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A B S T R A C T  

- - - -- - - - - - - - - -- 

New monosubstituted tr ioxo- and oxodiperoxochromium(VI) com- 

'plexes C r O  L-,  (for L - ~ r - ,  NCO-, N;, NCS- and NO;) and Cr0 (02)2 .L ( for  L = 3 1 - 4 
F Y NCO-, NCS-, N3, NO- and OP(C H ) , prepared by meta the t i ca l  r eac i ions  3 6 5 3  

i n  a c e t o h t r i l e ,  have been charac ter ized ,  , 
I 
i 

The v i b r a t i o n a l  s p e c t r a  of the  C r O  L- ( in f ra red  and Raman) and 
3 .  

CrO (4 )-I ( in f ra  re&L amp l e x e k  were measured - -- t A e - r a n g ~ ~ 0 0 a - ~ ~ - ~ .  2 2 

P rov i s iona l  s p e c t r a l  assignments of the  Cr-ligand and i n t r a l i g a n d  vibra-  
< 

t i o n s ,  based on comparisons wi th  s i m i l a r  systems, were made. The v i b r a t i o n a l  

-1 
absorption bands nea r  S 900 cm , genera l ly  assigned t o  v, (Cr-0) (Al), 

sym 

were studied c lose ly .  There was a gradual bu t  r e g u l a r  decrease in the  f r e -  

quenky a s  t h e  s u b s t i t u e n t  L was changed from F-, ~ 1 - ,  NCO-, B r L ,  NO;, N;, t o  

Y 

NCS-, demonstrating t h a t  vSp(Cr-O) could be used as a probe f o r -  subs t i tuen t  

e f f e c t s  i n  cr03Ln- ions .  

9 

The e r e c t r o n i c  c h a r g e - t r p s f e r  spec t ra  of the two sets of com- 

plexes - c ~ o ~ L -  and Cr0(02)iL i n  t h e  W-vigib le  region were a l s o  recorded. I n  

the case  of the3crO3L- i o n s ,  the  s p e c t r a  showed t h r e e  absorpt ion  bandsyeone of; 

which ( i n  t h e  360 mv region) has  9 progression of p l l -de f ;ned  f i n e  s t r u c t -  v 

ure  wi th  d frequency spacing of ca. 740 em', asc r ibed  t o  t h e  coupling of' 

e l e c t r o n i c  t r a n s i t i o n s  wi th  t h e  t o t a l l y  s y y e t r i ' c  - v i b r a t i o n  Vsym(cr&).,~here 

is a s i g n i f i c a n t  red  s h i f t  i n  the  p i s i t i o n  of t h i s  band maximum as t h e  e l ec -  
,I 

t r o n e g a t i v i t y  of t h e  subs t f iuen t  L is  changed i n  going from F, C 1 ,  t o  B r .  
- - - - - + - - - - - -- -- - - 

.The s u b s t i t u e n t  e f f e c t s  on t h e  t h e  charge-transfer  s p e c t r a  were discussed 

2- i n  terms of t h e  Cr-O and ~r-02- bonding i n t e r a c t i o n s  in CrO L- and 
2 3 p. 

CrQL02)2L, respect ive ly .  

- iii , 0 



Attempts were made t o  measure t h e  equi l ibr ium constant  f o r  the  .. 
s u b s t i t u t i o n  processes of t h i  type , 1 

and Cr0(02)2L + L' , C O O ) 2  + L 
7 

ir 
- 

i n  non-aqueous (dimethylsulphoxide o r  a c e t o n i t r i l e )  s o l u t i o n s ,  condi t ions  . 
chosen t o  e l iminate  competing hydrolytkc process which genera l ly  occur i n  

- " - - -- - A -  -LA- 

aqueous so lu t ions .  While the miF&-studies  showed veqy slow exchange i n  
,m -. d 

the  ~ r 0 ~ F - l ~ -  and & o ~ F - / c ~ -  systems, t h e  s u b s t i t u t i o n  r e a c t i o n s  i n  
\ 

c ~ o ~ L - ~ F -  f o r  L- - B;, N;, NCO-, -NCS- and NO- were abry  f a s t .  Attempts t o  , - - 3 

synthesi4ze C ~ O ( O ~ ) ~ F -  o r  a f f e c t  exchange i n  CrO(0 1- L/F- and 
2 2 

Cr0(02)2.NC H /NC H (and d ) systems were not very  success fu l  bec&ss of 5 5  5 5  5 

competihg decompositf on processes,  L 

Repeated a t tempts  t o  s*hesize pure samples of chromiund(V1) 

n i t r i d o  complexes by r e a c t i n g  chromium(V1) compounds wi th  n i - t r id ing rea-  

gents  were unsuccessful.  
d 
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/ 4 d '  The element chropium i s  k;idely udii tr ibuted p r i n c i p a l l y  a s  the  ore . 
\ L b  

chromite, FeCrZO4. 1 k  .was f  i;st discovered i n  1797 in '  t h e  mineral  c rock i t e ,  

PbCr04, and g i v q  i t s  name (from Greek chroma meaning colour) becduse of 
\ 

i ts  many i o l o u r e d  compounds. I n  a d d i t i g  t b  t h e i r  dominancewin the  pigment 

A- A 

', i n d u s t r i e s ,  compounds of chi6mium have alsp found uses i n  tanning,  p ickl ing,  
.- - . - -  -A- -- -- -- - 

* 
1 4 wood etc. More recen t ly  Mertz and Schwarz, and Mertz 2 

demonstrated t h a t  chromium i e  a b io log ica l ly  e s s e n t i a l  t r a c e  metal  although 

its exact  kusctions and-mi-~limum l e v e l s  have not  y e t  been estdblished.  I n  

s h o r t ,  while chromium chemicals have become a - p a r t  o i  o u r  c i v i l i z a t i o n ,  the  

problems af t o x i c i t y  (absorption, d i s t r i b u t i o n ,  and el imination) of 

these  compounds, e s p e c i a l l y  chromium(v1) compounds, i n  t h e  body makes the  

s tudy  of chromium coordination chemistry very important. 
, 

Chromium (atomic number, Z-* 24)' belongs t o  t h e  Per iodic  Group V I A , .  

5 1 has  s ix  valence e l e c t r o n s  (3d 4 s  ) and e x h i b i t s  oxidat ion s t a t e s  ranging 

from -2 t o  +6. I n  i ts lowest oxidation s t a t e s ,  s t a b i l i z e d  by ,rr-bonding 

l igands ,  chromium shows its g r e a t e s t  chemical s i m i l a r i t y  wi th  molybdenum 

and tungsten. , There is, however, l i t t l e  s i m i l a r i t y  i n  t h e  chemical behaviou1;)- 

of these  t h r e e  metals i n  t h e i r  h ighes t  oxidation s t a t e  (+6). Many common 

c h a r a c t e r i s t i c s  are genera l ly  expected from members o5 t h e  aame per iodic  

group except where t h e  proper t ies ,depend on t h e i r  atomic and i o n i c  r a d i i .  

of Cr(II1) complexes. These may be  n e u t r a l ,  c a t i o n i c  o r  anionic  and, with 

a few exceptions,  exh ib i t  a mximm coordination number of s i x .  I n  t h z  

h igher  oxidation s t a t e s  t h e  chemistry of most e a r l y  t r a n s i t i o n  metals i s  

n+ n+ 
dominated by 0x0 species such as MO"', Mo2 , HO end [H O ]"+ where 

Y X Y  



S ---.. 
/ 

-- 
2 

n = 0, 1, 2 .... etc. Except for peroxo complexes, the aqueous cpemistry 
-- ppppp -- 

of chromium(1V) and (V) have been marred by ready~dispropo~tionatm\n and/or, 

reduction to the more stable i 3  state. In the oxidation state +6, chromium 

is highly oxidizing and can only coexist with ligands of.high electronegativity. 

The role of ligands such as 02- aid F- in #stabilizing complexes of 0s &d Ru 

6 in the oxidation. states between +8 and 4-4 are k n o d 5  Gillespie bas suggested 

that, as a mechanism of relieving the high electron densit.y and the strong 
A -- - A - A- 

--?-- - 
repulsions between,non-bonding electron pairs located on the relatively small, 

oxygen (or fluorine) atom, multiple bonding by the 0 (or F) should be expected 

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

Ir-bonding electrons. In the case of terminal oxygen, M-0 valency requirements t' 

would be a major contributing factor* 

. All known compou s of chromium(V1) exist, with the exception of 

2 - c ~ F ~ ~  which decomposes above - 1 0 0 ~ ~ ,  as .ox0 species such as Cr04 , CrOg, 

Cr0.,Ln-, C=O~L;-, c~o~L;-, cro2L:- and cr0 (02) *Ln- where n = O,1,2,. . . . etc. 
\ 

and L is a single atom donor ion or grouping (eg. pseudohalide, hydroxyl or 

oxyacid anion, neueral or anionic organic donor species). The existence,of 

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

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 

to the M-0 bond strength. 

Numerous authors 8,9,10 

i, - - 

problem of understanding the nature 

would expect the amount (or degree) 

importance of C+ and n-bonding contributions 

I 

& - - - - - - -  

have tackled various portions of the 
- -  - p--p- - - -- 

of metal-oxygen bonds. As hsual, we 

of pn-dr donation to depend 60th on the 
Q - 

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

L 
9 

>. 
Y 



Consider C r O  L-$ cooraination of &igands (I) which owe -- 

t h e i r  J i g a t i o n a l  s t r e n g t h  p r imar i ly  t o  t h e i r  o-e lec t ron p a i r  (~;;is b a s e )  - 
donating a b i l i t y  w i l l  i n c r e a s e  t h e  e l e c t r o n  d e n s i t y  on the  chromium d - o r b i t a l s  

and cause a reduct ion  i n  the  amount o f  p r  + dn donation from t h e  oxygens. 

For i n s t a n c e ,  Kidd '' h a s  shown t h a t  a  l i n e a r  r e l a f i o n s h i p  e x i s t s  between ' 1  
I 

2- 
t h e  170 chemical s h i f t s  and t h e  degree of Cr-O n-bonding i n  O3Cro,'CrO3, 

The i d e a l  set-up f o r  s tudying M-O T-bonding i n t e r a c t i o n s  would be 

a  sk i e s  of complekes i n  which one of the  l igands  and t h e  number of - 
coordinated oxygens can be  v a r i e d  gradual ly ,  whi le  s t i l l  keeping t h e  oxidat ion  

s t a t e  and p re fe rab ly  a l s o  t h e  coordinat ion  geometry around t h e  metal  cons tant .  

Msst second and t h i r d  row t r a n s i t i o n  meta ls  have t h e  disadvantage of r e a d i l y  

extending t h e i r  coordinat ion  number by e i t h e r  polymerizat ion o r  uptake of 

donor s p e c i e s ,  inc lud ing  so lven t s ,  i n t o  t h e i r  c o o d i n a t  ion  spheres.  

Chromium(V1) has most of t h e  p r o p e r t i e s  necessary f o r  such a  s tudy.  A 

r e p r e s e n t a t i v e  series of complexes f o r  the study would be the 
0 

2- wel4 e s t a b l i s h e d  compounds cro2c12 ,' C ~ O ~ C I - ,  Cr04 and ~ r 0 ( 0 ~ ) ~ ~ 1 - ,  where 
-. _-- 

-" + 
,the number of oxygen atoms coordinated t o  t h e  chromium id v a r i e d  from two \ 

t o  f i v e  whi le  s t i l l  r e t a i n i n g  t h e  pseudo-tetrahedral  c o d i g u r a t i o n  around - %  
12 t h e  metal.  '-! 

' n- 
The dioxochromium(~~)  compounds (or chromyl compounds), Cr02Lx y . 

f o r  x  = 2 ,3  o r  4 and nq 0 , l  or 2 presene some expe%imental problems, They - - 

are generaLLy very reactive andlor  t h ~ a l l y ~ ~ a b l e ! ~  Among tz1 \ 

17 ,* l a b e l l e d  ( 0 )  oxygen 



a n  L L  

established dioxochromium(V1)  compound^,'^^^ Cr02F2, the most corrosive bt all, 
- - -  - - -  pp 

has the greatest thenu# stability (up to ii 4O0~) ; ~ - ~ e ~ a - p m i -  

mately 1 8 0 ~ ~ .  while the other bhromyl compounds, eg. Cr02(N0 3 ) 2' are unstable ' 

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

, decomposed by ultraviolet radiation. 

% 

For the other chromium(V1) complexes (CrO L and CrO(O ) L), except for 
4 3 2 2 

the vibrational studies of Stemmreich and Salals and others 16' '?on the C r O 3 C l 0  and 
-A u L  -- 

CrO F- ions and the electronic spectral studies of the same compounds by 
3 

Helmholz and 13rennam,18 there are no vibrational or electronic spectral studies - 
reported on any other stable anionic monosubstituted chromates, cr03tn-. The 

only spectral studies conducted on anionic monosubstituted oxodiperoxochromate(V1) 

' 20 
complexes, Cr0(02) 2~n-, are those of 'hck19 and Grif f ith. 

Research ~rograbne 

This thesis intends to contribute to the understanding of the coordin- 

ation chemistry"of chrwium(V1) and the metal-oxygen bond by synthesizing a host 
, 

of monosubstituted trioxo- and oxodiperozochromate(VI) a 

Ct0 (02) 2~n-, respectively, where the substituent L is 

\'sp@es. The halides and pseudohalides were found to be particula;ly well 

suited ligands for this systematic study. Some kind of a trend would be expected 

from the vibrational and electronic properties of these species which could be " 

related to the structure and/or changes in the electronic distribution or bonding 

in the species, c ~ o ~ L ~ -  or CrO(Q ) L"-. Studies like this suggest the 
2 2 - . - - 

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

-- - - -- -- -- - 

ternal molecular prob,es to learn more about the nature of other metal-ligand . 
bonds* m e  



A+wwey-agthPitprnt l l rpnhnbt~ that thp mechanism of subs t i tu t i ion  

r d a c t  i o n s  of t e t r a h e d r a l  0x0 complexes i n  non-aqueous s o l v e n t s  have been l i t t l e  

s tud led .  The s u b s t i t u t i o n  ,processes  

and 

f n  non-aqueous me&* ( a d  f o r  nbn-precipitating sys tems1 w e r c ~ 8 t P d _ l e h  t o t r y  

and o b t a i n  information on the  * k i n e t i c s , -  s u b s t i t u t i o n  e q u i l i b r i a ,  bond type  
" 

(Cr-0, Cr-N, Cr-S, Cr-F, C r - B r ,  Cr-C1) a n d s t h e  r e l a t i v e  s t a b i l i t i e s  of t hese  

chrodium (VI) spec i e s  i n  so lu t ion .  P 

I f  enough exper imenta l  d a t a  were ob ta inab le ,  an  eva lua t ion  of t h e  

thermodynamic parameters ,  (changes i n  en tha lpy  AH, en t ropy  AS and f r e e  

energy AG), occuring i n  complex formation might provide u s e f u l  evidence , 
J 

regard ing  t h e  n a t u r e  and s t r e n g t h  of t h e  bonding i n  t h e  complex. These 
1 

q u d n t i t i e s  can  be determined from t h e  equi l ibr ium cons t an t  K and t h e  
# 2 

V a r i a t i o n  of K wi th  temperature.  

The n i t r i d e  ( N ~ - )  and oxide (02-) i o n s  a r e  i s o e l e c t r o n i c ,  The former 

2- has been shown by f o r c e  cons t an t  c a l ~ u l a t i o n s  on R e 0  3 N and 0 ~ 0 ~ ~ -  t o r  ; , P  

have t h e  g r e a t e r  JI-bonding-abi l i ty .  Furthermore, t h e  metal-ni t rogen bond 
** (* 

r e p ~ r t e d l y ~ h a s  a>remqtkable  s t a b i l i t y  t o  most redox, a d d i t i o n  and s u b s t i t u t i o n  

6" 
r e a c t i o n s .  I have the re f  o r e  at tempted t o  ,&ynthesize chromium (n) n i t r i d 0  

complexes f o r  t he  purpose of complementing t h e  s t u i i e s  on-the-methods of - 

7 

- p -  

s u b s t i t u t i o n  k i n e t i c s  and e q u i l i b r i a  of 0x0-chromium (Vl) complexes. 



i 

(a)  Unsubs t i tq ted  0x0 chromium(~1) Complexes 

2- -. 
~ l t h b u ~ h  i n  t h e  s e r i e s  Cr03, CrOb , HCrOb , ..... ?toi, 

chromium(V1) has a t  b e s t  s u p e r f i c i a l  s t o i c h i o m e t r i c  s i m i l a r i t i e s  w i th  

Group V I B  elements (S,  Sk, e t c .  ) , t h e  resemblences" i n  t h e  a c i d i t y  of t h e  
, 

?40 and the  cova len t  n a t u r e  and ready hydro lys i s  of MO C 1  compounds a r e  3 2, 2 
L - 

profound. The pa ren t  oxide,  C r O j ,  an orange-red substance,  i s  obtained 

by t r e a t i n g  sodium o r  potassium dichromate wi th  s u l p h u r i c  ac id .  Like 

Moo3 and W03, it d i s s o l v e s  i n  sodium hydroxide t o  g i v e  t h e  t e t r a h e d r a l  anion 

2 - 22,23924 of the 
H04 . The c r y s t a l  s t r u c t u r e 2 '  and v i b r a t i o n a l  spectrum 

2 - + + 
Cr04 , anion ,  a s  salts of K . , ~b', CS', ~a ' ,  ~ a ~ + ,  pb2+ and AH4 , are 

\ 
V(V) , Fe (VI) and Ru(V1, V I I  and VI I I )  have a l s o  been e s t a b l i s h e d  E4 1; 
has ,  however, become abundant ly c l e a r  t h a t  t h e  v i b r a t i o n a l  s p e c t r a  of 

25926  he com@lexity hae been a t t r i b u t e d  t o  J t h e s e  complexes a r e  complica'thd. 
* 

t h e  s i te  and f a c t o r - g r o u p . s p l i t t i n g  which, f o r  t h e  i n f r a r e d  s p e c t r a  of 

P 2- 26 
powders, a r e  a l s o  obscured by s t r o n g  r e f l e c t a n c e  s p e c t r a .  The Cr04 

c r y s t a l  s t r u c t u r e  de te rmina t ion ,  t h e  s i n g l e  c r y s t a l  Raman and i n f r a r e d  
v 

s p e c t r a  r epo r t ed  by Adams *and co l leagues  could c l e a r  up some of t h e  

2- 
confusion over  assignments  of v i b r a t i o n a l  d a t a  f o r  Cr04 . a 

3- 2 - 2 - 
I n  aqueous a c i d i c  VO 4 , E t o q  ; W O - - a n d  4 t o  a - 

~ ~ Z S W  e x t y  ~ b 0 ~ ~ - ,  T ~ O  4 ?- ~ n r f   TO-^> 4 , d e r e - e c m + ~ y h ~ s -  

1 27 Except f o r  $cr2CI7, M ~ C ~ ~ O  i0 and M2Cr4013, 
28 

polymerizat ion r e a c t i o n s ,  

7 

chromium does n o t  g ive  rise t o  t h e  ex t ens ive  and complex s e r i e s  of po lyac ids  

' 
and polyanions c h a r a c t e r i s t i c  of t h e  somewhat less a c i d i c  oxides  of V(V), 



- -- - - 

Mo (VI) and w (VI) ? The relative simplicity of chromate hydrolysis-polymeri- 
- - - -- - A - - - - 

2ation.i~ perhaps due to the greater extent of multiple bonding, Cr=O, for 
\ 

J 

the smaller chromium ion. So that while Cr(V1) appears* to be limited*to 

tetrahedral coordination in the oxide struct~res?'~'. the larger v(v), 
a 

Nb (V) , Ta (V) , Mo (VI) and W (VI) species permit variable coordination numbers, 

Consequently, the structural possibilities for polyanion formation are much 

greater for these elements than for Cr(V1). 
iL 

A - - * Y +  A _  - --  I 
2 - 

The electronic1* and ~ - r a ~ ~ ~ ~ ~ & u c t u r e s  2%j:;,:; of the Cr 2 0 7 ipn + 
Y j ,  5"' 
,d +Y$'. 2- 

have been studied. As is the case with the 'GxQt I * ion, the complete 

2 - 
assignment of the vibrational ~ ~ e c t r . u n ? ~ ~ ~ ~ o f  the Cr 0 ion is not yet 2 7 

established. 
\ 
i 

(b) Substituted Dioxochromium(V1) ~ o m ~ l k e s  "h 

Certain lipands are known to replace the 0x0 (02-) ion' in 

a complex withqut changing the oxidation state of the metal or undulya 

altering the molecular geometry. For- instance, in the series 8f complexes 

vos, 3 - 
C ~ O  (02) 2 ~ ~ -  

Mo 
V I  Re VII 

(for X - S, 
N,F,c~,B~~ 

the isoelectronic nitride (N3-), hydroxide (OH-) and fluoride (F-) and also 

the "pseudoisoelectronic" peroxide (0 2-) and sulphide, (s2-) ionshave 
- 

2 .  
- -  - 

fo-qally substituted the oxideligand. - - - -- - - 

I V 

* The complexes K~(C~O~F)'~ 'and 2~aok&~(~r0~)?~ which may contain the 
I 

0 O H  - ion, have been reported. 



* * *  - & *  

Except -- f o r  c ~ O F ~ ~ ~  t h e  most heavi ly  I subs t~tuted '~hromiuql (~1)  

0x0 complexes also-  conta in  tfk peroxo l igaqds  and w i l l  be discussed i n  C 

I 

d e t a i l  i n  Section 1.3:- On, t h e  o the r  hand a l a r g e  number of complexes a r e  
9 '  

now known i n  which t h e  diofochro@urn moiety CrO? i s  coordinated t o  var ious  

donor species .  Of thhse  t h e  b e s t  known a r e  t h e  dioxohalogenochrom- 

ium(V1) compounds, ~ r 0 ~ ~ 1 ; a n d  c > o ~ F ~ .  These complexes a r e  prepared by 

2- 14,36,37 The 
the  a c t i o n  of var ious  halogenailing agents  on C r O  3 o r  C r O  4 

- ---------38 
s t r u c t u r e  of C r O  C 1  i n  vapour has  been determineb6y-ctron d i f t t a c t - .  2  2 

, \,* 39 'P 

i on  and both Cr02C12 and Cr02F2 have been subjec ted  ti0 ' b f r a r + ,  
42 4 

\-" .,.. L C* < y  " * 

Raman 40 and mass ' s p e c t r a l  s t u d i e s .  The e l e c t r o n i c  s t r u c t u r e  of C r 0 2 C 1 2  
P 

. . <  
- - 

c.' ' 
- - --- - - 

has a l s o  b e g * i n v e ~ t i ~ a t e d . ~ @  The lnixed h a l i d e  complex, Cr02C1F, has  been 

i d e n t i f i e d  37941942 a s  a  product i n  the  me ta the t i ca l  r e a c t i o n  of 'the two 1; 
pure  compounds I 

* 

C ~ O  CL + C ~ O  F ~ C ~ O ~ C ~ F  
2 2 ;  22\- [ l I  C 

11 * 
I n  a d d i t i o n  t o  other  syn the t i c  rou tes ,  t h e  r e a c t i o n  of CrOZCIZ  - 

4 

with  s i l v e r  bora te ,43  hydrogen bromide,44 s i J+er  s i l i c o n  th io-  , ? 

cyanate (or OP (SCN) ;) , 45 d in i t rogen  pent oxidea6 and peroxodisulphuryldi- . 
' f l u o r i d e ( ~ ~ 0 ~ ~ ~ ) ~ '  have been repor ted  t o  y i e M  c ~ O ~ ( B O ~ ) ~ ,  cro2Br2, 

' CrO, (NCO), , C r 0 2  (N03)2, and C r 0 2  (S03F)2 respect ive ly .  An equal ly  i n t e r e s t L  
1 

i n g  s e r i e s  of compounds have beep repor ted  f o r  r e a c t i o n s  wi th  C r O  3' For in-  . 
' 5 2  ' 

s t a n c e ,  hydraqoic a c i d ,  49 a c e t i c  acid%, ~ x a l i c  ac id ,  48 a c e t i c  anhydride, 
, 

and var ious  f l u o r i n a t e d  anhydridda53 have been used t o  prepare  C I O ~ ( N ~ ) ~ ,  

Cr02 (OH) (CH3cOO) , Cr020r, cro2 (C113C00) 2, and ~ r Q ~ 4 I t @ X k )  (for & Rf = CF 3'-- 

ClQE an& f: -~-~res~ek%vel~-.-.~n-crther~u~e~~, Gerlach and ~ a r d ' ~  reported , 3 7 

making new f i v e  and s i x  coordinate  dioxochromium(~1) complexes, K O 2  (cF~cOO) 

C ~ ~ ~ ( R ~ C O O ) ; -  ( f o r  Rf - CFJ o r  C3T7), and cro2 ( ~ ~ ~ 0 0 ) ;  ( fo r  Ry - CF 3 o r  

ClCF ), by reactinp. the halogenated anhydrides wi th  CrO ~1-, ~ r ~ l ; ? ~  or 
t .  

3 3 
rl 

I 



C r  n2-, Rb-&g5' r n w &H 
4 

- - -  - - 2'7 "'"2'2 d ~aN0 3 pv d uce Aa2Cr02 4 F and 
/ 

NaZCrO F (NOj)2, r e spec t ive ly ;  both compounds conta in  Cr(V1). 
2, 2 

(c) Subst i tu ted  Trioxochromium(V1) Complexes ir 

A number of k i n e t i c  s t u d i e s  56'57'58'59phave been published on 
l: 

chromium(V1) spec ies  i n  var ious  aqueous w e l l  e s t ab l i shed  

t h a t  i n  n e u t r a l  and b a s i c  (>pH6) ye l lbw chfomate 
--2---- --d- 

r 
3 Ton, Cr04 , e x i s t s ;  a s  the  pH i s  lowered the  chromate ion  is converted v i a  

protonat ion  (HC~O;) and dimerizat ion t o  the  orange dichromate i o n  (Cr 02-) . 
2 7  # 

2 - 56 60 , 
Between pH 6 and 2, the  i o n s  H C ~ O -  ancVCr..O+ - a r e i n  equilibrium, - 1 --- --- 4 - -  

c~o:! + H+ cro3 (OH)-' 
7 r21 

* t 

2- 
>- 

2cr03(0H)- - - '=2O7 
4 H20 r31 

The above reac t ions  represent  j u s t  two of many s i t u a t i o n s  i n  which the  

. oxide (02-) ion  i n  t he  chromate (c~oZ-) i s  replaced by a donor group,' i n  

{ th is  case hydroxyl* (OH-) O; chromato ( c r ~ t - )  The in terconvers ion  gf 

2 - 
Hcr0; and Cr207 (equation 3) has been shown t o  b r ing  about oxygen exchange 

I 4 

between chromium(~1) spec ies  and water.  S tudies  of t h i s  exchaqge process ' / 
L 

i n  n e u t r a l  61 and b a s i c  62 s o l u t i o n s  have a l s o  e s t a b l i s h e d  t h a t  they pro- ' 

ceed a t  i d e n t i c a l  r a t e s .  Unf o r t u n a t e l l ,  t he  r a t e s  of o x o c h r o m i u m ( ~ ) ~ - ~  . 
+--- i 

water exchange i n  r e a c t i o n  131 do no t  g i v e  information on the s t r u c t u r e  /7 
- 

and bonding i n  t h e  t r a n s i t i o n  states i n  such dlssocia ' t ion - condensation ,. 

e q u i l i b r i a .  . 
8 .  

- - - - -- - -56--m - "- - -- - 

Studies  c a r r i e d  out  i n  var ious  a c i d i c  media have : a l s o  I 

e s t ~ i s ~ t ~ t ~ h ~ b o v e  pl-dependent equilibria e x i s t  onl* perchlor ic  
I 

ac id  so lu t ions .  Using o the r  a c i d s ,  eg. hydrof l u o r i c ,  hydrqchloric ,  , 
* 

* L 

hydrobromic, a c e t i c ,  n i t r i c ,  phosphoric, phosphorous, su lphur ic ,  - 



* -E 

t -  

> , -- - 
1.0 - 

- - - - 

a sulphurous and 
9,  

reportedly converts the C r O i  , HCrD4, and 

2- 
Cr207 ions t p  the; corresponding monosubstituteci der ivat ive  C r O  I"-, where 

3 - 3- 
'L = F-, C ~ - , ~ ~ + B ~  , .CH~CO;, NO;, P04 , (wo;- O* H ~ P o ~ ) ,  PO; 

2- 
(~0:-  o r  H~Po;),' SO4 (or H S O ~ )  ,' SO:- (or HSO;) and 10;, respectivqly.  

59 ,63 ,64  The possible existence of most of these species (as  w e l l  as 'o thers ,  
4, 

2 - 2 - ' e. g. crO3(S2O3) , Cr03(NCS) . . . . . etc .  , ). have been sugg&ted on the  bas i s  
9 - - -" - - -- - -- - - - - - -- - - - - - - -- 

of spec;rophotometric (w-v is ib le )  evidence, and only a f e w  have been isola ted* 
I 

. . 
( i )  ~ r e ~ a ; a t i i r e  Studies @. 

' B - - 

6 - - .  
Histor ical ly ,kthe ruby red c r y s t a l l i n e  potassium fluorochromate * 

K C ~ O ~ F ,  was f i r s t ap repa red  more than a century ago by the  act ion of 
0 

cohcentrated hydrofluoeic acid  on potqssium dichromate. The product was 
L 

pur i f ied  by r ec rys t a l l i z a t i on  from the concentrated solut ion '  i n  hot 

, hydrofluoric acid. The preservation of the  compound, evep of the care- 

- f u l l y  dried- q s t a l s ,  r equ i r e s  avoiding both exposure t o  moisture-or l i g h t  - 
1 .- - - v 

and contact  w&h g l a s s  o r  porcelain ware. - 3 8". 
P 

f 9-4 
S M l a r l y ,  t r e a t i n g  bo i l ing  potassium' dtchromate so lu t ion  Kith  

an excess of d i l u t e  hydrochlorif ac id  y ie lds  r e d ' t r g s t a l s  of potassium 

chlorochromate, KCTO Cl. .Peligot obtained the s q e '  s a l t  by t r ea t i ng  stoich- 
3 

, ?. 
iometric amounts of potassfum chloride with chromic acid  (aqueous solut ion 

* - - - 
of Cr03).  Crystal  s t ruc tu re s  of KCr031? 67 and RCrO3C1 68 hate since been . I  

& . 1 '  
0 .  

reported and the  vibrational-  an& e l e c t ~ o n i e  l8 speefr?- ekcablished. - - , - . , . ' , 

" 3 "  { 
8 .  

- - - * -  - 3 - L  

C 
The.ei is tence of potassium bromocbromate, KCrO B r ,  on the  other 3 

h h d ,  has  been questioned . 69* 70 0rigi6a1' e f f o r t s  71 repotted i so l a t i ng  ' 
I r 

the  coop&nd by evaporating, 'inSf&'&$d and, i n  vaeu& e i t h e r  a solut ion of 
. . ". 

chtomic acid '  and.potassium-&omid; o r  the dolution of potassium chromate i n  
/ 

' % . , 



Although ~ u y o t  72 claiAed having i s o  aced garnet-red ckystqls. of 4 
potassium iodochromate (KCrO I) by reac t ing  potassium chromate and hydroiodic 

3 
b 

acid ,  at tempts t o  repeat  h i s  r eac t ion  have' met with f a i l u r e .  Furthermore, 

t h e  poss ib le  coexis tence  o f  chromium i n  t h e  oxidation s t a t e  +6 and iodide  ion  
a 

has  been questioned 733 74 on t h e  -grounds of t h e i r  oxidation-reduction 

- - -- " __ L A  _ _ _ - - - 
' p o t e n t i a l s .  

The prepara t ion of  potassium iodatochromate, KCr03103, by reac t ing  

potassium dichromate Bnd i o d i c  a c i d  i n  n i t r i c  ac id ,  o r i g i h a l l y  reported by 

Berg and ~ l o m s t r a n d ? ~  has s i h c e  been repeated 76 A d  the product *ubjected 
X 

t o  an X-ray s t r u c t u r a l  s tudy 77 and a nuclear  quadrupole resonance analys is .  78 

Meyer and Stateczney 79 have a l s o  repoired t h e  prepara t ion of t h e  K+, ~ a + ,  

2 - N H ~  qnd Ba2+ s a l t s  of ' t he  trioxosulphatochromate(~T) iod ,  C r ~ ~ 9 0 ~ )  , and 

of the  f r e e  acid,  H C r O  (SO ), by reac t ions  c a r r i e d  out  i n  t h e  absence of 
2 3 4  

0 

water. A. typica1 r e a c t i o n  involved leading SO gas  i n t o  a cooled sus- 
3 

pension of t h e  chromate s a l t  i n  carbon disulphide and th;n caut ious ly  

warming t o  6 0 ' ~  t o  remove excess SO and CS . and drying between porous 
6 3 2 ' I - 

p l a t e s  i n  vacuo f o r  t h r e e  days. 

f 

Findl ly ,  S i s l e r  A d  coworkers r epor t& the preparation of 
* 

% .  

a series of 1:l (CrO3&) and 1:2 (cro3.2i)' compounds (where L is one 

molecule of a n i t rogen car-g base) by adding chromium(?@ oxide t o .  

L 
. - - - -- - 

s e v e r a l  anhydro& unhindered he te rocyc l i c  n i t rogen bases. The 1: 2 

compounds were i s o l a t e d  f o r  L - pyridine,  8-picoline, y-picoline, 

quin61ine, 2 ,s - lu t id ine ,  2-ethylpyridine and 4-methylpyridine. On t h e  

o the r  hand, a-picoline, a c r i d i n e  and tribenzylamine formed only 1:l 



- 
B + 

-dtp.nllirprl 1 amid extens ive  oxikticin-reduction 
b 

-reactions,  It i s  believed t h a t b t h e  Cr03.2L adducts formedhavetr igonal  

bipyramidal s t r u c t u r e  with t h e  t h r e e  0x0 l igands  forming t h e  e q u a t o r i a l  
' 

'p lane and t h a t  the  predominant f a c t o r  determining the  formula f o r  these  

82,83 
add i t ion  compounds is s t e r i c . T h e  a lcohol  analogs, CrOj.2ROH,are a l s o  known. 

( i i )  Spectroscopic 'Studies 

- A -- 
a- - - 

In add i t ion  t o  t h e  prepara t ive  s tud ies ,  spect roscopic  methods 

C 
.have a l s o  provided evidence f o r  s u b s t i t u t e d  chromates, a t  l e a s t  i n  

solut ion.  For ins tance ,  t h e  exis tence  of t h e  aforementioned sulphatochromate- 

(vI) ion ,  CIOj(SO , along w i t h  t h e  condensation copolymers Cr03. SO3, 
4 

H2Cr02(S04)2, H2Cr4013 and H2Cr3SO13, was proposed from spectroscopic 

evidence obtained from s t u d i e s  of va r ious  CrOg -- %SO,+ - H20 
systems. 84 

It i s  a l s o  w e l l  known t h a t  i n  d i l u t e  aqueous so lu t ions  and 

aqueous a c e t i c  ac id  so lu t ions ,  chromic a c i d  oxidizes i sopropyl  a lcohol  

t o  acetone. The oxidat ion of var ious  alcohols i n  aqueous so lu t ions  have 

been extens ively  Otudied. Westheimer and covor+rs 85 have advanced a 

convincing arguments t h a t  these  d e d a t i o n s  proceed v i a  t h e  formation of 

- 86 Similar  in termedia tes  esters of chromic ac id ;  e.g. (Cr03.0R) . 
,87,88 

(Cr03.L) have been proposed f o r  t h e  oxidation of aldehydes. 

- - - C ' 
- - -  - -- 

The mechanisms f o r  t h e  oxidation of don-metallic oxoanions, 
- 

such 
- - - - 8 6 -  - -  - *- -- 

a s  a r s e n i t e ,  su lph i t e ,  phosphite and hydrophosphite, have a l s o  

been wr i t t en  with a chromium(~1) - oxoanion complex as an intermediate.  

The assoc ia t ion  of chromium(VI) s p t c i e s  with 'complexee of o the r  met i l s  i n  

aqueous so lu t ions  has renewed i n t e r e s t  i n  inolganic  ehromium CIJ oxidat  ions. 



~ e r  ~ a f t e e i - - ~ t ~ a i i o n  of complexes or  C~(LT)  ?' 
9 2 9 3 94 

F e ( l I ) ,  Fe ( I I I ) ,  As (111; ,8* Cr(I1I)  , Np (IV) , Th (IV) and Co(II'1) 9 5 

suggests  tha t  the  reacf ion occurs v i a  t h e  formation of a complex e.g. . 

The hypothesis i s  supported by t h e  f a c t  t h a t  t h e  s o l i d  de r iva t ive ,  " 

t h e  workers have had competing hydrolyt ic  o r  protonation processes t o  
I 

c w t e n d  with. Almost a l l  s u b s t i t u t e d  chromates a r e  e a s i l y  hydrolysed t o  the  

hydrogen chromate, e.g. 

CrOjcl- + H20 ,-> C~O.,(OH)- + H+ + ~ 1 -  I51 
.Because of t h i s  a few s t u d i e a  have been attempted i n  non-aqueous media. 

Rlaning and Symons 98 s tud ied  t h e  u l t r a v i o l e t  spec t ra  'of d i l u t e  so lu t ions  + 

of ammonium dichromate, (NH ) C r  0 i n  various "anhydrous" a lcohols  
4 2  2 7 '  

(ROH) t o  draw a re la t ionsh ip  between the  spec t ra  anil t h e  U* (Taf ts  - u* 
funct ion,  a measure pf t h e  e l e c t r o n  withdrawing power) of t h e  group R. 99 

From t h e i r  observations,  the  authors  c la imedl the  i d e n t j f i c a t i o n  of 

monosubstituted esters CrO .OR-, i n  which R is 'alkyl, s u b s t i t u t e d  a l k y l  3 
- - - - -  - - - - -  

o r  acy l ,  a n d  t h e  s u b s t i t u t i o n  reac t ion  was represented by equation [GI .  
, 

# - 

(NH4J2Cr207- + 1 R T  ---> - 2 ( q ) c r 0 5 a  + H20 
- 

16 I 
Although the  study was intended t o  e l iminate  competing hydro ly t i c  processes, 

' t h e  authors admitted t h a t  t h e  eguil ibrium 



A -- - -. - 
i nvo lv ing  the  HCt04 i o n  was probably unavoidable.  

( i i i )  Bonding 
, 

% The r e l a t i o n  of t e t r a h e d r d  l i gands  t o  t h e  lobes  06 t h e  m e t a l  p  o r  d  

o r b i t a l s  i s  such t h a t  none of  t h e  o r b i t a l s  i s  l y i n g  d i r e c t l y  a long  t h e  meta l -  

3 '3 l i gand  bonds, but +he hybr ids  s p  o r  sd ( s p e c i f i c a l l y  t h e  d d and d ) 
XY YZ xz 

d o  have the c o r r e c t  symmetry f o r  &bonding. 
> 

Metal and Ligand O r b i t a l  ~ o n t r i b u t i o i b  I n  Tet,rahe+dral--Synrmetr& 

I r r e d u c i b l e  Respresenta t ion  Con t r ibu t ions  

Metal - Ligand 
hi 

2-  I n  t h e  case  of CrO o r  C r O  I"-. i o n s ,  t h e  chromium a1(4S) and t2(3d 4 3 ) 
XY,YZ,XZ 

o r b i t a l s ,  which a r e  ex t ens ive ly  mixed wi th  t h e  t (4px,p , pp) o r b i t a l s ,  can t a k e  
2 Y 

p a r t  i n  t h e  formation of a bonds; whi le  t h e  e  - o r b i t a l s  can only  p a r t i c i p a t e  

Summary 

Chromic oxi'de i s  an  a c i d i c  and very  r e a c t i v e  spec ies .  .Although it i s  

more widely used a s  an  oxidant  i n  o rgan ic  chemistry,  formation of 1:l and 1:2 

a d d u c t s w i ~ ~  c e r t a i n  donor molecules  (or  ions)  and s u b s t i t u t i o n  - a d d i t i o n  

r e a c t i o n s ,  producing dioxochromium~V1) complexes, a r e  r e l a t i v e l y  c-on. Of t h e  

dioxo compounds, t he  chemistry of C r O  C1 i s  probably t h e  b e a t  s tud ied .  2 2 

h 
2 - 2 - 

'?'he C r 0 4  and CrZO, i o n s  h a v e  very  e x t e m v e  aquepus  (a1 so  l e a d i n g  

t o  peroxo complex) chemidstry a s  f a r  a s  &ubs i t i tu t i .on  and o x i d a t i o n  - r educ t ion  
- - -- - - - - -- - - - - - 

r e a c t i o n s  a r e  concerned. Unfor tuna te ly ,  however, t h e r e  i s  ve ry  l i t t l e  information 

on t h e  s t r u c t u r e  and bonding i n  t h e  s u b s t i t u t e d  Cr(V1) product$, Of t h e  t r i o x o  

c o m ~ l e x e s .  0 0 )  , C ~ O ~ F -  and CrOICl e  the  b e s t  known, The genera l  

r e a c t i o n s  of t h e  complexes a r e  presented i n  Scheme 1.1 next  page. 



Where Y=Z and Y # Z 
andx = n = 0,l or 2 

Reactions of '0x0 Complexes of Chromium (Vf) ,. 



I 

F CHROMIUM AND O ~ E R  TRANSITION METALS - 

9 -  

The process whereby t r a n s i t i o n  metal compounds i n t e r a c t  with an 
n 

oxygenating agent ,  oxygen (02) ,  ozone (03) 'or hydrogen peroxide (H2O2), t o  
- m 

.form d e r i v a t i v e s  - in  which one o r  more dioxygen groups (02, 0 o r  02) a r e  
2 

coordinated t o  the  metal  has been known f o r  over 150 yea&. The co- t 

exis tence  of a  dioxygen A l igand - with  - - o the r  l igands  - around a c e n t r a m e t a 1  
- p L  

% 
\ 

atom depends on t h e  condi t ions  ( i n q u d i n g  medium) under which t h e  compound 

is synthesized.  In p a r t i c u l a r ,  i t  depends on the  pH of the  s o l u t i o n  and 

100 
t h e  oxidat ion-reduction p r o p e r t i e s  of t h e  ions  involved i n  t h e  reac t ion .  

% 

Basic Solut ion:  ' .  
2 0 ~ -  -2.0 

OH + OH- 0.26 - -0.4 - 0.6 
H02 O 2 O 2 

" l8al  

I -0.87 11 ' 0.08 I 
0 

Acidic Solut ion:  

The schemes above represen t  the  redox ~ o t e n t i a l s  i n  v o l t s  f o r  0 i n  babic [8al  
2 

and a c i d i c  l8bI so lu t ions  ( a t  2 5 O ~ ) ,  respect ive ly .  101  

i 

b 

The'need t o  understand t h e  chemistry of coordinated dioxygen 

spec ies  is insp i red  by t h e  many ins tances  i n  which they occur, Dioxygen 

functions, both  a s  a  l igand and a s  a  reagent  i n - t r a n s i t i o n  metal-organo- 

polymerization of many unsaturated compounds in  t h e  presence of o w e n  or 

peroxides; 9 l o t  of i n t e r e s t  has  developed in t h e  syn thes i s ,  cha rac te r i za t ion  , 



- 
a ~ s ~ d - t b  prop- oxygen and peroxide c a r r i e r s  Dioxygen 

compounds pf t r , ans i t ion  metals  a r e  a l s o  of p a r t i c u l a r  importance i n  r e l a t i o n  

t o  metal-catalysed oxid t i o n  reac t ions .  Although coordinat ion  does not  9 
necessa r i ly  a c t i v a t e  the  d idrygen5species  f o r  r eac t ion ,  t h e  p o s s i b i l i t y  of 

such a c t i v a t i o n ,  and t h e r e f o r e  ~ a t a l y s i s  by t h i s . r o u t e ,  does e x i s t .  For 

106-&Q8 ins tance ,  r e l a t i v e l y  f a s t  r e a c t i o n s  'have been repor ted  t o  occur between 
aj.1 & 

c e r t a i n  d i o x g e n  -compoumds of Group YIII metals  and-m~lecular@$c&~s+ueh- 
* ;  

a s  gaseous non-metallic oxides ( ~ b ,  SO NO, NOZ, Co2), CS2, aldehydes, 
2 ' 

- i- 
ketones, oxime, f m d  thiourea.  These r e a c t  ions  not only represent  new avenues 

for '  t h e  syn thes i s  C_,i.r of an extended range of compounds bu t  a l s o  hope f o r  
> - '8 I 109-111 

ca ta lys ing  the oxygenatgon of o the r  s u b s t r a t e s  \under ambient conditions. 
4 

Fina l ly ,  because of the s i m i l a r i t y  between these  r e a c t i o n s  and the  d i r e c t  
1- ' . .- , 

oxygenation of biologi&I s u b s t r a t e s  (by non-radical pathways) by t h e  

metalloenzyme, oxygenase, t h e  coordinat ion chemistry of  dioxygen spec ies  

appear t o  be a promising model f o r  an understanding of t h e  s to rage  and 
i 

use of oxygen i n  b i o l o g i c a l  systems. 

m 

The term dioxygen has  been used i n  t h e  preceeding p a r a g ~ a p h s  t o  

draw a t t e n t i o n  t o  t h e  f a c t  t h a t ,  depending on t h e  e l e c t r o n i c  environment of 
! 

t h e  c e n t t a l  metal,  dioxygen s p e c i e s ,  oZn- f o r  n =  0," 1, or 2, on 

coordinat ion experiences dramatic changes i n  i t s  e l e c t r o n i c  s t r u c t u r e  and 

the re fo re  ' t h e  0-0 bond length ,  such t h a t  the  formal charge on t h e  complexed 

dioxygen spec ies  is  f requen t ly  d i f f e r e n t  from t h a t  i n  t h e  f r e e  l igand.  * 

- - .- - 
- - -  

These changes are p a r t i c u l a r l y  no t i ceab le  i n  t h e  dioxygen complexes of 
- -- - - - -- - 

- 

111 2- 
t h e  low va len t  Group V P I I  metals  (Fe, Ru, O s ,  Co, Rh, Ir, N i ,  Pd and P t ) .  

, 
A' 
> 



Table 1.1. Formal Charge on the  Didxygen Species: . 
Compound 0-0 Pond length  (A') Comparable 0 species  

+ 4 * ;  " a% 
- -- 

A 
- -- 

2 I 

- - . 
and t h e i r  bond lengths  (A") 

a .  Ref. 112, b. Ref. 113, c .  Ref. 114, d. Ref. 115.- * 

On t h i s  b a s i s ,  i t  i s  not  c e r t a i n  whether the' r i g i d  demarcation . :, * 

\ 

i n  bonding schemes t h a t  has been created  between molecular oxygen complexes 
I_. 

and those  of peroxo complexes, based on the  d i f fe rence  i n  the  o x i d a t i ~ n  s t a t e s  

of t h e  metal atom, should be allowed t o  continue. A ~Swden and Mulliken 
\ 

populat ions ana lys i s  by Dacre and Elder '16 has  shown t h a t  e a c h  O2 group i n  

3- 
Cr(02)4 c a r r i e s  a  negat ive  charge of only ca. 0.6 e l e c t r o n s  while t h e  3 

chromium, f a r  from ccrrying a  charge of +5, i s  found t o  be f r a c t i o n a l l y  
1 ---.. 

nega t ive ly  charged. Furthermore, r e s u l t s  from ESCA (e lec t ron  spectroscopy 

for.chemica1 a n a l y s i s )  s tudy i n d i c a t e s  t h a t  from 1.4 t o  1.8 e lec t rons  a r e  

t r a n s f e r r e d  from the  metal t o  t h e  dioxygen l igand i n  P t  (02) (PPh3)2 . 11' It 

is apparent then t h a y a d o p t i n g  t h e  same bas ic  chemical a t t i t u d e ,  including 

'bonding scheGe, f o r  both m o l e c u l a ~  w ~ g e n -  and peroxo-complexes would c lea r -  

up some of the  confusion charac te r i z ing  t h i s  subject .  ,- 

=.I 
The compounds qtudied i n  t h i s  work were-all by t l e a t i n g -  

a s o l u t i o n s  of var ious  chromium~VI~complexeswith hydrogen peroxide. ConsideraLng - 
h 

t h e  vast -amount of l i t e r a t u r e  i n  t h e  f i e l d ,  it  is  necessary t h a t  the  

d iscuss ion be l imi ted  t o  t h e  dioxygen carrying products of t h e  reac t ion  
J 



19 
-- 

between H 0 and metals  of t h e  e a r l y  t r a n s i t i o n  s e r i e s -  Because t h e  
2 2 

- A 
- 7 - -  -- r-  - 

a-0 bond , l eqg ths  i n  these  emplexes  a r e  genera l ly  around 1.4 - 1.5  A ~ ,  . - 
L - 

t he  complexes w i l l  be ~ ~ l l e d . ~ ~ p e r o x o "  f o r  the  purpose of maintaining u i -  

f o m i t y  with o the r  papers although IUPAC recommended '18 t h e  use of the  

* 

Most t r a n s i t i o n  metal peroxo complexes are unstable ,  -both 
I 

complexes involve " l a t & a l l y t l  coqrdinat,ed peroxide groups, a few a r e  known i n  
- 

e r a 1  bonding bridging 

which t h e  peroxide funct ions  a s  a bridging l igand o r  is present  a s  a hydro- A 

peroxide (OH-) group; and occas ional ly  i t  is, as t h e  hydrdgen 

peroxide of c rys ta - l l i za t ion ,  1199120 s k i e r a 1  have been 

i so la ted .  The use of ion  exchangers, .ele o l y t i c  conduc t iv i t i e s ,  potentiome- d "  
tric t i t r a t i o n s  and s e v e r a l  i d c l u d i n g  Job 's  method of 

- 

continuous var ia t ions ,  t o  of these  peroxo 
t 

x 
species ,  and e s p e c i a l l y  those  present  p e n  metal ions  a r e  i n  contac t  with . P 

aqueous hydrogen peroxidb, has cont r ibuted  l i t t l e  toward e s t a b l i s h i n g  t h e i r  

formula and s t r u c t u r e .  This  problem is p a r t i c u l a r l y  acu te  i n  de r iva t ives  

of molybdenum and tungsten which a r e  less well-defined a s  a r e s u l t  of the  

uncer t a in ty  i n  t h e  ex ten t  of in ac id  so lu t ions ,  and 

expeedally when v a r y h g  smourrtb- of hydrogen perrrxfder(H2T reducesp - 

polymerization) a r e  present .  The &ionic  spec ies  obtained by t r e a t i n g  

a c i d i c  molybdates b r  , tungstates '  with H 0 have va r ious ly  been given the  2 2 



2- 12ZqM * 
formulae such a s  M208 , 2- 124 

2 9 2-,123 moo6 o r  M ~ o ~ ~  . , 
- - -A - - - -- - 

(a)  Unsubstituted Peroxo Complexes: M(02)4n- 

+ 
The NH4 and K s +ad' s containing t h e  unsubs t i tu ted  

3 - peroxo anion M(02J4 a r e  knovn' f o r  M = C r ,  V ,  Nb and Ta. The "red" 

chropium s a l t ,  previously formulated 
126-128 ' 6- 6- 

a s  Cr2012 , Cr2013 s 

6- 6- I 

- - C r *  O l 5  , (Cr2OI6. ~ ~ 0 )  and now know t o  conta in  t h e  m , ~ n o n u c l e a ~  ion - - -- 

v 3 - 
, C r  (O2I4 , is  prepared by r e a c t i n g  hydrogen peroxide and a dichromate 

' i n  s t rong ly  a l k a l i n e  so lu t ions ,  below O•‹C. S t r u c t u r a l  &udies  on t h i s  

'7 1 

have shown t h a t  t h e  peroxo gr&ps' a r e  coordinated l a t e r a l l y  

and the  e igh t  atoms of oxygen a r e  i n  a dodecahedra1 (D ) g&ometrical 
' 

2d 

arrangement around t h e  C r  - four being a t  distances 

"4 - o the r  four  a t  1.944 A': The bond length  between two 

of 1.846 A' and 

oxygen atoms 

, . 

the  

c! 

coordinated a s  peroxides is  1.405 A', while t h e  s h o r t e s t  d i s t a n c e  between 

oxygens not  belonging t o  the  same peroxide ions ,  a r e  2.91, 2.57, 2.75 

and 2.74 AO. ?he magnetic moment of 1.77 BM, corresponding t o  one unpaired 
- - - 

e lec t ron ,  i n d i c a t e s  t h a t  t h e  chromium i s  i n  the  +5 oxidat ion  s t a t e .  
- -- - -- -- - - -- 

of o the r  A comparison of t h e  X-ray powder photographs 



3- 3- 
~ ( 0 ~ ) ~  ions suggest t h a t  t h e  tetraperoxovanadate anion; V(02)4 i, is  

- - L- - -- - --- - 

3- i 
e 

isomorphic with t h e  te t raperoxometa l la tes  M(0 ) f o r  M = C r ,  Nb and Ta. 2 4 

This  has been confirmed by s t r u c t u r a l  s t u d i e s  on (NH ) V(0 ) 161 
* 4 3  2 4 ,  

and 
J mg [Nb (02)4]. 7H20 13*which repor ted ly  have quas idodecahedrd  s t r u c t u r e s  -' 

s i m i l a r  t o  t h a t  of K3[Cr(02)4]. 

Another group of s a l t s  containing the  te t raperoxo anion,  

2- 
M(O2l4 f o r  M - C r ,  Mo and W, has  a l s o  been reported.- L-- - - - -- - A- 133 salts o f t h e -  - 

+ i - k f t f t f t  ff. 
ca t ions  Na , K+, C a  , S r  , Ba , Co and z ~ ( N H ~ ) ~  were prepared by 

react ing,under very low temperatures, a l k a l i n e  s o l u t i o n s  of t h e  me ta l l a t e s  

with excess hydrogen peroxide. The molybdenum ( ~ f )  and tungsten(V1) 

ter raperoxo spec ies  a r e  chemically s t a b l e  while t h e  chromium(V1) d e r i v a t i v e  ' 

, - d 
is  highly  explosive. 

I n  a d d i t i o n  t o  t h e  te t raperoxometa l la tes ,  t r e a t i n g  so lu t ions  
L a- 

of t r a n s i t i o n  metal ' s a l t s  with var ious  amounts of hydrogen peroxide, and under 
' 5 .  

d i f f e r e n t  condi t ions  of pH and temperature, 1299134s135produces o t h e r  complexes 

i n  which t h e  r a t i o  of t h e  metal t o  peroxide Varies. For ins tance ,  i n  t h e  

3- 3- - s e r i e s ,  of pomple&s ~ ( 0 ~ ) ~  , vo (OZ) (or  HnVO(02)3 -3+n), V0(02)2 [or  

-3-h-1 and polymers l i k e  HnV2 (0)3(02)4 H n V m 2  (O2l2 -4h] and VO(0 )+, t h e  
2 

vanadium-to-peroxide r a t i o  v a r i e s  from 1:4, 1:3, 1:2 t o  1:1, respect ive ly .  ,119 

Simi lar ,  though not  necessa r i ly  i d e n t i c a l ,  s e r i e s  of complexes have a l s o  

b e  f o r  Nb, Ta, C r ,  Mo, W andU. 
119 \ 

- 
- 7 - - -  

- - - - - 
L- --- - --- 

T h e  t r ipe roxo  species  a r e  r e l a t i v e l y  uncommon, and where they 

have been observed (Mo and W). e f f o r t s  t o  Characterize them have gai led .  
- 



- -- - - - Although n o '  t r iperoxochromi~m compopd has ye t  been isolated:36 a 

t r i p ~ r T G Z i = a n i u m < ~ l )  complex e x i s t s ,  13' and recen t ly  s t r u c t u r a l  s t u d i e s  

, r have es tab l i shed  the  ex i s t ence  of and a dodecahedra1 geometry i n  t h e  

t r iperoxoniobare  (V) ~ o ~ ~ p o m d s  K [Nb (O2I3. phen] .3H 0 and K [Nb (02) 3. phen] 2 
138 . 3H20. H 0 

2 2 '  The tr iperoxovanhdiies a r e  bel ieved 1393%to have e ight  coordin- 
.. < 

a t i o n  of t h e  mecal s i m i l a r  t o  t h a t  ,. obs~rveil i n  t h e  peroxon$obate(V) compounds, 
- 4 -  "t- 

i 

Except f o r  t h e  adducts  crIV(O ) .3L, almost a l l  o the r  
- -  - - - - -  - 2_ 2 

chromium dipenoxides e x i s t  a s  oxodiperox~des.  The chromium diperoxide 

's moiety resembles t h e  tetgaperoxo s a l t s ,  i n  t h a t  i t  has a l l  i t s  oxygens 

\ 
i, -- - i n  peroxo l igands.  The triamminochromium diperoxide  complex C r  (02)2 (NAj)3 , - 

-%<* 

140 141 
was f i r s t  prepared i n  1897. It e x i s t s  a s  a monorder and appears t o  bea * 

t h e  most s t a b l e  of t h e  peroxochromates, though t h e  coordinated a d o n i a  

group can be replaced by cyanide and ethylenediamirie. For ins tance ,  
I 

K,[c~(o,), ( c N ) , ] ~ ~ ~  i s  obtained a s  a red and r a t h e r  s tab& compound when 

cr(O ) (NH") is  t r e a t e d  wi th  warm potassium cyanide. 
2 2  3 3  

Cr0 (02) S. e t h e r  K3w02)2(CN)31 

-10-oOc T 
-. 

KCN (aq) 

4-50•‹c I 81 

( N H ~ )  [ ,cM~~ I NH3 ( a d  lcr (o,), m 3 )  3,1 
- - +50•‹c 

The olive-green ethylenediamine-derivatik-[(c H N )Cr(O ) .H 0 ]  .H20 i s  a l s o  2 8 2  2 2  2 

known. 143 S t r u c t u r a l  i n v e s t i g a t i o n s  on t h e  compounds C r  (0 ) (NH ) 144 
,- 

2 2  3 3' 

[Cr(O2j2 (H20) (CZH8N2? 1 . ~ ~ 0 ~ ~ ~  afld IC3[cr (a2l2 ( C N ) ~ I  146 have been reporred. 
a' 

..r 

- -- - - 
-- --- 

b The most f a m i l i a r  peroxo compbund belonging t o  t h i s  c l a sh  is the  -* 

b lue  perchromic a c i d  formed by t h e  r eac t ion  o f  p c i d i c  s o l u t i o n s  of chromates 
r % 

(or dichromates) wi th  ~ ~ 0 1 :  The controversy over its composition s t a r t e d  



- -- - -A 

workers 14*-150 supported the formula. The f i n a l  fc&nufa CrO(OJ,.L was not ,  
4- 

1#2 however, resolved u n t i l  t h e  works of ~ v a n s , ' ~ '  Glasner and Stainberg,., -L 

\ 
2- * :*, 

b 

and Tuck and h7alters.12 The compound Cr0(02)2:H20 i s  very uns tab le  i n  water 
B '- 

bl;t can be extrac ted  i n t o  organic so lven t s  such as e t h e r s ,  alcohols; @tones, . 

and ~ t r i l e s ,  where i t  i s  more s t a b l e .  'The s p e e f e s  formed by such  solvat idn - 

could be Cr0(02)2.H20c:L o r ,  a l t e r n a t i v e l y ,  one formed by the complete sub- < . ,  - 
f 

- 
s t i t u r i o n  of t h e  water molecule by t h e  donor so lven t  (L) t o  g iye  Cr0(07)2.L. 

- - - - - - a- --- : - -  

It is also-known t h a t  perchromic acid' can r e a c t q v i t h  ni trogenous organic 

340 bases &ch as pyr id ine  b y )  2 , 2  '-bipyridyl (bipy), 1, 10-phenanthro- 8 

151 15 4 
l i n e  (phen) , a n i l i n e  p n d  qu ino l ine ,  - - tAe-eompounds-se- f orme& being r e -  - - - -L- 

l a t i v e l y  s t a b l e  s o l i d s .  T h e  'dimethyl . e ther  adduct,  c ~ O  (0 ) .0i(C133)2, which 
2 2 ,  . . 

is s t a b l e  belo* -50 '~  explodes above -30'~. 155 The t h r e e  s t a b l e  ailducts P 

CrO(0 ) .L f o r  L - pyr id ine ,  2,P1-bipyridyl and 1,lO-phenanthroline, have 
2 2 

low e l e c t r o l y t i c  conduc t iv i t f es  and smal1,mapmetic moments (0.4 t o  0.9 ' 

BM).l3' The small  moments i n d i c a t e  the  absence of a "spin" component a i d  

a r e  probably due t o  t h e  temperature independent paramagneti~m.~ 

?'he c r y s t a l  s t r u c t u r q  of the  compounds [ c ~ o ( o ~ ) ~ . ~ ~ ~ ,  156 

, [ ~ r ~ ( o ~ ) i *  b 4 J . 1 ~ ~ ~  and 1 ~ r 0 ( 0 ~ ) ~ . ~ h e n ] ~ ~ ~  have been determined - &  and shown t o  

bear c l o s e  resemblences t o  oxodiperoxo adducts of o the r  e a r l y  t rans i tPon 

metals.  For ins tance ,  t h e  mononuclear oxodiperoxoamrninovanadate(V) complex 

NH4[V0(02)2NH3] is ,shown t o  have , a  d i s t o r t e d  pentagonal pyramidal geometry 
h 

analogous t o  t h a t  of t h e  oxodipe~oxop$ridinochromium~~) complex. In  add i t ion  t o  
- ---a ---- - - --- n o  -- - -- - 

- - 
the  i n f r a r e d  and ~ a & n  spectral s t u d i e s  of G r i f f i t h  and Wickins, an 

-- 

X-ray s t r ~ u r a l  s tudy reported on t h e  pofynuc'lear anions [Mi(OJ 0 )-(*)- 2 ( 2  4 

( ~ ~ 0 ~ 1 2  fo; M = MO and I ? ( V I ) ' ~ ~  showed t h a t  t h e  two complexes and 
oa' 

- , 1 (0) (o~)~Mo'" (Y (OOH)~)MO * ( o ~ ) ~  (0) 12- have pentagonal bipyramidal coordination 
1 



. . 3 e* * 
b I ,  - 

. . 

a -b 
9 --%- . . f 

-' 24 

with two peroxo groups and a bridping atom forming the  pentagonal, plane. 
_ I  

* . a i? . , 
8 ! 

i - 
c . 

(0) 1 Substi tuted &ionic per020 and 0xop6roxo Complexes; 
' -  

i 
,-, 

( i )  Other ~ ~ a n s i t i g h  Metals . i 
1) 

" 
*-, '.. 

r > 

- = t  - - - -. - 
. ~ l e m e n t s  of the Periodic Grsup IVA* VA and V I A  a l s o  form . - 

t 

subst i tu ted & - o m  complexes.(~he most k a b l e  species  of this 'kype X a r e  

7 f I . I  

- chlorides,  hydroxide, f luoriqe; suiphate o r  carboxylate. Chromium! is known 

< ,  - t o  form subst i t&ed peroxo (oroxopero~o)  cpmp1exes with only the  f i r s ;  
- -,- - - 7 - - - = - - - -- 

three.  However, some of t he  bes t  c peroxo complexes of ea r ly  

. . , ' $ t ransi t ion metals include peroxoLoxalates and peroxocarboxylates. The 
. . 

oxalate ion, particular*, is in t e r e s t i ng  becabse, l i k e  the  peroxide it is 

Y d '  
compact and each ion generally occupies  wo adjacent coordination sites in .  .. , 
a complex. / SO-that  the  coordination n d  of ;he c e n t r a l  metal is  the  

same i n  t he  peraxo-oxalato-u(or oxoperoxol~xalato~ %it is in' t he  unsubstitu- 

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

J61: ' t 

' r  
120 have s tudied the  peroxo-oxalates -&iff i t h  and Grif  f i t h  and Wickins 

.- 
of p f r a r e d  and Kamab spectroscopy on the  so l i d s  and concluded t h a t  the  ' 

oxalato ligandg were bidentate. 163si64 The ~ r y s t a l  s t ruc tu re  of the  compound 

162' ' " 
(m41 3 [ ~ ( 0 2 )  2 ( ~ ) 2 ]  . ~ ~ 0 , ~ ~ ~  or ig ina l ly  formulated a s  (NH4)3(Nb (011 (0x) 3~ 

--- 

supports t h i s  c o n c l k i o d  k d  Tur ther  shows that; lie F ~ G  T b  (01)4~-, the  
- 

- .  
= , -- - - - 

c o m p l e ~ ? % 6 i ~ ~ a  dod etahedr a 1  c o?%%tiktion geometry ar dlEittenJrab-ium. 
- -  - 

1 
C : 

Although no wnoperoxo or cat ionIc  peroxo of chromium 
- 1  

a r e  known, recently the  X-ray c r y s t a l  s t ruc tu re  of two monoperoxocarboxylato- 
1 

> +6 
meta l l a t e s ,  I(0) (Ti(0;) {H20) (C5H3N(C00)2) 121- and [V(O)(O~)(H~~) - . . . 

L ' 
t 



- - 

( ~ ? H j N ( ~ 6 6 ~ ~ $ % ~ ~ ~ 0 ( ~ . + ~ e ~ b e e n  k p o r t e d ,  and t h e  coordination gbome- 
m 

try around each metal i n  t h e  chela ted  complex shown t o  be t h a t ' o f  a d i s t o r t e d  

pentagonal bipyramid. It is ar&edlb6 t h a t  i n  t h e  non-chelated form these  
P 

compl6xes could be assumed t o  hav; t h e  cornpositLon [V(O) (9) . 4 ~ ~ 0 ] +  and 
i 

2+ [Ti(O2).4H20I20 , respect ively .  The poss ib le  ex i s t ence  of such species  i s  

f u r t h e r  supported by spect roscopic ,  conductrimetic and pH s t u d i e s  of 

16 7 w e a , y  a c i d  - s o l u t i c ~ -  o E  vanadium(?% - -and t i t a h i u m ( 1 ~ ~ ~ 6 6  s d l t s d x e a t e d - w i t h  - 
. 

hydrogen peroxide. " 

@I 

Some low mobcu la r  symmetry peroxo-fluoxometallates have a l s o  been 

characterized.  The f i r s t  pe romf luor ides  of both molybdenum and tungsten were 

, ? 

so lu t ion  of t h e  molybdate o r  t u a g s t a t e  in  d i l u t e d  hydrof luor ic  a c i d  wPth 

hydrogen peroxide. These reac t ions  have* s i n c e  been repeated andfor modified 

120,160,162,169 and t h e  following complexes i s o l a t e d  

[ M ( o ~ ) F ~  ln- f o r  M(Iv) - Ti and Z r ,  M(Y) = Nb and ~ a ; '  [M(O) ( o ~ ) F ~ ] , ~ -  f o r  

H(V1) q.Mo o r  W; and [Mo (0) ( O ~ ) ~ P ~ ] ~ - .  The lest th rbe  -complexes 

- 2- 
[M(O) (02)2F4]2- and [Mo(O) (02)2F2] have a l s o  been made by t h e  a c t i o n  of - 

2- 
B202 on t h e  s a l t  car rying t h e  corresponding [M(0)2F4], anion. The X-ray - - 

% 

3 c r y s d  s t r u c t u r e  of K~ [ ~ o ( b )  (0 F 1 .H20 has been published. ~rkf i t h  , 2) 4 
and wickins12* have a l s o  r e p r t e d  t h e  in f ra red  kpectra of t h e  

oxoperoxotetrachloromolgbdate @I) complex C s  (Mo0(02)C14] and t h e  
2 

- - - - - - -- - - - 

2- 
peroxodisulphatotitanium OV) complex [ ~ i  (02) (so4) 2 ]  L The R e l a t i v e l y  , c 

-- - -- - - - - - -- - -- 

small number of chloroperdxo and sulphatoperoxo compared t o  oxalato- o r  . 

fluoroperoxo complexes probably r e f l e c t e s  the  r e l a t i v e  i n s t a b i l i t y  of these  
* 

ligandy-tion by hydrogen peroxide. 



The anionic  oxodiperoxochromium (VI) complexes CrO(0 ) L resemble 
2 2 

t h e  n s u t r a l  adducts  Cr0(02)2.L i n  every aspect  except t h a t  t h e  former' 

spec ies  genera l ly  occurs wi th  smal l  univalent  anion i n  t h e  p lace  of t h e  

organic donor group.- 

In  1904, Hofmann and ~ i n d l e m a i e r  l7' i s o l a t e d  b lue-vio le t  

s a l t s ,  u h i c h  &hey -f o~mu1ated a s  HCrO--,-f~om Ehe react-fon- QE-khe-neutr*r------- 6 

very s l i g h t l y  a c i d i c  kolut-ions of bfie 'correspgnding dichromates with H 0 - s 

2 2' 

wiedel4' obtained r e l a t i v e l y  purer  compounds by r e a c t i n g  perchromic a c i d  * .  

- 
, (Cr0(02)2.H20) s o l u t i o n s  wi th  potassium cyanide o r  hydroxide. Years l a t e r ,  

? magnetic s u s c e p t i b i l i t y  m e a s ~ r e m e n k s ' ~ ~  demonstrated t h a t  t h e  potassium s a l t ,  
'I- 

o f i g i n a l l y  formulated a s  K C f l  o r  K L c ~  0 was very feeb ly  paramagnetic. 
6 2 12' 

The molar conduct iv i ty  o f  t h e  ammonium s a l t  ( ~ 1 1 0  ohm-' ern: in H20 o r  MeOH) 127 
1 a 

showed conclusively t h a t  h compound was a 1:l e l e c t r o l y t e .  More recen t ly ,  

~ r i f  f  i t h l S 0  shoved t h a t  t h e  v i o l e t  perchromate, obtained by ' t r e a t i n g  an 

anhydrous e t h e r e a l  s o l u t i o n  of Cr0(02)2.H20 wi th  a def ic iency of e thano l i c  
,' 

0 
L 

potassium hydroxide s o l u t i o n  a t  -10 C, contained two peroxo groups p e r b  
t 

chromium. On the  b a s i s  of t h e s e  da ta ,  i n f r a r e d  spec t ra ,  elemental  a n a l y s i s ,  

and molecular weight measurements, t h e  formula K[CrO (0. ) (OH) I was suggested 
. I 

2 2 

f o r  t h e  potassium sal t , .  This formula t ionwas  a l s o  supported by t h e  obser- 

20 
v a t  ion t h a t  &ems $ " \  ac id  o l u t i o n s  convert t h e  anion i n t o  perchromic ac id .  

- - -3- - - - -  - - 

The only o t h e r  r e l a t e d  anionic  chromi&(VD peroxo spec ies  has 
- -- - - -- - -- - - -- ---- 

been charac ter ized  and repor ted  by Tuck and ~ a i t h f u l .  l9 The royal  b lue  

anionic  chlorodiperoxochromium (VI) complex C r O  (0 ) ~ 1 -  was prepared by 
2 2 

t r e a t i n g  the  tetraphenylarsonium chlorochromate , Ph AsCrOgC1, dissolved . in . - 4 



- e t h v l  a c e t a t e  s o l u t i ~ n ,  wlth Yce cold 30 percent  hydrogen peroxide. The : ' i  

2 
molar conduct iv i ty  (97 ohm-' cm ) i n  nitromethane shows t h a t  t h i s  compound 8 - -> 

too i s  a 1:l e l e c t r o l y t e .  The in f ra red  spec t ra  of the  C ~ O ( O ~ ) ~ C > -  species  

-1 
' showed a band-at  430 cm a s s i g n a b l e ' t o  Cr -C l  s t r e t c h  and twopstrong higher  r 

d- - 
frequency v ib ra t ions  (950 em-' and 940 cml), one of which Lit be  due t o  

. the  Cr-0 mode. The molecular formula ~ h ~ A s C r O ( 0 ~ ) ~ C l  was a l s o  supported 
- 

by chemical, analysis .  U i f 

--- 
- 1 ,  - - A  

8- - 
'p. Although t h e  s t r u c t u r a l  da ta  on these  anionic  spec ies , a re  scarce,  

1 

an attempt w i l l  be made, i n  a l a t e r  sec t ion ,  t o  d iscuss  t h e  poss ib le  mode 5 
1 

of bonding, of t h e  peroxo g oup i n  t h e  complex, c ~ o ( o ~ ) ~ I , ~ - .  J- 

Summary 

It is obvious from preceeding accounts t h a t  t h e  preparat-ions 
. . 

and/or decompositioncs of chromium peroxo 'complexes a r e  in te&la ted l lg  i n  
= & a .  

t h e  p a r t i c u l a r l y  i n t e r e s t i n g  w a y *  shown by t h e  scheme a n  t h e  next  page. 
R 

w 
'I 

VI ' It shows t h a t  t h e  b l u e  perchromic a c i d l  C r  O(0 2 ) 2' H 2 0 ,  i s  formed when H202 

2- 2- - 
i s  added t o  a c i d i f i e d  s s l u t i o n s  of Cr04 o r  Cr20, ; while i n  s t rong ly  

I 
a l k a l i n e  so lu t ions  t h e  s t a b l e  peroxo compound is  M Cr(0 ) a d e r i v a t i v e ' o f  

3 2 4' 

c h r o k u & ~ ) .  The chromium(V) compound decomposes in a l k a l i n e  s o l u t i o n  t o  

2 - 
CrOl whi le  i t  i s  only i n  a c i d i c  so lu t ions  t h a t  t h e  b lue  chromium(VI) specles  

" undergo t h e  complex reduction t o  kr (111) ; Treat ing Cr0(02)2 .H20 wi th  donor .- - 

molecules o r  ions  y i e l d s  the s u b s t i t u t e d  de r iva t ives ,  Cr0 (02) .L, and reac t ing  

t h e  peroxcchromates wi th  NH~, - CN-  o r  aqueous ethylenediamine gives  t h e  Cr(1V) 

l igand b a s i c i t y  p lays  an important pa;t i n -  t h e  oxidatio&reduction 
I 

' -  raa 
compounds. 
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c- - - I I = Z ' I N T R O D U C T I O N  
-1 .. 

The accounts i n  Chapter 1 show t h a t ,  except f o r  t h e  much 

, , -  e a r l i e r  work involving t h e  i s o l a t i o n  of tlie halochromates, C ~ O ~ L -  (for  
' 

2 - I--= F- or  ~ 1 - ) ,  sulphatochromate, cr03(so4) , and t h e  iodatochromate, 
% - 

. Cz03103 , and t h e  growing i n t e r e s t  i n ' t k e  a s s o c i a t i  of c h r b m i u m ( ~ ~ )  with OP - 
var ious  h i o n i c ,  c a t i o n i c  and organic molecular spec ies ,  no new anionic  

C 

,- monosuis t lIt u t  ed c3ir o w  t e s  sqein t o  GTq beeen X s a l X e d  anipK&ein f TedslnceL 
l .  d 

the  e a r l y  1920's; Attempts t o  prepare from aqueous 

so lu t ions  probably f a i l e d  because these  subs t ra tes  'are read i ly  oxidised by 

. , chromium(~1). For @stance,  i n  a c i d i c  so lu t ions ,  I- and NCS- ions  have been 

1 shown t o  be r e a d i l y  oxidised by chromiun(v1) t o  iodine  (I2) and thiocyanogen 
. - 

0 

2 (SCN)2, respect ively .  

.The present  work w a s  aimed, the re fo re ,  a t  avoiding t h e  . 

complicating hydrolyt,ic s i d e  reac t ions  o f t en  involved in aqueous s t u d i e s  by 

working exclus ively  i n  non-aqueous media.   eta the tical methods were used t o  - 

prepare the  new compounds, and, wtie%ever poss ib le ,  a t tempts  were made t o  

i n v e s t i g a t e  t h e  s o l u t i o n  and s o l i d  s t a t e  bonding i n t e r a c t i o n s  between t h e  

chromium and the . l igands ,  02- and In-. I n  t h i s  attempt only one of t h e  four  
T 

l igands  was va r ied  such t h a t  t h e  e l e c t r o n i c  p roper t i e s  of t h e  four th  

- - 2 - 
l igand,  L,  for In- * P;, ~1- ,  ~ r - ,  NCO-, NCS-, NNN-, k3 , CH3C02 , C204 , 

.% - - 
NO; , and 103 , scan a l a r g e  s e c t o r  of t h e  induc t ive  d r i f t  of bonding 

,e lec t rons  by e i t h e r  a- or n-bonding. - --- --- - 



11.2 EXPERIMENTAL 

(a) Apparatus and Materials .  

\ 

Prepara t ive  work w a s  genera l ly  c a r r i e d  out  i n  an acetone bath 
% .  

whose temperature w a s  maintained by- a S t i r  Kool Model SR 12 (~hermoelect ronib  
I 

Unlimite& Inc  . ) . 
, 

- 1 
The in f ra red  s p e c t r a  i n  t h e  region 200-4000 c m  . were 'ob- 

ta ined a t  room remper&tlre err a ~ e c & a n  LR 12 d o u b l h e a m  apect~l~lpho- 

tometer or a Perkin-Elmer 457 instrument. Solid samples were studied i n  th;? 

form of K B r  d i s c s  o r ' a s  Nujol mulls  deposited on C s I  windows. There was no 

-1 
apparent reduct ive  react ion.  Reproducibi l i t ies  of - +2.cm were obtained. 

d The Raman spec t ra  of t h e  s o l i  s and/or s o l u t i o n s  i n  dimet&l- 

sulphoxide (DMSO) were obtained on t h e  Cary mo e l  81dLaser-Raman spectropho- \e 
tometer with 60mW. Spectra Physics hodel 125 He/NE l a s e r  exc i t a t ion .  The' samples 

-1 were contained i n  c a p i l l a r y  tubes..Preproducibilities of +1 - cm were obtained. 
;J"r 

ay 

\ The W-vis ib le  spec t ra  were recorded on t h e  Cary 14 and some- 
\ 

times on t h e  Unicam SP 800 spectrophotometer, us ing 0.1 

C, H and, N analyses  were performed i n  the  department on 

cro3ln- compounds were found by, magnetic measurements , 

~ e t r a ~ h e n ~ l a r s o i i u m  ch lo r ide  hydrate was 

Aldrich Chemical Company. Potassium dichromate, s i l v e r  

o r  1.0 cm c e l l s .  The ' 

a microanalyser . The 

t o  be di&nagnetic. 

obtained from t h e  

cyanate,  s i l v e r  

n i t r a t e ,  s i l v e r  oxala te ,  sodium oxala te ,  tet  - raethylammonium - - 
- --- - perchlora te ,  - - - 

- ----  

cesium chlor ide ,  sodium azide ,  cedium bromide and ammonium thiocyanate were 
- - - - - - 

-- 

used without f u r t h e r  pur i f i ca t ion .  Reagent grade C1 tetraethylamthonium ha l ides ,  
2, 

Et N P  and Et4NC1, supplied by Eastman Kodak, were r e c r y s t a l l i z e d  i n  vacuo 4 

from absolute  E t O H ,  and s to red  over phosphorus pentoxide. The ch lo r ine  



c m ~ n t ~  detemine 'd by p r e c i p i t a t i o n  a s  AgC1, was 11.2% (E~ ,NCI  r equ i res  
P_ 

11.5% Cl). Analysis of t h e  f l u o r i d e ,  using t h e  Orion S p e c i f i c  I& Act iv i ty  

Elec t rodes ,  gave a low f i g u r e  - 11.6% F, found (Et4NF r e q u i r e s  12.8% F). 

Reagent grade ac ids  H2S04, HN03, HCI, IIP and HI03 were used as suppl ied ,  

bu t  the H B r  w a s  f i r s t  shaken ' with  5% t r i -n-butyl  phosphate i n  chloroform, 

t o  remove any t r a c e s  of  f r e e  bromine o r  HBr 3 be fo re  usg. 3 

Reagent grade - a c e t o n i t r i l e  -CCH~CN er 2&SAll~yas d i s t i l l e d  * A 

twiie from P205 bef o r e  k e .  The o t h e r  ' so lvents ,  carbon t e t r a c h l o r i d e ,  
* I - 

methylene d ich lo r ide ,  benzene, hexane, cyclohexane and chlorofofm were 

r e d i s t i l l e d  reagent  grade s o l v e n t s  kept  d ry  us ing molecular sieves. The DMSO 
- 

was d i s t i l l e d  t h r e e  times from calcium hydride. The, wa te r  content  of t h e  , 

p u r i f i e d  DMSO was shown by gas-liquid chrornotography t o  b e  0.03% by weight. 
Q 

~ h ~ , c h r o m i u m ,  con ten t s  were determined by atomic absorpt ion  

'technique o r  by odometric t i t r a t i o n .  I n  t h e  latter m e t h o d b e  chromium was ' 

f i r s t  reduced t$Cr(III) by bubbling SO2 th ro igh  t h e  aqueous a l k a l i n e  

s o l u t i o n  of the complex. Af te r  the reduction Qas complete t h e  s o l u t i o n  was 

a c i d i f i e d  with 2M E2S04 and b o i l e d  t o . e x p e 1  any excess  SO2; K2S208 was then 

added t o  t h e  s o l u t i o n  and b o i l e d  f u r t h e r  t o  o x i d i s e  t h e  chromium back t o  aS 

Cr(VI) and atandard iodometric t on procedure8 followed. 

(b) Syntheses of Monosubstituted Chromate8 

(i) Trioxochloro- and Trioxof luorochromate Anions, cro3c1- and Cro3F-. 
-- - - - - - -- - - - -- 

Potassium iiaa':6esium S a l t s  : 
- - -  - -  - -  -- - - -- - -- 

pe potassium salts of t r ioxochloro- and t r i o x  orochrcimates, 

cr03C1- and C r O  F-, were prepared and preserved i n  the 9anher described 
3 ,  

on page 101 The cesium s a l t ,  CsCrO C1, was prepared* f o r  spect roscopic  purposes 3 

'I- 

\ 



~ y - ~ ~ ~ ~ ~ t s  Q.•’ CsCl and CrO, J dissolved in minimum 

amounts of water, wi th  3M HC1; yellow c r y s t a l s  eventually formed. 

C s C l  + Cr03 + HC1 (34) C s C r O  j C l  

- kialys;s f o r  C 1  i n  C s C r O g C l  gave 13.3% compared t o  13.4% ( theore t i ca l ) .  1" 

, 
The tetraphenylarsonium chlorochromate w a s  prepared e i t h e r  by - 4 

v 

the  method of Tuck and ~ a i t h f u l l *  o r  by ca t i on  exchange i n  dry r e d k i l l e d  

a c e t o n i t r i l e .  The l a t t e r  rou te  was found t o  be  less extravagant,  f a s t  and a 
4 

more convenient'way of producing Ph 4 AsCr03C1. On t r e a t i n g  a d i l u t e  

so lu t i on  of P ~ ~ A S C L X H ~ O  i n  MeCN with  s to ichiometr ic  amounts of KCrO 3 C 1 ,  a l s o  

digsolved in &&N, a white c r y s t a l l i n e  p r ec ip i t a t e  of KC1 is formed immediately. 

KCr0,Cl + -~ Ph4AsC1 -.-9 Ph4AsCr03C1 + kl [2] 

Crys ta l l ine  Ph4AsCr03C1 can be i so la ted  by adding 1:l benzene-hexane I 

(or C C 1  ) so lu t ion  t o  the  f i l t r a t e .  
4 

TO ob ta in  tet rapheny l a r  sonium ' f luorochr,mat e , an aqueous 

so lu t i on  of Ph AsNO was f i p t  i s o l a t e d  by reac t ing  t h e  corresponding 4 3 

ch lor ide  wi th  s i l v e r  n i t r a t e .  # 

8 
P 

Ph4AsCl + AgMO3 ,-> Ph4AsN03 + AgCl 131 , 

Trea t ing  t h e  aqueous n i t r a t e  so lu t ion  with a so lu t i on  of KZCr2O7 i n  231 RP 

y i e ld s  a yellow p r e  i p i t a t e .  P 
2Ph4AsNOg + K2Ce207 + 2HF ~ P ~ ~ A ~ c ~ o ~ F  + 2 W 3  

+ 5 0  141. 



The yellow p r e c i p i t a t e  was, f i l t e r e d ,  redissolved i n  a 1:l chlorofollh, - - - - - - - - - 
acetone mixture and reprec ip i ta ted  with low boi l ing petroleum ether.  -A 

Analysis ( I ) ;  calculated f o r  P ~ ~ A ~ c ~ o ~ F :  C, 57.4; H, 4.0; A s ,  14.9; C r ,  
CI 

10.4; F, 3.5. Found: C ,  57,2; H, 4.1; A s ,  14.9; C r ,  10.3 arid F, 3,5. 
I 

" 

(ii) Trioxocyanatochromate Anion, C~O,NCO-. 

Potassium Sal t .  
0 

- - L-L - -----u---- -+- --- -- 
Potassium chlorochramate C0.286 13m3 was dissolved i n  10 m l  of 

dry r e d i s t i l l e d  M~'CN. To t h e  solut&& a suspension of AgNCO (0.246 gm) i n  

' MeCN was added dropwise with s t i r r i n g .  - - After - 5 . to  - 10 - minutes --- stirring - - -  a t  - 25- ,- 

O C, a f l u f f y  white p r ec ip i t a t e  formed i n  a s t rongly .orange-yellow solut ion.  

KCr03C1 + AgNCO - KCr03(NcO) Agc1 r 
  he prec ip i t a t e ,  containing AgCl (found 0..0579 gm C 1  compared t o  0.0582 gm 

expected), was f i i t e r e d  off and t h e  KCr03(NCO) r ec rys t a l l i z ed  from 
! 

so lu t ion  e i t h e r  by adding dry CC1 o r  1:l CH2Cl2-petroleum ether ,  'and washing 4 

with low boi l ing  petroleum ether, 

Analysis (%I,  calculated f o r  KCr03(NCO): C r ,  28.7; C ,  6.6;-N, 7.7. Found: 

C r ,  28.6; C, 6.6 and N, 7.5, 

Tetraphenylarsonium and ~ e s h  Sa l t s ,  

The tetraphenylarsmium s a l t ,  Ph4AsCrO3@CO), and the 
pr 

cesium s a l t ,  C S C ~ O ~ ( N C O ) ,  were prepared by t r e a t i n g  t h e  corresponding 

chlorocbromates with AgNCO i n  MeCN and adding ice-cold'1:Z ,benzene-hexane 

Analysis ( X )  , c a l c a a t e d  f o r  CsCxO (NCO) : C r ,  18.9; C,  4.4;' N, '5.1. Found: 
3 -- 

C r ,  18.7; C ,  4 X . K  
k- 

Tet raphenylarsonium trioxoazidochromate, Ph4AsCrO3Ng. 



(-10'~) solut ion of NaN3 (0.316 gm) a l so  i n  HeCN. After 1 h r  st%r#ing, a 
- 

white crystaxl ine p rec ip i t a t e  formed i n  the  yellow solution.  

Ph4AsCr03C1 + N a N i  --> Ph41isCr03N3 + NaCl [ 6 1 

The prec ip i ta te ,  NaC1, was f i l t e r e d  off and the  solutson t rea ted  with an 

ioe-colq 1:2 benzene-hexane mixture t o  i s o l a t e  t h e  product. 
, 

Found: C r ,  10.1; C ,  54.8; H, 3.9 and N,  7.7. 
* 

-. 
(iv) Trioxothiocyanatochromate Anion, cru3 (NCS)-. 

, '7 

pp - 

4, - 

Tetraphenylarsonium Salt, .  

The ~ h $ s ~ r O ~  (~PCS) complex was prepared from Ph4EsCr03C1 

(0.352 gm) and NH4NCS (0.052 gm) i n  a way similar t o  t h a t  sf  Ph4hCr03N3; 

except tha t  here  t he  react ion i s  slower (2 h r  allowed f o r  reaction-tinie) 

and the product less s table .  

: The s o l i d  NH4Cl was f i l t e r e d  off i n  the  dry box and in  the dark; t h e  

Ph4AsCr03(NCS) complex was obtained in the  so l id  s t a t e  by pumping off the  
P 

MeCN on a vacuum l ine .  

Analysis (%), calculated f o r  ~h~AsCro~(NCs)  : C r ,  9.6; C ,  55.5; N, 2.6; 

H, 3.7. Found: C r ,  9.8; C ,  55.8; N ,  2.6 andtH, 3.8. 

Potassium and Cesium Sal t s .  

Treating a cold (-1CI0c) KCr03C1 or  CsCr03C1  solut ion (in Ifem) with NH4NCS 
- 

- - -  --- - - - - -- - - - - - - - 
a lso  i&CN produces white c rys t a l s ,  NH4C1, and a yellow solut ion containing i 

The m4Cl is  f i l t e r e d  off under'N2 ,or vacuum and thq KCd13(NCS) or  'csCr03(NCS) 



-- - - - - - - p r e & & & & ~ h y a d d i n g ~ - ~ ~ l d  bwzena t o  t h e  2kCN so lu t ion .  A f l a k y  

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

exposively (espec ia l ly  when heated),and are a l s o  e a s i l y  hydrolysed. The 

hydrolysis/decomposition reac t ion  is so  f a s t  that t h e  weight of t h e  s a i P l e  

changes appreciably during t h e  t i m e  i t  t akes  t o  make a weighing. Exhaustive 

I e f f o r t s  t o  ob ta in  t h e  i n f r a r e d  s p e c t r a  ( in  KBr o r  nujol )  of the' f r e s h l y  

C r ,  24.5 (28.8); C,  17.9 and N, 9.3. 

The yellow compounds, KCr03(NCS),dissolves in water giving a yellow solution-- - 

which slowly t u r n s  brownish-green. When 2M H2S04 i s  added t o  the aqueous 

so lu t ion ,  it immediately t u r n s  completely green - a C r ( 1 I I )  complex. 

- 
(v) Tr ioxon i t ra t  ochromate Anion, Cr03N03 . Y 

Tetraphenylarsonim S a l t .  P 

P w C r 0 3 C 1  (0.296 gm) was dissolved i n  x ~ C N  and t r e a t e d  i n  

thg -dark wi th  

0.0820 pjn C 1  

under n i t rogen and t h e  f i l t r a t e  -pumped i n  t h e  dark  on the vacuum l i n e .  It 

was not iced that t h e  compound decomposed 'slowly under l i g h t  and more 

r e a d i l y  when' in contact  wi th  moisture o r  e a s i l y  ox id i sab le  organic solvents .  

Analysis  (Z), ca lcu la ted  f o r  Ph4AsCr03N03: C r ,  9.6; C, 52.7; 8, 3.7; N ,  2.6. 

Found: C, 51.7 (51.5, 51.4) - 11, 3.4(3.3, - 3.6); - N ,  2.8 - -- (2.5, 2.4) and C r ,  9.0. - 
- 

7- - - - - - - - - -- 

- -- 

-- a,. 
Tetraethylammanium Salt. 

Wben KCr03C1 (0.826 gm) i n  MeCNewas' t r e a t e d  with a s o l u t i o n  

of tetraethylammonium perch lo ra te  (1.090 gm), a white p r e c i p i t a t e  o f  



l& 5 
v 

- 

- --- - - fcrrms i n  a yellow s o l u t i o n  of Et,N$rO,Cl. F i l t e r i n g  t h e  w h i t e  p r e c i p i t a t e  off  a 

and t r e a t i n g  t h e  yellow s o l u t i o n  with AgNO (0.805 gm) dissolved i n  MeCN 
- 3 

causes AgCl t o  p r e c i p i t a t e  out. The Et4NCr0 NO s o l u t i o n  was then pumped 
3 3 

on t h e  vacuum l ine .  This leaves  a dark  or&e l i g h t -  and moisture-sensi t ive 

o i l .  

-loOc 
KCr03C1 + Et4NC104 -) Et4NCrO3C1 + KC104 

I - A -- p - -- - - - - - - Jma--- -- 

-10 C 
Et4NCr03N03 + AgCl 191 

Analysis  (Z), c a l c u l a t e c f f o r  E t i N C r O N O :  3 3 C r ,  17;8; 6, ;32.9;  H, 6.8; N, 9-6. -- 

Found: C r ,  18.0; @, 32.2; H, 6.8 and N,  8.2. 

Attempts t o  p r e c i p i t a t e  Et4NCr03N03 or Ph4AsCr03N03 from t h e  MeCN so lu t ion  

by adding ,CHCl j ,  CH2C12 o r  benzene r e s u l t e d  i n  decomposition. 

(vi) Trioxobromochromate Anion, cro3Br-. 

Tetraphenylarsonium S a l t .  
-a*., x 

Ph4AsCrO+3r is prepared from KCr03N03 and Ph4AsBr.H20 by tfie 

r e a c t  ion  

KCr03N03 + Ph4AsBr 
6 

The P ~ ~ A S B ~ . H ~ O  used i n  t h e  

~h A s C l .  xH20 (3.0 gm) , i n  a 
4 - 

r e a c t i o n  is prepared by passing a so lu t ion  of 

minimum amount O of water ,  through a Dowejc.1-X4 

(the hydroxide form) i o n  eltchange coltium. The column was'washed t h r e e  fimes 

, and t h e  eluant p l u s  washings treated with  1Q ml of lM-RBr-_andthe c~S!S& - 

~ f -  Ph4AsBr .H20 (melting point  *7$J0c) thus formed, k r e  dr ied  i n  an oven at 
\ 

lloOc. 
- Analysis (Z), balcula ted  f o r  Ph4AsBr.H20: C,  60.0; H, 4.6; Br ,  16.6. Pound: 

C ,  60.7; H, 4.6. and B r ,  16.7. 



The K C r O  NO used i n  t h e  r e a c t i o n  was prepared by r e a c t i n g  KCr03C1 (2.190 gm) 
3 3 

- - I 

i n  MeCN with  AgN03 (2.120 gm) a l s o  i n  MeCN 

The AgCl p r e c i p i t a t e  formed was fmmediately f i l t e r e d  o f f  and t h e  KCr03N03 

used (immediately) i n  t h e  next  s t e p .  The MeCN s o l u t i o n  could only be s tored  i n  

t h e  dark  a t  -20•‹c; the  compound decomposes slowly i n  soluti.on, even under these  

condi t ions ,  and more r e a d i l y  when exposed t o  l i g h t  and/or a$ room temperature. 
- L&L-- - A - -- - - - --- - 

% 

Attempts t o  p r e c i p i t a t e  t h e  KCrO NO from t h e  MeCN by treatment wi th  benzene, 3 3 

e t h e t s ,  te t rahydrofuran ,  CH C 1  CHE13 o r  CH C 1  petroleum e t h e r  mixture re- 2 2' 2 2- 

s u l  ted i n  decomposition t o  a brbwnish powde,r This decomposit ion a l s o  ,occurs 
B 

when t h e  MeCN s o l u t i o n  i s  pumped on t h e  vacuum l i n e .  - .  

The r e a c t i o n  qf a MeCN s o l u t i o n  of KCrO NO at  -1O0C, with . 
3 3' 

Ph AsBr.A 0 (6.00 gm) y i e l d s  a white c r y k t a l l i n e  conta in ing KN03 
4 4  2 

and a yellow s o l u t i o n  according t o  r e a c t i o n  [lo]. The KNO p r e c i p i t a t e  3 P 

- .  
was ' f i l t e r e d  off  and the s o l i d  Ph A s C r O  B r  i s o l a t e d  by t r e a t i n g  t h e  f i l t r a t e  

b 
4 3 

wi th  ice-cold 1: 1 benzene-hexane mixtur,e. 

Analysis  (Z), ca lcu la ted  f o r  Ph4AsCr0 B r :  C r ,  9.2; C ,  51.2; 8, 3.6 B r ,  14.2. 
3 

Found: C r ,  8.6 (7.8, 8.0); C ,  50.9; H, 3.5 and B r ,  13.9. 

Eecause of t h e  poor chromium analyses ,  i t  was found necessary 
*. 

t o  seek b e t t e r  ways of preparing o the r  compounds conta in ing t h e  C r 0 . 3 ~ -  
1 - 3 .  

anion. 

-* 
Cesium S a l t ,  

I t  was p u s s i b l e  t o  prepare  cesium trioxobromachromate by a 
1 

of C s B r  i n  d i l u t e  HBr wi th  chromic a c i d  (Cr03 dissolved in  a minimum amount 

of water ) .  The nrixtnre was allowed t o  r e a c t  f o r  5 minutes, c h i l l e d  with 



1 
t 
1 

t i 
i 

L, 
. I  

emshe+ d r y - i c y a n d t h e p a f  --f-by-lttatfonunder 
3 

1 
nitrogen.  This compound was found t o  b e  e a s i l y  hydrolysed and decomposed 4 
even i n  t h e  absence of  moisture o r  l i g h t .  i 1 - C " JL 

3 
Triphenyl (n-buty1)phosphonium Salt. I $ 

.f 
* -a 

When triphenyl(n-buty1)phosphonium bromide, ph3 (n-Bu )PBr 
I 
5 
5 

f- 

'gmh was. d i s w l v e d  i n  CHC13, t r e a t e d  wi th  an aqueous s o l u t i o n  containing 1 
d 

4 
+ - A - - -- - --a 

~ r 0 j  (2.00 gm) and d i l u t e  HBr (2M), and allowed t o  stir f o r  5 minutes, t h e  , I 

yellow-product  formed by t h e  r e a c t i o n  1121 
9 

X ,  P 

ph3 (n-~; ) PBr 

.is ex t rac ted  

washed with 20 

CHC13 s o l u t i o n  

i n t o  the chloroform layer .  The chloroform layer lwas  c o l l e c t e d ,  

m l  of 2M HBr and t h e  n-BuPh3PCr03Br p r e c i p i t a t e d  from t h e  

by adding low b o i l i n g  petroleum e the r .  The p r e c i p i t a t e  was washed 
t 

with more petroleum e the r  and pumped dry i n  t h e  t h e  vacuum l i n e .  Because 
L 

t 6 e  compound i s  very  suscep t ib le  t o  hydrolysis  i t  w a s  necessary t o  keep i t  out  
I 

Y I of contact  with moisture. 
w 

Analysis (X) ,  c a lcu la ted  f o r  n-BuPh3PCrOgBr: C r ,  10.4;' C, 53.3; H, 4.8; B r ,  

16.0. Found: C r ,  10.0; C,  53.7; H, 4.9: and B r ,  16.1. 

( v t i )  Other Attempts a t  Preparing c~o,L"- (L = a c e t a t e ,  oxala te ,  seleno- 

cyanate,  cyanide, n i t r i t e  and th iosulphate) .  
! 

Potassium Acetatochromate.' 

Attempts f o  prepare KKrO 3 (ace ta te ) ]  by t r e a t i n g  KCr03C1 (0.651 
- - -- - L- ---  - -  - - -- 

gm) s o l u t i o n  wi th  a s l u r r y  of A ~ ( o A c )  (Q,631 gm) i n  MeCN, f o r  J 5  minutes', 
-- -- - -- --- 

* e  

gave a q u a n t i t a t i v e  y i e l d  of AgCl (weight of CX found was 0.1320 gm compared 

t o  0.1322 gm expected), b u t  any K [ C r ~ j ( a c e t a f e ) ]  that: n i g h t  have formed 
1 

" 

decomposed (acetic a c i d  was  give* o f f  1 in solut ion.  



&- -- 1 

When t h e  AgCl was f i l t e r e d  off  immediatew and the  EIeCN pumped off on the  
i 

vacuum l i n e ,  the  elemental analysis  of fhe yellow powder t h a t  remained 

gave C r ,  28.9%; C ,  0.6% and H, 0.0% &-to Cr, 26.3%; C, 12.1% and 8, 
I 

1.5% expected f o r  KCr03(CH CO ) . Thete were no absorp t ions* in  the  infrared 
3 2 ,  

i 

spectra  assignable t o  C-E o r  C=O st:retching modes - the only bands observed 
a 

Attempts were l d d e  t o  prepare potassium oxalatochromate 

, by treating a slurry of silvdr (or sodfrmr} o x a l a t e  in-MeCN-with K€r03€l ; 
1 

i and allowing the  mixture t o i s t i r  f o r  24 hr .  There was no AgCl p rec ip i t a t e  
? 

or change i n  the-chemical ana lys i s  o r  v ibra t iona l  spec t ra  of t he  s t a r t i n g  

erials.  

A t  tempts t o  prepare cro3 (NCS~) -  by reac t ing  KCrO C 1 ,  3 

Ph4AqCr0 C1 o r  Cr0 (op) 2py, i n  MeCN, with RNCSe (greenish-yellow) gave 
3 I 

greenish-yellow or  grayish-green p rec ip i t a t e s  and a repugnant smell. The . 
m i x t ~ k e  was allowed t o  stlr f o r  24 h r ,  . f i l t e r e d  and washed twice  with NeCN. . 
The, dried p rec ip i t a t e  had no in f ra red  absorptions ass ignable  t o  any of ' ' the7  

vibrat iona of t he  NCSe group. 

A solut ion of P ~ ~ A S C ~ O ~ C ~  i n  MeCN was a l s o  t rea ted  with AgCN, ' 

- *  / s lu r r i ed  i n  MeGN f o r  48 hr.  The mixture was f i l t e r e d  and t h e  yellow compound 

precipi ta ted u t  using 1:l benzene-hexane rkxture ,  From the  elemental - 

ana lys i s  an4 infrardd spectra,  t h e  s o l i d  was3 &rOp. a - - ---- 

-- A - - - - Attempts - - t o  prepare C ~ O ~ ( S ; O ~ ) ~ -  by react ing MeCN solut ions  

of Ph4Ascrb3C1 with a s fu r ry  of (M14)$&203 (or Na2S203) also- in  MeCn$ gave no 

evidence of a reactton.  It was not possible t o  prepare (Ph4AsI2S2o3 f o r  L 



use i n  a l t e rna t ive  'reactions. 
- 

.) \ 

(a) ~r ioxohalogenochrom~es  . 
The stereochemistry of the  ions C ~ O ~ F -  and C I I ) ~ C ~ -  have been 

0 
/ " 1 

shown by X-ray d i f f r ac t ion  576 t o  belong i o  the  point group C3v. For the 

C r O  ~ 1 -  ion, t h e  interatomic d i s t ances ' r@r-~1)  and r(Cr-0) w e r e  found t o  be 
3 

- - 1  _ -  2 "- .- 
2.16 and 1. 5RAt , respectively,  with a l l  interbond angles -approximately . 

-', those of a regular tetrahedron. Studies of the s a l t s  KCr03F and C s C r O  F 
- - 3 9 

J 
t 

showed tha t  the s t ruc tu re  of the C ~ O  F- ion is close t o  t h a t  of a -per fec t  . 
- 3 - - - - - - -  - - - -  -7- 

tetrahedro; with t(Cr-0) - r(Or-F) = 1.53~'. With C.& symmetry point group 
b 

f o r  a l l  complexes C r O  tn-, f o r  L a mono~tomic ligand %. F-, ~ 1 -  and ~r-) , 3 
+'-- 

1, the  vibrat ional  spectra  of the  penta- omic species should g ve six funda- . 

' mental modes, 3A1 *+ 3E, a l l  ac t ive  i d ~ a m a n  and i n  t h e  infrared;  with the 
$ 

A modes Raman polarized. 1 

1, - a, 1 \ In order t o  e s t a b l i s h  the  frequencies of Borne af the funda- 
lr 

. G n t a l s  a r i s ing  from the  C r D  Ln- ions, i t  seemed kppropr ia te  to Goppare the 3 - 

spectra  of the  compounds prepared i n  the  present study with those r&orted 
. ; 

r : = fit- 
* 

, *  f o r  Cr03F and CrO3€1: 7, 8 - ~ ~ ~ n : ; ? ~  I1 2 show tha t ,  .except f o r  the 
w * 

*. osqmll s h i f t s ,  these r e su l t s  a r e  consistent with the s tudies  df Dupuis<IR), 
8 

9 - Stamreich e t  a1 (IR and R) and Carter and Brick& (R) The spe&-a 

(IR) of '  CsCrO 01 and Ph AsCrO F vere a l s e  recorded, 3 .  4 7 



* I 

I > .  
1 

30 
1 - - i 

Table 11.1 Th$i Raman and Infrared Spectra of KCr03F, ( c 8 )  - 

. * 

a. H. Stammreich e t . .  a l .  ; Spectrochimica Acta, 2, 593 ' (1963). 
, b. T. Dupuis ,Compt. rend., 246, 3332 (1958). 

\ 
Table 11.2 The ~nfrared and Raman Spectra o f  KCr03C1, (cG') 

8 
, Raman (1nt0n~it.y) IR IR ( s d i d )  , this &siv?ts  

solution - work 
d 

954(4) 963]vs 953 vq'(E), v&+-,) 948 
9641vs 



'.. ' Tables 11.1 andkC.2 give the frequenc'ies of the norm1 mod? 
4 - *  - * .  

P 

.- of vibration of the* C ~ O ~ F -  and c;03c1- Ions with t h e  descr ipt ions  8 - of the 

i 

appqoximate ~ n f & o l e c i d a r ~  mot ions involved. 

: The (i; ~ d e s  ateL par t icu la r ly  in te res t ing .  The t b t a l l y  symtaetric 

s t re tching v ibra t ion  of .the CrQ group, V1, is apparently s ens i t i ve  ta t h e  
a ~ ' e  . 3 

nature of t he  %substi tLent and, :as w i l l  be shown l a t e r ,  couples with the . . 
Llectronic ahargertr&sfer t rans i t ion .  ~ l t h i u ~ h  the des$ri&ovs of most _ i l I I _ I L ~  -- 
intramolecular motioaa. are generally consddere* merely approldmate, def i -  

n i t e  meanings -can be aesqqiattd -with vfbr%tional k d e s  whose frequencies a r e  . * 

ink Pwdes'.in t h e  present case. 'Because the vaaues of,the symmetric s t re tch-  ' 

r L  

ing frequency, V. Cr03, 'may be dependenf in p a r t  on t h e  f 0-1 covalent. . * 

8ym 
0 

9 . . ** 

bond orders, the  s ~ e t r i c  Cr03 sfretching7 frequencies of t h e ,  - - Za - . 
di f fe ren t  &ubsti tuted ~ ~ 0 ~ 1 ~ -  derivat ives ,  have blen ipvestigatea and . . 

I . .  11 
coordinate analgsea ~ Q T  the trioxorhenium(VI1) ;onipleiea, R ~ Q ~ I P -  f o r  

&e " 

a - Q $. \ 

analysiw, t b r  t h e  U2 dod v mites of . Cro ~ 1 -  a r e -  r t rongly coupled: . 
3 a 

3 
n .  

+ ,I 

both involve codsiderable' deformation: of .a1 $n€erbond angles, except 
L 'Y 

-, i .  @ 5 I 

- :that in the  htte= vibrat ion .the C r  + ~j[ i n  the  same d i r ec t ion  along 
-" 

2 .  - . :  I . .  . . ' &/ I : .  ' b  ' ' a  f '. d - %, 

, * 
' 0 , * , .  0 .  1 . . - ,. \ d.. - $, : :. * 

,' . '?- i . . 
4 .  .; - 

, , , .  3 - ,. . 
, .. - 
: . ' . 

. , 

d i ,  

/ 
I - .,' 

\ a 4~ ' >  
i 4 ~ . .  *- n 



more, M i l l e r  and coworkers12 have suggested tha t  i n  Cr07C12 the  ' t rue '  fie- I 
-- 

quencies ,of the two unperturbed A 1 -atodes ,V2 and V 3 ' (Cr-C1) and (6 (0-~r-0)  ) , 

shoultl f a l l  c lose  t 6  400 cml but a r e  probably spread apa& by resonance- 

interact ion.  I n  the case' of the C r O  I?- ion,  -however, the v2- and v modes 
3 3- 

-1 
would be less d x e d  s ince  v2(Cr-F) occurs a t  637 cm . , 

, .. , . 
1 

,' 
For cro3~r-, the  s i x  frequencies ascribed t o  the fundamental 

- 
i n  a straightforward manner, by cornparis06 with those reported f o r  the Cr03C1 

and C ~ O ~ F -  ions (See .Tables 11. ja and 3b). The pos i t ions  of the  Crop stre tching 
---, - - -  - & - -  - 

and deformation bands would not be expected t o  change g G 5 t l y  betwWeeElCkD 3 ~ 1 - - - - - - ~  
- 

and CrogBr The bend oceuring rlither consis tent ly  a t  =380 cmL1 was 

assigned t o  v ~ ( A ~ ~  and, by . . analogy with the C r O  3 ~ 1 -  spectrum, the 

absorption a t  ~ 3 6 0  t5n-l i s  assigned t o  v5(l3): The doubly . t degenerate . 

mode , v essen t ia l ly  a def~rmat ion  of the 0-Cr-0 angles, %as 5' I - 

sometimes been hard t o  observe fo r  tIie Ph 4 A s C r O  3 L compounds reported i n  this 
.-c 

study because the ~ h ~ A s +  cat ion has a strohg absorption i? the  s&e kegion. 
T 

' 13 2- 14 But the  frequencies of such v i b r a t i h s  i n  Cr02C12 , C d 4 ,  
2- 15 

cr207 r 

cr0,cl- ' and cr031?- are qu i t e  cha rac t e r l a  t ic  and are generally found 
"I -- - - . 1 -- - - -  - 

aramd 360 em', and a band a t  t h i s  frequency is assigned accordingly? 

, 
.The v ib ra t l ana l  proper t ies  of the cesium salt ,  C s C r O  3 B r ,  were 

a3so recofded primarily t o  attempt t o ,  avoid any cat ion interferences  

* + 
s ign i f ican t  s h i f t s  i n  the frequencies of most vibrat ions  between,Cs and 

+ 
Ph As salts suggest t ha t  the cro3~r- ,ion experiences cation-dependent 4 

l a t t i c e  and polarizing e f fec t s ,  , 
s 



I L 

Table II .3(a)  ,'The Vibrational Spectra of the cro3Br- Anion, (cm-l) 
+ 

Infrared (solid) Raman (ml id )  Assignment 

-1 
Table 11.3($). Spectra a d  possible Assignments for CsCr03Bt, (cm ) 

I - - 



, (b) Tr.ioxonitratochromate Anion. f 

+ 

The f r e e  NO; ion  has a highly $ymmetrical p lanar  s t r u c t -  
w I 

u re ,  a l l  its N-O bond lengths  equal  and an interbond angle  of 120'. It 

i n t e r a c t s  wi th  metal  ions  d isplaying s e v e r a l  d i f f e r e n t  mode of coordina- 
., 

tion,16 the  most common of which a r e  t h e  nymmetrlcal b iden ta te  and 
I 

unidenta te  n i t r a t o  groups. 
*& 

_- -. 

Symmetries. 

t i c  changes occur i n  t h e  v i b r a t i o n a l  s e l e c t i o n  r u l e  of t h e  ion.  ,!In a $ l  
i 1 

Point  Group - 
k 

1~ , 
(free ion) 

(unidentate) 
c2v (b identa te l  

(bridging) 

Cs (unidentate) 

cases ,  however, t h e  n&er (s ix)  and t h e  a c t i v i t y  of t h e  - f tmd&ntal vibka- 
I 

t i o n a l  modes are the same. To deduce t h e  mode of coordination ,A d e t a i l e d  - 

The f r e e  NO; i o n  has bands a t  ca. 1390 (R,IR). 1050 (R), 830 
- 

-1 (IR) and 720 (R, IR) cm . Depending on t h e  mode of coord ina t ion , - sys tem-  
I' 

v -L (v x- 

Ai(R) 

r ,  

A' ( i r ,R) 

i 
s p e c t r a l  a n a l i s i s  would b e  required.  A normal coordinate  anal$s is  17 for 

m i d e n t a t e  bonding sbows thak t h e  s t r e t c h i n g  mode w3(BZ) ha .higher f re-  i 
quency than the  v (A ). component, C~nverse lg ,  t h i s  ~mn. sis r e d i c t s  t h a t  tQe 3 1 I * 9 - 1 
p o s i t i o n  of the f re f lvenc ies f  o r  these-- c o m p o n e n t ~ u o u l ~  b e  reversed-in-- - -- - , 

t h e  b iden ta te  bonded case. The d i f f e r e L e  between t h e  A. [Raman polarized) 

1 -  v (vZXY ) 

A;(ir) 

B 1  

.A1'(ir,R) 

and B2 (&man depolarized) modes cannot, h er, be tde- t i f  i& by i n f r a r e d  . w 

* i 
m 

spectroscopy alone. Raman s h i f  ts , together  with t h e i r  d,kpolar&tion 
P 

+. \ 

r a t i o s ,  cu r ren t ly  prbvide t h e  most beceptsble means.$fortuaately,  both , 
4 I 

--- 3 v (V s $ r n ) ~ ~ - ~ ~ ~ ~ - L ~ ~ ( ~ ( - - - ~ - -  1 ZXY . ---- 

: E' ( i r , ~ )  

Al (ir,R) + B2 (ir,R) 

9 

E1<ir ,R) , 

Al(ir ,R)+B2 (ir ,R) 

, A t  ( i r  ,R) + AL(ir,R) A' (ir,R$+A1'(ir;R) 



-1 t Table 11.5 The I n f r a r e d  Spect ra  of t h e  CrO ( ~ 0 ~ ) -  Anion (cm ) 
3 

Ph4:Cr03N03>li8+q Tenta t ive  Assignments 

1370 ( m ; & r  
1340 (s , b r )  
1310 ( 8 ,  ah) 
1280 (vs,br) 

- - - - - -- - 

1095 (sTbr) 
JO5O (m, sh )  
975Cs) ' 

835 (m,sharp) 

780 (m-s) 

11 

n(N03)[v2(A2 i n  f r e e  NO;)] 

MONO)~v4(E1 i n  f r e e  NO;)] 780(vs ,br )  
685 (m) 
620 (m) 

540 (m-br) 
470 (w) 

P 

540 (w-m, b r )  

435 (w) 435 (w) o r v  (c<;N) 
8ym 

380 (m) i2n  
390 (w) 

350 (m, sh)  

. f -There is  the  p o s s i b i l i t y  of 
exchpnge with t h e  wfniowS:- 



----' 
s r O  

Ph4A C 3N03 and (C2H5)4NCr03N03 are t e a d i l y  decomposed by t h e  Ne/He 

16 e x c i t i n g  l a s e r  and o the r  c r i t e r i a  have n o t  proved adequate, 19 

- 
The s p e c t r a  and assignments f o r  the  complex ion  

and (C H ) NCr03N03 a r e  given i n  Table 11.5. 
2 5 4  

L 

By comparison with t h e  spec t ra  of C ~ O ~ L -  f o r  L = F-, ~1 - ,  

v(crO3). Although one of these  bands could a l s o  a r i s e  from t h e  symmetric 
w - 

-1 20 s t r e t c h i n g  mode, v of t h e  coordinated n i t r a t e  - c f .  Me3Sb(N03)2(945 cm ), + . 1 ' 
- - - -- - -- 

- -- - - - - -- -- - - -- - -1- - -1 21 SbF3 (N03)2 (940 cm;'), SnP3N03 (965 cm ) and [AB ( ~ 0 ~ ) ~ j + [ ~ s F ~ l - ( 9 1 5  cm ) . 
A d e f i n i t e  assignment of t h e  l igand d e f ~ r m a t i o n  modes v and 2 

s o  d i f f i c u l t  because the  region 650 - 850 cm-l, where they a r e  ex- 

pected t o  occur, is obscured by ;ation modes., As a r e s u l t  only 
' I 

t h e  two bands, 780 cm-' and 835 &', which a r e  assigned t o  v4(6(GNO)) and 

f 
v2 (vONO2) respekttvely, have been lde&fied. ~ o m ~ a k i n ~  the values observed 

' ,,/ 

f o r  v4 with those  of t h e h e x a n i t r e t o  complexes, I ~ ( N o ~ I ~ I ~ -  f o r  H = Zr, 
- 

Hf and Sn, 22 and and SbF3 (N03)2 21 suggests  t h a t  t h e  second 

v4 band probably 700 t o  600 cm-l. & 
\ - 

far - infrared s p e c t r a ,  which mqy conta in  t h e  chromi 
\ 

i * * 
23,24 modes, are not p ~ s ~ i b i e  a t  th4 moment. 

% \ 

\ 

- 0 \ - 4 The v g h e s t  bands, 1600 - 1100 cm-',have genera l ly  

- k- >-+-p--ppp---p- ------ - 9 

been used t o  deduce t h e  ~coord ingf ion  geometry of t h e  nitrate grou& Accord- 
, I 

'f;rrgt~rti-d--~urtT&%Wi~inction betwGiiiKS~nmnetilcally b-i- - 
den ta te  and unidenta te  n r t t a t o  groups is baaed'on t h e  separa t ion  of t b e  



two hi&est  frequency bands, symmetrically b iden ta te  givlfig r i s e  t o  g r e a t e r  
I * 

26 . separa t ion  than unidenta te  coordinat ion.  I n  a d d i t i o n  Fie ld  and Hardy , 

have suggested t h a t  occurance of two s t rong  bands, one at  a frequency g r e a t e r  
h 

-1 than 1570 cm-' and t h e  o t h e r  k t  a frequency less than 1280 c m  may i n d i c a t e  
3 

t h e  presence of bridging n i t r a t o  groups. The p o s i t i o n  of t h e  h ighes t  frequency 
/ 

band i n  the  C r O  NO- complex,is such t h a t  no d e f i n i t e  conclueions can be_draun_ 
- -  

/-------- 

regarding the  coordinat ion.  The C r O  NO- absorpt ions  a t  
3 3 

1585, 1 5 5 0 , y  1340, 1315, 1287, and 1210 em-' a r e  s i m i l a r  t o  those re- % 

r a r e - e a r t h  metal  n i t r a t e s ;  -24 1 9  - 
Although t h e  l i s t  of 

n i a r a t o  groups, with e s t ab l i shed  s t r u c t u r e s  i n d i c a t e  

t h a t  t h e  n i t r a t o  groups p r e f e r  coordinat ion  through two oxygens, e i t h e r  

bridging o r  a s  b iden ta te  n i t r a t e ,  the  predominance of t e t r a h e d r a l  coordin- 

a t i o n  i n  trioxochromium(V1) complexes (page 7),  would suggest  t h a t  bond 

formation is  probably l imi ted  t o  only one Cr-0(N02) bond i n  t h e  C r O  NO- ion. ' 

3 3 

The n i t r a t e  coordinat ion  i n  Cr02(N03)L, which a l s o  c o s t a i n s  chromium(Vl), 

has not ye t  been es tab l i shed .  27 

I 

- 

C 



i 
; .5&* 
I 

/, (c) ~rioxo~seudoha~o~enochromate (VI) complexes : 

( i )  E lec t ron ic  and Geometrical S t ruc tu res  of Fseudohalides. 

I n  d i scuss ing  the  v i b r a t i o n a l  spect ra  of t h e  complexes C r O  pa-,, . 
3 3 

where PS- s tands  f b r  a pseudohalide grouping, 28 NYZ, where YZ = NN, CO o r  CS, 

i t  is necessary t o  d i scuss  some c h a r a c t e r i s t i c  s t r u c t u r a l  ( e l e c t r o n i c  and geo- 
'I i 

metr ica l )  f e a t u r e s  of t h e  pseudohalides and pseudohalide complexes. * 
~. 

- a - -- - -- --- -- - -- - - - 
Norbury and sinhaS9 have used con t r ibu t ions  from var ious  reasonance . 

forms t o  e ~ p l a i n  t h e  f a c t  t h a t  each of the- ions ,  i n  t h e  <"free" s t a t e ,  approaches' 
8J 

a l i n e a r  t r ia tomic  conf igura t  ion. Var ia t ions  i n  t h e  mode of coordinat ton of - 
- - - - - - - - - - - - - - - - -- -- 

t hese  ions  have been r a t i o n a l i z e d  i n  terms of t h e  cons t i tuen t  charge d i s t r i b u -  

t i o n s  ca lcu la ted  by Wagner; 30 . 

Table 11.6 Calculated Atomic Charges and n-bond Orders f o r  NYZ- (Wagner 30)  . 

- 
1.55 1.26 .. 

where the  numbers above' the  atoms represent  the  r e s u l t i n g  nLelec t ron charges 
r i i 

on the  atpms, and t h e  numbers w r i t t e n  under the  b ~ n d s  represent  the  +bond 

---- C -- - --- 
d i f f e r e y c e  between the  two p t e n t i a l  dopor sites, t o  be more l i k e l y  t o  e x h i b i t  

-ambidentate behaviou;, while NCO-, with  the g rea te r  p a r t  of i t s  charge loca l i zed  

30a ' a . .  on the N i t p m ,  would probably favour bonding through t h e  N. One -ca lcula t ion  , , . , 



which include%o-bonding, found equa l  charge  d e n s i t i e s  on t h e  N and 0 atoms. 

The f r e e  pseudohal ide has t h r e e  c h a r a c t e r i s t i c  fundamental . 

v i b r a t i o n s ,  t h e  pseudoasymmetric s t r e t c h  @ NYZ(asy) o r  v ') , t h e  pseudo- Nir 

symmetric s t r e t c h  @NYZ(symZ o r  VyZ) and a doubly degenera te  defqrmation mode 
f 

' 6 ( N Y Z ) .  The i n f r a r e d  s p e c t r a  of t h e s e  i o n s  a r e  g iven  i n  t h e  Table 11.7 below, 

- A - - - - - - -- - - - - - - 
Table XI. 7 I n f r a r e d  s p e c t r a  of t h e  Iff r e e v  Pseudohalide I o n s  ( a s  -K+ s a l t s )  

- 1 
6 ( N Y Z )  cm 

- 1 - 1 
Ion ~ ~ ~ ( a s y )  (Cm v ~ ~ ( s y m )  

'Ref 

NCS-' 
a .  

29 53 7 46 c 

a.  F. Basolo and G.S. Hammaker, J .A.C.  S. 82, 1'701 (1960); ,Inor?,. Chem. 1, 

1 (1962). b .  A. Maki and J . C .  Decius,  J. Chem. Phys. 28,'  1003 ( 1 9 5 8 ) ; 2 ,  772 

(1959). c. P. 0. Yinne!.L and B. S t randberg  Acta. Chem. Scand. 31, 1697 (1959). - 
The pseudo-symmetric i i b r e t  ion ,  v (NCO) , expected a t  1254 an-', i n  

sym 
t h e  same r eg ion  as t h e  f i r s t  overtode 26(NCO) , is s h i f t e d  t o  g i v e  two bands, . 

- 1 -1 
1301 cm and 1201 cm , a s  a r e s u l t  of Fermi resonance i n t e r a c t i o n  and a l%iixingl'. 

of t h e  two modes. 

31 
Q The a v a i l a b l e  experimental  d a t a  show t h a t  changes i n  t h e  f r equenc ie s  

B 

of t h e  normal v i b r a t i o n s  of t h e  pseudohal ide (NYZ) depend on, a p n g  o t h e r  t h ings ,  

" 3 
c h a ~ a c t e r , o f  t h e  c e n t r a l  metal. The ha rd - so f t  acidbbase concepts  of Pearson 32 

- - - - - - - 

has f a i l e d ,  however, i n  p r e d i c t i n g /  t he pref  &ed bonding modes i n  a l a r g e  number 

of complexes. For  i n s t a n c e ,  Pd( I I ) ,  a s o f t  a c i d  ( c l a s s  t lbll) ,  73 forms t h e  

2- 34 S-bonded complex Pd (SCN) b u t  i n  t h e  presence of TT-bonding l i g a n d s  



isomers " of the  type c t s  - P~(Ncs)(SCN)(P~~P(CH~)~PP~~)~ a r e  formed. The 

e l e c t r o n i c  e f f e c t s  apparent  from the  coordinat ion  behavidur qf t h e  NCS- ion  

i n  mixed ligand complexes have been-enalysed by Norbury, 37 who showed t h a t  

each coordinat ing atom (N o r  S) i n  the  NCS- ion  has both " s o f t u  and %tzrdw 

character .  

W 
+ A- A - _ALL __-- !? - D o n a - b ~ h a r d )  _ _ A - -!-.Doncl r end 

1 i gand TI -acceptor  (o r  s o f t )  
1 i van4 

Class "att acceptor  -NCS -SCM 

Class %lt acceptor  -SCN -NCS - - 

Thus it appears l i k e l y  t h a t  i n  t h e  trioxochromium(V1) complex, 

cro3 (NCS)-, and t h e  oxodiperoxo analog, cr0(02) (NCS)-, t h e  theocyanate ion  , . % 

d 

w i l l  be N-bonded, but  i t  i s  a l s o  poss ib le  t h a t  small  energy modif ica t ions  
e 

(e. g. by so lva t  ion) may a f f e c t  ' 38'39 t h e  mode of coordinat ion.  It is a l s o  

known 40'41 t h a t  s t e r i c  condi t ions  imposed by o ther  l igands ,  counter  ions  42 
\ 

or even t h e  solvent  i n  a  complex do induch ' the  incoming pseudohalide(s)  t o  

assume s p e c i f i c  conf igura t ions  i n  t h e  M-XYZ skeleton.  . BulZt); groups f  avow 

" the  l i n e a r  (o r  nea r ly  l i n e a r )  M-N-C-S over the  angular  l inkage  M p - C - N  . 

The cyanate ion  has  received less a t t e n t i o n .  Norbury and 

Sinha 29 s tudied  complexes of t h e  Fype MI, (NCO) where M = Pd(I1) o r  P t  ( I I ) ,  
- 2 2 ' 

and used var ious  f igands . (L) wi th  a wzde-range af I f  gani  o- and-T-bonilng ; - - - - -  

.B 
- p r o p e r t i  i-bw~&k&M+ha~keben&g-m+-~-k~ee&~i%+~SG+-- 

and N C S ~ -  ions.  More r e c e n t l y  Norbury e t  a 1  29a claimed the  i s o l a t i o n  of 

. t h e  f i r s t  ~xamples ,  Rh(PPh3)3NC0 and Rh(PPh ) OCN, of s o l i d  cyanate l inkage  
3 3 

Q 

isomers. 



-- 

( i i ) '  Discussdon of v i b r a t i o n  Spectra of ~rioxo~seudohalo~&ochromates 
I 

Because t h e r e  i s  no s t r u c t u r a l  infofmation on t h e  complexes,, 

C r O  PS- f o r  Ps = NCO, NNN and NCSy we  w i l l  apply some of the  arguments used 
3 

on t h e  germyl pseudohalide GeH PS,' f o r  Ps = N 
4 5 

3 ? ' 43 N C O ~ ~  and NCS, . 
- 1 

i .e . .  t h e  angle  Cr-X-Y i n  Cr0,JXYZ) 
- - - 

i s  180•‹, i t  w i l l  belong t o  Cjv poin t  group; f o r  o the r  angles ,  t h e  maximum 

poss ib le  symmetry is Cs.   able 11.8 giv'es t h e  v i b r a t i o n a l  modes expected 

- - -  - - 

f o r  t h e  pseudohaIidF eompIex, C r 0 i  ~ [ P z ) - ~  f o r  the  a l t e r n a t i v e  assumptions 

of C3v o r  Cs symmetry. 

't Table 11.8 Vibra t ional  Modes and Symmetry Classes f o r  S t r u c t u r e s  of . 

Vibra t ions  

. . 

1 Point  Group 

Class  Al Class E 

XYZ str,. (say) 
XYZ str. (sym) 

C r O j  str. (asyf 

C r O j  str. (sym) 

X Y Z  bend (n(XYZ) and 6 ( X k )  ) . 

Cr-X(YZ) str+ 4 v 4 - - - - -  -- 

C r O g  def .  (asy) 
-- 

8 
-- 

5 Cr03 def. (sym) 

C r O  rock v 3 9 
CrXY bend -and CrO to r s ion  

3 * 10 

Class A t  Class A"I 



1 
I 

62 

-- shetry (only one plane of symmetry) all 15 vibrations are allowed 

in both the Raman and infrared. The-LOA' vibrations are symmetric to the plane 

and are Raman polarized while the 5A" modes are antisymmetric and depolarized. 

The Cjv point group on the other hand.would give rise to 10 fundamentals all 
A 

active in both the Raman and IR. The 5~'modes are Raman polarized while the 5E 

modes give depolarized Raman lines. The difference between the spectra of the 

CrO PS- complexes and those of the analogous halides lies in the introduction 
-- 

3 - - - - 

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

linear four-atom species of this type has 6 fundamental modes of vibration. 46 

Figure 11.1 Normal Modes of Vfbration for a Planar Non-linear Cr-XYZ 

Moiety. 

Both steric effect and the hybridization on th'e boiidink atom X (or 2) 

may vary the angle MXY (or MZY) from 109' to 180•‹, 47 affect the deg;neracy 
- 

of certain vibratiogs. The str&ture and bonding in Cr03Ps complexes aie 

discussed. on 'pages - 71 - 72 . 



+ + 
w l e  t h e  Ph A s  s a l t  was moderately s t a b l e ,  t h e  K and 4 1 

+ 
C s  s a l t s  decomposed r e l a t i v e l y  rap id ly  i n  both a i r  and i n  vacuo. , 

obtaining t h e  complete v i b r a t i o n a l  spectrum of the  C r O  (NCS)- ion 3 
+ 

was hindered both by the  buperposi t ion  of t h e  Ph A s  v ibra t5bns  over 4 

r h a s e ~ f - " t : k x ~ o n  ~m~e-XLEsP~and -by- rPre7E~cumpsSkdaer-Cthnaq iex . 
The ana lys i s  of t h e  v i b r a t i o n a l  spec t ra  of Ph4AsCr0 (NCS), theyefore,  

m 3 

had t o  involve t h e  s p e c t r a  of t h e  f r e s h l y  prepared cesium and potassium 
- - - - - - - - - -- - - - - -- - - -- -- - - -- - - -- -- - -- - 

s a l t s  - (Table 11.10). 
- 

? The in tense  band at 2060 cm-' i n  the  PhgAsCrog(NCS) 

complex i s  assigned t o  V .  The small inc rease  from t h e  f r e e  ion  

value of 2053 c m l  .suggests  Cr-NCS coordination,  according t o  an . 
-48 

a n a l y s i s  by Tramer. Increases  bf 50 -*70 an-' have genera l ly  - 

been as,signed t o  M-SCN, and l a r g e r  increases  (70 - 120 d l )  t o  s t rong  

bridging. Dis to r t ions  from regu la r  geometry, brought about by non- ' 

l i n e a r i f y  i n  Cr-NCS, as w e l l  a s  cation4' o; l a t t i c e  e f f e c t s  may be re- 

sponsible f o r  t h e  s p l i t t i n g  bf v(CN). The l a r g e r  inc rease  i n  t h e  v(CN) . 
+ + ' '\ 

mode i n  t h e  K o r  Cs s a l t s  is probably a r e s u l t  of t h e  g rea tq r  

+ * pola r i z ing  e f f e c t s  of these  c a t i o n s  r e l a t i v e  t o  Ph A s  . 
&, 

4 

The pseudosymmetric s t r e t c h ,  v 
CS' , 

is  somewhat harder t o  
t -  - - -  - -- ---- 

..'T 

assign.  The p o s i t i o n  rand i n t e n s i t y  of t h i s  mode i? a v a r i e t y  of *thio-. 
? . . 

-- 

cyanate complexes is  known t o  b e ' v e r y  dependent onPfke  eiwironment of 
r' 



- \ r 

Table 11.9 The Vibrations1 Spectra of the CEO (NCS) v> 
r 

& 

-1 
Raman (cm ) ~ n i r a r a d d  - -- - Assignments 

' * ' U ,r " a" riur " . " = n *  "&F * " %  . <  ,* a < a  - v  ' 2060s, bh a a v (NCS) 
asy . 

1260 (w) (? 1 
96% ' 950s (sharp) v7 (Cr03) 

i 

asy 
r 

+, 
9* 
914s 912m-s (eh;lrp) v aeym (cro3) 9 -  

L- 



" * 

the NCS, groGp. "~or . ins tar i t fe ,  in HNCS the  band is at 995 aa4, i n  t he  'gas 
1 ' . 

, the  absorption s h i f t s  t o  851 cm i ad  t o  :845 emn1 in the'c~ sblrrtisff--L__'--- 
2 - * > 

( L t h  a band st 962 ~ n a s s ~ g q e d ) ~ 5 ~  The s a q  band in W.$?CS i s  a t .  -' 
Y 

> +  

7 ".-I 45 ! \ - .  
*.?=- < 

5 
962 n, . Furtheraora. a review of ' t r a n s d t i ~  metal. thioc3-te - - 

plex, a& the rec iproca l  r e l a t i m a h i p  found f o r  C-N and C-S s t re tch ing  
' 

frequencies fo r  o r g b i c  i s o t h i d ~ ~ a n a t e s ,  it is. r e a $ o ~ b l e @ o  sssi,gn the 
-- -- 

- * 
7 -- 

. < 

- - -- 
- -r--- ? + * ,912 cm absorption t6 the C-S s t re tch ing  mode i n  the AS salt!' This - 4 

6 '  Y 

x 
6 

assignment favours a N-bonded th iocyamte  f o r  which, acarding~to Ttanq, 

v ' vo\ ld ,  occur between 780 and 860 6' compared to: 690 and*7204 c c l  
I 

3 CS 1 -. . 
f o r  S-bonded thiocyanates? 

meter used. 
C 

P 

I 

+ 
\ .s 

7 

. 
The -1igand bending y i k a t i o n ;  "5 * has %ornet imes been peed 

% , 
L,'" . . 

% 
a; a di&nostih c r i t e r i q n  f ~ r  assigning modes of c o o r d i ~ a t i o n  of t h e  NCS- 

. . 1 -- 
a ion. Apording ' k o - ~ a k a t i n i  and ~ e F t l n i  49 a s ing l e  ?ha& band near 480 f . .- B 

a; ind ica t ive  of  bondin in^, while S-bonding is charaeteribed by 
, 

4 s&&rai bahds of -$ow& i n t ens i t y  around 420 cm-I. Thesp l i t t ing  is o n c e  
I 

1 

-- --- - - 

-- -2 

rgi in-ca2s@ f - i i ~ f i . p = ~ u k t ~ o i l ;  ~ req-~repi i i i i& GaundgiGfaii- 
' U 

7 / r~ n - 3  4 

-Y. L..S*v cm ' 

" wh;lle *old,er (or I 
4 " .  . .  

p a r t i a l l y  decomposed) samples exhibi t  multiple bands of+:&dium in t ens i t y  , 
* . d 

' bn!tween,5?0and 11 330 _ cm-'. &forrbnately, the Cr-N s t re tch ing  frec&ncy 

w 
.*< 

- , .. , . 
i .  

' .  " 

I 



A .- . 
\ 

+ .  . 
I .  

, is 'also expected to occur i n  t h i s  region. The frequencies of v 
Cr-N 

. i n  Cro3~;. ' C ~ O  ~ C O -  and CrU3CIN3 52 a re  consis tent ly  obserried a t  
3 

, s 
' 

t 495  c m - l ,  a n d  it is &nerally argued tha t  the  nktal-ligand v ibra t ion  ' . 
9 

becomes less purk M-N a s  the~pseudohal ide  becomes .heavier i n  t he  s e r i e s  

, -.NCO, NCS and RCSe, so thata the Cr-N vibrat ipn for Cr-NCS could w e l l  be 

-- -- 
1 o w e r + a n # ~ o ~ i  6 .  -w 

415 z1 absorption can be assigned t o  t h e  Cr-N s t r i t c h i n g  mode and the  , 

-1 
weak absorptions a t  4 8 0  - 475'cm to the' B(NCS) deformation. The poei- 

L - - L -- -- pp 

7 -  - -  
. , 

- - - -- -- - -- - -- - -- - 

t i o n  and in t ehs i t y  of t h i s  mode in bther t r ans i t i on  p e t a l  isothiocya- 
$ .  

\ 

nates  53 " support the assigknent. - 
' .  + . a 

\ 

I n  gene ra lS1 the  v ib ra t i ona l  spectrvm of the  Ph4AsCr0 3 (NCS) 
.. 

Complex is compatible &th a E~o~(Ncs) -  anion ok c~;,, symmetrjr. 

b 

I I .  

Tetraphenylarsonipm Trioxwyanatochromate . - 

* +  , *  t 
+ 

I -. 
The .c r i t e r ia ,  $or assigning the  bonding modes of cyanate 

i 

complexes have been mbre d i f f i c u l t  t o  eGtabldsh, par t ly ,  becaube of lack 
* '  

2 .  C 

'of s t ruc tu ra l  determinations, and pa r t l y  because of t he  g rea t e r  mixing 
t . -  

of the  s t re tch ing  modes. ' By' analogy with thiocyanates, an increase  i s  
i 

< 4 

expected i n  the  C-&stretching mod6 i f  the bdnding -occ&s through the .. 
t 

1 / 

, oxygen-and the revepe-f or-h-hdnding. &though 2@iguity is  s v e v  , / . ?  
, Y L 6 

- 
I .  /' ' 

'times expected f o r  the  C-N s&etching of th~N-C-0 un i t ,  as iG found 
f \ .  

. . _ .  



with thiocyana t e complexes, 55 l a r g e r  increases  have, genera l ly  been 

observed 'for i s o c y a n a t b  by Fors te r  and ~ o o d ~ a m e ~ ~ ,  and Bailey and 
v "- 

Kozak. 57 I n   able 11.11, t h e  frequency of t h e  band a t  2206 cm-I i~ '5 

PhiAsCr03(NCO) and 2276 i n  KCr03(NCO) e l e a r l y  shows t h e  presence 

* o f  a coordinated NCO group; i n  t d e  case  o f r  KCrOjNCO t h e  evidence f o r  

The o t h e r  i n t e r e s t i n g  .mode involves the  pseudo&runetric 
.r+ 

-L - --:-- -- --3ep-- - -- 

s t r e t c h i n g  of t h e - ~ ~ c u n i t ;  i t  has  been shown tha$ t h e  V& f o r  i s o c y a n a t e ~  

a r e  Benerally of weak-to-medium i n t e n s i t y ,  higher i n  f r e q u h c y  than those 

-1 of t h e  ~ ~ a n a t e s ~ ~ ,  and appear as a s i n g l e t  a t  about 1330 cm I n  most- 

t r a n s i t i o n  metal t e t r a i socyana tes  t h e  frequency range/i;; between 1319 ' *  ; 

and 1337 c<l. The pseudosymmetric a t r e t c h  is b e n t i f i e d  as being a t  

" -1 
1385 (or 1387) cm i n  c~o~( 'Nco)- .  Because t h e  v (NCO) is known t o  I .  

s yls 

increase  i n  the  N-bonded cases  and decreabe i n  t h e  0-bonded one's r e la -  

t i v e  t o  NCO-, t d s p e c b r a  i n  -Table 11.11 suggest N-bonding i n  t h e  
- 

- 

cr0, (NCO)- ion. ' 

-76 The weak bands a t  630 and 616 (or  638 and 05)cm-' have ' 

' 

7 been assigned t o ' t h e  bending modes d(NC0) and ~(ITNCO), by analogy with 

t h e  570 - 640'cm-' absorpt ion bands ia t h e  spec t ra  of isocyanato com- 

29&L ->- - - - plexes  -of o the r  electropossltTve m e t a l s .  



Table 11.11 The Vibrational Spectra of the C ~ O ~ ( N C O ) -  Anion. ,. 

Ph4AsCrQ3NC0 

(infrared solid) 

36 2w . 326 very 330w 
316weak 30fm . 
300 
28C 283m 
266 268w 

- - - -- -- - 

245 -. 243w - 

d 250-240m,br 226) = 229w 

 ent tit ive  
Assignment, , 

v (NCO) 
asy 



The s t rong 512 cm-I. band i n  KCr03NC0 (48511 cm-f i n  
4 

> 
Ph4AsCr0 NCO) is assigned t o  t h e  s t r e t c h i n g  of the  Cr-N bond. The 

3 

frequency of t h i s  band is cons i s t en t  with t h e  495 cm-' absorption i n  

the  compounds CrO N- C r O  '~1% 3 3' 2 52 and G ~ ( N C O ) ~  59 - b& higher than !he 

'3 1 
Fe-N s t r e t c h i n g  fundaniental a t  410 cm-' i n  (Ph4As)Fe(NC0)4 , 

- --A- -- * 
The complexity of t h e  f a r  in f ra red  spec t ra  (400 - 200 ~ r n - ~ )  

discourage any ef Fbrts t o  make s p e c i f i c  assignments f o r  t h e  deformation - 

Tetraphenylarsonium Trioxoazidochropate 

t 

A s  i s  t h e  case  wi th  cyanates and th iocyanates  t h e  presence 

of a coordinated etzid2. group can be  e a s i l y  detec ted  by t h e  @frared bands - - 
a t  "200(lcm-~ (vasy (N3)), 1300 6' (\I IN3)) and between 500 and 

SYm r . \ 

-1 - 
700 cm ( 6 ( ~ ~ ) ) .  60 The type of coordination of t h e  az ido  group, ie  

monodentate o r  bridging,  canWt genera l ly  be-es tabl ished s o l e l y  by con- 

s i d e r a t i o n  of in f ra red  data. r61 Consider, f o r  ins tance ,  t h e  complexes 

a which represent ,  respect ively ,  t h e .  t h r e e  bonding modes known f o r  az ido 
Y 



L 

' complexes* The s o l i d  s t a t e  spec t ra  ( I R  and Raman)'df t h e  C ~ O '  N- anion 
, 3 3 

(Table 11.12) has absorptions.  

i 
< 

- .  

Table 11.12 The Vibra t ional  Spectra of t h e  C ~ O ~ N ;  Ion i n  Ph4AsCro N 
3 3' 

. . 

Raman ( so l id )  In f ra red  (KBr) Assignments . 

, a t  953, 929 and 898 cmql which a r e  ass ignable  t o  t h e  CrOj s t r e t c h i n g  

v ib ra t ions .  The frequencies of t h e  pseudoasy.rmet~ic (2073 CG-l) and 

pseudosymmetric (1280 cm-5 s t r e t c h i n g  v ib ra t ioqs  of ;he N group are a l s o  
3 

much in l t n e  wi th  those  of o the r  t r a n s i t i o n  metal az ido complexes. 59-64 
- L- --- + - - - - - -- - - - ---- - - - - 

% e s t r e t e h i n g  v i b r a t i o n  v (Ng) has sometimes been used ,ko de tec t  t h e  
asy  , 

asymmetry of a coordinated az ido  groupDh5 Ths structural data oa transltion 

68 metal azido complexes hdicate that the two N-N bond lengths are generally 

unequa1,Ad = r(N -N ) 
66 

I I1 - ~ ( R . & - N ~ ~ ~ ) .  In the N; ion, &h, N-N bond is 1 . 4 .  , 



Agrell  65 has  demonstrated t h a t  t h e r e  is i n  f a c t  e l i n e a r  

. r e l a t i o n s h i p  between t h e  degree of t'he asymmetry and t h e  energy of 

vasy ( N ~ )  (or v (N3)) by p l o t t i n g  V ~ , ~ ( N ~ )  a-gainst t h e  Ad f o r  d series 
s ym 

of r e l a t e d  o r  s i m i l a r  complexes. K; can, theref  o re ,  compare t h e  v ibra t ion-  . 
a 1  s f c t r a  of t h e  complex ion C ~ O ~ N ;  wfth t h a t  of t h e  n e u t r a l  solid'com- ' 

-- I 
plex CrOICIN I n  t h e  l a t t e r  complex v (N3) occurs a t  2145 cm-' while 3 ' a BY 

Zn add i t ion  t o  t h e  s t r e t c h i n g  modes, t h e  spectrum of t h e  
- - - -- - - -- - - -- -- - -- q,--- - - - - - - - - - -- - - - - - 

-1 
C ~ O ~ N ;  i o n  a l s o  has  absorpt ions  b t  580 and 670  cmel (674 cm i n   man) 26 8 

ass ignab le  t o  t h e  b(rNNN)-and b(NNN) modes. Although these  have no diag- . 
' -1 

n o s t i c  value, they compare w e l l  w i t h  t h e  702 and 622 cm* bands observed 
.- 

f o r  GeH3N3, 43 t h e  637 em-' band @served i n  CrO 2 C INj and &se of o the ru  azido 

i: 
complexes. 
.I 

b 

-1 ' . 43 
The M-N s t r e t c h i n g  v i b r a t i o n s  a r e  observed a t  466 cm i n  GeH3N3, 

- 1 
'a t  492 cm-' i n  c ~ o ~ N ; ,  an4 495 cm i n  Cro2C1N3. 52 I n  t h e  C ~ O ~ N C O - ,  which 

i s  i s o e l e c t r o n i c  with and possibly i s o s t r u c t u r a l  with C r O  3 N- 3' t h e  C r - N  

-1 
a t r e t c h i n g  frequency i s  a t  512 cm . This increase  i s  comparable t o  t h a t  

- 
f rom GeH3N3 (466 cutm1) t o  GeH3NC0 (493 q).- 44 Assignments of t h e  lower 

frequency deformation modes are less c r t a i n .  f . y  

- - - - - - - - - -- 

Except f o r  the  spectroscopic evidence suggesting C r - ~ b o n d F i n a 1 1  

- 
CrO Es complexes, t h e  ana ly les ,  i n  terms of t-d an&ibse~umffanda-  

3 

mentals assuming C o r  C s  symmetry, .have not been completely d e f i n i t i v e .  But 
3v 



- C 

structural p o s s i b i l i t i e s  deveioped b y  t h e  inspect ion of a number of ground + 

T 
0 .  

s t a t e  s t ruc tu res -o f  t h e  N-bonded complexes could be envisage@; - These 

s t r u c t u r e s  represent  t h e  geometries of t h e  MXYZ i f  steric c o n s t r a i n t s  

and/or c r y s t a l  packing, caused by o the r  -1igands o r  counter  ions ,  a r e  

absent.  

The M-N-C-Z and M-N-N-N-structureslaIso suggest t h a t  

67-69 
L 

extens ive  8-bonding ma$ be &esent. i 

\ - 
(d) The Ef fec t s  of t h e  Subgt i tuents  on the  vs Cr-0. 

\ 

- 
F 

I n  t h e  ground s t a t e ,  t h e  e f f e c t s  of s u b s t i t u e n t s  a r e  

r e f l e c t e d  i n  t h e  gradual  s h i f t  of  the  v (CrmO) as t h e  subs t i tuen t  is  
sym 

L 

changed from L- = F- t o  L- = N-. It has been es tab l i shed  3 70971 t h a t  t h e  

n+ 
value of t h e  M=O s t r e t c h i n g  f requencies  i n  metal oxocations M 0 , is * x Y 

dependent on t h e  o the r  l igands  at tached t o  t h e  ca t ion .  McGlynn and co- 

- workers 
7O,7l 

- used t h e  f r e q u e n c i e s  of - t h e  symmetric and-ssymmet r4~  =-a- - - - -W - 

* Unlikelv dne t o  t h e  artist-en+ like fnrm 



l igand s e r i e s  which e x h i b i t s  a  s t r i k i n g  pa ra l l e l i sm t o  t h e  spectrochemical 

series." *It therefore'seemed worthwhile t o  i n v e s t i g a t e  s h i f r s  i n  v (Cr=O) 
s ym 

as a funct ion of t h e  anionic  l igand L i n  C r O  L"-.  he Raman technique 3 

was used because V (Cr=O) 'has a p a r t i c u l a r l y  s t rong  band' 9s7  i n  t h e  
sym , 

-1 
Raman, and accuracies  of 21 cm were, obtainable.  The r e s u l t s  are 

Q To minimize s o l i d  state e f f e c t s ,  e.g. c r y s t a l  packing 
- - - - - - - - - - - - - - - - -  

-- - - -  

fo rces ,  i n  t h i s  s tudy the  v i b r a t i o n a l  (Ramari) spec t ra  of t h e  f r e s h l y  

prepared P ~ ~ A S C ~ O  L compounds were measured i n  DMSO (€146.6) and h 

3 

CR2C12 (C=8.9). Other so lven t s  (MeCN, acetone, MeNO ) were unsu i t ab le  
2 

on t h e  b a s i s  of s o l u b i l i t y ,  s t a b i l i t y  o r  i n t e r f e r i n g  solvent  baqds i n  
"\ 1 

, t h e  800 - 950. cm-' region. 

t 

Table 11.13 The v Cr-0 Frequencies ( 
Svm 

f ,  Raman (cmL1) 
, 

Subst i tuent  (L) , 

F 910 low s o l u b i l i t y ,  
c 1 904 905 

NCO 
Br 

- NO . - -  - --- - 

3 
N, 

YU4 a 

903 
-- desompo sea -- - -- 

898 - 
.J 

NCS 8847 decomposes ' 
t 1 



One resul ' t  of the  study i s  t h a t  the  order and r e l a t i v e  

magnitude of t h e  s u b s t i t u k t  e f f e c t s  appear t o  be independent of 

solvent  e f f e c t s .  The o the r  important f a c t o r s  a r e  t h e  s i m p l e  mass 

e f f e c t s  and mechanics coupling of the  Cr=O s t r e t c h  with t h e  Cr-L v i -  

70,71 G 

brat ions .  It is- assumed, a s  i n  previous s tud ies ,  t h a t  the  e f f e c t  of - 
I 

t h e  subs t i tuen t  (L) on V i s  purely a bonding one: The coupling - _  - -  - -  --CxleB - 

of the  Cr=O modes with Cr-L-modes is probably i n s i g n i f i c a n t  whep C 
e 

is a heavy atom o r  group, and may be neg l ib ib le , even  wi th  l i g h t e r  atoms, 
- -- - - - - - 

- -  - ----+I 
s ince  t h e  Cr-L v ib ra t iona l  f requencies  &CrlF =637 cm ) are lower than 

I n  agreement with t h i s ,  t h e  s h i f t  i n  vV-O (995 c m l  t o  964 cxn-I) 

- 1 70 is much l a rge r  than would be expected'(989 cm ) from mass e f f e c t s  alone . 
So t h a t  fo r  a s e r i e s  of l igands  a t tached t o  t h e  C r O  moiety, t h e  order 

3 

of the  l igands  based on t h e  pos i t ion  of VCr-O - should be independent ' 

of mass e f f e c t s ,  and almost completely dependent on l igand bonding e f fbc t s .  

Since t h e  v i b r a t i o n  of a bond A-B is  considerably infldenced by tlie , 

d?ff erence i n  the  e l e c t r o n e g a t i v i t  i e s  of atoms A .and B, t h e  increase  i n  

-6s taken t o  be  a r e f l e c t i o n  of t h e  d i f fe rence  i n  t h e  e lec t ro -  'c~=o , n 

n e g a t i v i t e s  of 0 and Cr02L. The r e s u l t s  a r e  s h  i n  Figure 11.2. A 

s h i f t  of t h e  V (CrO ) t o  lower frequency i s  i n t e r p ~ e t e d  t o  mean a 
sym 3 

6 

weakeriing of the  Cr=O bond ( c .  f .  t h e  v Cr=O f o r  t h e  i s o e l e c t r o n i c  . r 
sym - 

C ~ O ~ N C O -  (903 cm-l) and C ~ O ~ N ;  (897 cy1)  , and the  s m a l l  s h i f t  from 





4nalysed properly,  s e t s  of such a s  these  can 
'M=O 

be used t o  e s t ima te  e l e c t r o n e g a t i v i t i e s  of subs t ra t e s .  They can 
-. 

a l s o  be used t o  e s t ima te  the  Hamme-tt 0 &onstants  ( the  induct ive  sub- 
I 

s t i t u e n t  cons tant  f o r  a l i p h a t i c  compounds). Figure 11.3 s h ~ w s  

b 

t h a t ' a  p lo t  of v (CrO ) a g a i n s t  o I L f o r  F(0.52), C1(0.47), and B r  
S P 3 

(0-45) 72 give. a  s t r a i g h t  l i n e .  Prom t h i s  p l b t  it i s  es tab l i shed  t h a t  
---- - - --- 

4 f o r  NCO and N a r e  0-46 and 0.41, respect ive ly .  The v a l u e  of 0:41 
3 

A. 
- 

for N, compares w e l l  with txe 0.44 repor ted  by- Taf t a ~ d  L e ~ i s  72a, 
d 

who 

- derived fheir value i n d i ~ e c t a y - f r o m  the umbra end o pars~OnSt~tS. - - -  

. . 
The most important conclusion t o  be drawn from t h e  present  r e s u l t s  

is t h a t  v (Cr-0) i n  cro3'L- ion  i s  indeed a f fec ted  by t h e  n a t u r e  of 
s ym 

t he  1igand"L. This  i s  reasonably explained i n  terms of a  t ransmission 

df the  c h a ~ g e  i n  t h e  Cr-L bond. We s h a l l  .see b,elow t h a t  t h e  e l e c t r a d i c  

s p e c t r a  a r e  a l s o  dependent on t l igand E, i n  a  manner which is  
. T 

i n  keeping with the v i b r a t i ~ n a l  'spectra. 

0 

1 - * . 
4 

zb 

? 
u 

. . 
- - - - - - -- - - - - - - - - -- - - - - - - - - - - - -- - -- -- - 





111.4 THE ELECTRONIC SPECTRA OF MONOSIFBS'H'JY2Ell TR- 

4 A l a r g e  number of s u b g t i t u t i o n  and redox r e a c t i o n s  kave 
2- 2- 

been repor ted  between CrO H&O- o r  Cr207 and va r ious  donor i on  'and 
4 '  4 4 

: , molecules,  73-81 I d  ~ a n j  i n s t ances  the  i n i t i a l  step i n  the  r e a c t i o n  invoI- i 
t I 

ves the formation"of a Cr (V1)-substrate complex 0 Cr-C? The evidence'  f o r  
3 R 

/. 

e q u i l i b r i i  o r  r e a k i o n  in te rmedia te  ( 6 )  is g e n e r a l l y  Fobtained d i r e c t l y  i r k  
, . 

1 '  , 
A=%- 

i ' 4 .  
' . i 1, - very small  and i n  o t h e r s  competfng hydro ly t i c  r e a c t i o n s  e;g. 

G 
. ! 

h 

I i L  - - -  -- - - - - -- -- - L F Q L - + - H ~ Q - ~ H ~ ~ ~ & * - ~ - ~ ~ ~ - Y  
I! -a ~3 . v c, 

j l 
* .  

14  have hindered drawing d e f i n i t e  c o n b l u ~ i o n s ? ~  IF i s  g e n e r a l l y  agreed,  how- 
+ 

' 4  '? , -2 ever  t h a t  - s ince  CrLVI) U s  do, the  absb rp t ion  must be a cha rge - t r ans fe r  , 
' 1  . . 

1 
e l e c t r i c - d i p o l e  allowed (g-c u i n  0 symmetry), t r a n s i t i o q  .occuring f r &  non- 

1 h 

il bonding orb i ta l .  on t h e  oxygen* (oy a n-bonding NO c o n s i s f i n g  of  oxygen - 

atomic o r b i t a l s )  t d  t he  Cr n*lorhital, i n  e f f e c +  reducing  t h e  Cr(V1) i n  the 
= -3 

a 
3 exc i t ed  s t a t e .  Charge- t ransfer  bands are u s u a l l y  very  i n t e n s e  ( 6  _> 10 ) 

, c 

and occur i n  t he  W ( o r  near v i s i b l e )  r e g i o n  o f '  the epectrum. 
Z 

1 Thk o r i g l n a l  semiempir ica l  molecular  o&ta t  caLcula t ions  
a 

* " - %  2- of Helmholz and coworkers 82 on t h e  C r O  and &04 i o n s  s t a r t e d  a 'debqte  4 - - 

I T 

F when they r epor t ed  an  energy level scheme in' which t h e  lqwest-unoccupied S d 

! \ . 
o r b i t a l  w a s  t h e  t2 instead of ibseSwe1 expected  from cryata'i' f i e l d  ' 

f 
3 1 ,  theory ;  w i t h  t h e  ground state conf igu ra t ion  (C 1 . * -- 

- -  - -  - 2 -  - 4--- -6- 
i > .  - 

.(lal> 4qt2) (le) (2t2) (2aij2 < 3 t 2 ~ 6 ~ t , ) $ ( 4 t 2 ~ m 8  * , L s 
3 
1 ,  ? having s y m e t r p  111 . The f i r s t  promotion, ti + t2 is. a p e c h e d  t o  give rise - 
1 , + 

*42 A 

t o  f o u r  symmetry states, 4 , E, 5 and--Ti @otQ singlet and. tripI&t s t a t e s  - 
* * 

i 
_ - I  * 

t are p o s s i b l e  though t h e r e  is no s p e c t r a l  evidence f o r  trip&$ s t a t e s ) ,  of 
i 



tran_sition --- t o  o the r  l e v e l s  being forbidden i n  t h e  absence of perturbing 
- 

e f f e c t s .  Thq s e c o s e x c , i t a t i o n  was. predicted t o  occur from t h e  3t2 
". 

t 

- 
a o r b i t a l  t o  the 4 t 2  o r b i t a l  (symmetry s t a t e s  A 1 ,  E ,  T 1 and TZ),  with' only 

1 t h e  A ,  4 1 ~ 2  being allowed. Unfortunately, the  experimental r e s u l t s  . 
* 

a..- 
& 

IP did  not  agree very we l l  wi th  the  observed energies  o r  i n t e n s i t i e s  of 
% G 

e i t h e r  t r ans f t ion .  g,/ P 

b 
, t 

A .  

--f 3n 49 58,  allh ha-n and L-ibhr '3 proposed-dxemat-ive- 
P . scheme consis tent  wi th  t&e c r y s t a l  f i e l d  theory and assigned t h e  f i r s t  

1 1 1 1 
@ t r a n s i t i o n  t o  t ( A -r e (  T ) and t h e  second t o  t ( A ~ )  + t ( T~). The f i r s t  

1 1  2 1 2 A 
t r q n s i t i o n  gives T and T s t a t e s ,  t h e  second A E ,  IT arid T s t a t e s .  - 

8 1 2 1' i 2 t r  

- a So t h a t ,  t t o n  t o  the  two poss ib le  allowed 

/ . 
'A + 'T transitions, t h e r e  a r e  a t  l e a s t  four  o r b i t a l l y  forbidden 

1 2 - b 

- I 

t r a n s i t i o n s  condealed, 2 lus  s i n g l e t  + t r i p l e t  t r a n s i t i o n s .  The ' f a t t e r  

83-89 scheme was supported by other  molecular o r b i t a l  ca lcu la t ions  . * 

and t h e  s i n g l e  c r y s t a l  e l ec t ron  sipin resonance spec t ra  of c e r t a i n  d 
1 

2 and d ions. 90 More recent and e x t e n s i v e 2 0  c a l c d l a t i o n s  89'91 (Fig. 11.4) 
d 

i C 

09 the  Mno4 ion appear t o  have a r r ived  a t  reasonable agreement bu t  the 

same have f a i l e d  t o  produce a c o n ~ i s t e n t  energy l e v e l  scheme o r  s p e c t r a l  

2- ' assignm&ts f o r  t h e  C r O  ion. 4 
e 

1 . . 
Except f o r  t h e  one attempt made on the c ~ O ~ F *  and 

, cro3c1- ions 92 no extens ive  t h e o r e t i c a l  a n a l y s i s  of ehanges ' in o r b i t d l  

energy l e v e l s  and t h e  s p e c t r a l  changes t h a t  occur when 3iS passes- 
- - 

KCrO C 1  complex has, however, es tabl ished, . tha t  t h e  e l e c t r o n i c  ground s t a t e  3 



F i e r e  11. 4 MO Energy Level Diagran for M ~ O ;  

Repreduced from Ref. 89 . 
v 



: o f  lh ion i s  a4so ' A ~ ,  t h e  &me 5s t h e  cro2 ion.  ~h&syunnet& . 
4 .  h - 

a s i n g l e t  (a) and a doublet ( e )  ,, ti -+ , (e + a2) and t2 + (e  + al )'. While 

t h e  degeneracy of t h e  doublet  l e v e l s  may remain unchanged, t h e  molecular 

'2- form and energy, r e l a t i v e  t o  t h a t  i n  Cr94 , may a l t e r .  Because t h e  s e l e s t -  

ion  r u l e s  f o r  C symmetry would allow a l l  A1 + A and A1 + E t r a n s i t i o n s ,  3v 1 

t h e  p o s s i b i l i t i e s  (a2 + a a2 + e,  e + a e + e ,  a + a ad a + e)  
1 ' 1 ' 1 1 1 

- a r i s i n g  from-these e x c i t a t i o n s  make assigpment d i f f i c u l t ,  see Fig,JE. 4 and 5. 
Furthermore; the problem of how the non-bonding electrons ( i n  t h e  a p  and e 

o r b i t a l s )  92, 94 a r e  d i s t r i b u t e d  between the* oxygen(*) 

I 

. atom, makes only t e n t a t i v e  assignment, based on 

2- * Cr04 and Mn0; spec t ra ,  poss ib le .  e. 

~ h &  absorption s o e c t r a  of the  anion, cro3~"-(f;r L ' = 

F- , ~ 1 - ,  '~r- ,  NO;, NCO- , NCS- , N- and ace ta te )  , have been . invest igated 
3 

and &nd ( ~ z g u r e s  11 .6  t o  8 ) t o  have a-minimum of t h r e e  bands 
d 

located i n  t h e  regions  450 mp, 360 mp and 270 mp. 
- , *  

(a) The ~ b s o r p t i o ~  Bari'd Centeredrht 4SOmt.1. ' 
; .' 

The lowest energy band (- 450 mu) is  r e l a t i v e l y  weak 

(E = 100': 300), i n s e n s i t i v e  t o  t h e  nature ,of  t h e  m b s t i t u e n t  L and  some^ 
j .  

I 
titnes par ' t ly overlapping wi th  t h e  stroqger 'second band. It e x h i b i t s  

* - 1 B 
dist inct ; though poorly kesolved, v i b r a t i y a l  peaks spaced by = 700 cm , 

*I 

F&. 11.6. Similar  low - i n t e n s i t y ,  poorly s t ructured.  bands have been 
- b  

- - -- -- - -- - - - 

2- observed i n  t h e  polar ized spec t ra  of .C'he/ Cr04 and Nn0; ions  i n  I . i L r  - - - - - - -- -- - t -- -- 

bl ,-. low symmetry s i t e s  of var ious  hos t  c r y s t a l l i n e  l a t t i c e s .  It has been 
* 





,- 
,O 

8 3 
supgest&d t h i t  t h i s  weak t ransi t- ion i s  a 'Al .+ IT;, corresponding to 

-r * 

5 1 (tie B 9 5 9 9 6  which i s  e lec t r i c -d ipo le  forbidden i n  t h e  Td p o i n t .  
- - - - - - - - - - - - - - - - - - 

group. 

I 

I n  the  C3v (LiC104. 3 H 2 0 / L i ~ 0 4 .  3Hi0 96 and K3Na (SO ) / 4 2 /--% 

/ * -  
Na 'Cr% 95 )- and t h e  C3 (Ba (C104) 2. 3H20/Ba @Ino4 ) 2. 3H20 96 and 1" 

2 . . i 

LiKSO /K Cr04 
4 2  

95'; s i te  symmetries, however, $he 1 component (A1 -r E) 

, and both t h e  1 component (A1 -t E) and the  I I component (A 1 +'A1) t r a n ~ i -  
- -- / 

t i o n s  respect ively ,  - have been - - observed - and shown - t o  be  e l e c t r i c  -'dipole 
- ---- -- 

allowed. Because these  observations a r e  supposed t~ r e f l e c t  t h e  s i te  
' .  B 

e f f e c t s ,  97 they p=ovj.de f u r t h e r  support f o r  the  assignment 'Al + 

f o r  t h e  parent T -Ion. Collingwood and coworkers, 98 who a l s o  s u p p o r t - -  
d 

t h e  assignment, have shown, from the  d ipole  s t r eng ths  and s i t e  s p l i f t i n g s ,  
, 

t h a t  the  i n t e n s i t y  of c h i s  band a r i s e s  from t h e  mixing of the  1 ~ 1  with  

1 
t h e  T2 s t a t e s  induced by t h e  t r i g o n a l  f i e l d .  96,99 

C I 
I 

a 
Comparing t h e  low i n t e n s i t y ,  l& energ i  absorpt ion sp&tra  

2- 
of Cr04 , M~o;, c ~ o ~ F - ,  C ~ O ~ C ~ ,  C ~ O   OR- 94 and ~ r d  3 L"- ( for  L"- = B r  , .. 
NCO-, NCS-, N;, a c e t a t e  'and-NO-), 3 i t  becomes a t t r a c t i v e  t o  t h i h  of t h e  

< ' 

subs t i tu ted  ionb, cro31n-, i n  the, same way a s  a s l i g h t l y  perthrbed . i,/ 
2- 

CrO4 ion. The pe r tu rba t ion  does not  seem t o  have an ' e j f e c t  on t h e  energy - 

of t h i s  f i r s t  ,band regardless  of t h e  nature  of t h e  subs t i tuen t .  By com- 
I 

1 p a k s o n ,  t h i s  i s  most probably t h e  A1 -+ camporient of t h e  pa ren t  Td ion.  ' 

(b) The Ab;sorvtion Band Centered a t  3 6 0 q .  

The i n t e n s e  band i n  t h e  360 mu region (400 mp t o  320 mu) 



Table 11.14. Elect ronic  Spectra and Vibrational  Structure  i n  the  360 mp 
, 

L - - Tand the 2 7 0 9  ) llbsorption Band of Cr03L . ** 
' d  

- 
A, mr! ' v (approx) S p l i t t i n [  ~ ~ ( c m - ' )  emX(X 

8 .  

' & 

( c m - l )  

Ph AsCr03F 

L 
4 435 23,000 - 0.12 . \ .. 

395 * 25,320 - 
1 28 2 26,180 860 

371 ' 26,950 ' 
/ 

770 5 

36 1 27,700 750 
- --_-*352 , - - 28,410- _ - 710--  - - - -- - 

343 29,150 740 
336 . 29,760 610 . 
329 , 30,400 640 
32 0 31,250 850 , 

- 1 Average 740 - 
C .-Ph4AsCr0 C1 43 5 23,000 

3- . 
0.14 

345 2% 990 700 
337 29,676 . X80 
32 8 30,490 ' '.' 820 

A' Average , ' 3  7'60 . 



Ph AsCrO NCS 
- 4-L-- 460 * 

430 - I 
0.19 1 

I, 

338 : 29,59@ 820 
8 

Average 750 

406 ? 
39 3 25,500 - 
382.5 26,100 600 
371.5 26,900 800 

*360 27,770 800 1.11 
352 28,400 700 
342 29,200 800 

Average 740, 

B s ' - 
407 24,500 - 
395.5 25,280 710 

. t ,385 25,970 . 690 
*375 c 26,670 700) a 

*365 27,400 7 30 2.16 

356 28,090 690 
347 28,820 730 . 

I - 

338 29,590 -- --- 7T02 -- p - 

- ---- 

Average 
- - --- - 

- 720 . l a  I - p  
&> 

I 



32 8 30,490 860 
Average, 740 - \ 

, 

* The maximum absorpt ion  

- 
A l l  numbers area averages of four  determinations.  * 

  re t o n i t r i l e  s o l u t i o n  of Ph4AsC1 has e l e c t r o n i c  
absorpt ion  bands a t  271, 264, 258 and 253sh mu. 

Allowance was made for ,overlap between the  bands. It  was 
assumed t h a t  t h e a f i r s t  and second banddrsre symmetrical, t h a t  , t h e  t h i r d  
.band contr ibutes  l i t t l e  a t  the peak of the second, t h a t  the f i r s t  band 
has a maximum a t  approximately 440 mp i n  a T I f c a s e s ,  and t h a t  t h e .  
over lap  of t h i s  with the second band does not extend above 450 T -The uv-vis ib le  spec t ra  were a l s o  recorded i n  CH 1 a t  -10 '~  
t o  t r y  t o  fmpzlbve S p e c t r a l  r e s o h t i o n  poss ib ly  lopa te  t h e  0$0 gands, 
but without success. 

Attempts t o  l o c a t e  t h  0 be,-,& ( i n  M&N or  CH2C12 so lu t ions )  
by f luorkscence spectroscopy be re  a l s  ucoessful, The fluorescence band(s) 
obtained, by employiqg h ighes t  s e n s i t  , was t o o  weak t o  
unambivous  conclusions t o  be drawn, te+e lower t s -thk - . 

spec t ra  3s g r e a t l y  appreciated' .  ) 



. & 

-- - - 

87 
r 

e x h i b i t s  s t rong  d i s t i n c t  progressions of v i b r a t i o n a l  f i n e  s t r u c t u r e  . . 
d . , __-- --d (Table 11.14). The ex t i&t i@i  cdef f i c i ~ t  a t  t h e  maximum absorption *.. 

* r f  
rang? between 790 a n d  2200. The spec t ra  bf t h e  c ~ o ~ L " -  cpmplexes a r e  

C b I 

' s i m i l a r  except f o r  the  gradual  s h i f t  t o  the  red  wi th  changes i n  t h e  
\ < '  

e lec t ronega t iv i ty  of t h e  subs t i tuen t  L. Studies of the  polar ized . 
', '-. 

C 

absorption spec t ra  of mixed c r y s t a l  systems pf c1-0:- and ,M?O;' (C, and 

C s i t e  symmetriesj 95 assigned t h e  s t r u c t d r e d - h i g h  i n t e n s i t y  absorption 3 f 

t o - e l e c t r i c  d ipole+$wed-  Eransis-ion 'Al! t ' T ~ .  We-data- on-the - d k - ' - - G  - 
7- ?- 2 

chroism of KCr03C1 a ,d ca lcu la t ions  ?2 on K G ~ O ~ F  and K!Cz@&Cl i q d i c a t e  -@+a ., 
t h a t  t h e  t r a n s i t i o n '  i n  cro3LnF ions  (C3v symmetiy) involves  .a trana- 

' 1 
r '+ 

i t ionWfrom t h e  A ground s t a t e  t o - a n  exci ted  E s t a te . .  The f a c t  t h a t  only 
1 

1 1 . i 
l ~ i  + l~, ah2 not  b o t h  A1 + %and A1 + 1 ~ 1  t r a n s i t i o n s ,  i s  observed 

is not  w e l l  understood. 'some d$f f i c u l t i e s  have been encountered 96,99 

2-' i n  resolving these  peaks i n  t h e  spec t ra  of t h e  Mn0i and Cr04 ions. . . 

The v i b r a t i o n a l  f i n e  s t r u c t u r e  i n  t h e  360 rnU band i s  

ascr ibed t o  t h e  coupling of t h e  ' e l ec t rdn ic  t r a n s i t i o n  w i t h  t h e  vsmCrO3 

- 1 
s 

s ince  a l l  Cr-L v ib ra t ions  a r e  below 650 cm gnd t h e  v (Cr03) t tans-  
sym 

forms a s  t h e  t o t a l l y  symmetric representa t ion A1. By analogy wi th  assign- 
. - 

*- loo and Mn0; 96 the f b e  ments of t h e  vibra?ional progression i n  Cr04 
4 .  -1 

s t r a c t u r e ,  w h i ~ h  e x h i b i t  an average i n t e r v a l  of between.720 and 76Q cm 
L' 

i n  (h-0~1"- complexes, has been assigned t o  t h e  t o t a l l y  s y ~ e t r t c  s t r e tch ing  

frequency of the  C r O  group i n  the  edcited s t a t e .  In  t h e  ground s t a t e  of t h e  3 

cro3Ln- anion, t h e  freq ency of this-mode ranges from 884 -. 
A& --- - - 

(see Table 11.131. The 16% reduction is therefore  a s c r i b a b l  
-f 

t h a t  a  non-boqding e lec t ron  is t rans fe r red  t o  an antibonding o r b i t a l .  The 







I .  

C=O ion  i s  ripor tpd loo t o  show a  comparable decrease,  w i t h  a  =hinge from %--, , :- 
t he  groun* s t a t e  v A (Cr03) va lue  of.847- c i l  t o  780 ,em-' i n  the  exc i t ed  s ym 

s t a t e .  - . - 
D 

V i b r a t i o n a l  f i n e  s t r u c t u r e 2 i n  s o l u t i o n  spec t ra .  i s  oniy rarely - 
observed; gas phase o r  more s p e c i a l  d c h n i q u e s  %re  r e p i r e d  f o r  i t s ' de t ec t ibn :  

. -* - 
I t  i s  noteworthy t h a t  such v i b r a t i o n a l  d f t a i l  has been observed here ,  i n  view 

-4 
of  so lven t  broadening e f f e c t s  and the low .@bality of resolu, t ion a t t a i n a b l  

0 . .  

--0 - - 
-------LA - --- 9 - 

i n  s o l u t i o n  a t  22 C. Our a t t empt s  t o  improve s p e c t r a l  r e s o l u t i o n  or o b t a i n  
e 

t he  f luorescence  s p e c t r a  of C r O  L- spec i e s  f a i l e d  t o  g ive  informat ion  o n , t h e  . 
3 . * 3 4 .  * 

energy of the  0 + 0  bands. 
-- -- 4 -- - -- - - 

While t he  ' ~ o s i t i o n  ( 9 max, o r  ' of each  abso rp t ion  maxi- , 

S mum moy not  be impor tan t , .  t h e  magnitude of s h i f t s ,  due t o  changes i n  t h e  
I9 

c h d c t e r  of t h e  s u b s t i t u e n t ' d o n o r  atom have been c o r r e l a t e d  lo' with, 

t h e  e l e c t r o n i c  p r o p e r t i e s  of t h e  l i gands .  For instance., t h e  band 

3- % 
" 

lo 

2- 73 ( a l l  of which have C r - 0  a t  350mp i n  C r O  OH-, C r O  PO , and C;O SO 
3 3 4 3 4  

bonds) i s k ' s h i f t e d  t o  3 6 h p 1 i n  C r O  ~ 1 - (  w i th  a  C r - C 1  bond), 3 8 h p  i n  
3 

CY 

C ~ O ~ ( N C S ) -  (with e i t h e r  a,Cr-N o r  Cr-S bond) and t o  39&p i n  C r O  S 0 2- 2 
3 2 3  

(assumed t o  have a Cr-S ond). I n  the  case o f  cr%ln-, f o r  L NCS-, NO- 
8 i 4 = 3 ' - 2- 

N3 a n d  S203 , i n t r a l i g a n  t r a n s i t i o n s  may fXfluOnca the  p o s i t i o n s  of b a n d  
' 

i i  

maxima. 
C 

1C2 
One of the  e s t a b l i s h e d  t r ends  f o r  t h e e n e r g y  o f ' a c h a r g e -  

t r a n s f e r  band i s  t h a t  fo l i , a  g iven  meta l ,  t h e  energy i n c r e a s e s  wi th  t h e  nega t ive  

charge on the  c e n t r a l  a tom S 6  t h a t  t he  r e d  s h i f t  i n  t he  C r O  Ln- s p e c t r a  
- -  L 3- -- 

' 
probably sugges ts  a decrease  i n  t he  formal nega t ive  charge on the  Cr. . 

- - - - -- - 

I n  t e r n s  of bonding, these  e f f e c t s  may be c o r r e l a t e d  w i t h  the  in'ab.;llity of Cr; 
4 

t o  accept  more charge." c o r r e l a t i b n '  of X w i t h  H a b e t t  c o n ~ t a n p -  (induc- max I 
e  s u b s t i t i e n t  cons tan t  f o r  a lpha t i c t i )  - Fig. 11.9 g i u r s ) a -  s t r a i g h t  l i n e .  





Thus one e f f e c t  of t h e  s d b s t i t u e n t  L, i n  C ~ O  L- may be t o  decrease the  
R 3 

I 

chromium-pxygen dn-pn i n t e r a c t i o n  by making C r  l e s s  a b l e  t o  accommodate 

m o r e  charge from 0 pn-electrons. This can be accomplished i f  L  bonds 

t o  kr mainly by 0-electron p a i r  dcpation.  This  could exp la in  why t h e  

s h i f t s  i n  t h e  present  s p e c t r a  a r e  l a r g e r  than those  repor ted  f o r  the  

9  4  
complexes C r O  OR"- f o r  R 'alkoxide, , jD03, SO3, NO2, Cr03, . : e tc .  

3' 
73 , 

" 
+ - - - - - -a - - - - - L L  - --- 

r5f where t h e  e l e c t r o n i c  p r o p e r t i e s  of t h e  donor atom (0) do no t  a l t e r  much. 
: i 

Figure I I l O  shows t h a t  a l i n e a r  r e l ac ionsh ip  e x i s t s  between t h e '  e l ec t ro -  

n e g a t i v i t i e s  of t h e  subs f ra t  es : P(;. 9),  C1. 3  0) , B i  (2.8) lo4, iso-NCO(3.0) , 7k -- 

105 iso-NCS (2.. 6) and N3 (2. ) , and t h e  absorpt ion  maxima (V max 0 Amax) 
I 6 

a 106 
This suppor ts  t h e  proposal  by J b g e n s e n  t h a t  t h e  energy of a Tharge- 

t,ransfer band is d i r e c t &  propor t ional  t o  the  e l e c ~ r o n e g a t i v i t y  d i f fq rence  
. ' I 

between t h e  l igand and t h e  c e n t r a l  atom. 

3 
Because these  a r e  charge;;transfer t r a n s i t i o n s  , in  which the  

C 

c e n t r a l  metal  could be considered ' 'ked~ced '~ .and the  donating l igand "oxidized" -- --- 
103 

\ - i l i t h e  exc i t ed  s t a t e ,  the  s h i f t s  i n  the  absorptionspc!ctrawouldbeexpec- 'i" 

ted t o  p a f a l l e l  t i e  ease of ox ida t ion  of the l ighnd s'ystem. The p a r t i = i p a t i o n  
t -9, !, 1 of s u b s t i t u e n t  non-bonding o r b i t a l s  i n  the e (  A1) donor l e v e l  has been 

I suggested, 94 so  t h a t  f o r  the  s u b s t r a t e s  !hose ox ida t ion  products and redox 

potential 's  a r e  -known, 1'07 
- 

+ 
' %  

, t h e  r e l a t i o n s h i p  given i n  Fig . l l .11 ,  can be drawn. 
, 







( c )  The Absorption Band Centered a t  270mu. 
\ 

A -  

The t h i r d  s e t  of bands ( the  270mp reg ion)  a r e  weakly" ,, 
0 I 

s t ruc tuqed ,  very in t ense  and appear i n  the W end of the spectum (36,000 - 
1 41,000 cm- ) where they a r e  generally overlaid by c a t i o n  and i n t r a l i g a n d  - 

4 
@- n- - 108 NCS- 109, s20t- 109 and 

abso rp t ions  ( e spec i a l ly  where L = NO3 , 
0 .  

E T C O - - ~ O ~  ~ii$*a~fing ~ ~ ~ f h ~ k l a t i & a - b - s % r ~ t - i o n s  s u E e 6 t s T K  

\ & '  - ve 
t h i s  ,band "iS" probably s p l i t  i n t g  three o,r four  components; t h e  s p l i t  co Id 

I .  

be due t o  109ered symmetry o r  more than one ' t r ans i t i on  i n  t he  C r O  L ~ -  
- 3 - - 

2 - - 

complexes. *By comparison wi th  studied on the Mn04 and CrO the west 
I 4 '  - 

probable assignment i s  a 'A + . 1 ~ ~  t r a n s i t i o n ,  i n  the  Td i o n  which s p l i t s  
. -1 * 

+ E componentsein the C symmetry. Another s t r a n g  
r 

3v 

- band wi th  no v i b r a t i w a l  s t ruc tu re '  i s  observed i n  t& 240my region.. The cor-, 

I 2- 1 1 
respondlng bard i n  t h e  spectrum of CrO Has 

& .+ 4 *1 + T1 

t r a n s i t i o n ,  i n  symmetiy,, which spl4fs  i n t o  an allowed ' A ~  + 'E' 
tc, - 3 

= a 

1 i (1 component) end a fo rbwden  hl -+ A2 (b component) t r a n i i t i d n s  i n  C3, 
' 

i 

symmetry. , 

Summary 

I 

 thathe he tical procedures were used t o  syn thes i ze  a s e r i e s  of 

n-+' ' 
new an ion ic  monosubs t i t p t i d  t r ioxochromium(~~$ compiexes, Cr03L -. i% 

b 

The compounds, were charac te r ized  by chemical ana lys is ,  v i b r a t i o n a x  and 

- - - - -  

e l  n i c  spectroscopy. ~ v i d e n c < • ’ o r  subGti~tu6nFd~~ndFnECI~O-bond i n g -  



. - *  i , . 

9 6 

z> 

ound i n  the ground (IR and Raman) and excited (electronic 
# 

spectra) s t a t e s  0; these ions,  suggesting that ,the amount of  CrrO bonding 
h 3 

I 

increases with decreasing Cr - L bonding (a- or IT-) interaction,  a t  l e a s t  
- * - 

for  the s e r i e s  where = F , ~ 1 -  and ~ r - .  = B 

%&" 
J 





i- The bes t  charac ter ized  peroxo omplexes of chromium P dV 

- d '  
form t h r e e s s e r i e s  of de r iva t ives  i n  aqueous so iu t ' on  dependi k- =-Y On the qH 
condit ions.  The prepara t ion  and t r u c t u r a l  p r o p e r t i e s  of t h e  s o l i d  compounds d 

VI . ' <crV (o*) 4 ,  crIV(02) 2 ~ J  and Cr 0 (02) 2L were discussed i n  Chapter 1. In . 

l i g h t  of t h e  comfilexity$f t h e  aqueous s o l u t i o n  chemistry of chromi&, 
I 

the s~ruct tirtl-l-studies of- chromium-(VL) per 0x0 - c M l p l e x a s _ x _ e ~ e t h e  

e l i rn ina t io i  or  s t r i n g e n r  c o n t r o l  of h y d r h y t i c  r eac t ions .  It is a l s o  

apparent from preceeding accounts tha t  c e r t a i n  donor molecules o r  
- - -  

i ons  may s t a b i l i z e  t h e  Cs0(02)2 m$iety. In  t h e  absence of water,  f o r  
8 

Anstance, s u b s t i t u t i o n  i n  oxodiperoxochromium(~;I) c o m p l e ~ e s ,  ~ r O ( 0 ~ ) ; .  

donor, appears t o  fol lowa t h e  sequence. 

I 
a 

P 

H20 5 ether < py, bipy,  phen, OH-, clr. 

have no t  receiired much ' The k i n e t i c s  of these s u b s t i t u t i o n  r e a c t d ~ n s  

of perchromic ac id  i n  aqueous 

s o l u t i o n ,  and t o  t h e  extremely rapid  formation of adducts.  

\ 
f 

Since s o l u t i o n s  of these adducts  i n  non-aqueous donor so lven t s  * 

a r e  r e l a t i v e l y  s t a b l e ,  i t  appeared ,poss ib le  t o  s tudy substitution reac t  ions  

under these  *conditions. The use of so lvents  such a s  CHCl 3 b r  MeCN has the  

added advantage that these  so lven t  a r e  e a s i l y  p u r i i i k d ,  have lover  lhelting 
i ?. 

temperatures and, because o f  t h e i r  ion. p o l a r i t y ,  , ionicrproducts-can be- -> 

3 A ]  - 
modiperoxochromium(~1) complexes C r O ( 0  ) .I f o r  L =  NCO-, NCS-, NO;, N;, F 

I" 2 2  , 

A d  O P P G a v e  *ow been synthesized,  and s tudied  spec t t a scop ica l ly .  



* 4 r -- &> 7 ha-ter ials  -- 

'1 

I n  a d d i t i o n  t o  t h e  appara tus  and m a t e r i a l s  descr ibed  i n  t he  
< 

preceeding chapter ,  reagent  grade py r id ine  used was f i r s t  d r i e d  wi th  KOH, 

r e d i s t i l l e d  and s t o r e d  over  molecular  s i eves .  Nitromethane w a s  spectra- 
, % 

q u a l i t y .  Ph4AsN0 was prepared by e i t h e r  p r e c i p i t a t i n g  o u t  t h e  c h l o r i d e  i n  3 

Ph A s C 1 ,  a s  AgC1, w i t h  A~NO; d i s so lved  i n  d i l u t e  HNOj and then  evapora t ing  
4  

OPPh was p u r i f i e d  by dissolvingSn%ot benzene and adding petroleum e t h e r '  
3 

u n t i l  t h e  f i r s t  appearance of t u rb id i ty ,  t hen  slowly coo l ing  i n  i ce .  The o t h e r  

- phosphine oxides ,  O K 1  and OPPhCl were reagent  grade. " 

3 .2  

(b) - Syntheses of S u b s t i t u t e d  ~ x o d i ~ e r o x o c h r o m i u m ( ~ ~ )  c&npl;?xes - 

I Because most of t h e  oxodiperoxochromate(VI) comphxes prepared 

i n  t h i s  s tudy  were obEained by s u b s t i t u t i n g  t h e  c h l o r i d e  i n  Ph4AsCrO(0 ) C 1 ,  
t 2 2. 

._ it 18 a p p r o p r i a t e  t o  d e s c r i b e  a new and convenient  method used i n  the 

$ repa ra t ion  of t h e  Ph4AsCrO(02)2CJ.. The new method uses  Cr0(02)2py, i n s t e a d  

4 of Pp4AsCr03C1 ,as  t h e  s t a r t i n g  ma te r i a l .  / 

( i )  Oxodipero~op~idinochromium(VI ) Complex, Cr0(02) 2py. 

113 , 
Thq s o l i d  CrO(0 ) py was prepared by e s t a b l i s h e d  methods. 

2  2 
*The b l u e  needle- l ike  c r y s t a l s  of CrO(0 ) p y  formed .in aqueois s o l u t i o n  w e r e .  

2 2  , 
r 

then  washed t h r e e .  t imes  wfzh co ld  ( 1 0 0 ~ )  d i s t i l l e d  wafer  and t h e  excess  wate= 

pumped o f f  on t h e  a s p i r a t o r .  The s l i g h t l y  w e t  Cr0(02)2py p r e c i p i t a t e  wa& 
: 4 

e x t r a c t e d  wit) CHC13 - . 'and - r e p r e c i p i t a t e d  - by - us ing  - - - - -- d r y  - - low - b o i l i n g  -- - - petroleum 
- -- 

. e t h e r .  If n o t  % ~ p o s e d  t o  l i g h t  ,- shock or h ighe r  t han  O'C t empera tures ,  t h e  
- - - - - - - A- -- 

p y r i d i n e  adduct cad '  b e  kept  f o r  longer  than  'two weeks. 
n *. - s  b 

Ax&fysis (%), c 'a lculated f o r  Cr0(02)2py: C r ,  24.6; i, 28.4; H, 2.4 and N,  6.6. 
i 

Found: C r ,  24.3; C ,  28.2b A, 2.4 ahd N,  6 .3 .  
9 



The Ph4AsCrO(0 C 1  can be  convenient ly  prepared a t  room tern-.- & 
peratute by @ding a s t o i c h i o m e t r i c  amount o f - r e a g e n t  grade  Ph AsC1 ,  d i s so lved  

" % 4 
, i n  chloroform, t o  t h e  ch lorof  o m  s o l u t i o m o f  f r e s h l y  prepared  CrO(02),2py. - 

- 
C r O ( ! ? 2 ) 2 ~ ~  + Ph4AsC1  -) ~ h ~ ~ s ~ r 0 i b ~ ) ~ ~ l  ,+ p y r i d f s s  

i 11] 
L ,  

I -LL - -- 
The-reaction i s - f a g ~ d d T i % Z i i . ~ & l . u e  needle- l ike  c r y s t a l s  were washed wi th  .' 

, dry  low b o i l i n g  petroleum e t h e r  and a i r  d r i ed .  

Analys is  (I), c a l c u l a t e h  f a r  Ph4AsCrO(0 ) C1: Cr , -  9.7;  C ,  52.2; 11, 3.8 and 
2 2 

C 1 ,  6.4. Fbund: C r ,  9.5; C ,  52.3; H, 3.6 and C 1 ,  6.5. 

Magnetic - s u s c e p t i b i l i t y  measurement showed t h a t  t h e  compound has 

-4 3 
, - 1 

a s i m i l a r  magnetism ( ~ , = 4 . 2 0  x 10  cm mole ) t o  o t h e r  C r  (VI) compounds. 
111,112 

2 The e l e c t r o l y t i c  conduc t iv i ty ,  keasured i n  ni t romethane,  was 108.6 om;-I cm 8 

and coGtesppnds t o  a 1:l e l e c t r o l y t e .  s i n c e  v a l u e s  of 70 - 120, 250 and 300 

-1 2 ohm cm have been r epor t ed  f o r  1:l; 1:2 and 1:3 e l e c t r o l y t e s  respec tdvely .  115 

\ 

(f i i )  Tetraphenylarsonium OxodiperoxocyanatochSomate(U1) Corn*, 

* 

Ph4AsCr0(02)2C1 (1.002 gm) d i s so lved  i n  10  ml a c e t o n i t r i l e  
! = /a k -  

r e a c t s  
wi# 

a s l u r r y  of  AgNF(O.272 gm), a l s o  i n  10 ml a c e t o n i t r i l e ,  t o  form 

, a w h i t e  p r e c i p i t a t e  of s i l v e r  c h l o r i d e  (0.0645 gm of C 1  was found compared t o  

0.0644 gm, expected)  and a r o y a l  b l u e  s o l u t i o n  of Ph4AsCrO(02)2NM.IThe AgCl , 

was, f i l t e r e d  off and t h e  Ph4AsCrO(Op)pC0 i n  the f  i l t ' r a t e  p rec ip i t a tqed  us ing  
" 

ice-cold 1:2 benzene-hexane mixture.  The c r y s t a l s  were f i l t e r e d ,  washed w i t h  , 
% - 1 

more benzene-hexane s o l u t i o n  and d r i e d  by pumping on the vacuum l i n e .  The , 

\ . . 
i 



i - 
n 4" 

compo&d can be  recrystallize^ from c l ~ ~ o r o f o r i  bx add i t ion  of cyclwhexane or 
d- 

# 

petroleur? ether. 4 
f 

- i 

i 

Analysis  (X), ca lcu la ted  f o r  Ph4AsCrO(02)2NCO: C r ,  9.3; C ,  53.9; H, 3.6 and 

. d 1 

N ,  2.5. Found: Cr, 9.6; C ,  54.1; H,  3.5 and N ,  2.5. 
, 

T h i s e b l u e  c r y s t a l l i n e  c~ompound,decomposed slowly i n  the  dark 

.. a t  room temperature t o  a greenish. gray (mixiurk of yeXlow and roya l  blue) -. 

powder within approximately th ree  months, and eventual ly  timed completely 
w 

% - - --- -- - -  --- -- 
-- - -- - - -7- 

yellow. 
---. 

i 
* 

( iv)  Te traphenylarsonium ~ x o d i p e r o x o a z ~ d d c h r o m i ~ ( ~ ~ )  cbmplm, P ~ ~ A s c ~ o + , ( o ~ ) ~ N ~ .  
- 

I 

Ph4AsCr0(02)2CI (0.750 gm) dissolved i n  10 m l  of ~ e ~ $ " k a s  
. I 

* el 
t r e a t e d ,  a t  -loOc, with an a c e t o n i t r i l e  s o i u t ~ o n  of sodium azide  (0.124 pn, 

f i n e l y  ground). 

Ph4AsCr0(02)2C1 + NaN3 Ph4AsCr0(02)2N3 + NaCl ' ~ 3  J 
I) 

+ ' .  
The rnixtdre was allowed t o  s t i r  f o r  5 hr .  The white p r e c i p i t a t e  containing 

i' NaCl was f i l t e r e d  o f f  and t h e  f i l t r a t e  t r e a t e d  wi th  1:2 benzene-hexane mixture 
< - 

t o  p r e c i p i t a t e  g u t  t h e  b lue  c r y s t a l s  caintaining ~h A S C ~ O ( O ; ) ~ N ~ . .  
4 

Analysis (2). ca lcu la ted  f o r  Ph4AsCr0(02)2N3: C r ,  9.3; C ,  51.7; 8, 3.6 and N, 

7.5. Found: C r ,  9.0; C, 52.0; H,  3.6-and N, 7.6. 

(v j  Tetraphenylarsonium Oxod ipe roxo th iocyana todh~o~um(~)  Complex, 
, 

i 4 

Ph4AsCr0 (02) 2NCS1 - - .  

? ,  

Whed a so lu t idn  of P ~ ~ A S C ~ O ( O ~ ) ~ C ~  (0.6061 ' gm) i n  10 m l  bf 

ac$ to* i t r i l e  w a s  ~ t i r r e d ,  a t  - l o o ~ ,  'with NHINES (0;08?5- gm, f i n e l y  grourid) ' , -, 
I 

dissolved i n  a minirmrm amount of MeCN, the  mixture slowly ( i n  minute;) 
% 

produced wh&e c r y s t a l l i n e  p r e c i p i t a t e  and pa le  sky-blue solut ion.  ' . 
- After  about- an hour, t h e  ammonium ch lo r ide  p r e c i p i t a t e  was f i l t e r e d  off  



\ and t h e  Ph4AsCr0(02)2NCS p r e c i p i t a t e d  fr6m t h e  s o l u t i o n  by adding ice-dold 

1:2 benzene-Mane mixture. It is  important t h a t  both so lven t s  bk pure and 
& 1 k 

dry. 

Analysis  ( %  ," ca lcu la ted  f o r  ~h,+AscrO ((I2) 2NCS : C r  , 9.0;. C ,  52.4; H,  3.5; ' 

.A - > 

and N ,  2.5. Found C r ,  8.8; C,  52.3; H,  3.5 and N ,  2.*6. 
9 , 

- - -- + - ---- - 
Because the  Ph4AsCr0(02)2NCS compound decgmposes SO e a s i - w b n  i n  

contac t  wi th  most so lven t s ,  tt was n e c e s s a r y ~ t o  p r e c f p i t a t e  i n  t+ cold,  and b 

- 

pump d r y  a s  soon a s  t h e  r e a c t i o n  was complete. The a n a l y t i c a l  resdlts and 
F 

4. 
- - 

, s p e c t r a l  s t u d i e s  were obtained from f r e s h l y  prepared samples. The , reac t ion  o f '  

M&V s o l u t i o n s  of e i t h e r  P ~ ~ A S H ( N C S ) : ~ ~  . with C ~ O ( O ~ ) ~ . ~ ~ ,  or  AgNCS with 

Ph4AsCr0 (02) 2C1,  , f a i l e d  t o  produce Ph4AsCr0 (02) 2NCS, and ' no p r e c i p i t a t e  
i/ /' of AgCl was ,6etecte.d. 

L 

(vi) Tetraphcnylarsonium ~ x o d i ~ e r o " x o n f . t r a t b c l ~ r ~ m ( ~ ~ .  c~mblex, 

>, 

' \  Numerous analyses  of the El content  of Ph4AsCr0(02)2C1 have 
1E 

'been conducted by r e a c t i n g  wif h so lu t ions  bf AgN03 in  MeCN. 0.0643 gm of ~ 1 ;  
- 

a s  AgCI, was obtained from lgm of Ph4AsCr0(02)2C1 - 0r.0644 gm was expected. 

k ?he Ph AsCr0(02)2N03solution i n  MeCN i s  s t a b l e  f o r  up t o  24 h r  without much 
4 

apparent decomposition, when kept , ' in  t h e  dark a t  <-10'~. The meta the t i ca l  

r e a c t i o n  i s  given below. 
< .  

' , -  When - t h e  - - s i l v e r  - - - - - ct i lor ide  - p r e c i p i t a t i o n  was c a r r i e d  out  a t  room temperature, -- pp 
C 

,---- 

t h e  s o l u t i o n  of Rh AsCrO(02)2N03 gradually turned yellow. Attempts t o  
I 

, 4 

p r e c i p i t a t e  t h e  Ph4AsCr0 (02) 2N03 by adding. CC14, petroleum ether add mixed 



so lu t ion  (a t  /2o0c) was t r e a t e d  with c h i l l e d  dry diechyl  e t h e r ,  sky b lue -  
91 

f l u f f y  p r e c i p i t a t e  fofms. The p r e c i p i t a t e  was washed'_twice with morS1 e t h e r  
1 

land, f i ' l tered ukder' ni trogen.  The H NMR spec t ra  o f t  t h i s  compound redissolved 

i n  CDC13 (30•‹c)  showed no o t h e r  resonances except f o r  the  one assignable t o  

' pheny!. hydrogens. This weakens the  possibi l i 'eY of having formed CrO(02)2.0Et2 - 
o r  C ~ O ( O  ); .NCMe, i n  stead of CrO(0 ) NO CrO(0 ) .0Me2 i s  known and 

2 2  3 '  2 2 
reported3lg t o  "be s t p b l e  a t  - 5 0 ' ~  and explode above -30'~. 

3 

( .  
\ 

The blue  s o l i d  i s  s l i g h t l y  more s t a b l e  ( a t  25O~)  t h e  so lu t ion  * 

- i n  ~ & ~ - o r e ~ € % - w h * k r e a ~ + d  ecornpose a 
yellow solut ion.  These r e s u l t s  suggest the '  p o s s i b i l i t y  of the  reac t ions  

Ph4hsCrO(02)2M3 + - Solvent - - - -  ,->. Ph4AsCrO(0 ) NO f solvent. [6 3 
- -2-2 3 - -  L - p v 2 p  

t i 

Ph4AsC~0(02)2N03 C solvent  ----$ Ph4AsCr03N03 , + ( solvent  + D2) b 3 
.. 

C 

oceuring ( whkr,e solvept  = MeCN o,r 0Et2) i n  so lu t ion  instdead of 

.. 
ph4AsCr0(02) 2N03 + solvent  -> - ph AsROg + CA)(02) 2. ?okvent. [8 3 

4 - ~ %  
. I  

,The f r e s h l y  prepared s o l i d  gave C, 51.3; H, 3.6; N, 2.0; compared t o  C, ' 5 0 0 ;  

C L H, 3.46; N, 2.4 expected f o r  Ph A ~ c ~ o ( Q ~ ) ~ N o ~ .  
' 

4 I / 
9 

other  attempt's a t  preparing t h e  CrO( anion involved 

t r e a t i n g  CHC13 so iu t ions  ..of the  pyridine adduct, CrO(02) 2py, with Ph4AsN03; 

but  t h i s  was inconclusive. 

' ~ n a l ~ s i s ) % ) ,  c ~ l p ~ l a t e d  f o r  Ph4AsCr0(02) 2N03: C, 50.0 ; H, 3.46; N, ;. 4. 

Found: C, 52.4; H, 3.8 and N, 0.5. 

- 
U n f o r t s a t e l y ,  t h e  in f ra red  - spec t ra  - af the  - CrO(0 ) NO anion i n  e i t h e r  

- 2 2  3 - - - 

product was unobtainable because of decomposition. 
- - - -- -- 

- Treating a MeCN solut ion 'of  CrO(O ) jy with AgN03, a l s o  i n  MeCN, 
2 2 

produced red-brown f ouid tb conta in  Ag Cr04. 
2 I -6 



4 
, ( v i i )  Oxodiperoxo(triphenylphosphhe oxide)chromium(VI) Adduct, 

-- C 

  he i n i t i a l  inter$& in preparing t h e  oxodiperoxochronium(~)  - , - . . 
phosphine 8oxide adducts, CrOCO ) .Om $as t o  s tudy t h e  efgecfs  of goordi- 2 2 3' 
nagion on t h e  phosphorus-oxy~en s t r e t c h i n g  frequency arfd on t h s  3$ nuclear 

magnetic resonance frequency, 

. i 
' When tfre mixture had  acquired the  temp&ature of t h e  s a l t - i c e  bath,  25kl of 5% 

- 
H202 so lu t ion  w a s  added dropwise wi th  - s t i r r i n g .  The blue colour of c ~ o ( o ~ ) ~ .  O E t Z  

-- - - -- -- - - - - - - - -- - -- - - 

developed i n  t h e  e t h e r  l ayer .  When t h e  reac t ion  was ~comglet+e, t h e  e t h e r  l ayer  

I!" w 

& 

= w 

was ext rac ted  and =shed twicehG5th 59 m l  por t ions  of c h i l l e d  d i s t i l l e d  
F , % 

water. The O P P ~ '  s o l u t i o n  i n  1:2 chloroform-ethyl e t h e r  mixtllrbwas added with 3 

s t i r r i n g  t o  t h e  e t h e r  solution.. The use of less than s t o i c h i o m e y i c  amount 

J of OPPh safpguards agains t  excess ligand. The mixture was a1 wed t o  r e a c t  
-2" ,. 3 
i n  t h e  cold (EOOC) f o r  about th;eeWminutes. 

r- 
l in * 

' * - '  Cr0(O2)rOEt2 + 0PPh3 ---$ CrO(02)2.0PPh3 + l t t O  191% - 

The s o l l d  CrO(O2j2.0PPh was then i s o l a t e d  by adding c h i l l e d  ow bo i l ing  3 I , 
petroleum e t h e r  and c o l l e c t i n g  only t h e  f i r s t  crop of c r y s t a l s .  The c r y s t a l s  . ' 

which were washed with more petroleum e the r ,  could be kept f o r  months a t  -20•‹C. 

Analysis ( X ) ,  ca lcu la ted  f o r  c ~ ~ ( o ~ ) ~ . o P P ~ ~ :  C r ,  12.7; C, 52.7; H, 3.7. 

a Found: C r ,  12.7; C ,  52.5 and H, 3.7. 
1 

Attempts t o  prepare Cr0 C02) 2,0PPh3 -hp reac t i n g C r 0  (04 bpy- -I--- 

in chloroform wi th  OFPh, a l s o  dfssolyed in chloroforn f a i l e d ,  probably* 
- - - --- -- * 

because t h e  pyr id ine  i s  more stronglycoord~inated , than the OPPh would be. 3 -+ 

T h e  35 could not  be  inves t ika ted  because of t h e  low s o l u b i l i t y  and 



form, e t h e r ,  benkene o r  dichloromethahe. 
d \ 

F . u . , 

(v ig i )  Tetraphenylarsonium 0xodiperoxofl~oy~chromium~V.1) . ConlnIc)~. a 

w 

- - - ---- 
---' 

~ h ~ ~ s C r b ( 0 ~ )  2 ~ 1  - E t  NFror P ~ , , A S C I - O ( O ~ ) ~ N O ~  - Et NF were immediab=iy 
4 7 - ,  4 f 

t r e a t e d  with c h i l l e d  low b o i l i n g  p e t  &her, blue c r y s t a l s  f e l l  out%. They 
.t "* 

f l u o r i n e ,  carbon,hydrogep an& ni-trogen analyses (%.)_ gave, C, 55.3, F,3.3, 
'd 

H. 3.9 and N,  0.0 f o r  t h e  f i r s t  mixture, and C, 54.6, F, 3.0, H, -4.0 and + 

N, 0.0 f o r  the  second mixture. Ph4AsCrO(0 ) F requ i res  C; 53-89 P, 3.569 : 
2 2 

I 

H, 3.8; Ph4AsCrO(02) 2C1 required,  C,  52.4, H, 3.6; and P ~ ~ A S C ~ O ( O ~ ) ~ N O ~ .  
* 

requ i res  C,  50.0, H, 3.5 ,and N, 2.4. 'Becguse t h e  room temperature 1 
/ @ .  

-1- 
in•’ rared  spect ra  showed no solvent ,  NO o r  Cr-C1 (435 cm ). v i b r a t i o n s ,  _ _ _ -  

3 

these  a n a l y t i c a l  r e s u l t s  %upport t h e  formulation, ~ h ~ A s c r O ( 0 ~ )  2P. + 

w 

these  observations,  i t  is concluded t h a t  ~ h ~ b L s b o ( 0 ~ )  2~ 5 s  uns table  

can probably be prepared and s tudied at < -20•‹C. 
' *he- . ,  O - ,  - 3 

x o the r  Attempts t o  Prepare c ~ o ( o ~ ) ~ . L  qomplexes. 
r 

a 
L - 

Other Phosphine &dqs. 
I( 1 * .  

Attempts t o  prepare ~ r 0 ( 0 ~ ) ~ . O P C l  v f a  the  method used f o r  3 * . 
CrO(0 ) .OPPh f a i l e d .  &ding OPCl t o  CrO(0 ). py dissolved i n  chloro- 

- - - 2  2 - 3- - - -  . -  ------- - -  - -- 3 2  - - - - -  - - - - - - - 

form and a l lowing  t h e  mixture t o  ,sit f o r  -3  ~ i n u t e s ,  a t  O'C, gave a s o l u t i ~ n  
0 - 

which was b lue  f o r  about f i v e  miktes;  when low bo i l ing  p&trolgum ether  Was 



--- -- , 

added t o  t h e  mixture a t '  2 minutes, immediate decomposition t o  a greenish-- 

yellow powder r e su l t ed .  i: s i m i l a r  r eac t ion  occurred between OPCl 3 and 

Cr0(02)2.0EtZ, producing an o l i v e  green e t6er- insoluble  o i l .  i The same 

r e a c t i o n  and colour were observed when 0PPhC12 was used. Allowing t h e  o i l  
e, 

I 

t o  sit i n  a i r  y i e l d s  water- insoluble .green c r y s t a l s .  The a n a l y t i c a l  r e s u l t s  
- 

(2'8.78xC and 3.8228) suggest t h a t  t h e  compound, probably a Cr( I1I)  complex, 

has o rtrer ' ~ d ~ c o n t a i ~ ~ n g ~ c s a r ~ e n - a ~ d  /or-hyd tagen-atpms-in-addi.timL_tlo 
0 

Tr i f  l u o t o  $-diketones . - - 

7 - - - - A p  - 

Attempts t o  prepare  C r 0 ( 0 ~ ) ~ 1 ,  •’on L - TAA, TTA, BTA, and NTA, 

fai led. '  When e t h e r e a l  s o l u t i o n s  of Cr0(02) 2. 0Et 3 o r  Cr0(02) *py were t r e a t e d  ' 
& 

with  s o l u t  on8 of t h e  l igand ( I )  i n  e t h e r ,  t h e  mixtures undenjent gradual  f 
7 

1 r 

decomposition-. 

Wonosubstituted P y r w i n e s  (NC H X, f o r  X = F, C1,  B r  and NH*) 
5 4 a++ 

.Ir c k ' d  
$, -. -%+ 

using t h e  procedure f o r  t h e  prepara t ion  of Cr0(0g2py t o  

prepare  t h e  2-f luoropgridine a n a o p  f a i l e d .  , The i n i t i a l l y  b lue  so lu t ion  

4 formed i n  t h e  aqueous s o l u t i o n  *aily deco posed, k t h  effervescence,  t o  a 

brown solu t ion .  When f r e s h l y z p ~ e p a r e d  2-f ldoropyridine was added t o  an e t h e r  

s o l u t i o n  of Cr0(02)2.0Et2, t h e  b lue  s o l u t i o n  I was s t a b l e  f o r q b o u t  1 h~ but 
?a1 

t h e  "F hW( s p e c t r a  of t h e  mixture w a s  i d a t i c a l  t o  t h a t  of f r e s h  2-fluoro- 
1 8 

pyridine.  S imi lar  decomposition reac t ion  ts  were made 
& 

t o  prepare t h e  Cr0(a2) 2. L adducts wifk 2- and 3-monosubstituted pyridines,  . - - - 



Bromide, cr0(02) 2 ~ r - .  

Treat ing  a  chlorof o m  so lu t ion  of crO(02) 2py with Ph4AsBr 

o r  reagent &%de o-&Ph PBr f a i l e d  t o  produce ~ r 0 ( 0 ~ ) ~ ~ r -  because of 
i t - ,  ,. 3 

compet ing  ddomposi t ion  reac t  ions. But t h e  v i s i b l e  s p e c t r a  of Ph4AsCr0(02) 2NCS 

i n  MeCN i s  s i m i l a r  t o  t h a t  of  a  s o l u t i o n  conta in ing 1:l P ~ ~ A S C ~ O ( O ~ )  2~~~ and 

blue  co lo r  of Ph AsC~O(O~)~NCS went not iceably  darker', a l though t h e  4 

v i s i b l e  spectrum was 'only from 569 t o  563 9. 
- 

7 - -  - 1 - 

When an a c e t o n f t r i l e  so lu t ion  of P ~ ~ A ~ C ~ O ( O ~ ) ~ C ~  was 

t r e a t e d  wi th  a  s l u r r y  of s i l v e r  a c e t a t e ,  i n  HeCN a t  2 2 * ~ ,  a quant i ta -  

tive y ie ld  of AgCl was obtained. But t h e  P ~ ~ A s c ~ o ( ~ ~ ~ ) ~ ( o A c )  s o l u t i o n  

gradual ly  turned g ray i sh  b lue  and f i n a l l y  yellow. 

(decomposes) 

A t  tempts t o  p r e c i p i t a t e  out  t h e  f r e s h l y  prepared complex ~ h ~ A s ~ r 0 ( 0 ~ )  i ( ~ A c )  
/' * 

f a i l ed .  



111.3 INFRARED SPECTWOIF SUBSTITUTED OXODIPEROXOCHROMI:UM(Tn:) OOMPLmS 
w 

J CrDC02)2L - 
J 

I 

The i n f r a r e d  and Raman s p e c t r a  of nrrmerous complexe@ conta in ing 

t h e  dioxygen group have been studied i n  t h e  hopk of making s t f w t u r a l  
? 

assignm,ent-s. Generally a p e r s i s t e n t  band observed i n  t h e  regiotl 

800 - 900 cm-I has  been considered "cha&terist icl '  of the 0-0 s t r e t c h .  11 7' 

have in f ra red  absorpt ions  i n  t h e  800 - 900 regidol  Cqnsidering the . .  - 
1 

assignments i n  the l i t e r a t u r e ,  it is obvious t h a t  earlier i n t e r p r e t a t i o n s  of the  

- -  - - -  - - - -- - 

IK s p e c t r a  of peroxo complexes have no t  been t o t a l l y  conclusive. 
\* 

-ne 
a 

(a) Oxodiperoxopyridinochromium (VI ) Complex ' 

118 119, 120 The I R  s p e c t r a  of pyr id ine  and pyr id ino complexes , 

have been extens ively  s tud ied  and assignments made f o r  most of t h e  observed 

bands. As was t h e  ease  i n  t h e  o the r  s t u d i e ~ , " ~  t h e  vibra&onal, spectrum of the 
P 

coordinated pyr id ine  i n  Cr0(02)2py (Fig. 111.2) is q u a l i t a t i v e l y  d i f f e r e n t  * 

from t h a t  of t h e  f r e e  l igand (Fig. 111.1) by 

- t h e  presence of a weak band, assigned t o  an overtone o r  a a 

combinatidn , between 1235 and, 1250 bm-l, 

-1 i *  - a s h i f t  in t h e  s t rong  baxk at ~ 1 5 8 0  cm-' t o  near 1610 cm , 
- and s h i f t s  of t h e  601 and 403 cm-' bands t o  lioar 632 and 450 ( 1 )  cm-l, 

-1 respect ively .  The complete spectrum, 200 - 4000 em , of t h e  ~ r O ( 0 ~ ) ~ p y  Complex 

is given below Fig. 111.2. The spectrum is cons i s t en t  with t h a t  reported,  12 1 
- - -  - 

---- -p-p-p------- - -  

within t h e  region 5000 - 600 em-? by Stomberg. The d iscuss ion of t h e  s p e c t r a  
- 

will  be  l imi ted  t o  the  i d e n t i f i c a t i o n  and assignment of the  d iagnost ic  bands. 
1 





- A 

4 d 

fie spectrum hqs weak absorptions a t  1229 and 1248 em-' assignable t o  the 
1 

1 

overtone o r a m b i n a t i o n  bands. The strong absorption occuring a t  "1580 cm ' 

i n  the  f r ee  ligand becomes weaker apd moves up t o  1610 chel i n  
' 

the complex. In the  f r e e  J i g b d ,  the  01  cm-' band is s t rong and assigned t o  . 9 
an in-plane r ing  deformation while th; 403 cm-l, a l so  serong, is an out-of- 

-1 plane ring.deformation. The r a the r  la rge  s h i f t  i n  the  601 cm band t o  632 cm -1 

on complexing may have s tereogMmick1 significance ; G i l l  and' coworkers 

fo r  octahedral C ~ ( p y ) ~ ~ l ~  (polymeric) and a +58 cm-I shift f o r  mollomeric 

cis-Pt (py) 2Br2. The out-o•’-plane ring deformation occuring a t  '403 cm-1 i n  the  
- - -  

f r e e  ligand is r a the r  hard t o  iden t i fy  in the  complex. The l&er in tens i ty  
a 

is probably due t o  so l id  s t a t e  e f f ec t  .The assignment of the  881 cm-I bgnd- t o  

"0-0 'stretch" is consistent with  other  reports,  Table 111.1. 

L 
i 

Table 111.1, Vibrational Spectral  Assignments f o r  Cr0(02}2py 
- 

"0-0 Stretch" (cmwl) CFO Stre tch (cm -1 1 Ref. 

There was, however, no peak as'signable 'to the  Cr-N s t re tch ing  vibration.  . s' 
\ 

Such a peak woult be  useful f o r  the  purpose of comparison with other . 

~peroxo complexes. 

Cb) Oxodiperoxo Ctriphenylphosphine oxide) chromium[VI) Complex. 
- - -- -- - LL. - - - . 3 1  - 

The infrared spectra  of the  triphenylphosphine oxide adduct of 

the o~odi~eroxochromium(~1) couplex, CrO (0. ) .OPPh has a l so  been eqamined . 2 2 3 ' 
124- 126 Several authors . have studied adduct formation of phosphine oxides with 

f 0 

, - 



metal  ha l ides  and metal-halide complexes, and es tab l i shed  t h e  e f fec t ive -  

I 
L 

1 I 
ness;  a s  a donor, of t h e  phosphoryl oxygen. The present  s tudy is i n t e r e s t e d  

i n  observing t h e ' e f f e c t  of. coordination on t h e  s t r e t c h i n g  frequency of t h e  

s" 
t 0-P bond i n  phosphine oxides+ The 0-P v ib ra t ion  i n  0PPh3 occurs at 1195 cm-I 
! 

1 
, i ( i n  nujol} compared t o  t h e  higher (1200 - 1400 cm-l) absorpt ions  i n  phosphoryl 

/ 

 halide^^^'-^^^. IR s tud ies ' lZ4  of  numerous O P P ~  adducts show t h a t  except 
3 - 

f o r  s p l i t t i n g  and s h i f t i n g  i n  t h e  0-P band, t h e  spec t ra  of a l l  t h e  corn- . 
- - A - -- - -- *- ---A -- I .  

3 plexes a r e  v i r t u a l l y  i d e n t i c a l  wi th  t h a t  of t h e  f r e e  li'gand. Xn t h i s  s tudy 
1 k 

t t h e  major point  of d i f fe rence  between the  spectrum of 0PPh3 and t h a t  of 

CrO(0 ) . 0PPh3 is i n  t h e  region 1100 - 1200 em1. The bpnd a t  1120 cmW1 is 
2 2  - -  - - -  - - - - - -  

i 

i assigned t o  ~ ( 0 - ? )  i n  keeping with previous s t u d i e s  124r 125 ~ i ~ .  111(a) and (b). 
/ 1 

1 - 

fc) Tetraphenylarsonium Oxodiperoxochlorochromate ' 

& a, the Ph4AsCrO(0 ) C 1  complex shows t h e  following . . 2 , 2  > 

absorptions i n  s a d i t i o n  t o  t h e  bands ass ignable  to t h e  P ~ ~ A S '  ca t ion.  

\ 

Table 111.2. m e  Vibrat ional  (IR) sP&trum of ~ h ~ * s c r O ( ~ $ ~ c l ' ~ -  - , \  

V -i G 

Frequency (cm ) 
.- 





The spectrum is  % r e l a t i v e l y  simple and consis tent  with t h a t  previously 

4 ' 
f e p o r € e T  and w i l l  not b e  discussed further. 

f 
\ (d) ~ e t r a ~ h e n ~ l a r s o k u r n ~  ~xodiperdxoazidochromate f i  
I 

-Be spectrum of t h e  az ido complex, c ~ o ( o ~ ) ~ N ; ,  is * a l s o  
\ 
1 

r a t h e r  s t ra ight forward,  p a r t l y  because t h e  az ide  ion  is N-N-N not N-X-Y and the 
". \ 

v i b r a t  i o k a l  absarp t ions  ch&acter is  t i c  of t complex C r O  (0 1 N- a re-  not 
'a. 2 2 3  

7r 
masked by thk ca t ion  bands, Table 111.3. '3 __+ f 

- a t  ,2070 cm-l) is assigged t o  %y ( ~ ~ j .  S p l i t t i n g s  have a l s o  been observed 

1*,131 1 i n  t h e  I R  G e c t r a  -of Sd5L3(N3) andpTiC1&N3), - and-are probably caused 
- , . - c - 

by descending symmetry, ca t ion  o r  l a t t i c e  e f f e c t s .  The broad medium inten- '  
t 

? 
s i t y  *eompo'si t e  o c S u r i g  a t  1275 c;' i s  assigned t o  v '  (N3) .' It is 

s Y 
t e  t h a t  while t h e  pseudoasymmetric l igand v i b r a t i o h  i n  

0 

energy than tho cor ree~onding  v i b r a t i o n  i n  
a 

SnC13 (N3), TiCl3 (N3), YOC12 (N3) , Cr02C1 (N31 , M 0 C l 4  0Y3) 2 ,  l3' vc14(N3) 129 . + 

132 
and C5(N3)4-n ,  t h e  pseudosymmetric . . mode is  comparable t o  t h a t  of . 
G ~ H , ( N ~ ) ~ - ~  T y  hfgher than those  of t h e  o the r  complexes c i t e d  

above, 'This may have some bearingcm t h e  degree of asymmetry i n  t h e . '  

complexed azido group (see  page 70). - 
-1 - 

The v ib ra t ions  a t  950 (possibly 935 c m  1 have,- by comparison t o  
I 

other  oxochromium(V1) cbmplexes, been assigned t o  t h e  s t r e t c h i n g  modes of . 
C r O  bond. The assignments of t h e  905111 and 898w,sh em-' bands'lare less 

* ' 

c e r t a i n  bepause both t h e  v and the  v (CT-0) ( fo r  C r O  L"- cdmplexes) 0-0 -- - 3 - - -- - - - - 

have been observed i n  t h i s  region'. It 
- - - - - - - -- 

hands have 'characters of both  modesl. 

is  a l s o  poss i6 le  t h a t  t h e  two 



b * 
i" ~ e c a u s e  t h e  bending modes .of t h e  free' a z i d e  (gs ~ a l t s  df a l k a l i  .. 

-1 133 + 
-- - - u r s ~ c r ~ ; r / ~ ~ b  ~servearween 62 0 and 650 c m  and a t  483 and 614 cm 

'/ f o r  t h e  complex, MoCl '(M ,lZ9 somq b f  the  bands (at  615, 595, 560 and 4 3 2  

525 cm-I) observed i n  the  specCrum of t h e  P ~ ~ A S C ~ O C O ; ) ~ N ~  ~ o & ~ l e x  could be, ' 

assigned t o  t h e  bending modes of the azido group, except t h a t  these same 
I 

b a n d s  occur r a t h e r  c o n s i s t e n t l y  fhrough t h e  ox~diperoxop~eudohalo~eno- 
I \  r - * .  

chromium(vfi complexes CrO(0 ) PS- f o r  PS- - N- NCO- and - N C S - .  Because of , 
a 2 2  3 ' 

a .  

absorpt ions  io  t h e  same regidn,  i t  i s  very l i k z l y  t h a t Y t h e s e  a r e  v ib ra t ions  

of t h e  M-O2 group. ...* 

(e) Tetraphenylarsonium ~xodi~eroxoc~anatochrbmate a 

a 

On t h e  b a s i s  of t h e  arguments used f o r  K C ~ O  (NCO), t h e  follow- 
3 d 

, inp, f e a t u r e s  a r e  recognizable,  Table 111.3. The sharp u n s p l i t  ,2195 t&-' 
*' 

# 

i 

absorption,  assigned t o  v is s i g n i f i c a n t l y  s h i f t e d  t o  h igher  frequency 
CN' 

from t h e  f r e e  l igand value  of 2165 cm-' (broad). The guide-lines es tabl ishedc 

- 
i n  Chapter XI a l s o  suggest t h a t  s M f t s  t o  higher frequency occur i n  e i t h e r  

/ 

bonding mode, although l a r g e r  inc reases  i n  v 'have  been obiervsd in t h e  
CN 

isocyanate c&pplex&s of ~os te r  and' ~ o o d ~ a m e ~ , ~  and Bailey and Kozak. 5 7 
- ? 

The problem in' s p e c t r a l  assignments .is f u r t h e r  complicated by t h e  f a c t  t h a t  , 

t h e  more d iagnost ic  l igand v ib ra t ion ,  vCO wNch is normally weak was not  
\ 

I, :bserved anywhere between 1420 and 1050, em-'. The ,N-bonded cyanate would , 

' C -1 5 c  
be expected t o  show a s i n g l e  band s h i f t e d  t o  higher ener&p.(=1300 cm ) ~ \ ' 

, 
0 , * 

' A  

' from t h e  f r e e  l igand value  of 1254 cm-l. Such inc reases  ha* been observed - 

- - - -- 
- --- - - 

+ *\ . 
i n  t h e  v i b r a t i o n a k  s p e c t r a  of isocyanato complexes:' sf (NC* (1482 cm-l) , 

- -- 4- 7- 

Ge(NC0)4 (1426 cm1) 13'and of 3d t r a n d t i o n  m e t +  t e t r a i sqcyana tes  flT 

. , P 

-1 129 (1319-1337 cm 1. -. L 
t .* 

/ 
, A 4 

4 .  

. . 1 

-- 
. '3 - <  

- - -- 
"r 'L; .*. -.r . 

I-I___-- - - _ _ -  -- - - - ---- --.- -- . - * NI--4,- -- - - . .  . -  

- .  - - kcr - e 
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.4 , 
a - 115 

F 

B * 7 * 

d The presence of a bani i n  t h e  610 cm-' region through - 

- - 

t h e  s e r i e s  of complexes C ~ O ( O ~ ) ~ P S  f o r  Ps = N3, NCO* and NCS- 

again suggests  t h a t  i t  may be more a c h a r a c t e r i s t i c  of t h e  M-O2 system than ' 

' 

\ -  

t h e  bending mode of t h e  pseudohal3de system. However, v i b r a t i o n a l  spec t ra  of 

isocyanato coniplexes of o the r  e l e c t r o p o s i t i v e  metals  29'137 a l s o  show t h e  
& 

same r a t h e r  cons i s t en t  veak50-medium absorption between 570 and 640 cml.  

& 
These absorpt ions  h a w  genera l ly  been assigned t o  t h e  N-C-O bending modes. 

It is, theref  o~e- , -pss  i ~ e - t k t + ~ e - o ~ b o t - h - o f  -khe6%t-an~9~-&ands - 
, 

a r e  dhe t b  NCO deformations. The assignment would b e  cons i s t en t  wi th  those  of 
k 

56>1 * unsubst i tu ted  t r a n s i t i u n  metal isocyanates. 
- -- 

~ h e  Cr-N s t r e t c h i n g  v i b r a t i o n , ~  which occurs a t  =495 cm-' i n  , 

KCr03NC0 and cra2cl(N3), woold be e&ected t o  s h i f t  t o  l o i e r  energy i f  e i t h e r  . 

a g r e a t e r  M 4  bonding o r  s t e r i c  i n t e r a c t i o n s  wi th  O2 groups r e s u l t  Yn t h e  
2 

weakening of t h e  Cr-N bonding i n  C ~ O ( O ~ ) ~ N C O -  compared t o  C ~ O ~ N C O - .  What 
dl 

appears t o  be  t h e  vCrmN i n  C ~ O ( O ~ ) ~ N C O -  is observed as a weak band at  415 cm-I 

a s  compared' t o  t h e  s t rong  v 
C r - C 1  s t r e t c h  i n  ~ r 0 ( 0 ~ ) ~ ~ 1 -  which occurs at 437 

-1 
cm . It is genera l ly  argued t h a t t h e  X-NCO s t r e t c h  o c c u ~ s  abbve t h e  vN& 

- - 

of t h e  analogoub ~ o m p l e x .  The assignmeht of t h e  L15 cml band t O  v ~ ~ - ~  is  

favoured because if compares wi th  'the assi&ment of t h e  i s o e l e c t r o n i c  species  

/' 
c ~ o ( o ~ ) ~ N ;  and wi th  metal-lsocyanate vibri i t ions of o t h e r  complexes in'which 

3 1 
t h e  metal is highly~~electropositive.  For ins tance ,  Ph4AsIFe(NCO)4] is . L  

0 5 6 
reported _ t o  have' t h e  Fe-N s t r e z c h  a t  410 and t h e  o t h e r  l igand v ib ra t ions  - . 

. ( f )  Tetraphenylaraonium Oxodiperoxothiocyanatochromate 

The spectrum of t h e  anionic complex, ~ r 0  ( o ~ ) ~  (Ncs)- (in nu j  01 

mull) i s  more complicated than t h e  precedfng,ones. The arguments and 



NCO-, have been appl ied  he rp  espec ia l ly  wi th  respect  t o '  t h e  absorptions a t  
1 

955111, 940vs, 9208, 9 1 h ,  880w, 625m, 610m, 530111 and 4 1 5 ~  cm- l .  
\ U)   he a b  bserved f requencies  and t en  tat i v e  a$signments f o r  

CrO(0 ) (NCS)- a r e  given i n  Table III.3. The charac$eristicpseudoasynunetric 
2 2 

-1 
s t r e t c h i n g  mode, yCN, is assigned t o  t h e  i n t e n s e  band a t  2080 cm . The 

I 

P -1 
, small  increase  from t h e  f r e e  l i g ~ n d  value of 2053 cm is s t rong  evidence 

-- -- -- --- -- A- ---- 

f o r  an ST-bonded complex according t o  an a n a l y s i s  by Tramer. 48 
-J  

According t o  Saba t in i  and ~ e r t i n i ~ '  and Lewis and coworkers ,. 138 

- 

the l igand pseudosymmetric s t r e t c h ,  u would be  qxpected t o  a w f t  from 
CS ' 

G 

\ 

746 cm-l, t h e  "free" l igand  value,  t o  between 800 and 845 cmnl for N-bonded 
u 

complexes and t o  ~ 7 0 0  em-' f o r  S-bonded thiocganates . Unfortunately , t h i s  

- .  
band could not  be i d e n t i f i e d  i n  Ph4AsCr0(02)2 (NCS) a s  B of masking 

+ 
absorptions a r i s i n g  from t h e  Ph4As cat ion.  But t h e r e  are two s t rong  

0 .  

-1 -1 
absorpt'ions, - one at 985 cm. and t h e p t h e r  a t  ~ 7 4 0  cm (shoulder) ,  the  ' 

% 

o r i g i n s  of which are doubtful ,  though e i t h e r  could very w e l l  b e  t h e  l igand 

139 
C-S s t r e t c h .  Knox and ,Brown have reported a series of hexaisocyanato 

compl~xes ,  N ~ ( N c s ) ~ -  f o r  'n = 1 o r  2, and T ~ ( N C S ) ~  i n  which t h e  T-S s t r e t c h  

-1 - i s  assigned t o  bands between 850 and 940 cm . The v i b r a t i o n a l  spec t ra  of the  

132 i W t h i o c ~ a n a t 0  (methyl)aemanee, ileZHBe (NCS) and &&(NcS)~,  gave the valued ' ' 

. I .  

o f  vCS a t  968 and 948 cm", respect ively .  These and preceding c r i t e r i a  make 

e i t h e r  of t h e  absorptions (985 o r  740 4 ' )  a l i k e l y  r e p & n t a t i . . e  f o r  vCS 

- -- - -- - - - - - - - - -- - -- 

i n  t h e  complex Cr0(02) ( N C S ) ~ .  



111.4 DISCUSSION OF THE VIBRATIONAL SPECTRA OF COORDINATED DIOXYGEN -- 
~ 

Assuming a t r i angula r  geometry, l oca l  symmetry C fo r  2v' 

complexes in,which the  dioxygen groups are bonded "side-on" t o  t he  . 

cen t r a l  metal, the  v ibra t iona l  s p e c t r j  of the' NO2 (*metal) species would 

b-e expected t o  give r i s e  t o  thr& n 1 vibrat ions  of symmetry species 

p"" 140 - 
2A1 + B2; l 

- - -- , - > 

. e 

' 9  , /  

(f ' 

- / Y . -  * -  , *  ' /*\ - 3- - -- -- -- - - - - -2 A, 

0- 0 V ,- LC. 

L I 

v3(B2) 

a l l  of which should b e  ac t i ve  i n  both the  in f ra red  and Raman. The A1 modes 

would be polarized i n  the.Raman while thk B2 mode is depolarized. Unfortu- 

ha t e ly ,  most t r ans i t i on  metal peroxo complexes ,, a r e  s o  highly coloured t h a t  

Raman data  have been unavailable o r ,  a t  bes t ,  very scarce. Gr i f f i t h  
135 

138ave  reported the  in f ra red  ( p d  some Raman) and Grif f  %th and Wickins, 
, 

' s pec t r a  of a l a rge  nwber  of spch complexes, but.have pos i t ive ly  ident i -  
1 

f i ed  only the vl(A1) a t t r i b u t e  t o  the  0-0 s t re tching.  

Low freqhency mobs algo been observ 

in f ra red  spectra  of several  perom cbmpounds, but,  no def i n  

t o  e i t h e r  v2(%) o r  v (B ) has beer) made. 
3 G 2  

- 

8 7 5 ,  853 ,  814 and 814 cm 

.z 



%, 

f 
G 

4 ? 

i " A 

i 

,118 
d B  , :  

. % .  

i F 

s 

I 

' 
. peroxo groups a r e  the  only ligands these bands, 'by.&afbgy t o  t he  877-cm -1 w 

- ' .  
~ -1 , band i n  H202 and t h e  870 - 900 cm band i n  organic pe oxides, 13' have - "h I % *  

i been assigned t o  t h e  0-0 s t re tch ing  vibrat ions  of ';hi coordinated peroxo ' . 

t 
4 

I f l  groups with, maybe, some dong t i b u t  ibn from t h e  0-~-0;def&mat ion vibrat ion.  . ' 

I -" . a .  

In addit ion t o  t he  " v o i "  band in these complexes, weak high frequency 
* 

- * - absorptions a l so  occur between ~ 9 5 0  and 975 cm-l. Other Reroro complexeg, ' 
3% 

3- C t 

incll(ding t h e  Cr(02)* , a l s o  show 'addi t ional  medium in t ens i t y  bands 

-------A- b~~tj3-6~0-~s"g74~w-'~rif f i t h  and cowork& 135 ha;= suggested 'that 

the  l a t e r  band i s  due t o  H-0 s t re tches  (spamet& o r  asyxne t r ic jLui th  

= f . .  . 
- - --? 

-1 120 - Table 11if4 spectra; A s s  ' 4 grintents f o r  ~ r 0 ( 0 ~ ) , 0 8 -  end CrO(02)2L, . (em ) 
I 

1 



M=Q modes i n  t h e  case of oxoperoxo complexes, ,are probably inev i t ab le .  

This would t e n d , t o , r a i s e  t h e  frequency of vo - O. It is no s u r p r i s e  t h a t  

some of the  oxodiperoxochromPum(V1) complexes repor ted  i n  t h i s  study _do 

-1 
not g ive  absorptions between 800 and 900 cm ass ignable  t o  v 0-0' 

0 

, The use of t h e  l a r g e  c&on ph4As+ t o  s t a b i l i z e  t h e  anionic  
' 4  

complexes CrO(0 ) L ~ -  has a l s o  meant t h a t  c e r t a i n  important v ibra t iong 2 2 

v (0-O3- M s 2 ,  -M-XYZ, ann&=y -z) ,could n o t  be unequiv0'cally assigned. 
I 

1 

\ 

U n t i l  t h e  early.X950rs, no v i s i b l e  s p e c t r a l  s t u d i e s  h a i  - ' 
- 

* , 
\ ( 

been reported f o r  oxodiperoxochromium(VI) complexes: The present  

s tudy comp%ements repor& l4' o f  t h e  absorption ape a of Cr0(02)2 e0Et2, 

Cr0(02)2py, c ~ o ( Q ~ ) ~ .  C H ~ O H  and CrO(02) 2.phen in sho&ng t h a t  th& W and 
2 

v i s i b l e  spec t ra  of these  compounds (except Cr0 ( o ~ ) . ~ .  p+n') have, a s  the  

4 
main fea tu re ,  e s t r m g r b a n d  a t  = 360 m)l (6 2 l o 3  - 10 ) and a doubler with 

t h e  mid a t  = 580 ( E-700) and 750 mp ( 1 ~ 4 0 0 ) .  I n  tho  case  2'  - 

Cr0 (02) 2. phen, thk  i n t e n s i t i e s  of t h e  doublet absorpt ion a r e  reverfed 

-+J% 122 
and much s h i f t e d  t o  lower energy. G r i f f i t h  . repor ted  a peak a t  530 

mp ( ~ 4 4 1 )  f o r  methanolic and aqueous so lu t ions  of t h e  NH4[~r0(02)20H] 

complex. It is noteeorthy t h a t  tRe peroxides of o the r  t r a n s i t i o n  metals, 
C .  

P- 

i n  Groups IV ,  V h d  V I  such a s  Ti ,  V, Nb and Mo, have absorption bands 
I 

with  molar e x t i n c t i o n  c o e f f i c i e n t s  of t h e  same order of magnitude 

34 Tuck ant kalters a t t r i b u t e  t h e  bands fn-the-vieibze spec t ra  - - -- (=lo ). 

~ h a r ~ t r a n s ~ e ~ ~ a h f i n r n t l o n d ' ~ + . s e e m s ~ a t a p p r e s ~ ~ ~ - ~ ~ +  1C 

' S  - 
t r a n s f e r  (from t h e  O2 group t o  t h e  metal atom) i s  involved, since f o r  t h e  
t 

peroxides of ~ r o u ~ ' I V ,  8 ,  &d lJI elements t h e r e  i s  a f a i r l y  good corre la-  

# & ,J 

% 



t i o n  between the  positiork of the  absorption maximum and the  formal oxida- - 
+ -- 2 -p&p-pL-p-pp 

t i o n  s t a t e  of t h e  metal involved. 

* 

In  t h e  present  s tudy,  the  UV and v i s i b l e  absorption s p e c t r a ' o f  the  

- 
anionic compounds c ~ o ( o ~ ) * L - ,  f o r  L = ~ 1 - ,  NCO-, ~ r - ,  N;, NCS- and NO3 , 

were inves t iga ted ,  Figure 111.4. A so lu t ion  of  C ~ O ( O ~ ) ~ O P P ~ ~  i n  most 
I 

non-donor so lven t s  (CHC13, benzene)and even e t h e r s  was found t o  b e  very 

u n s t a b l e ,  decomposfng wi th in  f i v e  minutes. Except f o r  smal l  blue s h i f t s ,  -- - --- - -- ?-- --- 
+ 

the'  spec t ra  of t h e  anionic  complexes are almost i d e n t i c a l  t o  those of the  

n e u t r a l  adducts previously repor ted  by Evans. Similar '  s h i f t s  were abserved 

- 141 
i n  the  spec t ra  of ~ r 0 ( 0 ~ ) ~ 0 ~  . The . in tense  band occuring a t  r: 36Qnlp - - - 

' % G  - a associa ted  vfth t h e  charge-transfer  t r a n s i t i o n  wi th in  th% Cr=O system, 

' a s  discussed i n  d e t a i l  i n  Section 11.4. A 

d 

The more in tense  fomponent of t h e  doublet  absorption has been 

folldwed through the complexes CrO(0 . 2  ) 2 L ~ ,  f o r  L = N- 3 ' ~ r - ,  NCO-, ~1- ,  t o  
- / 

NCS-, and found t o  exh ib i t  increas ing s M f t s  t o  t h e  red i n  that order. On ~ 

t h e  o t h e r  hand, the  e x t i n c t i o n  c o e f f i c i e n t s  of t6e maximum, which is 

always twice a s  l a r g e  as - tha t  of t he  second component i n  the doublet ,  

'increased i n  t h e  o rder  L - NCO-, ~1- ,  NCS-, I3r- and N;, Table 111.5. 1t is ' . 
not  poss ib le  a t  t h e  moment t o  e x t r a c t  any s i g n i f i c a n t  information fr>m the- 

. t 

red s h i f t s  o r  increased f n t e n s i t i e s .  

Table 111.5 Absorption Spectra of Anionic Subst i tu ted  Oxodiperoxo-, 

' chrbmium(VI.) Complexes. 
-1 - 3 Subs t i t u e n t  L -  -% - cm - - _ - e (x_lO_ ) , Ref  - - - 

- .  
OH- - 531 18,800 0.44 141 '. 

- "3 
5 5 6  l % l L  5 . 1 5 A s w o r L  

~ r -  563 17,800 4.35 II 

NCO" 565 17,700 , 3.76 II 

~ 1 -  568 17,600 4.02 I 1  

---P NCS- 569 17,500 4.28 II 







-* * 
- --- -- -- 

, I  

It i s  conceivable t h a t  the  subs t i tuen t  a c t s  t o  l o  c r o r  r a i s e  the  energy 

of the  change-transfer .acceptor  o r b i t a i s  on t h e  chromium; On t h e  othef i 

hand, these  s h i f t s  could be more a r e s u l t  of medium e f f e c t s  ( s k o n d  

cobrdinat ion  sphere) than necessa r i ly  t h a t  of t h e  coordinated'  subs t i -  - 
a 

tuent. .  This i s  r e f l e c t e d  i n  t h e  solvent  s t u d i e s  on c ~ o ( o ~ ) ~ c ~ - ,  
1 

(Fig. 111.5). 

f 

which, because of decomposi~ion could no t  be p b t a e d  ar, room tempera- - - - - 

-I t u r e ,  h i s  the  maximum absorption occurring a t  587 mu (17,000 cm 1. 

This is  a s i g n i f i c a n t  red s h i f t  but  may be pur.ely a temperature dependent 

s h i f t ,  s ince  Evans l4' showed t h a t  t h e  spectrum of CrO(0 ) CH OH was 2 -2 3 

temperature-dependent. Because of the  l a r g e  v a r i a t i o n s  i n  t h e  tempera- 

t u r e s  and the  media necessary t o  ensure t h e  s t a b i l i t y  of t h e  oxodiperoxo- - 

chromium (VI) complexes, w e  have not made any a t  tempts t o  d e r i v e  q u a n t i t a t i v e  

c o r r e l a t i o n s  from a l l  the  s p e c t r a l  s h i f t s .  

t' 
We s h a l l  consider  only t h e  isothermal s p e c t r a  i n  MeCN of 

8 

c ~ o ( o ~ ) ~ L - ,  f o r  L = I?;, Br- NCO-, ~ 1 -  and NCS-. Ak t h e  e l e c t r o n  dens i ty  : 
on t h e  chromium is increased,  t h e  b o s i t i v e  charge decreases  and t h e  

chromium acceptor  o r b i t a l  l e v e l s  a r e  ra ised .  The order ,of  t h e  energies  

of the  absorpt ion  band i n  t h e  550 mp (1 18,000 cml )  region can be , 
- -- - - - -- - -- -- - - --- - - - - -  

n- 
r e a d i l y  compared wi th  the  absorpt ion  energies  i v  t h e  corresponding C r O  L 

- -- - -- 
3 

anions, using t h e  r e s u l t s  from Chapter 11. 



A Trend i n  t h e  Ef fec t  of trheLigand T.) 

Spectra of c ~ o ( o ~ ) ~ L -  anil C r O  L- Complexes 
3 

I 

Ligands c ~ o ( o ~ ) ~ L -  (f 100) .cm-l. C ~ O ~ L ~  (+ 50) cm-' - 

1 

- - -- - el- -- ---+ IT---of)--------------- - 2M50---- ... 
NCS-* 17,500 27,320 

/ 

* The thiocyana te complexes were r a t h e r  uns table  i n  
most s o l v e n t s  (see exper f ment:81 -sect ions)  T---- - 

- - - - -- - 

> 

The . e f f e c t s  ( i .  e. t h e  magnitude of t h e  s h i f t s  an@ t h e  

order)  of these s u b s t i t u e n t s  (I) Jpon t h e  absorption spec t ra  a r e  genera l ly  
- 

t h e  same i n  ' bo th  series. Note t h a t  the  range of t h e  d i f f e r e n c e s  i n  
I / 

energy is 600 cm-' (+ 100) i n  c ~ o ( o ~ ) ~ L -  and 080 em-' (+ 50) i n  C ~ O ~ L -  - 
A 

- 
- with t h e  estimated accuracy i n  t h e  measurement of the  energy given. 

. . - .  
4 '  - 

- 
"e r e s u l t s  f o r  L a N;, Br , NCO-, ~ 1 -  are d e f i n i t e l y  

f 

- compatible with* the  model t h a t  t h e  e lec t ron  re leas ing  e f f e e t s  of t h e  
.------ ". 2 

, subs t i tuen t  L is one G p o r t a n t  f a c t o r  a f f e c t i n g  t h e  energy of t h e  par- i 

I *  t i c u l a r  t r a n s i t i o n s  involved. I n ' t h e  n e u t r a l  complexes C r O ( 0  ) .I, 
I 2 2 

j 
B 4 

where L = py, and-phen, l4' t h e  absorption -=maximum i s  s h i f t e d  t o  17,200 ! 

i 
and 12 500 cm1, respect ively .  

/ 
i 

1 

- - -- - -  - - -  - ---- -- - - -- - - L  - -- 

7 The subject  ' o•’ bonding i n  per~xb~hrbmium(V1) c q l e x e s  1 

I 

I s t r P a t r e d  more t u l l y i n  t h e  nekt sectfbn.  



111.6 THE STRUCTURE OF ANIONIC OXODIPEROXOCHR&(VI) CO&PI;EXES. 

. . 
The survey of dioxo, t r i o x o  and o;odiperoxo chromium com- 

plexes p l e a r l y  i n d i c a t e s  t h a t  geometries o the r  than t e t r a h e d r a l  and . . 

coordination numbers higher thad four  a r e  increasing..  1't has been shown 
\ 

- 
T 

t h a t  bo.th mono- and b iden ta te  l igands  can coordinate t o  chromium i n  

i 

- - - - ~ r Q ( Q 2 ~ L ~ - ~ t h e - ~ ~ d i F e r ~ ~ ~ r O m i ~ K ( V 1  )-Gcoiil&es with  es tab l i shed  
:g n 

s t r u c t u r e s ,  probabl$ CrO(0 ) py most cJosely resembles t h e  new mono- 
2 2  u , . 

s u b s t i t u t e d  complexes. The pyr id ine  cmhplex is described as a pentagonal. 
- 

- - -  -- - 

- 

- -- 

pyramid with t h e  oups and t h e  pyr id ine  n i t rogen  forming' t h e  I . 

14 7 basa l  plane, 
d "  

- * 

and t h e  chromium b h n g  displaced some 0 . 5 ~ '  from t h e  plane i n  t h e  

d i r e c t i o n  of t h e  a p i c a l  oxygen atom. One of t h e  f a c t o r s  t h a t  might in-  

" f luence the &ometry of t h e  c o m p l e ~  CrO(0 ) .L, f o r  L - @-, ~1-, ~ r - ,  
2 2 

NCO--, NCS-, N;, NG and 0PPh3 is  t h e  extent  of mutual repuls ions  between 

1- 
t h e  oxygens (02 o r  02-) and subs t i tuen t  group, resul ' t ing in C2v (not ve;Y - .  
l i k e l y ) ,  C or no syannetry. 9 

8 
- - - - -  - -  - -  

. , - -- - --- - --- -- 

- - - 

I * '  



I 

7 

i 
P a 

5 4F- 
by Griffith120'115 support t h e  s t r u c t u r e  obtained by t h e  x-ray methods on 

.; 
G 

CrO(OZ)2py; but i t  has n o t  been poss ib le  t o  ge t  any d e t a i l e d  info.rmatjon 8 , -4 
about unknown s t r u c t u r e s  o r  to propose probable s t r u c t u r e s .  Because 

* - -  - - *, 'i 
4 

v i b r a t i o n a l  'spectroscopy has not  genera l ly  proved t e l i a b l e  , t h e  groat  need I 
is  f o r  crys ta l lographic  s t u d i e s  t o  determine t h e  molecular s t ruc tu res .  

111.7 ' BONDING I N  PEROXO CHROMIUM COMPLEXES. ' , 
I 

$ 

I n  order t o  present  the  e l e c t r o n i c  s t r u c t u r e  of peroxo i . 
- - - - - - - - 

complexes it i s  necessary t o  d i scuss  t h e  s t r u c t u r e  of-t68 d i o x y e n  ' 3 - = 
species. 0 

2 ' 02, and 02. The e l e c t r o n i c  configurat ion o t  m o i e d i ~ a r  oq'gen, 1 
148,149 i s  either 

' 3 
02,  a s  described by MO theory 

P 

I n  both cases t h e  bond o rder  is, predicted t o  be 3.0 and t h e  rnplecule ig 1 
I 

i 
d 3 : 

paramagnetic, wi th  two unpaired e lec t rons  ( 1, ground s t a t e ) .  The addi t ion  of 
f * ' 

a s i n g l e  e l e c t r p  t o  t h e  u n f i l l e d  antibonding (n2) o r b i t a l  on O2 leads  I 

/ i 
t o  t h e  superoxide 0;. And, a s  expected, t h e  'removal of this e lec t ron  from, 

, < * , . 
i 

, t h e  n o r b i t a l $  s t rengthens  t h e  0-0 bond while add i t ion  of one more L 

150 4 e lec t ron  weakens t h e  bond. 
f 

=- 6 
Table 111.7 The S t r u c t u r e  of Common Dioxygen Speciesa  

: '  

No. .#pa$,rec 
Com$ougd Elect rons  

5 i 

a. Ref. 150, b, Ref. 

i 

-r 
149, c. Ref. 148, . 

0 4  Bond Length 
CAOZ 

- - - - - - - - 

1.2107 + 0.0001 - 
- - L ? A 4 @ & 2  - 

1.49 + 0 . 0 1  - 
- 

Bond Ener 
( kcal /in013 

-- -- 

Ei8bb 
aC 
u/ - 

qz-125 

* 

Bond Order 

- - -  

2 

-a+ 
1 ' 

-- 



I 

Table 111.7, above summarizes t h e  information on bond ' 

*' 
lengths,  bond orders ,  number of e lec t rons  fn t h e  b ) o r b i t a l  end t h e  

di-ciation energies  of t h e  (0 ~ ~ ~ s y s t e e m ,  where n =' 0, 1 o r  2. 
2 

I 

The na tu re  of bonding of t h e  peroxo group t o  metals  , 

espec ia l ly  in  t r a n s i t i o n  metal peroxo complexes has been t h e  subject- of 

b 

-a l o t  of speculat ion  fie controversy arose  i n  p a r t  Because t h e  bonded 
d 

---- peroxide -- ----- ion e x i s t s  2n such d hderse envkomkpts  - ~ ~ C Q ~ ~ . C ~ ~ C O L ~ - ~ I - ~ ~  
... * .  

C=(O - L and cr (0~12- . The Giographfcal review of s t r u c t u r a l  s i u d i e s  
2 ~2' 3 

(Section 1.3) haa es tab l i shed  that t h e  pe rm6 groups fn t h e  complexes 
' ,  , ..+ 

--- - 

discussea are Tatera l ly-coordinated  and t h a t  t h e  0;dIjond l eng th  and t h e  . ; a 

10-rn Xn Cr0(02)2~,  f o r  L = py, bipy br  phen, average 1. ~ O A '  and 4s0, 
r 

respec t ive ly  . . . 

+ l!ergusso~,123 Du*fey151 and Cartmell and 'haye 
I .  

ar&ued t h a t  the a b i l i t y  f o r  t r a n s i t i o n  metals in their high oxidation 

states t o  form peroxo compound6 2s assoc  a t e d  w f i h  t f ie t r  a b i l i t y  t o  

3 3 
7 

provide  d4ep3 or  dbsp hybrtd orbit&. Thfs explanatton presupposes t h a t  
A 

2- 
each of the  oxygen atoms of an 0 l igand donates a pair of &ionding 2 

e l e c t r o n s  and, fo r '  tFLe 0-Cr-0 angles t o  B e  small,  the hybrM o r b i t a l s  mst 

subtend small angles. Gr i f f  ith 135 mpported  t h e  above &bonding scheme 

and vent on a n d b o s t q l a t e d  a "bent bond" hypbthesis,  s i m i l a r  t o  t h a t  used 

- f o r  cyclopropane and e thylene  oxide, 155 a s  a mechanism by which t h e  

molecule r e l i e v e s  some of t h e  s t r a i n  otherwise expected from a three-  
' P - - 

- - -- -- - - - - -- -- -- - --- -- - -  
-- 

* 
membered r t n g  system. 



The d i f f e r e n t  bonding scheme i s  ehat  of Tuck an4 
- --- - 

Walters 146- ,  . who suggest a donation of pei.oxfde T e l e c t r o n s  t o  the  
-7 

i 

empty d -a rb l t a l s  on t h e  metal atom i n  a manner anologous t o  t h a t  suggest- 
> 

156 ed f o r  t b e - o l e f i n  and ethylene complexes of t r a n s i t i o n  metals. 
- 

Ikcause chromium(VI) i s  a do system and t h e  antibonding o r b i t a l s  on the 

B 
0;- ion are glready f l l l e d  , back-donat i o n  f i l l e d  metal  orbiB.ls0 i b t o  a 

* \ 

empty ethylenic-type IT (2p) o r b i t a l s  would be impossible. The scheme, - 

chidf6fi5;T~5pmd151 -m ii t e m a ~ e l r - 6 0 ~ g ~ i I n t e r a  c t2ons i n  a s s  o c W - - -  

t i o n  wi th  t h e  .+type. The f i r s t  one involves e l e c t r o n  donation from t h e  - 
X 

peroxo-n (2p). antibonding o r b i t a l s  i f  t h e  cpomium d-orb i t a l s  are of - L  - - -  
- -- - - 

s u i t a b l e  s p e t r y ;  and t h e  second involves a h s i f t ' o f  e l e c t r o n  densi ty  

* 2 - 
from t h e  R t o  t h e  IT o r b i t a l s  on O2 , a s  a r e s u l t  of o-donation, such . 

* 
t h a t  batkbonding t o  IT o r b i t a l  can occur, a l l e v i a t i n g  t h e  build-up of 

< 

charge on t h e  chramium. I n  t h e  broadest terms, t h e  e f f e c t  of coordination 

on t h e  0-0 bond would depend on t h e  r e l a t i v e  s t r e n g t h s  of t h e  two i n t e r -  

ac t ions  - la other  words, on whether donation was p r i n c i p a l l y  from t h e  

* 
IT- o r  n- o r b i t a l s  of the peroxegroup.  Force constant  c a l c u l a t i o n s  14 3 

have a l s o  noted interdependence i n  M-0 and 0-0 in te rac t ions .  Also- see 

sec t ion  111.4. 

Because t h e  above scheme involves, i n  p a r t ,  t h e  removal of 

2 - 
s(2p) e l e c t r o n  den& from t h e  0 , erroneous i n t e r p r e t a t i o n  of this 2 

bonding mode hiae l ed  others,135 t o  expect 'a s l i g h t  inc rease  i n  t h e  0-0 

bond length  on coord ina t ion  o r  a decrease i n  -the Q4Lstr_et-ching •’re- - - - - - 

quency - i f  -- che --- c e n t r a l  metal w a s  made pgpp more e 1 e c t r o n e g a t i v e . b ~  a t t ach ing  - 

f l u o r i d e  lj.pands. C,ri•’fith13' reported increases  i n  t h e  0-0 a t re tch ing  



0 ,. - 129 
dt 

- -- - 

1 '  
frequencies i n  h i s  f luor ina ted  per6xo cbmpounds. and most s t r u c t u r a l  

s t u d i e s  of e a r l y  t r a n s i t i o n  metal peroxo complexes repor t  no major 
0 - changes , in  the  0-0 bond length.  But even i n  t h e  case  of CrO(0 ) L 2 2 d 

+ 
, complexes, o r  cr(o2):-, where t h e  %-0 bond length  average 1.40(- 0.02; 

4- 
axid 1.405. - 0. o ~ A * ,  respect ively ,  t h e  shortening of t h e  0-0 bond 

'd ikan-ce  is e a s i l y  a t t r i b u t a b l e  t o  the  p o s s i b i l i t y  t h a t  t h e  e lecWons . in  

I *  rO 

- - - the- 0-0- tc--a~t~on~ing-or~~1-s-~re-mores~r~ng-1~i-~volve&in-t:~- 

Cr-O(peroxide) bonding than'th'e n-bonding e lec t rons .  Because donatson 

* 
of e lec t rons  by e i t h e r  v- o r  v , o r b i t a l s  may no t  be t o t a l a y  indepehdent 

- - -- - -- 
- 

of each other  it' is  d i f  f i e u l t  t o  a ssess  t h e  e f f e c t  of t h e  subs t i tuen t  
I 

L i n  Cr0(02)2.L on t h e  0-O'bond l e n g t h . .  , 

Quant i t a t ive  support f o r  t h e  Tuck and  alter's scheme 

comes from t h e  SCF-MO-LCAO ca lcu la t ions  of Dacre and Elder,  144 who 

3- showed t h a t  i n ' t h e  peroxo complex ion ~ r ( 0 ~ ) ~  t h e  0-0 n-bonding o r b i t a l s  

( i n  t h e  CrOZ plane)' make t h e  l a r g e s t , c o n t r i b u t i o n s  t o  t h e  Cr-O u-bonds. 

Another l a r g e  p a r t  comes from t h e  over$& of t h e  C r  n-orbi ta ls  (3dz2, 
1 

, - 
2- * . 

3 4 ,  and 4 ) with  O2 n molecular o r b i t a l s  ( in  t h e  plane of c ~ o ~ ) .  The 
P x - 

e lec t rons  i n  t h e  0-0 n bonding o r b i t a l s  above t h e  Cr02 p l a a e  were a l s o  

shown t o  b e t p a r t i a l l y  delocal ized toward the  chromium by way of t h e  

Cr(4 ) and Cr(3d ) o r b i t a l s .  The f a c t  t h a t  no apprec iab le  changes i n  
- 

Px xz, 
t h e  0-0 bond length  occurs on coordination can be  explained by t h e  r e s u l t s  

of these  SCF-MO-LCAO ca lcu la t ions  which show t h a t  t h e r e  is i n  f a c t  a con- 
- - - - - - -- -- - - - 

s i d e r a b l e  degree of mixing between t h e  a -o rb i t a l s  involved i n  0-0 u-bond- 
-- -- - -- 

2 - 
i n g  and the O2 n-orbi ta ls ,  which a r e  of the  same symmetry. F u r t h b o r e ,  

.p 

these  same a -o rb i t a l s  a l s o  make small contr ibut ions  t o  t h e  Cr-O a- and 
. f 



n-bbnding . Finally,  these authors postulated "berut bcmdsk, i .e, ' t h e  overlap 
& 

'density of the C r  a (3&2 ,. d xz, and $ ) o r b i t a l s  with 0; n"(2p) o r b i t a l s  

( i n  the  plane of c ~ o ~ ) "  t o  form Cr-O o bonds which l i e  outs ide  of the C r O  
2 

t r i ang le .  The s l i g h t  bending was a t t r i bu t ed  t o  t he  d i rec t iona l  character 

Although the MO calculat ions  were on the  unsubstituted ' 

complex ~r (02)2-, ' it is probable t h a t  ng i n  oxodiperoxochromate (VI ) 
a - - - - A - --- 

complexes follow the same ba i c  scheme. The fac tors  determining whether any B. 
s ign i f i can t  bond is formed a r e  ( i )  t h a t  o r b i t a l s  of t he  same syxdetry 

exist o n  the  chromium and t h e  0*- ion,: (ii) that s i g n i f i c a n t  overlap o L - -  -- 

2 - - 
t he  o r b i t a l s  occurs and ( i i i )  t h a  the  energies of <he donor and acceptor 

. 

o r b i t a l s  a r e  s imi la r .  Unfortunately, a t  the  moment the  values of these 
b 

o r b i t a l  energies a r e  no$ avai lable .  
.=-- 

Concluding Remarks \I 

The new peroxochromium(V~) compounds have aubst i tuents  'in 
\ 

which the character of the donor atom is  s ignif icant ly .var ied.  This should 

provide a good tes,ting ground- f o r  postulated bonding schemes. For instance, 

there  may be changes , i n  the ~ r - 0  and &0 bond length; ~s a r e s p l t  of 

diJfpring 6- and IT-bonding interact ions .  From the chemical s tudies  i' 

i s  apparent t ha t  c h r i i m ( V 1 )  , peroxo complexes containing subst i tuents  

which have oxygen and f luor ine ss the  donor atom [c~o(O I, f o r  L=H20, 
2 2 - 

Me 0, E t  0 ,  ROH, 0PPh3, O P ( O B U ~ ) ~ ~  0PX3, OAC-, NOj , OH-, and F 7  a re  
2 2 

has so f a r  displayed the  highedt s t a b i l i t y  'to-decokposition i n  t he  sol id  . 



s ta te ;  Ph4AsCrO(0 ) C1 has been kept a t  room temperature for over 9 - 2 2 4 

monthspithout decomposition, while  Ph4AsCr(OZ)2NC0 was stable  for  

about 3 months under similar conditions. 
- - 

b 





c I 

Recen t ' s tud ies  have provided detaired information on the  

redox reac t ions ,  k i n e t i c s  and s u b s t i t u t i o n  e q u i l i b r i a  involving chromium(~1) 
d - 

species  i n  aqueous  solution^.^ The oxidat ion  o f  var ious  s u b s t r a t e s  by 

;hromium(~~ ) have recen t ly  been reviewed 158-160: . The interconve+kion of 
C "  

2- 
H C ~ O ~  and C r  0 which accomplishes oxygen exchange between chronium(~1)  

-- - 2 7 - L----~- 

78,79 and water  has-been shown a t o  p,roceed i n  a c i d i c ,  n e u t r a l  and bas ic  

so lu t ions .  I t  has been suggested 161 t h a t  the  hydrogen ion  ca ta lysed 
- 

=on4ensation of_HCrOq_ri t h f k  inorganic-anions -- - -- --- - - - L -->- - - -- 

2, - - 
f H P O ~  , H ~ P O ~  , s20:-, sf', NCS; ~ ~ 0 2 -  ete.  162,  

proceed by a mechanism simil'ar t o  t h e  d i a e r i z a t i o n  reac t ion-  The observed 

5 2 -1) 76,169 hydrog;n, ipn dependent ;orward r a t e  cons tants  (kH++ 5 J 10  M- aec  
f 

i n  these  systems a r e  almost identi--1; but  independent of t h e  b a s i c i t y  of 
* 

#@' 

T t h e  s u b s t r a t e s  and t h e  s t a b i l i t y  of the  corn ex  formed. The s y g e s t e d  
& '  

6 

r a t e  detetmining s t e p  i n  the  condensation reac t ions  is  t h e  proton t r a n s f e r  

(H+ i n  s o l u t i o n  o r - f rom t h e  weakly associa ted  a c i d i c  spec ies )  t o  t h e  
I I 

hydroxyl, l izand,  on HOC~O- t o  form the  depar t ing  water molecule. , 3 ' 
Unfortunately, however, t h e  observed r a t e s ,  f o r  ins tance ,  i n - t h e  o- 

d imer iza t ion  r e a c t i o n  '[I-] r 

only f i x e s  a lower l i m i t  on t h e  r a t e  of the oxygen egehange s i n c e  i n  
/, 

I n  n o n - a p o e o m r s t u d g ~ = d ~ ' r e ~ o r  i ted  observing - 

chromylfluorochlbride, .CrO ClF, i n  the  s d v e n t - f r e e  mixture 2 

os, C v 2 F 2  and CW2C12- - There have; ,however, 

I 

of the  parent  

been no repor t s  
, 

. 



\ 

s f  -1m-1 M e s  o r x o -  and oxodf p e r o x o c h r o m i u m ~ ~ ~  > species  i n  

exchange o f  180 between chromium(~1) 0x0-anions and bulk Gater  as..a . 
-4 

funct ion of pH and t o t a l  chromium(~1) cortprt 'fGtion, found tha: a t  high 

pH (>lo),> a the exchange w a s  'slow (kt = k /H 0 = 7 x 1 r 7  -see-') and pH 
1 1 2  

independent, suggest ing t h a t  the  main process was probably - / 

2- 
E 

*OCrOg + H ~ O  7 c ~ Q Z -  , + H ~ O *  C2I 

LA-- ----- 
+- ~ o r '  pH between 8.4 and 10.0 t h e  process was f i r s t  order i n  r21 I and 

LL--LA--- - - - -- - -- 
f-= 

second order  in [cr (VI )I suggest ing 

-2- , \ 2- H C ~ O ~  . +  C r 0 4  Cr207 + OH- L-3 1 
---- -- - --+ - -- 

and, f o r  pH betweenp; 7 and 8;4, thg ~'ncreasiiig XGpendence i n  H was 

i n  t ep re  ted as  support ing 
- 

ZHC~O; L 
2- 

7 Cr207 + ~ ~ 0 ,  C43 - 
These authors a l s o  noted an  a l t e r n a t i v e  path, invo1ving.a symmetrical 

-1 t r a n s i t i o n  s t a t e  and repor ted  kf = 70 1 mol s - I  f o r  this process. 
i 

It b e h e  i n t e r e s t i n g  theref  o r e  to perform exchange studiCs 

involving o the r  chromimn(~1) 0x0 species ,  f o r  ins tance ,  the  exchange of 

f l u o r i n e  between the  trioxofluorochromate anion and t h e  f l u o r i d e  ion; 

F- and C ~ O ~ F -  ere isoelectronic with OH- and ~ r 0 ~ 0 ~ -  ions,  respect ively .  

The study of the  exchange processes was a l s o  extended t o  inc lude 

/ n- pseudo-isoelectronic systems CrD L"- /L end c ~ o ( o ~ ) ~ L " - / ~ ~  n- + 3 - f o r  n = 0 o r  1 and L a donor species. I t  i s  hoped t h a t  such s t u d i e s  
- - - - - - - - - - - - - -- - - - - - - - -- ---- -- -- - - -- - - - - - -- 

may-help i n  the  understanding o f - t h e  e q u i l i b r i a  and relative stabilities 
6 .  

, -- 

0-r-i-oxo- a n d o x o d ~ p e r o x o c h r o m i u m C B ~ i e s  i n  solut ion,  although a 
E 

q u a n t i t i v e  comparison wi th  aqueous systems wouEd n o t  be r e l i a b l e &  -. ID the  
'L 



i;B 

d - 3' 
' . 

134 L 
I 

. - 
-- - - t  to measurethe equilibrium constants fo r  the  exchange processes 

a. 

competing 
L 

[ d l  - 

non-aqueous solvents were used, is order t o  eliminate the  

hydrolytic equilibrium e;g;  

C ~ O ~ F -  + ---- ~ ~ r 0 ;  + HE' 
G \-- 

which must occur ' in  the aqueous solution.  The number of - 
possible  solvents i 

, f o r  t h i s  work was res t r ic ted .  The requirement fo r  reasonable res is tance 

t o  chromium(~1) oxidations Was met by DMSO a n d - ~ e ~ ~  and, f o r  the NMR studies I 
- -- - - -- - -- - - -- I 

of ~ r 0 ~ F - f ~ -  and c ~ o ~ F - / c ~ -  systems, t h e  requirement fo r  high so lu te  I 
concentration was met only by The so lub i l i t y  was enhanced by using 

- -- 

t e  traihecy 1 arsonim o r  te t r aa lk r l - . n iu  s.1 t s  t h r 6 u ~ o u ~ r ~ - ,  h e  - - - 
t 

necessary, by working a t* ,  temperature-s above ambient. Attempts were a l so  i 
,- - - 

made to  follow t h e  exchange processes by u l t r a v i o l e t  spectroscopy. 

Ace ton i t r i l e  proved sa t i s fac tory  f o r  the purpose 4. because i t  does not  have- 

a b s ~ r p t i o n s  which obscure the anion bands or  the f i n e  s t ruc ture  of t h  e b * I f 

bands. But the s h i f t s  i n  A max 
and changes i n  the c,, of these - f 

1 
complexes, f o r  the s e r i e s  of processes, except f o r  . 1 

' i  

I 
cro3Ln- + F- A* C ~ O ~ F -  + L*- t73 ! 

\ 
i 
I 

were vt large enough t o  allow the use of W - v i s i b l e  technique i n  the I 

a/ ' i 
I n- 

study of the  exchange reactions i n  cro3Ln-/L o r  c ~ o ( o ~ ) ~ L ~ - / I !  n-. 

This l imited the in(restigation of the  k ine t i c s  of the  subs t i tu t ion  I 
i 

1 
processes t o  those i n  which 19F and H can be used as probes. 
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I V .  2 EXPERIMENTAL 
-- 

The p ~ e p a r a t i o n  and and analysis of starting materials' were 

described i n  previous chapters .  Because' so lu t ions  of monosubstitbted 
9 

chromate complexes were found t o  undergo decomposition on exposure t o  

l i g h t ,  they were handled i n  t h e  dark  a s  f a r  a s  poss ib le .  The s t o c k '  
, 

s o l u t i o n s  f o r  UV-visible s p e c t r a  were thennostated i n  polyethylene 

b o t t l e s  a t  22.0 'f 0.5' C. \ 

1 I_ I L i l I - - - -  

The "F NMR s p e c t r a  were run on e Varian A 56/60 

spectrometer ,  opera t ing  a t  a n  o s c i l l a t o r  frequency of 56.4 MHz. Unless,  

(F - 
L - - -  - - 

otherwise s t a t e d ,  t h e  sample temperature was 35 C. chemical s h i f t s  

f o r  "F, defined a s  

6 =  - 
v ref 

F 

were measured r e l a t i v e  t o  CFCl 'as  (m ex te rna l  standard. The 'H 3 u 

chenhcal s h i f t s  were read d i r e c t l y  from the  c h a r t  paper., 

' IV.3 RESU5TS ANI) DISCUSSION 

( a )  Prepara t ive  Studies:  , 

The meta the t i ca l  procedures used i n  t h e  synthebis  of the  

monosubstituted chromium(~1) complexed were probably e idea  by the  raptd  

formation of s t a b l e  p r e c i p i t a t e s ,  such a s  AgC1, NaC1, and NH4C1 i n  the  

r eac t ions ;  

wherein a l l  the. chromium(~1) car ry iqg spec ies  a r e  either the CrOj or 
B 

, G ~ O ( O  moiety. 
2 2 
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Ligand s u b s t i t u t i o n  w a s  not always t h e  only reac t ion  observed, 
-- 

a s  i s  demonstrated by reac t ions  [I31 - [17] (see Chapter 111)'. 
A 4-- 

K C ~ O ~ X  + AgNQ3 KCr03N03 + AgX ( f o r  X = B r  or C1) [13] 

KCr03C1 + NH4N03 NH4Cr03C1 + KNdi [?4] , 

* KCr03C1 + Ph 4 AsNOj  -> Ph4AsCr03C1 + KN03 115 1 

. KCrO NO + Ph4AsBr 
3 3 

> Ph4AsCr03Br + KN03 

~ h i c h  occul: i n  a c e t o n i t r i l e .  ' 
- 

- - - - - - - - - -- - - 

&e s t a b i l i t y  o f  c e r t a i n  cr - l iga id  bonds have sometimes been 

infered from chemical react ions .  For ins tance ,  hroma te 

' -4 
anion r e a c t s  with i c e  cold 30% H202 t o  form Crp(02)2C1 , and undergoes - 

t h e  reduct  ion r e a c t i o n  

- 
42 

i n  which the  oxidat ion state of chromium i s  changed from V I  t o  I11 . I n  

both cases  t h e  coordination number of t h e  chromium changes but  t h e  Cr-C1 

bond p e r s i s t s  i n  t h e  products. Though t h e ~ e c h a n i s m s  are riot known, these  

observations seem t o  suggest t h a t  t h e  C r - C 1  bond i n  C ~ O ~ C L -  is more s t a b l e  

t 
i n  aqueous so lu t ions  than t h e  Cr-oxygen bond. Consequently, t h e  reac t ion  

producing t h e  b lue  perchromate compound, (NH4) 2Cr2012 2H20. from - 

. aqueous NH4C1, (NH ) C r  0 , a c e t i c  ac id  and 30% H202 at  - 1 0 ' ~  probably 
4 2  2 7  

proceeds by a d i f f e r e n t  mechanism. 
- - pp - - - - - - - - - - - 

(b) s u b s t i t u t i o n  Reactions of h0(02)2py 
--, -- 

The present  s tudy inves t igated  t h e  proton NMR spectrum of 

C r O ( 0  ) py i n  t h e  hope 'of using t h e  'H resonance i n  f ol lov ing  - the s u b s t i t u t i o n  2 2 -  - 
r e a c t i o n  ~ r 0 ( 0 ~ ) ~ p y / l ,  f o r  L= pyr id ine  (d,), F-, ~1-,  B;, NCO-, NCS-, N j  



or +figure 1v.1  shows tha t -  t h e  r o w  temperature 'H NMR spec t ra  of f r e e  

= 0 
. t i c a l  except f o r  the  downfield s h i f t  .of about 0.5 ppm compared t o  t h e  f r e e  

. l igand spectrum. The assignments i n  Figure I V .  1 were made by d i r e c t  comparison . 
- 

with those  reported 163 •’0; pyridine.  The downfield s h i f t  probably means a l l  

t h e  protons  i n  t h e  complex a r e s l i g h t l y  l e s s  shielded than t h e  f r e e  l igand 

ones a s *  a r e s u l t  of t h e  py - CrO(0 ) e l e c t r o n  donation. But t h e  i n t e r n a l  * 
2 2 

chemical s h i f t  may a o t  be f r e e  from i n t r a m 0 1 e ~ ~ J , a x ~ e ~ c ~ t ~ ~ u c h 9 ~ t e m p r ; a ~ r - ~ ~  
A - - ---A- - 

independent paramagnet i s m  and an i so t rop ic '  ef f  qc t  s 164. 'Intermolecular e f f e c t s  

(e.,g. contac t  s h i f t  due t o  paramagnetic impur i t ies)  can be neglected s i n c e  
--- - -  - --- -  - - -- A 

l a r g e  contact  i n t e r a c t i o n s  woZd c a u s e  very broad 'm l i n e s )  (c. f .  t h e  r e s u l t s  

on t h e  CrO(0 py/py (and py-d5) exchange s t u d i e s  - see next  two pages). 2 2 

ZI 

r, 

Attempts were made t o  fo l low t h e  s u b s t i t u t i o n  r e a c t i o n  

c~o(O'  ) pyr id ine/pyr id ine  (and pyr id ine  - d ) i n  a c e t o n i t r i l e  and i n  
2 2 5 

chlorof o m  (both deutera ted)  . The a c e t o n i t r i l e  s o l u t i k  of Cr0(02)2py dpes 
' 

L 

- 

not seem t o  undergo any apparent decomposition wi th in  30 minutes, while t h e  

chloroform so lu t ion  decomposes i n  less thap 20 minutes and the  DMSO one wi th in  

2 minutes. 

a 0 

 he proton NMR spectrum of the  fresh19 prepared mixtures, 
C 

containing equimolar amounts of CrO(Op)2py and pyr id ine  were found.to be iden- 

t i c a l  t o  t h a t  obtained by superimposing Figure IV.l(A) on Figure lV.I(B). 

There was no l i n e  broadening o r  apparent exchange. 

I n  t h e  CrO(0 ) NC H /NC D case  t h e  spectrum was unquestionably t h a t  of the  
2 . 2  5 5 5 5 

undeuterated pyr id ine  complex. Unfottunately,  i n  both c a s e s  t h e  r e a c t i o n .  
% 

could not be followed f o r  longer than' f i v e  minufes because of t h e  acceler -  \ 

' a ted  decoi&osition t o  a green Cr(II1)  compound. Within t h e s e  f i v e  minutes 





4 e c + w i t s , ,  :,wewry .., wit-xekmge. It is p o s s & & e % e ~ n ~  
8 ,  

g y r i d i n e  c a t a l y s e s  t h e  decomposition ct - f  the  geroxo complexes. 

The oxodiperoxopyridinechromium(V1) complex, CrO(0 ) py, 2 2 

r e a c t s  with Ph A s C l  i n  chloroform t o  form blue,  a ir  s t a b l e  c r y s t a l g  of 
4 

t h e  chloro  derivat ive, .  Ph4AsCr0(02)2C1. The r i s i b l e  spectrum of a M ~ C N  
' , C  - *  

s o l u t i o n  containing s to ichiometr ic  amounts of GrO(0 ) py and 'Ph A s C l  or 
2 2 ,  4 

Ph AsCrO(0 ) C 1  and pyridine were found t o  be i d e n t i c a l  t o  t h a t  of 4 2 2 

1 
pyridfrie by t h e  ~ 1 -  is f a s t  and i r r e v e r s i b l e .  The H NMR 

show resonances ass ignable  t o  uncoordinated pyr id ine ,  f  u-er supports  the  
- -- - - b -  - 

- - - -- - - - - - - 

above conclusion. The v i s i b l e  spectrum of f r e s h l y  prepared ?feCN golut ions  
e 

conta in ing 1:l mixture of EtlNBr and CrO(0 ) py at - 1 0 ' ~  has maximum absorpt ion  
2 2 

a t  573 mp ( t h e  absorption,  A max, f o r  ~ r 0 , ( 0 ~ ) ~ p y  is  575 mp) 141; t h a t  f o r  

"Ph4AsCr0(02) 2Br t '  i s  at  563 my (see page 1061, suggest ing t h a t  ~ r -  does not  

d i s p l a c e  pyridine. Unfortunately, t h i s  mixture, l i k e  mixtures of cr0(02)py 

and Et4NX (X=F o r  I), Ph4AsH(NCS)2, Ph AsI?03, AgNCO, NaN3 or  AgNOj, evolves 4 

molecular oxygen and decomposes wi th in  minutes. 

A 1 1  together ,  the  ease of subs t i ' tu t ion ,  c ~ o ( O ~ ) ~ L / L ' ,  
9. 

observed i n  the  npn-prec ip i ta t ing  r e a c t i o n s  seem t o  fol low the  order  

I 

H 0 > e t h e r s ,  a c e t a t e s  ' >  OPPh > pyr id ine  > CI- 
* 2 3 

( c )  I*: 
8 

) 

(i) The Fluorocht&ate(V~)  - Chroride System 
% 

- - 1  L p p p - - p - - - - - p p - - - - - - - p - p - -  

* ,  - - - ppp - - -- - - - - - 

7 -2 
The absorpt ion  spectrum df a mi l l imolar  solut icm of * 

, Ph4AsCr0 F i n  MeCN wa; unaffec teb  over e ti& span of th ree  days by the  3 d 

add i t ion  of an equimolar quan t i ty  of  Ph A s C l .  When ten-fold molar 4 

excess of the  ch lo r ide  s a l t  was added, a amall change i n  the  fluorgchromate 



, ' 

spectrum was produced, b u t  t h e  r a t e  of change was . too  slow t o  al low any 

s ign i f  ice& r a t e  measurements t o  be made. Oxidation of the  so lven t  iniposes 
I 

l i m i t a t i q n s  on such a study, 
\ 

, The above reac t ion  was a l s o  followed f o r  1 hour 'by NMR 
1 

methods. T h e ' 1 9 ~  resonance s p e ~ t r u m  of Ph A s C r O  F s o l u t i o n  i n  dry DMSO 4 3 

( 5 0 ~ ~ 1  i s  st 6 = 163.0 + 0.5 ppm from ( e x t e r n a l ) ,  CFCl3. The - 
resonance i n  r e c r y s t a l l i z e d  E t  NF dissolved i n  DMSO occurs 

-- , -- a A - - - -- 4-- - - - - - 
a t  6 = 142.7 ppm, b u t  because the  l a t t e r  s i g n a l  was very broad, the  

- 
) n- - s u b s t i t u t i o n  r e a c t i o n s  cro3Ln-/L were s tudied  by fol lowing the  

19 - - - - - - - 

deve-lopment-or disappearance of t h e  m o e  e a s i I y - a e t e c t a 6 l e  F resonance 

The a d d i t i o n  of 0.25M so lu t ion  of e l i the r  Ph4AsC1 o r  E t 4 ~ C l  

i n  DMSO t o  equirnohr q u a n t i t i e s  of hh A s C r O  F a l s o  i n  DMSO had no e f f e c t  4 3 . i  

on e i t h e r  the  frequency o r  the  i n t e n s i t y  of the  "F resonance.. When t h e  

s o l u t i o n s  where mixed and s to red  i ~ n  the  dazk f o r  12 hours, t h e  ' 9 ~  peak % 

was found t o  be s l i g h t l y  broadened. 

Although no exac t  r a t e  cons tants  f o r  r eac t fon  [ 20) 

can be'obtained from these  r e s u l t s ,  + I es t imate  t h a t  the  minimum change - 
which could have escaped de tec t ion  i n  t h e  UV-visible s p e c t r ~ s c o p i c  

' tneasurements i s  "5%. From f he stoichiometry o f  the  exchange reac t ion  

the  r a c e  of the  reacciod is expressed by equation [21] 
I 



The - i n i t i a l  concentra t ions  a r e  E ~ O ~ F - ] ~  = El-] = 0.0005 - 
0 

molar, and because they are equimolar t h e  r a t e  expression becomes . 

d tCrO3F? o - E~o~F-]J  ' = kf [Cr03F-]: - 
d t  

and the  in teg ra ted  expression 
-. , 

From t h i i  equation [23] , the cons tant ,  C, was evaluated by s e t t i n g  

0 a t  t = 0. Therefore, t h e  new q a t e  
-- - --- - 

- 

8 

Since the  r eac t ion  i s  est imated t o  be no more than 5% complete i n  3 days, 

- 4 -1 t h e  upper l i m i t  f o r  k i n  a c e t o n i t r i t e  i s  2 x 10 1 mol-' s e c  .. f 

Similar ly ,  a n a l y s i s  of the  NMR r e s u l t s  shows t h a t  t h e  decrease i n  

C r O  F- concentra t ion  over 1 hour could no t  have exceeded 52. The rate 3 
- 7  

4- - 

i s  then  l e s s  than 5 x 1 6 ~ ~  -1 ' 
l m o l  eec  . 

, i  -,_ 

' ( i i )  The P(1uorochromate Fluor ide  System 
d- A- 

, *  

When equal volumes s C  0.25 M s o l ~ t i d n p  04 P ~ ~ A S C ~ Q ~ F  
*- - 

and E t  NF i n  DMSO were mixed a t  50'~.no apprec fab le  change i n  t h e  "F peak 4 .  

i n t e n s i t y  o r  width was Observed. The CrO F- resonance, which was 
3 

- -  
- - -  - ------ -- - 

recorded over 2 hours, indica ted  t h e  absence of s i g n i f i c a n t  f l u o r i n e  <-- 

- - 
e x c h a r r g ~ t n r h ~ e f 0 ~ F  / r. s y d ~ m ~ W t e m p e r a t u r e .  I n  order  f o r  rhe 

-*- - 

twd separa te  peaks t o  be observed a t  the  frequencies -9.17 Kc and 

-8. O ~ K C ,  t he  l i f e t i m e s  of each Gf the species '  CrO F- and F- must be 3 



.@- -- 
t o  a  gross  upper l i m i t  f o r  dry D B  f o r  the  f l u o r i n e  

3 
' , 

exchange of 10 1 mole' s e c  . , 

CrO 3 F- + F- ,*;. cro3F- + F- v5 3 

When t h e  experiment con ten t  

d e l i b e r a t e l y  increased above t h e  

-- 

r a t e .  For in i t ance ,  us ing  reagent  an Kodak C O ~  which 

, \  
was very s l i g h t l y  w e t  t h e  peak h e i g h t  decreased by app~oximate ly  60% , 

- - - - - - - e - ~ -  - -  
- --\- 

within  100 minutes from the  t i m e  of mixing. Some broade ing  was a l s ~  . a 
observed. ~ l b t t i n ~  t h e  ln f  i n t e n s i t y  

versus time gave s t r a i g h f  l i n e s .  In 4 

\ 
\ 

was de l ibe ra tL ly  increased t o  > 10% the  "F peak co l l aps ing  \ 
I. 

ins'tantaneously. The r e a c t i o n  i n  these  systems may include,  i n  add i t ion  
9 

t o  r e a c t i o n  [25] , the  e q u i l i b r i a  - 

I n  add i t ion ,  t h e  formation of t h i  ~r(I11)  complexes [ ~ r - ( H  0) c112+ (broad 
- 2 5  

absorpt ions  a t  2b, 700 and 16,250 cm1) and ( C ~ ( H ~ O ) ~ F I  *+. (absorpt ion  

-1 167 
a t  25,300 c m o  ) -was detecred  spect roscopica l ly ,  i n  s o l u t i o n s  of 

J ~ C I -  and C r O  F- . l e f t  f o r  longer per iods  - up t o ' 2 4  hours. 3 

For thag reason no at tempt was made t o  fol lkw the  hydro lys i s  process. 

When 0.5M eolutfont3 of C ~ O ~ L ?  , f o r  L = N C O ~ ,  NCS; Nj, ~ r -  



- 
d - ~ ~  , "are mixed with equal volumes of. equimolar kt,,NF; in DMSO, 

the reaction$followed by & were found to be very fast relative 
to the 0.5.rninrequired to - - mix the solutions and scan. In each case  he 

19F chemical shift, 6 = 160 ppm, and the UV-visible spectrum were 

consistent'with that of the C~O,F- anion. Attempts to slow down the 
d 

' o;ocess by cooling failed because DM@ freezes at 18~c. 

~. 
Treating solutions of P~~ASC~O(O 2 2 L, for L = ~ 1 - ,  KO-, .NCS-, 

NO; and N- in MeCN at room temperature,, with stoichidmetric amounts of 3 7 - 
- I -  - - - - - - - - - - - 

- - -  -- 

Et4NF, also dissolved in MeCN, caused the b61%e peroxo -complexes to 
-- 

decompose with effervescence. - .  ~rO(0~)~py reacts similarily with Et4NF. 

.a, %d 
The yellow solution produced, after the decomposition has stopped, has 

- 

19 
an absorption maxim& a< * 353 my and a F resonance at 6 =I62 ppm "- , 
characteristic of the cro3F- anion. - L ,  * - t, P o  

I 

Attempts to control the decomposition reaction by adding 

chilled (-loOc) reactants dropwise wkre only moderately successful. 
, 

When freshly prepared 0.5M MeCN solutfon pf P~~Asc~o(o~)~c~ or 

Ph4AsCrO(0 ) NO was treated with equimolar E t p   in an equal volume 
v -2 2 3 J 

of MeCN, and the mixture maintained at -loOc, the. blue colour f irat - P 

4 

turns blue-brown then gradually yellow. The blue-broh solutions had a 
\. 4 

sharp resonance kt 6 =  127.5 ppm for the.~hi~scr0(0 2 ) 2 C1 -.Et4W syar'em. 
R 

and 6 =127.O ppm f orkhe ~h~As~r0(0~)PO~ - Et4NF- system- Allowing , 

the decomposition, and the new rn peaks appear at 6 = 128.0 ppm and - 6 = 

147.5 pprn (broad), respectively. The 19F reaonance for Et4NF in dry MeCN 

Ex~erimental Section). is at & =  115 ppm. (Also se$ Chapter 111 --,--- 



The blue-brown infermedia te ' in  t h e  decomposition is 

probably a monoperoxochromium species.  

I V . 4  FSSIBLE MECHANISMS FOR SUBSTITUTION REACTIONS I N  NON-AQUEOUS '' 
I - 

c~o,L"- SYSTEMS ' 
.. 

I 

metal  complexes i n  non-aqueous so lven t s  have been l i t t l e  s tudied.  Both 

SN1 and SN2 type r e a c t i o n s  occur i n  the prototype organic  carbon c o w  
- - -  -- -- - -- ---L ---- -- - - -- - - - 

,pounds. The l a r g e r  s i z e  of the  t r a n s i t i o n  meta ls  cqmpared t o  carbon 

would be expected t o  favour a displacement4ype mechanism, in 

t h a t  a f i f t h  group can be held without  s t e r i c  crowding. e , 

I 

We a r e  i n t e r e s t e d  i n  the nature of the i n t e r m e d i a t ~ ,  i.e, 
B 

whether the mechan,ism approaches the  l in i i t ing  SNl o r  SN2. The k i n e t i c s  of 
J 

the ehr&miuui V I  oxidat ions  of I-, NCS - 5 4 ,  .HS 0- and HSO; 
2 3% 

162 have -been ' 

- - .  
repor ted  wi th  terms i n  t h e  r a t e  l a w  which a r e  second o rde r  i n  reducing 

agent and discussed i n  terms of a six coordinate  ch~omium JVI) i n  the  
- 

I - 
a c t i v a t e d  state. 

Alqhough C r  (VI) compounds exh ib i t ing  coordinat ion  numbera 
a 

d 

4 - 7 a r e  known, o u r  s tudy of s u b s t i t u t i o n  reac t ions  i n  non-aqueous media 
c - .  

d id  not  produce any evidence f o r  o r  aga ins t  f i v e ,  six c~f seven coordinate  

idtermediqte i n  CrO L. 
- -- - - - -  3 -- - o r  C r ~ ( O p ~ ~ n - / t ' n .  A d i s s o c i e t  &ve - -- mechanism ' T 

0 - 
' involving t h e  formation of CrO? o r  CrO(O,)., species would pmhably  

- - 
\ '  ' 

t o o  high an energy t~ be cons i s t en t  wi th  t h e  'generally high rates 'bbseitved 

< h . 

C -  - 

-=%3 
- 



. = 

01' 

a 

145 ' 
I 

< d - 
f o r  Cr03LZyF- (except for L~ = 8- and CI*) and . c ~ ~ ( o ~ ) ~ L " / L ' "  . . 

11 1 

While a-ition staye involving an increase i n  the  aet charge .shoufd 
B < \  , 

be favoured i n  the more pol& solvents,  the  use of solvents of Tower 8 

d i e l e c t r i c  constants l i k e  DHSO (C.46. 6)I7O anh MeCN @=36- 2l1'' w i l l  
d ,  r - .  - 

- 

- favour s ingly charged apions. 

Without necessari ly involving solvent or s t e r i c  e f f ec t s  
---- - . -- ' - 

i n  the exkhange process, the f a s t e r  sbbs t i tu t ion  reac t ions  i n  Cr03Ln-/F- 
. , 

0 
where L =  ~ r -  , XCO-, NCS- , N j  coplpared t o  when L= F- or ~ 1 '  a l s o  suggests 

\ - - -  -- - - e -- l e  - c -- tr --- oni c f ac to r s  -The- me-chanismsmentioned-abave emph-thesign&E--p-- - - 

/ 
. 

--v 
I 
I icance of, bopd breaking, oP  f o t ion  of the leaving group, i n  the act jva-  
I *. 1 - 

*ion p r o ~ e s ~ ~ ~ 0 ~ e  possible explanation !evolves the formal charge on the 
1 

P r 

+ 
1 

- 3 

1 chromium(V1) center. F r p  the r e s u l t s  and arguments developed on page 90 ,  
I ' U 

I the formal posit ive-charge on the chr&ium(~l)  centre would be expected 

1 

1. t o  increase i n  going from F' to  H20 (thraugh the s e r i e s  P' ,- OH- *, -NO- -- 
3 ' 

, ~r ' , ,  NCS-, N j ,  H20 where the h i x  a r e a t  3 5 2 , r r 3 5 0 ,  360, 363, ' 
- 

366, 365 and 372 mp, respectively)., This means i-ncreasing 
4 

e lec t ron  acceptor power t o  the CrCVI) center o r , - i ~ t e r n a t i v d f ~ ,  decreasing 
4 .  

", coulombic repulsion and f a s t e r  r a t e  Q f )  i n -  the subs t i t y t i on  react ion - 
; c. f . C ~ O ~ N ; / F -  t o  C ~ O ~ F -  h- and 03Cro2-/02-. in f h% ease pf -aqueQus - st&- ' 

a- s... . . - -  . 7.  . A & . -  . 
s t i t u t i o n  reac t ions  o ~ c ~ o w - / L ~ - ,  the a v e i l a b  evidence to R O ' ' 

- 2 .  * 

(a a-donor) a s  the  leaving group i n  t h e  rate d e t e n a i ~ i n g  step and there? 
, ' 

1 
i 

f o r e  argues i n  iavour o f  this postulate.  4'hus i n  n o n - q p x m  medium tlie 
-*--- - - - - -- --- - - -- - T_ +i--- -- 

_. . + - *- a i . 
attachment of a don& s p e c i e s  i n  t h e  t r ans i t i on  &ate  is a l l  e~ ,qq i .more  -- L-- : ---- 

_ I  --4 -. . _  - . , > .  

P' 



1 
'I. ' 3  - 

v 

146 1 

d 
L r c  favoured i n  systems where t h e r e  is r e l a t i v e l y  less e l e c t r o n  d e n s i t y  a t  

* 
P ,  

t h e  chromium(V1) s i t e  - and may o r  may not  depend on s t e r i c  h inde rences  
I \ 

- % t ;  
$4 by t h e  l eav ing  group. 

\ i i - i' 
>" - - .- - i* 

- - 3: 
In  terms of bonding, t h e  a*ions, C ~ O ~ L ~ '  are pseudoterra-  F % 3 

li 
3 

hedra l  and t h e r e f o r e  have r e l a t i v e l y  h igh  molecular symmetry. It seems - ,  
, I  

,I 

probable  t h a t ,  t he -  synmecz~ikal 0- and r-bo_Ildingx~anxresist.r~- 

arrangement t o  f i v e ,  s i x  o r  seven coord ina t e  configuration. Consequently, 

t s 
where t h e r e  ' i s  ex tens ive  (3-0 rr-bonding , e. g . cr0,fn, t h i s  means h ighe r  $ 

- - - r -- -- - - - - - - - 

r e s i s t a n c e  ad dec reased  a v a i l a b i l i t y .  of C r  d - o r b i t a l s  w i t h  which t o  form 
'&. 

( I  
a chromium-substrate bond. Decreased T-bonding would reTax t h e  r e s i s t e n c e  

t o  rearrangement an% make t h e  C r  o r b i t a l s  a v a i l a b l e  t o  t h e  f i f t h  l igand .  
f 

From these  d i s c u s s i o n s  it i s  c l e a r  t h a t  a gene ra l  s t a t e -  

ment cannot be made about  t he  s t r u c t u r e  of  t h e  activated complex or the 

t iming of  bond making and bond breaking  i n  chrmium(V1) p u b s t i t u t i o n  

r e H i o n s .  But e l e c t r o n i c  (and t o  some undetermined degree,  s t e r i c  and 
9 

s o l v e n t )  e f f e c t s  a r e  obviously veFy s i g n i f i c a n t  i n  the  a c t i v a t i o m  and 
" 

e q u i l i b r i a  of t x e  exchange processes  C r O ( b 2 ) 2 ~ / ~ '  and ~ro.,~"-/~-vhere 
,j - 

L=F-, O K ,  NOj,  Cl', NCD-, 3ra, NCS-, Nj a n d - ~ i o .  These e f f e c t s  had 

not  been demonstrated by s t u d i e s  ,in aqueous s o l u t i o n s .  





V.1 INTRODUCTION A, 
/ 

- The coordination chemistry of chromium(V1) is d inated by f 
0x0 complexes, and as has been demonstrated, the pseudoisoeldtronic 

02L- group substitutes for the oxide ligand in a series of complexes. 
- 

As an extension-of the preceding discussions, this chapter is 
C 

concerned with attempts to prepare compounds in which chrornium(~1) is 

u 

in the complexes CrO(0 ) hpy, C~O(O bipy , ~r0(0~)~, phen, CrO' C1N3, 
2 2 2 2 2 

C~O~N; and most probably in CrO NCO- and C~O.,NCS- as well, the chromiun(VI) 3 
- - -- - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - --- 

is bonded directly to a nitrogen, It is surprising; however, that so far 
4 

no compounds containing chromium(V1)-nitrogen multiple bonds have been 

established ; Other transition metals with no established nitride chem- 

istry include ~ r ;  Hf, Mn, Tc, Rh, Pd and Pt.. 
173 

The nitride and oxide iigands are is~electronic and their 

chemistries are in many respects quite similar. Monomeric nitrido 

species are formed by transition metals in their higher oxidation states, 

2 especially in do and d electpnic Configuretions, but unlike the 0x0 

cmplexes, most nitrido species are formed with 2nd and 3rd row elements, 

This may be a reflection of the more effe.ctive TT -donor capability ~f the 

3- . N ion, a factor which favours heavier elements in higher oxidation ' 

3- states., -The &eater TT-bonding ability of the N ion was demonstrated by - 
VIII 11 and Os forfe'constaxk. calculations on MO N ~ -  and ~01- f o = * ~ = ~ e  . 

VIII 175 
L - - - - -  -- - 3- - - - - -- - - 7---- -- 

- - -  
. \ 

, r-4erem&~.*ge-&~ew-~- . , 

of the mefal-nitrogen bond to both addition and substitution. For 

ingtanck, when the Osd N- anion is attacked by mild reducing agents, 
3 

I 
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t 

e.g. HX (for X =r.F,CS Br, CN, % ox etc), it is the Os=O bond rather than the 
u- 

-- 1 7 A  ' 
OsrN, whfch is broken,"' The derivatives [as "NX~I "- and trans- I 

I have also been isolated. With stronger reducing agents (e.g. SnC12) the nitrido a 
groGp is reduced' to an mino group. 176 The M2N groups in I M ~ N  X8(H20)2] 3- , 
for X =.CL? Br and I; and M =asand Ru display the same stability. 313 men in 

4 -  the iridium complexes, e. g. [ 1r3~(s04) (H~O$~) , containing the coplahar 

Ir N unit, substitution, ~xid&tion or reduction reactions have been carried 3 
- Lp - out- in-a9eous--sd*h-*&o~tdestroy~the-~~ t r k g t e  --1Z ,, 

. 
c 

V. 2 REVIEW OF METHODS FOR THE P~EPARATION .OF MTRIM) COMPLE~~S AND BASIS 
FOR EXPECTATION OF SUCCESS. 

- - -- -- 
- - - -- - - - - - - - - -- - - -- - ---- - 

The relatively small n d e r  of imido and nitrido complexes is the . 
resulk of a lack of preparative methods with wide range of applicability. 

e d  (a) The Hydrazine Salt Method: 

KReO or complexes of rhenium(V) halides containing tertiary phosphines, 4 

e.-g. ReOC13(PR ) are reported to form the five- and six- coordinate nitrido 3 2 

complexes ReHX2 (PR ) for X = C$ Br, I, R= alkyl or acyl and n = 2 or 3, from 3 n' 

reactions with a (N II .C12 or N H SO ) and the tertiary phosphine 
2 4 2 4  4 

in ethanol. 78 Substitution and addition react ions yielding R~NCI- R~Nc~:- 176 ,2 
4' 

K3ReN(CN) and (PEt2Ph) X Re E NI+L (for X = C1 or Br and L = BBr3, BC13, 3 2 

PtC1(PEt3) have also been reported. 

Unfortunately, the deprotonation of hydrazine to yield nitrido complexes 

2- . has so far only worked for Re (V) ; products-contatning the Nit -am&~,~~-groups~~~ -- -- 

18 1 
reduced by hydrazine to chromium(II1). For instance C~(VI) in HC104 reacts with 

N H' in the presence of a wide variety of ligands ( 0-  ~ 1 - ,  HBr03, HSO;, 
2 5 , Y 3* ' .  
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H S ~ O ~ ,  HN3, ~b-, H3P02, H3P03, H3P04, H ~ P ~ O , ,  H3ASOl, HqCCO H,  C 1  CCOJj and - - 2 3 
I 

H C 0 producing coordinated C r ( I I 1 )  species.  * " 2 2 4 

(b) Reactions i n  Liquid Ammonia: 
i 

'Two, important. r eac t ions  in' l i q u i d  &mni  a a r e  the  s e l f  i o n i z a t i o n '  . 

represented by the  equi l ibr ium 

and t h e  genera l ly  slow reduct ion  reac t ion  

- -  - - -- --- 
M + NH3 --> MNH2 + bH2.  

r 2 j  

Furthermore, with a k o n i a ,  . t he  analogues of the  0x0 'and hydroko compounds i n  . 
hydrolys is  r eac t ions  are the  compounds containing t h e  groups,@amide (-NH 1% 

- - - - - - - > - - p p - -  - - - - -2 

h i d e  (=MI), and n i t r i d e  (2 N). The hydrolys is  r eac t ions  of Cr03, CrOgL and 
#, 

C r  oL- a r e  wel l  es tabl ished.  ' Chapter 1, Section 1.2 a l s o  showed depolymelrzqtion- 
2 7 -  

s u b s t i t u t i b n  reac t ions  of  C r O  producing t h e  adducts C r O  .L and CrO .2L, f o r  
3 

W 3 3 .- 
A 

L a donar molecule o r  ion.  I 

Liquid a m n i a  and s o l u t i o n s  of potassium o r  potassium a i d e  i n  l i q u i d  

anmonia have been used t o  prepare t h e  i n s o l u b l e  n i e r i d o  complexes, MO~$' 

2- 
t " 

( f o r  M = No and W) 182 and R e 0 p  ; t hese  produces a r e  probably r e s u l t s  of t h e  

deprotonetion of t h e  adducts  MO . NH o r  ~ 0 ~ .  s. M04. NH3, f o r  M-= 0s and RU 183 
. 3  3 

have been shown t o  con ta in  the  MO N- anion. While the  ruthenium analog explodes 3 

above -20•‹c, the  O s O  N- anion g ives  r i s e  t o  very extens ive  n i t r i d e  chemistry 
3 

176 involving o s m i q  i n  bjp ox ida t ion  s t a t e s  V I I I ,  V I  and IV.  
'- 

i 
h 

To date ,  products  of the  r eac t i+s  of chromi ( ~ 1 ) ' d e r i v a t i v e s  with 

l i q u i d  a m n i a  have not  been p o s i t i v e l y  characterized.  #Attempts have been made 
- - --- -- - \_-lip---- - - -  ---- -- - - - - - - - - - - - - - - - - - 

i n  the  p tesent  s tudy t o  i d e n t i f y  these  products,  Reports of  s t u d i e s  of the  

r e a c t i o n  of l i q u i d  aunwnia with crd KCr03C1. o r  ( N H ~ ) ~ c ~ ~ o ~ .  (with o r  .without 
- -- -- 3' 

W2) at -33O.c i n d i c a t e  t h a t  some of t h e  ~ r ( V 1 )  i s  reduced t o  Cr(111)!~~1~1 - 
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I ,  

l i g h t  of t h e  f a c t  t h a t  both A NH9 and NH; have the  a i l i t y  t o  a c t  (although slowly) 
I 

a s  reduc in i  agents and i t  has not  been poss ib le  t o  prevent o r  con t ro l  reduction 
-- 

r e a c t i m s  occuring i n  t h e  a n a l y t i c a l  s t e p s  (c.f. the  reac t ion  of KCr03(NCS) 

with d i l u t e  H SO on pag& 4 4 .  We have repeated the e a r l i e r  r eac t ions  and attempted 
2 4 

varying t h e  reac t ion  t i m e  fo-r t h e  synthesis but  without t h e  at tempt t o  determfne 

t h e  ex ten t  of Cr(V1) reduction in. ' these o r  subsequent r e k c t i o m .  

4 

(c) Decomposition of 'Pizido complexes: B 

+ * 
9 - - a - - - - - 

The thermal decomposition of the  azido group t o  form a n i t i i d e  i o n  

and molecular n i t rogen has been knowr) f o r  many years. 18' For ins tance ,  t h e  

complex R~"'(PP~M~ - 2 - 3  ) C1 3 r e a c t s  very  read i ly  with - sodium az tde  t o  give . 
- - - - - - - - , - P -- - -- - - - - - -- 

v 9- 

R e  (PPhMe2)3NC12 and NZ ; ai&ough the' intermediate azido complex could not 

be i sola ted .  ~ k t e & p t s  t o  ' o b t a i n  n i t r i d o  complexes by decomposition of 

0 s  ( N ~ )  (Me2ph) and 08C12(N3) (PPhR ) (f orR = >k, Et , have been . 
2 3 

unsuccessful . 18 7 

-. 
Applying the  thennal d&omposition technique t o  az ido complexes 

of metals  of t h e  e a r l y  t r a n s i t i o n  s e r i e s ,  e.& MC1 N ( f o r  Mo and W) 130, 
- 5 3 

V C 1 4 ~ 3  188, ~ i C 1 ~ N i  and VOC12N3 131, resu l t ed  i n  the  Jormation o f  ( M C ~  N) 
3 4 

2 - (C13VNC122, TiNCl and VON, respect ively .  The add i t ion  compounds, HNC15 , 

MNC13(PPh3) and MNC13.3py f o r  M - Mo and W, have a l s o  been reported. 189 ' 

2- 176 Ru04 r e a c t s  with HX (X = C 1  o r  Br) -and az ide  producing RUNX- and ~ u k ~  . 
r 4 .  

Dehnihke qqd ~ t r a h l e 5 ~  fppnd, however,, t h a t  when CrO C1N i s  heated - 2 3 
above 150•‹c, t h e  whole molecule, not j u s t  t h e  az ido group, decomposed l i b e r a t i n g  

ni+mgen and oxygen.  The new complexes , CrO (0  2 2 3  ) NO- a& C ~ Q ~ N ;  E c ~ Q ~ ( N ~ )  Zls -- - 

m=qumatahle$-&-gcmbndida& 8f ~ & e  a t  tempXo-pxepare n i  t r i d o  - 
- 

I .  

chromi&(VI)',complexes by the  decomposition method. 
r 

G 

, 



(d) Deprotonation of the , h n i u m  Ion 

The deprotonation of 

osmium and ruthenium complexes 
e 

species  - e.g. 
I 

(NH4) 20sd16 

i 

. 
the ammimiurn ion i n  t h e  presence of c e r t a f n  . 
have been.shownbto y i e l d  polynuclear n i t r i d o  

400•‹c, , 0s2NC15 - 7 . ., 

C12 
D l  

.* 
NH40H, OH- 

+ Ru2NCOH> 5. n11~0 L ~ I  . 
---" 

Numerous derivative 's  containing t h e  M N u n i t  have been reported. 
f- 2 

Unf q r tuna te ly ,  however, these  reduct ive  decomposition reac t ions  would not work - 

Upon heating,  (NH ) C r  0 decomposes according t o '  the  equat ion 
' 4 2  2 7  

( e  ~ i s c e l l a n e o u s :  ~i t r i d i G  React ions  

Reduction reactson between K Ru(N0)X (X = C 1  o r  B r )  complexes and 
- , " .  2 5 

formaldehyde o r  stannous choride have been reported lgO t o  y i e l d  the  polynuclear 

3 - 
, complex RUI;&~ (H20) . It is a l s o  reported- t h a t  ruthenium t r i c h l o r i d e  i.nd 

sulphamide r e a c t .  t,o produce R U N ( O H ) ~ I I H ~ O . ~ ~ ~ ,  Thest2 methods were discarded on 
n .. t 

the*grdunds t h a t  Cr(VI) compounds a r e  h ighly  oxidizi*g and these  reac tan t s  a r e  

s t ron&iy>  reducing, 
- 

.i 

The abi l ' i tp  of t r i f1uo;oacetoni t r i le  t o  oxidize  . and/or complex with 

var ious  metal ch lo r ides  has been demonstrated. lg l  Both tuagsten(V) and -(vT) 
- - --- - --- - - - 

. * 
- -- -- -- - - - - - - - - - - - -- - - - - - 

chlorides '  y ie ld  the  diamagnetic c r y s t d l l i n e  yellow s o l i d s ,  WC16. 2ccl3C& and 
-- ' >  

WC1 . CC1 'CN, containing tungsten(V1).  nagg go up reac t ibns  with molybdenum(VI) 
6 3 . . 

and 

and 

-3- 

niobium(1V) y ie ld  mixed products consis t ing  l a r g e l y  

NbCl .CC1 CN, respec t ive ly ;  thebe adducts have also 
5 3 

r ' 

been made d i r e c t l y  



- 
f r-the(V) chlorides. Czyatal structmal analyses have; 

';I92 - 
-. established the presence of t&gsten-nitrogan multiple bands in WCZ,CC1 V 3 CN , 

and WCl .PCCl,,CN. 
6 lg3 It looked to try to synthesize compounds 

containing chrimium(~1) - nitrog& multiple bonds by either70xidative chlorination 
r ' 

of chromium(V) compounds (though the most heavily chlorinated Cr(V1) compbund is 

which are known to 'form 1 : 1 and 1 :2 qadducts with donor species. 

\ 

- *--<- y; 3-- E-XfEI)i-EmW-1FAh - - . /  . 
\ 

P 

CrO C1 ) or by complexation of the triflwroacetonitrile with Cr02C12 and CrO 
2 2 3 ' 

- - b J  
i 

Much of the apparatus and materials used were the same as 

described in the prevlous shapgers, - - - + - -- -- -- - - - - 

V 

E 

The g&.xal method followed in. these studies was to add 4 

of amnia to a preweighed sample of .the chromium(~1) compound, and 

the mixture to react standing or in a soxhlet under ref lux until no 

those , 

to allow 3CY 

more reaction 

'appeared to be occuring.. The ammonia-used was from a gas cylinder of reagent 
J 

J / 

grade quality. Any moisture in the 'ammonia was first 'reqved by condensing the / 
a m n i a  into a flask contaf ning ' chips of' uktallic sodium. / 

NaOH + NaNH2 

- 
Caution: in washing up, the uareacted sodium and &he sodium amide produced in 

this process were-f irst deaqivated by addink ethanol before washing with water. 

The temperature of the reaction was controlled by using a dry ice- 

ethanol bath. 

-- ----- -- --- 
silver nitrate in liquid ammonia - analysis (%) calculated Ag(NH3)2N03 : 

Ag, SO. 5 ;  found: ~ g , '  51.5. The silver (or chloride) was a'nalysed as AgCl. '% 

. The chloride in c13@X reactions was determined as in ref. 194. a 

- 
d I 

i 

- - -- - - - - ----- - - ? I C - ~ - - ~ - - - -  , 



The ni t rogen content was 'determined by the  method 'of A k i m a t ~ u  195 

which i s  repor'ted t o  work i n  . the  determination of nktrogen i n  t h e  uranium 

n i t r i d e s ,  UN and U2N3. 

Because of decompositions which oacurwhen t h e  cpmpounds were 

exci ted  with t h e  N ~ / H I  l a s e r  no Raman spectrum coould be obtained fo r .  any of 

- 
t h e  c~mpounds. Precautions were taken t o  keep both products and r e a c t a n t s  

. o u t  of contact  with atmospheric moisture, 

r 

(a). Reactions of Liquid Ahmnia . - 
a 

g 
- - - - - -  - --- - - ' - 

The TiTGiGtiGe c c & e m G  =-react ions  of hepavalent c h r o m i k  d e k v -  % 

- 
a t i v e s  with l i q u i d  ammonia revea l s  l i t t l e  pos i t ive  i d e n t i t i c a t  i o n  of the  products. 

6 

S i e l e r  and cmorke& le4'. lg6 inves t igated  the  =eac t ions  of C r O  K&03C1 and 
3 ' . , a  

(W ) C r  0 with l i q u i d  ammonia ( v i t h c o r  withoht KW2) a t  -33'~. These authors ' ,  4 2  2 7  

reported f he . for&tion oC ammonium chromates, polymeric chromim(II1) - chromate 

species  of i n d e f i n i t e  composition, b u t .  a l s o  noted t h a t  some o f  t h e  nitrogen. 
I 

i ... 
i n  the  product could only be re leased by heating. This suggests  t h a t  t h e  a 

ni t rogen is coordinated i p  a 'form (probably n i t r i d e )  whieh breaks 

down only under extreme conditions. A t  least one report19? of chromium oxide - 
l i q u i d  ammonia r e w o n s  discounted t h e  presence of n i t r a t e s ,  n i t r i t e s ,  h~+o-  

n i t r i t e ; . a z i d e  and oxides of ni trogen i n  t h e  products. q 

k- 

( i )  With Potassium chlorocbrd'mate. K C r O  C1. - 3 % 

i - 
C 

- - 
- - - - - -- - - -  - - - - -- - -- 

-- ---- 

i 

Potassium chlorochromate, KCrO C1, r e a c t s  with dry  l i q u i d  a e n i a  i n  
3- 

K e n c l o s e d  system re leas ing  gas (whieh has b e e n r d e n t i f i e d  197at3 nitrogen) and 
J 

changing i t s  colour from orange t o  l i g h t  brown-yellow. The>experiment was s e t  

f , , - 
up suck t h a t  t h e  KCrO $C1, i n  a ' aorhxet, was egrttinuously being reacted and 

. 
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washed wi th  l iqu id  amwnia. Abrown mate r i a l  remains in t h e  thimble, while. a 
-- A ,  

predominantly white s o l i d  (shown by chemical a n a l y s i s  -and IR spectroscopy t o  
v 

, - .  " .  - 
.d * 

be NH C1) i s  washed dsyn from the,KCr03C1-NH reaction. '  The chromium and 4 
,r' 

3 
I 

ch lo r ine  an?lysks p f  t h e  product gav; - - 
, 

and showed c i e a r l y  t h a t  not a l l '  t h i  chlo&de 'was. remg;vgd a s  NH4C1. w+C1 - - - - - -- - 

r e q u i r e s  20.3% Cl., - w - 0 
i 

The l i g h t  brown product abta ined i n  t h e  present  s tudy decomposed- 

- - - - - - - - - - 

with  evolut ion  of a ~ n i c w h e n  i n t o  contac t  wi th  moist a i r .  It 
'. 

dissolved i n  MeCM and only  spa r ing ly  i n '  IIMSO. The w - v i s i b l e  spectrum i n  

these  so lve  t s  resembles those  of t h e  trioxochlorochromate(VI) complex, but  , 

p .  + 
k i t h  ie$def ined v i b r a t i d n a l  s t ruc tu re .  

. The i n f r a r e d  spectrum (KBr) i s  given i n  Table V-I. It i s  worth noting 

t h a t  t h e  VCr-C1 band; notmally occurr ing  a t  435cmU1, -3s no longer de tec ted ,  although 
,a 

t h e  ch lo r ide  s t i l l  shbws up ii t h e .  analys'is. There i a  evidence (N-H modes) i n  

t h e  i n f r a r e d  spectrum suggestive of t h e  NH+ $3200 and 1400 cm-l) ha t ion  and poss ib ly  
4 

K(NH4)2Cr03N being f o ~ d .  

Attempts t o  prepare t h e  t r ipotass ium s a l t  K CrO N by t r e a t i n g  potassium .- . 4 3 3 1  - . 
t r ioxoch lo ro~hromate  and-RC~ i n  l i q u i d  a m p n i a  did* not work because KC1 i s  

insoluble .  1 

. - 
_A 

- This r e s u l t  and t h e  absence of '  t he  v band suggested. t h a t  K C 1  is  ,, $r-C1 - 

. poss ib ly  formed i n  t h e  KCrO C I  - NH' r eac t ion ,  and is  analysed wi th  ' 
- - - -  3 L - 3 - 

t h e  brown product. One remedial approach would be t o  use aamnonium s a l t s  i n  the  

-4 
3 b  , 

* Not analysed. 

i 
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( i i )  With Ammonium ~r io&chlorochromate  'NH Cr09C1. 

* 4 

" 

L 

-2.. 

r . I n  o t h e r  a t tempts  t o  prepare the tria- ' * '- 
- ' 1 , 4 1 3 ~ ~ 3 ~ '  - .  

NH4CrO3C1 was, used. The brownish-Yellow product gave C1,. 0.2 and 0.32; a n d  C r ,  
t 

35.1 and 38.9% respect ive ly .  (NH ) CrO N r e q u i r e s  31.0% C r ,  (NH4)2HCr0 N r equ i res  
4 3  3 3 

34.4% ~ r ,  and (NH4)2H2Cr03N r e q u i r e s  38.8% Cr .  - 

The in f ra red  spectrum (KBr) i s  given i n  Table V. I. There was no C r - C 1  
\r 

. s t r e t c h i n g  v ib ra t ion :  and because the  NH C r O  C1 used as  the following absorptions 
4 3 

--- 7- Z- , - 3 1 0 0 ~  s -(-&r)rt6O@iwvw(b'rr l S 9 5  v s  ; 9 55 s x ;  940 v s 
, -  

905's; 480 w-m 7'0 m; 438% s; 385 vw and 364 vw 
t l  

i t  can be es t ab l i shed  t h a t  t h e  3109, 1395, 955-905 and 438 cm-I bands a r e  
- - - - - - - - 

---- - -- - - 

- - - - -  - - + - 
due t o  N-H, NH4 , C r 4  and C r - C l  modes, respect ive ly .  So t h a t  t h e  medium-tb- 

O 

s t rong v i b r a t i o n s  a t  1600, 1269, 1105, 995 and '530 probably 

a r i s e  from ammonia o r  i t s  d e r i v a t i v e s  (NH 2 ,  NO2, NH ' o r  N) i n  the  complex. 

( i i i )  With Ammonium Dichromate, (Mt ) C r  0 
4 2  2 7  

/ , When f i n e l y  p o d e r e d  ammonium dichromate was t r e a t e d  with l iqu id  A 

a m n i a ,  i t  prod&d l i g h t  je l low ammonia- insoluble  powde+; The arialyis gave C 

L 

33.3% ~r Snd 19.3% N; (NH ) C r  0 r equ i res  41.3% C r  and 11.1% N; (NH4I2CrO4 
' 4 2  2 7  

requi res  34.2% C r  and 18.4 i  N;  (NH )H CrO ~ ' f e p i r e s  38.8% & and 20.9% N, 
4 2 3 

and (NH ) H C r O j N  r equ i res  34.4% C r  and - N. Jt i s  a l s o  poss ib le  t h a t  the  
4 2 

product i s  a mixture of (NH ) C r 0 4  rand a compound containibg. a CrO NH n-3 ' 
4 2 3 n 

2 - species ,  because the  C r O  ion,  which could be fdrmed i n  the  depo lymer iz~ t ion  4 
2 - 

of C r  0 , i s  very unreact ixe  toward NH . , 
2 7 

- -  

3 - .- ----- - - - -  - 

-- - - 

~ b e i n f r a r ~ & ~ ~ ~ ~ ~ ~ * b l - ~ ~ h o w s ~ h a  t t h e  product i s 

d e f i n i t e l y  d i f f e r e n t  from the  s t a r t i n g  mate r i a l  (NH ) C r  0 which has the  
% -  

4 2  2 7 '  

following absorptions;  3100vs, 1380vs, g o b s ,  7 2 0 ~ s .  55&s, 550m,sh and 350111 
, 



0 

- 3 56 
- 1 d 

, (gn . Once a g a x 3 t h e  1610, 1270 and 1000 cm - 1" ban so- s o r t  of a 

r e a c t i o n  had occurred.  Attempts t o  o b t a i n  a s i l v e r  s a l t  o f .  t h i s  compound by 
+ 

d i s s o l v i n g  the  product i n  DMSO and t r e a t i n g  t h e  s o l u t i o n  wi th  t h r e e  e q u i v a l e n t s  
< 

(based on Cr) of  AgNO gave reddish-brown precipitates. They p r e c i p i k a t e s  were 3 

washed t h r e e  t i  t h  chloroform.  he compound turned  yel low i n  t h e  process  

of making K B r  p e l l e t s  f o r  t h e  i n f r a r e d  experiment. The IR spectrum of t h e  

'decompo3itfon product had bands a t  (em-') :, 340q5'vs, 1600 v, 1370 v s ,  1010 m. 
" - A--- -r- --I- 930-850 v s  and 380 w. Except f o r  t h e  340Ocm . band, which i s  prgbably a n  N-H 

s t r e t c h ,  i t  was not p o s s i b l e  t o  e x t r a c t  much info-mat ion  froop.these bands s i n c e  
,. 

L - 
N - 0  v i b r a t i o n s  occur  i n  the same kegions. - - - 

- -  - - -- ---\ - :- 
s 

, The yel low product d i s s e l v e s  i n  1 M  H SO gid.ng 'an orange- s o l u t i o n  
, - 42 

and i n  k OH g iv ing  a yel low s o l u t i o n ;  sugges t ing  i t  is  probably K2CrOk. 
4 I 4 

. 
0 % 

" -. - 
, ( i v )  W t h  chromic oxide ,  Cr03. . O  J 

+. . . - " 
I .  

< t  . 
I -. . + 

i - When red  chropic' qx ide  i s  t r e a t e d  with i i q u i d  a m n i a ,  i n  t h e - i f a r k '  
\ 

a t  - 7 0 ' ~  f o r  30 hours ,  t h e  co lourT g radua l ly  ' t u r n s  t o  , a  yel law-tan.  - The i o l i d  
F 

4 \ is i n s o l u b l e  i n  l i q u i d  ammonia and was i s o l a t e d  by evapora t ing  t h e  k m o n i a  o n  

t h e  vacuum l i n e .  The ana ly&s  gave 32.02 Cr .  (NH ) Cr03N 31. OX C r  
4 3 

-and (NH ) HCrO N (s C r O  .3NH-) r e q u i r e s  34.4% C r .  I n  t h e  196 - - 
4-2 3 3 -  3 

- C ~ O  -NH r e a c t i o n s ,  a * a v e r a g e  of 626.0% of * t h e  &romium c o n t e n t ,  was' repo+edly 
3 3 

d 

reduced t b  Cr(I I1) .  And yhen NH NO was /added to  t h e  reaction mixture ,  t h e  ' 

, ' 4 3 
percenta&e of chromium reduced r o s e  to 28.5 - 44.8%. 

i n  Table V. 1. 

The compound r e a d i l y  evolved ammonia when i n  conta& p i t h  moist  a i r  

but d i  ssolVed i n  M S O  without  any apparent  reac t ion .  T h i s  suggested t h e  
, * 

1 



P .. 
p o s s i b i l i t y  of carrying out the  metathetica 

.. 

Cr03 + 4NH3 (N4)  3Cr03N Ag3Cr03N . . ['I 
\ 

i n  e i t h e r  l i q u i d  a m m i a  o r  i n  DMSO. Three equikalents  of AgMO per chrvmium 
6 3 

were usedl a n v o r  the  reac t ion  i n  l i q u i d  ammonia the  complex salt A ~ ( N ~ I ~ ? ~ N o ~  

C 
was used ins tead of &NO.. T+e product,  a very f i g h t  brown powder was washed 

3 < 

s e v e r a l  t i m e s  with ammonia. The elemental analyses  gave 4 w n d  47.52Ag and 
' *  I 

1 16.8% C r .  AggCr03N requ i res  73.7% Ag and 11.8%" Cr, Ag2 (MI )CrO g r e q u i r e s  ' . 
1 - -- -------- - 4 - 3 * 4  - . ,  i 

L 

62.0% Ag and 14.9% C r ,  and Ag(NH ) C r O  N requires  41.8% Ag and 20.1% Cr., ' - . 
4 2  3 

-1 a 

The i n • ’  rared spectrum (KBr) showed absorpt ions  at (cm ) . 
- - -  - - - - -- --- 

7- -- -- -- -- - 

32b0 rn (broad) ; ' 1600 w-m (broad) ; f380 m; 1260 w-m; \ 
1000 w (broad) ; 880 vs (broad) and 380 vw.. . 

s p e c i f i c a l l y ,  t h e  spectrum shoved a decrease (a 90%) i n  the  i n t e n s i t y  of the  
, 

' , + -1 -1 band (assignable t o  NH4 ) near 1400m vh i le ' the  ones a t  1608, 1260 and 1000 cm 

remained unchanged. This implied t h a t  i* addi t ion  t o  an  ammiurn ion;a NOZ, m3 
P. 

' o r  NH- group is  probably a l s o  p r e s e n w i n  t h e  product. I n  one s p e c t r a l  run t h e  - 
2 - 

' i n i t i a l l y  brown product turned l i g h t e r  and gave a more complicated spectrum. 

3200 ys; 1610 m ( b r ~ a d ) ;  1385 8 ;  1300 s; 12 9 0 s; 1230 m! 
I 

t 

1150 w-rn; 1100 w-m, 1020 w, 980 a (shoulder) '930 v s  (broad); 

800 v s  (broad) ; 560 m (broad) ; 400 m (shoulder) ; 385 m and 290 

b 

But the  main f e a t u r e s  of the  former spectnim were retained.  

k when the $=;duct a•’ t h e  chromtc oxide-ammonia reac t ion  was 
- - 

P 

i n  DMSO and t r e a t e d  with th ree  equivalents  (based on c;) of AgNOj 

-- 

d 
1 

3300 s (very 'broad) ; 1360 vs ;  1010 m-8; 930 VS; 800 m (broad) and 
' 

380 vw. 
- - 

suggested t h a t  most of the  v i b r a t i o n s  c h a r a c t e d s f i i e  of t h e  prodbct of the * - 

+ I t 

. C 

- - 







. ,  
r - -- * - 

Cr03--  NH r e a c t i o n s  e n o t  changed by t h e  p r e c i p i t a t i o n '  r e a c t i o n  i n  IMSO. 
3 d 

- Arr& wishuut  gonsichxhg N--3specles,+Ttlp-zrIanal spectra woutd seem t o  - 5 
1 

= ,  

3 - 2- - r .;% 
s u p p o r t  t h e  format i o n  of CrD N ,. CrOjNH , And/or &O NH . species :  

% 3  3 . 2  

, 
, (b) R e a c t i o n s  of KNH ( o r  NaNH2) w i t h  KCrO C 1  and CrOg i n  L i q u i d  Ammonia 

2 > 3 

Potass ium ch lorochromate  r e a c t s  r a t h e r  sI\gwly w i t h  po tass ium amide in 
. 

l i q u i d  a m n i a  to g i v e  a d a r k  brown produc t .  The p roduc t  was washed s e v e r a l  , i 
: ' . 

A - - - 
I +  / , -  ---a- a-L --- 

t i m h  t o  remove-ny e x c e s s  KITH,, The elementi!  a n a l y s e s  gave 18.9 ,  1.7.8and p . 
. L 

4 . 3  

17.7% C r ;  2,072 N and 1 1 . 4  and  10.1% C 1 ,  K CrO N r e q u i r e s  22.5% Cr. Apparen t ly  - '  . i' 
3 3 .  I "  i 1 

. . 
, n o t  a l l  t h e  c h o r i d e  wasr washed t h r o u g h  w i t h  t h e  f i l t r a t k ,  sirice th-e 435 F c h - I  band . - - -- 

i 

a s s i g n a b l e  t o  t h e  C r - C 1  s t r e t c h  a p p e a r s  i n  t h e  i n f r a r e d  spectrum, '  T a b l e  V . 1 .  
' 

c 

. -  0 .  

' 1  I . 9 ,  
  in neb- a n d  c o w o r k b p l 9 7  igvest*i igated $he ?am& rea i t im and observed 

' .  
1 

A .  

t h a t  the, amount o f .  C r ( I I 1 )  whfeh was formed v a r i e d p i t h x  t h e  mole  r a t i o ,  of KNH2 . ' 
P - '. * 

i 

io Cr(V1) ; a1 thdugh t h e r e  was no s imple  r e l e t , i o x k h i p  between m o l a r  .arnd.de c o w e n -  
- "i 

, '  
. L , 

i .  

' g r  ' 

t r a t i o n  i n  th'e ammonia s o l u t i o n  and t h e  reductJon.  . - *-  . - ci ( '  
C * I 

- c 4 
c 

X 
, , 

Because t h e  a h a l y t i c a l  resilts from- t h e J - r e a c t i o n s  ' i r i t G  po tass ium ,' - -  
- t a 

, ch1oro;hromate showed t h a t  t h e  c h l o r i d e  ~ e e r s i s t e d  thr&ugh t h e s e  r i a c t i b n s ; ~  t h e  
' 

> 

7 ,  \ , .  1 0 .  0 - _ 

S '  
29.9% &, 2.2% N;  K ~ r b  N r e q u i r e s  22.5% C r  and 6.0% 8; K2HCr0 N r e q u i r e s  -27.0% 3 3  , 3- -- - - 

: C r  and 7.2%' N;. KH C r O  N r e q u i r & s o  33.8% C r  atid 8 . 1 % ' ~ .  r(jCr2OgNq(containinl? 
2  3 C. s 

a', L 

, - -  b r i d g i n g  ' n i t r i d e )  r e q u i r e s  31.2% Cr and 4.2% N ,  The i n f w e d  d a t a  are g i v e n  i n  
. u . .  a ,. 

+ -. 
Table  ,V. 1. a c a 

B 
. . ' . 

- 

. % .  
0 'L '  E - -  - - -  

- , .  . a  
" * 

C a =  

- - _ - - - - -- - - - - 6 - L  - - - -2 -- 7----- L-p A- 

" T a n n e b a q  and coworkers  ,observed a compl%x mole - r a t i o  .dependent teductJon :, - 
I "  . > .  

: .i 

' - r e a c l i o n  i n  t h e  CrO -KNH -NH . system; t h e  p resence  o f  KNH-had .little *.effect  on' .  
3 2 3  2  

1 ) 

i r  t 1 

' t h e  @ a c t i o n s  05 K Cr 0 and K C& in,  l i q u i d  ammonia. .. + a '  

& 2  2 7 $  2 4 1  "1 , i P . P 
1 *  

% 
. . - I  . 

I 2- ?. *-- *- . . .-. 
E , , - - . ,' . # ,  

L 

1 * -  . F ' ' c 

k L 6 - .  . .; % 

r 
I 

C '  I 



I n  t:he presen t  i n v e s t i g a t i o n ,  t h e  r e a c t i o n s  o f  chromium(V1) compounds, 
- 

Cr03, C r O  C 1  and K C r O  C 1  wi th  nea t  t r i c h l o r o a c e t o n i t r i l e  were s tud i ed  i n  an  a l l -  
2 2+ 3 , 

,I 

g l a s s  vacuum l i n e  under a i r  and m o i s t u r e - f r e e  condi t ions .  

r l o  2.176 gm of chromic ox ide  was t r e a t e d  a t  room tempera ture  wi th  5 m l  ' 

" + - (dens i ty  1 .441 gmlml) of t r i c h l o r o a c e t ~ n i t r i l e .  A f t e r  two days ,  t h e  unreacted 

i l igand  was pumped o f f .  Elementad ana lyses  of t h e  product  gave (%)C,2 .97;  - = 'a+  > .  
> 

% ? 

H ,  ,0 .44  and N 0.0; C r O  NCCCl r e q u i r e s  (%) C, 9.8, N, 5.7. 
- 3 3 

1 t. . ', ' , 
The i n f r a r e d  spectrum contained a s e r i e s  o f  v e r y  bruad bands from 

,. 
, i 1000 t o  350 c m - l .  

Q . . 
( i i )  Vi th  Chlorochromate, KCr03C1 and Ph A s C r O  C 1  

, 4 3 

When t r i c h l o r o a c e t o n i t r i l e  was l e f t  i n  c o n t a c t  w i th  Ph AsCrO C 1  f o r  
4 3 

r 

3 days ,  t h e r e  was no c o l o r  change o r  apparen t  r e a c t i o n .  Ph4AsCr0 C 1  d i d  not  
3 

,- -. .'I ' d i s s o l v e  i n  t r i c h l b r o a c e t a n i t r i i e .  The i n f r a r e d  spectrum of t h e  product had. , 
k .  

r v i b r a t i o n s  a s s i g n a b l e  t o  C-C1 and C=C (o r  C=N) s t r e t c h i n g  modes i n  a d d i t i o n  td  . 

noqnal Cr=O and C r  -C1 tiaqda. 
-. - 

The experiment was .repeated-'using4l:CrO3G1 (3.335 gm) and r i c h l o r -  
> 

o a c e t o n f t r i l e  (8 m l )  . under r i f l u x  a t  85'~.  The. ylemental  a n a l y s i s  of  t h e  
2-- - ., - 

product, ob t a ined  a f t g r  p & i p ~ n g  o f f  t h e  exces s  ligand,gave (%) C r ;  27.7; C, 
? .  . . 

3.6 ,  H,. 0..5; C l  , 12.3 .and N,  1.8.  KCrO C1. NCCC1 r e q u i r e s  4%) Cr, 16-4; Gi 
- 3 - 

. . 3 
: 7.55; ' ~ 1 ,  '44.; a*d N ,  4.4: t h e r e  a r e  ot'herwise r&mero;s p o b s i b i l i t i e s .  

j .  



The i n f r a r e d  spectrum of t h e  product had no a  sorp t ' ion  a s s i g n a b l e  t o  9 I -  

t h e  CZN s t r e t c h .  The on ly  bands no t  p r e sen t  i n  t h e  spectrum of t h e  f r e e  l i gand  

occurred a t  1 8 8 0 ~ ~  1850m, 1380m, 910vs(V(Cr03) ), 435s( q ~ r C 1 ) )  and 35Om ( 6 ~ o z ~ r - ~ ~  

( i i i )  With. Chromyl Chlor ide  
t. 

a 

, LBaving chromyl c h l o r i d e  i n  t h e  dark  i n  con tac t  wi th  t r i c h l o r o a c e t o -  

n i t r i l e  f o r  24 h o u ~ s ,  produced no observable  r eac t ion .  But when t h e  two r e a c t a n t s  
ri ' 

were mixed i n  dichloromethane and kept  a t  - 1 0 ' ~  f o r  24  hours ,  whi te  c r y s t a l s  
1 

fowled and t h e  fed so lu t ion ,  turned green. The whi te  s o l i d  mel ts  a t  1 4 4 ~ ~  and 
- '% 

from t h e  mass s p e c t r a l  and ,chemical a n a l y s e s  (C, l5.O%, H,  1.2% and N 8.8%7 

t h e  product  i s  t r i c h l o r o a c e t y l .  amide (C%CCOHN2 r e q u i r e s * C ,  8 H,  1 .2  and N, 

8 . 6 ) .  This  r e a c t i o n  sugges t  t h a t  a l though C 1  CCN may be s t r o n g l y  o x i d i z i n g  
3 .  

i n  t h e  p resence  of C r O  C 1  and CHZC12 t h e  C13CCN i s  oxid ized  and t h e  Cr02C12 ,, 2 2 .  . 

-rkduced. ~ f c h l o r o m e t h a n e  was us& i n  t h e  tungs ten(v  and VI) c h l d r i d e  - Cl jCCN 

r e a c t i o n s  but  no hydrogen a b s t r a c t i o n  was repor ted .  

( i v )  with Cesium Pentachloro-0x0-chrornium(V) , C s 2 C r O C l  5  

Because t r i c h l o r o ~ c e t o n i t r i l e  has  been shown t o  o x i d i s e  lglw(v), 
4 

Mo (IV) and Nb (LIV) t o  , V ( V I h  Mo(V)t and Nb (V) , r e s p e c t i v e l y ,  a n  a t t empt  was made t o  

prepare  a chromium(V1) complex by o i$d ie ing  a  chromium(V) c h l o r i d e  comprkex. The 
,,x 

C s  C r O C l  used i n  t h e  k c t i o n  was prepared by d i s s o l v i n g  C r O  (015gm) i n  20 m l  
2 5  3 

of g l a c i a l  a c e t i c  a c i d  (previou'sly Sa tu ra t ed  with hydrogen ch lo r ide )  and t r e a t i n g  

t h e  s o l u t i o n  wi th  CsCl(1. Ogm) d i s so lved  i n g l a t i a l  a c e t i c  a c i d  (with HC1). The 

r e a c t i o n  i s  r epo r t ed  t o  g ive  C s ' C r p C 1  
2  - 5' lg8 But when t h e  C s 2 C r O C 1  ;as l e f t  i n  5 

- - - -- - 

0 
con tac t  wi th  t r i c h l o r o a c e t o n i t r i l e  a t  65 C f o r  two days ,  t h e r e  was no observable  

r e a c t i o n ;  ~ n d l ~ s i ? ~  : C1, 34.0 Cs2CrOC15 r e q u i r e s  34.8% 



1.6 3 
/ . _ 

(d) Tkema l  Dcceqms i t  i ~ n  of Ph4AsCrO3K3 - 

- - 

It i s  e s t a b l i s h e d  t h a t  c e r t a i n  az ido  complexes undergo thermal  decom- 

p o s i t i o n  y i e l d i n g  n i t r i d o  complexes and molecular  n i t rogen .  Attempts were, 

t h e r e f o r e  made t o  syn thes i ze  n i t r i d o  chromium(V1) complexes from o u r  az ido  

- - 
complexes, CrO(0 ) N and Cr03N3 . 

2 2 3  .L 

s o l i d ,  

i t  melted 

Heating Ph A s C r O  N r 6 s u l t e d  i n  spontaneous decomposition t o  a  i r e e n  
4  5. 3  

. ,  
Whek Ph AsCrO3N3 vas  heated under vacuum, f o r  about  2  hours  a t  210•‹c, 

4 I * =  
and turned dark  brown. '?he dark  brown product gave t h e  ana lys i s (%)  C,  

' I 

51.2; H,  3 . 6  and N ,  3.0.. Ph A s C r O  N r e q u i r e s  C, 
4  3  3 

54.8, H, 3.4$nd N ,  8.0. The 

v i b r a t i o n a l  spectrum of t h e  product had - ca t i on  modes and o t h e r  *ba+wk which are, , ~ 

s i g n i f i c a n t l y  d i f f e r e n t  from those  of the' s t a r t i n g  m a t e r i a l .  The V (N;) 
asy  

and 
J -1 v (N )bandswhich  occur  a t  2073 and 128Ocm i n  Ph4AsCr03N3 diminished . 

sym 3  a 

t o  less than  10% 6f  t h e  o r i g i n a l .  New abso rp t ions  occu r  a t  3400s (broad) ,  

1620 m (broad) ,  and 580m (broad) cmol. The v Cr-N 

v i b r a t i o n  k w h  Ph AsCrOjN3 d i sappeared  a f t e r  hea t ing .  4 
i =. 

The v i b r a t i o n a l  spectrum and t h e  r e s u l t s  of t h e  e lementa l  a n a l y s i s ,  which show . 

a p r o p o r t i o n a l l y  l a r g e r  drop  i n  t h e  n i t r o g e n  content' compared t o  t h e  carbon o r  

hydrogen, suggest  t h a t  decompostion of t h e  az ido  group t o  a  n i t r i d e  might have 

occurred.  But f o r  a  n i t r o g e n  c l e a r a g e  (equa t ion  [ 8 ] )  t o  occur ,  t h i s  p repara t . ive  

method would r e q u i r e  more c a t i o n  t o  ba lance  o f f  t h e  charges .  \ 

I hea t  
Ph4AsCr03N3 [Ph4AsCrO3NIM+ N; ' c81 

' Other r e a c t i o * s  might a l s o  have ,occured. Attempts t o  p repa re  
- --- - - -- 

K C r O  N from K C r O  Cl .and NaN ( s o l u t i o n s  i n  MeCN) f o r  a l t e r n a t i v e  r e a c t i o n s  
3 3 - 3 3  

i nvo lv ing  hea t ing  K C r O  N and K: f a i l e d .  
3 3  



( e )  Agalysis  of t he  Vib ra t iona l  Spec t ra  
3 

1 Because t h e  a n a l y t i c a l  d a t a  obtained here  and i n  prev ious  s t u d i e s  
193,197 

do not permit p o s i t i v e  i d e n t i f i c a t s o n  of t h e  products ,  it  was hoped t h a t  t h e  d a t a  

from v i b r a t i o n a l  spectoscopy compared with those  of s i m i l a r  i n v e s t i g a t i o n  on 

e s t a b l i s h e d  compounds might shed some l i g h t ,  
- 

7 
\ 

The v i b r a t i o n a l  s p e c t r a  of many n i t r i d o  complexes have been s tudied .  - 

The H 2 _ M  s t r e t c h i n g  mode i n  (Me N) MoNCl ' 
4 2 5 9 (Me4N) 2WNC15 

MoNC13 i 
i 
I 

and W N C l  
3 

l3'are ass igned  t o  t h e  bands a t  1023, 1035, 1045 and 1068cm-~, 
I ' ,  

r e s p e c t i v e l y .  General ly ,  t h e  MqNrs t re tch ing  mode f a l l s  i n  t h e  comparatively - 
-1 311 ' ' . narrow rang& d; 1020-1150cm . 

3 
* 

/ 

From the  i n f r a r e d  s p e c t r a  of amine complexes1g8, t h e  bands i n  t h e  

- 1 
r eg ions  3040-3400, 1570-1710, 1235-1400 and 590-890cm can be ass igned  t o  the. 

s t r e t c h i n g  and 'deformat ion  modes 

( i .  e .  6 (M-N-H) , P (NH ) r e s p e c t i v e l y .  V ib ra t iona l  modes of coord ina ted  nfrtro 3 
0 

groups have a l s o  been observed i n  t h e s e  same r eg ions  (Vasy (NO2), (1363-1497) 

-1 - 1 
cm , ) ; vSy,(NO2), 1300-i 373cm 6  NO^) , (798-839cm-') and N o 2  wag (585-650) )Ig8 .- 
The i n f  ra red  spectrum of Cr(NH3) 5. ON0 C12 conta in ing  complexed n i t r i t o  &oup1Q8 

Cr-ONO,, has bands a t  1460 ( Y (NO2), 1048 ( V  ( ~ 4 )  and 839 ( 6(No2)). , asy  s ym 

i s  t h e r e f o r e  not  poss ib l e  t o  make unequiv ica l  assignments of t he  bands we @ 

observed a t  1250 and 1025 ( o r  1010)c*-' 
I - 

t o  e i t h e r  vCrdN, - - 
_ o r  v (ONO) v i b r a t i o n s .  Drago and S i s l e r  igned t h e  bands zft 1005 and 

s ym 

982cm-"to t h e  s k e l e t a l  v i b r a t i o n s  of t h e  - chromate 

produced i n  t he  C r O  -NH r eac t ions .  
3 3 

One poss ib l e  drawback i n  syn thes i z ing  .chromium(VI) n i t r i d o  complexes 

i s  t h e  f a c t  t h a t  chromium i s  a small  atom, and, f o r  0x0 s p e c i e s  t h e r e  i s  L 
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A already extensive €I=@ 3'j+onding; t o o  extens ive  t o  arlow, f o r  instance ,  
- 

- f 
K CrO t o  react  w i t h  NH3. It i s  therefore  less l i k e l y  that c h ~ w t i ~ r n ~ E > ~ w g u f d  

a 2 4 
vr - ~e"", MO"' and W . It may be-posdible  VIII 

form the MO,N"' anion formed by 0s , - 
t o  prepare chromium n i t r ido  complexes by react ing  CrOF with e i t h e r  K N H ~ ,  . 

4 .  
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