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ABSTRACT 

The crystal ~ t r u c t u r e s  o f  two compounds, 

(bipy), (S~,)VOV(SO~) ( b i p ~ ~ ) ~ * 1 5 ~ ~ 0 ,  where blpy is 2,2* -b ipyr ld ine ,  and 

Re ( C O ) ~ & ( P ( M ~ ~ P Z )  (C H ) , where le,pz 3 . 8  3, ~ - d i m e t h y l p y m z o l y l ,  were 
# 2 4 5  

determined hy single c r y s t a l  X-ray rii.ffmctlon. The first, compound had a 

manoclfnic unl t cell., epee group c ~ / c ,  ul f  h a=12,764(8), b=21.80(2), 

e*l9.0e(i)R, p=gh.W(3), 4 ,  and DCaic-1.5lh. The s t r u c t u r e  was r e f i n e d  

by full -matrix least-squares proced?~rcns t.o a convent.iona1 R f a c t o r  o f  

0.085 fo r  1796 Independent observat2ons. The molecule consl.sts o f  a 

dimer w i t h  R sl i g h t l y  bent (170(1)~)  0x0 oxygen bridge wi th  V-0=le?76(4)R. 

The two ha.1ve.s of t h e  d imer are related by n crys tpa l lographic  &-fold 

a x i s  which passes throtigh t h e  br idging  oxygen. Each vanadium atom is 

coordinated t o  two bl.pyri.dine l i e a n d s  and a monodentate s u l f a t e  group 

loca t ed  cis t o  the s l x t h  coord ina t ion  s t t x  occrtpied by t h e  br idging  

oxygen. The str~l..\lct,ur~,l model is eon~ i s t . en t .  ~ 5 t h  t.he composition g iven  

but o t h e r  oxidation s ta tes  f o r  t h e  vanadium atom cannot be r u l e d  out.  
a 

The water  molecubes l i n k  t h e  dtmerlc!  unit^ throrqhout  t h e  latt ice v i a  

hydrogen bonds t o  t h e  s u l f a t e  groups and among themselves, 

The unit. c e l l  f o r  t h e  rhan!.um compound. was a l s o  monoclinic, space 

group R ~ / C ,  with a-9.964(4), b 4 4 1 ( )  c-19.!56(8)8. ~ - 1 1 1 . 3 2 ( 4 ) ~ .  

2 4 ,  D =I.%, and Dcalc=1.969. The structure was r e f i n e d  by f u l l -  
meas 

matrix least-squarss procedures t o  a convent ional  R f a c t o r  of  0,085 

f o r  1362 independent observat ions.  The rhenium a tom is coordinated 



t o  three carbonyl groups, a bromine atom, a.nd one nitrogen atom from 

each of the  3 , 5 4 i  mathylpymzol yl rings, The t h ree  carbonyl groups def ine  

one of the t.rfangular faces of the octahedron of coorrfination, The six- 

inemberctd ring defCrserf by the rhani.un, nftroger,, snd phoaphoroua atoms 

has a skewed hotif, eonf ipra t i . on .  

The relatively tmor agreement obt-alned i n  the r e f i n e m e n t  of bot:h 

ntwct,urel.c can be iat tr ihutecl to ayst.smatic errors which possibly arose 

from unc~rrect~ed mlsorlsnt.a%lon of t h e  crystals duri.ng data col lection. 
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Or ig ina l  Research Proposal 

The or iginal .  r e sea rch  proposal  f o r  t h i s  degree was t o  determine t h e  

X-ray d i f f r a c t i o n  c r y s t a l  s t r u c t u r e  of  t h r e e  vanadium compounds which were 

r epo r t ed  i n  the l i t e r a t u r e  t o  be mixed-valent i n  chazac ter .  In  each c a s e  

t h e  s p e c i e s  i n  ques t ion  was thought. t o  c o n s t s t  o f  two vanadium ions  of d i f -  

ferent, oxidation s t a t e s  joined by one o r  two hydroxo o r  0x0 s p e c i e s  and 

surrounded by va r ious  l i gands .  The l i g a n d s  which were involved i n  t h e  t h r e e  

compounds proposed were 2,Z '-bipyrldine,  cyanide ion ,  and 2,2' ,2"-terpyr- 

i d i n e ,  It was hoped t h a t  t h e  proposed r e sea rch  would d e f i n i t e l y  determine 

whether t h e  compounds were indeed specimens of a c l a s s  of complexes known 1 

as Class I T  mixed-valence compounds, These complexes a r e  desc r ibed  as con- 

s F s t i n ~  of coordinated metal Ions forming a polymer with each metal s i t e  

possessing a s l i g h t l y  d i f f e r e n t  l i gand  f i e l d .  Fhe d i f f e r e n c e s  i n  t h e  l i gand  

f i e l d  s t r e n g t h s  a r e  l a r g e  enough t o  permit t he  i s o l a t i o n  of  two d i f f e r e n t  

ox ida t ion  s t a t e s  but  small  enough to permit a small  amount of  e l e c t r o n  ex- 

change between the  d i f f e r e n t  metal s i t e s .  

The e a r l i e s t  o f  t h e  e r i s t -ence  of  t h e  f i r s t  compound were 

s h o r t  comments which proposed t h a t  t h e  compound cons i s t ed  of  hydroxo- 

bridged vanadium c e n t r e s ,  each of  which was coordinated t o  two 2,2 ' -bipyr-  

4 
i d i n e  l igands .  A l a t e r ,  more d e t a i l e d ,  s tudy  proposed t h e  formula t ion  

V L ( 0 ~ ) ~  (SO&) *nH20, where L is  2,2 -b ipyr id ine  and n=R, 11.14, based main- 2 4 

ly upon elemental  ana lyses  of va r ious  samples. In  t h i s  second s tudy  t h e r e  

was some ambiguity concerning t h e  t ype  and number of br idging  s p e c i e s ,  

This' ambiguity,  as well  a s  unusual magnetic and s p e c t r a l  p r o p e r t i e s ,  

Prompted t h e s e  au tho r s  t o  p o s t u l a t e  t h a t  t h e  compound was mixed-valent 



~ ( 1 1 )  cent re  

2 

:s were present  i n  t h e  compound a1 ong with t h e  expected V(111) 

ions  s ince  ~ ( 1 1 1 )  ions  a lone  produce a magnetic moment of only 2.9 B.M. 

o r  less, The u.v.-visible spec t ra  cons is ted  mainly of two high i n t e n s i t y  

peaks. The peak pos i t ions  (16.000 and 19,000 cmyl ) as well as the  molar 

ex t inc t ion  c o e f f i c i e n t s  (1200) were not  c h a r a c t e r i s t i c  of normal ~(111) 

species ,  Three poss ib le  mechanisms were put forward by Murray and Sheahan 

as poss ib le  explanations f o r  t h e  high ex t inc t ion  c o e f f i c i e n t s .  These mech- 

anisms were: 1 )  r e l axa t ion  of t h e  Laporte r u l e  by charge t r a n s f e r  between 

t h e  metal o r b i t a l s  and the  l igand o r b i t a l s ,  2 )  the  p o s s i b i l i t y  of an  in ten-  

s i t y  enhancement a r i s i n g  from an exchange-induced mechanism which works 

b e t t e r  with 0x0-bridged spec ies  than with hydroxo-bridged species ,  and 

3) mixed-valence charge t r ans fe r .  The rnustasd yellow species3 

showed no in tense  bands and indica ted  t h a t  r e l axa t ion  of t h e  Laporte r u l e  

was not l i k e l y  t o  occur with t h e  ~(111)-bipy system although a ~ ( 1 1 ) -  

bipy system (VL3)2+ was known t o  u t i l i z e  t h i s  mechanism. The assumption 

t h a t  hydroxy bridges were present  i n  t h e  dimer tended t o  e l imina te  an 

exchange-induced mechanism s ince  hydroxo-bridged species  are very poor 

a t  promoting i n t e n s i t y  enhancement, These arguments l e f t  only mixed- 

valence charge t r a n s f e r  a s  a l i k e l y  explanation of the  high in tens i ty .  

The high magnetic moment appeared t o  support t h i s  view. The compound was 

thus  postulated t o  be a ~ ( 1 1 ) - ~ ( 1 1 1 )  mixed-valent dimer with t h e  config- 

u ra t ion  of the  bridge open t o  some doubt about t h e  number of bridging 

hydroxy species. 

5 The second com~ound which was considered was observed t o  be t h e  i n i -  

t ia l '  product formed when v (111) was added t o  sa tu ra ted  potassium cyanide 

solu t ions .  If these  dark blue s o l u t i o n s  were l e f t  a t  room temperature f o r  



severa l  hours, they would decompose t o  a deep wine coloured s o l u t i o n  from 

which K&V(CN)? was i so la ted .  If, however, t h e  i n i t i a l  s o l u t i o n  was cooled, 

then a compound with t h e  formula K v ( c N ) ~ , ~ ( o H ) ~ . ~  was i s o l a t e d  as a dark 
3.5 

blue s o l i d .  *om the  elemental a n a l y s i s  repor ted ,  t h i s  s o l i d  has an average 

oxidat ion s t a t e  which ind ica tes  t h a t  it is mixed-valence i n  charac ter .  This 

idea is supported by t h e  e l e c t r o n i c  spectrum which c o n s i s t s  of a s i n g l e ,  in-  

tense band (17,000 cmrl ) which is uncharac te r i s t i c  of ~(111) and is suggest- 

ive  of mixed-valence compounds, The bridge is postulated as a hydroxo species  

s ince  t h e  in f ra red  spectrum has an  O-H s t r e t c h i n g  frequency a t  3450 cmzl but 

has no H20 bending bands. A s  well, a band a t  61 0 cm;' is  thought t o  ind ica te  

the  presence of a V-OH-V bridge. I f  only one hydroxo e n t i t y  is  present ,  then 

the  eleven cyanide ions  must be arranged i n  one of severa l  poss ib le  and very 

i n t e r e s t i n g  conf igura t ions ,  One of these  p o s s i b i l i t i e s  c o n s i s t s  of  one van- 

adium atom surrounded by f i v e  cyanide groups and the  bridging hydroxo grouv 

while the  o the r  vanadium is coordinated t o  s i x  cyanide groups and t h e  bridge. 

The presence of unequal coordinat ion numbers could he lp  s t a b i l i z e  t h e  two 

d i f f e r e n t  oxida.tion s t a t e s  i n  geometries which a r e  s u f f i c i e n t l y  d i f f e r e n t  

t o  produce d i f f e r e n t  l igand f i e l d s  with s u f f i c i e n t  s i m i l a r i t y  t o  permit par- 

t i a l  e l ec t ron  exchange a s  i n  Class I1 mixed-valence compounds, Another pos- 

s i b i l i t y  involves two vanadium atoms i n  i d e n t i c a l  coordinat ion spheres 

cons i s t ing  of f i v e  terminal cyanide groups and one bridging hydroxo group 

and one bridging cyanide group. T h i s  combination would result i n  a Class  

If mixed-valence compound i f  the  d i f f e r e n t  oxidat ion s t a t e s  a r e  p a r t i a l l y  

lbca l i zed  o r  a C l ~ s s  IIIA mixed-valence compound i f  t h e  two metal sites 

are f u l l y  sharing t h e  two oxidat ion s t a t e s .  There a r e ,  however, no i n f r a -  



.%rum of t h i s  compound. A l l  t h i s  specu la t ion  of mixed-valence c h a r a c t e r  de- 

pends s o l e l y  upon t h e  number of hydroxo o r  cyanide groups being c o r r e c t ,  

The t h i r d  compound which was proposed f o r  s t r u c t u r a l  r e sea rch  was 

p s t u l a t e d 6  as a d l n e r  and was thought  t o  be formed when a s o l u t i o n  of  

Ir -4 
5x10 M ~(111) and 5.7~10 M 2,2 ' ,2"- terpyridina developed a r e d  c o l o r  

with peaks at  685 and 474 mp. Thi s  was t h e  only  d a t a  a v a i l a b l e  on t h i s  com- 

pound. and any at.tempt t o  propose a s t r u c t u r e  would be pure specu la t ion  

unsupported by any concre te  phys ica l  data. The .proposal t h a t  a d imer i c  

spec i e s  was present  was put  forward because t h e  peak a t  474 mp was s i m -  

i lar t o  a peak grodilced by an  aqua dirner of  vanadium7 whose e x i s t e n c e  is 

t r a n s i e n t  and has an  e q u i l i b r i u n  cons t an t  of 10 -jm9 f o r  its formation from 

two aquated ~(111) ions:  

If t h e  vanadium-terpyridine dimer does exist, then a number o f  important  

ques t ions  about i t s  s t r u c t u r e  can be answered. I t  can be determined wheth- 

er t h e  t e r p y r i d i n e  l i gands  a r e  t r i s - c h e l a t i n g  o r  only b is -che la t ing ,  The 

number and type  of b r idg ing  s p e c i e s ,  as well as t h e  number of coord ina ted  

water molecules, can a l s o  be determined. 



5 

p i t f a l l s  

Of t h e  t h r e e  compounds mentioned, it was poss ib le  t o  ob ta in  t h e  s t r u c -  

t u r e  o f  on ly  one, (bipy )2 (SO~)VOV(SO~) ( b i p y ) g 5 ~ f i  No s e r i o u s  a t t empt  was 

made t o  o b t a i n  any of t h e  vanadium-terpyridine compound, a l though it might 

be poss ib l e  t o  o b t a i n  some by a procedure analogous t o  t h a t  used t o  o b t a i n  

c r y s t a l s  of t h e  vanadium-bipyridine compound (see  Experimental s e c t i o n ) .  

A cons iderable  amount o f  t ime was spen t  t r y i n g  t o  o b t a i n  s u i t a b l e  c rys-  

tals con ta in ing  t h e  ( V ~ ( C N ) ~ ~ ( O H ) ) ? -  spec i e s .  Following t h e  r epo r t ed  pro- 

cedure f o r  prepar ing  t h e  potassium sal t ,  it w s s  pos s ib l e  t o  o b t a i n  only  a 

powder, or,  a t  b e s t ,  a m.f.cro-crystall ine c o l l e c t i o n  of needle- l ike  p a r t i c l e s  

t h a t  were much t o o  small  t o  do anyth ing  with,  The small p a r t i c l e  s i z e  was 

thought t o  be due t o  t h e  f a c t  t h a t  t h e  s o l i d  ma te r i a l  p r e c i p i t a t e d  r a t h e r  

qu ick ly  over  a period of on ly  two hours,  Attempts a t  r e p l a c i n g  potassium 

by o t h e r  l a r g e r  c a t i o n s  such a s  t e t r a e t h y l  ammonium o r  hexaammine cobslt(111) 

were unsuccessful .  The f a i l u r e  t o  secure  t h e  t e t r a e t h y l  ammonium sal t  ap- 

pears t o  have been due t o  t h e  f a c t  t h a t  t h e  charge on t h e  c a t i o n  was q u i t e  

d i f f e r e n t  from t h a t  on t h e  anion even though t h e  s i z e s  of t h e  two i o n s  were 

much more similar than  i n  t h e  potassium sys teq .  The use o f  t h e  hexaammine 

cobalt(111) c a t i o n  a?pasred t o  overcome t h i s  problem but t h e  low s o l u b i l i t y  

of  t h e  c h l o r i d e  s a l t  of t h e  c a t i o n  i n  aqueous s o l u t i o n s  appeared t o  be t h e  

l i m i t i n g  factor i n  t h e  hoped f o r  p repa ra t ion ,  Because of  t h e  l a r g e  charge 

of t h e  an ion ,  an  a t t empt  was then  made t o  use a u n i p o s i t l v e  c a t i o n  smaller 

than  potassium i n  an  e f f o r t  t o  i nc rease  t h e  s o l u b i l i t y  s u f f i c i e n t l y  t o  per- 

m i t  t h e  p r e c i p i t a t i o n  t o  proceed slow enough t o  produce good c r y s t a l s ,  The 

f i r e t  a t tempt  i n  t h i s  d i r e c t i o n  was t h e  use of sodium i n  t h e  form of  a sat- 

u ra t ed  s o l u t i o n  of sodium cyanide t o  which t h e  vanadium (111) salt was add- 

ed .  A t  temperatures  a t  o r  below t h e  f r e e z i n g  po in t  of water ,  t h e  very  deep 



blue s o l u t i o n s  were as s t a b l e  as t h e  potassium cyanide s o l u t i o n s ,  b u t  p rec i -  

p i t a t i o n  d i d  not  occur  as qu ick ly  as it d i d  i n  t h e  potassium cyanide s o l u t i o n ,  

I n  f a c t ,  no p r e c i p i t a t e  was observed f o r  a f u l l  week a f t e r  which t ime p l a t e -  

l i k e  c r y s t a l s  were observed t o  form, When t h e  p r e c i p i t a t i o n  was complete, t h e  

was observed t o  be wine red  i n  c o l o r  and t h e r e f o r e  i n d i c a t e d  t h a t  

some decomposition had occurred even though t,he temperature had been kapt  

r a t h e r  low, The c r y s t a l s ,  when d i s so lved  i n  water ,  produced t h e  same i n t e n s e  

blue c o l o r  as the  potassium sa l t  had done. The very  quick l o s s  of  c o l o r  i n  a 

few seconds as t h e  an ion  decomposed i n  s o l u t i o n  was a l s o  similar t o  t h e  behav- 

i o u r  o f  t h e  potassium sal t ,  

Attempts were then  made t o  ontxiin t h e  u n i t  c e l l  parameters. The f i r s t  

p h o t ~ g r a p h s  obtained were t o t a l l y  blank and showed no evidence of  d i f f r a c t i o n ,  

When l a r g e r  c r y s t a l s  were placed i n  t he  X-ray beam, a powder p a t t e r n  was ob- 

served ,  Visual i n spec t ion  under normal l i g h t  showed t h a t  t h e r e  was no apparent  

change i n  shape o r  t h e  cond i t i on  of t h e  su r f ace .  Fresh c r y s t a l s  taken  from t h e  

mother l i q u o r  and plrted on a f i l t e r  paper showed e x t i n c t i o n  when viewed through 

a p o l a r i z i n g  l e n s ,  The same c r y s t a l s ,  when placed upon a microscope s l i d e  up- 

on t h e  s t a g e  of a po la r i z ing  b inocular  microscope, qu ick ly  became opaque t o  

a l l  l i g h t  and no longe r  showed e x t i n c t i o n  through t h e  p o l a r i z i n g  l ens .  The 

only  d j f f e r e n c e s  t h a t  were apparent  were t h e  i n t e n s i t y  of  t h e  l i g h t  on t h e  

c r y s t a l  and t h e  warmth of t h e  microscope s t a g e  due t o  t h e  l i g h t  bu lb  under- 

neath. By exposing f r e s h  c r y s t a l s  t o  very b r i g h t  l i g h t s  while  they  a r e  still 

on t h e  f i l t e r  paper,  it was decided t h a t  l i g h t  s e n s f t i v i t y  was no t  t h e  prob- 

lem, It soon became apparent  t h a t  the c r y s t a l s  were undergoing a change when 

t h e i r  temperature was r a i s e d  even a small amount above room temperature,  From 

t h e  l a c k  of  success  a t  ob ta in ing  use fu l  photographs, it was determined t h a t  

t h e  c r y s t a l s  were only  s t a b l e  f o r  s h o r t  per iods  a t  room temperature,  Because 



,of t h i s  quasi-stability, it was poss lb l e  t o  ob ta in  two photographs from 

which some information concerning t h e  u n i t  c e l l  parameters was obtained.  

An o s c i l l a t i o n  photo, which was r e l a t i v e l y  easy  t o  o b t a i n  wi th  each new 

c r y s t a l  before  it decomposed, showed t h a t  one a x i a l  r e p e a t  d i s t a n c e  was 

8.95 11. A ze ro  l e v e l  Weissenberg photo, which was t h e  only  one e v e r  obta in-  

ed, showed two r e c i p r o c a l  axes  l e n g t h s  and t h e  ang le  between them t o  be 

0.1356 and 0.1833 r.1 .u. and 84.7'. From t h e  dimensions obta ined  and t h e  

symmetries exh ib i t ed  by t h e  photos,  t h e  u n i t  c e l l  appears  t o  be t r i c l i n i c .  

Using t h e  empir ica l  formula Na V (cN)~ I (OH), t h e  poss ib l e  d e n s i t i e s  are in-  7 2 

te-1 mul t ip l e s  of  1.09. A very  rough d e n s i t y  measurement, made by dropping 

one c r y s t a l  i n  carbon t e t r a c h l o r i d e  and ano the r  i n  chloroform, i nd ica t ed  t h a t  

t he  d e n s i t y  of t h e  ma te r i a l  is in te rmedia te  between t h e  two (1.48 t o  I .j9). 

This,  however, does not  agree  wi th  any of t h e  ca l cu la t ed  va lues  and i n d i c a t e s  

e i t h e r  t h a t  t h e  molecular formula is  wrong i n  some way i.e, i n c l u s i o n  of  

water)  o r  t h a t  t h e  u n i t  c e l l  volume is wrong. E i t h e r  o r  both could be t h e  

cause of  t h i s  anomaly. However, t h e  answer t o  t h i s  and o t h e r  ques t ions  con- 

cern ing  t h i s  compound w i l l  have t o  watt u n t i l  a procedure is found t o  main- 

t a i n  t h e  c r y s t a l s  a t  a low temperature a t  a l l  t imes o r  ano the r  c a t i o n  is  

found which w i l l  produce c r y s t a l s  with g r e a t e r  thermal s t a b i l i t y .  

Af t e r  having s o  l i t t l e  success  with t h e  proposed compounds, a sea rch  was 

made t o  f i n d  o t h e r  compounds whose s t r u c t u r e s  had no t  been done and were in-  

t e r e s t i n g  i n  a chemical sense,  An a t tempt  was a l s o  made t o  keep wi th in  t h e  

gu ide l ines  given i n  t h e  o r i g i n a l  r e sea rch  proposal ;  t o  determine t h e  s t r u c -  

ture of ma te r i a l s  r epo r t ed  t o  be mixed-valence. 

An a t tempt  was made t o  syn thes i ze  a vanadium compound which possessed 

mixed-valence c h a r a c t e r  bu t  which had not  been found i n  any search  of t h e  

literature, The s y n t h e s i s  is based upon t h e  r e a c t i o n  between vanadium I1 and 



I V  s o l u t i o n s  uder a c i d i c  condi t ions  i n  which a brown intermediate is observ- 

7 ed before forming vanadium 111, It  was hoped t h a t  t h i s  intermediate could be 

s t a b i l i z e d  by pu t t ing  che la t ing  Ligands on the  metal ions  before t h e  r eac t ion  

took place and, i n  order  t o  keep t h e  main r eac t ion  f r e e  from a c i d i c  hydrol- 

ys i s ,  c a r r y  it out  i n  an organic so lvent  l i k e  benzene o r  pyridine. I n  the  

r eac t ion  attempted, the  l igand used was acetylacetone.  The vanadium I V  spe- 

cies was b i s  ace ty lacetonato  0x0 vanadium(1~) while t h e  vanadium I1 spec ies  

was b i s  ace ty lacetonato  b i s  pyridine vanadium(11)~. The preparat ion of  the  

second compound was complicated by rapid  a e r i a l  oxidat ion while it was i n  

so lu t ion ,  The only s o l i d  product ever  obtained upon the  combination of  these  

two compounds was tris acety lacetonato  vanadium(111)~ It was hoped t h a t  the  

prbduct would be a species  cons i s t ing  of two vanadium atoms bridged by t h e  

0x0 oxygen of the  vanadium TV e n t i t y .  The vanadium atom which s t a r t e d  with the  

h igher  oxidat ion s t a t e  would a l s o  be coordinated t o  a square planar arrange- 

ment of che la t ing  l igands  and possibly a pyridine molecule i n  the  pos i t ion  

t r a n s  t o  the  0x0 bridge. The coordinat ion sphere of the  o t h e r  metal atom 

would depend very much upon the  na ture  of the  vanadium I1 s t a r t i n g  mater ia l .  

Since the  repor te  d syn thes i s  of t h i s  material  d i d  not s t a t e  whether the  two 

pyridine l igands  were cis o r  t r a n s  t o  each o ther ,  some ambiguity a r i s e s  when 

t r y i n g  t o  p red ic t  the  configurat ion of any reac t ion  products. If the  pyridines 

were trans t o  each o ther ,  then t h e  coordinat ion sphere of t h e  second vanadium 

ion i n  the  f i n a l  complex would be e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  of  the  o the r  

Vanadium atom. I f ,  ins tead ,  t h e  cis conformation of the  precursor was the  

true form, then the  f i n a l  complex could be formed with the  two ends of  the  

molecule with d i f f e r e n t  coordinat ion spheres;  one end a s  described and the  

i 
o the r  with a pyridine c i s  t o  t h e  bridge. No matter whether the  conf igura t ions  

I 

Of t h e  two ends a r e  the  same o r  no t ,  it w i l l  s t i l l  be poss ib le  t o  determine 



if the  material is mixed-v3;lence i n  cha rac te r  by comparing the  bond l eng ths  

around t h e  two metal atoms. This is apparent  when both conf igura t ions  are 

d i f f e r e n t  s ince  t h e  end with t h e  c i s  configurat ion has  one vanadium-oxygen 

bond which has e s s e n t i a l l y  the  same environment as a l l  the  vanadium-oxygen 

bonds on t h e  o the r  end of t h e  molecule. I n  order  t o  obta in  any of t h i s  mater- 

ial i n  t h e  fu tu re ,  it w i l l  be necessary t o  work i n  an abso lu te ly  oxygen free 

environment. It would a l s o  be he lp fu l  t o  determine the  b e s t  so lvent  t o  use i n  

the  coupling reac t ion  i n  order  t o  prevent proton a d d i t i o n  t o  t h e  bridge o r  

oxidat ion of the  vanadium I1 e n t i t y .  A s  well, displacement of the  l igands  by 

the  solvent  must be avoided. Although it is not necessary, it would a l s o  be 

i n t e r e s t i n g  t o  determine the  conf igura t ion  of the  vanadium I1 s t a r t i n g  mater- 

ial. 

A second compound which was looked a t  was an aqueous chromium dimer with 

the  bridge ?ostulated9 a s  e i t h e r  a s i n g l e  0x0 oxygen o r  two hydroxo species.  

This mater ia l  was formed e i t h e r  by shaking a n  acidic  so lu t ion  of chromous per- 

chlora te  w t t h  c y y p n  o r  by ho!.ling a chromic perchlorate so lu t ion ,  This d i -  

merlc spec ies  was i s o l a t e d  i n  the  so l id  s t a t e  by producing an ac id  s u l f a t e  

s 
I salt. In at tempting t o  produce t h i s  mater ia l ,  t he  s o l i d  obtained consis ted  of 

microcrys ta l l inc  p a r t i c l e s  which were much too small t o  use i n  any at tempt a t  

single c r y s t a l  X-ray d i f f rac tometry .  Eecaxse of t h i s  d i f f i c u l t y  and t h e  l ack  

of success a t  i n c r e a ~ i n g  the  p a r t i c l e  s i z e  by r e c r y s t a l l i x a t i o n ,  the  invest-  

iga t ion  of t h i s  compound was c u r t a i l e d .  It was hoped t h a t  i f  t h e  inves t iga-  

t i o n  was successful ,  then the  cha rac te r  of the  bridge and the  environment of 

the  metal atoms could be c l a r i f i e d .  

' A mater ia l  reported1 O a s  1.2 ( K ~ M ~  (cN)~)o .?  (K ~n ( G N ) ~ ) * O . ~ ~ H ~ O ,  and char- 
3 

ae te r i zed  a s  a mixed-valence mater ia l ,  was s u f f i c i e n t l y  i n t r i q u i n g  t o  warrant 

i an  at tempt t o  c l a r i f y  the s t ruc ture .  The f a c t  that the  physical  cha rac te r i s -  



t i c s  of t h i s  compound were d i f f e r e n t  from, and in te rmedia te  between, both 

K ~ M ~  ( C N ) ~ ' ~ H ~ O  and K ? M ~  (cN)~ suggested t h a t  a n  i n v e s t i g a t i o n  o f  t h i s  compound 

would he worthwhile. However, when t h e  c r y s t a l s  were examined, t hey  were found 

t o  c o n s i s t  of very t h i n  needles  which were too  t h i n  f o r  s i n g l e  c r y s t a l  work. 

The i n i t i a l  r e p o r t  of t h i s  material s t a t e d  t h a t  s h o r t e r ,  t h i c k e r  c r y s t a l s ,  

as well  as needle- l ike c r y s t a l s ,  were obtained. No such luck  was encountered 

i n  t h i s  l abo ra to ry ,  This  l a c k  o f  succes s  would appear t o  be t h e  r e s u l t  of t h e  

d i f f e r e n c e  i n  growth times. The l i t e r a t u r e  method r e p o r t s  t h a t  it took up t o  

two weeks f o r  t h e  c r y s t a l s  t o  form whl.le t hey  were obta ined  wi th in  two days 

by t h i s  lab. 

I n  t h e  course  of  the r educ t ion  of chlocotungstat ,es l l  i n  concent ra ted  

hydrochloric  a c i d  s o l u t i o n s ,  a deeply  v i o l e t  compound of  tungs ten  is formed. 

This  ma te r i a l  was i n i t i a l l y  reported1? t o  be K ~ w ( O H ) C ~  bu t  a n  i n f r a r e d  s tudy  13 
5 

showed t h a t  t he  compound should be formulated a s  an oxygen-bridged dimer,  

K ~ ( c ~ ~ w o w c ~ ~ ) ,  with a bent br idge.  A s  wel l ,  a comparison of  t h e  e l e c t r o n i c  

spectrum of  o t h e r  oxygen-bridged s.pec.ies sugges t s  t h a t  t h e  tungsten atoms 

are no t  tungsten TV, but  a r e ,  i n s t e a d ,  i n  two d i f f e r e n t  ox ida t ion  s t a t e s ,  
' %  

tungsten I11 and tungsten V. This  mixed-valence c h a r a c t e r  is a l s o  supported 

by a polarographic study14 which showed t h a t  t h e  coulometr lc  r educ t ion  o f  

chlorot,ungstatew proceeds d i r e c t l y  from tungsten V t o  tungs ten  111. If t h i s  

is indeed a mixed-valence m a t e r i a l ,  then it must be e i t h e r  C l a s s  I1 o r  Class 

TIIA. In preparing t h i s  ma te r i a l ,  c r y s t a l s  were obta ined  which were much too  

small t o  use i n  s i n g l e  c r y s t a l  d i f f r ac tome t ry ,  Because of  t h e  very high ac id-  

i t y  used i n  t h e  prepara t ion  and t h e  tendency of  t h e  m a t e r i a l  t o  decompose by 

o x i d a t i v e  hydro lys is ,  a t t empt s  a t  r e c r y s t a l l i z a t i o n  i n  o r d e r  t o  i nc rease  t h e  

c r y s t a l  s i z e  were unsuccessful .  There is, however, hope t h a t  l a r g e r  c r y s t a l s  

can be produced by c o n t r o l l i n g  t h e  r e a c t i o n  cond i t i ons  s i n c e  previous workers 

r e p o r t  ob ta in ing  dark  red square p l a t e l e t s .  



D r .  Sams o f  U.B.C. produced a ma te r i a l  formulated as F ~ ( O E P ) C ~ O ~ ' ~ E ~ O H ,  

where OEP is oc tae thylporphyr in ,  which exh ib i t ed  a s p i n  c ros sove r  when t h e  

e thano l  a o l e c u l e s  o f  s o l v a t i o n  were removed under vacuum. It became aopa ren t  

t h a t  t h e  c r y s t a l s  supp l i ed  were a l s o  l o s i n g  e thano l  by evapora t ion  and t h e  

remaining po r t i on  of t h e  mol.ecule compensated f o r  t h i s  l o s s  by s h i f t i n g  enough 

t o  d i s t u r b  t h e  l ong  range o r d e r  o f  t h e  c r y s t a l .  The u n i t  cell  is e i t h e r  mono- 

c l . in lc ,  wi th  p=90•‹, o r  orthorhombic wi th  a=10.13, b=l8.14, ~41.73, and 2-2. 

The ambiguity i n  t h e  symmetry o f  t h e  unit, ce l l  a r o s e  from t h e  appa ren t  l a c k  

of symmetry o f  t h e  oscillation photograph obtz ined  about  t h e  s a x i s  which 

could  be t h e  r e s u l t  o f  a misalignment of  t h e  c r y s t a l .  Because o f  t h e  l a c k  

of s t a b i l i t y  o f  t h e  c r y s t a l s ,  t h e  a.mbiguity could n o t  be conc lus ive ly  re- 

so lved  a l though t h e  orthorhombic c e l l  i s  p re fe r r ed .  



The Second Compound 

After obtaining the s t r u c t u r e  of (SO )I VOW ( ~ 0 ~ ~ 1 5 ~ ~ 0  and experienc- 
4 2  2 

ing  numerous d i f f i c u l t i e s  searching f o r  o t h e r  compounds whose s t r u c t u r e s  had 

n o t  been done and were worth inves t iga t ing ,  a sample was kindly provided by 

D r .  L.K. Peterson. The compound was formgla tedl as ~e (cO) B ~ ( P ( M ~ ~ ~ Z ) ~ C ~ H ~ )  
3 

1 
where Me p~ is 3,5=dimethylpyrasolyl. Elemental analys is .  3 1 ~  and H n.m,r. 2 

spectra, and mass spectra confirmed t h i s  formulation and indica ted  t h a t ,  

bes ides  coordinat ion by t h e  t h r e e  carbonyl groups and t h e  bromide ion,  t h e  

rhenium atom was coordinated by t h e  2-N sites of the  two pyrazolyl r i n g s  o f  

t h e  phosphine ligand. This p a r t i c u l a r  l igand is one of a s e r i e s  of l igands  

which can be described as ( ~ ( p z ) ~ ( C !  H ) ) where n can be 1.2, o r  3 and pz 
6 5 3-n 

is e i t h e r  pyrazolyl o r  3 , ~ d i m e t h y l p y r a z o l y l .  An analogous s e r i e s  of l igands  

which has been invest igated more extennively than the  above mentioned series 

16 are t h e  polypyrasolylborate anions ( B ( ~ Z ) ~ R ~ - ~ ) -  where n is 1,2,3, o r  4 and 

R i s  a n  organic group o r  hydrogen. 'The boron s e r i e s  has been observed t o  al- 

ways coordinate t o  metal spec ies  through t h e  2-N s i t e s  on the  pyrazolyl r ings ,  

Since the  boron atom is t e t r a h e d r a l l y  surrounded by organic groups of one 

s o r t  o r  another ,  l i gands  can, a t  bes t ,  u t i l i z e  a maximum of t h r e e  pyra- 

zo ly l  groups t o  coordinate t o  a metal species, In t h i s  r e spec t  the  a c t i o n s  

of t h e  phosphine l igands  a r e  s i m i l a r  s ince  t h e  phosphorous atom a l s o  exper- 

iences  t e t r ahedra l  coordinat ion with t h e  four th  s i t e  being occupied by a lone  

p a i r  of e lec t rons .  This lone  p a i r  of e l ec t rons  permits t h e  phosphine l igands  

t o  e x h i b i t  coordinat ion r a d i c a l l y  d i f f e r e n t  from t h a t  of the  bora te  l igands  

when t h e  number of  pyrazolyl e n t i t i e s  on t h e  l igands  is low. Thus, when t h e r e  

are. no pyrazolyl groups, the  well known triphenylphosphine r e s u l t s .  This pop- 

u l a r  l igand always coordinates t o  metal s i t e s  through the  lone pair. When one 

pyrazolyl group is at tached t o  t h e  phosphorous atom a s t range  state of  affairs 



arises, It has been observed I5'l7 t h a t  t h i s  l igand coordinates t o  a metal 

spec ies  through both the  phosphorous and t h e  2-N ni t rogen atoms. Apparently 

t h e  lone  mir  on the  phosphorous atom is suff3.ciently a c t i v e  t o  compete with 

t h e  lone  pair on t h e  n i t rogen atom. An intermediate was isola tedi5  i n  which 

only the  phosphorous atom was coordinated. This appeared t o  i n d i c a t e  t h a t  the  

phosphorous ].one p a i r  was s l i g h t l y  s t ronger  than the  ni trogen lone  p a i r  i n  

t h e  a b i l i t y  t o  coordinate t o  a metal site. The quest ion which is t o  be answer- 

ed by a c r y s t a l  s t r u c t u r e  s tudy of  the  aforementioned rhenium compound is 

whether the  phosphorous atom is still capzble of cobrdinat ion when the re  a r e  

1 two pyrazolyl u n l t s  a t tached o r ,  a s  indica ted  by the  3 1 ~  and H n.m.r. and 

t h e  mass s.mctra, the  two pyrazolyl groups a r e  s u f f i c i e n t l y  e l ec t ron  withdraw- 

ing  t o  n e u t r a l i z e  t h e  coordinat ing a b i l i t y  of the  phosphorous atom and ins tead  

coordinate t o  t h e  metal themselves as i n  the  borate l igand s e r i e s ,  



EXPERIMENTAL 

(bl  py), L. (SO,, )VOV(SO,, ) (bipy),*i5~,0 SG 
C, 

4 
I n  making t h i s  compound, a depar ture  was made from t h e  reported proce- 

dure which consis ted  of adding 2,2 ' -bipyridine t o  ~(111) alum and obta in ing 

a powder. The procedure, which was successful  i n  producrng good c r y s t a l s ,  con- 

sists of adding 0.5 gm. (3.03 mrnole) of 2.2'-bipyridine t o  a so lu t ion  of 0*24 

gm. (1.52 mmole) VC1 i n  1 m 1 .  H20. 0.75 gm. K2SOI) i n  5 m l .  ho t  water was then 
3 

added t o  t h i s  purple so lu t ion .  After warming the  so lu t ion  t o  d i s so lve  any cry- 

stals formed a t  t h i s  s t age  and subsequently cooling the  s o l u t i o n  t o  -4.' i n  

t h e  r e f r i g e r a t o r  overnight,  t he  r e s u l t i n g  small c l u s t e r  of f a i r l y  l a r g e  crys-  

tals (0~3-2.0 mm, ) was f i l t e r e d .  After  t h i s  disturbance,  another  crop of  very 

much smal ler  c r y s t a l s  precj pitsated , 

The compound prepared i n  t h i s  way was not chemically analysed, nor was 

the  averaee oxidat ion s t a t e  of t h e  vanadium determined by t i t r a t i o n  f o r  reasons 

4 
given by o the r  workers . The U,V.-visible spectrum and the  magnetic moment 

were not  measured and i n  r e t r o s p e c t  these  measurements would have been d e s i r -  

a b l e  i n  order  t o  confirm t h a t  the  compound s tudied  was t h e  same as t h a t  re- 

4 parted by Murray and Sheahan. 

The following procedure was supplied by D r .  peterson15 and was t he  meth- 

od used i n  h i s  l a b  t o  produce the  c r y s t a l s  used i n  t h i s  study. 

A mixture of ( R ~ ( C O ) ~ B ~ ) ~  (0.19 mmole) and (C H ) ~ ( M e ~ p e ) ~  (0.38 mmole) 6 5 
i n  bensene (10 r n l .  ) was heated a t  95-10oO f o r  8 hours. The evolved carbon mon- 

oxide (0.36 rnmole) was determined, the  so lu t ion  was evaporated t o  dryness un- 

d e r  vacuum t o  give a res idue  which was r e c r y s t a l l i z e d  twice from ohloroform- 



STRUCTURE DETERMINATION AND REFINEMENT 

The purple-black p la te - l ike  c r y s t a l s  had a monoclinic u n i t  c e l l  with 

a 4 2  .?64(8), b=21.80(2), c=l9.084(10j~,  (3 =96.04(3)', and 2 4 ,  Various photo- 

graphs of rec iprocal  l a t t i c e  l a y e r s  indicated t h a t  the  spacegroup was e i t h e r  

Cc o r  ~ 2 / c ,  S t ruc tu re  so lu t ion  and refinement was c a r r i e d  out  success fu l ly  

u t i l i z i n g  the  la t ter  space group, With a 8-28 scan of base width 1.5 degreas 

i n  28 a t  a r a t e  of  2' per minute and a 20 second background count on each 

s i d e  of  a peak, i n t e n s i t y  d a t a  f o r  2480 independent r e f l e c t i o n s  with 28 less 

than 40' was co l l ec ted  using a Picker FACS-I automatic d i f f r ac tomete r  cont ro l -  

l e d  by a W P  8 / ~  minicomput.er, Nb f i l t e r e d  Mo Kd r a d i a t i o n  was used, The 1286 
1 

r e f l e c t i o n s  with 1>30(1), (o-(I)-(N + ( t  /t ) 2 ~  )', where N is the  peak 
pk pk bg bg pk 

count,  N is the  t o t a l  background count,  t is the  time required f o r  the  
bg pk 

peak count, and t is the  t o t a l  time f o r  the background count)  were used i n  
bg 

t he  subsequent analys is*  and were given u n i t  weights. The s c a t t e r i n g  f a c t o r  

t a b l e s  were taken from Cromer and waberi8 a s  were the  t a b l e s  f o r  n e u t r a l  atom- 

i c  species.  No at tempt was made t o  c o r r e c t  f o r  anomalous d ispers ion .  A Pat ter -  

son map enabled the  pos i t ions  of one vanadium atom and one oxygen atom t o  be 

determined. These two atoms were used t o  determine the  s i g n s  of the  s t r u c t u r e  

f a c t o r s .  A Fourier  map computed a t  t h i s  s t age  yielded the  coordinates  of  the  

non-hydrogen atoms of the  various ligar-ids. An e lec t ron  d e n s i t y  d i f f e r e n c e  map 

produced t h e  coordinates  of t h e  water molecules of crystallization while the  

pos i t ions  of the  hydrogen atoms of  t h e  2,2'-bipyridine l igands  were ca lcu la t -  

ed a t  0.9511 from the  r i n g  carbon atoms. Af ter  a l l  non-hydrogen atoms were 

r e f i n e d  with an i so t rop ic  temperature f a c t o r s ,  the  f i n a l  R f a c t o r  was 0.086 

(R-LIIF I -IFJ(/z$( ) and would not  go any lower. A t  t h i s  point ,  a d i f fe rence  
0 



map was ca lcu la ted  and d i d  not  r evea l  t h e  presence of any more atoms, but  d i d  

i n d i c a t e  t h a t  t h e  an i so t rop ic  temperature parameters of  t h e  vanadium atom 

were no t  represent ing  a pe r fec t ly  accura te  model of t h e  e l e c t r o n  d e n s i t y  of 

the  metal atom. There were t h r e e  regions  of excess e l e c t r o n  d e n s i t y  of  ap- 

proximately 1.0 e l ec t ron  per cubic  Rngstron (eRa3) and one region of d e f i c i e n t  

e l ec t ron  dens i ty  of approximately 1.6 eRo3 i n  an  e lec t ron  d e n s i t y  d i f fe rence  

map with a standard e r r o r  of  0.16 eR3. The f i n a l  pos i t iona l  and temperature 

parameters are l i s t e d  i n  Table I and the  s t r u c t u r e  f a c t o r s  are i n  Table II, 

* A l l  c a l cu la t ions  were performed on an IBM 370/155 computer, Programs used 

were FORDAP, crys ta l lographic  Four ier  summation and peak searching ( A ,  ~ a l k i n  ) ; 

BUCILS, c rys ta l lograph ic  s t r u c t u r e  f a c t o r s  and ful l-matrix leas t -squares  

(un ive r s i ty  of ~ a n t e r b u r y ) ;  ORFFE, Fortran crys ta l lographic  funct ion  and e r -  

r o r  program (W.3. SusLng, K.O. Yart in,  and H.A. ~ e v y ) ;  ORTEP, Fortran thermal 

e l l i p s o i d  p l o t  program f o r  c r y s t a l  s t r w t u r e  i l l u s t r a t l o n s  (C,K, Johnson); 

and MEANPLANE, ca lcu la t ion  of weighted mean planes through atom groups with 

e sd ' s  (3.E. Pippy and F.R. ~hmed) ,  



TABLE I - 
positional and Thermal Parameters o f  the Vanadium Compound 

4 posit ions in fractional coordinatesx 10 . 
Atom x Y a; 
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TABU I (continued) 

Calculated posit ions of hydrogen atoms &ll with isotropic  temperature 
parameters equal t o  6.0) xi0 . 

' Atom x Y z --- 
H l i  -638 2357 3119 
Hi 2 -1 406 3079 3862 
H i  3 -656 31 56 4971 

H14 758 2540 5374 
H21 2592 763 2275 
H22 3302 -I 48 1895 
Hz3 2603 -1 056 2273 

1 31 2 -988 31 63 
H31 -831 1196 4201 

H32 -1723 324 4660 



TABLE I (cont%nued) 
.I.L-..---. 

2 22 22 The form of the anisotropic ellipsoid is exp(-2n (Ullh a + q 2 k  b + 



R ~ ( c o ) , B ~  @(M~~RZ)&H,) ) 

The c o l o r l e s s  c r y s t a l s  had a monoclinic u n i t  cell wi th  a=8.964(4), 

b-14.441 ( l o ) ,  c=18.!56(9)8, (3-111,32(4)0, Z=4,  Dmeas 1 g m  . , and Dcalci 

1.969 gm/al. The d e n s i t y  was measure? by f l o a t a t l o n  i n  a mixture of d i iodo-  

methane and iodobenzene, Photographs of l a y e r s  of  t h e  r e c i p r o c a l  l a t t i c e  in-  

d i c a t e d  t h a t  t h e  s p c e  group was P ~ ~ / C ,  A c r y s t a l  in t h e  form of a r ec t angu la r  

prism of  dimensions 0.99 nm.xO.25 mm.xO.33 mm. waa used f o r  data c o l l e c t i o n .  

With a fl-28 scsn of base width 1.5 degrees  i n  28 a t  a rate o f  2' per  minute 

and a 20 second background count on each s i d e  of  a peak, i n t e n s i t y  d a t a  f o r  

2057 independent r e f l ec t , i ons  wi th  28 less than 40' was c o l l e c t e d  us ing  a Pick- 

er FACS-I automatic  d l  f f r ac tome te r  c o n t r o l l e d  by a PDP 8 / ~  minicomputer. The 
1 

1362 r e f l e c t i o n s  with 1>341) ,  (w(T)=(N +( t  /t ) 2 ~  )', where N is t h e  
pk pk bg bf2 pk 

peak count ,  N i s  t h e  t o t a l  background count ,  t is t h e  t ime r equ i r ed  f o r  
bg pk 

I 

t h e  peak count ,  and t is t h e  t o t a l  time f o r  t h e  background count ) ,  were 
be 

used i n  t h e  subsequent a n a l y s i s f  The s c a t t e r i n g  f a c t o r  t a b l e  f o r  rhenium was 

taken from t h e  Internat , ional  Tables  f o r  X-Ray ~ r ~ s t a l l o ~ r a ~ h ~ ~ ~  while  t h e  

18 t a b l e s  f o r  t h e  r e s t  o f  t h e  atoms were obtained from Cromer and Waber . Anom- 

alous d i s p e r s i o n  comect,ions were app l i ed  t o  t h e  rhenium, bromine, and phos- 

phorous atoms, Af t e r  c a l c u l a t i n s  s t r u c t u r e  f a c t o r s  wi th  only  t h e  rhenium atom, 

. which was l oca t ed  f r o n  a Pat te rson  map, a Four ie r  s y n t h e s i s  was used t o  l o -  

c a t e  t h e  bromine and phosphorous atoms, A d i f f e r e n c e  Four i e r  map then  revea led  

t h e  p o s i t i o n s  of a l l  o t h e r  non-hydrogen atoms. Upon examination of t h e  s t r u c -  

t u r e  f a c t o r s  it was noted that,  t h e  d a t a  could be s p l i t  i n t o  f o u r  groups. This  

d i f f e r e n t i a t i o n  was base? upon a comparison of t he  observed and c a l c u l a t e d  

s t r u c t u r e  f a c t o r s .  A group of  d a t a  was given its own s c a l e  f a c t o r  i f  t h e  ma- 

j o r i t y  of t h e  d a t a  h?d t h e  magnitudes of t h e  observed s t r u c t u r e  f a c t o r s  l a r g -  

er  than  t h e  magnitudes of t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  o r  v i c e  versa .  No 



d e f l n i t e  e x ~ l a n a t i o n  f o r  t h e  fluctuation of t h e  d a t a  was a r r i v e d  a t  b u t  it is 

poss tb le  t h a t  movement of t h e  c r y s t a l  away from t h e  cen te red  p o s i t i o n  could  

cause t h i s  behaviour, With t h e  t 5 r e e  heav ie s t  atoms being t r e a t e d  as aniso-  

t r o p i c  and t h e  l i g h t e r  atoms remaining i s o t r o p i c ,  t h e  R f a c t o r  was 0.085. 

With a l l  non-hydrogen atoms being t r e a t e d  as a n i s o t r o p i c ,  t h e  R f a c t o r  was 

k 0.078, b u t  t h i s  decrease  appeared t o  be due only t o  t h e  increased  number of  

parameters and was n o t  a t r u e  i n d i c a t i o n  of  improved ref inement  s i n c e  t h e  

l i g h t e r  atoms showed no i n d i c a t i o n  of an iso t ropy .  3ecause of  t h i s ,  t h e  l i g h t -  

e r  atoms were r e f i n e d  a s  i s o t r o p f c  and a d t f f e r e n c e  map c a l c u l a t e d  on t h i s  

b a s i s  revea led  t h a t  t h e r e  was still some e l e c t r o n  d e n s i t y  remaining around 

t h e  s i t e  of  t h e  rhenji~rn a toa .  There were f o u r  reg ions  of  excess  e l e c t r o n  den- 

s i t y  o f  approximately l.'+-2.2 e l 3  and two r eg ions  of  d e f i c i e n t  e l e c t r o n  den- 

s i t y  o f  a?proxiaa te ly  3.3 i n  an  e l e c t r o n  d e n s l t y  d i f f e r e n c e  map wi th  a 

standaxd e r r o r  of 0.35 e8-3, Atternpt.~ t.o account  f o r  t h l s  by varying t h e  

weight ing scheme from t h e  unit weights  used up t o  t h i s  p o i n t  were unsuccess- 

ful. It  was a p m r e n t  t h a t  t h e  r e f l e c t i o n  d a t a  was causing t h i s  problem but  

no sys temat ic  means of so lv ing  it, was a p p r e n t .  The ref inement  was h a l t e d  a t  

t h i s  po in t ,  The f i n a l  p o s i t i o n a l  and t enpe ra tu re  pa r sne t e r s  a r e  l i s t e d  i n  

Table 111 and t h e  s t r u c t u r e  f a c t o r s  a r e  i n  Table IV, 

* A l l  c a l c u l a t i o n s  were performed on a n  I B N  370/155 computer. Programs used 

were FORDAP, c rys ta l lographic ,  Four t e r  summa t i o n  and peak searching  (A ,  Zal- 

k i n ) ;  BUCILS, c r y s t a l l o g r a p h i c  s t r u c t u r e  f a c t o r s  and fu l l -mat r ix  l e a s t -  

squares ( ~ n i v e r s i t , y  of canterbury)  ; ORFFE, For t ran  c r y s t a l l o g r a p h i c  func t ion  

and e r r o r  program (w.R. 3:1sing, K.O. " I r t i n ,  and H.A. ~ e v y ) ;  ORTEP, For t r an  
I 

thermal el l i p s o i d  p l o t  program f o r  c r y s t a l  s t r u c t x e  i l l u s t r a t i o n s  (c.K. 
I 

I 
i Johnson) ; and MEANPLAYE, c a l c u l a t i o n s  of weighted mean planes through atom 

groups wi th  esd's (M.E, Piopy and F.R. ~hmed) .  

-- 
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TABLE 1x1 

~oaitional~and ~ h e - 1 ~ ' ~  Parameters for the Rhenium Compound 

Atom x Y e Ul 1 "22 U33 u12 u1 3 u23 

Atom x Y !z B 



TABLE 1x1 (continued) 

4 3 a Parameters for Re, Br ,  and P are x10 ; those for  other atoms are xi0 , 
3 b Pararaeters for  Re, Br ,  and P are x1O , 

2 2 2 c The form of the anisotropic e l l i p s o i d  is e x p ( - a  (ullh2a2+ U k b+ + 
22 

2 2  
UY3l c + 2Ui2hkr*b*+ 2Ui3hlaS*+ 2U klbfc*) ) and the isotropic thermal 23 
parameter is 81/?u2, where G~ is the mean-square amplitude o f  vibration. 



DISCUSSION ---.-.--- 

( b i ~ y  ),,(SO,, )VOV(SO,, ) ( b i ~ y ) , ~ l 5 ~ , , Q  
t- --r 7 L. I, 

The s t r u c t u r e  cons3.sts of  d imer ic  n e u t r a l  molecules with t h e  molecules 

i n  t h e  u n i t  cell being l inked  by a network of  hflrogen-bonded water  moZecules 

l i nked  t o  t h e  s u l f a t s  oxygenri. The geometry of  t h e  dimer is  shown i n  F igure  1. 

A c r y s t a l l o g r a p h i c  2-fold a x i s  passes  through t h e  br idging  oxygen atom and is 

perpendicular  t o  +he V-'J vector ,  The complex c o n s i s t s  of  two approximately 

octaheciral ly  coordinated V ( I I T )  c e n t r e s  which a r e  bridged by t h e  oxide anion,  

Each vanadium atom is coordinated t o  two c i s  2 ,2 ' -b ipyr id ine  l i g a n d s ,  a n  oxy- 

gen atom of t h e  s u l f a t e  group, znd t h e  br idging  oxide. A s  is apparent  from 

t h e  figure, t h e  pseudo-octahedron of one vanadinm atom is r o t a t e d  approximate- 

l y  90' around t ie  V-0 v e c t o r  r e l a t i v e  t o  t h e  coord ina t ion  polyhedron around 

t h e  o t h e r  vanadium s o  t h a t  t he  V-01 vec to r  is approximately perpendicular  t o  

t h e  V'-O18 vector ,  The rnolecule a s  s whole, as seen i n  F igure  1, has a Ocon-  

f i g u r a t i o n ,  N e c e s ~ a r i l y  t h e r e  are an equal number o f A  and A d i x e r s  i n  t h e  

centrosymmetric space group C?/C, The bond 7 ~ n g t h s  and angles a s s o c i a t e d  wi th  

t h e  molecule a r e  l i s t e d  i n  Tab1 e V. 

The V-0 d i s t a n c e  of 1.776 2 is i n d i c a t i v e  oT cons iderable  mu l t ip l e  bond- 

i n g  between t h e  metal atoms an? t h e  br idging  oxygen atom. While t h e r e  are no 

vI~'-o-vII' systems known t o  me wi th  which I may make a comparison, t h e  

F ~ ~ ~ ' - O - F ~ ~ ~ *  d i s t a n c e s  i n  a variety of 0x0-bridged iron(111) d i n e r s  20-27 are 

in t h e  range 1.76-1,8 8 which is c o m p r a b l e  t o  t h e  present  value.  The V-O 

sepa ra t ion  is comprab le  with those  i n  l i n e a r  

(1.32 8 )  and a r e  much s h o r t e r  than  t h e  va lues  

volv ing  hydroxide bridges3' (1.94 2) i n  which 

Evident ly  t h e r e  is no s t r u c t u r a l  evidence f o r  

metal i n t e r a c t i o n  s i n c e  t h e  V-V s e p a r a t i o n  i s  

c ~ I ~ I - o - c ~ I I I  systems 2f3,29 

repor ted  f o r  ~r''I-0 bonds in -  

t h e r e  is no mul t ip l e  bondlng. 

a d i r e c t  through space metal- 

3.53 a .  



mteratomic Distances and Angles for the Vanadium Compound 

Angles i n  Degrees (e.s.d. 's) 



TABLE V (continued) 





The four V-H d t s t a n c o s  are i n  t h e  range 2.06-2.18 J( with  a n  average of 

2.10 8 ;  t h i s  d i ~ t a n c e  is probab?y not s i g n i f i c a n t l y  d i f f e r e n t  from t h e  V-01 

d i s t a n c e  of 2.01 8 .  The absence of any s ign i f i can t ,  sho r t en ing  of t h e  \I4 bonds 

r e l a t i v e  t o  o t h e r  distances suggests that t h e r e  is very  l i t t l e  mul t ip l e  bond- 

t n g  between t h e  metal atom and t h e  aromatic  l i g a n d .  A similar observa t ion  has 

been made f o r  chromii~n(T1'l) complexes 'ls3* of  t h e  r e l a t e d  1,lO-phenanthroline 

($en ) 1 igand . 
The non-linear n?,ture of t h e  br idge  appears t o  r e s u l t  mainly from s t e r f c  

i n t e r a c t i o n s  of t h e  l i g a n d s  on t h e  two ha lves  of  t h e  molecule. The s u l f a t e  

groups interact. with t h e  blpy-ridine groups whose planes a r e  p a r a l l e l  t o  t h e  

metal-metal d j r e c t i o n  while  t h e  remaining b ipyr ld ine  l i gand  is  oppos i t e  its 

symmetry r e l a t e d  coun te rpa r t ,  The d i h e d r a l  ang le  by which t h e s e  last b ipy r i -  

0 d i n e  f igancls a r e  d i s p l ~ r t e d  about  t h e  metrtl-metal a x i s  ir; 14.2 . The major 

s t e r i c  i n t e r a r t i o n  anpears  t o  be between t h e  ~ u l f a t e  groups and t h e  opposing 

b ipy r id ine  l tgands .  Thm C11 and i t s  hydrogen atom protrude a c r o s s  the gap 

stirroundin$ the br idge  and iqteract ~ 7 t h  t h e  s u 1 f a . b  group to  such a degree  

(2.74 8)  that, t h e  b r l d ~ e  j s  bent 10' from l i . nea r i t y  and t h e  ang le  between t h e  

p lanes  deffned by 01, N1, M7, N3, and t h e 1  r synmetry r e l a t e d  coun te rpa r t s  is 

0 12.4 . As well, t he  p l anss  of t h e  b ipy r id ine  l i gands  oppos i t e  t o  these  steric 

i n t e r a c t i o n s  are 7.7' apart, The r e s u l t  of t h i s  i n t e r a c t i o n  is t o  bend t h e  

molecule as a whole and t o  p lace  two b ipy r id lne  l i g a n d s  e s s e n t i a l l y  p a r a l l e l  

t o  each o t h e r  with almost  maximun ove r l ap  when viewed perpendicular  t o  t h e  

planes of  t h e  1 igands (Figure 2). The c l o s e s t  in t ramolecular  i n t e r a tomic  ap- 

proaches between t h e s e  two l i g a n d s  (3.57, 3.58 8) occur  between N2 and 13'. 

and 'C21 and C31'. These d i s t a n c e s  a r e  very similar t o  non- in te rac t ing  i n t e r -  

no lecu la  d i s t a n c e s  (3.45-3.65 8)  of a number of p lanar  organic  

Besides these  in t ramolecular  s e p a r a t i o n s ,  t h e r e  were a l s o  some 

33-35 compounds . 
r e l a t i v e l y  





short in te rmolecular  approaches (~33-C32@, 3.46 8; C31 -C3Ter 3.50 8 1. 
The groups coordinated t o  t h o  vanadillm do n o t  appear t o  have undergone 

any major d i s t o r t i o n s ,  The s u l f a t e  group is very c l o s e  t o  being a n  ideal tet- 

rahedron wi th  t h e  angle subtended af t h e  coord ina t ing  oxygen of 140 .7~ .  The 

b ipy r id lne  e n t i t i e s  are both composed of p a i r s  of  e s s e n t i a l l y  p l ana r  pyr id ine  

r i n g s   able VI).  One l igand  has t h e  r i n g s  coplanar  wi th in  3.1' while  t h e  

o t h e r  i s  with in  lr9', A s  well, the vanadiwn atom Za a l s o  very  c l o s e  t o  being 

coplanar  wi th  t h e  b tpy r id ine  l igaruls  (0.09, 0.005 2 ) .  

O f  the f i f t e e n  water molecultits surrounding each d i n e r ,  on ly  one is s i t -  

uated on a spcia l  p s i t i o n ,  a 2-fold a x i s ,  and is hydrogen-bonded to  04 of 

each h a l f  o f  t h e  molecule 'hus forming EinothCW bridge. Three o f  t h e  remaining 

seven unique water s p e c i e s  are coord ins ted  by hydrogen bonds t o  t h e  two o t h e r  

free oxygen atoms o f  t h e  s u l f a t e  group. The semaining solvent molecules form 

a hydrogen-bonded network tt?roughout t h e  c r y ~ t a l  l a t t f c e    able VII), 

The crystallographic two-fold s y n m ~ t r y  of t h e  molecule s i m p l i f i e s  t h e  

q u e s t  f o r  an  answer t o  t he  ques t ion  OF why t h i s  compountl has auch i n t e n s e  

bands i n  its u.v,-vis ible  spectrum, This  symmetry element e l i m i n a t e s  t h e  mech- 

anism of  mlxed-valence charge t r a n s f e r ,  T h i s  l e a v e s  two o t h e r  possibler answers! 

r e l a x a t i o n  of t h e  Laporte r u l e  and/or 0x0-induced exchange, I t  was shown e a r -  

l i e r  (see ~ n t r o t i u c t l o n )  t h a t  a r e l a x a t i o n  of t he  Laporte r u l e  by e l e c t r o n  ex- 

change beatween t h e  metal orbitals and t h e  f ignnd o r b i t a l s  of t h e  2,2'-bipyri- 

-4- 
d i n e  l i g a n d s  was un l ike ly  since t he  (V(bipy)2~12)  s p e c i e s  did no t  e x h i b i t  

this phenomenon, If, however, an e l e c t r o n  exchange is  pos tu l a t ed  between t h e  

met,al o r b i t a l s  and the o r b i t a l s  of t h e  br idging  oxygen l i gand ,  t hen  the r e l ax -  

a t i o n  of  t h e  Laporte r u l e  becomes i d e n t i c a l  with the  0x0-induced mechantsm. 

This  p a r t i c u l a r  s i t u a t i o n  has  been observed with ano the r  d imer lc  s p e c i e s  36 

( ~ r ( b i ~ ~ ) ~ ~ ~ ) ? .  The behaviour of t h i s  chromium compound was observed over  a 



2 Ring Planes and X for Vanadium Coamund ~ i g ; m r & ~  

R i n g  nitrogen A B C D x2 

a Blquatian of plane is Ax+Q+Cz-DUO. 
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wide range of  pH values.  In  a c l d i c  s d u t i o n s  t h e  c a t i o n  cons i s t ed  o f  t h e  d i o l  

as represented  b u t  upon ra i . s lng  t h e  pH, flrst one and then t h e  o t h e r  hydrogens 

were r e v e r s i b l y  l o s t  t o  produce first t h e  nixed hydroxo-oxo and then  t h e  d i -  

0x0 bridged spec ies .  As t h i s  change proceeded, t he  u,v.-visible spectrum chan- 

ged. The i n i t i a l  a c i d i c  opec ies  produced a yellow s a u t i o n  while  t h e  bas i c  

s p e c i e s  y le lded  a brown so3.ution of  e r e a t e r  i n t e n s i t y ,  It was a l s o  observed 

that when t h e  dihyrfroxo s p e c i e s  was a1 lowed t o  decompose i n  a n  acidic medium 

the mxima s h i f t e d  and increased i n  i n t e n s i t y .  This  change i n  t h e  spectrum - 
was postulat txi  t o  be due t o  t h e  presence of  an  in te rmedia te  product which 

possessed on1 y one OH bridge. This  s tudy  t?d i c a t e s  t h a t  i n t e n s i t y  enhancement 

can occur  when hydroxo spectes are converted t o  0x0 s p e c i e s  and when t h e  num- 

be r  of br idging  s p e c i e s  is  reduced frnn two t,o one. In t h e  p re sen t  vanadium 

compound t h e  molecule is the  end r e s u l t  of both of t hese  mechanisms. If a 

+4 
( v ( ~ ~ ~ ~ ) ~ o H ) ~  s p c i e s  e x i s t s ,  i t  would be expected t o  be p a l e r  than  a simi- 

l a r  compound with one br idging  hydroxo group which would, i n  t u r n ,  be p a l e r  

than  t h e  present  conpound. Thus t h e  presence of a s i n g l e  0x0 an ion  as t h e  

b r idg ing  s p e c i e s  appears  t o  account  f o r  t he  h i g h  i n t e n s i t y  o f  t h e  abso rp t ion  

maxima, 

The l i n e a r i t y  of  t h e  br idge  and the  s h o r t  V-0 bond l eng th  i n d i c a t e  t h a t  

t h e r e  is a g r e a t  d e a l  of double bond c h a r a c t e r  i n  t h e  br idge.  The o r b i t a l s  i n -  

volved i n  t h e  brldge b ~ n d f n a  can be deduced by examining t h e  l i g a n d  placement 

about  t h e  two metal s i t e s .  When viewed down the  V-V vec tor ,  t h e  l i g a n d s  a r e  

i n  a n  ec l ipwd conform%tinn wl th  t h e  s u l f a t e  e n t i t i e s  r o t a t e d  90' from each 

o the r .  The o r b i t a l s  of t h e  0x0 oxygen can  be descr ibed  i n  t h e  fo l lowing  manner: 

two SP, hybrid o r b i t a l s  forming 0- bonds t o  t h e  two metal atoms and t h e  f u l l  

p, and py o r b i t a l s  extending perpendicular t o  them. The metal d o r b i t a l s  are 

ar ranged  as follows: t h e  d 2 o r b i t a l  forms d- bonds with t h e  b r idg ing  oxygen 
2 



and N4, d 2 2 forms a bands with t h e  o t h e r  f o u r  coord ina t ing  atoms, and d 
x -Y XY ' 

dxz, and d occupy t h e i r  u s l l a l  poslt.lons. The sho r tnes s  of  t h e  V-O bond 
YZ 

l e n g t h  i n d i c a t e s  t h a t  t h e  energy of t h e  dZ2 o r b i t a l  w i l l  be s l i g h t l y  higher 

than t h a t  o f  t h e  d 2 2 o r b i t a l  and t h a t  t h e  energies of  t h e  dxz and d orb- 
x -Y Y* 

i ta ls  will be a malt amount h ighe r  than  t h e  d o r b i t a l  energy, The two d 
XY 

level e l e c t r o n s  of each ap?roxia.ately oc t ahedra l ly  coordinated vanadium atom 

w i l l  be i n  the  d and one oT d or  d orb'ltals. Uhen t h e  px and p o rb i -  
XY X Z Y't Y 

tals of t h e  oxygen atom a r e  combined with t h e  dxZ and dyz o r b i t a l s  o f  the two 

vanadium atoms, s ix  n o l e c u l a r w  o r b i t a l s  are formed i n  degenera te  p a i r s ,  The 

s i x  e l e c t r o n s  available fill the two bondin% M,O. ' s  and half -fill the two 

a l i n e a r  three atom s y x + m  h e l d  tn&e+her hy four ftlled bonding molecular 

o r b i t a l s  c o n z i ~ t i n g  of  two cr atid two ~r bonds, 

The above hor,d+n,.: w h e m  he1 ps t o  e x p l n ? ~  why t h f  r, compound has a, bridge 

s y s t e n  which is very close to bein!: J i res? w h i l e  r!rnllar i r o n  systems 20-23 

are 7,suafly bent (139-1f;2~) a s  a r e s u l t  o f  t h e  e x t r a  e l e c t r o n s  being placed i n  

Tbe atrt~ctusal.  information obtained in thf:. skudy very s t r o n g l y  sugges t s  

t h a t  both vanadizlm atoms are i n  t h e  +:! oxida t ion  ste.te with i d e n t i c a l  coord- 

i n a t i o n  spheres. This c o ~ c l u s i o n  cannot,  however, be accepted as a n  a b s o l u t e  

fact, Because t h e r e  was a choice  of s p c e  groups, t h e r e  is a p o s s i b i l i t y  that 

t h e  dimeric molecule is no t  s i t u a t e d  on a symmetry element,  floreover, since 

no a t t empt  was rnz de t o  determine the oxida t ion  state of t h e  vanadium by, f o r  

example, t i t r a t i o n ,  t h e m  Js some ques t ion  as t o  t h e  p rec i se  ox ida t ion  s t a t e  

of vanadium in t h i s  compound. TRe presence o f  undetected hydrogen ions i n  the 

$ c r y s t a l  lattice would of course  change t h e  formal vanadium ox ida t ion  s t a t e ,  



SInce t h e  u,v,-vfslblo spectrum and m~e;netlc moment o f  t h e  compund were n o t  

measured, t h e r e  is t h e  e l l g h t  p o s s i b i l t t y  t h a t  t h e  compound s t u d i e d  ha re  was 

4 
n o t  t h a t  p rev ious ly  lnvest iga. ted by o t h e r  workers . 

It may be noted however, t h a t  if t h i s  compoucd was t h e  same as t h a t  s t ud -  

i e d  by Hurray and Sheahan, a magnetic moment of  3.3 B,M, would n o t  be incon- 

s i s t e n t  wi th  vanadium in %he 3+ ox ida t ion  state, s i n c e  an o r b i t a l  c o n t r i b u t i o n  

could Increase t h e  m g n e t i c  moment above t h e  spin-only value of  2.9 B,M, 

Nsny p o s s i b i l i t i e s  fo r  fr i ture work a r i s e  from mod i f i ca t i ons  o f  t h e  pres-  

e n t  system, The s imp le s t  modi f ica t ion  c o n s j s t s  of r e p l a c i n g  t h e  s u l f a t e  an ions  

by o t h e r  species. Thus it would be very  s imple t o  o b t a i n  t h e  p e r c h l o r a t e  salt 

i n  which i t  is q u i t e  pos s ib l e  t h a t  water mol.ecules occupy the s i x t h  eoord in-  

a t i o n  s i t e  of t h e  vanadium atomsr Ey vary ing  the j d e n t l t y  o f  t h e  an ion  it 

should be pos s ib l e  t o  vary t he  s p e c i e s  whtch occupies  t h i s  p o s i t i o n  and de- 

tarmine t h e  r e s u l t i n q  d f s t o r t i o n s  a r ? s i n q  from t h e  d i f f e r i n g  steric r equ i r e -  

men5s OF t h e  coorrfinat1n;r z p s c i s s .  Compact. ert!t i .es such as water and t h e  n i t -  

r i t e  ion  would be sxpect,ed t o  produce very l t t t l e  steric i n t e r a c t i o n  between 

t h e  two ha lves  of t h e  molecule witah t h e  r e s u l t  that.  t h e  V-O-V system shou3.d 

be more l i n e a r  that? i n  t h e  p re sen t  compound. I f  b u l k i e r  species such as R PO 
3 

o r  R SO, where R is an  a l k y l  s p e c i e s  such as  CH can be induced t o  coo rd ina t e  
2 3' 

t o  the  vanadturn atom, t h e n  t,he bridge w i l l  be bent.  Tf a l a r g e  deviation from 

l i n e a r l t y  does occur ,  t h e n ,  i f  t h e  i n t e n s i t y  of t h e  peaks i n  t h e  e l e c t r o n i c  

spectrum is a r e s u l t  of t h e  p i  system of t h e  br idge ,  t h e  r e s u l t i n g  compounds 

should be p a l e r  i n  co lo r .  The ma.in d i f f i c u l t y  wi th  bulky l i g a n d s  is t h e  i n i -  

t i a l  formation o f  the complex s i n c e  t h e  b ipy r id ine  l i g a n d s  t r a n s  t o  t h e  coor- 

d i n a t i o n  sites w i l l  be forced  c l o s e r  t o e e t h e r ,  Another an ion  t o  be i n v e s t i -  

4 
ga ted ,  f o r  a d i f f e r e n t  reason,  is P F ~ .  T t  was r epo r t ed  that t h e  s p c i e s  i s o l a -  

t e d  d i d  n o t  inc lude  s o l e l y  P F ~  bu t  a l s o  included t h e  c h l o r i d e  ion  s o  t h a t  t h e  



a n i o n i c  c o n t e n t  was ((PF ) Cl  ) f o r  each  vanadium atom. It would be in -  
6 1.3 0.7 

t e r e s t i n g  t o  f ind  out how She two types o f  an ions  are d i s t r i b u t e d  i n  t h e  u n i t  

cell,  Another i n t e r e s t i n g  arrangement o f  coord ina ted  species would r e s u l t  i n  

t h e  d e s t r u c t i o n  o f  t h e  two-fold symmetry o f  t h e  dimer by p lac ing  d i f f e r e n t  

molecules on the  two metal sites. 

If t h e  uniasual electronic spectrum is due t o  t h e  presence o f  t h e  l i n e a r  

0x0 br idge ,  t h e n  t h e  spectrum can be d r a s t i c a l l y  changed by a l t e r i n g  t h e  na- 

ture of t h e  br idge ,  Changing t h e  p r e s e n t l y  w e l l  prot.ected 0x0 sgcies t o  s 

hydroxo species by proton additsion i n  ar. acidic medium would probably r e s u l t  

i n  a dihydroxy bridged material, The second hydroxo group would form a br idge  

after the s u l f a t e  an ions  ware forced t o  break away a s  the molecule bent  t o  

accomodate t he  presence of the first hydroxo group, Another way t o  produce 

a bent no lecu le  would be to change t h e  blpyrldine l igand  by p lac ing  sterical- 

ly bulky groups on t h e  rings, ?,e, 6,6' dimethyl-2,~'-bipyridine, With such 

l i g a n d s  it would he very d i f f i c u l t  t o  fcrm a dimer analogous t o  t h e  one stud- 

ied, However, if a d imer  were f o r ~ a d ,  it would most l i k e l y  involve  a double  

bridge o f  e i t h e r  0x0 o r  hydroxo groups, 

Future  work t o  d e t e r m i n e  t h e  exact cause of t h e  unusual e l e c t r o n i c  spec- 

trum of t h i ~  compound lnvol ves  many different approaches to  t h e  problem and 

w i l l  g r e a t l y  improve t h e  u n d e r s t a n d i n g  of  polymeric t r a n s i t i o n  metal complexes 

which have 0x0 o r  hydroxo b r idg ing  specles. 



~o (co),B~ (~(~(e.pz& (C,H ,) ) 
J C I> I 

A s i n c l e  c r y s t a l  d l  f f m c t i o n  s tudy  o f  R ~ ( C O )  B ~ ( P ( M ~ ~ P Z )  (C H , where 3 2 6 5  
MeZpz is 3 ,54 ime thy lpy razo ly l ,  revealed t h a t  t h e  rhenium a t o n  was coordln- 

a t e d  t o  t h r e e  carbnnyl e n t , l t i e s ,  one 3rornine atom, and one n i t rogen  atom from 

each 3,5-dimet ,hyl~yraazolyl  port,ion oC t h e  phosphine l i gand ,  The s i x  coordin- 

a t e d  atoms are arranged i n  a n  oc t ahedra l  conf i w r a t i o n  ( ~ i ~ u r e  3)  with the  

t h r e e  carbonyl groups d e f i n i n g  one of t h e  t r i a n g u l a r  f aces ,  There were no 

s o l v e n t  molecules Incorporated i n t o  t h e  u n i t  c e l l  and t h e r e  were no ind tca t -  

i o n s  o f  in te rmolecular  i n t e r a c t i o n s ,  Table VfIT lists t h e  in te ra tomic  d i s t a n c e s  

and ang le s ,  

The Re-Br d i s t a n c e  of 3,52?(7) 8 is very c7ose t o  t h e  expected d i s t a n c e  

4+ of 2.68 8 uhlch is t h e  a m  of t h e  r r y s t a l  i o n i c  r a d i i  of Re  el' was no t  

a v a i l a b l e )  and ~ r -  3R When t h e  e x p r l m e n t a l  value 1s co r rec t ed  f o r  t h e  r i d i n g  

motioh of t h e  bromjne atom ul t h  r e s p e c t  t o  t h e  metal atom, a value o f  2,639(7) 

is obtained and !s somewhat c10ser t o  t h e  expected value.  The t h r e e  carbonyl 

groups apuear t o  d e v i a t e  very l i t t l e   fro^ linearity with t h e  ang le s  subtended 

a t  t h e  carbon at.oms being very close: t o  180". A comparfson of the bond l e n g t h s  

connected with those groups is very  hard t o  make s j n e e  t h e  e l e c t r o n  d e n s i t y  

immedf.at,ely s u r r o ~ m d i n g  the rhenivm atom seve re ly  l l m i t s  t h e  a b i l i t y  of  t h e  

least-squa.res process  t o  r e so lve  t h e  l i g h t  atoms (C,PJ ,O,H)  i n  t h e  neighbor- 

hood of t h e  heavy metal atom, T h i s  d i f f i c u l t y  is e s p e c i a l l y  apparent  with car- 

bony1 groups which have a r e l a t i v e l y  large amount of e l e c t r o n  d e n s i t y  between 

t he  carbon and oxygen atoms, I n  o r d e r  t o  s i d e s t e p  t h e  problem, a comparison 

of t h e  o v e r a l l  Re4 d i s t a n c e s  can be made with t h e  r e s u l t  t h a t  a l l  t h r e e  

groups appear  t o  be I d e n t i c a l  (3.01-3.06 i f  l i n e a r i t y  is assumed; 2.g-3.05 

if allowance is made for  non- l inea r i t y ) .  

The rhenium atom, t h e  four n i t rogen  atoms, and t h e  phosphorous atom form 
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a six-membered r i n g  wi th  a boat configurat,ion. Although t h e  molecule as a 

whole has approximate mir ror  symmetry, a comparison of s l m i l a r  s e c t i o n s  of  

t h e  boat  r i n g  i n d i c a t e s  t h a t  t h e  symmetry i s  not  very e x a c t  i n  k h i s  reg ion ,  

Table I X  shows t h a t  t h e  r l lhcdral  an@-es of  t h e  d i f f e r e n t  po r t ions  of t h e  ring, 

as viewed i n  Newmcsn pro jec t ions  down t.he v a r i a u s  bonds, are s u f f i c i e n t l y  d i f -  

f e r e n t  t o  i n d f c a t e  a s l i g h t l y  skewed c o n f i g ~ m t i o n  for t h e  hoat  r i ng .  The 

skewing of t h e  hoat  r i n g  appears  t o  he an example of  a puckered c h e l a t e  r i ng .  

With t h e  present  l i gand  t h e r e  1s t h e  p o s s i b i l i t y  of e i g h t  d i f f e r e n t  conforma- 

t i o n s  wi th  fou r  being as soc ia t ed  with t h e  boat conf igura t ion  and f o u r  a s soc i -  

ated with the  chair co r f igu ra t ion .  Ey analogy with f lve-me~bered  r i n g  systems 

which have only two c o n f . l q u r a t i o n ~ ,  t h e  molecule as represented  i n  Figure 3 

h a s  t h e  l igand In t h e  6 boat confie;urat ion with t h e  phenyl ring i n  t h e  a x i a l  

posl t i o n .  It Mas mentioned by ~ o f i m e n k o ~ ~  that. models i n d i c a t e  t h a t  t h e  

c h a i r  conformation should he  preferred s i n c e  it e n t a i l s  nuch less non-bond- 

i n g  tn+,emct icns  between t h e  s l r b s t i t ~ l e n + s  if. poslt.lon 3 thar, ir, t h e  boa t  con- 

formation,  1% Is not  known w h a t  w d e l s  were ueed b u t  t,he present  compound 

would i n d i c a t e  t h a t  t h e  boat conformati.on 1s prefer red  s i n c e  only  i n  t h e  boat  

form can the pyrazolyl r l n p  maintain l i nea r  o r  a! most l i n e a r  bonds t o  both 

t h e  phosphorous and metal atoms, 

Tn t h e  present  coxpound t h e   dimension^ of t h e  two pyrazolyl  r i n g s  a r e  

very  i r r e g u l a r .  This  i ~ ,  urobably due t o  t h e  i n a b i l i t y  of  the  ref inement  pro- 

c e s s  t o  accu ra t e ly  account  f o r  a l l  of t h e  e l e c t r o n  dens i ty .  Despi te  t h i s  prob- 

lem, t h e  average bond l e n ~ t h s  of t h e s e  r i n g s  (N-N, 1 3 9  8; I-C, 1.38 gIli C 4 "  

1 .bO 2) a r e  not  very d i f f e r e n t  f r o n  those  obtained from a compound u t i l i z i n g  

the*  analogous bo ra t e  1 1 g a n d ~ ~  ( N  1.3@+ X; N-C, 1.335 8; C-C, 1 .36  8) .  
When t h e  two N-Re-Br angles (85') and t h e  two Id-Re43 ang le s  (96') a r e  

compared, it appears  t h a t  t h e  boat r i n g  is  being d i sp l aced  toward t h e  bromine 
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atom, Th i s  small effect. could be due to  an  i n t e r a c t i o n  between t h e  phenyl 

r i n g  an4 t h e  neighboring carbonyl g c o u ~ .  This  p o s s i b i l i t y  arises when it is 

noted t h a t  t h e  phenyl p u p  is s i t u a t e d  close t o  C 3  ( C ~ - C ~ I .  3.04(7) 8).  The 

proximity o f  t hese  two groups could he due t o  a pi-pi  i n t e r a c t i o n  between 

molecular o r b i t a l s  o f  t h e  two g r o u p ,  Another p o s s t b i l i t y  which could  exp la in  

this near approach involves  the o v e r a l l  shape of t h e  whale molecule and t h e  

packing o f  the %olect l les  i n  the u n i t  c e l l .  If t h e  phenyl group was pos i t ioned  

a t  t h e  site occupic3d by t h e  phosphorous lone  pair, then i t  would po in t  away 

from t h e  rest o f  t h e  molectlle and would g ive  the  molecu18 t h e  appearance of 

a b a l l  with a long  f l a t  ex tens ion ,  Py occupyine: a p o s i t i o n  nea r  t h e  carbonyl  

group, however, t h e  general shape of  t,he complex is much more s p h e r i c a l  and 

t h i s  shape would permit saeier packing of tho  complex molecules i n t o  t h e  u n i t  

cell than w o ~ ~ l d  t h e  o t h e r  sore I r r e g u l a r  shape, The proximity of t h e  phenyl 

group t,o t h e  carbonyl group agpezrs  t o  I n d i c a t e  t h a t ,  i f  t h e  c o n d i t i o n s  were 

a p p r o p r i a t e ,  f u r t h e r  Znt.rarnolocu1 ar r eac  t,lonx a re poss ib le ,  Acylat ion o f  t h e  

phenyl group would occur i f  a hydrogen a.tam c o u l d  be removed from one of t h e  

o r t h o  carbons of t h e  r l n a  and a t r i ~ - r ? h e l a t i r g  phonphfne l igand  would r e s u l t ,  

A l o s s  of  both a carbonyl  group and an  o r t h a  hydrogen would r e s u l t  i n  a n  or tbo-  

me ta l l a t ed  com-olex which would again produce a t r i s - c h e l a t i n g  phosphine l ig-  

and r 

The behaviour of tho phnsphine l tgand  i n  this and other coinpounds is 

mainly due t o  t he  two pyraeolyl  rincs. The e l e c t r o n  withdrawing a b i l i t y  of a 

pyrazoly l  ring 1s so great t h a t  t h e  coord ina t ing  power o f  t h e  phosphorous 

l o n e  pair of electrons is decreased well below t h e  coord ina t ing  power o f  t h e  
\ 

r i n g  n i t rogens .  Because of t h i s  arrangement of e l e c t r o n  d e n s i t y  t h e  rhenium 

compound is incapable of s e r v i n ~  as a *osphine l i gand  t o  o t h e r  metal comp- 

l exes .  Th i s  i n a b i l i t y  t o  c o o r d j m t e  through t h e  phosphorous atom makes t h e  



13~aM.1 very similar t o  o the r  ' l i . p n d s  u t i l i z i n g  pyrazolyl rings, The b e s t  

16 known series is ( A ~ B ( ~ z ) ~ _ ~ ) -  but o the r  l e s s  f ami l i a r  s e r i e s  a r e  known i n  

which t h e  boron atom is replaced by carbon t o  y ie ld  n e u t m l  l i g a a d s  o r  by 

beryllfum t o  y ie ld  d tneea t ive  l igands ,  It should a l s o  bet poss ib le  t o  make 

a l igand series in  which n i t rogen replaces  phosphorous i n  order  t o  observe 

t h e  competition between two i d e n t i c a l  atoms. The behaviour of a l l  of these  

various l lgands  is mainly governed by t h e  pyrazolyl r i n g s  and the  t o t a l  

charge of t h e  l ieand.  Variat ions I n  atahili.t,y of complexes with r e spec t  t o  

degradation by a i r  o r  water a r e  observed when R is varied o r  a l k y l  groups a r e  

put  on t h e  r i n g s  but t t  is the  presence of t h e  r ings  which permits coordina- 

tfon i n  the first place, A complete structural xt,udy of po1ypyraa;olyl l igands  

would be very time consuminq b u t  I t  would h e l p  t o  explain the  manner i n  which 

t h e  various conponents,of t h e  lieand-metal system in te rac t .  Thus changing the 

c e n t r a l  l tgand atom ( i .e ,  from boron t o  carbon) may i nd ica te  t h a t  c h a i r  con- 

formations are preferred t o  boat conformations f o r  some dipyrazolyl  systems. 

The same effect can be examined by varylng t h e  coordinated metal atom, Vary- 

ing  t h e  number of pyrazolyl r i n g s  may r evea l  unexpected products such a s  the 

monopyrazolyl phosphine mentioned earlier, S t e r i c  i n t e r a c t i o n s  of  a l k y l  groups; 

on the  pymzolyl  r i n g s  and/or on t h e  centza l  atom would possibly r evea l  how 

various complexes u t i l i z i n g  these  l igands  are more s t a b l e  than s i m i l a r  com- 

pounds lacking such groups. A l l  i n  a l l  a stJudy of these l igands  would be very 

i n t e r e s t i n g  and would he lp  t o  open up a new f i e l d  of s tudy i n  coordinat ion 

chemistry, The present s tudy is a small s t e p  i n  t h i s  d i rec t ion .  



TABLE 11 Structure Factors For %ha Vanadium Cols~ound 
L FO FC L FC) FG t PQ FC 







40 -46 5 
20* 21 6 
13* 10 7 
fl* 18 8 
46 46 9 
34 -37 10 

1 1  
3 , K =  5 12 

13 
8* 23 14 

198 -201 15 
56 -50 16 

167 166 If 
13* -3  

110 106 H= 
21* -23  
35 -30 0 
16* 7 2 
14* 1 1  4 
41 44 ti 
47 - 3 1  8 

tr* 2 10 
33 3 3 12 

8* 3 14 
Y *  -b 16 
12+ 9 

H =  
3 , R =  3 

0 
70 5 6 1 
20 4 4 2 
115 -1163 3 
66 - 79  4 

2* -8 5 
192 178 6 
38 3 7 7 
68  5 8 C3 
74 -76 9 
11* -7 10 
66 67 1 1  

6*  12 12 
64 -67 13 
101 -2 14 
14* -9 15 
13* -14 16 
32 2 i3 
22* -18 H= 



120 -120 
45 50 
18* 7 
99 88 
14* 4 
25 -21 
167 -165 
11*  8 

214 213 
7* 2 
3* -4 

42 -45 
74 -73 
33 2s 
2 2* 8 
4* -18 









76 
7 3 
Y* 

6 5  
3* 

38  
LO*  
12* 
25* 
59 
22*  
53 
14s 
4* 

21* 



1. 

- 5  
-6  
-7 
-8 
-9 

-10 
-11  - 12 
-13 
-14 
-1s  - 16 
-17  - 1 8 

Ho- 

- t 
- 2  
-3 
- 4  
-5 
-6  
-7  
-8 
-9 

-10 
- 1 1  
-12  
-13  
-14 - 15 
-16 
-17 
-18  

l= 

- 1  
-2 
-3 
-4 
-5 
-6 
-7 
- 8  
-9 

- 1 0  
-11  
- 1 2  
-13  - 14 
-15 - 16 
-17  















TABLE IV Structure Factors F Q ~  the Rhenium Coinpound 
L PO . PC L PO PC L PO FC 













22* 1 1  - 1 
50 - 4 5  - 2  
11* 17 -3 
IS* 13 -4 
5* 0 - 5  

114 115 -6 
14* -7 -7 
6 1 56 -8 

-9 
2, K =  11 -10 

-11 
129 -134 -12 
21* -6 -13 
102 -104 -14 

1 28 
32 -39 H z  
IS*  20 
8 3 80 -15 
12* -6  -14 
63  65 -13 
12* -1 1  -12 

-11 
2, R= 10 -10 

-9 
53 55 - 8 
34 40 -7 
98 103 -6 
16* -29 -5  
66 63 - 4  

1 3 5  - 1 4 0  -3 
39 37 -2 
6'7 -64 - 1 
28* -40 
5 4  56 H= 
18* -15 
85 87 - 1 

- 2  
2, K =  9 - 3  

- 4  
89  91 - 5  
20* -16 -6 







65 73 
75 -107 
110 117 
60 62 
82 89 

229 213 
14* -14  
57 49 
130 -123 
32 -30 
11* -16 
148 -137 
34* 28 
73 -71 
72 7 1 
63 6 2  
33* 3 1  





PO' PC 
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