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Abstract - High-Valent ruthenium and osmium canplexes a r e  s t a i l i z e d  by macrocyclic 
t e r t i a r y  amine ligands. 
ruthenium ( V I )  and osmium (VI) 0x0 complexes of  14-TMC (1,4,8,11-tetra-methy1-1,4,8,11- 
tetraazacyclotetradecane) a r e  described. In  aqueous so lu t ions  with pH>8, t rans-  
[Ruvl (14-TMC) 02] 2+ and trans- [OsvI (14-MTC)02] 2+ undergo a r e v e r s i b l e  one-electron 
reduction t o  t rans-  [Ruv(14-TMC)02]+ and t rans-  [OsV(14-TMC)0 I +  with E+ values  a t  
0.33V and -0.23V V.S .  S.C.E. respect ively.  In ac id ic  so lu t ion ,  t h e  electrochemical 
reduction of t rans-  [OsvI (14-TMC)02] 2+ i s  a revers ib le  three-electron three-proton 
t ransfer  process. does not r e a c t  with norbornene or 
s tyrene i n  a c e t o n i t r i l e  even a t  5OoC but s e l e c t i v e l y  oxid izes  a l l y l i c  and benzylic 
C-H bonds. 

The s t r u c t u r e s ,  p roper t ies  and r e a c t i v i t i e s  of some 
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Trans- [Ruvl (14-TMC)O 1 [C104] 

The syntheses of I ron,  Ruthenium and O s m i u m  with a s e r i e s  of quadridentate  macrocyclic amines 
a r e  described. The i r o n ( I I 1 )  complexes, t rans-  [Fe(L)Cl,I+ [L = 1,4,8,11-tetraazacyclotetra- 
decane (14aneN4) and its 15-membered analogue, 15aneN41 were prepared by a e r i a l  oxidation of 
methanolic so lu t ions  of FeC12 and the  amines ( r e f .  1). 
and NaX ( X  = B r  and SCN)  i n  methanol yielded t rans-  [Fe (14aneN4) X 2 1 + .  These species  a r e  high- 
sp in  (p f f  = 2.35 t o  3.90 A . M . ) ,  s u b s t i t u t i o n a l l y  l a b i l e  and e a s i l y  undagodemetallation y o n  
d isso lur ion  i n  p r o t i c  solvents  ( r e f .  2 ) .  
i n  a c e t o n i t r i l e  is  c m p l e t e l y  i r r e v e r s i b l e .  A l l  attempts t o  prepare i r o n ( I I 1 )  and high- 
va len t  i ron cmplexes of sa tura ted  macrocyclic t e r t i a r y  amines such as 14-TMC and 15-TMC 
(1,4,8,11-tetra-methyl-1,4,8,1l-tetraazacyclotetradecane and i ts  15-membered analogue 
respect ively)  were unsuccessful. 

Macrocyclic t e r t i a r y  amine l igands,  14-TMC, 15-TMC, and 16-TMC were prepared by N-methylation 
of the  corresponding secondary+cyclic amines with a mixture of formic acid and formaldehyde 
( r e f .  3) .  Trans-[OslI1 (L)C12] 

Reactions of trans-[Fe(14aneN4)C1 1 2 

The electrochemical oxidat ion of  trans- [Fe (L)X2] 

complexes (L  = 14aneN4, 14-TMC, 15aneN4, 15-TMC, 16aneN4 and 

14aneN4 ' ~ ~ - T M C  15-TMC * 16-TMC 

St ruc ture  of Tetraaza-macrocycles. 

16-TMC) w e r e  prepared by re f lux ing  e thanol ic  so lu t ions  of N a Z I O s C l  1 and L i n  the presence 
of t i n  p l a t e s  f o r  24h ( re f .  3 ) .  Oxidation of  trans-[O~~~I(n-TMC)Ct~]' (n = 14,15, or  16) 
with H202 i n  water gave t h e  corresponding t rans-  [Osvl (n-TMC)02] 2+ ( r e f .  4 ) .  These trans- 
dioxoosmium(V1) complexes e x h i b i t  an in tense  i . r .  s t r e t c h ,  V ( O s O z ) ,  a t  ' W 7 0 , ~ n - ~  and show 
vibronic s t ruc tured  spin-allowed and spin-forbidden (d 1 2  * (d ) l ( d * ) l  (d,r = d , d ) 
t r a n s i t i o n s  a t  300 and 350 nm respec t ive ly  ( r e f .  4 ) .  
r e a c t  with benzyl a lcohol  or  s tyrene  even a t  7OoC. 
so lu t ion  o f  t rans-  [Os (14-TMC)021 2+ with excess PPh3 f o r  24h yielded t rans-  [OsII (14-TMC)- 
(CH3CN)2]2+ and o=PPh3 i n  high y ie ld  (over 70%).  
complexes of n-TMC have not  been successful .  In  genera l ,  t h e  osmium macrocyclic amine 
complexes a r e  i n e r t  towards ligand exchange react ions.  +For example, no de tec tab le  
s u b s t i t u t i o n  reac t ion  between t rans-  [0s1I1 (14aneN4)Cl21 
heating the so lu t ion  a t  8OoC f o r  2h. 
amines were prepared by electrochemical oxidat ion of trans-[Os(n-TMC)ClZlt (n = 1 4 ,  15 o r  16) 
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$Key a r e  ggn-oxydizing andx80 nxt 
However, re f lux ing  an a c e t o n i t r i l e  

Attempts t o  i s o l a t e d  O s ( I V ) = O  

and N a B r  w a s  found even upon 
Novel trans-dichloroosmium ( I V )  of macrocYclic tertiary 
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I V  i n  a c e t o n i t r i l e  ( r e f .  3 ) .  Unlike the  case of trans- [Os (NH3) 4C1 1 2+ which undergoes rapid 
disproport ionat ion reac t ion  i n  aqueous so lu t ion  ( r e f .  5) electroc6emical oxidation of 
t rans-  [0s1I1 (16-TMC)Cl21+ t o  t rans-  [OsIV(lG-TMC)Cl I 2+ i n  aqueous so lu t ions  a t  pH = 1.1 and 
7.0 is r e v e r s i b l e  (E+ = 0.81V V.S .  N . H . E .  a t  pH = f .  1, A E ~  = 60-7bV and i ' /i 
Trans- [0sIv (16-TMC) C l 2 1  2+ has been character ized spectroscopical ly  (Fig. 17: 
i n  Fig. 1 i s  a t t r i b u t e d  t o  LMCT t r a n s i t i o n ,  p (C1)  -+ dn[Os(IV)I ,  which i s  red-shif ted from 
trans-[O~~~~(l6-TMC)Cl~l+ (304nm) ( r e f .  3 ) .  
voltammogram (Fig. 2) of trans- [Osvl  (14-TMC)021 2+ showed a revers ib le  three-electron redox 
wave, corresponding t o  the  reduction of t rans-  [OsvI (14-TMC)02] 2+ to t rans-  [OsIII (14-TMC) (OH)-  
( O I i 2 ) l 2 + .  
ind ica t ing  t h a t  t rans-  [Osvl (14-TMC)021 2+ i s  not  a s t rong oxidizing agent. 
O S ( V I ) / O S ( I I I )  couple s p l i t s  i n t o  two waves, I and I1 (Fig. 3 ) ,  a t t r i b u t e d  t o  the following 
electrode reac t ions ,  

I: 

1). 
%ie 365nm band 

Tn aqueous so lu t ions  a t  pH = 1.1-6,  the cyc l ic  

A t  pH = 1.1, t h e  E+ value of the  O S ( V I ) / O S ( I I I )  couple i s  0.035V V . S .  S.C.E. 
A t  pH>7, the 

trans-[Os V I  (14-TMC)021 2+ + e - + trans-[Os V (14-TMC)021+ 

11: trans-[0sV(14-TMC)O21+ + 2e- + 2H+ t rans- los  I11 (14-TMC) (OHI2]+. 

As expected, t h e  E 
independent. 
trans- [ O S * ~ ~  (14-TMC) (OH) 2] + i n  a lka l ine  so lu t ion  is a two-proton two-electron Zransfer 
process, suggesting t h a t  t h e  intermediate Os(IV)-oxo species  i s  unstable  and undergoes 
rapid disproport ionat ion i n  water. 
reduction of t rans-  [Osvl (14-TMC)02] 2+ i n  a c e t o n i t r i l e ;  i t s  o p t i c a l  absorption spectrum i s  
shown i n  Fig. 4 i n  ( re f .  6 ) .  Surpr i s ing ly ,  both t rans-[Os (14-TMC)02]+ and trans-[OslI1- 
(14-TMC) (OH) (OH2) 1 2+ were rap id ly  oxidized by a i r  t o  trans-dioxoosmium ( V I )  species i n  acidic  
solut ions.  The inherent  s t a b i l i t y  of t h e  osmium complexes towards ligand exchange react ions 
o r  demetallation i s  i n  cont ras t  t o  t h e  i ron  system. 
osmium macrocyclic t e r t i a r y  m i n e  canplexes t o  p a r t i c i p a t e  i n  organic  substrate  oxidations 
seems t o  ind ica te  t h a t  t h i s  c l a s s  of complexes may not  be usefu l  i n  the  future  study of 
homogeneous c a t a l y s i s  of organic  oxidat ion react ions.  

Ruthenium-oxo complexes of L (n-TMC, n = 1 4 ,  15 or  16) were synthesized from trans-[Ru'I'L- 
C l 2 1  

trans- [ R U ~ ~ ' L C ~ ~ ]  H,O t rans-  [Ru L(OH) (OH2) 1 

value f o r  the  O s ( V I ) / O s ( V )  couple(1) a t  -0.23V v p .  S.C.E., is  p~ 
The revers ib le  redox interconversion between t rans-  10s (14-TMC)O 1' and f 

Trans- [Os" (14-TMC) 0 1' was prepared by electrochemical 2 
V 

Furthermore, the  i n a b i l i t y  of the oxo- 

+ ( r e f .  7) v i a  t h e  aquo intermediate  a s  follow: 

+ Ag+ , I11 2+ 

1 I V  
t rans-  [RU (L)O (x)  1 + > 

trans- [R~"'L(OH)  OH^) I 2+ 
2+ > trans- [RuV1 ( L ) O ~ I  

t rans-  [R~"(L)o  ( C H ~ C N I  1 2+ 
V I  2+ t rans-  IRu ( L ) 0 2 1  

V + t rans-  [RU (L) 021 

These dioxoruthenium(V1) complexes are yellow s o l i d s .  They a r e  a i r  s t a b l e ,  diamagnetic and 
have a shor t  metal-oxo bonds. The d(Ru=O) d is tances ,  as determined by X-ray crystallography, 
l i e  between 1.70-1.71 2 ( r e f .  8 ) .  They a r e  s t rong  oxidants  and e a s i l y  undergo two-electron 
oxidation reac t ions  i n  aqueous so lu t ions ,  a s  i l l u s t r a t e d  by the  following examples, 

0 
2+ I I  I V  2+ 

PhCH20H + trans-[Ruv1(L)O21 --+ Ph-C-H + trans-[Ru (L10(OH2) 1 

CH3CN > O=PPh3 + t rans-  [RuIV (L)O (CH3CN) I 2+ V I  2+ 
PPh3 + trans-[Ru (L)021  

However, they a r e  poor epoxidation reagents  s ince they do not  seem t o  r e a c t  with norbornene 
or  s tyrene i n  a c e t o n i t r i l e  even a t  5OoC. The s t rong Ru=O bonds found i n  trans-dioxo- 
ruthenium(V1) canplexes suggest t h a t  these species  favour hydride/hydrogen a tan  abstract ion 
r a t h e r  than 0x0-transfer react ions.  
with cyclohexene t o  give cyclohexenone as the  only product and oxidized toluene t o  give 
benzaldehyde a r e  i n  agreement with t h i s  de l ibera t ion .  

The observat ions t h a t  t rans-  [RuVI (14-TMC)02] 2+ reacted 
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1 
JOO 4 0 0  

' I".l 

-- Figure 1. O p t i c a l  s p e c t r a l  changes f o r  
t h e  e l ec t rochemica l  ox ida t ion  of t r a n s -  
[OsIII(16-TMC) C l 2 I f  t o  t r a n s -  [OS '~ (~~-TMC)-  
cl21 2+ i n  a c e t o n i t r i l e .  

I I 

e0 .2  0 .0  - 0 . 1  -0.4 4 , 6  
P o t e n t l a 1  ( V  V . S .  S.C.C.)  

Figure 3. Cyc l i c  voltammogram of trans- 

[OS 

a t  pH = 10. Working e l e c t r o d e ,  p y r o l y t i c  
g r a p h i t e ;  scan r a t e ,  50 m V s - l .  

V I  
(14-TMC)021 " i n  aqueous s o l u t i o n  

L 
0.4 0.2 0.0 -0.2 

Potmtl.1 (V V.D. S.C.L.) 

,~ig;? 2. 
[Os 
pH = 1.1. 
g r a p h i t e ;  scan rate,  50 mVs-'. 

Cyc l i c  voltammogram o f  trans- 

"orzing e l e c t r o d e ,  p y r o l y t i c  
(14-TMCIO 1 2 +  i n  0.1 M CF3S03H, 

Alnm 

Figure  4. O p t i c a l  spectrum o f  t r a n s -  

[Os (14-TMC)O21 i n  a c e t o n i t r i l e .  V + .  

V I  2+ 
(L)021 I n  a c i d i c  s o l u t i o n s ,  t h e  e l ec t rochemica l  r educ t ion  of t r a n s -  [Ru 

0 (OH2) ] 2+ is  a r e v e r s i b l e  two-electron two-proton t r a n s f e r  r e a c t i o n ,  
t o  t r ans -  [RuIV (L)  - 

t r ans -  [Ruvl ( L ) O 2 ]  2+ + 2e- + ZH+ 4 trans -  [Ru 1v (L)O ( 0 ~ ~ )  I 2+ 

A t  p H  = 1.1, t h e  Ef v a l u e s  of t h e  Ru(VI)/Ru(IV) couples  l i e  between 0.66-0.67V V.S. S.C.E. 
(ref.  7 ) .  Thus trans-dioxoruthenium(V1) system i s  %63OmV more o x i d i z i n g  than  i t s  osmium 
analogue. 

The m(1V) -0x0- t e r t i a ry  amine canplexes,  which have a weaker Ru=O bond than  trans-[Ru V I  ( L ) -  

021 2+ canplexes [d (Ru=O) f o r  t r ans -  [RuIv ( L ) O  ( X I  I n +  is 1.765 g, be ing  independent o f  t h e  
n a t u r e  of a x i a l  l i g a n d  X I ,  are mi lde r  o x i d a n t s  ( r e f .  8). The o x i d a t i o n  of benzyl a l coho l  
t o  benzaldehyde by t r a n s -  [RuIV(L)O(X) In+ r e q u i r e d  high temperature  (e .g .  SOOC) and they d id  
no t  react wi th  PPh3 i n  a c e t o n i t r i l e  a t  room temperature .  
e l ec t rochemica l ly  and r e v e r s i b l y  to  mono-oxoruthenium(V) complexes i n  a c e t o n i t r i l e ,  ( X  = C 1 ,  

However, t hey  can be oxidized 

trans-[Ru I V  (L)O(X)]+ - e- (-' trans-[Ru V (L)O(X)] 2+ 

I V  
NCO & N 3 ) .  
i n  t h e  absence and presence of benzyl  a l c o h o l  are shown i n  Fig.  5. 

Typ ica l  c y c l i c  voltammograms of t r a n s -  [Ru C14-TMC)O (NCO) 1' i n  a c e t o n i t r i l e  and 
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1 I 1 I I I I 

1.2  1 .0  0 .8  0 .6  0.4 0 . 2  0 . 0  
V o l t #  VS.  Ag/A.pN03 ( 0 . 1  M In CH3CH) 

Figure 5. Cyclic voltammograms of t rans-  [RU'~(~~-TMC)O(NCO) 1' 
i n  a c e t o n i t r i l e  i n  t h e  presence and absence of benzyl a l c  hol. 
Working e lec t rode ,  pyro ly t ic  graphi te ;  scan r a t e ,  50 m V s  . -P 

V The E4 valu$yoof trans-[Ru (14-TMC)O(X)I2+ canplexes i n  a c e t o n i t r i l e  a r e  1 .10 ,  0.89, 0.72V 
V.S.  Cp2Fe f o r  X = C 1 ,  NCO and N3 respect ively.  These Ru(V)-0x0 complexes a re  ac t ive  
oxidants  f o r  the  oxidat ion of benzyl a lcohol  a s  evident by t h e  presence of large c a t a l y t i c  
oxidat ive cur ren t  shown i n  Fig. 5. The r a t e  constants  decrease i n  the  same pat tern as the 
formal reduction poten t ia l s .  
l o 2  M - l  s-l f o r  X = C 1  and NCO respect ively ( r e f .  9 ) .  

Strongly oxidizing t rans-  [Ru 
could a l so  be generated by electrociemical  oxidat ion of trans- [Ru'I' ( L ) C 1  1' i n  ace toni t r i le  
( r e f .  1 0 ) .  The r e a c t i v i t i e s  o f  these RU (IV) complexes i n  the oxidat ion o$ benzyl alcohol 
l i e  between Ru (1V)-0x0 and Ru(V)-0x0 complexes. 
t o  catalyse the  aerobic  oxidation of  benzyl a lcohol  a t  rwm temperature. 
observed turn-over e f f ic iency  of t h e  present  Ru-0x0 system is  low ( turn  over number 1.3 for  
2 4  h. reac t ion  a t  25OC). 

The second order r a t e  constants  a r e  2.1 x lo2 and 3.1.2 x 

I V  ( L ) C 1  1 2 +  complexes (wiLh E+ values  of  1.0-1.1OV V.S. Cp Ze'") 

The t rans-  [RuVI  ( L ) 0 2 ]  2+ complexes were found 

2 

However, the 

CONCLUSION 

The ruthenium-oxo complexes a r e  i n  general  more s t a b l e  than t h e  0x0-iron species but more 
oxidizing than the corresponding osmium analogues. 
complexes with the  c e n t r a l  ruthenium ion i n  oxidation s t a t e s  I V ,  V and V I  allows a more 
systematic study of e l e c t r o n i c  e f f e c t s  on the r e a c t i v i e s  of metal-oxo complexes. 

The a v a i l a b i l i t y  of 0x0-ruthenium 
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