the
-1

T TR s e s ™

O~P bond in-phbsphine oxides. The 0;P Qibration in OPPh3‘occursiat'1195 cm

(in nujol) compared to the higher (1200 — 1400 cm ) absorptions in phosphoryl
f

197 ‘ ‘ : o . ,
halides‘27 12% IR‘studieslza'of numerous'OPPh3‘adducts show that except

for splitting and shifting in the O-P band, the spectra of all the com-
'“fpiQXesrafgivirtually,identical'wizh that of the free ligand. In this study
' o -
the major point of difference between the Spectrum'of'OPPh3 and that of

cr0(0,),.0PPh, is in the region 1100 - 1200 cn ', The band at 1120 cu™ is

2)2
assigned to v(0-P) in keeping with previous studie8124’}25Figs I111(a) and (b).

7 . 5

rd
b . ‘ : - ~

o7 (e) Tetraphenylarsonium Oxodiperoxochlorochromate

£

thé‘IR, the'Ph4AsCr0(0 Cl complex shows the following

, 2)2
i ' ‘ absorptions in additibn to the bands assignable toethe Ph4As catidn.

: S : Y

Table III.2. -The Vibrational ary Spectrum of PhﬁAsCrO(OZJZCl T

Frequency(cm )

950vs

P T VCEm0 = T
| L ' C%0Mm o T
e 900w, sh”- o . vm SRV o
~ 615m,b ” SNl el
P ‘ e, i . m,br . '.. . ‘CT-OZ. Yo , )
e T 435n1""*""'"m ”"WLf””"ffv’luff"f“if*"g’f¥f‘:’T*‘”f“f”ff%”ff?’*"*
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Fig411,3a OPPh3, IR (KBr)

849w, 858w 864w, 939w, 974vw, 983w,
998mss, 103lw, 1070m, 1094m, 1121vs, .
1157s 8h, 1187vs br.." , "

Fig. II1.3b; cro(o, ) oppha, IR (KBr)

| Qi 851w . 0463 v(Cr=O) 9948, 1028m, 10683, |

10758, 1124s (vo P)’ 1165w, 1185w.

e D
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fTheAspectrum is\relativelyrsimple and consistent'with‘that previously -

v ‘ 4 s _..’ P N Py 1 1 i
reported and wilil not be Glmea Iarcthner.

(d) Tetraphenylarsonium Oxodiperoxoazidochromate

' " < The spectrum of the ‘azido complex, Cr0(02)2 3, s also '

5
/

’rather straightforward, partly because the azide‘ion‘is N—N—N not‘N—X4Y'and the

vibrational absorptions characteristic of t%sycoTplex Cr0(02) N are not -
B r o

‘masked by the cation bands, Table I1I.3, ‘1 f\f - e

»

\

The strong high frequency band at‘2030 cm’ (with a splitting

at 2070 em ) is assigned to b&§ (N ). Splittings have also been observed
131 |

in the IR spectra of SnGl3(N ) and ’ TiCl (N ),@9,”, and _are. probably caused, {L,:;f%,

by descending symmetry, cation or lattice effects. The broad medium inten—‘
sity composite occuring at 1275 cm -1 is assigned to vsy(N3).,It is

_interestingfto*ngte*that while the pseudoasymmetric ligand yibration in

\ N
Cr0(02)2N3 is of much lower energy .than the’ corresponding vibration in
SnC1(Ny), TiCl (N3) voci, (N ), Cro ,CL(N,), MoCl (N3)2, 3 yer RCH y129 -

2 ,
and GeH (N 13 the pseudosymmetric mode is comparable to that of

3 4-n
-F\

GeH (N much higher than those of the. other complexes cited

3)4

‘ “above. This may have some bearlngon the degree of asymmetry in the

complexed azido group (see page 70)

The ‘vibrations at 950 (possibly 935 cm ) have, by comparison to

- other oxochromium(VI) c0mplexes been assigned to the stretching modes of .

A

Cr=0 bond. The * assignments of . the 905m and 898w,sh e¢m -1 bands are less

. certain because both the v - and the‘v(Cr=0) (for Cro L 7 Cdmpisxeslrrr,r”r,;”

0—0 bttty bl
have been observed in this region. It is also possible that the two

hands have charatters of both modes




A, | - - S L
B Because the bending modes ,of the free azide (as salts of alkali

-
Y

‘ ’ -1133
A7ms~w4/~4~*swtals}4haverbeenrobserved‘betw*‘n*bzu and 650 cm - '_and,at,§83 and 614 cm’
,’ for. the complex, MoCla(N3)2,._ some of the bands (at’615, 595, 560 and
525 cm ) observed in the‘spectrum"of the‘?h4AsCr0(px 2N3 complex-could‘be‘

assigned to the bending modes of the azido group, except that these same,

..bands occur rather consistently through the oxodiperox0pseudohalogeno—
chromium(vD complexes CrO(Oz)zPs for Ps” = ;, NCO™ andUNCS . Because of

117 134 139peroxoecompleV°° enhib Lt —

v\\ absorptions 1p the same regiou, it 1is very likely that these are vibrations

of the. M—O group

® ‘ PN .
.

(e) Tetraphenzlarsonium Oxodiperoxocyanatochromate

£

On the basis of the arguments used for KCrO. (NCO), the follow_

ing features are recognizable, Table III.3. The sharp unsplit, 2195 cm -1 C o ¢

i

is significantly shifted to higher frequency

-

absorption, assigned to VCN’

Vfrom,the free ligand value of 2165 em (broad). The guide-lines-established;
in Chapter LIlalso suggest that shifts to higher frequency occur ‘in either

bonding mode, although larger increases inwv {have been observed in the '

’andeailey and Kozak 57

CN

isocyanato complexes of Foster and Goodgamesé

The problem in’ Spectral assignments ds further complicated by the fact that

which 1is normally weak was not

| the more diagnostic ligand vibration, Yeo
\‘«

A .
observed anywhere between 1420 and 1050 cm 1 The N—bonded cyanate would » S*xk

, ¢
be expected to show a single band shifted to higher energx ("1300 cm 1) 56 : =

" from the free ligand value of 1254 cm l. Such increases hQVe been observed

in the- vibrational‘spectra of isocyanato complexes. Si(NCO“)4 (1482 cm ),
‘-1) 132

(1319-1337 cm ) 129 ' . .LJ‘ e

Ge(NCO)A (1426 and of 3d transition metal tetraisocyanates : ﬂf’
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-
9 5 RS -

The presence of a bana\in the 610 cm 1 rcgion through

the series of complexes CrO(OZ)ZPs for Ps = N_, NCO and NCS~

3’

again suggests ‘that it may be more a»characteristic.of‘th_e‘M‘-‘-O2 system than

IR

the bending mode of the pseudchéride s&stem.vHowever, vibrational spectra‘of

29,137 also show the

same rather consistent weakf o-medium absorption\betﬁeen 570:and 640 cm—l;

isocyanato complexes of other electropositive metals

These absorptiohs have generally been assigned to the N~C~0 bending modes.

It isTﬁther;foreT~possible+thatgené~pr4bethAcfmthe4620;éﬁd¥599—cm:;Abands

ire due to NCO deformations. The assignment would be consistent with those of

unsubstituted transition metal issocyanates.sg;31
Thérét-NﬁsttetChihg Vihraticn; ﬁﬁgch’oéééis at ;495 cﬁ—I ihij

KCrO3NCO and‘Crozcl(NB), would be expected to shift to 1owcr energy if either .

a greater M102 bohdihg.or,stetic»intercgtions‘with'Oé groups result in the

weakeningmof the Cr-N bonding in cro(oz) NCO-:comphred to CrO3NCO_. What

appeaté to be thc Ver-N in CrO(O ) NCO 1s observed as a weak band at 415 cm -1

as c°mpared‘to the strong v stretch in CrO(O ) C1 which occurs at" 437

Cr-Cl
cmpl. It is generally argued that the N—NOO stretch OCCUEs above the vM-Cl
of the analogous complex. The assignment of the 415 cm -1 band to vCr N is

favoured because it compares with the assignment of the isoelectronic species

Cro(0 and-with metal—icocyanate,vibrations*of‘cther complexes in which

2) o
the metal is high;yuelebtropdsitive.q; For instance, Ph4AsIFe(NCO)4] is’

. 56 . - - ‘
reported _ to have the Fe-N stretch at 410 and the other ligand vibrations

at 2208, 2171 (“asy(NCO))’ 1307, 626 and 619 cu . o

The spectrum of the anionic complex, CrO(Oz)z(NCS)— (in nujol

mull) is more complicated than the preceding ones. The arguments and

T
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‘stretching mode,.

77assignmentssssggested4£or4the—other—eomplexes~4GrG{6i}E?sA4forr?s*‘=‘ﬁrrand“‘r“‘*

NCO™, have been applied here especially with reSpect to the absorptions at

955m, 940vs, 920s, - 910m 880w, 625m, '610m, 530m and 415m cm 1,

\
' The‘observed frequencies and tentative assignments for :

T

‘CrO(O ) (NCS) are given in Table III.3. The charac;eristic pseudoasymmetric

-1

is assigned to the intense band at 2080 cm ° The

vCN’

- snall increasé fron the free ligand value of‘2053 cm -1 is strong evidence

' absorptions arising from the Ph4As cation. But there are two strong

'in;thé’conpienfcrb(o

for an §—bonded complex according to an analysis by Tramer.
ik
. 49

. . to. <

and Lewis and coworkers,138‘

According to Sabatini and Bertini

the ligand pseudosymmetric stretch_ VCS; would be expected to shift from'W”uﬁf

:746 cmvl, the "eree" 1igand value, to between 800 and 845 cm -1 for N—bonded

complexes and to =700 cm“1 for S—bOnded~thiocyanates. Unfortunately, this

band could not be identified in PhAAsCrO(O (NCS) as a. result of masking

2)2

~

absorptions, one at 985 cn71 and the,other at =74O cm (shoulder), thel“

BN

origins of which are doubtful, though either‘could»very;well.be the ligand

: : ‘ 139 o
. C=8 stretch. Knox and'Brown1 have reported a series of hexaisocyanato

complenes; Nb(NCS)z— for}n =1 or 2,‘and‘Ia(NCS)g in which the 'C-S stretch,'

is aésigned to bands between 850 ‘and 9407cm-1..The.vibrational spectra of the

isothiocyanato(methyl)germanes, Me HGe(NCS) and Mace(Ncs)13zgave,the values_ -

offvcs‘at 968 and 948 cm 1, respectively These and preceding criterdia mske

either of the absorptions (985 or 740 cm ) a likely representative for v.g

Jomesy .

J— - - - ]
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IIT.4 DISCUSSION OF THE VIBRATIONAL SPECTRA OF COORDINATED DIOXYGE

) . _THE "0-0" MODES, .
‘ . . . \ v' ) ‘ . i ‘4. . ) . .‘ 4‘ ) ‘ .
\ ‘ . h B E . . i ‘ . 7 . . , . o . ) 2_4,
o . Assuming a triangular»geometry, local symmetry C2 y for

~

icomplexes in which the dioxygen groups are bonded "side—on" to the .
central metal the vibrational spectra of the’ MO (M=metal) species would
el bg expected to«give rise to three n?tmal vibrations of sygmetry specles -

. 1#0
2A1+B ¢

- ,
TSR W

.

e

,

'///H\\_ o Mg\g\ﬂ o
\‘O —0 o , e T
wap ¥ T Nap v4(8))

all of which should be active in‘both the infrared and Raman. The Al modes

'would be polarized in the, Raman while the B mode is depolarized Unfortu-

2

nately, ‘most transition metal peroxo complexes are 80 highly coloured that'

_Raman data have been unavailable or, at best very scarce. Griffith 35

- 7spectra of a large number of sych complexes, but have positively identi-
' f

_fied only the v (A ) vibrat n which they attribute to the 0-0 stretching.,;

Low frequency modés” 500 - 700 cm ) have also been observ in the

infrared spectra of several peroxb compounds, but no definite

‘ssigﬁne:;i/,fg‘
to either vz(al) or v3§?2) has‘been made. : o - o

[ el The Jinfrared Spectra of the potassium salts of unsubs/ituted

and Griffﬁth and Wickins | 11713 6have reported the infrared (and some Raman)

Tt

" tetraperoxo anionS'MKQZ}A ‘Mkhow characteristically strong apsggptiona at
‘ ‘ "3

. 875, 853, 814 and 814 cu T for Ncr\,v, Nb, and Ta pectively. Since

~

)

ey




A”been assigned to the 0-0 stretdhing vibrations of * the coordinated peroxo‘.f .

‘some 0—0 stretch\character to. them,

band in H202 and the 870 - 900 cm 1

band 4n organic peggxides,139 have'>1A f

,-71‘." .

»

groups with, maybe, some‘@ontributibn from the O-Mro.deformation vibration

v

In addition to the ' vo

absorptions also occur between ~950 and 975 cm

-o" band 1n these complexes, weak. high frequency TR
1. Other pgroxo complexeg, Ty

»

including the Cr(02)4 ;. “also show additional medium intensity hands

I
LR

fbetween“670 and 674 cm - 1. Griffith anduco;oriersl35 have suggested that- v

the later band is due,to M—O stretches (symmetric or asymmetric)*with

erable III) 4 Spectral Asségnments for CrO(OZ)ZOH and CrO(Dz)zL (c -1)120
¢ B N X - .
- Complex Vo-0 vcf.o ST - |
‘ K[CrO(OZ) OH] © 876s .984m,'926$‘ " - o
 TL[Cr0(0,) ,0H] 870s 970w, 920 o
M, {€z0(0,) ,08] 932 B
-Cr0(02)2(in ethyl acetate) 8§4s - ' 94QﬁwmQW*“ﬂf??fijjinsiQ!;’;;;1
€r0(0,),.py . ' . - 875m . 9378 .
Cro (02) Zobﬁy ) 8991]1 7'7 ) ) 9,228 R : ?:'?
N ‘ -
42~ 144

i_nfiieje;feefpropertiesfoffﬂhe’substitnent?’Fﬁrj ermore,

. 145
rstituents

= between the v,

Because opposing factors . !tsﬂlt in minimal shifta in: the

vo_o" band even when the character of’tﬁ% coordinating metal or sub—i‘.

is changed drastically,no positive correlation can be made

0 frequency and ‘the - 0—0 bond 1ength or - the*donor (Q or ﬂ)

T~
-
PR
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Ty

Y

M=O‘modes in the case of 0XOperoxo complexes,‘are'probably inevitable.

Ncomplexes CrO(O

'VfCrO(OZ)zpy, Cro(o

‘main,feature,‘a strong:band at = 360 mp (e = 10

This would tend’to,raiSe‘the frequency of Voo It is‘nofsurprise that

sémejof the oxodiperoxochromium(VI)vcomplexes reported in this study do
nothgive‘absorptions(between 800fand 900'cm-1‘assignable‘to'vb_o.

*

‘The ‘use of the large cation Ph4As tofstabilizefthe anionic
' N N .

2)2A has,also meant'that certain importantlvibrationg '

'Mv(Q—O, M—Oz, MFXYZ; and,fo—Z);could not be unequivocally assigned.v

Y

*
w5

III.5 THE VISIBLE SPECTRA OF OXODIPEROXOCHROMIUM(VI) COMPLEXES. ;; ’ ¢

El

Until’the‘earlv{19501s,"n6 visible‘spectral"stﬁdies’had’ﬁ”L'”' T
e 2 '
been reported for oxodiperoxochromium(VI) complexes" The present

study comp!ements reports 141

& ¥

2)2 CH3OH and Cr0(02)2.phen in shoé%ng that the UV and : :

visible spectra of these compounds (except Cro(oz)2 phen) have, as the
A 3

of the absorption spectra of CrO(Oz)zaOEtz,

- 10 ) and a doublet with

'1the maxima at, 580 ( £=700) and 750 mp ( e—400) In the case of

CrO(O )2 phen, the intensities of the doublet absorption are rever#ed
and~much‘shifted tgslower energy. Griffithlzzlreportedla.peak at 530

mp '(~sé441)vfor'methanolicvand aqueous solutions of:the'NH4[Cr0§o2)2OH];
‘complex; It;is'notewbrthx that‘the peroxides of other‘transition metals;
in'crdups‘lv, v éndﬁvrlsuch aslri;5v;‘u5 and Mo,\havefabsorption pAﬁag

with molar‘eitinction coefficients ofhthe same order ofvmagnitude .

~(=103)w30%146Tuck~and~Wa1ter8wattribute¥thelbandS~in~the4visibleQspectrafW»ﬂﬂ7~;4w

AtolchargeltransferlabsorptionsllItlseemsllikelylthatiappreciahlelcharze~

transfer (from the O2 group to the metal atom) is involved, since for the,

. or

b

peroxides of Group IV V and VI elements there is a fairly good correla—

¥
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tion between the position of"the absorption maximum,and the formal OXidéf S

¢

 tion state of the metal.invalved.

In the present study, the UV and visible absorptlon spectra of the '

anionic compounds CrO(O ). L , for L= c1’,_Nco*, Br , ;, NCS~ and N03 ,

2)ZOPPh3 in most L

non-donor solvents (CHC13, benzene)and even ethers was found to be. very

were investigated Figure IIT, 4 A solution of CrO(O

\,unstable >, decomposing within five minutes. Except for small blue shifts,_f

/

the spectra of the anionic complexes are aImost identical to those of theA
neutral adducts previously reported by Evans. Similar shifts were observed
_‘in the spectra of CrO( }' —i¥41 ~The", intense band occuring -at-=! 360~mp ~ma~7w7;~
yﬁis associated with.the charge;transfer transition within the Cr—O system,

as discussed in detail in Section 1I1.4.

The'more intense gomponent of the doublet»absorption has heen\
followed through the complexes CrO(O ) L*’ for. L' = N ;, Br-, NCOtz Cl—,<‘o
NCST, and found to exhibit increasing shifts to the red in that order.,f
the other'hand the extinction coefficients of‘the maximum, which.is‘
always twice as large aS‘that of the second component in the doublet,
vincreaSed in the order L = NCO™, €17, NCS~, Br and N3, Table III.5. It is” .
not possible at the moment to extract any significant information from the*

red shifts or increased intensities.

Table II1.5 Absorption Spectra of Anionic Substituted Oxodiperoxo-
chromium(VI) Complexes. '

,Substituent L,,i,”imgﬁi,ii;il et e e 107%)  Ref N
“ou” .- 531 18,800 0.44 141
AAN5‘4‘4‘4k444554~44f~4f418s1004—————7—s—————541544————4thisfwork——evs——————f
Br~ 563 17,800 435
NeO© 565 17,700 . 3.76 - o
.. e”_ 568 17,600 4,02 - "
™~ . - NcS 569 - 17,500 . 4,28 0 "o

t
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It is conceivalble that the substituent’ acts to loggr or raise the energy

~of the Change—transfer acceptor orbitals on the chromium' On the other

5

' hand, these shifts cOuld be more a result of medium effects (second
__coordination sphere) than. necessarily that of the coordinated substi—
. tuent.- This is reflected in the solvent studies on Cr0(02)2 .

'(gig,ixl.s). - - . .

The absorption spectrumsof Ph'l‘AsCrO(Oz)'z-NO3 (at —10°C),

which, because qfcdgsqsnggitign,could,ngt,bgupbpaiggd,atqugs;tgs?grarﬂ», _

tuTe,fhas‘the maximum absorption occurring at 587 my: (17,000 cm—l);
This is'a siénificant red shift but may be purelyea‘temperature dependent :

| shift,‘since Evans 141 showed that the spectrum of Cr0(02)20H30H was

temperature—dependent. Because of the‘large variations in the tempera—'

v

tures and the media necessary to ensure the stability of the oxodiperoxo- -j:[

chromium(VI) complexes, ve have not made any attempts to derive quantitative

correlations from all the spectral shifts

We shall consider only the isothermal spectra in MeCN of

Gro(0,),17, 3

‘on the chromium is increased, the positive charge decreases and the

[N

for L = N, Br ;-NCO Cl and NCS . As the electron den51ty

* ¢hromium acceptor'orbital levels are raised. 'The order’of the energies

"of the absorption band in the 550 mp ( 18 000 em ) region can. be

readily compared with the absorption energies in the corresponding CrO3L

anions, using the results from Chapter II.
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Table II1.6

A Trend in the Effect ofcthe,LigandALL) Upongthe besorp tienvv"

Spectra of CrO(OZ)ZL.,and‘CrO3L - Complexes

Ligands i ‘CtO(Oz)zL— (j’lOO)gcm_;.‘ CroaLa & 50)‘cp~

¢ e

|

Ny 18,100 . . 26,670

| 33‘ .+ 17,800 27,400

N0~ 17,700 S 21,530 4
SO —e1- 17,600 277550
T nes™ 17,500 27,320

* The thiocyanate complexes were rather unstable in
most-solvents - (see experimental sections)s e
The effects (i.e. the magnitude of the shifts and the
order) of these substituents (L) upon the absorption spectra are generally
the same in'ooth series. Note that the range of the differences in
2)2L and 880 cm (+'50) in Cr03L

- with the estimsted,accuracy,in the,measurementlof therenergy given. -

energy is 600 cm ¢+ 100) in CrO(O

pn

) The‘fesults for Lv='N;, Brf, NCOf, Cl— are definitely

compatible with, the model that the electron releasing effects of the

e

substituent L is one important factor affecting the energy of the par—
., . ticular transitions involved ' In the neutral complexes CrO(O ) L, v f?

where L = py, and phen, ;41 the'absorption_maximum is shifted to 17, 200

sij/};,SOO cm'4, respectively_ ;
e L e e e s "‘7’7" ‘ -

T T T The subject of'bonding in peroxochromium(VI} complexes

————— i treated more fully im the next section.

+




1II.6 THE STRUCTURE OF ANIONIC OY¥ODIPEROXOCHROMIUM(VI) “COMPLEXES.

°
».

The survey of.dioxo, trioxo'end onodiperoxo chromium com=
- plexes clearly indicetesuthet geometries other than tetrehedralvand

Qcoordinationinumbers‘higher than four are inéreasing.rlt has been shown
B 4 7 - -
“{ that both mono-- and bidentate ligands can coordinate to chromium in

@

M_ew~Cr0{9~}~L ef~the*oxodiperoﬁk*hromium(VI) complexes with established

£
structures, ptobably cro(o )Zpy most closely resembles the new mono-

— e e - = ’
B - -

pyramid with the afvef‘\gfoups and the pyridine nitrogen forming the

basal pla_ne,l.a7 L A - S N G

. : ) 1

and the chromium'heing displacedrsome 0.514° from the plane in the~
‘direction of the apical oxygen atom. One of the factors that might in— ‘

fluence the geometry of the complex Cr0(02)2 .L, for L = O , C1~, Br —,

NCQ-; NCS-, 3, Q; and OPPh3 is the extent of mutual repulsions between

" the oxygens (Oé’ or 0? ) -and substituent group, resulting in c, (FDt;Veryhii‘

,likely). C ~or no symmetry.

P e m et e e - . :

0 - s ' 0
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ffgfggvAuAThevresults—of—vibratienalASPectroscopysobtained‘in*therpresentrstudyrand““‘*rrrrrrﬁ%

* 1204135 N
by Griffith support the structure obtained by the x-ray methods on:

‘CrO(Oz)zpy, but it has not been possible to get any detailed informatjion

about unknown structures or to propose probable structures. Because
l, p\l

.vibrational spectroscopy has not generally proved reliable, the great need

s for crystallographic studies to determine the molecular structures.r ,

" III.7 ° BONDING IN PEROXO CHROMIUM COMPLEXES. - L o

- - ’ . s ,“" “ et

e . o . . -

In order to present the electronic structure of peroxo

compleiés'it is necessary to discﬁss'tHE’éfructurefoffthé”dioiygenﬁ%’f'7W

‘ SpecieSe 2, 0;, and O= The electronic configuration of molecular oxygen,,

0,, as described by MO theory148 149 is either = « |
"(c)(d)(c)(ﬂ)‘(ﬂ) or (c)(O)()(c)(ﬂ)
1 2 l 1 T

,In both cases the bond order- is predicted to be 2 0 and the molecule is

& '
paramagnetic, with two unpaired e1ectrons ( Z ground state) The addition of

a single electron to the unfilled antibonding (ﬂ ) orbital on O2 leads

/

‘to the superoxide 02 And, as expected, the removal of this electron from

- *
- the orbitals strengthens the 0-0 bond while addition of one more

- electron weakens the bond 50

T - ~

Table I11.7 The Structure of Common Dioxygen Speciesa

X P, Pl e A
‘ 2 R

A A T WL 5
B O .

[ R

-
: .
_ g ies'Example No.;Unpaired 0=0 Bond Length. Bond Order Bond Ener -%
. Compound . |Electrons : 6&01_ , . (kcal molgg v§‘
E : ’ ' .
10, [0,(gae) | 2. 51".72,71657'"-? 6;6601 2 , 113b """ e By
: AQfWOEf 777777 sxﬂf(solid 1 1,28+ 0,02 ‘1.5 69 g
oy (SOIid) 0 |1.49 T+ o0.01 1 r2-125 :

a. Ref, 150,  b. Ref. 149, c. Ref, 148,
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' Table IlI;7; above summarizes the informationvon'bond.”'

T . & '
o

1engths, bond orders number of electrons in the (ﬁ ) orbital and the

pe

dissociation energies of the (0 ) system, where n = 0 l or - 2

The‘nature of:bonding of the‘peroxo group to metals
especially in transition metal peroxo complexes has been the subject of

a lot of speculation‘ The controversy-arose in part Because the bonded

peroxide ion exists In such.diverse envitonments asilr(DZJCl(COl£BPb ;2,“

» Cr(OZ)z.L and Cr(Oz)4 . The Biographical review of structural studies

i

(Section I, 3) has established that the peroxo groups in the complexes
discussed are laterally coordinated ‘and that the 0-0 Bond 1ength and the fii;fiii
O—PLO in CrO(O ) L “for L = py, bipy or phen, average l 40A and 45

respectively.»

Fergusson 123 Duffeyls1 ‘and Cartmell and ’Fowleslf’3 have
aréued that the ability for transition-metals in their high oxidation

states to form peroxo compounds is associ\fed wtth.their ability to

provide dl'ap3 or d3sp3 ‘hybrid orbitals. This explanation preSupposes that

A
each of the oxygen atoms of an 0; 1igand donates a palr. of o-bonding

electrons and, for the O-Cr—O angles to be small the hybrid orBitals«must

 subtend small angles. Griffith 135 supported the aBove o»-sonding scheme

and wvent on and postulated a "bent bond" hypothesis, similar to that used’
for cyclopropane 154and ethylene oxide 155as a mechanism by which the‘

‘molecule relieves some of the strain otherwise expected from a three—

membered ring sys tem.
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The different bonding-scheme is that'of Tuck and

et e it 2t

- Walters 1463.who.suggest a donation-of'peroxidebﬁ eléctrons‘to;the'i

o -
i

empty d*brbitals on‘the metal atom in a manner anologous‘to'that suggest-—

ed for ‘the- 01efin ‘and ethylene complexes of transition metals.;56

)

7 Bccause chromium(VI) is a d° system ‘and the antibonding orbitals on the

Og ion are already filled back-donation ffﬂﬁ?filled metal orbijals into

'empty ethylenic—type ™ (2p) orbitals would be impossible. The scheme,br

y 157 '
"tneretore, proposed two alternate n—bonding interactions in associa— -

ition with the o-type. The first one involves electron donation from the

-
'

peroxo-ﬂ (2p) antihonding orbitals if the chromium d-orbitals are of

i7suitable symmetry; and the second involves axwhift of electron density

*
~from the T ‘to the w orbitals on Og , as. a result of o~donation, such

' *
that backbonding to m orbital can occur, alleviating the build—up of

< >,

: charge on the chromium. In the broadest terms, the effect of coordination .
. on the 0-0 bond would depend on the relative strengthsAof the two inter-~

"actions ~ 4pn other words, on whether donation was principall& from thel

" . ‘ _ ‘
m- or - orbitals of the peroxdgroup. Force constant calculations143

‘have- also noted interdependence’in M-0 and.O—O‘interactions. Also- see -
.section IIX. 4.

@

Because the above scheme,involves, in part, the removal of
n(Zp) electron density from the Og , erroneous interpretation of this

bonding mode has led others 135to expect a slight increase in the 0~0

”bond length on coordination,or a decrease in the Q—Oistretching,fre- IR

) quency if cbe central metal was made more electronegative by attaching

fluoride 1igands. Griffith 135 reported increases in the 0-0 stretching

e A L e et At S i e 4 g pein e o e e e e e - R, et e el
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*

freduencies-in‘his fluorinated perdxovcompounds and most structuralv‘l'
studies of early.transition metal peroxo complexes report no major
chang;s in the 0-0 bond length But even in the case of CrO(O ) oL
N complexes, or Cr(0 )4 , where the “6-0 bond length average 1. 40(- 0. 02)
o and 1 405 - 0 03A” 121 respectlvely, the shortening of the 0-0 bond

distance is: easily attributable to the possibility that the electrons- in '

;Alaswséﬁ_fuaA;theA0~Ouns—antibondingﬂorbitalssaresmoresstronglysinvolveduin~tue
Cr—O(peroxide) bonding than "the n—bonding electrOns. Because donation

*
of electrons by either 7- or = .orbitals may not be totally independent

' of each other it is difficult to assess the effect of the substituent

L in Cr0(02)2 L on the 0-0" bond length.v D | I': - ;;///—ﬂ// :

TQuantitatiye support for the Tuck and:Walter's scheme -
comes from the SCF-MO-LCAO calculations of Dacre and‘Elder,144‘who
showed that in’ the. peroxo complex ion Cr(0 )4 the 0-0 n—bonding orbitals
(in the CrO plane) make the largest/contributions to the Cr—O o-bonds.
‘ AnothEr large partcomes from the oveé&ap of the Cr w-orbitals (3d 2,
34, and 4_ ) with 02

P x 2
electrons in the 0-0 m™ bonding orbitals above the CrO2 plane were also

*
T molecular orbitals (in the plane of CrO ) The

shown to be: partially delocalized toward the chromium by way of the -

.

Cr(4ph? and Cr(3d#z) orbitals.‘The fact that no appreciable changes in

the 0~0 bond length occurs on coordination can be explained by the results

of these SCFfMO—LCAO calculations which show that there is in fact a con-

S ey g e

2

siderable degree of mixing between the o—orbitals involved in 0—0 o—bond—"

ing and the 0§

) these same o-orbitals also make small contributions to the Cr-0 o= and

n—orbitals, which are of the same symmetry Furthermore,

@
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ﬂ-bonding; Finally, theSe‘authors-postulated "bent bondsﬁ, i.e. the overlap

o e e . X . v R IR Rt T

‘density of the Cr ﬂ(3dzz d Xzt

: : L ‘
andeAEQ) orbitals with'O; m (2p) orbitals
(in the plane of Cr02) to form Cr-0 o'bonds~which lie outside of the'crO2
‘triangle. The slight bending'was attributed to the directional character

of 0-0 n ~orbi#tals. . o T

Although the MO calculations were on the unsubstituted

complex Cr(02)4 , it is probable that the. bggﬂing in oxodiperoxochromate(VI)

complexes follow the same bag}c scheme. The factors determining whether any

significant bond is formed are (i) that orbitals of the same symmetry

exist onfthe chromium- andfthefog ion, (ii)”that significant,overlap of
- the -orbitals occurs and (1ii) that the energies of the donor and acceptor. -
"orbitals are similar.'Unfortunately; at the'moment the values of these

orbital energies are not‘available.

ConcludingﬁRemarks ‘ . o o : . o

N The new peroxochromium(VI)'compoundsphaueAsubstituents’inff4”
which,the-character}of the donor atom is aignificantlyyvaried.vThis should _‘
- provide a good testing ground~for postulated bonding schemes."For;instance,'
there may be changesginithe Cr-0. and 0-0 bond lengtha as a'resultpof

differing ¢- and T;—bonding interactions; ‘From the chemical studies o,
,giﬁis apparent that chromium(VI) peroxo complexes containing. substituents
which have oxygen and fluorine as the donor atom [CrO(O )ZL’ for L=H20,

MeZO EtZO ROH OPPh3, 32 3 s
Amorefunstable than tn?se'which have— nitrogen -or- chlorine+{Cr0{ )5L;—~mww—4m~fﬁ~—fji¥=

0P (0Bu™ )45 OPX,, OAc™, OH™, and F'] are -
S —— ——7rmkhph—bipyﬁpmrmsTN3—,—mﬁGQMAhmihﬂsm(Qz)éCl—' —

has so far displayed the highest_stabilityJtoedeconposition'in the solid . .




tate, Ph

4

about 3 months under si?nilar conditions.

‘AsCrO(‘O ) c1 has‘beeri kept at room tempetatx'xre_ f.or over 9

months/withom: decomposition, while Ph4AsCr (02)2NCO was stable for
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~IV.T INTRODUCTION — é ‘
- coe : ) ’J‘ |
Recentfstudies;have:provided_detaiIEd ‘information on the
' redox reactions, kineticS'and substitution equilibria involving chromium(VI)»
. ) i . . . N '
' species in aqueous solutions.“ The oxidation of various substrates by

d- 158 160

chromium(VI) have recently been reviewe " The interconversion of

/, V"‘h HCrO& and Crzog which accomplishes oxygen»exchange}between chromium(VI);l

‘ and water has been shown zsfjg ~to'proceed in acidic, neutral.and basic

solutionsg It has been sug'gested16 that the hydrogen ion catalysed

,;i,;l; ,21,,cbndensationfof,HCrQﬁpmwithithe ingrganic anions o — ‘1i,,i SR ;;_”i;
oy R Oi;, H,P0,~, 8,0 3 , sq+ NCS CZOZ etc, 162, ,
proceed bYa mechanismsﬂmilar to the dimerization reaction. -Therbserwed -
» ?ﬁf 5 x lO‘ M_Z'sec-l) 76,169
{in these svstems are-almost 1dent1ca1 “but independent of the basic1ty of
the substrates and,the stabilitw of thzycomﬁ?ex formed. The suﬁgested s

'hydrogen 1on dependent forward rate constants (k

rate determining step in the.condensation reactions is the PrOton transfer e
(H in solution or from'the weakly associated‘acidic spec1es) tO‘the
hydrokyl. ligand on’ HOCrO3, to form ‘the departing water molecule.';I’
',Unfortunately, however, the observed rates, for instance, in . the
‘(5;\‘ dimerizatiOn reaction [1}‘,» I o | |
o anroZ--'»‘“\).c__.‘"—:_j.\- Crzo§ +“‘H-2(“)‘ - m

only fixes a lower limit on the‘rate»of the oxygen exchange since in‘»

e e S

faqueous solutions one or imore additional pathways may be in operation.,

] ) .. N . ) ) R . L ! - 66 ,‘ . : ' .‘
"‘in‘a‘non:aqueons“study‘F1escn anurbveclr reportedfobserving

chromylfluorochloride, Cro ClF in the solvent—free mixture of. the parent

.
' 2
.

chromyl halides,' Cr9.F. and CrO Cl, - There*have;'however,‘been'no reports‘
P22 o€y Ther en_no repol
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A

— of ~substitution studies of trioxo- and ox0d1peroxocnrom1um(VI) species in

- non-anuenue med1afeeHOlyeteandrBaldwiageTgwheginveetigateé—thepratego1

exchange of 18O between chromlum(VI) oxo-anions and bulk water "as.a

~

function of pH ‘and total chromium(VI) congentration, found that atvhigh

-jvsec-l) and pH

pH (>10), .the exchange ﬁaa‘elow (E; e‘k1/H20v= 7 x 10
independent, suggesting that the main process was probably
' A
2- N o2 ¥ o
* . 97
*0Cr03~ + uzo‘______c:roa + H0% . (2

For(pﬂppetween;SQA and 10.0 the process was’firet‘ogger in‘rﬂ{] and

second.order in [Cr(VI)] suggesting

HCrO, .+ cro?” —> ¢ 02 son . [3]

and, for pH between 6.7 and'8 b4, the increasing dependence in H ~was

1ntepreted as - supportlng

2HCrO,  ——— i 02'

2"
These authors also noted an alternative path involving a symmetrical

HOCro; '+ %0H® ————" fH0...Cr03.. 511]:03“0“*0“ - [5]

transition state and reported kg =70 1 mol~ s “1 for this process.

It beggme_intereéting therefcre to perform exchaﬁéeustudieé
involving other chrominm(VI) oxo species, for instance, the exchange of
fluorine between the trioxofluorochromate anion and the fluoride ion;

F and- CrO3F areisoelectronic with OH and CrO3OH ions, respectively.
The study of the exchange processes was also extended to include
pseudo-isoelectronic systems CrO-L /L and GIO(OZ)ZLP—/L n-

for n = 0 or 1 and L a donor species. It is hoped that-such studies

may help in the understanding of the equilibria and- relative stabilities

- of trioxo- and oxbdiperoxochromium(VIJ species in solution, although a

3

quantitive comparison with aqueous systems would not be reliable. -In the
> .

3 - - S e e e e
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ee_\e44*4attemptltoemeasnreathelequililrium constants for the exchange processes

e, "

non—aqueous solvents were used in order to eliminate the competing

: hydrolytlc equillbrium e.g.;

cro + H0 ————-\ HCrO + HF . 61

3 o 2‘

which must occur'in"the aqueous solution. The number of’ possible solvents

-

. for this'work was restricted.“ The requirement for reasonable'resistance

k2

to chromium(VI) oxidatlons Was ‘met by DMSO and MeCN and, for the NMR studleS'

of CrO F /F and~Cr0 F /Gl systems, the requirement for high solute

concentration was met only by DMSOE‘ The solubility was enhanced by using

'Aftetraphenylarsonium or tetraalkylammonium*salts throughout+fand~mwhere~m4¥f"
- necessary, by working at temperatures above ambient. Attempts were also
' made to follow the exchange'processes by ultraV1olet spectroscopys -
Acetonitrile‘proved satisfactorykfor thelpurpose‘because ‘it does not have"
absorotionsbwhich Obscure the anion bands or the fine structure‘of~th§fe“
.bands.bBut the shifts in A;nax and changes in ‘the emax of these S

complexes, for the series of processes, except for o o e

'Cro3L o F __._.__-3- Cr03F A '[.7]

were not large enough to allow the use of UV - visible technique\in‘the ’
study of the exchange reactions in Cr03L /L or ‘CrO(O ). L /f n=,
This limlted the inVestigation of the kinetics of the substitution

“processes to those in which‘lgF‘and'IH can’be used as probes. -
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Iv. 2.

LPERIMEETAL

for

‘The preparation and and analysis of starting materials were

descrlbed in preV1ous chapters. Because solutions. of monoSubstitUted

chromate complexes were found to undergo decomposition on exposure to

light,

spectrometer, onerating'atuan oSciilatOr frequency of 56.4 MHz.

19

were measured relative to CFCl3ﬂas’an externalvatandard.

bottles at_227Q A# 0.5° ¢c.

\

‘they were- handled in the dark as far as p0531b1e The stock

solutions for Uv-v131b1e‘spectra were thermostated,in polyethylene

V-

The 13

F,'defined:as: -:L

"6 = -

»Vsample

' otherwise stated, the sample temperature was 35°C.

v

ref

Vref

© IV.3 RESULTS AND DISCUSSION

(a)

Preparative Studies:

[

"F NMR spectra were run on a Varian‘A'SG[éO .

~“Chemical shifts =

The 'H

" ¢hemical shifts were readfdirectiy from the chart paper.

The metathetical'prOCedures used~in the synthehis of the-

monosubstituted chromlum(VI) complexeé'were probably aided by the rapid

: formation of stable prec1p1tates, such as AgCl, NaCl and NH4C1 in the

X

Unless‘

reactions, . ‘ By 7 ‘ .
VI SO | SV |
- Cr —Cl  + AgNCO — Cr __._(Nco) + AgCt  [8]
CrVI____Cl o+ NaN3 ____) Crvf—_fn—N3 + NaCl [9] |
e ~Cr €L 4 NI¥4NCS ffffff =y Or s rf(NG{‘r)ﬁkNHL}Glﬁ oy ——— —
Vi . VI R
77777 Crvi/' e1 + AgN03 e*—-—) Cr. ____(No ) + AgCl-  [11]
Cr c1 + Ag(CH3c02) __,Cr (CH3coz)+A301 [12]
the.

N

wherein all

CrQ(OZ)2 moietyT

e

chromium(VI) carrying spec1ea are either the Cr0, or

et e e MR, Dt v
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Ligand substitution was not always the only reaction observed,

as 1is demonstrated by reactions [13] - [17] (see Chapter III)

KCro3 + AgNO3 " ———~——-—> KCr03NO3 + AgX (for X = Br or C1) [13]
KCro,CL +  NH,NO, —_— NH,Cr0,Cl - + KNOS | EERE 7Y
KCro,Cl +  Ph,AsNO; ————> Ph AsCr0.,Cl + KNO, o S [15)
KCr0,C1 +  Et,NC1O, —-———-) Et,NCr0,C1  +KCl0,
o o . ‘ I
AgNO ' . C/"] , :
N *Et4NCr03N03“+ AgCl el
KCr03N03 +  PhyAsBr ;‘PhaAsCr93br +pKN035 S [17]

~ which occur in acetonitrile;

(/;he stability of certain Cr—ligand bonds have sometimes been
infered from chemical reactions For instance, théﬂtrioxochlorochromate
anion reacts with ice cold 307 H O2 to form CrO(OZ)ZCl 4, and undergoes:

the reduction reaction

Cr0301l —> Cr(H oat s
in which the oxidation state of chromium 1is changed from VI to III 42\ iIn;v
both cases the coordination number of the chromium changes but the Cr-Cl
bond persists in the products. Though the mechanisms are not known, these
‘ observations seem to suggest ‘that the Cr~-Cl bond in Cr0;b1 is more stable
in aqueous solutions‘than the Cr—oxygen bond. Consequently,.the reaction
‘producing the blue perchromate compound (NH4)20r2012 20 123 fromr
aqueous NH4C1, (NH4) Cr, 07,'acetic acid and 30% H 0 at -10°C probably

proceeds‘by a’different mechanism.

(b) Substitution Reactions of CrO(O )zpy :

The present study investigated the proton NMR spectrum of

CrO(O )2py in the hope of using the 1H resonance in following the substitution

y/L, for L= pyridine (d5), ', 01_ , B, NCO, Ncsf",r N3, |

~ reaction Cr0(02)2p
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or I . "Figure IV.1 shows that the room,temperature H-NMR spectra of free

iiipyridine—andstherpyfidineeeo lex4’bothrdissoived“in‘ﬁbﬁlgj‘afé‘aimost 1den— “

tical except for the downfield shift of about 0. 5 ppm compared to the free
- 1igand spectrum. The assignments in Eigure Iv.1 were made by direct comparison
with those reported 163vfor\‘pyridine.‘ The downfield shift probably means all
'the protons in the complex are. slightly less shielded than the free ligand

’/& B ones as a result of the py —-CrO(O ) electron donation. _ But the interna1°

Lchemical shift may ot be free from intramolecular eiiects_suchiasitemperatureAMAsu~w

independent paramagnetism and anisotropic effects ;64. Intermolecular effects

(e.g." ‘contact shift due to paramagnetic impurities) can be neglected since

large contact interactions would cause very ‘broad NMR lines) (c.£f. the results

‘on.the CrO(Oz)zpy/py (and prds) exchange studies_- see next two pages).n
-~
Aitempts were made to follow the substitution reaction
CrO(O )2pyridine/pyridine (and pyridine - d ) in acetonitrile and in o
chloroform (both deuterated) The acetonitrile solution of CrO(O )2py does 5d
not seem to undergo any apparent decomposition within 30 minutes, while the :

chloroform solution_decomposes in less than‘20 minutes and‘the;DMSO one withinf/

2 minutes.

The proton NMR spectrum of the freshly prepared mixtures,r B

containing equimolar amounts of CrO(O )zpy and pyridine were f0und,to be. iden—

,,,,, e S

> CrO(Oz)ZNCSD5 + NCSH5 [19]

CrO(O)zNCSHS-HNCSDS /

In the CrO(Oz)zNCSHS/NCSD5 case the spectrum was unquestionably that of the

" undeuterated pyridine complex. ‘Unfottunately, in both cases the,reactionA,

could not be followed for longer than five minutes because of the acceler-

" ated décoﬁposition to 4 green Cr(IIl) compound. Within these five minutes
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—————s~———s—thereswas—shewever+4n94apparentsexehanges—sltsis4possiblesthatfuneeefdinatedsssssss—

- py ridine catalvses the decomposition of thpm

]

-

The oxodiperqxopyridinechromium(VI)-complex,‘CrO(Ol)épy,

reacts with Ph AsCl in chloroform to form blue, air stable crystals of

4
the chloro derivative, Ph4AsCr0(0 ) Cl. ,The visible spectrum of a MeCN

solution containing stoichiometric amount s of GrO(O )2py and‘Ph4A501ror‘

Ph, AsCrO(O ) C1 and pyridine were found to be identical to that of

4

"Ph,?ﬁCi‘G(O‘ )ZCI‘T)\““*Y““* 56%)‘“1?1 Mem-“suggesting*ﬂar‘“t*he disp; ‘ cem Tt of

pyridine by the cl is fast and irreversible. The 1H NMR.spe tra, which

show resonances assignable to uncoordinated pyridine, further supports the
above conclusion. The visible spectrum of freshly prepared MeCN solutions

containing ‘1:1 mixture of Et4NBr and CrO(O )2py at -10°C has maximum absorption
141 | =

at 573 mp (the absorption,'A nax’ for CrO(Oz)zpy is 575 mp) », that for

"Ph4AsCr0(0 ),Br" is at 563 mp (see page106), suggesting that Br  does not

‘displace pyridine.‘ Unfortunately, this mixture, like miXtures of.CrO(QZ)py’

- and Et

4

4NK (X==F or I), Ph AsH(NCS) 52 Ph,AsNO,, , AgNCO, NaN; or AgNO,, evolves.

~molecu1ar oxygen and decomposes within minutes.

Kl

All together; the ease'of'Substitution, CrO(O ) L/L',

observed in the. npn—precipitating reactions seem to. follow the order :

».HzO > ethers, acetates > OPPh3 > pyridine > Cl

»( ) Substitution Reactions Involving Chromium(VI) - Fluorine- Spec1es

L]
y o

(1) The Fluorochromate(VI) —~ Chloride System

,“

The absorption spectrum df a millimolar solution of

~Ph AsCr03F in MeCN was unaffected over a time span of three days by the

4 .
addition of an equlmolar quantity of PhaAsCI. When ten—fold molar .

excess of the chloride salt was added a mnall change in the fluorochromate

TR T Y g Siga
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o

spectrum was produced, but the’rate of change was too slow to allow any

significant rate:measurements to be made. Oxidation of the solvent imposes'

limitations on such a study.

S : I The above reaction was also followed for 1 hour by NMR

methods.  The 19F resonance spectrum of PhaAsCrOBF solution‘in dry DMSO

(SOOC) is at 6. - 163.0 + 0.5 ppm from kexternal) CFClS; The

resonance in recrystallized Et NF dissolved in DMSO gccurs sy o

te

Lat 8§ = 142.7 ppm, but because the latter,signal was very“broad;’the»

- . e ‘ -,/ n-
substitution reactions CrO3Ln /L'n~ were studied by following the

‘ development*or“disappearance’of”théfmore easin detectable lgF resonance’
vin‘CrO3F-. . ,1h "~:' | _.” | | ’

‘ fhe addition of 0. 25M solution of‘either PhaAsCl or Et4NCl
in- DMSO to equ1m018r quantities of Ph4AsCr03F also in DMSO had Jno- effect
on either the frequency or the intensity»of‘the 19F resonance.*When the

19 . o
solutions where mixed and stored in the dark for 12 hours, the °F peak

was found to be slightly broadened.

Although no exact rate constants for reaction [20)

. P - kN e L e
s CrogF 4 C1T =/ CrO3Cl + F ) ‘Q‘O]

can. be obtained' from these results, I estimate that the minimum change
which could have escaped detection in the UV-visgible spectroscopic'
a measurements is . 5%.F¥om the Stoichiometry of the exchange reaction

,ﬁﬂ\]and if we. let [CrO F._ ]o _and._ [cl,}, represent the initialfconcentrationsw**r“m*

and [CrO F ]ﬁ and [lelt denote the concentratlgnsiatctimectfccthenczegemef;f4;——7

the rate of the reactioﬂ;is expressed. by equation“[Zl] . . - )

e g
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{BCro ¥ ] [cr%,: ]L o] [or]
£ L7 de L2 Je © 1]
The'in‘itial conCentrationsf are [(._‘,rOv F—] [Cl ]o = 0. 0005

molar, and because they are equimolar ‘the rate expression becomes

{[CrO F] - rO F ]L} f»[cr03? ]t ,l | 7‘ [22] .-,-

| and the integrated expression

From this equation '1?3] ‘the constant? C, was evaluated by setting

tCrO F }\ [CrO F_]

expre351on becomes Lo T .
o1 [Cro F] [Cro. F ]
, 't E:rO F ] [CrO F ]

Since the reaction 1s estimated to be no more than 5% complete in 3 days,

the upper limit for kf in acetonitrite is 2 x,lO.é 1 mol lfsecq}}

n

0 at t = O. Therefore, the new rate

Similarly, analysis of the NMR results shows that the decreasefin}
Cr03F concentration over 1 hour could not have exceeded 5%. Ihe”rateM'L*”Q*if"

constant in MSO is then less than 5x10 -5t 1 mol-i ”eeC;};:_.?7"

R S

“(i1) The Fluorochromate - Fluoride System '

When equal volumes.of 0 25M SOIutions of,Ph4AsCr03F

and EtaNF in DMSO were mixeﬁ at 50 C,no appreciable change in the 19F peak '

intensity or width was observed. The CrO3F - 19F resonance, which was:

- recorded over 2 ‘hours, indicated the absence of - significant fluorine 2 Tﬁ—we%

%~—:'*f~r~ﬂfr*44~exthange*tn’thE‘Crﬁ’F‘TF systém at‘fhia temperature. In order for,the;;gm;j_”ﬂ

two separate peaks to be observed at the frequencies -9.17 Kc and

~8.05Kc, the lifetimes of each of'the‘epecieS'CrO3Ff'and ff’mnet be
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Aespondingeggggggggf

for the fluorlne

A

, exchange of 103 1 mol sec

CrOJF” + F oo CrOF +F o LZS]

deliberately increased above.the,0.03% found i dry redistilledﬁDMSO the

W%gﬁgresonance peak of the CrOgF  anion collaﬁsed ta readilyjmeasurable

an Kodak Co) which’

rate. For 1nstance, using reagent grade EtaNF (Eas

was very slightly wet the peak height decreased by approximately 60% . \

within 100 minutes from the time of mixing. Some broadeh%ng was also

‘observed., Plotting the ln(lntensity) versus time and 1/(i tensity) -

versus t1me gave straight lines. In mixtures in which the water. content
e ‘wes deliberately\increased to > 10% the 19F peak collaosing \\\

inetentaneouely; The‘reactionfin theee;eystems‘may ihclude, in addition

to reaction [25], the equilibria -~ - o R
CrOF~ = + H2°.<—'f_% CrO,(OH)” + HF - [2e]
-—. \ \ ) — '7 o . V’ o B . -
HF  Fo == W, _[27]'

ot In addition, the formation of‘the;Cr(III) cohplexes [CrkHZO)5C1]%+y(hroad
| ‘ absorptions at 24,700 and 16 250 cm™ ) and [ér(H20)5F12+. (ahsorptiod h'
at 25,300 cm 1) 167ﬂwas detected spectroscopically, invsolutiohs_of
yerE:93C1 ‘and Cr03F- . left for-longer periods = up to 24 hoore.‘

For that .reason no attempt was made to follow the hydrolysis process.

» . %
. ' . ) . "’ » l
© T (i) Systems Involving CrO;L"/F and Cro(0,) L"/F"

" When 0.5M solutions of CrO3L§'; for L = NCO, NCSera, Br~
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~4—F~44\uu\7and,uuuosc,aare mixed with equal volumes: of equimolar Et, NF, in DMSO,
. . . B - ) - N . n- .
- CrO3L + F Cr03F + L ,[7]
. . . . 4. . ) - o . - N
+ ' the re,actionsﬁqifollowed by NMR were found to be very fast relative
A . o

) to, the 0 5 min required to mix ‘the solutions and scan. ‘In each case the

l?F chemical shlft, 6 = 160 ppm, and the UV—vi31b1e spectrum vere

.

- consistent with that of the CrO3F anion. Attempts to slow\down‘the

‘process by cooling failed because DMSO freezes at‘18?Ca‘

§// ;& Treating solutions of Ph AsCrO(O ) L Afor L;; 01'; NCO-;hNCS-,

NO3 and N3 in MeCN at room temperature with stoichiometric amounts of

. Et4NF, also dissolved in MeCN, caused the blue peroxo complexes to .

decompose with effervescence.. CrO(O )zpy reacts similarily with Et4NF.
L ~ b
- The yellow solution produced,~after the decomposition has stopped, has

-

an absorption maximum aﬁ'=-353‘mp-and alIgF resonance at § -162 ppm

characteristic of the CrO,F~ anion. C ' ; ) A
.- ‘ ‘*’3 i L e S '

'Attempts to control therdecomposition'reactioﬁ'by adding
“ chilled (-10°C) reactants dropwise wére only moderately successful.
‘When freshly prepared 0.5M MeCN solution of PhaAACrotoé)201,¢;r>,-

PhAAsCrO(O ), NO3 was treated with equimolar Et, NF in an equalyuolume

of MeCN, and the mixture maintained at —10 C, the blue colour first - ) | -
turns blue-brown then gradually yellow; Ihe blue-brown solutions had a
sharp—resonance at 8= 127.5 ppin for'the,PhAAsCrO(Oz) cl —‘EtéNFvsysfem;v
and~~6 127 O ppm for the,Ph,AsCrO(O ) NO, - Et NF system. Allouiné

fASCTOR0, 1 )fUg = BE 4 . * o e

7uﬁﬁ~4\4,t4ith£se4mixtures to warm up to 25 C over a pertod of 24 hours, completes " -
the decomposition and the new NMR peaks appear at 5- 128 0 ppm and 5 =

147 5 ppm (broad) respectively. The 9F resonance for EtANF in dry MeCN

7 "is at & =115 ppm. (Also see Chapter III Experimental Section)
s I o .

\
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ihe biue—brown 1ntermed1ate in therdecomposition 1s

CrO(O )F —> 7 Cr03F SRR €1

probabiy a monoperoxochromium-species; _ - A v

-~

IV.4 POSSIBLE MECHANISMS FOR SUBSTITUTION REACTIONS IN NON-AQUEOUS LR
. Cro,Ln” SYSTEMS , o .

. s . .

\,"

—- : ”he“mechantsmSMOf“substitutionwreactidhs*ofAEe;rahedr 'h“”f -

" metal complexes in non-aqueous solvents have been little studied Both'

SNI and S 2 type reactions occur in the prototype organic carbon com*

pounds. The larger size of the transition metals cqmpared to- carbon

o

would be expected to. favour a displacement—type mechanism,"in".ei:

that a fifth group can be held w1thout steric crowding.

We are interested in the nature of the intermediate, i e. .
2
whether the mechanism approaches the limiting SN1 or SN2 The kinetics of~,

: the chromium V1 oxidations of I NCS N 54 HSZO3 and HSOQ 162 have been Sl

: reported with terms in the rate law which are second order in reducing

)

<.

'~_ agent and discussed in terms of a. six coordinate chromium (VI) in the

activated state.

E [
1

Although Cr(VI) compounds exhibiting coordinatiou numbers

3

4 - 7 are known, our study of substitution reactions in non-aqueous media
did not produce -any ev1dence for or against five, six of seven coordinate

" - .
intermediate in CrO L /L bl or CrO(O ). L /L A dissociative mechanism

,, A 3 ,,,,, \ l'; k. :

.1nvolving the formation of CrO or CrO(O ) Species would probably ;géuire S

too high an energy to be consistent with the generally high rates observed

Coe - - ' ¢ L e D v“~ c .




.. . for Cr0 L'<(F— (except for L .F_ and Cl ) and CrO(O ) L‘ /L'n-'

~While a‘tronaition state involving an increase in the net charge should
vf - ‘be favoured 4n the more polar solVents, the use’ of solvents of Iower F

"hdielectric constants. like DMSO (C=46 6) and;MeCN.gQ§36e2)~ : will
'favour singly charged anions. R "; A v';'Q""i RPE ";r

\

7 Hithout necessarily involving solvent or steric effects

_in the exch&nge process, -the faster shbstitution reactions in CrO3L“'/F

=

. where L-Br',(NQO', NCS", N3 compared to. when L= F or Cl also suggests

Lelectronic factors;, The meehanismsimentionedAabove.emphﬁsi:eethemsigniﬁmf—fmeé
o ”'Aicance of bopd breaking, of‘forditi::‘of the leaving group,,in the activa—rfis;
- o tien prOcessE690ne‘possib1e explanatidn involves the”formal charge on the d‘;v”é
chromiom(VI) center. From the results. and arguments developed on page 90

the formal positive charge on the chromium(VI) centre would be Expected

T ;,to increase in going from F. to HZO (thnough the series F Q NO}, ew-!fh‘ei

. BT, gcs N3, H20 where the. x ‘x are at 352 52356 3607 363

£, Cr03N3/F to CrO3F /E” and 03Cr02’/o

»oad |v.l.l-,‘,

fore argues in favour of this postulate.»

e w

N o H, like the Oz‘land F’ is considered to be A st
R n t onIy thtough the " o¥Bond but also through




favoured in systems where there is relatively less electron density at St

the chromium(VI) site ~ and may or may not depend on steric hinderences | o ,g o F

by the leaving group.

o

In terms of bonding, the anions, Cr03L ' areipseudotetra-

‘ hedral and therefore have relatively high molecular symmetry. It seems I

probable that the symmetricallgllandlnibondinglsystemnnouldlresistire- -

'arrangement to five, six or seven coordinate coanguration. Consequently, o

':where there 'is extensive Cr-0 ﬂ-bonding, e.g. CrO3F , this means. higher
_”~

"resistance and decreased availability of Cr d—orbitals with which to form
a chromium—substrate bond Decreased ﬂ—bonding would relax the resistence

“to rearrangement‘and make the'Cr orbitals available,to the fifth ligand.

fromvthese discuSSions it is‘clearrthat a‘general.state- '
.ment cannot be made about the structure of the activated complex or the
utiming of bond making and bond breaking in’ chromium(VI) substitution
- reﬂu{%ons.’ But electronic‘(and to some undetermined degree, steric and>
solvent) effects are obviously very significant in the activation and .
equilibria of the exchange prOcesses Cr0(02) L/L' and Cr03L“'/F where
' "_L=‘l', ou‘ No3, C17, NCO Br-, Ncs‘, N3 and- Hzo. ‘l‘hese effects had

not been demonstrated by studies in aqueous solutions.

-4
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CHAPTER FIVE

FURTHER ASPECTS:  COMPOUNDS CONTAINING |
’ ' CHROMNM—NHROGEN'WLT_IPLE ‘
BONDS -

IR R T A
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 V.I INTRGDUCTION S S Ly

4 . . . .

- hThe coordination chemistry of chromium(VI) is d inated by

oxo complexes, and as has‘been demonstrated, Athe pseudoiéoel ctronic

(v} 2- group substitutes for the oxide ligand in a series of complexes.

2
As an extension of the preceding discussions, thisrchapter is
concerned with attempts to prepare compounds in: which chromium(VI) is

S ,,rrii S J:ondecL to-. ac_n:LtnidoA(chLornimido“(NR_r) gronp,__rltawasces tablishedmthat_ncnin_rw

in the complexes CrO(OZ)Zpy, CrO(O ) -bipy, CrO(OZ)Z.phen,\CrOZCIN3,

CrO3N3 and most probably in CrO3NCO and CrO3NCS-.as well, the chromium(VI)

is bonded d1rect1y to a nitrogen. It is surpri81ng, however, that so far

no compounds containing chromlum(VI)—nitrogen multiple bonds have been :

eBtabliShEG,' Other transition metals with no established nitride chem-“

.. 173 .
istry include Zr, Hf, Mn, Tc, Rh, Pd\and Pt..

The nitride and oxide‘Iigands are isoelectronic and‘theirf.

chemistries are in many respects_quite sim11af.' Monomericﬁnitrido

K

‘ species are formed by transition metals in their ‘higher oxidation states,’;”
especially in d and d2 electronic.cOnfigurations;‘but unlike the,oxo
chpleXes, most nitrido apecies are formedvuith 2nd,and 3rdlrow~e1ements;'
This may,be a reflection of thevmoreAeffective‘ﬂ‘-donor'capability of the
N3~'ion; a factor which favours heavier elementshin.higher oxidationzr

states.:~The greater 1T—bonding ability of the N3 ion.was demonstrated by

‘force constant calculations on MO3N and M.O4 for M R ‘III 1, and Os VIII 175

_; — ;Hegremarkab%eggene%aigchemicalgpropertygisAthegstabiiity““““‘*
of the me;al-nitrogen bond to both addition and substitution. For

instance, when the‘OsOBN 'anion is attacked by mildrreducing agents,
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b4

3 . - . “ - - =
e.g. HX (for X =F,ClL, Br, CN, ¥ ox etc),‘it is the 0s=0 bond rather than the

fafav{~~wouthineaqueouseMSOIution{uithoutrdestroying*the”MfN“triangleu‘

- L . 7
0s=N, which is‘broken. ! The derivatives [Os ] and trans-[Os N(H O)X ]

_have also been isolated With stronger reducing agents (e. g. SnClz) the nitrido

176

The M N groups in [M N X (H 0) ]

. 2
K for)( Cl Br and I; and14 Qsand Ru display the same stability 313 ‘Even in

grodp is reduced‘to an amino group.

.the iridium complexes, e.g. [Ir3N(SO4 6 (H20)3 : ,:containing the coplanar ‘

~Ir3N unit, subStitution, oxidation or reduction reactions have been carried

177

V 2 REVIEW OF METHODS FOR THE PREPARATION OF NITRIDO COMPLEXES AND BASIS
N FOR EXPECTATION OF SUCCESS

The relatively small number of imido and nitrido complexes is the_

{result of a lack of preparative methods with wide range of‘applicability.

(a) The Hydrazine Salt Method:

'l KReO4 or complexes of rhenium(v) halides containing tertiary,phosphines,,
‘e g. Re0Cl (PR3)2 are reported to form the five~ and six— coordinate nitrido
' complexes ReNXz(PRa) , forX =CL Br, I, R= alkyl or acyl andn =2 or 3, from

-reactions with a‘hyd}agine salt (N H Cl2 or NZHASOA)'and the'tertiary‘phoSphine -
178

Substitution and addition reactions yielding ReNC14, ReNCl§ 176

and (PEt Ph) X Re._Nl-)L (for X = Cl or Br and L = BBr3, BCl,.

in ethanol

RReN(CN) 179 5

PtCl(PEtj) etc)‘ have also been reported

Unfortunately, the deprotonation of hydrazine to yield nitrido complexes

has so far only -worked for~Re(V),vproducts containi‘ng‘th'e*NR2 and’N’R “groups .

o .88 li nd have beeniohservedlinrplatinmmichemistryfalfiJGh;gmium(v1)ri54fe&dtlyr,llllrlf

81
reduced by hydrazine to chromium(III) For instance Cr(VI) in HClO4 reacts with

2 ; in the _presence of a wide variety of . 1igands ( 0 Cl ,HBrO3, HSOA,

RS . Co
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‘HSeO;,»HN

47 SON', H3P02, H3Po3 HyP 0,, 4P207, HyAsO,, u3ccozﬂ,_claccozu and

- o A

H c 04 producing coordinated Cr(III) Species.: -

(b) Reactions'in Liquid‘Ammonia:

Two important reactions in® liquid ammonia are the self ionization

represented by the equilibrium

My e W+ oW,

and the generallyvslow rEduction’reaCtion

’ above -20° C, the 0s03N anion gives rise to very extensive nitride chemistry

~Furthermore with ammonia, the analogues of the oxo <and hydroxo compounds in. -

hydrolysis reactions are the compounds containing the groups,ﬁamide ( NHZ)

1mide (= NH),‘and nitride (_.N). The hydrolysis reactions of Cr03, CrO L and

3

20§- are well established Chapter l Section 1.2 also showed depolymenzation-

-substitution reactions of CrO producing the ‘adducts Cr0_.L and Cr0..2L, for

3

L a. donor molecule or fon, * - . S

v

3 3
Liquid.ammonia“and solutions'of potassium or potassium amide inpliduid,'
ammonia have been used to prepare the'insoluble'nitrido'complexes’ MO NS-

(forM = Mo and W)182 "and ReO NZ-; these products are probably results of ‘the

3
' , 183
: M= d R
deprotonetion of the adducts MO3 NH3 or M03 NHQ MO' NH3, for M 0s ans u
have been shown to contain the M03N anion While the ruthenium analog explodes»é

involving osmium in &he oxidation states VIII VI and IV. 176

To date, products of the reactions of chromié@(VI) derivatives with

liquid ammonia have not been positively characterized Attempts have been made

in therpresent study to identify these products ‘Reports of studies of the

reaction of liquid ammonia with Cr03, KCrO Cl or (NHa)QCr 0 (with or without

KNH ) at -33 € indicate that some of the Cr(VI) is reduced to Cr(III)184In

T N S A . :

B e T R AR T
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light(of the fact that'both NH, and NH7 have the ability‘to‘act (although slowly)'

\ as reducing agents and it has not been possible to prevent or control reduction

5

.reactians occuring in the analytical steps (c f. the reaction of KCr0 (NCS)

with d11ute H2504 on page 44+ We have repeated the earlier reactions and attempted

varying the reaction time for the-- synthesis but without the attempt to determine

_ thelextent of Cr(VI) reduction in_these or subsequent reactions;-

“-

(C)v Decomposition of Azido complexes: o

Lo?

The thermal decomposition of the azido“group to form a nitride ion

185

and'molecular nitrogen has been knowﬂ“for~many years. For instance,.the

- complex Re . (PPhMe )37W37reacts very readily with sodium azide to give

Re (PPhMez) NC1, and N, ; although the intermediate azido complex could not

2 2?

~be 1solated.186).Attempts to obtain’ nitrido complexes by- decomposition of

Os(N3)2(PMe2Ph)4 and OsClz(Ns)(PPthls(forR Me, Et, n-Pr a“ fBu) have been.
unsuccessful 187 . ‘ |
Applying the'thermal debomposition technique to azido complexes Wmilf’

of metals of the early transition aeries, e. g, MCl

sN |

vcl,N, 188 pici N and  woclw, P31l resulted in the formation of (MCl SN

1,85 27 3Ny and 2N £ (eL,N),
2,

- (Cl.VNC1) TINCL and VON, respectively. The addition,'compounds MNCL,

MNC1 (PPh ) and MNCl,,3py for M = Mo and W, have also been reported 189 ‘

3 . (for Mo and W)‘_13°7

: RuO4 reacts with.HX (X = Cl or Br) ‘and azide producing RuNXA and Rung 176

~
i

Dehnicke and Strahle52 fQund however,‘that when Cr02C1N3 is heated
. above 150° C, the whole molecule not just the azido group, decomposed liberating

;rnitrogenwandroxygen;_ The new eomplexes, CrO(OZ}2 3 andfCr [CrOZ(NS)Z*iS”f*ff"%

ﬂflfllmum,lyeryfunstahleglseemedltoehe goodrcandidateseforrrhe attempt to prepare nitrido

chromium(VI)gcomplexes by the decomposition(ﬁfthod.

VU U SR S



‘ 'species‘- e.g.

- (d) Deprotonation of thegAmmonium Ion:

The deprotonation of the ammonium ion in the presence of certain .

osmium and ruthenium complexes have been shown to yield polynuclear nitridor‘

P

(NHa)ZOSCl 400°C, . OSZNCI

PO

P T, e .
. . - - . .
B ‘_KéRan '--Nﬂaof*’ ou Ru N(OH)5 nHz 13}
vﬂu&umerous derivatives containing the MZN unit have been reported
Unfqrtunately, however, these reductive decomposition reactions would not work
2~

Upon:heating,\(NH ) Cr

,forichromium(YIJL;,Ihe_product of a CrOi - NH40H - OH~ reaction is (NH4 CrO4

207 decomposes according to the equation

(NH4)ZCr 0 - — > Cr,0, + N, + 4}120. [45:] A

(e) MiscellaneouSgNitriding;Reactions»;

Reduction reaction between K Ru(NO)X (X =Cl or Br) complexes and

»
£

formaldehyde or stannous choride have been reported 19oto yield the polynuclear

. 'complex Ru:[v (H 0)2 . It is also reported ‘that ruthenium trichloride and

sulphamide react. to produce RuN(OH) nH 0 190. These methods were discarded on .

the grounds that Cr(VI) compounds are highly oxid121ng and these reactants are

‘ strongly reducing.

s

The ability of trifluoroacetonitrile to oxidize . and/or complex with

various metal chlorides has heen dhmonstratedL191' Both-tungsten(V) and -(VI)

chlorides yield the diamagnetic crystalline yellow solids WCl 20013€N and

WCl6 CC13CN containing tungsten(VI) Analogous reactiOns with molybdenum(VI)

_and niobium(lV) yield mixed products consisting largely of MoCl.. 2C013CN

CN, respectively; ‘these adducts have also been made directly"'

and NbClSslICl3



‘established the, presence of tungsten-nitrogen multiple bands in WCl CC1 CN

'and WCI6 2CCI:‘CN.v193 It looked promising to try to synthesize compounds

containing chromium(VI) - nitrogen multiple bonds by either oxidative chlorination

of chromium(V) compounds (though the most heavily chlorinated Cr(VI) compound is

i

‘ CrO Cl, ) or. by complexation of the trifluoroacetonitrile with Cr02012 and CrO3
‘ which are knownitovform 1:1 and‘l:Zradductvaith donor species.
d o : ‘ o t:d‘ o AR S 'ﬂ‘i,~ o 5\ .
- Vo 3 EXPERIMENFAL oot L

Much of the: apparatus and materials used were the same as those

. described. in the previousAchaptersamme_llﬁliW;Aai;lA”;iit . J' - - (,;v

: The general method followed in: these studies was to - add 4 - lOml
" of ammonia to a preweighed sample of . the chromium(VI) compound and to allow

the mixture to react standing or in a soxhlet under reflux until no more reaction
P

appeared to be occuring . The ammoniaAused was from a gas cylinder of reagent

2

‘ grade quality Any moisture in the ammonia was first remoxed by condensiug the
rammonia into a flask containing chips of metallic sodium

. - a+NH (HO)V ‘A‘ Na0H+NaNH [6]

\

Caution: in washing up, the unreacted sodium and nhe sodium‘amide produced in

5

this process were'first deaogivated by'adding ethanol before washing with water.

The temperature of the reaction wvas controlled by using a dry ice-

ethanol bath. . . o o,

The diammine silver nitrate Ag(NH ) ;

was obtained by dissolving '-\

silver nitrate in liquid ammonia.- analysis (%) calculated fbg Ag(NH3)2

Ag, 50.5- found: Ag, 51 5 ~The silver (or chloride) was analysed as AgCl

.'The chloride in Ccl CCN reactions was determined as in ref 194

- Q ’
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The nitrogen content was-’ determined by the method ‘of Akimntoaetfalfaalaer—ﬁ

which is reported to work in the: determination of nltrogen in the uranium

e nitrides UN and U2N3 | oo L
Because of decompositions which aocurwhen the compounds were

- excited with the Ne/He laser no Raman spectrum could be obtained for any of

,the_compOunds Precautions were taken ‘to keep both products and reactants

. out’ of contact with atmospheric moisture,

V.4 RESULTS AND DISCUSSIONS R

(a)“‘Reactions of Liquid Amnmonia

e : " “The literature concerning the reactiens of hexavalent chromium deriv—‘

atives: with liquid ammonia reveals little positive identification of the productsa

Sisler and cdworkers184 196 investigated the reactions of Cr03, KCr03CI and

4)2Cr207 with liquid ammonia (withfor without KNH ) at -33 C These. authors

reported the' formation of ammonium chromates polymeric chromium(III) - chromate ‘

Ea (e

8pecies of indefinite composition, but also noted that some of the nitrogen T

3

in the ptoduct could only be released by heating.  This suggests that- the"
‘ nitrogen is coordinated in a form (probably nitride) -which-breaks

down only under extreme conditions. At least one reportlgz of chromium oxide -

liquid ammonia reag_gons discounted the presence of nitrates, nitrites, hypo-

nitrite azide and oxides of nitrogen in the products o e ?;A1

(1) With Potassium chlorochromate, KCro,cl. Y

Potassium chlorochromate KCrO Cl reacts with dry liquid ammonia in

-

T Tan enclosed system releasing gas (which has beej/identified 19744 nitrogen) and

changing its colour from orange to light brown-yellow The experiment was set

’ .
up such that the KCrO3C1, in a'sothet,was cqntinuously‘being reacted and




4™

s - A

' ' : ; o . - < a . L A
- ’ . N - N >

washed with liquid ammonia. A brown material remains in the thimble, while a

 be MH c1) is washed down from the KCro.

predominantly white solid (shown by chemical analysis and IR spectroscopy to .

>

C1 NH reaction. The chromium and

3 3
‘chlorine analyses of the product gave o - : e - .
L2 3. sl s e
WL, 5.0 49 7.45 & 5062 7.1 -
%Cr 223 oo 25.,7" L 262'27 3 8 L

.t

f‘and showed clearly that not a11 the chloride was rempved as NHAQLJ KC:QE l

' with evolution of ammonia when brought into .contact with moist air.r'lt ,

requires 20 3% Cl ',‘vvﬂv N .‘ . - . - ‘ P, - o

\

. The light brown product obtained in the present study decomposed*

-

~dissolved in MeCN and only sparingly in’ DMSO. The uv-visible spectrum in‘

these solve ts resembles those of the trioxochlorochromate(VI) complex but
‘with 1¢aJ/:z;:;;d vibrational structure.
~ The infrared spectrum (KBT) is given in Table V-1, It is worth_noting

that the VCr-Cl band, normally occurring at\435cm 1, 48 no longer detected, although

the chloride still shows up in the analysis.' There is evidence (N-H modes) in

the infrared spectrum suggeative of the NH+ (3200 and 1400 cm ) cation and POSSibly

R ,,«’

K(NH ) Cr03N being formed } o | . h',rg
Attempts to prepare the tripotassium salt'K3CrO3N.by{treating potassium
‘trioxochlorochromateiandfkcl in‘liquid ammonia did not work‘because KCl ‘is
insoluble. o @ | : ' | |
o This result and the absence of thev “band suggested that KCl is

- Cr -Cl
possibly formed in the KCrO Cl - ‘ reaction, and is analysed with =

e .

the—brown product Oneremedial approach would be to use ammonium salts in the

reaetmn%ineeﬁﬁzﬁ is—soluble—in—ﬂquidﬂmmenia.

* Not analysed.

ety b VE VU
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C(id) With Ammonium TrioaochlorochromatefNHaCrOSCl.

£

w c . o . . T .

4f4r;144;g,A;L4k4‘4#IE,9EE9;4EEE9mE£§4Lotpreparetthe;triammoniam~salts4fﬂﬁz)56rﬂgN*“f‘ffff‘f*‘*

. NH4Cr03C1 was used The bronnish-yellow product gave C1 0 2 and O 3% and Cr,

35, 1 and 38.9% reSpectively (NHA) CrO3 3N requires

N requires 38.8% Cr

N requires 31 0% Cr, (NH4) HCTO

34 4A Cr, and (NHa)H Cr03

) The infrared spectrum (KBr) is given in Table V.I, There was no Cr cl

=

. stretching vibration and because the NHACrO3

Zt,;»iw.»ﬂ@w s3100~vs~(br)~*ﬁo0r—**(br)w*r W s, sh; 940 vs

r‘.‘,

Cl used ﬁas the follow1ng absorptions

905s; 880 w-m 770 m; &38'8- 385.vw and 364 vw

& \

" it can be established that the 3100 1395 955 905 and 438 cm -1 bands are A,V,,. -

7”due to N H NH4 s Cr=0 and Cr Cl modes, respectively So that the mediumet@h,
strong vibrations at 1600 1260 1105, 995 and 530 cm -1 prObably‘

arise from ammonia or its derivatives (NH,,, 'NO

2, 2, NH' or N) in the complex.

t. » Av‘ /

7

(111) With Ammonium Dichromate, (NHA) Cr,0

'_ When finely powdered ammonium dichromate was treated with liquid -

',‘ ammonia, it produced lignt yellow ammonia—insoluble powder The analyis gave - ﬁ‘
33.3% Cr and 19.3% N (NH4) €r,0 requires,41.3% cr and 11.1% N; (NHa)ZCrOAC )
'requires 34.2% Cr and 18.49 N;‘(§H4)HéCr03N{requires‘38 8% Crband‘20‘97'N‘*i
and (NH ) HCrOiN requires 34’4% Cr!and <87 N. It is also possible that the
=%‘ ‘ product is a mixture of (NH ) CrOa and a compound containing a CrO3NHn -3
‘Species because the CrOZ ion, which could be formed in the depolymerization
of Cr,0 2 , is very unreactive toward NH. o S

277

were My e

Thetinfrarededata;{%Bial—given/iUJFEBlerV‘l‘”*ﬁ *‘fﬁafrfﬁé‘asaaazf‘fg

definitely different from the starting material (NH ) Cr OT’ which has the

2 ,
 following absorptions, 3100vs, l380vs, 900vs, 720vs, 550vs, 550m sh and 350m T
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e v };(cm-l). Once again the 1610 127n and - 1000 cm ; banls suggest some aort of a-

reaction'had occurred, . Attempts to obtain a silver salt of ! this compound by
dissolving the‘product in MSO and treating the solution with three equivalents
(based on Cr) of AéNO gave reddish-brown prec1pitates The precipitates were
M washed three timeg with chloroform The compound turned yellow in the process
‘of making KBr‘pellets for the infrared experiment.r The IR spectrum of the |
decomposition product had bands at (em ) 3400wvs, 160q w,,l370 vs, lOlO m,

930 850 vs and 380 w. Except for the 3400cm -1 band, which:is probablyvan N-H'

stretch, it was not p0331b1e to extract much information from these bands since

I

. N-0 vi,bset,i_on,s occur in the ,gamg,,i:ggnaris;.,,,_;,,,,,,,,,,;,f,;,;;\,;,,; S

- . @

LY

The yellow product dissolves in IM H 4 giving'an orange»solution o

% . o ‘ i .
and in NHAOH giving a yellow solution suggesting‘it is probably K;CrO,. . -
) : B . ) . . 4.1\: " ‘ s . ! & » . i » -
‘(iv) }With\chromic oxide,;CrOBL R - '
47 When red chrqmic oxide is treated with 1iquid ammonia 1n‘thé\aérk::

t —70 (of for 30 hours the colour_gradually turns to,a/yellbwftan.‘-The solid

is insoluble‘in liquid ammonia,and wasjisolated by‘evaporating the ammoni§§on

‘ the vacuum line. The analysis gave‘32 0% cr. (NHA) CrO3N requires 31.0% Cr

k196

- -and (Nﬂé) HCrO N (., CrO 3NH3) requires 34 4% Cr In the S sler and Jiri

3 3

Cr03-NH3 reactions, an average of 26, 0% of the chromium content was’ reportedly :

LN

reduced to: Cr(III) And when NH4 3,

percentage of chromium reduced rose to 28. 5 - 44 8%

was added to the reaction mixture, the

i m e e m o po mmm s e — - - - p

The 1nfrared data (KBr) obtained from the present4studynare,pxovidedcltrtteee

in Table V.1, 5» o o ‘j h R B - ~"ﬁé
The compound readily evolved ammonia when in contact vithAmoist air .
but dissolved in DMSO without any apparent reaction. This’suggestedzthe :

P
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: . NHy e T e 3Aguo3r‘§ S N
: . 3 oy v ' N ‘AN r
CrOy + 4NH; ——2—3  (NH,) ;CrON > agyCropN - 7]

_in either liquid ammenia or in DMSO, Three equfvalents of AgNO3 per'chrumium

wereuused{ and~for the reaction in liquid ammonia the complex salt Ag(NH } 3

» was used instead of AgNO The product, a very Iight brown powder was washed

j# S . several times with ammonia. The elemental analyses gave 4Q,5\and 47 SZ Ag and‘ff"

| , Lo |
r“b,\16 8% cr. 4 3CrO3N requires 73.7% Ag and 11. 8% Cr, Agz(NHA)CrOBN requines

'
LA

62 0% Ag and 14 9% Cr, and Ag(NHA) Cr03

N requires 41 8% Ag and 20.1% Cr

[

The infrared Spectrum (KBr) showed absorptions at (cm )

3200 m (broad), 1600 w-m (broad), ¥380 mj 1260 wem; .
1000 - w (broad),: 880 vs-(broad) ‘and 380 Ve . |

R specifically, ‘the Spectrum showed a decrease ( 507) in the intensity of the

i

remained unchanged This implied that in addition to an ammonium ion,a NOZ,‘Nﬂj pw

.

"y
E

initially brown product turned lighter and gave a more complicated spectrum ‘

13200 vs; 1610 m (broad), 1385 s; 1300 s; 1370 s; 1230 m3
1150 w-m; 1100 w-m, 1020 w, 980 s (shoulder)’ 930 vs (broad), AT
800 Vs (broad), 560 m (broad); 400 m (shoulder), 385 m and 290 _"'

LN

But the main features of the former Spectrnm were retained

\ -

band (assignable to- NH, ) near 1400cm -1 while-the ones at 1600 1260 and 1000'cm-‘

or. NH group is probably also presenurin the product.r In one spectral run the l;h

-

v . . |

N

-1
bands at (cm )

3300 s (very‘%road), 1360 vs; 101o\m+s; 930 vs; 800 n (BrOAdj and B
380 vw. : S - RN - :

3 . - R - B - .- . . N R SR

suggested that most of the vibrations charactetistic' of the product of the B
M . 'Jl . .

e
Y
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KCrQ3CIfNH3(KBr) . NHZC:OBQI—NH3(KBr) n (NH4)29’297'NH3(KB?)\c‘°3‘Nﬁ§£?Br?’tﬁyv

PO

30006(bz,‘) R PRI o - S : [ j;' _ '.,"‘,;A"\‘r"fi N .f:‘-'., :‘j
7 . : e . 3 . .

1610s (br) ' 1600m(br) . 1610m o oo 7'ﬂiflﬁ n s Lias

o,
3200vs, br

1400vs . 1400s . 1400

1290 mes S B — e

1260s 1260 m-s(br)

B » 1105 w-m R T PN I AL

1080mbr) . et

| 1000m(shoulder) ' 995m ' '7' | , IOOOW(éhouL§ér).,IQiOmgsj.M_'iil~i.F1
. 950-700va(br)’ 900s . R
e * .. ¢ - 820ve(br) - -

40m{vbr). - 530w(br) C830wmbr) ot

v
-~
.

9808 e

950-700vs (br)

B . Cel

e e

A o

i
h
. B B Qe .
RS Suhe Lo e n e d T LD S SN L




» : B e » ! . . A .
y i .. Y TS < B . ‘
M * © 8. : B © 2
REPER ol P . .
-y - e - 7 T - - N . B
."i: B I . . i} oo O h \‘; N o . . . .
: Sy Tf.lb‘l.esffr I ..«.(contmued) P . s '
L . - M ¢ e );‘ LT 7 \- - . .
L . ¥ KGrO Cl..KNHZ-NH (nu_;ol) L xc:a Cl-NaNHZ-NH (KBr) Cro -muz;zln3(ﬁuj_ol)
.. ‘ Wﬁ“a o S e aieg s - : . -
," oo vf’; R S . 3 ™ ~
- . a . : o -#
L . RN L +3200s(br)” ..  3250s(br)
* . oA < < ° - T . i
‘, - B :’"“\; Al (1:3‘ a N . “]:' ’ ° D : :
L * S : Rt :
H T UL LT L "
K LT IR -1600m{b) - ° 1600m L
i © 7 1580w(br) oL s . -
T - - 1430s(br) ' .
. . 13Q0w . - . ™ ; - :
, A’}’ 5. zf“ . g . - i ) .
‘ = % ' ° U’)v’ ! _a R 3
A e e . 1280(shou1der) ‘ 1290m
e L 12600r) . '
- » . \ ey °
. o . ' e ‘ -
' . 4 o - . » . RL'- C‘{ ! v
I e . , 1240m ;
. 1 - . [ . (
‘ ‘ 2 . ‘A : 3 ;-{ . N
SIS 1110w - d
; /z N ° - “., . \ég :; v
T ; oy - p -
= ‘ ; 1010m(shoulder) 1000-700vs(br) ’
. " 3 ‘ o . 7
. &90(max),j 780(gax) ) » 960-800s (br) .7
: 0 5 - Ve
e : ‘ . LA .
ey a |
~ - . K » . g - y
- -~ P PR / . . ' f '
i . '!‘ . & | B @ >
Sl 570w , : ' 53W(Br) B AR s
\ L ! % 435w | - - o Yy
‘ e 390m . 400(shou1der) o
’ RR S e AP T e S i e - [._
T Do 380 380s - '
.', 2 to N = ” 4. i “
. - & 7 . S ; o
! B Ca ~_‘. ' PR o . ,
. l . : 340w : o . - Y
1. o , ."_ o @ ra ) to. “\,Li, P ¢ © ,. . ‘"
. A AL Bedl e . . . e oo N
. ., L . 5 o o ‘¥ F'e - » ° i “
A‘.' . . - iy . i 4 L
N PN . o . : .
4 . ' 3 . n\ é::w 5 \2: 2 - . X g ’v“.’
7 R . . A - : g
. r e B B PR ‘,k:-'; 4 !
; . = 5 . ¥ ° . N




E i", “["‘1; 'h y” ;‘ ‘ - 160

o

ﬁ”Crééf-‘NH3 reactlons are not changed by the preclpitatlon reaction in DMSO

(PR IR

’;'ﬁnd’wfthvut‘sonSTderIng4N—~Aosspectesawt+mrv&brattsaat*spectra*waﬁtarséém to

support the formation of CrO3N3-,mCrO3NH2 and/or Cr03NH2 species. ‘v_ ‘ g
g ’ ) b ) ' i - » \ ¢
. (b) ”Reactions of KNHZ(or]NaNHZ) with KCrO3C1,andrCr'03 in LiquidLAmmpnia

Pot8551um chlorochromate reacts rather s§bw1y with pota331um amide in T

L2

sliquid ammonla to give a dark brown product - The product was washed severaI‘ ,

1

- i
e ol et
i

PR S - VU

’times.to~remove any exceSs KNH The elemental analyses éaye 18, 9, 17. 8 and

2°

- 17. 7% Cr; 2. 07°N and 11. 4 and 10 1% Cl K3Cr03

not all the chor1de was~washed through with the f11trate. since the 435 cm'1 band

N requlres 22 SA Cr, Apparently,,

«

‘assignable to the Cr Cl stretch appears in the 1nfrared spectrum, Table V. 1

A e
»

i

" Tannebaﬁm~and@cowork6rs197 investigated.the same'reaction and»obsefved

that thq amount of Cr(III) whfch was formed varledawith the mole ratio of KNH2

 to Cr(VI), although there was no s1mp1e relat}onship-between molar amide concenj
, ' &
tration in the ammon1a solution‘and the reduction, R

- L

. . ‘ ®. L o,
Because the analytical rESults?from'theureactions;with potassium -

< - ‘_ . . o

~1; chlorochromate showed that. the'chloride pers1sted thrOugh thESe reactionS"the .

! % ’ s .
alternatlve methuﬂ US1DB Cr03 was attempted The product was found to have, o

29, 9% Cr, 2. 2% N; K cfb N requires 22. 5% Cr and 6. 0% N KZHCrOBN requires 27 oz -

~ Cr and 7. 2% N KH CrO N requlres 33 8% Cr and 9.1%'N. 3 r?06N (contalning

27 3 c 4 L

-

hbrldging n1tr1de) requlres 31. 2% Cr and 4 2% N ,v Tha infrared data are g1ven in

Table V.1. J‘f e j‘!‘,fnf'~' »1' W

e “ . P .,

h,reactlon 1n the Cr03-KNH2-NH3 system, the presence of - KNH “had 11tt1e effect on.iz,c

1the tEactlons oﬁ K,Cr.0 and K Crﬂ

2 2 " in llquid ammonia AqA”f;?i
3 - 11

CE Tannebaum and coworkers observed a compI%x mole~ ratio dependent reduction ;C‘Fw‘



s

’i normal Cr=0 and Cr- clL bands ‘ : ‘ o - ,

~

;glass'vacuum 11nevunder air_and m01sture-free.conditions.

_(i) With €ro.';

‘H, 0.44 and N 0,0; Cr0,NCCCl

(ii) With Chlorochromate, KCr0,Cl and Ph, AsCr0,Cl

e 7

(e) heaetionstéf*Triehloroacetdnitrile

o T

. - —

In ‘the present 1nvest1gat1on, the reactions of chromium(VI) compounds

CrO (i and KCro,Cl1 with neat trlchloroacetonitrile were studied in an all-

€03, Cr0,Cl, an 3

)
. . . : N . .
i 3 N ¢
" 7. . W . .
[

-

s 2 &

2 176 gm of chromjic oxide was treated at room temperature with 5 ml

(density 1, 441 gm/ml) of trxchloroacetonitrile After two days ‘the unreacted

..., ligand was pumped off. "Elemental analyses of the product gave (%)C, 2.97;

3 5 requires k%QC, 9.8, N;h5m7; . .'f 3

Thedinfrared'spectrum.contained a series of very broad bands from
1000 to 350 em™!

B

3 4 3

v
]

’When trichloroacetonitrile was left in;contact:with‘Ph;AsCr03C1rfor

3 days - there was no COlor'change or apparent reaction. Ph AsCro,Cl did not

4 3

dissolve ‘in trichloroacetonitrile The 1nfrared spectrum “of the product had

vibrations a531gnab1e to C cl and C=C (or C=N) stretching ‘modes in addition to

Q

- . B 2

The experiment was%repeatedhusing‘KCrOBCi (3.335 gm) and . richlor--

»

) oacetonitrlle (8 m1) under reflux at 85 C. The,elemental analysis of the

- o

product,obtained after pumprng off the excess ligand,gave (7) €ry 27.7; C; e

7 =,

3.6, H,-0.5; <, 12 3.and N, 1.8. KCro cl. NCCCl

3 ,,,,, 3,requiress(7) Cr ~16. 4 C,

. 7.55; 'C1, 44, 6 and N, W.4; there are otherwlse numerous possibillties S ‘

“q
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The infrared spectrum of the product had no‘gpsorption as51gnab1e to
" the C=N stretch. The only bands not present in the Spectrum of the free 1igand

occurred at 1880w, 1850m, 1380m, 910vs(V(Cr0,)), 435s( M CrCl)) and 356m(51016f>07

-1
cm .- -

' (iii) With Chromyl Chloride L )

e

i

‘ Léauing;chromyl chloride in the dark in contact with trichloroaceto-

nitrile for 24 hours, produced no observable reaction. But when the two reactants

: - ‘ _ : ‘
‘were mixed in-dichloromethane and kept at -10°C for 24 hours, white crystals
formed and the fed solutlon turned green, The white‘solid:neltsat 144%C and-
\' ’
from the mass Spectral and chem1ca1 analyses (C 15. 0%, H 1 2% and N 8.8%)"

the'product is~tr1chloroacety1.amide (CL3CCOHN2

CCN may be strongly oxidizing

requires‘C, 14.8; H, 1.2 and N,

- 8.6). This reaction suggest that_although Cl

3
1 the
in the presence of Cr0201 and CH2C12 the C13CCN is oxidized and the Cr02C12 2
«reduced. chhloromethane was used in the tungsten(6 and VI) chloride - Cl_CCN

3

-

tfeactions but no hydrogen abstraction was reported.

(iv) . With Cesium Pentachloro—oxo-chromium(V),‘CSZCrOCI5

191

‘Because trichloroacetonitrile has been shown to oxidise W),

\

Mo(IV) and Nb(IV) to V(VI&g\Mo(V)vand Nb(V), respectively, an attempt was made to

-~

Vprepare a chromlum(VI) complex by oxfdizing a chromium(V) chloride comp&ex The

C32CrOC15 used in the re’ct1on was prepared by dissolving CrO (o. ng) in 20 ml

of glac1a1 acetic ac1d (prev1ously Saturated with hydrogen chloride) and treating
the solutlon w1th CsC1(1 Ogm) d1ss01ved in glacial acet1c acid. (with HC1l). The
"react1on is reported to glve C52Cr0C15 198 But when»the CszcrOCi5 was leftiln -
contact with trichioroacetonitrile7at7650C for Ewo"d£§s;m£5ef54§és‘no‘dsséfvésié'l'”

krreaction;'Analysi§§£%53"C1, 34.0 CSZQrOCI

.

5 requires 34.87% Cl.

£

ST B i o A T - S e e, L
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It is established'that,certain azido complexes undergo thermal decom

position y1eld1ng nitrido complexes and molecular nitrogen. Attempts werev
i therefore made to synthesize nitrido chromium(VI) complexes from our azido

and CroO N~

complexes, Cr0(0,) N . _ » | ) : - ' L
272 4 ‘3 3 - R

Heating PhaAsCr05N3 resulted inFSpontaneous decompoSition to a green

solid,

&

(&Y””Thermal Decomposition of Ph,AsCrO,N, . : T ,,‘W7,;»,,,;,,W,ﬁ —_—

when Ph AsCrO,N, was heated under vacuum,‘for about 2 hours at'210°C,

4 373

: ¢ s » =
it melted and turned dark brown. The dark brown product gave the analysis(%)

’

C,

'51.2; H, 3.6 and N, 3.0.. Ph AsCrON, requires C, 54.8, H, 3. rand N, 8.0. The

4 33

v1brat1onal Spectrum of the product had ‘cation modes and other b-aadw which are

significantly different from those of the starting material The vasy(Ni)

4

‘to less than 10% of the original. New absorptions occur at 3400s (broad),

“and V sm(NB') bands which occur at 2073 and 1280cm”! tn Ph; AsCro N, diminished
1620 m (broad), 965?oulder) 890s and 580m (broad) cm !, TheVCr .
. _ -1 AU
V1bration Wﬁﬁfh occ» s at 495cm T in PhaAsCrOBN3 disappeared atter heating,
The vibrational spectrum and the results of the elemental analysis,\which show

a proportionally larger drop in the nitrogen content’ compared to the carbon or

hydrogen, suggest that decompostion of the azido group to a nitride might‘have

‘occurred. But for a nitrogea clearage (equation [8]) to occur, this preparative

method would require more cation to balance off the charges. N

Ph AsCro.N " heat : > [Ph AsCrO N]M+ N ‘ [8]

4 33

Other reactions might also have occured Attempts to prepare

KCrO3N3 fronm KCr03C1 and NaN3 (solutionslin MeCN) for alternative reactiomns .

involving heating KCr03N3 and K. failed. ‘

S N - : . 3

Foe v et e e otk
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() ‘Analysis of the Vibrational Spectra ? ‘ 3? ‘ ‘ -
. » . . . 5 ‘ . . 193,197
Because the analytical data obtained here and in previous studies

3

‘do not permit positive identification of the products, it was hoped that the data

from vibrational spectoscopy éompared with those of similar investigation on

established compounds might shed some light.

- i‘ The vibrational spectra of many nitrido complexes have been studied.

189
5 5 34

and WNC1, 13Care assigned to the bands at 1023, 1035, 1045 and 1068cm'1,,

The M=N . stretching mode in (Me AN)ZM'oNCI Y (Me,N) ,WNC1 MoNC1
3 : Ty

respectively, Generally, the M=Nustretching mode falls in the comparatively o

: -1 311 - o ' o

‘narrow range of 1020-1150cm
]
:3 D it . o . . .
7 From the infrared spectra of amine complekeslgS, the bands in the
regions 3040-3400, 1570-1710, 1235-1400 and 590%890cm-1 can be assigned to the
» ’ . ) ) - i 6 . o i . v . C i
stretching and deformatlon modes V (N-H), ‘6asy(NH3), Sym(NH3) and NH3 rgcking

(i.e; & (M-N-H), p(NH3) respectively. Vibrational modes of coordinated nitro

L

lg;bups have also- been observed in these same regions (\;sy(NOZ)’ (1363-1497)

cm-}); Veym(M02) > 1300-373cm & (No,), (798-8%9cn™ ) and NO, wag (585-650))198

The infrared spectrum of pr(NH3)5.ONO Cl, containing complexed nitrito groupl98

‘ 2
' Cr-ONO, has bands at 1460 (/\)asy(N_Oz), 1048 (Vsym(NOZ) and 839 ( 6(N02)). | It
is therefore not possible to make unequivical assignments of the bands we T

observed at 1250 and 1025 (ot 1010)em™ " to either v 6(NH2)199

CrEN’ , ’ Ver=N

-, or Vsym(ONO) vibrations. Drago and Sisler 184 55 igned the bands at 1005 and
982cm™ L to the -skeletal vibrations of thechronyj

um(III) < chromate polymers -

produced invthe‘CrQ3-NH3 reactions. .

" One péssible drawback in synthesizing chromium(VI) nitrido complexes

is the fact that chromium is a small atbm, and, for oxo species there is s

;»th'ﬁJuyl.y, R
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already extensive Cr=0 T;fr‘“‘?onding', "too extensive to allow, for inmstance,
',KZCfOA'to-react with NH3. It is therefore less likely that chromium(VI) ‘would - -~

form the MO,Nn- anion formed~by OSVIII, ReVII, MQVI and WVI.'Ié may be. possible

to prepare’ chromium nitrido complexes byrreacting Cerh‘with.either KNH:,‘.
“or C1,CCN. | o
NH3 3 )
. -
Y u
;-’"J
ey -
A
g kY
M o
/ (
- _ ' = , . 8
‘ 2
13 “ Y
')
R y
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