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Abstract— I he substim tion of pyra/ine  m ono-N -o\ide in aquopentam ineruthenium dll presents the following knielk 
param eters: A (2rC : . t ü x l d 'M  \  \ \ H '  ~ 16.4 kcal/mole '.A.S”  H lcalK  'm o le  ' , I. p to 209; of the oxide i ' 
nno lved  in parallel redox reaction. Isoniazid substitutes yielding a complex hound through the pyridinic nitrogen. b\ a 
path invoking the neutral molecule. A(25CC’I 9.2 x H) ’ \ t  ' s  '. \ H  '  lh.(i kcal/niole '. A .S' 
cal.K mole and by an acid path. k ( 2 y i )  > * HI M ' s  ' The two possible ID and Id) m echanism ' loi 
substitution in RulN TLhH.O  ' are discussed.

INTRODUCTION

Allen and F o rd [ l ]  and later  Shepherd  and T a u b e [21 have 
studied  the m echanism of substi tut ion of  various am- 
mines in R u ( N H ;h H ?0  ' .  finding that a dissociative 
m echanism (Id or  D) is operative,  with small changes in 
rates  on changing the ligand. In some cases a path was 
found which w as pH -dependen t .  and it was suggested 
that this path  implied the interaction of  a pro ton  with the 
- d  e lec trons  of Rut III. These data ,  together  with the 
kinetic results for the acid cata lyzed aquation ,  allowed 
the evaluation of  some stabili ty cons tan ts ,  giving an idea 
iif the re levance  of  z  hackbonding  to the stabili ty of 
com plexes  of  aromatic  ammincs.  For  the case of  isoni­
cotineamide.  a lower limit of  K ,tilb= 1 0 * M  1 was e s ­
tablished at 25°C[: |.

In the course  of our s tudies of  the reactions of co o r ­
dinated ammincs.  we have m easured  the rates of  su b ­

sti tution of pvrazine rnono-N-oxide (PzO).  ^ N  — (). 
'

which provides a good com parison  with pyrazine (Pzl. 
serving as a check  on the lack of  d iscrimination of 
Ru(NH-,kH;0 ; ' tow ards different ligands. In addition, 
this study was aimed at an unders tand ing  of the redox 
interaction (or lack of  I be tw een  PzO  and Ru(II), as 
previous w o r k (31 had indicated that the complex  could 
be obtained and was stable, whilst  PzO  was easily 
reduced by V(II) and Cr(II). in a reaction where co o r ­
dination between the metallic cen ter  and the oxygen atom 
of P zO  is involved.

On the o ther  hand, we also present  here kinetic data  
on the substitution of isonicotinic acid hvdrazide (isoni- 

^  / °  ' 
a / id .  IN A H l.  V  O - c ;  . in Ru(NH,)<H;0 ’'.

'  N H - N H ,
which was under taken  because  of  our interest in the 
coordination  chem is try  of  this powerful  tuberculostat ic  
agent.  P rev ious reports  (4] on com plexes  of IN AH 
show ed chelat ion through the hydrazide moiety, and 
there are no kinetic data on its com plcxation  reactions, 
o ther  than the results on the redox decom pos ition  of  the 
copper(II)  and m anganese(III)  co m plexes |5 ]  and indirect 
ev idence  from pH-metric  t i trations[4(d)].  By com parison 
with the da ta  on isonicotineamide. an es t im ate  of  the 
stabil ity constant  of  R u(N H O sIN A H : ' is obtained.

EXPERIMENTAL
Reagents. R ihN H iI.H .O -’ ' was prepared in solution e ith e ' bv 

the standard procedure|f>) of dissolving |R u (N H ,k ( l|(. l . in a 
solution of silver trifluoroacetate (in the molar ratio 1:2) or. in 
the case of more dilute solutions, by simply d i'so lv ing  the 
slightly soluble solid chloride. This solution was deaerealed and 
reduced with freshly prepared amalgamated zinc under an a t­
mosphere of argon. To ensure protection against oxidatior by 
oxygen, high purity argon l i a  Oxigena), previoush scrubbed 
through two flasks containing C 'rdll was employed.

|Ru(NH ,)<CI](T.. w ;i' prepared from re c n  Mali veil 
RulNH,)i,CI.. and recrystallized from hot I).I Vt HCI

Pyrazine mono-N-oxide was prepared from recry stalhzed 
pyrazine (Fluka) following essentially the procedure of Klein and 
Berkow itz|7], by oxidation with Wc/r H :() ; in glacial ( I I ,( '( ) ( )H 
at 75-8()°C. The product was recrystallizecl twice, from HCCK 
and from benzene: purity was checked by IR. ( V. in.p. and 
elementary analysis.

INAH was a gift from (i. Ramón Laboratories iBuenos Airesi 
and was purified following standard techniques, lodom etric 
titration |8 | showed the purified substance to be not less ¡han W y 
INAH

All o t h e r  r e a g e n t s  w e r e  a n a ly t i c a l  g r a d e  a n d  w e r e  Used as 
p r o v id e d .

Kinetic experiments. Doubly distilled water (once from alk­
aline KMnO.,1 was employed. Deaerealed solutions of 
R u(N H i),H 20 ’ ' and ligand were mixed under argon in a Zwickel 
flask |9 |. w hich allowed transfer to the cell of a Beckman DK-2A 
spectrophotom eter Syringe transfer of R ulN H .I.H .O ’’ was 
found to be inadequate, as extensive oxidation took place The 
course of the reaction was followed at *2’  nm (maximum for the 
PzO com plex)|?] or at 476nm  (maximum for the INAH com ­
plex). Ionic strength was kept constant at (I I M by the addition 
of KCI. Kxperiments were perform ed in the pH range I ' - ‘vO and 
at tem peratures ranging from 15 lo 35CC. All runs were carried 
out in a large excess of ligand, under pseudo firs! order con­
ditions.

RESl'LTS AND DISCISSION

Pyrazine m o n o - N - o x id e  as a ligand
A large bathochrom ic  shif t accom panies  the re ­

p lacement of  P /  by PzO  in Ru(NH,l<I. ' |3 |.  which is 
similar to the shift a t tending protonation  of  pvrazine 
(Ama> for  R u(N H ,K P zH '-  is 5 2 9 nm)[ 1()|. This shift im­
plies that the tt in teraction between Ru(II) and the 
aromatic  moiety is increased substantially upon o x ida­
tion of the terminal nitrogen of  Pz. A kinetic study 
subs tantia tes  this conclus ion!?]:  the reducibilitv of  the

I M l
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N - 0  m oie ty  is a r re s ted  upon  coord ina t ion  in spite o f  the 
lower f req u e n cy  o f  the N - 0  vibration ,  indicating a  loss 
in stabil ization energy  as the prevailing factor.  This 
increased  in terac tion  ho w ev er  should not  be reflected in 
the ra tes  o f  fo rm ation ;  in fact ,  the dipole m om en t  o f  P zO  
which is 1.66 D[ 11] would in any case  favour  the in­
terac tion  of  Ru(II)  with the oxygen end o f  P zO  w hen  the 
reac tan ts  approach .

The  results  o f  the kinet ic m easu rem en ts  are  show n in 
Table  1. G o o d  second  order  ra te  c ons tan ts  are  ob ta ined

Table I. Rate constants for the reaction R u(N H 3),H 20 2  ̂+ PzO 
at 1 = 0.1 M (KCI)

(Ru(II)l x 10“/M [PzO] x lO’/M pH tl°C * x I02/M ‘ 1 sec’ 1

1.65 12.9 4.5 20.0 2.03
1.64 26.0 4.5 20.0 1.96
1.31 14.5 4.5 20.0 1.94
2.25 100.0 4.8 20.0 1.77
2.25 26.0 4.5 20.0 1.90
0.62 6.25 4.5 20.0 2.23
0.62 26.0 4.5 20.0 1.96
1.65 14.5 4.5 15.0 1.16
1.65 26.0 4.5 15.0 1.17
1.68 50.0 4.5 15.0 1.06
1.65 100.2 4.5 15.0 0.98
0.64 26.0 4.5 15.0 1.13
0.60 26.0 4.5 25.0 2.80
1.20 26.0 4.5 25.0 2.92
1.65 26.0 4.5 25.0 2.84
2.20 26.2 4.5 25.0 3.20
1.60 12.9 4.5 25.0 3.15
1.65 50.4 4.5 25.0 2.90
1.60 100.3 4.5 25.0 3.15
1.65 26.0 4.5 30.1 5.06
1.60 50.0 4.5 30.1 5.23
1.60 100.2 4.5 30.1 4.80
1.60 26.0 4.5 35.1 7.30
1.60 50.0 4.5 35.1 7.82
1.68 100.2 4.5 35.1 7.83
1.65 26.0 5.0 25.0 2.86
1.65 26.0 4.2 25.0 2.65
1.68 26.0 3.9 25.0 2.90
1.65 26.0 3.2 25.0 2.73
1.65 26.1 2.5 25.0 3.18
1.65 26.1 2.0 25.0 3.00
1.65 26.1 1.5 25.0 3.20

during  the first 40% o f  reaction. At higher  convers ions ,  
some dev ia t ions  f rom  linearity  w ere evident,  and  noti­
ceab le  differences be tw een  ex p ec ted  and exper im enta l  
values o f  A « w ere found. This  d isc repancy ,  am ount ing  
usually  to 20%, w as taken  into accoun t ,  correc t ing  ac ­
cordingly the ra te  cons tan ts :  values tabu la ted  in the last 
co lum n of Table  1 are  the co r rec ted  rate  cons tan ts .  The 
ex ten t  of  the d ivergence  did not corre la te  no ticeably  with 
ei ther  r e ac tan ts  concen tra t ions ,  or  with  pH. It show ed 
h o w ev er  a slight increase  with increasing tem pera tu re .  
T he  ratios ( / C ^ r M “^ ) .  which we take as a m easu re  of  
the dev ia t ion  f rom the simple s to ichiom etry ,  are  show n 
in Table  2, for  severa l typical exper im ents .  Occasionally ,  
ex per im en ts  with  a m u ch  lower yield in Ru(II)  were  
e ncoun te red ,  but  these  w ere  d isregarded  as arising f rom  
air  leaks into the solution. In o rd e r  to el iminate the 
poss ibili ty  that  a similar  and  sys tem atic  air leak w as 
responsib le  for  the divergence ,  s to ichiometric  e x ­
per im en ts  w ere  co n d u c ted  com plex ing  R u ( N H 3)<H:0 2’ 
g enera ted  in s i tu , in the p resence  o f  am algam ated  zinc. 
Similar dif ferences (15-20%) w ere found  with the ab-

Table 2. The stoichiom etrv of the reaction R u(N H ,)<H ,02‘ + 
PzO+

(R u(II)| x iffVM [PzO] x 10’/M pH
%

</°C
Yield Ru(II>- 

P zO i

1.65 26.0 5.0 25.0 88
1.65 26.0 4.5 25.0 82
1.65 26.0 4.2 25.0 75
1.68 26.0 3.9 25.0 79
1.65 26.0 3.2 25.0 89
1.65 26.1 2.5 25.0 85
1.65 26.1 2.0 25.0 72
1.65 26.1 1.5 25.0 80
1.60 12.9 4.5 25.0 81
1.60 100.3 4.5 25.0 83
1.64 26.0 4.5 20.0 91
1.65 26.0 4.5 15.0 92
1.65 26.0 4.5 30.1 80
1.60 26.0 4.5 35.1 73

tO nly  typical experim ents shown.
tC alculated  as (A7x„ ,IA ~ ^ J)'x. 100; yl*,kd was obtained using 

e = 1.4 x 104 M ' e m 1.

sorbance  values ca lcula ted  using the repo r ted  extinction  
coefficient [31 ob ta ined  by dissolving weighted  am oun ts  
o f  the  recrysta l l ized  solid. This  value w as  ch eck e d  and 
confirmed in the cou rse  o f  the p resen t  work. On the 
o ther  hand,  no d isc repanc ies  were  found  in exper im en ts  
p e r fo rm ed  with pyraz ine  as  the incoming ligand. T he  
yield o f  R u ( I I ) -P z  accord ing  to published values for  the 
extinction  coefficient [2] w as in no case  lower  than 95%.

T he  m easu red  rate  cons tan t ,  o nce  co r rec ted ,  co r ­
responds  to  the com plexa t ion  reaction  through nitrogen,  
and is in excellent  ag reem en t  with p rev ious  da ta  for o ther  
h e te ro c y c le s [2]. In Table  3, the rate  c ons tan ts  and ac ­
t ivation p a ram ete rs  fo r  var ious incoming ligands are 
show n. It can be seen  that  all act ivation  enthalp ies are 
the sam e within the exper im enta l  e rro r ,  and  the 
differences in ra tes  are  to be t raced  to an en tropie  fac tor  
arising f rom differing steric s ituations. T hus ,  the results 
for  P z O  and Pz  at 2 5 T  are  in excellent  (although 
so m e w h a t  fortu i tous ,  in view o f  the com pensa t ion  of  
d ifferences in A S '  and A H ' )  ag reem ent ;  the ratio 
k P, l k ri0 is 1.87 at  25°C and seem s to reflect simply the 
availability o f  two posit ions o f  coord inat ion  in P z  as 
c o m p ared  to one  for  PzO.

Substi tu t ion  in Ru(NH,)<H20: '  has been  v iew from the 
perspec tive  of  a  D m echan ism  [1,2]:

R u ( N H , ) ,H ,0 : ' ^ R u ( N H 3)<2‘ + H 20  (1) 
k i

R u(NH,)52* + L — ♦ R u( N H j) ,L2* (2)

fc_i[H20 ]  being m uch  larger than  £2[L] for  all cases 
s tudied so far. C onsequen t ly ,  the second  o rd e r  exper i­
mental rate  c ons tan ts  have  been  in terpre ted  as (k , k 2lk  
T he  ra te  c ons tan ts  k 2 and k . , are assigned similar  ac ­
t ivation enthalp ies ,  thus account ing  for  the cons tan cy  of 
the exper im enta l  value, which c o r re sponds  to k,.

All d ifferences in ra tes  being a t tr ibu ted  only to steric 
fac to rs  in k 2, there  is no a prior i  r eason  to  disregard 
oxygen  coord inat ion  during  the fo rm ation  of  the Pz.O 
complex .  If a truly dissociat ive D m echan ism  is accep ted  
as suggested by Allen and Ford  [ 1 ] the m ost  reasonable  
in terpre ta t ion  o f  the d a ta  involves the s imultaneous 
fo rm ation  of  bo th  isomers ,  fol lowed by a rapid aquation .
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Table 3. Rate param eters for the substitution of various ligands in R u(N H ,)iH rO'’ '

643

Ligand . x 102/M 1 sec 1 A H '/k c a lm o le  1 A S '/c a l K 1 mole 1

Pyridine* 9.3 16.9 -6 .6
ß-picoline^ 9.1 16.9 -6 .7
a-picolinc^ 0.3 — —
Pyrazine 5.6 17.5 s 7
3-m ethylpyrazinet 5.0 — —
Pyrazine oxidet 3.0 16.- - I l l
lson ico tnum ide+ 10.5 — —

Isoniazid: 9.2 16.6 _*? ~l

( + )
0.31 I6.‘l 13

(t)
H K ;Y _ y  N H .

0.36

H N ;  y r ( x
V . y  N H  —  N'H .

0.5 -- ---

N ------ i (ti

I ^ n h ; 0.27 ---

()()('-< 'H X V 120 15 -X
NCS + 40 - -

"¡■Data from Ref. |2 |. 
iT his work.

isomerization a nd /o r  redox decom posi t ion  o f  the oxygen 
hound complex. This  is not unreasonable ,  as aquation  of 
R u ( I I ) -0  bonds is fast: for neutral carboxylic  acids, 
values around  k -  20 sec have been reported  [12.13). 
and even  negatively charged carboxyla tes  aquate  with 
rate  cons tan ts  higher  than 1 sec ‘ [12,131. W ater  itself is 
thought to exchange with k = 2.7 sec '[21, and these 
values are severa l o rders  of  magnitude higher than the 
pseudo  first o rd e r  rate  cons tan ts  m easured  in our work. 
The question  rem ains as to how safe it is to com pare  a 
possible R u - 0  bond in the PzO  case with the R u - 0  in a 
ca rboxyla te  com plex,  in view o f  the very different donor  
and accep to r  p ropert ies  of  oxygen in the two cases, 
a l though the rapid aquation  is surely reasonable  in any 
case.

If a Ru(II)—0  bond is form ed at  all. it could be e x ­
pected  that oxidation of  the Ru(II) by transfer  of  the 
oxygen a tom  could result , with release o f  pyrazine. PzO 
is in fact  reduced  to Pz by o ther  reduc tan t  ions,  such as 
V(II), upon coordination  through oxygen[3]. Oxidation 
of the Ru(II)  is probably responsible  for  the d isc re­
pancies be tw een  the theoretical and actual yields of  the 
R u (I I) -P zO  com plex ,  but w hether  this occurs  via oxygen 
bonding is an open question. In view of the short time of 
residence  of  oxygen bound ligands, we may infer that the 
reaction is fast , with ra te cons tan t  of  the same order  of 
magnitude as the aquation  ( taking into accoun t  the yield 
o f  redox p roduc ts  and assum ing  similar ra tes  of  formation 
o f  oxygen and ni trogen bound complexes).  It should be 
pointed out that in the com parab le  reaction  of 
R u ( N H j ) ,H ,0 3’ with N , 0 | I 4 ]  no ev idence  was reported 
for oxygen coordination:  on the o ther  hand,  a redox 
interaction occu rs  in the reaction with some pyridinic 
der ivatives,  but  then  only .it high acidities [2].

It should be m entioned  how ever  that  even  though some 
ev idence  has been presen ted  in favour  of  a D mechanism.

an Id m echanism  is much more likely to be operative.  It has 
been pointed [I] out  that the ra ther  small changes in the 
rates of  substi tut ion w hen  the charge of  the ligand is varied 
are better  in terpreted  as  resulting from  changes in the 
diffusional  rate i k :) ra ther  than  as a result  of  varying 
degrees of  ou te r  sphere  interactions. The changes in fact  
are not so very small: X ions replace  w ate r  100 times 
fas ter  than  neutral ligands, and these in turn show rate 
cons tan ts  10 times larger than  monoposit ive ions: see 
Table 3. T hese  fac tors  are  larger  than those found in the 
substitution reactions of  F e ( C N h H ?0 '  which are sup ­
posed to be more d issoc ia t ive[15]. This fact,  together  with 
the results for methylpyrazin ium  ion [ 161 and 2.6- 
lutidine [2], where  ou te r  sphere associat ion has been diag­
nosed,  and the ra ther  large rates for acetonitr ile [2] indicate 
that ou te r  sphere associat ion may be w idespread  in these 
systems[17]. F o r  m ethylpyrazin ium  ion ( M p z ' l  the fol­
lowing scheme has been p ro p o s e d [16]:

M . . .  L — —► (NHjKRuMpz1 - H.O

(N H ,K R u O H ,; - M p z '

v i
X ----- > Redox decom position

w here  the equilibrium betw een  M . . .  L  and X is pH 
dependen t ,  higher  acidities favouring the fo rm ation  of X. 
In fact,  all ou r  da ta  are consistent  with Schem e (3). with 
the difference that the M . . .  L«=*X in terconvers ion  would 
not be effected by pH . and we have much lower values 
of  K,  and K :. U nder  this schem e, kctcx, = kxK ,.  and the 
cons tan t  act ivation en thalpy  for  a whole series of  amines 
is in terpreted  by assum ing that AH, is not very sensitive
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to the na tu re  o f  L. o r  that it is very  small. K , values 
would then be governed  by the bas ici ty  and  long range  tt 
in teractions [16], and some kind o f  com pensa t ion  could 
be opera t ive  here (as it is in the stabili ty c ons tan ts  of  
iron(II) p russ ides with a rom atic  amines[15])  rendering  
K x values ra the r  insensitive to the na ture  o f  the ligand.

In the case  of  PzO ,  no acid-ca ta lyzed path  is de tec ted ,  
and this is in agreem ent  with its low basicitv  (p K a = 
0.05) [18], '

I soniazid  as a ligand  
Som e years  ago m uch a t tention  w as devo ted  to  the 

com plexes  o f  isoniazid in connect ion  with the role that  
they  might play in the inhibition of  M ycobac ter ium  t. 
g rowth .  All the com plexes  reported ,  resulting from  the 
interaction  of  isoniazid with several aquo  ions were 
che la tes  in which coord inat ion  w as ach ieved  through the 
hydrazide  function ,  with release of  p ro tons  [41. As e x ­
pected ,  in the p resence  of  pen tam m ineru then ium (II) ,  
c oord ina t ion  is achieved through pyridinic nitrogen; the 
sam e is true for  low spin pen tacyanoferra te (I I) [19],  The 
c h a rg e - t ra n s fe r  band of  the ru then ium -ison iaz id  c o m ­
plex resem bles  closely the band o f  the isonicotinamide 
com plex  [10] (Amdx are 476 and 479 nm, and  lo g e  are  3 .%  
and 4.20 respectively);  the similarity a lso show s up in the 
rates o f  substi tut ion in pentacyanoferra te (I I) [19],  

Isonicotinamide subs t i tu tes  in pen tam m ineru-  
thenium(II)  by a  direct  and  by an ac id-ca ta lyzed p a t h [2]. 
T he  ra te  data  for  isoniazid can also be fitted into a  rate 
law of the form  v = /c0[IN A H ] + JtH[IN A H ;~], as  show n in 
T able  4. The precision  of  the da ta  was not good, as 
exper im enta l  difficulties, result ing  probab ly  from  the 
oxidation of  the com plex  w ere  great, especial ly  at  lower 
pH values. The acid pa th  has been in terpre ted  in te rm s 
of  a  pre-equil ibrium involving H '  and  tu  e lec trons  on the 
Ru(II)  [2], i.e. actual r eac tan ts  would be 
(N H ,) ,R u (O H 2)H 3* and the free  base. It is str iking 
ho w ev er  that  the less basic amines, e.g. Pz  o r  PzO, 
w hich  could be presen t  as free bases  at pH values where 
pro tonat ion  on Ru(II)  is kinet ically im portant ,  do  not 
show  such a  path. P robab ly  the bas ici ty  of  the am ine is

Table 4. Rate constants for the substitution of 
isoniazid on R u(N H ))<H:. 0 " ' t

tre pH A: X 102/M -1 s e c '1

25.0 5.0 8.7 (9.2)+
25.0 4.5 8.5
25.0 4.0 6.0
25.0 3.5 2.0
25.0 2.8 1.4 (0.5)§
20.0 5.0 4.9 (5.2)+
15.0 5.0 3.2 (3.4)+
10.0 5.0 1.7 (1.8)+

+Rate constant k in the third column calculated 
as <:„p/c“, where c" stands for total concentration 
of INAH.

¿Figures within parentheses are k„ in the equa­
tion rate = /t„|INAH] + ¿ „ [IN A H ,'] .  and were 
calculated from the experim ental value at the 
highest pH , and corrected using p/C, = 3.8.

§Figure within parentheses is k„ in the above 
equation, calculated from the experim ental value at 
the lowest pH (2.8): pH values below 2.8 were not 
studied to avoid com plications from the second 
protonation of INAH (pK„ =21.

an im portan t  ingredient in “ bridging" H* and Ru(II). 
A nyw ay, as ex pec ted ,  IN A H  and isonicotinamide show 
similar  ac id path  cons tan ts ,  and this fact, together  with 
the  similarity of  the visible spec trum , indicate that the 
stabili ty cons tan t  for the IN A H  com plex  should be 
similar  to the value repor ted  for  isonicotinamide ( K s,ab 
higher  than 10* M 1) [2], and  this is am ong  the highest 
s tabili ty c ons tan ts  repor ted  for the interaction  of  IN A H  
with divalent ions: see Table 5.

Table 5. Stability constants for 1:1 com plexes of INAH

Metallic center pK Reference

Cu2' 10.0: 8.0 [4(d). 4(a)]
7.n2' 7.2; 5.4 [4(d). 4(a)]
N i1* 5.6; 5.5 |4(d). 4(a)]
C o2' 4.6; 4.8 [4(d). 4(a)]
Cd1' 3.4 [4(d)]
Mn2< 4.1 [4(d)]
Fe(C N ),J 4.6 ]19]
Ru(NH,)<2' 8 This work

All the d a ta  the re fore  point to a close similarity 
be tw een  IN A H  and isonicotinamide as potential c o m ­
pe ti tors  fo r  a t tach m en t  to R u (N H 3)<2\  o r  F e tC N ) , '  [19], 
show ing similar  high affinities; th is aspect  might be of  
interest  when d iscussing  the in teractions o f  isoniazid 
and  related subs ti tu ted  pyridines with metal  ions in 
biological  sys tems.
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