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Coordination of N 2O to R u(II) enormously increases the 
rate of reduction of the oxide by V2+ or by C r2+.' A possible 
explanation of the effect is that Ru(II) assists in the reduction 
of the coordinated N 2O, with the internal and the external 
reducing agents cooperating in producing a 2e~ reduction of 
N 2O. On the basis of this hypothesis, it seemed reasonable 
to suppose that pyrazine oxide when coordinated to R u(II) 
would also undergo reduction more rapidly than does free 
pyrazine oxide. Accordingly, we undertook to study the rate 
of reduction of both

( N ^ R u N © ^

and

nQ no

The expected effect was not observed, and as a result our 
understanding of how Ru(II) enhances the reducibility of N 2O 
has not been much advanced. Because results we have ob-

tained may nevertheless be of interest in other contexts, we 
make a brief report of them here.

Experimental Section
Pyrazine oxide was prepared following the procedure described by 

Klein and Berkow itz.2 T he product ob tained was recrystallized from  
benzene and  then  sub jected  to analysis. A nal. C aled: C , 50.0; H , 
4.2; N , 29.2. Found: C, 49.4; H , 4.23; N , 29.3. T he ir and uv spectra 
ag reed  well w ith  those d escribed .2

T h e  ion R u (N H 3 )sC 4 H 4 N 2 0 2+ w as p rep ared  by m ixing R u- 
(N H 3 )sO H 22+ with pyrazine oxide, the  form er in 10% excess, under 
an  atm osphere o f argón. A fter com plexation was com plete, sa tu ra ted  
sodium  brom ide was added. T he solid was collected , w ashed, and  
dried. Anal. Caled for [R u (N H 3)sC4H4N20]Br2: C , 10.87; N , 22.18; 
H , 4.33; Br, 36.14. Found: C , 10.56; N , 21.97; H , 4.28; Br, 36.98.

Solutions contain ing  V (II)  and  C r( II )  were prepared  by stan d ard  
p rocedures.

T he spectrophotom etric m ethod was used in determ in ing  reaction 
ra tes. In all cases, experim ents w ere done u nder p seudo-firs t-o rder 
conditions, w ith the  reducing agen t being used in excess. F or V (I1) 
in reaction  w ith uncom plexed ligand, m easu rem en ts w ere m ade a t 
214 nni; th is w avelength is a t  a band  m áxim um  for pyrazine  oxide, 
the  product pyrazine show ing m uch w eaker absorption . A dvantage 
w as taken  o f the  ir* * -  ird ch arg e -tran sfe r  tran sitio n  in m easuring  
the  ra te  o f  reduction  o f  th e  com plex of pyrazine  oxide w ith R u (I I) . 
T he band m axim a for th e  reac tan t com plex and  the  p ro d u c t3

RU(NH3,5<Q>H3+

in acid  solution coincide (X 527 nm ) b u t th e re  is enough d ifference  
in the  extinction coefficients to m ake it possible to follow the  reaction 
using light in the  visible región o f  th e  spectrum . W ith  C r2+ as 
reductant, reaction is too rapid for the ra te  to be m easured by ordinary
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Table 1. R ate o f  R eduction  o f  Pyrazine O xide and o f  Its C om plex 
w ith  P en taam m ineru then ium (II) by  V 2+(aq)°

k ,  M '1 s~ ',b a t

O xidizing agent 25 .0  °C  19.9 °C  14.8 °C  9.8 °C

F ree lig an d  2.29 1.79 1.36 1 .03c 
C om plex 0 .204 0 .159 0 .117  0 .0 8 8 d

a m = 0 .1 0 ; oxidizing agent a t 6.5 X 10~3 M. b Each experim en t 
is the m ean o f  th ree  in w hich [V 2+(aq)] covers the  range o f  (ca.
9 .0 -4 .3 )  X 10"" M, and [H+], the  range o f  (ca. 5 .0 -2 .3 )  X 1 0 '2 M. 
There is no trend  in the valúes o f  k  over this range. The average 
deviation  from  the m ean is ca. 2%. c AH *  and  AS* from  Eyring 
p lo ts are 8.1 ± 0.5 kcal/m ol a n d - 1 8  ± 2 cal m ol" ' d e g '' .  d AH *  
and  A S*  are 10.0 ± 0.5 kcal/m ol and - 1 7  ± 2 cal deg-1 m o l-1.

spectro p h o to m etric  m eans, and  a  stopped-flow  ap p a ra tu s  was used 
for th is system .

U nder our conditions with V(I1) as reductant, reaction is effectively 
a rre s te d  w hen th e  ligand is reduced  to  pyrazine, w hether pyrazine 
oxide is com plexed or uncom plexed. T he net change in the  first stage 
w ith  V (II)  in excess th en  is

2V 2+ + C4H 4N20  +  2H+ = 2V 3+ +  C 4H 4N2 +  H20

W ith  C r(II) as reductant, when the ligand is complexed, reaction again 
is a rre s ted  a t  th e  pyrazine  level o f  oxidation , bu t w ith  uncom plexed 
ligand, reduction  proceeds beyond the  pyrazine State. T he chem istry 
o f  th is system  was not investigated  in any d e ta il an d  th e  only ob- 
servation  o f  no te  m ade in th e  study  is th a t  th e re  is a  g re a t decrease 
in the  reactivity o f pyrazine tow ard C r2+ when the ligand is complexed, 
am o u n tin g  to  a facto r o f  a t  least 10-3. W ith  C r2+ a t  0.01 M , there  
is no d e tec tab le  reaction  w ith  R u (N H 3)sC 4H 4N 22+ in 10 m in, bu t 
w ith uncom plexed ligand, reaction  appears to be com plete on m ixing 
( r 1/2 <  5 s) .4

Results
The large bathochromic shift in the x* •«— xd transition 

(from 472 to 527 nm) caused by adding O to the remóte end 
of pyrazine when this is coordinated to Ru(II) has already been 
noted— the shift in fact is as large as that produced by H +. 
The extinction coefficient a t the band máximum is 1.4 X 104 
M _l c r r r1. The infrared spectrum is also of interest in 
characterizing pyrazine oxide when it is coordinated to ru- 
thenium (II). M easurem ents were made on [Ru(NH3)sC4- 
H4N2Ü]Br2. The región of the spectrum in which the N - 0  
stretching frequency is expected to appear shows bands at 1293 
and 1258 c n r 1 there possibly being weak shoulders at 1286 
and 1265 c rrr1. The band at 1258 c r r r1 is most likely the N -O  
stretch while tha t at 1293 c i r r 1 can be assigned to 5(NH3).

The results of the measurem ents of the rate of reduction 
by V2+ of pyrazine oxide as free ligand and in the penta- 
am m ineruthenium (II) complex are summarized in Table I.

W ith C r2+ as reductant, the stopped-flow apparatus5 was 
used for the measurements. Experiments a t 25.0 °C  in 
N aC 104-H C104 (jí = 0.11, [H+] =  5.7 X 10~2 M ) yielded 
for k  the valúes 13.8, 13.2, 12.8, and 13.8 M _1 s_l for reduction 
of the coordinated oxide. Owing to complications arising from 
the further reduction by C r2+ of the interm edíate product 
pyrazine, we have no estím ate of the rate  at which free py­
razine oxide is reduced by C r2+.
Comments

When pyrazine oxide coordinates to Ru(NH3)s2+, the N -O  
stretching frequency is reduced from 1313 c r r r1 for the free 
ligand5 to 1258 crn-1 implying then that xd-x* back-bonding 
is antibonding for the N -O  interaction. Even if the assign- 
ments of the N -O  stretch and 5(NH3) are interchanged, this 
conclusión still follows. However, though the forcé constant 
for the N O  bond is decreased, the reduction by V2+ of the 
coordinated oxide, which does involve N -O  bond rupture, is 
not facilitated. In fact, a t 25 °C  the rate of reduction of the 
coordinated ligand is less than that of the free, but in view of 
the somewhat different valué of AH* for the two reactions,

the rates will reverse a t sufficiently high tem perature.
It is, of course, not necessary tha t a decrease in the N -O  

forcé constant will result in an increase in rate  of reduction. 
In assessing the effect of coordination, we need to take account 
of the stability changes for the whole system rather than 
focusing on the N -O  bond. The shift in the x* ■*- xd tran ­
sition, from 472 nm for coordinated pyrazine to 527 nm for 
pyrazine oxide, shows that there is a considerable increase in 
the back-bonding interaction when coordinated pyrazine is 
transform ed to the oxide. This extra stabilization is lost on 
reduction, and this loss of stability could well be reflected at 
least partially in the activated complex for the reaction.

For reactions in which substitution on V (H 20)62+ by a 
ligand carried in a complex of net charge 2+  is rate  deter- 
mining, specific rates of the order of 10 M_l s_1 are observed.7-8 
Even though the valúes of A H *  and AS *  recorded for the 
reaction of V (H 20)62+ with R u(N H 3)sC 4H 4N 202+ are 
similar to those observed for the reactions mentioned in ref 
7 and 8, the specific rate  a t 25 °C  of 0.20 M _l s-1 recorded 
for our system is so low that, if an inner-sphere precursor 
complex is formed, it can be assumed tha t the complex is 
substantially a t equilibrium with the reactants and tha t the 
slow step involves internal electrón transfer or some other mode 
of decomposition of the inner-sphere complex. For the reaction 
of V (H 20)ó2+ with the free ligand, the kinetic parameters are 
so different from those observed for the exchange of water 
between V (H 20)2+ and solvent9 that it again seems unlikely 
that substitution is rate determining. Here only the valúes of 
AH *  are directly com parable owing to the difference in 
molecularity in the processes; AH*  for water exchange is 16.4 
±  0.6 kcal/m ol while for the reduction of pyrazine oxide by 
V (H 2 0 )2+ it is 8.1 ±  0.5 kcal/m ol. Thus it seems safe to 
conclude thar the comparison of rates in our systems is not 
vitiated because the rate of one or other reaction is controlled 
by substitution.

The stabilization of pyrazine when it is coordinated to 
Ru(II) to reduction by Cr2+ is also worthy of note. Here again 
the stabilization can be attributed to back-bonding, this 
stabilization being lost when pyrazine is reduced.

N o change in the rate of reduction of the free ligand or of 
the complex was registered over the range of acidity which 
was covered by our experiments. In view of the fact that 
protonated pyridine oxide has a pÂ a valué10 of less than 1, it 
is unlikely tha t pyrazine oxide is significantly protonated at 
the acidities used in our studies.

O ur work on these systems is adm ittedly incomplete, and 
a serious shortcoming in this respect is that the nature of 
vanadium and chromium products was not established. In the 
presence of excess V (II), the final vanadium product will be 
V (III), but V 0 2+, if it were formed as an in term edíate,11 
should be identifiable in the present system at lower acidity. 
A 2e~ change in oxidizing C r2+ would be expected to produce 
the chrom ium (III) “dim er”, which can readily be identified 
by cation-exchange techniques.
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