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.Abstract - High-Valent ruthenium and osmium com?lexes are s t a b i l i z e d  by 
macrocyclic t e r t i a r y  amine liqands. 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 ruthenium(IV), (V)  and (VI) 0x0 complexes of 14-TMC- 
~1,4,8,ll-tetra-methyl-1,4,8,ll-tetraazacyclotetradecane) and analogous 
15-"yd 16-member~d macrocycles a re  discussed. In  a c e t o n i t r i l e ,  t rans-  
[Ru (14-TMC)O 1 undergoes a revers ib le  one-electron reduc ion t o  
trans-[RuV(14-$MC)O2I+ with E value a t  -0.12 V (v.s. C,D Fe;?). In  
ac id ic  s o l u t '  n ,  the  e lec t roc  reduction of trans-?Ru (14-TMC)O2I 
t o  t rans-  [RU*~(~~-TMC)O(OH ) I 
c i s -  [Ruf1-(NH3) 9+ 

2+ 

revers ib le  tweproton  two-s)ectron 
t ransfe  urocess. Ch mica? reduction of trans-[Ru (14-TMC)O2IV by 

whicjQ i n  the presen 
021 and trans-[RuEg(14-TMC)O(OH2)1 . 

+ (boy = 2,2' -bi?yridine) gives  t rans-  [By &4-TMCD2] , (b?y) I 
of H', d i s u r o q p i o n a t e s  i n t o  t rans-  [Ru (14-TMC) - 

INTRODUCTION 

High-valent metal-oxo complexes have long been in tens ive ly  s tudied over the Fas t  decades 
( r e f s .  1 and 2 ) .  
oxidative c a t a l y s t s  i n  organic synthe t ic  reac t ions ,  but  t h e i r  chemistry i s  s t i l l  poorly 
understood. There is  a c l e a r  need i n  es tab l i sh ing  fac tors  governing the  r e a c t i v i t i e s  of 
M=O complexes towards hvdride abs t rac t ion  and 0x0-transfer reac t ions  t o  f a c i l i t a t e  t h e  
fu ture  desiqn of chemo- and reqio-select ive oxidizing agents. The 0x0 com.plexes of i ron  
family are  of ? a r t i c u l a r  i n t e r e s t  t o  us. F i r s t l y ,  0x0-iron species  has long been postulated 
as the ac t ive  intermediate i n  the  enzymatic reac t ions  of cytochrome P-450, but  i t s  chemistry 
and a l s o  t h a t  of the  ruthenium and osmium analogues a re  v i r t u a l l y  unknown. Secondly, 
informations on the  redox behaviourof Ru=O complexes a r e  usefu l  i n  understanding the  
chemistry and r e a c t i v i t i e s  of Ru04 and Ru02.XH20 ( r e f s .  3 and 4 ) ,  which have found usefu l  
a?pl icat ions i n  i n d u s t r i a l  grocesses. ldacrocyclic t e r t i a r y  amines, (L = 14-TMC, 15-TMC 
and 16-TMC) a r e  known t o  s t a b i l i z e  t r a n s i t i o n a l  metal ions i n  unusual oxidation s t a t e s  
( r e f s .  5 and 6). These ligands a re  chosen i n  our work because t h e i r  metal complexes a re  
s tab le  towards demetallation. They have the addi t iona l  advantage of  being r e s i s t a n t  
towards oxidation and showing no low-energy charge-transfer bands i n  the  Uv-VIS region 
upon complexation t o  the  metal ions. These conglexes thus provide a b e t t e r  
ogportunity f o r  the  spectroscopic study of t h e  e l e c t r o n i c  t r a n s i t i o n s  from the 
M=O un i t .  

Class ica l  oxidants ,  such as  Cr03 and Mn04 , a r e  of ten  emsloyed as 

14aneN4 14-TMC 15-TMC 16-TMC 

Structure  of Tetraaza-macrocycles. 
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DIHALOGENO MACROCYCLIC TERTIARY A M I N E  COMPLEXES OF 
RUTHENIUM(1V) A N D  O S M I U M ( I V )  

Although tran~-[M~~~(14aneN~)Cl~]+ complexes ( M  = Fe, Ru and 0 s ;  14aneN4 = 1,4,8,11-tetra-  
azacyclotetradecane) underqo i r r e v e r s i b l e  oxidqtion e i t h e r  chemically or  electrochemically, 
electrochemical o x i d a t i  ( M  = Ru, 0 s ;  L = 14-TMC, 15-TMC and 16-TMC; 
X = C 1 ,  B r )  t o  trans-[MP'(L)X2] has been found t o  be a simple and revers ib le  one-electron 
t ran  f e r  nrocess ( r e f s .  7 and 8 i . .  Some t y p i c a l  cyc l ic  v o l t m o g r a m s  of trans-[Ru(16-TMC)- 
C l 2 1  
qenerated trans- [M"(l;-TMC) Cf , ]  comqlexes have been character ized spectroscopical ly  with 
p +. dT(M) t fgmsi t ions a t  410 and 365 nm f o r  M = Ru and 0s respect ively ( r e f s .  7 and 3 ) .  
Tfie trans-[M (16-MTC)Cl 1 species  can a l so  
be nuant i ta t ive ly  reduce2 back t o  the  TABLE 1. E values of some M ( I V ) /  
corres,nonding M ( I I 1 )  complex by chemical means M ( I I 1 )  cou,??es i n  a c e t o n i t r i l e  
( f o r  examgle, with N H4.H20). 

Com2lex E4 (v.s.  summarizes the Eq vafues of some M ( I V ) / M ( I I I )  
couples of ruthekum and osmiuj+ter t iary m i n e  
com?lexes. Trans- [RuIV(L) C 1  1 complexes cp2 Fe+/O) 
are  usual ly  more oxidizinq t2an t h e i r  osmium 
analogues by %430 mV, i n  agreement with a 
lower ionizat ion ? o t e n t i a l  of the  osmium 

of ~ ~ ~ S - [ M ~ ~ ~ ( L ) X ~ ]  

5 and t rans-10s 16 T N C ) C l  1 2+n CH3CN a r e  given i n  Fig. 1. The electrochemically 

Table 1 

0.67 t rans-  [Os (16-TMC) C l , ]  + 

system. The generation of s t a b l e  R u ( I V )  and 
O s ( 1 V )  comclexes containing no 0x0 ligand and 
having redox p o t e n t i a l s  a s  high as  1.23 V 
(v. s .  ferrocene/ferrocenium couple, Cp2Fe+lo) 
demonst ra tes  t h e  unusual s t r u c t u r a l  fea ture  
of macrocyclic t e r t i a r y  amines i n  the  
s t a b i l i z a t i o n  of highly oxidizing metal 
complexes. 

e 

trans- [Ru (14-TMC) C122+ 1.21 

t rans-  [Ru (15-TMC) C l 2 I  + 

t rans-  [Ru(lG-TMC) C l 2 I +  1 . 2 2  

1 . 2 1  

1.23 t rans-  [Ru(14-TMC)Br2] 

t rans-  [Ru(15-TMC)Br21+ 1.18 

1.13 t rans-  [Ru(l4-TMC) (NCO) 21 

+ 

+ 

Fiq. 1. Cyclic Voltammo- 
grams of t rans-  [M(lG-TMC) - 
C l 2 1 +  (M = Ru and 0 s )  i n  
CH CN. Supcorting e l e c t -  
ro?yte ,  0.1 M [Bu4NIC10 ; 
working e lec t rode ,  uyrofy t ic  
qraphi te ;  scan r a t e ,  50mVs-l. 

SYNTHESIS A N D  PROPERTIES OF R U T H E N I U M  A N D  O S M I U M  O X 0  
COMPLEXES OF MACROCYCLIC TERTIARY AMlNES 

The generalized synthe t ic  methods leading t o  ruthenium and osmium 0x0 complexes of 
macrocyclic t e r t i a r y  amines (L = 14-TMC, 15-TMC and 16-TMC) a r e  out l ined a s  follows 
( re fs .  7 - 1 3 ) .  

V I  2+ t rans-  [Ru ( L ) 0 2 ]  
+ 

t rans-  [ R ~ I I I  ( L )  (OH)   OH^) I (L) cl21 + Ag, I11 trans-  [Ru 

Naxk:rans- [Ru I V  (L)O(X)]+ 

( X  = N and NCO) 3 
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V -0.3V 
+ t rans-  [Ru (L)021 + 

VI trans-[Ru ( L ) o , I ~ +  + e- 
v . s . Ag/AgN03 ( 0.1M) 

VI 2+ CH3CN 2+ 
trans-[Ru ( L ) 0 2 ]  + PPh3 ___) trans-[RuIV(L)O(CH3CN) 1 

IV c1- VI 2+ 
t rans-  [Ru ( L ) 0 2 ]  + PPh3 ____c t rans-  [Ru ( L ) O ( C l )  1' 

VI 2+ 
t rans-  [0s1I1 (14-TMC) C12] + + H202 t rans-  [Os (14-TMC)O21 

t rans-  [Osvl (14-TMC) 021 2+ + e- 
V -1. ov 

t rans-  [Os  (14-TMC)O21+ 
v. s . Aq/AgN03 (0.1M) 

The s t re tch ing  frea_uencies [ V ( R u = O ) ] ,  bond dis tances  [d(Ru=O)l and magnetic proper t ies  
( L l e f f )  of some ruthenium-TMC-oxo complexes a r e  complied i n  Table 2 ( r e f .  8 ) .  
from Table 2 t h a t  Ruvl=O bond i s  s t ronger  than the corresponding RuIV=O bond which i s  
consis tent  with t h e  qround s t a t e  e lec t ron  configurations of thesy species ,  v iz .  RuV1-dioxo 
(d 1 2 ,  RuV-dioxo(d ?(d:= and RuIV-monooxo(d )2(d*z) fd*Z) as  predicted by the 
s i%$l i f ied  molecula~Yorbi t&~zdiagram of Gray and c ~ ~ w o r @ r s  ( r e f .  1 4 ) .  
case,  these Ru=O bonds a r e  a l l  i n  the range 1.70-1.765 A ind ica t ing  t h a t  they a re  shor t  
and strong. Experimentally, these Ru-TMC-0x0 complexes a re  r e l a t i v e l y  unreactive towards 
C=C bond but  a r e  s e l e c t i v e  reagents f o r  the  oxidation of alcohol and ac t iva ted  C-H bonds. 
S e l e c t i v i t y  has been observed f o r  t h e  react ion between the trans- [Ruvl (14-TMC) 021 (PF6) 
and cyclohexene where cyclohexenone was found t o  be the  only react ion product. 

I t  is  obvious 

In any 

, 
0 8  0 6  04 02 0 -02 -04 

V vs Ag /AgN03 (0 1 M in McCN) 

Fiq. 2 .  Cyclic VOltaI'mOgram of 
trans-[RuV1(14-TMC)0 1 (C10 i n  
CH CN - Supporting e$ectrofyZe, 
o.? M [3u4N1 C ~ O  ; working 
e lec t rode ,  pyrofyl ic  graphi te ;  
scan r a t e ,  50m~s- . 

TABLE 2. A summary of magnetic moments, Ru=O bond distances and 
V(Ru=O) stretching frequencies of some ruthenium-TMC-oxo complexes 

d(Ru=O) (8) V ( R u = O )  Ueff (B.M.) Complex 

(crn-l) at 25OC 

Trans- [Ruv' (14-TMC)021 [C1041 
VI Trans-[Ru (15-TMC)O2] [C1O4I2 

Trans- LRUvl (16-TMC) 021 [C1041 

Trans- [RU"(~~-TMC) 021c104 

T~~~~-IRU'~(~~-TMC)O(CH~CN)I [PF6] 

Trans- [RU'~(~~-TMC)O(C~) I IC1041 
T ~ ~ ~ S - [ R ~ ~ ~ ( ~ ~ - T M C ) O ( N C O )  I [C1041 
Trans- [Ru1v(14-TMC)O(N3) 1 [C1041 
Trans- [Ru'"(l5-TMC)O(CH3CN) 1 [C1041 
Trans- [RU'~(~~-TMC)O(C~) 1 [ClO,] 
Trans- [RuIV(l5-TMC) 0 (N3) 1 [ClO,] 

1.718(5) 

1.705 (7) 

1.765 ( 5 )  

1.765(5) 

1.765(5) 

1.765(5) 

- 
- 

850  0.00 

855 0.00 

860 0.00 

840-860 1.94 

"4315 2.93 

"415 2.80 

W15 2.70 

%a15 2.66 

'"820 2.80 

w 2 0  2.70 

2.820 2.70 

REDOX PROPERTIES OF RUTHENIUM A N D  O S M I U M  O X 0  COMPLEXES OF 
MACROCYCLIC TERTIARY AMINES 

The electrochemical reductions of trans-dioxoruthenium(V1) complexes have been found t o  be2+ 
solvent dependent. 
(L = 14-TMC, 15-TMC and 16-TMC) and trans-[RuV(L)02] 
process, as  examplified by the  cyc l ic  voltammogram of t rans-  [Ruvl (14-TMC)02] 2+ i n  CH3CN 
(Fig. 2). This behaviour i s  insens i t ive  t o  the nature  of e lectrode surfaces .  The reduction 

In  apro t ic  medium, the redox interconversion between t rans-  [Ruvl (L)  02] + .  
1 s  a simple one-electron revers ib le  
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TABLE 3. E values of some Ru-TMC-0x0 complexes J.i 

E values + 
Complex 

RU (vI) /Ru (v) couple 
i n  Cti3cN (V V.S .  i n  aqueous solut ion a t  
Cp2Fe+/O) 

Ru (VI) /RU (IV) couple 'a) 

pH = 1.1 (V V.S.  S.C.E.) 

VI 2+ 

2+ 

2+ 

t r ans -  [RU (14-TMC) 02] -0.12 

t rans-  [Ruvl (15-TMC) 021 -0.11 

t rans-  [RUvl (16-TMC) 021 -0.09 

0.66 

0.65 

0.66 

(a) Electrode react ion:  t rans-  [Ruvl (L)  021 2+ + 2H+ + 2e-- 

t r a n s - 1 ~ ~  ( L ) o ( o H ~ ) I  IV 2 f  

votent ia l s  of t rans-  [Ruvl (L)021 2+ comnlexes a re  smqar ized  i n  Table 3. 
t o  be insens i t ive  t o  the hole  s i z e  of these macrocycles (14-TMC V.S .  16-TMC). The cyc l ic  
voltammograms of t rans-  [Ruvl (14-n.C) O21 2+ i n  aqueous solut ions a t  pH=l.l and 11.0 a r e  given 
i n  Fig. 3a and 3b resnect ively.  A t  nH = 1.0-7.6,  the  reduction of trans-[RuVI(14-TMC)- 
021 2+ t o  t rans-  [ R U ~ ~ ( ~ ~ - T M C ) O ( O H ~ )  I 2+ i s  a revers ib le  two-electron t r a n s f e r  process ,  

The E, values ap?ear k 

trans-[Ru V I  (14-TMC)02]2+ + 2H+ + 2 e - . e  tran~-[Ru~~(14-TMC)O(oH~)] 2+ 

A t  higher pH (>7.6) ,  t h i s  Ru(VI)/Ru(IV) couple s p l i t s  i n t o  two one-electron redox couples, 
corresponding t o  t h e  following electrode reac t ions ,  

(2) 
V I  V trans-[Ru (14-TMC)O2I 2+ + e- trans-[Ru (14-TMC)O21+ 

( 3 )  
V + +  trans-[Ru (14-TMC)O21 + H + e - e  trans-[R~~~(14-TMC)O(0H) I +  

t I I I 
0.6 0 . 1  -0.2 

Volt. I".. S.C.L.) 
1.0 

, 
08 0.6 0.4 0.2 o -a2 -0.4 -0.6 -0.8 

V YS. I C .  E. 

VI Fig. 3. Cyclic v o l t m o ~ r a m s  of t rans-  [Ru (14-TMC) 021 [C1041 i n  aqueous 
so lu t ion  a t  DH = l . l ( a )  and lO.O(b). Working e lec t rode ,  basa l  
nlane pyro ly t ic  graphi te ;  scan r a t e ,  50mVs-l. 

A s  expected, t h e  EL of react ions (1) and (3)  decrease by 60 mV per  u n i t  increase i n  
pH whereas f o r  readt ion (2), it is  independent of ?H. 2The p l o t s  of E+ values versus 
pH f o r  these various couples of trans-[RuV1(14-TMC)O21 

Unlike t h e  Ru(VI)/Ru(V) cou?le i n  a c e t o n i t r i l e ,  the  nature  of e lectrode surfaces  has a 
Frofound e f f e c t  on r e v e r s i b i l i t y  of the ~ ~ ( V I ) / R U ( I V )  couple. 
react ions between t rans-  [RuVI (14-TMC) 021 
only with edge-:lane and basal  plane pyro ly t ic  graphi te  but  not  with glassy carbon and 
platinum electrodes.  

are shown i n  Fig. 4. 

Reversible quasi-reversible  
and tran~-[Ru~~(14-TMC)O(0H ) I '+ were observed 
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RU (VI) /RU (IV) 

Fig. 4. The p l o t s  of E, 
values versus ,nH f o r  RutivI) 
XU(IV), RU(VI) /RU(V)  and 
RU (v) /RU (IV) couples. 

- - - - ? - - , , , I *  

2.0 4.0 6.0 8.0 10.0 12.0 15.0 

Anson and co-workers ( r e f .  15) recent ly  found t h a t  the r e v e r s i b i l i t y  of Ru=O/Ru-OHZ couple 
increases  through the  use of quinone modified electrode.  These workers argued t h a t  the 
presence of phenolic groups on the  electrode surface should f a c i l i t a t e  the ac id  catalysed 
interconversion between Ru=O and Ru-OH2 complexes. 

The mechanism f o r  the  acid-catalysed two-electron reduction of t rans-  [Ruvl (14-TMC) 021 
t rans-  [RuIV(14-TMC) O ( O H 2 )  1 2+ has a l so  been invest igated.  
of t rans-  [Ruvl (14-TMC) 02] 2+ by an one-electron reductant ,  c is-  [ R U I I  (NH3) 4 (bpy) 1 2+ (bpy = 
2,3’-bipyridine)  i s  independent of pH ( r e f .  1 6 ) .  
(14-TMC) 021 2+ remains ,?redominantly i n  the  deprotonated form even i n  acid solut ions with 
an unfavourable equilibrium constant f o r  the followinq reac t ion ,  

2+ to 
A t  pH = 1 - 7 ,  the  r a t e  of reduction 

This seems t o  suggest t h a t  trans-[RuV1- 

3 t  t rans-  [Ruvl (14-T?lC)021 2+ + H+ t rans-  [Ruvl (14-TMC) (OH) ( 0 )  ] 

The reduced Froduct, t rans-  [RuV(14-TMC)0 I + ,  has been found t o  undergo rapid disproportion- 
a t ion probably through the  following pat<ways, 

0 OH 

IIV + + kl J v  2 t  

II k-l 

[Ru 1 + H [Ru 1 
I1 
0 0 

k, 

OH 0 OH 

IIV + k2  I IV + i V 1  2+ 2+ + [RU 1 - [RU 1 + [Ru 1 
II 
0 

I 1  
0 

1 1  
0 0 

OH2 

II 
P:, + k3 IIV 2+ 

[Ru 1 + H+ [Ru 1 

0 
I I  k-3 
0 

The r a t e  of d i s p r o p r t i o n a t i o n  h s been foun t o  obey the  following r a t e  law. Rate 

respect ively a t  25OC an8. 0.1 M ion ic  s t rength ( r e f .  12). 

The redox chemistry of t rans-  [Osvl (14-TMC) 021 2+ i s  s imi la r  t o  i t s  ruthenium analogue 
( r e f .  12). In a c e t o n i t r i l e ,  the  electrochemical reduct ions of Os(V1) t o  O s ( V )  and o s ( v )  
t o  0s (Iv) are  simple one-electron revers ib le  process ( red.  1 7 ) .  

= kobs[Ru(V)] wlth kob = k2K[H P ]/(l+K[H+I)’ where k and K a re  2 . 6 9 ~ 1 0 ~  M-lS-l and 665(15) 

0 0 

[OS I IVI  l 2+ + e- [O/V1+ 

0 
II 
0 

E+ = -0.73 v v . s .  Cp2Fe+/0 
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I n  aqueous medium, t h e  e l ec t rochemica l  r educ t ion  of t r ans -  [Osvl (14-TMC)021 2+ t o  
t r ans -  [ O s l I 1  (14-TMC) (OH) (OH2) 1 2+ a t  p y r o l y t i c  gra.phite i s  a r e v e r s i b l e  (1 /i Ql, A E ~  = 20-30 mV) three-,?roton th ree -e l ec t ron  t r a n s f e r  p rocess ,  Pa PC 

0 OH 

E+ = 0.03 V V.S. S.C.E. a t  pH = 1.1 [ 0 ” ~ 1 ] 2 +  + 3H+ + 3e- [os111]2+ I 
II I 
0 OH2 

V 
The trans-[Os (14-TMC)021C1O4 complex, which i s  t h e  in t e rmed ia t e  i n  t h e  acid-catalysed 
th ree -e l ec t ron  r educ t ion  of O s ( V 1 )  t o  O s ( I I I ) ,  h a s  been i s o l a t e d  and found t o  undergo r a p i d  
d i sp ro?or t iona t ion  i n  a c i d i c  s o l u t i o n s .  

The redox chemistry of iron-oxo complexes s t i l l  remains unknown. Given t h a t  t h e  r educ t ion  
u o t e n t i a l s  of trans-dioxoruthenium(V1) system can be tuned down t o  0.66 V (v.s. S.C.E.) 
with t h e  use macrocyclic t e r t i a r y  m i n e  l i g a n d s ,  it is  a n t i c i p a t e d  t h a t  thermodynamically 
s t a b l e  0x0-iron complexes can be obtained wi th  t h e  appro-priate choice of l i 7ands .  
problem on t h e  s y n t h e t i c  chemistry of  iron-oxo complexes p r o b a b i l i t y  l i es  on t h e  i n s t a b i l i t y  
of t h e  i r o n  comuounds toward demeta l l a t ion .  Recent work by Grove and co-workers ( r e f s .  18 
and 19)  on [FeIV(TMP)01 (H TMP = t e t r ames i ty lpo rphyr in )  showed t h a t  t h e  ox ida t ion  chemistry 
of 0x0-iron s p e c i e s  could 2e as r i c h  as i t s  ruthenium and osmium analogues.  

Acknowledgement F i n a n c i a l  suppor t s  from t h e  Un ive r s i ty  of Xong Kong and Croucher 
Foundation a r e  q r a t e f u l l y  acknowledged. 
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