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F O R E W O R D 

A D V A N C E S IN C H E M I S T R Y S E R I E S was f ounded i n 1949 b y the A m e r i 

c a n C h e m i c a l Soc i e ty as a n out le t for s y m p o s i a a n d co l lect ions of 
d a t a i n special areas of t o p i c a l interest t h a t c o u l d not be a c c o m m o 
d a t e d i n the Soc ie ty ' s j o u r n a l s . I t prov ides a m e d i u m for s y m p o s i a 
t h a t w o u l d otherwise be f ragmented , the i r papers d i s t r i b u t e d a m o n g 
several j o u r n a l s or not pub l i shed a t a l l . P a p e r s are rev iewed 
c r i t i c a l l y a c co rd ing to A C S e d i t o r i a l s tandards a n d receive the 
careful a t t e n t i o n a n d processing character i s t i c of A C S pub l i ca t i ons . 
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PREFACE 

T h e S u m m e r S y m p o s i u m on " M e c h a n i s m s of Inorganic R e a c t i o n s " was h e l d i n 
J u n e 1964 a t the U n i v e r s i t y of K a n s a s i n L a w r e n c e , under the d i r e c t i o n of P r o 
fessor J a c o b K l e i n b e r g . I t was sponsored b y the Inorganic C h e m i s t r y D i v i s i o n of 
T h e A m e r i c a n C h e m i c a l Soc i e ty . F o l l o w i n g the suggestion of the D i v i s i o n , the 
s y m p o s i u m was pat terned af ter the F a r a d a y meetings a n d was devoted a lmost 
e n t i r e l y to d iscuss ion. T h u s , t h i s conference was a n exper iment to see if th i s t y p e 
of mee t ing w o u l d be more v a l u a b l e t h a n t h a t u s u a l l y h e l d . 

A t t e n d a n c e was l i m i t e d to 160 speakers, d iscuss ion leaders, a n d p a r t i c i p a n t s . 
I n order for others i n th i s a n d re la ted fields to read the papers a n d the d iscuss ion, 
the ent i re meet ing was recorded o n tape a n d b y the s h o r t h a n d reporters , S u d d r e t h , 
H o s t e t l e r , L e w i s , a n d S h i p l e y ( K a n s a s C i t y ) . T h e s tatements of the p a r t i c i p a n t s 
were sent to each i n d i v i d u a l for correct ion , mod i f i ca t i on , or de le t i on a n d t h e n c o m 
p i l ed w i t h the papers i n t o th i s book. 

I w i s h to express m y apprec ia t i on to J o h n B a u m a n a n d R . T . M . F r a s e r for 
the i r extensive assistance i n p r e p a r i n g the p r o g r a m a n d th is m a n u s c r i p t . T h e 
authors , d iscussion leaders, a n d p a r t i c i p a n t s were except i ona l ly he lp fu l d u r i n g the 
conference a n d in the p r o m p t mod i f i ca t i on a n d r e t u r n of the i r papers a n d comments . 
T h e success of the conference was due i n large p a r t to the excel lent preparat ions of 
J a c o b K l e i n b e r g a n d the U n i v e r s i t y of K a n s a s staff. 

R . KENT MURMANN 

University of M i s s o u r i 
J a n u a r y 1965 

v i i 
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1 

The Role of Ion Association in the 

Substitution Reactions of Octahedral 

Complexes in Nonaqueous Solution 
MARTIN L. TOBE* 

University College, London, England 

The kinet ics o f r e p l a c i n g X in c o m p l e x e s of the 
t y p e [Co en2 A X]+n h a v e b e e n r e v i e w e d . The 
r a t e d e p e n d e n c e o n t h e c o n c e n t r a t i o n o f t h e 
e n t e r i n g r e a g e n t v a r i e s f r o m f i r s t - o r d e r t o 
z e r o - o r d e r a n d reflects t h e p r e a s s o c i a t i o n 
e q u i l i b r i a of the r e a g e n t s a n d not t h e molecu
larity of the actual substitution. The n a t u r e , stoi
c h i o m e t r y , a n d equi l ibr ium constants o f t h e s e 
ion a g g r e g a t e s h a v e b e e n discussed i n terms of 
competi t ion b e t w e e n solvent a n d solute f o r a 
posi t ion i n the i n n e r solvat ion shel l of the c o m 
p l e x . It is p r o p o s e d t h a t , a l t h o u g h t h e k inet ic 
b e h a v i o r d o e s not ref lect t h e substitution 
mechanism, t h e r e a r e circumstances in w h i c h 
it is possible to distinguish b e t w e e n a uni
molecular mechanism a n d a b o r d e r l i n e bimo
lecular mechanism in w h i c h the e n t e r i n g g r o u p 
d o e s not contr ibute t o t h e e n t h a l p y o f t h e 
t r a n s i t i o n s t a t e . 

i n m o l e c u l a r i t y studies of s u b s t i t u t i o n a t a n o c tahedra l t r a n s i t i o n m e t a l i o n , the 
' react ions of coba l t (111) complexes w i t h e thy lened iamine , of the t y p e , [Go e n 2 

A X ] + n , have p r o v i d e d m u c h of the d a t a . I t was real ized e a r l y t h a t the choice of 
so lvent was i m p o r t a n t since water , i n w h i c h these c o m p o u n d s a r e c o n v e n i e n t l y 
so luble , in ter fered i n s t u d y i n g the r e a c t i v i t y of the enter ing group . T h e o n l y reac
t i ons observed were, (a) the d isp lacement of a l i gand b y w a t e r ( A q u a t i o n ) , (b) the 
d isp lacement of c oord inated w a t e r b y a n a n i o n ( A n a t i o n ) , a n d (c) the d i sp lacement 
of a l i g a n d b y h y d r o x i d e . I n each case a n i m p o r t a n t e n t i t y of the reac t i on was 
so lvent molecule o r i t s l ya te i o n . Therefore , a n y k i n e t i c i n t e r p r e t a t i o n was e i ther 
e q u i v o c a l o r imposs ib le . I n the s o l v o l y t i c reac t i on , the zero-order w i t h respect t o 

* Paper presented by Cooper H . Langford. 
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8 MECHANISMS O F I N O R G A N I C REACTIONS 

so lvent is not re lated to the m o l e c u l a r i t y . I n the a n a t i o n reac t i on , extensive mass -
l a w re tardat i on b y w a t e r w i l l l ead to a second-order k i n e t i c f o rm for a u n i m o l e c u l a r 
react ion (4). I n the base h y d r o l y s i s reac t i on , i t is no t possible t o t e l l whether the 
hydrox ide i n the p r o d u c t entered as such , or came i n as w a t e r i n a base -cata lyzed 
so lvo lys is . 

I t was obv ious , therefore, t h a t a l t e r n a t i v e so lvents s h o u l d be used . T h e first 
p r o b l e m was to be cer ta in t h a t d i rec t s u b s t i t u t i o n was o c curr ing . R e p l a c e m e n t of 
one l i gan d b y another has been shown to be a t w o stage process (6), 

cis-ICo e n 2 N 0 2 Cl]+ + H 2 0 — cis-[Co e n 2 N 0 2 H 2 0 ] + 2 + C I " (Aquation) 

cis-[Co e n 2 N 0 2 H 2 0 ] + 2 + S C N ~ -> a s - [ C o e n 2 N 0 2 N C S ] + + H 2 0 (Anation) 

T h e re lat ive react ion rates a n d the s t a b i l i t y of the aquo complex m a k e i t possible 
to i d e n t i f y the aquo complex as a n in termed ia te a n d s t u d y the i n d i v i d u a l acts 
separate ly . H o w e v e r , i f the so lvento complex were less stable a n d the a n a t i o n rate 
m u c h faster t h a n the so lvo lys is , i t w o u l d not be possible t o observe th is i n t e r 
mediate , a n d the process w o u l d be k i n e t i c a l l y ind i s t ingu ishab le f rom a u n i m o l e c u l a r 
d issoc iat ive process. B o t h processes w o u l d e x h i b i t overa l l first-order k inet i c s 
a n d the usual mass - law r e t a r d a t i o n a n d o ther c o m p e t i t i v e phenomena character i s t i c 
of a n extremely react ive in te rmed ia te . 

T h i s p rob l em requires a modi f ied a p p r o a c h w h i c h G r a y (16) has so lved i n the 
case of s u b s t i t u t i o n i n square p l a n a r complexes. H e uses the fact t h a t bases, l i k e 
h y d r o x i d e , subs t i tu te v e r y s l o w l y b u t w i l l i m m e d i a t e l y deprotonate , a n d hence 
s tab i l i ze , a p r o t o n i c so lvento in te rmed ia te . T h i s elegant a p p r o a c h cannot be 
a p p l i e d to the oc tahedra l c oba l tammines whose react ion rate w i t h such bases is 
v e r y h i g h . 

O u r a l t e r n a t i v e a p p r o a c h has been to synthesize the so lvento in termed ia te a n d 
then s t u d y i ts react ions i n i s o la t i on . W e thereby hope to show t h a t i t s r e a c t i v i t y 
a n d steric course is inconsistent w i t h the postu late s t a t i n g t h a t i t is a n in termed ia te 
i n the s u b s t i t u t i o n react ions . Complexes of the t y p e cis- a n d trans-[Co e n 2 CH3OH 
Cl]+ 2 (7), a n d cis-[Co e n 2 ( C H 3 ) 2 S O Cl ]+ 2 (32) have been prepared . W e have s h o w n 
i n the first case t h a t the l a b i l i t y of the coord inated m e t h a n o l does not suff ic iently 
exp la in the nonappearance of the so lvento complex i n the react ions of cis- a n d 
trans-[Co e n 2 C l 2 ] + i n m e t h a n o l unless i t is no t a n in termed ia te i n the reac t i on . I n 
d i m e t h y l sul foxide so lu t i on , cis- a n d trans-[Co e n 2 C l 2 ] + have been shown to i s o m -
erize to a n e q u i l i b r i u m m i x t u r e t h a t also conta ins the so lvento in te rmed ia te (32). 

D e t a i l e d k i n e t i c studies ind i ca te t h a t a b o u t 8 0 % of the t i m e i s o m e r i z a t i o n goes 
v i a the so lvento in termed ia te . B u t th i s is not a r a t e - d e t e r m i n i n g so lvo lys is , r a t h e r 
a t e m p o r a r y d ivers i on of the in termed ia te of a d issoc iat ive reac t i on . W a t t s (33) 
has recent ly prepared the d i m e t h y l f o r m a m i d e complex , [ C o e n 2 D M F C l ] + 2 a n d 
has shown t h a t i t cannot be a n in termed ia te i n the i s o m e r i z a t i o n of cis- a n d trans-
[ C o e n 2 C l 2 ] + i n d i m e t h y l f o r m a m i d e . 

I n t h i s paper we w i l l discuss the s u b s t i t u t i o n react ions of complexes of the t y p e , 
[ C o e n 2 A X ] + n i n nonaqueous so lvents a n d w i l l show h o w the general c ond i t i ons 
t h a t a p p l y here can be extended to a q u a t i o n a n d other s o l v o l y t i c react ions , a n d t o 
the base h y d r o l y s i s reac t i on . 

B r o w n , Ingo ld , a n d N y h o l m (P, 10, 11) were the first s y s t e m a t i c a l l y to s t u d y s u b 
s t i t u t i o n i n o c tahedra l complexes i n m e t h a n o l s o lu t i on . T h e y observed two types 
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1. TOBE Jtofe of Ion-Association 9 

of behav ior i n the reac t i on between cis-[Co e n 2 C l 2 ] + a n d a v a r i e t y of a n i o n s : (a) 
reagents of l o w nuc leophi l i c i t ies , e.g., NCS~~, C l ~ , B r " " a n d N 0 3 ~ , entered a t a c o m 
m o n rate t h a t was independent of the i r nature a n d concentrat i on a n d (b) reagents 
such as C H 3 O - , N 3 - a n d N 0 2 ~ were more react ive a n d entered a t a rate t h a t i n 
creased w i t h increas ing concentrat ion . These observat ions were in terpreted i n 
terms of a d u a l mechan i sm b u t were later chal lenged successfully b y Baso lo , H e n r y , 
a n d Pearson (26, 27). T h e y showed t h a t a l l the reagents, except methox ide , entered 
a t a c o m m o n rate , a n d t h a t the enhanced r e a c t i v i t y observed for az ide a n d n i t r i t e 
b y B r o w n et al. was caused b y the s o l v o l y t i c d i s turbance caused b y these bas ic 
anions . Baso lo et al. a lso showed t h a t the t rue react ion rate between cis-[Co e n 2 

C l 2 ] + a n d N3"" i n m e t h a n o l depended somewhat u p o n [Nf] a t l o w concentrat ions . 
B u t i t reached a m a x i m u m , concentrat ion - independent rate a t h igher c oncentra 
t ions . T h i s behav io r was ascr ibed to i o n assoc iat ion between the reagents, the 
free i o n be ing somewhat less react ive t h a n the i o n p a i r . 

W e have recent ly comple ted a s t u d y of the i s omer i za t i on , r a c e m i z a t i o n , a n d 
ch lor ide exchange rates of cis-[Co e n 2 C l 2 ] + i n m e t h a n o l i n the presence of o n l y s m a l l 
quant i t i e s of ch lor ide . W e f ound t h a t the rate depended u p o n ch lor ide c oncent ra 
t i o n w h e n i t was l o w a n d became independent of ch lor ide concentra t i on i n the 
h igher region s tud ied b y B r o w n et al. T h e rate constants are p l o t t e d i n F i g u r e 1 as 
func t i on of ch lor ide i o n concentrat i on (8). These observat ions are v e r y s i m i l a r t o 
those of B a s o l o et al. for the s u b s t i t u t i o n b y az ide a n d can be exp la ined i n the same 
w a y , i .e. , b y i n v o k i n g i o n assoc ia t ion . T h e k i n e t i c curves can be reproduced b y a n 
i o n assoc iat ion constant , K, for the e q u i l i b r i u m , 

κ. 
a s - [ C o e n 2 C l 2 ] + + Cl~~ +± cis-[Co e n 2 C l 2 ] + · · · C l " ~ 

h a v i n g a va lue of 250 /mole a t 35°C. E v e n t h o u g h i o n assoc iat ion causes s p e c t r u m 
changes i n the region a r o u n d 3000A., s p e c t r o p h o t o m e t r y e s t imat i ons are unre l iab le 
since the change i n a b s o r p t i o n is s m a l l . T h e re la t i onsh ip between the v a r i o u s ra te 
constants gives the ster ic course of the ch lor ide s u b s t i t u t i o n . T h i s i s repor ted i n 
T a b l e I . 

Table I» The Steric Course of Substitution of C h l o r i d e In cis - [Co e n 2 Ch]+ 

a n d i n its Chlor ide Ion P a i r In M e t h a n o l a t 35°C. 

ke^t krae. kexch. % % % 
X 10z/min. X 10z/min. X 10z/min. trans cisinv. cisnt. 

free ion 3.2 4.6 4.6 70 15 15 
ion pair 7.1 8.2 8.2 86 8 8 

N o t i c e the s i m i l a r i t y of ster ic courses i n the s u b s t i t u t i o n react ions of the 
free i o n a n d the i o n p a i r , a n d the complete loss of o p t i c a l a c t i v i t y for e v e r y 
ac t of s u b s t i t u t i o n . 

I n the i s omer i za t i on react ions of cis- a n d trans-[Co e n 2 C l 2 ] + i n d i m e t h y l f o r m a m i d e 
a n d d i m e t h y l a c e t a m i d e , the e q u i l i b r i u m i somer ra t i os depend u p o n the c oncent ra 
t i o n of ch lor ide . T h i s has been in terpre ted i n t e rms of i o n assoc iat ion , a n d the 
e q u i l i b r i u m constants have been c o m p u t e d (31). T h e dependence of the i s o m e r i z a 
t i o n rate u p o n the chlor ide concentrat i on was in terpre ted i n t e rms of the dif ferent 
react iv i t ies of the free i o n a n d the i o n pa i r . P r e l i m i n a r y chlor ide exchange exper i -

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
01



ments indicated that the rate difference was due to a difference in the rate of sub
stitution and not just to a change in the steric course. 

The rate constants for the reactions of the free ions and chloride ion pairs of the 
cis- and trans-[Co en 2 C l 2 ] + complexes in methanol, dimethylformamide, and d i -
methylacetamide are in Table I I . The dots indicate that the information could 
not be derived from the published data—not that these quantities are insignificant. 

Table II. Ion Associat ion Constants a n d F i r s t - O r d e r R a t e Constants f o r 
Chlor ide E x c h a n g e o f Isomerlsation of c is - a n d t r a n s - [ C o e n 2 C l 2 ] + 

kt/ kuip/ kt.jp/ 
min min min 

Methanol (35°C.) 250 · · · 0.0046 0.00032* 0.0082 
Dimethylformamide (60°C.) 1800 30 · · · 0.003 0.008 0.093 
Dimethylacetamide (60°C.) 1700 - · · 0.0017 0.0003 0.0041 
* Data from Pearson (26) measured at 25°C. 

K9/ Kt/ v 
mole mole min 

250 0.0046 
1800 30 
1700 . . . 0.0017 

B y c o m b i n i n g the d a t a for the chlor ide exchange of css-and trans-[Co e n 2 C l 2 ] + i n 
m e t h a n o l (26, 27) w i t h the k n o w n fact t h a t no cis i somer c o u l d be detected a t 
e q u i l i b r i u m , i t was possible t o determine t h a t the ster ic course of ch lor ide exchange 
i n the t rans i somer i s a lmos t e n t i r e l y re tent ive . T h i s i s i n d i rec t contrast t o the 
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1. JOBS Jtofo of Ion-Association 11 

ster ic courses of the react ions i n d i m e t h y l f o r m a m i d e , d i m e t h y lace tamide , a n d 
d i m e t h y l sul foxide (32), where ch lor ide exchange o r so lvo lys is of the t rans complex 
gives m a i n l y the cis i somer . N o sat i s factory e x p l a n a t i o n has y e t been g iven for th i s 
observat i on . 

I t is easy t o argue t h a t the behav io r of the [ C o e n 2 C l 2 ] + i somers is not surpr i s ing . 
T h e corre la t ion of a q u a t i o n rates of complexes of the t y p e , [Co e n 2 A C l ] n + w i t h the 
e lectron d isp lacement propert ies of the n o n p a r t i c i p a t i n g l i g a n d , A , has l ed t o the 
belief t h a t l igands able to donate a second p a i r of e lectrons t o the m e t a l can thereby 
s tabi l i ze the 5-coordinate in termed ia te a n d hence promote a u n i m o l e c u l a r reac t i on 
(2, 18, 24). C h l o r i n e is such a l i g a n d , C l — C o - : - C l , a n d the essent ia l ly first-order 
k i n e t i c f o rm c o u l d be used as evidence for a u n i m o l e c u l a r m e c h a n i s m , once the i o n 
assoc iat ion p r e - e q u i l i b r i u m effects for the d i sp lacement of ch lor ide under the elec
t r o n - d i s p l a c i n g inf luence of the o ther ch lor ine a t o m have been t a k e n i n t o account . 

C o n s e q u e n t l y , i t was in teres t ing t o s t u d y the react ions of c o m p o u n d s of the t y p e , 
[ C o e n 2 N 0 2 X ] + n , where the d i sp lacement of X under the e lec tron-d isp lacement i n 
fluence of N 0 2 was thought t o take place b i m o l e c u l a r l y . T h e a m o u n t of interest 
is reflected i n the a m o u n t of w o r k t h a t has been pub l i shed . A t first s ight , there 
appears t o be l i t t l e agreement between the observat ions of the dif ferent w o r k e r s i n 
the field. A s p e r g e r (3) f ound t h a t the rate of replacement of ch lor ide i n cis- a n d 
trans-[Co e n 2 N 0 2 C l ] + b y th i o cyanate i n m e t h a n o l s o l u t i o n was independent of the 
concentrat i on of t h i o c y a n a t e for the cis isomer, a n d had a m i x e d zero- a n d first-
order dependence for the t rans complex . L a n g f o r d a n d T o b e (23) f ound a first-
order rate dependence of th i o cyanate e n t r y i n t o trans-[Co e n 2 N 0 2 B r ] + i n sulfolane 
u p o n [ S C N ~ ] ; b u t t h e y observed t h a t ch lor ide reacted m u c h more r a p i d l y , a n d a 
l i m i t i n g , ch lor ide independent rate was reached as [Cl""] was increased. L a n g f o r d 
a n d L a n g f o r d (22) showed t h a t the ra te of rep lacement of ch lor ine i n trans-[Co e n 2 

N 0 2 C l ] + b y th i o cyanate i n d i m e t h y l f o r m a m i d e was independent of the a n i o n 
concent ra t i on . 

L a n g f o r d (21) has recent ly repor ted some a n a t i o n react ions of trans-[Co e n 2 N 0 2 

Η20]2+ i n sulfolane a n d we have s tud ied s i m i l a r react ions over a w i d e r range of s o l 
v e n t (17). T h e d a t a for th i s reac t i on are i n F i g u r e 2, where t w o a p p a r e n t t y p e s of 
behav ior are character ized . T h i o c y a n a t e enters a t a rate t h a t is independent of 
a n i o n concentrat i on i n a l l three so lvents , acetone, d i m e t h y l f o r m a m i d e , a n d s u l 
folane. T h e rate is o n l y s l i g h t l y dependent u p o n the nature of the so lvent 
b u t covers a tenfo ld change i n rate constant . H o w e v e r , for a b i m o l e c u l a r s u b s t i t u 
t i o n a t a t e t r a h e d r a l carbon a t o m such a so lvent change w o u l d a l t e r the reac t i on 
rate b y m a n y powers of ten . N i t r a t e has a s i m i l a r k i n e t i c behav io r b u t the rate is 
1 5 % greater t h a n t h a t of th i o cyanate . C h l o r i d e a n d b r o m i d e have a n e n t i r e l y 
dif ferent k i n e t i c f o r m . A t r e l a t i v e l y l o w a n i o n concentra t i on the rate has a m i x e d 
zero - a n d first-order dependence o n the a n i o n c oncent ra t i on . B u t as th is increases, 
a l i m i t i n g rate is a t t a i n e d . T h i s rate is a lmos t the same i n acetone a n d sul fo lane. 

C o n d u c t i o m e t r i c studies showed t h a t i o n aggregates exist under these cond i t i ons . 
I n d i m e t h y l f o r m a m i d e , the assoc iat ion between one d i p o s i t i v e c a t i o n a n d t w o 
anions , b romide or th i o cyanate , was a lmost complete w rhen s to i ch iometr i c a m o u n t s 
of a n i o n a n d c a t i o n were m i x e d , even i n d i l u t e s o l u t i o n . B u t there was no tendency 
for a t h i r d a n i o n to be added to the assembly . I n acetone, th i o cyanate sa turated 
the i o n aggregate a t the 2:1 c ompos i t i on a n d d i d no t a d d fur ther t o i t . B u t ch lor ide 
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12 MECHANISMS O F I N O R G A N I C REACTIONS 

Figure 2. Pseudo first-order rate constants for the replace
ment of the water in trans-[C0 eni NO2 H2O] (CIO'4)2 by Cl~, 
Br~, and SCN~ in nonaqueous solvents at 25°C. as a function 

of anion concentration. 

and bromide ions added on to the neutral 2:1 aggregate, trans-[Qo en 2 N 0 2 H 2 0 ] + 2 

• · · 2Br~, to form the negatively charged 3:1 aggregate, trans-[Co en 2 N 0 2 H 2 0 ] + 2 

• · · 3Br~. 
Consequently, all the data in Figure 2 can be explained in terms of the different 

reactivities of the various aggregates. The insensitivity of the rate of thiocyanate 
entry to the thiocyanate concentration simply shows that, over the whole concen
tration range studied, the substrate was always in the form of the ion triplet. The 
rate dependence on the chloride or bromide concentration represents the change in 
the distribution of the substrate between the 2:1 and the 3:1 aggregate as the anion 
concentration is increased. 

A general pattern emerges for all of the nonaqueous substitution reactions of the 
[Co en 2 A X ] + n cations. In every case there is a limiting rate at a sufficiently high 
anion concentration. Sometimes this limit may have been passed at the lowest 
anion concentration studied, in which case the rate would appear to be quite in-
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1. TOBB Ro/a o f lofi-AssocioffOfi 1 3 

dependent of the reagent concentrat i on . I n o ther cases i t m a y not be possible t o 
a t t a i n a h i g h enough a n i o n concentra t i on to detect the l i m i t i n g rate . I n the l i m i t 
the rate w o u l d a p p e a r t o depend l i n e a r l y u p o n a n i o n concentra t i on . 

W h a t is the significance of th is general behavior? I t is easy to assume m i s 
t a k e n l y t h a t the s imi lar , o v e r a l l k i n e t i c f o r m of these non-aqueous react ions of the 
c o b a l t a m m i n e s ind icates a s i m i l a r m e c h a n i s m . S ince the rates are not d i r e c t l y 
p r o p o r t i o n a l t o the reagent concentrat ions , i t is easy t o assume t h a t th i s is a u n i 
mo lecu lar reac t i on . 

T h e l i m i t i n g reac t i on rate can be exp la ined i n t e rms of the p r e - e q u i l i b r i u m asso
c i a t i o n between the ca t i on i c a n d a n i o n i c species. T h e complex , i n s o lu t i on , c a n 
in terac t qu i t e spec i f i ca l ly w i t h i t s e n v i r o n m e n t . I n the absence of o ther in ter f e r ing 
so lute part i c les , th i s e n v i r o n m e n t w i l l consist of so lvent molecules f o r m i n g the 
s o l v a t i o n she l l . W h e n we consider the cat ions of the t y p e , [ C o e n 2 A X ] + n , we find 
t h a t there i s considerable a t t r a c t i o n for c e r ta in anions , o f ten exceeding a n y s imp le 
e lectrostat ic p r e d i c t i o n . T h e evidence for th i s t y p e of assoc iat ion ranges f r o m 
k i n e t i c a n d e q u i l i b r i u m studies t o spec t rometry a n d c o n d u c t i v i t y measurements . 
These interac t ions lead to f o r m i n g i o n aggregates w h i c h can be regarded as species 
i n w h i c h anions o c c u p y pos i t ions i n the inner s o l v a t i o n shel l of the complex i o n . 
T h e y c a n be ca l led " i n t i m a t e i o n aggregates" i n the W i n s t e i n sense of the w o r d (34) 
or " outer sphere " complexes i n the T a u b e sense (29). 

Since the a t t r a c t i o n between the complex c a t i o n a n d the an ions is ba lanced b y 
the repuls ion between the anions a n d b y the so lvent ' s a b i l i t y t o so lvate the anions , 
there m u s t be a m a x i m u m n u m b e r of an ions t h a t can be a c c o m m o d a t e d i n the aggre
gate. T h i s n u m b e r m u s t depend u p o n the nature a n d charge of the c a t i o n , the 
na ture a n d charge of the a n i o n , a n d the nature of the so lvent . T h e r e is n o reason 
to bel ieve t h a t the n u m b e r is l i m i t e d b y charge cance l l ing i n the aggregate. N e u t r a l 
reagent species can l ikewise preassemble i n the s o l v a t i o n shel l b u t they lack the 
i n i t i a l e lectrostat ic advantage . A l t h o u g h t h e y m a y be affected b y d i f ferent ia l 
s o l v a t i o n effects, i n a p p r o p r i a t e c i rcumstances , t h e y can replace c o m p l e t e l y the 
o r i g i n a l so lvent so t h a t t h e i r effect m a y be more pronounced i n the l o n g r u n . 

S ince m o v e m e n t w i t h i n the s o l v a t i o n shel l i n these complexes is r e l a t i v e l y s l u g 
g i sh , i t is pos tu la ted t h a t a complex remains a c t i v a t e d o n l y l o n g enough t o react 
w i t h i t s i m m e d i a t e e n v i r o n m e n t , the inner s o l v a t i o n she l l . I n t h e r e a c t i o n w i t h 
a n i o n i c species, a s i t u a t i o n can be reached i n w h i c h near ly a l l of the substrate is i n 
the f o r m of the m a x i m u m i o n aggregate. A n y increase i n the a n i o n concent ra t i on 
i n the b u l k so lvent w i l l no t change the i m m e d i a t e e n v i r o n m e n t of n e a r l y a l l the 
substrate a n d , therefore, w i l l no t effect the reac t i on ra te . I n th i s w a y a l i m i t i n g 
rate can be independent of the c oncent ra t i on of a d d e d a n i o n i c reagent, i r respect ive 
of the a c t u a l mechan i sm of the a c t u a l a c t of s u b s t i t u t i o n . 

F u r t h e r m o r e , I suggest t h a t these react ions can be regarded as rearrangement 
processes of the aggregate whereby a n inner sphere l i g a n d changes place w i t h a n 
outer sphere l i g a n d . C o n s e q u e n t l y , each aggregate can be assigned i t s o w n first-
order rate cons tant for i t s rearrangement . A n y dependence of ra te u p o n a n i o n 
concentra t i on arises f r om changes caused i n d i s t r i b u t i n g the substrate between the 
var i ous possible aggregates. F o r example , i n the react ions descr ibed i n F i g u r e 2, 
the rate dependence o n bromide concent ra t i on i n acetone arises f r om the t r a n s 
f o r m a t i o n of the 2:1 aggregate i n t o the 3:1 species. T h e l i m i t i n g rate corresponds 
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14 MECHANISMS O F I N O R G A N I C REACTIONS 

t o a l l of the substrate be ing i n the f o r m of the h igher aggregate a n d is e q u a l to i t s 
rearrangement rate . 

T h i s concept cannot use k i n e t i c s t o e luc idate the m e c h a n i s m . T h i s t h e n raises 
the quest ion of a p p l y i n g the m o l e c u l a r i t y concept t o processes t h a t i n v o l v e r e a r r a n g 
i n g a p r e v i o u s l y assembled aggregate of reagents. W h a t is p r o b a b l y more i m p o r 
t a n t is d i s t i n g u i s h i n g between the poss ib i l i t ies once we accept t h e i r existence. T h e 
conceptua l d i s t i n c t i o n can be m a d e b y cons ider ing the t i m i n g of the b o n d - m a k i n g 
a n d b o n d - b r e a k i n g processes. I f b o n d m a k i n g a n d b r e a k i n g are synchronous , the 
process i s c l e a r l y b i m o l e c u l a r . I f b o n d b r e a k i n g precedes b o n d m a k i n g , the 
m e c h a n i s m i s u n i m o l e c u l a r w i t h a five-coordinate i n t e r m e d i a t e . I f b o n d m a k i n g 
occurs first, the process w i l l be assoc iat ive w i t h a seven-coordinate i n t e r m e d i a t e . 

A possible w a y t o d i s t i n g u i s h the m e c h a n i s m i n the a c t u a l a c t of s u b s t i t u t i o n is 
o u t l i n e d i n F i g u r e s 3 a n d 4. H e r e the s o l v a t i o n shel l i s represented b y a c irc le 
a r o u n d the complex , a n d a n y i o n aggregate i s represented b y a n a n i o n i n the c i r 
cumference. T h e u n i m o l e c u l a r reac t ion of the free i o n requires a s low d issoc ia t ion 
t o g ive the five-coordinate in te rmed ia te . T h e d e p a r t i n g group is then he ld 
for a shor t w h i l e w i t h i n the s o l v a t i o n she l l . T h r e e possible fates a w a i t t h i s i n t e r 
m e d i a t e : (1) a so lvent molecule enters the i n t e r m e d i a t e f rom the s o l v a t i o n she l l a n d 
so lvo lys i s occurs. T h i s i s the n o r m a l behav io r i n w a t e r a n d happens q u i t e o f ten i n 
d i m e t h y l su l fox ide ; (2) the l e a v i n g group m a y re-enter the c o o r d i n a t i o n shel l a n d 
thus no net s u b s t i t u t i o n or exchange has occurred . T h i s a c t is observable i n the 
sense of be ing a t y p e of mass - law r e t a r d a t i o n ; (3) the i n t e r m e d i a t e w i l l las t l o n g 
enough for a n i o n of reagent Y ~ to t a k e a pos i t i on i n the s o l v a t i o n shel l a n d t h e n 
enter the c o o r d i n a t i o n shel l t o g ive s u b s t i t u t i o n . 

+ χ 

• X 

U N I M O L E C U L A R 

I n terms of o r i e n t a t i o n w i t h i n th i s aggregate, the l e a v i n g group , X , w i l l h o l d a 
p o s i t i o n i n the s o l v a t i o n shel l w h i c h is no t v e r y dif ferent f r om i t s pos i t i on i n the 
o r i g i n a l o c tahedron . T h e consequences of th i s have a l r e a d y been discussed i n c o n 
nec t i on w i t h the ster ic course of u n i m o l e c u l a r a q u a t i o n (13). B u t i n the general 
content of th i s react ion i t means t h a t the p o s i t i o n t a k e n u p b y the en ter ing reagent 
Y " " w i l l be s i m i l a r i n the i o n aggregate w h i c h is o b t a i n e d i n th i s w a y t o t h a t o b t a i n e d 
af ter the i n i t i a l d i ssoc iat ion of the i o n p a i r f o rmed w i t h the o c tahedra l complex . 
I n o ther words , i t is of l i t t l e consequence whether , i n the i o n aggregate i n v o l v i n g the 
five-coordinate in te rmed ia te , X has left the c o o r d i n a t i o n she l l before or a f ter Y has 
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1. TOBE Rolo of Ion -Association 1 5 

ΒIMOLECULAR 

entered the s o l v a t i o n she l l . S i m i l a r steric courses of s u b s t i t u t i o n i n the free i o n 
a n d the i o n p a i r w o u l d resul t a n d a c t u a l l y have been observed. 

T h e u n i m o l e c u l a r react ion of the i o n aggregate fol lows a s i m i l a r course a n d the 
in te rmed ia te faces the same three poss ib i l i t ies for react ion . T h e rate of b o n d fis
s ion w i l l no t necessari ly be the same as t h a t of the free i o n because the s o l v a t i o n 
e n v i r o n m e n t has changed. W e see th i s effect i n the i o n p a i r - c a t a l y z e d s o l v o l y t i c 
react ions (1). I n a d d i t i o n , since the reagent Y is i n pos i t i on before the five-coor
d i n a t e in termed ia te is f ormed, the p a t h b y w h i c h X re-enters the c o o r d i n a t i o n shel l 
becomes less probable as a result of more effective c o m p e t i t i o n b y Y , a n d the ra te 
is increased. 

T h e b i m o l e c u l a r process is dep i c ted i n F i g u r e 4, where the free i o n has l i t t l e choice 
i n i t s react ion , be ing surrounded o n l y b y so lvent molecules. I f i t can undergo 
so lvo lys is , then one of these molecules w i l l a t t a c k ; i f not , there w i l l be no reac t i on . 
T h e i o n aggregate conta ins su i tab le reagents i n the i n n e r s o l v a t i o n she l l , a n d the 
b imo le cu lar reac t ion can take place, e i ther b y so lvo lys is or b y a n i o n a t t a c k . 

H o w then can we d i s t ingu i sh k i n e t i c a l l y between these t w o possible mechanisms? 
O n e p o s s i b i l i t y is t o s t u d y the react ions under cond i t i ons where most of the sub 
strate is i n the free i o n f o rm. I f the s o l v o l y t i c react ion d i d not interfere , a first-
order rate dependence on a n i o n concentra t i on w o u l d be observed i f the reac t i on 
were b i m o l e c u l a r since o n l y the i o n p a i r can be i n v o l v e d i n the s u b s t i t u t i o n . 

[ R - X ] + n + Υ - £ [ R - X ] + n . · · γ - i o n p a i r 

[ R - X ] + n · · · Υ " Λ [ R - Y ] + n . . . X - (b imolecular ) 

R a t e - k[R - X + n - · · Y " ] 

a n d 

[ R - X + n · · · Y - ] - K[R - X + n ] [ Y 1 

If o n l y a s m a l l p a r t of the complex a n d Y ~ are engaged i n i o n assoc iat ion , t h e n these 
t rue concentrat ions w i l l be a p p r o x i m a t e l y e q u a l t o the concentrat ions of added 
m a t e r i a l a n d , 

[ R — X + n ] = [complex] a n d [Y~] = [anionic reagent] 

so t h a t , 

R a t e = ^ [ c o m p l e x ] [anionic reagent] 
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1 6 MECHANISMS O F I N O R G A N I C REACTIONS 

I n o ther words , the rate decreases to zero as the concentrat i on of a n i o n i c reagent 
decreases to zero. 

T h e react ions of the free i o n a n d the i o n p a i r c on t r ibute t o the u n i m o l e c u l a r 
reac t i on . 

[ R - X ] + n * [R]<n+!>+ · · · X - — ^ [ R - Y ] + n · - · X -
fast 

f R - X ] + n + Y " £ > [ R - X ] + n · · · Y -

[ R - X ] + n · · · Y " ^ [R - Y ] + n · · · X - (unimolecular ) 

T h e n , 

R a t e = k i [ R - X + n ] + k ' [ R - X + n · · · Y " ] , 

w h i c h , under the condi t ions discussed above gives, 

R a t e = {&i + &'i£[anionic reagent]} [complex] . 

Hence , the rate w i l l r emain finite as the concentrat ion of the an ion i c reagent 
approaches zero. 

T h i s a p p r o a c h appl ies o n l y w h e n we are ce r ta in t h a t the substrate is m a i n l y i n 
the form of the free i on at the lowest an ion concentrat ions . T h i s is t rue i n the 
ch lor ide exchange of cis~[Co e n 2 C l 2 ] + i n m e t h a n o l a n d we can safely conc lude t h a t 
the mechan ism is un imo lecu lar (8, 9, 10, 11, 26, 27). T h i s c o n d i t i o n d i d not exist 
w h e n we s tud ied the d isp lacement of water i n tran$-[Co e n 2 N 0 2 H 2 0 ] + 2 b y an ions 
where, because of the large i o n assoc iat ion constants , none of the substrate was i n 
the free i o n f orm under reac t i on condi t ions . H o w e v e r , i n the reac t i on between 
trans-[Co e n 2 N 0 2 B r ] 4 " a n d th i o cyanate i n sul fo lane, the substrate was m a i n l y i n 
the free i o n f o rm. T h e observed second-order k i n e t i c f o rm was f u l l y consistent 
w i t h ass igning a b imo lecu lar mechan i sm t o the rearrangement of the i o n p a i r . 

Is i t possible t o d i s t ingu i sh the m e c h a n i s m b y the extent t o w h i c h the rearrange
m e n t rate of the i o n aggregate depended u p o n the nature of the enter ing an ion? 
S m a l l differences w o u l d be expected for a n S jy l mechan i sm since the presence of 
an ions i n the so lvent shell w o u l d exert a " s o l v e n t effect" u p o n the ra te of b o n d 
fission. I n a d d i t i o n , the nature a n d l o ca t i on of the an ions i n the aggregate w i l l 
determine the extent of the c o m p e t i t i o n w i t h the r e t u r n processes a n d hence, affect 
the observed rate . If the r e a c t i v i t y difference of the enter ing nucleophi les were 
large (i.e., several powers of 10), as i n the case of b imo lecu lar s u b s t i t u t i o n a t t e t r a 
hedra l carbon (15) a n d oc tahedra l s i l i con (25), one w o u l d no t hesitate t o assign a 
b imo lecu lar m e c h a n i s m . 

H o w e v e r , i f , as has been suggested (23), the a c t i v a t i o n energy is co l lected m a i n l y 
b y the complex a n d the func t i on of the enter ing group is t o be present w h e n the 
complex is a c t i v a t e d , one w o u l d not expect the rate of th is t y p e of b imo lecu lar 
process to be great ly sensit ive to the nature of the enter ing group. T h i s m i g h t 
e x p l a i n L a n g f o r d ' s (20) observat ion t h a t so lvo lys is of C o ( I I I ) e thy lened iamine c o m 
plexes is far less sensit ive to the so lvent i o n i z i n g power t h a n un imo lecu lar solvolyses 
of t e t rahedra l carbon c o m p o u n d s ; bu t , he also po ints out t h a t the C o - X b o n d i n 
the g r o u n d state is m u c h more i o n i c t h a n the C - X bond a n d hence there is a smal ler 
difference i n the s o l v a t i o n of the ground state a n d the t r a n s i t i o n state. 
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1. TOBE Hole of Ion-Association 1 7 

A t present, a l t h o u g h the u n i m o l e c u l a r mechan i sm has been adequate ly d e m o n 
s trated for complexes of the t y p e [Co e n 2 C l 2 ] + , the b imo lecu lar m e c h a n i s m p o s t u 
la ted for complexes of the type , [Co e n 2 N 0 2 X ] + n (2, 18, 24) is b y no means ce r ta in . 
I f i t does exist , i t is c oncep tua l l y dif ferent f rom b imo lecu lar s u b s t i t u t i o n a t p l a t i n u m 
(II) a n d t e t rahedra l carbon . T h e r e is, as yet , no reason def in i te ly to assign a u n i 
mo lecu lar m e c h a n i s m to the i r react ions a n d m u c h more w o r k w i l l be necessary 
before a n y final conc lus ion can be d r a w n . I t is interest ing to note tha t , i n going 
f rom s o l v o l y t i c a q u a t i o n to s u b s t i t u t i o n react ions i n noninter fer ing so lvents , we 
s t i l l have not been able t o a p p l y k inet i cs d i r e c t l y t o relate m o l e c u l a r i t y t o order . 
A l t h o u g h i n water the k i n e t i c f o rm reflected the permanent unchangeable so lvent 
e n v i r o n m e n t , the nonaqueous w o r k shows no re la t i onsh ip between the contro l lab le 
concentrat i on of the reagent i n the b u l k so lvent a n d the compos i t i on of the k i n e -
t i c a l l y i m p o r t a n t e n v i r o n m e n t of the complex . T h e k i n e t i c a p p r o a c h is aga in use
less, a n d one m u s t use the more equ ivoca l approaches w h i c h were a p p l i e d t o 
a q u a t i o n . 

T h e concept of preassembly as a requirement for s u b s t i t u t i o n m a y t h r o w l i ght 
u p o n the vexed quest ion of the mechan ism of the base hydro lys i s reac t i on . I t has 
l o n g been k n o w n t h a t complexes of the type , [Co e n 2 A X ] + n can react r a p i d l y w i t h 
h y d r o x i d e i n aqueous so lu t i on . T h e k i n e t i c f o rm is c l ean ly second-order even a t 
h i g h h y d r o x i d e concentrat ions , p r o v i d e d t h a t the i on i c s t rength is he ld constant . 
H y d r o x i d e is un ique i n th i s respect for these complexes. T w o mechanisms have 
been suggested. T h e first is a b imo lecu lar process; the second is a base -cata lyzed 
d issoc iat ive so lvo lys is i n w h i c h the base removes a p r o t o n f r om the n i t rogen i n p re -
e q u i l i b r i u m to f o rm a d i ssoc ia t ive ly lab i le a m i d o species (5, 19, 30). 

W i t h o u t d iscuss ing the re lat ive mer i t s of the two mechanisms i t is in teres t ing to 
p o i n t ou t the i n f o r m a t i o n t h a t does not r e a d i l y fit e i ther m e c h a n i s m : (1) the h igh 
r e a c t i v i t y of hydrox ide is pecul iar to cer ta in C o ( I I I ) a n d R u ( I I I ) complexes 
a n d the analogous complexes of P t ( I V ) , R h ( I I I ) , a n d I r ( I I I ) a p p e a r to have l i t t l e 
o r no excess l a b i l i t y i n the presence of h y d r o x i d e ; (2) i n m a n y cases, the great 
r e a c t i v i t y difference between water a n d h y d r o x i d e comes m a i n l y f r o m the a c t i v a 
t i o n e n t r o p y a n d not the a c t i v a t i o n energy (12). 

A l l of th is suggests t h a t the i o n assoc iat ion e x p l a n a t i o n m a y be a p p l i e d here t o a n 
essent ia l ly b imo lecu lar (or associative) phenomenon . C o n s i d e r i n g the difference 
between hydrox ide a n d a n y other reagent i n water , a p a r t f rom i t s bas i c i ty , one c o n 
cludes t h a t i t s m o b i l i t y m u s t p l a y a n i m p o r t a n t p a r t . Whereas a l l the o ther r e a 
gents m u s t be i n a sui table pos i t i on w i t h i n the s o l v a t i o n shel l before they can enter 
the complex , the h y d r o x i d e i o n , b y means of a G r o t t h u s c h a i n p r o t o n transfer , can 
be t r a n s m i t t e d to a n y pos i t i on where i t is needed whi l e the complex becomes a c t i 
v a t e d . I t can therefore be l ooked u p o n as a n unsaturatab le i o n aggregate w i t h 
h y d r o x i d e fu l l y " d e l o c a l i z e d " about the complex . C o n s e q u e n t l y , we do not observe 
a n y departure f rom the first-order dependence u p o n h y d r o x i d e c oncent ra t i on . 
T h i s c o n t r i b u t i o n to the r e a c t i v i t y w i l l appear i n the a c t i v a t i o n e n t r o p y ra ther t h a n 
i n the e n t h a l p y t e r m . 

I n conc lus ion , th i s extreme i m p o r t a n c e of preassociat ion of reagents appears t o be 
pecul iar to the c o b a l t a m m i n e systems a n d m a y v e r y we l l arise f r o m some p r o p e r t y 
of the N - H b o n d (27). Recent w o r k o n the s u b s t i t u t i o n react ions of [Co d i a r s 2 

C l 2 ] + (diars = o -phenylenebis (d imethylars ine) ) i n m e t h a n o l shows t h a t , even i n the 
case of the cis complex , there is abso lute ly no k i n e t i c effect i n i s omer i za t i on , i n 
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18 MECHANISMS OF I N O R G A N I C REACTIONS 

chlor ide exchange or i n th i o cyanate s u b s t i t u t i o n w h i c h can be assigned to i o n asso
c i a t i o n (28). C o n d u c t i v i t y studies suggest t h a t no assoc iat ion occurs (14). 
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Discussion 

C o o p e r H . L a n g f o r d : I d o n ' t pre tend t o be a c h e m i c a l l y sat is factory 
subst i tute for M a r t i n T o b e , b u t I thought i t m i g h t be useful for me q u i c k l y t o 
s u m m a r i z e some of the m a i n conclusions c o n t a i n e d i n his paper . P e r h a p s I m a y 
a lso accept K e n t M u r m a n n ' s i n v i t a t i o n to a d d just one or t w o things t h a t have i n 
terested us recent ly w h i c h fo l low D r . T o b e ' s suggestions concern ing the i m p o r t a n c e 
of preassoc iat ion . 

T h e interest i n nonaqueous so lut ions for s t u d y i n g s u b s t i t u t i o n react ions of the 
a m m i n e c o b a l t ( I I I ) systems began v e r y o b v i o u s l y f rom the dif f iculties caused b y 
p a r t i c i p a t i o n of the so lvent i n react ions i n aqueous so lu t i on . T h e r e was hope t h a t 
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1. TOBE Discussion 1 9 

perhaps there w o u l d be some cases i n nonaqueous solvents where the k inet i cs w o u l d 
be, i n a s t r a i g h t f o r w a r d w a y , d iagnost i c of the m o l e c u l a r i t y of the reac t i on . T h e 
n o t i o n t h a t the enter ing group m i g h t a p p e a r i n the rate l a w (some enter ing group 
other t h a n the so lvent) a n d lead t o a clear cut dec is ion on the role of the enter ing 
group i n the reac t ion , was one of the m o t i v a t i o n s for do ing nonaqueous w o r k . 

A s w o r k has progressed i n D r . T o b e ' s hands , a new a m b i g u i t y has appeared i n 
the k inet i cs for nonaqueous systems. One does find s u b s t i t u t i o n react ions whose 
k inet i c s depend on the concentrat ions of enter ing a n i o n s ; b u t , i n a lmos t a l l cases, 
d e t a i l e d ana lys i s reveals t h a t th i s dependence can be accounted for b y keep ing 
t r a c k of the nature of i o n aggregates, or outer sphere complexes formed. T h e c o m 
p l i ca ted rate laws found are ra ther eas i ly sorted out i f one can o b t a i n some d a t a 
a b o u t the e q u i l i b r i u m between different i o n aggregates a n d assign correct s u b s t i t u 
t i o n rates for each of the var i ous outer sphere complexes. C e r t a i n l y some v e r y 
in teres t ing th ings do emerge f rom cons ider ing these systems. D r . T o b e has found 
i n several systems t h a t reac t ion stereochemistries i n the outer sphere complexes, 
o r i o n aggregates, are s i m i l a r t o the stereochemistries of the react ions of the free 
ions . I a m not sure t h a t th is has been t h o r o u g h l y exp la ined , a n d perhaps i t is a n 
in teres t ing p o i n t for th i s d iscuss ion . 

C a r e f u l cons iderat ion of the outer sphere complexes does lead to a n u n d e r s t a n d 
i n g of c i r cumstances under w h i c h s o m e t h i n g def inite a b o u t the m o l e c u l a r i t y of sub 
s t i t u t i o n react ions m i g h t be s a i d . I t becomes c lear , t h a t i n order t o unders tand 
the m o l e c u l a r i t y of a s u b s t i t u t i o n reac t i on , one m u s t find d a t a for the concentra t i on 
region of a n enter ing or a n i o n i c group , where i t is possible t o measure reac t ion of the 
free i o n . I f one can proceed t o suff ic iently l ow concentrat i on of the enter ing group 
so t h a t the p r e d o m i n a n t species i n so lu t i on are the free complex i o n a n d the 1:1 
outer sphere complex , a n a p p r o p r i a t e e x t r a p o l a t i o n can lead t o m o l e c u l a r i t y de 
t e r m i n a t i o n . A s I unders tand D r . T o b e ' s p o i n t of v i ew , i f there is n o p a t h w a y i n 
dependent of the enter ing group, the reac t i on shou ld be descr ibed as b imo le cu lar i n 
character , b u t i f there is a p a t h w a y c o m p l e t e l y independent of the e n t e r i n g group , 
the react ion m a y be un imo lecu lar . N o w , of course, one m u s t say , " m a y be u n i 
m o l e c u l a r , " because the same d i f f i cu l ty t h a t arises i n aqueous so lu t i on arises i n these 
so lvents . T h e complex m a y be r eac t ing w i t h the sp lvent t o f o r m a n i n t e r m e d i a t e 
so lvo complex , a n d th i s p o s s i b i l i t y has t o be resolved before one can decide a b o u t the 
m o l e c u l a r i t y of the s u b s t i t u t i o n process. 

T h i s is a n o t h e r of the v e r y interes t ing c o n t r i b u t i o n s i n T o b e ' s paper . T o b e 
has s tud ied s u b s t i t u t i o n react ions of the d i ch loro -b i s ( e thy lened iamine ) coba l t ( I I I ) 
i o n i n m e t h a n o l , r epor ted the p r e p a r a t i o n of the supposed so lvo in termed ia te t h a t 
w o u l d be requ i red , a n d s tudied the rate of the ch lor ide a n i o n e n t r y i n t o th i s s u p 
posed so lvo in termed ia te . H e reports t h a t the l a b i l i t y of m e t h a n o l i n th i s c omplex 
is insuff ic ient t o a l l o w the complex t o be a n i n t e r m e d i a t e i n a s u b s t i t u t i o n process 
of t h e d i ch loro complex . Y e t i t is possible t o o b t a i n , i n the case of the d i c h l o r o -
chlor ide exchange, a t e r m i n the ra te l a w for t h e free i o n . T h i s leads t o the c o n 
c lus ion t h a t , i n fact , one has a genuinely un imolecu lar s u b s t i t u t i o n process. 

If there is no p a t h w a y independent of the ch lor ide , t h a t i s , i f e x t r a p o l a t i o n t o 
v e r y l ow chlor ide concentrat i on of ch lor ide exchange reac t ion led t o a zero intercept 
a n d no free i o n p a t h w a y , t h e n we w o u l d have a b imo lecu lar r eac t i on . T h i s de f in i 
t i o n of b i m o l e c u l a r i t y o n l y requires chlor ide t o be a component of the second coor 
d i n a t i o n sphere for ch lor ide exchange t o occur . 
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2 0 MECHANISMS O F I N O R G A N I C REACTIONS 

A qu ibb le i n des ignat ing the m o l e c u l a r i t y appears . T h e process m i g h t be c o n 
sidered u n i m o l e c u l a r i f one considers the second coord inat i on sphere as p a r t of the 
complex i n t h i s single species; i t m i g h t be considered b imo lecu lar i f one prefers t o 
consider the ch lor ide as ex ter ior t o the c o m p l e x — a n d the aggregate t w o part i c les . 
B u t i t is qu i te possible t h a t the reac t i on mechanism is not different i n a n y i m p o r t a n t 
w a y f rom the react ion mechan ism t h a t leads t o a c lear c u t un imo lecu lar p a t h w a y . 
L e t ' s imagine a n intermediate , i n the sense of t r a n s i t i o n state theory , t h a t has a 
m i n i m u m p o t e n t i a l energy surface w i t h " w e a k " bonds to b o t h chlor ides i n the outer 
c oo rd inat i on sphere. W e cou ld have a n in termediate i n the sense of t r a n s i t i o n 
state theory b u t i t w o u l d not be k i n e t i c a l l y detectable , because i t m i g h t react so 
r a p i d l y t h a t i t s second c o o r d i n a t i o n sphere cou ld not rearrange i n the t im e for i t s 
react ion . T h e n , of course, i t w o u l d never a p p e a r i n the rate l aw a t a l l . 

One wonders i f we are l o o k i n g , i n some sense, i n the r i g h t d i re c t i on b y a t t e m p t 
i n g t o ana lyze these react ions w i t h a n o t a t i o n t h a t designates m o l e c u l a r i t y ra ther 
t h a n focusing a t t e n t i o n on the energetic role or lack of energetic role of the enter ing 
group . D r . T o b e po ints out t h a t a large body of the studies on the a m m i n e c o b a l t ( I I I ) 
systems can be in terpre ted successfully f rom a p o i n t of view r suggesting t h a t the 
react ions require preaggregation of the reactants (the o r ig ina l complex a n d the e n 
t e r i n g group) , b u t t h a t the a c t i v a t i o n energy for the s u b s t i t u t i o n derives large ly 
w i t h i n the o r ig ina l complex a n d is not s ign i f i cant ly reduced b y p a r t i c i p a t i o n of the 
e n t e r i n g group . 

I t h i n k D r . T o b e ' s paper c l ear ly suggests t h a t concepts developed i n connect ion 
w i t h react ions i n nonaqueous so lvents , preassoc iat ion , a n d i ts i m p o r t a n c e for reac
t i o n , m a y have i m p o r t a n t a p p l i c a t i o n s i n s t u d y i n g react ions i n aqueous so lu t i on . 
I n t h a t context I w o u l d l ike t o offer a few thoughts on the more or less classic reac 
t i o n of water w i t h the c h l o r o p e n t a m m i n e c o b a l t i c i o n . 

T h e f o rward react ion , the replacement of chlor ide b y water , was s tud ied qu i t e 
some years ago. A l t h o u g h there has been some interest i n the reverse react ion , the 
replacement of u a ter b y chlor ide , no deta i led studies have been pub l i shed t o date . 

O n the general quest ion of the a n a t i o n react ion of the a q u o complex b y var ious 
anions , there is a l i t t l e more i n f o r m a t i o n . I n p a r t i c u l a r , of course, there are a few 
cases where one m a y ident i f y rates of the same sort t h a t are discussed i n the paper 
on nonaqueous systems- i . e . , rates of interchange between outer a n d inner sphere 
l igands . 

I n the case of sulfate a n d d ihydrogen phosphate where the i o n p a i r assoc iat ion 
constants have been c l ear ly ident i f i ed , the a n a t i o n rates are k n o w n for the 1:1 outer 
sphere complex . These rate va lues v a r y somewhat , a n d th is perhaps indicates 
p a r t i c i p a t i o n of the enter ing group . B u t there m a y be another w a y t o in terpre t 
w h a t is going o n . These two rates of a n i o n e n t r y are smal ler t h a n the rate of w a t e r 
exchange of the a q u o p e n t a m m i n e complex . I n fact , the u n i v a l e n t a n i o n enters t h e 
complex f r o m the outer sphere a t a p p r o x i m a t e l y one-eighth of the rate of w a t e r ex
change, and the d i v a l e n t a n i o n enters the complex f r o m the outer sphere a b o u t twice 
as fast. 

Perhaps these results c o u l d be in terpre ted b y a d o p t i n g a mode l where the e n 
te r ing group does not par t i c ipa te i n the a c t i v a t i o n process a t a l l bu t t h a t w h e n the 
bond f rom the coba l t t o the water is suff ic iently wel l b r o k e n , whatever group is i n 
place ( s ta t i s t i ca l ly ) , falls i n . F r o m th is p o i n t of v i e w the n u m b e r e ight (as a magic 
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1. TOBE ùiêcvssion 2 1 

number) for the number of molecules in the second coordination sphere is not 
entirely unreasonable. 

We have some preliminary experiments on the rate of chloride entry in the 
aquopentammine complex over a range of chloride concentrations, which perhaps 
also can be incorporated into a picture of this kind. 

If we plot the observed rate vs. the concentration of sodium chloride of less 
than O.lOAf to 2M, the rate in the low concentration region depends on the chloride 
concentration. The reaction is approximately second-order. (This is without 
controlling the ionic strength.) Slightly above 0.101/ there is a definite change of 
slope, and the reaction rate is less sensitive to chloride concentration. Perhaps 
here again the change of slope represents the formation of the 1:1 outer sphere 
complex, and in this region the additional rate increase is caused by additional 
chloride association with the ion. If we extrapolate the high chloride portion of 
the curve to zero, the intercept is again approximately one-eighth of the water ex
change rate, or in pretty close agreement to the rate of entry of dihydrogen 
phosphate. 

A t this point I am not sure that I am prepared to defend this interpretation. 
But I suggest that these results indicate that perhaps Dr . Tobe's concept of pre-
association should be seriously considered in accounting for reaction process in 
aqueous solution which have been regarded more in terms of the dissociative process. 

R a l p h G . Pearson : I would like to say a few things in connection writh the 
ideas brought out by Dr . Tobe's paper. First, the thing that impressed me very 
much was the fact that just as in an aqueous solution, for these octahedral com
plexes (at least the ammineeobalt(III) systems) we find that the rate of the reac
tion is remarkably independent of the nature and concentration of the incoming 
group. This has, of course, led many people to discuss a reaction path in which 
bond making was relatively unimportant, and bond breaking led bond making to a 
substantial degree. 

I would be interested in any comment from the audience about the chronologi
cal development of this concept. As far as I can remember, in 1958 a number of 
people simultaneously brought this idea forward. Roughly, it was that if we are 
going to replace a coordinated chlorine by something, then just as Tobe's diagram 
represents, we would have a mechanism in which lengthening of the cobalt—chlorine 
bond would be the critical step. We have to supply activation energy from within 

Figure A. Solvent assisted dissociation, or SAD mechanism; X-solvent molecule or 
other ligand in second coordination shell. 

the complex, an extreme vibration, so that eventually this cobalt—chlorine bond 
becomes greatly lengthened and is on the verge of breaking. But I feel that for 
many cases of the normal substituents on cobalt it would be quite impossible for this 
chlorine just to leave and for a five-coordinated intermediate to remain behind. 
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22 MECHANISMS O F I N O R G A N I C REACTIONS 

A l s o , rearrangement i n m a n y cases w o u l d be di f f icult because of the c r y s t a l field 
s t a b i l i z a t i o n effects. B u t i t c o u l d be possible t h a t somewhere, when th is bond h a d 
lengthened suff ic iently , th i s group X c o u l d s l ip i n ; a n d as D r . L a n g f o r d i n d i c a t e d , 
we w o u l d then have a n in termedia te , or t r a n s i t i o n s t a t e / o r s ometh ing w h i c h w o u l d 
have these t w o groups p a r t i a l l y bonded . 

Figure B. Partial bonding of X and Cl groups 

T h e n i n w a t e r so lu t i on i t seems t h a t th i s X group is water , a lmost u n i v e r s a l l y . 
B u t th is w o u l d account for the general independence of the react ion rate o n the 
nature of th is X group. 

T h i s is the mechan i sm w h i c h has been cal led the so lvent assisted d issoc iat ive 
m e c h a n i s m , or the S A D m e c h a n i s m . I t h i n k the name " i n t e r c h a n g e m e c h a n i s m " 
m i g h t be a good one, perhaps bet ter t h a n the S A D mechan i sm. 

I n 1958, as I remember i t , F r e d B a s o l o a n d I , A r t h u r A d a m s o n a n d H e n r y 
T a u b e , a n d H . R . H u n t came out w i t h th i s m e c h a n i s m bas i ca l ly , stressing s l i g h t l y 
different features. T h e n D r . T o b e j o ined the bandwagon w i t h th i s mechan i sm i n 
1959, a n d the t e r m " s o l v e n t assisted d i s s o c i a t i o n " was co ined b y W a l l a c e a n d his 
group i n C a n a d a i n 1961. T h a t is the s t o r y as I see i t a t the present t i m e 

I w o u l d l i k e t o show some figures t o set u p some b a c k g r o u n d a n d language. 

Base KA k 

O H - 1 x 10-» 1.7 X 10» M~l sec." 1 

0 2 H " 1 X 10" 1 2 8.0 X 10* 
N H 2 N H 2 4 X 10" e 33 
H P O r 2 7 Χ ΙΟ" 8 3.2 X 10-* 
NH2OH 2 Χ ΙΟ"* 1.2 
F - 2 X 10-* 1.7 Χ ΙΟ" 8 

N O r 4 Χ ΙΟ" 4 8.8 X 10-» 
H 2 0 55 4.9 X 10-* 
I - — 3 Χ ΙΟ" 4 ? 

Figure C. Rate constants for base-catalyzed hydrolysis of Si(acac)z+ 

F i g u r e C shows a n extreme case of the dependence of a s u b s t i t u t i o n react ion 
rate on the nature of the i n c o m i n g group . T h i s happens to be the h y d r o l y s i s of the 
tr i sacety lacetonate complex of s i l i con (I V ) , ca t i on i c species, w h i c h K i r c h n e r s tud ied 
first—the rate of racemizat i on or rate of d issoc iat ion . W e s tudied the base-
c a t a l y z e d rate of d issoc iat ion a n d showed t h a t a large n u m b e r of an ions a n d nuc leo -
p h i l i c groups, i n general , w o u l d ca ta lyze i n the d issoc iat ion process. W e f ound t h a t 
the react ion rates were a c t u a l l y for a second-order process, so these uni ts are l i ters 
per mole per second. B u t the reac t ion rate d i d v a r y over a n enormous r a n g e — i n 
th i s case, about a factor of 10 9 —and t h i s i s t y p i c a l of the sort of v a r i a t i o n i n rates 
of react ion ( that y o u can get) for processes t h a t seem to be Sj\r2 b imolecu lar d isp lace 
ment processes. 
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1 · TOBE Discussion 2 3 

T h e mechan ism, i n c i d e n t a l l y , for th i s acety lacetonate case is not unambiguous 
a n d i t is possible t h a t nuc leophi l i c a t t a c k occurs a t the l i gand r i n g i n one of the 
c a r b o n y l groups. 

Y o u w i l l notice i n th is case t h a t the nuc leophi l i c r e a c t i v i t y constants—these 
rate c o n s t a n t s — v a r y r ough ly w i t h the bas i c i ty . H y d r o x i d e i o n is a lmos t the most 
power fu l nuc leophi l i c reagent because i t is the strongest base t h a t can exist i n aque 
ous s o l u t i o n . W a t e r is the weakest nuc leophi l i c reagent, s i m p l y because a n y t h i n g 
weaker t h a n water is not detectable i n a n aqueous so lu t i on . So th i s n u m b e r is the 
lower l i m i t for nuc leophi l i c r e a c t i v i t y . 

F o r o ther nucleophi les such as i o d i d e — r e a l l y one can ' t decide whether there is 
a nuc leophi l i c rate constant for iodide or not , because y o u have to have enormous 
concentrat ions of iodide to detect a rate constant of th i s va lue . So th is n u m b e r here 
is rea l ly just a n u p p e r l i m i t to w h a t the r e a c t i v i t y of iodide is. 

N o t i c e — a n d I w a n t t o m a k e a p o i n t of t h i s — t h e hydrogen peroxide an ion is a 
better nuc leophi l i c reagent t h a n the hydrox ide i o n b y a factor of about 50, even 
though hydrogen peroxide is a stronger a c i d t h a n water b y a factor of about 10 4 . 
W e convert water t o the same un i t s as hydrogen peroxide. 

T h i s is a n example of w h a t J o h n E d w a r d s a n d I ca l l the a l p h a effect. I t h i n k 
i t is va luab le because i t does enable us to generate qu i te eas i ly a v e r y power fu l 
nuc leophi l i c reagent i n water , th is hydrogen peroxide a n i o n . 

T h i s p a r t i c u l a r nuc leophi l i c r e a c t i v i t y series w h i c h we find for s i l i c o n ( I V ) is not 
necessa i i ly character i s t i c of w h a t one w o u l d expect t o find for a l l different m e t a l 
ions . A n d i n fact , we k n o w i n the case of p l a t i n u m ( I I ) , where SAT2 react ions seem 
to occur qu i t e c o m m o n l y , t h a t we get qu i te a different nuc leophi l i c r e a c t i v i t y series. 
T h e v a r i a t i o n i n rates for p l a t i n u m ( I I ) is a lmost as large as th i s . I d o n ' t k n o w 
t h a t a n a c t u a l range of 109 has been covered yet , b u t the order of the dif ferent 
nucleophi les is q u i t e dif ferent. 

T h e next two figures introduce some termino logy about h a r d a n d soft t h a t I 
a m p u s h i n g a t the m o m e n t , because I t h i n k i t is useful . D a r y l e B u s c h suggested 
th is to m e one t ime a n d I p i c k e d i t u p a n d f ound i t useful . 

Hard Bases Soft Bases 
O H - , F - I " , R 2 S , R 3 P 
S O r 2 , PO4-3 C O , C N - , R C N 
C H 3 C O O - , R O - C 6 H 6 , C 2 H 4 

C l " , N H 3 H - , R -
Figitre D. Examples of some hard and soft bases 

W e define a h a r d base s i m p l y as one t h a t is not v e r y po lar i zab le . I t usua l ly 
means a lso t h a t the basic a t o m is one of h igh e l e c t ronegat iv i ty a n d not v e r y eas i ly 
ox id i zed . T h e t y p i c a l h a r d bases w o u l d be oxygen a t o m l igands a n d fluoride i o n , 
w i t h chlor ide i o n a n d a m m o n i a c e r t a i n l y not as h a r d as those, because chlor ide is 
more po lar izab le t h a n fluoride, a n d a m m o n i a is more po lar i zab le t h a n water . 

B y soft bases I m e a n h i g h l y po lar izab le bases. T h i s usua l ly means not o n l y 
large a t o m s such as iod ide a n d su l fur , b u t a lso unsatura ted systems such as the 
n i t r i l es , the olefins, the aromat i c s , a n d the a l k y l a n d hydr ide ions w h i c h are k n o w n 
e x p e r i m e n t a l l y t o be h i g h l y po lar i zab le . Soft bases are of low e lec t ronegat iv i ty 
a n d eas i ly ox id i zed . 

F i g u r e Ε shows the corresponding entr ies i n the case of the ac ids w h i c h coor
d i n a t e to these var ious bases, f o r m i n g our f a m i l i a r coord inat i on compounds i n some 
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2 4 MECHANISMS OF I N O R G A N I C REACTIONS 

Hard Acids Soft Acids 

H + , M g + 2 , A l + 3
b Cu+ , Pt+ 2 , H g + 2 

C r + 3 , S i+ 4 , A s + 3 R S + , I+, H 0 + 
B F 3 , P R 0 2

+ , R S 0 2
+ I9, n i trobenzene, quinones 

R 3 C + , R C O + O, C l , R 3 C 
H X (hydrogen bonders) M e t a l a t o m s 

Figure E. Examples of some hard and soft acids 

cases, o r perhaps other types of complexes, such as charge transfer complexes, i n 
o ther cases. 

W e define the h a r d ac ids s i m p l y as those of low p o l a r i z a b i l i t y . T h e y w o u l d be 
of s m a l l size a n d h igh pos i t ive charge. T h e soft ac ids w o u l d be those of h igh 
p o l a r i z a b i l i t y , large size, a n d l ow pos i t ive charge. A s y o u can see, there are m a n y 
o ther ac ids besides m e t a l ions w h i c h can be classified i n th i s w a y . 

N o w as far as m e t a l ions are concerned, th i s c lassi f ication is ident i ca l w i t h — 
in fact I use the same operat i ona l de f in i t ion as t h a t w h i c h C h a t t , A h r l a n d , a n d 
D a v i e s use. H a r d ac ids w o u l d be C l a s s A m e t a l ions a n d soft ac ids w o u l d be C l a s s 
Β m e t a l i ons ; b u t I d o n ' t t h i n k C l a s s A a n d C l a s s Β m e a n qu i t e the same t h i n g as 
h a r d a n d soft, because h a r d a n d soft have w i d e r a p p l i c a b i l i t y i n t h a t y o u c a n discuss 
o ther systems as w e l l . A n d furthermore , I t h i n k bases can be classif ied as h a r d a n d 
soft, a n d then one has th is very useful rule t h a t hard ac ids l i k e to combine w i t h h a r d 
bases, a n d soft ac ids l ike to combine w i t h soft bases. T h i s is just a n e m p i r i c a l 
o b s e r v a t i o n — v a r i o u s theories can be p u t f o rward t o account for i t — b u t i t is a fact , 
a n d the reason we should be aware of i t is because i f we are l o o k i n g a t k inet i cs , i f 
we are l o o k i n g a t reac t ion rates , then we shou ld remember t h a t our substrate , t h a t 
is , the complex w h i c h is going to lose a group, w i l l p rov ide the a c i d site . T h e m e t a l 
a t o m w i l l be the e lec trophi l i c center or the ac id site . D e p e n d i n g u p o n whether that 
is a h a r d ac id site or a soft a c i d s ite , we w i l l expect t h a t nucleophiles , e i ther h i g h l y 
basic t owards the p r o t o n (the p r o t o n is the k e y h a r d a c i d , the p r o t o t y p e h a r d acid) 
or else the p o l a r i z a b i l i t y phenomenon w i l l be i m p o r t a n t — o n e or the other . F o r 
s i l i c o n ( I V ) i t seems t h a t bas i c i t y is i m p o r t a n t , for p l a t i n u m ( I I ) i t seems t h a t 
p o l a r i z a b i l i t y or l ow e lec t ronegat iv i ty is i m p o r t a n t . So we expect to get different 
nuc leophi l i c orders, c e r t a i n l y . 

I w a n t t o say someth ing a b o u t the end of D r . Tobe ' s paper on base hydro lys i s . 
T h e U n i v e r s i t y Col lege Schoo l has been feuding w i t h some of us on th i s side of the 
ocean regarding the mechanism of base h y d r o l y s i s of coba l t p e n t a m m i n e s for some 
years, a n d t h e y are ex t reme ly ingenious a t c o m i n g up w i t h a l t e r n a t i v e exp lanat i ons 
for a l l of the conclusive exper iments t h a t we seem to do . H o w e v e r , I a m s t rong ly 
of the o p i n i o n t h a t m u c h of th i s resembles the c louds of b lack i n k t h a t the cutt le f ish 
is sa id t o e m i t w h e n i t is escaping from some pursuer . 

C o ( N H 3 ) 5 C l + 2 + O H " C o ( N H 3 ) 4 N H 2 C l + + H 2 0 
C o ( N H 3 ) 4 N H 2 C l + C o ( N H 3 ) 4 N H 2 + 2 + C l ~ 

C o ( N H 3 ) 4 N H 2 + 2 + H 2 0 - » C o ( N H 3 ) 5 O H + 2 

Figure F. SNICB Mechanism 

F i g u r e F shows the conjugate base mechan ism for base hydro lys i s . D r . T o b e 
suggests essent ia l ly t h a t i n base hydro lys i s , the hydrox ide i o n occupies a un ique 
pos i t i on for one of several reasons. Perhaps the hydrox ide i on is hydrogen bonded 
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1 · TOBE Discussion 2 5 

to an N H group, and that is the reason why it is special. W h y other anions 
wouldn't be bonded to an N H group escapes me. The other thing is that perhaps 
the hydroxide ion can penetrate to a reaction site very quickly by a " G r o t t h u s " 
chain mechanism. In other words, we might always have water close to chloride 
ion, which is going to be a leaving group; then as the cobalt—chlorine bond stretches, 
that water molecule might instantaneously be converted to a hydroxide ion by a 
proton transfer mechanism. I think this sort of thing can indeed happen, and it is 
certainly worthwhile considering the possibilities of rapid proton removal convert
ing a weakly nucleophilic water to a strongly nucleophilic hydroxide ion. 

Incidentally, I should say that the thermodynamic data on cobalt(III) indi
cates that it is a hard acid, but just barely so, and one might say borderline. It is a 
little harder than tetrahedral carbon and alkyl halides. So hydroxide ion in that 
sense would be expected perhaps to be a good nucleophilic reagent, as hard acids 
would like hydroxide ion. 

The alternate mechanism which opposes the hydroxide ion as actually being 
the group that slips in either an S.v2 mechanism or some variation of an S#2 mechan
ism is, of course, the conjugate base mechanism proposed by Garrich in 1937. The 
loss of a proton, with the amido group acting as a powerful activator owing to 7r-
bonding, would be the first step. Unimolecular dissociation then occurs forming a 
five-coordinated intermediate which has some moderate kinetic stability, at least 
under suitable circumstances. Then water is picked up by this five-coordinated 
intermediate, followed by rearrangement of protons and the attainment of the final 
product. 

Fred Basolo and I have come up with at least three critical tests of this particu
lar mechanism to distinguish it from an S#2 mechanism. One critical test is based 
on the fact that this mechanism requires acidic protons, whereas other straight
forward displacement mechanisms certainly would not require such acidic protons. 
Admittedly, the concept of hydroxide ion binding to an N H group also requires 
acidic protons. 

B y now a great many studies oi such complexes have been made, and D r . Tobe 
reports one himself, the diarsine complex. For all those cases involving an uni-
dentate leaving group, the rate of the hydrolysis under basic conditions is no dif
ferent from the rate of hydrolysis under acid conditions. As far as I can tell, for 
unidentate ligands, at least where the results perhaps are a little less unambiguous 
compared to chelate leaving groups, the requirements of a conjugate base mechan
ism have stood up to tests even on the side of the opposition. 

The second critical test of this conjugate base mechanism is based on the fact 
that this five-coordinated intermediate, if indeed it exists, would not always have to 
react with the solvent, though the solvent would be what it would react with under 
most circumstances. We have run this type of base hydrolysis in the presence 
of many anions of high concentration, and the only thing that we can find is the 
hydroxo complex; so at least in water solution, water seems to be what this five-
coordinated intermediate picks up. But in dimethylsulfoxide it certainly is pos
sible to throw in various anions, and since dimethylsulfoxide is not as good as water 
in coordination, other nucleophiles may react. We do find in dimethylsulfoxide 
that a base, such as hydroxide ion, speeds up the rate of base hydrolysis; but the 
product, instead of being a hydroxo compound, is the complex corresponding to 
whatever anion we have added, such as nitrite ion, azide ion, and thiocyanate ion. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
01



2 6 MECHANISMS O F I N O R G A N I C REACTIONS 

I t is interest ing t h a t T a u b e a n d G r e e n have done th is same exper iment essen
t i a l l y i n water . I said t h a t we c o u l d n ' t do th is exper iment i n w a t e r because w a t e r 
a l w a y s was the reactant a n d not o ther added anions . B u t T a u b e a n d G r e e n v e r y 
c lever ly took advantage of the fact t h a t an isotope d i s c r i m i n a t i o n factor for oxygen -
18 such as the r a t i o of oxygen-18 t o oxygen-16 i n w a t e r is no t the same as the r a t i o 
i n hydrox ide i o n . T h i s i n effect labels the h y d r o x i d e ion a n d dist inguishes i t f r om 
water , i n spite of the fact t h a t r a p i d p r o t o n transfer is o c curr ing . G r e e n a n d T a u b e 
showed t h a t i n base h y d r o l y s i s i n aqueous so lu t i on , the h y d r o x o complex t h a t t h e y 
ob ta ined h a d a n oxygen r a t i o such t h a t the h y d r o x o group m u s t have been der ived 
f r om w a t e r a n d not f r om h y d r o x i d e i o n . T h i s exper iment seems to me to be 
p r e t t y unequ ivoca l a n d , i n fact , the exact a n a l o g of the exper iment t h a t we d i d i n 
d i m e t h y l s u l f o x i d e . 

T h e t h i r d test of the conjugate base m e c h a n i s m t h a t we p u t f o rward w ras based 
on the idea t h a t the first step shou ld be w r i t t e n as a n e q u i l i b r i u m , a n d the react ion 
rate shou ld show specific h y d r o x i d e i o n cata lys i s . If th i s is indeed i n e q u i l i b r i u m , 
a n d d e u t e r i u m exchange studies say t h a t i t m u s t be, then the rate of the reac t ion 
must depend on the h y d r o x i d e i o n concentrat i on , a n d on n o t h i n g else. 

T h i s is e x p e r i m e n t a l l y w h a t is f ound , of course ; b u t t h e n i t makes one wonder 
i f S#2 mechanisms exist w h e n one never gets a n y effect of a n y o ther added nuc leo -
ph i le . W e d i d w h a t I thought was the extreme t h i n g t o d i s t ingu i sh between 
S jsr lCB mechanisms a n d S#2 mechanisms. W e added hydrogen peroxide t o the 
so lu t i on of hydrox ide i o n a n d coba l t ch loroper i tammine . N o w , i f i t were a n Sjy2 
reac t ion , the a r g u m e n t w o u l d be t h a t the a n i o n hydrogen peroxide i n every case 
t h a t has been t e s t e d — a n d there are a b o u t a dozen of t h e m — i s anywhere f rom 35 
to 10,000 t imes more react ive t h a n the h y d r o x i d e i o n as a nuc leophi l i c reagent. So , 
i f there is a n y Si\r2 character t o th i s reac t i on , i t seems t o us t h a t we shou ld have 
gotten some increase i n rate . O n the o ther h a n d , because of the fact t h a t hydrogen 
peroxide is a stronger a c i d t h a n water , a d d i n g hydrogen peroxide , of course, cuts 
d o w n the hydrox ide i o n concentra t i on d r a s t i c a l l y . T h i s d raws the e q u i l i b r i u m 
w a y back to the left , a n d hydrogen peroxide shou ld decrease the rate of the reac
t i o n . A t IM hydrogen peroxide, i n fact, one shou ld get a decrease i n the rate of 
the react ion b y a factor of 150. H e r e we h a d e i ther the p o s s i b i l i t y of a n increased 
react ion rate , or a decreased react ion rate b o t h b y a factor of a 100 or so. I h a r d l y 
need t o say , t h a t the react ion rate decreased b y a factor of 100. 

I t seems to me t h a t we have g iven th is p a r t i c u l a r react ion mechanism as m a n y 
tests as possible . 

N o w , let me dispose of, I hope, Tobe ' s a rgument t h a t perhaps a G r o t t h u s c h a i n 
transfer mechan i sm is i n v o l v e d . T h e a rgument w o u l d be t h a t the h y d r o x i d e i o n 
can appear anywhere b y being generated f rom w a t e r b y a p r o t o n transfer . I a d m i t 
th i s , b u t the v e r y s imple t h i n g is , i f hydrox ide i o n can generate hydrox ide i o n b y a 
p r o t o n transfer , w h y can ' t a l l o ther bases generate hydrox ide i o n b y a p r o t o n t r a n s 
fer? If a l l one needs t o cause a r a p i d react ion of cobal t complex is t o be able t o 
create hydrox ide i o n on d e m a n d b y a p r o t o n transfer , a n y base w i l l do t h i s ; a n d 
the hydrogen peroxide a n i o n , i n fact , m a y do i t better t h a n the hydrox ide i o n , f r om 
the v i e w p o i n t of rate , not e q u i l i b r i u m . 

B u t we k n o w f rom m a n y exper iments done b y m a n y workers t h a t no o ther 
base i n the case of the t y p i c a l pentamminecoba l t or ch loramminecoba l t s y s t e m s — 
no other base shows a n y k i n e t i c effect a t a l l t h a t I a m aware of. I t seems to me 
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1. TOBE Discussion 27 

abso lute ly incredib le t h a t o n l y the hydrox ide i on w o u l d be pr iv i l eged to indulge i n 
p r o t o n transfer , a n d t h a t a l l o ther bases w o u l d be exc luded . 

I n the ac id h y d r o l y s i s of the p e n t a m m i n e c o b a l t complexes where y o u have a 
l eav ing group, such as n i t r a t o or bromo , H . T a u b e a n d A . H a i m came out w i t h some 
v e r y interes t ing w o r k , w i t h w h i c h I a m sure y o u are a l l f a m i l i a r . T h e y suggested 
that the five-coordinated pentamminecoba l t species was formed w h i c h then d i s 
c r i m i n a t e d between var ious nuc leophi l i c reagents, sometimes reac t ing w i t h water , 
sometimes w i t h , th io cyanate i o n . I n fact, t h e y were able to measure these nucleo
p h i l i c d i s c r i m i n a t i o n factors i n a n u m b e r of cases, a n d they were able t o correlate 
different types of react ions i n w h i c h the pentamminecoba l t w o u l d be generated i n 
different w a y s . 

I was shocked w h e n I saw th is paper because we have been of the o p i n i o n for a 
l ong t i m e t h a t th i s p e n t a m m i n e c o b a l t species is m u c h too h igh i n energy to exist 
for a l ong enough t i m e to d i s c r iminate between different nuc leophi l i c reagents. I n 
fact , even i n the base h y d r o l y s i s where we have a s t rong ly a c t i v a t i n g a m i d o group 
i t doesn ' t seem possible t o get d i s c r i m i n a t i o n i n w a t e r s o lu t i on . 

T h e r e are some s imple tests of th i s hypo thes i s of H a i m a n d T a u b e . A l l we 
have to do is t o c a r r y out a c i d h y d r o l y s i s of one of these t y p i c a l complexes i n the 
presence of a large a m o u n t of a n a n i o n . T h e n we shou ld go d i r e c t l y t o the a n i o n i c 
complex accord ing t o H a i m a n d T a u b e . I felt t h a t we w o u l d not f o rm a n y large 
a m o u n t of the an ion i c complex , because the p e n t a m m i n e c o b a l t in termediate is not 
formed, a n d instead we w o u l d go to the aquo complex a n d then f rom the aquo 
complex to the th iocyanate complex , or whatever i t m i g h t be. 

TIME (min.) 

Figure G. Plot of absorbancy vs. time for aquation of 
[Co(NIIz)BNOz](NOz)2 (0.01M) in the presence ofOJOMNaSCN; 
H+ = 0,02M. Upper curve calculated for mechanism involving 
a five-coordinate intermediate. Lower curve calculated for 
mechanism involving conversion to Co(NHz)^H20¥Z which sub
sequently reacts to form Co(NHz)^NCS+2. Points are experi

mental. (Inorg. Chem. 3, 1334 (1964). 
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2 8 MECHANISMS OF I N O R G A N I C REACTIONS 

F i g u r e G shows the results of the fo l lowing react ion . 

[ C o ( N H 3 ) 5 N 0 3 ] + 2 ! H ^ > [ C o ( N H 3 ) 5 ( H 2 0 ) ] + 3 + N 0 3 ~ 

T h i s is the o p t i c a l dens i ty p l o t t ed against the t i m e for a h exper iment i n w h i c h 
we took the n i t r a t o p e n t a m m i n e c o b a l t complex i n the presence of 0 .50ilf th i o cyanate 
i on since the c o m p e t i t i o n r a t i o for th iocyanate i o n a n d for water h a d been deter 
mined b y H a i m a n d T a u b e . K n o w i n g the o p t i c a l densit ies of a l l the possible reac-
tants a n d products , we c o u l d ca lculate w h a t the o p t i c a l dens i ty shou ld be as a func 
t i o n of t ime accord ing to the mechan ism of H a i m a n d T a u b e . T h i s ca l cu la t i on de 
pends u p o n a rate constant for the a q u a t i o n of the n i t r a t o complex w h i c h we t ook 
f rom the l i t e ra ture . B u t one shou ld get a c o n t i n u o u s l y increas ing o p t i c a l dens i ty 
because the th iocyanate complex has a higher o p t i c a l dens i ty t h a n a n y t h i n g else. 

H o w e v e r , i f r eac t i on went b y w a y of a q u a t i o n to a n a q u o complex a n d then 
a n a t i o n of ihe a q u o complex to the t h i o c y a n a t o , a n d we knew th is rate constant , 
then the op t i ca l dens i ty w o u l d do the f o l l owing : since the a q u o complex has a lower 
ex t inc t i on coefficient t h a n the n i t r a t o , the dens i ty w o u l d d r o p first a n d then even 
t u a l l y r ise, a n d of course the t w o curves w o u l d come together e v e n t u a l l y . 

T h e exper imenta l po ints here fol low the predic t ions of the second mechanism 
v e r y closely, a n d I w o u l d say t h a t not more t h a n 2 % of th iocyanate complex is 
formed d i r e c t l y . T a u b e a n d H a i m ' s pred i c t i on w o u l d be 1 4 % . 

W e have done the same exper iment , i n c i d e n t a l l y , for the b r o m o p e n t a m m i n e 
a n d the results are prec ise ly the same. Y o u w i l l recal l t h a t L a n g f o r d ment ioned 
t h a t also i n the hydro lys i s of the ch l o ropentammine there was no mass law re 
t a r d a t i o n such as w o u l d be pred i c ted f rom the mechanism of H a i m a n d T a u b e . 

Arthur W . Adamson: I w o u l d l i k e to say t h a t two years ago I h a d the p r i v 
ilege of a year ' s v i s i t a t U n i v e r s i t y Col lege L o n d o n a n d t h a t D r . T o b e a n d C . K . 
Ingo ld represented a n i s land of E n g l a n d i n the A u s t r a l i a n Sea. 

I w a n t to fill i n some of the discussions we had at U C L on w h a t I was c a l l i n g 
the cage mechan i sm, t o a d d s t i l l another t o the l i s t of names. I t h i n k i t is better 
t h a n the S A D mechan i sm. B u t the po in t t h a t I t h i n k is essential t o the general 
idea is t h a t w h i c h comes out of the f o l l owing set of numbers . If one considers a 
b imo lecu lar gas phase react ion , a n d let 's say 0.01 M reagents, one can expect a mo le 
cule t o experience someth ing l ike 10 9 col l is ions per second. 

T h e s i t u a t i o n is different w i t h so lut ions , where the reactant molecules m u s t 
diffuse together. F o r the same 0.01 M c oncentrat ion of A a n d Β reactants , the 
frequency w i t h w h i c h e i ther makes a di f fus ional encounter w i t h the o ther w i l l be 
a b o u t 10 7 per second. T h e y w i l l then undergo about 100 co l l is ions or v i b r a t o r y 
i m p a c t s before d i f fus ing a w a y , so t h a t i t is the p a t t e r n ra ther t h a n the t o t a l n u m b e r 
of co l l is ions t h a t is different f rom the gas phase case. 

If, now, 20 or 30 k c a l . of energy of a c t i v a t i o n are needed for react ion , one s u p 
poses i n the gas phase s i t u a t i o n t h a t the c o l l i d i n g molecules m u s t have th is a m o u n t 
of k i n e t i c energy or of ava i lab le i n t e r n a l energy between t h e m . T h e a p p r o x i m a t e 
p i c ture is then t h a t of s imultaneous assembly of the energy a n d of the components 
of the t r a n s i t i o n state . I n the case of a l i q u i d phase s i t u a t i o n , however , i t is u n 
l i k e l y t h a t a molecule h a v i n g ac c identa l l y a cqu i red th i s sor t of energy w i l l be able 
to r e ta in i t for more t h a n a few v i b r a t i o n a l periods. I n the above i l l u s t r a t i o n , a 
reactant spends a b o u t 1 0 - 7 seconds or about 10 5 v i b r a t i o n a l periods between e n 
counters a n d a b o u t a hundred such periods d u r i n g a n encounter . I t seems clear 
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1 · TOBE Discussion 29 

t h a t o n l y i f the needed a c t i v a t i o n energy happens to a r r i v e whi l e reactants are 
undergo ing a n encounter w i l l there be m u c h chance of reac t ion . 

T h e a p p r o x i m a t e p ic ture p r o v i d e d b y the cage mechan ism is then one of a pre -
assembly of the reactants b y di f fusional encounters (whose d u r a t i o n m a y be 
lengthened i f a t t r a c t i v e forces or chemica l b o n d i n g a b i l i t y is present) w i t h subse
quent a r r i v a l of the energy of a c t i v a t i o n . 

T h e c e n t r a l argument , n a m e l y t h a t excess energy cannot be he ld for l ong t imes 
compared to v i b r a t i o n a l periods , is s u p p o r t e d b y our own w o r k on photochemis t ry . 
H e r e , large a m o u n t s of energy are de l ivered to a complex i o n a n d more often t h a n 
not , escape as v i b r a t i o n a l or t h e r m a l energy w i t h o u t a n y react ion 's occurr ing . W e r e 
i t possible for such energy to be re ta ined between encounters , photochemica l q u a n 
t u m y ie lds should a l w a y s be v e r y h i g h . 

One i m p o r t a n t i m p l i c a t i o n of the cage mechan ism is t h a t those react ions should 
be favored for w h i c h there is a high p r o b a b i l i t y for the reactants to be i n each other 's 
v i c i n i t y or cage. H e n c e , the prevalence of a q u a t i o n react ions a n d the i m p o r t a n c e 
of i o n pa irs as intermediates i n a n a t i o n react ions . I t h i n k i t is v e r y interest ing that 
J o h n B a i l a r ' s examples of stereospecif icity i n v o l v e ra ther dras t i c changes i n the 
i m m e d i a t e env i ronment around the complex since concentrated systems were used 
i n the one set of cases, a n d d i l u t e ones, i n the other . 

D r . Pearson has been somewhat b l u n t . I t h i n k the Sjv designations of reac
t ions have const i tu ted a k i n d of waste land, i n t h a t there has been too m u c h t e n 
dency to m a k e d i s t inc t i ons w i t h o u t real differences a n d too m u c h p igeon
h o l i n g of react ions b y labe l . T h e effect has been to reduce ra ther t h a n enhance 
u n d e r s t a n d i n g . 

M a r t i n T o b e : * I w o u l d l i k e t o take th i s o p p o r t u n i t y of p u t t i n g on record m y 
t h a n k s t o D r . C o o p e r L a n g f o r d for the excel lent w a y i n w h i c h he rose t o the occasion 
a n d presented m y paper . 

I w a n t to take issue w i t h Pro f . Pearson on t w o po ints f rom his supp lementary 
lecture . I see t h a t he does not l ike a d issoc iat ive mechanism i n w h i c h the five-
coord inate intermediate has a finite existence. I a m not qu i te sure whether he is 
a t t a c k i n g th is concept on energetic grounds but , i f he is , we are h a r k i n g back to the 
arguments used against D r . Ingo ld i n the th i r t i e s w h e n he proposed the n o w 
accepted u n i m o l e c u l a r mechan i sm for cer ta in s u b s t i t u t i o n react ions a t t e t rahedra l 
carbon . W e must remember now, as t h e n , t h a t w h e n there is sufficient separat ion 
between reac t ion center a n d t h e l e a v i n g group, the ga in i n s o l v a t i o n energy of the 
f o rming components overcompensates the energy required t o s t re t ch the b o n d fur 
ther a n d finally break i t . T h u s , i f D r . Pearson is h a p p y to s t retch the m e t a l — 
l i gand b o n d t o i t s c r i t i c a l d istance , he shou ld not be surpr ised i f i t " c o m e s a p a r t i n 
his h a n d s . " A s has been po inted out m a n y t imes , the t r a n s i t i o n state for a u n i 
molecu lar process s t i l l has a p a r t i a l bond between the react ion center a n d the l eav 
i n g group a n d shou ld not be confused w i t h the in termediate of lower coord inat i on 
n u m b e r , w h i c h is somewhat more stable . T h e i n c o m i n g reagent enters th is i n t e r 
mediate a n d not the t r a n s i t i o n state . W e real ly need a five-coordinate in termediate 
t o exp la in w h y we have stereochemical change i n ce r ta in react ions . 

T h e so cal led " s o l v e n t assisted d i s s o c i a t i o n " mechan i sm i n w h i c h reagent Y 
(which m a y or m a y not be solvent) s l ips i n w h e n the b o n d between the m e t a l a n d 

* These comments added after the conference b y inv i tat ion . 
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3 0 MECHANISMS OF I N O R G A N I C REACTIONS 

the l e a v i n g group is s tretched beyond a c r i t i c a l l ength , is i d e n t i c a l i n concept to the 
process t h a t I have described for the react ions of the ( C o e m A X ) * n complexes, where 
A = N O 2 , N H 3 , a n d C N , the quas i b imolecu lar reac t i on . I t is steri le to argue about 
the words used to describe i t as l ong as there is general agreement about the p i c ture 
itself . T h i s t y p e of process most c e r ta in ly expla ins the observat ion t h a t these 
complexes undergo subs t i tu t i on w i t h complete re tent ion of conf igurat ion . T h e 
mechan ism is p r o b a b l y general for the s u b s t i t u t i o n react ions of analogous R h ( I I I ) 
a n d poss ib ly C r ( I I I ) complexes where retent ion of conf igurat ion on s u b s t i t u t i o n 
appears to be the general rule . 

F o r m y second po in t , I w a n t to comment on Pro f . Pearson 's react ion to the 
m i n o r c o m m e n t t h a t the conjugate base mechanism does not exp la in a n u m b e r of 
i m p o r t a n t observat ions on the base hydro lys i s react ion , a n d the i m a g i n a r y feud 
to w h i c h he refers. F o r a n u m b e r of years , we have accepted t h a t a c lassical b i 
molecu lar mechan ism is u n l i k e l y i n the s u b s t i t u t i o n react ions of the amminecoba l t s , 
b u t we feel that the uniqueness of the hydrox ide react ion cannot be a t t r i b u t e d to a 
naive S&\CB mechan ism ei ther . N e i t h e r mechanism can exp la in adequate ly the 
r a p i d l y a c c u m u l a t i n g d a t a ( coming m a i n l y f rom the group a t N o r t h w e s t e r n U n i 
vers i ty ) w h i c h show t h a t the spec ia l r e a c t i v i t y of the l ya te i o n is pecu l iar o n l y to 
ce r ta in C o ( I I I ) a n d R u ( I I I ) complexes. W h i l e one m a y s t i l l be i n the d a r k as to 
precisely w h a t i t is t h a t hydrox ide does w h e n i t presents itself t o the complex , I s t i l l 
t h i n k t h a t i t is reasonable t o a t t r i b u t e , as I have done i n the paper , a great deal of 
i ts speci f ic i ty to the fact t h a t i t is mobi le t h r o u g h the so lvent shel l (which is i n 
accord w i t h the observat ion of large pos i t ive entropies of a c t i v a t i o n ) . D r . P e a r 
son's " d e m o l i t i o n c h a r g e " for the G r o t t h u s cha in hypothes is c lear ly fa i led t o ex
plode, poss ib ly because i t was a l i t t l e wet. I n the solvent system t h a t he uses for 
the hydroperox ide exper iment i t is v e r y u n l i k e l y that the s o l v a t i o n shell of the c o m 
plex conta ins a n y hydrogen peroxide molecules. T h e r e is therefore no chance of a 
hydroperox ide ion 's present ing itself for react ion . (If the react ion were carr i ed out 
in 1 0 0 % hydrogen peroxide, I have no d o u b t that the results w o u l d be s tar t l ing ! ) 
H y d r o g e n peroxide, be ing a stronger ac id t h a n water w o u l d monopol ize most of the 
G r o t t h u s chains (which is s a y i n g m u c h the same as " h y d r o g e n peroxide reduces the 
concentrat ion of h y d r o x i d e " ) a n d so leads to a reduct ion of rate (which is precisely 
w h a t was observed) . 
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2 
Mechanisms of Substitution Reactions of 

Cobalt (III) Cyanide Complexes 

ALBERT H A I M , ROBERT J. GRASSI , a n d W A Y N E K. WILMARTH 

University of Southern California, Los Angeles, Calif. 90007 

A r e v i e w has b e e n m a d e of t h e kinetic data f o r 
t h e substitution react ions of t h e Co(CN) 5 X-3 
ions , w h e r e X r e f e r s t o a n y o n e o f v a r i o u s 
l i g a n d s . The e v i d e n c e suggests t h a t the p e n t a 
- c o o r d i n a t e Co(CN)5-2 is g e n e r a t e d as a r e a c t i v e 
i n t e r m e d i a t e in t h e substitution o f w a t e r in 
Co(CN)5OH2-2 b y var ious nucleophi les a n d in t h e 
a q u a t i o n of t h e var ious C o ( C N ) 5 X - 3 i o n s . 
P r e l i m i n a r y studies indicate t h a t t h e i n t e r 
m e d i a t e d e t e c t e d b y t h e s c a v e n g e r a c t i o n of 
Br- a n d S C N - i n t h e r e a c t i o n o f H N O 2 a n d 
Co(CN)5N3-3 is a d i f f e r e n t species t h a n t h e o n e 
discussed a b o v e . 

J h e results below consist of k i n e t i c s tudies of the f o l l owing react ions : a) the s u b 
s t i t u t i o n of w a t e r i n C o ( C N ) 6 O H 2 ~ ~ 2 b y v a r i o u s nucleophi les (3, 7) i n c l u d i n g 

H 2 O 1 8 , b) the a q u a t i o n (3, 7) of C o ( C N ) $ X " ~ 3 , where X"~ represents one of a v a r i e t y of 
nuc leophi les , c) the scavenger (3, 7) a c t i o n of S C N ~ " for the react ive i n t e r m e d i a t e 
generated i n the a c i d - c a t a l y z e d a q u a t i o n of C O ( C N ) B N 3 " " 3 , a n d d) the scavenger 
a c t i o n (5) of B r ~ a n d S C N ~ " for the react ive in termed ia te f ormed i n the reac t i on of 
C o ( C N ) 6 N 3 ~ 3 w i t h H N 0 2 , a process w h i c h produces C o ( C N ) 5 O H 2 ~ 2 i n the absence of 
scavengers. 

Anation of Co(CNhOH2-2 

A l l exper iments were carr i ed out a t constant i on i c s t rength a n d constant 
c a t i o n concentra t i on , a res t r i c t i on designed to m i n i m i z e m e d i u m effects (10, 11). 
N e g a t i v e l y charged nucleophi les were in t roduced i n t o the so lut i on as s o d i u m salts , 
a n d the i on i c s t rength was ad jus ted to the desired va lue b y a d d i t i o n of the a p p r o 
pr ia te a m o u n t of N a C 1 0 4 . I n the presence of a large excess of a nuc leophi le , 
X ~ , the rate of f o r m a t i o n of C o ( C N ) 5 X " ~ 3 is character ized a t each concent ra t i on of 
X"~ b y a pseudo-f irst -order rate constant , k, the n u m e r i c a l va lue of w h i c h m a y be 
eva luated f rom the slope of the l inear p lo t of log (Dœ-Dt) vs. t i m e , where D% a n d Dœ 

are the m o l a r absorbancies of the so lu t i on af ter a react ion t i m e t, a n d af ter a t i m e 
l ong enough for the system to a p p r o a c h e q u i l i b r i u m , respect ive ly . N u m e r i c a l 
va lues of k were ob ta ined for each nucleophi le a t a n u m b e r of X"~ concentrat ions . 
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3 2 MECHANISMS O F I N O R G A N I C REACTIONS 

T h e f o rmat i on of C o ( C N ) 5 X ~ 3 b y a ra te -de te rmin ing b imo lecu lar reac t ion of 
C O ( C N ) B O H 2 ~ " 2 a n d X " " w o u l d i m p l y t h a t i n the absence of m e d i u m effects the ra t i o 
k/ÇKr) shou ld be a constant , independent of the X ~ c oncentrat i on , for a n y given 
nuc leophi le . H o w e v e r , i n exper iments a t u n i t i on i c s t rength , i t was found t h a t the 
q u a n t i t y k/ÇKr) decreased w i t h increas ing X ~ c oncentrat ion , w i t h the d e v i a t i o n 
f rom constancy general ly increas ing w i t h increas ing r e a c t i v i t y of the nucleophi le . 
T h i s b e h a v i o r is i l l u s t r a t e d i n F i g u r e 1, a p lo t of k vs. X ~ for t w o t y p i c a l nucleophi les , 
N s ~ a n d B r ~ . F o r each nucleophi le the p o i n t a t (X"~) = Ο represents the a q u a t i o n 
rate of Co (CN)5X*~ 3 , the a p p r o p r i a t e intercept for e i ther a n S # l or Sjy2 mechan ism. 
T h e po in ts for Br~", a ra ther unreact ive nuc leophi le , define a s t ra ight l ine t o w i t h i n 
the l i m i t of error of the measurements . B y contrast , the po ints for the m u c h more 
react ive N 3 " ~ fa l l on a curve w i t h the l i m i t i n g slopes, corresponding t o the do t t ed 
l ines i n the figure, h a v i n g the numer i ca l values of 80 χ 10~ 5 a n d 38 χ 10~ δ a t zero a n d 
1.0M respect ive ly . O t h e r nucleophi les , t o be discussed below, show a n 
analogous behav ior . 

kx I05,sec"i 
60 

50 -

40 -
// 

30 

20 
u 

f 
10 

1 1 1 1 1 
0 .2 .4 .6 .8 1.0 

( X " ) , M 

Figure 1. Pseudo first-order rate constants vs. anion concentra
tion at 40° C. and ionic strength 1.0AI 
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2 . HAIM ET AL. Cobalt (III) Cyanide Complexes 3 3 

C u r v a t u r e i n a p lo t of k vs. (X~~) suggests t h a t the subs t i tu t i on react ion under 
cons iderat ion is o c curr ing b y a l i m i t i n g t y p e of Sjvl mechanism i n w h i c h X ~ is 
reac t ing w i t h a react ive in termediate , formed f rom C o ( C N ) 5 0 H 2 ~ 2 a n d h a v i n g a life 
t ime l ong enough to d i s t ingu ish between var ious nucleophi les i n the so lu t i on . I n 
the react ion sequence below, w h i c h w i l l be adopted i n the fo l lowing discussion of 
mechanisms, the proposed react ive intermediate has been assigned the f o rmula 
C O ( C K ) B ~ 2 a n d is regarded as a five-coordinate C o ( I I I ) complex of unspecif ied 
geometry . 

C o ( C N ) 5 O H 2 - 2 ^ C o ( C N ) 5 - 2 + H 2 0 (1) 

C o ( C N ) 5 ~ 2 + X - â C o ( C N ) 6 X - « (2) 

T h e f o rward a n d reverse paths of Reac t i ons 1 a n d 2 serve t o define the rate constants 
fa, fa, fa, a n d fa, the symbo ls p laced over or under the a p p r o p r i a t e arrows , w i t h the 
except ion t h a t the concentrat ion of w a t e r is inc luded i n fa i n the c u s t o m a r y fashion . 

If we assume t h a t the a c t i v i t y coefficients of X~" a n d H 2 0 are independent of 
the X ~ concentrat ion a t a n y g iven ion ic s t rength , then the usua l s teady state 
t rea tment leads, w i t h o u t fur ther a p p r o x i m a t i o n , t o E q u a t i o n 3, a re la t i onsh ip 
between the pseudo first-order r a t e constant a n d the o ther k i n e t i c parameters . 

+ fa fa/fa . ν 
- h/h + ( Χ " ) w 

W h e n the reverse of R e a c t i o n 2, the a q u a t i o n of C o ( C N ) 5 X ~ 3 , is r e l a t i v e l y slow, as i t 
i s for N3"* a n d S C N ~ , t h e n fa(X~) y> fa fa/fa a n d the omiss ion of the second t e r m 
i n the n u m e r a t o r of E q u a t i o n 3 i s a v a l i d a p p r o x i m a t i o n . E q u a t i o n 3 m a y be 
rearranged a n d w r i t t e n as E q u a t i o n 4, a f o rm w h i c h indicates more c l ear ly t h a t 
£1 — fa a n d fa/fa m a y be eva luated from the in tercept 

1 W h ( 4 ) 

k — fa fa — fa (fa — fa)(X ) 

a n d the r a t i o of slope to intercept i n a p l o t of l/(k — fa) vs. l/(X~). V a l u e s of 
fa are l i s ted i n T a b l e I V . W h e n fa(Xr~) ϊζ> fafa/fa, then fa m a y be o m i t t e d f rom the 
d e n o m i n a t o r of each of the terms of E q u a t i o n 4, a n d fa a n d fa/fa m a y be eva luated 
f r o m a p l o t of l/k vs. l / ( X ~ ) . 

T h e inverse p lo ts of l/(k — fa) vs. l / ( X " ~ ) for the nucleophi les N 3 ~ , S C N ~ , I"", 
a n d B r ~ are presented i n F i g u r e 2, w i t h the po ints represent ing the d a t a a t 40°C. 
a n d u n i t i on i c s t rength . O n l y the d a t a at concentrat ions above 0.1 M have been 
i n c l u d e d i n order to prov ide a n adequate expans ion of scale, so t h a t the region near 
the intercept m a y be c l ear ly v i s ib l e . A n y reasonable s t ra ight l ine d r a w n t h r o u g h 
the po ints i n F i g u r e 2 for N$~, SCN~~ , a n d perhaps I - , where the d a t a are somewhat 
less re l iable , w o u l d seem to require a nonzero intercept , the character i s t i c feature of 
a l i m i t i n g S^l mechan i sm. T h e t w o po ints for B r ~ are inc luded o n l y t o ind i cate 
the re lat ive pos i t i on of the po ints , a l l of w h i c h lie on a s tra ight l ine , bu t w i t h a slope 
so great t h a t the intercept is p o o r l y defined a n d the zero va lue c o u l d e q u a l l y we l l 
have been chosen. 
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3 4 MECHANISMS OF I N O R G A N I C REACTIONS 

l / ( X " ) ; M " ' 

Figure 2. A plot of Kf/(k-k4) vs. the 
reciprocal of the anion concentration for data 
obtained at 40° C. and ionic strength 1.0 M 

T h e intercept o n the ord inate i n F i g u r e 2 corresponds t o a n u m e r i c a l va lue of 
&i of 1.60 χ 10~~3/sec. I n p h y s i c a l terms, the rate constant k\ represents the rate 
constant for generat ion of C o ( C N ) 5 ~ 2 f r om C o ( C N ) 5 O H 2 . I t a lso represents the 
rate constant for f o rmat i on of C o ( C N ) s X ~ 3 b y a h y p o t h e t i c a l nucleophi le so efficient 
i n i t s scavenger a c t i o n t h a t i t w o u l d be able to capture a l l of the C O ( C N ) B " 2 gener
a t e d i n R e a c t i o n 1 before react ion w i t h water cou ld occur. 

T h e r a t i o of slope t o intercept for the v a r i o u s l ines i n F i g u r e 2 leads t o n u m e r i c a l 
va lues of k2/kz of 1.90, 2.95, 5.15 a n d 10 for N 3 ~ , S C N ~ , I~ , a n d B r ~ , respect ive ly . 
These numbers represent the re lat ive efficiencies w i t h w h i c h water competes w i t h 
the v a r i o u s nucleophi les for C O ( C N ) Ô " " 2 , the c o m p e t i n g reactions be ing R e a c t i o n 2 
a n d the réverse of R e a c t i o n 1. I n c o m p a r i n g the re lat ive efficiencies of w a t e r as a 
scavenger for C o ( C N ) 5 ~ 2 w i t h t h a t of a g iven nucleophi le , i t m i g h t be somewhat 
more rea l is t i c t o define the rate of the reverse of R e a c t i o n 1 as equa l t o fotCoCCN^""*2] 
[ Η 2 0 ] , a change w h i c h w o u l d f o r m a l l y correct for the w a t e r concentrat i on . I f th i s 
procedure were adopted , a l l of the values of k2/kz w o u l d be d i v i d e d b y 52, the 
a p p r o x i m a t e concentrat ion of water i n the sys tem. H o w e v e r , a n y correct ion w h i c h 
m a y be a p p l i e d t o the r a t i o k2/kz i n a n effort t o correct for the w a t e r concentrat ion 
is , a t best, a ra ther a r b i t r a r y one. T h e water molecule enter ing the c o o r d i n a t i o n 
sphere of the C o ( C N ) 6 ~ 2 i o n m a y we l l be p a r t of a h i g h l y ordered so lva t i on shel l , a n d 
the reverse of R e a c t i o n 1 a m u l t i m o l e c u l a r process i n v o l v i n g the synchron ized ac t i on 
of a n u m b e r of w a t e r molecules (8). 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
02



2 . HAIM §1 AL Cobalt (III) Cyanido Complexes 3 5 

E x p e r i m e n t a l . I n order to s t u d y the nuc leoph i l i c propert ies of Is*", i t was 
necessary t o a d d excess I"~ to the so lut ions to prevent p r e c i p i t a t i o n of I 2 . T h e rate 
of f o r m a t i o n of C o ( C N ) 5 i ~ 3 was fo l lowed s p e c t r o p h o t o m e t r i c a l l y a f ter the l a 
i n a l i q u o t s of the s o l u t i o n t a k e n a t su i tab le t i m e i n t e r v a l s was reduced t o Γ" b y 
arsenite i o n . A t y p i c a l set of exper iments was c a r r i e d out a t 40°C. a n d u n i t i o n i c 
s t rength , w i t h a l l so lut ions c o n t a i n i n g 0.5 Ai l~ a n d v a r i a b l e I3"" a t a m a x i m u m c o n 
c e n t r a t i o n of 0 . 2 8 M , the a p p r o x i m a t e u p p e r l i m i t imposed b y s o l u b i l i t y restr i c t ions . 
T h e results are presented i n F i g u r e 3 as a p lo t of k', the s y m b o l used for the pseudo 
first-order rate constant for th i s s y s t e m , vs. l / ( I 3

_ ) . I t is a p p a r e n t t h a t I3~~ is a 
r e m a r k a b l y efficient nuc leophi le , w i t h a reac t ion rate cons iderab ly greater t h a n 
t h a t f o u n d for I ~ a t c omparab le concentrat ions . T h e po in t s i n F i g u r e 3 also show 
detectable d e v i a t i o n f rom l i n e a r i t y , despite the l i m i t e d range of 13" c oncentra t i on 
w h i c h was a v a i l a b l e . 

kxlO 5 sec"' 

35 

30 

25 

20 

(I - ) , M 

Figure 3. Pseudo first-order rate constant vs. 
Iz~ concentration at 40°C. and ionic strength 

1.0M 

A s the discussion be low w i l l ind i ca te , the i n t e r p r e t a t i o n of the I 3 " d a t a is some
w h a t more ambiguous t h a n t h a t of the systems considered above . A n obv ious 
m e c h a n i s m , w h i c h adequate ly represents the d a t a , m a y be based on E q u a t i o n s 
1, 2, 5, a n d 6. 

C o ( C N ) 6 ~ 2 + I r £ C o C C N W - 3 + If (5) 

Ii + I- ^ h" (6) 
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3 6 MECHANISMS O F I N O R G A N I C REACTIONS 

T h e s teady state t rea tment coupled w i t h the microscopic r evers ib i l i t y res t r i c t i on 
y ie lds E q u a t i o n 7. 

fafe(ir) 

^ = k + — — - (7) 
fa fa 
j r + ( i - ) + ( i r ) 
«5 L^3 

I n E q u a t i o n 7 the symbo ls a n d k are used to represent the pseudo first-order 
rate constant for the I 3 ~ sys tem, the pseudo first-order rate constant for the 0.5M 
so lut i on not c o n t a i n i n g I 3~\ Inspect ion of E q u a t i o n 8, o b t a i n e d b y rearrang ing 
E q u a t i o n 7, shows t h a t fa/fa[k2/fa + (I~)] m a y be eva luated f rom the ra t i o of slope 
to intercept i n a p lot of l/(k' — k) vs. l / ( I 3 *~) . 

+ 

ι k2 3 
falfa ' " 7 J (8) 

k' - k k2k/kz(l~) ^ fak(h-)/fa(l~) 

T h e pos i t i on of the so l id l ine i n F i g u r e 3 has been d r a w n us ing the resu l t ing va lue of 
fa/fa = 0.31. T h e n u m e r i c a l va lue of the r a t i o fa/fa = 0.61 i m p l i e s t h a t I3"~ is a 
somewhat more react ive nucleophi le t h a n I~ or a n y of the o ther species so far c o n 
s idered. T h e possible significance of th is result w i l l be discussed below. 

A t th is p o i n t i t is necessary t o consider several possible sources of a m b i g u i t y i n 
i n t e r p r e t a t i o n of the I3"~ d a t a . F i r s t , i t shou ld be noted t h a t l2 m a y form a n a d d i 
t i o n complex (2, 9) w i t h C o ( C N ) 5 I ~ 3 , just as i t does w i t h a l k y l iodides i n nonaqueous 
s o l u t i o n . ( E x p e r i m e n t s bear ing o n th is quest ion are i n progress.) F o r t u n a t e l y , 
the presence of such a complex w o u l d not a l t e r the n u m e r i c a l va lues of the k i n e t i c 
parameters . Secondly , there is the poss ib i l i t y t h a t R e a c t i o n 5 is a t r i m o l e c u l a r 
process, w i t h the I 2 a n d Γ~ reactants a d d i n g t o Co (CN)e " " 2 a t separate stages of the 
reactant . 

C o ( C N ) 5 - 2 + I 2 + I " ^ C o ( C N ) 5 I - 3 + I 2 (9) 

T h i s f o r m u l a t i o n , w h i c h is k i n e t i c a l l y ind is t inguishab le f r o m t h a t g iven b y E q u a 
t i o n 5, w o u l d require t h a t the n u m e r i c a l va lue of 0.31 be assigned to the q u a n t i t y 
faK/faf, where Κ is the assoc iat ion constant for I 3

_ f o r m a t i o n . F i n a l l y , i t s h o u l d 
be emphas i zed t h a t n o t h i n g is k n o w n a b o u t the geometry of the a c t i v a t e d complex 
generated b y e i ther R e a c t i o n 5 or 9. T o be more specific, the I2 molecule m a y be 
bonded t o I"", t o a cyan ide l i g a n d , or t o the t2g e lectrons of the C o ( I I I ) i o n . 

I n w e a k l y ac id i c so lut ions the v a r i o u s a n a t i o n react ions are not p H dependent . 
H o w e v e r , w h e n f o r m a t i o n of C O ( C N ) Ô O H ~ 3 becomes apprec iab le i n a l k a l i n e s o l u 
t i o n , there is a m a r k e d decrease i n rate . T h e a n a t i o n react ion of N 3 ~ " was s tud ied 
i n some d e t a i l i n th i s p H region. T y p i c a l results are g iven i n T a b l e I . 

T w o a l ternate S # l react ions m u s t be considered for the react ion i n basic s o lu 
t i o n . T h e first a l t e rnat ive assumes t h a t C o ( C N ) 5 O H - 3 is c omple te ly unreact ive 
a n d t h a t a t a n y g iven p H , N 3 * ~ reacts o n l y w i t h t h a t f rac t ion of the complex present 
as C o ( C N ) 5 0 H 2 ~ 2 . I n this f o r m u l a t i o n the p H a n d azide i o n dependence of the 
pseudo first-order rate constant is g iven b y E q u a t i o n 10. 
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2 . HAIM ET AL. Cobalt (III) Cyanide Complexes 3 7 

Table I. R a t e of F o r m a t i o n of C o ( C N ) 5 N 3
 3 a t 4 0 C . 

Ionic strength 1.0M, p H 6.4 
\Co(CN)bOHc*], W r ) , 10*xk/(Nr), k χ 10*t k χ 10* sec. 

Μ χ 10* M M~l seer1 seer1 (calcd.) 
0 . 8 6 0 .0355 9 . 3 0 3 . 3 0 2 . 9 5 
1.72 .071 8 . 8 0 6 . 2 5 5 . 7 8 
6 . 8 9 .142 7 .89 11.2 11 .2 
6 . 8 9 .212 7 .48 16.1 1 6 . 0 
5 . 3 2 .45 6 . 7 8 3 0 . 5 3 0 . 6 
2 . 8 3 .45 6 .82 3 0 . 7 ° 3 0 . 6 
1 .00 .45 6 . 8 5 3 0 . 8 ° 3 0 . 6 
5 . 6 7 .725 6 . 1 4 4 4 . 5 E 4 4 . 4 
7 . 5 0 .725 6 . 0 3 4 3 . 7 4 4 . 4 
5 . 6 8 . 90 5 .61 50.5 b 5 1 . 5 
5 . 7 0 1.0 5 . 4 8 5 4 . 8 6 ' C 5 5 . 2 

" I n these experiments the C o ( C N ) * O H 2 2 was prepared b y hydrolysis of C o C C N ^ B r - 5 . 
6 Unbuffered perchloric acid solutions_at p H 6.7. 
e In this experiment the Co(CN)60H2 2 was prepared b y acid hydrolysis of C o f C N H N s " " 8 . 

, M H + ) (ΝΓ) 
" Kh/h + (ΝΓ)][Κ. + (H+)] U u ; 

I n equat i on 10 Ka refers t o the a c i d i t y constant of Co(CN)50H2~"2. I t has the 
n u m e r i c a l va lue of 2.0 χ 10~~10 a t 4 0 ° C . a n d u n i t i on i c s t rength . I n the second of the 
t w o a l t e r n a t i v e mechanisms , the fur ther a s s u m p t i o n is made t h a t C O ( C N ) ô " " 2 m a y 
also be generated b y R e a c t i o n 11. 

kif 

C o ( C N ) 6 O H - * ^ C o ( C N ) 5 - 2 + O H - (11) fa' 
( In d e r i v i n g E q u a t i o n 10 a n d 11 the a q u a t i o n rate of the react ion p r o d u c t 
Co(CN)5N3~~ 3 has been neglected. T h i s is a v a l i d a p p r o x i m a t i o n w h i c h somewhat 
s impli f ies the f o rm of the equat ions a n d helps t o c l a r i f y the p h y s i c a l significance of 
the v a r i o u s k i n e t i c parameters . ) 

W h e n R e a c t i o n 11 is i n c l u d e d i n the m e c h a n i s m , the expression for the rate 
constant is g iven b y E q u a t i o n 12. 

fe(H+) + tfq](N31 
[(fa/fa) + (fa*/fa) ( O H " ) + (ΝΓ)] [Ka + (H+)] { l } 

E q u a t i o n 10 does not prov ide a n adequate representat ion of the d a t a . F i r s t , 
the rate constants ca l cu la ted us ing th is equat i on for exper iments carr ied out a t a p H 
greater t h a n 10 are 1 5 - 2 0 % smal ler t h a n the e x p e r i m e n t a l l y de termined values . 
A second, a n d perhaps more c o m p e l l i n g p o i n t is t h a t E q u a t i o n 10 does not co r re c t l y 
pred i c t the dependence of rate u p o n Ν3"" c oncentra t i on i n the more a l k a l i n e s o l u 
t ions . I n q u a l i t a t i v e terms w h a t is observed is t h a t the po ints i n a p lo t of k vs. 
(N3-") a p p r o a c h l i n e a r i t y as the a l k a l i n i t y of the so lut i on is increased. A p lo t of the 
d a t a i n T a b l e I I ob ta ined a t p H 10.1 exh ib i t s m u c h less c u r v a t u r e t h a n t h a t p re 
sented i n F i g u r e 1. I n a s i m i l a r p lo t of the d a t a i n T a b l e I I I ob ta ined at a h y d r o x i d e 
i o n concentrat ion of 9 χ 10""~3Af there is no detectable d e v i a t i o n f rom l i n e a r i t y . 

T h e d a t a under cons iderat ion a l l agree w e l l w i t h the pred ic t ions of E q u a t i o n 11. 
T o test the v a l i d i t y of th is equat i on , i t is necessary t o eva luate the new k i n e t i c 
parameters fa' a n d fa'/ fa. F r o m inspect ion of the equat ion va lues of [Ka + ( H + ) ] / 
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3 8 MECHANISMS O F I N O R G A N I C REACTIONS 

Table II. R a t a of Format ion of Co(CN) 5 N 3 ~ 3 a t 4 0 C . 

M 
k χ 10* seer1 

(calcd.) 
0.18 

.27 

.45 

.72 

.90 

2.67 4.81 
2.49 6.72 
2.36 10.6 
2.29 16.5 
2.19 19.7 

4.64 
6.80 

10.8 
16.2 
19.5 

Table III. Rate of Formation of C o ( C N ) 5 N 3 - 3 a t 40°C. 

WD, 
M 

-ι 

0.19 
.45 
.90 

2.37 0.43 0.42 
2.29 1.03 1.04 
2.28 2.05 2.05 

[ & i ( H + ) -f- fa'Ka] a n d of (fa/fa) + fa*/fa) (OH"") m a y be ob ta ined f r o m the in tercept 
a n d the r a t i o of t h e slope t o the intercept i n the l inear p lo ts of l / k vs. l / ( N 3 " ~ ) . U s e 
of the d a t a of T a b l e s I I a n d I I I a n d the p r e v i o u s l y eva luated quant i t i es fa, fa/fa, 
a n d Ka, we o b t a i n Κχ = 6.5 χ 1 0 - 4 / s e c . a n d k2/fa = 3.0 χ 10 s . T h e excel lent 
agreement between theory a n d exper iment m a y be seen b y re ferr ing t o T a b l e s I, 
I I , a n d I I I where exper imenta l va lues of k m a y be c o m p a r e d w i t h those ca l cu la ted 
f r o m E q u a t i o n 11. 

Inspect ion of the numer i ca l va lues of the k i n e t i c parameters indicates t h a t 
R e a c t i o n 11 is somewhat less efficient t h a n R e a c t i o n 1 as a generat ing source for 
C o ( C N ) b " " 2 . A more s u r p r i s i n g resul t i s the large va lue of fa'/fa, a n i n d i c a t i o n of 
the efficiency w i t h w h i c h O H ^ competes w i t h water for capture of C o ( C N ) 5 . C o m 
par i son of the va lue of fa'/ fa w i t h the fa/fa va lues c i t ed suggests t h a t the m e c h a n i s m 
of r eac t i on of O H ~ w i t h C o ( C N ) 5 ~ 3 differs f rom t h a t of o ther nucleophi les . Q u i t e 
poss ib ly the capture of O H ~ is fac i l i ta ted b y a G r o t t h u s c h a i n mechan ism i n v o l v i n g 
p r o t o n transfer t h r o u g h the s o l v a t i o n sphere of the C o ( C N ) 5 ~ 2 i o n . T h e observa 
t i o n t h a t O H ~ competes so f a v o r a b l y w i t h w a t e r impl i es t h a t the water reac t ion 
has e i ther a ra ther apprec iab le a c t i v a t i o n energy, or a n unfavorable a c t i v a t i o n 
e n t r o p y (or bo th ) . I t i s p r e s u m a b l y these factors w h i c h enable o ther nucleophi les 
t o compete w i t h water , even w h e n the la t t e r is present a t a m u c h higher c oncentra 
t i o n . 

O u r discussion of the react ion mechan i sm i n a lka l ine so lu t i on has assumed t h a t 
the b imo lecu lar reac t ion of C o ( C N ) 6 O H ~ 3 a n d N 3 ~ does not p rov ide a n i m p o r t a n t 
p a t h for f o r m a t i o n of C o ( C N ) B N 3 ~ 3 . 

F o r t u n a t e l y , there is a n exper imenta l test of the v a l i d i t y of th i s a s s u m p t i o n . I n the 
discussion of the a q u a t i o n react ions, to be presented below, i t w i l l be shown t h a t the 
a q u a t i o n rate C o ( C N ) 6 N 3 ~ i n a lka l ine so lut ion is p H independent , c l ear ly i n d i 
c a t i n g t h a t the reverse of R e a c t i o n 13 is u n i m p o r t a n t . C o n s e q u e n t l y , the m i c r o 
scopic r evers ib i l i t y res t r i c t i on requires no apprec iable f o rmat i on of Οο(ΟΝ)^ζ~^ 
b y R e a c t i o n 13. 

C o ( C N ) 6 O H ~ 3 + N 3 - C o ( C N ) 6 N 3 - 3 + O H - (13) 
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2 . HAIM ET AL. Cobalt (III) Cyanide Complexes 3 9 

A f t e r c o m p l e t i o n of the exper iments a t u n i t i on i c s t rength , e x p l o r a t o r y studies 
were carr i ed out a t m u c h higher nucleophi le concentrat ions , despite the possible 
u n c e r t a i n t y i n v o l v e d i n i n t e r p r e t a t i o n of the p h y s i c a l signif icance of such d a t a . 
T h e results of a n a t i o n studies us ing Ν 3""" a n d S C N " * a t 20°C. a n d a n i on i c s t rength 
of 5.0 are presented i n F i g u r e 4 as a p lo t of k vs. the X " concentrat i on . T h e po ints 
show a v e r y pronounced d e v i a t i o n f r o m l i n e a r i t y , as E q u a t i o n 3 w o u l d pred i c t , a n d 
a n d i n the N e " system the rate becomes a lmost zero-order i n N3"" above a concentra 
t i o n a p p r o x i m a t e l y 3.0i l f . T h e inverse plots , based o n E q u a t i o n 4, y i e l d e d a v a l u e 
of h = 51 χ 10*"5 s e c . - 1 a n d k2/kz va lues of 3.0 a n d 5.0 for N e " a n d S C N ~ respect ive ly . 
T h e pos i t i on of the curves i n F i g u r e 4 were ca l cu la ted us ing these n u m e r i c a l va lues 
of the k i n e t i c parameters . T h e d a t a for the S C N " " sys tem con form closely t o the 
pred i c t i ons of E q u a t i o n 4. H o w e v e r , the observed dev ia t i ons f rom l i n e a r i t y i n the 
N 3 - s ys tem are somewhat more pronounced t h a n the t h e o r y w o u l d pred i c t . 

kxl0 5 ,sec-' 

Figure 4. Pseudo first-order rate constants vs. anion concen
tration at 20°C. and ionic strength 5.0M 

M o r e recent ly , u n p u b l i s h e d studies (6) have been comple ted i n the Br"* sys tem 
a t 20°C. a n d a t a n i o n i c s t rength of 5.0. T h e results o b t a i n e d a t 0.5, 1.0, 3.0, a n d 
5.0ikf Br~* m a y be adequate ly represented b y the E q u a t i o n , k = [1.2 X 10~"6 + 
4.9 Χ 10~"δ (Br~) ] / sec . T h e i n t e r p r e t a t i o n of the constant 1.2 X 10~Vsec . presents 
no p r o b l e m since i t w o u l d represent a not unreasonable va lue for k\y the rate c o n 
s tant for so lvo lys is of Co (CN)ôBr~ 3 . H o w e v e r , the l inear dependence of k u p o n the 
B r " " c oncent ra t i on is n o t i n agreement w i t h ca l cu lat ions based o n the v a l u e of k\ 
c i t e d above . I t s h o u l d p r o b a b l y be conc luded , as k ine t i c i s t s general ly have i n the 
past , t h a t there i s considerable u n c e r t a i n t y i n the i n t e r p r e t a t i o n of k i n e t i c d a t a 
ob ta ined a t so h igh a n i o n i c s t rength . A p a r t f r o m th i s note of c a u t i o n , no v e r y 
useful genera l i zat ion m a y be d r a w n because of the v e r y l i m i t e d a m o u n t of analogous 
d a t a i n the chemica l l i t e ra ture . 

Before c onc lud ing the d iscuss ion of the a n a t i o n reac t ion , some cons iderat ion 
shou ld be g iven t o a l t e r n a t i v e f o rmulat i ons of the reac t ion m e c h a n i s m . I n p a r t i -
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4 0 MECHANISMS O F I N O R G A N I C REACTIONS 

cular, there is the question whether the reaction might not be proceeding by an Sj\r2 
mechanism, with the decrease in k/ (X~) with increasing (X~~) merely representing a 
medium effect arising from the replacement of CIO4"" by X ~ . Medium effects could 
be attributed either to the usual long range interaction of ions, or to ion pairs, or 
triplets having the formulas C o ( C N ) 5 O H 2 - 2 - X ~ , or C o ( C N ) 5 O H 2 - Na+-X~. Driv
ing force for the formation of ion pairs presumably would arise from hydrogen bond
ing of the sort C o - r O r V ·Χ~~ or from electrostatic interaction of X ~ with an in
completely shielded Co(III) ion. 

It does not seem to us that long range interaction provides a very plausible 
explanation of the data. In a reaction of two negative ions both theory and ex
periment seem to indicate that the value of the rate constant is not sensitive to the 
nature of the negative ions in the solution as long as the positive ion environment is 
held constant (11). If the rate law for the Nf system were formulated in terms of 
the Brônsted-Bjerrum equation, the data of Figure 1 would require that the activity 
coefficient ratio change by a factor of two when the medium is changed from l . O M 
NaNe to l.OM NaC104. Further, the data would require the rather unlikely 
coincidence that large changes in the activity coefficient ratios occur only with 
reactive nucleophiles. 

A n explanation based upon ion pairing would require that a substantial frac
tion of the Co(CN) 5 OH2~ 2 be associated with X~~ ions. In view of the unfavorable 
electrostatic interaction of two anions, it hardly seems likely that extensive ion 
pairing would occur. 

It is interesting to consider whether an S ^ l mechanism might have been antici
pated in the present system. In organic systems the presence of a highly electro
negative cyano substituent would tend to favor an Sjv2 rather than an S.yl mech
anism. The presence of a single cyano ligand in a positively charged complex ion 
appears to have similar mechanistic consequences. However, when the number 
of cyano ligands is increased to five, the accumulation of negative charge probably 
produces a relatively high electron density at the cobalt atom, despite the tendency 
for x-bonding to spread the charge throughout the ligand sphere. Such an accumu
lation of negative charge at the cobalt atom should lead to a relatively weak C0 -OH2 
bond, a weakly acidic complex, and a relatively favorable activation energy for an 
SjvI reaction path. The observed p K of the complex and the comparatively rapid 
water exchange are consistant with this view. 

For a limiting type of SatI mechanism, it is also necessary that the energy of the 
reactive intermediate be appreciably lower than that of the preceding activated 
complex. In the present system, it can perhaps be argued that the decrease in 
coordination number from six to five is accompanied by an increase in bond angles 
and a decrease in electrostatic repulsion of the negative ligands. However, it is 
difficult to assess the importance of this electrostatic argument since the changes in 
bond angles and coordination number also imply important changes in bond 
energies. Finally, as we have suggested above, it is quite probable that the nature 
of the solvation sphere plays an important role in determining the life time of the 
reactive intermediate. Entry of a water molecule into the solvation sphere of the 
Co(CN)5"~ 2 intermediate by a complicated synchronized motion of a number of 
water molecules obviously represents a process which might have a quite unfavor
able enthalpy and entropy of activation. 
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2 . HAIM ET AL. Cobalt (III) Cyanide Complexes 4 1 

Rate of Exchange of Co(CN)hOHr2 with O 1 8 Labelled Water 

A q u i t e conc lus ive test of the v a l i d i t y of the mechanism based on E q u a t i o n s 1 
a n d 2 w o u l d be p r o v i d e d b y a n accurate measurement of the exchange rate of the 
water i n C o ( C N ) 5 O H 2 " " 2 w i t h H 2 0 1 8 label led solvent , a project w h i c h un for tunate ly 
has not yet been completed . If the proposed mechanism is v a l i d , the rate constant 
for water exchange shou ld equa l k\, the rate constant for f o r m a t i o n of C o ( C N ) 5 ~ 2 

f r om C o ( C N ) O H 2 ~ 2 . F u r t h e r , the rate of w a t e r exchange a n d the rate of 
C o ( C N ) 5 X ~ 3 f o rmat ion shou ld be compet i t i ve processes, w i t h the water exchange 
be ing i n h i b i t e d i n the presence of a react ive nucleophi le . 

E x c h a n g e d a t a w o u l d also test the v a l i d i t y of a n a l t e r n a t i v e mechan ism 
i n w h i c h the react ive intermediate is f o rmulated as the seven coordinate 
C o ( C N ) 6 ( O H 2 ) 2 - 2 complex . 

C o ( C N ) 5 O H r 2 + H 2 0 % C o ( C N ) 5 (OH2)r2 (14) 

C o ( C N ) 5 ( O H 2 ) 2 ~ 2 + X - â± C o ( C N ) 5 X - + 2 H 2 0 (15) 

T h e a n a t i o n d a t a presented above c o u l d equa l l y we l l be in terpre ted i n terms of such 
a mechan ism. H o w e v e r , i f the water molecules i n the complex formed i n E q u a t i o n 
14 become equ iva lent , a p lausible , a l though not inev i tab le , consequence of the 
mechan ism, then the predic ted rate constant for water exchange w o u l d equa l k\/2. 

E a r l i e r a t t e m p t s to measure the w a t e r exchange were based on a n a n a l y t i c a l 
procedure i n v o l v i n g p r e c i p i t a t i o n of the p a r t i a l l y label led A g 2 C o ( C N ) 5 O H 2 d e h y d r a 
t i o n , a n d ana lys i s of the dehydra ted w a t e r for O 1 8 content . A t t e m p t s to o b t a i n 
q u a n t i t a t i v e d a t a were f rustrated b y a s i lver i o n induced exchange process w h i c h 
occurred w i t h extreme r a p i d i t y , even w h e n the p r e c i p i t a t i o n was carr ied out i n 
aqueous methano l a t — 50°C. H o w e v e r , b y v a r y i n g the O 1 8 content of the m e d i u m 
used i n p r e c i p i t a t i n g A g 2 C o ( C N ) 5 O H 2 , i t was possible to d r a w the t enta t ive c o n 
c lus ion t h a t the exchange rate constant h a d a n u m e r i c a l va lue a p p r o x i m a t e l y equa l 
t o t h a t of k\. M o r e recent ly , a l ternate separat ion procedures have been developed, 
a n d i t is hoped t h a t exchange d a t a w i l l soon become ava i lab le . A s t u d y of the 
ca ta lyzed exchange induced b y var ious L e w i s acids w i l l also be u n d er t aken . 

T h e a q u a t i o n of the var ious C o ( C N ) 5 X " ~ 3 complexes m u s t occur b y a reac t i on 
p a t h w h i c h is mere ly the reverse of t h a t fo l lowed i n the a n a t i o n . If the proposed 
mechan ism for the a n a t i o n reac t ion is v a l i d , the reverse of R e a c t i o n s 1 a n d 2 m a y 
be used t o describe the equat i on . I n a n y g iven exper iment the rate of a p p r o a c h t o 
e q u i l i b r i u m m a y be character ized b y a first-order rate constant k w h i c h is re lated 
t o the o ther k i n e t i c parameters b y E q u a t i o n 3. W h e n k%k4/kz ^> &i(X"~) , as i t is i n 
the a q u a t i o n of C o ( C N ) 5 B r " ~ 3 i n the absence of added B r ~ , then the a q u a t i o n p r o 
ceeds to c o m p l e t i o n , a n d k equals k4. 

T h e a q u a t i o n react ions of the other complexes do not proceed to c omple t i on , 
even i n the absence of added X ~ . U n d e r these condi t ions t w o a l t e rnat ive methods 
m a y be used to eva luate k4. I n the first m e t h o d k4 is ob ta ined f rom a s t u d y of the 
i n i t i a l rate of a q u a t i o n i n the t ime v i t e r v a l w h e n the a n a t i o n react ion m a y be 
neglected. I n the second m e t h o d the a q u a t i o n is s tud ied i n a l k a l i n e so lut i on where 
the f o rmat i on of C o ( C N ) s O H ~ 3 tends to dr ive the react ion to c omple t i on . 
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4 2 MECHANISMS OF I N O R G A N I C REACTIONS 

I n a l l of the systems so far invest igated the a q u a t i o n rate has been f ound t o be 
p H independent i n a lka l ine so lu t i on , at least u p to 0.1 I f O H - , the largest c oncentra 
t i o n inves t igated . I t m a y be noted t h a t th i s behav ior is e n t i r e l y analogous t o 
t h a t of t r i t y l ch lor ide a n d other organic hal ides w h i c h undergo so lvo lys is b y w e l l 
establ ished SNI mechsnisms. (S) 

N u m e r i c a l va lues of k4 a n d K, the e q u i l i b r i u m constant for C o ( C N ) 5 X " ~ 3 f o r m a 
t i o n , have been assembled i n T a b l e I V . I n the three cases where temperature 
coefficient d a t a is ava i lab l e , i t can be seen t h a t the re lat ive va lues of £4 are deter 
m i n e d b y the differences i n b o t h AH a n d AS. A compar i son of k4 a n d Κ ind icates 
t h a t a n increase i n Κ is a c compan ied b y a decrease i n £4. F o r a n y g iven nucleophi le 
k4 a n d Κ m a y be re lated b y the expression Κ — hikz/kifa. T h i s l a t t e r expression 
has been used t o ca lculate the n u m e r i c a l va lues of Κ for the S C N ~ ù n d N3""" systems 
where e q u i l i b r i u m d a t a is not a v a i l a b l e . 

Table IV. 

x- Γ, °C. J07k4 seer1 AH AS Κ 
N 3 - 40 5.5 

60 80 27.3 - 0 . 6 1530 
S C N 40 3.7 

60 78 31.1 11.5 1460 
I - 40 74 

69.9 4950 29.7 12.5 39 42 
B r - 40 1680 0.88 0.95 

T h e r a p i d a n a t i o n reac t ion observed i n the presence of I3 - impl i es t h a t I2 
s h o u l d be a v e r y efficient ca ta lys t for the a q u a t i o n of Co(CN)5Ï~~ 3 . Q u a l i t a t i v e 
observat ions c on f i rm t h i s p r e d i c t i o n , b u t a careful s t u d y of the c a t a l y z e d a q u a t i o n 
has n o t ye t been comple ted . A s t u d y of the cata lys i s b y o ther halogen molecules 
a n d L e w i s ac ids w i l l a lso be u n d e r t a k e n i n future w o r k . 

Acid-Catalyzed Aquation of Co(CN)&Nr* 

I n a c i d i c s o l u t i o n the a q u a t i o n of C o ( C N ) 6 N 3 ~ ~ 3 was found t o be a c i d - c a t a l y z e d · 
I n the absence of anions o ther t h a n CIO4"", the o n l y react ion produc ts were 
C o ( C N ) 6 O H 2 ~ 2 a n d H N 3 . T y p i c a l results o b t a i n e d a t u n i t i o n i c s t rength a n d 40°C. 
are presented i n c o l u m n 2 of T a b l e V as pseudo first-order rate constants . 

Table V . A c i d - C a t a l y z e d A q u a t i o n of C o ( C N ) 6 N 3 - 3 . 

t = 4 0 ° C , μ - 1.0 
10% 10*k seer1 

(m) sec."1 calcd.a 

0.0042 5.90 6.15 
.0084 12.1 12.1 
.0168 23.5 23 .5 
.0336 43.2 43 .6 
.0364 47.2 4 7 . 0 
.0505 64 61 
.091 94 95 
.166 132 140 

β Calculated using Equation 17. 

T h e m e c h a n i s m of the ac id - ca ta lyzed a q u a t i o n m a y be f o rmula ted i n terms of 
E q u a t i o n 16 a n d 17. 
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2 . HAIM ET A l . Cobalt (III) Cyanide Complexes 4 3 

κ 
C o ( C N ) 5 N 3

- 3 + H + ^± C o ( C N ) 5 N 3 H - 2 (16) 

C o ( C N ) 6 N 3 H - 2 + H 2 0 - » C o ( C N ) 5 O H 2 - 2 + H N 3 (17) 

A s we sha l l show below, R e a c t i o n 17 does not occur i n a single step , bu t th is c o m 
p l i c a t i o n m a y be ignored for the m o m e n t . I f we assume t h a t R e a c t i o n 16 is 
r a p i d l y reversible a n d the R e a c t i o n 17 is ra te -de te rmin ing , then i t m a y read i l y be 
shown t h a t the expected dependence of k u p o n hydrogen i on concentrat ion is 
g iven b y E q u a t i o n 18. 

k = ι + K m ( 1 8 ) 

I n E q u a t i o n 18, Κ a n d ka are the e q u i l i b r i u m constant a n d first-order rate constant 
for Reac t i ons 16 a n d 17, respec t ive ly . T h e constants ka a n d Κ m a y be eva luated 
b y us ing E q u a t i o n 18 a n d the d a t a g iven i n colurhns 1 a n d 2 of T a b l e V . T h e 
procedure invo lves o b t a i n i n g l/ka a n d Κ f r o m the intercept a n d the r a t i o of i n t e r 
cept t o slope i n the l inear p lo t of l/k vs. l / ( H + ) a n d leads t o ka = 3.2 χ 1 0 - 3 s e c . - 1 

a n d Κ = 4.7. T h e excel lent agreement between theory a n d exper iment m a y be 
seen b y c o m p a r i n g the exper imenta l a n d ca l cu lated values of k g iven i n T a b l e V . 

M a j o r results were ob ta ined w h e n the ac id - ca ta lyzed a q u a t i o n was carr i ed ou t 
i n so lut ions c o n t a i n i n g S C N - i ons . B y c a r r y i n g out the spec trophotometr i c 
analyses a t a p p r o p r i a t e wave lengths, i t was possible t o fo l low s imul taneous ly the 
rate of d isappearance of C o ( C N ) 5 N 3

- 3 a n d the rate of f o r m a t i o n of C o ( C N ) § O H 2
- 2 . 

I t was found t h a t the presence of S C N - d i d not influence the rate of d isappearance 
of C o ( C N ) 5 N r 3 . H o w e v e r , b o t h C o ( C N ) 6 O H 2

- 2 a n d C o ( C N ) 5 N C S - 3 appeared as 
react ion products , even i n t ime in te rva l s so short t h a t the C o ( C N ) 6 N C S - 3 c ou ld no t 
have been f ormed b y reac t i on of C o ( C N ) 5 O H 2

- 2 a n d S C N - 3 . D a t a i l l u s t r a t i n g 
these exper imenta l results are presented i n T a b l e V I . T h e pseudo first-order rate 
constants for the disappearance of C o ( C N ) 6 N 3 " " 3 are l i s ted i n c o l u m n 3 under 
the heading 10 6 km s e c . - 1 , the subscr ipt 380 i n d i c a t i n g t h a t the spectrophoto
m e t r i c measurements were carr ied out a t λ = 380 πιμ where C o ( C N ) 6 O H 2

- 2 a n d 
C O ( C N ) Ô N C S ~ 3 have ident i ca l m o l a r absorbancy indices . W i t h i n the l i m i t of error 
these rate constants agree w i t h those of T a b l e V . B y contrast , the pseudo first-order 
rate constants i n c o l u m n 4 of T a b l e V I , w h i c h measure the i n i t i a l rate of appearance 
of C o ( C N ) 5 0 H 2

- 2 , show a d i s t i n c t decrease i n magn i tude i n the presence of a d d e d 
S C N - 2 because of the para l l e l f o r m a t i o n of C O ( C N ) B N C S - 3 . T O ind i ca te more 
c l ear ly the nature of the studies, the results of a single exper iment are presented i n 
more d e t a i l i n F i g u r e 5. 

Table V I . A c i d - C a t a l y z e d A q u a t i o n of C o ( C N ) s N 3 - 3 a t 40°C. 

μ = 1.0, in the presence of S C N " 
10* kUQ, 10* k2is, 10* ki7S seer1, 

(SCN-) sec. 1 sec.~l calcd. 
0.019 0 94 

.092 0.50 * 96 83 ± 3 ' 85 

.091 .70 94 80 ± 3 76 

.091 .90 91 66 ± 4 69 

.166 0 133 132 

.166 0.40 132 121 ± 5 116 

.166 .80 133 104 ± 4 104 
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4 4 MECHANISMS OF I N O R G A N I C REACTIONS 

7 8 9 10 II 12 13 14 15 16 17 18 19 2 0 21 2 2 

t i m e , m i n . 

Figure 5. An experiment illustrating the change in stoichiom-
etry in the presence of thiocyanate ion; · and Ο represent 
measurements at 380 and 278 mμ, respectively; the dotted line 

represents our evaluation of the initial slope. 

T h e d a t a of T a b l e I V s t rong ly suggest t h a t w a t e r a n d S C N " are reac t ing i n a 
c o m p e t i t i v e fashion , w i t h a react ive in termed ia te generated i n or after the rate -
d e t e r m i n i n g step of the a c i d - c a t a l y z e d a q u a t i o n . E q u a t i o n s 19, 20, a n d 21 repre 
sent a p laus ib le mechan i sm for generation of the react ive in te rmed ia te , assumed t o 
be C o ( C N ) 5 ~ 2 , a n d i t s c o m p e t i t i v e react ions w i t h w a t e r a n d S C N ~ ~ . 

C o ( C K ) 5 N 3 H - 2 

C o ( C N ) 5 - 2 + H 2 0 

C o ( C N ) 5 - 2 + S C N ' 

C o ( C N ) 5 - 2 + H N , 
r a t e 

rs 

d e t e r m i n i n g 

C o ( C N ) 5 O H 2 - 2 

C o C C N ^ N C S - 3 

(19) 

(20) 

(21) 

If we assume t h a t the chemica l propert ies of the C o ( C N ) 5 ~ 2 generated i n R e a c t i o n 19 
are i d e n t i c a l w i t h those of R e a c t i o n 1, then the measured v a l u e of ka a n d the pre 
v i o u s l y t a b u l a t e d va lue of k2/k% = 2.95 m a y be used t o ca lculate km, the rate 
constant for f o r m a t i o n of C o ( C N ) 6 O H 2 ~ 2 a t v a r i o u s S C N ~ " concentrat ions . T h e 
c a l c u l a t i o n was c a r r i e d out us ing E q u a t i o n 22, a n e q u a t i o n w h i c h was der ived i n the 
a p p e n d i x of our o r i g ina l p u b l i c a t i o n (7). 

kk2/fa 
(22) 

( S C N " ) + k2/kz 

T h e excel lent agreement between the ca l cu lated a n d e x p e r i m e n t a l values of km 
l i s ted i n T a b l e V I w o u l d seem t o prov ide s t rong suppor t for the proposed S^rl 
mechan isms . 

T h e k i n e t i c parameters ob ta ined i n the absence of S C N ~ are of some inherent 
interest . T h e ac id - ca ta lyzed a q u a t i o n of l igands w h i c h are conjugate bases of weak 
ac ids has been observed i n a n u m b e r of o ther systems ( i ) , b u t prev ious studies 
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2 . HAIM FT AL. Cobalt (III) Cyanide Complexes 4 5 

f requent ly prov ide a va lue o n l y for the produc t kaK. T h e n u m e r i c a l va lues of ka 

a n d Κ are therefore of some inherent interest . B o t h C o ( C N ) 6 N 3 H " ~ 2 a n d 
C o ( C N ) 5 N 3 ~ " 3 appear to undergo so lvo lys is b y a n S ^ l mechan ism. T h e large 
increase i n l a b i l i t y caused b y a d d i t i o n of the p r o t o n t o the az ide l i gand is g iven b y 
the r a t i o ka/k4 = 5800. 

I t is in teres t ing to compare the a c i d i t y constant of C o ( C N ) c N 3 H - 2 w i t h t h a t of 
H N 3 . T h e a d d i t i o n of C o ( C N ) 5

- 2 t o the la t ter species increases the a c i d i t y constant 
b y a factor of a p p r o x i m a t e l y 5 χ 103. T h e a c i d i t y constant of C o ( C N ) 5 0 H 2

- 2 is 
larger t h a n t h a t of H 2 0 b y a factor of 2 χ 105. T h e somewhat different behav ior 
of the t w o pa irs of ac ids is not p a r t i c u l a r l y s u r p r i s i n g , since the structures of 
C o ( C N ) 6 O H 2

- 2 a n d C o ( C N ) 5 N 3 H - 2 are qu i t e different. 

Reaction of Co(CN)&Nr* and HN02 

A n a t t e m p t was made t o generate C o ( C N ) 5
- 2 b y the r a p i d react ion of 

C o ( C N ) 5 N 3 ~ 3 a n d H N 0 2 , a process (4) w h i c h y ie lds o n l y the products l i s ted be low 
i n the absence of anions other t h a n CIO4"". 

C o ( C N ) 5 N 3 + 3 + H N 0 2 - f H + - » C o ( C N ) 6 O H 2
- + N 2 + N 2 0 (23) 

I t was hoped t h a t an in termed ia te i n R e a c t i o n 23, perhaps C o ( C N ) 5 N T 4 0 - 2 , w o u l d 
c o n t a i n the n i trogen a toms i n a v e r y w e a k l y bonded l i gand , a s i t u a t i o n w h i c h w o u l d 
favor l i gand expuls ion a n d generat ion of C o ( C N ) 5 ~ 2 . T h e procedure designed t o 
detect the presence of C o ( C N ) & ~ 2 i n v o l v e d s t u d y i n g the rate a n d s t o i c h i o m e t r y of 
the react ion i n the presence of added B r - a n d S C N - ; th is m e t h o d of approach is 
e n t i r e l y analogous to t h a t a d o p t e d i n the s t u d y of the ac id - ca ta lyzed a q u a t i o n of 
C o ( C N ) 5 N 3

- 3 . H o w e v e r , the results were somewhat more complex t h a n those 
ob ta ined i n the la t ter sys tem. A t concentrat ions of B r - or S C N - i n the range of 
0.01 ilf, the s t o i c h i o m e t r y of the reac t ion remained t h a t g iven b y E q u a t i o n 23, the 
expected result a t th i s low scavenger concentra t i on . H o w e v e r , the presence of 
e i ther B r - or S C N - was found t o increase the react ion rate , qu i t e poss ib ly because 
of the appearance of a new react ion p a t h i n v o l v i n g N O X , a r a t h e r c o m m o n feature 
of H N 0 2 r e a c t i o n mechans ims . 

W h e n the concentrat i on of B r - o r S C N - w a s increased f rom 2.0M t o 5.0il/, a n 
increase i n rate a n d the expected scavenger a c t i o n were b o t h observed, w i t h 
C o ( C N ) 6 B r - 3 or C o ( C N ) 5 N C S - 3 a p p e a r i n g as reac t i on products . I t can be c o n 
c luded t h a t these l a t t e r products were formed b y reac t i on of B r - or S C N - w i t h a 
react ive in te rmed ia te , since there was no corre la t ion between the change i n rate 
a n d the change i n s t o i c h i o m e t r y caused b y the presence of the scavengers. H o w 
ever, a n ana lys i s of the s to i ch iometry d a t a leads t o values of kmo/kiC w h i c h are t w o 
t o three t imes smal ler t h a n the corresponding values of k2/kz ob ta ined f r om the 
a n a t i o n studies. P r e l i m i n a r y results are s u m m a r i z e d i n T a b l e V I I . 

Severa l a l t e r n a t i v e in terpre ta t i ons m a y be suggested t o e x p l a i n the above 
results . F i r s t , i t is possible t h a t the scavenger ions are reac t ing , no t w i t h 
C O ( C N ) Ô - 2 , b u t w i t h some other react ive in termed ia te such as the species 
C o ( C N ) 6 N 4 0 - 2 ment ioned above . Secondly , there is the p o s s i b i l i t y t h a t C O ( C N ) B - 2 

is generated i n b o t h the ac id - ca ta lyzed a q u a t i o n a n d the H N 0 2 r e a c t i o n , b u t t h a t 
the t w o react ions m a y produce different i somer ic forms of C o ( C N ) 6

- 2 , one f o r m 
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4 6 MECHANISMS O F I N O R G A N I C REACTIONS 

Table VII · Compet i t ion of X ~ a n d H 2 0 f o r t h e Intermediate G e n e r a t e d 
In t h e C o ( C N ) s N 3 - 3 - H N 0 2 System 

kmo/kx 

t μ Br~ SCN-
20 5 .0 15 - 7 . 7 e 3.7 
40 1.0 33 6.7 

° Values at 1.0, 3.0, and 5.0 M (Br~) are 15, 12 and 7.7, respectively. 

perhaps being t r i g o n a l b i p y r a m i d a l a n d the other te tragonal p y r a m i d a l . A s a 
t h i r d a n d somewhat less p lausib le exp lanat i on , i t m i g h t be assumed that a n a t i o n 
R e a c t i o n 1 and 2 a c t u a l l y proceeded b y two para l l e l react ion paths , one correspond
i n g t o the mechan i sm discussed above , a n d the o ther to a b imo lecu lar S#2 process. 
T h i s s i t u a t i o n w o u l d lead to a n incorrect ass ignment of k2/kz va lues . H o w e v e r , 
th is exp lanat i on w o u l d seem to be ru l ed out b y the fact t h a t ident i ca l values of 
k2/kz were ob ta ined i n two different systems, the a n a t i o n react ion a n d the a c i d -
ca ta lyzed a q u a t i o n of C o ( C N ) 5 N 3 ~ 3 . 

Literature Cited 
(1) Basolo, F., Pearson, R . G . , "Mechan isms of Inorganic React ions , " p. 152, W i l e y , 

N e w Y o r k , 1958. 
(2) Bu jake , J. E., Jr., Noyes, R . M., J. Am. Chem. Soc. 83, 1555 (1961). 
(3) Grass i , R . J., W i l m a r t h , W. K., "Proceedings of the Seventh International Confer

ence on Coordinat ion C h e m i s t r y , " p. 242, But terwor th , London , 1963. 
(4) H a i m , A lber t . Pre l iminary results. Fur ther work is i n progress. 
(5) H a i m , A lber t , unpublished experiment. 
(6) H a i m , A lber t , unpublished experiments. 
(7) H a i m , Α., W i l m a r t h , W. K., Inorg. Chem. 1, 573, 583 (1962). 
(8) Ingold, C. K., "Structure and Mechanisms in Organic C h e m i s t r y , " section 27d, p. 

376, Cornel l Univers i ty Press, I thaca, 1953. 
(9) K a t z i n , L. E., McBeth, E. L., J. Phys. Chem. 62, 253 (1958). 
(10) K i n g , E . L., chapter in "Homogeneous Catalys is II," Ed., P . H. E m m e t t , Re in 

hold, New Y o r k , 1955. 
(11) Olson, A. R., Simonson, T . R . , J. Chem. Phys. 17, 1167 (1949). 

R E C E I V E D April 3, 1964. 

Discussion 

Wayne K . W i l m a r t h : I t is a pleasure t o repor t the w o r k carr i ed out b y A l b e r t 
H a i m a n d R o b e r t G r a s s i dea l ing w i t h s u b s t i t u t i o n react ions of the p e n t a c y a n o -
c o b a l t ( I I I ) complexes. 

I n the paper , we explore the p o s s i b i l i t y of i n t e r p r e t i n g these results i n t e rms of 
a l i m i t i n g t y p e of S i v l m e c h a n i s m w i t h a n in termed ia te w h i c h has a proposed l i f e 
t im e sufficient t o d i s c r iminate between var i ous nucleophi les present i n the sys tem. 

I h a d hoped t h a t we m i g h t have more w o r k to repor t a t th is t i m e , a n d w h i l e we 
have carr i ed out c e r ta in other studies , i n the m a i n , t h e y do not change great ly the 
conclusions of the paper . I t h i n k , therefore, i n h a r m o n y w i t h the p h i l o s o p h y of the 
F a r a d a y Soc ie ty , t h a t I w i l l mere ly conclude the t a l k a t th i s po in t a n d a t t e m p t to 
answer per t inent quest ions . 
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2 . HAIM ET AL. Diêcuuion 47 

Richard G . Y a l m a n : J o h n B a i l a r po in ted out t h a t i n the ear ly days there 
were some 30-odd proposals for a W a l d e n rearrangement . A s I look a t the papers 
t o d a y a n d the i r different mechanisms i t seems t h a t we are t r y i n g t o es tab l i sh , for 
the most p a r t , single mechanisms to desc r ibe—and that ' s a l l we are do ing , we are 
descr ib ing th ings h e r e — a wide v a r i e t y of systems. W h a t I a m suggesting is t h a t 
when we look at the p e n t a m m i n e sys tem, we are l o o k i n g a t the p e n t a m m i n e sys tem. 
W h e n we are l o o k i n g a t the pentacyano sys tem, we are l o o k i n g a t the pentacyano 
sys tem. W h e n we look a t the b i se thy lened iamine sys tem, we are l o o k i n g a t the 
b i se thy lenediamine sys tem. I t does not fol low t h a t a n y of these systems m a y have 
re la ted mechanisms . 

I w o u l d even say t h a t t o t r y t o look at a sys tem a n d then ana lyze our d a t a i n 
terms of the proposa l of the a u t h o r i t y figures is p r o b a b l y d o i n g ourselves a d i s 
service. T h i s is not t o say t h a t these do not serve as wonder fu l guide l ines, a n d 
t h a t perhaps we w i l l e n d u p us ing those mechanisms , but I do have a w o r d of c a u 
t i o n . 

A n o t h e r p o i n t w h i c h I w o u l d l ike t o b r i n g u p is the i m p o r t a n c e of w h a t I w i l l 
c a l l " o f f - s i t e " react ions . W e have a l r e a d y touched on th is t o d a y i n o u r discussions 
of o ther sphere assoc iat ion . 

I t h i n k i n the current paper , D r . W i l m a r t h ' s paper w o r k e d on b y D r . H a i m , 
the a c i d cata lys i s of the a q u a t i o n of the azide sys tem is a n example of w h a t I ca l l 
a n " o f f - s i t e " reac t i on . T h e a t t a c h m e n t of hydrogen to n i t rogen , w h i c h is three 
a t o m s a w a y f rom the coba l t a t o m b r i n g i n g about a weaken ing of the cobal t n i trogen 
b o n d a n d — i f I remember the figures c o r r e c t l y — a 3500-or 5800-fold increase i n the 
rate of a q u a t i o n . 

F o r those w h o are t u r n i n g t o w a r d b io log ica l app l i ca t i ons , i t is the " o f f - s i t e " 
react ions w h i c h I t h i n k are going to be more i m p o r t a n t t h a n the on-site react ions 
w h i c h have been the subject of the prev ious d iscuss ion . 

A n o t h e r example is the increase i n the a q u a t i o n of the i od idopentacyano system 
i n the presence of the t r i - i od ide i o n . A g a i n , th i s is w h a t I w o u l d ca l l a n " o f f - s i t e " 
or O S R react ion . 

A t h i r d example is the react ion of n i t r i t e w i t h the azide complex . I d o n ' t w a n t 
t o discuss th i s more . I t h i n k t h a t C a r l B r u b a k e r wou ld l ike t o t a l k a b o u t th i s . 

I w i s h t o p o i n t out t h a t these react ions were s tud ied i n e i ther n e u t r a l or a c i d i c 
so lut ions where the c y a n i d e cobal t sys tem is r ea l l y unstable t h e r m o d y n a m i c a l l y . 
I raise the quest ion a b o u t ox idat i on - reduc t i on i n the i odo complex . T h i s w a s n ' t 
ment ioned i n the paper . I t seems t o me i t w o u l d prov ide a n a l ternate p a t h w h i c h 
m i g h t increase the reac t ion rates i n the case of the iodide complex . 

I have touched on some of the p e r i p h e r a l mat ters . 
Carl H . Brubaker, J r . : I agree w i t h D r . Y a l m a n t h a t th is represents a v e r y 

complete piece of w o r k , a n d I t h i n k , the m a j o r i t y of the conclusions are f a i r l y c lear 
cut . T h e r e is not m u c h t h a t can be added aside f rom speculat ion . I w o u l d hope 
t h a t a l i t t l e later Pro f . W i l m a r t h or others w i l l speculate about the s tructures of th i s 
t r a n s i t i o n state species, or several species of the pentacyanocoba l tate ( I I ) t h a t are 
supposed to be the t r a n s i t i o n state complex , or a n in termedia te . 

I a lso hope t h a t someone w o u l d c o m m e n t regard ing D r . Y a l m a n ' s c omments 
about the react ion between the n i t r i t e i o n a n d the az ido complex . One finds t h a t 
the scavenging a c t i v i t y o f—I believe i t was bromide a n d t h i o c y a n a t e — i s m u c h more 
effective i n the presence t h a n i n the absence of n i t r i t e i n the azide sys tem. T h e 

A. C. S. Editorial Library 
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4 8 MECHANISMS OF I N O R G A N I C REACTIONS 

statement is made t o w a r d the end of the paper t h a t the enhanced scavenging a c t i v 
i t y of th iocyanate or bromide m i g h t be the result of more ready a t t a c k b y t h i o c y a n 
ate or bromide on the produc t of the react ion between the n i t r i t e a n d the az ido 
complex , i n other words , a t h i n g designated as perhaps being a n N4 or a n N4O 
group ; or the pentacyanocoba l tate species i n th i s case m i g h t be i someric w i t h 
another en t i r e ly different species. I wonder i f i t wou lden ' t be w o r t h w h i l e t o specu
late as to w h y one m i g h t expect t h a t a different species w o u l d result fo l lowing the 
e l i m i n a t i o n of a n N4O, or whatever the fragments are, a n d w h y one m i g h t expect 
that th is N4O u n i t m i g h t be so m u c h more eff ic iently d isp laced b y th io cyanate or 
bromide . I n fact , I t h i n k i t m ight be w o r t h w h i l e to discuss the possible s t ructure 
of th is pentacyanocoba l ta te . 

Dr. W i l m a r t h : W i t h respect to the react ion of the az ido complex a n d n i t rous 
a c i d , since th is w o r k was done b y D r . H a i m , I t h i n k he shou ld comment i f he cares 
to do so. 

I n a d d i t i o n , I t h i n k workers i n D r . T a u b e ' s lab have s t u d i e d i n some d e t a i l the 
react ion of a n u m b e r of az ido complexes w i t h n i t rous a c i d , a n d i t m i g h t be interest 
i n g t o have a few comments on th i s w o r k . 

Henry T a u b e : I t h i n k t h a t D r . W i l m a r t h a n d his co-workers have presented 
excellent evidence for the existence of a genuine pentacoord inated in termediate i n 
the c y a n o sys tem. T h e result repor ted b y t h e m t h a t the in termediate generated 
b y the spontaneous react ion is different f rom t h a t w h i c h m a y be generated b y the 
react ion of H O N O w i t h C o ( C N ) 5 N 3

+ 3 casts d o u b t on some of the conclusions w h i c h 
D r . H a i m a n d I reached on the react ion of n i t rous a c i d w i t h the a z i d o p e n t a a m m i n o -
coba l t i c i o n . I n a d d i t i o n , y o u w i l l remember t h a t some of the results w h i c h R a l p h 
Pearson ment ioned also cast d o u b t on our conclusions. 

I w a n t to enlarge a l i t t l e on the theme of l o o k i n g for genuine intermediates . 
I do not k n o w how to unders tand the results of D r . Pearson a n d co-workers , b u t a t 
the same t ime I bel ieve evidence for the existence of intermediates i n the cat ion ic 
species is a c c u m u l a t i n g . I w o u l d l ike to offer a suggestion re la t ing to the w o r k 
w h i c h D r . Pearson has c i ted a n d then m e n t i o n some a d d i t i o n a l evidence b y 
D . Loe l i ger w h i c h fits i n w e l l w i t h the results of A . Sargeson, a n d w i t h those of 
others. T h e results in toto support the assumpt i on t h a t pentacoord inated 
intermediates are f ormed i n some systems. 

D r . Pearson presented d a t a on the o p t i c a l dens i ty observed w h e n the n i t r a t o -
coba l t i c complex reacts w i t h th iocyanate i o n , a n d there is n o t h i n g to object to i n 
these results . B u t I t h i n k one m i g h t be concerned about the theoret ica l curve 
ca lcu lated us ing the c o m p e t i t i o n r a t i o i n a table w r hich H a i m a n d T a u b e presented 
i n the j o u r n a l . 

A n i m p o r t a n t po in t i n th i s w o r k w h i c h m u s t be k e p t i n m i n d is t h a t the reac
t i o n of H O N O w i t h ( N H 3 ) 5 C o N 3

+ 2 o ften impl i ca tes the l i gand , X . T h o u g h i n some 
instances i t was shown t h a t the f o rmat i on of the produc t ( N H 3 ) 5 C o X + 2 was not 
re lated t o the c o n t r i b u t i o n to the t o t a l react ion b y the p a t h ( Ν Η 3 ) δ Ο ο Ν 3

+ 2 + 
H O N O 4- X~~, th is was not done i n a l l cases. I n a n y i n d i v i d u a l case, the poss i 
b i l i t y exists t h a t a species N O X i n r e m o v i n g N 3 ~ places X"~ on C o ( I I I ) . T h e mere 
fact t h a t ( N H 3 ) 6 C o X + 2 is f ormed is no proof t h a t a n in te rmed ia te ( N H 3 ) 6 C o " , _ 3 is 
f o r m e d ; a n y proof rests ra ther on d e m o n s t r a t i n g that the ra t i o , ( ( N H 3 ) Ô C O X 4 2 ) / 
( ( N H 3 ) 5 C o O H 2 + 3 ) is l inear i n ( X ~ ) a n d on finding the same c o m p e t i t i o n r a t i o in 
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2 . HAIM BT AL. Discussion 4 9 

more than one sys tem. I n our w o r k , the v a r i a t i o n of c o m p e t i t i o n r a t i o as a func
t i on of (X~~) was tested on ly i n a few cases, a n d our results i n a n y event were not 
v e r y precise. F o r the system w i t h X ~ = NCS~~ the c o m p e t i t i o n ra t i o was found 
not to be independent of (X~~), a n d th is itself is evidence t h a t there is a c o m p l i c a t i o n 
i n th is r eac t i on ; the c ompl i ca t i on m a y be that there is a s t rong component f rom 
( Χ Η 3 ) δ Ο ) Ν 3

+ 2 + N O X where X - is inserted when azide i on leaves (as Ν 2 + N2O). 
R . B . J o r d a n , h a v i n g learned about the w o r k of Pearson a n d M o o r e , has 

become interested i n the issues a n d has searched for the f o rmat ion of ( N H 3 ) 5 C o B r + 2 

w h e n ( N H 3 ) 5 C o N 0 3
+ 2 reacts i n the presence of B r ~ . H i s observat ions suggest 

t h a t the bromo complex does appear i n i t i a l l y , but on ca l cu la t ing the c o m p e t i t i o n 
rat io finds i t to be less b y a factor of about 2 t h a n t h a t repor ted b y H a i m a n d m y 
self. J o r d a n has done o n l y a single exper iment on th i s . T h e subject is o b v i o u s l y 
w o r t h going i n t o i n some d e t a i l , but a t th is po in t I a m neither prepared to say t h a t 
J o r d a n ' s result supports the conclusions w h i c h D r . H a i m a n d I reached, nor that i t 
does not . 

D r . Loe l iger has been s t u d y i n g the changes i n conf igurat ion w h i c h a c c o m p a n y 
s u b s t i t u t i o n i n a c i d so lu t i on . T h e relevance of these exper iments to our present 
concern is t h i s : i f in termediates are formed w h i c h have propert ies independent of 
how t h e y are formed, then changes i n geometry shou ld be independent of how the 
net s u b s t i t u t i o n is brought about . Some of the d a t a w h i c h Loe l i ger has ob ta ined 
together w i t h those of others are shown i n the fo l l owing table . 

Conf igurat ion C h a n g e s A c c o m p a n y i n g Spontaneous a n d A s s i s t e d A q u a t i o n 

Assumed % 
Intermediate Method of Formation trans Product 

trans-Co e n 2 N 3
+ 2 trans-Co en2(N3)2+ + H N 0 2 100e 

trans-Co e n 2 N 3
+ 2 trans-Co en 2 (N 2 ) 2 - f Hg+ 2 100" 

trans-Co e n 2 N 3
+ 2 trans-Co en 2N 3Cl+ + Hg+ 2 100* 

trans-Co en 2H20 trans-Co en 2 N 3 H 2 0+ 2 + H N 0 2 60 ± 5° 
trans-Co en 2 H 2 0 trans-Co en 2 ClH 2 0+ 2 + Hg+ 2 606 

trans-Co e n 2 H 2 0 trans-Co en 2 (H 2 0) 2
+ 3 + H 2 0 65c 

a Experiments by D. Loeliger. 
h Sargeson, A . M . , Australian J. Chem., 17(3), 385 (1964). 
e Kruse, W., Taube, H . , J". Am. Chem. Soc, 83, 1280 (1961). 

T h e observat ions i n w h i c h conf igurat ion is re ta ined (100% t rans product ) are 
o n l y of l i m i t e d usefulness. T h e exper imenta l results are not refined enough to 
d i s t i n g u i s h between 99.0, 99.9 a n d 99.99% f o r m a t i o n of the t rans produc t , yet these 
numbers correspond t o a v a r i a t i o n i n the p r o d u c t ra t i os b y a fac tor of 100. H o w 
ever i n several instances , p roduc t rat ios i n the range of 0.1 t o 10 have been observed, 
a n d i f a p a r t i c u l a r p roduc t r a t i o i n th i s range is m a i n t a i n e d whi l e the means of 
f o r m i n g the a q u o p r o d u c t is a l tered , th is observat ion can be regarded as s igni f i cant . 
One of the most in teres t ing observat ions is t h a t i n v o l v i n g / r a w s - C o e m ^ O 4 " 3 as the 
presumed in termedia te . T h e extent of i s omer i za t i on , w i t h i n e x p e r i m e n t a l error is 
the same whether the d i a q u o produc t is f ormed b y the react ion of trans-
C o e n 2 N 3 H 2 0 + 2 w i t h H N 0 2 or of / r a w s - C o e n 2 C l H 2 0 + 2 w i t h H g + 2 . I n the oxygen 
i so top i c studies w i t h 2 r a w 5 - C o e n 2 ( H 2 0 ) 2

+ 3 t w o k i n d s of measurements where m a d e : 
the exchange of oxygen i n t o /mwj -Coen2 (H?0) 2

+ 3 a n d the ra te of change of the t rans 
f o rm to the cis, w h i c h invo lves i n c o r p o r a t i n g one so lvent oxygen for each cis i o n 
formed. If i t is assumed t h a t b o t h processes i n v o l v e a c o m m o n in termedia te , 
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5 0 MECHANISMS OF I N O R G A N I C REACTIONS 

/raws-Coen2H20 + 3 , w h i c h is p i c k i n g u p a molecule of so lvent e i ther reta ins conf igura
t i o n or changes t o the cis f o rm, a n u m b e r corresponding t o the re tent ion of the t rans 
conf igurat ion can be ca lcu lated w h i c h , w i t h i n e x p e r i m e n t a l error , is the same as for 
the o ther t w o systems. T h e results suggest t h a t the l e a v i n g group does not i n 
fluence the geometr ic course of the reac t i on , a n d th i s i n t u r n , suggests t h a t a c o m 
m o n intermediate is formed w h i c h has lost m e m o r y of how i t was formed . 

Michael A n b a r : I w o u l d l ike t o ask two or three quest ions p e r t a i n i n g t o th i s 
paper . F i r s t , a c cord ing to th is paper , the h y d r o x y l complex is formed a lso a c cord 
i n g t o the same SATI m e c h a n i s m , as far as I c ou ld unders tand , w h i c h means t h a t the 
p r o t o n transfer , go ing from the a q u o to a h y d r o x i d e , is s lower t h a n a d issoc iat ion of 
the aquo complex to f o rm the pentacyano complex . C o u l d th i s be corroborated b y 
some independent m e t h o d of l o o k i n g at the rate of p r o t o n exchange? I n o t h e t 
words , the react ion exchange a n d the oxygen exchange shou ld be a t the same rate , 
a c cord ing to th i s m e c h a n i s m , i f I understood i t r i g h t . 

T h e other quest ion concerns the c a t a l y t i c effect of iodine on the i o d i n a t i o n of 
the pentacyano complex . D i d y o u ever observe the same effect of I2 say on the 
s u b s t i t u t i o n of b romide , or th iocyanate as wel l? 

A t h i r d quest ion is whether y o u have observed a n y specif ic cat ion ic effect i n 
chang ing , a t y o u r h igh concentrat ions , f r om s o d i u m to po tass ium or t o ano ther 
a l k a l i m e t a l — i . e . , whether th is has a n y effect on the rate . T h e r e is one more c o m 
ment . Y o u ment i oned a n Sjy l mechan i sm referr ing to organic c h e m i s t r y . A few 
years ago we pub l i shed results o n the h y d r o l y s i s of fluoroborate ions where exac t ly 
the same m e c h a n i s m was pos tu la ted ( / . Phys. Chem. 64, 1896 (I960)) . F l u o r o b o 
rate ions undergo h y d r o l y s i s i n the a l k a l i n e region independent of O H - " c oncentra 
t i o n ; a n d aga in th is v e r y h igh increase i n the rate of the Sjsrl mechanism b y p r o t o n a 
t i o n occurs. H B F 4 undergoes aga in a n S ^ l c leavage, b u t the rate of h y d r o l y s i s is 
accelerated b y several orders of magn i tude . 

Dr . W i l m a r t h : F i r s t , w i t h respect t o the effect of a c i d i t y , i f I understand y o u 
correc t ly , y o u are not q u o t i n g the m e c h a n i s m we proposed . 

R O H 2 £ R + H 2 0 

1 1 0 H - k ' Ι ν γ 
R O H « > R N 3 

I n a c i d s o l u t i o n i t is assumed t h a t the a q u a p e n t a - c y a n o i o n reacts t o f o rm a n 
in termedia te , a n d t h a t the in termed ia te m a y react w i t h water , or m a y be p i c k e d 
up b y a scavenger such as az ide i o n t o f o r m produc ts . I t is a lso assumed t h a t the 
complex , w h i c h has a p K of 9.8 is i n e q u i l i b r i u m w i t h R O H , the p r e d o m i n a n t species 
i n a k a l i n e s o lu t i on . T h e dec is ion t h a t we had t o m a k e was w h e t h e r the decrease i n 
rate occurred because R O H was a c omple te ly iner t species, o r whether R O H also 
underwent a n S # l mechan i sm as w e l l as th i s . I t was o u r conc lus ion t h a t the 
evidence favored two para l l e l Sjsrl mechanisms. 

W i t h respect to the general iod ine cata lys i s or hydrogen cata lys is , th i s subject 
is s t i l l under inves t i ga t i on , a n d poss ib ly the mechan ism is more c om pl i c a ted t h a n 
we have i n d i c a t e d i n the paper . W e do k n o w , a m o n g o ther scattered observat ions , 
t h a t the i odopentacyano complex reacts i n t i m e of m i x i n g w i t h aqueous bromine to 
give the bromopentacyano complex . T h e r e is some suspic ion that the hypo iodous 
ac id w o u l d also cata lyze the so lovc lys i s of i odopentacyano complex , so t h a t a ra ther 
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2 . MAIM IT A l . Dhtutslon 5 1 

care fu l p H dependence w i l l be requ i red t o de termine more a c c u r a t e l y the possible 
mechan isms . 

W e k n o w r e l a t i v e l y l i t t l e a b o u t the effect of change i n pos i t ive i o n i n the sys 
t e m , b u t we t h i n k t h a t the rate w o u l d p r o b a b l y be f a i r l y sensi t ive t o th i s . T h e o n l y 
def inite i n f o r m a t i o n we have invo lves recent studies of the s u b s t i t u t i o n of w a t e r b y 
p y r i d i n e , a n e u t r a l nuc leophi le , a n d a ra ther efficient one. H e r e there i s perhaps a 
20 or 3 0 % difference i n rate depending on whether we are w o r k i n g i n IM s o d i u m 
i o n or 1 M p y r i d i n i u m i o n . T h e rate is faster i n the p y r i d i n i u m i o n s o l u t i o n . 

Interest ing ly , the p l o t of k vs. p y r i d i n e concentra t i on does not curve t o the 
extent t h a t we w o u l d expect . P o s s i b l y th i s represents a general d i f f i cu l ty i n a t 
t e m p t i n g t o s t u d y n e u t r a l nucleophi les . 

I n the s t u d y of a nuc leophi le such as az ide , i t is possible t o replace perchlorate 
w i t h az ide even t o l i l f c oncentra t i on w i t h o u t a n apprec iab le change i n the a m o u n t 
of w a t e r o r the a c t i v i t y of w a t e r i n the s y s t e m ; b u t b y the t i m e one has reached 1M 
p y r i d i n e , 78 grams of p y r i d i n e , the m e d i u m has changed r a t h e r s u b s t a n t i a l l y , a n d 
the reverse p a t h i n v o l v i n g w a t e r m a y be s u b s t a n t i a l l y effected. 

A r t h u r A d a m s o n : I t h i n k D r . W i l m a r t h a n d co-workers have p r o b a b l y 
supp l i ed the bet ter ava i lab le evidence for the pentacoord inated in termediate i n a 
coba l t s u b s t i t u t i o n reac t i on . 

H o w e v e r , I t h i n k t h a t aga in i t is possible t o t reat these d a t a , as I t h i n k also 
t h a t D r . T a u b e noted , i n t e rms of the so lvent cage p i c ture a n d i n t e rms of the idea 
t h a t the reactants have preassembled before the a c t i v a t i o n energy arr ives . 

Spec i f i ca l ly , I a m n o t sure t h a t i t ' s a l w a y s safe t o assume t h a t because one 
species i s n e u t r a l , o r because the t w o are l i k e i n charge, t h a t one w i l l therefore no t 
have i o n assoc iat ion o r a n y apprec iab le preference t o w a r d s assoc iat ion . 

I t has been observed t h a t i o n - p a i r i n g constants are different for analogous 
C r ( I I I ) a n d C o ( I I I ) complexes . T h i s ind icates t h a t the nature of the c omplex a n d 
no t jus t the overa l l charge is i m p o r t a n t . T h e r e i s a quest ion as t o j u s t h o w far o u t , 
for example , apprec iab le d-electron dens i ty m a y be present ; w h e t h e r there m a y be, 
i n fact , a good dea l of c oord inat i on possible i n the second coord inat i on sphere so 
t h a t one has forces f a v o r i n g assoc iat ion w h i c h are not jus t e lectrostat ic . T h u s 
assoc iat ions c o u l d p r o v i d e k i n e t i c intermediates even i n these systems. 

J a c k H a l p e r n : I w o u l d l i k e t o c o m m e n t fur ther o n the ques t i on t h a t D r . 
A n b a r ra i sed a b o u t the p o s s i b i l i t y of generat ing the p e n t a c y a n o c o b a l t ( I I I ) b y 
e lec tron trans fer f r o m p e n t a c y a n o c o b a l t ( I I ) . 

S h u z o N a k a m u r a a t the U n i v e r s i t y of C h i c a g o has been l o o k i n g i n t o t h i s 
p o s s i b i l i t y . T h e reac t i on i n ques t i on is 

C o ( C N ) < T 3 C o ( C N ) 5 - 2 

I t has been k n o w n for some t i m e , as a resu l t of the w o r k of P r o f . A d a m s o n a n d 
others , t h a t coba l t (I I) forms a stable pentacyano complex i n aqueous s o l u t i o n . 
H o w e v e r there have been some quest ions ra ised a b o u t the s t ruc ture of th i s species 
p a r t i c u l a r l y as t o w h e t h e r i t is a t r u l y pentacoord inated species o r w h e t h e r there i s a 
loose ly he ld w a t e r molecule . 

W h e n one examines the o x i d a t i o n of C o ( C N ) 6 ~ 3 b y complexes of the p e n t a m -
m i n e c o b a l t ( I I I ) t y p e , several t ypes of behav ior are observed . B y f a r the strongest 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
02



5 2 MECHANISMS O F I N O R G A N I C REACTIONS 

preference appears t o be for C o ( C N ) 5 ~ 3 t o capture a s i x t h l i gand f rom the o x i d a n t 
as i n the i n n e r sphere e lectron transfer reac t ion : 

C o ( N H 3 ) 6 B r + 2 + C o ( C N ) 5 ~ 3 -> C o ( C N ) 6 B r - 3 + ~ 

T h e react ion proceeds w i t h a rate constant i n excess of 109 M~l sec."" 1 a p 
p r o a c h i n g the di f fusion contro l l ed l i m i t a n d i m p l y i n g t h a t s u b s t i t u t i o n of a s i x t h 
l i gand i n t o the coord inat i on shel l of Co(CN )5~" 3 is a n extremely r a p i d process. 

N o w , i f one oxidizes Co(CN)5~~ 3 w i t h a n o x i d i z i n g agent such as C o ( N H 3 ) e + 3 

w h i c h cannot s u p p l y a b r idg ing l i g a n d , so t h a t i n n e r sphere e lectron transfer is pre 
c luded , then b y far the strongest preference of the C O ( C N ) Ô ~ 3 under these cond i t i ons 
is , i f a t a l l possible, t o p i c k u p a s i x t h cyanide f r om the so lu t i on a n d thus to f o rm 
C o ( C N ) 6 " 3 as the p r o d u c t . 

T h e k inet i c s of th i s reac t ion are first-order i n free C N ~ " a s w e l l as i n C o C C N J g " 3 

a n d Ο ο ( Ν Η 3 ) β 4 3 . T h i s behav ior persists d o w n to extemely l ow C N ~ concentra t i on . 
C N ~ , even i n v e r y s m a l l c oncent ra t i on , is the preferred l i gand to complete the co 
o r d i n a t i o n she l l . 

I f one r ea l l y forces the issue b y go ing t o ex t reme ly l o w cyanide concentrat ions , 
the react ion becomes exceedingly s low, to the p o i n t where the results are a lmost 
unre l iab le . U n d e r these cond i t i ons the f o r m a t i o n of some C o C C N ^ O F ^ " " 3 as a 
reac t ion prodjuct is detectable , a n d we have a t t e m p t e d t o see w h e t h e r t h i s m i g h t 
ar ise t h r o u g h the pentacoord inated c o b a l t ( I I I ) in termediate C O ( C N ) B " ~ 2 b y d o i n g 
t h i s i n the presence of i ons such as N 3 ~ . H o w e v e r , we d o n o t observe a n y p i c k u p 
of N 3 ~ under these condi t ions consistent w i t h the d i s c r i m i n a t i o n p a t t e r n repor ted b y 
H a i m a n d W i l m a r t h . W e thus conc luded t h a t the C O ( C N ) Ô " " 2 r epor ted b y t h e m is 
no t f ormed under a n y cond i t i ons i n the o x i d a t i o n of C o ( C N ) 5 ~ 3 . 

T h e r e are t w o inferences t h a t need t o be d r a w n here. O n e concerns the ex
t r e m e l y h igh rate for these inner sphere ox idat ions , c oup led w i t h o u r fa i lure t o f o r m 
Co(CN )50H2~" 2 under a n y b u t mos t extreme cond i t i ons . I t h i n k th i s argues v e r y 
s t rong ly against the suggestion t h a t C o ( C N ) g ~ 3 is a c t u a l l y a n a q u o complex (-i.e., 
C o ( C N ) 6 O H 2 ~ 3 ) . I f i t were, i t is h a r d t o u n d e r s t a n d w h y i t fa i l s t o undergo d i r e c t 
o x i d a t i o n to C O ( C N ) B O H 2 ~ 2 , w h i c h is a per fect ly stable species w h e n generated i n 
o t h e r w a y s . 

T h e o ther inference relates t o the fact t h a t i t a lso appears t o be v e r y di f f i cult 
even under condi t ions where one has slowed d o w n a l l the a l ternate paths , t o conver t 
C o ( C N ) 5 ~ 3 b y d i rec t o x i d a t i o n to a species w h i c h is i d e n t i c a l t o the C O ( C N ) B ~ 2 

species of D r . H a i m a n d D r . W i l m a r t h . T h i s suggests t h a t the t w o species m u s t be 
s t r u c t u r a l l y v e r y different, so t h a t t h e t r a n s f o r m a t i o n of one t o the o ther does n o t 
occur r ead i l y , b u t r a t h e r t h a t C o ( C N ) 6 " ~ 2 prefers t o e x p a n d i t s c o o r d i n a t i o n she l l b y 
c a p t u r i n g a s i x t h l i gand before t rans ferr ing a n e lec tron . 

I t seems l i k e l y the s t ructure of t h e C o ( C N ) 6 ~ 3 is t r i g o n a l b i p y r a m i d a l , whereas 
the s t ructure of the C O ( C N ) B ~ ~ 2 is square p y r a m i d a l . 

D r . B r u b a k e r : I have been interested persona l ly i n the w o r k t h a t has come 
f r o m A u s t r a l i a i n the last year b y B e t t s a n d W i n f i e l d a n d others o n the o x i d a t i o n 
also of the pentacyano w i t h oxygen . H e r e t h e y find the oxygen b inds a proposed 
in termed ia te species w h i c h m a y be a monoperoxo monomer , w h i c h th is g roup 
scavenges v e r y w e l l for the pentacyanocoba l t ( I I ) a n d forms the f a m i l i a r 
decacyano -M -peroxyld icobal t ( I I I ) complex . So i n th i s case too , the o x i d a n t s t i cks , 
no t w a t e r . 
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2 . HAIM ET AL. Discussion 5 3 

Anthony Poe: I w o u l d l i k e to c o m m e n t o n the re la t ive nuc leophi l i c character 
t owards ac t ive intermediates a n d the fact t h a t i t has been sa id t h a t the differences 
between the nuc leophi l i c characters of an ions are r a t h e r s m a l l . 

W e w o u l d have thought the same t h i n g af ter some studies of the c o m p e t i t i o n 
between chlor ide , bromide , a n d iod ide for some r h o d i u m ( I I I ) complexes , because we 
found t h a t the rat ios of the rate constants a t 50°C. were v e r y n e a r l y 1:1:1. H o w 
ever, w h e n a c t i v a t i o n energies were measured , we found t h a t these produce a m u c h 
bigger d i s c r i m i n a t i o n . I n fact , the a c t i v a t i o n energy for the a d d i t i o n of i od ide t o 
o u r react ive intermediates is no less t h a n 6 k c a l . greater t h a n the a c t i v a t i o n energy 
for a d d i t i o n of ch lor ide a n d bromide . 

N o n e of these exper iments o n react ive intermediates has been done over a range 
of temperatures . A t least, I t h i n k t h a t is t r u e . I t w o u l d be in teres t ing to see 
whether th i s w o u l d produce a bigger d i s c r i m i n a t i o n between the var i ous nuc leo 
phi les t h a n is g iven b y the rate constants . 

Dr . W i l m a r t h : W e w o u l d be interested i n h a v i n g better temperature coeffi-

c ient d a t a f o r — , b u t i t w o u l d require exper iments of extreme accuracy to o b t a i n a n y 

i n f o r m a t i o n of interest here. O n e w o u l d be d e a l i n g w i t h a r a t i o of slopes t o i n t e r 
cepts i n p lots a t t w o temperatures t o o b t a i n th i s i n f o r m a t i o n . 

D r . Y a l m a n : I n connect ion w i t h t h a t , do y o u w a n t t o c o m m e n t o n the fact 
t h a t the e n t r o p y change t o the a z i d e a q u a t i o n is m a r k e d l y different f r om t h a t for 
the th i o cyanate a n d the i od ide? I t i s q u i t e possible t h a t the difference is more 
a p p a r e n t t h a n r e a l . 

Dr . W i l m a r t h : I d o n ' t have a n y rea l e x p l a n a t i o n for t h i s , b u t I bel ieve t h a t 
the difference is r ea l . S ince the s t r u c t u r e of the t w o ions is dif ferent, i t seems t h a t 
t h e AS* va lues m i g h t differ. 

Albert H a i m : R e g a r d i n g these quest ions of the react ions of the azido 
complexes w i t h n i t r o u s a c i d , there are t w o systems t h a t I have t r i e d t o e x p l o r e : 
the a z i d o p e n t a m m i n e - c o b a l t ( I I I ) c o m p l e x a n d the az idopentacyanocoba l t ( I I I ) 
c omplex . 

W e have t reated these complexes w i t h n i t rous a c i d i n the presence of v a r i o u s 
anions , a n d we t r i e d t o o b t a i n i n f o r m a t i o n o n the k inet i cs a n d sto ichiometr ies of the 
react ions . I t is c lear t h a t the k ine t i c s of the react ions of n i t rous a c i d w i t h e i ther 
a z i d o p e n t a m m i n e c o b a l t ( I I I ) o r a z i d o p e n t a c y a n o - c o b a l t ( I I I ) are ex t reme ly sensit ive 
to the presence of an ions other t h a n perchlorate . I n regard to the k i n e t i c sens i 
t i v i t y , we can ind i ca te b y a p lus s ign t h a t b o t h of these react ions are e x t r e m e l y 
sensit ive t o the presence of anions o ther t h a n perchlorate . 

T h e o ther quest ion is the s e n s i t i v i t y of the s t o i c h i o m e t r y of the r eac t i on . I f there 
is n o t h i n g b u t n i t rous a n d perch lor i c ac ids i n these systems, the products of these 
react ions are the corresponding a q u o complexes . I f one has, i n a d d i t i o n , the a n i o n 
X " * a t suff ic iently h igh concentra t i on of X~~, one detects some X - p e n t a m m i n e c o b a l t -

Sensitivity of 
Kinetics 

+ 
+ 

Sensitivity of 
Stoichiometry 

C o ( N H 3 ) 6 N 3 + 2 + H N 0 2 

C o ( C N ) 5 N r 3 + H N 0 2 
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5 4 MECHANISMS OF I N O R G A N I C REACTIONS 

( I I I ) o r some X - p e n t a c y a n o c o b a l t ( I I I ) . B u t the s e n s i t i v i t y of the s to i ch iometr i cs 
t o the added a n i o n is v e r y s m a l l , a n d we can ind i ca te th is b y a m i n u s s ign . I t h i n k 
t h a t the o n l y conc lus ion t h a t one can reach f rom th i s t y p e of d a t a is t h a t there is a n 
in termed ia te i n the s y s t e m . 

N o w the quest ion is , w h a t is th i s in termed ia te ? T h i s is w h a t the a r g u m e n t has 
been a b o u t . A s we suggest i n the paper , there are var i ous possible intermediates . 
T h e first one t h a t comes to m i n d i s , b y ana logy t o the reac t i on of free az ide i o n w i t h 
n i t rous a c i d w h i c h has been s t u d i e d b y k i n e t i c a n d tracer studies , the in termed ia te 
R N N N N O formed b y a d d i t i o n of N O 4 " t o the az ide . N o w the quest ion is , w h a t is the 
fate of th i s in termediate in the present systems? I t can react w i t h X ~ , i t can react 

x -
R N N N N O -

H 2 0 

d issoc iat ion 

w i t h H 2 0 ; or i t can dissociate t o g ive the in te rmed ia te , R . T h e p o i n t t h a t needs t o 
be establ ished is w h i c h , i f a n y , of these a l ternat ives is correct , a n d i f more t h a n one 
is correct , w h a t are the re lat ive c o n t r i b u t i o n s . T h a t is , the possible d i s c r i m i n a t i o n 
of the R N N N N O intermed ia te for X ~ a n d H 2 0 m a y be dif ferent from the possible 
d i s c r i m i n a t i o n of the pentacoord inated in termediate for X ~ a n d H 2 0 . I n a d d i t i o n 
to the quest ion of intermediates of dif ferent s t o i c h i o m e t r y , ( R N N N N O a n d R ) 
there is the quest ion of the geometry of the pentacoord inated in termed ia te . A t 
th is p o i n t i t w o u l d be o n l y specu la t i on to say w h a t the geometry of th i s pentaco 
o r d i n a t e d in termediate i s . H o w e v e r , i t is possible , t h a t i n different react ions , 
dif ferent geometries m i g h t be o b t a i n e d . 
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3 
The Kinetics and Mechanism of 
Formation of Metal Complexes 

MANFRED EIGEN a n d R A L P H G. WILKINS 

Max-Planck Institut für Physikalische Chemie, Göttingen, Germany 
State University of New York at Buffalo, Buffalo, Ν. Y. 

Kinet ic d a t a f o r the f o r m a t i o n of m e t a l c o m 

p l e x e s o b t a i n e d by var ious methods s h o w t h a t 

t h e c o m p l e x f o r m a t i o n of ML from metal ion, M, 

a n d l i g a n d , L, c a n b e d e s c r i b e d in terms of a 

r a p i d p r e - e q u i l i b r i u m , i n v o l v i n g f o r m a t i o n of 

a n outer s p h e r e c o m p l e x M(H2O)L, which t h e n 

loses w a t e r in t h e r a t e - d e t e r m i n i n g s t e p of 

i n n e r s p h e r e c o m p l e x (ML) f o r m a t i o n . The 

f o r m a t i o n r a t e is a f f e c t e d b y e l e c t r o n c o n 

f i g u r a t i o n a n d oxidation state of M, t h e c h a r g e 

of t h e e n t e r i n g l i g a n d , as w e l l as l i g a n d s , in

c luding OHO-, already p r e s e n t . The m e t a l - w a t e r 

e x c h a n g e process is p r o b a b l y i m p o r t a n t in 

d e t e r m i n i n g t h e r a t e of p o l y m e r i z a t i o n a n d 

f o r m a t i o n of i n t e r m e d i a t e s in redox processes. 

J h e c lass i f i cat ion of m e t a l c o m p l e x react ions as " l a b i l e " a n d " i n e r t " b y T a u b e 
(121) was based essent ia l ly o n l i t e ra ture of q u a l i t a t i v e observat ions . I n the 

last decade o r so th i s s i t u a t i o n has changed d r a m a t i c a l l y , as even a cursory e x a m i n a 
t i o n of the T a b l e s w i l l show. 

T h i s account is concerned w i t h the ra te a n d m e c h a n i s m of the i m p o r t a n t group 
of react ions i n v o l v i n g m e t a l c o m p l e x f o r m a t i o n . S ince the b u l k of the studies have 
been per formed i n aqueous s o l u t i o n , the reac t i on w i l l general ly refer, spec i f i ca l ly , t o 
the rep lacement of w a t e r i n the c o o r d i n a t i o n sphere of the m e t a l i o n , usua l ly o c t a 
h e d r a l , b y another l i g a n d . T h e p a r t i c i p a t i o n of outer sphere complexes ( ion p a i r 
f ormat ion) as intermediates i n the f o r m a t i o n of i n n e r sphere complexes has been 
considered for some t i m e (122). T h e r m o d y n a m i c , a n d k i n e t i c studies of the s l o w l y 
reac t ing c o b a l t ( I I I ) a n d c h r o m i u m ( I I I ) complexes (45, 122) i nd i ca te a c t i ve p a r t i c i 
p a t i o n of outer sphere complexes. H o w e v e r , the role of outer sphere complexes i n 
the react ions of lab i le m e t a l complexes a n d t h e i r general i m p o r t a n c e i n complex 
f o r m a t i o n (33, 34, 41, 111) h a d t o a w a i t modern techniques for the s t u d y of v e r y 
r a p i d react ions . L i t t l e evidence has appeared so far for d i rec t p a r t i c i p a t i o n of the 
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5 6 MECHANISMS O F I N O R G A N I C REACTIONS 

l i gand i n the f o rmat i on of o c tahedra l complexes. If a n SNI mechanism for inner 
sphere s u b s t i t u t i o n is assumed, the reac t ion can be f o rmulated i n a general m a n n e r 
as fo l lows : 

(I) M ( H 2 0 ) 6 + a 

+ L - b ( £ 1 3 ) 

- L - b ( £ 3 1 ) 
M ( H 2 0 ) 6

+ a - L - b (3) 

- H 2 0 
(kit) 

+ H 2 0 

(*n) 

- H 2 0 | 

(ku) 

+ H 2 0 
(ka) 

(2) M ( H 2 0 ) 5 + * 
+lrh(ku) 

-L~h(k42) 
M ( H 2 0 ) 6

+ a - L - b (4) 

M ( H 2 0 ) 6 L + ( a - b ) (5) 

T h e i m p o r t a n c e of i n d i v i d u a l steps w o u l d be expected to v a r y w i t h the p a r t i c u l a r 
sys tem s tud ied . I t is ex tremely di f f icult (if even meaningful ) t o d i s t ingu ish the 
fine mechan i sm of the react ion . If the pentacoord inate species (Reac t i on 2) has a 
s i m i l a r a f f in i ty for most nucleophi les (51, 53, 84), or i f the outer sphere assoc iat ion 
(Reac t i on 3) is weak a n d incomplete , then i n e i ther case, second-order k inet i c s for 
the f o r m a t i o n react ion m a y be observed. F o r ca l cu la ted va lues see H a m m e s a n d 
Ste inf ie ld (56). E x p e r i m e n t a l l y , the outer-sphere assoc iat ion constant for the re 
a c t i o n of C o ( N H 3 ) 5 H 2 0 + 3 w i t h S C H ~ , SOf2 a n d H 2 P04~~ a t moderate i on i c strengths 
is i n the range 2-12 (51). T h a t for C o ( N H 3 ) 6 + 3 w i t h N H 3 is 0.2 (75) a n d for 
C r ( H 2 0 ) e + 3 w i t h SO4-2 is 12 (45). T h e rate c ons tant w o u l d be close t o the va lue 
for w a t e r exchange w i t h e i ther M ( H 2 0 ) 6 + a o r M ( H 2 0 ) 6 + a - L ~ b , s ince l i t t l e d i f 
ference w o u l d be expected. If the route of Reac t i ons (1) (2) (4) is chosen, the 
water exchange rate constant w o u l d be modi f ied b y a factor ki\/ki\ ( H 2 0 ) ; whereas 
w i t h the sequence of Reac t i ons (1) (3) (4) the factor w o u l d be ku/kzi, the outer 
sphere assoc iat ion constant . T h e i m p o r t a n c e of outer sphere complexes is m i n i 
m i z e d w h e n reactants of s i m i l a r charge sign are i n v o l v e d (-e.g., i n the react ions of 
C o ( C N ) 5 H 2 0 ~ 2 w i t h anions (53) ; whereas for oppos i te ly charged reactants , m e c h a 
n i s m (1) (3) (4) preva i l s i f the pentacoord inated intermediate is unstable (-i.e. as 
l ong as &2i ( H 2 0 ) » kn, since usua l l y ku > &24 a n d kzi = £24)· 

T h e d a t a i n the tables have been obta ined b y var i ous methods (18, 46) 
i n c l u d i n g e lectrochemical , e lectr ic field, s ound absorpt i on , nuclear magnet i c a n d 
electron paramagnet i c resonance, t emperature a n d pressure j u m p , flow a n d classical 
k i n e t i c studies for the slower reac t ing ions (often f rom i so top i c exchange d a t a ) . I n 
nonaqueous so lut ion studies (Tab le II ) rates can be reduced to the easi ly measurable 
range b y w o r k i n g at l ow temperatures , a s imple idea first exp lo i ted i n th i s field b y 
B j e r r u m a n d Pou lsen (14). M a n y of the f o rmat ion rate constants c i ted are from 
" d i r e c t " measurements ; some have been obta ined b y c o m b i n i n g d issoc iat ion rate 
constants w i t h the appropr ia te t h e r m o d y n a m i c constants where possible. 

Nontransition Metal Ions 

Resu l t s for a l k a l i a n d a l k a l i n e ear th ions w i t h a great v a r i e t y of l igands have 
been reported i n previous papers (35, 40). F o r these ions, subs t i tu t i on of water 
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3 . WILKINS AND EIGEN Formation of Metal Complexes 5 7 

molecules f rom the inner c oord inat i on sphere general ly is v e r y r a p i d . T h u s , for 
L i + , N a + , a n d K + ions , k ~ 5 Χ 107, 5 Χ 108 a n d 1 Χ 109 s e c . - 1 r e spec t ive ly (39, 
40). E x c e p t for B e + 2 a n d M g + 2 the o v e r a l l process is a l m o s t di f fusion contro l l ed 
a n d therefore, c a n be measured o n l y b y spec ia l techniques (-e.g., s o u n d a b s o r p t i o n ) . 
Complexes c o n t a i n i n g m u l t i d e n t a t e l igands depend s l i g h t l y on the n u m b e r of 
l igands to be s u b s t i t u t e d . F o r M g + 2 , s u b s t i t u t i o n i s a b o u t three orders of m a g n i 
tude s lower t h a n for C a + 2 . B e + 2 , a g a i n , is several orders of m a g n i t u d e s lower, de 
p e n d i n g somewhat on the p r o t o n a f f in i ty of the l i g a n d to be s u b s t i t u t e d ( in terna l 
h y d r o l y s i s ) . I n a l l o ther cases the i n v a r i a n c e of the rate w i t h respect t o the nature 
of the s u b s t i t u t i n g l igands (apart f rom charge effects i n i o n pa i r ing ) is s t r i k i n g . 
F o r deta i ls of the mechanisms see references (35, 40). 

T h e corre lat ion found between rate d a t a a n d p h y s i c a l propert ies , such as 
charge a n d rad ius , for these m e t a l ions has l e d t o some pred i c t i ons (35) c oncern ing 
the rate behav ior of the t e rva l en t e a r t h m e t a l ions . A l u m i n u m (111) a n d g a l l i u m 
( I I I ) a p p e a r to fit v e r y we l l i n t o t h i s scheme. A different behav io r , however , was 
found for the series S c + 3 , Y + 3 , L a + 3 a n d the l anthan ides (48). T h e rates are h igher 
t h a n for b i v a l e n t ions of the same size a n d show some i rregular i t ies , w h i c h a p p a r e n t l y 
are caused b y differences i n c oord inat i on numbers . T h e s e studies are s t i l l i n p r o 
gress; t h e y show t h a t charge a n d size of the m e t a l i o n are not sufficient for a f u l l 
descr ip t i on of the behav ior , even i n the case of noble gas- l ike e lectron conf igurat ions . 
T h i s is not surpr i s ing perhaps , since the corre lat ion between m e t a l i o n size a n d rate 
(for a g iven charge a n d c o o r d i n a t i o n type) is no t s imple ; several force in terac t i ons 
c ont r ibute to s t ruc ture a n d s t a b i l i t y of the c oord inat i on c o m p o u n d . 

Transition Metal Ions 

T h e b u l k of the sys temat i c w o r k has been c a r r i e d out so far i n th i s a rea . E v e n 
then most of i t refers t o the first per i od , a n d d a t a for the second a n d t h i r d per iods 
are needed. T h e predominance of h y d r o x o a n d po lyn u c l ear ca t i on i c species w i t h 
th i s l a t ter group w i l l u n d o u b t e d l y compl i cate the measurements . 

B i v a l e n t M e t a l I o n s . T h e re la t ive react ion rates of the v a n a d i u m (I I ) - z i n c 
(II ) series have been discussed o f ten (8, 34, 35, 40, 41, 111). T h e i m p o r t a n t fea
tures , w h i c h are w e l l s h o w n b y e x a m i n a t i o n of T a b l e I , a r e : 

(i) re la t ive slowness of react ion of the cP a n d d* systems. P r e l i m i n a r y results 
for the reac t ion of v a n a d i u m ( I I ) ind i ca te t h a t th is i o n reacts more s l o w l y t h a n even 
n i c k e l ( I I ) w i t h t h i o c y a n a t e i o n a n d w i t h d i p y r i d y l (74). 

( i i) extreme r a p i d i t y of reac t i on of the d9 s ys tem s h o w n b y copper ( I I ) , due 
to a c o m b i n a t i o n of J a h n - T e l l e r l a b i l i z a t i o n of the a p i c a l pos i t ions as w e l l as 
r a p i d changes w i t h i n the c o o r d i n a t i o n s t ruc ture (35). T h e r e is some evidence t h a t 
w h e n r a p i d in ter convers i on of e q u a t o r i a l a n d a x i a l pos i t ions i n the c o o r d i n a t i o n 
sphere of copper is prevented -e .g . , b y us ing p o l y a m i n e c o p p e r ( I I ) ions , t h e n e q u a 
t o r i a l w a t e r is s u b s t i t u t e d w i t h a rate cons tant s i m i l a r to t h a t for n i c k e l ions (103). 
T h e mechanisms the a r g u m e n t is based o n are complex , however , a n d fur ther ex
p e r i m e n t a l w o r k o n th is in teres t ing p r o b l e m is needed. T h e r e is no i n d i c a t i o n i n 
the table d a t a for such s low react ions . T h e di (h igh spin) sys tem m i g h t also be 
expected to show such ex t remely r a p i d rates because of J a h n - T e l l e r effects, a n d 
indeed c h r o m i u m ( I I ) behaves l i k e copper ( I I ) u l t r a s o n i c a l l y i n react ions w h i c h 
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5 8 MECHANISMS O F I N O R G A N I C REACTIONS 

occur r a p i d l y w i t h S C ^ - 2 i o n (39). H o w e v e r , m u c h s lower rates have been f o u n d 
for s u b s t i t u t i o n w i t h m u l t i d e n t a t e l igands (74), a n d these p r o b a b l y refer to sub 
s t i t u t i o n i n the e q u a t o r i a l pos i t ions . 

( i i i ) r a p i d rates of reac t ion of d10 i ons -e .g . , m e r c u r y (I I) ; the rate constants a n d 
a c t i v a t i o n energies suggesting d i f fus ion-contro l led processes (36, 37, 92). Z i n c ( I I ) 
i on also is faster t h a n expected f r o m i ts rad ius , w h e n c o m p a r e d w i t h M g + 2 a n d 
C a + 2 ions . T h e p o s s i b i l i t y t h a t s u b s t i t u t i o n i n o c tahedra l complexes is i n d i i e c t 
a n d proceeds t h r o u g h ac t i ve species of lower c o o r d i n a t i o n n u m b e r , - e .g . , t e t r a h e d r a l , 
can be d ismissed b y the recent d e m o n s t r a t i o n t h a t the rates of c o n f o r m a t i o n a l i n t e r -
convers ion are too s low (~0.1 seconds) t o a l l o w such c a t a l y t i c effects (35, J10). 

T h e a m o u n t of d a t a ava i lab le for n i cke l (I I) a l lows some general izat ions , 
a l t h o u g h i t m u s t be remembered , t h a t w i t h the v a r i e t y of e x p e r i m e n t a l techniques 
a n d condi t ions , l i t t l e rel iance shou ld be p laced o n s m a l l differences i n separate 
values . Second-order rate constants range f rom 2 X 10s ( H E D T A 3 ) through 
3 X 103 (NH3) t o a va lue as low as 3.5 (Hate* 3 ) , a v a r i a t i o n understandable i n terms 
of the proposed mechanism. 

T e r v a l e n t M e t a l I o n s . Once again the general s i m i l a r i t y of rate constants for 
a p a r t i c u l a r m e t a l is s t r i k i n g . A l t h o u g h S c h m i d t a n d T a u b e (105) have e s t imated 
the values of the first-order loss of water f rom the outer-sphere complexes , C o ( N H a ) 6 
Η 2 0 ^ · Η 2 0 , C o C N H s ^ H a O + s - S O r 2 a n d € ο ( Ν Η 8 ) 6 Η 2 0 ^ · Η 2 Ρ θ Γ (Tab le I) a n d 
suggested a k i n e t i c influence of the i n c o m i n g group , the differences are c e r t a i n l y 
not large. T h e d r a m a t i c increase i n the w a t e r l a b i l i t y i n chang ing f r om a l ow to a 
h igh s p i n c o b a l t ( I I I ) complex is ev idenced b y the fact t h a t flow methods m u s t be 
used t o measure the react ion rate between Co" 1" 3 a n d C l ~ i o n (23). I n moderate a c i d 
concentrat ions (0.1 M ) the rate of the c h r o m i u m ( I I I ) a n d coba l t ( I I I ) complexes 
considered i n the table a p p e a r t o be inf luenced l i t t l e b y p H . W i t h the i r o n (111) 
sys tem the rate behav ior suggests t h a t F e ( O H ) + 2 reacts more r a p i d l y t h a n F e * 8 

w i t h C l ~ , B r ~ a n d S C N " " ; b u t w i t h l igands w h i c h pro tonate i n weak a c i d i t y ( X » 
SO4""2, F"~ a n d N 3 ~ ) a m b i g u i t y of i n t e r p r e t a t i o n is possible . I n the a c i d independent 
p a t h , reactants m a y be considered t o be Fe"1"3 a n d X ~ , or F e ( O H ) + 2 a n d H X (106). 
If the la t t e r f o r m u l a t i o n is used, rate constants for a l l react ions of F e ( O H ) + 2 are i n 
the 3 Χ 103 t o 3 Χ 106 M ^ s e c r 1 range a n d for those of Fe+ 3 , 4-127 M ^ s e c . " 1 , 
once aga in e m p h a s i z i n g the s m a l l role of the l i g a n d . T h e rate constants i n the table 
are presented on th is basis (106). 

General Conclusions 

I t has been t a c i t a l l y assumed i n th i s d iscussion that the second-order f o rmat ion 
rate constants measure the s imple water s u b s t i t u t i o n process. A l t h o u g h th is m u s t 
a p p l y w h e n un identate l igands replace c oord inated water , a compos i te process 
c o u l d describe the replacement b y m u l t i d e n t a t e l igands. H o w e v e r , cons iderat ion 
of rate constants for successive f o rmat ion a n d dissoc iat ion processes suggests t h a t 
the overa l l rate of complex f o r m a t i o n w i t h flexible b identate (and p r o b a b l y m u l t i 
dentate) l igands such as d iamines , d i p y r i d y l , g lyc ine is p r o b a b l y de termined b y the 
rate of expuls ion of the first w a t e r molecule f rom the m e t a l a q u a i on (56, 80, cf. 3 
a n d 84). 
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3 . WILKINS AND EIQBN Formation of Mmtal ComplmxmM 5 9 

I t is c lear t h a t w i t h these meta l ions the role of w a t e r exchange is p a r a m o u n t . 
E v e n a c t i v a t i o n parameters , where ava i lab le , agree w i t h those for the water ex
change process. W e can , therefore, suggest t h a t the high a c t i v a t i o n energies for 
d issoc iat ion of F e ( p h e n ) 3

+ 2 a n d F e ( d i p y ) 3 + 2 , of the order of 30 k c a l . / m o l e , m u s t 
ind i ca te t h a t the f o rmat ion of these ions f rom the bis species be u n u s u a l l y h i g h l y 
exo thermic (~ 20 k c a l . / m o l e ) , a n d th i s is indeed observed (4). I n some cases the 
coord inated water is a p p a r e n t l y weakened b y h a v i n g several charged donor a toms 
also a t t a c h e d t o the m e t a l (-e.g., C N ~ or E D T A " " 4 ) , or even o n l y one h y d r o x i d e 
group. H o w e v e r , th is charge effect is not present for other l igands. D e t a i l e d studies 
(78) show t h a t i t is not the overa l l charge, bu t loca l charge dens i ty a t the l igands 
present i n the coord inat i on sphere (or b i n d i n g strength re lat ive t o H 2 0 ) w h i c h is 
the more decisive factor . (These results w i l l be presented b y M a r g e r u m (78).) 
I m p o r t a n t effects of coord inat i on groups on water l a b i l i t y are shown b y the rate 
constant for the react ion of M ( t e r p y ) 4 2 w i t h t e r p y r i d i n e , M = F e , C o , a n d N i , 
being some 200 t imes larger t h a n for the f o rmat i on of the m o n o species (62). T h e 
exper imenta l results are not accurate or c lear enough yet t o a l l o w definite c o n c l u 
sions a b o u t the w a t e r exchange rate w h e n a magnet i c change occurs i n the f o r m a t i o n 
react ion-e .g . , Fe(CN)5H20"~ 8 - * F e ( C N ) e ~ 4 , a n d some q u a n t i t a t i v e d a t a are re 
q u i r e d here. 

W e can now m a k e sensible guesses as to the order of rate constant for w a t e r 
replacement f rom coord inat i on complexes of the metals t a b u l a t e d . ( W i t h the 
f o rmat i on of fused r ings these re lat ionships m a y no longer a p p l y . Cons ider , for 
example , the slow react ions of m e t a l ions w i t h p o r p h y r i n e der iva t ives (20) o r w i t h 
tetrasul fonated phtha lo cyan ine , where the rate d e t e r m i n i n g step i n the i n c o r p o r a 
t i o n of m e t a l i o n is the d issoc iat ion of the pyrro l e N - H bond (1Ô4).) T h e reason for 
m a n y earl ier (most ly qua l i ta t i ve ) observat ions on the behav ior of complex ions 
can now be understood . T h e re la t ive reac t i on rates of cat ions w i t h the a n i o n of 
thenoyl tr i f luoroacetone (113) a n d m e t a l - a q u a w a t e r exchange d a t a f r o m N M R 
studies (69) are m u c h as expected. T h e r a p i d exchange of C N ~ w i t h H g ( C N ) 4 ~ 2 

or Z n ( C N ) 4 ~ 2 or the v e r y s low H g ( C N ) + , Hg+ 2 i so top ic exchange c a n be under 
stood , w h e n the dissoc iat ive rate constants are es t imated . Reac t i ons of the 
t y p e M + a -f- L ~ b ^± M L + ( a ~ b ) can be jus t i f i ab ly assumed r a p i d i n the proposed 
mechanisms for the redox react ions of i r o n ( I I I ) w i t h iod ide (47) o r th iosul fate (93) 
ions o r w h e n copper ( I I ) reacts w i t h cyan ide ions (9). F i n a l l y re lat ions between 
k i n e t i c a n d t h e r m o d y n a m i c parameters are shown b y a v a r i e t y of complex ions 
since the d issoc iat ion rate constant dominates the t h e r m o d y n a m i c s t a b i l i t y cons tant 
of the complex (127). A recent ly observed l inear re la t i on between the rate constant 
for d issoc iat ion of n i c k e l complexes w i t h a v a r i e t y of p y r i d i n e bases a n d the a c i d i t y 
constant of the base arises f rom the constancy of the f o rmat i on rate constant for 
these complexes (87). 

T h e m e t a l i o n - w a t e r exchange process m u s t be i m p o r t a n t i n areas o ther t h a n 
those of s imple m e t a l complex f o r m a t i o n . F o r example , the discharge of n i c k e l i o n 
at a m e r c u r y cathode is p r o b a b l y contro l l ed , not b y di f fus ion , b u t b y rearrangement 
of the w a t e r c oord inat i on shel l . T h e es t imated rates a n d heat of a c t i v a t i o n for th i s 
agree w i t h the idea that th is , i n t u r n , is re lated t o the w a t e r exchange process (66). 
T h e n too , the d i m e r i z a t i o n rate of m e t a l h y d r o x y species m a y be contro l led by w a t e r 
exchange. T h e reac t i on 

2FeOH+ 2 -> Fe 2 (OH) 2 + 4 
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6 0 MECHANISMS O F I N O R G A N I C REACTIONS 

has a rate constant 4.5 Χ 10 2 M - 1 s e c . _ 1 a t 25°C. (124), a n d th i s is s i m i l a r t o the 
w a t e r exchange va lue for F e O H + 2 ( ~ 5 X 10 2 s e c . - 1 (22)). T h e rate constant for the 
f o rmat i on of C u 2 ( O H ) 2

+ 2 , S n 2 ( O H ) 2
+ 2 , C e 2 ( O H ) 2

+ 6 a n d other s i m i l a r species cou ld 
thus be pred i c ted once the w a t e r exchange rate has been de termined . I t w i l l be 
in teres t ing t o see i f the facts con f i rm th i s idea . T h e f o r m a t i o n of other b inuc lear 
species m i g h t also be contro l l ed i n th is w a y . A s examples we can cite the f o rmat ion 
of M g 2 F ~ " 2 f rom M g + 2 a n d M g F - 4 (k - 1.6 Χ 10 6 M ^ s e c . " 1 a t 2 5 ° C ) ; wh i l e the 
f o r m a t i o n of a n in termediate i n the react ion of C o ( E D T A ) ( H 2 0 ) ~ 2 w i t h F e ( C N ) e ~ 3 

occurs a t a rate one w o u l d expect for the replacement of water f rom the cobal t (I I) 
coord inat ion sphere (2). H a l p e r n a n d Orge l (54) have discussed the p o s s i b i l i t y 
t h a t i n cer ta in redox react ions the f o r m a t i o n of a br idged in termediate (rather t h a n 
e lectron transfer w i t h i n the intermediate ) m a y be the ra te - cont ro l l ing step. T h e 
second-order rate constants for (a) F e + 2 — F e N 3

+ 2 exchange (17) (2 Χ 10 3 M^sec . " "* 1 

a t 0°C. ) a n d (b) C o ( E D T A ) ( H 2 0 ) ~ 2 w i t h I r C U " 2 (32) (4 Χ 10 3 M ^ s e c . " 1 a t 22°C.) 
suggest t h a t w i t h these react ions, f o rmat ion of br idged intermediates v i a water 
exchange m a y indeed cont ro l the process. T h i s po in t m a y be general ly i m p o r t a n t . 

A p p a r e n t l y future w o r k lies i n the inves t i ga t i on of some of the interes t ing effects 
ment i oned above a n d other m e t a l ions. I n a d d i t i o n , more sys temat i c studies 
i n nonaqueous so lvents are requ i red , the p a u c i t y of d a t a here be ing obv ious f rom 
T a b l e I I . W h a t l i t t l e evidence we have indicates t h a t here too , so lvent release 
f rom the m e t a l i o n m a y p l a y a n i m p o r t a n t role i n f o r m i n g m e t a l complexes. A l 
ready , in teres t ing effects of s m a l l a m o u n t s of w a t e r on l a b i l i z i n g c oord inated 
m e t h a n o l have been observed (77, 112). 

Guide to Tables 

1. Metal Ion. I n general , c oord inated so lvent is o m i t t e d . 
2. Ligand. Some 50 different l igands are i n c l u d e d . These are arranged i n order of 
decreasing negative charge for the react ions w i t h a p a r t i c u l a r m e t a l i o n . T h e 
fo l l owing abbrev ia t i ons a p p l y : H F ~ 5 p ro tonated m e t a l p h t h a l e i n (26); A T P * * 4 

adenosine t r i p h o s p h a t e ; A D P - 3 adenosine d i p h o s p h a t e ; E D T A ~ 4 e thy lened ia -
minetetraacetate ; P D T A " 4 p ropy lened iaminete t raacetate ; N T A * - 3 n i t r i l o t r iace ta te ; 
I D A " " 2 i m i n o d i a c e t a t e ; G ~ g l y c i n e ; G G ~ " d i g l y c i n e ; G G G ~ t r i g l y c i n e ; p y p y r i d i n e ; 
I M i m i d a z o l e ; en e t h y l e n e d i a m i n e ; t e . C - t e t r a m e t h y l e t h y l e n e d i a m i n e ; phen 1,10-
p h e n a n t h r o l i n e ; d i p y 2 , 2 / - d i p y r i d y l ; t e r p y 2 , 2 / , 2 ' / - t e r p y r i d y l ; p t n 1,2 ,3-tr iamino-
p r o p a n e ; P A D p y r i d i n e - 2 - a z o d i m e t h y l a n i l i n e ; t r i e n t r i e thy lenete t ramine ; te 
te t raethy lenepentamine ; p ( -penten ) N , N , N / , N , - t e t r a - ( 2 - a m i n o e t h y l ) e t h y I e n e d i a -
m i n e . 
3. Rate Constant. T h e l o g a r i t h m s of second-order rate constants (expressed 
as M^hecr1) are g iven for 25°C. unless o therwise i n d i c a t e d . These are rounded 
off t o the nearest 0.1 u n i t . T h e i o n i c strengths are often 0.1-0.2 M. 
4. E. T h e energies of a c t i v a t i o n are g iven t o the nearest k c a l . / m o l e . 
5. Method. W h e n r a p i d techniques are i n v o l v e d the fo l l owing abbrev ia t i ons a p p l y : 
F , flow; T J , temperature j u m p ; P J , pressure j u m p ; E , e lec t rochemica l ; N M R , 
nuc lear magnet i c resonance; E S R , e lectron s p i n resonance; S A , sound a b s o r p t i o n ; 
E F , e lectr ic field. C l a s s i c a l methods for inves t iga t ing k inet i cs are not specified 
unless l ow temperatures ( L T ) have been used. 
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3 . WILKINS AND EIGEN Formation of Metal Complexes 6 1 

Table I. Kinet ic D a t a f o r t h e Format ion of M e t a l C o m p l e x e s In A q u e o u s 
Solut ion a t 25°C-

I. Nontrans i t ion meta l ions 

Reference 

(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(39) 
(41) 
(26) 
(30) 
(30) 
(38) 
(38) 
(41) 
(41) 
(41) 
(26) 
(30) 
(38) 
(39) 
(39, 40, 41) 
(39) 
(39) 
(39) 
(16, 116, 117) 
(72) 
(10) 

(6) 

Log Rate 
Metal Ion Ligand Constant Method 

Li+ T P - 6 9.0* S A 
E D T A " 4 7.7** S A 
N T A ~ 3 7.7° 6 S A 
I D A " 2 8 .4° 6 S A 

N a + T p - 6 > 9 . 3 & S A 
E D T A ~ 4 7.7* 6 S A 
N T A " 3 7.9° 6 S A 
I D A " 2 8%.4° 6 S A 

K + T P - 5 >9.7* S A 
E D T A - 4 7 .9 o f t S A 
N T A " 3 8 . 2 e & S A 

R b + T P - 5 > 9 . 7 6 S A 
E D T A " 4 8.1*» S A 
N T A " 3 8.4« 6 S A 

C s + ΤΡ-δ > 9 . 7 è S A 
E D T A " 4 8.3** S A 
N T A " 3 8 .5 ° 6 S A 

B e + 2 S O r 2 2 . 0 e 6 S A 
M g + 2 H F - s 6.2 T J 

A T P " 4 7.1 T J 
Η A T P - 3 6.5 T J 
A D P " 3 6.5 T J 
H A D P - 2 6 .0 T J 
S O r 2 5 . 0 β δ S A 
C r O r 2 5 .0° 6 S A 
S2O3-2 5 . 0 α & S A 

Ca+ 2 H F " 6 8.8 T J 
A T P " 4 > 9 . 0 T J 
A D P - 3 > 8 . 4 T J 
I D A - 2 8 . 4 α 6 S A 
C i - O r 2 > 7 . 7 ° & S A 
G - 8 . 6 β & S A 

Sr+ 2 I D A - 2 8 .5° 6 S A 
Ba+ 2 I D A " 2 8 . 9 β δ S A 
Pb+ 2 Η E D T A " 3 9.3 E 

Η N T A " 3 8.2 E 
A1+ 3 S O r 2 ~ 0 . 0 α P J 

HoO < 1 . 0 β F 

I I . B ivalent transit ion metal ions 

Metal Ion Ligand 
Log Rate 
Constant Method Reference 

V + 2 S C N - 1. .6* (74) 
d i p y - 0 .5 - 1 5 (74) 

Cr+ 2 dipy - 2 .0 (74) 
M n + 2 N T A " 3 8, .7 E (72) 

H N T A " 2 5, .3 E (72) 
SO4-2 6 >6a& 6 S A (41) 

- 8 . 0 a 6 E S R (59) 
c i - 7, .2 9 E S R (59) 
H 2 0 7 . 5 e 8 N M R (111) 

Fe+2 S 0 4 " 2 6 .0ab S A (41) 
H 2 0 
phen 

6 .5 e 8 N M R (111) H 2 0 
phen 5, .9 F (H) 
terpy 4 .7 9 F (62) 

Fe(phen) 2 + 2 phen 5 . 8 e (67, 129) 
F e ( d i p y ) 2

+ 2 d ipy 5 .6 e (67, 129) 
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6 2 MECHANISMS O F I N O R G A N I C REACTIONS 

F e G 2 G - 4.6 10 N M R (95) 
F e ( C N ) 5 - 3 C N - - 0 . 0 (44) 
Co+ 2 E D T A - 4 =9.0 Ε (114) 

H E D T A - 3 7.0«< 
6.6 

Ε (114) 
(76) 

H P 3 O 1 0 - 4 8.6 T J (55) 
H P 2 0 7 - 8 6.3 τ τ (55) 
S O r 2 5.3« f c 6 S A (41) 
G G - 5.7 T J (56) 
S C N - >4.0 F (27) 
H 2 0 6.0" 8 N M R (Ul) 
I M 5.1 T J (56) 
phen 5.5 11 F (62) phen 

5.2C 10 (4, 43, 
P A D 4.6r f 10 T J (128) 

Co(IM)+* I M 5.0 T J (56) 
Co(en) 2+* en 6.3 e 

6.8 e 

N M R 
N M R 

(88) 
(95) 

Co(phen) 2 + 2 phen 5.6 e 13 (4, 43, 
C o G + G - 6.3 T J (56) 
Co(GG)+ G G - 5.0 T J (56) 
C o G 2 G - 6.0 

6.3 e 

T J 
N M R 

(56) 
(95) 

Ni+* H E D T A " 3 5.3 (81) 
Ni+* H P g O i o " 4 6.8 T J (55) 

H P 2 0 7 " 3 6.3 
4.0 e 

(55) 
(119) 

H 2 E D T A ~ 2 3.3 
2.3· E 

(81) 
(119) 

S O r 2 4.2" 6 8 SA (41) 
C 2 0 r 2 4.9 15 F (91) 
H C 2 o r 3.7 15 F (91) 
G G - 4.3 T J (56) 
G G G - 3.9 T J (56) 
S C N - 3.7 9 F (27) 
H 2 0 4.4* 12 N M R (m) 
N H 3 3.4e 10 F (84) 
N 2 H 4 3.4 F (84) 
py 3.7 13 F (84) 
I M 3.7 T J (56) 
en 4.6 e # 12 (3) 
phen 3.4 

3.6* 
10 
13 

(7, 79) 
(4, 42, 

3.6 14 F (62) 
2 -Mephen 2.7C (42, 68) 
5 -Mephen 3.2e (42, 83) 
dipy 2.8C 14 (4, 42) 
terpy 3.1 13 F (62) 
P A D 3.6 T J (128) 
enao 4.4 (90) 
H e n a o + 0.6 (90) 
Hen+ 2.8 F (86) 
H t r i e n + 4.0 (80) 
H 2 t r i e n + 2 2.0 (80) 
H 2 t e + * 2.5 (80) 
H 8 t e+ 3 0.5 (80) 

N i ( N H 8 ) * + 2 

Ni(p ) (H 2 0)+ 2 

N H 8 5.5 e 5 N M R (64) N i ( N H 8 ) * + 2 

Ni(p ) (H 2 0)+ 2 H 2 0 3 .3 o e " F (85) 
N i ( I M ) + 2 I M 3.6 T J (56) 
N i ( I M ) 2

+ * I M 3.4 T J (56) 
Ni(en) 2 + 2 en 4. I e * 8 F (3, 98) 
Ni(phen)+* phen 3.5 e 14 (4, 67, 
Ni(phen) 2 +* 
Ni (d ipy ) 2 + 2 

phen 2.5 e 15 (4, 67, Ni(phen) 2 +* 
Ni (d ipy ) 2 + 2 dipy 3.6e 13 (43, 67, 
N i ( p t n ) ( H 2 0 ) 4

+ * H 2 0 3.1 net F (85) 
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3 . WILKINS AND EIGEN Formation of Metal Complexe* 

N i G + G - 4 .8 T J (56) 
N i ( G G ) + G G - 3.6 T J (56) 
N i ( G G G ) + G G G - 3.8 T J (56) 
N i G 2 G - 4 .6 T J (56) 
N i ( G G ) , G G - 3.5 T J (56) 
N i ( G G G ) 2 G G G - 3.2 T J (56) 
N i ( S C N ) r S C N - - 5 . 8 C N M R (64) 
C u + 2 H E D T A - 3 9.5 

7.9* 
8 E 

E 
(118) 

(D 
H 2 E D T A - 2 5.6· E (D 
S 0 4 " 2 >7ab S A (41) 
C H 3 C O O - SAah S A (39) 
H 2 0 8.3» 5 N M R (Ul) 
N H 3 —7.3 C ^ F (126) 
te —9.3 C« 4 (126) 
P A D gad T J (128) 

C u ( t e ) + 2 te — 8 . 3 " 5 
T J 

(126) 
Cu(en) 2 + 2 en 6 .8 5 N M R (25, 89) 

6.3 7 N M R (95) 
C u G 2 G - - 7 6 N M R (95) 
Zn+ 2 H E D T A " 3 - 9 E (16) 

C H 8 C O O - 7 .5 e f t S A (39) 
SO4-2 7.5°» S A (39) 
c i - 7 < 4 a 6 S A (39) 
B r " , I- - 5 . 7 N M R (60) 
P A D 6 .6 r f T J (128) 

Z n X + B r ~ , ! " - 5 . 7 N M R (60) 
Z n X 2 B r ~ , I - - 5 . 7 N M R (60) 
Z n B r 8 - B r ~ 7.9 N M R (60) 
Z n l s " i - 6.8 N M R (60) 
C d 2 + H E D T A " 3 9.6 

8.9 
E 
E 

(120) 
(73) 

N T A " 3 10.3 E (72) 
H N T A - 2 5.9 

6.5 
E 
E 

(72) 
(94) 

S O * " 2 >Sab S A (39) 
C H 8 C O O - 8 .4 e » S A (39) 
c i - 8 .6 e » S A (39) 
B r " 9.1 N M R (60) 
i - - 9 . 7 N M R (60) 
C N - 9 .6 E (29) 
P A D -7 .0* · T J (128) 

C d B r + B r " 8.1 N M R (60) 
C d C l 2 c i - 8 .0 S A (123) 
C d B r 2 

C d ( C N ) 2 

B r " 7.1 N M R (60) C d B r 2 

C d ( C N ) 2 C N - 10.6 E (71) 
C d C l r c i - 9 .6 S A (123) 
C d B r r B r ~ 7.1 N M R (60) 
C d l s " i - - 8 . 6 N M R (60) 
C d ( C N ) r C N - 8.2 

7.9 
E 
E 

(49) 
(50) 

Hg+ 2 c i - 9 . 3 e * S A (39) 
H g C l + c i - - 9 . 8 E F (36) 
H g B r 2 B r ~ 9 .7 N M R (60) 
H g B r r B r " 9 .0 N M R (60) 
H g l r i - 8 .8 2 N M R (92) H g l r 

5 . 3 e (24, 33) 
H g ( C H 8 ) O H S O r 2 5.4* T J 

T J 
(37) 

c i - 4 . 0 Λ 

T J 
T J (37) 

B r ~ 5.3* T J (37) 
i - 6.8* T J (37) 
S C N - 5.3* T J (37) 
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6 4 MECHANISMS O F I N O R G A N I C REACTIONS 

I I I . Tervalent transit ion metal ions 
V+3 S C N - 1.8* (74) 
V(IV) S O r 2 3.2° PJ (108) 
C r ( H 2 0 ) 6

+ 3 S O r 2 - 5 . 7 28 
PJ 

(45) 
S C N - - 5 . 7 26 (99) 
H 2 0 - 4 . 7 ° 27 (65) 

- 2 . 9 « ' (65) 
phen - 2 . 5 ' (13) 

C r ( N H 3 ) 6 ( H 2 0 ) + 3 c i - - 5 . 7 25 (58) 
C r ( H 2 0 ) 6 C l + 2 c i - - 6 . 0 (70) 
C r ( C 2 0 4 ) 2 ( H 2 0 ) r C 2 0 4 " 2 - 3 . 9 23 (57) 
C r ( C 2 0 4 ) 2 ( H 2 0 ) r H C 2 0 r - 4 . 2 22 (57) 
C r ( S C N ) 5 ( H 2 0 ) - 2 S C N - - 5 . 0 (101) 
Fe+ 3 H F 1.1 9 F (100) 

c i - 1.0 17 F (21) 
B r - 1.3 F (82) 
S C N - 2.1 13 F (12) 
H N 3 0.6 F (106) 

< 0 . 8 T J (19) 
H 2 0 0.6° N M R (22) 

F e O H + 2 S O r 2 5.5 F , PJ (28, 125) 
H S O r 5.1 F (28) 
H F 3.5 F (100) 
c i - 4 .0 F (21) 
B r ~ 4 .4 F (82) 
S C N - 4 .0 F (12) 
N r 5.3 1 T J (19) 
H N 3 3.9 F , T J (19, 106) 
H 2 0 2 . 6 a 1 N M R (22) 

C o + 3 c i - + 1 . 5 F (23) 
C o ( N H 3 ) 6 ( H 2 0 ) + 3 s o r 2 - 5 . 7 « (122) 

H 2 P O r - 6 . 1 ° (105) 
H 2 0 - 5 . 2 * 27 (63) 

C o ( H E D T A ) H 2 0 H 2 0 - 3 . 6 e / 26 (3D 
C o ( H P D T A ) H 2 0 H 2 0 - 3 . 6 ° / 26 (109) 
C o ( E D T A ) H 2 0 ~ H 2 0 - 3 . 4 a « y 25 (107) 
C o ( P D T A ) H 2 0 ~ H 2 0 - 2 . 7 ° / (109) 

- 3 . 3 * * / (109) 
C o ( E D T A ) O H " 2 O H - 4 . 4 * / - 1 9 (107) 
C o ( P D T A ) O H " 2 O H - 3 . 6 * / 15 (109) 
C o ( C N ) 6 ( H 2 0 ) - 2 H 2 0 - 2 . 9 * * (53) 

N r , S C N - - 3 . 3 « & (53) 
R h ( H 2 0 ) e

+ s H 2 0 - 4 . 7 * » ' (97) 
R h ( H 2 0 ) 5 0 H + 2 H 2 0 - 2 . 5 * * (97) 
I r C l 6 ( H 2 0 ) - 2 c i - - 4 . 3 » * (102) 

Table II. K inet ic D a t a f o r Solvant E x c h a n g e a n d Format ion of 
C o m p l e x e s of Bivalent Transit ion M e t a l Ions in M e t h a n o l a t 25°C. 

Log Rate 
Metal Ion Ligand Constant E Method Reference 

F e ( d i p y ) 2
+ 2 d ipy — 4 . 0 e <16 L T US) 

C o ( C H 3 O H ) e + 2 C H s O H 5.0* 14 N M R (77) 
C o ( C H 3 O H ) 4 ( H 2 0 ) 2 + 2 C H 3 O H 6.3* N M R (77) 
N i ( C H 3 O H ) e + 2 C H 3 O H 3.3* N M R (96) 

3.8* 11 N M R (77) 
N i ( C H 3 O H ) 6

+ 2 py 3,5 L T (14) 
N i ( C H 3 O H ) 6 + 2 en <4.4* L T (15) 
N i ( C H 3 O H ) 4 e n + 2 en 4 . 4 e L T (15) 
N i ( C H 3 O H ) 2 e n 2 + 2 en 4 . 8 e 13 L T (15) 
C u + 2 C H 3 O H 4.0* N M R (96) 

en 11.7* 4 L T (15) 
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3 . WILKINS AND EIGEN Formation of Metal Complexes 6 5 

Footnotes to Tables I and II 

° Rate constant in sec.- 1 units. The water exchange values for the labile bivalent metal ions are for 
the reaction Μ(Η2θ)+ η + HjO -* M(HsO)+n + H2O for the N M R studies and for the outer sphere to inner 
sphere Μ(ΗΐΟ)Χ -» M X + H2O for the sound absorption measurements. For the tervalent metal ions, 
k = 6 X 0.693/ti/2 (exch). 

0 20°C. 
c Calculated from reverse (dissociation) rate constant and thermodynamic data. 
a 15°C. 
e o ° c . 
f In this process coordinated water or hydroxy is eliminated by the "free" donor group of quinque-

dentate-acting (p), (EDTA) or (PDTA) or bidentate-acting (ptn). Thus an intramolecular substitution 
completes the chelation. 

0 Copper chelates with diamines dissociate about 200-400 times moie rapidly than the corresponding 
nickel complex. If the same situation pertains with the monoammonia complex, an estimated dissociation 
rate constant, with thermodynamic data, yields the value shown. 

Λ 10°C. 
* Forming etc or trans Cr(H20)4Cl2+. 
' 60°C. 
* 40°C. 
m 50°C. 
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R E C E I V E D A p r i l 10, 1964. 

Discussion 

D a l e M a r g e r u m : R a l p h W i l k i n s has m e n t i o n e d the in teres t ing effect of 
t e r p y r i d i n e o n the subsequent s u b s t i t u t i o n reac t ion of the n i c k e l complex . I w o u l d 
l ike to discuss th is p o i n t — n a m e l y the effect of c o o r d i n a t i o n of o ther l igands on the 
rate of s u b s t i t u t i o n of the r e m a i n i n g coord inated water . H o w e v e r , before p r o 
ceeding we shou ld first focus a t t e n t i o n o n the m a i n p o i n t of th i s p a p e r - w h i c h is 
t h a t a t remendous a m o u n t of k i n e t i c d a t a for the rate of f o r m a t i o n of a l l k i n d s of 
m e t a l complexes can be corre lated w i t h the rate of w a t e r s u b s t i t u t i o n of the s imple 
aquo m e t a l i o n . T h i s also means t h a t d issoc iat ion rate constants of m e t a l c o m 
plexes can be pred ic ted f rom the s t a b i l i t y constants of the complexes a n d the rate 
constant of water exchange. T h e d a t a f rom the paper are so c o n v i n c i n g t h a t we 
can proceed to other po ints of d iscuss ion . 

T h e w o r k of G . H a m m e s a n d J . S te in fe ld (3) showed the effect of g lyc ine a n d 
imid i zo l e coord inat i on o n subsequent rates of s u b s t i t u t i o n of n i cke l ( F i g u r e A ) . 

These are the rate constants for aquo n i cke l i o n reac t ing w i t h g lyc ine , for N i g l y + 

react ing w i t h g lyc ine , for Ni (g ly ) 2 r eac t ing w i t h g lyc ine , etc . T h e ca l cu lated k0 
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6 8 MECHANISMS OF I N O R G A N I C REACTIONS 

Glycine Observed kn M~l seer1 Calculated k0 (seer1) 
η = 1 1.5 Χ 10 4 0.9 Χ 10 4 

η = 2 6.0 Χ 10 4 1.2 Χ 10 6 

η = 3 4.2 Χ 10 4 4.0 X 10* 
Imidazole 
η = 1 5.0 Χ 10 3 1.6 Χ 10 4 

η = 2 4.3 Χ 10 3 1.6 Χ 10 4 

η = 3 2.4 Χ 10 3 1.1 Χ 10 4 

Figure A. Rate constants of Ni complex reactions (3) 

va lue corrects for i o n p a i r i n g a n d is bel ieved to correspond t o the rate of w a t e r loss 
f rom the n i cke l i o n . W h e n one glyc ine is coord inated to n i c k e l , the water s u b s t i t u 
t i o n increases b y a factor of 10, a n d w h e n t w o glyc ines are b o u n d there is a fur ther 
increase i n the rate constant . 

O n the o ther h a n d , w i t h imidazo l e the three rate constants are essent ia l ly the 
same. T h e conc lus ion d r a w n was t h a t as the charge of the m e t a l complex is re 
duced , the water s u b s t i t u t i o n becomes easier. 

I n general , i t has often been suggested t h a t the r e d u c t i o n of charge of a m e t a l 
complex leads to faster s u b s t i t u t i o n of coord inated water . T h i s has been observed 
w i t h F e O H a q

+ 2 vs. Fem
+Z a n d o ther species. 

D u r i n g the past year , i n assoc iat ion w i t h M a n f r e d E i g e n i n G o t t i n g e n , G e r 
m a n y , I e x a m i n e d a n u m b e r of s u b s t i t u t i o n react ions of n i c k e l to see i f there was 
indeed a d irec t re la t i onsh ip between the charge of a complex a n d i t s rate of w a t e r 
s u b s t i t u t i o n . T h e t emperature j u m p m e t h o d was used t o measure the rate of sub 
s t i t u t i o n of ΝH» for water w i t h var i ous complexes . 

M L ( H , 0 ) x + N H 3 ^ M L ( H 2 0 ) X _ ! N H 3 + H 2 0 

hi 

N H 3 + H 2 0 ^ N H 4
+ + O H -

O H - + H i n d . ^± I n d . - + H 2 0 
l / r = #21 + ku(CML + C N H 3 ) 

T h e react ion is coupled t o a n i n d i c a t o r co lor change w h i c h is m u c h faster t h a n the 
m e t a l s u b s t i t u t i o n step. L refers t o the m u l t i d e n t a t e l igands w h i c h were e m p l o y e d 
to a v o i d m u l t i p l e re laxat ions ; r is the re laxat ion t i m e . 

N i L - h N H 3 ^ N i L N H 3 

Charge of kl2f 

L Coordinate Groups Complex M~l seer1 

G l y IN, 1 C O O - , 4 H 2 0 +1 1 X 10 4 

I D A IN, 2 C O O - , 3 H 2 0 0 6 Χ 10 3 

N T A IN, 3 C O O - , 2 H 2 0 - 1 6 Χ 10 3 

H E E D T A 2N, 3 C O O - , 1 H 2 0 - 1 - 1 X 10 3 

E D T A 2N, 3 C O O - , 1 H 2 0 - 2 1.5 Χ 10 3 

Dien 3N, 3 H 2 0 +2 7 Χ 10 4 

T r i e n 4iV, 2 H 2 0 + 2 6 Χ 10 3 

Tetren 5N, 1 H 2 0 +2 <10 3 

Figure B. Rate of substitution of Nils for IhO with various complexes 
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3 . WILKINS AND EIGEN Discussion 6 9 

U s i n g different l igands for L p e r m i t t e d the charge of the complex to be v a r i e d 
f rom + 2 to —2. T h e constant kn is the second-order rate constant not corrected 
for i o n - d i p o l e assoc iat ion . H o w e v e r , a d i rec t c ompar i son can be made of the —2 
a n d +2 rates as w e l l as the — 1 a n d + 1 because NH3 is n e u t r a l a n d the outer sphere 
a t t r a c t i o n should be a p p r o x i m a t e l y the same for the same absolute charge o n the 
complex . 

T h e result for g lyc ine is c omparab le to t h a t of H a m m e s a n d Ste in fe ld a n d the 
w a t e r d issoc iat ion rate constant is p r o b a b l y about 10 t imes &12. A s the charge de
creases f rom -f-1 to —2 there is a decrease i n the &12 va lue ra ther t h a n the v e r y 
large increase w h i c h w o u l d be expected i f a charge decrease made the coord inated 
water m u c h more lab i le . In fact , the rate drops more or less i n order of the s ta t i s 
t i c a l n u m b e r of coord inated water ava i lab le for s u b s t i t u t i o n . O n the other h a n d , 
w i t h the + 2 po lyamines the d ien complex shows a subs tant ia l increase i n rate of 
water s u b s t i t u t i o n . T h e i n d i v i d u a l coord inated w a t e r appears t o be about 100 
t imes more labi le t h a n i n N i a q

+ 2 . 
A c ompar i son w i t h the g lyc ine w o r k suggests t h a t i t is the n i trogen c o o r d i n a 

t i on ra ther t h a n the carboxy late coord inat i on w h i c h accelerates the w a t e r s u b s t i t u 
t i o n of the m e t a l complex . I t appears t h a t three nitrogens coord inated to 
N i ( I I ) gives a lab i l e sys tem w h i c h is d i m i n i s h e d b y h a v i n g four or five n i trogens 
c o o r d i n a t e d . 

I t is in te res t ing t h a t D r . W i l k i n s ' d a t a for the t e r p y r i d i n e sys tem, also w i t h 
three nitrogens bonded t o N i (I I ) , gives a m u c h more lab i le c omplex . 

I believe i t is too e a r l y t o say exac t l y w h a t factors affect the rate of w a t e r loss 
f r o m m e t a l complexes . H o w e v e r , I bel ieve th i s w o r k shows t h a t reduced charge 
does not necessari ly give a more lab i le complex . G r o u p s w h i c h are more s t rong ly 
coord inated ( supply a greater e lectron dens i ty ) m a y have the greatest inf luence. 

J a c k H a l p e r n : W h a t is the ra te constant for the aquo i o n i n th is series for 
c ompar i son? 

D r . M a r g e r u m : A n exper imenta l c o m p a r i s o n w i t h the a q u o i o n was no t made 
i n th i s series because n i c k e l hydrox ide w o u l d prec ip i ta te . H o w e v e r , the N i g l y c i n e 4 " 
d a t a prov ides a reference p o i n t w h i c h suggests a l l the kn va lues can be m u l t i p l i e d b y 
a factor of a b o u t 10 to give the first-order cons tant for water d i s s o c i a t i o n . 

D a n i e l L . L e u s s i n g : W e have here the s u m m a r y of some excel lent w o r k . 
T h e p i c ture t h a t emerges is t h a t of a c e i l i n g l i m i t e d b y the rate of w a t e r discharge 
f rom the m e t a l i o n . I have no c r i t i c i s m of th i s concept . W e unders tand m u c h 
more a b o u t these systems t h a n we d i d a few years ago. H o w e v e r , I w o u l d l i k e t o 
m a k e a few suggestions w h i c h m i g h t c o n t r i b u t e to th i s second generat ion of theories 
as i t were. A l r e a d y the results of N o r m a n S u t i n for redox systems have shown t h a t 
no t o n l y do the energies of the i n i t i a l reactants p l a y a p a r t b u t a l so the energies of 
the products . I n o ther words , the free energy of the reac t i on a c t u a l l y affects the 
rate constant , a n d i t seems to me t h a t i n the present theories a good deal of w h a t i s 
k n o w n i n a p a r t i c u l a r sys tem a b o u t the s t a b i l i t y of the complex i o n i tse l f has been 
neglected. A case i n p o i n t w o u l d be the v e r y l ow rate of f o r m a t i o n of the c o m 
plex between the pro tonated e thy lened iamine a n d n i c k e l . T h e rate constant here 
is a b o u t a factor of 1000 less t h a n t h a t for the u n p r o t o n a t e d e thy lened iamine n i c k e l 
reac t i on . T h i s i s n ' t understandable i n terms of a m e c h a n i s m i n w h i c h the rate of 
w a t e r loss is the o n l y govern ing step. W re know r , of course, t h a t th i s complex is 
v e r y weak , a n d i t seems as though th i s fact m u s t be t a k e n i n t o account . 
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7 0 MECHANISMS OF I N O R G A N I C REACTIONS 

A s far as d i ssoc ia t i on rates are ' concerned , a p i c ture has emerged i n w h i c h the 
ends of the l i gand operate more or less i n d e p e n d e n t l y ; however , here aga in s tab i l i t ies 
a n d factors t h a t determine the s tab i l i t i es of the complex ions have to enter i n t o a 
more complete p i c t u r e . 

I n F i g u r e C we have a c ompar i son of some studies on tris ( e thy lenediamine) -
n i cke l ( I I ) a n d t r i s ( p h e n a n t h r o l i n e ) n i c k e l ( I I ) . 

log kd Kf 

seer1 intrinsic 
Ni(en) 8 + 2 1.95 4 .8 
Ni (en) 2 + 2 0.72 5.7 
Ni (en)+ 2 - 0 . 8 4 6 .3 
Ni(phen) ,+ 2 - 5 . 1 1 7.9 
Ni(phen) 2 + 2 - 4 . 7 4 7.5 
Ni(phen)+ 2 - 5 . 0 0 7.2 

Figure C. Dissociation rates of tris(ethylenediamine)nickel(II) and 
tris (phenanthroline) nickel (II) 

W e find t h a t i n l o o k i n g a t the d a t a for the e thy lened iamine we have more or 
less n o r m a l behav io r ; the highest complex dissociates w i t h the fastest rate , a n d as 
the c o m p l e x i t y of the i o n decreases the rate constant fal ls off. W i t h p h e n a n 
thro l ine , however , we find t h a t the highest complex is a c t u a l l y the slowest t o d i s 
sociate. T h e bis complex is the fastest, a n d once aga in we have a decrease w i t h the 
m o n o complex . 

A para l le l i n th i s behav ior can be seen i n the stepwise f o rmat ion constants of 
these complexes after a correct ion is made for s ta t i s t i ca l effects. T h e t r i s (ethylene-
d iamine ) n i cke l i o n is m u c h less stable t h a n the mono (ethylenediamine) n i c k e l i o n . 
B u t w i t h phenanthro l ine , as the degree of c o m p l e x i t y increases, the i n t r i n s i c s t a 
b i l i t y also increases. T h e r e are i m p o r t a n t changes i n the nature of the complexes 
as the l igand n u m b e r is increased i n the phenanthro l ine series. T h i s behav ior 
can be observed once again i n the pos i t ions of the first d-d t r a n s i t i o n . W ? i t h e t h y l 
enediamine the first band occurs a t 10,300 c m . - 1 ; w i t h t r i s (e thy lenediamine) 11,200 
c m . - 1 . W 7 i t h the mono (phenanthrol ine) n i c k e l i o n the first l i gand field b a n d 
a c t u a l l y lies a t a lower energy t h a n w i t h e thy lened iamine . H o w e v e r , w h e n the 
highest complex is formed the we l l k n o w n strong l i gand field effect of phenanthro l ine 
is observed. I n the lower complexes, phenanthro l ine acts as a f a i r l y h a r d mole 
cule, a n d i n the higher complexes i t acts as the soft molecule as P r o f . Pearson m i g h t 
say. 

A n incons i s tancy also appears to exist i n s i tuat ions where t w o different types 
of groups are coord inated—e.g . , N i (I I ) — g l y c i n a t e . F r o m N M R studies Pro f . 
Pearson has proposed a mode l i n w h i c h the carboxy late i n th i s complex is more 
eas i ly d issoc iated t h a n the a m i n e group. H o w e v e r , Pro f . W i l k i n s proposes w h e n 
one end of a b identate l i gand is detached , the o ther end behaves as a un identate 
l i gand w h i c h accord ing ly dissociates a t a charac ter i s t i ca l l y more r a p i d rate . I t 
w o u l d seem t h a t these models w o u l d lead to a pred i c ted s t a b i l i t y of the N i ( I I ) — 
g lyc inate complex of the order of t h a t for a unidentate l i g a n d , c o n t r a r y t o the facts. 
H e r e aga in i t seems necessary to consider the l i gand as a who le ra ther t h a n focusing 
a t t e n t i o n on the i n d i v i d u a l dentate groups. 
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3 . WILKINS AND EIGEN Discussion 7 1 

D r . H a l p e r n : I w a n t to c o m m e n t o n two po in t s . T h e first relates t o the sug
gestion made b y D r . W i l k i n s t h a t s u b s t i t u t i o n m a y be rate d e t e r m i n i n g i n some 
redox processes. 

O f course, i n i n n e r sphere br idged e lectron transfer react ions , one of the steps 
i n the mechanis t i c sequence is the s u b s t i t u t i o n of one of the complexes i n t o the coor 
d i n a t i o n shel l of the second. T h u s , i f the e lectron transfer process t h a t fo l lows is 
fast enough, the s u b s t i t u t i o n a l step m a y become rate d e t e r m i n i n g . I a m not sure 
t h a t there is a n y c lear cut evidence t h a t th i s is the case for a n y systems a c t u a l l y 
examined . I d i d cite a case of a br idged electron transfer reac t i on t h a t proceeded 
w i t h a rate constant of 10 9 —i.e . , 

C o ( C N ) 5 - 8 + C o ( N H 3 ) 6 B r - + 2 - * C o ( C N ) 5 B r - 8 

B u t th i s is a ra ther spec ia l case, i n t h a t the c o m p l e x t o w h i c h the b o n d was be ing 
formed is pentacoord inated , so t h a t e n t r y i n t o the c o o r d i n a t i o n she l l does not i n 
vo lve the d i sp lacement of ano ther l i g a n d . 

I n the case of the r e d u c t i o n of p e n t a m i n e c o b a l t ( I I I ) complexes b y C r + 2 w h i c h 
Pro f . T a u b e has s t u d i e d , some fast rates are now t u r n i n g u p . J o h n C a n d l i n has j u s t 
comple ted measurement of the rates of r educ t i on of the h a l o p e n t a m m i n e c o b a l t ( I I I ) 
complexes b y C r + 2 a n d de termined t h a t the rate constants l ie i n the range 10 6 t o 
10 7 A f ~ 1 s e c . " 1 . T h i s m u s t be ge t t ing close to the s u b s t i t u t i o n rates of the pent 
a m m i n e c o b a l t ha l ide i n t o the c o o r d i n a t i o n shel l of the C r + 2 . A l t h o u g h i t w o u l d be 
he lp fu l t o have more i n f o r m a t i o n a b o u t s u b s t i t u t i o n a l rates of C r 4 2 t o compare w i t h 
these numbers , I t h i n k we are ge t t ing close t o th i s l i m i t i n some of these systems. 

M y o ther quest ion concerns the general theme of the effect of l igands i n the 
c o o r d i n a t i o n shel l of a m e t a l i o n o n the rate of w a t e r d i sp lacement . I refer p a r 
t i c u l a r l y t o the effect of h y d r o x i d e as a l i g a n d , — i . e . , t o the effect of h y d r o l y s i s of 
m e t a l ions o n the s u b s t i t u t i o n of w a t e r . 

I t appears f r om some of the systems observed t h a t O H " is v e r y efficient i n 
p r o m o t i n g the s u b s t i t u t i o n of w a t e r b y o ther l igands , p a r t i c u l a r l y i n the case of 
ions such as Fe" 1 * a n d B e + 2 . I was interested to see some of the results presented 
here w h i c h suggest t h a t some of these effects d o n ' t correlate w i t h the o v e r a l l charge, 
because I t h i n k there is also o ther evidence t h a t the effect of hydrox ide transcends 
t h a t w h i c h can be ascr ibed to charge. F o r example , i n the case of i r o n (111) c o m 
plexes, I t h i n k there are some data o n the effect ot C l ~ o n s u b s t i t u t i o n a n d the effect 
is m u c h smal ler , as I reca l l , t h a n t h a t of O H ~ . T h i s suggests t h a t O H " " p l a y s a 
spec ia l role or exerts a specific effect, a n d I wondered whether someone w o u l d care 
to c o m m e n t fur ther o n th i s p o i n t . I t is conce ivable t h a t the role of O H ~ is re la ted 
to the spec ia l l a b i l i z i n g effect of the N H 2 ~ ~ group i n the S j y l C B m e c h a n i s m . I n 
connect ion w i t h th is there is one o ther p o i n t w h i c h is a l i t t l e troublesome ; n a m e l y , 
t h a t i t seems di f f icult t o ascribe the effect of hydrox ide as be ing caused b y weaken ing 
o i the b i n d i n g of the res idua l waters . I f th i s were so, one w o u l d expect th i s t o occur 
also i n the subsequent h y d r o l y s i s constants . If the b i n d i n g of the r e m a i n i n g waters 
were weakened , one w o u l d expect t h e i r h y d r o l y s i s constants t o f a l l off. 

I n the few cases where successive h y d r o l y s i s constants have been determined 
w i t h some r e l i a b i l i t y — e . g . , F e 4 3 a n d Sc" 1 " 3 —it seems t h a t there is p r a c t i c a l l y no 
decrease i n going f r om the first to the second h y d r o l y s i s constant . T h i s argues 
against hydrox ide ' s h a v i n g a s t rong w e a k e n i n g effect o n b i n d i n g or coord inated 
water . 
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7 2 MECHANISMS OF I N O R G A N I C REACTIONS 

D r . M a r g e r u m : A l t h o u g h i t argues against i t , there is r a t h e r d i rec t k i n e t i c 
evidence t h a t i n the i r o n case, a t least , i t does increase the rate of s u b s t i t u t i o n . 

D r . H a l p e r n : T h i s cou ld be used i n s t a b i l i z i n g , say a n a c t i v a t e d complex . 
T h e po in t a b o u t the hydro lys i s observat i on is t h a t th is refers to the oc tahedra l c o m 
plex, whereas the exp lanat ions t h a t have been offered for the effect of a m i d e i n the 
conjugate base mechan ism are concerned, not w i t h weakening of the b i n d i n g , b u t 
w i t h s t a b i l i z i n g a five-coordinated in termed ia te . I wondered i f the ro le of the 
h y d r o x i d e i n p r o m o t i n g water s u b s t i t u t i o n m i g h t be of the same nature . 

L e o n a r d K a t z i n : I w a n t t o m a k e t w o comments , one o n th i s last p o i n t i n 
re la t i on to the p o i n t t h a t D r . M a r g e r u m made a b o u t subst i tuents . C h r o m i u m (111) 
i n the h e x a h y d r a t e d state is qu i te res istant to penetrat ion of the c oord inat i on shel l 
b y n i t ra te i o n . Y e t i f one takes the, v io let c h r o m i u m n i t ra te hexahydrate i n so l id 
state a n d treats i t w i t h l i q u i d t r i b u t y l p h o s p h a t e , w i t h i n a m a t t e r of m i n u t e s one 
gets c h r o m i u m c o m p o u n d i n so lu t i on b y the mechan i sm of s u b s t i t u t i n g t r i b u t y l 
phosphate for water . So th i s reac t ion is fast . T h i s i n i t i a l s o l u t i o n is v i o l e t 
W i t h i n the space of a n hour or t w o i t is green. A n d we have h a d for some years 
now in f rared evidence t h a t th i s co lor change is a c c o m p a n i e d b y pene t ra t i on of the 
n i t ra te i o n i n t o the c oord inat i on sphere (4). So th i s aga in is a m a t t e r of the sub -
s t i tuent ' s chang ing the re la t i onsh ip of the water . 

I n th i s p a r t i c u l a r case there is s o m e t h i n g w h i c h bears o n w h a t D r . H a l p e r n 
s a i d — n a m e l y , t h a t t r i b u t y l p h o s p h a t e a n d i t s analogs are such s t rong donors t h a t I 
t h i n k t h e y upset w h a t is the n o r m a l d i s t r i b u t i o n of b o n d i n g energy i n the c a t i o n . 
P e r h a p s h y d r o x y l does the same t h i n g . T h e pentacyano substances t h a t were m e n 
t i oned th i s m o r n i n g u n d o u b t e d l y do the same sort of t h i n g , w h i c h can then lead to 
o ther sorts of changes, e i ther change i n the rate of loosening, or change of s u b 
s t i tuents , or even a change i n c oord inat i on n u m b e r . T h i s br ings me to a c o m m e n t 
t h a t D r . W i l k i n s made w h i c h aga in t ies i n w i t h some of th i s morn ing ' s w o r k . W i t h 
the rare earths he ment i oned t h a t the rates are fast . W i t h the rare e a r t h salts one 
has a m u l t i t u d e of c o o r d i n a t i o n states, even for the same c o o r d i n a t i o n n u m b e r . I 
t h i n k th i s sort of t h i n g is a factor i n some of these k i n e t i c effects a n d is a place a t 
w h i c h e q u i l i b r i u m c h e m i s t r y a n d k i n e t i c c h e m i s t r y m a y come together . W 7 i t h 
respect t o the pentacyano I believe there are ver i f ied copper s i tuat i ons i n w h i c h 
there is a c oo rd inat i on n u m b e r of five, I bel ieve , i n a b i p y r i m i d a l arrangement a n d 
so on . A n d i f one t h i n k s of the o r d i n a r y effects i n t r a n s i t i o n elements as between 
t e t r a h e d r a l a n d oc tahedra l c o o r d i n a t i o n , for instance , i n w h i c h the d e t e r m i n i n g fac
t o r is the nature of the l i gand , then i t is c lear t h a t m a n y of these th ings m u s t be 
ex t reme ly dependent o n the p a r t i c u l a r l igand a n d the energy w i t h w h i c h i t is b o u n d . 

C a r l B r u b a k e r : I w a n t t o c o m m e n t a g a i n t h a t we are w o r k i n g w i t h u r a n 
i u m ( I V ) as a r educ ing agent a n d reduct ions i n v o l v i n g u r a n i u m ( I V ) i n the presence 
of t a r t a r i c a c i d . Regardless of whether we are c a r r y i n g out net reduct ions or ex
change w i t h u r a n y l , we find t h a t the r a t e - c o n t r o l l i n g step appears to be the f o r m a 
t i o n of a u r a n i u m ( I V ) tar t ra te complex . 

A r t h u r A d a m s o n : I f I m a y , I w o u l d l i k e t o m e n t i o n a reac t i on t h a t I t h i n k 
is a n example of s u b s t i t u t i o n w h i c h paves the w a y for a redox reac t i on , a n d yet is 
not a case of the charge fo l l owing the o x i d a n t i n t o the c o o r d i n a t i o n sphere. T h i s 
is the reac t i on of ferrocyanide w i t h cobal tous E D T A . 

C o ( E D T A ) " 2 + F e ( C N ) 6 " 3 ^ C o ( E D T A ) " 1 + F e ( C N ) < r 4 
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3 . WILKINS AND EIGEN Discussion 7 3 

T h e final p roduc t is ferrocyanide a n d coba l t i c E D T A , but th is goes t h r o u g h a n 
intermediate w h i c h can be i so lated , a n d w h i c h is a n adduc t of these two . D r . W i l 
k i n s t r i e d th is sys tem out i n his r a p i d flow rate system a n d found a rate of assoc ia
t i o n w h i c h was about r ight for s u b s t i t u t i o n rates on a cobaltous i o n . So th is seemed 
to be a case where perhaps the n i trogen end of a cyanide was able to coordinate i n t o 
a cobaltous complex , w i t h e i ther c o n c o m i t a n t c r subsequent charge transfer . Y e t 
no transfer of l i gand occurs i n the overa l l r eac t i on . 

One po in t I w o u l d l ike t o ask D r . W i l k i n s a b o u t is t h i s : a b o u t 15 years ago 
R o d z i n s k i pub l i shed i n a R u s s i a n j o u r n a l a n in teres t ing exper iment w h i c h I c o u l d 
never d u p l i c a t e ; I wonder i f y o u c o u l d comment on i t i n the l i ght of current w o r k . 
H e took aqueous s i lver n i t ra te a n d a l coho l i c s i lver n i t r a t e , e q u a l vo lumes , equa l 
concentrat ions . H e m i x e d these r a p i d l y , a n d i m m e d i a t e l y after m i x i n g added 
aqueous s o d i u m chlor ide w i t h enough chlor ide t o prec ip i ta te a b o u t a t h i r d of the 
t o t a l s i lver . T h e a lcoho l i c s i lver n i t ra te was labe l led , a n d he reported t h a t the 
a c t i v i t y of the s i lver chlor ide produced ind i ca ted t h a t most of the s i lver p r e c i p i 
ta ted h a d come f rom the a lcoho l i c s i lver n i t r a t e . D o y o u t h i n k , i n the l i ght of 
current i n f o r m a t i o n on so lvent exchange rates, t h a t i t is possible for s i lver i o n to 
have reta ined the m e m o r y of i t s o r ig ina l so lvent e n v i r o n m e n t * l ong enough for th i s 
to show u p i n the l abe l l ing of the prec ip i tate? 

R a l p h Wi lkins : I t was r e a l l y t h i n k i n g a b o u t the c oba l t ( I I ) E D T A — 
F e ( C N ) e ~ 3 sys tem t h a t gave me the idea , a l t h o u g h I realize t h a t I w a s n ' t the first, 
t h a t i n cer ta in redox processes—and this is v e r y i m p o r t a n t , o n l y i n cer ta in ones, 
the s u b s t i t u t i o n was rate c on t ro l l ing . I have also carr i ed out some temperature 
j u m p exper iments o n the sys tem a t 0°C. us ing freshly prepared so lut ions of reac 
tants , a n d observed some re laxa t i on effects w h i c h are ascr ibed t o th i s r eac t i on . 
T h e y are i n the order of a few mi l l i seconds , so i t looks as t h o u g h the flow a n d the 
temperature j u m p exper iments are i n reasonable agreement. These rates are a n 
t i c i p a t e d for coba l t ( I I ) s u b s t i t u t i o n . W e also k n o w now t h a t w i t h E D T A c o m 
plexes of b i v a l e n t metals , these a lmost c e r t a i n l y c o n t a i n qu inquedentate E D T A . 
Therefore , there is a w a t e r free a n d y o u w o u l d expect the w a t e r perhaps t o be s u b 
s t i tu ted b y the ferrocyanide . I t m i g h t be in teres t ing to see i f there are o ther cases, 
o ther m e t a l E D T A complexes w i t h ferrocyanide w h i c h give intermediates a n d 
for w h i c h the rates can be measured , a n d to show t h a t these also conform to th i s 
p a t t e r n — t h a t the w a t e r s u b s t i t u t i o n is d o m i n a t i n g the f o rmat i on of the i n t e r m e d i 
ate i n the redox reac t i on . 

A s far as the second po in t is concerned, we know r v e r y l i t t l e a b o u t the s u b s t i t u 
t ion rates of s i lver i o n , a l t h o u g h we w o u l d guess t h e y are p r e t t y fast . There fore , I 
t h i n k t h a t th i s is one of those observat ions w h i c h no one w i l l be able t o repeat . 

A r t h u r C . W a h l : C o u l d I c o m m e n t o n th i s po int? I t r i e d t o repeat th i s ex 
p e r i m e n t i n 1940 a n d found no evidence for s low exchange (7). 

R a l p h Pearson: I w o u l d l i k e t o go back a couple of quest ioners a n d answer 
D r . H a l p e r n ' s quest ion . I w o u l d c e r t a i n l y l ike to believe t h a t the acce lerat ing 
effect of the h y d r o x y l group is caused b y ^--bonding's s t a b i l i z i n g a five-coordinated 
in termed ia te w i t h a t r i g o n a l b i p y r i m i d a l s t ruc ture . 

J u s t the other d a y I was r ev i ewing the fine paper b y D r . S u t i n a n d his co
w o r k e r on the a n a t i o n react ions of the ferric i o n , where the acce lerat ing effect of 

* Or ig inal wording (drunken condition). 
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7 4 MECHANISMS OF I N O R G A N I C REACTIONS 

the h y d r o x y l group shows u p v e r y n i ce ly . I n t h a t paper D r . S u t i n p o i n t e d out 
t h a t y o u c o u l d i n t e r p r e t the d a t a for the a n a t i o n reac t i on i n v o l v i n g weak anions i n 
t w o w a y s . Y o u c o u l d e i ther consider the reac t i on to be between the a q u o ferr ic 
i o n a n d the a n i o n of the w e a k a c i d , or between the h y d r o x y c o m p l e x — t h e ferr ic i o n 
a n d the undissoc iated molecule . A t first I w a s n ' t i n c l i n e d t o bel ieve th i s l a t t e r i n 
t e r p r e t a t i o n . F o r one t h i n g I w o u l d l ike t o t h i n k of th i s five-coordinated i n t e r 
mediate as be ing a l ong - l i ved , reasonab ly stable sort of species, perhaps s h o w i n g a 
great dea l of d i s c r i m i n a t i o n i n i t s react ions w i t h var i ous p o t e n t i a l nucleophi les . 
I n t e r p r e t i n g the d a t a i n one w a y gives large d i s c r i m i n a t i o n factors ; whereas, i n 
t e r p r e t i n g the d a t a i n terms of reac t i on w i t h the h y d r o x y l c omplex a n d the undisso 
c ia ted molecule of the w e a k a c i d , doesn ' t g ive v e r y large d i s c r i m i n a t i o n factors . 

I was i n d o u b t a b o u t th i s , b u t t h e n I l ooked over D r . W i l m a r t h ' s paper a g a i n 
a n d i t occurred t o me t h a t he has d a t a there for c a l c u l a t i n g the reac t ion rate of the 
c oba l tpentacyano five-coordinated species w i t h the hydrozoa i c a c i d molecule . 
F o r t u n a t e l y , he has measured a l l the per t inent i n f o r m a t i o n so t h a t we can u n a m 
b iguous ly get the rate cons tant of a t rue five-coordinated in te rmed ia te . W e can 
get the rate constants for the reac t i on of the five-coordinated in termediate w i t h b o t h 
azide i o n a n d w i t h hydroazo i c a c i d . T h e in teres t ing result is t h a t HN3 is s l i g h t l y 
more react ive t h a n Nf so the n e u t r a l molecule is a bet ter nuc leophi le for th i s p a r t i 
cu lar case. I t h i n k r e a l l y t h a t perhaps D r . S u t i n ' s suggestion t h a t i t is the n e u t r a l 
molecule react ing i n t h i s a n a t i o n of the ferr ic i o n is the correct e x p l a n a t i o n , a n d y o u 
jus t d o n ' t get m u c h d i s c r i m i n a t i o n i n th i s case. Y o u have such a h i g h energy 
species, I w o u l d have t o say , t h a t even though i t m a y be s tab i l i z ed b y ^--bonding, 
i t is no t go ing t o give a n y large d i s c r i m i n a t i o n effect. 

Gunther E i c h h o r n : I w a n t t o m e n t i o n br ie f ly two recent studies concern ing 
the re la t ive r e a c t i v i t y of m e t a l ions i n w h a t p r e s u m a b l y are s u b s t i t u t i o n react ions . 

HOURS HEATING AT 64°C 
Figure D. Plot of formation of various small nucleotide com

plexes vs. hours of heating at 64° C. 
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3 . WILKINS AND EIGEN Dbtuuion 7 3 

I n one of these studies we have observed the meta l - ca ta lyzed degradat ion of 
po lynucleot ides , i n w h i c h r ibose—phosphate bonds are broken i n a p o l y m e r i n 
w h i c h phosphate a n d ribose groups a l ternate . T h i s degradat ion react ion turned 
out to be a ra ther s t r i k i n g i l l u s t r a t i o n of the effect, discussed b y F r e d B a s o l o a n d 
R a l p h Pearson (/), of the v e r y h igh r e a c t i v i t y of d10 ions . A p l o t of the f o rmat i on 
of s m a l l nucleot ide complexes from the h igh molecu lar we ight po lynuc leot ides re 
vealed t h a t z inc reacted v e r y r a p i d l y , a n d tha t o ther d i v a l e n t m e t a l ions of the first 
t r a n s i t i o n series ( M n , C o , N i , C u ) reacted v e r y m u c h more s l o w l y ( F i g u r e D ) . 

T h e second s t u d y is re l evant to a d iscussion i n the paper b y D r . W i l k i n s of i n 
stances i n w h i c h the re lat ive rates are re lated to s tab i l i t i es . W e have come across a 
v e r y s t r i k i n g example of such a re la t i onsh ip i n the a c t i v a t i o n of the enzyme r i b o -
nuclease b y m e t a l ions . I n F i g u r e Ε the a c t i v i t y is p l o t t e d vs. c oncentra t i on of 
m e t a l i o n added to the e n z y m a t i c reac t i on m i x t u r e . I n the absence of m e t a l the 
a c t i v i t y is as i n d i c a t e d b y the s t ra ight l ine i n the center of the figure. I t can be 
seen t h a t a l i s t of the t r a n s i t i o n metals i n the order of concentrat ions g i v i n g m a x i 
m u m a c t i v i t y corresponds ra ther n e a t l y w i t h the I r v i n g - W i l l i a m s series. 

D r . M a r g e r u m : I w a n t to develop br ie f ly another po in t d i r e c t l y re lated t o 
the d issoc iat ive m e c h a n i s m — n a m e l y the o p e n i n g of a chelate r i n g . 

Cons ider the para l l e l react ions between z inc i o n a n d acetate i o n a n d between 
z inc i o n a n d oxalate i o n . 

kli 
Z n a q

+ 2 + A c - ^ Z n + 2 ( O H 2 ) A c - ^ Z n A c + + H 2 0 
i o n p a i r 

Z n a q + 2 + o x " 2 

kit' 

kn' 
Z n a q + 2 o x - 2 

i o n p a i r kn' 

O - C Ο 

Z n C + H 2 0 
\ I 

O H 2 C L 
(hal f -bonded oxalate) 

ku I Τ W 

+ H 2 0 

(chelated oxalate) 

M a a s s a n d E i g e n have s h o w n for the z i n c acetate sys tem k** — kz2 m 3.2 X 
1 0 7 s e c . " 1 T h e rate of loss of w a t e r f r om z inc equals the rate of loss of a carboxy la te 
group f r o m z inc . T h i s means t h a t the i o n p a i r a n d inner sphere species of z i n c 
acetate are present i n so lu t i on i n e q u a l a m o u n t s . I f we n o w examine the z i n c 
oxalate sys tem we see t h a t we have s i m i l a r rate steps. 

T h e r a t i o of r a t e constants W/W* i f the same dissoc iat ive m e c h a n i s m holds , 
shou ld be a p p r o x i m a t e l y one, because th is too is the r a t i o of w a t e r loss t o the loss 
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7 6 MECHANISMS OF I N O R G A N I C REACTIONS 

of a carboxy la te group . T h i s w o u l d mean t h a t z inc oxalate w o u l d be a m i x t u r e of 
the i o n p a i r , the one-bonded a n d the two-bonded species. H o w e v e r , I t h i n k most 

ο 

MOLARITY OF METAL ION 
Figure E. Activation of ribonuclease by metal ions 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
03



3 . WILKINS AND EIGEN Discussion 77 

of y o u w o u l d agree t h a t th i s i s no t going t o be the c a s e — t h a t , i n fact , the chelate 
f o r m w i l l be preferred . T h e r e i s m u c h chemica l evidence t o s u p p o r t the l a t t e r 
s ta tement w i t h oxalate complexes . F u r t h e r m o r e , the s t a b i l i t y constant of z i n c 
oxalate is m u c h higher ( it var ies f r om 10 3· 7 t o 10 5 , depend ing o n one's preference of 
e x p e r i m e n t a l results) t h a n c a n be accounted for b y i o n - p a i r f o r m a t i o n a n d e q u a l 
energies for the one -and two -bonded oxalate . H e n c e , i t i s c lear t h a t f r o m the 
k i n e t i c v i e w p o i n t the rate constant m u s t be m u c h less t h a n £34'. T h i s says t h a t 
open ing the chelate r i n g m u s t have a greater barr i e r t h a n b r e a k i n g a monodentate 
l i g a n d , a n d i t m u s t also have a greater barr ier t h a n c los ing the chelate ring. I n the 
case of z i n c oxalate th i s means t h a t the chelate b o n d cleavage is a factor of 10 2 t o 10 8 

less t h a n the cleavage of the nonchelate group . T h i s factor m i g h t be a t t r i b u t e d t o 
the necessary r o t a t i o n of the chelated l i gand b u t the p r o b l e m arises as to w h y such a 
r o t a t i o n a l barr i e r shou ld not operate for c los ing the r i n g as w e l l as o p e n i n g the r i n g . 
F u r t h e r m o r e , i f m i n i m a l energy paths of r o t a t i o n were permiss ib le the chelate effect 
w o u l d , i n general , be m u c h less t h a n is a c t u a l l y the case. 

R e t u r n i n g t o the d issoc iat ive m e c h a n i s m for s u b s t i t u t i o n react ions p e r m i t s a 
crude p i c ture of the oxalate r eac t i on between the one-bonded a n d two -bonded forms. 

Figure F. Opening and closing of chelate ring in transition 
state; plot of energy vs. reaction coordinate for ZnAc or a one-

bonded ox. 

I propose t h a t the reason a chelate b o n d is so m u c h more d i f f i cul t t o b reak is 
t h a t the m i n i m u m energy p a t h for the d i s soc ia t i on of a l i g a n d f r o m a m e t a l i s a 
l inear d i sp lacement r a t h e r t h a n a n a n g u l a r d i s p l a c e m e n t . 

\/ 1/ 
— M -> L preferred t o — M \ 

L 

A n o t h e r example of preferred l inear d i sp lacement i n ring openings can be f o u n d 
i n the s t u d y of the h y d r o l y s i s of sultones (2). F o r a chelate ring t o open i t m u s t 
have a n a n g u l a r d i sp lacement w i t h a m i n i m u m a r c t o a v o i d the repuls ions f r o m 
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7 8 MECHANISMS O F I N O R G A N I C REACTIONS 

other groups, etc . T h i s means t h a t a lmost a l l the possible r o t a t i o n a l barr iers of 
the chelate molecule w i l l be encountered i n opening the r i n g . O p e n i n g the chelate 
r i n g thus invo lves the unfavorable energy t r a n s i t i o n f rom a s ix - t o five-coordinate 
species, the r o t a t i o n a l barr ier of the chelate , and a n y a d d i t i o n a l energy o w i n g t o 
lack of l inear d isp lacement . W a t e r can a d d r a p i d l y to th is t r a n s i t i o n state to give 
the one-bonded species. If we examine the reverse process we find t h a t w a t e r can 
be d i sp laced l i n e a r l y t o reach the same t r a n s i t i o n state , a n d n o w the c los ing of the 
chelate r i n g is energet ica l ly d o w n h i l l , so t h a t despite the r o t a t i o n , etc. the energy 
of the sys tem decreases as the r i n g closes. There fore , the open ing of a chelate ring 
has a n energy barr ier w h i c h is not as i m p o r t a n t i n the c los ing of a chelate r i n g . 

T h e fo l l owing results of the rate constants for the open ing of en chelates can 
be understood b y th i s m e c h a n i s m (8). 

Chelate k, seer1 

Nien+* 0.15 
Nibn+» 0.020 
N i - N - t e t r a M e e n + 2 0.14 
Cuen+» ~115 
Cubn+* 4.56 
C u - C - t e t r a M e e n 0.80 
C u - N - t e t r a M e e n 38.5 
en «• ethylenediamine 
bn - H i N — C H — C H — N H 2 

C H , C H , 

C- te t raMeen - H a N — è i — N H , 

è t f , ^ H , 

N - t e t r a M e e n - C H , C H , 

\ — C H 2 C H 2 — 

C H , C H , 

Figure G. Rate constants for ring opening 

T h e C - s u b s t i t u t e d chelates prov ide higher r o t a t i o n a l barr iers t o r i n g openings 
g i v i n g smal ler va lues of k. F u r t h e r m o r e , C - t e t r a M e e n forms a t h e r m o d y n a m i c a l l y 
more stable complex w i t h C u t h a n does en . 

L a r g e r chelate r ings should be easier t o open a n d of course they are k n o w n t o 
have a smal ler t h e r m o d y n a m i c chelate effect. 

Richard Y a l m a n : I t seemed t o me t h a t decreasing rates w i t h increas ing 
n u m b e r of l igands c o u l d be exp la ined s ta t i s t i ca l l y , b u t increas ing the n u m b e r of 
negat ive groups a r o u n d the c e n t r a l i o n weakens the b o n d between the c e n t r a l 
m e t a l l i c i o n a n d water , a n d a d isp lacement reac t ion occurs. T h a t is v e r y i n t r i g u i n g . 
F o r example , I should be able t o c a r r y ou t a react ion i n v o l v i n g z inc more r a p i d l y i n 
the presence of acetate . T h i s suggestion was made t o me a y e a r ago b y R o b e r t 
C o n n i c k w h e n I was i n v e s t i g a t i n g the i n c o r p o r a t i o n of z inc i n the p o r p h y r i n s , i n a n 
acetate buffer. W h e n I increased the acetate concentrat ion I d i d find a n increase 
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3 . WILKINS AND EIGEN Discussion 79 

in the rate of zinc incorporation, which seemed to fit very nicely with some of the 

things that have been said here. But subsequently I found that this was caused by 

a reaction between acetate and the porphyrin itself. Here we have a case where the 

prophyrin was labilized by an adduct between the porphyrin and acetate rather 

than the zinc's being labilized by formation of the zinc acetate complexes. Oddly 

enough, formate had no effect here. 

In another set of experiments in alkaline solution it seems that with three 

hydroxides zinc reacts rather rapidly with porphyrins, but with four hydroxides it 

doesn't react nearly as rapidly. A n d if you replace the hydroxide by cyanides, you 

can stop the reaction altogether. I think this goes back to the remarks I made this 

morning, that each system may have its own particular mechanism. 

A n t h o n y Poe: Some recent data which we have obtained suggest another 

possible mechanism for formation reactions. In studies of the anation of trans-
R h e n 2 B r O H 2 H ' 2 by chloride at an ionic strength of 1.5M (maintained with NaC104) 

and at 45°C, the graph of the pseudo first-order rate constant plotted against (Cl~~) 

curved down at high values of (Cl"). A plot of \/k0h* against 1/(Cl"") gave 

a straight line as would be expected for a mechanism involving dissociation of a 

water molecule leading to a five-coordinate intermediate for which both water and 

chloride compete (cf. Wilmarth et al., this volume). A first-order rate constant, 

&_w = 4 χ ί ο - 3 sec." 1, was found for the dissociation of water. However, when 

CIO4"" was replaced by NO3"" as the "inert" anion the rates were up to 3 0 % slower 

and the curvature of the k0h% vs. (Cl*") plot was considerably lessened. A depend

ence on the nature of the "inert" anion would not be expected for this mechanism. 

The curvature cannot be explained by preassociation of chloride and complex ions. 

This would have to be much larger than is expected for 2:1 electrolytes of this type 

and no spectrophotometric evidence for it was obtained. 

The data can be explained, however, by a general anionic catalysis in which the 

anions encourage the removal of the water molecule from the primary coordination 

sphere, presumably by hydrogen bonding. The anion does not have to be the one 

which will eventually enter the complex, and the results suggest that CIO4- is better 

than NO3"" at abstracting the water molecule, with Cl 7 " probably even less effective. 

Such a mechanism was postulated by R. Plane and H . Taube (5) in discussing 

the C r ( H 2 0 ) e + 3 — H 2 O exchange which was found to be linearly dependent on anion 

concentration. W 7ith this linear dependence no distinction is possible between an 

association mechanism, in which the associated anion has a generally labilizing effect 

on the complex, and the abstraction mechanism in which the anion acts specifically 

to remove a particular water molecule. WT. Plumb and G . Harris (6) have found 

that the R h ( H 2 0 ) e + 3 - H 2 0 exchange is also dependent on (CIO4"") over a wide 

concentration range. In both of the above studies the ionic strength varied directly 

with the anion concentration and the behaviour has been ascribed to this (6). 

Because of the curvature observed in our case a distinction between these two 

mechanisms is possible since association can be studied independently to see whether 

it is large enough to account for the curvature. In the abstraction mechanism, the 

curvature is caused by the competition between the perchlorate or nitrate ions, 

which can help complex formation only by abstracting a water molecule, and the 

chloride ions, which are essential for eventual formation of the complex and which 

can also help in the abstraction of the water molecule. 
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4 
Substitution Reactions of Square Planar Complexes 

FRED B A S O L O 

Northwestern University, Evanston, Ill. 

Kinet ic studies s h o w t h a t substitution react ions 
of square p l a n a r c o m p l e x e s g e n e r a l l y t a k e 
p l a c e b y a d isplacement mechanism. A t w o 
-term rate l a w is o b t a i n e d w h e r e o n e term (the 
solvent path) is z e r o - o r d e r i n r e a g e n t a n d t h e 
o t h e r t e r m (the r e a g e n t path) is f i r s t - o r d e r in 
r e a g e n t c o n c e n t r a t i o n . The r a t e of r e p l a c e 
ment of a g r o u p is very sensit ive t o t h e n a t u r e 
of the l i g a n d o p p o s i t e t o it i n t h e c o o r d i n a t i o n 
s p h e r e (trans effect) . Increased steric h i n 
d r a n c e in t h e c o m p l e x is a c c o m p a n i e d b y a 
d e c r e a s e in its r a t e . Reagents v a r y m a r k e d l y 
in t h e i r react iv i t ies t o w a r d s t h e s e substrates, 
a n d it is f o u n d t h a t t h e p o l a r i z a b i l i t y of t h e 
r e a g e n t is m o r e important t h a n basici ty i n 
d e t e r m i n i n g its r e a c t i v i t y . These effects a n d 
o t h e r s a r e discussed o n t h e basis of t h e p r o 
p o s e d mechanism of r e a c t i o n . 

C q u a r e p l a n a r complexes are general ly of the l ow-sp in J 8 t y p e . T h i s inc ludes the 
four -coordinated complexes of N i ( I I ) , P d ( I I ) , P t ( I I ) , A u ( I I I ) , R h ( I ) a n d I r ( I ) . 

T h e best k n o w n a n d most extens ive ly s tud ied are the c ompounds of P t ( I I ) . T h e 
k inet i cs a n d mechanisms of s u b s t i t u t i o n react ions of these systems have been 
invest igated i n considerable d e t a i l . S tud ies on complexes of the o ther m e t a l ions are 
rather l i m i t e d , b u t the results ob ta ined suggest t h a t the i r react ion mechan ism is 
s i m i l a r t o that of the P t ( I I ) systems. T h i s p a p e r br i e f l y surveys some of the a v a i l 
able i n f o r m a t i o n , a n d presents the current v i e w on the mechan i sm of s u b s t i t u t i o n 
react ions of square p l a n a r complexes . 

Platinum (II) 

T r a n s E f f e c t . T h e a-(cis) a n d 0- ( trans) forms of [ P t i N H . ^ C y were d i s 
covered more t h a n a century ago. Since then there has been a cont inued interest i n 
the c h e m i s t r y of P t ( I I ) complexes. M o s t of the w o r k has deal t w i t h the syntheses 

81 
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8 2 MECHANISMS O F I N O R G A N I C REACTIONS 

a n d propert ies of m a n y compounds . O n the basis of these q u a l i t a t i v e observat ions 
the now wel l recognized (a l though less we l l understood) t rans effect phenomenon 
was pos tu la ted . T h i s phenomenon is best descr ibed w i t h reference t o equat i on (1). 
T h e t rans effect is a p roper ty of the substrate a n d shou ld be discussed i n the sect ion 
o n the nature of the substrate . I t is t reated separate ly here because of i t s emphasis 
i n the l i t e ra ture of P t ( I I ) c h e m i s t r y . 

+ Y + χ ( D 

T h e influence of l igands A on the r e a c t i v i t y of X is s m a l l , b u t L has a pronounced 
effect, ca l led t rans effect, on the replacement rate of X . Q u a l i t a t i v e l y , the l a b i l i z -
i n g inf luence of L decreases i n the o rder : 

C 2 H 4 ~ N 0 ~ 0 C 0 ~ C N ~ > R 3 P ~ H - ~ S C ( N H 2 ) 2 > C H 3 - > C e H 6 - > S C N - > 

N 0 2 - > I " > B r ~ > C l - > N H 3 > 0 H - > H 2 0 . (2) 

Severa l theories have been proposed t o exp la in th i s t rans effect, b u t a t present o n l y 
the p o l a r i z a t i o n a n d the 7r-bonding theories are c o m m o n l y used. 

T h e t rans effect of m e t a l complexes was the subject of a recent r ev i ew (6). 
F u r t h e r deta i l s can be ob ta ined f r om th i s rev iew. I t w i l l suffice here t o describe 
br ie f ly the t w o theories a n d t o give some d a t a t o show the re la t ive magn i tude of the 
t rans effect. G r i n b e r g s p o l a r i z a t i o n theory exp la ins t h e t rans effect of l i gand L as 
resu l t ing f rom i t s p o l a r i z a t i o n of P t ( I I ) so t h a t the oppos i te P t - X b o n d is weakened . 
T h i s then is responsible for the more r a p i d rep lacement of X . Some x - r a y studies 
show that the P t - X bond is longer w h e n i t is oppos i te a good t rans l a b i l i z i n g l i gand . 
In f rared d a t a p r o v i d e a d d i t i o n a l evidence for a w e a k e n i n g of the P t - X bond . 

T h e 7r-bonding theory exp la ins w h y l igands such as C 2 H 4 , C O a n d P R s have a n 
extremely large t rans l a b i l i z i n g influence. T h e theory suggests t h a t the presence of 
a 7r-bonding l i gand has a greater s t a b i l i z i n g influence on the five-coordinated t r a n s i 
t i o n state t h a n on the four -coordinated ground state . Because of 7r-bonding w i t h 
L , the w i t h d r a w a l of e lectron dens i ty f rom the v i c i n i t y of the enter ing Y a n d l e a v i n g 
X promotes the d isp lacement of X . B o t h x - r a y a n d in f rared d a t a a v a i l a b l e show 
t h a t the P t - X bond is a lso often weakened i n these systems. T h i s impl i es t h a t the 
d o n a t i o n of e lectrons f rom P t ( I I ) t o L b y 7r -bonding results i n L h a v i n g a greater 
tendency to r e t u r n electrons t o P t ( I I ) v i a σ-bonding. 

Some k ine t i c d a t a on the t rans effect are now a v a i l a b l e . M o r e de ta i l ed s y s t e m 
a t i c studies are needed, bu t q u a n t i t a t i v e i n f o r m a t i o n does p r o v i d e the magni tude 
of the t rans l a b i l i z i n g a b i l i t y of var i ous l igands for s u b s t i t u t i o n react ions i n these 
systems. F o r complexes o f ' the t y p e [ P t N H 3 L C l 2 ] ~ , where the l eav ing C l " " is t rans 
t o L , the t rans effect order of L is a p p r o x i m a t e l y (28), 

C 2 H 4 : N 0 2 - : B r - : C l - - > 100:9:3:1 

T h e increase i n react ion rate is accompanied b y a decrease i n a c t i v a t i o n energy. 
T h e react ion rates of t rans [ P t ( P E t 3 ) 2 L C l ] w i t h p y r i d i n e show the a p p r o x i m a t e t rans 
effect order (3). 
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4 . BASOLO Squarm Plmar Complexe* 8 3 

Cr:^ -CH 8 OQHr:A~ClC e Hr:C e H 6 - ;CH 3 - - :PEt 8 :H- -
1 : 32 : 38 : 40 :165 :10,000:10,000 

The large trans labilizing ability of H"~ is explained on the basis of the polarization 

theory, whereas the ir-bonding theory is involked to account for the large effect of 

PEts. 

Rate Law and Mechanism of Reaction. Only about ten years ago kinetic 

investigations on these systems were reported. This research was done indepen

dently in the laboratories of Prof. Grinberg in Russia, Prof. M a r t i n at Iowa State 

University and ours at Northwestern University. T h e initial studies showed that 

the rates of reaction such as (1) are first-order in substrate concentration but either 

first-order or zero-order in reagent concentration. Subsequently, more detailed 

studies have shown that the reaction rates obey rate law (3), where kB is a first-order 

rate constant for 

a solvent-controlled reaction and ky is a second-order rate constant for reaction with 

Y . Such a rate law was first reported by Rich and Taube (22) for the exchange of 

chloride ion with [ A u C l J , and it was suggested that this may be a general rate 

expression for square planar complexes. In experiments containing an excess of Y , 

the pseudo first-order rate constant, fab*, is related to the individual rate constants 

by equation (4). Linear plots of vs. [Y] are obtained and 

have the same nonzero intercepts but different slopes ky for different Y (Figure 1). 
This rate law applies for all of the square planar systems investigated, except the 

sterically hindered Pd(II) complex described later. 

Rate - £.[PtA 2LX] + * y [ P t A 2 L X ] [Y] (3) 

*o6. - * . + *y[Y] (4) 

2 4 6 8 10 

Figure 1. Rates of reaction of trans-
[Pt(py)2Ck] with various nucleophiles in 

methanol at 30°C. 
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8 4 MECHANISMS OF I N O R G A N I C REACTIONS 

B o t h the so lvent - contro l led p a t h a n d the d i rec t reagent p a t h a p p e a r t o i n v o l v e 
a n expansion i n coord inat i on n u m b e r of the m e t a l as shown i n F i g u r e 2. A more 
deta i led representat ion w o u l d inc lude i n the substrate coord inated so lvent a n d / o r 
reagent, a t greater distances on the ζ axis above and below the xy p lane . T h e 
geometry of the five-coordinated species is no t k n o w n , b u t perhaps i t has a t r i gona l 
b i p y r a m i d a l or a te tragonal p y r a m i d a l s t ruc ture . E i t h e r s t ruc ture p e r m i t s sub
s t i t u t i o n w i t h conf igurat ion re tent i on , a n d th is is f ound exper imenta l ly . 

N a t u r e o f t h e S u b s t r a t e . D a t a gathered f r om several sources prov ide i n 
f o rmat i on on the effect of c e r ta in changes i n the p l a t i n u m (I I) substrate o n the 
react ion rates. These results are s u m m a r i z e d here w i t h specific reference t o the 
effect of (1) charge on the complex , (2) the nature of the d e p a r t i n g l i gand , (3) ster ic 
h indrance of o ther l igands, a n d (4) b a s i c i t y a n d π-bonding of o ther l igands. 

T h e effect of charge o n reac t i on rates of p l a t i n u m (I I) complexes is best i l l u 
s trated b y the results of the excellent invest igat ions of Professor M a r t i n (23) a n d 
his s tudents on the series of complexes f rom an ion i c [ P t C U l - 2 through [ P t ( N H 3 ) 3 C l ] + . 
T h e rate constants for a q u a t i o n , replacement of the first ch lor ide i o n , a n d for d i rec t 
exchange of radiochlor ide i o n are shown i n T a b l e I . T h e most s t r i k i n g feature of 
these d a t a is the s m a l l v a r i a t i o n i n a q u a t i o n rate constants of the series, for sub
strates v a r y i n g i n charge f rom —2 t h r o u g h + 1 . T h i s argues against a s imple 
dissoc iat ive mechanism ( S ^ l ) where charge separat ion is i m p o r t a n t . I t supports 
the d isplacement process (S^2) shown i n F i g u r e 2 where b o t h charge separat ion 
a n d charge neutra l i za t i on are i m p o r t a n t . Because of these compensat ing oppos ing 
effects a change i n charge on the complex does not great ly a l t e r i t s r e a c t i v i t y . I t is 
s igni f icant that for the s ix -coordinated systems where charge separat ion is i m p o r t a n t , 
the complex charge can effect the react ion rate . T h u s , the a q u a t i o n rate of t rans 
[ C o ( N H 3 ) 4 C l 2 ] + is a p p r o x i m a t e l y 1000 t imes faster t h a n t h a t of [ C o ( N H 3 ) 6 C l ] + 2 . 
F i n a l l y , the results also show t h a t C l " re lat ive t o H 2 O is a better reagent for zero 
va l ent a n d cat ion i c substrates t h a n for a n i o n i c complexes. T h i s m a y be expected 
on the basis of the negative charge on chlor ide i o n , b u t t h a t w o u l d not account for 
i ts being a better reagent t owards /raws-than a . s - [P t (NH 3 ) 2 C l 2 ] . Reagent r e a c t i v i t y 
is descr ibed later . 

Table I. Rate Constants f o r t h e H yd ro lys is a n d C h l o r i d e E x c h a n g e of 
Chloroammlneplat inum (II) Complexes* 

Temp. 25°C. μ - 0 .318M 
Complex W5kH20 seer1 lO^kcCM'1 seer1 

[ P t C l J - 2 3.9 <3 
[ P t N H j C l , ] " 3.6 <3 
m - [ P t ( N H 3 ) 2 C l 2 ] 2 .5 - 3 
*rafw-[Pt(NHj)aCl 2 ] 9 .8 78 
[Pt (NH, ) ,Cl ]+ 2 .6 7 

• Data from Tucker et. al. (23). 

Regardless of the react ion mechan i sm one should expect the react ion rates for a 
series of analogous substrates t o v a r y w i t h changes i n the nature of the l e a v i n g 
group . M e a n i n g f u l results can best be o b t a i n e d i f the o ther three l igands are the 
same a n d o n l y X - changes, as i n complexes of the type [ P t A 3 X ] + . One such s t u d y 
has been made (4) where A 3 is d i e t h y l e n e t r i a m i n e , a n d the d a t a are g iven i n T a b l e 
I I . T h e react ion rates decrease w i t h increas ing P t - X bond s t rength . T h i s result 
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4 . BASOLO Square Planar Complexes 8 5 

Figure 2. Bimolecular displace
ment mechanism for substitution 
reactions of square planar com
plexes. ka is the rate constant 
for the solvent path and ky is the 
rate constant for the direct reagent 

path. 

does not ind i ca te the react ion m e c h a n i s m . E a r l i e r w o r k (5) on the exchange of X"~ 
w i t h [ P t X J - 2 showed t h a t the rate of exchange for different X ~ l igands decreased 
i n the order C N ~ > I~~> Br~~> C l ~ " . T h e stab i l i t i es of these complexes also de
crease i n th i s order . H o w e v e r , the exchange rates are not d i r e c t l y c omparab le i n th is 
series because of the different t rans effects of X ~ a n d because of i t s reagent r e a c t i v i t y 
differences. 

A n increase i n ster ic h indrance i n the substrate is a c c o m p a n i e d w i t h a decrease i n 
react ion rate (Table I I I ) . T h i s resul t is i n accord w i t h a reac t i on t h a t requires a n 
expans ion of coord inat i on number . B y contrast , the d issoc iat ive react ions of 
cobal t ( I I I ) complexes show a ster i c acce lerat ion (5) I t is n o t e w o r t h y t h a t steric 
r e t a r d a t i o n for a l k y l subst i tuted p h e n y l complexes of the t y p e [ P t ( P E t 3 ) 2 p h e n y l C l ] 
is m u c h greater for the c is t h a n for the t rans isomers . E x a m i n i n g molecu lar models 
suggests t h a t th i s is expected, p r o v i d i n g the ac t ive intermediates have t r i g o n a l 
b i p y r a m i d a l s tructures . F o r te t ragonal p y r a m i d a l s tructures the ster ic h indrance 
w o u l d be a b o u t the same for the t w o isomers. A l s o note t h a t i f the t o p a n d b o t t o m 
of the square plane are complete ly b locked , t h e n the complex behaves l i k e a n 
oc tahedra l sys tem. T h e react ion mechan ism changes t o a d issoc ia t ive process, as 
discussed i n the sect ion on P d ( I I ) . 

Table II. Rates of Replacement of X i n [Pt(dlen)X]+ w i t h P y r i d i n e 
( 0 . 0 0 5 9 M ) i n W a t e r a t 25°C. 

X" 10*kob.. seer1 X- 10*koba. seer1 

N O r fast N r 0.083 
C l " 3.5 S C N " 0.030 
B r " 2.3 N 0 2 - 0.0050 
I - 1.0 C N - 0.0017 

β Data from Basolo et. al. (4). 

I n f o r m a t i o n on the effect of the σ-bonding (bas i c i ty or i n d u c t i v i t y ) or 7r -bonding 
propert ies of l igands i n c is pos i t i ons t o the l eav ing group is as yet f ragmentary . T h e 
re lat ive rates of methano lys i s of i m w s - [ P t A 2 C l 2 ] for A - p i p e r i d i n e : t r i e t h y l p h o s p h i n e -
p y r i d i n e are 1.2:~10"~2:1. P i p e r i d i n e is a good σ-bonding l i gand a n d t r i e t h y l : 
phosphine a good 7r-bonder. T h e rates of so lvo lys is differ, a n d th i s difference var ies 
wi th changes i n reagent for the d i rec t d isp lacement p a t h , as is m e n t i o n e d i n the 
sect ion on reagent r e a c t i v i t y . 
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8 6 MECHANISMS O P I N O R G A N I C REACTIONS 

Table III. Steric Factors In Substitution Reactions of Plat inum (II) 
C o m p l e x e s In Ethyl A l c o h o l . 

Compound 

a j - [ P t ( 4 - a m p y ) 2 C l 2 ] 0 

cw- [Pt (a -p i c ) 2 Cl 2 ] 0 

a W P t ( P E T 8 ) 2 ( p h e n y l ) C i P 
a s - [ P t ( P E T 8 ) 2 ( o - t o l y l C i P 
c * M P t { P E T 8 ) 2 ( m e s i t y l C l ] * 

P t ( P E T 8 ) 2 ( p h e n y l ) C i P 
P t ( P E T , ) 2 0 - t o l y l C i P 
P t ( P E T 8 ) 2 m e s i t y l C i p 

Reagent Temp. °C. kt seer1 

» · α -
* · α -

25 
25 

1.1 Χ ΙΟ" 8 

4.8 X 10~ 7 

pyridine 
pyridine 
pyridine 

0 
0 
0 

3.8 Χ ΙΟ"* 
8.7 X 10-* 
4.2 X 10~ 7 

pyridine 
pyridine 
pyridine 

25 
25 
25 

3.3 X 10-< 
6.7 X 10"· 
1.2 X 10-· 

B r ~ 
B r ~ 

25 
80 

1.0 x io-< 
8.5 X 10-· 

trans-
trans-
trans-

[PtdienCl]+« 
[ P t E t 4 d i e n C l ] + * 

* Data from Pearson et. al. (20). 
* Data from Basolo et. al. (3). 
« Data from Basolo et. al. (4). 
* Etidien = (CiHi)jNCHiCHtNHCHtCHfN(CiHi)t. The complex is a pseudo-octahedron and reacts 

by a dissociation process. See discussion for palladium (I I). Data from R. Wanguo, private communi
cation. 

Ef fe c t o f S o l v e n t . T h e effect of so lvent o n the rate of ch lor ide i o n exchange 
w i t h *rans-[Pt(py)2Cl 2 ] has been s t u d i e d i n some d e t a i l (20). Some of the resul ts of 
th i s inves t i ga t i on are shown i n T a b l e I V . T h e rates of so lvo lys i s bear no r e l a t i o n 
t o d ie lec tr i c constants o r general s o l v a t i n g propert ies of the so lvents . T h e results 
are best corre lated w i t h the c o o r d i n a t i n g propert ies of the so lvent . T h e so lvent 
CH3NO2 is p a r t i c u l a r l y in te res t ing because i t i s no t a good c o o r d i n a t i n g so lvent , 
bu t yet i t prov ides a n effective p a t h for chlor ide i o n exchange. T h i s is a t t r i b u t e d t o 
i ts x - b o n d i n g a b i l i t y w h i c h a l l ows i - o r b i t a l e lectrons o n the p l a t i n u m t o delocal ize 
i n t o a v a c a n t ^ - o r b i t a l o n the n i t rogen . A s i m i l a r e x p l a n a t i o n i s used t o account for 
the increase i n exchange rate f o l l owing the a d d i t i o n of e i ther C H 3 C O O H o r Η 8 ΒΟβ. 
T h e s e substances d o not f orm stable p l a t i n u m (II) complexes , b u t behave as 
cata lysts i n these react ions because of t h e i r e lec trophi l i c propert ies . 

Table IV. Effect of Solvents o n t h e Rates of C h l o r i d e Ion E x c h a n g e 
w i t h frans- [Pt(py) 2CI 2] a t 25°C. 

Solvent* k, seer1 Solvent* kCrM~l seer1 

H 2 0 3.5 X 10-« C C U 10* 
( C H 8 ) 2 S O 3.8 X 10-* C « H e 10 s 

C H 8 N 0 2 3.2 X 10"· w-cresol 1 0 " 1 

QH5OH 1.4 X 10-· ^ . C 4 H , O H 1 0 " 1 

n - C 8 H 7 O H 4.2 X 10-· E t O A c 10"* 
C H 8 N 0 2 ( C H 8 C O O H ) * 4.0 X 10"* ( C H 8 ) 2 C O 10"* 
C 2 HeOH(H 8 B0 8 ) « 5.3 X 10"· H C O N ( C H 8 ) 2 10-· 

« Data from R. Pearson et. al. (20). 
* For these good solvents, the exchange proceeds by the solvent path at [Cl~j between 0.001 and 

0.007M. 
« For these poor solvents the exchange proceeds by the direct displacement path. 
à For a solution of 2.2M C H 8 C O O H in CH8NO». 
« For a solution of 0.075M H|BOs in 90% ethanol andl0% water. 

T h e r e i s considerable evidence t h a t the so lvent p a t h , kB, i s no t a d i ssoc ia t ive 
process, b u t invo lves a d i rec t d isp lacement b y the so lvent . T h i s i s s u p p o r t e d b y the 
fo l lowing observat ions : (1) the values of ka are i n v a r i a n t w i t h changes i n the net 
charge o n the complex , (2) the va lues of ka decrease w i t h increase i n ster ic h indrance . 
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4 . BASOLO Squarm Planar Complexes 8 7 

(3) the values of kB r ough ly para l l e l the c o o r d i n a t i n g a b i l i t y of the so lvent , (4) the 
va lue of kBf w h e n the so lvent is water , is jus t the expected va lue for the react ion of 
w a t e r a c t i n g as a nuc leophi l i c reagent c o m p a r e d t o o ther nucleophi les a n d (5) c o m 
p e t i t i o n react ions between O H " a n d X ~ for [ P t d i e n X ] + show t h a t kH is not affected 
b y a d d i n g a considerable a m o u n t of X ~ to the s o l u t i o n (14). 

R e a g e n t R e a c t i v i t y . One of the most interest ing aspects of s u b s t i t u t i o n 
reactions of square p l a n a r complexes is that the reac t i on rates depend on the nature 
of the reagent. T h i s p e r m i t s a thorough inves t i ga t i on of the factors responsible for 
reagent r e a c t i v i t y t o w a r d s these substrates . N o t e t h a t th i s has not been possible 
for the react ions of most s ix - coord inated m e t a l complexes, since t h e i r rates do no t 
depend on the reagent. 

R e c e n t l y , extensive inves t igat ions have been made of the reac t i on of trans-
[Pt(py)2Cl2] i n m e t h a n o l s o lu t i on w i t h a v a r i e t y of reagents, Y (8). T h e va lues of 
ky are g iven i n T a b l e V . Less complete b u t s i m i l a r results are ava i lab le for the 
substrates [Ptd ienBr ]+ *raws- [Pt (p iper id ine ) 2 Cl 2 ] a n d ^ a n 5 - [ P t ( P E t 3 ) 2 C l 2 ] . A l s o 
shown i n th is table are the basic i t ies , the po lar i zab i l i t i e s a n d the es t imated o x i d a t i o n 
potent ia ls of the var i ous nucleophi les . E x c e l l e n t rev iews (11) (12) have been 
w r i t t e n w h i c h consider the c o n t r i b u t i o n s of these factors t o the nuc leophi l i c charac 
ter of different reagents t owards var i ous substrates . T h e L F E R equat i on of 
Brônsted (9) is a corre lat ion of the rates of nuc leophi l i c d isp lacement on hydrogen 
w i t h the basic it ies of the neuclophi les . Ins tead , for p l a t i n u m (27) complexes 
bas i c i ty c l ear ly is not a n i m p o r t a n t factor i n nuc leophi l i c s t rength (12). P o l a r i z a -
b i l i t y is a d o m i n a n t factor . E d w a r d s (11) has ca l l ed a t t e n t i o n t o the e m p i r i c a l 
corre lat ion w i t h E° va lues , s ince these are a measure of a reagent 's t endency t o 
release electrons i n s o lu t i on . I t appears t h a t a po lar i zab le (soft) substrate reacts 
best w i t h a po lar izab le (soft) nucleophi le a n d a " n o n p o l a r i z a b l e " (hard) substrate 
prefers a " n o n p o l a r i z a b l e " (hard) nuc leophi le (19). 

B e l l u c o (8), f o l l owing the suggestion of E d w a r d s , has corre lated va lues of £ ° 
a n d es t imated values of E° w i t h l og k va lues for the reac t ion of three P t ( I I ) sub -

Table V . P r o p e r t i e s of R e a g e n t s a n d Rates of Nucleophi l ic D isp lace 
ment o n t h e Substrate trang- [ Ρ ΐ ΐ ρ γ ) 2 0 2 ] i n M e t h a n o l a t 30°C. 

Nucleophile, Y pKa Ρ lPkyM-1 sec. 
H 2 0 ( C H 3 O H ) - 1 . 7 0.000 - 2 . 6 0 1 x i o - « . 
w c i - ( - 5 ) 0.389 - 1 . 3 6 0.45 
C e H 6 N 5.3 - 1 . 4 0 0.55 
N H 3 9.3 - 0 . 7 6 0.47 
N 0 2 - 3.35 - 0 . 8 7 0.68 
N 3 ~ 4.72 - 1 . 0 2 1.55 
N H 2 O H 5.98 2 .9 
N 2 H e 8 2.93 
B r " ( - 6 ) 0.539 - 1 . 0 9 3.7 
C e H 6 S H 

( - 6 ) 
5.7 

i - ( - 7 ) 0.718 - 0 . 5 3 5 107 
S C N - 0 .5 - 0 . 7 7 180 
S O s 2 " 7.2 - 0 . 0 2 6 250 
S e C N " O - 0 . 5 3 5 ) 5150 
C e H 6 S - ( - 7 ) ( ~ + 0 . 3 ) 6000 
S = C ( N H 2 ) 2 - 0 . 9 4 + 0 . 4 2 6000 
S 2 0 3

2 " 1.5 + 0 . 2 8 ~ 9 0 0 0 
« The E° values are for Υ~ο β . = I42Y2+aq. + e.«. 
* Data from U . Belluco (8). 
« Value of ka in sec. Κ 
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8 8 MECHANISMS OF I N O R G A N I C REACTIONS 

strates w i t h several nuc leophi les . T h e l inear p l o t s (F igure 3) show a re la t i onsh ip 
between the free energy for react ion a n d the parameter E°. A l s o in teres t ing is t h a t 
for the substrates 2ra«s-[PtA2Cl2], the slope of the l ine is greater for A = P E t 3 t h a n 
for A = p y or p i p y r i d i n e . T h i s suggests t h a t P t ( I I ) is more e lec trophi l i c i n the 
P E t 3 sys tem t h a n i n the o ther t w o substrates . T h i s is i n accord w i t h the i r - bond ing 
tendency of phosph ine l igands i n these systems. 

Figure 3. Rates of reaction of 
Pt(II) substrates in methanol at 

30°C. 

Table V I . Effect of C h a r g e a n d of ττ-Bondlng of Pt(ll) C o m p l e x e s o n 
t h e React iv i ty of t h e N u c l e o p h i l e C l ~ a n d t h e Blphl le N 0 2 . 

10*kvM~l seer1 

Complex 

[Ptd ienH 2 0] + 2 ° 
[PtdienBr]+° 
* r a w s - [ P t ( C 5 H n N ) 2 C l 2 P 
trans-l P t ( p y ) 2 C l 2 P 
trans-l P t ( P E t 3 ) 2 C l 2 P 

• Data from H . Gray (13). Temp. 25°C. 
• Data from U . Belluco (8). Temp. 30°C. 

ci-
1.0 X 
0.88 
0.93 
0.45 
0.029 

10 s 

N02-

0.56 X 10» 
3.7 
2 .0 
0 .68 
0.022 

N o t e t h a t reagents m a y also v a r y i n re la t ive r e a c t i v i t y t owards different 
substrates . F o r example , the r e a c t i v i t y N ( V > C l " t owards [ P t d i e n B r ] 4 * i s re 
versed for [ P t d i e n r ^ O ] 2 4 as shown i n T a b l e V I . L i k e w i s e , NO2"" is a poorer reagent 
t h a n C l ~ t owards a P t ( I I ) substrate c o n t a i n i n g a good 7r -bonding l i gand such as 
PEt3*, b u t N U 2 ~ is a better reagent t h a n C l ~ towards systems c o n t a i n i n g good 
σ-bonding l igands such as p iper id ine . T h e s e results can be expla ined i n terms of 
N O 2 " b ehav ing as a b i p h i l i c reagent. T h u s , i n a d d i t i o n t o σ-bonding, NO2"" can 
i r -bond b y v a c a t i n g a ^ - o r b i t a l a n d accept ing d -orb i ta l electrons f rom P t ( I I ) . T h i s 
w i l l be more i m p o r t a n t for a substrate where the nonbond ing J - o r b i t a l s are i n a n 
expanded state re lat ive t o one w i t h contrac ted d-orbita ls . L i g a n d s that increase the 
e lectron dens i ty on P t ( I I ) or an ion i c complexes w i l l enhance the r e a c t i v i t y of a 
b i p h i l i c reagent. 

Activation Energy Parameters. V a l u e s of AH% a n d ASt for some react ions of 
P t ( I I ) complexes are shown i n T a b l e V I I . M o r e d a t a are needed, b u t a p p a r e n t l y 
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4 . BASOLO Square Planar Complexes 8 9 

the a c t i v a t i o n e n t h a l p y is larger a n d the e n t r o p y less negative for the so lvent p a t h 
(ka) t h a n for the reagent p a t h (ky) i n these react ions . T h e negative a c t i v a t i o n 
e n t r o p y for a q u a t i o n is reasonable because, i n go ing f rom reaetants t o a c t i v a t e d 
complex , there i s a n increase i n charge. T h i s results i n the " f r e e z i n g " of so lvent 
molecules a r o u n d the i n c i p i e n t ions . T h e unexpected result is the negative e n t r o p y 
found for the d i rec t d isp lacement reac t i on between a ca t i on i c complex a n d an an ion i c 
reagent. Such a charge neut ra l i za t i on process is expected t o release (or " m e l t " ) 
" f r o z e n " so lvent a n d result i n a n increase i n e n t r o p y . Since the e n t r o p y of a c t i v a 
t i o n is negative , th i s suggests a n increase i n p o l a r i t y i n going f r om ground state t o 
t r a n s i t i o n state a n d / o r the a c t i v a t e d complex imposes str ingent stereochemical 
requirements on the enter ing a n d l eav ing groups. 

Table VII. A c t i v a t i o n Energy P a r a m e t e r s f o r Some Reactions of Pt(ll) 
C o m p l e x e s . 

Complex11 kcal. ASt e.u. 
[ P t C l 4 ] - 2 

[ P t ( N H 3 ) C l 3 ] -
21 - 8 [ P t C l 4 ] - 2 

[ P t ( N H 3 ) C l 3 ] - 19 - 1 5 
a s - ] P t ( N H , ) , C l j ] 20 - 1 4 
/ ra iw- ]Pt (NH,) 2 Cl2] 20 - 1 1 
[ P t ( N H 3 ) 3 C l ] + 18 - 1 8 
[Pt (d ien )C l ] + f t 14 - 2 3 
[ P t ( d i e n ) C l ] +

e 10 - 3 0 
[Pt(dien)Cl] +<* 10 - 2 8 
*raws- ]Pt (PEt 3 ) 2 Cl 2 ] e 15 - 3 0 
/ m w H P t ^ H n N ^ C y * 14 - 2 5 

β Data are for the îeplacement of one CI by H2O. From D. S. Maitin, et. al., J . Am. Chem. Soc, 
77, 2965 (1955); 80, 536 (1958); 83, 2457 (1961); Inorg. Chem., 1, 551 (1962); 2, 562 (1963). 

t> For the replacement of C F by Br~, W. H. Baddley (2c) 
* For the replacement of C F by I~, W. H. Baddley (2c). 

For the replacement of C F by_SC(NH2)_2. W. H . Baddley (2c). 
« For the replacement of one CI by NO2 . U . Belluco, private communication. 

O t h e r O b s e r v a t i o n s . Recent c ommunica t i ons b y H a a k e repor t t w o different, 
interest ing observat ions . F i r s t , the rate constants for reac t ion (5) are nonl inear i n 
concentrat ion of NO2"" (16). T h i s was exp la ined i n terms of a r a p i d preassoc iat ion 

a V [ P t ( N H 3 ) 2 N 0 2 C l ] + N 0 2 ~ -> m - [ P t ( N H 3 ) 2 ( N 0 2 ) 2 ] + C l ~ (5) 

e q u i l i b r i u m (5) fol lowed b y the ra te -de te rmin ing d isp lacement step (6). Spec t ro 
scopic evidence was a lso 

fast 
a s - [ P t ( N H 3 ) 2 N 0 2 C l ] + N 0 2 ~ — [ P t ( N H 3 ) 2 ( N 0 2 ) 2 C i r (6) 

slow 
[ P t ( N H 3 ) 2 ( N 0 2 ) 2 C l ] - -> a 5 - [ P t ( N H 3 ) 2 ( N 0 2 ) 2 ] + C I - (7) 

obta ined suppor t ing the " f i v e - c o o r d i n a t e d " in termediate . T h i s mechan i sm cor
responds t o that referred t o as a " d i s s o c i a t i o n " m e c h a n i s m (5). 

T h e other interes t ing observat ion (17) is t h a t the react ion of m - [ P t A 2 C l 2 ] , 
where A 2 = en, 2py or b i p y , w i t h d i th i ooxamide t o y i e l d c w - [ P t A 2 ( d i t o a ) ] + 2 shows 
the fo l lowing re lat ive rates for changes i n A 2 : en = 1.4, 2py = 1, b i p y = 90. These 
results were ra t i ona l i zed on the basis of a s t rong t rans effect resu l t ing f rom a r o m a t i -
c i t y i n the p l a t i n u m - a - d i i m i n e chelate ring i n the b i p y complex . T h i s m a y result 
f rom the p z - o r b i t a l s on the nitrogens o v e r l a p p i n g w i t h the άχζ- a n d dyg- o rb i ta l s 
o n the p l a t i n u m (complex i n xy plane) t o produce a n a r o m a t i c sys tem w i t h eight 
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9 0 MECHANISMS O F I N O R G A N I C REACTIONS 

7r-electrons i n the five-membered r i n g . T h u s , there w o u l d be a l ow electron 
dens i ty on the chlor ide side of the complex a n d a large t rans effect. T h i s m a y 
also account for [ P t ( t r i p y ) C l ] + react ing a p p r o x i m a t e l y 1000 t imes faster t h a n 
[Pt (d ien )Cl ]+ (4 ) . 

Palladium (II) 

D e t a i l e d invest igat ions on the k inet i cs a n d mechanisms of react ions of square 
p lanar p a l l a d i u m (II) complexes are largely l a c k i n g . H o w e v e r , enough d a t a exist t o 
show t h a t the react ions of p a l l a d i u m (II) complexes are m u c h faster t h a n those of 
p l a t i n u m ( I I ) , a n d t h a t the t w o systems react b y the same t y p e of mechan ism. 
Some of the d a t a ava i lab le are g iven i n T a b l e V I I I a l ong w i t h the same i n f o r m a t i o n 
o n p l a t i n u m (II) a n d n i c k e l ( II ) for compar ison (3). T h e results show a n a p p r o x 
i m a t e re lat ive order of r e a c t i v i t y for analogous complexes of the t r i a d as follows : 

I t was observed recent ly that the react ion of [ P d ( d i e n ) C l ] + w i t h several good 
reagents a t m i l l e m o l a r concentrat ions a n d 25°C. is too fast to measure b y a s topped -
flow m e t h o d (2b). Therefore , we dec ided to invest igate a s i m i l a r s ter i ca l ly -h indered 
complex w h i c h we expected t o react s lower. I n fact , the complex ( P d ( E t 4 d i e n ) C l ] + , 
where E t 4 d i e n « ( C 2 H 5 ) 2 N C H 2 C H 2 N H C H 2 C H 2 N ( C 2 H 5 ) 2 reacts w i t h a n a p p r o x 
i m a t e 5 m i n u t e hal f l ife a t r o o m temperature . I ts rates of reac t ion w i t h different 
reagents as a funct i on of reagent concentrat ion are p l o t t e d i n F i g u r e 4. T h i s shows 
t h a t for the reagents B r ~ a n d I"~ the react ion rate is independent of reagent c o n 
cent ra t i on . Instead the rate of reac t ion w i t h hydrox ide i o n is dependent on i ts 
concentrat ion . These results are reminiscent of react ions of cobal t ( I I I ) a m m i n e s 
w h i c h show the same behav ior (5). A n e x a m i n a t i o n of the molecu lar mode l of 
[PdEtédienCl] shows t h a t the four e t h y l groups comple te ly b lock the t o p a n d b o t t o m 
of the p l a n a r complex a n d give i t the appearance of a n o c tahedra l complex . T h u s , 
because of th is a n d because i t s s u b s t i t u t i o n react ions resemble those of o c tahedra l 
complexes, i t is cal led a pseudo-octahedral complex . 

Since a d i rec t d isp lacement process charac ter i s t i c of react ions of square c o m 
plexes seems u n l i k e l y , i t w o u l d a p p e a r t h a t i n such s ter i ca l ly -h indered sys tems the 
react ion proceeds b y a d issoc iat ive process s i m i l a r t o t h a t found for s ix - coord inated 

N i ( I I ) : P d ( I I ) : P t ( I I ) - 10 6:105:1 

••ο-

o|_=8r-
• L=i" 
• L=0H" 

43 

0 1 2 3 4 5 6 
Cone. N a L x l O 2 Moles L i t e r 1 

7 

Figure 4. Rates of reaction as a function 
of reagent concentration, 25°C. 
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4 . BASOLO Square Planar Complexes 9 1 

complexes. T h e special dependence o n O H " - c oncentrat ion can result f rom the 
presence of a n N - H hydrogen w h i c h p e r m i t s a n S ^ l C B mechan ism, (7, 8, 9). 

fast 
[ P d E t 4 d i e n C l ] + + O H ~ — [ P d E t 4 d i e n - H ) C l ] + H 2 0 (8) 

slow 
[ P d ( E t 4 d i e n - H ) C l ] - * [ P d ( E t 4 d i e n - H ) ] + + C l " (9) 

fast 
[ P d ( E t 4 d i e n - H ) ] + + H 2 0 -> [ P d E t 4 d i e n O H ] + (10) 

Table VIII. Rates of React ion of Some A n a l o g o u s Ν 1(11), Pd(ll) a n d 
Pt(ll) C o m p l e x e s a t 25°C. a 

Complex1·: kob$d. sec. 1 

[Pt (d ien )Cl ] + 7.0 Χ Ι Ο " 8 

[Pd (d ien )Cl ] + fast« 
[Pt(dien)SCN]+ 6.2 X 10" 8 

[Pd(dien)SCN]+ 4.2 Χ 10 " 2 

[Pt]Et 4 dien)Cl]+ 8.6 X 1 0 " e 

[Pd(Et 4 dien)Cl l+ 2 X 10-** 
Complex* k, seer1 

* r a w H N i ( P E t 3 ) 2 ( o - t o l y l ) C l ] 3.3 Χ 10 1 

/m»5-]Pd(PEt 3 ) 2 (o-tolyl)Cl] 5.8 Χ 1 0 " 1 

trans-Wt (PEt 3 ) 2 0 - t o ly lC l ] 6.7 X 1 0 " e 

trans-]m ( P E t 3 ) 2 m e s i t y l C l ] 2.0 Χ ΙΟ" 8 

/m»HPt(PEt 3 ) 2 mesitylCl ] 1.2 X 10" f i 

« Data from (2, 3, 4). 
b Rates are for the reaction with 0.001 Λί py. _ 
« Too fast to measure by the stopped flow method, therefore t H < 10 8 sec. 
d For these pseudo-octahedral complexes the reaction rate is independent of the reagent. The value 

for Pt(II) is at 80°C. 
« The solvent is ethanol and the reaction is the replacement of Cl by py. 

S u p p o r t i n g th i s is the observat i on t h a t the reac t ion rate of [ P d ( M e E t 4 d i e n ) C l ] + 

(which conta ins no N - H , h a v i n g i n s t e a d a m e t h y l group on the center nitrogen) 
w i t h O H ~ does no t depend on i t s c o n c e n t r a t i o n (F igure 7). 

Pearson a n d J o h n s o n (21) have t h o r o u g h l y inves t iga ted the reac t ion of 
[Pd(acac) 2 ] , where a c a c = a c e t y l a c e t o n a t e i o n , w i t h the so lvent w a t e r a n d w i t h a 
v a r i e t y of reagents. T h e react ions i n v o l v e d are ra ther c ompl i ca ted , i n v o l v i n g the 
step-wise open ing of the chelate r ings a n d replacement of the chelate w i t h so lvent 
or reagent. One in teres t ing p o i n t is t h a t the nuc leophi l i c r e a c t i v i t y of v a r i o u s 
reagents increased i n the order 

H 2 0 ~ O H - < C 1 ~ < B r ~ < I ~ < S C N " . 

T h i s is the same order as t h a t charac ter i s t i c of react ions of P t ( I I ) complexes. N o t e 
aga in t h a t O H ~ is no t a good reagent. 

Nickel (II) 

N i c k e l (II) complexes c o n t a i n i n g groups of h i g h l i g and field s t rength are often 
square p l a n a r l o w - s p i n <P systems. M a n y of these are chelate compounds , b u t 
several systems of the t y p e [ N i ( P R 3 ) 2 X 2 ] are a l so k n o w n . F o r the l a t t e r complexes 
no de ta i l ed k i n e t i c studies have been repor ted . T h e d a t a i n T a b l e V I I I show t h a t 
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9 2 MECHANISMS OF I N O R G A N I C REACTIONS 

these n i c k e l (II) complexes react m u c h more r a p i d l y t h a n the complexes of p l a t i n u m 
(I I ) . I t is no t k n o w n whether the same t w o - t e r m rate l aw appl ies to these n i c k e l 
(II) systems, nor do we k n o w the reagent react iv i t ies t o w a r d these substrates . 
S u c h quest ions, a n d m a n y others a w a i t inves t i ga t i on a n d possible answer. 

M u r m a n n (18) has inves t igated the reac t ion of some a m i n e o x i m a t o n i c k e l (II) 
complexes w i t h E D T A as we l l as i so top i c l i gand exchange w i t h the amineox imes . 
T h e s e systems are ra ther compl i ca ted , b u t the replacement rate of the chelate 
l i g a n d does show the t y p i c a l t w o t e r m rate l aw (22). I t was also observed t h a t the 
react ion rate is c a t a l y z e d b y the a d d i t i o n of o ther substances such as a m m o n i a , 
e thy lened iamine a n d oxalate i o n . 

Gold (III) 

One of the earl iest studies of the k inet i cs of s u b s t i t u t i o n react ions of square 
p l a n a r complexes is t h a t of the C I " exchange of [ A u C l J " (22). A t w o - t e r m rate 
law was found for the exchange rate a n d i t was suggested t h a t th i s m a y prove t o be 
general behav ior for square complexes. 

B a d d l e y (2) has recent ly comple ted a n inves t iga t i on of the react ion rate of 
[ A u ( d i e n ) C l ] 2 + a n d / o r i t s conjugate base [ A u ( d i e n - H ) C l ] + w i t h the reagents B r ~ , 
I - , S C N ~ N f ~ a n d O H ~ . T h e react iv i t ies of the nucleophi les t o w a r d the gold 
( I I I ) substrates increase i n the order 

H 2 0 ~ O H - < N 3 - < B r ~ < S C N ~ <I~ . 

T h i s is the same order as t h a t for the s i m i l a r P t (II) complexes. L i k e w i s e , t h e 
react ions of A u ( I I I ) obey the same rate l a w as do react ions of P t ( I I I ) , a n d a p 
parent ly , the gross features of the react ion mechanisms are the same for b o t h . 
H o w e v e r , the A u (111) complex reacts a p p r o x i m a t e l y ΙΟ 4 X faster t h a n t h a t of P t ( I I ) . 
F o r the replacement of C l ~ i n [ A u ( d i e n ) C l ] + 2 b y B r ~ the d i rec t d isp lacement p a t h 
predominates over the so lvent p a t h to a m u c h greater extent t h a n the analogous 
react ion of [ P t ( d i e n ) C l ] + . A p p a r e n t l y , for react ions of A u ( I I I ) systems b o n d -
m a k i n g is more i m p o r t a n t t h a n b o n d - b r e a k i n g . T h u s , the c a t i o n [ A u ( d i e n ) C l ] + 2 

reacts a b o u t 100 t imes faster t h a n the a n i o n [ A u C l J " . L i k e w i s e , the complex 
[ A u ( d i e n ) C l ] + 2 reacts faster t h a n i t s conjugate base [ A u ( d i e n - H ) C l ] + . T h i s agrees 
w i t h charge n e u t r a l i z a t i o n be ing more i m p o r t a n t t h a n charge separat ion i n the 
t r a n s i t i o n s tate . 

Rhodium (I) and Iridium (I) 

T h e r e is considerable current interest i n the R h ( I ) a n d Ir ( I ) complexes of the 
t y p e [M(PR 3 ) 2 C 0 C 1 ] because of the i r a b i l i t y revers ib ly t o a d d e i ther oxygen or 
hydrogen (25). W o j c i c k i (26) f ound t h a t the exchange rate of carbon monoxide 
w i t h [Rh(P(CeH5) 3 )2COCl] i s t oo fast t o measure b y c o n v e n t i o n a l techniques. H e 
a n d G r a y (27) a lso f ound t h a t the ch lor ide i o n a n d the phosphine exchange v e r y 
r a p i d l y . Since the substrate is extremely stable , these results p r o v i d e a n excellent 
example of a v e r y lab i le b u t t h e r m o d y n a m i c a l l y , ex t remely stable sys tem (24). 
R e c e n t studies have been extended t o [Rh(CO)2(£-anisidine)Cl] a n d [ I r ( C O ) 2 ( £ -
t o lu id ine )C l ] (27). B o t h compounds exchange C O a t — 80°C. w i t h the same 
second-order rate constant of 2 M _ 1 s e c . _ 1 a n d b o t h C O ' s i n the c o m p o u n d exchange 
a t the same rate . D i r e c t evidence t h a t these b imolecu lar d isplacements proceed b y 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
04



4 . BASOLO Square Planar Complexes 9 3 

a t r i gona l b i p y r a m i d a l in termediate is p r o v i d e d b y the i so la t ion of the five-coordi
nated compounds [ I r ( P P h 3 ) 2 ( C O ) 2 C l ] (1) a n d the R h ( I ) a n d Ir ( I ) c o m p o u n d s 
[ M ( P P h , ) , ( C O ) H ] (7). 

C r a m e r (10) has recent ly repor ted the most in teres t ing observat ion , t h a t i n the 
c o m p o u n d 7 r - C 5 H 6 R h ( C 2 H 4 ) 2 , the ethylene rotates w i t h the c o o r d i n a t i o n b o n d ax is 
w i t h a n energy barr ier t o r o t a t i o n of 6 k c a l . H i s N M R studies a lso showed t h a t 
the coord inated ethylene i n t h i s c o m p o u n d does not exchange w i t h C2D4 d u r i n g 5 
hours a t 100°C. Ins tead , exchange between [ R h ( C 2 H 4 ) 2 ( a c a c ) ] a n d C 2 D 4 is v e r y 
r a p i d , the average l i fe t ime for coord inated ethylene is less t h a n 10~ 4 second a t 25°C. 
F u r t h e r m o r e the exchange rate depends on the concentra t i on of e thylene . I t is 
suggested t h a t a r a p i d , l ow energy, b imo lecu lar process is possible because th is 
substrate is a l ow-sp in d? sys tem a n d has a v a c a n t o r b i t a l of l ow enough energy to 
accommodate the two electrons of a n enter ing nucleophi le . Instead , the cyc l open -
t a d i e n y l system has a t t a i n e d a rare gas conf igurat ion a n d is i n e r t . H o w e v e r , th i s 
does not exp la in the r a p i d C O exchange of 7 r - C 5 H 5 R h ( C O ) 2 . 

Conclusions 

I t a lways seems a p p r o p r i a t e t o conclude b y s a y i n g t h a t more research is 
needed. H o w e v e r , i t is also t rue t h a t there is a l r e a d y a considerable a m o u n t of 
i n f o r m a t i o n on s u b s t i t u t i o n react ions of square complexes, a n d i t is g r a t i f y i n g t h a t 
m u c h of th is can be expla ined i n terms of current theories. T h e react ions are 
b imolecular , a n d perhaps th i s is largely because of the geometry of the square 
p l a n a r systems w h i c h read i l y a l l o w a n expans ion of c oo rd inat i on number . S i x -
coord inated complexes, regardless of e lectronic s t ructure , a p p e a r t o react p r i m a r i l y 
b y a d issoc iat ive process. N o d o u b t the e lectronic s tructures of these systems are 
i m p o r t a n t a n d are responsible for the colors a n d other propert ies of m e t a l complexes. 
H o w e v e r , th is overemphasis on e lectronic s t ruc ture has somewhat de trac ted f rom 
the fact that steric factors can also be i m p o r t a n t , somet imes most i m p o r t a n t . 
Sure ly steric factors predominate i n the complex [ P d ( E t 4 d i e n ) C l ] + w h i c h behaves 
l ike a n oc tahedra l complex and not l i k e one of i t s l ow - sp in d8 re la t ives . F i n a l l y , 
reagent r e a c t i v i t y i n square p l a n a r substrates i n a func t i on of p o l a r i z a b i l i t y a n d not 
bas i c i ty . T h i s is i n accord w i t h the general izat ion t h a t soft acids prefer soft bases. 
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Discussion 

F r e d B a s o l o : P r i o r t o open ing th is paper for discussion I w i s h t o m a k e some 
changes p e r t a i n i n g t o the section on reagent r e a c t i v i t y t owards p l a t i n u m (I I) c o m 
plexes. A l t h o u g h there is a rough corre la t ion between the nuc leophi l i c propert ies of 
dif ferent reagents a n d t h e i r E° va lues , there are a few reagents t h a t do not adhere 
w e l l to th is corre la t i on . F o r th i s reason other a t t e m p t s have been made to find 
bet ter methods of corre la t ing the rate d a t a i n these systems. One m e t h o d was t o 
use the charge transfer spec t ra of the complexes [ C o ( N H 3 ) 5 Y ] + 2 where Y~~ is the 
reagent. A n o t h e r was to use the p K d a t a for the f o rmat i on constants of C H 3 H g Y 
for the react ion of the soft a c i d C H 3 H g + w i t h the nucleophi le Y~~. These methods 
gave results t h a t were a b o u t the same as us ing E° va lues . 

S ince none of these a t t e m p t s were sat is factory , i t was decided finally to use the 
rate constants for the complex £raws-[Pt(py)2Cl2] w i t h var ious nucleophiles as 
s tandards . T h i s procedure is essent ia l ly t h a t of S w a i n a n d Sco t t (7) except t h a t a 
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4 . BASOLO Discussion 9 5 

different reference substrate is used. T h e nuc leophi l i c r e a c t i v i t y constants , wp t , 
are def ined b y the e q u a t i o n 

l og kY/ks » nFt 

where &γ a n d ks refer t o the rate constants for the reac t i on of 2raws-[Pt(py)2Cl2] i n 
m e t h a n o l a t 30°C. V a l u e s of wp t for some reagents are g iven i n F i g u r e A . A p l o t 

Y npt Y nPt 

H 2 0 0° B r ~ 2.79 
O H " <1& I- 4.03 
C I " 1.65 S C N - 4.26 
N H 3 1.67 S 0 3 " 2 4.40 
py 1.74 S e C N ~ 5.71 
N 0 2 - 1.83 C e H 6 S - 5.78 
N r 2.19 S C ( N H 2 ) 2 5.78 
N 2 H 4 2.47 S 2 0 3 " 2 5.95 

« Value for CH$OH. 
6 Value for CHsO". 

Figure A. Some nucleophilic reactivity constants (2) 

I I I I I I I 

1 2 3 4 5 6 
N* 

Figure B. Correlation of the rates of reaction 
of Pt(II) complexes with the standard trans-
\Pt(py)2Cld for different nucleophiles; the 
circles are trans-[Pt{py)2Cl^ in methanol at 
30°C; the triangles are [Pt(en)Cl2l in water at 

35°C 
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9 6 MECHANISMS O F I N O R G A N I C REACTIONS 

of l og &Y for o ther P t ( I I ) complexes against n?t gives reasonably good s t ra ight l ines 
as is s h o w n i n F i g u r e B . T h i s suppor t s the l inear free energy re la t i onsh ip 

l o g & Y = 5 » P T + l o g £ s . 

T h e constant s depends o n the nature of the complex . I t is a nuc leophi l i c 
d i s c r i m i n a t i n g factor . A large va lue of s means t h a t the complex is v e r y sensit ive 
t o change i n the nature of the nuc leophi l i c reagent . V a l u e s of 5 a n d of l og ks for 
several P t ( I I ) complexes were f ound f r om the slopes and intercepts of s t ra ight l ines 
such as F i g u r e Β b y the use of a least-squares analys i s . T h e s e va lues are g iven i n 
F i g u r e C . I t is in teres t ing to note t h a t there is a n inverse corre la t ion between s 
a n d &s- T h i s is reasonable i f we i n t e r p r e t ks as a measure of the " i n t r i n s i c " r e a c t i 
v i t y of the complex . T h a t i s , i t is the rate cons tant for the poorest nuc leophi l i c 
reagent whose effect can be measured i n a n y s o l u t i o n . T h i s places the m a x i m u m 
b u r d e n o n the complex t o reach the a c t i v a t e d complex for r eac t i on . T h u s , a c o m 
plex of h igh i n t r i n i s i c r e a c t i v i t y w i l l no t be v e r y d i s c r i m i n a t i n g i n i t s react ions w i t h 
dif ferent nucleophi les , a n d 5 w i l l be s m a l l . F o r a more complete discussion of th i s 
see B e l l u c o , et.al. (2). 

Complex log ks s 
trans-IPt (PEti) 2Cl 2]« - 6 . 8 3 1.43 
trans-lPt ( A s E t , ) 2 C l 2 ] e - 5.75 1.25 
Iran s-[Pt ( S e E t 2 ) 2 C l 2 ] e - 4 . 6 7 1.05 
*ra»s-[Pt(pip) 2Cl 2]° - 4 . 5 6 0.91 

[Pt (en )Cl 2 P - 4 . 3 3 0.64 
[Pt(dien)Br]+« - 4 . 0 6 0.75 
[Pt(dien)Cl]+* - 3 . 6 1 0.65 
[ P t ( d i e n ) H 2 0 ] + î e - 0 . 4 4 0.44 

1 Values of ku sec.*1 in methanol at 30°C. 
b Water solution at 3S°C. 
e Water solution at 25°C. 

Figure C . Nucleophilic discrimination parameters, s, and solvolysis constants, log k&, 
for several Pt(II) complexes (2) 

D o n S . M a r t i n : I w a n t t o m a k e some modi f i cat ions i n the d a t a presented b y 
D r . B a s o l o . These results were o r ig ina l l y reported b y me a n d m y group of s tudents . 
I t is the T a b l e I t h a t i s q u o t e d i n the paper w h i c h indicates qu i t e s t r i k i n g l y a n d 
correc t ly , I t h i n k , t h a t charge o n the i o n does not affect the rate of s o l v a t i o n , the 
replacement of a chlor ide l i g a n d w i t h p l a t i n u m (I I) w i t h water . 

W e are m o d i f y i n g the sys tem for the t r i c h l o r o a m m i n e complex for w h i c h the 
rate constant is g iven i n T a b l e I . T h i s is the one complex , of course, w h i c h has two 
dif ferent k i n d s of ch lor ide l igands . T h i s feature makes the sys tem a good dea l more 
c o m p l i c a t e d , w h i c h I guess is m y a p o l o g y for w h y the n u m b e r i n the tab le is i n 
correct . 

T o ind i cate the c o m p l e x i t y , F i g u r e D shows the react ions t h a t are possible for 
the first a n d second aquat i ons or a c i d hydro lyses . 

T h e t r i c h l o r o a m m i n e can have e i ther a a s - c h l o r i d e rep laced b y w a t e r t o give 
the cw-aquo complex , o r i t can have the trans-chloriae rep laced , a n d then each of 
these t w o isomers i n t u r n can h y d r o l y z e fur ther . T h e y w i l l each lead t o a c o m m o n 
cw-d iaquo species, a n d the c w - d i c h l o r o a q u o a m m i n e p l a t i n u m ( I I ) w i l l a lso lead to a 
possible 2rans-diaquo isomer . 
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4 . BASOLO Discussion 97 

Cl 

H 3 N — P t — 0 H 2 + C r 

Figure D . Complete reaction scheme for the first and second acid hydrolyses of 
[Pt(NHz)Ch]-

Y o u can measure the e q u i l i b r i a i n th i s sys tem b y effectively t i t r a t i n g the ac id i c 
hydrogens on these waters , a n d the e q u i l i b r i u m measurements show—1 d o n ' t w a n t 
t o get i n v o l v e d i n the detai ls of the measurements—but t h e y show t h a t s t a r t i n g 
w i t h a p p r o x i m a t e l y a O.Olikf i o n concentrat ion , gives comparable quant i t i e s of w h a t 
m u s t be the s u m of these two isomers. T h i s is w h a t t i t r a t i o n determines . T h e i r 
c o m b i n e d concentrat ions m u s t be r ough ly equa l t o the t r i ch loro species a n d the 
concentrat ion of the d i a q u o species w i l l be v e r y s m a l l . 

I t appears t h a t one of these rate constants (kc o r kt) is 10 t imes as large as the 
o t h e r ; a n d anyone w h o has w o r k e d i n p l a t i n u m c h e m i s t r y w i l l say , of course, t h a t 
chlor ide has a greater t rans effect t h a n a m m o n i a . These are b o t h w e a k t rans 
d irectors , b u t one w o u l d expect the fast reac t ion site t o be the a s - c h l o r i d e s ; i n 
o ther words , the chlor ide w h i c h is t rans t o a chlor ide , the c i s -d iaquo isomer, is the 
one w h i c h should be formed r a p i d l y . 
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9 8 MECHANISMS O F I N O R G A N I C REACTIONS 

M o r e o v e r , the e q u i l i b r i u m constant for the f o rmat i on of th is i somer is one-
t e n t h of the e q u i l i b r i u m constant for the t rans isomer . C o n s e q u e n t l y , w h e n th i s 
a q u a t i o n occurs the cis is f ormed p r e d o m i n a t e l y first, but a t e q u i l i b r i u m the sys tem 
is p redominate ly t rans . 

I do w a n t to ind icate t h a t i n cons ider ing the k inet i cs , a l t h o u g h a h igh concentra 
t i o n of the d iaquo species is not formed, the i r f o r m a t i o n is p r e s u m a b l y the p a t h 
w h i c h leads t o w h a t looks l ike a first-order i somer i za t i on reac t i on . I n o ther words , 
there is a reversible in terconvers ion of the cis a n d t rans isomers w h i c h has t o be 
expressed k i n e t i c a l l y . 

TIME-HOURS 
Figure E. Calculated concentration of the 
isomers of [Pt(NHz)Ch(H20)] during acid 

hydrolysis 

F i g u r e Ε shows the a c t u a l c oncentra t i on of the isomers t h a t we ca lcu late n o w 
f rom the rate constants as t h e y have been de te rmined . F i r s t , the cis i somer is 
formed ; a t e q u i l i b r i u m there w i l l be t en t imes as m u c h as the t rans isomer . 

T h e rate constant for the f o r m a t i o n of the cis , the n u m b e r t h a t shou ld be i n the 
tab le now is 5.6 χ 1 0 - δ sec."" 1. T h e v a l u e of the rate constant for the f o r m a t i o n of 
the t rans isomer is 0.62 χ 1 0 " δ sec."" 1. W i t h the s ix ra te constants for t h i s p a r t i c u l a r 
sys tem of the c h l o r o a m m i n e p l a t i n u m ( I I ) complexes I w o u l d l i k e t o ind icate a cor 
re la t i on t h a t can now be made . 

T h e rate c ons tant alone for the te t rach loro complex is 4 χ 1 0 " 6 s e c . - 1 T o be 
fa ir , i t s h o u l d be d i v i d e d b y the n u m b e r of e q u i v a l e n t chlorides , - i . e . , b y n . S ince 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
04



4 . BASOLO Discussion 9 9 

there are four chlor ides the n u m b e r 1 . 0 x 1 0 ~ 5 appl ies . T h e n , t a k i n g a factor , w h i c h 
comes f r om s u b s t i t u t i n g a /raws-chloride b y a n a m m o n i a , reduces the rate constant 
b y 0.5; th is gives the expression 0 . 5 m , where m is the n u m b e r of a m m o n i a s w h i c h are 
t rans t o the chlor ide being replaced . There fore , m w i l l be e i ther zero, or one i n th is 
series of complexes. If a m m o n i a is p u t i n cis to the chlor ide , the react ion is faster 
b y a factor of 2.4. R a i s i n g t h a t t o a power equa l to the n u m b e r of a m m o n i a s cis 
to the chlor ide be ing replaced gives the f o r m u l a : 

k/n = 1.0 χ 10~ 5 ( 0 .5 ) m (2.4)* 

where η is the n u m b e r of equ iva lent chlor ides undergoing ac id h y d r o l y s i s 

m is the n u m b e r of a m m o n i a s t rans t o the chlor ide (0 or 1) 

k is the n u m b e r of a m m o n i a s cis t o the chlor ide (0, 1, o r 2) 

T h i s f o r m u l a w i l l give a l l s ix of these a c i d h y d r o l y s i s constants t o w i t h i n 2 0 % . I 
t h i n k the interest ing t h i n g , a n d perhaps the heresy of i t , is t h a t the effect of the 
a m m o n i a going i n cis t o the group w h i c h is be ing rep laced , has a larger k i n e t i c effect 
t h a n i n the t rans group. C o n s e q u e n t l y , perhaps we shou ld t a l k more about the 
cis effect t h a n the t rans effect. W i t h t h a t I w o u l d l i k e t o t u r n i t over t o H e n r y 
a n d see i f he has a n y c o m m e n t . 

H e n r y H o l t z c l a w : I w o u l d l ike t o t u r n i t over v e r y q u i c k l y t o the group for 
d iscuss ion. I t seems to me t h a t th is paper has m a n y in teres t ing aspects . I t h i n k 
perhaps there w i l l be some discussion on trans effect a n d on the p o l a r i z a t i o n concept 
vs. τ -bonding. I t h i n k i t w o u l d be interest ing for us to say someth ing a b o u t the 
s t ructure of the intermediates , i n connect ion w i t h the p l a n a r conf igurat ion , the 
te tragonal p y r a m i d a l vs. the t r i gona l b i p y r a m i d a l . I wonder how i m p o r t a n t m a y 
be the idea of a n oc tahedra l in termediate w i t h the so lvent molecules b u i l d i n g u p 
the octahedron, perhaps then resu l t ing i n the tetragonal p y r a m i d a l or t r igona l 
b i p y r a m i d a l conf igurat ion . P e r h a p s some discuss ion m a y come o n th is po int . 

I note that some d a t a i n the paper emphasize , for the examples g iven , t h a t 
n i c k e l a n d p a l l a d i u m react ions are cons iderably faster t h a n the p l a t i n u m (I I) 
react ions . T h i s , I bel ieve, is t rue for a l l the examples c i ted i n the paper . I t m i g h t 
be interes t ing to discuss th is po in t . I w o u l d l ike now t o open the t o p i c for discussion 
f r om the audience . 

H a r r y G r a y : F i r s t , I w a n t t o c o m m e n t on y o u r p o i n t concern ing the e x p a n 
s ion of the d-orbitals t o the outer sphere. I d o n ' t t h i n k there is a n y apprec iable 
^ - o r b i t a l expans ion out t h i s far , c e r t a i n l y not i n the C o ( C N ) 5 H 2 0 r " 2 case. 

M y second c o m m e n t concerns the s t ructure of the pentacyanocoba l t c o m p o u n d 
of Pro f . W i l m a r t h , a n d I have some i n f o r m a t i o n there . C a r l B a l l h a u s e n a n d I 
suggested somet ime ago t h a t to s tabi l ize a square p y r a m i d , one shou ld t r y to m a k e a 
h igh b o n d order a l o n g the axis i n v o l v i n g the xz- a n d 3 'z -orbi ta ls—put a l igand i n 
v e r y close so t h a t the po tent ia l σ-orbital w h i c h the s i x t h l i gand m u s t use, is c o n 
sequent ly of v e r y h igh energy o w i n g to th i s b r i n g i n g i n of the l i g a n d i n the o ther 
pole pos i t i on . I w o u l d agree w i t h Pro f . H a l p e r n t h a t the s t ructure of the p e n t a -
cyanidecoba l t i f i t exists as such w i t h o u t the s i x t h group, w o u l d be a square p y r a m i d . 
I c ite a t least t w o complexes t h a t s u p p o r t th i s v i e w . 

W e were grat i f ied to see t h a t the d 6 - c omplex , R u ( P P h 3 ) 3 C l 2 , now has been 
shown b y Ibers to have a square p y r a m i d a l s t ruc ture w i t h no i n t e r a c t i o n i n the s i x t h 
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1 0 0 MECHANISMS O F I N O R G A N I C REACTIONS 

pos i t i on . T h e meta l -phosphorus distance i n the a x i a l pos i t i on is a t least 0 .2A. 
shorter t h a n the ru then ium-phosphorus distance i n the p lane , thus suggesting th is 
c o n d i t i o n for the square p y r a m i d . 

T h e other complex is one t h a t we prepared w i t h th is obscure l i gand i n the coba l t 
sys tem, also w i t h t r i p h e n y l p h o s p h i n e i n the pole pos i t i on . 

T h e s p e c t r u m does not change w i t h excess t r ipheny lphosph ine a n d since i t is d i a -
magnet i c i t m u s t be a rea l square p y r a m i d . 

Pro f . B a s o l o w a n t s us t o go back to ster ic effects c omple te ly . I feel t h a t we 
have r e a l l y never abandoned ster ic effects, a n d i t is ra ther inconsistent for one of the 
coproposers of c r y s t a l field s tab i l i za t i on energy to be t e l l i n g us t o go back to steric 
effects. 

I w o u l d l ike to b r i n g up a couple of po ints here because I t h i n k B a s o l o a n d 
B a d d l e y ' s exper iment of b l o c k i n g the fifth a n d s i x t h pos i t ions is a v e r y good one. 
I w o u l d l ike to ask t h e m i f they w o u l d do the exper iment , i f t h e y have not done i t , 
i n w h i c h chlor ide , bromide , a n d iod ide are replaced as l e a v i n g groups to see i f the 
order reverses to give the oc tahedra l hal ide l e a v i n g order , ra ther t h a n the p l a n a r one 
i n w h i c h iodide is s lower t h a n chlor ide . T h i s w o u l d help firm u p th i s case. 

I d o n ' t rea l ly believe t h a t steric effects are going t o d o m i n a t e the react ion 
mechanisms to th is extent . T h a t is , i t seems to me t h a t xenon tetraf luor ide , w h i c h 
has a square p l a n a r s t ruc ture , w i l l a lmos t c e r t a i n l y undergo exchange w i t h fluorides 
b y a d issoc iat ive m e c h a n i s m . T h e first o r b i t a l a v a i l a b l e is a t h i g h energy , a n d I 
w o u l d pred ic t , a l t h o u g h the ster ic factors are favorable for b imo lecu lar reac t i on , 
t h a t e l ec t ron i ca l ly i t is unfavorab le . T h u s , we can ' t ignore the fact i n p l a n a r sub 
s t i t u t i o n t h a t a p l a n a r rf8-complex is unsaturated i n the σ-system as a ^ - o r b i t a l is 
a v a i l a b l e . Y o u can c e r t a i n l y b lock i t , and i t can ' t reac t ; b u t the σ-orbital a v a i l a 
b i l i t y m u s t be a n i m p o r t a n t p a r t of the reasoning. 

A l s o t e t r a c a r b o n y l n i c k e l w h i c h i s n ' t s ter i ca l ly h indered b u t is J 1 0 , exchanges 
w i t h rad i o carbon monox ide b y d issoc iat ive m e c h a n i s m , a n d I t h i n k i t c o u l d go to the 
same t r i g o n a l b i p y r a m i d w i t h o u t m u c h ster ic difference. I w o u l d n ' t w a n t these 
comments t o s w i n g e v e r y b o d y over t o ster ic effects a n d say t h a t rea l l y there is 
n o t h i n g interes t ing i n s u b s t i t u t i o n r e a c t i o n s — a l l the s ix -coordinate ones go one 
w a y , a l l the p l a n a r ones go the o ther w a y , a n d the e lectronic s t ruc ture doesn ' t 
m a t t e r . T h i s w i l l d r i ve people ou t of s u b s t i t u t i o n mechanisms i n t o the more i n 
terest ing field of e lectron transfer mechanisms where e lectronic effects m u s t be 
i m p o r t a n t . 

N e x t , I w o u l d l ike t o speak o n the mechan i sm of p l a n a r s u b s t i t u t i o n , w h i c h 
hasn ' t been brought out too we l l t o d a y . 

I f m y m e m o r y serves me correc t ly , t w o different mechanisms have been sug
gested for p l a n a r s u b s t i t u t i o n ; the first one, b y a t r i g o n a l b i p y r a m i d a l in te rmed ia te , 
was suggested i n 1954 a n d 1955 b y C h a t t a n d O r g e l . I n 1958, a n a l t e r n a t i v e 
m e c h a n i s m for p l a n a r s u b s t i t u t i o n w a s suggested i n w h i c h îr-bonding is not v e r y 

P P h 3 
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4 . BASOLO Dis€vssion 101 

i m p o r t a n t . W i t h l igands such as d i e thy l ene t r iamine , the so ca l led dissoc iat ive 
mechan i sm was suggested. 

I w o u l d l ike t o take th is o p p o r t u n i t y i n Pro f . Pearson 's presence, a n d i n his 
words , t o demol ish th i s m e c h a n i s m . 

I n 1960 I decided to s tar t on the exper iment w h i c h w o u l d e i ther be for, or 
s t r i c t l y against the d issoc iat ive mechan ism of p l a n a r s u b s t i t u t i o n . T h e r e is a 
m e c h a n i s m , w h i c h goes v i a the t r i g o n a l b i p y r a m i d a l i n t e r m e d i a t e , the s i m p l e one 
a n d the n o n s t i c k y co l l i s ion w h i c h was suggested as a n a l ternate m e c h a n i s m i n 1958 
b y Baso lo , Pearson a n d B a n e r j e u , a n d ampl i f i ed i n B a s o l o a n d Pearson 's book (4). 
T h i s n o n s t i c k y co l l i s ion mechan ism was suggested because the square p y r a m i d a l 
in te rmed ia te w h i c h is requ ired supposed ly has a more favorable c r y s t a l field s t a b i l i 
z a t i o n energy t h a n the t r i gona l b i p y r a m i d . 

I w i l l i l lus t rate these mechanisms w i t h the system that we used to test t h e m . 
I n the d i e thy lene t r iamine sys tem, let ' s say w i t h the bromide as l e a v i n g group , 
d i e thy lenet r iamine ties d o w n three pos i t ions . 

T h i s square p y r a m i d a l m e c h a n i s m or the n o n s t i c k y co l l i s ion says t h a t w h e n a 
substance l ike iod ine col l ides w i t h the complex , a square p y r a m i d is formed i n i t i a l l y 
w i t h another so lvent w h i c h a ids the d issoc iat ion of the b r o m i d e ; hence the d i s 
soc iat ive m e c h a n i s m . 

T h i s m e c h a n i s m is ra ther pecu l iar because the iodide t h e n jus t doesn ' t d r o p 
i n t o place, b u t instead a n aquo complex in termed ia te is f ormed . T h a t is , the 
iod ide t h a t col l ides, i n order to preserve e lectronic s t a b i l i z a t i o n , does not go t h r o u g h 
a n y pecul iar angles, b u t i n fac t j u s t col l ides a n d helps dissociate the bromide , 
l ead ing to a n aquo complex as the in termedia te . T h i s a q u o complex is lab i le , 
a c cord ing to the theory , a n d reacts r a p i d l y w i t h the iodides i n so lu t i on , b y some 
unspecif ied m e c h a n i s m , to g ive the final product . 

T h e other mechan ism leads d i r e c t l y t o r e a c t i o n ; the iod ide comes i n , b romide 
moves " d o w n " the sys tem, goes through a d i s t o r ted t r igona l b i p y r a m i d , a n d the 
bromide goes off. I t is a s t i c k y co l l i s i on . 

These mechanisms can be eas i ly tested, because O l c o t t a n d I , a n d several o ther 
people k n e w t h a t the react ion of P t ( d i e n ) B r + w i t h hydrox ide is abso lute ly i n d e p e n 
dent of the hydrox ide concentrat i on a n d is s low b u t goes to c o m p l e t i o n . 

T h e react ion of the proposed intermediate i n the n o n s t i c k y co l l i s ion mechan ism 
proceeds v e r y r a p i d l y w i t h h y d r o x i d e — w h e n i t doesn ' t have to subs t i tu te v e r y fast . 
A n d i n fact , i n c o m p e t i t i o n exper iments t h a t O l c o t t a n d I d i d w i t h h y d r o x i d e a n d 
a l l the other possible reactants i n so lut ion , h y d r o x i d e was 1 0 0 % efficient i n c a p 
t u r i n g the a q u o complex in termedia te . 

T h e stage is therefore set for the c o m p e t i t i o n exper iment i n w h i c h the b r o m o 
complex is p u t i n a n d a l l the v a r i o u s l igands w h i c h react r a p i d l y w i t h th is complex 
at t h e i r character is t i c second-order rates, a n d a l i t t l e hydrox ide t o see i f a n y a q u o 
complex is generated d u r i n g the reac t i on . T h e results are best demonstrated i n the 
sys tem, P t ( d i e n ) B r + , p lus i od ide , p lus hydrox ide . T h i s w o r k s n i ce ly because 
hydrox ide is the t h e r m o d y n a m i c p r o d u c t ; thus hydrox ide w i l l finally p r e v a i l . 

T h e s p e c t r u m of the bromide complex is character i s t i c w i t h a m a x i m u m at 260 
mju a n d a n € of 250. 

T h e spec t rum of the iodide complex has a m a x i m u m a t 300 m/x a n d a n € of 
a b o u t 400. 
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1 0 2 MECHANISMS O F I N O R G A N I C REACTIONS 

T h e hydrox ide , w i t h o u t th is charge transfer feature here, is essent ia l ly a b l a n k 
i n the 250-300 ηιμ reg ion . 

S t a r t i n g the exper iments w i t h a bromide , the iodide product is obta ined first, a t 
i t s character is t i c , unchanged ki rate , a n d then the slow base hydro lys i s of the iodide 
t o the h y d r o x o product at i ts character is t i c k\ base hydro lys i s rate . A s far as I a m 
concerned, th is is consistent o n l y w i t h the s t i c k y co l l i s ion mechan i sm, v i a the s imple 
t r i g o n a l b i p y r a m i d a n d e l iminates the d issoc iat ive mechan ism comple te ly i n a l l the 
cases tested. Iodide , chlor ide , a n d bromide were tested as enter ing groups. N i t r i t e 
has bothered us, as has azide a n d th io cyanate—these three a n d the three halides 
we have t r i e d . I t appears t h a t i n a l l the cases s tud ied there is abso lute ly no c a t a l y 
sis i n the f o rmat i on of the h y d r o x o product w i t h a n y good reagent, w h i c h e l iminates 
a l l the mechanisms except , i n m y o p i n i o n , the s implest one, v i a the t r igona l b i -
p y r a m i d . 

M y next c o m m e n t is on the mechanism of the t rans effect. 
T h e r e are two ex is t ing theor ies : the e lectrostat ic theory of G r i n b e r g , a n d the 

i r - b o n d i n g theory of C h a t t and O r g e l . I n m y o p i n i o n , the e lectrostat ic theory of 
G r i n b e r g shou ld be t h r o w n out comple te ly because i t is mis lead ing . T h e p o l a r i z a 
t i o n theory , imp l i e s t h a t groups w h i c h can po lar ize the p l a t i n u m strongly w o u l d be 
h igh i n the t rans effect series. T h i s i sn ' t e x a c t l y w h a t G r i n b e r g says, bu t th is is 
the t r a p people fa l l i n t o . T h i s leads t o a reversal jus t i n the i o n p o l a r i z a b i l i t y t e r m 
i n p r e d i c t i n g for the hal ides . F l u o r i d e is v e r y s m a l l a n d polar izes the p l a t i n u m . 
W a l t e r K a u t z m a n po in ted out to me, t h a t i n his op in i on the e lectrostat i c theory was 
comple te ly mis l ead ing a n d p r o b a b l y w r o n g . Since he is a lmos t never w r o n g , I 
s tar ted t h i n k i n g about the course of the t rans effect as far as the σ-orbitals are c o n 
cerned. I t became clear t h a t i f we accept C h a t t a n d Orgel ' s 7T-bonding theory , 
there is also a sui table q u a n t u m mechan i ca l e x p l a n a t i o n for the σ-effects t h a t have 
been observed. T h a t is , b o t h hydr ide a n d meth ide i o n are v e r y h igh i n the t rans 
effect series, a n d t h a t forced us some years ago to b r i n g up the e lectrostat ic theory of 
G r i n b e r g a g a i n . 

B r i e f l y , as Pro f . B a s o l o po ints ou t i n h is paper , a n d Pro f . Baso l o a n d Pearson 
po in ted out n i ce ly i n a rev iew o n the t rans effect, the s i t u a t i o n i n the 7r-bonding 
theory is a s t a b i l i z a t i o n of the t r i gona l b i p y r a m i d a l in termediate because there are 
more orb i ta l s i n the t r i g o n a l p lane ava i lab le for ττ-bonding i n the t r i g o n a l b i p y r a m i d 
t h a n i n the square p l a n a r complex . T h e same is also t rue i n the σ-system. T h e 
trans effect is d i r e c t i ona l , a n d i n m y o p i n i o n , i t has t o be o r b i t a l or q u a n t u m 
mechani ca l . 

T h e σ-system is c e r t a i n l y d i r e c t i o n a l . T h a t is , there is a ^ - o r b i t a l , w h i c h is 
shared between the t rans l i gand a n d the l eav ing group, w h i c h I w i l l ca l l L . T h i s is 
the one -d i rec t i ona l σ - o r b i t a l i n v o l v i n g L . 

T h e p l a t i n u m has a n e m p t y pg o r b i t a l w h i c h is used i n the new σ- s t ruc ture i n 
the t r i gona l b i p y r a m i d . T h e Y enter ing group comes i n a n d L moves d o w n . 
W h e r e a s o n l y one ^ - o r b i t a l i n the Τ — L plane was used i n the σ-structure of the 
p l a n a r complex , t w o ^ -orb i ta l s are used for three l igands i n the t r i gona l b i p y r a m i d . 
T h e p o i n t is, i n P a u l i n g language, the t rans l i gand has 5 0 % of the i m p o r t a n t t rans 
^ - o r b i t a l sys tem i n the ground state , a n d 6 6 % % of th is ^ - o r b i t a l i n the t r a n s i t i o n 
state . W h e n L moves d o w n , Τ gets more of the d i rec t i ona l σ - sys tem. H e n c e , I 
t h i n k t h a t groups such as h y d r i d e a n d methide , w h i c h have po lar izab le or good σ-
donor systems w h i c h can use the e x t r a ^ -character t o firm up the σ- s t ructure i n the 
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4 . BASOLO Discusêion 1 0 3 

t r i g o n a l b i p y r a m i d , w i l l give h igh σ- t rans effects. R e m a r k a b l y , the t rans effect 
series, is near ly the same as another series, the nephelauxet ic series. N o n p o l a r i z 
able σ- a n d τ- groups are l ow i n t rans effect a n d l o w i n nephelauxet ic effect. G r o u p s 
t h a t can shift b y chang ing the o r b i t a l s t ruc ture i n the p lane , can delocal ize more 
electrons i n one d i re c t i on or the o ther i n the t r a n s i t i o n state, a n d are the l igands t h a t 
are h i g h i n the l a b i l i z i n g series. If one can accept the x - b o n d i n g theory of the t rans 
effect, one shou ld be able to accept the d i r e c t i ona l σ- o r b i t a l effect as w e l l . 

D r . B a s o l o : D r . G r a y is correct i n his s tatement t h a t the " d i s s o c i a t i o n " 
mechanism proposed ear l ier (J) for s u b s t i t u t i o n react ions of P t ( I I ) complexes has 
n o w been large ly replaced b y a d i rec t d isp lacement process i n v o l v i n g the so lvent 
a n d the reagent. T h i s is the mechan i sm s h o w n i n F i g u r e 2. I t has been e legant ly 
demonstrated b y c o m p e t i t i o n exper iments between 0 H ~ a n d Y ~ for a P t ( I I ) s u b 
strate (5). H o w e v e r , the effect of added HC2H3O2 or H3BO3 o n the rate of ch lor ide 
i o n exchange w i t h /raws-[Pt(py)2Cl2] shown i n T a b l e I V a n d the recent repor t (6) 
of evidence for [ Ρ ί ( Ν Η 3 ) 2 ( Ν 0 2 ) 2 θ ] - i n the reac t ion of / r a w 5 - [ P t ( N H 3 ) 2 N 0 2 C l ] 
w i t h NC>2~ m a y poss ib ly suggest a " d i s s o c i a t i o n " mechan i sm i n these react ions . 
D r . G r a y m a y w i s h t o c o m m e n t on t h i s . 

D r . G r a y : T h e r e is no quest ion t h a t is w h a t he suggests. I n fact , I t h i n k the 
p o i n t i s a good one. W h a t is the energetic course of p l a n a r s u b s t i t u t i o n , the de -

Formation more important 

Energy 

dissociation more important 

Figure F. Energy curves for formation and 
dissociation of trigonal bipyramid 
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1 0 4 MECHANISMS OF I N O R G A N I C REACTIONS 

tailed course? If we accept the trigonal bipyramid for the moment, is the formation 
or dissociation of the trigonal bipyramid more important? In transition state 
language, is it this type of curve, or the formation and then a bump of this type. 

Paul Haake believes that with nitrite he can detect the formation of the 
tetragonal pyramid, but it is just a bump on the curve leading to the trigonal 
bipyramid. However there is an early fast rate with nitrite that we have observed, 
which is misleading. You must know the k\ rate, to be able to correct for this 
properly. I am not sure Haake corrected for this effect properly in his work. The 
detailed results haven't been published. Until they are, it would be difficult to 
assess this information ; but as Paul indicated to me, he interprets the rate effect as 
a bump on the way to the trigonal bipyramid. 

I certainly think that the formation of the trigonal bipyramid is the most 
important step in most cases. If you look at the steric information, when you block 
fifth or sixth position you do not get a factor of 2 when you block one position; you 
get a retardation factor such as 30 or 50, indicating that moving the leaving group 
down into the leaving position is very important. 

Jack Halpern : I want to report another observation relating to the trans 
effect, which involves measuring an isotope effect of the trans effect. 

Charles Falk in our laboratory has recently measured the effect of substituting 
deuterium for hydrogen in the complex 

P ( e t ) , 
I 

H — P t — C l 
I 

P(et)» 

on the rate of substitution of C l - by pyridine, a reaction that Gray, Basolo, Pearson, 
et α/., first reported. These measurements refer to the hi of their rate law, (-ie. the 
second order path) and we find no detectable contribution for this particular reac
tion from the k\ path. The observed isotope effect turns out to be kn/kD— 1.4 
which is large for a secondary isotope effect. 

We didn't really have any strong views on what to expect in this experiment. 
We could think of reasons why the isotcpe effect might be in either direction. From 
the point of view that the σ-trans effect arises from a weakening of the metal— 
ligand bond by an inductive effect of the trans ligand, a larger trans effect might 
have been expected for deuterium, in the light of indications that in certain organic 
reactions deuterium exerts a stronger inductive effect than hydrogen. On the other 
hand, insofar as the transition state of the square planar substitution reaction 
presumably involves five strongly bonded ligands compared with four in the ground 
state, the electron density on the platinum should be increased and the binding of 
the ligands weakened. This should give rise to a deuterium isotope effect in the 
observed direction and apparently, on balance, this effect wins out. 

A r t h u r A d a m s o n : I object to the phrase "coll ision. " I don't really believe 
that molecules zip around in solution colliding with each other as they do in a gas 
phase. 

I do believe in the solvent cage effect, and that it takes a while for species to 
diffuse in and out; so the analog of the gas phase collision is the much less frequent 
"encounter." 
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4 . BASOLO Discussion 1 0 5 

I a lso have a c o m m e n t a b o u t the t r i gona l b i p y r a m i d vs. square p y r a m i d c o n 
figurations. L i t t l e phys i ca l m o t i o n of a toms is required to go f rom one to the other . 
T h e r e can be, I t h i n k , a tendency to take s y m m e t r y arguments too l i t e r a l l y as b lack 
a n d w h i t e s i tuat ions . T h e fu l l s y m m e t r y of these complexes is cons iderab ly less 
t h a n the s y m m e t r y one derives just f rom the arrangements of a toms next t o the 
c e n t r a l i o n . I do t h i n k i t is possible to depend too m u c h on exact s y m m e t r y 
designat ions . 

M i c h a e l A n b a r : I w o u l d l i k e t o c o m m e n t on the r e l a t i v e l y l ow r e a c t i v i t y of 
the hydrox ide i o n , or the fact that the hydrox ide is o u t s t a n d i n g because of i t s s low 
r e a c t i v i t y . 

If one considers the h y d r a t i o n of the hydrox ide a n d remembers t h a t the 
hydrox ide once i t goes i n t o an a c t i v a t e d complex has to peel off i t s water of h y d r a 
t i o n , a comple te ly different p i c ture emerges. W e l ooked a t the r e a c t i v i t y of the 
h y d r o x i d e i n the b imo lecu lar base -cata lyzed subs t i tu t i ons b o t h i n the case of 
ch loramine a n d of e t h y l iodide ( i , 8). Inves t igat ing these systems i n concentrated 
hydrox ide so lut ions a n d c a l c u l a t i n g the concentrat ion of the so ca l led free hydrox ide 
ions shows that the hydrox ide i on is m u c h more react ive t h a n i ts f o rm i n d i lu te 
so lu t i on . T h i s means, i n the k i n d of s t i c k y mechanisms where y o u introduce the 
hydrox ide i n t o the complex , i t is l i k e l y to be m u c h less react ive t h a n one expects 
f rom such a s t rong base. 

I n terms of r e a c t i v i t y , one shou ld rea l ly measure the r e a c t i v i t y of hydrox ide 
ions also i n the n o n h y d r a t e d f o r m . T h i s can be achieved o n l y i n concentrated 
so lut ions , a n d even there one m u s t correct for i t s h y d r a t i o n . 

D r . B a s o l o : W e k n o w w h a t the facts are w i t h 0 H ~ b u t are m u c h less ce r ta in 
w h y these are the facts. T h e r e is no doubt t h a t 0 H ~ is the poorest of a l l these 
reagents towards P t ( I I ) . T h e hydrox ide i o n does not compete w i t h the so lvent 
water , nor does methoxide ion compete w i t h m e t h y l a l coho l , even at concentrat ions 
of 0 . 5 A i a n i o n . 

E x a c t l y w h y this is , we are not c e r t a i n . One can s i m p l y say t h a t 0 H ~ ~ is a 
h a r d base, whereas ( P t ( I I ) is a class A m e t a l or soft a c i d , a n d th i s hard-sof t c o m 
b i n a t i o n is unstable . I t is also possible to suggest t h a t the repuls ive i n t e r a c t i o n 
between the filled d -orbi ta ls o n P t ( I I ) a n d the filled ^ -orb i ta l s o n O H ~ m a k e i t a 
poor reagent. T h e same is t rue of F ~ w h i c h is also a poor reagent. O t h e r hal ide 
ions have l ow energy, vacant J - o r b i t a l s w h i c h can accept electrons a n d decrease the 
effect of the filled ^ - o rb i ta l s . T h i s makes these hal ide ions better reagents t h a n F ~ . 

One interest ing po in t here is t h a t O H - is a poor reagent towards P t ( I I ) systems 
w h i c h react v i a b imo lecu lar d isp lacement . H o w e v e r , O H " " is a n excel lent reagent 
t owards C o ( I I I ) a m m i n e s c o n t a i n i n g Ν — Η hydrogen , where O H ~ " is the o n l y 
reagent t h a t competes successfully w i t h the so lvent water . T h i s argues s t rong ly 
against a nuc leophi l i c d isp lacement react ion b y the a t t a c k of OH~~ o n C o ( I I I ) , a n d 
supports the v iew t h a t some other mechanism is i n v o l v e d . 

D r . G r a y suggests then there m a y be some danger i n stressing ster ic factors 
ra ther t h a n electronic factors i n a c count ing for the propert ies of m e t a l complexes . 
H e says t h a t th is is not necessary because everyone knows t h a t ster ic factors are 
i m p o r t a n t . I m i g h t a d d that everyone is also aware of the i m p o r t a n c e of e lectronic 
factors . T h e tremendous success of the c r y s t a l field theory a n d molecu lar o r b i t a l 
theory i n e x p l a i n i n g the propert ies of t r a n s i t i o n m e t a l complexes is now c o m m o n 
knowledge. T h e r e seems to be a m p l e just i f i cat ion for the s tatement i n the c o n -

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
04



1 0 6 MECHANISMS OF I N O R G A N I C REACTIONS 

elusion of th is paper , t h a t i n certa in systems steric factors predominate i n affecting 
the propert ies of m e t a l complexes. 

Dr . A n b a r : J u s t one l i t t l e c omment . I was referr ing to so lut ions say f rom 3 
to 5 u p t o 10M h y d r o x i d e where y o u can get the hydrox ide or the less h y d r a t e d t h a n 
the dehydra ted form. So I d o n ' t k n o w whether y o u can invest igate your systems 
under these condi t ions , bu t these are the condi t ions under w h i c h we invest igated 
those systems. 

Dr. Basolo: T o the best of m y knowledge there is no d a t a on the hydro lys i s 
rates of P t ( I I ) complexes at O H - concentrat ions greater t h a n 0.5ΑΓ. A l l t h a t is 
k n o w n e x p e r i m e n t a l l y is that the so lvo lys is rates do not depend on 0 H ~ up to 
0 .5M O H ~ . T h u s , under these condi t ions OH~~ is a poor reagent re lat ive t o m a n y 
o ther nucleophi les . 

Joseph J o r d a n : I believe that one po in t w h i c h D r . G r a y has raised can per 
haps be resolved on the basis of a lmost a priori considerations, i n con junct i on w i t h a 
c o m m e n t b y D r . A d a m s o n . I t h i n k he made a v e r y c o n v i n c i n g p o i n t t h a t i n d i l u t e 
aqueous so lut ions i t is necessary t o f o rm the chemica l conf igurat ion of the i n t e r 
mediate before i ts " e n e r g y a c t i v a t i o n " occurs. T h i s w o u l d ce r ta in ly favor the 
f o rmat ion of the t r igona l b i p y r a m i d before decompos i t i on . G e n e r a l l y , one shou ld 
perhaps revise one's t h i n k i n g of the t r a n s i t i o n state theory as far as react ions i n 
d i l u t e so lut ions are concerned. M y impress ion is t h a t the intermediates referred 
to b y Pro f . T a u b e , w h i c h do not have a m e m o r y of the i r h i s t o ry of f o rmat i on , differ 
f rom a genuine a c t i v a t e d complex . T h e la t ter m a y " r e m e m b e r " i ts h i s t o ry because 
of i t s v e r y short l i f e t ime . Because of mean free p a t h considerat ions i n l i qu ids i t is 
di f f icult to t h i n k of such " g e n u i n e t r a n s i t i o n s t a t e s " i n d i lu te so lut ions . 
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5 
Bridging Groups in Electron Transfer Reactions 

HENRY TAUBE 

Stanford University, Stanford, Calif. 

A m o d e r a t e l y successful classif ication of c a r 

b o x y l a s e b r i d g i n g groups i n the reaction of the 

pentaamminecobalt(I I I ) c o m p l e x e s w i t h C r + 2 

(aq.) is th is ; (a) a c h e l a t e funct ion is p r e s e n t 

t h a t c a n act with the c a r b o x y l a t e funct ion o n 

t h e Co(III); (b) a r e m o t e p o l a r group such as 

c a r b o x y l o r carbonyl is in conjugat ion with the 

c a r b o x y l g r o u p o n Co(III); (c) n e i t h e r of t h e s e 

s p e c i a l functions is p r e s e n t . W i t h i n class (c), 

adjacent attack occurs, and, but for two excep

tions, the rate is r e m a r k a b l y insensit ive t o 

w i d e v a r i a t i o n s i n t h e c a r b o x y l a t e g r o u p . 

V a r i a t i o n s d o occur w i t h i n a f a c t o r of about 

four in rate, a n d t h e s e m a y result f r o m induc

t i v e a n d / o r steric effects. G r o u p (b) as a class 

shows r a t e s of r e a c t i o n much h i g h e r t h a n 

G r o u p (c). In some systems of this class r e m o t e 

a t t a c k appears to take place. 

g y now numerous d a t a have been a c c u m u l a t e d on the rate a t w h i c h C r a q
+ 2 a n d o ther 

r educ ing agents react w i t h complex ions of the type C o ( N H 3 ) 5 C 0 2 R + 2 . 
Severa l s t r u c t u r a l features of the l i gand have been recognized as af fect ing i t s efficacy 
i n m e d i a t i n g e lectron transfer f r om the reduc ing agent t o the o x i d i z i n g agent. O n e 
i m p o r t a n t feature is a conjugated b o n d system extending f rom a remote p o l a r group 
to the c a r b o x y l associated w i t h the C o ( I I I ) (5, 20). A l i g and w i t h th is s t r u c t u r e 
makes e lectron transfer possible b y remote a t t a c k , a n d leads t o a n increased react ion 
rate . W h e n the l i gand conta ins groups w h i c h lead t o stronger assoc iat ion of C r a q

+ 2 

w i t h the o x i d i z i n g agent, as w h e n a chelate func t i on is b u i l t i n t o i t , the rate is a lso 
increased (6). 

These effects are not the o n l y s igni f icant or in teres t ing ones, b u t others , t h o u g h 
w o r t h y of d irect a t t e n t i o n , have been considered o n l y i n a desu l tory fashion . I t 
has, therefore, seemed w o r t h w h i l e to prepare a review of the observat ions a n d to 
pose some of the quest ions bear ing on t h e m w h i c h are a current concern. T h i s 
seems a l l the more w o r t h w h i l e because even the two effects w h i c h have been ex-

1 0 7 
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1 0 8 MECHANISMS O F I N O R G A N I C REACTIONS 

p l i c i t l y descr ibed a n d discussed are o n l y imper fec t ly understood . T h u s , a l t h o u g h 
the role of e lectron transfer t h r o u g h a b r i d g i n g l i g a n d has been documented a n d 
a l t h o u g h the m e c h a n i s m of e lectron transfer t h r o u g h b r i d g i n g groups has been 
discussed ( i l , 13), the re la t i on of the theoret i ca l t reatments of the observat ions 
has not been establ ished. 

M a n y more quest ions w i l l be asked t h a n answers supp l i ed . A n u m b e r of 
quest ions w i l l u n d o u b t e d l y have answers w h i c h are obv ious to readers of th i s paper , 
b u t i t is l i k e l y t h a t some a t least w i l l challenge the i r invent iveness . If the prob lems 
w h i c h are o u t l i n e d provoke t h o u g h t f u l d iscuss ion a n d suggest exper iments w h i c h 
i l l u m i n a t e the issues, the purpose of th is paper w i l l be f u l l y served. 

C o m p a r i s o n s of react ion rates prov ide the basis for m a n y of the quest ions . 
H o w e v e r , a n y e x p l a n a t i o n w h i c h accounts for rate differences, b u t ignores t e m 
perature coefficients is a t the v e r y least incomplete a n d m a y a c t u a l l y be w r o n g . 
W h e r e temperature coefficient d a t a exist , they have been t a k e n in to account , b u t 
few observat ions are so we l l understood t h a t b o t h reac t ion rates a n d the ir v a r i a t i o n 
w i t h temperature are accounted for. 

E x c e p t for a few l igands, n a m e l y cer ta in of those i n w h i c h a t t a c k is a t a remote 
c a r b o n y l group, the organic l i g a n d is transferred to the c h r o m i u m d u r i n g reac t ion 
of the C o complex w i t h C r + 2 . T h o u g h f o r m a t i o n of a C r ( I I I ) - l i g a n d complex 
does not prove t h a t d i rec t transfer of the l i g a n d takes place, we assume t h a t i n every 
instance we are dea l ing w i t h a br idged a c t i v a t e d complex . I n m a n y cases C r + 2 is 
v e r y inefficient i n t r a p p i n g the free l i g a n d present i n so lu t i on w h e n the reduc ing 
agent is ox id ized to C r + 3 b y a C o ( I I I ) complex . T h e a s s u m p t i o n t h a t a b r i d g i n g 
m e c h a n i s m operates i n the systems we w i l l discuss is l iab le to c r i t i c i s m i n o n l y a 
few cases. 

T h e ox id i z ing complexes deal t w i t h are a l l of the p e n t a a m m i n e c o b a l t ( I I I ) class, 
a n d o n l y the react ions w i t h C r + 2 are considered s y s t e m a t i c a l l y . 

Variations in Rate for Adjacent Attack 

T a b l e I summarizes k i n e t i c parameters for the react ion of C r 4 2 w i t h car -
boxylatopentaamminecobâlt (III ) complexes of l igands w h i c h favor ne i ther che la t i on 
of the reduc ing agent nor react ion b y remote a t t a c k . 

U s e has been m a d e of the fact t h a t the specific rate va lues for a series of c o m 
plexes c o n t a i n i n g l igands such as those i n T a b l e I are near ly constant , a n d a n y s u b 
s t a n t i a l rate increase has been a t t r i b u t e d to some " s p e c i a l effect." B u t the fact 
t h a t the specific rates reported i n T a b l e I v a r y so l i t t l e i tsel f deserves a t t e n t i o n . 
T h e l igands do differ m a r k e d l y i n propert ies , a n d th is difference is reflected i n a 
v a r i a t i o n i n the d issoc iat ion constants of between 10 4 a n d 10 5 for the corresponding 
organic acids . S ince C r + 2 p r e s u m a b l y a t t a c k s a n oxygen of the c a r b o x y l group, the 
specific rate shou ld reflect the difference i n the a v a i l a b i l i t y of the unshared elec
trons o n the oxygens. A rate decrease is indeed noted i n the series C H s C 0 2 ~ , 

C I C H 2 C O 2 " " a n d C b C H C C ^ " as the effect of the e lectron w i t h d r a w i n g power of R 
increases. B u t e v e n th is decrease is not rel iable . F o r , o w i n g to the w a y AFt is 
resolved in to ΑΗ% a n d Δ 5 { , the rate for the complex c o n t a i n i n g C I C H 2 C O 2 " " w i l l 
be even greater a t a higher temperature t h a n t h a t for the acetato complex. 

T h e slow rate of r educ t i on of the acetato complex (0.18 Af-hecr1) c ompared , 
for example , to the aquo complex (0.5 M'hecr1) is no tewor thy {24). T h e acetato 
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5 . TAU BE Bridging Groups 1 0 9 

Table I· The R a t e of React ion of Cr f t q
 f 2 w i t h Selected P e n t a a m m i n e c o b a l t 

(III) C o m p l e x e s 
(At 25°C. ± 1.0°, μ =s 1.0 except where otherwise indicated) 

Ligand k, M~lsec.~l AHt ASt Ref. 

C H 3 C 0 2 0.18 3.0 - 5 2 20 
CICHoCOo 0.10 7.9 - 3 7 6 
C U C H C O j 0.074 2.5 - 5 5 6 
F 3 C C 0 2 0.052 12 
Benzoate 0.14 4 .9 - 4 6 6 
σ-Ch lorobe η zo a to 0.074 6 .0 - 4 3 6 
£-Chlorobenzoato 0.21 10.0 - 2 8 6 
p-Hydroxybenzoato 0.13 9 .6 - 3 0 6 
Isophthalato 0.13 2.1 - 5 6 20 
H C 0 2 7 2 
+ H 3 N C H 2 C O , 0.06. 15 

carries a lower positive charge than the aquo complex and, formally at least, offers 
an opportunity for " remote" attack at the carbonyl oxygen. (Attack at C o — Ο — C 
oxygen would correspond to attack at H 2 0 in the aquo complex.) It is not known, 
in the case of carboxyl acting as a bridging group, whether C r + 2 attacks the carbonyl 
or the C o — Ο — C oxygen. It is possible that in one series of complexes, for example, 
those of simple carboxyl ions, attack is at one of these positions, but when a 
chelating function is introduced, the position of attack changes. 

In addition to inductive effects, and the possibility that the position of attack 
may be different for one complex than for another, steric effects are also undoubtedly 
a factor. The acid dissociation constants shew that HC02~ is less basic than 
CH3CO2"", but the rate of reduction of the formato complex is much faster than that 
of the acetato. Enough effects exist to explain almost any result qualitatively, 
but they are not well enough understood to sustain even qualitative predictions. 

The way A Ft decomposes into Δ11% and ASt is as remarkable as the slow rate of 
reduction of the acetato complex. Other results as well as those for the activation 
parameters give rise to questions. What is the origin of the very unfavorable 
entropy of activation? Why are ΔH% and ASt so strongly affected by substitution 
at a site well removed from the reaction site (compare entries for benzoate and 
£-chlorobenzoate in Table I) when the effect on the rate is so minor? W h y don't 
the values of ASt for the first three complexes in Table I change monotonously 
within the series? 

The Effect of a Chelate Function in the Bridging Ligand. 

When the bridging ligand is malonate (22), the reaction rate is approximately 
twice that when it is acetate. The reaction product in this system is the chelated 
malonato complex. This observation is consistent with the view that chelation of 
the C r + 2 by malonate takes place in the activated complex but does not prove this 
to be the case. Nothing is known about the rate at which a complex such as 
(H 20)5Cr02CCH 2C02H)~ ,~ 2 , if it were formed, would react to form the chelate al
though the results which follow suggest a slow rate. With glycolate as the bridg
ing group (2), the specific reaction rate at 25° C . and μ = 1.0 is 3.0. For this sys
tem there is evidence indicating a chelated species as the primary reaction product. 
The extinction coefficient at λ = 411 ηιμ for the Cr(III) reaction product is 39.3. 
This changes with a half-life of 22 db 2 hr. at 25°C. to 30.9. The final value of the 
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1 1 0 MECHANISMS OF I N O R G A N I C REACTIONS 

e x t i n c t i o n coefficient is i d e n t i c a l w i t h t h a t measured for the C r ( I I I ) - g l y c o l a t e c o m 
plex prepared b y d i rec t c o m b i n a t i o n , t h e n separat ing the species of charge + 2 
f rom the res idua l C r ( H 2 0 ) e + 3 w i t h a c a t i o n exchange res in . T h e higher e x t i n c t i o n 
coefficient for the i n i t i a l p r o d u c t suggests a h igher degree of c h e l a t i o n t h a n for the 
final product , w h i c h m a y be a n e q u i l i b r i u m m i x t u r e of che lated a n d non-che lated 
forms. 

C o m p l e x e s of the a h y d r o x y ac ids as a class react more r a p i d l y t h a n those of 
the parent complexes a n d i n v i e w of the results c i t e d , i t seems reasonable t o ascribe 
th is rate increase t o che la t i on of C r + 2 i n the a c t i v a t e d complex . 

( N H 3 ) 5 C o m — Ο 
\ Η 

C C H 
^ I 

Ο O H 

F o r o ther l igands such as malonate , w h i c h c o n t a i n a che la t ing f u n c t i o n b u t have no 
o ther obv ious p r o p e r t y w h i c h w o u l d fac i l i ta te e lectron transfer , i t seems reasonable 
t o ascribe the rate increase t o che la t i on of C r + 2 . I n a n y event , i t is in teres t ing to 
consider the rate d a t a for these complexes i n v i e w of th i s p o s s i b i l i t y , a n d a n u m b e r 
of such d a t a are presented i n T a b l e I I . 

T h e rate increase i n the g lyco la to , l a c ta to , m e t h y l l a c t a t o series agrees w i t h the 
v i e w t h a t che la t ion occurs i n the a c t i v a t e d complex . T h e b a s i c i t y of the O H 

Table II. Effect of C h e l a t i o n o n Rate 

at 2S°C , μ « 1.0 
Ligand 

Glyco late 
Methoxyacetate 
Lac ta te 
Methy l la c ta te 
a M a l a t e * 
β M a l a t e * 
M a l o n a t e 6 

H 0 2 C C H C 2 H 6 C 0 2
e 

H 0 2 C C ( C H 3 ) 2 C 0 2 
H 0 2 C H C 6 H 6 C 0 2

e 

C 2 H 5 0 2 C C H 2 C 0 2 

H 0 2 C C H 2 C H 2 C 0 2 

C H 3 0 2 C C H 2 C H 2 C 0 2 

Phthalate 
Sal icylate 
- 0 2 C C H 2 C 0 2 

Phthalate ion 
Sal icylate ion 

a The specific rate reported here does not agree with that reported in (6), nor did we find evidence as re
ported there for the path inverse in H+ even when (H+) was made as low as 0.02M. 

b In agreement with results in (6), we find two forms of the malato complex, and we were apparently able 
to make a rather clean separation of the two forms. Our rate measurements, however, do not agree with 
those in (6). 

β In reference 22, the specific rate is reported as 0.34. Since the term k\ (complex) ( C r + + ) is small com
pared to either h (complex) (Cr++)/(H+) or kt (complex) (Cr + Î ) (H+) it is difficult to get a precise value of 
kv, further as Svatos and Taube caution, the values of ΔΗιΪ and ASit reported in (22) are not reliable. 

d In (6) a value of 0.07 at 17° is reported. 
• Each of these show paths involving 1/(H+), but since Kdiu. for the complex acids has not been measured, 

the specific rates for the reactions of the anion ligand complexes cannot be calculated. 

k, M~l sec."1 AHt ASÎ Re}. 

3.1 9 .0 - 2 6 2 
0.42 9 .3 - 2 3 2 
6.7 2* 

11.8 9.1 - 2 4 2 
2.7 2* 
0.36 2 
0.29 2« 
0.22 Ϊ.7 - 5 4 2 
0.07 ... 2 
0.65 2 
0.45 14 

0.17 at 14°C. 20 
0.17 20 
0.075 20 

0.15 at μ - 3.0 m 
- 2 . 5 X 10* 22 

2.7 20 
- 2 Χ 10 8 22 
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5 . TAU BE Bridging Groups 111 

should increase with increased replacement of H by CH3. When the hydrogen of 
the O H group is replaced by C H 3 , a steric factor probably comes into play and the 
benefit from chelation is less than for the glycolate. The higher rate for the a 
malate presumably means that this is the form which has the O H linked a to the 
carboxyl on the Co(III) ; the effect of O H in chelation should diminish as this group 
becomes further removed from the adjacent carboxyl. 

The neutral carboxyl group is not very effective in increasing the reduction rate 
of the complex. However, when the proton is removed from the carboxyl, the effect 
can increase and is greatest when the carboxyl ion is in a configuration favorable 
to chelation. Thus, the inverse ( H + ) path is not even observable for acid succinate 
in the same acidity range as that for which this path is important in the 
acid malonato reaction. The acid dissociation constants are known well enough so 
that the behavior difference between acid malonato and acid succinato can not be 
entirely ascribed to different acidities of the complexes. The results obtained with 
the acid malonate complexes, as reported in Table II, incidentally provide no 
support for the hypothesis (22) that electron transfer takes place by remote attack 
across hydrogen bonds. 

H 
C o — Ο — C C H 

II I 

Ο C = O <- e -

H O 
When malonate or phthalate ions are the bridging ligands, an important com

ponent of the remote carboxyl effect is undoubtedly its assistance in binding the 
C r + 2 . thus, improving the opportunity for electron transfer through the adjacent 
carboxyl. But for glycolate, this explanation probably does not suffice. The 
evidence is that the glycolate chelate is no more stable on C r + 3 than is the open 
structure, and it does not seem likely that the chelate will be more stable for C r + 2 

than is the open structure. Possibly an electronic factor is a component of the total 
effect. In general terms, the change in symmetry produced by chelation may effect 
the electron distribution in C r + 2 so as to increase the probability for electron 
transfer. 

A n interesting phenomenon is ester hydrolysis accompanying the reaction of 
certain half ester complexes with metal ion reducing agents. Fraser (7), reports 
complete hydrolysis of the ester link in the reaction of the methyl succinato half 
ester complex with either V + 2 or E u + 2 . This observation is all the more remark
able when one realizes that the reduction rate of the half ester complexes is almost 
identical to that of the acido complexes. The reaction rate of C r + 2 with 
(NH 3 )5Co02CCH 2 C02C2H5 + 2 shows only the term which is independent of acid 
(14) (by contrast the acid malonato complex displays in addition (22) both a term 
first order in ( H + ) and one inverse in (H + ) ) . Spectrophotometric analysis of the 
solution resulting from the reaction shows that about 6 0 % of the Cr(III) product 
is the malonate chelate. Experiments using cation exchange resins show that it 
carries a charge of + 1 . Thus, we can conclude that at least 6 0 % of the ester is 
hydrolyzed in the reaction. The effects observed with C r + 2 have straightforward 
though not necessarily correct explanations along the following lines: an inter-
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1 1 2 MECHANISMS O F I N O R G A N I C REACTIONS 

0 
II 

o - c 

\ 
C r C C 

o = c 

\ 
O R 

med ia te of the t y p e s h o w n above is f ormed w h i c h t h e n r u p t u r e s a t the C r — Ο b o n d 
(to f o rm the ha l f ester complex) or r u p t u r e s a t the C — Ο b o n d l ead ing to h y d r o l y s i s 
l e a v i n g the chelate r i n g i n t a c t . B u t th i s e x p l a n a t i o n does not a c count for the 
effects observed w i t h V + 2 a n d E u + 2 . B o t h V + 3 a n d E u + S f o r m v e r y lab i l e c o m 
plexes, a n d i t is u n l i k e l y t h a t C — Ο b o n d r u p t u r e w o u l d compete w i t h M + 3 — Ο 
b o n d r u p t u r e . N o r does the e x p l a n a t i o n ac count for the oxygen tracer resul t re
por ted b y F r a s e r (7), w h i c h ind icates t h a t a t least 4 0 % a l k y l - o x y g e n fission takes 
place. 

T h e energy parameters for the react ion of complexes c o n t a i n i n g c h e l a t i n g 
l igands m e r i t some a t t e n t i o n . T h o s e systems s tud ied i n d e t a i l show higher va lues 
of AHt t h a n most systems for w h i c h o n l y the ad jacent c a r b o x y l s come i n t o p l a y ; to 
compensate for the change i n A U J , AS% is m u c h more favorab le for the complexes 
w h i c h present c h e l a t i n g func t i ons to the r e d u c i n g agent . I t i s d i f f i cul t t o under 
s t a n d the source of a n e n t r o p y increase of some 30 u n i t s w h e n che la t i on takes place. 
P e r h a p s the mode of a t t a c k o n the ad jacent c a r b o x y l i s a c t u a l l y di f ferent for the 
c h e l a t i n g t h a n the o r d i n a r y l igands . 

Ligands Having Conjugated Bond Systems 

I n o n l y a few cases is there d i rec t proof t h a t remote a t t a c k takes place w h e n 
complexes c o n t a i n i n g con jugated b o n d systems ex tend in g f rom a remote po lar group 
(for example 

0 0 Ο Ο — C 
f S f / \ 

— C , — C , — C , — C , N ) to the ad jacent c a r b o x y l 

\ \ \ \ / 
R O H O R N H * — C 

react. F o r m o s t systems of t h i s k i n d the evidence s u p p o r t i n g remote a t t a c k is a 
react ion rate larger t h a n t h a t for complexes l i k e those i n T a b l e I , a n d the absence 
of o ther special effects such as che la t i on . T h e con jugated systems u s u a l l y feature 
a t e r m first order i n H + , w h i c h , i n some cases c a n be t a k e n to ind i cate t h a t remote 
a t t a c k occurs for the p a t h corresponding to th i s t e r m . 

W e w i l l be concerned w i t h rate differences of dif ferent con jugated systems a n d 
w i t h how e lec tron transfer takes place. Spec i f i ca l ly , we w i l l t r y to d i s t i n g u i s h the 
" r e s o n a n c e " mechanisms f rom " c h e m i c a l " mechanisms i n w h i c h e lectron transfer 
takes place to the l i g a n d ra ther t h a n t h r o u g h i t . 

A re la t i onsh ip between a reac t ion rate i n v o l v i n g e lectron transfer t h r o u g h a 
conjugated b o n d sys tem a n d the mobi le b o n d (4) order has been suggested (13) a n d 
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5 . Τ AUBE Bridging Groups 1 1 3 

has been examined b y F r a s e r (8) a n d b y M a n n i n g , J a r n a g i n , a n d S i l v e r (18). M a n y 
of our compar isons are for s i m i l a r b o n d systems, a n d for these the differences i n 
mobi le bond order w i l l not be i n quest ion . Some of the compar isons suggest, 
perhaps demonstrate , the i m p o r t a n c e of s ter ic factors . M a x i m u m con jugat ion 
demands spec ia l geometry a n d some molecules w h i c h f o r m a l l y have the bond 
sequence necessary for con jugat ion do not lend themselves to the remote a t t a c k 
mechan ism because ster ic effects m a k e i t di f f icult to achieve the required geometry . 
T h i s is i l l u s t r a t e d b y c o m p a r i n g terephthalate as a l i gand w i t h p h t h a l a t e ( i ) . T h e 
rate of r educt i on of the terephthalate complex is a b o u t 36 ( 1 7 ° C ) , wh i l e for p h t h a 
late i t is 0.075, n a m e l y i n the same range as the l igands of T a b l e I . F r a s e r (8) p ro 
v ides ano ther c o m p a r i s o n : w h e n 4 / - c a r b o x y b i p h e n y l 4 - carboxy late is the l i g a n d , 
the rate of r educ t i on is v e r y r a p i d , b u t w h e n iod ine is s u b s t i t u t e d i n the 2,2' 
posit ions, the specific rate is 0.12 i l f _ 1 s e c . _ 1 a t 25°C. 

Ster i c effects are u n d o u b t e d l y a factor i n the r e a c t i v i t y of halogen subs t i tu ted 
f u m a r i c a c i d complexes t o C r + 2 (18). T h e results of rate measurements for these 
species are shown i n T a b l e I I I . Specif ic rates are entered b o t h for the ( H + ) i n 
dependent p a t h (path 1, k\) a n d for the p a t h first order i n ( H + ) (path 2, fo). 

Table III. Compar ison of t h e Rates of Reduction b y C r + 2 of C o m p l e x e s of 
Substituted Fumaric A c i d 

(T = 2 5 ° C , μ = 1.0; a l l data are from ref. (18) except for the first entry 
which is from (20).) 

Ligand k2 àSxt 
M 1 sec.~x M~l seer1 

Fumarate 1.3 3.5 6.7 - 3 6 
Chlorofumarate 1.3 1.2 
Chlorofumarate 0.09 0 .5 6 .4 - 4 7 
Bromofumarate 0 .70 11.9 - 2 4 
Bromofumarate 0 .10 11.0 - 2 6 
Iodofumarate 0.89 6 .0 - 3 9 
Iodofumarate 0 .10 
D i c h lorof u mara te 0 .19 0.9 9.1 - 3 2 
Diiodofumarate 0 .10 6.5 - 4 2 

S te r i c interference of the halogen w i t h the c a r b o x y l can be expected. T h e r e -
fore, the l i gand molecule w i l l have d i f f i cu l ty i n a c h i e v i n g the cop lanar arrangement 
necessary for o p t i m u m con jugat ion w h e n i t is s u b s t i t u t e d b y halogen. B u t a 
s imple ster ic factor does not e x p l a i n w h y one of the i someric forms of the m o n o -
subst i tu ted molecules reacts r a p i d l y , a n d the other reacts a t a rate character i s t i c of 
ad jacent a t t a c k . F r a s e r has conc luded t h a t the molecule of each i somer ic p a i r 
w h i c h reacts the more r a p i d l y has the hologen remote f rom the c a r b o x y l on C o ( I I I ) . 
T h e halogen interferes w i t h the c o p l a n a r i t y of the c a r b o x y l t o w h i c h i t is β r a ther 
t h a n t o w h i c h i t is a. If the effects are ster ic , i t indicates t h a t c o p l a n a r i t y is a less 
s tr ingent requirement for the c a r b o x y l on the C o ( I I I ) t h a n for the c a r b o x y l w h i c h 
C r + 2 a t ta cks . Does th i s mean t h a t e lectron transfer takes place to the l i gand i n 
these cases? 

T h e rate a t w h i c h C r + 2 reacts w i t h a v a r i e t y of half -ester complexes of f u m a r i c 
a c i d is not v e r y different f rom the rate a t w h i c h i t reacts w i t h the f u m a r i c complex . 
T h u s , the specific rates for the m e t h y l f u m a r a t e (20), pheny l fumarate (0), a n d 
fumar i c a c i d (20) complexes are 1.4, 1.5, a n d 1.3 respect ive ly . H o w e v e r , w h e n 
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1 1 4 MECHANISMS OF I N O R G A N I C REACTIONS 

terephthal i c a c i d is esterif ied, the specific rate drops (P) t o a va lue low i n the range 
of those character is t i c of adjacent a t t a c k . E . S. G o u l d has independent ly 
checked the values reported i n (P) for the m e t h y l half-ester complex . If i t is 
assumed that the a c t i v a t e d complex for remote a t t a c k requires the conf igurat ion 

Ο 
/ \ 

— C C r + 2 

\ / 
Ο 

/ 
R 

w i t h the R cop lanar w i t h the r i n g , then the s m a l l rate for the m e t h y l terephthalate 
hal f ester complex can be understood , because ster ic interference makes the cop lanar 
arrangement di f f icult even w h e n R = C H 3 . H o w e v e r , th i s ana lys i s is not i n accord 
w i t h the result (P) t h a t ester h y d r o l y s i s is essent ia l ly complete w h e n the m e t h y l 
terephthalate complex reacts even at a n a c i d concentrat ion so l ow t h a t the p a t h 
first order i n H + (which the terephtha late complexes do exhib i t ) cannot be i m 
p o r t a n t . 

W e w i l l now speci f ical ly consider electron t ranspor t mechanisms i n the react ions 
of c oba l t i c complexes of organic l i gands w i t h C r + 2 . W e w i l l be concerned p r i n c i 
p a l l y w i t h the d i s t i n c t i o n between resonance transfer mechanisms a n d mechanisms 
i n w h i c h the organic l i g a n d is first t rans formed to a r a d i c a l i o n , the e lec tron i n due 
course being passed on to the C o ( I I I ) centers. ( T h i s p o i n t appears t o be the p r i n 
c ip le issue i n the discussion w h i c h L i b b y has offered of the d a t a o n rates of r educ t i on 
of C o ( I I I ) complexes, stressing the resonance transfer m e c h a n i s m (17). O f course 
transfer t o the l i gand is a lso subject t o the restr ic t ions of the F r a n c k - C o n d o n 
Pr inc ip le . ) I n v i e w of the e lectronic s t ruc ture of C o ( I I I ) i t is no t unreasonable t o 
expect a finite life t i m e for a r a d i c a l - i o n reduc ing in termediate assoc iated w i t h i t . 
S o u n d k i n e t i c evidence for a n in termediate of th i s k i n d has been repor ted (3) i n 
the o x i d a t i o n of f o rmatopentaamminecoba l t ( I I I ) b y M n 0 4 ~ . E P R spectroscopy 
m a y prov ide d i rec t evidence for r a d i c a l i o n intermediates . S u c h exper iments are 
n o w i n progress i n co l laborat i on w i t h J . P . H u n t a n d L . P i e t t e . 

T h e difference i n react ion rates for the p h t h a l a t o complex (k = 0.075) a n d for 
the maleato (10) (k = 200 + 100 ( H + ) ) is large. Since the l igands have a s i m i l a r 
geometry , I suggest t h a t the difference arises because maleate , b u t not phtha la te , 
is r ead i l y reduced to a rad i ca l i o n b y C r + 2 . Cons i s tent w i t h th i s suggestion is the 
fact t h a t w h e n C r a q

+ 2 is added t o free male i c a c i d , i t is r a p i d l y reduced, b u t p h t h a l i c 
a c i d is unaffected i n a s i m i l a r exper iment . M a l e a t e is p a r t i a l l y i somerized (9) to 
fumarate w h e n the m a l e a t o complex is reduced b y V + 2 or C r + 2 . These results are 
also consistent w i t h th i s i n t e r p r e t a t i o n since they seem to require t h a t a r a d i c a l - i o n 
intermediate be formed. C o p l a n a r i t y of the maleate , i f t h i s l i gand is t o be reduced 
t o a r a d i c a l i o n , is no t requ i red as i t is for a resonance transfer m e c h a n i s m . 

I n v o k i n g the r e d u c i b i l i t y of the l i gand i n c e r t a i n instances helps e x p l a i n some 
other compar isons . T h u s , i t has been a m a t t e r of concern t h a t e lectron transfer b y 
remote a t t a c k t h r o u g h a n esterified c a r b o x y l group is a c compa ined b y such dras t i c 
effects as h y d r o l y s i s of the ester, wh i l e e lectron transfer t h r o u g h a c a r b o n y l , w h e n 
th i s is p a r t of a ke ton i c or a l d e h y d i c func t i on , takes place eas i ly . T h i s occurs even 
though there are no oppor tun i t i e s here for the k i n d of c h e m i s t r y w h i c h accompanies 
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5 . Τ AU BE Bridging Groups 1 1 5 

electron transfer i n the half -ester complexes. P o s s i b l y the mechanisms of e lectron 
transfer are a c t u a l l y different i n the t w o systems T h e first m a y be t rue resonance 
transfer , w h i c h for reasons t h a t are not yet c lear cal ls for i n t e r a c t i o n of the reduc ing 
agent w i t h b o t h oxygens (as o u t l i n e d above) . I n the ketone a n d a ldehyde case a 
r a d i c a l i o n mechanism m a y operate . A l d e h y d e s a n d ketones are more r e a d i l y c o n 
ver ted to rad i ca l i o n intermediates b y reduc t i on t h a n are ac ids . I t m a y be s ign i f i 
cant i n th is context t h a t the specific rate for the reduct i on of the o-benzoylbenzoate 
complex (12) b y C r + 2 is greater (k = 5.4 a t 25°) t h a n t h a t of the a c i d p h t h a l a t o 
(0.075) or even t h a t of the p h t h a l a t o i o n (20) complex (2.7). W e can u n d e r s t a n d 
the compar i son if we consider the ra te -de te rmin ing step to be e lec tron transfer to 
the organic group. 

T h e r a p i d rates of r educ t i on of the oxa la to (10) (k = 450 + 1,000 (H+)) a n d of 
the p y r u v a t e (2) complexes (2Λ χ 10 3 a t 25°C. a n d ( H + ) = 0.1) can h a r d l y be under 
stood as caused b y che lat ion . B i n o x a l a t e does not chelate unless the p r o t o n is lost , 
a n d the rate law for the reduc t i on of the complex shows t h a t i t br ings a p r o t o n i n t o 
the a c t i v a t e d complex . P y r u v a t e a lmost c e r t a i n l y is not che lated i n the p r o d u c t . 
B o t h groups are r a p i d l y reduced b y C r a q . + 2 when t h e y are feee f r om the cobal t 
center . (The reduc t i on of H2C2O4 b y C r a q . + 2 was explored b y R . M i l b u r n a n d the 
present a u t h o r (29). T h e observat ions on p y r u v a t e were made b y R . B u t l e r (2)). 
T h e complexes of pyr id ine -2 - carboxy la te a n d pyr id ine -4 - carboxy la te are r a p i d l y 
reduced b y C r + 2 a t least i n the forms w h i c h present the ni trogen w i t h o u t assoc iated 
protons . R a d i c a l i o n intermediates for these structures are not unreasonable . I n 
fact, a stable free rad i ca l der ived f rom 2V T -e thyl -4 -carbethoxypyr id inyl has been 

is the l igand , is p r o b a b l y l i m i t e d to the adjacent c a r b o x y l , the reduc t i on rate of th i s 
complex is a t least 5 fo ld greater t h a n for a n y of the complexes (except formate) i n 
T a b l e I . I t has been suggested t h a t i n contrast t o the usua l case of ad jacent a t t a c k 
(in w h i c h the electron is transferred t o the C o ( I I I ) center) here we m a y have e lectron 
transfer f rom the ad jacent c a r b o x y l t o the organic group (12). 

T h e large rate increase alone for a c i d oxalate or p y r u v a t e c o m p a r e d to g lyco late 
suggests t h a t some specific effect is operat ing . I t has been argued t h a t th is cannot 
be solely che lat ion , a n d th is seems to be t rue p a r t i c u l a r l y for the p y r u v a t e . N o 
large rate increase for remote a t t a c k can be expected f rom the decrease i n C o ( I I I ) — 
C r ( I I I ) repuls ions . N o t e the s m a l l effect (last e n t r y i n T a b l e I) of increas ing the 
pos i t ive charge on the l i gand . P e r h a p s e lectron transfer t h r o u g h the ad jacent 
c a r b o x y l is inherent ly inefficient. T h e benefit f r om remote a t t a c k ( i . e. i n v o l v i n g 
the ke ton i c carbonyl ) then arises because a different route t o C o ( I I I ) is p r o v i d e d . 
T h i s seems even more l i k e l y i n the p y r u v a t e case because the r a t e - d e t e r m i n i n g step 
m a y be the f o r m a t i o n of the r a d i c a l i o n in termed ia te , the e lectron i n due course 
passing o n to C o ( I I I ) . Some exp lanat i ons for the slow rate v i a ad jacent c a r b o x y l s 
a r e : a t t a c k o n C o O oxygen is inefficient for steric reasons; o n the c a r b o n y l oxygen 
i t is inefficient because th i s requires resonance transfer a n d th i s is i n h e r e n t l y i n 
efficient because of poor over lap of the π system w i t h the coba l t acceptor o r b i t a l . 

F i n a l l y , i n s u p p o r t of the hypothes i s that i n some cases e lectron transfer t o the 
organic l i g a n d takes place, we m a y note that s l ight dev ia t i ons f r o m the s t o i c h i o m e t r y 
one C r + 2 t o one C o ( I I I ) , have been observed i n a n u m b e r of react ions (12) of C o ( I I I ) 
complexes w i t h C r + 2 . T h a t some reduc t i on of the organic l igands takes p lace 

reported (16). A l t h o u g h a t tack b y the reduc ing agent, w h e n 
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1 1 6 MECHANISMS OF I N O R G A N I C REACTIONS 

does not prove that a radical ion intermediate is involved in the reduction of 
Co(III), but it is strongly suggestive. Unless the reaction leading to the reduc
tion of the organic ligand is actually second order in C r 4 2 , a radical ion intermediate 
must be formed. Net reduction of the ligand by a second C r + 2 may then compete 
with reduction by the radical ion of Co(III). 

The suggestion that radical ion intermediates are involved can be directly 
tested in some cases. The E P R spectroscopy test has already been mentioned. 
Another test compares the reduction rates of complexes having two different metal 
ion centers, but the same charge. Another test uses a variety of reducing agents of 
differing strengths. The results of this test are difficult to interpret because ligand 
reducibility may be a factor also in the resonance transfer process that involves 
superexchange. The facility of electron transfer by this mechanism depends on the 
energy difference between unoccupied orbitals and the ground state. This is a 
factor also in the chemical mechanism. In principle, a reducing agent which is 
not powerful enough for net transfer of an electron to one of the unoccupied orbitals 
could still use the orbital if electron transfer takes place by superexchange. 

It is not certain at the present stage that radical ion intermediates are involved 
in any of the reactions we have been discussing. But even if such intermediates are 
involved, the generalization to other metal ion centers must be made cautiously. 
The electron accepted by Co(III) is one of ay symmetry and it enters an antibonding 
orbital. When the electron accepted is in a de orbital, in our cases non-bonding, the 
reactivity pattern may be entirely different. Overlap of the acceptor orbital with 
the w bond system of a ligand containing bonds in conjugation will be efficient. For 
this reason resonance transfer should take place more readily and radical ion inter
mediates are expected less frequently. When de oxidizing complexes react, direct 
transfer from a reducing agent such as V (d ip ) 3 + 2 to a conjugated system may take 
place without intervention of a polar group. In an extensive search (1) we have 
found no evidence for this kind of process in reactions of pentaammine Co(III) 
complexes with V(dip )3 + 2 . Work on the reduction of pentaammine ruthenium (111) 
(de6) complexes is in progress (21) and the results will be especially interesting com
pared with those for Co(III) complexes. 

Literature Cited 

(1) Bennett, L. E., work in progress. 
(2) Butler, Ronald D., Ph.D. Thesis, Department of Chemistry, Stanford University, 

1964. 
(3) Candlin, John P., Halpern, J., J. Am. Chem. Soc., 85, 2518 (1963). 
(4) Coulson, C. Α., Longuet-Higgins, H. C., Proc. Roy. Soc. (London), A191, 39 (1947). 
(5) Fraser, R. T. M., Taube, H., J. Am. Chem. Soc., 83, 2239 (1961). 
(6) Fraser, R. T. M., "Advances in Chemistry of Coordination Compounds," p. 287, 

Macmillan, New York, 1961. 
(7) Fraser, R. T. M., J. Am. Chem. Soc., 84, 3436 (1962). 
(8) Fraser, R. T. M., J. Am. Chem. Soc., 83, 4920 (1961). 
(9) Fraser, R. T. M., Taube, H., J. Am. Chem. Soc., 83, 2242 (1961). 
(10) Fraser, R. T. M., J. Am. Chem. Soc., 85, 1747 (1963). 
(11) George, P., Griffith, J. S., "The Enzymes," 2nd ed., Vol. 1, Chapter 8, Academic, 

New York, 1959. 
(12) Gould, E. S., Taube, H., J. Am. Chem. Soc., 86, 1318 (1964). 
(13) Halpern, Jack, Orgel, L. E., Discussions Faraday Soc., 29, 32 (1960). 
(14) Huchital, Daniel, work in progress. 
(15) Kopple, K. D., Svatos, G. F., J. Am. Chem. Soc., 82, 3227 (1960). 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
05



5 . FA USE Discussion 1 1 7 

(16) Kosower, E. M., Poziomek, E. J., J. Am. Chem. Soc., 85, 2035 (1963). 
(17) L i b b y , W i l l a r d F., J. Phys. Chem., 38, 420 (1963). 
(18) M a n n i n g , P. V., Jarnagin , R. C., Silver, M., J. Phys. Chem., 68, 265 (1964). 
(19) M i l b u r n , Rona ld M., Taube, H., J. Phys. Chem., 64, 1776 (1960). 
(20) Sebera, D. K., Taube, H., J. Am. Chem. Soc., 83, 1785 (1961). 
(21) Str i tar , Jeffrey Α., work in progress. 
(22) Svatos, G., Taube, H., J. Am. Chem. Soc., 83, 4172 (1961). 
(23) Taube, H., " E n z y m e Models and E n z y m e Struc ture , " Brookhaven Symposium in 

Biology, N o . 15 (1962). 
(24) Zwicke l , A. M., Taube, H., J. Am. Chem. Soc., 83, 793 (1961). 

R E C E I V E D April 10, 1964. 

Discussion 

H e n r y T a u b e : I w a n t to out l ine a n d a m p l i f y some p o in t s t h a t are made i n 
the p a p e r ; bu t first, I w a n t t o m a k e a general observat i on not t ouched o n i n the 
paper , n a m e l y t h a t the subject under discussion has u n f o r t u n a t e l y c o n t i n u e d t o be 
h i g h l y p a r o c h i a l . M a n y results t h a t I sha l l discuss have been generated b y people 
w h o have been or w h o now are c losely associated w i t h me, a n d i t has distressed me 
t h a t not m a n y others have become interested i n the subject . T h e r e are signs t h a t 
th is s i t u a t i o n is beg inn ing to c h a n g e — J a c k H a l p e r n for example , a n d D r . J a r n a g i n 
have recent ly pub l i shed c o n t r i b u t i o n s t o th is a r e a — a n d i t is a welcome change. 
I n th is subject , as in others i n science, a more v igorous a n d h e a l t h y g r o w t h takes 
place i f the results are checked b y different laborator ies a n d i f there is a cross-
f e r t i l i za t i on of ideas. 

T h i s subject shou ld not be left w i t h o u t n o t i n g t h a t some aspects of the w o r k 
are v e r y arduous . T h o u g h i t is often easy to design exper iments w h i c h i f per 
formed w o u l d demonstrate one p o i n t or another , the w o r k w h i c h t h e y e n t a i l can 
be v e r y di f f icult because the substances requ i red are di f f icult to prepare . N e w 
synthe t i c procedures are needed b a d l y . One now be ing deve loped b y A . Sargeson, 
w h i c h depends o n the r e m o v a l of coord inated azide b y N O + i n the presence of a 
nucleophi le , promises t o be useful for a n u m b e r of preparat i ons . 

T u r n i n g to the p a p e r itself , I w a n t t o p o i n t ou t t h a t considerable v a r i a t i o n has 
been b u i l t i n t o the l igands w h i c h are featured i n T a b l e I . T h e possible influence 
of steric effects a n d of differences i n i n d u c t i v e effects of the organic r a d i c a l bear ing 
the c a r b o x y l have been commented o n i n the paper . I t is w o r t h p o i n t i n g out i n 
a d d i t i o n , t h a t the entries suggest t h a t Craq."* 2 as a reduc ing agent cannot take a d 
vantage of a conjugated bond sys tem for e lectron transfer unless a su i tab le p o l a r 
group is p a r t of the sys tem. T h u s benzoato complex is not reduced more r a p i d l y 
t h a n the acetato complex for example . E a r l i e r w o r k showed t h a t the c ro tonato 
complex also is reduced a t an a p p r o x i m a t e l y n o r m a l rate . I n w o r k done b y L . 
B e n n e t t we have found no evidence of m e d i a t i o n b y the con jugated b o n d systems 
w h e n V ( b i p ) 3

4 2 is the reduc ing agent . T h i s is t rue whether or not the con jugated 
b o n d system inc ludes a po lar group . 

T h e e n t r y for the g lyc inato complex , w h i c h i n the ac id i c so lu t i on bears a p r o t o n , 
provides a measure of the effects produced b y a pos i t ive charge close to the scene of 
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1 1 8 MECHANISMS OF I N O R G A N I C REACTIONS 

react ion . T h e effect is not large, a t least i n the so lut ions of h igh i on i c s t rength 
w h i c h are be ing used i n the exper iments . 

I n cons ider ing a t t a c k b y C r + 2 a t the c a r b o x y l coord inated t o C o ( I I I ) , i t is 
i m p o r t a n t t o l earn a t w h i c h of the t w o oxygens a t t a c k occurs. B u t before c o n 
s ider ing how th is m i g h t be done, we shou ld settle the quest ion as t o whether or not 
the t w o oxygens are d i s t inguishab le . R . T . M . F r a s e r has recent ly in te rpre ted i n 
frared evidence as showing t h a t the c a r b o x y l is s y m m e t r i c a l l y b o u n d , a t least for 
cer ta in cases, i n the so l id s tate . W o r k on the exchange of oxygen between car -
b o x y l a t o p e n t a a m m i n e c o b a l t ( I I I ) complexes a n d so lvent done b y R . B . J o r d a n 
a n d C . A n d r a d e shows u n a m b i g u o u s l y t h a t the oxygens are d is t inguishable i n 
so lut i on w h e n the l igands are formate , t r i f luoracetate , or oxalate . W i t h formate 
as the l i gand , a single exchange hal f l ife is observed at h igh a c i d i t y ; b u t w h e n the 
concentrat ion of H + decreases, there is m a r k e d c u r v a t u r e i n the M c K a y p lo t c o n 
sistent w i t h the v i e w t h a t the t w o oxygens exchange a t dif ferent rates. T h e d a t a 
suggest fur ther t h a t a single oxygen is responsible for the exchange of the c a r b o x y l 
oxygen w i t h the so lvent , a n d the o ther oxygen equi l ibrates b y a n interchange 
m e c h a n i s m . 

T h o u g h evidence for the d i s s i m i l a r i t y of the t w o oxygens of a b o u n d c a r b o x y l 
has been obta ined i n each of the systems s tud ied , i m p o r t a n t aspects of the observa 
t ions are not reproducib le . T h u s , a l though a l l the d a t a ob ta ined w i t h formate as 
l igand show t h a t a t low a c i d i t y one oxygen exchanges less r a p i d l y t h a n the other , 
the exchange hal f t imes for the slower oxygen differ a great deal between e x p e r i 
ments . T h e interchange process is a p p a r e n t l y subject t o some k i n d of cata lys i s , 
bu t we have not yet d iscovered the nature of the ca ta lys t . 

A system w h i c h is v e r y i n s t r u c t i v e i n cons ider ing the factors t h a t m a y affect 
the rate of react ion b y adjacent a t t a c k is C r a q

+ 2 r eac t ing w i t h [ (ΝΗ 3 ) δ -

C o 0 2 C \ Ο ^ > N + C H 3 ] + 3 . A s shown b y E . S. G o u l d , a n d b y D r . F r a s e r a n d Peters , 

the rate of react ion is perhaps five to six t imes more r a p i d t h a n i t is i n the n o r m a l 
cases. Y e t a t t a c k at the t e r m i n a l Ν seems v e r y u n l i k e l y . We m a y be d e a l i n g here 
w i t h a n example i n w h i c h e lectron transfer takes place t o the l i gand f o r m i n g a 
rad i ca l i o n . Since e lectron transfer is not t o the C o ( I I I ) center, the process is not 
governed b y the rates w h i c h a p p l y i n the case of acetate or tr i f luoracetate as l i g a n d . 
T h e exper iment suggests v e r y s t rong ly t h a t even w h e n we are dea l ing w i t h ad jacent 
a t t a c k , the r a d i c a l a t tached to the c a r b o x y l group can pro f ound ly affect the rate of 
e lectron transfer . I t shows t h a t one must be v e r y caut ious i n d r a w i n g conclusions 
about the pos i t i on of a t t a c k f rom rate comparisons . 

I have n o t h i n g further to a d d to the discussion of the effects a r i s ing w h e n a 
che la t ing funct ion is b u i l t i n t o the br idg ing l igand except to report t h a t D . H u c h i t a l , 
w h o is inves t iga t ing the react ion of the malonate half ester complexes w i t h the 
p e n t a a m m i n e c o b a l t ( I I I ) center w i t h reduc ing agent, finds no evidence for ester 
h y d r o l y s i s w h e n V + 2 or E u + 2 is used. T h i s contrasts w i t h D r . F r a s e r ' s repor t for 
the succ inate hal f ester complexes reac t ing w i t h the same reduc ing agents. 

T h e t h i r d p a r t of the paper is concerned w i t h complexes c o n t a i n i n g l igands 
w h i c h have con jugated bond systems connect ing two po lar groups. A n i m p o r t a n t 
quest ion here is whether the reduc ing agent a t t a c k s a t a n ad jacent , o r remote car 
b o x y l group. A s I ment ioned earl ier , one m u s t be caut ious i n bas ing conclusions 
solely on rate arguments . E x p e r i m e n t s i n w h i c h the react ion products are i n v e s t i -
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5 . TAUBE Discussion 1 1 9 

gated can , i n cer ta in cases, p rov ide d irect evidence on the po in t a t issue. One type 
of exper iment of th i s k i n d invo lves the search for ester hydro lys i s . E v i d e n c e for 
remote a t t a c k based o n th i s k i n d of exper iment was reported b y D r . F r a s e r a n d 
myse l f i n 1959 a n d subsequent ly , o ther systems have been described b y D r . Fraser . 
W e are h a v i n g t rouble w i t h the subject now. J a m e s H u r s t has been t r y i n g t o 
b u i l d on the earl ier w o r k a n d has repeated some of the exper iments w i t h the m e t h y l -
fumarato complex b u t has not observed ester h y d r o l y s i s . 

T h e case for remote a t t a c k , however , does not rest solely o n these exper iments , 
a n d I w i l l out l ine some others w h i c h suggest t h a t remote a t t a c k does take place i n 
cer ta in systems. D . L a F o l l e t t e has re -examined the chemis t ry of the react ion of 

C r + 2 w i t h [ ( N H 3 ) 5 C o 0 2 C < ; Ο )C ]+2, a n d has conf irmed a n d stated q u a n t i t a 

t i v e l y the result repor ted earl ier (4), t h a t i n th is case the l igand is not bound to C r + S . 
H e finds t h a t the l i gand can be recovered comple te ly b y so lvent ex t rac t i on a n d has 
shown furthermore , t h a t w h e n the l i gand is a c t u a l l y e n t r a p p e d b y C r + 3 , the rate of 
d issoc iat ion is s m a l l . These results mean t h a t C r + 2 does not a t t a c k the ad jacent 
c a r b o x y l , a n d i t is reasonable to suppose t h a t the pos i t i on of a t t a c k is a t the car 
b o n y l . A cartbonyl funct ion coord inated to C r + 3 is expected to be lost r a p i d l y b y 
a q u a t i o n . It is in teres t ing t h a t w h e n the c a r b o n y l is m e t a to the c a r b o x y l , about 
50% of the l i gand is aga in formed free i n s o lu t i on , a n d the remainder is b o u n d . 
T h u s , i t appears t h a t e lectron transfer can take place between m e t a posi t ions a l 
though the rate is m u c h less t h a n w h e n the c a r b o n y l is p a r a to the c a r b o x y l . T h e 
t o t a l specific rate for the reduct i on of the m e t a f o r m y l benzoato complex is o n l y 
0.15 M'1 s ec . " 1 

T h e effect of W on the rate of r educ t i on of complexes of the class under present 
discussion needs further cons iderat ion . T h e suggestion has been made t h a t the 
p a t h first-order i n ( H + ) indicates remote a t t a c k . T h i s suggestion was based o n 
w h a t seemed to be the o n l y reasonable i n t e r p r e t a t i o n of the fact t h a t H + is i n v o l v e d 
i n these systems, b u t not i n those i n w h i c h s imple carboxy lates ac t as l igands , 
n a m e l y t h a t the p r o t o n associates w i t h H + o n the ad jacent c a r b o n y l , thus redis 
t r i b u t i n g the double b o n d a n d i m p r o v i n g con jugat i on between the t w o po lar 
groups. B u t i t is also possible t h a t the p r o t o n is s i t u a t e d o n the remote c a r b o x y l , 
or elsewhere a p a r t f rom the ad jacent , a n d b y v i r t u e of i t s pos i t ive charge fac i l i tates 
e lectron transfer to the l i g a n d b y ad jacent a t t a c k . 

F i n a l l y — a n d I t h i n k the subject is becoming r ipe for deve lopment on th i s leve l 
— l e t us t u r n t o the quest ion of the mechanisms b y w h i c h e lectron transfer takes 
place. One i m p o r t a n t d i s t i n c t i o n is whether the e lectron transfers b y a resonance 
mechan ism or b y a chemica l one. Di f ferent observat ions can be made depend ing 
on th is difference i n mechan i sm. P e r h a p s one of the most s igni f icant is based on 
the fact that i f there is resonance transfer , p r e p a r a t i o n for rece iv ing the e lectron 
w i l l be made at the C o ( I I I ) center, b u t i f the e lectron transfers to the l i g a n d , th i s 
k i n d of p repara t i on a t the m e t a l i o n center is not requ i red . A n exper imenta l 
a p p r o a c h to d i s t ingu ish between the t w o cases m a y be t h i s : w h e n C o ( I I I ) receives 
the e lectron d i r e c t l y , there m a y be a s t rong d i s c r i m i n a t i o n between the isotopes of 
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1 2 0 MECHANISMS OF I N O R G A N I C REACTIONS 

oxygen i n a bond such as C o — Ο — , but w h e n ra te -de te rmin ing e lectron transfer 
takes place t o the l i gand , the i sotop ic d i s c r i m i n a t i o n m a y be m u c h less. 

J a c k H a l p e r n : I w a n t t o emphasize t h a t the evidence ob ta ined a b o u t the 
mechanisms of these processes is r ea l l y of two k i n d s . T h e r e are the d i rec t e x p e r i 
ments t h a t y i e ld chemica l evidence such as transfer of l igands or ester h y d r o l y s i s 
a n d so on , a n d the i m p l i c a t i o n s of these is often unequ ivoca l . T h e o ther k i n d of 
evidence has to do w i t h d r a w i n g inferences f rom the dependence of reac t ion rate on 
v a r i a t i o n of l igands, a n d here we are on m u c h less so l id g round a l t h o u g h I t h i n k 
p o t e n t i a l l y th is approach is a power fu l one. T h e p r o b l e m is t h a t there jus t is no t 
a sufficient b a c k g r o u n d of experience a n d d a t a t o assist us i n i n t e r p r e t i n g these 
trends. F u r t h e r m o r e , the theory t h a t we m i g h t use as a guide is a lso p o o r l y de
ve loped a n d is a di f f icult subject to m a k e progress on . 

U n t i l now most of the d a t a we have h a d o n sys temat i c v a r i a t i o n of l igands , or 
the effect of these var ia t i ons on rate , have been w i t h c a r b o x y l a t o p e n t a a m m i n e 
complexes. One reason for th i s is that these are a m o n g the slower react ions a n d 
have been more r e a d i l y susceptible t o k i n e t i c studies. 

M o r e extensive d a t a i n other systems concerning the dependence of rate on 
l igand is be ing a c c u m u l a t e d , a n d as yet we are far f rom unders tand ing these, p a r 
t i c u l a r l y i n the br idged react ions . T h e subject of outer sphere react ions a n d the 
factors affecting the rate are i n a somewhat bet ter state . 

One of the po ints that becomes c lear as one probes fur ther i n t o th i s subject is 
t h a t the w a y i n w h i c h the rate of these react ions var ies w i t h l i gand v a r i a t i o n is 
specific not o n l y t o the class of l igands under inves t iga t i on b u t a lso t o the p a r t i c u l a r 
reac t i on . T h i s is brought out c l ear ly i f one examines the var i ous e lectron transfer 
reactions t h a t have now been s tudied i n v o l v i n g halides as b r i d g i n g l igands . T h e s e 
d a t a , normal i zed i n each case w i t h respect t o the fluoro complex of the series are 
depicted i n F i g u r e A . 

C o n f i n i n g ourselves for the m o m e n t t o react ions k n o w n to go v i a inner sphere 
b r i d g i n g mechanisms, n a m e l y those i n v o l v i n g C r + 2 a n d Co(CN)5~* 3 as reductants , 
the t rend i n each case is for the rate to increase a long the series F < C l < B r < I , 
the largest increase occurr ing i n each case i n going f rom F t o C l . 

F o r most of the other react ions the mechan i sm is u n c e r t a i n . A m o n g these, 
the reduc t i on of C o ( N H 3 ) 5 X b y F e + 2 a n d E u + 2 e x h i b i t the reverse t r e n d (—i.e., 
B r < C l < F ) . W e t h i n k , b u t are not c e r ta in , t h a t these are inner sphere react ions . 

O n the o ther h a n d , the reduct ions b y V + 2 , for w h i c h the mechan ism is uncer 
t a i n , a n d the r educ t i on b y C r ( d i p y ) 3

+ 2 , w h i c h p r e s u m a b l y is outer sphere, fo l low 
the same trends as the inner sphere reduct ions b y C r 4 2 . 

I t h i n k t h a t we are a l ong w a y f rom u n d e r s t a n d i n g the effects of l i gand on the 
rate w e l l enough t o in terpret th i s p i c ture i n d e t a i l , or to pred ic t i t w i t h a n y c o n 
fidence w i t h o u t k n o w i n g the answers ; bu t I do t h i n k th i s k i n d of d a t a w i l l move us 
t o w a r d a better unders tand ing of w h a t such trends i m p l y . 

I d o n ' t r ea l l y have m u c h t o a d d o n the subject of the mechan i sm of e lectron 
transfer t h r o u g h these con jugated systems. I t is d i s a p p o i n t i n g t h a t th is subject 
has not developed to a greater extent since L . E . Orge l a n d I a t t e m p t e d v e r y inade 
q u a t e l y to treat i t s theory . B u t b o t h the theoret i ca l a n d exper imenta l aspec ts— 
finding the r i ght systems t h a t w i l l give i n f o r m a t i o n about those parameters w Thich 
can be used t o test the t h e o r y — a r e v e r y di f f icult and I t h i n k we w i l l have t o keep 
t r y i n g . 
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5 . TAUBE Discussion 1 2 1 

-3« 1 ι ι _ 
RF RCI RBr RI 

Figure A. Phi of Log (kKx/kRw) vs. RX 

R . T . M . F r a s e r : T h e nature of the oxygens i n the c a r b o x y l a t o group i s i n 
terest ing , a n d perhaps we should rev iew the in f rared evidence. I n a n ester or a n 
organic a c i d , a frequency can be assigned t o the C = 0 a b s o r p t i o n a n d one to the 
— C — Ο — . J . V . Q u a g l i a n o (1) has s h o w n t h a t the shi f t i n these frequencies w h i c h 
occurs w h e n the a c i d is complexed w i t h a m e t a l can be re lated t o the chang ing 
nature of the b o n d : i n the t r i soxa la to coba l t ( I I I ) complex , the C o — Ο — b o n d can 
be regarded as 5 0 % i on i c . W h e n the a c i d is not che lated , the t w o frequencies co -

O 

inc ide w i t h those observed for the s imple s a l t ; R — C — . 
\ 

Ο 
O u r recent w o r k shows t h a t ster ic effects are i m p o r t a n t i n e lectron transfer v i a 

b r i d g i n g groups. F o r example , i n the reduc t i on of the c a r b o x y l a t o p e n t a a m m i n e -
coba l t ( I I I ) complexes b y C r ( I I ) , the rate constants decrease as fo l lows : 

Ligand k, M"1 seer1 

formato 7 
acetato 0.14-0.32 
butyrato 0.08 
cyclopropanecarboxy lato 0.125 
cyclobutanecarboxylato 0.05 
cyclopentanecarboxylato 0.072 
cyclohexanecarboxy lato 0.04 

Figure B. Rate constants for the reduction of the carboxylatopentamminecobalt(II I) 
complexes by Cr(II) 
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1 2 2 MECHANISMS O F I N O R G A N I C REACTIONS 

(The t w o values repor ted for the acetato are in teres t ing : the smal ler is the l i t erature 
va lue , the larger is the va lue t h a t m y K a n s a s colleagues have determined more re 
cent ly . ) W e have not f ound a n y examples of l ower rates for ad jacent a t t a c k , a n d 
th i s l i m i t s the p o s s i b i l i t y of d i scover ing remote a t t a c k b y p a t h s w h i c h are not v e r y 
good e lectron conductors . If the remote a t t a c k is s lower t h a n the slowest ad jacent 
a t t a c k , we w i l l not be able t o separate the t w o paths w i t h a n y degree of c e r t a i n t y . 
T o overcome th is , we have replaced the c a r b o x y l group w i t h a n i t rogen . 
T h e parent c o m p o u n d for the series thus becomes h e x a m m i n e c o b a l t ( I I I ) , w i t h a 
rate constant of 9 X 1 0 - 6 M"1 s e c . " 1 for the C r ( I I ) r educ t i on . N o w i t is possible t o 
s t u d y l igands where the constant for remote a t t a c k lies be low 0.04, a n d results so 
far have been v e r y exc i t ing (J ) . F o r example , w i t h reference t o e lectron transfer 
between m e t a pos i t ions , the rate constant a t 25°C. for the C r ( I I ) r educ t i on of the 
e t h y l n icot inate - i\T-pentaamminecobalt ( I I I ) i o n is 1.5 Χ 10*~2 M~l s e c . - 1 w h i c h 
y ie lds a rate constant of 6.7 Χ 1 0 " 6 < k < 3 Χ 1 0 " 4 M"1 s e c . - 1 for remote a t t a c k 
i n the n i c o t i n a t o p e n t a a m m i n e c o b a l t ( I I I ) sys tem. 

D . E . P e t e r s : D r . T a u b e a n d D r . G o u l d have presented evidence for e lectron 
transfer a t a n i t rogen site (5). U s i n g p e n t a a m m i n e c o b a l t ( I I I ) complexes of v a r i 
ous p y r i d i n e c a r b o x y l i c ac ids these workers f ound t w o paths i n the rate expression 
w h i c h t h e y c a l l the ac id i c a n d basic paths . F o r the a l k y l p y r i d i n i u m complexes , 
n a m e l y the i V - m e t h y l der ivat ives , o n l y one t e r m i n the rate was f ound . 

A t the 145th A C S meet ing i n N e w Y o r k , September 1963, D r . F r a s e r a n d co
workers repor ted observ ing a n increase i n rate w i t h increas ing p H for the i V - m e t h y l 
d e r i v a t i v e as w e l l as for the p y r i d i n e - 4 - c a r b o x y l a t o complex as shown i n F i g u r e C . 
W e recent ly have found s i m i l a r behav ior for the pyr id ine -2 - carboxy la to complex 
a n d i t s i V - m e t h y l d e r i v a t i v e . I n v i e w of the a c i d dependency found for the N-
a l k y l p y r i d i n i u m der iva t ives of these complexes , i t does not seem l i k e l y t h a t the 
a c i d dependency of the react ion can be exp la ined mere ly b y ac id i c a n d basic forms 
of the complex since the i\T-alkyl p y r i d i n i u m der ivat ives do not possess such a bas ic 
f o r m . 

2 3 
pH 

Figure C. Log of rate constant vs. pH 
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5 . TAUBE Discussion 1 2 3 

J a m e s H . E s p e n s o n : I w o u l d l ike to c o m m e n t about some of the rates t h a t 
Pro f . H a l p e r n referred to . 

W e have recent ly s tud ied i r o n ( I I ) i o n as a r educ ing agent w i t h some coba l t ( I I I ) 
complexes , as have some other invest igators . O u r rates are i n a t least q u a l i t a t i v e 
agreement w i t h those ob ta ined b y others . I n the series of react ions of ha l openta -
a m m i n e c o b a l t ( I I I ) i ons w i t h i r o n ( I I ) , the highest rate occurs w i t h the f luor ide ; 
th i s is the same t r e n d c i ted b y D r . H a l p e r n . 

A n o t h e r in teres t ing p o i n t is the re lat ive rates of the react ions of the az ido a n d 
t h i o c y a n a t o p e n t a a m m i n e s . T h e re lat ive rates of these two reactants w i t h i r o n ( I I ) 
i o n are s i m i l a r t o those w i t h c h r o m i u m (I I ) , t h a t is , the az ide is four t o five powers of 
ten more r a p i d t h a n is the th i o cyanato . I a m suggesting t h a t th i s m i g h t be a c r i 
t er ion for inner sphere a c t i v a t e d complex as opposed to a n outer sphere complex . 
W i t h t r i s d i p y r i d y l c h r o m i u m ( I I ) i o n , w h i c h m u s t react v i a a n outer sphere process, 
the az ido a n d t h i o c y a n a t o rates are r e l a t i v e l y comparab le , a n d the same also for 
v a n a d i u m (I I) i on w h i c h also p r o b a b l y procèdes v i a a n outer sphere a c t i v a t e d 
complex . 

I w o u l d apprec iate D r . H a l p e r n ' s comments o n whether he t h i n k s th i s p r o v i d e d 
a v a l i d c r i t e r i on for inner sphere react ions i n those cases. 

D r . H a l p e r n : T h i s c r i ter ion cannot be comple te ly v a l i d since I can c ite one 
example , n a m e l y the reduct ions of C o ( N H 3 ) 5 N C S + 2 a n d C o ( N H 3 ) 5 N 3 + 2 b y 
C o ( C N ) 5 ~ 3 , w h i c h invo lves inner sphere e lectron transfer accompanied b y l i gand 
transfer . I n th i s case bo th complexes react a t a p p r o x i m a t e l y the same rate . 

I t h i n k th i s po in ts t o one of the factors i n v o l v e d i n d e t e r m i n i n g the rates of 
inner sphere e lectron transfer , and perhaps I should have commented on th is i n c o n 
nect ion w i t h the d a t a I c i ted ear l ier . I n a n e lectron transfer reac t i on ac compan ied 
b y the transfer of a l i gand X f rom coba l t ( I I I ) t o c h r o m i u m ( I I ) , we are b r e a k i n g a 
b o n d between the l i g a n d a n d coba l t a n d f o r m i n g a b o n d between the l i g and a n d the 
c h r o m i u m . T h e t h e r m o d y n a m i c t r e n d is c e r t a i n l y a m o n g the factors in f luenc ing 
the rate of e lectron transfer . 

I t h i n k th i s w o u l d prov ide a t least a p a r t i a l e x p l a n a t i o n of some of these d i f 
ferent trends . F o r example , the large rate increase w i t h C O ( C N ) Ô ~ 3 as r educ tant i n 
go ing f r o m C o ( N H 3 ) 5 F + 2 t h r o u g h t o C o ( N H 3 ) 5 B r + 2 is i n l ine w i t h the favored 
t h e r m o d y n a m i c t r e n d w i t h respect t o the s t a b i l i t y of b o t h the b o n d be ing b r o k e n 
a n d t h a t be ing f o rmed . 

O n the other h a n d , the reverse trends e x h i b i t e d b y E u 4 * 2 a n d F e + 2 as reduc tants 
i m p l y i n p a r t t h a t we are ga in ing more f rom the increas ing s t a b i l i t y of the b o n d 
be ing formed as we go f r om B r to F t h a n we are l os ing f r o m the s t a b i l i t y of the b o n d 
being broken . I t h i n k th i s is also per t inent t o the quest ion of c ompar i son of az ido 
a n d t h i o c y a n a t o complexes. W i t h C o ( C N ) 5 ~ " 3 as reductant , the stable f o rm of the 
produc t complex is su l fur -bonded , so t h a t the o r i en ta t i on of the l i g a n d i n the o x i d a n t 
is favorable for remote a t t a c k on the sul fur end , whereas the s i t u a t i o n is unfavorable 
for C r + 2 a n d F e + 2 as reductants . 

T h i s po ints t o one of the great weaknesses i n our unders tand ing of th is subject , 
n a m e l y o u r lack of knowledge of the t h e r m o d y n a m i c s of m a n y of these processes. 
T h i s is di f f icult to come b y because m a n y of these redox steps are not revers ib le ; 
hence we cannot o b t a i n t h e r m o d y n a m i c d a t a i n the usual w a y f r om e q u i l i b r i u m 
studies a n d must ins tead resort t o thermochemica l measurements of w h i c h we need 
more . 
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1 2 4 MECHANISMS O F I N O R G A N I C REACTIONS 

Robert G . L i n c k : I w o u l d l i k e t o p o i n t out a cor re la t i on t h a t I have f ound b y 
cons ider ing some of the d a t a repor ted i n the l i t e ra ture . 

I f one looks a t models of these c a r b o x y l a t o p e n t a m m i n e c o b a l t ( I I I ) c o m p l e x e s — 
we are concerned w i t h jus t the s imple acetates a t the m o m e n t — a n d p u t s a p e n t a -
q u o c h r o m i u m ( I I ) i o n onto the c a r b o n y l oxygen , there is v e r y l i t t l e difference i n 
ster ic h indrance i n the var i ous complexes as the c a r b o x y l i c a c i d is v a r i e d . T h i s 
suggests t h a t the differences i n rate constants are d e t e rm in ed p r i n c i p a l l y b y elec
t r o n i c effects. 

U n f o r t u n a t e l y , there are o n l y five rate constants for s imple acetato complexes 
repor ted (2, 8). H o w e v e r , a p l o t of the l og of these rate constants vs. R . W . T a f t ' s 
σ-parameter (7), w h i c h is a measure of e lectronic effects o n l y , gives a n e x t r e m e l y 
good c o r re la t i on (F igure D ) . 

.41 I I 1 I I I I 
0 .5 1.0 1.5 2.0 2.5 3.0 

ύ 
Figure D. k vs. σ for (NHz)hCo—OOCF&2 

I propose t h a t poss ib ly s ter ic effects are u n i m p o r t a n t i n these react ions b u t 
t h a t e lectron dens i ty o n the t w o oxygens is i m p o r t a n t . I f one does a s imple 
H i i c k e l t r e a t m e n t of the sys tem 

Ο 

/ 
\ 

R 

a n d var ies the a0 i n accordance w i t h the σ-parameter, a q u a l i t a t i v e agreement is 
f ound between the d a t a a n d the t h e o r y of D r . H a l p e r n a n d D r . Orge l (6). T h i s 
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5 . TAUBE Discussion 1 2 5 

agreement m a y be for tu i tous cons ider ing the crude ca l cu lat ions , b u t I t h i n k i t is 
w o r t h ex tend ing the inves t iga t i on of acetato complexes, chosen t o inc lude a w i d e r 
range of σ-values, i n order t o determine w h e t h e r or not the corre la t i on does h o l d . 

Harry G r a y : T w o po ints i n Pro f . T a u b e ' s paper quoted as exper iments i n 
progress h a v e n ' t been m e n t i o n e d . B o t h are concerned w i t h the m e c h a n i s m of elec
t r o n transfer , because the t ransmiss ion i n the l i g a n d , wherever the a t t a c k i s , is 
t h r o u g h the i r - sys tem, a n d i n c o b a l t ( I I I ) i n the σ-system. T h i s is p r o b a b l y the r e a 
son t h a t Pro f . T a u b e has suggested there m a y be a detectable r a d i c a l i o n i n t e r m e d i 
ate , because of the i m p r o b a b i l i t y of resonance transfer f rom π t o cr. T h e exper iment 
to test th i s , of course, i s the e lectron resonance exper iment i n w h i c h one tr ies the re 
d u c t i o n b y chromous a n d looks for the E S R s ignal of the r a d i c a l i o n . 

T h e other p o i n t is that i f one is go ing to see resonance transfer as L i b b y sug 
gested, one w o u l d invest igate the ?r-to-7r-system, the first case be ing dh l o w s p i n 
w h i c h has a hole i n the π-orbital l eve l . T h e r e p r o b a b l y w o u l d n ' t be a n y h o l d u p 
i n resonance transfer m e c h a n i s m i n r u t h e n i u m ( I I I ) complexes . 

Dr . T a u b e : W e have been held up i n the w o r k on r u t h e n i u m (111) because we 
have h a d d i f f i cu l ty w i t h the r a p i d flow a p p a r a t u s . 

J o h n P. H u n t : So far we have not seen a n y organic free rad ica ls i n these 
exper iments . W re have l ooked m a i n l y a t the m a l e a t o p e n t a m m i n e C o ( I I I ) system's 
reac t ing w i t h c h r o m i u m ( I I ) a n d v a n d i u m ( I I ) . I n the c h r o m i u m sys tem th i s p r o b 
l e m is c o m p l i c a t e d b y a large c h r o m i u m ( I I I ) E S R s igna l . I n the case of v a n a d i u m , 
we somet imes see s m a l l traces of v a n d i u m ( I V ) f o rm w h i c h we d o n ' t c o m p l e t e l y 
u n d e r s t a n d . 

W e have also t r i e d t o look d i r e c t l y a t the r educ t i on of some organic substances 
such as £-nitroaniline w h i c h can be reduced e l e c t r o l y t i c a l l y t o a v e r y stable free 
r a d i c a l , a n d w i t h e i ther v a n a d i u m ( I I ) or c h r o m i u m ( I I ) we cannot see th i s free 
r a d i c a l . 

W e t h i n k , however , t h a t th i s c e r t a i n l y doesn ' t mean t h a t there a r e n ' t a n y free 
r a d i c a l s ; i t means t h a t the detec t ion of these free rad ica ls is go ing t o be v e r y di f f i cult 
i n these m e t a l i o n systems. W e have to use flow techniques , oxygen-free so lut ions , 
a n d th ings of th i s sort i n order t o d o i t , a n d i t ' s ra ther d i f f i cul t . 
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6 
Oxidation or Reduction of Ligands by 

Metal Ions in Unstable States of Oxidation 

MICHAEL A N B A R 

Weizmann Institute of Science, Rehovoth, Israel. 

O x i d a t i o n a n d reduct ion o f l igands o w i n g t o 
a n i n t e r a c t i o n w i t h t h e i r c e n t r a l a t o m h a v e 
b e e n r e v i e w e d . These react ions were d i v i d e d 
into t w o major groups: (a) React ions in w h i c h 
t h e i n t e r a c t i o n b e t w e e n a l i g a n d a n d a c e n t r a l 
a t o m results in t h e f o r m a t i o n o f a n u n s t a b l e 
c o m p l e x w h i c h u n d e r g o e s a monomolecular 
c h a n g e in t h e o x i d a t i o n s t a t e of t h e c e n t r a l 
a t o m , y i e l d i n g a modif ied l i g a n d . (b) Cases in 
w h i c h a stable m e t a l - l i g a n d system u n d e r g o e s 
a c h a n g e i n t h e o x i d a t i o n s t a t e of t h e m e t a l 
a t o m o n i n t e r a c t i o n w i t h a n o t h e r r e a g e n t . 
This is f o l l o w e d b y a n i n t e r a c t i o n b e t w e e n t h e 
m e t a l a t o m a n d its l i g a n d . A s a result o f this 
process the m e t a l ion m a y b e r e c o v e r e d e i t h e r 
in its in i t ia l o r i n a d i f ferent s t a b l e s t a t e of oxi
d a t i o n . 

J h e electronic in te rac t i on between cat ions a n d l igands is w e l l k n o w n t o affect the 
r e a c t i v i t y of the former i n redox react ions w i t h other reagents, i n c l u d i n g the 

so lvent a n d l igands themselves (17, 28, 43, 80). T h e f o r m a t i o n of σ-bonds w i t h the 
l i gand stabi l izes h igher states of o x i d a t i o n of the c e n t r a l a t o m , whereas i r - o r b i t a l 
in terac t i ons m a y increase the s t a b i l i t y of lower states of o x i d a t i o n (74, 79, 80). If 
the e lectron a f f in i ty of the l i gand b o u n d t o a c e n t r a l a t o m a t i t s h igher state of 
o x i d a t i o n is not large enough, i t w i l l e v e n t u a l l y be o x i d i z e d ; a l t e r n a t i v e l y , i f i t s 
e lectron af f in i ty is s u b s t a n t i a l l y h igher t h a n t h a t of the c e n t r a l a t o m , the o x i d a t i o n 
of the l a t t e r m a y t a k e p lace . 

T h e de f in i t ion of s t a b i l i t y of a n o x i d a t i o n state of a g iven a t o m is meaningless 
w i t h o u t referr ing t o i t s i m m e d i a t e e n v i r o n m e n t . A n y l igated m e t a l a t o m w h i c h 
undergoes a redox process w i t h i t s l igands a t a measurable rate is here defined as 
be ing i n a n unstable state of o x i d a t i o n . T h i s is somewhat broader t h a n the c o n -

1 2 6 
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6 . ΑΝΒΑΛ Oxidation or Reduction 1 2 7 

v e n t i o n a l t h e r m o d y n a m i c de f in i t ion w h i c h uses water , b o t h so lvent a n d l i gand , as 
i t s p o i n t of reference. 

T h i s paper w i l l rev iew cases i n w h i c h the s t a b i l i t y of the o x i d a t i o n state of the 
l igated cent ra l a t o m is l i m i t e d b y the redox i n s t a b i l i t y of the l i gand . T h e s t a b i l i t y 
of the c e n t r a l - a t o m - l i g a n d system w i l l be referred to i n terms of react ion k inet i cs , 
ra ther t h a n f rom the s t a n d p o i n t of a change i n free energy. I n other words , the 
s t a b i l i t y of a s y s t e m , as defined here is l i m i t e d b y the mechan i sm of i t s redox reac
t i o n . T h i s m a y determine i ts l i f e t ime f rom i n f i n i t y d o w n t o the microsecond region 
where the existence of the unstable l igated system m a y be inferred o n l y b y i n d i r e c t 
evidence . I t shou ld be noted however , t h a t a n y unstable sys tem referred t o is a 
m e t a l - l i g a n d complex w h i c h inc ludes a l l p a r t i t i o n funct ions a n d is i n e q u i l i b r i u m 
w i t h i t s precursors , a n d i t shou ld be d i s t ingu ished f rom a n a c t i v a t e d complex of a n y 
k i n d . M e t a l - l i g a n d systems w h i c h undergo reversible redox react ions w h i l e a t 
e q u i l i b r i u m , are s t i l l def ined as be ing i n unstable states of o x i d a t i o n . 

I t should be emphas ized here t h a t the existence of a stable complex between a 
m e t a l i o n a t a g iven state of o x i d a t i o n a n d a l i gand is not necessari ly a prerequis i te 
for the t w o species t o f o rm a complex i n the t r a n s i t i o n state . M o r e o v e r , i t is v e r y 
l i k e l y t h a t the a c t i v a t e d complex of the t r a n s i t i o n state s u b s t a n t i a l l y differs i n i t s 
conf igurat ion f r om the stable m e t a l - l i g a n d complex . I t is obv ious t h a t a m e t a l -
l i gand complex m a y , i n m a n y cases, have a h igher p r o b a b i l i t y of undergo ing the 
a p p r o p r i a t e changes t o a n a c t i v a t e d complex . O n the o ther h a n d , i n some cases the 
f o r m a t i o n of a m e t a l - l i g a n d complex w i l l i n h i b i t the i n t e r a c t i o n of the t w o species t o 
give the conf igurat ion of the a c t i v a t e d complex . I n such cases one m a y consider 
the t w o processes of f o r m i n g the stable a n d a c t i v a t e d complexes as t w o independent 
c o m p e t i n g processes, ra ther t h a n t w o consecutive react ions . 

I n general , l igands d o have t o undergo a t w o equ iva lent change i n the i r state 
of o x i d a t i o n before reach ing a stable state, whereas m e t a l ions , i n most cases, m a y 
change the i r state of o x i d a t i o n i n single equ iva lent steps w i t h o u t f o rming i n t e r 
mediates of ex t remely h igh r e a c t i v i t y . T h i s difference i n the redox behav ior be
tween c e n t r a l a t o m s a n d l igands results i n the great c o m p l e x i t y of redox interact ions 
between the t w o species. P o l y a t o m i c l igands m a y a lso undergo redox react ions 
w h i c h i n v o l v e b o n d cleavage i n the l i g a n d group, a n d w h i c h are no t e lectron transfer 
processes i n the n a r r o w sense. 

A g iven cent ra l a t o m - l i g a n d sys tem m a y be formed i n four different w a y s : 
first, b y s u b s t i t u t i o n of ano ther l i g a n d of the c e n t r a l a t o m (1) ; second, b y a change 
i n the coord inat i on n u m b e r of the cent ra l a t o m , o w i n g t o i t s convers ion t o a different 
state of o x i d a t i o n (2) ; t h i r d , b y a chemica l change i n a b o u n d l i g and w h i c h is c o n 
v e r t e d t o a different chemica l species w i t h o u t cleavage of the m e t a l - l i g a n d b o n d (3) ; 
a n d finally, b y a change i n the o x i d a t i o n state of the cent ra l a t o m (4). 

M X n + L - M X n L 

M X + L -> M L + X (1) 

(2) 

M L + X - M L ' + Ζ (3) 

M + a L + X - M + b L + Ζ 

I n our n o t a t i o n o n l y the l i g a n d , L , w h i c h takes p a r t i n the redox process w i l l be 
inc luded , whereas other l igands of the same c e n t r a l a t o m w i l l no t be denoted . 
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1 2 8 MECHANISMS O F I N O R G A N I C REACTIONS 

T h e r e are t w o m a j o r routes of f o r m a t i o n of a n unstable meta l - l i gand s y s t e m : 
(a) T h e m e t a l i o n i n i t s g iven state of o x i d a t i o n interac ts w i t h the l i gand t o give a n 
unstable sys tem (v ia M e c h a n i s m s 1 or 2). (b) T h e m e t a l - l i g a n d sys tem is stable 
t o begin w i t h , a n d o n l y b y r eac t ing w i t h a t h i r d reac tant undergoes a change i n i t s 
o x i d a t i o n state w h i c h converts i t t o a n unstable sys tem. T h e change i n the o x i d a 
t i o n state m a y occur e i ther i n the c e n t r a l a t o m ( M e c h a n i s m 4), or p r i m a r i l y i n the 
l i gand ( M e c h a n i s m 3). 

If the meta l - l i gand unstable sys tem formed b y the t h i r d reactant breaks d o w n 
instantaneous ly , r esu l t ing i n a change i n the ox ida t i on state of the c e n t r a l a t o m , 
one encounters the we l l k n o w n l i gand- ca ta lyzed redox react ions (48, 86). S ince 
th i s paper is concerned w i t h changes i n the o x i d a t i o n state of l igands, the l i g a n d -
br idged redox react ions are not w i t h i n i t s scope. 

U n s t a b l e systems formed i n aqueous so lut ions b y b o t h routes w i l l be discussed 
i n th i s rev iew. H o w e v e r , spec ia l reference w i l l be made t o systems formed b y the 
last t w o mechanisms, i n c l u d i n g some recent results f rom the author ' s l a b o r a t o r y . 
W e d o not i n t e n d to inc lude a l l the cases repor ted on o x i d a t i o n or r educ t i on of 
l igands, b u t ra ther t o systemat ize the different reac t ion mechanisms. 

Unstable Systems Formed by the Interaction of 
Ligands with Metal Ions in "Stable" States of Oxidation. 

A s s tated above, we w i l l refer here t o react ions of the t y p e 

M X ( 8 t a b i e ) + a + L -> X + M L ( U M u b i . ) + e - M + b + Ρ (5) 

where X m a y be a n y l i gand , i n c l u d i n g water , L , a l i gand l iab le t o undergo a redox 
process b y M + a , a n d P , the produc t of L af ter react ion . M X + a m a y eventua l l y also 
undergo a redox react ion to f o rm M + b + Z . H o w e v e r , as l ong as th is reac t ion is 
m u c h slower t h a n the rate of f o r m a t i o n of M L + a , M X + a , i n the presence of L , m a y 
s t i l l be referred to as a " s t a b l e " sys tem. T h i s s tatement is t rue of the a q u o c o m 
plexes of t rans i t i on meta l ions i n t h e i r higher or lower states of o x i d a t i o n - e . g . , C o 
( I I I ) , M n ( I I I ) or C r ( I I ) , V ( I I ) , T i ( I I I ) , respect ive ly . 

O x i d a t i o n o f L i g a n d s . Reac t i ons of the t y p e 

M + a + M L + a -> M + ( a - 1 ) + Ρ (6) 

w i l l proceed f rom left t o r ight i f the rate of the reverse r e a c t i o n ' R / = ^(M***"" 1 *) (P) 
is smal ler t h a n the f o rward react ion , R = k(ML+fi). I n o ther cases M L + a m a y be 
considered as a t h e r m o d y n a m i c a l l y stable species. T h e r e m o v a l of Ρ b y a t h i r d 
reagent w i l l o b v i o u s l y shi f t the e q u i l i b r i u m of R e a c t i o n 6 t o the r i gh t , m a k i n g R the 
ra te -de termin ing step. T a k i n g , for example , w a t e r as a l i g a n d , one encounters 
e q u i l i b r i u m react ions of the t y p e 

M ( H 2 0 ) n
+ a ^ Μ ^ Ο ) ^ ! ^ - » + H + + O H 

or 

M ( H 2 0 ) n ( O H ) + a ~» M ( H 2 0 ) n
+ a + O H 

w h i c h m a y be shi f ted t o the r i g h t b y reagents w h i c h react w i t h O H i n preference t o 
M ( H 2 0 ) n - i + a _ 1 . T h i s mechanism has been suggested for the reduct ion of C e ( I V ) 
b y tha l lous ions (48). 
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6 . ANBAR Oxidation or Reduction 1 2 9 

I n most cases the e q u i l i b r i u m of R e a c t i o n 6 lies e i ther far t o the left or far t o 
the r i ght . I n the special case of ba lanced e q u i l i b r i u m , R e a c t i o n 5 m a y be shi f ted t o 
the r i ght even b y s m a l l changes i n the e n v i r o n m e n t of the g iven sys tem, such as a 
change i n i on i c s t rength , w h i c h was shown t o affect the e q u i l i b r i u m (36), 

I r B r 6 - 2 ^ I r B r f 2 + B r 

W a t e r a n d O H " " ions have been shown t o be ox id i zed to f o rm oxygen fo l l owing 
M e c h a n i s m 6. T h i s mechanism has been pos tu lated i n the case of C o ( I I I ) (19), a n d 
of C u ( I I I ) ions (4). I n the l a t t e r case i t was shown b y c o m p e t i t i o n k inet i cs t h a t 
O H radica ls are the p r i m a r y products of decompos i t i on of H2O b y terva lent copper 
i n a c i d s o l u t i o n (4). 

O x i d a t i o n react ions b y ferr ic ions have been shown , w i t h v e r y few except ions 
(20), t o proceed b y a m e c h a n i s m i n v o l v i n g the f o r m a t i o n of a complex w i t h the 
ox id i zed l i g a n d , 

F e ( I I I ) + L -> F e ( I I I ) L -> F e ( I I ) + Ρ 

T h i s inc ludes the o x i d a t i o n of sulf ite (56) a n d of hydrogen peroxide (45, 65), as w e l l 
as the o x i d a t i o n of organic l igands l i k e acety lacetonate (16, 72). T h e reac t ion of 
c h r o m i c ions w i t h hydrogen peroxide has been a lso c la imed t o proceed v i a M e c h a 
n i s m 5 (93). A n a l o g o u s to the behav ior of ferric ions (56), the reduc t i on of C u + 2 b y 
sulfite ions (89) v e r y l i k e l y proceeds b y 

C u ( I I ) S 0 3 - > C u ( I ) + S O 3 -

A n o t h e r o x i d a t i o n react ion of the same t y p e is t h a t of bromide ions b y C e ( I V ) 
w h i c h was shown to proceed v i a C e ( S 0 4 ) 2 B r " ~ a n d Ce(S0 4 )2Br 2 ~" 2 as intermediates 
(59). 

T h e mechan ism of o x i d a t i o n of organic l igands is ra ther s i m i l a r t o t h a t of 
inorganic l igands. T h e o x i d a t i o n of var ious organic c ompounds b y t r a n s i t i o n 
m e t a l ions was shown , w i t h o n l y few exceptions (6, 50), t o invo lve the p a r t i c i p a t i o n 
of the organic substrate as a l i g a n d . 

A c lassical case i n the field of o x i d a t i o n of organic l igands is the decompos i t i on 
of the mangan i c oxalate complexes (31, 84, 85) 

M n + 3 - j - C2O4- 2 ^ M n C 2 0 4
+ - * M n + 2 + C 2 0 4 -

M n ( C 2 0 4 ) 2 " M n ( C 2 0 4 ) + Q04~ 

S i m i l a r mechanisms were p o s t u l a t e d for the o x i d a t i o n of g lycols b y per iodate 
(32) a n d C e ( I V ) (33, 34), a n d for the o x i d a t i o n of g lycero l b y C e ( I V ) (44). I n these 
cases the existence of in termediate complexes was demonstra ted . T h e o x i d a t i o n of 
f ormaldehyde b y C e ( I V ) was also c l a i m e d to i n v o l v e a p r e - e q u i l i b r i u m of a C e ( I V ) -
formaldehyde complex (51). A s i m i l a r complex was pos tu la ted i n the formalde-
h y d e - M n 0 4 " ~ react ion (49, 87). T h e o x i d a t i o n of i s o p r o p y l a l coho l b y chromate ions 
fol lows a s i m i l a r m e c h a n i s m , a n d a chromate ester was formed as in termed ia te (94). 

T h e o x i d a t i o n of an i l ine b y C u + 2 (60), w h i c h was c la imed t o proceed comple te ly 
analogous t o R e a c t i o n 5, is a n example of C u ( I I ) as the ox idant . 

P h N H 2 + C u + 2 τ± P h N H C u + -> C u + + P h N H - P h N H = = H N P h 
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1 3 0 MECHANISMS O F I N O R G A N I C REACTIONS 

S i m i l a r mechanisms were pos tu la ted for the C u + 2 — c a t a l y z e d ox idat ions of m e t h y l 
benzo in , ascorbic a c i d , (7) a n d v a r i o u s o ther r educ ing l igands (39). 

F i n a l l y we w i l l refer t o o x i d a t i o n react ions b y T l + 2 i ons . T h e s e ions are f ormed 
under r a d i o l y t i c cond i t i ons f r om tha l l ous ions 

T1+ + O H - » T1+ 2 + O H -

T l ( I I ) i ons were shown t o ox id ize se lect ive ly e thy lened iamine (10) a n d g lyc ine (7), 
ra ther t h a n undergo d i s p r o p o r t i o n a t i o n . 

N H 3 + 
/ 

C H 2 

I + T1+ 2 

C H 2 

\ 
N H 3 + 

T1+ + N H 2 C H 2 C H 2 + N H 2 -> N H 2 C H 2 C H N H 2 + H + 

T h i s reac t ion is analogous t o the M n + 3 oxalate reac t ion (84), except t h a t the T l + 2 -
e thy lened iamine complex is less stable , a n d the meta l - ca ta lyzed react ion is c o m 
p le te ly i n h i b i t e d i n a c i d so lut ions , a n d b y the a d d i t i o n of c o m p e t i n g ions l i k e Zn+ 2 . 

A spec ia l group of react ions w h i c h m a y be classified i n th i s sect ion is represented 
b y the general f o r m u l a 

M L + * + Y - » M L Y + * -> Μ * · - » + L Y + (7) 

I n m a n y cases of th i s t y p e M L + a w o u l d decompose spontaneous ly , b u t a t a m u c h 
slower rate . T h e func t i on of Y i s t o s tab i l i ze the free r a d i c a l formed f r o m the 
l i gand f o l l owing a single e lectron transfer t o the c e n t r a l a t o m . It is assumed here 
t h a t a L — Y b o n d is formed i n the r a t e - d e t e r m i n i n g step, a n d i t is the i n t e r a c t i o n of 
Y w i t h the l i g a n d , a n d not w i t h the c e n t r a l a t o m , w h i c h character izes t h i s group of 
react ions . 

T h e o x i d a t i o n of i od ide b y F e ( I I I ) (41) fo l lows the p a t t e r n of M e c h a n i s m 7 

F e l + 2 - f Γ" - * F e + 2 + I r 

a n d so does o x i d a t i o n of iod ide b y C o ( N H 3 ) 5 l + 2 (95). T h e analogous o x i d a t i o n of 
t h i o c y a n a t e b y F e ( I I I ) (21), a n d the reac t i on of ferr ic az ide w i t h az ide rad ica ls (30), 
are o ther examples . T h e r e d u c t i o n of € ο ( Ν Η 3 ) δ Ι + 2 b y i od ine a toms , m e t h y l , a n d 
h y d r o x y radica ls t o f o rm C o ( I I ) + I 2 , M e l , a n d I O H , respec t ive ly (46), also, fo l low 
the same m e c h a n i s m . T h e fact t h a t Y reacts d i r e c t l y w i t h L is suggested b y the 
f o r m a t i o n of M e l , ra ther t h a n M e O H , w h i c h w o u l d be formed b y the reac t i on of 
M e - w i t h the coba l t complex as a who le . F u r t h e r evidence for d i rec t react ions 
between ox idants a n d b o u n d l igands m a y be inferred f r om the products of the reac
t i o n between C o ( N H 3 ) 5 l + 2 a n d hydrogen peroxide (47). 

I n the o x i d a t i o n of b romide b y t h a l l i c ions a double e lec tron transfer f r o m the 
c e n t r a l a t o m t o t w o separate l igands was pos tu la ted (27) 

T l B r 2 + ^ T1+ + B r 2 . 

T h e same results m a y be in te rpre ted b y a double e lectron transfer t o a single l i gand , 
w h i c h seems more p laus ib le f rom the k i n e t i c s t a n d p o i n t 

N H 2 

C H 2 

I 
C H 2 

T1+ 2 4- 2H+ 

\ 
N H 2 
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6 . ANBAR Oxidation or Reduction 131 

T I B r 4 * 2 + B r ~ ^± T1+ + B r 2 

S i m i l a r l y , the T l B r 3 t e r m i n the same s t u d y (27), m a y be in te rpre ted as 

T l B r 2
+ + B r ~ ^± T I B r + B r 2 ^ T1+ + B r ~ + B r 2 . 

Reduction of Ligands. I n contrast t o the m a n y systems where the o x i d a t i o n 
of a l i gand b y the c e n t r a l a t o m c o u l d be demonstra ted , there are re la t ive ly few 
examples of unstable m e t a l - l i g a n d systems t h a t result i n the r e d u c t i o n of the l i gand 

M + a + L - M L + a - M + ( a + 1 > + L " 1 (8) 

A s examples , one can cite the a u t o x i d a t i o n of F e ( I I ) t o F e ( I I I ) i n a q u o a n d 
complexed forms (42, 49), 

F e ( I I ) X + 0 2 — F e ( I I ) X 0 2 -> F e ( I I I ) X + O r . 

T h e C o ( I I ) - c a t a l y z e d a u t o x i d a t i o n of cys te in , where a C o X 0 2 complex was 
c la imed t o be formed as in termediate (69), is ano ther example . 

F i s s i o n of the l i gand molecule m a y t a k e place d u r i n g the redox process of the 
m e t a l - l i g a n d sys tem. T h i s is general ly t rue of systems i n w h i c h the l igands are 
b o u n d t o the m e t a l t h r o u g h a n oxygen a t o m . 

M + a + Y O -+ M + a O Y - * M 0 + a + Y (9) 

or M O " W a - 1 ) + Y + 

T h i s m e c h a n i s m can be i l l u s t r a t e d b y the react ion of ferrous ions w i t h hydrogen 
peroxide (42), the reduc t i on of organic peroxides b y cuprous ions (63), as we l l as b y 
the r e d u c t i o n of perchlorate ions b y T i ( I I I ) (35), V ( I I ) (58), E u ( I I ) (71). T h e 
o x i d a t i o n of chromous ions b y bromate a n d n i t ra te ions m a y also be classified i n th is 
category . I n the l a t t e r cases, a n oxygen transfer f rom the l i gand to the meta l i o n 
has been demonstra ted (8). A s analogous cases one m a y c i te the ox ida t i on of 
C r ( H 2 0 ) e t 2 b y azide ions (15) (where i t has been demonstrated that the C r — Ν b o n d 
is p a r t i a l l y retained after ox idat ion ) , a n d the ox idat i on of C r ( H 2 0 ) e + 2 b y 0-1 odo-
benzoic a c i d (6, 8), where a n iod ine transfer was shown to take place. 

Unstable Systems Formed by the Interaction of 
Stable Metal Ligand Systems with Oxidants or Reductants. 

T h e i n t e r a c t i o n of a stable sys tem w i t h a n o x i d a n t or a reduc tant m a y produce 
a n unstable sys tem. C o n s i d e r i n g unstable systems i n w h i c h o n l y the centra l a t o m 
undergoes a redox change, the comprehesive reviews of T a u b e (86), H a l p e r n (48) 
a n d S u t i n (83), m a y be consul ted . O u r discussion is l i m i t e d to unstable systems, 
the ligands of w h i c h are undergo ing a redox reac t i on . T h e react ions discussed here 
w i l l be classified a c cord ing t o the i n d u c i n g reactants , n a m e l y ox idants a n d reduc 
tants . A n o t h e r c r i t e r i on of c lassi f icat ion w i l l be whether the centra l a t o m under 
goes a redox change s imul taneous ly w i t h the l i gand . 

Oxidation of Stable Systems not Involving a Permanent Change i n the 
Oxidation State of the Central A t o m . T h e two possible overa l l mechanisms for 
th i s t y p e of o x i d a t i o n react ion m a y be f o rmulated as fo l lows : 
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1 3 2 MECHANISMS OF I N O R G A N I C REACTIONS 

M L + e + X + b M L + ( a + 1 > + X - H b - ^ ; M L + ( a + 1 ) -> M + a + L + (10) 

M L + a + X -> M L X + a -> M + a -f- X L (11) 

( X is not a m e t a l i on ) . 
T h e in termed ia te of R e a c t i o n 10 m a y be considered as be ing i n a f o rmal h igher 

state of o x i d a t i o n . I n R e a c t i o n 11a k i n d of br idged complex v i a the ox id ized l i g a n d 
is formed, a n d one m a y consider th i s m e c h a n i s m as a d i rec t o x i d a t i o n of the l i gand 
b y the o x i d i z i n g agent. T h e rate of the l a t t e r o x i d a t i o n m a y be different f rom t h a t 
of o x i d i z i n g a free l i g a n d , jus t as the ra te of redox react ions of the c e n t r a l a t o m are 
affected b y l igands (86). 

S t a r t i n g w i t h examples of M e c h a n i s m 10 i n inorganic c h e m i s t r y , one m a y c ite 
the o x i d a t i o n of cuprous thiosul fate b y ferric , vanadate , m o l y b d a t e , a n d chromate 
ions (38). 

C u S 2 0 3 - + M + a - M + ( a " ~ l ) + C u S A -> C u + + S s O r - S « A r 2 

M e c h a n i s m 10 has been demonstra ted i n the o x i d a t i o n of C o ( N H 3 ) 6 l + 2 b y 
C e ( I V ) , C o ( I I I ) , a n d e v e n t u a l l y F e ( I V ) (46). 

C o ( N H 3 ) 5 I + 2 + C e ( I V ) -> C e ( I I I ) + C o ( N H 3 ) 5 I + 3 - C o ( N H 3 ) 6 + 3 + I -

T h e o x i d a t i o n of C o ( N H 3 ) 5 Ï + 2 b y double e lectron transfer ox idants , l ike H 2 0 2 , p r o 
ceeds accord ing to M e c h a n i s m 11 where the f o r m a t i o n of I O H at a n in termed ia te 
stage has been d e m o n s t r a t e d (47). 

I n the field of organic l igands the o x i d a t i o n of oxa l i c a c i d l igated to dif ferent 
c e n t r a l a t o m s prov ides us w i t h a l m o s t a n y p a t t e r n of behav ior of ox id ized l igands . 
T h e ox ida t i on of oxalate b y permanganate i n the presence of manganous ions 
(/, 68) proceeds accord ing to M e c h a n i s m 10 

T h i s contrasts w i t h the behav ior of C l 2 as o x i d a n t i n the same sys tem (84), where 
M n + 3 was shown to be first f ormed, a n d o n l y subsequent ly f o r m i n g the M n C 2 0 4 + 

a n d M n ( C 2 0 4 ) 2 " ~ complexes. 
S ince the o x i d a t i o n of oxa l i c a c i d invo lves the transfer of t w o electrons before 

f o r m i n g a stable produc t , the ox id i zed in termediate m a y e i ther break d o w n to g ive 
a C204~" r a d i c a l , or i t m a y be l ong l i v e d enough to undergo a second react ion w i t h the 
ox idant . T h e la t ter mechan i sm has been demonstrated i n the o x i d a t i o n of c h r o m i c 
oxalate b y eerie ions (88). 

I f the o x i d a n t is a double equ iva lent reac tant l i k e H 2 0 2 or CI2, the o x i d a t i o n of 
oxalate takes place w i t h o u t the f o rmat i on of a n y l ong l i v e d in termedia te . T h i s has 
been demonstra ted i n the o x i d a t i o n of C o ( N H 3 ) 6 ( C 2 0 4 ) + b y H2O2, where C O 2 a n d 

M n + 2 + C 2 0 4 ~ 2 ^ M n C 2 0 4 

M n C 2 0 4 + M n 0 4 - ^± M n C 2 0 4
+ 4- M n 0 4 " 2 

M n C 2 0 4
+ -> M n + 2 + C 2 0 4 -

C r ( C 2 0 4 ) 2 - + C e ( I V ) - » C r ( C 2 0 4 ) 2
o + C e ( I I I ) 

C r ( C 2 0 4 ) 2 O + C e ( I V ) -> C r ( C 2 0 4 ) 2
+ + C e ( I I I ) 

C r ( C 2 0 4 ) 2
+ - C r ( C 2 0 4 ) + + 2 C 0 2 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
06



6 . ANBAR Oxidation or Reduction 1 3 3 

Ο ο ( Ν Η 3 ) β Η 2 θ + 3 are produced (81). T h e f o r m a t i o n of a n in termed ia te of the t y p e 
C o ( N H 3 ) 5 ( C 2 0 4 ) + 2 w o u l d resul t i n the fast r e d u c t i o n of the C o ( I I I ) (SI). I f th is 
o x i d a t i o n proceeds b y t w o fast, consecutive steps, i t is h a r d t o decide between a 
C o ( I V ) as c ent ra l a t o m of the short l i v e d in termed ia te a n d a p a r t i a l l y ox id i zed 
oxalate r a d i c a l l i gated to C o ( I I I ) . A n analogous behav io r has been observed i n 
the o x i d a t i o n of £-aldehydobenzoate l igated to cobal t , b y double e lectron transfer 
reactants (40). 

Spec ia l cons iderat ion w i l l be g iven t o the i n t e r a c t i o n of C u ( I I ) complexes w i t h 
o x i d i z i n g agents y i e l d i n g ox id i zed l igands . Since p a r t of the ava i lab le i n f o r m a t i o n 
has not ye t appeared i n p r i n t , the e x p e r i m e n t a l findings w i l l be descr ibed i n more 
d e t a i l . 

I t was found t h a t copper ions sensit ize the r a d i o l y t i c o x i d a t i v e d e a m i n a t i o n of 
d iamines (10,12), a n d g lyc ine (7). T h i s effect was s h o w n as caused b y the i n t e r a c 
t i o n of H 0 2 radica ls w i t h the a m i n e - c o p p e r complex . T h e i m p l i c a t i o n s of these 
findings t o rad iob io l ogy have been discussed elsewhere (3). I t was fur ther f ound 
t h a t copper ions cata lyze the ox ida t ive d e a m i n a t i o n of e thy lened iamine a n d g lyc ine 
b y H2O2 i n a l k a l i n e so lut ions (7). S i m i l a r results were o b t a i n e d for histidinç a n d 
g l u t a m i c a c i d ( I I ) . T h e a d d i t i o n of i s o p r o p y l a l coho l , i n a m o u n t s e q u i v a l e n t 
t o those of the e thy lened iamine , does not affect the extent of d e a m i n a t i o n . I n 
the presence of ferrous ions a n extensive d e a m i n a t i o n is a lso observed, b u t i t is 
c omple te ly suppressed b y the a d d i t i o n of i s o p r o p y l a l coho l (7). T h i s indicates 
t h a t the l a t t e r d e a m i n a t i o n is caused b y the a c t i o n of O H rad i ca l s (10). F e r r i c 
ions , i n the presence of C u 4 " 2 , enhanced the d e a m i n a t i o n extens ive ly , b u t th is 
effect was not suppressed b y i s o p r o p y l a l coho l . T h e F e " f 3 - H 2 0 2 r eac t i on results i n 
the f o r m a t i o n of H 0 2 rad ica ls , w h i c h induce the copper - ca ta lyzed reac t i on . C o + 2 

i ons were f ound t o have a c a t a l y t i c effect s i m i l a r t o t h a t of C u + 2 o n the o x i d a t i v e 
d e a m i n a t i o n . O t h e r ions e x a m i n e d i n c l u d i n g M n 4 " 2 , C d + 2 , Z n 4 " 2 , A u + 3 , a n d A g + d i d 
no t show a n y c a t a l y t i c effect o n the o x i d a t i o n reac t i on . W h e n the la t t e r ions were 
present together w i t h C u 4 " 2 , t h e y i n h i b i t e d the c a t a l y t i c r eac t i on as t h e y competed 
for the l i gan d (7). R e d u c i n g agents i n c l u d i n g i od ide , sulf i te , a n d ferrocyanide d i d 
not induce a n y d e a m i n a t i o n i n the presence of C u 4 " 2 . I t was fur ther f ound t h a t 
C u 4 * 2 a lso cata lyzes the ox ida t ive d e a m i n a t i o n b y ch lo ro i r ida te ( I V ) a n d b y h y p o 
ch lo r i t e (7). 

T h e C u + 2 - c a t a l y z e d o x i d a t i o n b y H 0 2 radica ls c o u l d be i n t e r p r e t e d b y a s s u m i n g 
t h a t the che la t ing l i gand tends t o undergo hydrogen a b s t r a c t i o n b y a free r a d i c a l 
faster t h a n the free l i g a n d . T h i s w o u l d be caused b y a p a r t i a l w i t h d r a w a l of elec
trons f rom the l i g a n d , fo l lowed b y a weaken ing of the C - H bonds . T h e hydrogen 
a b s t r a c t i o n w o u l d then be fo l lowed b y a r educ t i on of the C u ( I I ) t o C u ( I ) a n d the 
f o r m a t i o n of g lyc inea ldehyde . 

N H 2 N H 2 
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1 3 4 MECHANISMS OF I N O R G A N I C REACTIONS 

N H 2 N H 2 

/ \ / χ C H \ + C H . \ H O H 
I C u + 2 + H 2 0 2 -+ I C u + 

C H 2 / C H 2 \ / \ 
N H 2 N H 2 

O H H 
- C u + + H + + N H 2 C H C H 2 N H 2 -+ N H 3 + 0 = C C H 2 N H 2 

T h i s m e c h a n i s m is incons is tent w i t h the fo l l owing facts : F i r s t , no effect is observed 
w h e n C u + 2 is rep laced b y Z n 4 * 2 o r C d + 2 , w h i c h shou ld have the same i n d u c t i v e effect 
o n the electrons of the l i gand . Second , i n v i e w of the ex t reme ly l o w redox s t a b i l i t y 
of C u ( I ) b o u n d t o the same l igands (52, 57), i t is not l i k e l y t h a t C u ( I I ) should under 
go p a r t i a l r educ t i on b y the l i g a n d - i . e . , t h a t the e lec tron w i t h d r a w a l b y C u ( I I ) 
s h o u l d exceed t h a t i n d u c e d b y H + or o ther cat ions . F i n a l l y , no increased r e a c t i v i t y 
of the copper b o u n d l i gand t owards O H or H radica ls has been observed (10). 
T h e s e radica ls are k n o w n t o react w i t h a l i p h a t i c c ompounds v i a hydrogen abs t rac 
t i o n . 

T h e d e a m i n a t i o n b y H 0 2 o r H 2 0 2 cannot be the result of a r e d u c t i o n of C u ( I I ) 
as the corresponding C u ( I ) complexes of e thy l ened iamine or g lyc ine , w h i c h are 
unstable (57), undergo d i s p r o p o r t i o n a t i o n t o Cu° a n d C u ( I I ) w i t h o u t af fect ing the 
l i gand (52) ; moreover , reagents w h i c h d o reduce C u + 2 t o C u + d i d no t induce d e a m i 
n a t i o n . 

A h y d r i d e transfer f rom the methy lene group t o the copper i o n fo l lowed b y the 
o x i d a t i o n of the la t ter b y the o x i d i z i n g agent is a lso u n l i k e l y , i n v i e w of the fact t h a t 
the d e a m i n a t i o n reac t ion is not affected b y the a d d i t i o n of nucleophi les l i k e ch lor ide 
ions , w h i c h w o u l d be expected to interfere w i t h a p r e - e q u i l i b r i u m i n v o l v i n g h y d r i d e 
i ons . 

A mechan ism w h i c h is consistent w i t h the exper imenta l findings i m p l i e s the 
o x i d a t i o n of the C u ( I I ) complex , fo l lowed b y a subsequent decompos i t i on of the 
l i g a n d t o produce a m m o n i a a n d g ly c ina ldehyde . 

N H 2 

/ 
C H 2 

C H 2 

\ 
N H 2 

C u + 2 + H 2 0 2 , H 0 2 , I r C l 6 - 2 

N H 2 + 3 

C H 2 \ 
I C u + ( H O " + O H ) , Η Ο Γ , I r C l e " 3 

C H 2 

\ 
N H 2 
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6 . ANBAR Oxidation or Reduction 1 3 5 

N H 2 
+3 

C H 2 { \ 
C u - C u + 2 + H + + H 2 N - C H 2 C H N H 2 

C H 2 

N H 3 

Ο 

H 2 N C H 2 C H N H 2 + o x i d a n t H 2 N C H 2 C + N H 3 

\ 
Η 

T h e abs t rac t i on of a n α-hydrogen is essent ia l for the d e a m i n a t i o n process. T h i s 
can be i m p l i e d f r om the fact t h a t t e t r a m e t h y l e t h y l e n e d i a m i n e a n d α-amino i so -
b u t y r i c a c i d do not undergo d e a m i n a t i o n under the same cond i t i ons (11). 

Since the r e a c t i v i t y of the complex seems t o depend p r i m a r i l y on the copper 
a t o m , the l a t t e r m a y be regarded as the t e m p o r a r y center for the pos i t ive charge ; 
i n o ther words , t e rva lent copper is f o r m a l l y produced as a n i n t e r m e d i a t e . 

T h e proposed mechan i sm agrees comple te ly w i t h that suggested b y A l l e n for the 
copper - ca ta lyzed o x i d a t i o n of oxalate b y peroxydisu l fate (2). 

C u ( c 2 o 4 ) r 2 + s 2 o r 2 -> C u ( i ï i ) ( c 2 o 4 ) 2 - + s o 4 - + s o 4 - 2 

C u ( I I I ) ( C 2 0 4 r -> C u ( I ) ( C 2 0 4 ) - + 2 C O a 

a l t e r n a t i v e l y C u ( I I I ) ( C 2 0 4 ) 2 - C u ( C 2 0 4 ) + C 2 0 4 ~ (68, 84). 

T h e copper - ca ta lyzed o x i d a t i o n of d i e t h y l a m i n e b y peroxydisu l fate i n a l k a l i n e 
s o l u t i o n (29) was a lso suggested as proceeding v i a C u ( I I I ) , a n d so was the c a t a l y t i c 
decompos i t i on of S 20g"~ 2 (18). F u r t h e r , the f o r m a t i o n of C u ( I I I ) as in termed ia te 
m a y account for the C u - c a t a l y z e d o x i d a t i o n of M n 4 " 2 t o M n 0 4 ~ ~ b y O B r " (38). 

T h e f o r m a t i o n of C u ( I I I ) i n complexed f o r m as a n in termed ia te i s no t s u r p r i s 
i n g , as copper has been repor ted t o exist i n the t e rva lent state i n fluoro (62), h y d r o x y 
(nonaqueous) (90), per i odato a n d t e l l u r a t o complexes (54, 67), as we l l as i n a n 
A 1 2 0 3 l a t t i ce (22). S o d i u m cuprate ( I I I ) has been prepared i n concentrated s o d i u m 
h y d r o x i d e so lut ions b y the a c t i o n of ozone, h y p o c h l o r i t e , or persul fate o n s o d i u m 
c u p r i t e ( I I ) . C u ( I I I ) is s t a b i l i z e d i n these e n v i r o n m e n t s b y c o o r d i n a t i o n a n d e v e n 
t u a l l y b y lat t i ce energy. I t i s suggested t h a t che la t i on b y the d iamines or a m i n o 
acids decreases the o x i d a t i o n p o t e n t i a l of C u ( I I I ) l o w enough t o a l l o w i t s f o r m a t i o n 
b y r e l a t i v e l y m i l d ox idants . T h i s i s analogous t o the effect of organic c o m p l e x i n g 
agents o n the o x i d a t i o n po tent ia l s of A g ( I I ) a n d A g ( I I I ) (70). M o r e o v e r , i t has 
been pred i c ted t h a t p l a n a r complexes of C u ( I I ) w i l l t e n d t o lose another e lectron 
a n d be conver ted t o C u ( I I I ) (43). T h e che la t ing agent m a y e v e n t u a l l y undergo 
o x i d a t i o n b y e l i m i n a t i o n of a H + r esu l t ing i n a decompos i t i on of the ox id ized c o m 
plexes; th is behav ior is i n ana logy to the " c l a s s i c a l " o x i d a t i o n of alcohols b y 
chromate (94). 

Severa l analogous systems w h i c h have been p r e v i o u s l y s t u d i e d , m a y be re 
examined i n v i e w of the mechan i sm suggested for the copper - ca ta lyzed ox ida t ive 
d e a m i n a t i o n . I t was repor ted b y N y i l a s i t h a t copper a n d coba l t ions cata lyze the 
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1 3 6 MECHANISMS O F I N O R G A N I C REACTIONS 

a u t o x i d a t i v e d e a m i n a t i o n of d iamines i n a l k a l i n e so lut ions a t 100°C. (75). T h i s 
effect is specific for the 1, 2 a n d 1, 3 d iamines (12), o b v i o u s l y o w i n g t o the f o r m a t i o n 
of complexes w i t h these m e t a l ions. S i m i l a r observat ions were reported b y the same 
a u t h o r on the a u t o x i d a t i v e behav ior of a m i n o ac ids (77, 78). T h e i n d u c t i o n p e r i o d 
observed i n these react ions s t rong ly suggests t h a t the b u i l d - u p of peroxides is a 
prerequis i te for the c a t a l y t i c reac t i on . I n v i e w of the specific c a t a l y t i c effect on 
the o x i d a t i v e d e a m i n a t i o n of c h e l a t i n g d iamines i t seems i m p r o b a b l e t h a t the ob 
served effect is due t o the f o r m a t i o n of R O ' a n d R O O · rad ica ls f r o m the peroxides 
(91), b y the react ions R O O H + C u + -> C u + 2 - f R O - + O H ~ a n d R O O H + C u + 2 -> 
C u + + H + - f R O O * , because these radica ls , i f f ormed , are n o n d i s c r i m i n a t i n g 
ox idants . S h o r t e n i n g the i n d u c t i o n per i od i n the presence of reduc ing agents l ike 
g lyco l i c , ascorbic , a n d t a r t a r i c ac ids , w h i c h was observed b y N y i l a s i , is m o s t p r o b 
a b l y caused b y the ease of the u n c a t a l y z e d a u t o x i d a t i o n of these reactants y i e l d i n g 
R O O H , w h i c h is then ava i lab le for the meta l - ca ta lyzed reac t i on . H e r e we suggest 
t h a t the observed behav ior m a y be f u l l y exp la ined b y o u r findings on the copper -
diamine-H202 sys tem i n d i l u t e so lut ions a t r o o m temperature . I n other words , the 
selective a u t o x i d a t i o n of che la t ing d iamines a n d a m i n o ac ids is a t t r i b u t e d t o the 
o x i d a t i o n of the che lated C u , r e s u l t i n g i n the o x i d a t i o n of the l i g a n d . 

T h e a u t o x i d a t i o n of pheny lened iamine , ca ta lyzed b y C u + 2 (37), is another 
reac t ion w h i c h m a y fol low our proposed mechan i sm, a l t h o u g h a n a l t e r n a t i v e route 
cannot be exc luded (73). 

I n v i e w of our discuss ion on the behav ior of the C u ( I I ) - C u ( I I I ) sys tem i t is 
v e r y l i k e l y t h a t the c a t a l y t i c effect of cobal t ions , b o t h i n the d iamine - H 2 0 2 sys tem 
(7) a n d i n the studies of N y i l a s i (75, 76, 77), is due t o the f o r m a t i o n of C o ( I V ) . 
I t is fur ther suggested t h a t a u t o x i d a t i o n of iV -hydroxye thy lened iamine , c a t a l y z e d 
b y coba l t ions (53), is also due t o the f o rmat i on of C o ( I V ) . T h e mechan ism p r o 
posed b y the authors for the l a t t e r react ion invo lves a r a t h e r u n l i k e l y nuc leoph i l i c 
s u b s t i t u t i o n of a n a l coho l i c h y d r o x y l o r a n a m i n o group b y a n 0O~ group . T h e 
o x i d a t i o n of the C o ( I I I ) complex t o the C o ( I V ) state , fo l lowed b y the re ject ion of 
a n α-hydrogen as H+, seems m u c h more l i k e l y . T h e e l i m i n a t i o n of a n α-hydrogen 
has a comparab le chance for a n y α-hydrogen on the g iven molecule , y i e l d i n g the 
v a r i e t y of products observed i n th i s a u t o x i d a t i o n . 

A n o t h e r react ion w h i c h m a y be re - in terpreted i n v i e w of our hypothes is , is the 
a u t o x i d a t i v e convers ion of a ld imines t o n i t r i l e s , c a t a l y z e d b y C u + 2 (23). T h e 
authors suggest a m e c h a n i s m i n w h i c h the a l d i m i n e R C H = N H is ox id ized b y 
C u ( I I ) ( N H 3 ) 4 O M e + t o a R C = N H r a d i c a l , w h i c h does not react w i t h C u ( I I ) b u t is 
ox id ized b y O2 t o R C = N . T h i s scheme does not seem v e r y conv inc ing , as R C = N H 
shou ld be a bet ter reduc ing agent t h a n the a l d i m i n e ; further , i f O2 reacted w i t h the 
r a d i c a l , one w o u l d expect R C ( 0 2 ) = N H t o be formed, resu l t ing most p r o b a b l y i n 
R C O O H (91). N e x t , i t was c l a i m e d t h a t the o x i d i z i n g power of Cu(NH 3 )40H + 

is far lower t h a n t h a t of the m e t h o x y ana log . T h i s is s u r p r i s i n g i n v i e w of the 
r e l a t i v e l y weak b o n d of the O H - or the O R - i n the copper t e t ramine complex (43). 
A more plausible i n t e r p r e t a t i o n of the results c ou ld be offered i f one assumed t h a t 
the copper is b o u n d t o the a l d i m i n e , a n d t h a t th i s complex is ox id ized t o C u ( I I I ) b y 
02, R O O H or perhaps even b y d i spropor t i onat i on ( 2 R C H = N H C u ( I I ) -> R C H = 
N H C u ( I ) + R C H = N H C u ( I I I ) ) . Subsequent ly the R C H = N H C u ( I I I ) complex 
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6 . ANBAR Oxidation or Reduction 1 3 7 

undergoes a two-e lec tron t r a n s i t i o n to C u ( I ) , o w i n g t o s t a b i l i z a t i o n of the produc t 
b y 7r-bonding. 

I f R C = N H C u + 2 is formed as in termediate , i t is p r o b a b l y too shor t - l i ved to in terac t 
w i t h oxygen. T h e i n h i b i t o r y effect of water observed i n th is react ion m a y be 
exp la ined b y the h y d r a t i o n of the a l d i m i n e , w h i c h i n the h y d r a t e d form, is less 
l i k e l y t o s tabi l ize C u ( I ) a n d fac i l i tate the t r a n s i t i o n f rom C u ( I I I ) t o C u ( I ) . 

T h e last w o r k to be considered f rom our s t a n d p o i n t on the meta l - ca ta lyzed 
a u t o x i d a t i o n of organic l igands, is the a u t o x i d a t i o n of a, a - d i p i p e r i d y l t o a, a ' - b i s 
A 4 - p i p e r i d i n e i n a l k a l i n e so lut ions (66), w h i c h is most p r o b a b l y cataly* ;d b y F e 4 " 2 

i ons . 

T h i s is analogous t o the R C H = N H —> R C = N (23) reac t i on , as we l l as t o the a-
hydrogen a b s t r a c t i o n i n the c a t a l y t i c o x i d a t i o n of e thy lened iamine (7). A s F e 4 " 3 

does not ox id ize the substrate , i t is suggested t h a t a F e ( I I ) complex of d i p i p e r i d y l is 
o x i d i z e d b y R O O H to the F e ( I V ) state (25). O w i n g to the s t a b i l i z a t i o n of F e ( I I ) 
b y the 7r-electrons of the final p roduc t , a double e lectron transfer takes place w i t h o u t 
f o r m a t i o n of a free r a d i c a l . A free r a d i c a l , f ormed b y a single e lectron transfer , 
w o u l d in terac t w i t h oxygen under the g iven condi t ions , r esu l t ing i n r i n g fission. 

A n o t h e r copper - induced react ion w h i c h m a y be re interpreted i n v i e w of our 
mechan ism is the copper - induced c h l o r i n a t i o n of ketones (64). I t seems reasonable 
t o suggest t h a t C u ( I I ) b o u n d t o the ketone is ox id i zed to C u ( I I I ) b y C11CI2, w h i c h , 
i n the g iven m e d i u m , is less stable t h a n C u ( I ) . Subsequent ly , C u ( I I I ) oxidizes i t s 
ch lor ine l i gand i n a double e lectron transfer t o C I 4 " , fo l lowed b y the la t ter ' s a d d i t i o n 
t o the enol ic double b o n d . 

I t shou ld be s ta ted here t h a t the suggestion of C u ( I I I ) as the o x i d a t i o n state 
i n different o x i d a t i o n a n d a u t o x i d a t i o n react ions does not exclude the p a r t i c i p a t i o n 
of C u ( I I ) - C u ( I ) couple i n o ther react ions , where C u ( I I ) is eas i ly reduced b y the 
substrate-e .g . , i od ide or sulfite ions (4). L i k e w i s e , the C o ( I I ) - C o ( I I I ) couple was 
shown t o operate i n the o x i d a t i o n of cys te in (69), w h i c h was shown t o proceed 
accord ing to 

C o ( I I ) (Scy) + 0 2 ~+ C o ( I I ) ( S c y ) 0 2 -> 0 2 ~ + C o ( I I I ) ( S c y ) + - C o + 2 + S c y 

( H S c y = C y s t e i n ) . 
I n the last three examples i t is ev ident that the substrates are ox id ized b y C u 4 * 2 

a n d C o 4 " 3 , respect ive ly , a n d i n the absence of o x y g e n ; th is d ist inguishes the las t 
systems f rom those discussed above . 

Oxidation of Stable Systems Resulting in a Permanent Change of the Oxi 
dation State of the Central A t o m . I n the m a j o r i t y of o x i d a t i o n react ions of 
stable systems the centra l a t o m w i l l be ox id i zed , whereas the l igands do no t 

R C H = N C u ( I I ) 
H 

R C H = N C u ( I I I ) + e " 
H 

R C H = N C u ( I I I ) 
H 

R C = N C u ( I ) + 2 H + 

H H 
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1 3 8 MECHANISMS O F I N O R G A N I C REACTIONS 

undergo a n y apparent chemica l change. I n m a n y of these redox react ions the 
l i gand m a y undergo a reversible redox t r a n s f o r m a t i o n l e a v i n g i t a t the e n d i n i t s 
i n i t i a l chemica l state (86). I n other specific cases where the c e n t r a l a t o m is i n 
a h i g h l y ox id i zed state a n d the l i gand requires a double e lectron transfer before 
reaching a new stable f o r m , o x i d a t i o n of the sys tem m a y result i n the s imul taneous 
reduc t i on of the c e n t r a l a t o m . 

M L + a + X + b X+0>-i> -μ ML+< a + 1 > - W**-à + L + 2 (12) 

I t is h a r d t o es t imate the l i f e t ime of M L + ( a + l ) , b u t i t is short enough t o a v o i d 
a n i n t e r a c t i o n w i t h another molecule of the ox idant . T h i s d ist inguishes the 
g iven in termed ia te f r om those discussed prev ious ly , w h i c h e i ther broke d o w n 
spontanous ly t o y i e l d a free r a d i c a l , or were stable enough t o in terac t a second t i m e 
w i t h the ox idant . 

T h e o x i d a t i o n of coba l t i oxa la te b y eerie a n d coba l t i c ions w h i c h results i n the 
q u a n t i t a t i v e r e d u c t i o n of the C o ( I I I ) t o C o ( I I ) , s i m u l t a n e o u s l y w i t h the o x i d a t i o n 
of the oxalate t o CO2 (81), is a n o u t s t a n d i n g example of th i s t y p e of reac t i on . O t h e r 
analogous cases are the ox idat ions of cobal t i -^ -a ldehydo-benzoate b y C o ( I I I ) , 
M n O r a n d S 2 0 r 2 - A g + (40), a n d of ( N H 3 ) 6 C o ( I I I ) ( H C O O ) + 2 b y MnOr 
y i e l d i n g p a r t i a l l y C o ( I I I ) (26). T h e last case is a n example of a n in termed ia te 
w h i c h is l ong l i v e d enough t o react w i t h the o x i d a n t i f the l a t t e r is present i n a n 
appreciable excess. 

A n o t h e r in teres t ing case i s the o x i d a t i o n of a sys tem r e s u l t i n g i n the s i m u l 
taneous o x i d a t i o n of the c e n t r a l a t o m a n d the l i g a n d . Reference is made here t o 
the o x i d a t i o n of c e r t a i n a q u a t e d t r a n s i t i o n m e t a l ions , a t t h e i r l o w states of o x i d a 
t i o n b y the a c t i o n of H3O4". T h e o x i d a t i o n of M n + b y Η 3 0 + , w h i c h was shown t o 
i n v o l v e a h y d r i d e transfer f r o m the l i gand (P), fo l lows th i s t y p e of behav ior . T h e 
o x i d a t i o n of C r ( I I ) b y H 2 0 proceeds b y a n analogous m e c h a n i s m (14). 

Reduction of a Stable System Resulting i n Reduction of a L i g a n d . L i g a n d s , 
as a group, are far bet ter e lectron donors t h a n acceptors . T h u s , e lectron transfer 
reduct ions of l igands shou ld be r a t h e r u n l i k e l y , a n d i n fact, no such case has h i t h e r t o 
been r e p o r t e d . 

T h i s t y p e of reac t i on m a y be f o rmula ted b y 

M L + a 4- Y - » M L + ( a _ 1 ) + Y + (13) 

ML+< a - !> - » M + a 4- L -

I t i s h a r d t o envisage a l i g a n d , w h i c h general ly requires a double equ iva lent t r a n s 
f o r m a t i o n , be ing reduced i n preference t o the c e n t r a l a t o m . E v e n i f L~~ is formed as 
intermediate b y d i rec t i n t e r a c t i o n w i t h Y , i t is l i k e l y t o act as a reductant , a n d the 
e q u i l i b r i u m M + a 4- L ~ ^ M + a _ 1 4- L w i l l be shi f ted t o the r i g h t . T h i s is i n fact 
the mechan i sm of l igand-br idged redox react ions as demonstra ted i n the case of 
C o ( I I I ) L - C r ( I I ) react ions (86). 

A n o t h e r p o s s i b i l i t y is a n a t o m transfer f r om the l i gand t o the cent ra l a t o m (a 
double equ iva lent t rans f o rmat i on ) , w h i c h has been discussed above . I n t h a t case, 
M + a , i n a l ow state of o x i d a t i o n , is l i gated t o a l i gand L , w h i c h is capable of o x i d a t i v e 
a t o m transfer . T h i s mechan ism does not require , however, a n y i n t e r a c t i o n between 
a reduc ing agent, Y , a n d the sys tem, M L + a . 
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6 . ANBAR Oxidation or Reduction 1 3 9 

W e have o n l y one example of a reac t i on i n w h i c h a stable ox id i zed sys tem M L + a 

is reduced b y a r educ ing reagent, Y . T h i s r e d u c t i o n induces a n ox idat ive a t o m 
transfer t o the cent ra l a t o m . I n the de - i od inat i on of 0 - i odobenzo ic a c i d (5, 6) 
the sys tem M L 4 " * * " " 1 * , f ormed f r om Μ + ( » ~ υ a n d L , is a lso a stable sys tem, so t h a t the 
reduced sys tem is not equ iva lent t o ML 4 "**""" 1 *. o -Iodobenzoic a c i d forms, i n 
n e u t r a l aqueous so lut ions , a 1:1 complex w i t h c u p r i c ions w h i c h is chemica l l y stable . 
T h e same a c i d also forms a stable complex w i t h cuprous ions . H o w e v e r , w h e n the 
c u p r i c complex interac ts w i t h r educ ing agents -e .g . , az ide , i od ide , o r sulf ite ions , as 
w e l l as ascorbic a c i d or f o rmaldox ime , a fast de - i od inat i on occurs, f o r m i n g benzoic 
a c i d a n d iod ide ions as final products . N o copper - ca ta lyzed i so top i c exchange 
between o- iodobenzoic a c i d a n d i od ide ions takes place under the g iven cond i t i ons . 
T h e m e t a a n d p a r a isomers as we l l as the esters of o- iodobenzoic a c i d d o not undergo 
d e - i o d i n a t i o n . O t h e r m e t a l ions i n c l u d i n g H g + 2 , Z n + 2 , a n d C d 4 " 2 , i n the presence of 
the same reduc ing agents, do not induce a n y d e - i o d i n a t i o n i n the substrate . T h e 
react ion is first-order i n each of the r eac tants—the substrate , copper ions, a n d the 
reduc ing agent. T h e rate of d e - i o d i n a t i o n was f ound t o be independent of p H i n the 
n e u t r a l reg ion . N o general a c i d cata lys is was observed, nor c o u l d a n y i so tope 
effect be demonst ra ted b y chang ing the so lvent f r om H 2 0 t o D 2 0 . 

F r o m the g iven exper imenta l results i t is in ferred t h a t the r educ t i on of the 
i odobenzoate - cupr i c complex produces a sys tem of unstable conf igurat ion , w h i c h 
decomposes b y a t o m transfer before i t has a chance t o readjust t o the stable i odo -
benzoate - cuprous complex 

Ο 
C O 

χ, Λ 
* V \ I C u ( I I ) 

H V H 
Η 

+ Υ -

ο ο ο 
C O — C u ( I ) C O — C u ( I I I ) C O — C u ( I I I ) I 

I H A - I J\ Η 
H+ Η 

2 Y " 

h X / h fast h X / h 

H H 

- * P h C O O - + C u ( I ) + I " + 2 Y 

T h e a c t i o n of 0 - i odobenzo ic a c i d as ox idant has a lso been observed i n the o x i d a 
t i o n of chromous ions , where a n a t o m transfer has a lso been demonstra ted (6, 8). 
T h e double equ iva lent redox reac t ion is inferred f rom the f o rmat i on of benzoic a c i d 
as the p r o d u c t of d e - i o d i n a t i o n . 

T h e decompos i t i on of the reduced complex is f a c i l i ta ted , most p r o b a b l y , b y a n 
e lec trophi l i c s u b s t i t u t i o n of I 4 " b y H + . T h i s is a r e l a t i v e l y fast step, as no a c i d 
cata lys is or H - D isotope effect c o u l d be demonstra ted . T h e presence of C u ( I ) 
i n a favorable pos i t i on close t o the iod ine a t o m faci l i tates the reduct i on of the l i gand . 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
06



1 4 0 MECHANISMS OF I N O G R A N I C REACTIONS 

T h i s case is re lated to the ac id - ca ta lyzed de - i od inat i on of a r o m a t i c c ompounds w h i c h 
proceeds v i a i t s conj ugate a c i d , 

P h i + H + — P h I H + — P h H + 1+ 

where the rate d e t e r m i n i n g step is the decompos i t i on of P h I H + (82). T h e la t ter 
process is however, m u c h slower ( > 1 0 6 ) t h a n the copper - cata lyzed react ion (13). 

T h e specific phenomenon i n th i s copper - induced react ion is the conf igurat ion of 
the reduced complex w h i c h fac i l i tates the o x i d a t i o n of C u ( I ) to C u ( I I I ) . T h e effect 
of conf igurat ion on the redox behav ior of a l i gand m a y be i m p o r t a n t i n i n t e r p r e t i n g 
meta l - induced e n z y m a t i c redox react ions . 

Conclusion 

I t has been shown t h a t m a n y redox react ions i n anions a n d s i m i l a r species m a y 
be i n d u c e d b y l i g a t i o n t o t r a n s i t i o n m e t a l ions . One m a y consider m e t a l ions as 
b r i d g i n g between the o x i d a n t a n d the ox id i zed l i g a n d somewhat i n a n analogous 
m a n n e r t o a l i gand bridge i n a m e t a l - m e t a l redox reac t i on . 

T h e great n u m b e r of meta l - induced redox reactions of l igands justif ies the 
effort i n c lass i fy ing t h e m accord ing t o the i r mechanisms b y the fo l lowing c r i t e r i a : 
(1) Spontaneous decompos i t i on of m e t a l - l i g a n d complexes r e s u l t i n g i n ox id i zed or 
reduced l igands . 
(2) T h e in terac t i on of stable meta l - l i gand systems w i t h o x i d i z i n g or reduc ing 
reactants , r esu l t ing i n a redox change i n the l i g a n d . 

T h e f o r m a t i o n of l i gated t r a n s i t i o n m e t a l ions a t unstable h igh states of o x i d a 
t i o n , i t s i m p l i c a t i o n s i n the mechanisms of m e t a l - c a t a l y z e d a u t o x i d a t i o n , a n d the 
effect of conf igurat ion of a m e t a l - l i g a n d s y s t e m o n i t s redox s t a b i l i t y have been 
p o i n t e d out . These considerations m a y be he lp fu l i n i n t e r p r e t i n g more complex 
m e t a l - l i g a n d systems i n c l u d i n g meta l - enzyme react ions . 
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R E C E I V E D April 3, 1964. 

Discussion 

M i c h a e l A n b a r : F o r t w o years I have been interested i n the redox changes i n 
l igands owing to the o x i d a t i o n of m e t a l ions . Since I c ou ld not find a rev iew of the 
deve lopments i n th i s field, I dec ided t o systemat ize the a v a i l a b l e m a t e r i a l on th i s 
t y p e of r eac t i on myse l f . 

I t is di f f icult t o s tar t a t the beg inn ing a n d d o a complete j ob . H e n c e , m y 
rev iew is not comprehens ive . 

One factor t h a t hinders the advancement of science is t h a t people w h o enter 
a new field r e ly on reviews perhaps more t h a n on the o r ig ina l papers . Since a 
rev iew is m u c h more subject ive t h a n a n or ig ina l paper , the reported m a t e r i a l a n d 
deve lopments are a p t t o be b iased . M y s y s t e m a t i z a t i o n is r a t h e r a r b i t r a r y , b u t on 
the o ther h a n d I t r i e d t o col lect representat ive examples of the different types of 
react ions i n v o l v e d . 

W h e n I wrote th is rev iew, I was not aware of the Y a l m a n E x c l u s i o n P r i n c i p l e — 
i.e. , t h a t no t w o react ions can proceed b y the same m e c h a n i s m . Therefore , I t r i e d 
t o systemat ize var ious react ions i n t o groups accord ing t o c e r ta in c r i t e r i a . P o s 
s i b l y I m a y have over -systemat ized i n some cases. 

S ince the rev iew has been w r i t t e n , more results have come u p i n our l abora to ry . 
I w o u l d l ike t o repor t o n t h e m a n d complete some of the i n f o r m a t i o n presented i n 
o u r paper . 

F i r s t , I w i l l c c m m e n t o n the existence of c opper ( I I I ) i n complex f o rm. I have 
ment ioned t h a t a h y d r o x y complex or o x y complex has been produced i n so l id state 
b y K l e m m . W e have succeeded recent ly i n p r e p a r i n g the same c o m p o u n d , s o d i u m 
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6 . ANBAR Di*€Wuion 1 4 3 

cuprate, in aqueous solution, by oxidizing copper in a highly concentrated sodium 
hydroxide solution. Copper is dissolved in saturated sodium hydroxide (50% 
w/w) and yields a 0.2M homogenous solution. This system may be oxidized by the 
means of persulfate, hypochlorite, or ozone. We have used three oxidants. In 
each case, a precipitate of an insoluble sodium cuprate is formed. When this salt 
is dissolved in a more dilute sodium hydroxide solution, even as concentrated as 3Af, 
the copper(III) will decompose water to give oxygen. This precipitate does not 
contain any chloride or hypochlorite. The composition of the ozone-produced 
cuprate is the same as that formed by hypochlorite oxidation. The product of 
persulfate oxidation is less pure because of sulfate occlusion in the precipitate, and 
I would not recommend it as a preparative method. 

M y second comment is on the reaction of Cu(III) with water. M y review 
mentions some results, but I want to add that we were able to show that hydrogen 
peroxide is formed as an intermediate in the reaction of Cu(III) with water. This 
was achieved by using carrier H 2 0 2 1 6 1 6 in H 2 O 1 8 . After the final decomposition of 
the Cu(III) the residual hydrogen peroxide was decomposed and found to contain 
H 2 O 2 1 8 1 8 . Next, we were able to show that no ozone or oxygen atoms are formed 
as intermediates in this decomposition. When this reaction of Cu(III) in normal 
water under a pressure of O 2 1 8 1 8 is carried out no scrambling occurs—i.e., no O 2 1 6 1 8 is 
formed, but only a mixture of O 2 1 8 1 8 and O 2 1 6 1 6 . If ozone were formed, it should 
have induced some O 2 1 6 1 8 — O 2 1 6 1 6 exchange in water and we would have found that 
this exchange is a sensitive test for checking the presence of ozone or oxygen atoms. 
Thus, the decomposition of water by Cu(III) involves the formation of hydrogen 
peroxide as intermediate, but not of oxygen atoms. 

Next I would like to comment on reactants which induce oxidative deamination 
of ethylenediamine. In the paper I have referred to H 0 2 , hydrogen peroxide, and 
fluoroiridate as oxidants. Lately, we have added hypochlorite ions to this list. 
I would further like to comment on the mechanism of the copper-induced oxidation 
of ethylenediamine. In the paper I have postulated a single electron transfer and 
the formation of a free radical as intermediate. We have no evidence, however, 
that such a free radical is formed. When I discussed this reaction with John 
Edwards, he mentioned some of his old results on the copper-catalyzed oxidation of 
glycols by persulfate. In this reaction he was able to show, by the lack of poly
merization, that no free radicals were formed as intermediates. Our postulation of a 
free radical intermediate was based on the fact, that under radiolytic conditions the 
same product is obtained in the presence as in the absence of copper. This again is 
not unambiguous proof. It is possible that there is a consecutive oxidation of the 
amine by a two-electron transfer, without formation of any free radical as inter
mediate. One could suggest using E S R to settle this point. Detecting a free 
radical is significant. If, on the other hand, no free radical is found, nothing is 
proved because it may still be there at a very low concentration. In view of the 
broadening of lines in the E S R in the presence of copper ions, this is not a very 
promising experiment. 

In another part of my review, I referred to the reduction of different oxyanions, 
including perchlorate, bromate, and nitrate by metal ions like chromous or vana-
dous. I suggested that an oxygen transfer may occur in these eactions. A t 
present, we have evidence, at least in two cases, that oxygen transfer actually takes 
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1 4 4 MECHANISMS O F I N O R G A N I C REACTIONS 

place. I n the case of the o x i d a t i o n of chromous b y O 1 8 labe l led bromate a n d n i t r a t e 
ions , we have f ound o n the c h r o m i u m (111) f o rmed , a s u b s t a n t i a l a m o u n t — 5 0 % or 
m o r e — o f O 1 8 o r i g i n a t i n g f rom the bromate or the n i t r a t e . 

I w o u l d l i k e t o suggest ano ther possible i n t e r p r e t a t i o n of o u r results on the 
o x i d a t i o n of manganese(I ) b y water . I n the paper I suggested a m e c h a n i s m b y 
w h i c h a h y d r i d e transfer takes place f r om the l i gand water t o H 3 0 + to form H2; th is 
is consistent w i t h the e x p e r i m e n t a l results . W e cou ld , however , exp la in the same 
results b y a n i n t e r a c t i o n of hydrogen a toms w i t h the w a t e r l igands t h a t s u r r o u n d the 
manganese. A b s t r a c t i o n of a hydrogen a t o m f rom the first c oo rd inat i on shel l 
w o u l d result i n the o x i d a t i o n of Μ η (I) t o M n ( I I ) . T h e la t ter mechan ism is be
l i eved to account for the ox ida t i on of ferrous ions, a n d i t is relèvent t o our discussion 
i n the rev i ew because w a t e r i n so lu t i on is not l i k e l y t o undergo hydrogen a b s t r a c t i o n 
b y hydrogen a t o m s ; b u t w a t e r l igated t o ferrous ions m a y undergo th i s reac t i on w i t h 
the f o r m a t i o n of hydrogen gas. 

I n the case of chromous ions , we again l ooked for the compos i t i on of the h y d r o 
gen evo lved f r o m chromous so lut ions , aga in i n the presence of i s o p r o p y l a l coho l . 
T h i s was the a n a l y t i c a l technique used to detect hydrogen a toms . A g a i n we were 
not able to produce a n y H — D b u t H 2 o n l y . T h i s suggests a h y d r i d e transfer 
mechan i sm i n the reduc ing of w a t e r b y C r ( I I ) . 

M y last c o m m e n t concerns the t h a l l i c b romide sys tem. I suggested a dif ferent 
m e c h a n i s m for th i s exchange reac t i on t h a n t h a t pos tu la ted b y D r . D o d s o n a n d his 
colleagues, a n d suggested i n the paper t h a t these t w o mechanisms m a y be d i s t i n 
guished b y e x a m i n i n g salt effects. I have t o w i t h d r a w this suggestion because sal t 
effects w i l l influence the p r e - e q u i l i b r i a v e r y s i m i l a r l y t o the r a t e - d e t e r m i n i n g step . 
T h u s , sa l t effects w i l l h a r d l y d i s t i n g u i s h these t w o mechanisms, and some other 
exper iment w i l l be necessary. 

R o b e r t P l a n e : I t h i n k D r . A n b a r has prov ided excel lent d o c u m e n t a t i o n for 
the general feel ing t h a t more l igands are r e d u c i n g agents t h a n are o x i d i z i n g agents. 
T h e reason for th i s , of course, is t h a t a n o x i d i z i n g agent w i l l be e lectron def ic ient, 
a n d hence w i l l be a poor l i g a n d . A l t h o u g h there are m a n y examples of l igands 
w h i c h are reduc ing agents, the v e r y fact t h a t these l igands coord inate t o a m e t a l i o n 
makes t h e m poorer r educ ing agents, b o t h t h e r m o d y n a m i c a l l y a n d a t least i n a na ive 
k ine t i c sense. H o w e v e r , D r . A n b a r po ints out n i ce ly t h a t there are examples where 
cata lys is does occur, a n d he accounts for th is i n terms of a m i s m a t c h i n s t o i c h i o m e t r y 
between the r e d u c i n g agent a n d the o x i d i z i n g agent . L i g a n d s v e r y often are 
ox id i zed b y t w o e lectron j u m p s , a n d i f one p i c k s a so ca l led one-electron o x i d i z i n g 
agent , there w i l l be a m i s m a t c h w h i c h can be he lped b y reduc ing the m e t a l of the 
complex . T h i s however , raises the quest ion of o x i d i z i n g p a r t of a molecule wh i l e 
reduc ing p a r t of the same molecule w h i c h , i n t u r n , has t o d o w i t h the d i s t r i b u t i o n of 
e lectrons w i t h i n molecules . 

A r t h u r W a h l : M a r t i n D i e t r i c h , D a v i d L a r s e n a n d I have s tud ied t r i s ( l , 1 0 -
p h e n a n t h r o l i n e ) i r o n ( I I ) a n d i r o n ( I I I ) systems a n d have l o o k e d a t the p r o t o n N M R 
s p e c t r u m of the t w o o x i d a t i o n states a n d m i x t u r e s of the t w o o x i d a t i o n states (2,11). 

F r o m spec t ra c o m p a r i s o n of the t w o pure species contact shifts are ob ta ined 
f r o m w h i c h one can ca lculate s p i n densit ies i n the phenanthro l ine r i n g . F o r the 
paramagnet i c species the s p i n dens i ty on the 2—9 carbons is 0.034; on the 3—8, 
0.006 ; o n the 4—7, —0.0003 ; a n d on the 5—6, 0.004. 
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6 . ANBAR Discussion 1 4 5 

I f one sums these va lues over a l l the e q u i v a l e n t hydrogens a n d a l l three r ings , 
a b o u t one q u a r t e r of the s p i n d e n s i t y is i n the l igands , w h i c h ind icates t h a t the i o n i c 
charge is d i s t r i b u t e d between the l igands a n d the i r o n . W e have no i n f o r m a t i o n , 
of course, a b o u t the s p i n densit ies o n the o ther four carbons , or o n the nitrogens . 

F o r m i x t u r e s of the t w o o x i d a t i o n states, the contac t shi f ts d e p e n d d i r e c t l y o n 
the re lat ive mole fract ions of the t w o states, i n d i c a t i n g t h a t the s y s t e m is i n the 
l i m i t of r a p i d exchange. F r o m th i s a n d the concentrat ions of the t w o species, one 
can ca lculate t h a t the second-order rate constant i n v o l v i n g the e lec tron transfer 
m u s t be greater t h a n 10 6 M~x s e c . " 1 a t 25°C . T h i s l i m i t app l i es no t o n l y t o 
the p h e n a n t h r o l i n e i r o n ( I I ) — ( I I I ) sys tem b u t also the i r o n ( I I ) — ( I I I ) complexes 
w i t h the f o l l owing m e t h y l der iva t ives of p h e n a n t h r o l i n e : 

4 , 7 -d i methy l phenanthro l i ne 
5,6-dime t h y l p h e n a n thro l ine 
3 ,4 ,7 ,8 - te t ramethy lphenanthro l ine 
3 ,5 ,6 ,8 - te tramethylphenan thro l ine 

T h e s e results are consistent w i t h the v e r y fast net e lectron transfer w h i c h N o r m a n 
S u t i n a n d others have observed for s i m i l a r systems. 

J a c k H a l p e r n : I w i s h t o c o m m e n t o n t w o p o i n t s t h a t ar ise d i r e c t l y f r o m 
D r . A n b a r ' s r e m a r k s . T h e first concerns the o x i d a t i o n of e thy lened iamine b y 
copper . I t seems t o me t h a t i n the o x i d a t i o n of organic l igands b y copper (I I) one 
m e c h a n i s m t h a t ought t o be considered ser ious ly is t h a t i n v o l v i n g transfer of a 
h y d r i d e i o n t o the m e t a l . W e have s h o w n u n e q u i v o c a l l y t h a t i n the react ions of 
H 2 , c a t a l y z e d b y c opper ( I I ) , a r e l a t i v e l y stable species, C u H + , i s formed b y transfer 
of a h y d r i d e f r om molecu lar hydrogen t o c u p r i c — i . e . , 

C u + 2 + H 2 - C u H + + H+. 

T h e a c t i v a t i o n energy of th i s process is o n l y 26 k c a l . , w h i c h i m p l i e s considerable 
s t a b i l i t y for C u H re la t ive t o C u a n d a hydrogen a t o m . T h u s , i t seems t h a t the 
same species m a y f o r m i n o ther systems t h a t can transfer h y d r i d e ions , a n d there is 
indeed evidence i n re lated systems for the f o r m a t i o n of analogous h y d r i d o complexes 
b y such h y d r i d e t rans fer—e.g . , 

P t C l 2 ( P E t 3 ) 2 + C H 3 C H 2 0 - - H P t C l ( P E t 3 ) + C l " + C H 3 C H O . 

I t seems t h a t s i m i l a r mechanisms c o u l d a c commodate the o x i d a t i o n of e t h y l 
enediamine b y c u p r i c i o n — i . e . , 

C u + 2 + N H 2 C H 2 C H 2 N H 2 -> C u H + + N H 2 C H 2 C H = N H + H + 

t o f o r m a n in termed ia te w h i c h m a y be fur ther s tab i l i z ed b y c o o r d i n a t i o n . I t h i n k 
such a p o s s i b i l i t y should be considered v e r y ser ious ly . 
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1 4 6 MECHANISMS O F I N O R G A N I C REACTIONS 

T h e second p o i n t relates t o th is as we l l as t o y o u r observat i on t h a t the abs t rac 
t i o n of hydrogen f rom w a t e r molecules is assisted b y c o o r d i n a t i o n of the water , 
p a r t i c u l a r l y w i t h F e + 2 . T h e m e c h a n i s m of ferrous o x i d a t i o n b y hydrogen a t o m has 
been a controvers ia l quest ion , a n d several mechanisms have been proposed . A m o n g 
t h e m are one suggested b y J o r t n e r , C z a p s k i , S t e i n , a n d myse l f i n v o l v i n g the a d d i 
t i o n of hydrogen a t o m s to the ferrous i o n to f o rm a h y d r i d o i r o n complex analagous 
to C u H + — i . e . , 

Fe+ 2 + H ^ F e H + F e H + + H + -> F e * 3 + H 2 . 

I bel ieve t h a t since then Ste in ' s group i n Jerusa l em has a c cumula ted evidence w h i c h 
suggests t h a t a t least under some condi t ions th i s is the m a i n react ion p a t h of ferrous 
ions w i t h hydrogen a toms . I n v i e w of th i s , I wonder spec i f i ca l ly w h a t evidence y o u 
h a d bear ing o n th i s p o i n t . T h i s i s i m p o r t a n t , no t o n l y i n r e l a t i o n to th i s class of 
mechanisms, b u t also t o the more general prob lem of how the in te rac t i on i n v o l v e d 
i n the r e l a t i v e l y i on i c c o o r d i n a t i o n of a l i g a n d such as w a t e r t o a m e t a l i o n w o u l d 
reflect i n w e a k e n i n g a cova lent Ρ — Η b o n d . 

Dr . A n b a r : F i r s t , concern ing h y d r i d e transfer , our i n f o r m a t i o n shows t h a t 
w i t h longer cha ined d iamines , say 1 ,3-propylenediamine a n d ce r ta in ly , 1 ,4 -buty l -
enediamine , the c a t a l y t i c .effect of copper d isappears . W i t h a longer c h a i n the 
coord inat i on is essential for the reac t i on . T h e n , a n i n t e r n a l h y d r i d e transfer has t o 
be assumed, t h a t is a n i n t r a m o l e c u l a r and not ex t ramolecu lar process. 

T h e quest ion i s , w h a t does the o x i d a n t d o i n th i s case? One w o u l d say t h a t i t 
reoxidizes the copper . 

Dr . H a l p e r n : T h i s is r i g h t . 
Dr . A n b a r : G o o d . N o w , w h y do y o u suppose t h a t a che lated copper i o n is 

more l i k e l y to f o r m the h y d r i d e t h a n a nonchelated hydr ide? 
D r . H a l p e r n : C o n c e i v a b l y t o s tab i l i ze the in termed ia te . I wrote the react ion 

out t h a t w a y (-i.e., o m i t t i n g coord inat i on of the a m i n e to the copper) t o ca l l a t 
t ent i on to the specific po in t of h y d r i d e transfer . C o n c e i v a b l y , such transfer cou ld 
occur i n t r a m o l e c u l a r l y . 

D r . A n b a r : I n the case where y o u e x a m i n e d the reac t i on of copper w i t h 
hydrogen , w h a t was the effect of che la t i on o n t h i s process? 

Dr . H a l p e r n : T h i s is a somewhat c o m p l i c a t e d m a t t e r . C o m p l e x i n g C u + 2 

w i t h dif ferent l igands affects i t s r e a c t i v i t y t o w a r d H 2 as fo l lows : i n general , l igands 
t h a t come off e a s i l y — i . e . , t h a t are not s t rong ly b o u n d a n d t h a t are basic , (e.g., 
acetate) assist th i s react ion because t h e y par t i c ipa te i n the process a p p a r e n t l y b y 
s t a b i l i z i n g the p r o t o n w h i c h is released. 

O n the o ther h a n d , l igands t h a t are v e r y s t r o n g l y he ld , (e.g., e thy lened iamine ) 
exert a b l o c k i n g effect a n d reduce the r e a c t i v i t y . T h e order of r e a c t i v i t y of di f ferent 
copper (I I) complexes was found t o b e : acetate > sul fate > ch lor ide > a q u o > g l y -
c inate > e thy lened iamine . 

C l e a r l y , th i s is a dif ferent s y s t e m i n d e t a i l , a n d the o n l y feature t h a t I w a n t t o 
c a r r y over is the poss ib i l i t y of h y d r i d e transfer t o the copper , w h i c h we k n o w to be a 
s t rong h y d r i d e acceptor . One c o u l d , of course, a c commodate th i s feature of the 
mechanism b y a v a r i e t y of de ta i l ed schemes, i n c l u d i n g one i n v o l v i n g che la t i on . 

D r . A n b a r : I n th i s case one shou ld examine the a c i d effects of H D exchange 
on the methy lene . F u r t h e r , i n the e q u i l i b r i u m 

— C H g — N H 2 — C u + 2 ^ C H + - N H 2 — C u H + 
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6 . ANBAR Discussion 1 4 7 

o x i d a t i o n w o u l d be shi f ted to the r i g h t b y a nuc leophi le , say chlor ide i o n ; th is h o w 
ever c o u l d not be demonst ra ted . R e f e r r i n g to the react ion of hydrogen a t o m s w i t h 
w i t h manganous ions , we d o not k n o w yet whether such a reac t i on a c t u a l l y occurs . 
W h e n y o u i r rad ia te a n e u t r a l s o lu t i on c o n t a i n i n g i s o p r o p y l a l coho l label led w i t h 
d e u t e r i u m i n the α-position, y o u get a ce r ta in y i e l d of H D . If manganous ions are 
i n t r o d u c e d , H D drops cons iderably , whereas the t o t a l y i e l d of hydrogen does not . 
F r o m th is , we pos tu la ted the m e c h a n i s m of h y d r i d e transfer . T h i s imp l i e s reduc 
t i o n of the manganese b y the precursor of the hydrogen a t o m , a n d subsequent o x i d a 
t i o n of the manganese b y the w a t e r . 

D r . Halpern : B u t a n y m e c h a n i s m of capture is consistent w i t h th is ; i t needn ' t 
be a b s t r a c t i o n . 

D r . A n b a r : Y o u have t o capture i t a n d come u p w i t h essent ia l ly the same 
a m o u n t of hydrogen . T h i s hydrogen , however , has t o come off f r om the w a t e r as 
can be seen f rom i t s c ompos i t i on . T h i s means t h a t no more hydrogen a t o m s can be 
formed ; o therwise , t h e y wou ld abs t rac t hydrogen f r om the i s o p r o p y l a l coho l . 

D r . H a l p e r n : B u t a l l t h a t is necessary t o e x p l a i n y o u r observat i on is t h a t th is 
in termediate be f a i r l y l ong l ived a n d t h e n t h a t t w o of these u l t i m a t e l y c ombine . 
T h e r e is some evidence for a s i m i l a r phenomenon i n the case of free radica ls . J . K . 
K o c h i a n d F . F . R u s t (9) have s h o w n t h a t t r a n s i t i o n m e t a l ions , a m o n g t h e m F e ( I I ) , 
cata lyze the r e c o m b i n a t i o n of free radica ls b y w h a t appears t o be s u b s t a n t i a l l y th i s 
k i n d of mechan i sm—i .e . , the t r a n s i t i o n m e t a l stabi l izes the r a d i c a l against abs t rac 
t i o n p r e s u m a b l y b y f o r m i n g a complex w i t h i t , w h i c h t h e n l ives l o n g enough t o 
combine w i t h another one. 

Dr . A n b a r : T h i s is a poss ib i l i t y , a t least for f e rrum a n d for copper . I n the 
case of manganese, I a m quite skept i ca l . 

Gilbert G o r d o n : W'e have been s t u d y i n g the reduc t i on of var i ous halogenates, 
such as chlorate , ch lor ine d iox ide , ch lor i te , hypoch lo r i t e , a n d chlor ine b y m e t a l 
ions . I n contrast t o the comments of R i c h a r d Y a l m a n , there does a p p e a r to be 
some order . 

W e find i n general t h a t the fo l l owing m e c h a n i s m 

M + " + C10 2 = M+*+ 2 + O C 1 - (rate de termin ing ) 

o c i - + c i o 2 - = CIO3- + c i -

is consistent w i t h the exper imenta l results . F o r example , w i t h u r a n i u m ( I V ) a n d 
chlor i te , the first step corresponds to oxygen a t o m transfer to f o rm u r a n i u m ( V I ) 
plus hypoch lor i t e (6). T h e h y p o c h l o r i t e is no t reduced b y the u r a n i u m ( I V ) b u t 
reacts d i r e c t l y w i t h the chlor i te to f o rm chlorate . A s the react ion proceeds a n d 
more chlor ide is f ormed, the chlor ide a n d hypoch lo r i t e react t o f o rm chlor ine , w h i c h 
also can oxidize the ch lor i te t o f o rm more of the produc t , chlorate (7). 

I n 1949, H e n r y T a u b e a n d H . D o d g e n (2) r epor ted , t h a t i n the reac t ion of 
hypoch lor i t e or ch lor ine w i t h ch lor i te , the p r i n c i p a l product i n concentrated so lu t i on 
is indeed chlor ine d iox ide a n d not chlorate . T h e y also repor t t h a t there is another 
react ion w h i c h produces some chlorate . W e now have deta i led rate studies w h i c h 
show t h a t i n d i lu te so lu t i on the i n i t i a l react ion appears to be 

C 1 0 2 - + C1(I) = ( C l - CIO2) 

American Chemical Socifitg 
Library 

1155 16th SU HW. 
Washington D.& 2ÛQ3B 
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1 4 8 MECHANISMS OF I N O R G A N I C REACTIONS 

fo l lowed b y autodecompos i t i on i n t o chlorate a n d chlor ide d i r e c t l y . I n more c o n 
centrated so lut ions , th is in termediate d isproport ionates i n a b imo lecu lar react ion to 
f o r m chlor ine d iox ide a n d ch lor ide . T h i s appears t o be consistent w i t h D r . T a u b e ' s 
resul ts . 

I n the case of v a n a d i u m ( I I ) , i r o n ( I I ) , a n d c h r o m i u m ( I I ) , ch lorate is a lso 
f ormed as a n in termedia te . I n the case of c h r o m i u m (I I ) , there is a p p a r e n t l y some 
react ion w i t h hypoch lor i t e . B u t even i n th is case, there appears to be a n a d d i t i o n a l 
step corresponding to the react ion between chlorate a n d c h r o m i u m (I I ) . 

I n a l l four cases, we have s t rong e x p e r i m e n t a l evidence for two d i s t i n c t reac
t ions w i t h ch lor i te . One of these react ions corresponds to the o x i d a t i o n of the 
m e t a l i o n b y ch lor i te , fo l lowed b y the r a p i d f o r m a t i o n of ch lorate . A n o t h e r i n 
terest ing p o i n t is t h a t the re lat ive order of rate of m e t a l i o n p lus halogenate is found 
t o b e : 

c i o 2 - > C 1 0 2 > o c i - > C l 2 > c i o 3 -

I n a l l cases, the rate of the ch lor i te m e t a l react ion is faster t h a n the o ther halogenate 
react ion b y a factor of between 5 a n d 50, depend ing on the temperature a n d the 
hydrogen i o n concentrat i on . U n f o r t u n a t e l y , there are some compl i ca ted hydrogen 
i o n effects o n these react ions , a n d some of these compar isons cannot be made 
d i r e c t l y . 

One last p o i n t . I n the reac t i on of u r a n i u m ( I V ) where i t is convenient t o d o a 
t racer exper iment because there is o n l y one m e t a l i o n p r o d u c t , we have a c t u a l l y 
de termined the n u m b e r of oxygens transferred t o the u r a n y l i o n p r o d u c t f rom the 
ch lor i t e , a n d th i s n u m b e r corresponds to 1.3 oxygen per ch lor i te transferred to the 
u r a n i u m . T h i s is consistent w i t h the results we reported some years ago (5) on the 
o x i d a t i o n of u r a n i u m ( I V ) w i t h P b 0 2 a n d M n 0 2 , where indeed m o r e t h a n one oxygen 
is t ransferred . I n conc lus ion , we feel t h a t we have some d i rec t evidence for t w o -
electron transfer i n these react ions a n d the f o rmat i on of a ch lor ine (I) in te rmed ia te 
fo l lowed b y the f o r m a t i o n of ch lorate . 

D r . P l a n e : I w o u l d l ike t o c o m m e n t br ie f ly on th is t op i c of oxygen-atom 
transfer t o m e t a l ions . In the case of chromous , we have ox id i zed C r ( I I ) b o t h w i t h 
0 2 (10) a n d a lso w i t h H 2 0 2 (1). I n b o t h cases, there is complete oxygen -a tom 
transfer f rom the o x i d i z i n g agent t o the c h r o m i u m , even more t h a n is necessary t o 
sat is fy the s t o i c h i o m e t r y . F u r t h e r m o r e , i t is in teres t ing t h a t i n the case of the 
oxygen molecule on chromous , i t is pos tu lated t h a t the chromcus gets ox id i zed 
to c h r o m i u m ( I V ) , w h i c h one firmly believes exchanges oxygen r a p i d l y w i t h w a t e r . 
Indeed , w i t h T . B . J o y n e r a n d W a y n e W i l m a r t h ' s results i n the C r ( I I ) — N H 3 

sys tem, there is a s ignif icant a m o u n t of oxygen transfer to the w a t e r (8). T h i s does 
not happen i n the absence of a m m o n i a , a t least i n our p a r t i c u l a r sys tem, a n d one 
wonders i f indeed c h r o m i u m ( I V ) is formed a t a l l . 

G . A . R e c h n i t z : I w o u l d l ike to c o n t r i b u t e some unpub l i shed i n f o r m a t i o n 
w h i c h I t h i n k has some bear ing on the systems discussed b y D r . A n b a r . One of 
these is v e r y p u z z l i n g , a n d I w o u l d be v e r y grate ful for a n y suggestions. 

W e have t r i e d t o s t u d y the decompos i t i on of r u t h e n i u m (I I) i n aqueous m e d i a 
c o n t a i n i n g h igh concentrat ions of ch lor ide , a c co rd ing to 

R u C l r 2 + H 2 0 -+ R u ( I I I ) + H 2 
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6 . A N B A R Discussion 1 4 9 

T h e o x i d a t i o n p r o d u c t is r u t h e n i u m ( I I I ) , w i t h o u t quest ion , a n d gas c h r o m a t o g 
r a p h y has shown t h a t the other p r i m a r y produc t is hydrogen gas. 

T h e react ion was carr i ed out i n a p p r o x i m a t e l y 2 .5M po tass ium chlor ide 
m e d i u m , s l i g h t l y a c id i c t o prevent h y d r o l y s i s . T h e rate is b o t h p H a n d ch lor ide 
independent . T h i s surpr ised us because we first expected th is t o be r educ t i on of 
hydrogen i o n . 

W e repeated the exper iments i n D 2 O . R u t h e n i u m ( I I ) was prepared b y elec
t ro lys i s a t constant p o t e n t i a l f r om r u t h e n i u m (I I I ) o r ( I V ) , so there were no o ther 
c h e m i c a l species i n t r o d u c e d i n t o th i s sys tem. T h i s ent ire exper iment can be carr i ed 
out i n D 2 O . W e found no p r i m a r y k i n e t i c isotope effect w h i c h also surpr ised us. 

I a m net able t o offer a n e n t i r e l y c o n v i n c i n g e x p l a n a t i o n here. W e are t e m p t e d 
to propose the h y d r a t e d e lectron suggested b y D o r f m a n to account for the la ck 
of k i n e t i c i sotope effect. 

Second ly , we s tud ied the o x i d a t i o n of oxalate b y c e r i u m ( I V ) i n su l fur i c a c i d . 
T h i s reac t ion is analagous t o the c lass ical manganese (111) oxalate reac t i on s tudied 
b y H . T a u b e a n d also b y F . D u k e . Indeed , i t proceeds t h r o u g h a n i n t e r m e d i a t e 
c o n t a i n i n g one or more oxalates per c e r i u m . T h i s decomposes t o give c e r i u m ( I I I ) 
a n d o ther products . T h e p o i n t I w a n t t o raise i s t h a t we have been able t o detect 
free rad ica ls i n th is r eac t i on , us ing E P R exper iments a n d a flow s y s t e m . So far , 
i t has not been possible t o say w h e t h e r the r a d i c a l is the oxalate or C O 2 r a d i c a l , b o t h 
of w h i c h have been proposed i n o ther studies . 

F i n a l l y , i n connect ion w i t h the comments of D r . G o r d o n , we have l ooked a t the 
r educ t i on of chlorate b y hexach loro i r idate . T h e final p roduc ts , of course, are 
hexachloro i r idate a n d ch lor ide . T h e react ion is s to i ch iometr i c . S o far , no t racer 
exper iments have been done to t r y t o i d e n t i f y a n y of the unstable i n t e r m e d i a t e s ; 
b u t b o t h of the i r i d i u m species are w e l l k n o w n to be s u b s t i t u t i o n iner t , a n d the 
reac t ion sure ly invo lves a one-electron reduc t i on of ch lorate . 

D r . H a l p e r n : I d o n ' t k n o w w h e t h e r th is is r e l evant to the first reac t i on o r 
not , b u t we have a lso been s t rugg l ing w i t h the s t u d y of v a r i o u s react ions of 
r u t h e n i u m chlor ides i n c l u d i n g r u t h e n i u m ( I I ) ch lor ide for a l o n g t i m e . A m o n g the 
react ions s tud ied is the f o rmat i on of olefin a n d c a r b o n y l complexes of r u t h e n i u m ( I I ) . 
These f orm r e a d i l y i n aqueous s o l u t i o n a n d are f a i r l y s table . J a m e s a n d K e m p , 
w o r k i n g on these systems i n m y l a b o r a t o r y have s tud ied i n some d e t a i l the k i n e t i c s 
of the reac t i ons : 

R u ( I I ) + C 2 H 4 -> R u ( I I ) (C2H4) 

R u ( I I ) + H C O O H -> R u ( I I ) ( C O ) + H 2 0 

I n b o t h of these cases, the k inet i cs are a p p r o x i m a t e l y consistent w i t h a d i ssoc ia t ive 
mechanism of the t y p e 

R u ( I I ) C l n - R u ( I I ) C l n - i 4- C I 

R u a D C l n - i + C 2 H 4 - R u ( I I ) C l n ^ ( C 2 H 4 ) 

T h e k i n e t i c dependence o n CI"" is a l i t t l e uncer ta in , p r e s u m a b l y because we are 
w o r k i n g i n a region where v a r y i n g CI"" also var ies the compos i t i on of the species 
present. B u t the dependence on the ethylene concentrat i on a n d on the f ormic 
ac id agrees precisely w i t h th is m e c h a n i s m , a n d I t h i n k i t u n equ ivoca l l y demonstrates 
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1 5 0 MECHANISMS O F I N O R G A N I C REACTIONS 

t h a t there is a d issoc iat ive step i n v o l v e d . T h u s , a t h igh concentrat ions of reactants 
(C2H4 or H C O O H ) the rate of f o rmat i on of the complex becomes independent of the 
concentra t i on of the enter ing group . I wonder i f a s i m i l a r mechan ism appl ies t o 
the o x i d a t i o n of R u ( I I ) b y w a t e r ; the rate of the process is de termined perhaps b y 
the same dissoc iat ive step w h i c h i n th is case is p e r m i t t i n g e n t r y of a w a t e r molecule 
i n t o the coord inat i on shel l of the r u t h e n i u m , fo l lowed b y a subsequent redox process. 

D r . R e c h n i t z : These comments are v e r y he lp fu l . I t h i n k I neglected t o 
ment i on t h a t there is no chlor ide dependence on the rate , nor is there a n y effect o w i n g 
t o R u ( I I I ) . 

D r . H a l p e r n : I f the e n t r y of w a t e r f o l l owing the d issoc iat ion is r a p i d enough , 
t h i s w o u l d be the case ; b u t one i m p l i c a t i o n of t h i s , of course, is t h a t the l i m i t i n g 
rate i n a l l these cases ought t o be the same. T h i s is a t least a p p r o x i m a t e l y t rue 
for the two react ions w h i c h have been s t u d i e d . I t w o u l d be in teres t ing to compare 
y o u r l i m i t i n g rates w i t h ours . 

D . R . E a t o n : Pro f . T a u b e a n d D r . A n b a r have ment ioned a n u m b e r of m e t a l 
l i gand systems where the i n t e r a c t i o n of the m e t a l (/-electrons w i t h the l i gan d ττ-
sys tem m a y be i m p o r t a n t . I t h i n k i t m a y be i m p o r t a n t t o d i s t ingu i sh t w o cases 
here, n a m e l y , whether the ^-electrons are go ing to in terac t p r i n c i p a l l y w i t h a l i g a n d -
b o n d i n g o r b i t a l or w i t h a l i g a n d - a n t i b o n d i n g o r b i t a l . T h i s quest ion can sometimes 
be answered b y N M R contact shi f t studies of the t y p e reported b y Pro f . W a h l . W e 
have evidence t h a t b o t h k i n d s of i n t e r a c t i o n can occur. T h e i r re lat ive i m p o r t a n c e 
can be different for the same l i gand coord inated t o different meta ls , or for the same 
m e t a l complexed w i t h different l igands . F o r example , i n the t r i v a l e n t a ce ty la ce ton -
ate series i t seems t h a t the p r e d o m i n a n t in te rac t i on i n the c ompounds f r om 
t i t a n i u m ( I I I ) t h r o u g h to i r o n ( I I I ) is w i t h the b o t t o m a n t i b o n d i n g l i g a n d o r b i t a l . 
T h i s is r e l a t i v e l y unambiguous because the s p i n dens i ty d i s t r i b u t i o n s i n the b o n d i n g 

C s — Ο 

/ \ H — C i I M 

\ / 
c = o 

V C H 3 / 

o r b i t a l a n d the a n t i b o n d i n g o r b i t a l are qu i te different. I n p a r t i c u l a r for the t o p 
b o n d i n g o r b i t a l , a pos i t ive sp in dens i ty is pred i c ted at pos i t i on 1; for the b o t t o m 
a n t i b o n d i n g o r b i t a l a negative s p i n dens i ty is pred i c ted . T h r o u g h o u t t h i s series, i t 
appears t h a t de loca l i zat ion of pos i t ive s p i n t o the a n t i b o n d i n g o r b i t a l is p re 
d o m i n a n t , b u t the extent of the charge transfer decreases w i t h increas ing a t o m i c 
n u m b e r . O n the o ther h a n d , for the s p i n - p a i r e d r u t h e n i u m (I I I ) c o m p o u n d , the 
opposi te is t r u e , a n d i t seems t h a t i n t e r a c t i o n w i t h the t o p b o n d i n g o r b i t a l , l ead ing 
t o l i g a n d — m e t a l charge transfer , occurs. T h i s is perhaps consistent w i t h a na ive 
p i c ture i n w h i c h the b o n d i n g a n d the a n t i b o n d i n g l i gand orb i ta l s f a l l be low a n d 
above the m e t a l J - o r b i t a l s , a n d the la t ter g r a d u a l l y fa l l i n energy on pass ing a l o n g 
the series. 

I w i l l m e n t i o n one other case i n w h i c h the m e t a l is k e p t constant b u t the l i gand 
is changed. I n the aminot ropone imineate chelates (3) w i t h 4-coordinate 
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6 . ANBAR Discussion 1 5 1 

t e t r a h e d r a l n i c k e l , the i n t e r a c t i o n is de f in i te ly w i t h the t o p b o n d i n g l i g a n d o r b i t a l ; 
whereas i n N i ( I I ) pyrromethene complexes (4) the i n t e r a c t i o n appears t o be w i t h 
the b o t t o m a n t i b o n d i n g l i g a n d o r b i t a l . T h i s seems consistent w i t h m o l e c u l a r 
o r b i t a l ca l cu la t i ons since i n the p y r r o m e t h e n e case a l ow a n t i b o n d i n g o r b i t a l i s 
pred i c ted , a n d i n the amihot ropone imineate case there is a r e l a t i v e l y h i g h b o n d i n g 
o r b i t a l . 

I t i s a lso in teres t ing t h a t the mo lecu lar o r b i t a l ca l cu la t i ons ind i ca te a state for 
square p l a n a r p o r p h y r i n complexes qu i te s i m i l a r t o the pyrromethenes , so t h a t 
d e r e a l i z a t i o n to the a n t i b o n d i n g o r b i t a l m a y a g a i n be i m p o r t a n t . A p p a r e n t l y the 
re la t ive pos i t ions of b o n d i n g a n d a n t i b o n d i n g l i g a n d orb i ta l s is go ing to de termine 
the d i r e c t i o n of the possible e lectron transfer . I n one case i t is a quest ion of transfer 
f r o m the l i g a n d t o the m e t a l ; i n the o ther case, i t is a ques t i on of transfer f rom the 
m e t a l t o the l i g a n d . 

G o r d o n Harr is : D r . P l a n e has asked for general a n d specific c o m m e n t s o n 
cata lys i s , b u t so far these have a l l been specif ic . I w o u l d l i k e t o m e n t i o n a general 
t y p e of complex oxalate reac t ion w h i c h has been a m y s t e r y t o me for a l ong t i m e , 
a n d ask D r . A n b a r w h e t h e r he m i g h t c o m m e n t on i t . 

One t y p e of reac t i on w h i c h has been s tud ied a great dea l is 

2 C o ( I I I ) L C 2 O r n - 2 C o ( I I ) + C 0 2 + C 2 0 4 - 2 + 4 L 

( I J = C 2 0 4 ~ 2 or d i a m i n e chelate) 

I n th i s reac t i on , oxalate i o n m a y be ox id i zed i n t r a m o l e c u l a r l y b y c o b a l t ( I I I ) i o n , 
b u t i t is in teres t ing t o compare the three dif ferent systems i n w h i c h there are three, 
t w o , or one oxalate ions w i t h the c o b a l t ( I I I ) c a t i o n . T h e last one can be bo i led i n 
l.OJkf a c i d for a n h o u r a n d n o t h i n g happens . I n the first one, decompos i t i on w i l l 
o ccur v e r y r e a d i l y i n aqueous s o l u t i o n a t 5 0 ° C , so t h a t oxalate exchange c a n ' t be 
measured , for instance . T h e m i d d l e one has no t been s t u d i e d i n a n y d e t a i l ye t , 
as far as I k n o w , b u t there is ox ida t i on - reduc t i on i n th i s too , t h o u g h m u c h slower 
t h a n i n the first. I wonder i f th i s i n h i b i t i n g effect of the nonreac t ing l i g a n d , the 
d i a m i n e , o n the o x i d a t i o n has a n y s imple e x p l a n a t i o n . 

D r . A n b a r : I d i d not encounter m a n y cases w h i c h d e m o n s t r a t e d a secondary 
l i gand effect of some k i n d . I t h i n k t h i s is more a l o n g D r . H a r r i s ' l ine t h a n m i n e . 
I w i l l answer D r . H a l p e r n ' s ques t i on concern ing the h y d r i d e transfer . 

W e d o n ' t observe o x i d a t i v e d e a m i n a t i o n i n the absence of ox idants . W e m a y 
b o i l e thy lened iamine w i t h copper inde f in i te ly w i t h o u t a n y c h e m i c a l changes 
t a k i n g p lace . T h i s observat i on is i n a d d i t i o n t o the la ck of ch lo r ide - induced 
d e a m i n a t i o n , w h i c h confl icts w i t h the h y d r i d e transfer m e c h a n i s m . M o r e o v e r , 
i f t h i s m e c h a n i s m d i d occur , i t w o u l d i m p l y a copper - induced exchange of hydrogen 
between the methy lene group a n d w a t e r . 

D r . H a l p e r n : I t h i n k one w o u l d have t o i n v o k e spec ia l reasons w h y y o u 
w o u l d n ' t observe i t . 

D r . A n b a r : I n fact , the m e c h a n i s m y o u suggested for the f o r m a t i o n of 
hydrogen v i a the f e r r u m h y d r i d e shou ld evo lve hydrogen f r o m th i s system j u s t as 
w e l l , w i t h a consequent o x i d a t i o n of the substrate . 

D r . H a l p e r n : Un less i t is revers ib le—i .e . , unless the h y d r i d e transfers b a c k 
for some reason. 
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152 MECHANISMS O F I N O R G A N I C REACTIONS 

D r . A n b a r : W e l l , i f i t is revers ib le , one has t o get a n exchange. T h i s i s w h a t 
y o u i m p l y . 

D r . H a l p e r n : B u t i t doesn ' t i n v o k e the o x i d i z i n g agent i n t h a t step , so y o u 
are qu i t e right. 

D r . A n b a r : I n o ther words , i n the absence of a n o x i d i z i n g agent , y o u w o u l d 
expect a n i n d u c e d exchange between the methy lene group a n d w a t e r — a n exchange 
w i t h a hal f - l i fe of less t h a n a m i n u t e , since i t has t o proceed faster t h a n the d e a m i n a 
t i o n . 

Dr . H a l p e r n : Y e s , as a first a p p r o x i m a t i o n , subject t o the quest ion of w h e t h e r 
the h y d r i d e also exchanges w i t h the so lvent . 

D r . A n b a r : N o , i t is e i ther yes or no. T h e r e is o n l y one w a y . A l t h o u g h we 
never checked on i t , such a n exchange is e x t r e m e l y u n l i k e l y . 
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7 
Kinetic Patterns of Ligand Reactivity 

M A R K M . J O N E S 

Vanderbilt University, Nashville, Tenn. 

In m a n y cases, the rate behavior of l i g a n d r e a c 
t ions is g o v e r n e d b y t h e same gross mechanistic 
f e a t u r e s as those for the free ligands. When t h e 
electrophi l ic a t t a c k of a n aromatic species, L, is 
e x a m i n e d , t h e o r d e r of the rate constants f o r 
t h e react ions is: the free ligand > metal c o m 
plex > p r o t o n a t e d l i g a n d . A n electrostat ic 
m o d e l of such react ions is d e v e l o p e d t o e s t i 
m a t e t h e r e l a t i v e r a t e constants of t h e c o m 
plex a n d t h e p a r e n t l i g a n d . For o t h e r systems, 
such as r e d o x react ions of a l iphat ic l igands, 
coordinat ion m a y result i n a m a s k i n g which 
simply stops the r e a c t i o n f o r steric r e a s o n s . In 
all cases t h e k inet ic b e h a v i o r is descr ibed i n 
terms of t h e stabi l i ty constants of t h e c o m 
p l e x e s c o n c e r n e d a n d t h e r a t e constant c h a r 
acterist ic of e a c h such substrate species w h i c h 
is p r e s e n t . 

Λ ne of the u n s o l v e d prob lems of modern c o o r d i n a t i o n c h e m i s t r y i s the p r e d i c t i o n 
of changes i n l i g a n d r e a c t i v i t y w h i c h arise o n c o o r d i n a t i o n . I d e a l l y , t h i s pre 

d i c t i o n shou ld be i n terms of b o t h the k i n e t i c a n d t h e r m o d y n a m i c b e h a v i o r of the 
l i g a n d reac t i on . W h i l e there are u n d o u b t e d l y react ions of c oord inated l igands 
w h i c h are not f o u n d for the free species, i t is more pro f i tab l e a t present to examine 
systems where the changes i n r e a c t i v i t y are more regular . I t is assumed t h a t the 
r e a c t i v i t y pat terns of the l i gand are mere ly modi f ied (or masked) b y c o o r d i n a t i o n , 
ra ther t h a n comple te ly a l t e red . W i t h th i s s t a r t i n g po in t , we can examine some 
t y p i c a l l i gand react ions w h i c h can also be s tud ied e i ther i n the presence of v a r i o u s 
a m o u n t s of m e t a l ions o r i n a stable complex . W e can t h e n d i v i d e such k n o w n 
react ions i n t o three general classes: 

1. Reac t i ons of the l i g a n d w h i c h are so re tarded b y c o o r d i n a t i o n t h a t the rate 
constants are v e r y dif ferent for the free a n d the complexed species. D i a z o c o u p l i n g 
of a r o m a t i c phenolates fal ls i n t o th is class. 

1 5 3 
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1 5 4 MECHANISMS O F I N O R G A N I C REACTIONS 

2. Reac t i ons of the l i g a n d w h i c h are v e r y s low i n the absence of a n e lectron 
p a i r acceptor or m e t a l l i c c o o r d i n a t i o n center. B a s i c h y d r o l y s i s of a m i n o a c i d esters 
is a n example of such a reac t i on . 

3. R e a c t i o n s whose rate is no t g reat ly affected b y c o o r d i n a t i o n . H e r e the 
react ive site of the l i g a n d is u s u a l l y qu i te d i s t a n t f rom the c o o r d i n a t i o n center , 
though a v e r y a c t i v e a t t a c k i n g reagent can lead to m u c h the same result i f i t is 
suf f i c ient ly unse lect ive . 

C o o r d i n a t i o n m a y change the charac ter of a reac t ion b y af fect ing e i ther t h e r m o 
d y n a m i c o r k i n e t i c factors , o r b o t h . O n l y k i n e t i c factors w i l l be considered here. 
K i n e t i c effects m a y be produced b y changes i n ΔΗ%, àS%, o r b o t h , a n d i t is a l m o s t 
imposs ib le t o prec lude s m a l l t h e r m o d y n a m i c changes i n such react ions . T h e 
l a t t e r are o ften less i m p o r t a n t a n d w i l l be t e n t a t i v e l y ignored . 

S ince c oord inat i on can a l t e r the behav ior of a reac t ing sys tem i n m a n y w a y s , 
(IS), we w i l l l i m i t o u r cons iderat ion to r e l a t i v e l y s imple sys tems—those i n w h i c h 
a l i g a n d forms a σ - type coord inate b o n d w i t h a n acceptor species. W h i l e m a n y 
m i x e d complexes are c a t a l y t i c a l l y i m p o r t a n t , we w i l l assume t h a t t h e i r k i n e t i c 
behav io r is the same as s imple complexes t o a first a p p r o x i m a t i o n . 

Ligand Polarization. P o l a r i z a t i o n is the most i m p o r t a n t i m m e d i a t e c o n 
sequence of l i g a n d c o o r d i n a t i o n . T h e fact t h a t l i gan d p o l a r i z a t i o n can assist some 
of the l i gand react ions was first expounded i n d e t a i l a n d used b y M e e r w e i n (14, 24). 
M e e r w e i n also p r o v i d e d (but never publ ished) the first i n t e r p r e t a t i o n of the w a y 
i n w h i c h coord inat i on m a y affect the p a t h of the a c t i v a t e d complex a long the reac
t i o n coordinate . F a i r l y comprehensive reviews of th is t y p e of react ion are a v a i l 
able (11, IS). H o w e v e r , the k i n e t i c aspects have rare ly been discussed i n d e t a i l 
(except for b i o chemica l cases (23, 8)), because c o m p a r a t i v e exper imenta l d a t a are 
meager. Therefore , the examples c i ted below fa l l i n t o several loosely re la ted 
groups. 

Metal Ions and Protons. Because of the s imi la r i t i e s of the react ions of p ro 
tons a n d m e t a l ions w i t h L e w i s bases, there is m u c h to r e c o m m e n d a c o m p a r i s o n 
of the t w o processes to f u r n i s h a guide to the b e h a v i o r of m e t a l complexes . T h i s 
c o m p a r i s o n shows the e n o r m o u s l y greater effect of the p r o t o n due to i t s greater 
p o l a r i z i n g power. A l t h o u g h m e t a l ions have been ca l l ed " s u p e r - a c i d " ca ta lys t s b y 
W e s t h e i m e r (38), they are n o r m a l l y m u c h less effective t h a n the p r o t o n o n a m o l e -
f o r - m o l e basis . H o w e v e r , they do p e r m i t essent ia l ly a c i d c a t a l y z e d react ions i n 
n e u t r a l or basic m e d i a . T w o f u n d a m e n t a l reasons for the greater effect of the 
p r o t o n a r e : (a) the pro ton -donor a t o m d is tance is u s u a l l y m u c h shorter t h a n the 
m e t a l - i o n - d o n o r a t o m in ternuc lear d is tance i n comparab le c ompounds (the e lectr ic 
field i n t e n s i t y fal ls off as q/r2) a n d (b) the effect of the charge of the m e t a l i o n is 
u s u a l l y shared b y four to six donor a t o m s ; so for a n y one a t o m , i t s fu l l effect is p a r 
t i a l l y reduced b y the i n t e r a c t i o n w i t h these other l igands . T h e f u l l charge of the 
p r o t o n is u s u a l l y embedded i n the e lectronic charge c l o u d of a single d o n o r a t o m . 
B a c k b o n d i n g w i l l reduce the effect of such i on i c charge o n the m e t a l even fur ther 
a n d m u s t be i m p o r t a n t i n d i f f e rent ia t ing the effect of t r a n s i t i o n a n d n o n - t r a n s i t i o n 
e lement c o o r d i n a t i o n centers. 

A c r i t i c a l p r o b l e m re lated to th i s is p r e d i c t i n g the re lat ive charge d isp lacements 
w h i c h arise o n coord inat i on to a series of m e t a l ions or of one m e t a l i o n i n a series 
of dif ferent c oord inat i on env i ronments . I n th i s l a t t e r case there is a guide g iven b y 
N y h o l m (26) w h i c h is a c o ro l l a ry of P a u l i n g ' s p r i n c i p l e of e l e c t roneutra l i ty . 
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7 . JONES Kinetic Patterns 1 5 5 

N y h o l m states t h a t the d isp lacement of charge t o w a r d the cent ra l i o n decreases 
as the n u m b e r of l igands increases. T h u s , the l igands shou ld e x h i b i t c h e m i c a l be
h a v i o r s i m i l a r t o t h a t of the free l i g a n d , as the c o o r d i n a t i o n n u m b e r of the c e n t r a l 
i o n increases. S ince most m e t a l ions t e n d to a t t a i n a constant c oord inat i on n u m b e r 
b y i n t e r a c t i o n w i t h the so lvent w h e n requ ired , th i s guide m u s t be used w i t h c i r 
cumspect ion w h e n a po lar so lvent is used. R e p l a c i n g the o ther l igands b y more 
po lar izab le ones also decreases the p o l a r i z a t i o n of a g iven l i g a n d . A re lated p r o b l e m 
w h i c h is more di f f i cult t o f ormulate i n specific t erms is the re la t ive e l e c t ronegat iv i ty 
of v a r i o u s l igands . P a r t of th i s p r o b l e m is t o relate the e l e c t ronegat iv i ty of the 
l i g a n d t o the o rb i ta l s f r om w h i c h the shared electrons w i l l come. A n o t h e r p a r t i s 
t o assign some q u a n t i t a t i v e measure t o the v a r i o u s e lectronegat iv i t ies w h i c h a 
l i gand m a y exh ib i t (15, 41). 

Kinet ic -Thermodynamic Correlations. T h e l i gan d r e a c t : o n rate can v a r y 
great ly as the m e t a l i o n is changed, espec ia l ly for redox react ions o r those w i t h v e r y 
specific s tereochemical demands . I n cases where o n l y the a c i d i t y of the m e t a l i o n 
is i m p o r t a n t one m i g h t expect more r e g u l a r i t y . F o r v e r y regu lar systems a " B r o n -
sted C a t a l y s i s L a w " for m e t a l ions s h o u l d be v a l i d . T h u s , 

hi = GMKM7 

where ku is the rate constant for m e t a l i o n ca ta lys i s b y the i o n M, KM is the s t a 
b i l i t y constant of the complex i n v o l v e d , a n d GM a n d y are constants charac ter i s t i c 
of the react ion , so lvent , a n d temperature . T h e r e are r e l a t i v e l y few react ions for 
w h i c h b o t h rate a n d e q u i l i b r i u m constants are a v a i l a b l e for the s imple reason t h a t 
s t a b i l i t y constants are d i f f i cul t to measure a c c u r a t e l y w i t h a sys tem u n d e r g o i n g 
reac t ion r a p i d l y enough to a l l o w good rate d a t a to be o b t a i n e d . I n some cases 
where d a t a are a v a i l a b l e such a re la t i onsh ip does not h o l d , e.g. the m e t a l - i o n 
c a t a l y z e d h y d r o l y s i s of A T P a t p H 9 (36). I n c losely re la ted react ions , s u c h as 
the same react ion a t p H 5, the q u a l i t a t i v e d a t a ava i lab le ind i ca te t h a t i t m i g h t 
h o l d . I n the range of p H 7-8, m a n y of the m e t a l ions m u s t be present as p a r t i a l l y 
or c o m p l e t e l y h y d r o l y z e d species i f free, so the c a t a l y t i c a l l y effective species are 
p r o b a b l y never the s imple m e t a l ions, where t r a n s i t i o n m e t a l ions are i n v o l v e d . 
A n o t h e r reac t ion where a regular t r e n d w o u l d be expected is the m e t a l - i o n c a t a l y z e d 
h y d r o l y s i s of a n a m i n o a c i d ester. F o r th is reac t ion the effectiveness of the first 
row t r a n s i t i o n m e t a l ions fol lows the order of the s t a b i l i t y constants as pred i c ted 
b y the I r v i n g - W i l l i a m s order (16). 

Generalized Rate Equations. T h i s last r eac t i on is t y p i c a l of a large class of 
react ions w h i c h m a y proceed s i m u l t a n e o u s l y b y several para l l e l paths . T h e ra te 
can be expressed as the s u m of several c o n t r i b u t i o n s f r om the u n c a t a l y z e d a n d 
c a t a l y z e d paths . T h e overa l l rate for the h y d r o l y s i s of a n a m i n o a c i d ester i n the 
presence of a m e t a l sa l t m a y be expressed as 

Ν Ν 

Rate « Σ HMLt][OH-] + £ H [ H + ] [ L ] + * O H [ O H - ] [ L ] + Σ h[MLh][U20] 
i=1 h=1 

H e r e b o t h a c i d a n d base c a t a l y z e d react ions m u s t be considered . S u c h react ions 
e x h i b i t a c o m p l i c a t e d t emperature dependence. E a c h of the i n d i v i d u a l rate c o n 
s tants w i l l be governed b y a dif ferent A r r h e n i u s expression, a n d the e q u i l i b r i u m 
constants govern ing the concentrat ions of the v a r i o u s MLi are a lso t emperature 
dependent . T h i s can be s tated e x p l i c i t l y b y us ing s t a b i l i t y constant , β. 
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1 5 6 MECHANISMS OF I N O R G A N I C REACTIONS 

ft = [MLT]/[M][LY o r [ML%] = fii[M][L}\ 

so one m a y w r i t e 

Ν Ν 

R a t e = Σ kMmimOH-] + fe[H+][L] + * O H [ O H - ] [ L ] + Σ W O T M 

T h e t emperature dependence of β{ a l l ows i t t o be expressed as exp(—AGt°/RT). 
T h e f rac t i on of the m e t a l t i e d up as M L M is re lated t o the t o t a l c on cen t ra t i on of 
m e t a l , CM, b y the expression [MLM] = aMCM, a n d am can be expressed as 

otm - i=Ar ^ m ; here /3 0 - 1, M A f L m ] « CM i=N ^ 

Σ A M * - Σ A f L ] * - " 1 

i'=0 t'=0 
T h i s can be c o m b i n e d w i t h the rate expression a n d the t empera ture dependence of 
the β / s t o give (where the a t t a c k of w a t e r on the complexes is ignored , i.e. kh = 0 
for a l l h), 

i=N e-àGplRT 

R a t e - g φ - ά Ε Λ * τ [ 0 Η - Κ Μ î=j + * H [ H + ] [ L ] + ^ 0 H [ O H " ] [ L ] 

t =o 

T h i s w i l l g ive the rate of a base c a t a l y z e d reac t ion i n v o l v i n g s imple complexes . 
O b v i o u s l y i f h y d r o x y complexes are i n v o l v e d , they m u s t be used i n the rate expres 
s i o n i n a d d i t i o n to , or i n place of, the s imple complexes. If the a t t a c k of the c o m 
plexes b y w a t e r is i m p o r t a n t , the terms i n kh can be i n c l u d e d t o o b t a i n a t e r m 
analogous i n f o rm t o t h a t r e s u l t i n g f rom the a t t a c k of h y d r o x i d e i o n . O n e r e s u l t 
of the t empera ture dependence is t h a t gross rates of such react ions m a y be expected 
t o e x h i b i t t emperature ex t rema . B o t h a n d &OH a lso show a n exponent ia l t e m 
perature dependence. 

Aromatic Systems 

E l e c t r o p h i l i c R e a c t i o n s . T h e r e i s suff icient i n f o r m a t i o n ava i lab l e on e lec tro -
p h i l i c s u b s t i t u t i o n of a r o m a t i c l igands t o examine the u t i l i t y of the general e q u a t i o n 
i n the l i m i t of one complex . T h e rate of the d iazo c o u p l i n g r e a c t i o n of 8 - h y d r o x y -
qu ino l ine -5 -su l fon i c a c i d a n d i t s z i n c chelate has been d e t e r m i n e d i n a n acetate 
buffer sys tem a t p H 5 (22). T h e d i a z o n i u m salt used was t h a t d e r i v e d f r om s u l -
fan i l i c a c i d . T h i s a t t a c k s the 7 -pos i t i on of the qu ino l ine r i n g . I n a sys tem c o n 
t a i n i n g th i s l i g a n d a n d z i n c i o n , there are four possible substrates for th i s r e a c t i o n : 
the phenolate i o n , the free pheno l , the 1:1 z i n c complex a n d the 2:1 complex . 
T h e pheno l does not undergo the d iazo c o u p l i n g reac t ion i n s imple systems since 
th i s is a reac t i on of the phenolate i o n exc lus ive ly under such cond i t i ons . I f the 
rate of f o r m a t i o n of the d iazo - coupled p r o d u c t is d e t e r m i n e d i n a s y s t e m where 
v a r y i n g a m o u n t s of z i n c are a d d e d , one o b t a i n s v e r y i n t e r e s t i n g results . I f o n l y 
the i n i t i a l rates are considered, the pseudo first-order rate constants ob ta ined for the 
c o u p l i n g reac t i on are as fo l lows : 

Z n + 2 / H g a n d 0.00 1:2 1:1 5:1 10:1 50:1 100:1 

kx X 1 0 3 / m i n . 39.3 32.9 25.6 12.9 10.3 7.89 7.87 
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7 . JONES Kinetic Patterns 1 5 7 

T h e i n i t i a l decrease i n the pseudo first-order rate cons tant as the mole r a t i o ( z i n c / 
l igand) increases ind icates t h a t the complexes f o rmed are less r e a d i l y a t t a c k e d t h a n 
the phenolate o r i g i n a l l y present i n s o l u t i o n . T h e final l eve l l ing off of the rate a t 
h i g h rat ios shows t h a t these so lut ions u l t i m a t e l y c o n t a i n a l l of the l i g a n d i n the 
same f o rm a n d t h a t the complex is also subject to the d iazo c o u p l i n g react ion . If the 
s t a b i l i t y constants of a l l the re l evant complexes were k n o w n w i t h some degree of 
prec is ion , i t w o u l d be possible t o determine the rate cons tant for each separate 
complex . I n th i s p a r t i c u l a r s y s t e m the a r o m a t i c l i gan d m u s t compete w i t h the 
acetate of the buffer to f o rm complexes. There fore , the constants d e t e r m i n e d for 
use here m u s t be for m i x e d complexes . F r o m the reported e q u i l i b r i u m constants 
for th i s sys tem i n the absence of acetate i t can be e s t i m a t e d t h a t the r a t i o of the 
concentrat i on of Z n ( O R ) 2 t o t h a t of Z n ( O R ) is a b o u t 1(T 4 . T h e rate i n t e rms of the 
p r i n c i p a l reac t ing species i s : 

R a t e = [ R N 2 + ] { ^ [ R C T ] + £ 2 2 [ R O Z n ] + M 2 n ( 0 R ) j ] } 

Because of the s m a l l c oncentrat i on of the 2:1 complex the last t e r m can be i gnored . 
F r o m the extreme rate values i n the absence of z i n c a n d w i t h a n excess of z inc , & 2 i 
a n d &22 are de te rmined as 2.4 X 10 4 m i n . - 1 a n d 1.57 m i n . " " 1 respect ive ly . T h e s e 
va lues can be c o m b i n e d w i t h the t r e n d i n the rate constants t o give the s t a b i l i t y 
cons tant of the react ive complex , p r e s u m a b l y Z n ( O R ) ( O A c ) , as 3 X 10 7 . F o r the 
s imp le z i n c complex i n w a t e r the l i t e ra ture va lues of the s t a b i l i t y cons tant for the 
1:1 complex v a r y f r om 2.5 X 10 8 t o 6.3 X 10 8 . T h e d iazo c o u p l i n g reac t i on of 
the complex indicates the smal ler effect of c o o r d i n a t i o n vis a vis p r o t o n a t i o n since 
th i s react ion is v e r y sensit ive to such effects a n d does no t proceed w i t h phenols . 
U n f o r t u n a t e l y the choice of ca t ions for such a reac t i on is res tr i c ted since the c a t i o n 
shou ld not interfere w i t h the a n a l y t i c a l methods used to o b t a i n the k i n e t i c d a t a ; 
n o r shou ld i t in t roduce a d d i t i o n a l react ions such as occur w i t h t r a n s i t i o n m e t a l 
cat ions w h i c h can cata lyze the decompos i t i on of the d i a z o n i u m sal t v i a a redox 
process. 

A n o t h e r e lec t rophi l i c s u b s t i t u t i o n reac t i on w h i c h has been exam in ed for b o t h a 
free l i g a n d a n d i t s m e t a l complexes is m e r c u r a t i o n . T h e rate of m e r c u r a t i o n of 
a r o m a t i c c ompounds can general ly be g iven b y a second order expression of the 
t y p e : 

R a t e = & 2 [ A r o m a t i c ] [ H g ( O A c ) 2 ] 

T h e same k i n d of a rate law has been found for the m e r c u r a t i o n of copper ox inate 
i n g lac ia l acet i c a c i d . H e r e the rate of f o r m a t i o n of the m e r c u r a t e d complex is 
g iven b y the expression : 

R a t e = & 2 - 2 [ C u ( 8 - H Q ) 2 ] [ H g ( O A c ) 2 ] 

where C u ( 8 — H Q ) 2 is copper ox inate a n d the fac tor t w o arises f r om the fact t h a t 
each molecule of the copper complex conta ins two react ive a r o m a t i c systems. I n 
the example s tud ied i t was f o u n d t h a t the copper complex undergoes m e r c u r a t i o n 
m u c h more r a p i d l y t h a n the free pheno l i n the same e n v i r o n m e n t (5). T h e a c t i v a 
t i o n energy for the m e r c u r a t i o n of the complex was f ound to be 19 k c a l . a n d the 
frequency factor h a d the u n u s u a l l y h igh va lue of 9.6 X 10 1 2 . T h i s can be c o m p a r e d 
w i t h the frequency factor repor ted b y D . H . B u s c h a n d his co -workers for the 
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1 5 8 MECHANISMS OF I N O R G A N I C REACTIONS 

a l k y l a t i o n of t h i o l complexes of n i c k e l (II) (3). T h e s e workers f ound a f requency 
factor i n the range 5 Χ 10 6 t o 2 Χ 10 8 as expected for a r e a c t i o n o c c u r r i n g a t 
loca l ized por t i ons of a large molecule . I n the m e r c u r a t i o n reac t ion the a t t a c k i n g 
reagent m a y undergo some v a r i a t i o n i n s t ruc ture w i t h t emperature . 

I n the e lec t rophi l i c s u b s t i t u t i o n react ions of c oord inated a r o m a t i c l igands for 
w h i c h rate d a t a are present ly a v a i l a b l e , there i s every i n d i c a t i o n t h a t the m e c h a n i s m 
of the reac t i on is unchanged i n i t s essentials. F o l l o w i n g the lead of the p h y s i c a l 
o rganic chemists t h e course of the reac t i on of the complex a n d the d i a z o n i u m i o n 
c a n be dep i c ted a s : 

R N 2 + + H — A r — M -> R N 2 — A r — M step 1 

R — N 2 — A — M + Β -> R N 2 — A r — M + H B + step 2 

T h e r e i s every reason to believe t h a t the first step is rate d e t e r m i n i n g i n the c o u p l i n g 
reac t i on of b o t h the free a n d coord inated species. T h e o v e r a l l r eac t i on is thus S#2 
i n b o t h cases. T h e d i a z o c o u p l i n g studies show how dif ferent the results of coor 
d i n a t i o n t o a p r o t o n a n d t o a m e t a l i o n m a y be. 

W i t h o u t s u p p o r t i n g rate d a t a , i t is not possible t o exclude a m e c h a n i s m change 
of a g i v e n reac t i on w h e n a t t a c k i n g agents are changed . T h u s , the b e n z o y l a t i o n of 
copper ox inate can be eas i ly effected w h e n a l u m i n u m ch lor ide is used as a c a t a l y s t . 
T h e a c e t y l a t i o n of th i s same complex has not ye t been successful ly car r i ed out even 
under forc ing cond i t i ons (5). I t seems possible t h a t c o o r d i n a t i o n c a n ser ious ly 
d i s r u p t the n o r m a l p a t h of a r eac t i on w h e n t h a t p a t h invo lves w c omplex f o r m a t i o n . 

General Order of Rate Constants. T h e ra te constants of e l e c t roph i l i c reac
t i o n s of a r o m a t i c l igands a n d t h e i r m e t a l complexes fa l l i n the order kh > ^ML > 
km,. T h e difference between these rate constants becomes greater as the a c t i v i t y 
of the a t t a c k i n g reagent decreases. W h e n L is a pheno late , HL is the p h e n o l ; 
w h e n L i s a n a m i n e , HL is the corresponding a m m o n i u m d e r i v a t i v e . T h e possible 
s y n t h e t i c app l i ca t i ons of th i s sequence can be apprec ia ted f r o m the fact t h a t 8-
h y d r o x y q u i n o l i n e is u s u a l l y su l fonated w i t h 15 t o 3 0 % o l e u m , w h i l e i t s c opper ( II ) 
c omplex can be r e a d i l y su l fonated i n 7 0 % su l fur i c a c i d (5). 

S ince e lec trophi l i c subs t i tu t i ons of ML are s lower t h a n those of L the reverse 
s h o u l d be the case for nuc leophi l i c react ions . A t present there is no ev idence c o n 
cern ing homogeneous systems w i t h m e t a l i ons o n th i s p o i n t , a l t h o u g h the hetero 
geneous systems cons is t ing of p y r i d i n e or i t s der iva t ives a n d a copper sa l t i n d i c a t e 
t h a t th i s m a y be t rue . A n u n u s u a l k i n d of coord inate b o n d is f ound i n iV-oxides . 
T h e behav io r of pyr id ine - iV -ox ide a n d i ts d e r i v a t i v e s has been s t u d i e d i n d e t a i l a n d 
prov ides i n f o r m a t i o n concern ing the r e a c t i v i t y of systems c o n t a i n i n g t h i s k i n d of 
b o n d . T h e p y r i d i n e r i n g of pyr id ine - iV -ox ide shows a l l the signs one expects f r o m 
the f o r m a t i o n of a n e lectron w i t h d r a w i n g coord inate b o n d . T h u s , e l e c t roph i l i c 
s u b s t i t u t i o n is rendered more d i f f i cul t a n d the re la t ive r e a c t i v i t y of the r i n g p o s i 
t i ons m a y be a l t e red . C o r r e s p o n d i n g l y , nuc leophi l i c s u b s t i t u t i o n s are genera l ly 
f a c i l i ta ted . T h e oxygen a t o m behaves as a more e lectronegat ive species t h a n the 
meta ls w h i c h f o r m complexes w i t h p y r i d i n e . T h u s , the o r i e n t a t i o n of n i t r a t i o n i n 
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7 . JONES Kinetic Patterns 1 5 9 

pyr id ine - iV -ox ide is t o the 4-pos i t ion whi le i n p y r i d i n e itself a n d the r u t h e n i u m 
complex , RUPV3CI3, the o r i e n t a t i o n is to the 3-posi t ion (34). T h e e lectron w i t h 
d r a w i n g power of the oxygen is also greater t h a n t h a t of t y p i c a l L e w i s ac ids such as 
a l u m i n u m chlor ide since p y r i d i n e complexes of these species exh ib i t the same o r i e n 
t a t i o n for ha logenat ion as the free l i gand (28). 

Some Related Examples. A c losely re lated p r o b l e m is the rate behav io r of 
a r o m a t i c donors i n F r i e d e l - C r a f t s a c y l a t i o n a n d analogous react ions . H e r e coor
d i n a t i o n p lays a d u a l role. T h e i n i t i a l L e w i s a c i d w h i c h is added is t a k e n up b y 
the best donor species, f requent ly the substrate- Once th is react ion is a t e q u i 
l i b r i u m , a d d i t i o n a l a m o u n t s of L e w i s a c i d can react w i t h the o ther species present t o 
generate the effective e lectrophi le . T h e k i n e t i c behav ior of such systems was first 
de l ineated b y O l i v i e r i n 1914. H e s tud ied the react ions : 

B r C 6 H 4 S 0 2 C l + A1C1 8 - B r C 6 H 4 S 0 2 C l · A 1 C I 3 

B r C 6 H 4 S 0 2 C l - A l C l 3 + C 6 H 6 = B r C 6 H 4 S 0 2 C e H 6 - A 1 C 1 3 + H C ! 

T h e rate of the second reac t i on is qu i t e l ow as l ong as there is enough free s u l f o n y l 
ch lor ide t o react w i t h a d d i t i o n a l a m o u n t s of a l u m i n u m ch lor ide . Once th i s is n o 
longer t rue , fur ther a d d i t i o n s of ca ta lys t enormous ly increase the reac t ion rate 
(27). T h e recent ly d iscovered s w a m p i n g c a t a l y s t effect i n the ha logenat ion of 
a r o m a t i c donor species (35) p r o b a b l y exh ib i t s analogous k i n e t i c behav ior . T h e 
basic rate expression f ound b y O l i v i e r consisted of o n l y one t e r m for reac t ion w h e n 
a r e l a t i v e l y s m a l l a m o u n t of a l u m i n u m chlor ide was present : 

dx/dt - JfefZ-AlCla] - ^ [ A l C l s X Z ] 

where Kx is the d issoc iat ion constant of the a l u m i n u m chlor ide complex a n d the 
s u l f o n y l ch lor ide , Z . W h e n enough a l u m i n u m chlor ide was present i n the reac t i on 
m i x t u r e so t h a t a fa i r a m o u n t was free, the reac t ion was accelerated cons iderab ly , 
w i t h the apparent rate constant increas ing b v a factor of t en . T h i s rate increase i s 
greater t h a n t h a t pro jected b y the above rate expression for v a r i a t i o n s i n [AICI3], 

t h a t O l i v i e r felt t h a t under the cond i t i ons used b y h i m , o n l y the complex Ζ Ά Ι Ο 3 

entered i n t o the reac t i on . F u r t h e r i n t e r a c t i o n of benzene a n d a l u m i n u m ch lor ide 
is possible. 

T h e reac t i on of b e n z o y l ch lor ide a n d benzene is c a t a l y z e d b y a l u m i n u m ch lor ide 
a n d a lso proceeds v i a a complex , C e H 6 C O C l - A I C I 3 (37). T h e reac t i on of the c o m 
plex i tse l f w i t h benzene is v e r y s low. W h e n a d d i t i o n a l a l u m i n u m chlor ide is a d d e d 
to the complex a n d benzene m i x t u r e , the rate is increased enormous ly . A c t i o n of 
the a d d i t i o n a l a l u m i n u m chlor ide m a y fo l low a t least t w o separate routes . T h e 
first i n v o l v e s a n a c t i v a t i o n of one o r the o ther benzene r i n g b y f o r m i n g a π c omplex . 
T h e second invo lves f o r m a t i o n of a m u c h more react ive complex i n w h i c h t w o a l u m 
i n u m chlor ide molecules are c oo rd inated to the benzoy l ch lor ide , one t h r o u g h the 
ch lor ine a n d the o t h e r t h r o u g h the oxygen . T h i s w o u l d t h e n fac i l i ta te the f o r m a 
t i o n of the react ive C6H5CO 4" i o n or i t s equ iva lent . H o w e v e r , the l i t e ra ture c o n 
t a i n s no evidence for a complex , C e H e C O C l ' 2AICI3. T h e r e a c t i o n most p r o b a b l y 
proceeds v i a a n a c t i v a t i o n w h i c h does no t i n v o l v e the f o r m a t i o n of a second σ t y p e 
coord inate b o n d . 

W h e n the substrate forms a complex w i t h the a t t a c k i n g species (but i n a w a y n o t 
conduc ive t o fur ther react ion) the net result m a y be mere ly t o increase the a m o u n t 
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1 6 0 MECHANISMS O F I N O R G A N I C REACTIONS 

of a t t a c k i n g species requ i red for a g iven degree of reac t i on . T h i s s i t u a t i o n is 
a p p a r e n t l y f ound i n some m e t a l a t i o n react ions i n v o l v i n g a l k y l l i t h i u m (32). A 
k i n e t i c inves t i ga t i on of the reac t i on of e t h y l l i t h i u m a n d anisole showed i t t o be 
second order i n e t h y l l i t h i u m a n d a p p a r e n t l y first order i n anisole (12). T h i s i s 
consistent w i t h the react ion scheme: 

L i C t H i + C 6 H 6 — O — C H 3 - C 6 H 5 — Ô : -> L i C 2 H 5 

C 6 H Ô — Ô : -> L i C 2 H 5 + L i C 2 H 6 -+ <^ ^ > — Q : -> L i C 2 H 6 + C 2 H E 

CH3 CH3 

T h e rate of e thane f o r m a t i o n was used t o o b t a i n k i n e t i c d a t a o n t h i s r e a c t i o n . T h e 
effect of c o o r d i n a t i o n o n the reac t ion is p r i m a r i l y t o v a r y the substrate a n d perhaps 
r e t a r d the reac t i on somewhat b y a s l ight dep le t i on of e lec tron dens i ty f rom the 
o r t h o p o s i t i o n . 

E l e c t r o s t a t i c M o d e l s . F o r p o l a r react ions i t is possible t o deve lop a n e lectro
s t a t i c m o d e l . T h i s is necessari ly a n overs impl i f i ca t i on , t h o u g h i t does a l l o w the 
gross features of such systems to be de l ineated . T h u s , w h e n a complex a n d the free 
l i gand b o t h react w i t h the same gross m e c h a n i s m , i t is possible t o es t imate the elec
t r o s ta t i c c o n t r i b u t i o n to the change i n e n t r o p y of a c t i v a t i o n w h e n the reac t ion is p o l a r 
or i o n i c . F o l l o w i n g L a i d l e r (21) we can es t imate the e lectrostat ic c o n t r i b u t i o n t o 
the e n t r o p y of a c t i v a t i o n as : 

A S t e . 8 . = -10ZAZB (for water ) 

If Ζ A i s the charge o n the a t t a c k i n g reagent, ZBX t h a t on the l i g a n d a n d Z # 2 i s the 
charge o n the m e t a l i o n p r i o r t o c o o r d i n a t i o n , t h e n 

ASte.a., ligand » — IQZAZBI 

A^îe .s . , complex ~ — IOZA'ZBI + ZBI) 

a n d the change i n go ing to the complex is t h e n 

A A S j e . * . ~ -10ZAZB2 

A n a l t e r n a t i v e expression based o n the single sphere a c t i v a t e d complex can a lso be 
deve loped , b u t i t s use requires a knowledge of the r a d i i of the a c t i v a t e d complex as 
wel l as the reactants . T h e change i n the e n t r o p y of a c t i v a t i o n pred i c ted depends 
o n the so lvent a n d the charge o n the species a t t a c k i n g the substrate . I f the so lvent 
is w a t e r a n d the a t t a c k i n g species is p o s i t i v e l y charged, c o o r d i n a t i o n w i l l m a k e the 
e n t r o p y values more negat ive a n d m a k e the a t t a i n m e n t of the t r a n s i t i o n state more 
di f f i cult . I f the a t t a c k i n g species is negat ive ly charged, the oppos i te is t rue . 

T h e same models m a y be used to o b t a i n the ra t i o of the rate constants for the 
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7 . JONES Kinetic Patterns 161 

l i gand a n d the complex . F o r the s imple two-sphere mode l the result m a y be g iven 
a s : 

where kc is the rate of the reac t ion for the complex , k? t h a t of the free l i g a n d , ZM 
is the charge o n the m e t a l , Ζ Β is the charge o n the a t t a c k i n g species, € is the die lec 
t r i c constant of the react ion m e d i u m , CIAB is the separat ion d is tance of the substrate 
a n d a t t a c k i n g species i n the a c t i v a t e d complex (assumed to be the same i n the reac
t i o n of b o t h the complex a n d free l i gand) , k is B o l t z m a n n ' s constant , a n d Τ is the 
abso lute t emperature . A n analogous equat i on c a n be der ived for a n i o n d ipo le 
reac t i on . 

These equat ions show the general theoret i ca l basis for the e m p i r i c a l order of rate 
constants g iven ear l i e r ; for e l ec t rophi l i c a t t a c k o n a n a r o m a t i c l i g a n d L, i t s m e t a l 
c omplex ML, a n d i t s p r o t o n a t e d f o r m H L , one finds kh > fan > & H L - C o n f l i c t i n g 
reports i n the l i t e ra ture state t h a t c o o r d i n a t i o n c a n b o t h accelerate e l ec t rophi l i c 
a r o m a t i c s u b s t i t u t i o n (30) a n d s low i t d o w n enormous ly (2). I n the first case the 
rates of n i t r a t i o n of the d i p r o t o n a t e d f orm of o -phenanthro l ine a n d i t s C o ( I I I ) a n d 
F e ( I I I ) complexes were c o m p a r e d . H e r e c o o r d i n a t i o n prevents p r o t o n a t i o n i n the 
m i x e d a c i d m e d i u m used for n i t r a t i o n a n d kML > I n the second case the 
phenolate f o rm of 8 -hydroxyquino l ine -5 - su l f on i c a c i d a n d i t s m e t a l chelates were 
c o m p a r e d . T h e complexes underwent i o d i n a t i o n m u c h more s l o w l y , i f a t a l l , a n d 
kh > kjtfh-

Aliphatic Systems 

T h e i n f o r m a t i o n a v a i l a b l e o n a l i p h a t i c systems is m u c h more d ivers i f ied t h a n 
t h a t o n a r o m a t i c systems t h o u g h the effects of l i g a n d p o l a r i z a t i o n are s i m i l a r . I n 
general , m e t a l ions a l l o w us t o generate the l i gand p o l a r i z a t i o n w h i c h assists nuc leo 
p h i l i c a t t a c k . F o r su i tab le l igands th is can be effected i n a basic e n v i r o n m e n t where 
pro tons cannot furn i sh the same general effect. 

A m i n o A c i d E s t e r H y d r o l y s e s . T h e m e t a l - i o n c a t a l y z e d h y d r o l y s i s of a m i n o 
a c i d esters was first d iscovered b y K r o l l (20) a n d la ter s t u d i e d b y o ther i n v e s t i g a 
tors (39, 1, 6). T h e m e c h a n i s m has been the subject of some d i spute , b u t i t is n o w 
o b v i o u s t h a t there are a t least t w o react ions i n such systems. T h e first is f o u n d a t 
p H 2 -8 , h i g h m e t a l t o ester ra t i os a n d corresponds to a second order reac t i on i n 
w h i c h the h y d r o x i d e i o n or w a t e r a t t a c k s the che lated 1:1 complex . T h i s reac t i on 
m u s t be e x a m i n e d under cond i t i ons w h i c h do not prec ip i ta te the m e t a l . T h e second 
reac t i on i n these systems is a second order reac t ion where the h y d r o x i d e i o n a t t a c k s 
a 2:1 or h igher complex i n w h i c h t h e a m i n o a c i d ester f u n c t i o n is no t necessari ly 
che lated . T h i s reac t i on is m u c h slower because the p o l a r i z i n g power of the m e t a l 
c a t i o n is spread over t w o or more l igands . T h e reac t i on is f o u n d i n so lut ions a t h i g h 
p H w h i c h have h i g h l i g a n d t o m e t a l ra t ios . T h e re la t ive c o n t r i b u t i o n s these t w o 
react ions m a k e t o a g iven sys tem m a y be separated since t h e i r rates differ w i d e l y ; 
the concentrat ions of the complexes m a y be ad jus ted i n the r e a c t i o n m i x t u r e s . 
H o w e v e r , th i s has no t been done c o m p l e t e l y for a n y such sys tem. B e n d e r a n d 
T u r n q u e s t (1) c a r r i e d o u t a s t u d y i n a buffer s y s t e m composed of g lyc ine a n d i t s 
hydroch lo r ide . T h e y pos tu la ted t h a t the reac t i on proceeds t h r o u g h a m i x e d c o m -

ZMZB^ 

tdABkT 
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1 6 2 MECHANISMS O F I N O R G A N I C REACTIONS 

plex c o n t a i n i n g b o t h ester a n d g lyc ine . U n d e r c omparab le c i r cumstances the 
m i x e d complex i n v o l v i n g g lyc ine was a m u c h more effective c a t a l y s t t h a n t h a t w i t h 
the buffer used b y K r o l l ( t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e ) . B e n d e r a n d T u r n -
quest present evidence s u p p o r t i n g a m e c h a n i s m i n w h i c h the ester first coord inates 
to the copper t h r o u g h i t s a m i n o group . I t then undergoes a t rans ient i n t e r a c t i o n 
w i t h copper v i a i t s c a r b o n y l g roup w h i c h then adds o n w a t e r a n d undergoes a p r o t o n 
shi f t to g ive : g l y c i n e : C u : N H 2 — C H 2 — C ( O H ) 2 ( O C H 3 ) . I t t h e n sp l i t s off w a t e r t o 
give a n exchange reac t i on , o r m e t h a n o l t o g ive g lyc ine i n a h y d r o l y t i c r e a c t i o n . 
T h e p a r t i c i p a t i o n of the buffer sys tem i n th i s reac t i on makes the mechanisms of 
such react ions somewhat dif ferent f r o m the same sys tem w h e n no buffer is present . 

Bromination of Beta Keto Esters. T h e w o r k of K . A . Pedersen o n the 
b r o m i n a t i o n of be ta k e t o esters i n the presence of copper ( I I ) a n d o ther d i v a l e n t 
meta l ions prov ides several examples of react ions proceeding v i a complexes (29). 
T h e complexes prov ide a n a l t e r n a t i v e a n d m u c h more r a p i d route for the b r o m i n a 
t i o n reac t i on . These react ions are accelerated b y bases w h i c h take u p a p r o t o n 
f rom the beta k e t o esters. F o r such substrates , e.g. e t h y l acetoacetate , the general 
expression for the pseudo first order rate constant i n the presence of copper has the 
f o r m : 

k - k0 + k f C u f l l ) ] + kBCB + / b ' [ C u ( I I ) ] C B 

where k i s the pseudo first-order ra te c o n s t a n t a n d b o t h the n o r m a l a n d the base 
c a t a l y z e d react ions are subject t o m e t a l i o n acce lerat ion . W h e n copper ( I I ) i s 
the m e t a l i o n present, w i t h e t h y l acetoacetate present as substrate a n d acetate i o n 
as base, the rate cons tant has the exp l i c i t f o rm : 

k* = 0.4343& = 0.01855 + 2.69[Cu(II)] + 8.2l [Ac"] + 1143 [Cu(II)] [Ac-] . 

T h e rate d e t e r m i n i n g step i n t h i s reac t ion is the transfer of a p r o t o n f r o m the free 
o r c oord inated e t h y l acetoacetate t o a base w h i c h m a y be w a t e r (kQ a n d k0' t e rms) 
or a n o t h e r base (ks a n d kn t e rms) . C o o r d i n a t i o n makes th i s process easier t o 
effect t h r o u g h the general a c i d s t rengthen ing character of the process for l i gands . 
T h e m e c h a n i s m of th i s reac t i on is a p p a r e n t l y the same for b o t h the complex a n d 
the free l i g a n d . Pedersen a lso c a r r i e d out s tudies o n the b r o m i n a t i o n of 2 -carb-
e thoxycyc lopentanone i n the presence of several dif ferent m e t a l ions . I n th i s case 
c o o r d i n a t i o n also has a d i s t i n c t acce lerat ing effect. T h e ra te c ons tant a t 18°C. 
as before, can be expressed as 

k* - 0.0350 + Σ&ι*€ι 

where Cj is the c oncent ra t i on of the m e t a l i o n / , a n d ki* i s the rate cons tant for the 
reac t ion due t o th i s added i o n . F o r the i ons e x a m i n e d kr* va lues were : C u ( I I ) , 
3.17; N i ( I I ) , 2.15; Z n ( I I ) , 0.55; P b ( I I ) , 0.28; a n d M n ( I I ) , 0.17. H e r e the o rder 
seems t o be the same as t h a t of the s t a b i l i t y constants , so a B r ^ n s t e d t y p e r e l a t i o n 
m a y h o l d . 

Hydrolyses of Schiff Bases. T h e b e h a v i o r of Schif f bases a n d t h e i r complexes 
has been suff ic iently s tud ied so t h a t the s imi la r i t i e s of the k i n e t i c pa ths of t h e i r 
hydro lyses can be c l ear ly de l ineated . T h e reac t i on is in te rpre ted i n t e rms of a 
change i n the rate d e t e r m i n i n g step as the p H is changed. I n n e u t r a l so lut ions the 
rate d e t e r m i n i n g step is considered (7) the h y d r a t i o n s tep : 
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7 . JONES Kinetic Patterns 1 6 3 

O H 

\ \ / 
C = N R + H 2 0 f i C 

/ / \ 
H + or O H - N H R 

U n d e r a c i d i c c ond i t i ons the rate d e t e r m i n i n g step is the subsequent s p l i t t i n g : 

O H 

\ / \ 
C <=± C==0 + R N H 2 

/ \ / 
N H R 

T h e t r a n s i t i o n state for the h y d r o l y s i s is g iven b y Cordes a n d J e n c k s (7) as : 

H 

T h e c o o r d i n a t i o n of the n i t rogen a t o m shou ld assist the e lectronic shi f ts pos tu la ted 
here. 

E i c h h o r n a n d his co -workers have t h o r o u g h l y s t u d i e d the k i n e t i c s of the f o r m a 
t i o n a n d h y d r o l y s i s of p o l y d e n t a t e Schif f bases i n the presence of v a r i o u s cat ions 
(9, 10, 25). T h e react ions are c ompl i ca ted b y a fac tor not f ound i n the absence of 
m e t a l ions , i.e., the f o r m a t i o n of m e t a l chelate complexes s tabi l i zes the Schi f f bases 
t h e r m o d y n a m i c a l l y b u t th i s fac tor is d e t e r m i n e d b y , a n d var ies w i t h , the c e n t r a l 
m e t a l i o n i n v o l v e d . I n the case of b i s (2 - th iopheny l ) - e thy lened iamine , b o t h copper 
( I I ) a n d n i c k e l (I I) ca ta lyze the h y d r o l y t i c decompos i t i on v i a complex f o r m a t i o n . 
T h e n i c k e l (I I) is the more effective c a t a l y s t f r o m the v i e w p o i n t of the a c t u a l ra te 
constants . H o w e v e r , i t requires a n a c t i v a t i o n energy of 12.5 k c a l . , w h i l e the cor 
respond ing reac t i on i n the copper ( I I ) case requires o n l y 11.3 k c a l . T h e va lues for 
the entropies of a c t i v a t i o n were f o u n d t o be —30.0 e.u. for the n i c k e l ( I I ) s y s t e m a n d 
— 34.7 e .u. for the copper ( I I ) s y s t e m . S tud ies of the rate of f o r m a t i o n of the Schif f 
bases a n d the i r m e t a l complexes (25) showed t h a t p r i o r c o o r d i n a t i o n of one of the 
reactants s lowed d o w n the ra te of f o r m a t i o n of the Schi f f base w h e n the o ther reac -
t a n t was a d d e d . A l t h o u g h copper (more t h a n n icke l ) favored the p r o d u c t i o n of the 
Schif f bases f r o m the v i e w p o i n t of the t h e r m o d y n a m i c s of the o v e r a l l r eac t i on , the 
f o r m a t i o n react ions were s lower w i t h copper t h a n w i t h n i c k e l . T h e ra te of h y d r o l y 
sis of Schi f f bases w i t h o r^o -aminopheno l s i s so fast t h a t the correspond ing m e t a l 
complexes cannot be i so la ted f r o m so lut ions c o n t a i n i n g w a t e r (4). 

T h e Schif f base formed between 2 -pyr id inea ldehyde a n d e t h y l e n e d i a m i n e forms 
copper complexes i n b o i l i n g m e t h a n o l o r e t h a n o l , i n w h i c h one molecule of a l c oho l 
has a d d e d across one of the C = N double bonds (13). T h i s r eac t i on is analogous 
t o the one p o s t u l a t e d b y C o r d e s a n d J e n c k s as the rate d e t e r m i n i n g step i n n e u t r a l 
so lu t i ons for the h y d r o l y s i s of the free Schif f bases. I n th i s case the a l k o x y g r o u p 
goes o n the c a r b o n a n d the h y d r o g e n goes o n the n i t rogen . D o n o r groups i n the 
chelate r e m a i n c o o r d i n a t e d t o the copper a n d t h i s appears t o s tab i l i ze t h i s i n t e r -
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1 6 4 MECHANISMS O F I N O R G A N I C REACTIONS 

mediate w h i c h m i g h t otherwise react fur ther . A h indrance t o fur ther r eac t i on t o 
g ive the a m i n e a n d the a ldehyde b y so lvo lys is is the d i f f i cu l ty of t rans fe r r ing the 
a l k y l group f rom the oxygen to the n i t rogen . T h e analogous complex formed f r o m 
1,3-propanediamine a n d 2 -pyr id inea ldehyde does not t end t o a d d a l coho l , p r e s u m 
a b l y because the complex w h i c h forms is less s t r a i n e d . T h e s e complexes are of 
the t y p e [Cu(Schi f f b a s e ) X | X , where X is a u n i v a l e n t a n i o n . 

T h e k i n e t i c parameters above are v e r y s i m i l a r t o those for the h y d r o l y s i s of a s i m 
ple Schi f f base, benza lani l ine , h a v i n g a n a c t i v a t i o n energy of 13.2 k c a l . a n d a n e n 
t r o p y of a c t i v a t i o n of a b o u t —37 e.u. (40). I t appears t h a t the rate d e t e r m i n i n g 
step for hydro lyses of the complexes is the second step, the s p l i t t i n g off of the 
a l d e h y d e . U n d e r su i tab le cond i t i ons , the in termed ia tes i n such hydro lyses for b is 
complexes (of Schif f bases der ived f rom ethy lened iamine ) have been i so la ted . O n l y 
one of the l i gands i s h y d r o l y z e d , a n d the n i t rogen w h i c h h a d been present i n the 
Schif f base is s t i l l c oord inated to the c e n t r a l m e t a l (17). 

M a s k i n g . I t is in teres t ing t o de termine w h e t h e r c o o r d i n a t i o n m a s k s a l i g a n d 
comple te ly t o w a r d reac t ion w i t h a g iven reagent, or o n l y s lows d o w n the reac t i on 
rate b y a large factor . W h e n sufficient d a t a are ava i l ab l e o n the complexes present 
i n s o l u t i o n , i t is possible t o determine whether a l i m i t i n g reac t i on rate is due to the 
complex o r t o the s m a l l a m o u n t of l i gand w h i c h is d issoc iated f r o m i t . T h e ques
t i o n w h i c h m u s t be answered is whether or not the l i m i t i n g rate is equa l t o the rate of 
release of l i g a n d f rom the complex . T h e per iodate o x i d a t i o n of g lycero l a n d g l y 
cero l - te l lur i c a c i d complexes prov ides a n example . H e r e the rate drops as the m o l a r 
r a t i o of t e l l u r i c a c i d t o g lycero l is increased. T h e rates of f o r m a t i o n a n d d i s soc ia 
t i o n of the g lycero l - t e l lur i c a c i d complex have been d e t e r m i n e d p r e v i o u s l y (11). 
T h e rates of the per iodate o x i d a t i o n of g lycero l a n d g lycero l i n the presence of 
t e l l u r i c a c i d were d e t e r m i n e d a t p H 8 a n d are as fo l lows (19) : 

IHtTeOe] k2 (M~l seer1) 
0 22.0 X 10~* 
0.00625 5.15 Χ 10" 2 

0.01250 3.14 X 10~ 2 

0.0250 1.39 X 10~ 2 

0.0375 9.40 Χ ΙΟ" 3 

I f complexed a n d free g l y c o l b o t h react w i t h per iodate , the r a t e express ion a t 
cons tant p H w i l l have the f o rm : 

R a t e = fe0[HBIOe][glycerol] + fe'[H6IOe][complex] 

If o n l y the free g lycero l is a t t a c k e d , the second t e r m vanishes . T h e e q u i l i b r i u m 
cons tant govern ing the c o m p l e x a t i o n is 

Κ — [complex]/[glycerol][HBTeOe"~] 

If the react ion of the complex can be ignored , the rate e q u a t i o n can then be w r i t t e n 
a s : 

[complex] / „ 

where is the measured a p p a r e n t rate c o n s t a n t ; then is a compos i te of the 
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7 . JONES Kinetic Patterns 1 6 5 

t e rms preceeding the concentra t i on t e r m for per iodate . S ince HeTeOe is a weak 
a c i d , i t s i o n i z a t i o n constant can be w r i t t e n as 

Ki = ( H 5 T e 0 6 - ) ( H + ) / ( H e T e O e ) 

r earrang ing terms gives 

£ 2 °[complex][H+] 
ko" — 

W h e n the reac t ion is carr ied o u t a t constant p H a n d w h e n the r a t i o of t e l l u r i c a c i d 
t o g lycero l is large, then 

d l og kS/d l o g [ H 6 T e O e ] 1 

D a t a w h i c h a l l o w th i s e q u a t i o n t o be tested m u s t be o n so lut ions w h i c h have a h i g h 
r a t i o of t e l l u r i c a c i d t o g lycero l . I n the tab le be low th i s is sat is f ied as the concen
t r a t i o n of g lycero l i n a l l the so lut ions is 4.13 X \QTZM. T h e p H of the r e a c t i o n 
m e d i u m is 8.0. 

Alog k2" 

[HeTeO*] k%" logk%" log[HtTeO*] Alog\H*TeO<] 
.0125 .0314 - 1 . 5 3 5 1 - 1 . 9 0 3 1 
.0250 .0139 - 1 . 8 5 7 0 - 1 . 5 9 3 5 —1.04 
.0375 .0094 - 2 . 0 2 6 9 - 1 . 4 2 6 0 - 1 . 0 2 

T h e s e d a t a i n d i c a t e t h a t the complexed t e l l u r i c a c i d is undergo ing n o a p p a r e n t 
reac t i on . I f a n y such reac t i on occurs, i t s ra te c ons tant is v e r y , v e r y s m a l l . 

S u c h effective m a s k i n g m a y be t raced t o t w o fac tors ; (a) the inertness of the 
t e l l u r i c a c i d complexes a n d (b) the near i d e n t i t y of the d e m a n d s of o x i d a n t a n d 
te l lura te o n the c o o r d i n a t i n g propert ies of the l i g a n d . T h e decrease i n r eac t i on 
rate here is consistent w i t h a v e r y s low release of l i g a n d f r o m the t e l lura te c o m p l e x 
as establ i shed b y E d w a r d s a n d his co -workers (1J). 

Stereospec i f i c L i g a n d R e a c t i o n s . O n e w o u l d expect the r e a c t i o n of a coor 
d i n a t e d a s y m m e t r i c species w i t h a n o t h e r a s y m m e t r i c species t o be stereospecific. 
W h i l e l i g a n d rep lacement react ions of th i s sor t are w e l l es tabl ished , o ther k i n d s of 
react ions have been inves t iga ted o n l y r a r e l y , so l i t t l e d a t a are a v a i l a b l e . R i c h t -
meyer a n d H u d s o n (31) f ound t h a t the reduc ing power of D -a l trose was o n l y a b o u t 
5 6 % of t h a t of L -a l t rose t owards the a l k a l i n e copper t a r t r a t e reagent of Schaffer 
a n d H a r t m a n n (33). T h e " r e l a t i v e r e d u c i n g p o w e r " was f o u n d b y d e t e r m i n i n g 
the a m o u n t of the a l k a l i n e copper t a r t r a t e consumed i n 15 m i n u t e s w h i l e the samples 
were h e l d a t 20°C. T h e re la t ive r e d u c i n g powers are espec ia l ly in teres t ing . 

R e l a t i v e Reducing P o w e r 

Sugar D-tartrate reagent L4artrate reagent 
D-Glucose 100 100 
D -Altrose 53.2 87.5 
L -Al trose 86.0 53.4 
D -Arabinose 73.1 84.8 
L -Arabinose 83.1 72.9 
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1 6 6 MECHANISMS O F I N O R G A N I C REACTIONS 

These va lues ind i ca te t h a t the rate of reac t i on of D -a l trose w i t h D - t a r t r a t e is 
the same as t h a t of L -a l t rose w i t h L - t a r t r a t e a n d t h a t o ther rates p a i r u p s i m i l a r l y . 
S i m i l a r d a t a were ob ta ined for some other pairs of enant iomers . U n f o r t u n a t e l y no 
k i n e t i c d a t a are a v a i l a b l e o n these systems. 

Conclusion 

A large n u m b e r of l i g a n d react ions exist where b o t h the k i n e t i c pa t te rns a n d 
the general mechanis t i c features are modi f i ed , r a t h e r t h a n des t royed , b y c o o r d i n a 
t i o n . These react ions can f u r n i s h m u c h i n f o r m a t i o n on the w a y c o o r d i n a t i o n per se 
w i l l affect the k i n e t i c a n d t h e r m o d y n a m i c aspects of a r eac t i on . G e n e r a l l y , these 
w i l l be react ions where specific redox propert ies of the centra l i o n are not i n v o l v e d . 
I n m a n y of these cases c o o r d i n a t i o n can prov ide a r a t i o n a l basis for the mod i f i ca t i on 
of s y n t h e t i c procedures . 
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Discussion 

M a r k M . J o n e s : T h e r e is one change t h a t I c ou ld m a k e i n the paper . A b o u t 
ten years ago D a r y l e B u s c h a n d J o h n B a i l a r (/) r epor ted a n in termed ia te t y p e 
descr ibed under hydro lyses of Schif f bases, a n d I w a n t t o apologize for o m i t t i n g i t 
i n the l i t e r a t u r e . 

T h i s ent ire area of s t u d y is h i g h l y c ont rovers ia l , a n d the v i ews t h a t I have pr e 
sented i n th i s paper are c e r t a i n l y not t o be t a k e n as a consensus. T h e y are qu i te 
s t rong ly p a r t i s a n . O t h e r v i e w p o i n t s are qu i te v a r i e d , a n d I have been p r i v i l e g e d 
to present m i n e . O t h e r invest igators have not been so p r i v i l e g e d , a n d I t h i n k one 
purpose of the d iscuss ion is t o a l l o w these people t o present t h e i r v i ews . 

G u n t h e r E i c h h o r n : I shou ld l i k e t o discuss a n example of m e t a l ca ta lys i s t h a t 
does not fit the p i c ture presented i n D r . Jones ' paper . I t is a process m e d i a t e d b y 
e i ther m e t a l ions or protons , w i t h the l a t t e r f u n c t i o n i n g more ef f ic iently . W e have 
become interested i n react ions of m e t a l ions w i t h po lynuc leo t ides , i n the hope of 
us ing these c oord inat i on react ions t o determine the sequence of bases a l ong a p o l y 
nuc leot ide c h a i n . 

T h e four bases whose sequence determines the h e r e d i t a r y i n f o r m a t i o n i n r i b o 
nucle ic a c i d ( R N A ) , the n a t u r a l l y o c c u r r i n g po lynuc leo t ide , are adenine , cy tos ine , 
guanine , a n d u r a c i l . T h e s e s t ructures are as s h o w n i n F i g u r e A . 

I n R N A these bases are a t t a c h e d to the ribose phosphate c h a i n as shown i n 
F i g u r e B . S y n t h e t i c po lynuc leot ides can be produced t h a t are l ike R N A i n e v e r y 
respect except t h a t t h e y c o n t a i n o n l y one of the four bases; t h e y are ca l led P o l y A , 
P o l y C , a n d P o l y U . P o l y G u n f o r t u n a t e l y cannot be prepared i n h igh m o l e c u l a r 
we ight form ; hence P o l y I ( in w h i c h the guanine a m i n o groups have been removed) 
is prepared ins tead . 

W e have been l o o k i n g at react ions w h i c h degrade these molecules b y s p l i t t i n g 
phosphate bonds. T h i s p rob l em is i m p o r t a n t for sequent ia l ana lys i s since agents 
are requ ired t h a t sp l i t phosphate bonds a t tached to one nucleot ide base pre ferent ia l ly 
t o phosphate bonds a t t a c h e d to o ther bases. I t appears t h a t the cleavage b y z inc 
(II ) is indeed such a specific r e a c t i o n . 
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1 6 8 MECHANISMS O F I N O R G A N I C REACTIONS 

H 

Cytosi 

H 

O H 

Uraci l 

Figure A. Structures for adenine, guanine, cytosine and uracil 

M e t a l ions c a n a t t a c h themselves a t t w o different types of s ites on a p o l y n u c l e o 
t i d e — i . e . , the phosphate a n d the donor groups o n the bases. Some of the m e t a l ions 
d o indeed b i n d a t one s i te , a n d some m e t a l ions a t the other . T h o s e b i n d i n g t o the 
phosphate w i l l p romote the cleavage of the phosphate b o n d , whereas m e t a l ions 
b i n d i n g on the base w i l l i n h i b i t such cleavage i n a m a n n e r t h a t i l lus t rates one of D r . 
Jones ' p o i n t s v e r y w e l l . 

T h e a t t a c h m e n t of z inc t o the phosphate groups a n d the subsequent cleavage 
of the phosphate bonds demonstrate the case oppos i te t o D r . Jones ' , i n t h a t m e t a l 
ions are m u c h more effective t h a n protons i n th i s cleavage reac t i on . E v i d e n t l y th i s 
is caused b y s t a b i l i z a t i o n of the in termed ia te b y che la t i on of the m e t a l t o the h y -
d r o x y l group as w e l l as t o the phosphate . I n fact , deoxyr ibonuc le i c a c i d ( D N A ) , 
w h i c h is l i k e R N A except t h a t i t l a cks the 2 ' - h y d r o x y l group, cannot be c leaved b y 
m e t a l i ons . 

R N A a n d the s y n t h e t i c po lynuc leot ides can be c leaved i n the absence of 
d i v a l e n t m e t a l ions b y bas ic h y d r o l y s i s as shown i n F i g u r e C , i n w h i c h the f o r m a 
t i o n of s m a l l o l igonucleot ides f r om h i g h l y p o l y m e r i c nucleot ide chains is fo l lowed. 
I n the absence of d i v a l e n t m e t a l , the reac t ion rates are a p p r o x i m a t e l y the same for 
R N A , P o l y I , a n d P o l y A . 

O n the o ther h a n d , i n the presence of z inc ions (F igure D ) the R N A , P o l y A , 
a n d P o l y U a l l have a m u c h h igher reac t i on rate t h a n P o l y I . A p p a r e n t l y the reac -
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7 . JONES Discussion 1 6 9 

s' 0 

cytosine 

HO 0 
0P0 

Figure B. Attachment of the four bases to the ribose phosphate chain 

t i o n w i t h z inc does i n v o l v e some spec i f i c i ty i n i t s d i s c r i m i n a t i o n between the phos 
phate bonds a t t a c h e d t o dif ferent bases i n a po lynuc leo t ide c h a i n . 

J u s t as z inc reacts w i t h the phosphates , s i lver ( I ) reacts w i t h the bases. F i g u r e 
Ε shows some t i t r a t i o n curves for 1:1 m i x t u r e s of s i l ve r i o n a n d po lynuc leo t ides . 
B e l o w a l k a l i n e p H , s i l ver ions d o no t compete w i t h a n y protons o n P o l y A a n d P o l y 
C ( A a n d B ) ; o n the o ther h a n d , P o l y I a n d P o l y U ( C a n d D ) compete r a t h e r effec
t i v e l y . T h i s conc lus ion is borne out i n a c o m p a r i s o n of the u l t r a v i o l e t spec t ra of 
the s i l ver complexes of P o l y I a n d P o l y A w i t h the spec t ra of the uncomplexed p o l y 
nucleot ides (F igures F a n d G ) . 

F i g u r e H shows exper iments i n w h i c h meta ls b i n d to phosphates a n d bases 
s i m u l t a n e o u s l y — i . e . , degradat i on (at p H 7) of the po lynuc leot ides b y z i n c i n the 
presence of s i lver i o n . S i l v e r i n h i b i t s the degradat i on of P o l y A a n d P o l y C , w h i c h 
do not r e a d i l y react s t r o n g l y w i t h s i lver . 

W e have thus i l l u s t r a t e d t w o w a y s i n w h i c h m e t a l ions can produce specif ic 
react ions o n a po lynuc leo t ide c h a i n . A t t a c h m e n t t o the phosphate can resul t i n 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
07



1 7 0 MECHANISMS O F I N O R G A N I C REACTIONS 

1.2 I ! , j , ! j , j ^ ( 

0 2 4 6 8 10 12 14 16 18 20 22 

HOURS HEAT ING AT 40° 

Figure C. Cleaving of RNA and the synthetic polynucleotides in the absence of divalent 
metal ions by basic hydrolysis 

0 5 10 15 20 25 30 40 

HOURS HEATING AT 64°C 

Figure D. Cleaving of RNA and synthetic polynucleotides in the presence of 
zinc ions. 
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7 . JONES Discussion 1 7 1 

the pre ferent ia l c leavage of some phosphate bonds, a n d a t t a c h m e n t s t o the bases 
can resul t i n i n h i b i t i n g such cleavages i n a specific fashion . 

J a m e s C o l l m a n : W e have been w o r k i n g w i t h react ions of coord inate l igands . 
A l t h o u g h most of o u r w o r k has been of a q u a l i t a t i v e nature , we have observed cer 
t a i n react ions w h i c h i l lus t ra te changes i n the r e a c t i v i t y of a l i gan d brought a b o u t b y 
a l t e r i n g the m e t a l complex . I t h o u g h t i t m i g h t be a p p r o p r i a t e t o c o m m e n t o n a 
few of these because t h e y are dif ferent f r om the general theme t h a t D r . Jones has 
expressed. 

I n the first example , we s t u d i e d the c o m p e t i t i v e b r o m i n a t i o n of t w o d i s u b s t i -
t u t e d tr isacety lacetonates of c h r o m i u m . T h e d i ch l o ro c o m p o u n d ( X = C1) reacts 
w i t h iV -bromosucc in imide m u c h more r a p i d l y t h a n the d i n i t r o c o m p o u n d ( X =NC>2). 

T h e react ion is t h o u g h t t o i n v o l v e e lec trophi l i c s u b s t i t u t i o n . T h i s s u b s t a n t i a l i n 
fluence of subst i tuents o n the reac t i on rate is u n d o u b t e d l y a n e lectronic ra ther t h a n 
a s ter i c effect. 

C Γ C " 

C — O o—c 
H — C O C r Π C — Χ 

\ / \ / 

C—ο I o—c 
1 \ 
c L e . 

\ 
o—c c—o 

/ \ / _ \ 
• B r — C O C r O C — X 

\ * / \ / 
C—o o—c 

1 x 

c L e . T h e effect of the overa l l charge of the complex on l i gand r e a c t i v i t y is i l l u s t r a t e d 
b y b i s ( e thy lened iamine ) -ace ty lace tonatocoba l t ( I I I ) . T h e acety lacetonate r i n g i n 
th i s charged complex fails t o react w i t h iV -bromosucc in imide—even under forc ing 
cond i t i ons . B y contrast , n e u t r a l chelates such as t r i s (acetylacetonate)cobalt r e 
act r a p i d l y w i t h N B S . T h i s enormous difference i n l i gand r e a c t i v i t y m u s t be a s 
c r ibed t o the charge o n the complex . T h e ca t i on i c complex does undergo s low d e u -
t e r a t i o n i n s t rong ly ac id i f ied D2O. T h i s reac t ion can be fo l lowed b y nuc lear m a g 
net i c resonance. 

\ 
C — Ο 

/ \ 
H — C C o ( e n ) 2 

\ / 
C — Ο 

/ 
. c 

F i n a l l y , I w o u l d l i k e t o c o m m e n t br ie f ly on the effect of the m e t a l o n l i g a n d 
r e a c t i v i t y . I n a n u m b e r of instances chelate r ings i n the tr isacety lacetonates of 
r h o d i u m ( I I I ) , c oba l t (111), a n d c h r o m i u m (111) undergo e lec t rophi l i c subs t i tu t i ons 
a t dif ferent rates . T h e re lat ive r e a c t i v i t y of these complexes is c h r o m i u m > 
coba l t ^> r h o d i u m . T h u s far o u r d a t a are o n l y q u a l i t a t i v e . 
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1 7 2 MECHANISMS O F I N O R G A N I C REACTIONS 

10 

PH 

• Ag -poly A • Ag -poly C 

ο Ag--poly I 

• Ag--poly u 

0 2 4 6 8 10 
MOLES OH"/ MOLE Ag + 

Figure E. Titration curves for 1:1 mixtures of silver ion and 
polynucleotides 

R a y m o n d D e s s y : W e have been l ed to observat ions w h i c h I w o u l d l ike t o 
ske t ch br ie f ly . 

T h e s e i n v o l v e , n o t the t r a n s i t i o n meta ls w h i c h have been stressed here b u t 
r a t h e r n o n t r a n s i t i o n meta ls , w h i c h c o u l d be descr ibed as du, do, a n d no-d cases. 

T h e first observat ion was t h a t substances c o n t a i n i n g m e r c u r y bonded t o the 
u n u s u a l c a r b o m e t h o x y l group, 

Ο 

P h H g — C 

\ 
H+ 
-> P h H g + + C O + C H 3 O H 

O C H 3 
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7 . JONES Discussion 1 7 3 

i n d imethy l su l f ox ide so lvent (a p o o r c oord inator for anions) undergo c leavage b y 
acet ic a c i d to l iberate m e t h y l a l c oho l , carbon monox ide , a n d a p h e n y l m e r c u r y a n i o n 
c o m p o u n d . I n the absence of ha l ide i o n , the react ion goes a t a n unobservable ra te . 
A s a m a t t e r of fact we generate th is p a r t i c u l a r c o m p o u n d i n the presence of acet ic 
a c i d . O n l y w h e n hal ide i o n is present does th i s react ion proceed. W i t h the rate 
constants we have observed, the r a t i o k*~/k° is greater t h a n 10 4 . T h e sequence of 
c a t a l y t i c a c t i v i t y observed i s : i od ide i o n > bromide i o n > ch lor ide i o n . S t r a n g e l y 
enough th i s same sort of effect can be seen i n a do case, the decompos i t i on of t r i -
b u t y l t i n h y d r i d e , aga in i n d imethy l su l f ox id e s o l v e n t ; acet ic a c i d prov ides a p r o t o n 
source w h i c h w i l l d ischarge against the i n c i p i e n t h y d r i d e i o n to give hydrogen gas. 
W T hen hal ide i o n is added the reac t ion is t r u l y c a t a l y t i c i n hal ide i o n . F r o m the 
rate d a t a a n d k ine t i c s i t is possible now to o b t a i n a n exact expression for the r a t i o , 
kQl~/k°. T h i s is the rate a t w h i c h th is reac t ion proceeds i n the presence of s t o i ch io 
m e t r i c a m o u n t s of chlor ide i o n to the rate of the reac t ion w h e n chlor ide i o n is absent . 
A g a i n , i t is a b o u t 10 4 . 

T h e hal ide sequence is c o m p l e t e l y reversed : ch lor ide i o n > bromide i o n > 
iod ide i o n . T h i s has caused us some p r o b l e m , b u t as y e t we have no e x p l a n a t i o n 
for i t . I n b o t h cases there is enough evidence f rom other k i n e t i c invest igat ions a n d 
d e u t e r i u m l a b e l l i n g t o real ize t h a t the m e t a l w i t h the a t t a c h e d organic group R 

ι » 1 1 * 1 

POLYI 
ρ H 4.0 

22Ô 24Ô 260 280 30Ô 320 
WAVELENGTH IN m μ 

Figure F. Ultraviolet spectra of silver complexes of Poly I and Poly A compared with 
the spectra of the uncomplexed polynucleotides 
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1 7 4 MECHANISMS O F I N O R G A N I C REACTIONS 

becomes coord inated w i t h hal ide i o n , a n d t h a t th i s c o o r d i n a t i o n step affects the 
r e a c t i v i t y of R . 

T h i s w o u l d ind i ca te t h a t a t least i n these t w o cases, dio a n d do, the r e a c t i v i t y of 
a l i g a n d , a n a l k y l group, or a hydrogen a t t a c h e d t o a m e t a l can be affected b y p l a c 
i n g ano ther l i gand on the m e t a l . 

W e have a lso l o oked a t a no-d case where we have c leaved R3B c o m p o u n d s , 
t r i e t h y l b o r o n , w i t h c a r b o x y l i c ac ids i n a n ethereal e n v i r o n m e n t . Once aga in we 
have the p o s s i b i l i t y of c o o r d i n a t i n g a substance l i k e a c a r b o x y l i c a c i d w i t h o u r b o r o n 
c o m p o u n d i n a s ix -membered r i n g , 

R 3 B R C O O H 
ether 

R 
\ / \ 

Β Η 
A I ο ο 

W c 
W h e n the boron c o m p o u n d coord inates w i t h the c a r b o x y l i c a c i d i n t h i s w a y , 

t w o th ings resul t . F i r s t i t lab i l i zes the p o t e n t i a l c a r b a n i o n . One can prove th i s 
b y in f rared observat ions where , i n go ing f rom B H 3 t o BH4, such c o o r d i n a t i o n 
weakens the B H l inkage . A t the same t ime , th i s should increase the a c i d i t y of the 

0.6 

0.4 

Q2 

00 

ADENOSINE 
pH 4.0 
pH 6.0 
pH 9.0 

Ag ADENOSINE 
pH4.0 
pH6.0 
ρ H 9.0 

220 260 280 
WAVELENGTH IN mp 

300 320 

Figure G. Ultraviolet spectra of silver complexes of Poly I and Poly A 
compared with the spectra of the uncomplexed polynucleotides 
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7. JONES Discussion 1 7 5 

0 5 10 15 20 25 30 

HOURS AT 64 e C 

Figure H. Degradation of the polynucleotides by zinc in the presence of 
silver ion 

p r o t o n a n d lead , as we can observe v e r y n i ce ly , t o the p r o d u c t i o n of R H a n d 
R 2 B O 2 C R . In teres t ing ly the k i n e t i c observat ions t h a t resul t f r om v a r y i n g the 
a c i d s t rength are j u s t w h a t m i g h t be expected f r om such a process. A p l o t of the 
log of the second-order rate constant for th is react ion vs. the p K a ' s of the ac ids used, 
gives a c o r r e l a t i o n — a s a m a t t e r of fact (F igure I) a l inear one (but I t h i n k t h a t is 
more co incidence t h a n a n y t h i n g e l s e ) — a n d the slope is not w h a t y o u m i g h t expect 
f r om e lec t rophi l i c a t t a c k o n the c a r b o n of the R3B c o m p o u n d b y p r o t o n . T h e 
stronger the a c i d , the s lower the r e a c t i o n . T h e o n l y e x p l a n a t i o n I c a n t h i n k of i s 
t h a t the nuc leoph i l i c charac ter of the oxygen is the i m p o r t a n t factor . 

These three systems then ind i ca te t h a t a t t a c h i n g l igands to s imple organo-
m e t a l l i c c ompounds c a n change t h e i r r e a c t i v i t y m a r k e d l y . I t i s no t necessary t o 
l ook a t th i s t y p e of d i rec t c o o r d i n a t i o n ; even changes i n the e n v i r o n m e n t c a n o b 
v i o u s l y m o d i f y o rganometa l l i c r eac t i on rates , a n d a p p a r e n t l y the c oord inat i on 
chemis t i s m u c h more f a m i l i a r w i t h t h i s . B u t t h i s t y p e of knowledge has no t been 
transferred over v e r y w e l l t o o rganometa l l i c c h e m i s t r y . One case we have observed 
is react ions of n i t r i l e s w i t h G r i g n a r d reagents. T h i s leads t o a n a d d i t i o n across the 
— C = N . 

P h 
E t t O \ 

P h C = N + " P h M g B r " — > C = N — M g B r 
/ 

P h 
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1 7 6 MECHANISMS OF I N O R G A N I C REACTIONS 

- EîgB + RCOOH 

- O.IM O.IM 

Diglyme 
31° 

..0. 
$» EtH + e î 2 e : ; Jcr 

Me-CCOOH, 

MeCCH^COOH,, 

E t C H ( # C 0 0 H / , J 
« C H 2 C 0 0 H | i / / " l Ο 

V _ _ T / / EtCOOH 
f MeCOOH 

« 2 CHC00Hj. 

CICH 2 C00H 

CIpCHCOOH 
Τ ι 1 
1.7 2.3 2.9 3 5 4.1 4.7 

pKd 
Figure I. Log of second-order rate constant vs. pKa 

I n ether so lvents th i s reac t ion i s v e r y s low. A s a m a t t e r of fact , i t m a y t a k e 24 to 
30 hours t o a c c o m p l i s h a t reasonable concentrat i on . B u t a d d i n g mater ia l s l ike 
l i t h i u m perchlorate accelerates the react ion b y a factor of a b o u t 100, a n d i t is over 
i n 15 minutes . P r e s u m a b l y , some t y p e of i o n quadrapo le assoc iat ion is o c curr ing , 
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7 . JONES Discussion 1 7 7 

let ' s say , between the G r i g n a r d reagent a n d the l i t h i u m perchlorate . N o w we are 
able t o affect the r e a c t i v i t y of a n organometa l l i c c o m p o u n d not o n l y b y d i rec t coor
d i n a t i o n b u t b y chang ing i t s so lvent e n v i r o n m e n t . 

Leonard K a t z i n : I can ' t c o m m e n t on a l l these examples t h a t D r . D e s s y has 
presented, b u t c e r t a i n l y these can be v i ewed as a n i o n replacement react ions of a 
c o n v e n t i o n a l inorganic t y p e , w i t h invers i on of the order of the anions . I a m not 
sure i f i t is t y p i c a l of the hydr ides or i f i t is t y p i c a l of the q u a d r i v a l e n t metals , be
cause the one example I a m t h i n k i n g of is a t h o r i u m c o m p o u n d , inorganic . T h i s is 
so l id m a t e r i a l prepared b y t r e a t i n g t h o r i u m m e t a l w i t h h y d r o c h l o r i c a c i d , w i t h 
w h i c h i t reacts v i o l e n t l y l e a v i n g large a m o u n t s of so l id T h H ( O H ) 0 . I t is d e c o m 
posed b y a d d i n g a l i t t l e fluoride, w h i c h is the c o n t i n u a t i o n of the series here. T w o 
th ings are d u p l i c a t e d . One is the fact y o u have the h y d r i d e , b u t a lso y o u have a 
t e t rava lent m e t a l . A t th is p o i n t I w o u l d n ' t say w h i c h is the d e t e r m i n i n g factor i n 
how th is series runs , b u t c e r t a i n l y t h a t is the same sort of t h i n g ; a n d here i t w o u l d 
depend on the a c t u a l s t ructure of th is complex . B u t i f the ether is coord inated to 
the magnes ium, i t is possible t h a t even though perchlorate is general ly a poor donor , 
i t m i g h t be better t h a n ether a n d displace the ether a t th i s t i m e . 

Jack H a l p e r n : I w a n t t o ask D r . D e s s y t w o quest ions . S o m e t i m e ago we 
l ooked a t s u b s t a n t i a l l y the same reac t ion (i.e., decompos i t i on of m e t h o x y c a r b o n y l 
mercur i c acetate) i n aqueous s o l u t i o n , a n d we found a lso t h a t th i s decompos i t i on is 
c a t a l y z e d b y hydrogen i o n a n d b y chlor ide i o n . T h e rate i s first-order i n ( H + ) , 
b u t we found t h a t i n a d d i t i o n to a p a t h first-order i n (Cl~~) there were a lso a p p r e 
c iable c o n t r i b u t i o n s f rom higher order paths , c e r t a i n l y second-order a n d poss ib ly 
a lso t h i r d . T h i s impl i es t h a t the process is fur ther a ided b y coord inat i on of more 
t h a n one hal ide t o the m e t a l . I wondered w h e t h e r there were a n y corresponding 
ind i ca t i ons i n these so lvent systems. 

T h e other p o i n t concerns the persistent controversy a b o u t the deta i led m e c h a n 
isms of general react ions of th is t y p e — i . e . , the deoxymercura t i on react ions , not o n l y 
of m e t h o x y c a r b o n y l c ompounds b u t also of the corresponding olefin adduc t s . 
These are c l ear ly concerted processes t h a t are a ided i n some w a y b y coord inat i on of 
X ~ on the m e r c u r y a n d c o o r d i n a t i o n of H + o n the oxygen . T h e r e has been c o n 
t roversy , i n w h i c h W r i g h t a n d others have p a r t i c i p a t e d , as t o whether the deta i l ed 
m e c h a n i s m invo lves a cy c l i c i n t e r m e d i a t e , i n o ther words w h e t h e r undissoc ia ted 
H X par t i c ipa tes i n the reac t i on or whether the assistance a t the m e t a l a n d oxygen 
centers are independent processes. H a v e y o u a n y c o m m e n t s o n th is? 

D r . Dessy: F i r s t , I t h i n k M a u r i c e K r e e v o y feels t h a t the d e o x y m e r c u r a t i o n 
reac t i on 

\ / H + \ / 
C — C - C = C + C H 3 O H + H g A X 

/ I l \ x " / \ 
Ο H g 

C H 3 \ 
A 

(ί) 

can i n v o l v e p r o t o n p a r t i c i p a t i o n , often w i t h some t y p e of hal ide assistance . D r . 
K r e e v o y has s t a t e d — a n d I agree w i t h h i m — t h a t i n the decompos i t i on we l ooked a t 
we m a y have chosen reactant concentrat ions w h i c h w o u l d not revea l , from the 
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1 7 8 MECHANISMS OF I N O R G A N I C REACTIONS 

k i n e t i c d a t a , h igher orders i n hal ide i o n . A s a m a t t e r of fact , i n the d e o x y m e r c u r a -
t i o n reac t ion t h a t he s tud ied , where the a n i o n is iodide i o n , the k inet i c s ind i ca te 
t h a i the reac t ion is first-order i n substrate , a n d m a y be zero- or first-order i n p r o t o n , 
a n d zero- , first-, o r second-order i n iodide i o n . Un less we went back a n d looked 
bet ter a t th i s s y s t e m , w h i c h I have no i n t e n t i o n of do ing , I w o u l d say i t is possible 
t h a t more t h a n one hal ide i o n c o u l d be there . I have a l w a y s felt t h a t the o d d order 
i n ha l ide , 1.6, t h a t y o u h a d — 

D r . H a l p e r n : T h a t was a c t u a l l y a compos i te order . 
D r . D e s s y : Y e s , a n d i t ind i cates w h y y o u h a d such a di f f i cult t ime w i t h the 

k inet i c s . T h e so lvent sys tem t h a t was used h a d hydrogen b o n d i n g poss ib i l i t ies 
w i t h the hal ide i o n . H e n r y K u i v i l a has decomposed t r i b u t y l t i n hydr ide i n a l coho l 
so lvents w i t h c a r b o x y l i c acids , a n d there is no effect of hal ide i o n . A p p a r e n t l y the 
t i n under those condi t ions cannot compete w i t h the so lvent for the hal ide i o n . 
H a l i d e i o n is a l l hydrogen bonded . 

W i t h respect t o the W r i g h t controversy , I w o u l d ra ther not c o m m e n t . 
J o h n B a i l a r : W e have observed a case or t w o i n w h i c h Schif f ' s base is formed 

d i r e c t l y f rom l igands i n s o l u t i o n . I d o n ' t t h i n k i t is a l w a y s necessary to have the 
free a ldehyde a n d the free a m i n e . I f t h e y are inso luble , t h a t is ano ther m a t t e r . 

Y e s t e r d a y I a t t r i b u t e d to P r o f . D w y e r a v e r y nice piece of w o r k on the 
rearrangement of the d i ch lo ro t r i e thy lene te t ramine complex . I have discovered 
since t h a t th i s w o r k was done b y D r . Sargeson, a n d I w a n t t o give h i m cred i t for i t . 

Y o u m i g h t be interested i n some l i gand reac t i on w o r k we are do ing . Someone 
r e m a r k e d yes terday t h a t the d iscuss ion doesn ' t seem to be re levant t o the papers 
presented except t h a t t h e y are on the same general t op i c , I have t a k e n t h a t as 
jus t i f i ca t i on to c o m m e n t on a reac t ion we are s t u d y i n g w h i c h is b io log i ca l a n d thus 
ties i n w i t h G u n t h e r E i c h h o r n ' s paper , t h o u g h the w o r k is v a s t l y dif ferent. 

T h i s goes back t o the t i m e w h e n P a s t e u r d iscovered three methods of r e so lv ing 
organic compounds . One can p i c k the enant i omorphs out w i t h tweezers, or f o r m 
diastereoisomers, or let bac ter ia eat t h e m . People have used the first t w o methods 
t o resolve inorganic complexes, b u t t h e y h a v e n ' t used the t h i r d . I t occurred to 
me some t ime ago t h a t perhaps bac ter ia w o u l d eat some of these complexes a n d 
m a y b e t h e y w o u l d be stereospecific about i t . I have some p r e l i m i n a r y results 
w h i c h m a y interest y o u . 

J o h n G i l d a r d has resolved the complex t r i s ( e thy lened iamine ) coba l t ( I I I ) i n t o 
the D a n d L f o r m , a n d b y f o r m i n g diastereoisomers he has t reated these separate ly 
w i t h pseudonoma b a c t e r i u m . T h e results have been v e r y , in teres t ing indeed . 

These bacter ia w i l l eat the D - f o r m of th is c o m p o u n d , or a t least they consume 
the n i t rogen of the e thy lened iamine . T h e y c a n ' t get a t the carbon , a p p a r e n t l y ; 
we have to a d d some other source of carbon or they w o n ' t grow, a n d of course, the 
b a c t e r i a need enzymes a n d s m a l l a m o u n t s of m i n e r a l m a t t e r . 

W h e n the bac ter ia are exposed to the £-complex, a v e r y in teres t ing p i c ture 
appears . N o t o n l y w i l l t h e y not eat the L - i s omer , bu t i t i n h i b i t s the i r g r o w t h ; so 
o b v i o u s l y th is bac ter ia l m e t h o d cannot be used to resolve the t r i se thy lened iamine 
complex . T h e r e are , of course, thousands of bac ter ia a n d hundreds of complexes 
w h i c h we can s t u d y . 

I be l ieved t h a t w h e n the bac ter ia ate a w a y a n e thy lened iamine molecule t h a t 
n i t rogen and carbon d iox ide w o u l d escape a n d t h a t w o u l d be t h a t . B u t the bac 
t e r i a are m u c h more complex , a n d they conver t the e thy lened iamine i n t o a n a m i n o 
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7 . JONES Discussion 1 7 9 

a c i d or s o m e t h i n g of t h a t sort . T h i s complexes a g a i n , a n d a r a t h e r c o m p l i c a t e d 
p i c ture is b u i l t u p . H o w e v e r , I a m h i g h l y encouraged, because the bac ter ia do 
behave d i f ferent ly t o w a r d these t w o stereoisomers, a n d whether we resolve the c o m 
plex or not , w h i c h was the o r i g i n a l goa l , doesn ' t r ea l l y m a t t e r . 

G i l b e r t H a i g h t : F o r m a n y years , I have been s t u d y i n g m o l y b d a t e - c a t a l y z e d 
reduct ions of such weak c o m p l e x i n g agents as perchlorates a n d n i t rates , us ing the 
B r a y technique of s t u d y i n g rate laws a n d s t o i c h i o m e t r y a n d deduc ing the rest . 

I n order to in te rpre t these studies we h a d to postulate a complex between the 
iner t n i t ra te or perchlorate a n d the m o l y b d a t e . I w o u l d l ike t o show y o u some 
analagous studies we have done i n order to j u s t i f y these complexes a n d some of the 
react ions we have ob ta ined w i t h chromate . 

W e have f ound t h a t H C r O - T i n d i l u t e so lut ions w i l l undergo condensat ion w i t h 
hydrogen phosphate , b isul fate , a n d even h y d r o c h l o r i c a c i d i n w a t e r to form these 
m i x e d a n h y d r i d e s l ike C r S 0 7 ~ 2 . W e have been able to measure e q u i l i b r i u m c o n 
stants , a n d I wondered i f th is w o u l d n ' t prove f r u i t f u l i n s t u d y i n g such react ions as 
the o x i d a t i o n of sulfite w i t h chromate . Sul f i te is ox id ized to a m i x t u r e of d i t h i o n a t e 
a n d sul fate . 

T h e r e has been a great deal of w o r k showing synerg is t i c effects w h e n chromâtes 
are reduced . T h e v e r y ac t ive i n t e r m e d i a t e s — c h r o m i u m ( V ) a n d c h r o m i u m ( I V ) — 
seem t o oxidize reduc ing agents the chromate i tsel f w i l l not . I t h i n k most of y o u are 
f a m i l i a r w i t h the o x i d a t i o n of manganese (I I) t o manganese d iox ide i n the presence 
of r educ ing agents w h e n chromate is used. 

I n sulfite we have , a p p a r e n t l y , a reduc ing agent w h i c h can funct ion b o t h as a n 
oxygen acceptor a n d a n e lectron acceptor a n d can serve as i t s o w n t r a p for these 
ac t ive C r ( I V ) a n d C r ( V ) in termediates . W e have carr ied out the k inet i cs of th i s 
react ion at p H 5 i n a n acetate buffer, where, a c cord ing to the l i t e ra ture , the species 
present i n so lut ion are H C r O ^ for the chromate a n d HSO3" for the bisul f i te . T h e 
k inet i cs fo l low the s to i ch iometry 

C r ( V I ) + 2HSO3- C r ( I I I ) + H S 2 0 6 - 2 + S O r 2 

since the rate l aw is first-order i n chromate a n d second-order i n sulf i te . T h e reac
t i o n is a lso first-order i n hydrogen i o n . T h i s leads to a mechan i sm i n v o l v i n g the 
pre format ion of C r S O e - 2 . W e t h i n k th is is a p r e - e q u i l i b r i u m because some fast 
react ion w o r k done i n G i l G o r d o n ' s l abora to ry a t M a r y l a n d recent ly has shown t h a t 
the react ion is i n i t i a l l y s lower d u r i n g the first few mi l l i seconds t h a n i n the e v e n t u a l 
s teady state . 

W l i e n a second sulfite or SO2, i f y o u l i k e , or H2SO3 a t t a c k s 0 3 C r O S 0 2 ~ 2 , i t 
goes a l l i n one fel l -swoop to c h r o m i c i o n , to w h i c h sulfate is a t tached at the end of 
the react ion , a n d a n S 0 3 ~ r a d i c a l . One c a n ' t prec ip i tate sulfate w i t h b a r i u m 
i m m e d i a t e l y after the reac t i on . C o o r d i n a t i o n of the c h r o m i u m ( I I I ) s tabi l izes the 
r a d i c a l u n t i l i t can react w i t h another as was ment ioned b y D r . H a l p e r n . T h i s 
m e c h a n i s m accounts for b o t h the s t o i c h i o m e t r y a n d k inet i cs . 

A p o i n t t h a t seems to have been c o m i n g out of a l l of our w o r k is t h a t i n i n t e r a c 
t ions , espec ia l ly ox idat i on - reduc t i on react ions i n v o l v i n g oxygenated species, we have 
to consider such condensat ions as th i s . I s h o u l d n ' t be surpr i sed i f t h e y were i n 
v o l v e d i n a lot of the react ions i n v o l v i n g s imple m e t a l ions w h i c h are h y d r a t e d . A 
recent ar t i c l e (2) states t h a t b i chromate also condenses w i t h a n aquo complex of 
cobal t w i t h a m u c h higher f o r m a t i o n constant t h a n t h a t for C r S 0 7 ~ 2 a n d w i t h 
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1 8 0 MECHANISMS OF I N O R G A N I C REACTIONS 

the e l i m i n a t i o n of a p ro ton , w h i c h should m a k e t h a t more di f f i cult t h a n the f o r m a 
t i o n of C r S 0 7 ~ 2 . I t h i n k we are go ing to see more of th is sort of a n h y d r i d e o c c u r i n g 
i n redox react ions . 

I d o n ' t k n o w i f th i s is the influence of the c e n t r a l a t o m su l fur o n the l i g a n d 
chromate , or the c e n t r a l a t o m c h r o m i u m o n the l i g a n d sul fate . 
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8 
Insertion Reactions of Metal Complexes 

RICHARD F. HECK 

Hercules Powder Co., Wilmington, Del., 19899 

The i n s e r t i o n r e a c t i o n is e n c o u n t e r e d w i t h 

surpr is ing f r e q u e n c y in o r g a n o m e t a l l i c c h e m 

i s t r y . M a n y t y p e s of u n s a t u r a t e d molecules 

u n d e r g o t h e r e a c t i o n w i t h m a n y d i f f e r e n t 

m e t a l compounds. For e x a m p l e , compounds 

c o n t a i n i n g m e t a l - h y d r o g e n , m e t a l - c a r b o n , 

m e t a l - o x y g e n , m e t a l - n i t r o g e n , m e t a l - h a l o g e n , 

a n d m e t a l - m e t a l bonds h a v e r e a c t e d with one 

o r m o r e of t h e f o l l o w i n g u n s a t u r a t e d c o m 

pounds: c a r b o n m o n o x i d e , o lef ins , d i e n e s , 

a c e t y l e n e s , c a r b o n y l compounds, a n d c y a 

n i d e s . There are sti l l m a n y gaps i n our k n o w l 

e d g e of t h e i n s e r t i o n r e a c t i o n , but a l r e a d y it 

has b e e n a p p l i e d i n numerous unusual a n d 

useful chemical s y n t h e s e s . 

J h e react ion mechan i sm of the v a r i o u s m e t a l complexes c l ear ly have m u c h i n 
c o m m o n . T h e recent ly recognized inser t i on reac t i on appears t o be a p a r t i 

c u l a r l y good example of a react ion w h i c h is general a m o n g the m e t a l compounds . 
I n the fo l lowing discussion I i n t e n d t o p o i n t ou t the general i ty of the inser t i on 
react ion w i t h examples f rom the l i t e ra ture a n d f rom o u r o w n w o r k . T h e most 
complete series of substant iated inser t i on react ions invo lves the organocobal t 
c a r b o n y l complexes, a n d these react ions w i l l f o rm the nucleus of the d iscuss ion . 

T h e inser t i on react ion is the a d d i t i o n of a cova lent m e t a l c o m p o u n d , M - X , t o a 
n e u t r a l unsa tura ted molecule , : Y , f o r m i n g a new complex where the u n s a t u r a t e d 
molecule has inserted i tsel f between the m e t a l a n d the a t o m w h i c h was i n i t i a l l y 
bonded to the m e t a l . 

M - Z + : Y -> M - Y - Z (1) 

T h e unsatura ted molecule : Y m a y be c a r b o n monox ide , a n olef in, a conjugated 
diene, a n acetylene, a c a r b o n y l c o m p o u n d , v a r i o u s unsaturated carbon-n i t rogen 
compounds , or p r o b a b l y a n y of several o ther unsatura ted mater ia ls . T h e react ive 
p a r t of the cova lent m e t a l c o m p o u n d is usua l ly a meta l -hydrogen , meta l - carbon , 
meta l -oxygen , metal -halogen, meta l -n i t rogen , or m e t a l - m e t a l group . T h i s react ion 
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1 8 2 MECHANISMS OF I N O R G A N I C REACTIONS 

i s a c t u a l l y a spec ia l case of a n a d d i t i o n reac t i on i n w h i c h the molecule t h a t is a d d i n g 
i s a cova lent m e t a l c o m p o u n d . S ince the cova lent m e t a l c o m p o u n d i s c o m p l e t e l y 
a d d e d i n one step , a c is a d d i t i o n is expected . 

T h e inser t i on reac t ion is u s u a l l y more c o m p l i c a t e d t h a n equat i on (1) w o u l d 
ind i ca te . T h e evidence n o w a v a i l a b l e suggests t h a t M - X m u s t be c oo rd inate ly 
unsatura ted i n order t o react w i t h : Y . There fore , before the i n s e r t i o n reac t i on can 
occur , a p r e l i m i n a r y step is often requ i red t o f o r m M - Z f r o m a c o o r d i n a t e l y s a t u 
ra ted species. F u r t h e r m o r e , the i n s e r t i o n reac t i on m a y no t go t o c o m p l e t i o n or 
m a y no t even go a t a l l , unless there i s a n o t h e r l i g a n d molecule present t o f o r m a 
stable , c oord inate ly s a t u r a t e d c o m p o u n d f r o m M - Y - Z as the final p r o d u c t . 

Carbon Monoxide Insertion Reaction 

Metal H y d r i d e s . T h e s imples t react ions i n t h i s group are the v a r i o u s c a t a l y t i c 
r e d u c t i o n react ions of c a r b o n monox ide . M e t h a n e o r h igher hydrocarbons , 
m e t h a n o l or h igher a lcohols , a n d a v a r i e t y of o ther oxygenated organic c o m p o u n d s 
m a y be formed , depend ing u p o n the ca ta lys t a n d reac t i on cond i t i ons (23). T h e r e 
is l i t t l e evidence a b o u t the m e c h a n i s m of these reac t i ons , b u t the i n i t i a l step i n every 
example is p r o b a b l y a carbon monox ide inser t i on i n t o a m e t a l h y d r i d e , fo l lowed b y 
r e d u c t i o n react ions . 

Ο Ο 

Μ Η + C O ^± M C H M H + H C H (2) 

O 

M H + H C H ^± M C H 2 O H — ^ M H + C H 3 O H (3) 

T h e h y d r i d e i n v o l v e d is p r o b a b l y o n the surface of the c a t a l y s t . 
A s i m i l a r m e c h a n i s m m a y e x p l a i n the f o r m a t i o n of f o rmate esters i n the h y d r o -

f o r m y l a t i o n reac t i on (90, 64). 

Ο 

II 
H C o ( C O ) 4 + C O ^ H C C o ( C O ) 4 (4) 

Ο Ο 

II li 
H C C o ( C O ) 4 - f R O H - » H C O R + H C o ( C O ) 4 (S) 

M e t a l - C a r b o n C o m p o u n d s . T h e existence of the i n s e r t i o n reac t i on a n d , i n 
fact , the first c o n v i n c i n g example of i t , was repor ted b y Cof f ie ld a n d co -workers i n 
1957. T h e y showed t h a t a lky lmanganese pentacarbony l s w o u l d absorb c a r b o n 
monox ide , somet imes revers ib ly , t o f o r m acy lmanganese p e n t a c a r b o n y l s (16). 
T h e y fur ther showed i n 1959 (17), b y means of C 1 4 labeled C O , t h a t w i t h m e t h y l -
manganese p e n t a c a r b o n y l , a coord inated carbon monoxide inser ted ra ther t h a n the 
i n c o m i n g c a r b o n monox ide . 

/ - C O 

/ I 
C H 8 — M n ( C O ) 4 + C * 0 - C H 3 C O M n ( C * 0 ) 5 (6) 
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8 . HECK Insertion Reaction* 1 8 3 

These react ion rates have been measured , bu t the d a t a do not d i s t ingu i sh between 
t w o l i k e l y mechanisms (14). A n i m p o r t a n t quest ion , therefore, is u n a n s w e r e d : 
does the coord inated c a r b o n y l group insert before the new C O is added or does the 
i n c o m i n g C O push the coord inated c a r b o n y l i n t o the a c y l pos i t ion? 

T h e mechan ism of the reverse reac t i on , the e l i m i n a t i o n of C O f rom a n a c y l m e t a l 
c a r b o n y l t o f o rm a n a l k y l m e t a l c a r b o n y l , is a lso not c lear. T w o poss ib i l i t ies ex i s t : 
the a c y l m e t a l c a r b o n y l m a y s i m p l y dissoc iate i n t o a c oord inate ly unsaturated 
a c y l m e t a l c omplex a n d C O a n d then rearrange to the a l k y l m e t a l c a r b o n y l : 

-co 
R C O M n ( C O ) 5 ^ ~ R C O M n ( C O ) 4 -> R M n ( C O ) 5 (7) 

or, the a c y l c a r b o n y l m a y become a coord inated c a r b o n y l as another c a r b o n y l group 
departs . 

i f 
R C O M n ( C O ) 4 — R M n ( C O ) 6 (8) 
^^-"^ 

T h e a l k y l c o b a l t t e t r a c a r b o n y l s react c omple te ly analogous ly w i t h carbon 
monox ide , f o r m i n g a c y l c o b a l t t e t racarbony l s (43). 

R C o ( C O ) 4 + C O ^± R C O C o ( C O ) 4 (9) 

T h e reac t i on is revers ib le (33). T h e coba l t d e r i v a t i v e s are cons iderab ly more 
react ive t h a n the corresponding manganese compounds . A c e t y l c o b a l t t e t racar -
b o n y l dissociates a b o u t 2250 t imes more r a p i d l y t h a n the corresponding a c e t y l m a n g -
anese p e n t a c a r b o n y l does (33). 

T h e genera l i ty of the carbon monox ide inser t i on react ion is c lear f rom reports 
t h a t m e t h y l c y c l o p e n t a d i e n y l i r o n d i c a r b o n y l (16), e t h y l c y c l o p e n t a d i e n y l m o l y l b d e -
n u m t r i c a r b o n y l (66), a l k y l r h e n i u m pentacarbony ls (50), a l k y l r h o d i u m d i h a l o 
c a r b o n y l b isphosphines (34), a l l y l n i c k e l d i c a r b o n y l hal ides (35), a n d m o n o - a n d 
d i - a l k y l der iva t ives of the n i c k e l , p a l l a d i u m , a n d p l a t i n u m bisphosphine hal ides (9), 
also undergo the reac t i on . T h e reac t i on of G r i g n a r d reagents (24), and of boron 
a l k y Is (51) w i t h carbon monoxide p r o b a b l y takes place b y the same m e c h a n i s m . 

W h e t h e r coord inat i on of the carbon monox ide is required before inser t i on can 
take place i n a l l these examples is no t c lear . B u t since i t is r equ i red i n the a l k y l -
manganese p e n t a c a r b o n y l react ion , i t is not unreasonable to expect the same t o be 
t rue i n the other cases. 

A s expected, c oord inat ing molecules other t h a n C O can reac t a n d result i n the 
shi f t of a coord inated C O to a n a c y l C O . C y c l o h e x y l a m i n e , for example , reacts 
w i t h a lky lmanganese pentacarbony ls t o produce acy lmanganese t e t r a c a r b o n y l 
cy c l ohexy lamine complexes (59). 

R M n ( C O ) 6 + C 6 H U N H 2 -> R C O M n ( C O ) 4 ( C 6 H u N H 2 ) (10) 

S i m i l a r l y , a l k y l c o b a l t t e t racarbony ls react w i t h t r i p h e n y l p h o s p h i n e (44, 45) o r 
w i t h phosphites (36) t o give h igh y ie lds of a cy l coba l t t r i c a r b o n y l t r i p h e n y l p h o s -
phines or phosphites . 

R C o ( C O ) 4 + P R 3 — R C O C o ( C O ) 3 P R 3 (11) 
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1 8 4 MECHANISMS O F I N O R G A N I C REACTIONS 

M e t a l - O x y g e n C o m p o u n d s . A few examples of the inser t i on of c a r b o n 
monox ide i n t o meta l -oxygen groups have been repor ted . T h e best k n o w n is the 
react ion of mecur i c acetate i n m e t h a n o l s o l u t i o n w i t h carbon monox ide , f o r m i n g 
m e t h o x y c a r b o n y l m e r c u r i c acetate (83) w h i c h p r o b a b l y i n v o l v e s the fo l lowing steps 
(32): 

C H 3 C O O H g O C O C H 3 + C H 3 O H — C H 3 C O O H g O C H 3 + H O C O C H 3 (12) 

C H 3 C O O H g O C H 3 + C O -> C H 3 C O O H g C O O C H 3 (13) 

T h e f o rmat i on of f ormate esters i n the h y d r o f o r m y l a t i o n reac t i on (90, 64) m a y 
be exp la ined b y a C O - a l k o x i d e inser t i on reac t i on as w e l l as b y the C O - h y d r i d e 
i n s e r t i o n mechan i sm ment i oned above . A l d e h y d e s formed i n the h y d r o f o r m y l a t i o n 
reac t i on can be reduced b y coba l t h y d r o c a r b o n y l (27) p r e s u m a b l y b y w a y of a n 
a d d i t i o n of the h y d r i d e t o the c a r b o n y l group (90, 2). I f the i n t e r m e d i a t e i n the 
r e d u c t i o n is a n a l k o x y c o b a l t c a r b o n y l , c a r b o n monox ide i n s e r t i o n fo l lowed b y 
hydrogénation w o u l d give f ormate esters (90, 64). 

R C H O + H C o ( C O ) 4 ^± R C H 2 O C o ( C O ) 4 R C H 2 O H + 
II H C o ( C O ) 4 

l l C O (14) 
R C H 2 O C H O + H C o ( C O ) 4 < Z _ R C H 2 O C O C o ( C O ) 4 

A d d i t i o n a l s u p p o r t for the carbon m o n o x i d e - a l k o x y c o b a l t i n s e r t i o n reac t i on is 
f ound i n the react ion of tert-butyl hypoch lor i t e w i t h s o d i u m coba l t c a r b o n y l . T h i s 
reac t i on , i f c a r r i e d o u t a t — 80°C. i n e ther s o l u t i o n u n d e r n i t rogen or c a r b o n 
monox ide , leads t o a b o u t a 10% y i e l d of terZ-butoxycarbonylcobalt t e t r a c a r b o n y l 
w h i c h has been i so lated as the m o n o t r i p h e n y l p h o s p h i n e d e r i v a t i v e . T h e m a j o r 
p r o d u c t seems t o be coba l t o c tacarbony l , poss ib ly f ormed b y d e c o m p o s i t i o n of a n 
in termediate /er£-butoxycobalt t e t r a c a r b o n y l (34). T h i s reac t i on appears t o be a 
t rue inser t i on react ion a l t h o u g h a d i rec t a t t a c k of a coord inated c a r b o n y l group 
u p o n oxygen cannot be r u l e d out . 

( C H 3 ) 3 C 0 C 1 + N a C o ( C O ) 4 -> ( C H 3 ) 3 C O C o ( C O ) 4 

| C O (15) 
( C H 3 ) 3 C O C O C o ( C O ) 3 P ( C 6 H 5 ) 3 + C O < . . P ( C t H , ) ' ( C H 3 ) 3 C O C O C o ( C O ) 4 

A n o t h e r probab le example of a C O i n s e r t i o n i n t o a meta l -oxygen group is the 
reac t ion of m - 4 - c h l o r o - 2 - b u t e n - l - o l w i t h i r o n c a r b o n y l under u l t r a v i o l e t l i g h t (34). 
B y ana logy w i t h the reac t i on of s i m p l e a l l y l i c hal ides under the same cond i t i ons (34), 
the first in te rmed ia te i n the ch lo robuteno l r eac t i on is p r o b a b l y 1 - h y d r o x y m e t h y l - x -
a l l y l i r o n t r i c a r b o n y l chlor ide (I ) . T h e a l coho l group, p r e s u m a b l y i n the endo pos i 
t i o n (54), t h e n can d isp lace ch lor ide f r o m the i r o n a t o m , g i v i n g the b i c y c l i c e ther I I . 
A n inser t i on reac t i on b y C O between the i r o n a t o m a n d the oxygen group w i l l y i e l d 
the observed p r o d u c t , I I I . 

H C H 2 — O H H C H 2 O H 
\ / \ / 

C C 
u.v. / ' \ 

C + F e ( C O ) 5 • H — C " F e ( C O ) 3 C l - 2 2 -
/ \ " 2 C O X / 

H C H 2 C 1 C H 2 

I 
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8 . HECK Insertion Reactions 1 8 5 

(16) 

H — C F e ( C O ) 3 

H 

\ 
£ - C H 2 

CO H — C 

H 

I I I 

Metal -Nitrogen Compounds The cobalt catalyzed reaction of primary and 
secondary amines with carbon monoxide leads to the formation of formamide de
rivatives. Dimethylamine, for example, gives iV,iV-dimethylformamide in 6 0 % 
yield (90, 91). Very likely cobalt-nitrogen compounds are intermediates which 
undergo a C O insertion and then reduction. The following mechanism has been 
suggested for the reaction (90). 

( C H 3 ) 2 N H + C o 2 ( C O ) 8 - ( C H 3 ) 2 N C o ( C O ) 4 + H C o ( C O ) 4 (17) 

( C H 3 ) 2 N C O C o ( C O ) 4 + H C o ( C O ) 4 -> ( C H 3 ) 2 N C H O + C o 2 ( C O ) 8 (19) 

Other metal carbony Is also catalyze the formylation of a mines (90). 

Olefin Insertion Reactions 

Metal Hydrides. Adding metal hydrides to olefins has been known many 
years. Some of these appear to be insertion reactions, i.e., olefin additions with 
aluminum hydrides (112), certain tin hydrides (98), certain germanium hydrides (77) 
mangesium hydride (76), boron hydride (11), and various transition metal hydrides. 

The addition of cobalt hydrocarbonyl to olefins has been investigated and in
formation on the detailed mechanism of the reaction obtained. The reaction of 
1-pentene with cobalt hydrocarbonyl to produce a mixture of 1- and 2-pentylcobalt 
tetracarbonyls was shown to be inhibited by carbon monoxide (46). The inhibition 
very likely arises because the reactive species is cobalt hydrotricarbonyl rather than 
the tetracarbonyl. The carbon monoxide, by a mass action effect, reduces the 
concentration of the reactive species. 

( C H 3 ) 2 N C o ( C O ) 4 + C O ( C H 3 ) 2 N C O C o ( C O ) 4 (18) 

H C o ( C O ) 4 ^ H C o ( C O ) 8 + C O 

H C o ( C O ) i + C H 8 ( C H ? ) 2 C B = = C H 2 

(20) 

C o ( C O ) 3 

C H 8 ( C H 2 ) 3 C H 2 C o ( C O ) 3 + C H 8 ( C H 2 ) 2 C H C H 3 

|CO C O 
I C o ( C O ) 4 

(21) 

C H 8 ( C H 2 ) 8 C H 2 C o ( C O ) 4 C H 8 ( C H 2 ) 2 C H C H , 
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1 8 6 MECHANISMS OF I N O R G A N I C REACTIONS 

W h e t h e r the coord inate ly unsaturated h y d r i d e is r equ i red so t h a t the olefin can co
ord inate w i t h the cobal t before inser t i on , or the h y d r o t r i c a r b o n y l is jus t more reac
t i ve towards the olef in, is not c lear. T h e former exp lanat i on appears more probable 
i n v i e w of the c a r b o n y l w o r k ment i oned above (46). 

C o b a l t h y d r o c a r b o n y l is a v e r y react ive c o m p o u n d . I t reacts ex t reme ly 
r a p i d l y w i t h t r ipheny lphosph ine , p r o b a b l y b y a first-order d issoc iat ion m e c h a n i s m , 
p r o d u c i n g cobal t h y d r o t r i c a r b o n y l t r i p h e n y l p h o s p h i n e (44). T h i s demonstrates 
the v e r y ready replacement of one l i gand b y another . C o b a l t h y d r o c a r b o n y l a lso 
cata lyzes the i s omer i za t i on of olefins. U n d e r condi t ions of the h y d r o f o r m y l a t i o n 
reac t i on , olefin i s omer i za t i on is observed. B u t there is controversy as t o whether 
or not rearranged a ldehydes (aldehydes w h i c h cannot be p roduced b y s imple a d d i 
t i o n to the s t a r t i n g olefin) are produced m a i n l y b y rearrangement of a n in termediate 
i n the react ion (28, 75, 55) or b y react ion of i somer ized olefins (55). 

a, β-Unsaturated aldehydes a n d ketones are r a p i d l y reduced b y coba l t h y d r o 
c a r b o n y l to the sa turated c a r b o n y l c ompounds a n d cobal t o c t a c a r b o n y l (27). V e r y 
p r o b a b l y a n inser t i on react ion forms a n o> or β-cobalt c a r b o n y l d e r i v a t i v e w h i c h 
reacts v e r y r a p i d l y w i t h more h y d r o c a r b o n y l . 

C H 2 = C H C H O + 2 H C o ( C O ) 4 - » C H 3 C H 2 C H O + C o 2 ( C O ) 8 (22) 

a, 0 - U n s a t u r a t e d c a r b o n y l compounds are also reduced b y po tass ium 
pentacyanocoba l t h y d r i d e (61). A s i m i l a r mechan i sm i n v o l v i n g a m e t a l h y d r i d e 
a d d i t i o n seems l i k e l y . 

2 K 3 H C o ( C N ) 6 + C H 3 C H = C C H O -> 

C H 3 

C H 3 C H 2 C H C H O + K 6 [ C o ( C N ) 5 ] 2 

11 (23) 
2 K 3 C o ( C N ) 5 

A h y d r i d e of v i t a m i n Βχ2 coenzyme has been prepared a n d found to a d d to 
a c t i v a t e d olefins (acry l i c ac id) a n d acetylene (56). 

M a n g a n e s e h y d r o c a r b o n y l , though m u c h less react ive t h a n coba l t h y d r o 
c a r b o n y l , does a d d to some a c t i v a t e d olefins. Tetra f luoroethy lene for example 
reacted to give tetraf luoroethylmanganese p e n t a c a r b o n y l (95). 

H M n ( C O ) 5 + C F 2 = C F 2 -> H C F 2 C F 2 M n ( C O ) 5 (24) 

C a t a l y t i c r educ t i on of olefins b y h e a v y m e t a l cata lysts p r o b a b l y invo lves m e t a l 
h y d r i d e a d d i t i o n react ions also . If this is correct , the observed i n h i b i t i o n of the 
reduc t i on b y carbon monoxide , phosphines, sul fur compounds , a n d other mater ia l s 
w i t h unshared electrons is exac t ly w h a t w o u l d be expected i f a v a c a n t o r b i t a l on the 
h y d r i d e is required before a d d i t i o n can take place. 

M e t a l - C a r b o n C o m p o u n d s . C l e a r examples of olefin insert ions i n t o t r a n s i 
t i o n meta l - carbon groups are rare . T h e obv ious react ion of olefins w i t h a l k y l - or 
acy l - coba l t t e t racarbony ls are slow, compl i ca ted , a n d incomplete under the usua l 
l a b o r a t o r y condi t ions . U n d e r h igh pressure a t e levated temperatures , i n the 
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8 . HECK Insertion Reactions 1 8 7 

presence of a hydrogen donor and carbon monoxide, insertion reactions apparently 
take place rapidly and more cleanly, producing ketones. Ethylene, for example, 
gives high yields of diethyl ketone under the proper conditions (88). Presumably 
this synthesis involves three separate insertion reactions: ethylene first reacts with 
cobalt hydrocarbonyl, forming ethylcobalt carbonyl (ethylene insertion into a cobalt 
hydrogen group) (46) ; then carbon monoxide insertion occurs, forming propionyi-
cobalt tetracarbonyl ; and finally, ethylene is inserted between the propionyl group 
and the cobalt atom, forming 2-propionylethylcobalt carbonyl. This compound is 
then reduced to ketone either by cobalt hydrocarbonyl or by hydrogen from the 
hydrogen donor present. Again, each insertion reaction probably requires a reac
tive, coordinately unsaturated species, which, for simplicity, has not been shown in 
the following equations. 

C H 2 = C H 2 + H C o ( C O ) 4 + C O — C H 3 C H 2 C O C o ( C O ) 4 (25) 

C H 3 C H 2 C O C o ( C O ) 4 + C H 2 = C H 2 — C H 3 C H 2 C O C H 2 C H 2 C o ( C O ) 4 (26) 

C H 3 C H 2 C O C H 2 C H 2 C o ( C O ) 4 + 2[H] C H 3 C H 2 C O C H 2 C H 3 + H C o ( C O ) 4 (27) 

Evidence for the insertion of an olefin group between an acyl group and a cobalt 
atom has been obtained more directly by analyzing the decomposition products of 
ω-unsaturated acylcobalt tetracarbonyls ( C H 2 = C H ( C H 2 ) „ C O C o ( C O ) 4 ) . The 
products of thermal decomposition of these complexes depend upon the value of n. 
When η = 0 or 2 the compounds form relatively stable cyclic olefin τ-complexes 
which may be isolated as monotriphenylphosphine derivatives (47). The ir-acrylyl-
cobalt tricarbonyl (n = o) gives an amorphous polymer on heating (37), whereas the 

C H = C H 2 

- C O / I 
C H r = C H ( C H 2 ) w C O C o ( C O ) 4 » ( C H 2 ) n C o ( C O ) 3 

C 
II 
ο 

ττ-4-pentenoylcobalt tricarbonyl (n 2) yields carbon monoxide and 1-methyl-
7r-allylcobalt tricarbonyl on heating (47). When η = 1, thermal decomposition of 
the complex leads exclusively to ir-allylcobalt tricarbonyl (47). The complex with 
six carbons in the side chain, 5-hexenoylcobalt tetracarbonyl (n = 3), which exists 
only as the linear tetracarbonyl, however, decomposes into cyclic ketones at 25°C. 
The reaction products consist of 1 6 % 2-methyl-2-cyclopentenone, 5 4 % 2-methyl-
cyclopentanone, and 8 % cyclohexenone. N o other organic products were found. 
Presumably, the missing material (22%) was derived from unsaturated ketones 
(probably polymer) if the amount of hydrogen in the starting complex and products 
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1 8 8 MECHANISMS O F I N O R G A N I C REACTIONS 

i s t o be the same. T h e cobal t was found as cobal t o c t a c a r b o n y l (37). T h i s 
reac t ion appears t o be a c lear example of the inser t i on of a n olefin between a n a c y l 
group a n d a cobal t a t o m . Since the complex w i t h η = 2 f ormed a cyc l i c π-complex 
(but d i d no t cyc l i ze , e i ther because loss of C O t o f o r m the more stable τ-al lyl c o m 
plex was a more favorable react ion o r because of ster ic problems) i t is reasonable t o 
expect t h a t the complex w i t h η = 3 a lso formed a π-olefin complex p r i o r t o f o r m i n g 
cyc l i c ketone . A consistent mechan i sm is shown below. 

C H = C H 2 

C H 2 = C H ( C H 2 ) 3 C O C o ( C O ) 4 

-co 
+co 

C o ( C O ) , 

Ο 

II C H , 

+ 

ο 
II C H , 

+ [Co(CO)J 

II C H 2 C o ( C O ) 3 

(29) 

Ο 

II 
/ \ 

ο 

+ [ H C o ( C O ) 3 ] 

>—Co(CO) 3 

T h e 2-methylenecyc lopentanone i n i t i a l l y f ormed p r e s u m a b l y rearranges i n t o 2-
methyl -2 -cyc lopentenone under the reac t ion condi t ions . T h e final step of the 
mechan i sm, e l i m i n a t i o n of the coba l t c a r b o n y l group, is no t w e l l u n d e r s t o o d ; b u t 
the same k i n d of e l i m i n a t i o n a n d reduct i on react ions occur w i t h k n o w n 3 -ke tocoba l t 
complexes. A s ment i oned above , c ro tonaldehyde , acro le in (27), a n d g l y c i d a l d e h y d e 
(38) react r a p i d l y w i t h coba l t h y d r o c a r b o n y l under s i m i l a r cond i t i ons t o g ive reduc 
t i o n products , ra ther t h a n f o r m i n g stable a l k y l - o r acy l - coba l t t e t r a c a r b o n y l de 
r i v a t i v e s . 

R e c e n t l y Stone has repor ted the a d d i t i o n of m e t h y l - a n d pheny lmanganese 
p e n t a c a r b o n y l t o h i g h l y fluorinated ethylene der ivat ives . F o r example , t e t r a -
fluoroethylene reacted read i l y w i t h methylmanganese p e n t a c a r b o n y l a t 9 0 ° C , or 
under u l t r a v i o l e t l i g h t a t r o o m temperature , t o produce 1 ,1 ,2 ,2-tetraf luoropropyl-
manganese p e n t a c a r b o n y l i n h igh y i e l d (103). 

C H 3 M n ( C O ) 6 + C F r € F 2 C H 3 C F 2 C F 2 M n ( C O ) 6 (30) 

T h e h i g h temperature or u l t r a v i o l e t l ight v e r y l i k e l y is requ i red to produce a co-
o r d i n a t e l y unsatura ted species b y C O d issoc ia t i on f r o m the methylmanganese 
c o m p o u n d . 
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8 . HECK Insertion Reactions 1 8 9 

Similarly, activated olefins react with triphenylchromium. Bicyclo [2.2.1] 
hepta-25-diene reacts to produce 2,5-diphenylbicyclo [2.2.lj hept-2-ene. The 
mechanism of this reaction is not clear, but an initial addition of phenylchromium to 
the unsaturated system is probably involved (67). 

(31) 

—CeHg 

The Ziegler polymerizations of olefins (92, 5) and the aluminum (108), gallium, 
beryllium, and indium (111) alkyl growth reactions also seem to be examples of 
olefin insertion reactions of metal-carbon compounds. Despite great effort con
cerning the mechanism of the polymerization reactions, relatively little has been 
learned about the actual catalytic species involved. 

The report of Bestian & Clause that methyltitanium trichloride will undergo 
a slow growth reaction with ethylene in polar inert solvents at low temperatures (6) 
is considerably important because of its relation to the Ziegler polymerization 
reaction. 

Lithium (4, 110), magnesium (76), and potassium (109, 110) alkyls can also be 
added to olefins under the appropriate conditions. 

M e t a l - O x y g e n C o m p o u n d s . The addition of metal-oxygen compounds to 
olefins is exemplified by the addition of mercuric acetate to olefins in hydroxylic 
solvents (83). Both cis and trans adducts may be obtained depending upon the 
structure of the olefin. Where trans addition is hindered by substitutents, cis addi
tion appears to occur (3, 94). W rard and Henry have obtained kinetic evidence that 
the addition of mercuric acetate to ethylene in aqueous solution involves the prior 
formation of a ^-ethylene complex. Presumably, trans addition results from attack 
by external solvent or ion, and cis addition results from ligand addition (101), 

C H 2 

CH2==CH 2 + ( C H 3 C O O ) 2 H g ^± ( C H 3 C O O ) 2 H g < - l| - 5 2 Ï L » 
C H 2 (32) 

C H 3 C O O H g C H 2 C H 2 O R 4- H O C O C H 3 

The oxidation of olefins to carbonyl compounds by palladium (II) ion can be 
regarded as an addition of a palladium hydroxide group to the olefin followed by a 
hydrogen shift. Kinetic evidence suggests the following mechanism for the oxida
tion of ethylene by palladium chloride in aqueous solution containing excess chloride 
ion (21, 49, 99). 

[ P d C l 3 C H 2 = C H 2 ] - + C r (33) 

[ P d C l 2 ( H 2 0 ) C H 2 = C H 2 ] + C r (34) 

[ P d C l 2 ( O H ) ( C H 2 = C H 2 ) ] - + H 3 0 + (35) 

[ P d C l 2 ( O H ) C H 2 = C H 2 ] - ^ [ P d C l 2 C H 2 C H 2 O H ] - (36) 

[ P d C l 2 C H 2 C H 2 O H ] - - Pd° + C l " + HC1 + C H 3 C H O (37) 

P d C l 4 " 2 + C H r = C H 2 — 

[ P d C l s C H ^ C H j - + H 2 0 ^ 

[ P d C l 2 ( H 2 0 ) C H 2 = C H 2 ] + H 2 0 ^± 
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1 9 0 MECHANISMS OF I N O R G A N I C REACTIONS 

T h a l l i u m acetate adds t o olefins (58) a lso, bu t the s tereochemistry of the a d d i 
t i o n has not been de termined . 

M e t a l - H a l o g e n C o u n p o u n d s . One of the few examples of a n olefin inser t i on 
i n t o a metal -halogen c o m p o u n d has been repor ted b y T s u j i . T h e react ion , w h i c h 
also supports the idea t h a t s igma-bonded meta l - carbon compounds are intermediates 
i n the p a l l a d i u m ch lor ide -o le f in o x i d a t i o n reac t ion , was the a d d i t i o n of carbon 
monox ide t o the e thylene p a l l a d i u m chlor ide 7r-complex i n nonaqueous so lvents to 
produce a moderate y i e l d of 3 - ch loroprop iony l ch lor ide (96). 

C H 2 = C H 2 - P d C l 2 + C O Pd° + C 1 C H 2 C H 2 C 0 C 1 (38) 

C o n t r a r y t o the i on i c mechan ism suggested b y T s u j i , a n inser t i on m e c h a n i s m 
expla ins the facts m u c h better . A n external a t t a c k of carbon monox ide at the most 
pos i t ive carbon a t o m of propy lene i n a p a l l a d i u m chlor ide complex , as T s u j i p r o 
posed, w o u l d be expected to produce 3 - ch loro -2 -methylprop ionyl ch lor ide ra ther 
t h a n the observed product , 3 - ch lo fobutyry l ch lor ide . Since ox ida t i on of propy lene 
b y P d (II) i o n gives acetone ra ther t h a n p r o p i o n a l y d e h y d e , a C O inser t i on react ion 
a n d e l i m i n a t i o n shou ld produce the observed c o m p o u n d , 3 - ch lorobutyry l chlor ide 

C H 3 C H = C H 2 

I 
C I 

P d C l 2 — C H 3 C H C H 2 P d C l 
CO 

C I 
I 

C H 3 C H C H 2 C 0 P d C l 

C I 

C H 3 C H C H 2 C 0 C 1 + Pd° 

(39) 

P a l l a d i u m chlor ide b is (benzonitr i le ) reacts w i t h aliène p r o b a b l y b y a n inser t i on 
m e c h a n i s m to produce 7r -2 - ch loroa l ly lpa l lad ium chlor ide d i m e r a n d products c on 
t a i n i n g t w o aliène un i t s per p a l l a d i u m a t o m (84). I t w o u l d a p p e a r that the p a l l a 
d i u m ch lor ide a d d i t i o n to aliène occurs b o t h possible w a y s t o one of the double 
bonds. A d d i t i o n of the p a l l a d i u m to the t e r m i n a l pos i t i on w o u l d give a 7r -a l ly l 

P d C l 2 - 2 C 6 H 5 C N + 
C H 2 C 1 

/ 
C I P d — c 

\ 
C H 2 

C H 2 = C = C H 2 

C H 2 C H 2 C 1 
I! I 

C l P d C H 2 — C C = C H 2 

C H 2 = C = C H 
- C 6 H 5 C N 

C I 

C I P d — C H 2 C = C H 2 

(40) 

C H 2 

/ % 
C I P d C — C 

\ f 
C H 2 

C H 2 C 1 -

C l P d 

C H 2 

C C I 

C H 2 

C H 2 J 2 
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8 . HECK Insertion Reactions 1 9 1 

c o m p o u n d , whi l e a d d i t i o n of the p a l l a d i u m to the m i d d l e carbon a t o m w o u l d produce 
a n i s o p r o p e n y l p a l l a d i u m chlor ide . T h i s then c o u l d react w i t h a second aliène 
molecule , aga in b y inser t i on , t o give the other observed products , the 2-chloroiso-
propeny l - 7r - a l l y lpa l lad ium chlor ide d imers . 

C o m p o u n d s w i t h M e t a l - M e t a l B o n d s . T h e r e is one c lear example of the 
a d d i t i o n of a c o m p o u n d w i t h a m e t a l - m e t a l b o n d to a n olefin. C o b a l t o c tacarbony l 
reacts w i t h tetraf luoroethylene to f o rm a s y m m e t r i c a l a d d u c t (102). 

C o 2 ( C O ) 8 + C F 2 = C F 2 -> ( C O ) 4 C o C F 2 C F 2 C o ( C O ) 4 (41) 

Insertion Reactions of Conjugated Dienes 

M e t a l H y d r i d e s . T h e m e t a l hydr ides a p p e a r to be cons iderably more react ive 
t owards conjugated dienes t h a n t owards olefins. 

C o b a l t h y d r o c a r b o n y l reacts r a p i d l y w i t h con jugated dienes, i n i t i a l l y f o r m i n g 
2 -butenylcobal t t e t r a c a r b o n y l der ivat ives . T h e s e c ompounds lose carbon monox ide 
a t 0°C. o r above , f o r m i n g der iva t ives of the r e l a t i v e l y stable 1 -methy l - i r -a l l y l -
coba l t t r i c a r b o n y l . A s w i t h " n o r m a l " a l k y l c o b a l t t e t racarbony l s , the 2 -buteny l 
der iva t ives w i l l absorb carbon monox ide , f o r m i n g the a c y l c o m p o u n d s ; b u t these 
a c y l c ompounds a lso s l owly lose c a r b o n monox ide a t 0°C. or above , f o r m i n g ττ-allyl 
complexes . T h e a c y l c ompounds can be i so lated as the m o n o t r i p h e n y l p h o s p h i n e 
der iva t ives (47). 

H C o ( C O ) 4 + 

C H 3 

= C H — C H = C H 2 C H 3 C H = C H C H 2 C o ( C O ) 4 

- C O 

C H 
/ ' \ 

C H C o ( C O ) 3 

\ / 
C H 2 

(42) 
C H 3 C H = = C H C H 2 C O C o ( C O ) 4 

P ( C 6 H 6 ) 3 

C H 3 C H = C H C H 2 C O C o ( C O ) 3 P ( C 6 H 6 ) 3 

A g a i n , coba l t h y d r o t r i c a r b o n y l p r o b a b l y adds i n i t i a l l y . T h e a d d i t i o n c o u l d be 
e i ther a 1,4-addit ion or a 1 ,2-addit ion i n w h i c h coba l t i n i t i a l l y adds t o the second 
carbon a t o m of the diene, a n d then undergoes a n a l l y l i c rearrangement . T h e 
3-pentenoylcobalt t r i c a r b o n y l t r i p h e n y l p h o s p h i n e prepared i n th i s m a n n e r conta ins 
cons iderab ly more of the cis i somer t h a n the same c o m p o u n d prepared f rom t rans 
c r o t y l b romide a n d s o d i u m coba l t t e t r a c a r b o n y l . T h i s , indicates t h a t the h y d r o 
c a r b o n y l prefers cis a d d i t i o n (47). 

M a n g a n e s e h y d r o c a r b o n y l reacts analogous ly w i t h con jugated dienes. T h e 
2-butenylmanganese pentacarbony l s are stable enough t o be i so lated read i l y . T h e 
products are m i x t u r e s of cis a n d t rans isomers. H e a t i n g converts t h e m i n t o 
l -methvl -7r -a l ly l -manganese t e t r a c a r b o n y l der iva t ives (65). 

P o t a s s i u m pentacyanocoba l t h y d r i d e reduces conjugated dienes t o mono-olef ins 
(61). T h e reac t ion mechan i sm p r o b a b l y invo lves a n a d d i t i o n of the h y d r i d e t o the 
diene fo l lowed b y reduc t i on w i t h a second molecule of h y d r i d e (61). 

B o r o n hydr ides a d d to conjugated dienes, g i v i n g l inear (12) a n d cyc l i c c o m 
pounds (60). T h e cyc l i c products are the result of two 1,2-additions (60). 
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1 9 2 

1/2 Β 2 Η δ + C H 2 = C H — C H = C H 2 -> 
C H 2 = C H C H 2 C H 2 B H 2 

MECHANISMS OF I N O R G A N I C REACTIONS 

(43) " \ B H 

T r i m e t h y l t i n h y d r i d e adds m a i n l y 1,2 t o p ipery lene , b u t a v a r i e t y of o ther 
organot in compounds are also formed. T h i s suggests t h a t the react ion m a y be a 
r a d i c a l a d d i t i o n (18). 

M e t a l - C a r b o n C o m p o u n d s . T h e diene inser t ion reac t ion w i t h meta l - carbon 
compounds is c l ear ly shown b y the organocobalt t e t racarbony ls . So lu t i ons of 
a l k y l - or acy l - coba l t t e t racarbony ls react r e a d i l y w i t h a v a r i e t y of con jugated 
dienes, f o r m i n g h igh y ie lds of 1 - a cy lmethy l der iva t ives of 7r-al lylcobalt t r i c a r b o n y l . 
P r e s u m a b l y , a n acy l coba l t t r i c a r b o n y l is r eac t ing . One double b o n d of the diene 
sys tem inserts between the a c y l group a n d the cobal t a t o m , p r o b a b l y b y first 
f o r m i n g a x - c o m p l e x ; then the o ther double b o n d coordinates w i t h the cobal t , p r o 
d u c i n g the r e l a t i v e l y stable ?r -a l ly l sys tem (39, 40). 

C H r = C H — C H = C H 2 

I 
R C O C o ( C O ) 3 + C H 2 = C H — C B = C H 2 ±* R C O C o ( C O ) 3 

A 
C H 2 C O R (44) 
I 

C H C H = C H 2 

• \ * I 
C H Co (CO) 3 < R C O C H 2 — C H — C o ( C O ) 3 

\ / 
C H 2 

If the con jugated diene group is i n the a c y l c h a i n of the acy l coba l t c a r b o n y l , 
then c y c l i z a t i o n is possible . T h u s , so rby l coba l t t r i c a r b o n y l t r i p h e n y l p h o s p h i n e o n 
heat ing to 8 0 ° C , cycl izes t o 2 -methyl -7r -cyc lopentenonylcobalt d i c a r b o n y l t r i 
p h e n y l p h o s p h i n e (41). 

C H 3 C H = C H C H = C H C O C o ( C O ) 3 P ( C 6 H 5 ) 3 -

Ο 
\ (45) 

C H 3 

^ > C o ( C O ) 2 P ( Q H 5 ) 3 + C O 

T h i s reac t i on is p a r t i c u l a r l y in teres t ing because the s t a r t i n g c o m p o u n d has the 
t rans , t rans s t ruc ture a n d the p r o d u c t m u s t arise f rom a cis in te rmed ia te i n order 
to f o rm the r i n g . A possible i s omer i za t i on m e c h a n i s m invo lves a ketene 
in termed ia te . 

-co 
C H 3 C H = C H C H = C H C O C o ( C O ) 3 P ( C 6 H 5 ) 3 CO 

t rans , t rans i somer 
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8 . HECK Insertion Reactions 1 9 3 

C H 3 

I 
C H = C H C H 3 C H (46) 
I II 

C H C H 
/ ' \ I 

C H C o ( C O ) 2 P ( C 6 H 6 ) 3 ^ C H — C o ( C O ) 2 P ( C e H 5 ) 3 \ / I 
C ^ C H 

Ο 

Ο 
trans , cis i somer 

T h e diene po lymer i za t i ons ca ta lyzed b y organometa l l i c c ompounds are p r o b a b l y 
fur ther examples of diene inser t i on react ions of m e t a l a l k y l s (25). B u t there is 
l i t t l e evidence on the deta i led mechanisms of these p o l y m e r i z a t i o n s . 

A s recent ly repor ted , c oba l t - ca ta lyzed a d d i t i o n of olefins t o butad iene is 
p r o b a b l y a n example of the a d d i t i o n of coba l t a l k y l s t o butad iene (106). T h e 
c a t a l y s t was the t y p e prepared b y reac t ion of coba l t ch lor ide w i t h a n a l u m i n u m 
a l k y l i n the presence of a diene. A b is -7r -a l ly lcobalt d e r i v a t i v e is p r o b a b l y f o rmed . 
T h e unstable 7r-al lylcobalt c ompounds p r o b a b l y decompose (reversibly) i n t o cobal t 
h y d r i d e . T h e h y d r i d e w o u l d a d d t o the olefin present t o f o r m a d i a l k y l , w h i c h 
c o u l d then a d d aga in to the diene. 

C o C l 2 + A 1 R 3 -> A 1 C 1 2 R + C o R 2 (47) 

C H 2 R 

C o R 2 + C H 2 = C H — C H = C H 2 - C H C H 2 

C H C o C H (48) 
\ / \ 

C H 2 C H 
I 

C H 2 R 

R ' 
I 

C o ( C H C H 2 R ' ) 2 etc. (49) 
2 C H 2 = C H — C H = C H R + C o H 2 

C o H 2 + R ' C H = C H R ' -

Metal-Oxygen Compounds and M e t a l - M e t a l Compounds . C l e a r e x 
amples of diene insert ions w i t h meta l -oxygen or m e t a l - m e t a l groups are not k n o w n . 

Metal -Halogen Compounds . A n unusua l example of the a d d i t i o n of a m e t a l 
hal ide t o a conjugated diene has been reported . T h e complex formed f rom 
p a l l a d i u m chlor ide a n d butadiene has been shown to be a d i m e r of 1 - ch loromethyl -
7r -a l ly lpa l lad ium chlor ide , (85). W h e t h e r th i s is a t rue inser t i on react ion or some 
t y p e of i on i c react ion has not been de termined , b u t i t s close ana logy w i t h the o l e f i n -
p a l l a d i u m chlor ide inser t i on reac t ion ment i oned above w o u l d suggest a n inser t i on 
mechan i sm for the diene react ion also . 
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1 9 4 MECHANISMS O F I N O R G A N I C REACTIONS 

2 P d C l 2 - 2 C 6 H 6 C N + 2 C H 2 = C H — C H = C H 2 -+ 

C H 2 C 1 

I 
C H 2 C I C H 

/ ' \ / \ / \ (50) 
C H P d P d C H + 4 C 6 H 6 C N 

\ / \ / \ / 
C H CI C H 2 

I 
C H 2 C 1 

T h i s reac t i on is q u i t e general a n d a v a r i e t y of x - a l l y l p a l l a d i u m complexes have been 
prepared b y i t (86). 

Acetylene Insertion Reactions 

M e t a l H y d r i d e s . M e t a l hydr ides general ly react r e a d i l y w i t h acetylenes, 
o f ten b y a n inser t i on m e c h a n i s m . C o b a l t h y d r o c a r b o n y l gives c o m p l i c a t e d m i x 
tures of c ompounds w i t h acetylenes . T h e o n l y products w h i c h have been ident i f i ed 
so far are d i coba l t hexacarbony l acetylene complexes (34). Greenf ie ld reports t h a t , 
under cond i t i ons of the h y d r o f o r m y l a t i o n reac t i on , acetylenes give o n l y s m a l l 
y ie lds of s a t u r a t e d monoaldehydes (30), p r o b a b l y formed b y first h y d r o g e n a t i n g the 
acetylene a n d t h e n reac t ing w i t h the olef in. O t h e r workers have ident i f i ed a v a r i e t y 
of p roduc t s f rom acety lene , c a r b o n monox ide , a n d a n a l coho l w i t h a coba l t c a t a l y s t , 
p r o b a b l y cobal t h y d r o c a r b o n y l . T h e m a j o r products observed were succ inate 
esters (74,19) a n d succ inate hal f ester acetals (19). 

M a n g a n e s e h y d r o c a r b o n y l , i n one example , has g iven the expected a d d u c t w i t h 
a n acetylene. Hexa f luoro -2 -butyne reacted t o give the a d d u c t I V (95). 

H M n ( C O ) 5 + C F 3 C = C C F 3 - C F 6 C H = C — M n ( C O ) 6 (51) 

C F 3 

I V 

P r o b a b l y the n i c k e l c a r b o n y l - c a t a l y z e d synthes is of acry la tes f r o m C O , a c e t y 
lene, a n d h y d r o x y l i c so lvent (78) invo lves a n a c e t y l e n e - h y d r i d e inser t i on reac t ion , 
fo l lowed b y a C O i n s e r t i o n , a n d h y d r o l y s i s or a c y l hal ide e l i m i n a t i o n . T h e a c t u a l 
ca ta lys t i n the a c ry la te synthes is is p r o b a b l y a h y d r i d e formed b y the revers ib le 
a d d i t i o n of a n a c i d to n i c k e l c a r b o n y l . 

N i ( C O ) 4 + H X ^ H N i ( C O ) 2 X -f- 2 C O (52) 

T h i s h y d r i d e t h e n m a y a d d a n acety lene molecu le to f o rm the v i n y l d e r i v a t i v e . A 
c a r b o n m o n o x i d e inser t i on w i l l produce the a c r y l y l n i c k e l c o m p o u n d w h i c h c a n 
y i e l d a c ry la te esters b y e i ther of t w o routes. D i r e c t a l coho lys is of the a c y l n i c k e l 
g roup m a y take place, as occurs w i t h a c y l c o b a l t c o m p o u n d s (42) ; or , a n a c y l 
ha l ide (or other a c y l d e r i v a t i v e , e.g., a c y l a lkanoate ) m a y be e l i m i n a t e d . A l c o h o l y 
sis of the a c y l ha l ide w o u l d then complete the c a t a l y t i c cyc le (35). 
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8 . HECK Insertion Reactions 1 9 5 

H N i ( C O ) 2 X + H C = C H -> C H 2 = C H N i ( C O ) 2 X 

C H 2 = C H C 0 0 R + H N i ( C O ) 2 X 

C H 2 = C H C 0 X + N i ( C O ) 4 

C H 2 = C H C 0 X + R O H 

ROH 

CO 

C O (53) 

~ C H 2 = C H C O N i ( C O ) 2 X 

C H 2 = C H C O O R + H X (54) 

I t has been v e r y di f f icult t o o b t a i n d i rec t evidence o n the m e c h a n i s m of the 
ac ry la te synthesis because the in te rmed ia te c o m p o u n d s are ex t remely react ive . 

B o r o n (13) a n d a l u m i n u m h y d r i d e s (104) a d d cis t o acetylenes, f o r m i n g s u b 
s t i t u t e d v i n y l m e t a l c ompounds . H y d r o l y s i s of these c ompounds prov ides a route 
t o cis-olefins. 

B 2 H e + 6 C 2 H Ô C = C C 2 H 5 

"" C2H5 C 2 H5~] 

1 / 
* 2B — C = C 

\ 
H J ; 

I H + 

C 2 H § C2H5 

\ / 

c=c 
/ \ 

H H 

(55) 

Metal -Carbon Compounds . M e t a l - c a r b o n compounds a d d t o acetylenes 
also . A l k y l - or a cy l - coba l t ca rbony l s undergo i n s e r t i o n react ions r e a d i l y w i t h a 
large v a r i e t y of acetylenes. D i s u b s t i t u t e d acetylenes a n d h i g h l y b ra nched m o n o -
acetylenes give m a i n l y a single t y p e of p roduc t , ττ -butenolactonylcobalt t r i c a r b o n y l 
der iva t ives (34). F o r example , a ce ty l coba l t t e t r a c a r b o n y l a n d 3 -hexyne react i n a 
few hours a t r o o m temperature t o give a good y i e l d of 2,3-diethyl -x-(2, 4 ) -penteno-
4 - lac tony l cobal t t r i c a r b o n y l , I X . T h e reac t i on seems t o i n v o l v e the i n s e r t i o n 
of the acetylene between the a c e t y l a n d coba l t t r i c a r b o n y l groups, perhaps b y w a y of 
a n in termed ia te ττ-complex ( V ) , t o give complex V I . T h i s complex can then undergo 
a C O inser t i on reac t i on , f o r m i n g V I I w h i c h p r o b a b l y exists as the 7r-acrylyl t y p e 
complex ( V I I I ) . T h e l a t t e r c o m p o u n d can then cyc l i ze b y a t h i r d i n s e r t i o n reac
t i o n ; th is t i m e the t e r m i n a l a c y l c a r b o n y l inserts between the o ther a c y l group a n d 
the coba l t t r i c a r b o n y l group , p r o d u c i n g the observed produc t , I X . 

C H 3 C O C o ( C O ) 4 ^ C H 3 C O C o ( C O ) 3 + C O 

C 2 H § C = C C 2 H e 

1 
C H 3 C O C o ( C O ) 3 + C 2 H 6 C = C C 2 H 6 ^ | _ C H 3 C O C o ( C O ) 3 J 

V 

(56) 
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1 9 6 MECHANISMS OF I N O R G A N I C REACTIONS 

C 2 H 5 C 2 H 5 

(57) 

C 2 H 5 C 2 H 5 

C H 3 C O C = C — C o ( C O ) 3 

V I 

C 2 H 5 C 2 H g 

C H 3 C O C = C C o ( C O ) 3 + C O ^ C H 3 C O C = C C O C o ( C O ) 3 

V I I 
Ο 

Q H g 1 

0 2 Η δ C H 3 

C o 
/ l \ 

C O C O C O 
I X 

C 2 H 5 C O C H 3 

\ / 
c 

/ \ 
C 2 H 5 C C o ( C O ) 3 

\ / 

c 
ο 

V I I I 

(58) 

T h e final product can be i so lated easi ly as the t r i p h e n y l p h o s p h i n e complex . 
T h i s react ion is a lso general as far as the acy l coba l t c a r b o n y l is concerned, b u t the 
y ie lds v a r y w i d e l y depend ing u p o n w h i c h acetylene is used (34). P r e s u m a b l y , the 
presence of subst i tuents on the acetylene favors the c y c l i z a t i o n step r a t h e r t h a n 
the f o r m a t i o n of l inear products . T h e larger the subst i tuents the more favorable 
the c y c l i z a t i o n becomes. If c y c l i z a t i o n does not take place r e la t i ve ly r a p i d l y , l inear 
c ompounds a n d po lymers of acetylene, or of acetylene a n d C O are p r o b a b l y 
f ormed . T h u s , these react ions demonstrate the inser t i on reac t ion of b o t h acet 
ylenes a n d keton i c c a r b o n y l groups. 

A n o t h e r c lear example of a n acetylene inser t i on reac t i on was repor ted b y 
C h i u s o l i (15). H e observed t h a t a l l y l i c hal ides react c a t a l y t i c a l l y w i t h n i c k e l 
c a r b o n y l i n a lcohol i c s o lu t i on , i n the presence of C O a n d acetylene, t o f o r m esters of 
c is-2,5-hexadienoic a c i d . T h e in termediate i n th i s reac t i on is v e r y p r o b a b l y a 
i r - a l l y l n i c k e l c a r b o n y l ha l ide , X , w h i c h then undergoes acety lene inser t i on fo l lowed 
b y C O inser t i on a n d a lcoho lys is or a c y l ha l ide e l i m i n a t i o n (35). A c e t y l e n e is 
obv i ous ly a cons iderably better i n s e r t i n g group t h a n C O i n th i s react ion since w i t h 
acetylene a n d C O , the hexadienoate is the o n l y p r o d u c t , whereas, w i t h o n l y C O , the 
3-butenoate ester is f o rmed (15). [See R e a c t i o n 59]. 

R e a c t i o n 59 differs f rom the cobal t -acety lene inser t i on ment i oned above be
cause the cobalt prefers t o insert C O before the acetylene, a n d the n i c k e l the 
reverse. W h e t h e r or not th is difference results f rom specific effects of the i r - a l l y l n i c k e l 
system is not k n o w n ; but i t is a good p o s s i b i l i t y since the a l l y l i c double bond is 
p r o b a b l y coord inated to the n i c k e l throughout the react ion . 
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8 . HECK Insertion Reactions 1 9 7 

C H 2 = C H C H 2 X + N i ( C O ) 4 ^± C H 2 = = C H C H 2 N i ( C O ) 2 X + 2 C 0 

— C O 

H C H 2 — C H = C H 2 

\ / 
C H 2 C O 

X/ \ 
C H 2 X 

X 

C H 2 = C H — C H 2 C O O R 
2 C O I \ / 

c=c 
/ \ 

Η Η 

C H 2 = C H - r C H 2 C O X 
\ / 

G = C + N i ( C O ) 4 

Η Η 

IROH 

C H 2 = C H — C H 2 C O O R + H X 
\ / 

c=c 
/ \ 

Η Η 

+ H X + N i ( C O ) 4 (59) 
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1 9 8 MECHANISMS O F I N O R G A N I C REACTIONS 

T h e f o r m a t i o n of the butenolactone complex , X I I , b y the a c t i o n of c a r b o n 
monox ide on acety lene d i coba l t h e x a c a r b o n y l complexes, X I , (89) seems t o be a 
c losely re lated reac t i on . I t p r o b a b l y invo lves the f o l l owing steps : 

( C O ) 3 C o - - C o ( C O ) 3 + 3 C O 

c 
ι 
ι 

R 
X I 

- C = 0 R — C -

II I 
R — C 

\ / 
c 

/ \ 
( C O ) 3 C o C o ( C O ) 3 

\ / 
c 

R R 

I I 
( C O ) 4 C o C O C = C C O C o ( C O ) 8 

I * 

R — C - -c=o 

R 

(60) 

C O C o ( C O ) 4 

_ R — C Ο 

c 
/ \ 

( C O ) 3 C o C o ( C O ) 4 

c 
• \ 

R — C C o ( C O ) 3 

c 
II 
ο 

ο 
X I I 

U n d e r more v igorous condi t ions , c omplex X I I can a p p a r e n t l y a d d more a c e t y l 
ene a n d c a r b o n monox ide , f o r m i n g a b i furand ione , X I I I ( I , 79, 82). A reasonable 
m e c h a n i s m for the d ione f o r m a t i o n w o u l d be a C O i n s e r t i o n , t h e n a n acety lene i n 
ser t i on , a n d a n o t h e r C O i n s e r t i o n , fo l lowed b y c y c l i z a t i o n b y ketone inser t i on , a n d 
finally a C o 2 ( C O ) 8 e l i m i n a t i o n . 

XII + CO H — c - -c=o 
H— c b 

(co)^^ \:ocorco)8 

C 2 H 2 

H — C C = 0 
« A 

H — C O 

y 
(CO)4Co ^ COCH=CHCo(CO)t 

CO (61) 

H — C -
II 

H — C 
\ / 

Cos(CO)8 + C 

-c=o 
ο 

H — C -

( C O ) 4 C o ^ C / / 

-c=o -c=o 

c / \ ο c-
o=< XIII 

C—Co(CO)4 

H — C -
ϋ λ H — C Ο 

y 
(CO)4CO / / N v COCH=CHCOCo(CO ) 4 

o= - C H 

T r i a r y l c h r o m i u m complexes a lso react w i t h acetylenes p r o d u c i n g arylo le f ins 
(68). A n inser t i on mechan ism appears l i k e l y , b u t the in termed ia te adduc ts have 
no t been detected . 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
08



8 . HECK Insertion Reactions 1 9 9 

[ 1 Λ 5 ^ Η 3 ) Λ Η 2 ] 3 0 · + C H 3 C ^ C C H 3 -> 

C H 3 (62) 

I 
1 , 3 , 5 - ( C H 3 ) 3 C 6 H 2 C = C H C H 3 

Trimethylchromium reacts with diphenylacetylene to give hexaphenylbenzene 
and tetraphenylcyclopentadiene. The latter compound may have been formed by 
insertions and a cyclization reaction (97). 

Several cyclopentadienyl (alky 1)metal carbonyl derivatives have reacted with 
acetylenes. In some examples, insertion reactions may also be involved, although 
the mechanisms have not been investigated. Cyclopentadienyl (methyl)iron 
dicarbonyl with diphenylacetylene gave a 1 0 % yield of cyclopentadienyltetra-
phenylcyclopentadienyliron (71). 

C O 

I 
F e — C H 3 + C e H 5 C = C C e H 6 -

I 
C O 

CeHi CgHe 
y , \ I (63) 

/ ι 
CeHs CeHs 

Similarly, acetylene itself gave ferrocene. Cyclopentadienyl(methyl)molybdenum 
tricarbonyl reacted with diphenylacetylene to produce some tetraphenylcyclopen
tadiene. The corresponding ethylmolybdenum derivative gave some tetraphenyl-
methylcyclopentadiene. The cyclizations involved in these reactions and the 
trimethylchromium reaction above are quite unusual and certainly deserve further 
study. 

Wilke has shown that aluminum alkyls add readily to acetylenes, giving the 
expected adducts (105). 

(CîHe),Al + H C = = C H -> ( C 2 H 5 ) 2 A 1 C H = C H C H 2 C H 3 (64) 

The reported addition of triphenylaluminum to diphenylacetylene to form 1, 2, 3-
triphenylbenzaluminole (22) is another clear example of an acetylene insertion, 
this one being followed by a cyclization reaction. 

C e H 6 — C — 

C 6 H 6 C s C C e H 6 + ( C e H 6 ) 3 A l - C e H 6 — C II I (65) 

\ / V 
A l 

I 
CeHg 

The polymerization of acetylene by Ziegler catalysts very likely involves metal 
alkyl-acetylene insertion reactions also (26). 
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2 0 0 MECHANISMS O f I N O R G A N I C REACTIONS 

#-Butyllithium has been added to diphenylacetylene, but the reaction is com
plicated by metalation of the aromatic system (69). 

2-n-C 4H»Li + C 6 H 6 C = C C e H 5 

C 4 H 9 

COt 

(66) 

Ο 

C O O H + ^ X / V c . H . 
V 

Metal-Oxygen Compounds . Clear examples of the addition of transition 
metal alkoxides to acetylenes are not known; however, the addition of trialkyltin 
alkoxides has been reported. Triethyltin methoxide, for example, reacts with 
dimethyl acetylenedicarboxylate to give the vinyltin derivative X V I (63). 

(C 2 H 6 )3SnOCH3 + C H 3 O C O C = C C O O C H 3 - * 
C O O C H 8 

( C 2 H 5 ) 8 S n C = C — C O O C H 3 

O C H , 
X I V (67) 

Metal -Halogen Compounds . Mercuric salts react readily with acetylenes, 
forming various products, depending upon the salt and reaction conditions. Mer 
curic chloride appears to undergo a clean insertion reaction with acetylene, giving 
aj-2-chlorovinylmercuric chloride in the vapor phase (72, 73). 

H g C l 2 + H C = C H 

CI H g C l 
120°C. \ / 

• c=c 
/ \ 

Η Η 

(68) 
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8 . HECK Insertion Reactions 2 0 1 

In solution, the trans isomer is produced, presumably because external chloride 
ion is adding to the acetylene-mercuric chloride x-complex (72, 73). 

Compounds with M e t a l — M e t a l Bonds. Additions of compounds with 
metal-metal bonds to acetylenes are rare. Perhaps the addition of acetylenes to 
cobalt octacarbonyl (29) should be considered an insertion reaction even though the 
metal-metal bond is not broken since the acetylene finally is bonded to both metal 
atoms. 

R C = C R + C o 2 ( C O ) 8 ( C O ) 8 C o -
/ 

\ 
\ 

c 
I 

R 

- C o ( C O ) 8 -1- 2 C 0 (69) 

Similar acetylene addition reactions take place with bis-cyclopentadienylnickel 
carbonyl dimer (93). Changing from carbonyl to cyanide ligands seems to allow 
the formation of a true vinyl derivative. Thus, potassium pentacyanocobaltate, 
which may react as a dimer with a cobalt-cobalt bond (20), reacts with acetylene 
to give the adduct X V (31). The product was thought to be the trans isomer, but 
the data were not conclusive. 

K e [ C o ( C N ) 6 ] 2 + H C ^ C H K e 

( C N ) B C o H 
\ / 

C 

C 
/ \ 

H C o ( C N ) 6 J 
X V 

(70) 

If it is the trans isomer, the product may be formed by a radical rather than insertion 
reaction. 

Insertion Reactions of Carbonyl Compounds. 

Metal Hydrides. It is likely that the reduction of aldehydes to alcohols by 
cobalt hydrocarbonyl (27) is an example of a carbonyl insertion reaction with a metal 
hydride. It is not clear which way the hydrocarbonyl adds to the carbonyl groups 
—whether it forms a cobalt-carbon bond (2), or a cobalt-oxygen bond (90). 

Ο O H 

II I HCo(CO)4 
R C H + H C o ( C 0 ) 8 ^ R — C — Η > 

I 
C o ( C O ) 8 

R C H 2 O H + C o 2 ( C O ) 7 (71) 
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2 0 2 MECHANISMS O F I N O R G A N I C REACTIONS 

or 
Ο O C o ( C O ) 3 

II I HCo(CO)4 
R C H + H C o ( C O ) 4 — R — C — Η > 

Η 
R C H 2 0 H + C o 2 ( C O ) 7 (72) 

A k n o w n react ion of cobal t h y d r o c a r b o n y l suggests t h a t the c o b a l t - c a r b o n b o n d 
m a y be preferred. I t has been reported t h a t , under ra ther v igorous cond i t i ons , 
aceta ldehyde or f o rmaldehyde react w i t h C O a n d a coba l t c a t a l y s t to g ive α -hydroxy 
ac ids or esters i n a l coho l s o l u t i o n (7). T h e in te rmed ia te w i t h the carbon - coba l t 
b o n d p r o b a b l y is undergo ing a C O inser t i on react ion , f o l l lwed b y a h y d r o l y s i s or 
a l coho lys is reac t i on . 

O H O H 

I I R O H 
R — C — H + C O — R — C — Η • 

I I 
C o ( C O ) 3 C O 

I 
C o ( C O ) 3 

O H 

I 
R — C H C O O R + H C o ( C O ) 3 (73) 

I f the f o r m a t i o n of formate esters under h y d r o f o r m y l a t i o n cond i t i ons invo lves 
the c a r b o n y l a t i o n of a n a l k o x y c o b a l t c a r b o n y l as suggested p r e v i o u s l y (90), th i s 
w o u l d be evidence t h a t cobal t h y d r o c a r b o n y l adds the reverse w a y t o a c y l groups . 
Since the f o r m a t i o n of formate esters can be exp la ined as we l l b y a C O i n s e r t i o n 
i n t o a coba l t -hydrogen group fo l lowed b y a l coho lys is , however , the d a t a w o u l d be 
exp la ined best i f a coba l t - carbon b o n d was f o rmed i n the h y d r i d e r e d u c t i o n of a c y l 
compounds . 

O f course, m a n y pther n o n t r a n s i t i o n m e t a l hydr ides w h i c h reduce c a r b o n y l 
c ompounds are k n o w n ; b u t there is l i t t l e conc lus ive evidence on the m e c h a n i s m of 
these react ions . 

M e t a l - C a r b o n C o m p o u n d s . W e l l - k n o w n examples of the inser t i on reac t ion of 
a c y l c a r b o n y l groups between m e t a l a n d a l k y l groups inc lude the G r i g n a r d reac t i on 
a n d a l k y l l i t h i u m react ions. T h e r e is evidence t h a t the c a r b o n y l c o m p o u n d a n d 
the G r i g n a r d reagent can f o r m a 1:1 complex before reac t ing . T h u s , 4 -methoxy -2 ' , 
é' -dimethylbenzophenone formed a 1:1 complex w i t h m e t h y l m a g n e s i u m bromide 
w h i c h was observed spectroscopical ly . T h e rate of d isappearance of the complex 
was equa l t o the rate of appearance of G r i g n a r d react ion p r o d u c t (87), 

Ο 

C H 3 - ^ / > ~ C ~ H \ ^ — O C H 3 + C H 3 M g B r -> 1:1 complex (74) 

C H 3 

O M g B r 

c h ° - 0 — ? — < Z > ^ C H i 

C H , C H s 
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8 . HECK Insertion Reactions 2 0 3 

A s t ructure for the in termed ia te has not been proposed , b u t a c a r b o n y l ττ-complex is 
a good poss ib i l i t y . 

T w o examples of the a d d i t i o n of coba l t - carbon compounds t o c a r b o n y l groups 
were g iven above under acetylene react ions, suggesting th is react ion is also general ly 
i m p o r t a n t . 

M e t a l - O x y g e n C o m p o u n d s . T r i a l k y l t i n a lkox ides are remarkab le for the 
v a r i e t y of a d d i t i o n react ions t h e y undergo w i t h c a r b o n y l a n d t h i o c a r b o n y l c o m 
pounds . B l o o d w o r t h a n d D a v i e s have repor ted react ions of t r i - w - b u t y l t i n a lkox ides 
w i t h isocyanates , carbon d iox ide , sul fur d iox ide , i so th iocyanates , carbon bisulf ide, 
c h l o r a l , a n d ketene. T h e react ions observed were as fol lows : 

R 

I 
( w - C 4 H 9 ) 3 S n O C H 3 + R N = C = 0 -> ( w - C 4 H 9 ) 3 S n N C 0 2 C H 3 (75) 

( w - C 4 H 9 ) 3 S n O C H 3 + C 0 2 -> ( w - C 4 H 9 ) 3 S n O C 0 2 C H 3 (76) 

( w - C 4 H 9 ) 3 S n O C H 3 + S 0 2 -> ( w - C 4 H 9 ) 3 S n O S 0 2 C H 3 (77) 

R 

I 
( n - C 4 H 9 ) 3 S n O C H 3 + R N = C = S — ( w - C 4 H 9 ) 3 S n N C S O C H 3 (78) 

( w - C 4 H 9 ) 3 S n O C H 3 + C S 2 -+ ( w - C 4 H 9 ) 3 S n S C S O C H 3 (79) 

O C H 3 

I 
( « - C 4 H 9 ) 3 S n O C H 3 + C C 1 3 C H 0 ( « - C 4 H 9 ) 3 S n O C H C C l 3 (80) 

( w - C 4 H 9 ) 3 S n O C 2 H 5 + C H 2 = C = 0 -> ( n - C 4 H 9 ) 3 S n C H 2 C 0 2 C 2 H 5 (81) 
Since these react ions take place i n n o n p o l a r solvents under m i l d condi t ions , inser t i on 
mechanisms m a y be opera t ing (8). 

M e t a l - N i t r o g e n C o m p o u n d s . V e r y l i t t l e w o r k has been done on a d d i t i o n 
react ions of meta l -n i t rogen compounds . T h e t r i m e t h y l t i n d i m e t h y l a m i d e a p 
p a r e n t l y does undergo react ions analogous t o those of the t r i a l k y l t i n a lkox ides jus t 
discussed. F o r example , the f o l l owing react ions were observed w i t h carbon d iox ide , 
carbon disul f ide , a n d pheny l i socyanate (57) : 

( C H 3 ) 3 S n N ( C H 3 ) 2 + C 0 2 - * ( C H 3 ) 3 S n O C O N ( C H 3 ) 2 (82) 

( C H 3 ) 3 S n N ( C H 3 ) 2 + C S 2 ( C H 3 ) 3 S n S C S N ( C H 3 ) 2 (83) 

CeHs 

I 
( C H 3 ) 3 S n N ( C H 3 ) 2 + C 6 H 5 N = C = 0 -+ ( C H 3 ) 3 S n N C O N ( C H 3 ) 2 (84) 

S i m i l a r react ions have been repor ted for the re lated s i l i con compounds , the d i a l k y l -
amino t r imethy l s i l i c ones (10). S ince these react ions are c a t a l y z e d b y amines , t h e y 
are p r o b a b l y i on i c . 
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2 0 4 MECHANISMS O F I N O R G A N I C REACTIONS 

Insertion Reactions of Carbon-Nitrogen Groups 

Metal Hydrides and M e t a l - C a r b o n Compounds . N u m e r o u s examples of 
reduct ions a n d a d d i t i o n s of m e t a l hydr ides or a l k y l s t o u n s a t u r a t e d carbon-n i t rogen 
compounds are k n o w n . I sha l l m e n t i o n o n l y t w o examples p e r t i n e n t t o th i s d i scus 
s i on . 

T h e Schi f f bases f rom s u b s t i t u t e d benzaldehydes a n d an i l ines w i l l c a r b o n y l a t e 
i n the presence of cobal t c a r b o n y l , as ca ta lys t a t 225°C. p r o d u c i n g p h t h a l i m i d i n e 
der ivat ives , X V I , i n good y i e l d (70, 52). T h i s reac t i on m a y be exp la ined as a n 

C H = N 

+ C O 
(85) 

a d d i t i o n of coba l t h y d r o c a r b o n y l , f o rmed b y dehydrogenat i on react ions , t o the 
carbon-n i t rogen double b o n d t o g ive a coba l t -n i t rogen b o n d w h i c h t h e n undergoes 
C O inser t i on . T h e c a r b o n y l coba l t d e r i v a t i v e t h e n m a y a d d to the a r o m a t i c sys tem 
a n d e l iminate cobal t h y d r o c a r b o n y l , g i v i n g the observed product , X V I . A re la ted 

C H = N C H 2 — Ν 

C o ( C O ) 4 

+ H C o ( C O ) 4 

C O (86) 

C O C o ( C O ) 4 

x v i 4 

Ν — C H 2 — Ν 

mechanism i n v o l v i n g the a d d i t i o n of cobal t o c tacarbony l t o the carbon-ni trogen 
double b o n d as the i n i t i a l step has been proposed b y Sternberg a n d W e n d e r (90). 
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8 . HECK Insertion Reactions 2 0 5 

S i m i l a r react ions are p r o b a b l y i n v o l v e d i n the c a r b o n y l a t i o n react ions of 
oximes (80), ox ime ethers (53), n i t r i l e s (81), a n d of d iazo c ompounds (53). 

T h e w e l l - k n o w n a l k y l a t i o n of ferrocyanide i o n t o form isocyanide i r o n complexes 
(48) can be exp la ined b y a n inser t i on mechan ism i f the m e t a l is a l k y l a t e d i n i t i a l l y , 
a n d then m e t a l a l k y l adds across a cyanide group . T h i s m e c h a n i s m also exp la ins 
how external rad ioact ive cyanide i o n can enter the i socyanide l igands (48). 

[ F e ( C N 6 ] - 4 + R X -> [ R F e ( C N ) 6 ] ~ 2 + X " + C N ~ 

R 
1 

R 
1 I 

Ν 
II 

1 
Ν 
π 

II 
C 

II 
C 

I C N " J-
[ R F e ( C N ) 6 ] - 2 ^ [ F e ( C N ) 4 ] - 2 ^ [ F e ( C N ) 5 ] - 8 

Carbene Insertion Reactions 

D i a z o m e t h a n e is k n o w n t o react w i t h a large v a r i e t y of m e t a l hal ide der ivat ives , 
t o produce h a l o m e t h y l m e t a l c ompounds (107). These react ions m a y we l l be 
methy lene inser t i on react ions . 

M X * + w C H 2 N 2 -> M ( C H 2 X ) » + nN2 (88) 

M o r e recent ly , d ichlorocarbene has been added t o d i i s o p r o p y l m e r c u r y t o give 
a n inser t i on produc t , l , l - d i c h l o r o - 2 - m e t h y l - l - p r o p y l ( i s o p r o p y l ) m e r c u r y (62). 

C I 

I 
[ ( C H 3 ) 2 C H j 2 H g + C 1 2 C : -> ( C H 8 ) 2 C H C H g C H ( C H 3 ) 2 (90) 

I 
C I 

Conclusion 

T h e l i s t of groups or molecules for w h i c h some evidence exists t h a t inser t i on 
react ions c a n take place, inc ludes c a r b o n monox ide , olefins, dienes, acetylenes, a c y l 
groups, c e r ta in carbon-n i t rogen groups, a n d carbenes. P e r h a p s the l i s t s h o u l d be 
extended to inc lude mo lecu lar oxygen since several m e t a l a l k y l s are k n o w n to f o r m 
peroxides w i t h oxygen. R e c e n t l y o x y g e n has even been shown to f o r m a c o o r d i n a 
t i o n c o m p o u n d w i t h a t r a n s i t i o n m e t a l , i r i d i u m (100). T h e examples discussed 
s t rong ly suggest t h a t the inser t i on reac t i on is v e r y general ly i m p o r t a n t a m o n g 
t r a n s i t i o n meta l s as w e l l as n o n t r a n s i t i o n m e t a l compounds . O b v i o u s l y , m u c h 
w o r k remains to substant ia te the genera l i ty of the reac t i on . B u t the real v a l u e of 
th is c lassi f icat ion is t h a t i t suggests new c h e m i s t r y to invest igate . O n e c a n imag ine 
the e v e n t u a l deve lopment of s y n t h e t i c methods , based u p o n the inser t i on m e c h a n 
i s m , for c o m b i n i n g c a r b o n monox ide , olefins, dienes, acetylenes, ketones, etc. , i n a 
v a r i e t y of l inear a n d cyc l i c c ombinat i ons . C l e a r l y , the reac t ion offers the poss i 
b i l i t y of d i s cover ing m a n y new c a t a l y t i c syntheses of organic c ompounds as w e l l as 
new m e t h o d s for the p r e p a r a t i o n of o rganometa l l i c complexes. 
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RECEIVED A p r i l 3, 1964. 

Discussion 

R i c h a r d F. H e c k : T h e purpose of m y paper has been t o p o i n t out a reac t i on 
w h i c h appears more w i d e l y i n the per iod i c tab le t h a n most people real ize . T h i s 
general reac t i on is the inser t i on reac t ion a n d i t m i g h t be used more w i d e l y t o m a k e 
some organometa l l i c c o m p o u n d s w h i c h are not ava i l ab l e now . 

T h e m e c h a n i s m of th i s r e a c t i o n is not w e l l unders tood . I t is a k i n d of three -
o r four-center a d d i t i o n . Some v a r i a t i o n s of t h i s m e c h a n i s m are : 

[ L n M - Ζ = L + L n - 1 M - Z] 

L = L i g a n d , M = M e t a l , Ζ = M o n o v a l e n t group 

Y 
i 

L n - 1 M - Ζ 

L n - 1 M - Ζ + Y : = L n - 1 M - Υ - Ζ 

Y : = U n s a t u r a t e d molecule 

[ L n - 1 M — Y — Z + L = L n M - Υ - Ζ] 

Y 

I 
o r L n _ j M - Ζ + L ;=± L n M - Y - Ζ 

Figure A. The insertion reaction 

T h e r e is considerable evidence t h a t a t least m a n y of these react ions require 
c oord inate ly unsatura ted compounds t o proceed. I n those cases, a d i ssoc iat ion 
step m a y be the first p a r t of the reac t i on . T h e n these coord inate ly unsatura ted 
c o m p o u n d s react w i t h a n u n s a t u r a t e d m o l e c u l e — i t c a n be m o s t a n y t h i n g as l o n g as 
i t has a n ava i lab le p a i r of e l e c t r o n s — a n d t h i s i n s e r t i n g molecule goes i n between the 
m e t a l a t o m a n d one of the groups i n i t i a l l y bonded to the m e t a l . If the s t a r t i n g 
m a t e r i a l is c o o r d i n a t e l y unsatura ted , so is the p r o d u c t . A final step m u s t be the 
f o r m a t i o n of a c oo rd inate ly s a t u r a t e d p r o d u c t b y some final r eac t i on , e i ther w i t h 
a n o t h e r l i g a n d or b y decompos i t i on of th i s inser t i on p r o d u c t . 

T h e r e is considerable c ont roversy as t o w h e t h e r or not t h i s react ion invo lves a 
TT-complex as a t rue in te rmed ia te . T h e r e seems to be no rea l proof t h a t ττ-com-
plexes are t rue intermediates a l t h o u g h i t seems c lear t h a t t h e y are present i n these 
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8 . HECK Discussion 209 

reac t i on m i x t u r e s . I f these x - complexes are r e a l l y intermediates , the m e c h a n i s m is 
more c o m p l i c a t e d . I t is possible t h a t these can be f o rmed d i r e c t l y f r om co -
o r d i n a t e l y sa tura ted compounds b y a d i sp lacement of one of the o r i g i n a l l igands 
b y t h i s Y molecule . I t is a lso possible t h a t inser t i on w i l l no t take place unless 
ano ther l i gand is present t o move th i s Y group i n t o the inser t i on pos i t i on . T h e r e is 
o n l y one case t h a t I k n o w of i n the l i terature where i t has been shown conc lus ive ly 
t h a t a coord inated l i gand is the one t h a t inserts . T h i s is the w e l l k n o w n manganese 
c a r b o n y l c a r b o n y l a t i o n , 

C O 

C H 3 — M n ( C O ) 4 + C O ?± C H 3 C O M n ( C O ) 6 

Figure B. The manganese carbonyl carbonylation (5) 

T h i s is w e l l k n o w n d a t a b u t u n f o r t u n a t e l y i t has never been pub l i shed . I t was 
g iven a t the L o n d o n C o o r d i n a t i o n Conference . T h e reac t i on i n v o l v e d the a d d i t i o n 
of rad ioac t i ve carbon monox ide t o methy lmanganese p e n t a c a r b o n y l . T h e c a r b o n 
monoxide enter ing d i d not go i n the a c y l pos i t i on but went exc lus ive ly i n a c o o r d i n a 
t i o n p o s i t i o n . I t seems t h a t a t least i n t h i s one example i t i s a coord inated l i g a n d 
t h a t i s i n s e r t i n g . 

I a m i n c l i n e d t o t h i n k t h a t t h i s same k i n d of m e c h a n i s m is o p e r a t i n g i n m a n y 
o ther cases, t h a t i s , t h a t the i n s e r t i n g molecule m u s t be c oord inated a n d t h e n i t can 
inser t . B u t I k n o w of no evidence for t h i s i n a n y o ther cases. 

I n the figures I have s u m m a r i z e d some of the i n s e r t i o n react ions f r om the 
l i t e ra ture w h i c h we s t u d i e d . 

H—M 

HCo(CO)4(?) 

R—M 

RMo(CO) 8 Cp 
RMn(CO) 6 

RRe(CO)* 
RFe(CO) 2Cp 
RCo(CO)4 
RRhX 2(CO)(PR's) 2 

[τγ—C 3H 6NiX]t 
RPdX(PR's) 2 

RPtX(PR' 3 ) 2 

R L i 
R M g X 
RsB 

RO—M 

ROCo(CO)4 
( [τ—C8H4CH20]Fe (CO)s} 

RiN—M 
[R2N—Co (CO) 4] 
Fe 
Cu 

Figure C. Carbon monoxide insertion reactions 

F i g u r e C shows c a r b o n monox ide inser t i on react ions . T h e r e are a n u m b e r of 
r e d u c t i o n react ions of carbon monox ide c a t a l y z e d b y t r a n s i t i o n metals , a n d these, 
I be l ieve , a l l i n v o l v e a n inser t i on of carbon monox ide i n t o a m e t a l h y d r i d e as a n 
i n i t i a l s tep . C o b a l t h y d r o c a r b o n y l reacts w i t h c a r b o n monox ide t o give formate 
d e r i v a t i v e s . T h i s is p r o b a b l y a n i n s e r t i o n reac t i on a lso . 

M a n y t r a n s i t i o n m e t a l a l k y l s react w i t h c a r b o n monox ide t o give a c y l c o m 
pounds . I n a l l these cases the a c y l der iva t ives c a n be detected a t least b y in f rared 
methods a n d i n mos t cases i so la ted . M o l y b d e n u m , manganese, r h e n i u m , i r o n , 
coba l t , r h o d i u m , n i c k e l , p a l l a d i u m , a n d p l a t i n u m a l k y l s , G r i g n a r d reagents, a n d 
boranes, a l l react w i t h carbon monox ide , a n d one c a n e x p l a i n the products f r o m 
these on the basis of c a r b o n monoxide i n s e r t i n g i n t o the m e t a l a l k y l . 

T w o a lkox ide der iva t ives a lso seem to inser t c a r b o n monox ide . T h e products 
ob ta ined w h e n these a lkox ides are formed i n the presence of c a r b o n monoxide have 
C O inserted between the oxygen a n d the m e t a l . T h e s e t w o products c a n a lso be 
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2 1 0 MECHANISMS O F I N O R G A N I C REACTIONS 

exp la ined on the basis of the a lkox ide a t t a c k i n g a coord inated carbon monox ide . 
H e n c e , these cases c e r t a i n l y are not c lear . 

T h e r e are a n u m b e r of a m i n e - c a t a l y z e d c a r b o n y l a t i o n react ions w h i c h are 
c a t a l y z e d b y coba l t c a r b o n y l a n d i r o n c a r b o n y l . I t seems to m e t h a t these are i n 
ser t ion react ions of m e t a l amides , where c a r b o n monox ide is inser ted a n d t h e n some 
k i n d of a r e d u c t i o n or subsequent react ion gives the observed products , urea d e r i v a 
t ives or carbamates i n alcohols . W e d o not k n o w the s t ruc ture of the i r o n c o m 
p o u n d ; i t i s p r o b a b l y s i m i l a r t o the coba l t species s h o w n . 

C o p p e r salts , c u p r i c O r cuprous also w i l l ca ta lyze the c a r b o n y l a t i o n of amines . 
P i p e r i d i n e , for example , gives a urea d e r i v a t i v e w i t h c a r b o n monox ide , a n d i t , too , 
is p r o b a b l y a m e t a l a m i d e — c a r b o n monox ide i n s e r t i o n reac t i on . 

H—M R—M RO—M X—M M—M 
Η Μη (CO) s R T i C l 3 Pd+ 2 X 2 P d C o 2 ( C O ) 8 

H C o ( C O ) 4 R 3 C r T1+* X 2 H g 
H 2 M g R M n ( C O ) 6 ( R C O O ) 2 H g 
H 6 B 2 R C O C o ( C O ) 4 

H A 1 R 2 R L i 
H G e R 3 ( ? ) R K 
H S n R 3 ( ? ) R 2 M g 

R s A l 

Figure D. Olefin insertion reactions 

F i g u r e D shows some olefin inser t i on react ions . H y d r i d e a d d i t i o n s t o olefins 
have been k n o w n for a l ong w h i l e . A m o n g these m a n y examples , manganese 
h y d r o c a r b o n y l , and coba l t h y d r o c a r b o n y l , magnes ium h y d r i d e , d iborane , a l k y l a l u -
m i n u m hydr ides , g e r m a n i u m a n d t i n hydr ides a l l a d d qu i t e r e a d i l y t o olefins. 
These last t w o cases are quest ionable because the m e c h a n i s m is not c lear. Some of 
these add i t i ons occur w i t h o u t a c a t a l y s t ; some are speeded u p b y u l t r a v i o l e t l i g h t ; 
some are ca ta lyzed b y G r o u p V I I I metals . So i t is not c lear w h e t h e r a l l these 
react ions are the same or whether there are several dif ferent mechanisms . 

A n u m b e r of m e t a l a l k y l s a d d r e a d i l y to double bonds. These inc lude the 
t i t a n i u m a l k y l s , c h r o m i u m a r y l s a n d a l k y l s , the a lky lmanganese carbony ls , a c y l 
coba l t carbony ls , a l k a l i m e t a l a l k y l s , the m a g n e s i u m a l k y l s , a n d a l u m i n u m a l k y l s . 

A m o n g some m e t a l oxygen compounds w h i c h a d d , p a l l a d i u m a n d t h a l l i u m i o n 
b o t h oxid ize olefins a n d a p p a r e n t l y the i n i t i a l step is the a d d i t i o n of a m e t a l h y 
drox ide across the olefin double b o n d . T h e intermediates have not been i so lated 
because t h e y go on to other products ; b u t k i n e t i c a n d other evidence indicates t h a t 
the a d d i t i o n of the hydrox ide i s the i n i t i a l step. I n the w e l l k n o w n m e r c u r y acetate 
a d d i t i o n t o olefins i n a l coho l s o lu t i on one can iso late the /S-hydroxy or a l k o x y 
e t h y l m e r c u r y der iva t ives . 

T w o m e t a l hal ides have been f ound to react w i t h olefins b y w h a t appears t o be 
inser t i on reac t i on . P a l l a d i u m chlor ide a n d m e r c u r y chlor ide b o t h w i l l a d d to 
olefins. T h e p a l l a d i u m a l k y l s canot be i so lated , b u t they go o n to products w h i c h 
can be accounted for b y a n i n i t i a l a d d i t i o n . 

One complex w i t h a m e t a l — m e t a l b o n d t h a t has been added t o a n olefin is 
coba l t o c t a c a r b o n y l . I t reacts w i t h tetraf luoroethylene a n d i t seems reasonable 
t h a t t h i s is a n inser t i on r e a c t i o n ; b u t aga in i t has not been p r o v e d . 

F i g u r e Ε shows some conjugated diene inser t i on react ions. A s expected, these 
compounds react s i m i l a r l y t o the o le f ins—the same reagents a d d . M a n g a n e s e 
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8 . HECK Discussion 2 1 1 

H—M 

H M n ( C O ) 5 

H C o ( C O ) 4 

H C o ( C N ) 4 - 3 

H e B 2 

H S n R 3 ( ? ) 

R—M 

R C O C o ( C O ) 4 

[R2C0] 

RO—M 
( R C O O ) 2 H g 

X—M 

X 2 P d 

Figure E. Conjugated diene insertion reactions 

h y d r o c a r b o n y l , coba l t h y d r o c a r b o n y l , the coba l tpentacyan ide h y d r i d e , d iborane , 
a n d , a g a i n , the a l u m i n u m a n d t i n hydr ides a d d . T h e m e c h a n i s m i n the last t w o 
examples is s t i l l u n c e r t a i n . T w o a l k y l - or a cy l - c oba l t c ompounds have been added . 
T h e acy l coba l t t e t racarbony ls a d d to give 7r -al lylcobalt der ivat ives . D i a l k y l c o b a l t 
compounds , w h i c h have not been iso lated b u t p r o b a b l y are present i n the react ion 
m i x t u r e , a d d to dienes i n a s i m i l a r w a y , p r o b a b l y g i v i n g ττ-allyl intermediates . 

M e r c u r y acetate adds to dienes jus t as i t does to olefins, a n d so does p a l l a d i u m 
ch lor ide . H e r e aga in a ?r -a l ly l d e r i v a t i v e is ob ta ined . T h e f o r m a t i o n of the i r - a l l y l 
d e r i v a t i v e , I t h i n k , occurs a f ter the i n i t i a l a d d i t i o n a n d p r o b a b l y has n o t h i n g to do 
w i t h the first inser t i on step. 

II—M 

H M n ( C O ) 5 

H C o ( C O ) 4 

[ H N i ( C O ) 2 X ] 
H e B 2 

HA1R 2 

R—M 
R M o ( C O ) 3 C p 
R 3 C r 
R F e ( C O ) 2 C p 
R C O C o ( C O ) 4 

[ * — C 3 H 5 N i X ] 2 

R L i 
R 3A1 

RO—M 
R O S n R ' a 

X—M 
X 2 H g 

M—M 
C o 2 ( C O ) 8 

K e [Co(CN)5] 2 ( ? ) 

Figure F. Acetylene insertion reactions 

F i g u r e F shows some acetylene inser t i on react ions . These , too , are s i m i l a r t o 
the olefin inser t ion react ions . T h e manganese a n d coba l t h y d r o c a r b o n y l s a g a i n 
a d d . C h l o r o n i c k e l c a r b o n y l h y d r i d e , w h i c h I believe is a n in termed ia te i n m a n y of 
the n i c k e l c a r b o n y l - c a t a l y z e d react ions , adds t o olefins. D i b o r a n e a n d the a l u m i 
n u m hydr ides also a d d . 

A g a i n several a l k y l s a d d — m o l y b d e n u m , c h r o m i u m , i r o n , coba l t , n i c k e l , the 
a l k a l i m e t a l a l k y l s a n d a l u m i n u m a l k y l s react . A t i n a lkox ide has recent ly been 
s tud ied b y R u s s i a n workers a n d found to a d d to acetylenes. M e r c u r y ch lor ide , of 
course, adds a n d t w o c o b a l t — c o b a l t bonded compounds a d d to acetylene . T h e 
second is quest ionable because i t dissociates i n so lut ion a n d the reac t ion m a y be a 
r a d i c a l react ion , one cobal t a d d i n g to each end of the t r ip le b o n d . 

H—M R—M RO—M R2N—M 
H C o ( C O ) 4 R L i R O S n R ' 3 R 2 N — S n R ' 3 

H 6 B 2 R M g X ( R 2 N ) 3 A s 
HA1R 2 R*A1 

Figure G. Carbonyl insertion reactions; 
RCHO, R2C = 0, R—N = C = 0, C02l CII2 = C = 0 
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2 1 2 MECHANISMS O F I N O R G A N I C REACTIONS 

F i g u r e G shows some inser t i on react ions of c a r b o n y l c ompounds . I n the i so -
cyanate a n d ketene cases, the a d d i t i o n takes place, not to the c a r b o n y l double b o n d , 
b u t t o the c a r b o n — n i t r o g e n or the c a r b o n — c a r b o n double b o n d . 

C o b a l t h y d r o c a r b o n y l , d iborane , a n d a l u m i n u m hydr ides a d d , I t h i n k , t o a l l of 
these c a r b o n y l compounds . O f course, there is the we l l k n o w n G r i g n a r d reagent 
a n d the a l k y l l i t h i u m add i t i ons to c a r b o n y l c ompounds . A l u m i n u m a l k y l s a d d , 
a n d we cou ld have l i s ted a l l the other a l k a l i m e t a l a l k y l s . R e c e n t w o r k has shown 
t h a t the t i n a lkox ides a d d r e a d i l y to a l l these der iva t ives , a n d s i m i l a r l y , a t i n a m i d e 
adds to most of these c a r b o n y l c ompounds . 

R e c e n t l y a n arsenic amide d e r i v a t i v e has reacted w i t h a n i socyanate , a d d i n g 
across the c a r b o n — n i t r o g e n double b o n d . I t h i n k th i s is the f irst example of a 
group V e lement w h i c h seems t o be undergo ing a n inser t i on reac t i on . 

\ \ 
C = N — 

/ 
C = S 

/ 
\ 

— C = N s=o 
/ 

— N = N o2 

Figure H. Miscellaneous insertion reactions 

F i n a l l y , i n F i g u r e H are some a d d i t i o n a l unsatura ted groups for w h i c h some 
evidence exists t h a t t h e y undergo inser t i on react ions a l s o : the c a r b o n — n i t r o g e n 
double b o n d , the n i t r i l e group, the azo group, the c a r b o n — s u l f u r double b o n d , the 
sul fur oxide group, a n d the oxygen molecule . I t h i n k i t is c lear f rom these examples 
t h a t t h i s is a general reac t i on . P e r h a p s the mechanisms d o n ' t a l l i n v o l v e i n s e r t i o n 
react ions , b u t t h e y are s i m i l a r enough to l ook as i f t h e y be long i n the same group. 
T h i s reac t ion holds promise for m a k i n g m a n y new, u n u s u a l , a n d useful c ompounds , 
a n d I t h i n k i t w i l l be used cons iderab ly i n the fu ture . 

R a y m o n d D e s s y : I w o u l d l ike t o focus o n three problems. D r . H e c k has a l 
r e a d y ment i oned one, the i m p o r t a n c e of c o m p l e x i n g these c a r b o n y l m e t a l h y d r i d e 
c o m p o u n d s w i t h olefins, or for t h a t m a t t e r , the i m p o r t a n c e of c o m p l e x i n g a n y olefin 
w i t h these t r a n s i t i o n m e t a l ca ta lys t s i n l ead ing to final product . Does a four-center 
t r a n s i t i o n state of some t y p e occur d i r e c t l y , o r is another m e c h a n i s m invo lved? I 
a lso hope t h a t somebody w o u l d c o m m e n t o n w h a t D r . H e c k has ca l led c oord inat ive 
u n s a t u r a t i o n . H i s v i ew , I t h i n k , is t h a t the first step i n m a n y of the c a r b o n y l reac
t i ons w i t h cobal t invo lves loss of enough C O t o give a c o o r d i n a t i v e l y u n s a t u r a t e d 
coba l t . F i n a l l y , I w o u l d l ike t o consider some d a t a f rom a paper t h a t D r . H e c k 
pub l i shed i n 1961 (6) c oncern ing the react ions of i sobuty lene w i t h the coba l t h y d r o 
c a r b o n y l under t w o types of cond i t i ons . One c o n d i t i o n , the so ca l led oxo c o n d i t i o n 
w h i c h is about 120°C. under a f a i r l y h igh pressure of hydrogen , gave produc t s 
w h i c h he q u o t e d d i r e c t l y f r om the l i t e ra ture . T h i s leads t o a ldehyde m a t e r i a l . 
T h e a ldehyde group i n t r o d u c e d occupies w h a t m i g h t be ca l led a p r i m a r y c a r b o n . 
I n his o w n w o r k a t 0 ° C , where the i so la t i on t ook place b y react ion w i t h t r i p h e n y l -
phosphine , t h e n m e t h y l a l coho l a n d iod ine , the produc t i s , of course, no t a n a lde 
hyde b u t a n a c i d ester. T h e ske le ta l arrangement w o u l d ind i ca te t h a t the t e r t i a r y 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
08



8 . HECK Discussion 2 1 3 

c a r b o n a t o m is used for the a t t a c h m e n t site of the coba l t . O v e r a l l y ie lds were 
a b o u t 2 0 % . T h i s is to be c o m p a r e d w i t h the reac t i on of the corresponding epoxide 
w i t h h y d r o c a r b o n y l o r c a r b o n y l a n i o n t h a t he re cent ly repor ted (7). T h i s gives a 
p r o d u c t der ived f r om open ing the epoxide ring i n a w a y w h i c h uses the p r i m a r y 
carbon aga in as the p o i n t of a t t a c h m e n t for the coba l t . T h e r e i s one o ther reac 
t i o n i n t h i s v e i n , w h i c h leads t o the quest ion t h a t I w o u l d l i k e t o ask . T h e reac 
t i ons of a c r y l i c esters under oxo cond i t i ons gives a ske le ta l a r rangement i n the 
p r o d u c t , w h i c h p u t s the a ldehyde group on the t e r m i n a l c a r b o n a t o m of the a c r y l i c 
ester ; wh i l e under cond i t i ons of 0 ° C , fo l lowed b y i s o la t i on of a p r o d u c t b y t r i -
p h e n y l p h o s p h i n e / m e t h y l a l c o h o l / i o d i n e reac t ion , the ske le ta l arrangement i n the 
p r o d u c t ind icates t h a t the coba l t a t taches i tsel f t o c a r b o n a t o m - 2 . A l t h o u g h 2 0 % 
of the o ther p r o d u c t is there , t h i s is the m a i n p r o d u c t . 

I w o u l d l i k e t o read f r om t w o of D r . H e c k ' s p a p e r s : 
" T h e h i g h e lec tron dens i ty of the doub le b o n d i n i sobuty lene results i n a n 

a c i d t y p e a d d i t i o n , w h i l e the l o w e lec tron d e n s i t y i n m e t h y l a c r y l a t e leads pre 
d o m i n a n t l y to a h y d r i d i c a d d i t i o n . T h e change i n the d i r e c t i o n of a d d i t i o n of 
coba l t h y d r o t e t r a c a r b o n y l w i t h t empera ture is p r o b a b l y a ref lect ion of the r e l a t i v e 
s t a b i l i t y of the adduc t s . T h u s , i f the a d d i t i o n is revers ib le , the produc ts a t e le
v a t e d temperatures c o u l d reflect the re la t ive s tab i l i t i e s of the a d d u c t s r a t h e r t h a n 
the i r i n i t i a l c o n c e n t r a t i o n s " (6). 
A p p a r e n t l y the e x p l a n a t i o n for these t w o dif ferent results , i n t e rms of the c a r b o n 
ske leton of a p roduc t , was ascr ibed t o the s tab i l i t i es of the in termediates a t these 
t w o t emperatures ; the difference i n d i r e c t i on of a d d i t i o n between the m e t h y l 
acry la tes a n d the i sobuty lene was caused b y the e lec tron dens i ty a t the double b o n d . 

F i n a l l y , f r om a p a p e r i n 1963 o n the epoxide w o r k we have a q u o t a t i o n : 
" T h e m e c h a n i s m m o s t cons istent w i t h a l l the d a t a is a n i o n i c a c i d o p e n i n g 

of the e p o x i d e " — a p p a r e n t l y where the h y d r o c a r b o n y l is used as a n a c i d to a t t a c k 
the e p o x i d e — " w h i c h is m o r e sens i t ive to ster ic effects t h a n to e lec t ron ic factors . 
T h i s conc lus ion m a y a t first appear to be incons i s tent w i t h o u r prev i ous finding 
t h a t i sobuty lene reacted w i t h coba l t h y d r o c a r b o n y l to g ive exc lus ive ly a d d i t i o n of 
the coba l t to the t e r t i a r y pos i t i on . T h e i n h i b i t o r y effect of c a r b o n m o n o x i d e o n 
t h a t reac t i on , however , i n d i c a t e d t h a t i t was p r o b a b l y coba l t h y d r o t r i c a r b o n y l 
t h a t was a c t u a l l y a d d i n g to the olef in a n d ster ic effects w o u l d be expected to be 
m u c h less i m p o r t a n t w i t h the t r i c a r b o n y l t h a n w i t h the t e t r a c a r b o n y l " (7)* 
A p p a r e n t l y he feels n o w t h a t the former react ions r e a l l y i n v o l v e the t r i c a r b o n y l , 
loss of C O be ing i m p o r t a n t to get the reac t ion r u n n i n g ; whereas epoxide a t t a c k per 
haps invo lves a t e t r a c a r b o n y l , s ter ic factors are more i m p o r t a n t here. 

T h e p r o b l e m I w o u l d l i k e t o focus o n perhaps c a n best be expressed b y 
a n a n a l o g y w i t h some of Pro f . Pearson ' s c omments . 

T h e ana logy comes f r om someone w h o was impressed b y the soft a c i d — s o f t 
base w o r k . A s a m a t t e r of fact , he felt t h a t ac ids a n d bases react to give salts , a n d 
soap i s a sa l t , a n d so we have soft soap. 

S ince words somet imes hide m e a n i n g , we have t o be care fu l t h a t we d o n ' t s u b 
s t i tu te words w h i c h d o n ' t m e a n m u c h for ideas. I a m v e r y t r o u b l e d a t the m o m e n t 
over w h a t D r . H e c k m e a n t b y a c i d base, how e lec tron d e n s i t y i n the olefin c o u l d lead 
to the o r i e n t a t i o n he ment ions . I w o u l d l ike t o ask w h e t h e r or no t he can e x p l a i n 
th i s . F i n a l l y , i f t h i s proves di f f i cult , has he t h o u g h t a b o u t r a d i c a l processes i n th i s 
t y p e of t h i n g ? 
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2 1 4 MECHANISMS O F I N O R G A N I C REACTIONS 

J a c k H a l p e r n : P e r h a p s I have more reason t h a n anyone else t o be d isposed 
t o the v i e w t h a t π-complexing is a n i m p o r t a n t step of the inser t i on reac t i on , be 
cause I t h i n k t h a t poss ib ly we have the o n l y reasonably c lear cu t case of a n olefin 
i n s e r t i o n reac t ion where a complex is c l ear ly i m p l i c a t e d . T h i s is the r u t h e n i u m 
ch lor ide - ca ta lyzed hydrogénation of c e r ta in olefins, w h i c h a lmos t c e r t a i n l y invo lves 
the inser t i on of the olef in i n t o a r u t h e n i u m hydrogen b o n d a n d where c e r t a i n l y a 
r u t h e n i u m olefin c omplex is i n v o l v e d as a n observable reac tant . Neverthe less , I a m 
not a t a l l sure to w h a t extent th i s is a general or necessary feature of such inser t i on 
react ions . T h e i m p o r t a n t ques t i on is whether one or t w o coord inat i on pos i t ions 
on the m e t a l i o n are i n v o l v e d i n the t r a n s i t i o n state of the inser t i on reac t i on . F o r 
example , i f one considers the inser t i on of a n olef in, say i n t o a n M — X b o n d , t h e n 
the t r a n s i t i o n state m a y l ook s o m e t h i n g l i k e : 

ι ] 
M - - X 

T h e r e is p a r t i a l b o n d i n g between the m e t a l a n d the olefin (or perhaps one c a r 
b o n of the olefin) a n d between the m e t a l a n d X , a n d th i s uses t w o c o o r d i n a t i o n 
pos i t ions of the m e t a l . Otherwise o n l y one c o o r d i n a t i o n pos i t i on is i n v o l v e d , a n d 
the t r a n s i t i o n state is no t a p p r e c i a b l y s tab i l i zed b y bond ing between the m e t a l a n d 
X . I f t h i s is the case, t h e n there is less reason t o postulate the olefin as i n i t i a l l y 
i n v o l v e d , say as a τ -bonded l i g a n d . Perhaps i t j u s t comes i n f r o m the outs ide . 

I n m a n y of these systems, the pos tu la ted olefin complex in termediate w o u l d be 
lab i l e . There fore , i t s role as a p r e - e q u i l i b r i u m intermediate is not t e r r i b l y re l evant 
t o the k i n e t i c p r o b l e m . I t h i n k the re levant feature is whether the favorable paths 
i n these inser t i on react ions i n v o l v e the first or second t y p e of t r a n s i t i o n state . T h i s 
perhaps de-emphasizes the quest ion of whether or not a 7r-bonded in termed ia te 
is i n v o l v e d but c e r t a i n l y does focus a t t e n t i o n o n the quest ion of whether a coor
d i n a t e d unsatura ted species is i n v o l v e d as a reac tant . T h i s is because the first 
t y p e of t r a n s i t i o n state w i l l require t w o c o o r d i n a t i o n posi t ions a n d hence i n v o l v e 
the e l i m i n a t i o n of some other l i gand before i t can f o r m , whereas the second w i l l not . 
I d o n ' t k n o w the answer t o th i s quest ion b u t t h i s is h o w I w o u l d f o rmulate the 
p r o b l e m . 

W e are c u r r e n t l y t r y i n g t o answer spec i f i ca l ly the quest ion of w h e t h e r ττ-bonded 
complexes d o occur i n c e r t a i n cases where inser t i on react ions are observed . I 
t h i n k t h e y do because I believe t h a t the same factors w h i c h favor s t a b i l i z a t i o n of 
t h i s t y p e of t r a n s i t i o n state w i l l a l so t e n d t o favor f o r m a t i o n of 7r-bonded olefin c o m 
plexes, w h i c h are o n l y s l i g h t l y r e m o v e d f rom t h i s . A t the m o m e n t B e r n T i n k e r is 
e x a m i n i n g the inser t i on of olefins i n mercur i c complexes to see whether there is a n y 
i n d i c a t i o n of 7r-bonded intermediates . I n his paper , D r . H e c k referred t o some 
u n p u b l i s h e d w o r k re l evant t o t h i s theme. I w o u l d c e r t a i n l y be in teres ted i n a n y 
t h i n g more he can t e l l us a b o u t t h a t . 

D r . D e s s y : M a n y workers have felt t h a t such 7r -complexing, because of 
d i r - p i r - b a c k - b o n d i n g i n t o the w* of the olef in, c a n a c t i v a t e the olefin for the s u b 
sequent a t t a c k . W h a t r e a l i t y does t h a t have? 

D r . H a l p e r n : I t h i n k the descr ipt ion c a n be f o rmula ted i n a somewhat d i f 
ferent w a y e m p h a s i z i n g the p o i n t t h a t y o u raise ; n a m e l y , t h a t f o r m a t i o n of a m e t a l 
olefin complex , b y v i r t u e of the b a c k - b o n d i n g process, puts m e t a l electrons i n t o 
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8 . HECK Discussion 2 1 5 

a n t i - b o n d i n g o rb i ta l s of the olef in. T h i s reduces the bond order of the olef in, a n d 
i n t h i s sense c o u l d lead to a v i e w t h a t the olefin is a c t i v a t e d . If y o u prefer, a 
valence bond representat ion , a per fect ly sat i s fac tory descr ip t i on of a ir -olef in c o m 
plex w o u l d be one i n w h i c h there is s u b s t a n t i a l open ing of the double b o n d a n d 
f o rmat ion of p a r t i a l bonds between the carbons a n d the m e t a l . I t h i n k most people 
w o u l d t e n d to v i e w t h i s t y p e of species as p r o b a b l y h a v i n g h igher r e a c t i v i t y t owards 
a d d i t i o n t h a n the uncômplexed olef in. 

D r . H e c k : I believe th is can best be descr ibed as a compromise between the 
e lectronic effects a n d ster ic effects. 

R . J . M a w b y : D i s c u s s i n g the inser t i on react ions of methy lmanganese p e n t a -
c a r b o n y l , D r . H e c k wri tes , " A n i m p o r t a n t quest ion , therefore, is unanswered . 
Does the coord inated c a r b o n y l group insert before the new C O is added or does the 
i n c o m i n g C O push the coord inated c a r b o n y l i n t o the a c y l p o s i t i o n ? " 

I have been inves t i ga t ing th i s p rob l em a t N o r t h w e s t e r n U n i v e r s i t y , under 
Pro f s . Baso lo a n d Pearson (8). F . C a l d e r a z z o a n d F . A . C o t t o n (/) h a d prev i ous ly 
showed t h a t R e a c t i o n 1 : 

C H 3 M n ( C O ) B + C O - C H 3 C O M n ( C O ) 5 (1) 

was first-order i n b o t h C H 3 M n ( C O ) e a n d C O over the range of carbon monoxide 
concentrat ions used. H o w e v e r , t h i s range was severely l i m i t e d b y the l ow s o l u 
b i l i t y of C O i n the so lvents w h i c h t h e y e m p l o y e d . 

B y s t u d y i n g react ions of t y p e (2) : 

C H 3 M n ( C O ) 5 + L -> C H 3 C O M n ( C O ) 4 L (2) 

where L is some l i g a n d o ther t h a n C O , we c o u l d w o r k w i t h cons iderab ly greater 
l i g a n d concentrat ions . T h e first reac t ion we s t u d i e d was C H 3 M n ( C O ) 6 w i t h cy c l o -
h e x y l a m i n e i n t e t r a h y d r o f u r a n . W e found t h a t the reac t ion rate was independent 
of a m i n e concentra t i on over the concentration*" range s t u d i e d — f r o m 2.5 χ 10~2M t o 
5 χ 1 0 - 1 l f . T h i s ru led out the m e c h a n i s m suggested b y D r s . C a l d e r a z z o a n d C o t 
t o n for R e a c t i o n s 1 a n d 2, w h i c h i n v o l v e d a n a t t a c k b y the l i gand C O or L , s i m u l 
taneous w i t h a n i n t r o m o l e c u l a r rearrangement t o f o r m the a c e t y l group. 

W e t h e n s tud ied the react ions of C H 3 M n ( C O ) 5 w i t h t r i p h e n y l p h o s p h i n e a n d 
t r i p h e n y l p h o s p h i t e , us ing the same so lvent , t e t r a h y d r o f u r a n . I n these cases the 
observed rate constant rose w i t h l i gand concentra t i on towards a l i m i t i n g va lue , 
w h i c h was close t o the rate constant ob ta ined us ing cyc l ohexy lamine (F igure I ) . 

T o e x p l a i n these observat ions , we pos tu la ted a two-step m e c h a n i s m : 

+ L 
C H 3 M n ( C O ) 5 ^ C H 3 C O M n ( C O ) 4 ^ C H 3 C O M n ( C O ) 4 L (3) 

- L 

T h e first step invo lves a n i n t r a m o l e c u l a r rearrangement t o f o rm the a c e t y l g r o u p ; 
the second is the react ion of the in termediate w i t h the l i gand to give the final 
product . I t is possible t h a t a molecule of so lvent is coord inated t o the i n t e r m e d i 
ate shown i n E q u a t i o n 3. S ince i t w o u l d have no effect on the f o r m of the rate 
expression for the reac t ion , we cannot say conc lus ive ly whether or not th i s is so. 

E q u a t i o n 3 can be c onven ient ly a b b r e v i a t e d as f o l l ows : 

M — M S ^± M L 
k—l k—i 

(4) 
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2 1 6 MECHANISMS O F I N O R G A N I C REACTIONS 

.3 .4 .5 
moles/liter 

. 6 

Figure I. Reaction of CHzMn(CO)s with triphenylphosphite in tetrahydrofuran; 
plot of observed rate constant against triphenylphosphite concentration. 

where M represents the s t a r t i n g m a t e r i a l , M S the in termed ia te , a n d M L the final 
p roduc t . I n d iscuss ing the k inet i cs of these react ions I s h a l l ignore £-2 because 
a l l the react ions m e n t i o n e d here w e n t t o c o m p l e t i o n . 

If the first step of th i s reac t i on were rate c o n t r o l l i n g , the reac t ion rate w o u l d 
be c omple te ly independent of l i g a n d concentra t i on , a n d e v i d e n t l y th i s is the case 
for cyc l ohexy lamine i n t e t r a h y d r o f u r a n . T h e rate expression for th i s reac t ion 
t h e n becomes: 

4 M L ] 

dt 
- MM] (5) 

H o w e v e r , i f the first step is no t c o m p l e t e l y rate c on t ro l l ing , there w i l l be c o m 
p e t i t i o n for the in termedia te , M S , between the second f o rward step to give the final 
p roduc t , a n d the reverse of the first step, w h i c h leads b a c k t o the s t a r t i n g m a t e r i a l . 
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8 . HECK Discussion 2 1 7 

W e believe th i s is the ease for the react ions of C H 3 M n ( C O ) 5 w i t h t r i p h e n y l p h o s p h i n e 
a n d t r i p h e n y l p h o s p h i t e i n t e t r a h y d r o f u r a n . 

U n d e r these condi t ions , a s s u m i n g the s teady state a p p r o x i m a t i o n for the c o n 
c e n t r a t i o n of the in te rmed ia te , the rate expression becomes: 

4 M L ] W M ] [ L ] 
dt + kJL] ( } 

F r o m th i s one c a n o b t a i n a n expression r e l a t i n g the observed rate constant t o 
the l i g a n d c o n c e n t r a t i o n : 

— = + - (7) 
&obs [L] k\ 

If the m e c h a n i s m is correct , E q u a t i o n 7 shows t h a t a p l o t of the rec iproca l of 
the observed rate cons tant against the re c iproca l of the l i gand concentra t i on s h o u l d 
be l inear for the react ions of C H 3 M n ( C O ) 5 w i t h t r i p h e n y l p h o s p h i n e a n d t r i p h e n y l 
phosphi te . T h i s was f ound t o be the case for b o t h react ions (F igure J ) , a n d p r o 
vides good evidence t h a t the pos tu la ted m e c h a n i s m is indeed correct . 

8 

liters/mole 

Figure J. Reaction of CHzMn(CO)§ with triphenylphosphite 
in tetrahydrofuran. Plot of reciprocals. 

I n a d d i t i o n , E q u a t i o n 7 pred ic ts t h a t b y e x t r a p o l a t i n g t o a rec iproca l concen
t r a t i o n of zero, one shou ld o b t a i n a va lue for k\y the rate of f o r m a t i o n of the i n t e r 
mediate f r om C H 3 M n ( C O ) 6 . T h i s s h o u l d be independent of the l i gand used, de 
p e n d i n g o n l y on the so lvent . F i g u r e Κ shows the va lues for k\ ob ta ined for the 
react ions of C H 3 M n ( C O ) 5 w i t h three different l igands i n t e t r a h y d r o f u r a n , w h i c h are 
i n reasonable agreement w i t h one another . 

T h e observat ions of D r s . C a l d e r a z z o and C o t t o n (1) can also be exp la ined o n 
the basis of th i s m e c h a n i s m . I n the v e r y l o w l i g a n d concentrat ions t o w h i c h these 
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2 1 8 MECHANISMS O F I N O R G A N I C REACTIONS 

Ligand ki(sec.—l) 
cyclohexylamine 
triphenylphosphine 
tr iphenylphosphite 

9.6 Χ ΙΟ" 4 

9.0 Χ ΙΟ" 4 

9.9 Χ ΙΟ" 4 

Figure K. Values of k\ for the reaction of CHzMn(CO)s with various ligands in 
tetrahydrofuran 

a u t h o r s were res tr i c ted b y the poor s o l u b i l i t y of C O i n the so lvents used, the second 
step of the reac t ion (the react ion of the in termed ia te w i t h C O ) w o u l d become rate 
c o n t r o l l i n g , l ead ing t o the rate express ion : 

w h i c h agrees w i t h the observed first-order dependence on b o t h C H 3 M n ( C O ) g a n d 

I w o u l d l i k e t o ask D r . H e c k i f he believes t h a t the inser t i on react ions of 
C H g C o ( C O ) 4 proceed b y a s i m i l a r two-step m e c h a n i s m , or b y a concerted 
m e c h a n i s m ? 

D r . H e c k : W e have proposed m a n y t imes t h a t the a c y l group is formed before 
the l igand comes i n , b u t the rates i n the coba l t series are too fast to measure . I 
t h i n k coba l t a n d manganese react s i m i l a r l y . 

H a v e y o u measured th i s rate i n a h y d r o c a r b o n so lvent b y a n y chance—one 
t h a t w o u l d n ' t coord inate? 

D r . M a w b y : I n w-hexane, the reac t i on of C H 3 M n ( C O ) e w i t h c y c l o h e x y l a m i n e 
was first-order i n b o t h reactants , suggest ing t h a t a concerted m e c h a n i s m , i n v o l v i n g 
s imul taneous a t t a c k b y the amine a n d rearrangement to f o r m the a c e t y l group, is 
opera t ing . I n mes i ty lene , w h i c h has a s l i g h t l y h igher d ie lec t r i c constant , we 
observed a more c o m p l i c a t e d state of affairs. B o t h mechanisms appeared to oper 
ate side b y side, a n d we ob ta ined rate constants for b o t h the two-step a n d the c o n 
certed mechanisms. C e r t a i n l y a nonpo lar so lvent appears t o favor the concerted 
m e c h a n i s m . 

A l a n J . C h a l k : I shou ld l ike t o c o m m e n t on the p o i n t ra ised b y D r . D e s s y 
o n coord inate ly unsaturated ca ta lys t s a n d on some po ints i n the paper . 

J o h n H a r r o d a n d I have been l o o k i n g a t the s i l i con h y d r i d e a d d i t i o n to olefins 
c a t a l y z e d b y P t ( I I ) 

W e discussed t h i s ca ta lys i s recent ly (141st N a t i o n a l M e e t i n g of the A m e r i c a n C h e m 
i c a l Soc ie ty , M a r c h 1962) i n terms of a n olefin i n s e r t i o n reac t i on i n v o l v i n g a P t ( I I ) 
olefin c omplex (J ) . W e found t h a t ca ta lys i s was o n l y a c compl i shed b y p l a t i n u m 
compounds capable of c o o r d i n a t i n g olefins. F o r example , s u b s t i t u t i o n b y t e r t i a r y 
phosphines b locks c o o r d i n a t i o n b y olefins a n d great ly reduces the c a t a l y t i c a c t i v i t y 
of P t ( I I ) . T h e s u b s t i t u t i o n b y phosphines does not affect the a b i l i t y of the c o m 
plexes t o cleave the S i — H b o n d , however . T h e h i n d e r i n g of a c a t a l y t i c r e a c t i o n 
b y b l o c k i n g coord inat i on sites is a c o m m o n occurrence a n d i s , I t h i n k , a persuasive 

d\ML] 

dt 
[M] [L ] (8) 

C O . 
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8 . HECK Discussion 2 1 9 

argument favor ing the necessity for a coord inate ly unsaturated or c oord inate ly 
labi le c a t a l y s t . 

C o n c e r n i n g D r . H e c k ' s expec ta t i on of a cis a d d i t i o n for the inser t i on reac t ion , 
we have f ound t h a t the reverse reac t i on , a n e l i m i n a t i o n , a lso results i n a cis produc t . 
T h u s , the i s omer i za t i on of t e r m i n a l olefins, c a t a l y z e d b y m e t a l ions w h i c h f o rm tr-
complexes, produces the cis-2 olefin first (4). Subsequent ly , the trans-2 olefin is 
f ormed , however , w h i c h requires e x p l a n a t i o n . P o s s i b l y the h y d r i d e is , i n th i s case, 
pu l l ed off the a l k y l group b y another coord inated olefin ra ther t h a n b y the m e t a l 
i tsel f . 

M y last c o m m e n t concerns the reac t ion of p a l l a d i u m olefin complexes w i t h 
carbon monoxide d iscovered b y T s u j i . I agree t h a t th i s is most l i k e l y to proceed b y 
a n inser t i on ra ther t h a n a n ion ic m e c h a n i s m . C h l o r i d e a t t a c k on coord inated olefin 
is rare however . C h l o r i d e i o n is a n i n h i b i t o r , for example i n the pa l ladous chlor ide 
c a t a l y z e d h y d r a t i o n of e thylene (Ρ). I , therefore, wondered whether c a r b o n m o n 
oxide was affect ing the ease w i t h w h i c h chlor ide a t t a c k s olef in. One can postu late 
t h a t c a r b o n monoxide par t i c ipates i n th i s inser t i on e i ther as a gas phase reac tant or 
b y first f o r m i n g a c a r b o n y l olefin complex . S u c h complexes of the noble meta ls 
were u n k n o w n , b u t e x a m i n i n g the react ion between carbon monoxide a n d the h a l o 
gen br idged olefin complexes of p l a t i n u m revealed t h a t t h e y are f ormed v e r y r e a d i l y 
(2). A n a t t e m p t was also made to produce β - iodo a c y l iodides b y the react ion of 
i od ine , carbon monox ide a n d olefins i n the presence of p a l l a d i u m or p l a t i n u m 
ch lor ide . T h i s i s , i n effect, a n a t t e m p t t o m a k e D r . T s u j i ' s react ion c a t a l y t i c 
ra ther t h a n s to i ch iometr i c . N o c a r b o n y l inser t i on occurred at 1 a t m . of carbon 
monox ide . H o w e v e r , i t was found t h a t i o d i n a t i o n of the olefin was c a t a l y z e d b y 
p l a t i n u m olefin complexes a n d t h a t a n a d d i t i o n a l increase i n c a t a l y t i c a c t i v i t y 
a c compan ied the presence of carbon monox ide . T h e r e has been m u c h speculat ion 
a t th i s conference concern ing the p o s s i b i l i t y of af fect ing c a t a l y t i c a c t i v i t y b y c h a n g 
i n g the l igands i n the coord inat i on sphere of the ca ta lys t . T h i s w o u l d appear to 
be such a case. 
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9 
Acid-Base Reactions in Fused Salts 

FREDERICK R. DUKE 

Texas A&M University, College Station, Tex. 

A n o x i d e ion acceptor o r a c i d w i l l r e a c t w i t h 
c e r t a i n o x y a n i o n s in f u s e d salts t o produce a 
n e w a c i d . The e q u i l i b r i a i n v o l v e d w i t h p y r o 
- su l fate a n d d ichromate h a v e b e e n studied 
q u a n t i t a t i v e l y in f u s e d n i t r a t e s a n d , since 
nitronium i o n is a v e r y s t r o n g a c i d , o t h e r 
o x y i o n s such as b r o m a t e a n d i o d a t e m a y b e 
studied i n f u s e d n i t r a t e solut ions. The self 
-d issociat ion of n i t r a t e occurs t o a sl ight e x t e n t 
a n d has b e e n studied q u a n t i t a t i v e l y using 
a n o x y g e n - o x i d e ion e l e c t r o d e . By m a k 
i n g potent iometr lc measurements o n b o t h t h e 
basic a n d acidic n i t r a t e solut ions, o n e c a n 
calculate t h e s e l f - d i s s o c i a t i o n constant . 
S t r o n g l y basic o x y a n i o n s , such as c a r b o n a t e , 
c a n t h e n b e s tudied d i r e c t l y i n r e g a r d t o t h e 
o x i d e i o n i n equi l ibr ium w i t h t h e o x y a n i o n 
i n f u s e d n i t r a t e s . 

fused salt cons is t ing , general ly , of a n a l k a l i c a t i o n a n d a n o x y a n i o n is ab le t o 
sel f - ionize the a n i o n to oxide i o n a n d a n a c i d i c substance . F o r example , sul fate 

m a y dissociate s l i g h t l y t o f o r m S 0 3 a n d 0 - 2 , n i t r a t e t o f o rm Ν(>2 + a n d 0 " 2 , a n d phos 
phate t o f o rm P 0 3 ~ a n d 0 ~ 2 . N i t r a t e is the o n l y o x y a n i o n s t u d i e d t o a n y ex tent 
thus far , o w i n g p r i n c i p a l l y t o the conven ient m e l t i n g p o i n t s of i t s a l k a l i sa l ts a n d 
the large t emperature range of l i q u i d s t a b i l i t y . 

T h e ac id-base propert ies of fused a l k a l i n i t ra tes were first n o t e d w h e n d i c h r o m -
ate was added t o fused s o d i u m - p o t a s s i u m n i t r a t e eutect i c ( i ) . Gaseous n i t rogen 
d iox ide a n d oxygen were s l o w l y g iven off w i t h the convers ion of the d i c h r o m a t e t o 
chromate . I t was pos tu la ted t h a t N 0 2 + was formed as i n t e r m e d i a t e : 

C r 0 7 - 2 + N O 3 - N 0 2 + + 2 C r O r 2 

T h e effect (upon the overa l l rate of convers ion of d i c h r o m a t e to chromate ) of c h a n g 
i n g the chromate i o n concentra t i on was s tud ied . T h e ra te was inverse ly p r o p o r 
t i o n a l to the square of the chromate concentra t i on , as we l l as p r o p o r t i o n a l to the 
d i c h r o m a t e concentra t i on . S ince oxygen a n d n i t rogen d iox ide h a d no effect o n the 
rate , the n i t r y l i o n , N 0 2 + was pos tu la ted as i n t e r m e d i a t e . H o w e v e r , the e q u i l i b 
r i u m constant for the reac t i on c o u l d n o t be d e t e r m i n e d because too l i t t l e N 0 2 + was 
f o rmed . 

2 2 0 
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9 . DUKE Acid-Base Reactions 2 2 1 

W h e n pyrosul fate was s u b s t i t u t e d for the d iehromate , the e q u i l i b r i u m react ion 
became ( J ) : 

S2O7-2 + N O 3 - t=; N 0 2 + + 2SO4- 2 

P y r o s u l f a t e is a suff ic iently s t rong a c i d so t h a t a reasonable percentage of the 
a c i d i t y appears i n the f o rm of N 0 2

+ , a n d the overa l l r eac t i on rate is no longer i n 
verse ly p r o p o r t i o n a l t o the square of the sulfate i o n concentra t i on . I t was assumed 
t h a t i n b o t h the d i ehromate a n d pyrosu l fa te react ions , the final react ion to produce 
n i trogen d iox ide a n d oxygen w a s : 

N 0 2 + + N O 3 - -> 2 N 0 2 + Ο 

T h e oxygen atoms , i n so lva ted or o ther f o rm, r a p i d l y combine to f o rm mo le cu lar 
oxygen . 

T h e m e t h o d used for f o l l owing the convers ion of d iehromate t o chromate or 
pyrosu l fa te to sul fate i n v o l v e d measur ing the t o t a l a c i d i t y , AT, as a f u n c t i o n of 
t i m e . I n the pyrosu l fa te case, 

—άΑτ 

A T = [N0 2 +] + [S 2 0 7 - 2 ] , a n d — — = Z [ N 0 2
+ ] . 

at 
[N0 2+][SOr 2] 2 , 

T h e e q u i l i b r i u m equat i on , Κ — , was c o m b i n e d w i t h the t w o above 
|p 2 u 7 J 

equat ions to g ive (J) : 

—άΑτ UKAT 

dt (K + [sor 2]) 

kK 
Since sul fate was a l w a y s i n large excess of AT, the expression, . _ 2 , 2 , occupies 

XV. ~r L^5v^4 J 

the p o s i t i o n of a first order rate constant i n a n y g iven r u n a n d is d e t e r m i n e d as a 
first order constant . T h u s , n u m e r i c a l values were ob ta ined for kf, the pseudo c o n -

kK 1 
s tant , where k = — „ 9 , as a func t i on of [S04~ 2]. P l o t s of 77 vs. [SO4 J 

Κ + [0U4 J k 
1 

gave a n ord inate intercept of 7 a n d a n absc issa i n t e r c e p t of —K. T h u s , the e q u i l i b -
k 

r i u m constant for the reac t ion between pyrosu l fa te a n d n i t r a t e was d e t e r m i n e d . 
A p p a r e n t l y , the same rate d e t e r m i n i n g step is i n v o l v e d i n the d i ehromate reac t i on , 
a n d the e q u i l i b r i u m constant can be ca l cu la ted for the d iehromate case also . T h e 
e q u i l i b r i u m constant for the pyrosu l fa te reac t ion is 50.8 X 10~~3 a t 3 0 0 ° C , a n d 
21.8 X 10~ 3 a t 275°C. (5). T h e cons tant for the d iehromate reac t i on is 8.5 X 10~ 1 4 

a t 250°C. a n d 3.8 X 10~ 1 2 a t 300°C. 
T h e existence of the n i t r y l i o n i n the presence of a c id i c substances suggested 

t h a t n i t ra te i o n i n fused a l k a l i n i t rates m i g h t dissociate i n t o N 0 2
+ a n d O" 2 ions (5). 

T o determine the extent of the d i ssoc ia t ion , i t was necessary t o deve lop a n elec
trode p o t e n t i o m e t r i c a l l y responsive t o e i ther N 0 2

+ o r O" 2 . T h e o n l y p o s s i b i l i t y 
for a reversible N 0 2

+ electrode t h a t came to m i n d was n i trogen d iox ide gas b u b b l i n g 
over p l a t i n u m . T h i s electrode d i d respond t o N 0 2

+ i n ac id i c so lut ions , b u t as ex-
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2 2 2 MECHANISMS O F I N O R G A N I C REACTIONS 

pected, the f o l l owing non-e lec t rochemica l react ion occurred i n the presence of oxide 
i o n : 

N 0 2 + O " 2 -s. N 0 2 - + N O 3 -

T h u s , the u t i l i t y of the oxygen electrode was explored . 
T h e p o t e n t i a l of oxygen over p l a t i n u m responded n ice ly to changes i n oxygen 

pressure ac cord ing to the N e r n s t expression (5). T h e reference electrode was s i lver 
i m m e r s e d i n 0 1 i f s i lver n i t ra te i n the fused a l k a l i n i t rates , the m i x t u r e being con 
t a i n e d i n a t h i n glass envelope. T o test the effect of changes i n oxide i o n concen
t r a t i o n on the p o t e n t i a l , a source of pure a l k a l i ox ide was needed. I t is also u l t i -

K N O 3 
m a t e l y necessary t o k n o w E° for the ce l l O2» P t : } 0 ~ 2 

N a N 0 3 

x K N O 3 A 

( g l a S s ) N a N 0 3
A g ' 

0.1 Ai ; A g , i n order to ca lculate the se l f -d issoc iat ion constants . S ince a l k a l i oxides 
are ex t remely di f f icult t o prepare i n the pure state a n d to handle , i t was dec ided t o 
produce the oxide i o n cou lometr i ca l l y . C o n s e q u e n t l y , a k n o w n current of a p p r o x i 
m a t e l y 8 m i c r o a m p . was r u n t h r o u g h the ce l l , the oxygen electrode a c t i n g as the 
cathode . T h e current was d r a w n f rom a n e lec t ron ica l ly c ont ro l l ed constant c u r 
rent device a n d t i m e d so t h a t the n u m b e r of equiva lents of charge passing c o u l d be 
ca l cu la ted . T h i s was assumed to be the n u m b e r of oxide ions produced . T h e 
v a r i a t i o n i n po tent ia l w i t h oxide i o n fo l lowed the N e r n s t expression v e r y prec ise ly . 

T o determine the p o t e n t i a l of the electrode o n the a c i d side, pyrosul fate of 
k n o w n concentrat i on was p laced i n the fused sa l t . K n o w i n g the e q u i l i b r i u m c o n 
s tant to produce N 0 2 + , i t was possible to ca lculate the N C V " concentra t i on corres
p o n d i n g to the p o t e n t i a l measured. T h e n the sel f -dissociat ion constant was c a l 
cu la ted as fo l lows: 

^ RT P02
m 

i n c l u d i n g the reference electrode p o t e n t i a l i n the £ ° . 
O n the a c i d side, since KD = [ N 0 2

+ ] [ 0 ~ 2 ] , the equat ion becomes 

RT P o 2 " * [ N 0 2
+ ] 

T h u s , KD m a y be ca l cu la ted as descr ibed above . KD was f o u n d t o be 2.74 ± 
0.27 X 10~ 2 6 a t 250° C . a n d 5.66 ± 0.1 X 10~ 2 4 a t 300° C . T h e e n t h a l p y of d i ssoc ia 
t i o n is 64 k c a l . per mole . 

T h e basic i t ies of B r 0 3 ~ , C10 3 "~ a n d I 0 3 ~ (6) were s tud ied next . I t was first 
de te rmined t h a t B r O e - a n d I O e " were cons iderab ly more basic t h a n n i t r a t e i o n . 
T h u s , these halates were s tud ied i n fused a l k a l i n i t r a t e so lut ions . T h e react ions 
s tud ied were : 

2 B a + 2 + X O 3 - + C r 2 0 7 - 2 <=» X 0 2
+ + 2 B a C r 0 4 

T h e chromate concentra t i on was contro l l ed t h r o u g h the s o l u b i l i t y p r o d u c t of 
B a C r 0 4 a n d the b a r i u m i o n concentra t i on . T h e e q u i l i b r i u m was fo l lowed b y the 
react ions : 

B r 0 2
+ -> P r o d u c t s ( B r 2 , 0 2 ) 
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9 . DUKE Acid-Base Reactions 2 2 3 

C 1 0 2 + + C I " ~* P r o d u c t s ( C l 2 + C 1 0 2 + 0 2 ) 

I 0 2 + + B r ~ - * P r o d u c t s ( B r 2 , I B r ) 

T h e b r o m y l i o n decomposes spontaneous ly . C h l o r y l a n d i o d y l i ons were 
s tud ied through the i r a t t a c k on chlor ide a n d bromide ions respect ive ly . B y de
t e r m i n i n g the rate of d isappearance of d iehromate a n d us ing a n ana lys i s s i m i l a r t o 
the pyrosu l fa te -n i t ra te case, the f o l l owing e q u i l i b r i u m constants were f ound for the 
d i chromate -ha la te react ions w h i c h produce h a l y l a n d chromate ions (not ca l cu la ted 
as B a C r 0 4 , b u t as [ C r 0 4

- 2 ] i n so lut ion) (2). 

i t B r 0 3 - = 3.5 X 10~ 8 M " 1 

^ c i o 3 - = 4.0 Χ ΙΟ" 1 1 M~l 

Kioz- = 2.2 Χ Ι Ο " 9 M~l 

Knot- - 4.5 X 1 0 ~ u M~l 

N i t r a t e is i n c l u d e d for c o m p a r i s o n . T h e ch lorate was r u n w i t h ch lorate as so lvent 
since C 1 0 2

+ has a b o u t the same a c i d i t y as N 0 2
+ . A l s o , note t h a t B r C ^ " i s the 

strongest base of the three ions . 
K u s t (4) has p o t e n t i o m e t r i c a l l y de te rmined the e q u i l i b r i u m constant for c a r 

bonate d issoc iat ion i n fused s o d i u m - p o t a s s i u m n i t r a t e eutec t i c : 

C 0 3 - 2 < = * C 0 2 ( g ) + 0 ~ 2 

A m i x t u r e of c a r b o n d iox ide a n d oxygen was a l l owed t o bubb le over p l a t i n u m , 
thus m a i n t a i n i n g b o t h gas pressures a t k n o w n values . T h i s electrode i n d i c a t e d the 
oxide i o n c oncent ra t i on : 

~2 0 2 + 2e - » O " 2 

T h e reference electrode was t h a t used i n d e t e r m i n i n g the degree of d i ssoc ia t ion of 
n i t r a t e (5). 

T h e values d e t e r m i n e d are as fo l lows : 

T°K Κ X 10* 
523 0.40 db 0.05 
553 1.5 ± 0.1 
590 9.1 ± 0 . 5 

AH° was f ound to be 27 k c a l . a n d AS was 27 e.u. T h e large size of the c o n 
s tant compared w i t h the k n o w n d issoc iat ion of pure s o d i u m carbonate t o s o d i u m 
oxide a n d carbon d iox ide suggests t h a t NO4- 3 , o r o r t h o n i t r a t e is p r o b a b l y f o rmed 
w h e n oxide i o n is p laced i n t o fused n i t rates . I t m a y we l l be t h a t the d issoc iat ion 
react ion for pure n i t ra te should be w r i t t e n : 

2NO3- - * N 0 2 + + N O 4 - 3 

T h i s p o i n t needs fur ther inves t i ga t i on . 
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2 2 4 MECHANISMS OF I N O R G A N I C REACTIONS 
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RECEIVED A p r i l 3, 1964. 

Discussion 

Frederick Duke: Ten or so years ago I was extensively involved in oxidation-
reduc t i on react ion k inet i cs , a n d l i t t l e w o r k h a d been done a t t h a t t ime o n the anions 
— t h e o x y anions a n d the w a y in which t h e y react . J o h n E d w a r d s a n d others have 
done qui te a lo t w i t h t h e m since a n d even before. One t h i n g t h a t made i t d i f f i cul t 
to s t u d y these o x y anions as o x i d i z i n g agents was the fact t h a t w h e n t h e y were 
used i n aqueous so lu t i on the reac t ion w o u l d not proceed unless the a c i d present was 
hydrogen i o n . T h e r e m a y be some except ions t o t h a t . B u t i n general , hydrogen 
i o n was necessary t o m a k e the o x y anions i n t o o x i d i z i n g agents. N o weaker a c i d 
w o u l d do a n y t h i n g . A stronger a c i d i n w a t e r t u r n s i n t o hydrogen i o n a n d one 
c a n ' t l earn v e r y m u c h . W e dec ided to l ook for some o ther so lvents i n w h i c h one 
cou ld get a v a r i e t y of a c id i c s trengths , a l l of w h i c h w o u l d cause these o x y an ions t o 
ac t as ox idants . F o r example , consider b romate . T h e ques t i on is , w h e n the t w o 
hydrogen ions are added does the reac t ion go t o H 2 B r 0 3 + , o r t o Η 2 0 p lus ΒΚ>2 +? 

J u s t w h a t is the o x i d a n t i n these s i tuat ions? A c t u a l l y , i n aqueous s o l u t i o n i t is 
p r o b a b l y t r i v i a l to discuss the difference between these t w o . A t a n y rate we 
t h o u g h t about t r y i n g some nonaqueous so lvents , a n d i t appeared t h a t the fused 
a l k a l i n i t ra tes m i g h t be v e r y in teres t ing . W e d i d n ' t expect n i t r a t e i o n t o be v e r y 
ac id i c or bas ic . W re thought we c o u l d dissolve a l m o s t a n y t h i n g i n th i s so lvent a n d 
k n o w w h a t i t was i n the w a y of an a c i d . R a t h e r t h a n s t u d y i n g a n y acid-base p r o p 
erties of the so lvent , we began b y a d d i n g d i c h r o m a t e a n d t h o u g h t a good reac t i on 
s t u d y w o u l d be the d i chromate -bromide reac t i on . T h i s reac t i on is v e r y s low i n 
aqueous so lut i on a n d i t is necessary t o a d d su l fur i c a c i d a n d heat to m a k e i t go. 
W i t h these so lvents we c o u l d use temperatures a r o u n d 2 5 0 ° C , a n d we t h o u g h t th i s 
w o u l d give the r i g h t rate for a good k i n e t i c s t u d y . W h e n e v e r a ha l ide i o n is 
ox id i zed , the react ion u s u a l l y is second-order, or a t least invo lves t w o hal ide ions 
because the in te rmed ia te , such as Br2~, is more stable t h a n the a t o m . M a n y h a l o 
gen ox idat ions i n v o l v e one-electron transfers . W e wanted to find out whether 
B r 2 ~ was s t i l l s table a t 250°C. a n d w h e t h e r c h r o m i u m ( V ) or ( I V ) were s t i l l i m p o r 
t a n t a t these h i g h temperatures . 

N o n e of these th ings happened w h e n we t r i e d th i s reac t i on . W h a t d i d h a p p e n 
— a n d i t t o o k some p u z z l i n g to figure i t o u t — w a s t h a t i t reacted w i t h a n i t r a t e i o n 
as the so lvent t o give t w o chromate ions p lus n i t r y l i o n , a n d the n i t r y l i o n made 
n i t r y l bromide w h i c h decomposes to bromine a n d N O 2 . I n c i d e n t a l l y , we f ound t h a t 
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9 . DUKE Discussion 2 2 5 

o n l y one bromide is needed i n t h i s reac t i on , a n d a p p a r e n t l y the Br2~—the free 
r a d i c a l i o n — i s unstable a t 250°C. 

T h e r e is another reac t ion t h a t the NO24" undergoes t h a t is easier t o s t u d y t h a n 
the o x i d a t i o n of b romide , a n d t h a t t u r n s out t o be s i m p l y a c o m b i n a t i o n of n i t r a t e 
i o n p r o b a b l y t o f o r m a n in termed ia te N2O5. T h e s e fused salts are v e r y good i o n i z 
i n g so lvents , a n d the s t a b i l i t y of NO2"*" i n the fused n i t r a t e is caused p r o b a b l y b y the 
fact t h a t N2O6 is v e r y h i g h l y d issoc iated i n t o NC>2+ a n d NOf. T h e r e is some e v i 
dence t h a t some of t h i s does exist i n so lu t i on as mo lecu lar N2O5, a n d then d e c o m 
poses to 2NO2 a n d oxygen . I t is f irst -order i n NO24", g i v i n g a n oxygen a t o m a t the 
e n d , p r o b a b l y NO3, o r oxygen s o l v a t e d w i t h the n i t r a t e i o n or s o m e t h i n g else. A t 
a n y rate i t ends u p as oxygen molecules e v e n t u a l l y . W e dec ided t o s t u d y t h i s reac 
t i o n a n y w a y . I t t u r n s out t h a t , even i n the presence of a good p r e c i p i t a n t for the 
chromate i o n , the reac t i on w i l l no t go f rom left t o r i g h t suf f ic iently t o separate the 
rate c ons tant f r o m the e q u i l i b r i u m cons tant . 

W e t h o u g h t of us ing n i t r y l perchlorate i n fused n i t rates a n d m e a s u r i n g the 
abso lute rate a t w h i c h NO24" d i d decompose i n c o m b i n a t i o n w i t h n i t r a t e i o n . B u t 
there are too m a n y prob lems connected w i t h the us ing n i t r y l per ch lora te—e .g . 
g e t t i n g a n d keep ing i t d r y . W e dec ided i t w o u l d be easier a n d more conven ient 
s i m p l y t o a d d a stronger a c i d a t th i s p o i n t to d isp lace the e q u i l i b r i u m far enough to 
separate the e q u i l i b r i u m constant f rom the rate constant . T h e e q u i l i b r i u m goes 
o n l y s l i g h t l y f rom left t o r i g h t . B y t h e n the subsequent reac t i on is a l w a y s s t r i c t l y 
inverse second-order i n chromate . If t h i s occurs a p p r e c i a b l y t o w a r d the m i d d l e , 
say 10 or 2 0 % of the t o t a l a c i d a p p e a r i n g i n the f o r m of N 0 2

+ , t h e n the inverse 
order i n t h i s i o n begins t o decrease, a n d c a n go as far as zero order i f the e q u i l i b r i u m 
goes far enough f rom left to r i g h t . F r o m t h a t decrease i n a n inverse order i t i s 
poss ib l e—jus t l i k e M i c h a e l i s a n d M e n t o n d i d w i t h e n z y m e s — t o separate the rate 
a n d e q u i l i b r i u m constants . W e d i d t h i s s i m p l y b y s u b s t i t u t i n g su l fur for 
c h r o m i u m , a n d r a t h e r t h a n a d d i n g a p r e c i p i t a n t for the sa l t we h a d t o a d d excess 
sul fate o n the r i g h t t o keep the reac t i on f r om go ing too far t o the r i g h t a n d the 
decompos i t i on of the n i t r y l i o n f r o m go ing too fast . 

I t is in te res t ing t h a t i n b o t h the d i c h r o m a t e a n d the pyrosu l fa te case the de 
c o m p o s i t i o n of the n i t r y l i o n is independent of the a c i d a d d e d t o create i t . T h e r e 
fore, h a v i n g the p r o d u c t of the rate a n d e q u i l i b r i u m constants i n the case of the 
d i c h r o m a t e a n d the ra te constants separated o u t f r o m the pyrosu l fa te w o r k , the 
rate cons tant was d i v i d e d i n t o the produc t t o give the e q u i l i b r i u m cons tant for the 
d i c h r o m a t e . T h i s c a n be done for a who le series of ac ids regardless of t h e i r 
s trengths , w h e t h e r t h e y are s t r o n g enough so t h a t i t c a n be done i n d e p e n d e n t l y o r 
no t . 

T h e r e is a group of ac ids w h i c h are m e t a l i o n s — z i n c i o n p lus n i t r a t e i o n , for 
example . T h i s goes t o inso lub le z i n c oxide p lus NO2"1". O n e reason t h a t I d i d n ' t 
m e n t i o n these ac ids is t h a t we are no t sure t h a t i t is the decompos i t i on of N 0 2 + 

t h a t leads t o NO2 a n d oxygen . I t c o u l d be a d i rec t decompos i t i on of the z i n c 
n i t r a t e c omplex i o n , a n d we f ound t h a t t h i s was the case w i t h b romate . I f b r o m a t e 
is a d d e d t o fused n i t ra tes a l o n g w i t h z i n c i o n , i t is no t a n e q u i l i b r i u m i n v o l v i n g z i n c 
oxide a n d B r 0 2

+ w h i c h occurs , b u t Z n B r 0 3 + is f o rmed . T h i s decomposes d i r e c t l y 
t o the produc ts , one of w h i c h is z i n c ox ide . H e n c e we r e a l l y d o n ' t k n o w w h e t h e r 
these belong to the same category as d i chromate i n the deta i led w a y t h a t one has 
t o assume to get the e q u i l i b r i u m constant separated f r om the rate constant . 
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2 2 6 MECHANISMS O F I N O R G A N I C REACTIONS 

T h i s cons iderat ion led us t o determine the e q u i l i b r i u m constant for th i s reac t ion 

Ν Ο Γ ^ N 0 2 + + Ο " 2 

w h i c h is a se l f -d issoc iat ion of n i t r a t e i o n a n d looks v e r y m u c h l i k e the se l f -d issoc ia
t i on of water . I n order t o determine t h i s one needs a sensit ive m e t h o d 
to measure e i ther N 0 2

+ or 0~~2. A n a l a g o u s t o the w a y i t was done i n aqueous s o l u 
t i o n we l ooked for a n electrode t h a t w o u l d respond t o e i ther N 0 2

+ ions or oxide ions . 
One can get a good electrode for N 0 2

+ s i m p l y b y b u b b l i n g N 0 2 over p l a t i n u m , b u t 
i t c a n ' t be used i n the presence of oxide i o n because there is a d i rec t react ion of N 0 2 

w i t h oxide i o n t o m a k e n i t r a t e a n d n i t r i t e . T h a t exc luded t h i s m e t h o d . W e used 
i t o n l y as a p o i n t of interest t o see i f i t w o u l d w o r k o n the a c i d s ide, a n d i t does. 

N e x t we considered the oxide i o n electrode, a n d we were a l i t t l e fearful of t h i s 
one. T h e r e h a d been some w o r k done i n sul fates , a n d severa l h u n d r e d degrees 
w a r m e r t h a n th i s , i n w h i c h there was some quest i on as t o w h e t h e r or not the oxygen 
electrode was r e a l l y a c t i n g r e v e r s i b l y o n p l a t i n u m . F u r t h e r m o r e , s tudies b y 
Y e a g e r a n d others have s h o w n t h a t whenever one uses oxygen i n aqueous so lu t i on 
a t electrodes there is a tendency to equ i l ib ra te w i t h peroxide r a t h e r t h a n w i t h oxide 
or h y d r o x i d e . W e were a f r a i d t h a t we m i g h t e n d u p w i t h some one-electron t r a n s 
fer react ions a n d get peroxide ions a n d the l i k e ; b u t we h a d to t r y i t because the 
o ther electrode j u s t w o u l d n ' t w o r k . A s i t t u r n e d out , i t w o r k e d v e r y n i c e l y . 

W e had to determine £ ° for these cells i n order t o s w i t c h to the a c i d side a n d 
i n v o l v e the e q u i l i b r i u m constant i n such a w a y t h a t i t c o u l d be d e t e r m i n e d . T h i s 
meant a d d i n g a care fu l ly k n o w n concent ra t i on of oxide i o n w h i c h is b y no means 
s imple w h e n w o r k i n g w i t h s o d i u m or p o t a s s i u m . I t is possible t o m a k e pure s o d i u m 
oxide . I t m a y be possible t o m a k e pure po tass ium oxide. B u t one a l w a y s looks 
for easier w a y s t o d o th ings because these are di f f i cult th ings t o handle ; a n d we were 
w o r k i n g w i t h v e r y l ow-concentrat ions of oxide i o n . One does not l ike t o measure 
p H u p a r o u n d 14 or 15, b u t r a t h e r a r o u n d 8, 9, o r 10, a n d we w a n t e d t o measure 
a n oxide i o n e lec t rochemica l ly . I t was r a t h e r s m a l l i n m o l a r c o n c e n t r a t i o n — 
on the order of 1 0 - 6 i k f . F i r s t we showed t h a t as we changed the pressure of oxygen 
over a buffered s o l u t i o n (buffered a t a n u n k n o w n oxide i o n va lue b y p u t t i n g i n 
or thos i l i cate , s o d i u m orthos i l i cate ) we d i d indeed get the N e r n s t slope. T h e n we 
c o u l o m e t r i c a l l y a d d e d the oxide i o n f r om the oxygen electrode w i t h a cons tant 
current generator a n d eas i ly p u t i n s m a l l concentrat ions of oxide i o n . 

T h i s w o r k has been c r i t i c i zed r a t h e r severely b y s a y i n g t h a t we are jus t d u m p 
i n g electrons i n t o the reac t ion , a n d there h a d been a lo t of pressure o n us t o m a k e 
s o d i u m oxide a n d see i f i t r e a l l y gives the same answer. I d o t h i n k i t w o u l d be a 
v e r y nice t h i n g t o have done, b u t I r e a l l y d o n ' t w a n t to do i t . I have lost m y 
e n t h u s i a s m for t h a t p o r t i o n of the p r o b l e m . 

T h e o ther p r o b l e m connected w i t h th i s e q u i l i b r i u m is the fact t h a t N 0 2
+ does 

not r e m a i n as such i n the reac t i on m i x t u r e w h i l e one makes measurements ; i t 
decomposes f a i r l y r a p i d l y . H e n c e , i t was necessary to k n o w the e q u i l i b r i u m c o n 
s tant for the pyrosul fate prec ise ly a n d the rate a t w h i c h i t decomposed prec ise ly i n 
order t o k n o w , a t a n y p a r t i c u l a r t i m e af ter we a d d pyrosul fate t o the fused n i t r a t e , 
e x a c t l y how m u c h N 0 2

+ was there . I t t u r n s out t h a t one c a n e l e c t rochemica l ly 
fo l low the rate of decompos i t i on of N 0 2

+ p o t e n t i o m e t r i c a l l y since th i s e q u i l i b r i u m 
persists . A s the N 0 2

+ d i sappears one can fo l low i t a n d o b t a i n m u c h better d a t a 
t h a n we were able t o get w i t h c h e m i c a l analyses . Therefore , the whole j ob of de -
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9 . DUKE Discussion 2 2 7 

t e r m i n i n g th i s e q u i l i b r i u m cons tant is a n i n t e r n a l one. W e redetermined the e q u i l i 
b r i u m a n d rate constants for th i s reac t ion s imul taneous ly . 

T h e e q u i l i b r i u m constant is a b o u t 2.74 X 10~ 2 6 a t 250°C. a n d a b o u t 5.66 X 
10~~24 a t 300°C. w i t h a large AH. T i t r a t i o n s w i t h oxide i on w i t h s t rong ac ids i n th i s 
so lvent give a large p o t e n t i a l change, some 26 p H u n i t s . S ince we were w o r k i n g 
a t a h igher t emperature , RT/2F becomes a l i t t l e larger . I n some w o r k done i n 
E g y p t , peroxide r a t h e r t h a n oxide i o n has been used t o do the t i t r a t i o n s , a n d i t is 
repor ted t h a t the peroxide i o n , as i t h i t s the a c i d , decomposes i n t o oxide i o n a n d 
oxygen . W e have l ooked at th i s a l i t t l e a n d are not sure t h a t one does get c o m 
plete decompos i t i on of the peroxide i o n . Some decompos i t i on occurs, c e r t a i n l y . 

H a v i n g de termined the e q u i l i b r i u m constant one shou ld be able t o dissolve a n y 
possible source of oxide i o n — b r o m a t e , ch lorate , s i l i cate , phosphate , z inc o x i d e — 
m a k e measurements , a n d te l l how basic or ac id i c the so lut ion is . F o r example , we 
bel ieve t h a t transfer of oxide i o n f rom bromate occurs i n the same w a y as n i t ra te 
a n d one gets B r 0 2

+ . T h i s B r 0 2
+ , i f indeed t h a t is w h a t we do get, is a n excel lent 

o x i d a n t . I t reacts w i t h i od ide , b romide a n d a n y t h i n g t h a t bromate n o r m a l l y 
oxidizes i n a c i d s o l u t i o n . I t m a k e s us believe t h a t i t is u l t i m a t e l y the o x i d a n t i n 
such a case as b romate . U s i n g H 2 B r 0 3 + , one has t o d isp lace w a t e r f rom i t w i t h a 
r e d u c i n g agent, for example b romide , for the reac t i on to proceed. 

T h e organic chemists have been c l a i m i n g for years t h a t t h e y have excel lent 
proof t h a t N 0 2

+ is indeed the e lec t rophi l i c d i sp lacement agent t h a t causes n i t r a t i o n , 
p a r t i c u l a r l y o n a r o m a t i c c ompounds . T o test t h i s we added pyrosul fate t o fused 
n i t r a t e a n d b u b b l e d some benzene vapors t h r o u g h i t o n n i t rogen or argon . N o t h i n g 
b u t benzene came out , i n spi te of the fact t h a t the reac t ion m i x t u r e was hot , 2 5 0 ° C , 
a n d conta ined N 0 2

+ i ons . N o w the organic chemis ts are go ing t o say t h a t we never 
d i d have a n y N 0 2

+ there . T o forestal l t h a t a r g u m e n t we t h e n added water t o the 
benzene a n d b u b b l e d the n i t rogen t h r o u g h b o t h the w a t e r a n d the benzene as i t w e n t 
i n t o the fused sa l t c o n t a i n i n g the N 0 2

+ . A lo t of n i trobenzene came over . I 
d o n ' t k n o w w h e t h e r th i s means t h a t the n i t r a t i n g agent is r e a l l y Η 2 Ν Ο ^ or w h e t h e r 
one needs as good a p r o t o n acceptor as w a t e r i n order to d isp lace the h y d r o g e n — 
w h e t h e r i t i s c a t a l y t i c , o r s to i ch iometr i c , o r j u s t w h a t . W e dec ided t o find ou t 
us ing a homogenous m i x t u r e r a t h e r t h a n a two-phase (or more) sys tem. W e t ook 
some s o d i u m benzenesulfonate, w h i c h is a good sa l t a n d dissolves i n fused n i trates , 
a n d a d d e d i t t o fused n i trates . W 7e were about t o a d d some pyrosul fate t o generate 
the a c i d , the N 0 2

+ , w h e n a m e t a t h e t i c a l react ion occurred , c a l l i t a n ac id -base i n t e r 
change, t o give n i trobenzene a n d sulfate ions . T h i s appears t o be a reversible reac 
t i o n . W e have s t u d i e d the k ine t i c s of t h i s reac t i on a n d k n o w the order a n d some 
a c t i v a t i o n energies. W e d o n ' t k n o w h o w v a l i d our figures are since we have never 
been able to get more t h a n a 5 0 % y i e l d i n n i t robenzene ; a n d we t h i n k t h a t e i ther 
the ni trobenzene oxidizes the unreacted sul fonic a c i d or i tsel f . T h i s seems to react 
a l i t t l e faster t h a n jus t a d d i n g ni trobenzene to the fused n i t r a t e — i t s tar ts t u r n i n g 
b l a c k a f ter a w h i l e . S ince we used a co lorometr i c m e t h o d for f o l l owing the reac 
t ions , we are s k e p t i c a l of the d a t a . W e t r i ed large a m o u n t s to see i f we c o u l d m a k e 
a p o u n d of n i trobenzene th i s w a y , b u t the y ie lds decrease great ly w h e n we t r y t o 
m a k e the sul fonic a c i d more concentrated . B u t the more d i l u t e we m a k e i t , the 
better the y i e l d of n i trobenzene . P e r h a p s th i s w o u l d be a good w a y t o p u t n i t r o 
groups o n the heterocycles . B u t , t h a t is a l i t t l e t oo organic for mos t of us . 
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2 2 8 MECHANISMS OF I N O R G A N I C REACTIONS 

W e have done a few ox idat i on - reduc t i on react ions i n fused salts , b u t t h e y 
a r e n ' t t e r r i b l y in teres t ing . T h e o n l y reac t i on t h a t m i g h t be interes t ing is a d d i n g 
iod ide i o n to ch lorate i n a n e u t r a l t o a l k a l i n e s o lu t i on of fused n i t rates t o give iodate 
p lus ch lor ide . T h i s react ion is not u n u s u a l ; i t has been used for years i n aqueous 
so lu t i on to m a k e iodate . B u t we d i d some interes t ing th ings w i t h th i s reac t i on . 
W e made the h y p o i o d i t e a n d chlor ide intermediates t h a t w o u l d occur i f one t r a n s 
ferred one or t w o oxygens a t a t ime a n d no t a l l three . T h e s e intermediates react 
w i t h n i t r a t e i o n to give produc ts t h a t are r e a d i l y ident i f iab le . W 7e d i d n ' t get a n y 
of these p r o d u c t s ; so we feel t h a t a W a l d e n invers i on operates here. T h e iod ide 
comes u p a n d a l l the oxygens s w i t c h over t o the iodine a t the same t im e f r om the 
ch lor ide . W e d o n ' t have real proof of th i s , because there are o ther w a y s t o e x p l a i n 
the observat ions . These intermediates m a y be far more react ive w i t h the reagents 
t h a n w i t h the n i t r a t e , b u t a t least there is a l i t t l e evidence t h a t a l l three oxygens 
transfer a t once. 

D i e t e r G r u e n : Pro f . D u k e has g iven a n admirab le d iscuss ion of ac id-base 
propert ies i n m o l t e n n i t rates . I w o u l d l ike t o suggest a mode l for the t r a n s i t i o n 
state complex i n the react ion 

Y 2 0 f 2 + X O 3 - ^ X 0 2 + + 2YO4- 2 

s t u d i e d b y Pro f . D u k e i n m o l t e n a l k a l i m e t a l n i t rates . H e r e X 0 3 " = NO3-, 

C 1 0 3 ~ , B r 0 3 - or IO3-; Y2O7- 2 = C r 2 0 7 - 2 or S 2 0 7 " 2 . 
T h e Y 2 0 f ~ 2 ions can be represented b y t w o oxygen te t rahedra shar ing a corner 

w i t h the c h r o m i u m or su l fur a t o m s a t the centers of the t e t rahedra . T h e a c t i v a t e d 
complex [ Y 2 0 7 Z X 0 3 ] - 2 then consists of a n a l k a l i m e t a l i o n , Z , i n the center of a n 
o c tahedron of oxygens : three f rom the Y 2 0 7

- 2 group a n d three f rom the X O 3 -

group . 
T h i s m o d e l was suggested b y spectroscopic studies of d ipos i t i ve 3d ions i n 

m o l t e n a l u m i n u m chlor ide (7). T h e a b s o r p t i o n spec t ra of d ipos i t i v e T i , V , C r , 
M n , F e , C o , N i a n d C u i n m o l t e n AICI3 can be in terpre ted on the basis of o c t a h e d r a l 
conf igurat ions of chlor ides a b o u t the c e n t r a l t rans i t i on m e t a l ions . A n e x p l a n a t i o n 
of th i s fact is made p laus ib le b y the f o l l owing considerat ions . 

I n the l i q u i d state , x - r a y d i f f rac t i on measurements (3) have shown a l u m i n u m 
chlor ide t o consist of A I 2 C l e d imers . T h e r e is considerable evidence t h a t a d d i t i o n 
of C l ~ to A l 2 C l e is a stepwise process character ized b y the t w o e q u i l i b r i a 

A l 2 C l e + C I " = A 1 2 C 1 7 -

A l 2 C l r + C I " = 2AICI4-

I t i s l i k e l y therefore t h a t the 3d m e t a l d i ch lor ides dissolve i n m o l t e n A l 2 C l e a c c o r d 
i n g t o the e q u a t i o n 

M C 1 2 + 2A1 2 C1 6 = M ( A 1 2 C 1 7 ) 2 

A mode l for th i s complex is s h o w n i n F i g u r e A . I n th i s m ode l , the M + 2 i o n is o c t a -
h e d r a l l y surrounded b y s ix chlor ides be longing to t w o A 1 2 C 1 7 " groups, the A 1 2 C 1 7 " 
g roup i n t u r n h a v i n g a s t ructure composed of t w o AICI4 groups s h a r i n g a corner . 

T h e ana logy of the M ( A 1 2 C 1 7 ) 2 complex w i t h the proposed [ Y 2 0 7 Z X 0 3 ] - 2 

a c t i v a t e d state complex resides i n the fact t h a t b o t h complexes prov ide a n o c t a 
h e d r a l site for the m e t a l i o n . Spectroscopic d a t a o n 3d m e t a l ions i n m o l t e n n i t rates 
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9 . DUKE Discussion 2 2 9 

Figure A. Model of M(AhClT)2 complex 

can be most eas i ly in te rpre ted i n terms of o c tahedra l c o o r d i n a t i o n b y oxygens . 
A l t h o u g h such measurements cannot be per formed on a l k a l i m e t a l ions since t h e y 
do not possess unpa i red ^-electrons, i t is not unreasonable t o postu late s ix fo ld 
oxygen c o o r d i n a t i o n for these ions as w e l l . A n a t t r a c t i v e feature of the 
[Y2O7ZXO3]- 2 c omplex is t h a t i t br ings the t w o reactants i n t o close p r o x i m i t y 
w i t h o u t r e q u i r i n g a n excessive a c c u m u l a t i o n of negat ive charge at the react ion s i te . 

J o s e p h J . J o r d a n : Pro f . D u k e sa id t h a t one of his m o t i v a t i o n s for e x p l o r i n g 
o x i d a t i o n - r e d u c t i o n i n m o l t e n salts was his desire t o s t u d y separate ly the e lectron 
transfer process proper , w h i c h i n aqueous so lut ions is i n v a r i a b l y c o m p l i c a t e d a n d 
encumbered b y o v e r l a p p i n g p r o t o n transfer . 

T o me, the most in teres t ing feature of the L u x - F l o o d ac id-base c h e m i s t r y i n 
m o l t e n n i t ra te so lvents is the fact t h a t one does encounter the same t y p e of i n t e r 
p l a y between ac id-base a n d o x i d a t i o n - r e d u c t i o n c h e m i s t r y . H o w e v e r , i n t h i s i n 
stance the ac id-base reac t ion happens t o be, no t a p r o t o n transfer , b u t a n oxide 
transfer . I should hope, as Pro f . D u k e sa id , t h a t more people w o u l d become 
ac t ive i n the field of ac id-base a n d e lectron transfer c h e m i s t r y i n m o l t e n sa l ts . T h i s 
is s t i l l a n area where i t m i g h t be possible t o d r a w conclusions f r om r e l a t i v e l y s imple , 
a lmos t q u a l i t a t i v e , observat ions . I f one reviews i n retrospect the ingenious a n d 
sophis t i cated m a t e r i a l presented here, the impress ion is t h a t a lmos t a n y conc lus ion 
t h a t remains t o be d r a w n i n aqueous inorgan i c mechanisms c h e m i s t r y has t o be 
based o n ra ther c o m p l i c a t e d q u a n t i t a t i v e arguments . Because of the m a n y a p 
p r o x i m a t i o n s t h a t m u s t be re l ied o n i n these s i tuat i ons , one cannot he lp feel ing t h a t 
he m i g h t lose contac t w i t h the tangib le r e a l i t y of the c h e m i s t r y i n v o l v e d . One 
of the v i r t u e s of m o l t e n salts is t h a t a great dea l of s t r a i g h t f o r w a r d c h e m i s t r y re 
m a i n s t o be e luc idated , perhaps because th i s field i s s t i l l m a n y decades b e h i n d the 
present deve lopment of aqueous inorgan i c c h e m i s t r y . 

L u x - F l o o d base d i ssoc ia t ion e q u i l i b r i a can be d i v i d e d i n t o t w o b r o a d categories : 
(a) T h o s e i n w h i c h the conjugate a c i d is not a n e lec tron ac ceptor ; 
(b) T h o s e w h i c h y i e l d a n o x i d i z i n g agent as conjugate a c i d . 

C a r b o n a t e i o n i n a n a p p r o p r i a t e m o l t e n sa l t so lvent is a n example of (a), the c o n -
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2 3 0 MECHANISMS OF I N O R G A N I C REACTIONS 

jugate ac id ' s be ing CO2, w h i c h is not a n e lectron acceptor . Pro f . D u k e focused on 
(b), a t y p i c a l example of w h i c h is the n i t ra te i o n whose conjugate a c i d , the n i t r o n -
i u m i o n NC>2+, is a s t r o n g o x i d i z i n g agent . I s h o u l d l ike t o present some tang ib le 
ev idence t h a t oxide d i s soc ia t i on is indeed a phenomenon w h i c h is analogous w i t h 
the d i ssoc ia t i on of hydrogen ions f rom B r 0 n s t e d acids i n c o n v e n t i o n a l so lvents . 
R e l e v a n t e x p e r i m e n t a l d a t a are presented i n F i g u r e B , w h i c h is based o n the w o r k 
of K a r l R o m b e r g e r (8) a n d represents a f a m i l y of po larograms ob ta ined a t a r o t a t e d 
p l a t i n u m d i s k electrode i n a n a l k a l i n i t ra te so lvent me l t . I n the res idua l current 
curve (the t o p curve , o b t a i n e d i n the pure so lvent) as the p o t e n t i a l is made more 
a n o d i c , one not ices a current w h i c h reflects the o x i d a t i o n of oxide i o n r e s u l t i n g 
f r o m the d i ssoc ia t ion of n i t r a t e . T h e other p lots i n Β were ob ta ined b y d i s so lv ing , 
i n the mass ive n i t ra te me l t , v a r i o u s s m a l l concentrat ions of the L u x - F l o o d 
base CO3- 2 . C a r b o n a t e is a stronger L u x - F l o o d base t h a n n i t r a t e . C u r v e s A , B , 
C , D , a n d Ε correspond t o the e lec t ro -ox idat ion of the oxide ions d issoc iated f r om 
the carbonate . T h e y e v e n t u a l l y leve l off i n a l i m i t i n g current d o m a i n , because the 
process is mass transfer contro l l ed (by d i f fus ion a n d forced convect ion) i n the 
cor respond ing range of po tent ia l s . T h e difference i n p o t e n t i a l s a t w h i c h 0~~2 i s 
e lec tro -ox id ized i n the presence of carbonate is s t r i k i n g c o m p a r e d to w h a t happens 
i n the pure n i t r a t e me l t . N e g l e c t i n g i r r e v e r s i b i l i t y , t h i s difference results f r om the 
fact t h a t carbonate is a m u c h more s t rong ly d issoc iated oxide donor t h a n n i t ra te ; 
the e q u i l i b r i u m concentra t i on of oxide i o n i n the presence of carbonate is a b o u t 20 
orders of m a g n i t u d e larger t h a n i n pure n i t r a t e . A s a resu l t , e l ec t ro -ox idat ion of 
0~~2 c a n occur a t m u c h less anod i c po tent ia l s i n the presence t h a n i n the absence of 
co3-2. 

H y d r o g e n r e d u c t i o n waves are w e l l k n o w n i n aqueous p o l a r o g r a p h y (6) ; t h i s 
c omple te ly analogous phenomenon br ings out c o n v i n c i n g l y a n d t a n g i b l y the s i m i l a r 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
09



9 . DUKE Discussion 2 3 1 

nature between oxide transfer c h e m i s t r y i n m o l t e n salts a n d p r o t o n transfer c h e m 
i s t r y i n c o n v e n t i o n a l so lvents . 

A c t u a l l y , the more in teres t ing s i t u a t i o n is (b) where the conjugate a c i d is a n 
o x i d i z i n g agent (12). A s t r i k i n g d e m o n s t r a t i o n of the interdependence of e lectron 
transfer a n d oxide transfer is inherent i n the f o l l owing observat ions . I t is possible 
t o prepare a s o lu t i on of p o t a s s i u m iodide i n a v e r y pure n i t ra te m e l t a n d m a i n t a i n 
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2 3 2 MECHANISMS OF I N O R G A N I C REACTIONS 

s t a b i l i t y inde f in i te ly , i n the sense t h a t there is no ox ida t ive loss of the i od ide b y 
convers ion t o i od ine . If, however , the n i t r a t e m e l t conta ins a trace of a h e a v y 
m e t a l sa l t , such as lead or a l u m i n u m , one sees a n instantaneous e v o l u t i o n of i od ine . 
T h e reason for t h i s is t h a t l ead a n d a l u m i n u m ions are L u x - F l o o d ac ids w h i c h a b 
s t rac t the oxide i o n f r om the n i t r a t e d i s soc ia t i on e q u i l i b r i u m , t h u s increas ing the 
a c t i v i t y of the conjugate a c i d , N 0 2 + . T h e n i t r o n i u m i o n funct ions as a n e lectron 
acceptor w h i c h oxidizes iodide t o i od ine . 

I n order t o i l lus t ra te the nature of i n t e r p r e t i v e prob lems w h i c h p r e v a i l i n c o n 
t e m p o r a r y m o l t e n sa l t c h e m i s t r y , I shou ld l i k e t o describe a n interes t ing c a t a l y t i c 
reac t i on , v i z . , the r e d u c t i o n of n i t r a t e t o n i t r i t e i n d u c e d b y the e lec tro -reduct ion 
of traces of w a t e r . I believe t h a t t h i s m a y exempl i f y the mechanis t i c prob lems 
encountered t y p i c a l l y i n m o l t e n sa l t c h e m i s t r y a n d hope t h a t th i s w i l l engender 
some discuss ion a n d research b y t h i s group w h i c h has so a b l y hand led m u c h more 
complex prob lems i n aqueous c h e m i s t r y . If one records a d i rec t current vo l tage 
curve i n a n i t r a t e a l k a l i n i t r a t e m e l t w h i c h conta ins traces of water , one ob ta ins the 
po larograms (2) s h o w n i n F i g u r e C . T h e curves correspond to a ca thod i c r educ 
t i o n process, a n d the " w a v e h e i g h t s " increase w i t h the a m o u n t of moisture present . 
S i m i l a r findings have been repor ted p r e v i o u s l y f r om the U n i v e r s i t y of I l l ino i s {11). 
One of m y graduate s tudents , T . E . G e c k l e , became interested i n th i s m a t t e r , be
cause the quest ion w h e t h e r a w a t e r molecule can be e lectro-reduced d i r e c t l y as such 
(rather t h a n v i a p r i o r d i ssoc ia t i on t o a hydrogen ion) is a m a t t e r of considerable , 
f u n d a m e n t a l i m p o r t a n c e . M r . G e c k l e f ound t h a t , wh i l e the l i m i t i n g currents ob 
t a i n e d i n the n i t r a t e m e l t were p r o p o r t i o n a l t o the concentra t i on of water , the o n l y 
p roduc t s of the electrode reac t i on were n i t r i t e i o n a n d oxide ions (one hal f mole of 
each per f a raday of e l e c t r i c i t y ) . T h e s u r p r i s i n g t h i n g was t h a t no hydrogen was 
produced i n a n y w a y or f o r m . D u r i n g e lectro lys is one c o u l d observe i n the m e l t the 
ye l l ow co lor of N O 2 w h i c h faded as soon as the e lectro lys is was s topped . 

M a t h e m a t i c a l ana lys i s of the po larograms ind i ca ted t h a t the overa l l electrode 
reac t i on i n v o l v e d one mole of reac tant , t w o electrons, a n d three moles of p r o d u c t . 
T h e m e c h a n i s m w h i c h accounts for the e x p e r i m e n t a l results is i l l u s t r a t e d i n F i g u r e 
D . 

N E T R E S U L T ( from c o u l o m e t r y ) 

N O 3 - + 2e -> N 0 2 - + O " 2 

M E C H A N I S M 
rate controlling 

H 2 0° ° 

H 2 0 ° + 2e 

H 2 0 ° 

2H° + C T 2 

fast 
2H° 2 H 0 0 

N O 3 - + 2 H [00 H 2 0 ° ° -h N O r 

Figure D. Mechanism of the electrode-reduction 

W a t e r f rom the b u l k of the m e l t is t r a n s p o r t e d , b y di f fusion a n d forced convec t ion , 
i n a ra te - c ont ro l l ing step to the electrode surface (this accounts for the p r o p o r t i o n 
a l i t y of the l i m i t i n g current t o w a t e r concentrat ion) ; a t the electrode interface w a t e r 
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9 . DUKE Discussion 2 3 3 

is reduced to a t o m i c hydrogen , w h i c h diffuses r a p i d l y to the b u l k of the s o l u t i o n ; 
there i t reacts w i t h n i t r a t e , p r o d u c i n g n i t r i t e a n d regenerat ing w a t e r ; the water then 
" r e t u r n s " (by di f fusion a n d forced convect ion) to the electrode surface a n d contro ls 
the current . 

T h e interes t ing react ion to th is sequence is the last s tep : i t m u s t necessarily 
proceed v i a a mechan ism w h i c h is consistent w i t h the t rans ient appearance of the 
co lor of N O 2 i n the b u l k of the s o l u t i o n . F i g u r e Ε conta ins t w o a l t e rnat ives w h i c h 
can account for th i s observat ion . T h e react ion sequence on the left is bas i ca l l y a n 
oxide transfer m e c h a n i s m a n d is consistent w i t h some of P r o f . D u k e ' s ideas ; h y d r o 
gen is assumed to reduce n i t ra te t o N O 2 ; N 0 2 ac ts as a " m i x e d a c c e p t o r " for oxide 
y i e l d i n g n i t r a t e p lus n i t r i t e ; a n d h y d r o x y l ions are reconverted t o oxide a n d w a t e r 
v i a a k n o w n reac t i on . 

T h e second sequence i n F i g u r e Ε invo lves h y d r i d e as a react ion in termediate . 

N O 3 - + 2 H -+ H 2 0 + N O r 

O X I D E T R A N S F E R 

2NO3- + 2 H -> 2 N 0 2 + 2 0 H -

2 N 0 2 + C T 2 -> N O 3 - + N 0 2 " 

2 0 H - - » Ο " 2 + H 2 0 

H Y D R I D E T R A N S F E R 

2NO3- -> 2 N 0 2
+ + 20-2 

20-2 + 4 H -+ 2 H - + 2 0 H -

2 N 0 2 + + 2 H - — 2 N 0 2 + 2 H 

2 N 0 2 + Ο " 2 + N O 3 - + N 0 2 -

2 0 H - -> Ο " 2 + H 2 0 

Figure E. Alternative mechanisms 

G i l b e r t H a i g h t : I a m g lad t h a t Pro f . D u k e has demol ished a s t a i d o ld organic 
m e c h a n i s m . I w o u l d l ike t o c o m m e n t on th i s apparent non p a r t i c i p a t i o n of N 0 2

+ 

i n n i t r a t i o n react ions because there is now considerable k i n e t i c evidence on w h a t 
happens w h e n H N 0 2 is a n ox idant i n so lu t i on . T h e Ingo ld school , a n d speci f ical ly 
C . A . B u n t o n a n d G . S t e d m a n i n E n g l a n d , have e laborate ly s tud ied the k inet i c s of 
the react ion of n i t rous a c i d w i t h azide i o n . T h e y conclude t h a t the ac t ive i n t e r 
mediate , o r a n ac t ive in termediate is H 2 N 0 2

+ . T h e y offer evidence t h a t N O * , 
the a n h y d r i d e of H 2 N 0 2

+ , is not ac t ive i n the k inet i cs , a n d i n fact , o n l y w h e n N O * 
is a t tached to other th ings does i t become labi le a n d a good ox idant . T h e r e is 
further evidence for th i s . H i d d e n i n the a n a l y t i c a l l i t erature (0) is a n incredib le 
method for NOz~. T h e method is t o reduce n i t ra te i n concentrated su l fur i c a c i d 
w i t h ferrous ion g i v i n g a q u a n t i t a t i v e two-e lectron reduct i on of the n i t ra te . T o 
me, th i s means t h a t N O * is a t least a l i k e l y produc t a n d t h a t i t is iner t . 

R e c e n t l y I have also heard f rom one of Szabo 's co l laborators ( B a r t h a ) a t Szeged 
i n H u n g a r y t h a t oxalate i n concentrated sul fur ic ac id reduces n i t ra te b y t w o e q u i v a 
lents , aga in i n d i c a t i n g t h a t N O * is iner t . 
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2 3 4 MECHANISMS OF I N O R G A N I C REACTIONS 

Simply by inference, I suggested to one of my organic friends recently that 
maybe N 0 2 + is inert. It is isoelectronic with CO2, has a higher charge on the cen
tral atom, and ought to be unreactive. B y analogy with H N O 2 kinetics (/, 10), 
H2NO3*1" may be the kinetically active species of nitrate. I think Prof. Duke has 
offered a strong indication that that is so. 

D r . D u k e : I would like to warn Dr . Haight that organic mechanisms are not 
that easily destroyed. But I will let him go ahead and destroy if if he really 
chooses to do so. 

Harry G r a y : I would like to ask Dr . Gruen about the nitrate melts. 

The nitrate ion itself has its first spin-allowed but orbitally-forbidden transi
tion at about 3000 A . in aqueous solution, e = 7. Nitrate ion is planar in the ground 
state and in this Dzh symmetry, the band at 3000 Α., it is orbitally forbidden. 

If the oxygens in nitrate are bent to form a pyramidal ion, one observes, not a 
substantial movement in energy of this band, but a substantial increase in intensity 
because the band becomes orbitally allowed if the planar symmetry is destroyed. 
I think the intensity is probably a fairly sensitive function of distortion, and I 
wonder if you have looked in this region to get additional information from the 
spectra on the structure of the nitrate ion in these melts. 

I would also like you to speculate on whether the nitrate is bidentate or 
monodentate. 

D r . G r u e n : We have not looked at this particular band, but other people 
have. Pedro Smith at Oak Ridge, for example, has made an extensive study of 
this particular band for pure alkali nitrates and finds substantial variations in in
tensity, depending on whether he is looking at lithium, sodium, or potassium nitrate. 
He interprets these effects, if I recall correctly, as owing to polarization effects re
sulting in slight distortions of the nitrate group. As far as our work is concerned 
we have not studied these charge transfer bands, and in fact we would not be able 
to pick up intensity changes because our transition metal ion concentrations are 
10~2M. The effect of the transition metal ion on the nitrate absorption would be 
very difficult to measure. Your point certainly raises a very interesting problem. 
One may learn something about the structure of the nitrate group in the melt by 
detailed consideration of the first band. 

D r . G r a y : I have observed that in some cases the € of that band goes well 
over 1,000, in one case to 5,000. 

D r . D u k e : A l l of these equilibrium constants involving oxide ion, such as a 
carbonate going to oxide ion in the nitrates, are much too large. I believe that we 
are getting orthonitrate here and would like to have some comments on that. 

Leonard K a t z i n : M y first point refers to the question of the nitrate absorp
tion spectrum. If one goes back a decade or more in the literature, there are ob
servations on this peak of a nitrate in nonaqueous solutions of inorganic salts, and 
I don't believe that the wave length stays fixed. It shifts toward shorter wave 
lengths—not a great deal, but perceptibly (5). 

I have doubts about the nonplanarity. Our infrared studies (4) on some nitrate 
salts in nonaqueous systems indicate that we are taking one of these nitrates, tying 
it down, and shifting the vibrational pattern. But whether or not a nonplanarity 
occurs with this, I can't say. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
09



9 . DUKE Discussion 2 3 5 

I a m i n t r i g u e d b y one aspect of P r o f . D u k e ' s w o r k , n a m e l y , t h a t a c o o r d i n a t i o n 
n u m b e r a n d conf igurat ion change of the c a t i o n occurs . T h i s has c e r ta in analogies 
t o m e t a l i o n s i tuat ions . I t raises in teres t ing a n d p r o v o k i n g quest ions . 

D r . G r u e n : I w o u l d l i k e t o address myse l f t o the second p a r t of D r . G r a y ' s 
ques t i on . 

W e have considered how m a n y n i t r a t e groups are a r o u n d a m e t a l i o n . T o get 
s ix - fo ld c o o r d i n a t i o n one m a y have s ix n i t r a t e groups or monodentate , o r four w i t h 
t w o b identate a n d t w o monodentate , or three w i t h three of t h e m a c t i n g b identate , 
or t w o w i t h t w o of t h e m a c t i n g t r i d e n t a t e . 

T o d i s t i n g u i s h a m o n g these a l t e rnat ives o n the basis of m e l t spec t ra is i m p o s 
sible , I t h i n k . I have been interested i n f o l l owing the w o r k of P i p e r I bel ieve, w h o 
has i so lated double salts of t h i s t y p e , o r s i m i l a r th ings , i n w h i c h I bel ieve t h i s s i t u a 
t i o n is f o u n d . 

A s far as I k n o w , c r y s t a l s t ruc ture studies have not been pub l i shed o n th i s k i n d 
of c o m p o u n d . B u t I t h i n k t h e y w o u l d be r evea l ing a n d b y a n a l o g y perhaps t e l l 
us s ometh ing a b o u t the m e l t s i t u a t i o n . If one can d e t e r m i n e — a n d I a m sure i t is 
possible b y x - r a y ana lys i s of these c o m p o u n d s — w h a t the n i t r a t e c oord inat i on is 
a r o u n d the m e t a l i o n , one m i g h t be able t o infer s o m e t h i n g a b o u t the m e l t s i t u a t i o n . 

Dr . J o r d a n : I shou ld l i k e t o reorient the discussion to the quest ion Pro f . 
D u k e addressed to the audience . I f I understood t h i s quest ion co r rec t l y i t referred 
t o the de ta i l ed nature , the f o r m , i n w h i c h the oxide i o n m a y be present i n m o l t e n 
n i t ra tes . H e suggested t h a t t h i s m a y w e l l be the i o n NO4" 3 . T h i s is a n i t r a t o 
so lvate of the i o n Or2—i.e., 0~ 2 · NO3". I presume t h a t one can v i sua l i ze i n a m a s 
sive carbonate me l t a s i m i l a r aggregate, v i z . , Ο - 2 · CO3 - 2» o r CO4- 4 . T h i s is re la ted 
to the nature of the species a c t u a l l y present i n c o n v e n t i o n a l so lvents , w h i c h are 
ignored i n c h e m i c a l f o r m u l a - w r i t i n g s h o r t h a n d . T h e so lvated hydrogen is qu i t e 
dif ferent i n aqueous s o l u t i o n f r o m w h a t i t is i n g lac ia l acet i c a c i d . A r e there a n y 
suggestions regard ing the nature of the " s o l v a t e d oxide i o n " i n m o l t e n salts? 

I feel t h a t o r t h o n i t r a t e is v e r y reasonable . F o r carbonate I w o u l d pos tu late 
the ana log . 

Dr . Y a l m a n : Y e s , the p r o t o n a n d the oxide i o n are not analogous. 
Dr . J o r d a n : I c e r t a i n l y agree t h a t t h e y are not analogous i n a l l respects. 
D r . Y a l m a n : T h e oxide does not have t o be s o lva ted i n the same w a y t h a t the 

p r o t o n or e lec tron is s o l v a t e d . 
Dr . J o r d a n : D o y o u feel t h a t the oxide i o n is unso lva ted i n the melts? I d i d 

not i n t e n d to i m p l y a complete ana logy between oxide ions a n d pro tons . 
D r . Y a l m a n : I t h i n k the ana logy between the oxide a n d the p r o t o n is a b a d 

one, a n d I d o n ' t t h i n k t h a t the oxide i o n has t o be necessari ly so lvated i n the same 
w a y t h a t we accept the s o l v a t i o n of a p r o t o n or a n e lec tron . 

A r t h u r A d a m s o n : A c t u a l l y , D r . H a r r i s i s the better m a n t o m a k e th i s p a r 
t i c u l a r r e m a r k , I suspect . I n the case of oxalate complexes i t seems necessary t o 
assume a n or tho or h y d r a t e d f o r m u l a t i o n of one e n d of a n oxalate as i t detaches 
f rom the c o o r d i n a t i o n sphere i n order t o e x p l a i n the 0 1 8 exchange. T h i s i s no t 
e x a c t l y w h a t y o u are t a l k i n g about , b u t i t is a n i l l u s t r a t i o n of one instance where 
o r t h o a c i d f o r m a t i o n seems des irable . 

Michael E . M i r h e j : I propose t h a t th i s m i g h t be a p o l y m e r of a s t ruc ture 
s i m i l a r to e i ther tungstates or phosphates . 
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236 MECHANISMS OF INORGANIC REACTIONS 
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10 
Spectrospecific Photolysis of Aqueous Cr (en)2 (OH)2

+ Ion 

ARTHUR W. ADAMSON 

University of Southern California, Los Angeles, Calif. 90007 

The quantum y i e l d s f o r p h o t o a q u a t i o n a n d 

p h o t o i s o m e r i z a t i o n of cis-Cr(en)2(OH)2
+ vary in 

v a l u e a n d t e m p e r a t u r e d e p e n d e n c e w i t h t h e 

w a v e l e n g t h of irradiating light over the region 

compris ing t h e s p i n - a l l o w e d a n d the s p i n - f o r 

b i d d e n t r a n s i t i o n s . The t h e r m a l l a b i l i t y of 

cis- a n d trans-Cr(en)2(OH)2
+ r e l a t e s p r i m a r i l y t o 

i s o m e r i z a t i o n , a n d o n l y s e c o n d a r i l y t o a q u a 

tion. The cis f o r m , a l t h o u g h m o r e s t a b l e , is 

m o r e p h o t o s e n s i t i v e , a n d photolys is y i e l d s 

a major p o r t i o n of a q u a t i o n product . From such 

comparisons a n d t h e w a v e l e n g t h sensit iv i ty of 

t h e photolyt ic b e h a v i o r , t h e r e a c t i o n p a t h 

f o l l o w i n g e x c i t a t i o n of a s p i n - a l l o w e d t r a n s i 

tion differs f r o m t h a t f o l l o w i n g e x c i t a t i o n of a 

s p i n - f o r b i d d e n t r a n s i t i o n , a n d b o t h differ 

f r o m the t h e r m a l r e a c t i o n p a t h . 

J e v e r a l aspects of the p h o t o l y t i c behav ior of aqueous complex ions have been 
s t u d i e d i n th is l a b o r a t o r y over the past few years . One c o n t i n u a l l y in te res t ing 

q u e s t i o n has been the extent to w h i c h the p h o t o c h e m i s t r y of a complex depends on 
the a b s o r p t i o n b a n d i r r a d i a t e d . I n the case of C o ( I I I ) ac idopentamines , such as 
C o ( N H 3 ) 5 B r " f 2 , we found t h a t i r r a d i a t i o n of ( * A l g —> 1T2g) bands showing apprec iab le 
charge transfer led t o redox a n d a q u a t i o n react ions w h i c h were c o m p e t i t i v e . I t 
was reasonable t o suppose t h a t the c o m m o n precursor was the species formed b y a 
p r o m p t hetero ly t i c b o n d fission (1). T h e ( 1 A l g —> lTig) b a n d was far less p h o t o 
ac t ive , a n d i n mode l cases, i r r a d i a t i o n led o n l y t o a q u a t i o n . E a c h exc i ted state or 
exc i ted state m a n i f o l d t h u s tended to show a d i s t i n c t pho to chemis t ry , w h i c h m e a n t 
t h a t convers ion f r om one excited state t o another was not i m p o r t a n t . 

T h e s i t u a t i o n has been less c lear for C r ( I I I ) complexes. O n l y s u b s t i t u t i o n 
(2), (6), (13) (and i somer i za t i on (15)) photoreact ions are observed, i rrespect ive of 
w h i c h l i gand field b a n d is i r r a d i a t e d . I t has been proposed t h a t th i s u n i f o r m reac
t i o n mode (and n e a r l y u n i f o r m q u a n t u m yie ld ) c o u l d be ac counted for i f s u b s t a n t i 
a l l y complete convers ion occurred of the 4 T 2 g a n d 4 T l g states t o a lower l y i n g doublet , 

2 3 7 
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2 3 8 MECHANISMS O F I N O R G A N I C REACTIONS 

p r e s u m a b l y the 2 E g state . T h i s last , i t was supposed, w o u l d be suff ic iently l o n g -
l i v e d t o func t i on as a chemica l in te rmed ia te , except iona l ly labi le t owards s u b s t i t u 
t i o n (13). T h e s e designations of exc i ted states are rea l ly for Ο A s y m m e t r y , b u t 
serve t o i d e n t i f y loosely the a b s o r p t i o n bands of complexes of descendent s y m 
m e t r y . 

A n a l t e rnat ive i n c l i n a t i o n has been t o v i e w the i n i t i a l c h e m i c a l act f o l l owing 
e x c i t a t i o n as a p r o m p t he tero ly t i c b o n d fission of some one c h r o m i u m - l i g a n d b o n d 
(2), (15). B o t h p i c tures adequate ly account for the so far not v e r y e laborate d a t a , 
the second perhaps more i n keep ing w i t h the p r i n c i p l e of scienti f ic p a r s i m o n y . 

P r o b a b l y the most sensit ive d iagnost i c test of whether or not photo lys i s of a 
complex proceeds t h r o u g h a n ub iqu i t ous intermediate consists i n d e t e r m i n i n g the 
extent t o w h i c h copresent reac t i on modes show different w a v e l ength dependencies. 
T h i s t y p e of test was ava i lab le for C o ( I I I ) sys tems ; the p r o b l e m has been t o find 
sui table C r ( I I I ) systems. F o l l o w i n g a report t h a t Co(en)2(H20)2 + 3 photo isomer ized 
(10), i t occurred t o us t h a t the analogous C r ( I I I ) species m i g h t p r o v i d e a n answer . 

I f we denote cis- a n d 2raf«-Cr(en)2 (H 2 0)2 + 3 b y H2C a n d H 2 T , respect ive ly , 
a n d the four a c i d d issoc iat ion p r o d u c t s b y H C , H T , C , a n d T , t h e n there are four 
a c i d i t y constants (KH2C, KKC, ^ H 2 T , a n d KUT) a n d three i s o m e r i z a t i o n constants 
(^Η 2Τ/Η 2Ο, KuT/HPf a n d Κτ/c). A l l of these have been e v a l u a t e d b y W o l d b y (17), 
a n d some rate d a t a o n the Τ —• C convers ion has been repor ted b y O l s o n a n d G a r n e r 
(12). P r e l i m i n a r y exper iments showed t h a t b o t h p h o t o a q u a t i o n a n d p h o t o i s o m e r i -
z a t i o n d i d indeed occur, a n d the de ta i l ed inves t igat ions described below were there
fore carr i ed out . 

Experimental 

Preparative Procedures. T h e salts a s - [ C r ( e n ) 2 ( O H ) ( H 2 0 ) ] S 2 0 6 a n d trans-
[ C r ( e n ) 2 ( O H ) ( H 2 0 ) ] B r 2 were prepared f r o m as- [Cr(en) 2 Cl2 ]C104 ac cord ing to 
W o l d b y e (17), a n d the last c omplex b y the procedures i n " I n o r g a n i c S y n t h e s e s " 
(7). C r 5 1 labe l led complexes were s i m i l a r l y prepared . T h e e thy lened iamine used 
was d r i e d over s o d i u m h y d r o x i d e a n d then d i s t i l l e d . H a r s h a w c h r o m a t o g r a p h i c 
a l u m i n a was used for the c h r o m a t o g r a p h i c separat ions . L o t N o . K 1 7 7 3 behaved 
excep t i ona l l y w e l l since c lear effluents were o b t a i n e d o n e l u t i o n w i t h the 1M po tas 
s i u m chlor ide , 0.1 M p o t a s s i u m h y d r o x i d e s o l u t i o n . O t h e r chemicals used were of 
reagent grade. 

T h e preparat i ons p r o v e d to be 98 to 9 9 % c h r o m a t o g r a p h i c a l l y pure , the c o n 
t a m i n a n t a l w a y s be ing the o ther i somer . T h e v a r i o u s a b s o r p t i o n m a x i m a are re 
p o r t e d i n T a b l e I . A l l so lut ions were 0.01 M i n complex . T h o s e des ignated as 
H C o r H T were measured e i ther i n w a t e r a t p H 5-6, o r i n 0.1 A f s o d i u m a c e t a t e -
acet i c a c i d buffer a t p H 5.5 (no spec t ra l differences resulted) ; a n d those designated 
C o r Τ were a d j u s t e d to p H 10.5 w i t h e thy lened iamine . 

T h e va lues agree w e l l i n p o s i t i o n w i t h those of W o l d b y e (17) (which were for 
so lut ions \M i n s o d i u m n i t r a t e ) , b u t o u r e x t i n c t i o n coefficients are cons is tent ly 
a b o u t 1 0 % higher t h a n his . I n a d d i t i o n , we note a weak m a x i m u m for Τ a t 330 
ϊημ a n d report some i n f o r m a t i o n o n the spec tra i n the doub le t reg ion . These last 
measurements were made o n filtered 0 . 0 4 M so lut ions , us ing 5 c m . cells. T h e gen
era l a b s o r p t i o n curves were o b t a i n e d b y a C a r y M o d e l 14 spectrophotometer , b u t 
for most of the k i n e t i c studies a n d a n a l y t i c a l measurements , o p t i c a l densit ies a t 
selected wave lengths were de te rmined b y a D U B e c k m a n spectrophotometer . 

Kinetic Studies. T h e r e is some d i f f i cu l ty i n u n r a v e l l i n g the t h e r m a l react ions 
of the var ious forms, since not o n l y does i s o m e r i z a t i o n occur, b u t a q u a t i o n is not 
negligible even a t p H 10.5. T h e s y s t e m , i n fact , resembles c lassic reac t ion t r iang le 
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1 0 . A D A M S O N Specfrospec/flc Photolysis 2Z9 

Table I. A b s o r p t i o n M a x i m a 

Complex λ, πΐμ c λ, ΤΠμ € λ, τημ € λ, mμ e 
H 2 C 368 48 485 70 667 0.95 

(367) (42.5) (495) (67.0) 640sh 1.1 
H C 392 47 515 72 681sh 1.4 

(391) (43) (512) (69.3) 
C 377 69 528 65 692sh 1.4 

(378) (66) (525) (63.6) 
H 2 T 365 43 445 32 

(361) (39. Ζ ) (443) (29.2) (508) (22.5) 
2.1 H T 398 49 495 38 680 2.1 

(397) (46) (497) (35.0) 
685sh 1.4 Τ 330 19 398 33 505 34 685sh 1.4 

(396) (28.9) (505) (31.8) 
A q u o ( H C ) 415 33 570 31 

( H T ) 418 34 570 30 
(C) 378 548 37 

Note: Values in parentheses are those reported by Woldbye (17). Those labelled Aquo are terminal 
spectra of solutions held at ca. 35°C. for six weeks. 

(14), a n d even i f i t i s assumed t h a t the reverse of a q u a t i o n is u n i m p o r t a n t , so lut ions 
t o a reac t i on t r iang le , w h i l e ava i lab l e , are di f f icult t o use p e r c e p t i v e l y (9). 

F o r t u n a t e l y , a q u a t i o n occurred s l owly enough, re lat ive t o i s omer i za t i on , t o be 
t reated as a p e r t u r b a t i o n w h i c h g r a d u a l l y d i m i n i s h e d the effect of e q u i l i b r i u m cis 
a n d t rans concentrat ions w i t h o u t m a t e r i a l l y affecting the i r r a t i o . A p p l y i n g th i s 
a p p r o a c h required para l l e l d a t a for so lut ions i n i t i a l l y a l l t rans a n d i n i t i a l l y a l l c i s . 

A s s u m i n g first-order k inet i cs , the o p t i c a l dens i ty of the i n i t i a l l y a l l cis so lu t i on 
for a p a t h length of 1 c m . is g iven b y : 

a aK 
De - ^ (6o + KeT) + (ec - c T ) e"*< (1) 

Κ denotes the C -> Τ e q u i l i b r i u m constant a n d k = k\ + k2 = k2(l + K) ; the t o t a l 
c oncentra t i on is g iven b y a. S i m i l a r l y , for a s o l u t i o n i n i t i a l l y a l l t rans : 

DT - - ~ (ec + Ker) - — 7 - = (ec - e T ) e"* 1 (2) 
1 -f- A 1 -f- Λ 

I t then fol lows t h a t 

D C T = De + KDT = a(€c + i£er) = a c ons tant (3) 

P r e l i m i n a r y d a t a have been o b t a i n e d for O.Olikf so lut ions a t p H 2.0 (added 
h y d r o c h l o r i c ac id) a n d so lut ions buffered t o p H 5.5 w i t h O.l ikf acetate buffer. T h e 
p r i n c i p a l interest , however , was i n the C - T sys tem (solutions brought t o p H 10.5 
w i t h a d d e d e thy lened iamine ) for w h i c h most of the pho to chemica l results were 
ob ta ined . A n example of the d i rec t d a t a for the C - T sys tem is s h o w n i n F i g u r e 1. 
O v e r the per iod of 120 hours , D C T decreased b y a b o u t 3 % , corresponding t o a b o u t 
6 % a q u a t i o n . T h e procedure was then t o ca lculate f r om each measurement a n 
effective D00 v a l u e : D°° = DCr/(l + K). P l o t s of (D°°-DT) a n d of (Dc-D°°)/K vs. 
t i m e shou ld then super impose . T h i s was reasonably the case, as i l l u s t r a t e d i n 
F i g u r e 2, for d a t a a t t w o w a v e lengths . 

T h e ins ight p r o v i d e d b y th is a p p r o a c h led t o the conc lus ion t h a t a n accurate Κ 
va lue c o u l d not be ob ta ined f rom i somer i za t i on d a t a us ing j u s t one f o r m , a n d t h a t 
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2 4 0 MECHANISMS O F I N O R G A N I C REACTIONS 

T i m e , hours 
Figure 1. Isomerization of 0.01 M cis-and trans-Cr(en)i-
(OH)^ at 25°C; solutions adjusted to pH 10.5 with ethyl

enediamine; optical density at 525 ?ημ. 

even us ing the c o m b i n e d d a t a for b o t h forms, the r e l a t i v e l y s m a l l a q u a t i o n t h a t 
occurred i n t r o d u c e d a 5 0 % u n c e r t a i n t y . T h u s , for the 35°C. d a t a of F i g u r e 2, Κ 
values of 0.2 a n d 0.3 represented the l i m i t s s t i l l g i v i n g acceptable s t ra ight l ine p lots . 

T h e results are s u m m a r i z e d i n T a b l e I I ; Κ va lues i n parentheses are f r o m 
W o l d b y e (17) (for IMsodium n i t r a t e m e d i u m ) . 

Table II. Isomerizat ion a n d A q u a t i o n Kinetics 

System 
H 2 C , H 2 T 

( p H 10.5) 

H C , H T 
( p H 5.5) 

H 2 C , H 2 T 
( p H 2.0) 

β Reported by Olson and Garner (12) for pH 10.9. 
b Similarly reported for pH 10.6. 

% Aquation in One 
Isomerimtion 

t°c. Κ k (hr) Half Life 

25 0.25 db 0.05 0.0425 1 
(0.20) (0 .0245 e ) 

35 0.25 ± 0.05 0.262 1 
(0 .104 6 ) 

42 0.25 =b 0.05 0.97 1 
25 (0.41) ca. 0.45 3 

25 (0.078) ca. 0.11 1.2 
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1 0 . ADAMSON Spectrospeciflc Photolysis 2 4 1 

P h o t o c h e m i c a l E x p e r i m e n t s . T h e general e x p e r i m e n t a l procedure was t h a t 
p r e v i o u s l y descr ibed (25). T h e bo l ometer was used as a re la t ive i n t e n s i t y i n d i c a 
to r since c o l l i m a t i o n i n the c y l i n d r i c a l geometry of a n A H 6 l a m p is poor , a n d a l l o w 
ance for s ca t t e r ing is d i f f i cul t . C a l i b r a t i o n a t each w a v e l e n g t h was b y means of 
K C r ( N H 3 ) 2 ( N C S ) 4 s o lut ions for w h i c h we now have accurate abso lute q u a n t u m 
y ie lds for w a v e lengths f r o m 450 ηΐμ t o 750 πΐμ (16). F o r the runs a t >680 m/*, 
a 500 w a t t tungsten l a m p was used since the o u t p u t of the A H 6 m e r c u r y l a m p was 
u n c o m f o r t a b l y l o w a t th i s w a v e l e n g t h . 

W a v e l ength se lect ion was b y glass filters. F o r runs labe l l ed 370 τημ, a B a i r d -
A t o m i c filter w i t h c u t offs a t 300 τημ a n d 400 πΐμ was used, so t h a t a b s o i p t i o n 
o c curred m a i n l y i n the ( 4 A2 g -> 4 T l g ) b a n d . R u n s labe l l ed 550 τημ a n d 500 πΐμ 
were c a r r i e d out w i t h e i ther C o r n i n g C S - 2 - 6 4 o r C S - 3 - 7 1 filters whose short w a v e 
l ength cu t offs were 530 τημ a n d 480 τημ, r e s p e c t i v e l y ; a b s o r p t i o n thus o c curred 
m a i n l y i n the ( 4 A 2 g —> 4 T 2 g ) t y p e b a n d . F i n a l l y , r u n s labe l l ed > 6 8 0 τημ were c a r 
r i ed o u t us ing a C o r n i n g C S - 3 - 6 9 filter whose cu t off was a t 680 m/*, so t h a t a b s o r p 
t i o n was p r i m a r i l y i n the d o u b l e t reg ion . W e used absorbed l i ght intens i t ies of 
a b o u t ΙΟ""6 E/minute a n d i r r a d i a t i o n t i m e sufficient t o produce 10 to 2 5 % reac t i on 
(never more t h a n a n hour ) . 

I t was not c e r t a i n t h a t the a q u a t i o n p r o d u c t w o u l d be i d e n t i c a l i n s p e c t r u m 
to t h a t o b t a i n e d b y t h e r m a l r e a c t i o n , a n d a n a l y s i s was therefore c a r r i e d o u t 
c h r o m a t o g r a p h i c a l l y , r a t h e r t h a n s p e c t r o p h o t o m e t r i c a l l y . T h e procedure was 
t h a t descr ibed b y W o l d b y e , h i g h l y s t a n d a r d i z e d to ensure m a x i m u m r e p r o d u c i b i l i t y . 
P a r a l l e l separat ions were carr ied out o n u n i r r a d i a t e d so lut ions , a n d the c h r o m a t o 
graph i c y i e lds of the cis a n d t r a n s were i n some cases d e t e r m i n e d b y us ing C r 6 1 

0 2 4 6 8 

T i m e , hou r s 

Figure 2. Isomerization of 0.01M cis-and trans-
Cr(en)<L(OH)<t at 35°C; solutions adjusted to pH 10.5 
with ethylenediamine; f(D) = DT~D for the solution 
initially trans, andf(D) — (Dc~D)/K for the solution 

initially cis, where D = (Dc + Κ DT)/(1 + K). 
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2 4 2 MECHANISMS OF I N O R G A N I C REACTIONS 

labeled complex . T h e aquo p r o d u c t appeared as a n a r r o w b lue b lue b a n d w h i c h 
c o u l d not be e lu ted comple te ly . T h e a m o u n t present therefore was d e t e r m i n e d b y 
m a t e r i a l balance (and q u a l i t a t i v e l y agreed w i t h spec trophotometr i c est imates us ing 
the s p e c t r u m of the t h e r m a l a q u a t i o n p r o d u c t ) . 

Results 

T h e p h o t o s e n s i t i v i t y of a l l s ix forms was d e t e r m i n e d q u a l i t a t i v e l y , a n d the 
results are i n T a b l e I I I . T h e H 2 T a n d H T systems were di f f i cult t o w o r k w i t h 
because the i r h i g h t h e r m a l l a b i l i t y made the d a r k reac t ion correc t ion large. A n 
a d d i t i o n a l c o m p l i c a t i o n was the secondary photo lys i s of cis isomer, w h i c h made i t 
d o u b t f u l i f the a q u o p r o d u c t observed i n the case of i r r a d i a t e d Τ was caused b y 
p r i m a r y p h o t o a q u a t i o n . T h e results i n T a b l e I I I are , therefore, q u a l i t a t i v e a n d 
are d i s p l a y e d t o p rov ide a general p i c ture of the s i t u a t i o n . 

Table III. Photolys is Studies 

Quantum Yields 
Complex fC. λ, mμ Aquation Isomerization 

H 2 T ( p H 2 . 0 ) 25 white light T o t a l y ie ld ca. 0 .04 
25 370 0 0.4 

500 0 0 .3 
680 0 0.05 

Τ ( p H 10.5) 18 500 0.003 0.01 
36 500 0.009 0.009 

H 2 C ( p H 2 . 0 ) 25 370 0.17 0.15 
H C ( p H 5.5) 25 550 0.04 0.05 

T h e b u l k of the d a t a per ta ins t o a $ - C r ( e n ) 2 ( O H ) 2
+ a n d f a i r l y complete results 

were ob ta ined . T h e s e are s h o w n i n F i g u r e 3. Severa l p o i n t s are a c t u a l l y the 
average of d u p l i c a t e runs , a n d r e p r o d u c i b i l i t y was least for the a q u a t i o n q u a n t u m 
y ie lds (15 t o 2 0 % ) for w h i c h the u n c e r t a i n t y i n the c h r o m a t o g r a p h i c analyses was 
the greatest. 

W h e r e reasonably possible, s t ra ight l ines are d r a w n t o give a p p a r e n t a c t i v a t i o n 
energies; w h i l e the t emperature dependencies are u n d o u b t e d l y complex , so t h a t 
a p p a r e n t a c t i v a t i o n energies c o u l d we l l be t emperature dependent , the procedure 
serves t o i d e n t i f y the q u a l i t a t i v e behav ior . T h e values are s u m m a r i z e d i n T a b l e 
I V . 

Table IV. A p p a r e n t A c t i v a t i o n Energies f o r t h e Photolys is of 
cfS -Cr (en) 2 (OH) 2

+ 

Wave Length E% Aquation E% Isomerization 
mμ (kcal.) (kcal.) 
370 - 2 . 7 9.2 
550 3.5 10.2 
680 20 12.7 

A few q u a l i t a t i v e exper iments were made on the p h o t o l y s i s of C r ( e n ) 3
+ 3 , on 

w h i c h N i k o l a i s k i has repor ted i n d e t a i l (11). C h r o m a t o g r a p h i c ana lys i s showed 
t h a t b o t h c i s -and Jraws-bisethylenediamine complexes were formed, as we l l as some 
of the blue aquo species. T h u s , a complete inves t iga t i on of th is system w o u l d be 
qu i t e complex . 
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1 0 . ADAMSON Specfrospec/flc Photolysis 2 4 3 

Discussion 

T h e r m a l vs. P h o t o c h e m i c a l B e h a v i o r . T h e results of these inves t igat i ons 
a l l o w for comments a t several levels of d e t a i l . F i r s t , i t is q u i t e ev ident t h a t the 
p h o t o c h e m i s t r y differs s ign i f i cant ly f rom the t h e r m a l reac t ion c h e m i s t r y . T h e 
la t te r d i sp lays i s o m e r i z a t i o n as the p r e d o m i n a n t reac t i on for a l l forms, a n d perhaps 
for a l l t emperatures , i n the range n o r m a l l y ava i lab le for aqueous systems. T h u s , 
for the C - T s y s t e m , the a q u a t i o n mode r e m a i n e d r e l a t i v e l y u n i m p o r t a n t over a 
temperature range t h a t p r o v i d e d a t w e n t y - f o l d change i n i s o m e r i z a t i o n ra te . 

10 

0.01 

ο , φ , · Aqua t i on 

δ , δ Isomerizat ion 

370 m u ^ 

— \ * i)680 mu 

V \ 370S 

\ 550 m j \ 

> 680 Γημ\ 

ι \ 1 
3.2 3.4 3.6 3.8 

I0 3 / T 

Figure 3. Quantum Yields for Photoaquation and Isomeriza
tion of cis-Cr (en) 2(011) 2+; solutions adjusted to pH 10.5 with 

ethylenediamine. 
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2 4 4 MECHANISMS O F I N O R G A N I C REACTIONS 

C o n t r a r i w i s e , the p h o t o c h e m i s t r y i s dec idedly one of p h o t o a q u a t i o n for the cis 
species, a n d i somer i za t i on for the t r a n s species. 

A s for the t h e r m a l i s o m e r i z a t i o n of c i s - C r ( e n ) 2 ( O H ) 2 + , o u r va lues of k are a b o u t 
twice those of O l s o n a n d G a r n e r (a l though for somewhat different substrates ) , a n d 
o u r a c t i v a t i o n energy of 35 k c a l . is de f in i te ly h igher t h a n t h e i r 32 k c a l . H o w e v e r , 
us ing p a r a l l e l runs w i t h cis a n d t rans isomers a l l owed us t o correct for a q u a t i o n , a n d 
made the va lues of Κ a n d k less in terdependent . A s no ted under E x p e r i m e n t a l , 
the l a t i t u d e i n Κ values , s t e m m i n g f rom the presence of some a q u a t i o n (K a n d the 
a q u a t i o n rate constant are aga in interre lated) , was considerable . W e can on ly 
d e l i m i t Δ Η ° of i s o m e r i z a t i o n as 0 =fc 2 k c a l . 

E v i d e n t l y then , Δ£|ο -+τ a n d Δ £ τ - > ο are near ly the same, a n d l ikewise , Δ 5 Ϊ ο - » τ 
a n d Δό ' Ϊ τ -κ } since Κ i tsel f is a l w a y s close t o u n i t y . T h i s i m p l i e s t h a t the t r a n s i t i o n 
state for i s omer i za t i on is h igh i n energy, h igh i n e n t r o p y (poss ib ly suggesting a 
loosely bonded arrangement ) , a n d conforms s y m m e t r i c a l l y t o cis a n d t rans geome
tr ies . T h e fact t h a t ΔΕ% is more t h a n twice t h a t for the r a c e m i z a t i o n of Cr(C20 4 ) 3 ~" 3 

(15) suggests t h a t , i n the present case, i t is a C r - N ra ther t h a n a C r - 0 b o n d t h a t 
m u s t loosen. 

A second p o i n t of contrast between the t h e r m a l a n d the photochemica l be
h a v i o r is t h a t , w h i l e the cis isomers are a l l t h e r m o d y n a m i c a l l y favored , a n d c o n 
sequent ly a l l the t rans forms a p p e a r more lab i le , the s i t u a t i o n on photo lys i s is 
v a r i e d . T h e q u a n t u m yie lds for C are t en t o t w e n t y t imes those for Τ ; H T is more 
sensi t ive t h a n H C (but o n l y t o w a r d s photo i somer iza t i on ) , a n d H 2 C is more p h o t o 
sens i t ive t h a n H 2 T . 

A n y a t t e m p t t o e x p l a i n the results u n a v o i d a b l y w i l l require p o s t u l a t i n g s i g n i 
ficantly different in termed ia te states for the pho to chemica l a n d t h e r m a l react ion 
sequences. P h o t o a c t i v a t i o n m u s t then c a r r y i t s o w n stereospeci f ic ity a n d cannot 
be t h o u g h t of as j u s t a n ex te rna l s o l i c i t a t i o n of energy t o ease a n essent ia l ly t h e r m a l 
r eac t i on sequence. 

P h o t o l y s i s o f c î i - C r ( e n ) 2 ( O H ) 2 + . T h e t emperature a n d w a v e l ength de
pendence studies on C p r o v i d e a basis for some m i n i m a l conclusions. C o n s i d e r 
first the contras t between p h o t o i s o m e r i z a t i o n a n d a q u a t i o n a t the 370 πιμ a n d 550 
τημ w a v e length regions. T h e former shows a considerable t emperature dependence 
i n q u a n t u m y i e l d , the a p p a r e n t a c t i v a t i o n energy averag ing 9.6 k c a l . for the two 
w a v e l ength regions, w h i l e the l a t t e r process obeys a s m a l l negat ive a n d a s m a l l 
pos i t i ve a p p a r e n t a c t i v a t i o n energy for these t w o regions, respect ive ly . 

I t m i g h t be thought t h a t pho to i somer i za t i on a n d p h o t o a q u a t i o n cou ld be 
c o m p e t i t i v e t owards a c o m m o n precursor exc i ted state , b u t th i s e x p l a n a t i o n fai ls 
o n q u a n t i t a t i v e t es t ing . B r i e f l y , the q u a n t u m y i e l d for p h o t o a q u a t i o n is t oo h igh 
t o a c commodate i ts negat ive a p p a r e n t a c t i v a t i o n energy. P h o t o a q u a t i o n m u s t 
then be c o m p e t i t i v e w i t h some other process such as d e a c t i v a t i o n , or r e t u r n to the 
o r i g i n a l cis species. 

N e x t is the contras t between the 370 πιμ t o 550 πιμ b e h a v i o r a n d t h a t for w a v e 
lengths greater t h a n 680 πιμ. W e are now c o m p a r i n g the consequence of exc i t ing 
a q u a r t e t b a n d a n d a doub le t b a n d . T h e a c t i v a t i o n energy for pho to i somer i za t i on 
has increased t o a b o u t 13 k c a l . , a n d there is a d r a m a t i c shi f t i n the a q u a t i o n behav ior 
w h i c h now shows 20 k c a l . a p p a r e n t a c t i v a t i o n energy a n d q u a n t u m yie lds a p p r o a c h 
i n g u n i t y a t l ow temperatures . T h e m i n i m a l conc lus ion here is t h a t i r r a d i a t i o n of 
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1 0 . ADAMSON SpectrospeciHc Photolysis 2 4 5 

the doublet region produces a n in termed ia te di f ferent ly d isposed towards a q u a t i o n 
f r om t h a t r e s u l t i n g f r om i r r a d i a t i o n of a q u a r t e t b a n d . Spec i f i ca l ly , the q u a r t e t to 
double t convers ion mechan ism, whereby a l l chemica l consequences are filial t o a 
l ong - l i ved doublet in te rmed ia te , cannot be i n effect here. 

Q u a n t u m y ie lds for successive a q u a t i o n steps of C r ( N H 3 ) 6 + 3 have been repor ted 
b y E d e l s o n a n d P l a n e (6). T h e higher q u a n t u m y i e l d for wave lengths i n the double t 
a b s o r p t i o n region t h a n for those i n the q u a r t e t region was regarded as suggesting 
t h a t the convers ion m e c h a n i s m a p p l i e d . I t seems l i k e l y t h a t a deta i led s t u d y of 
a q u a t i o n a n d i somer i za t i on cou ld y i e l d observat ions a n d a final conc lus ion s i m i l a r 
t o those f o u n d here. O u r d a t a for p h o t o a q u a t i o n a t 25 °C . show the same t r e n d of 
increas ing q u a n t u m y i e l d w i t h decreasing wave l ength , a n d o n l y the fu l l p i c ture 
shows t h a t th i s p a r t i c u l a r co r re la t i on is t r i v i a l . R e c e n t results i n th i s l a b o r a t o r y 
show no increase i n q u a n t u m y i e l d i n the case of C r ( N H 3 ) e + 3 o n i r r a d i a t i o n of the 
doub le t b a n d . 

M e c h a n i s m s . Since the above conclusions are m i n i m u m , i t is in teres t ing t o 
see i f a more deta i led p i c ture exists w h i c h can account for a l l of the observat ions . 
F o u r different sequences (at least) m u s t be p r o v i d e d : t h e r m a l i s omer i za t i on , 
photo lys i s i n the double t region of wave l ength , a n d p h o t o a q u a t i o n a n d photo i so -
m e r i z a t i o n i n the q u a r t e t region. 

I n assembl ing th i s co l lec t ion , m a y we first t u r n t o some a q u a t i o n studies of 
K C r ( N H 3 ) 2 ( N C S ) 4 (3). T h e s e led t o the conc lus ion t h a t s u b s t i t u t i o n occurred b y 
a concerted process, n a m e d SJV2FS , whereby a r r i v i n g a n d d e p a r t i n g groups i n t e r 
ac ted t h r o u g h hydrogen b o n d i n g . F i g u r e 4b shows how th is m e c h a n i s m can be 
extended to the present instance . H y d r o g e n b o n d i n g interac t ions assist i n sh i f t ing 
a n N H 2 group f r om one p o s i t i o n t o ano ther (needed to accompl i sh i somer izat ion) 
b u t keep i t sequestered so t h a t the N H 2 group never loses r a p p o r t w i t h the complex . 
S u c h loss of r a p p o r t w o u l d cons t i tu te the first s tep t o w a r d s complete de tachment 
or a q u a t i o n . 

T h e proposed in termed ia te has the s y m m e t r y suggested b y the a c t i v a t i o n 
parameters , a n d m a n y re lated conf igurat ions w o u l d be ava i lab le t o c o n t r i b u t e t o a 
h igh a c t i v a t i o n e n t r o p y . P o s s i b l y a s i m i l a r de ta i l ed sequence holds for the r a c e m i -
z a t i o n of Cr(C 204)3~~ 3, w h i c h aga in is m u c h faster t h a n a q u a t i o n , ye t invo lves the 
— C 0 2 func t i on p a r t i c i p a t i n g w i t h so lvent t o a degree leading to massive O 1 3 ex
change (15). T h e case of C o ( e n ) 2 ( O H ) 2

+ m a y also be qu i te s i m i l a r since i s omer i za -
z a t i o n was f a i r l y c o n c o m i t t a n t w i t h O 1 8 exchange (10), a n d e n t i r e l y so i n the case of 
C o ( e n ) 2 ( H 2 0 ) 2

+ 3 . T h e r e is a lso a close resemblance of the a c t i v a t i o n t h e r m o d y 
namics for the C r a n d C o systems. 

C o n s i d e r i n g next the p h o t o c h e m i s t r y of the doub le t w a v e l ength region , 
i t is he lp fu l t o accept the postu late t h a t the rea l l i fe t i m e of the 2E s tate (a c tua l ly a 
v i b r o n i c state i n a l l l i k e l i h o o d (4)) is l ong enough for i t t o func t i on as a reac t ion 
in termed ia te . W e n o w have a species able t o b o n d , perhaps w i t h some a c t i v a t i o n , 
t o a seventh group (-e.g., us ing dx

2, dz
2-£, a n d dxy o rb i ta l s i f the s y m m e t r y were 

CM) a n d the arrangement shown i n F i g u r e 4c is mere ly a suggestion. A s G i l l e sp i e 
notes (8), the e lectrostat ic pred i c t i on of heptacoord inat ion geometry is ambiguous , 
a n d the arrangement shown cou ld be a perspect ive e i ther of a pentagonal b i p y r a m i d , 
o r of G i l l e sp i e ' s 1,3,3 arrangement . I n e i ther case, s m a l l luxat i ons c o u l d prepare 
th i s in termed ia te t o r e t u r n to hexacoord inat i on b y discharge of e i ther a n O H , or 
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2 4 6 MECHANISMS O F I N O R G A N I C REACTIONS 

Figure 4. Possible geometries; (a) cis-Cr(en)2-

(OH)^; (b) substitution by SN2FS mechanism; 
(c) a heptacoordinated intermediate; (d) a con
sequence of Cr-N bond fission; (e) a consequence 

of Cr-0 bond fission. 

N H 2 f r o m the c o o r d i n a t i o n sphere. I f the l a t t e r , a n in termed ia te h a v i n g monoden -
date e thy lened iamine w o u l d result , a n d t h i s i n t u r n c o u l d proceed t o t h e aquo 
p r o d u c t b y s u b s t i t u t i v e de tachment of the o t h e r end . 

T h e r e is no present basis for dec id ing w h i c h or how m a n y of the several isomers 
of F i g u r e 4c m i g h t be i n v o l v e d ; b u t we w o u l d conclude t h a t heptacoord inated 
C r ( I I I ) is stable enough to require a c t i v a t i o n to revert i t t o hexacoord inat i on . 

L a s t l y we w i l l consider w h a t happens w h e n photo lys i s is occasioned b y l ight 
of w a v e l ength corresponding t o one of the sp in -a l l owed t rans i t i ons , a n d l ook a t the 
possible consequences of h o m o l y t i c b o n d fission. F o r the cis complex , t w o pos
s ib i l i t i es are shown i n F i g u r e 4d a n d 4e, a s s u m i n g for s i m p l i c i t y t h a t a p r o m p t c o l 
lapse t o t r i g o n a l b i p y r a m i d a l form occurs. I f i t is a C r - 0 b o n d t h a t is b r o k e n , t h e n 
o n regroup ing , o n l y i s o m e r i z a t i o n can result , b u t not a q u a t i o n . If, however , i t is a 
C r - N b o n d t h a t fa i ls , we a g a i n have a s i t u a t i o n b u t one step r e m o v e d f r o m a q u a 
t i o n , a n d , we w o u l d suppose, i r revers ib ly c o m m i t t e d . 

I t is also possible t o account q u a l i t a t i v e l y for the greater p h o t o s e n s i t i v i t y of the 
of the cis f o r m , espec ia l ly t owards a q u a t i o n , t h a n the t rans . A s B a l l h a u s e n (4) 
r e m a r k s , s imple c r y s t a l field t h e o r y relates the energy pos i t ions of the sp in -a l l owed 
t rans i t i ons t o a t e t r a g o n a l i t y p a r a m e t e r w h i c h depends o n sums of a x i a l charges. 
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1 0 . ADAMSON Spoctrospecifie Photolysis 2 4 7 

F o r the cis complex , we have t w o 0 - N a n d one N - N t y p e axis w h i l e for the t rans 
there are t w o N - N a n d one 0 - 0 t y p e axis . W e can argue f rom the spectrochemica l 
series t h a t the effective c r y s t a l field a l o n g a n ax is increases i n the order : 0 - 0 , 0 - N , 
a n d N - N . If, now, l i ght a b s o r p t i o n d i r e c t l y or e v e n t u a l l y leads t o bond w e a k e n i n g 
a l o n g the weakest l i g a n d field ax is , then for the cis complex , a n 0 - N p a i r w i l l be 
affected, l ead ing to the d i cho tomous poss ib i l i t ies of F i g u r e 4d a n d 4e. I n the case 
of the t rans f orm however , the 0 - 0 ax is w o u l d be affected, a n d consequent ly th i s 
w o u l d lead o n l y t o i s o m e r i z a t i o n . 

I t is thus possible t o account for the general f ramework of observat ions . I t 
does not seem possible, however , t o spec i fy a n y unique i n t e r p r e t a t i o n of the a c t i v a 
t i o n energy quant i t i e s . F o l l o w i n g l i ght a b s o r p t i o n , there can be e lectronic r e t u r n 
to the i n i t i a l species b y radiat ionless d e a c t i v a t i o n ; there can be some convers ion 
f rom one state t o another . T h e chemica l in termediates m a y r e t a i n the o r ig ina l 
conf igurat ion , m a y i s cmer ize , a n d m a y aquate . P o s s i b l y so lvent exchange studies 
w o u l d help reduce the p l e t h o r a of poss ib i l i t ies . 

W e do conclude, however , t h a t C r ( I I I ) complexes can have a p h o t o c h e m i s t r y 
w h i c h is spectrospecif ic as to m e c h a n i s m , a n d we suspect t h a t where th is a p p a r e n t l y 
is not the case, i t is because o n l y one produc t is possible or is sought for. 
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2 4 8 MECHANISMS O F I N O R G A N I C REACTIONS 

Discussion 

Arthur Adamson: T h e r e has been some discuss ion a n d c o m m e n t o n w h a t I 
ca l led a cage m e c h a n i s m , a n d I w a n t t o say i n a l i t t l e more organized w a y w h a t I 
t h i n k is i n v o l v e d . 

F i r s t , I a m not t r y i n g t o a t t a c k the t r a n s i t i o n state theory . W h a t I a m a i m i n g 
a t is a l i t t l e di f ferent. 

T r a n s i t i o n state t h e o r y i tsel f is a b e a u t i f u l u n i o n of wave mechanics i n one 
respect a n d t h e r m o d y n a m i c s i n the other . H o w e v e r , i t cannot be app l i ed f u l l y t o 
the systems t h a t we have been d iscuss ing . I n these c i rcumstances the t h e o r y is 
used i n a n a p p r o x i m a t e w a y , i t m a y even be used as a language to present results . 
V e r y often the e n t r o p y of a c t i v a t i o n t h a t is r e p o r t e d for a reac t i on is not m u c h more 
t h a n a f o rmal t r a n s l a t i o n of d a t a i n a mechan i ca l w a y , a n d i t is dangerous t o read 
a l l t r a n s i t i o n state i m p l i c a t i o n s i n t o the resu l t . 

I f we are go ing to t a l k a b o u t a p p r o x i m a t i o n s a n d a p p r o x i m a t e s i tuat ions , t h e n 
I suggest us ing one or a n o t h e r emphas is or p o i n t of v i e w as a useful a p p r o x i m a t i o n or 
language t h a t renders less ob ject ionable innuendoes . 

One p r o b l e m , I t h i n k , i n a de ta i l ed acceptance of s imple t r a n s i t i o n state t h e o r y 
regard ing so lu t i on systems concerns the c e n t r a l suppos i t i on t h a t the t r a n s i t i o n state 
is i n e q u i l i b r i u m w i t h the reac tants . If the t r a n s i t i o n state is a species w h i c h p r o 
ceeds i r r e v e r s i b l y a n d on one v i b r a t i o n p e r i o d t o products , i t is a l i t t l e d i f f i cul t t o 
demonstrate , I t h i n k , t h a t th i s t h e r m o d y n a m i c e q u i l i b r i u m exists . T h e concept of 
e q u i l i b r i u m a n d the concept of a n i rrevers ib le process at some p o i n t m u s t be d i s t i n c t . 

One can retreat a step a n d t a l k about , say , a species whose energy content 
m i g h t be w r i t t e n as A H J m i n u s a s m a l l increment , t h a t i s , a species be low t r a n s i t i o n 
state i n energy a n d argue t h a t th i s is now i n e q u i l i b r i u m w i t h reactants . T h e added 
energy t h a t carries th i s t o produc ts is t h e n considered to be a s m a l l p e r t u r b a t i o n . 
B u t I t h i n k th is is a debatable ques t i on since i t argues t h a t energy arr ives i n s m a l l 
increments . M a y b e i t does, b u t th i s is no longer a p u r e l y t h e r m o d y n a m i c ques t i on . 

I suggest t h a t for c e r ta in types of reac t i on systems i n so lu t i on i t is useful to 
suppose t h a t the energy, i f i t does a r r i v e i n increments , m u s t a r r i v e i n a r e l a t i v e l y 
short per i od of t ime c o m p a r e d t o the l i fe t ime of the cage. 

P e r h a p s another w a y of l o o k i n g a t th i s is t o consider the react ion 's go ing i n 
reverse ( s tar t ing w i t h a t r a n s i t i o n state w h i c h t h e n breaks u p i n t o reactants) a n d 
t o say t h a t , i n s o l u t i o n a n d perhaps espec ia l ly w i t h complex ions i n h y d r o g e n -
b o n d e d so lvents , there is good c o m m u n i c a t i o n between the molecu le a n d i t s e n v i r o n 
m e n t i n a v i b r a t i o n a l sense. There fore , as a t r a n s i t i o n state decays b a c k w a r d s 
t o reactants , i t s excess energy w i l l be lost i n reasonably large j u m p s a n d reasonab ly 
q u i c k l y . C o n s e q u e n t l y , the reactant species w i l l be back *to t h e r m a l energies i n a 
t i m e t h a t is c omparab le , i f no t shorter , t h a n the t i m e i t w i l l t ake t h e m t o diffuse 
a w a y . 

I aga in emphasize t h a t I a m t h i n k i n g p r i m a r i l y of c o m p l e x i o n react ions i n 
v o l v i n g a f a i r l y large molecule , a n d a lot of i n t e r a c t i o n w i t h the so lvents , u s u a l l y 
t h r o u g h hydrogen b o n d i n g . I a m not t h i n k i n g of s m a l l molecules w h i c h m a y not 
be so i n t i m a t e l y so lva ted . 
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1 0 . ADAMSON Discussion 2 4 9 

P e r h a p s another w a y of e x p l a i n i n g w h a t I a m t r y i n g to emphasize is t h a t w h e n 
reaetants come together I t h i n k p r o b a b l y t h e y w i l l have dif fused together before 
a c q u i r i n g t h e i r a c t i v a t i o n energy. 

I t is reasonable t o ask jus t w h a t the operat i ona l m e a n i n g of the cage p i c ture i s . 
W h a t differences does i t r e a l l y m a k e ? If there a ren ' t a n y , w h y discuss i t ? 

T h e first emphasis here is on the n o t i o n of a preassembly of reaetants . I n a 
b i m o l e c u l a r reac t i on A a n d Β first diffuse t owards each other . I f A is a complex 
i o n , t h e n B , i f a so lvent species, m u s t first diffuse i n t o the s o l v a t i o n shel l of A . I f Β 
is a n i o n , the s i t u a t i o n w o u l d be descr ibed as i o n p a i r i n g . I n a n y event , A a n d Β 
first diffuse i n t o a c o m m o n " c a g e " ; t h e n d u r i n g th i s per i od of assoc iat ion , reac t i on 
w i l l occur i f a sufficient ac c identa l confluence of energy occurs. 

T h e second emphasis is t h a t i t is he lp fu l a n d suggestive t o suppose t h a t the 
p r o b a b i l i t y of f o r m i n g a t r a n s i t i o n state favorable t o the reac t i on is h i g h l y deter 
m i n e d b y the p r o b a b i l i t y t h a t a s i m i l a r b u t n o n a c t i v a t e d conf igurat ion is ava i lab le 
i n the preassembled or " c a g e d " species. T h u s , i n the case of a n a t i o n , the stereo
c h e m i s t r y of the reac t i on w o u l d be de termined p a r t l y b y whether the i n i t i a l i o n p a i r 
h a d a favorable conf igurat ion . I n the case of s o l v a t i o n i n a m i x e d so lvent , the 
so lvent d i s t r i b u t i o n i n the s o l v a t i o n she l l r a t h e r t h a n the average c o m p o s i t i o n 
shou ld be the i m p o r t a n t var iab le d e t e r m i n i n g reac t i on rate a n d order . 

Some possible consequences of th i s emphasis are the f o l l owing : 
T h e concept of a preassembly focuses a t t e n t i o n o n the arrangement of p o t e n t i a l 

reaetants i n the so lvent cage a n d suggests t h a t there is not m u c h v a l i d i t y i n us ing 
such f o r m a l labels as S j y l , l i m i t i n g or n o n l i m i t i n g , or Sjy2 or the c o m b i n a t i o n I have 
been g u i l t y of—Si\r2FS. I t imp l i e s t h a t these labels are too r i g i d , t oo cons t r i c t ive , 
a n d too or iented t owards gas phase reac t i on k ine t i c s . 

A n o t h e r possible effect or difference is t h a t o r d i n a r i l y there is no rea l w a y 
independent ly t o s t u d y the t r a n s i t i o n s t a t e — i n d e p e n d e n t l y v e r i f y Af iTj or A 5 j . 
B u t i f one supposes, as a useful a p p r o x i m a t i o n , t h a t conf igurat ions i n the cage w i l l 
inc lude those of interest i n the t r a n s i t i o n state , one can n o w s t u d y the s o l v a t i o n 
shel l or the i o n p a i r s t ruc ture , or i n o ther words , s t u d y the s i t u a t i o n i n the cage 
w i t h o u t r e q u i r i n g i t t o be a c t i v a t e d . T h i s means t h a t one can s t u d y i o n p a i r 
f o r m a t i o n a n d consider th i s as a useful guide t o s u b s t i t u t i o n react ions a n d h o w t h e y 
m i g h t proceed. I n a m i x e d so lvent sys tem i n v o l v i n g a subs t i tu t i ve s o l v a t i o n such 
as a q u a t i o n , the react ion cage concept suggests t h a t i t w o u l d be he lp fu l t o s t u d y the 
so lvent compos i t i on of the s o l v a t i o n cage. O r d i n a r y p h y s i c a l chemica l methods 
w o u l d n o w be app l i cab le . W e have been t a k i n g a p a r t i c u l a r c omplex whose a b s o r p 
t i o n s p e c t r u m is somewhat sensit ive t o so lvent e n v i r o n m e n t a n d l o o k i n g a t th i s 
s p e c t r u m i n m i x e d so lvents to get a t w h a t seems to be the i m m e d i a t e so lvent e n 
v i r o n m e n t . 

A n o t h e r w a y of p i c t u r i n g the cage is as a large, loose molecule . I n a sense, 
we are s a y i n g a b imo lecu lar reac t ion forms a large, loose molecule i n the case of 
c o m p l e x i o n , w h i c h t h e n isomerizes ; t h a t i s , the inner -outer sphere exchange is 
t h o u g h t of as a n i somer i za t i on or a n i n t r a m o l e c u l a r change. 

I n the case of m i x e d so lvents , i f the t w o so lvents are a b o u t e q u a l l y good, one 
m a y suppose t h a t i n the so lva t i on shel l there is v e r y l i t t l e f rac t i onat i on a r o u n d the 
complex . W i t h i somer izat i on or i n t r a m o l e c u l a r changes as a v i e w of w h a t i s 
o c curr ing , one can argue t h a t perhaps jus t the s p a t i a l o ccupancy , or r o u g h l y the 
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2 5 0 MECHANISMS O F I N O R G A N I C REACTIONS 

vo lume f ract ion of the so lvent component t h a t w i l l subs t i tute , m a y be a good 
v a r i a b l e . T h e react ion rate shou ld t h e n be p r o p o r t i o n a l t o the v o l u m e f rac t i on . 
I n some cases th is pred i c t i on seems t o w o r k out . 

T h i s is one of the specific suggestions t h a t arises f rom the react ion cage concept , 
whereas t r a n s i t i o n state theory i n i t s s imple a p p l i c a t i o n w o u l d suggest t h a t the 
a c t i v i t y of the so lvent component , ra ther t h a n i t s v o l u m e f rac t i on , shou ld be the 
proper v a r i a b l e . 

S t i l l another cons iderat ion is t h a t th i s p o i n t of v i ew , espec ia l ly where a t least 
one of the molecules is large a n d complex , lends itsel f r e a d i l y t o t h i n k i n g i n t e rms 
of more t h a n one react ion p a t h . T h a t i s , i t i s more a p p a r e n t t h a t there can be 
v a r i o u s s i m i l a r conf igurations whose overa l l c o n t r i b u t i o n to the rate m a y be s i m i l a r , 
a n d hence c o m p e t i t i v e . Some m a y have a h igh a c t i v a t i o n energy b u t represent a 
v e r y probable state of a f fa irs ; others m a y have a l ow a c t i v a t i o n energy b u t a n 
i m p r o b a b l e state of affairs. I n o ther words , m a n y re lated react ion paths can be 
present. 

A s a n i l l u s t r a t i o n , a n d not t o d r a w specific conclusions a b o u t the p a r t i c u l a r set 
of react ions , the tab le t h a t Pro f . T a u b e showed (Tab le I) i n h is paper o n rates of 
chromous reac t i on w i t h var ious p e n t a m m i n e c o b a l t ( I I I ) complexes, p rov ide a set of 
rate constants t h a t are v e r y s i m i l a r , w i t h i n a factor of two or three. Y e t , a c t i v a t i o n 
energies suggest t h a t the rates shou ld v a r y a m i l l i o n - f o l d . T h e same is t rue for the 
entropies of a c t i v a t i o n . Somehow these t w o factors have managed jus t t o balance 
each other . T h i s is too m o n u m e n t a l a coincidence t o be o n l y t h a t . T h e r e m u s t be 
a n e x p l a n a t i o n a n d perhaps we can d r a w a n ana logy f r om the fo l lowing s i t u a t i o n i n 
cata lys i s . F o r a p a r t i c u l a r reac t ion a n d a p a r t i c u l a r ca ta lys t , b u t a c t i v a t e d to 
dif ferent degrees, one often observes t h a t the react ion proceeds a t a b o u t the same 
rate for the v a r i o u s l y a c t i v a t e d cata lys ts , b u t w i t h qu i t e dif ferent a c t i v a t i o n 
energies. T h i s was considered i n d e t a i l b y surface chemists somet ime ago a n d t h e y 
proposed a d i s t r i b u t i o n of sites o n the c a t a l y s t ; those t h a t are more ac t ive a n d reduce 
the a c t i v a t i o n energy are fewer i n n u m b e r so there is a compensat ion of f requency 
a n d a c t i v a t i o n factors . 

I a m suggesting t h a t o f ten the a p p l i c a b i l i t y of B a r k l e y - B u t l e r t y p e plots , t h a t 
is , the l inear re lat ionship between the e n t r o p y a n d e n t h a l p y of a c t i v a t i o n i n a series 
m a y come a b o u t because of there be ing a d i s t r i b u t i o n of reac t ion paths . S m a l l 
v a r i a t i o n s i n the i m p o r t a n c e of l ow a c t i v a t i o n energy, l ow p r o b a b i l i t y pa ths c o u l d 
t h e n account for the d a t a i n D r . T a u b e ' s table . B y contrast , t r a n s i t i o n state 
theory i n i t s a p p r o x i m a t e a p p l i c a t i o n , i n v a r i a b l y leads t o d i a g r a m s of energy vs. 
reac t i on p a t h w h i c h , i n spi te of a l l protest , one reac t i on p a t h , w h a t e v e r i t is , one 
t r a n s i t i o n state , a n d one energy. 

A g a i n let me say I a m propos ing a shi f t i n emphasis a n d a n a p p r o x i m a t i o n to 
dea l w i t h w h a t is i n e v i t a b l y a state of a p p r o x i m a t i o n . I a m not a t t e m p t i n g to 
k n o c k d o w n the p i l l a r s of t r a n s i t i o n state theory (F igure A ) . 

O v e r the past several years we have been interested i n d e t e r m i n i n g t o w h a t 
extent the p h o t o c h e m i s t r y of complex ions of v a r i o u s t r a n s i t i o n m e t a l ions resemble 
t h e r m a l reac t i on c h e m i s t r y as t o products , a n d t o w h a t extent the behav ior var ies 
w i t h the wave l ength or t y p e of exc i ted state produced . 

I n the case of the cobal t complexes, a n d i n p a r t i c u l a r a series of a c e t o p e n t a m -
mines , general ly i r r i d a t i o n i n the w a v e l ength v i c i n i t y of a charge transfer b a n d led 
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1 0 . ADAMSON Discussion 2 5 1 

C o A 5 X + 2 -+ [ C o ( I I ) A * — X ] + 2 4- Δ 

M — X b o n d weakened , v i b r a t i o n a l energy, Δ , d i s s ipa ted 

[ C o ( I I ) A r - X ] + 2 ^ C o A f i X + 2 + Δ ' 

kt a t o m re turns w i t h 
f u r t h e r Δ ' d i s s i p a t e d 

C o A f i + 2 ~ - H 2 0 — X 

i n t e r p o s i t i o n of so lvent 

Figure A. Suggested mechanism for photolysis of Co (111) complexes 

t o a good dea l of redox decompos i t i on—i .e . , o x i d a t i o n of l i gand a n d reduc t i on of the 
coba l t . A c c o m p a n y i n g th i s was often a good dea l of s u b s t i t u t i o n , b u t c o m p e t i t i v e 
t o the redox mode of reac t i on . W e proposed i n 1957 t h a t the p r i m a r y ac t was a 
h o m o l y t i c b o n d fission, a n d t h a t e i ther a redox or a n a q u a t i o n react ion ensued. 
T h i s depended o n whether the fragments escaped comple te ly or whether , before 
complete escape, a n e lectron re turned to reverse the redox p a r t b u t s t i l l a l l o w the 
ac ido group t o escape. O n the other h a n d , i r r a d i a t i o n , i n the case of these coba l t 
complexes , of a purer l i gand field b a n d , led t o v e r y l ow q u a n t u m y ie lds a n d a q u a 
t i o n o n l y . T h u s , the choice of wave length or essent ia l ly the choice of t y p e of b a n d 
t o i r r a d i a t e made a considerable difference as t o the pho tochemis t ry . 

T h e general observat ion i n the pub l i shed w o r k has been t h a t for species such as 
h e x a m m i n e c h r o m i u m , t h i o c y a n a t o p e n t a m m i n e , or the hexa-aquo i o n where O 1 8 

exchange was l ooked a t , i r r a d i a t i o n produced a s u b s t i t u t i o n react ion a n d n o t h i n g 
else. M o r e o v e r the react ion mode was independent of wave l eng th , a n d the q u a n 
t u m y ie lds d i d not change m u c h . F r o m a morpho log i ca l p o i n t of v i ew , there are 
essent ia l ly three types of exp lanat ions . F i r s t a l l exc i ted states independent ly lead 
to the same chemica l sequence, a n d we suppose t h a t the p r i m a r y ac t is s i m p l y a 
he tero ly t i c b o n d fission. 

Second , the exc i ted q u a r t e t states conver t t o the double t state w h i c h t h e n acts 
as a c o m m o n c h e m i c a l in termed ia te . T h i s a t t r a c t i v e suggestion, o w i n g p a r t l y t o 
t o P l a n e a n d p a r t l y t o Schlafer , is p laus ib le because th i s convers ion is k n o w n t o 
occur i n r i g i d m e d i a . 

H o w e v e r , a t h i r d p o s s i b i l i t y is t h a t v a r i o u s exc i ted states are p o t e n t i a l l y 
dif ferent i n t h e i r p h o t o c h e m i s t r y , b u t t h a t the systems chosen for s t u d y d i d n ' t have 
a n y means of re f lect ing th i s difference. 

T h e present paper is concerned w i t h choos ing systems w h i c h reflect such 
differences i f t h e y exist . F i g u r e Β reproduces th i s s u m m a r y of results . 

T h e complex chosen for s t u d y was a*5 -d ihydroxyb is (e thy lened iamine )chromium 
( I I I ) . T w o types of s u b s t i t u t i o n react ions can occur here : i s omer i za t i on a n d a q u a 
t i o n . W e now are able t o observe reac t i on rat ios as w e l l as o v e r a l l q u a n t u m y ie lds . 
W e d o see some differences w i t h w a v e l eng th . T h e most s t r i k i n g is t h a t w h i c h 
occurs i n the q u a n t u m y i e l d for the a q u a t i o n reac t i on . T h i s is n e a r l y t emperature 
independent for shor t wave - l ength i r r a d i a t i o n s . A t the longer-wave lengths where 
a t least a fa i r p r o p o r t i o n of l i ght is be ing absorbed i n t o the doub le t t r a n s i t i o n , i t is 
qu i te t emperature dependent . T h e i somer i za t i on q u a n t u m y ie lds g iven b y the 

F i r s t Stage 

Second Sta te 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
10



2 5 2 MECHANISMS OF I N O R G A N I C REACTIONS 

1.01 

ο , ο , ι Aqua t i on 

tr iangles show r a t h e r s i m i l a r behav ior a t a l l the w a v e lengths b u t w i t h a g r a d u a l l y 
increas ing temperature dependence as the w a v e l ength is decreased. 

I t is imposs ib le t o suppose t h a t , i n the case of photo lys i s a t the shorter w a v e 
lengths, a q u a t i o n a n d i somer i za t i on are c o m p e t i t i v e t owards a c o m m o n precursor . 
T h e a r g u m e n t is a q u a n t i t a t i v e one concern ing the h igh q u a n t u m yie lds for b o t h 
processes. T h e a lgebra of a c ompet i t i ve react ion scheme cannot exp la in two proc 
esses, one w i t h a h igh temperature coefficient a n d one w i t h a n apparent ze ro - t em
perature coefficient, i f b o t h occur i n comparab le y ie lds . 
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1 0 . ADAMSON Discussion 2 5 3 

I proceed i n the paper t o speculate a b o u t in termediates t h a t π i gh t be produced . 
These are essent ia l ly speculat ions , a frame for d iscuss ion. I w i l l leave t h a t aspect 
open for quest ions . 

H a r r y G r a y : P h o t o c h e m i s t r y is a new a n d e x c i t i n g area i n inorgan i c 
c h e m i s t r y . I a m sure the experts i n the field, Pro f . A d a m s o n , Pro f . P l a n e , a n d others 
here, w i l l agree t h a t the progress i n inorganic p h o t o c h e m i s t r y thus far has been a 
dog's d i n n e r compared to organic p h o t o c h e m i s t r y s i m p l y because we have a t t r a c t e d 
fewer people i n t o th i s new field. I t h i n k i t is go ing t o be more c o m p l i c t e d t h a n the 
organic p h o t o c h e m i s t r y since our systems are cons is tent ly more in teres t ing a n d 
i n t r i c a t e . 

I have some of o u r results t o present. A l s o , I w o u l d l i k e t o p o i n t ou t some 
prob lems i n th is area . T h e r e are three prob lems t h a t I t h i n k m u s t be so lved before 
we can d o a n y s igni f icant p h o t o c h e m i s t r y . 

T h e first is the quest ion of m o n o c h r o m a t i c l i g h t . M o n o c h r o m a t i c l i ght w i l l 
have t o be a v a i l a b l e , I t h i n k , a t least =b 100A. , o r even less. 

T h e second p r o b l e m is the ident i f i ca t i on of a b s o r p t i o n bands , a p r o b l e m t h a t 
Pro f . A d a m s o n makes c lear i n the first page of his paper . I n d iscuss ing t rans i t i ons 
t o the v a r i o u s d-d exc i ted states i n o c tahedra l c h r o m i c complexes , he uses the usua l 
o c tahedra l designations. These designations serve t o i d e n t i f y these bands loosely. 
B u t we m u s t do cons iderab ly bet ter t h a n th i s . T h u s , the second p r o b l e m is 
c e r t a i n l y t o i d e n t i f y the absorp t i on bands i n cons iderab ly more d e t a i l . 

T h e t h i r d p r o b l e m is t o s t u d y s y s t e m a t i c a l l y the var ious types of t rans i t i ons 
i n v o l v e d i n m e t a l complexes. F i r s t , i f one w a n t s t o s t u d y the p h o t o c h e m i s t r y of 
d-d bands he s h o u l d not s t u d y the p h o t o c h e m i s t r y of d-d bands over lapped w i t h 
charge transfer bands . T h a t is , he s h o u l d select systems w h i c h h a v e d-d b a n d s 
c l ear ly separated f r o m the other t rans i t i ons . Second , there are t w o types of charge 
transfer . L i g a n d - t o - m e t a l charge transfer i n the hal ides is one. S y s t e m s s h o u l d 
be selected i n w h i c h the L —> M b a n d s are i so lated f r om the others , a n d one s h o u l d 
s t u d y the q u a n t u m y ie lds as a func t i on of wave l eng th . M e t a l - t o - l i g a n d charge 
transfer systems are t h i r d . T h i s hasn ' t been stressed u p to th i s p o i n t . M e t a l 
carbony ls , a c e t y l acetonates, a n d m e t a l n i t rosy l s are in teres t ing cases i n w h i c h one 
can iso late the m e t a l - t o - l i g a n d charge transfer bands f r o m the o ther bands . 
F i n a l l y , the l i g a n d - l i g a n d t rans i t i ons are types t h a t the organic chemists have 
inves t iga ted t h o r o u g h l y . 

O n the second p r o b l e m the people i n m y area are responsible for the poor state 
of af fairs . I take most r espons ib i l i t y because outs ide of o c tahedra l a n d t e t r a h e d r a l 
complexes no complete ass ignments have been made . B u t , we do have new results , 
a n d I t h i n k i t is of some interest t o present t h e m . C o o p e r L a n g f o r d a n d I a t 
C o l u m b i a n o w have conc lus ive results o n the energy levels i n the d i s t o r ted o c tahed 
r a l c oba l t c ompounds . These are the 0 ) ( Ν Η 3 ) δ Χ + 2 complexes. 

T h e spec t ra of these complexes were care fu l ly w o r k e d out b y L e n h a r t a n d 
W e i g e l some t i m e ago. 

D r . L a n g f o r d a n d I dec ided t o l ook a t these spec t ra aga in . W e remeasured 
the s p e c t r u m of CoCNHa^F"* " 2 because th i s is the one i n w h i c h to resolve the f o u r t h 
d-d b a n d . T h e b a n d comes out n i ce ly a n d we d i d n ' t even need a G a u s s i a n ana lys i s . 
A G a u s s i a n ana lys i s checked out L e n h a r t a n d Weige l ' s first three bands v e r y n i c e l y 
a n d thus we have reso lved i n one case, outside of o c tahedra l a n d t e t r a h e d r a l s y m 
m e t r y , a l l of the sp in -a l l owed bands . T h e b a n d f r o m xy t o x?-y? shou ld have the 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
10



2 5 4 MECHANISMS O F I N O R G A N I C REACTIONS 

ΔΠ 
Ε > 

ΔΠ 
Ε > 

ΔΠ 

Αι 

» » I I I * I » l 
yz xx x*-y* j t 

Figure C. Energy levels in the distorted 
octahedral cobalt complexes 

same energy as i n C o ( N H 3 ) 6
+ 3 because the hal ide s u b s t i t u t i o n is i n a pole p o s i t i o n . 

T h e r e are t w o a l l owed bands , the t w o E ' s , a n d t w o forb idden ones, A2 a n d B2. 

T h e po lar i za t i ons h a d been done a n d i n t e r p r e t e d b y C a r l B a l l h a u s e n a n d M o f f i t t , 
a n d a l l t h a t r e m a i n e d was t o get the f our th b a n d . W e have done the complete 
theoret i ca l p r o b l e m as w e l l as possible i n s t rong field w i t h complete conf igurat ion 
i n t e r a c t i o n , a n d we n o w have , I t h i n k , the correct one-electron o rder ing for the 
h a l o p e n t a m m i n e s . 

I t t u r n s out t h a t z 2 — a l i t t l e s u r p r i s i n g — i s s u b s t a n t i a l l y above x2—y2. T h e 
xz—yz l eve l is fur ther above xy, however , a n d the net effect places fluoride l ower 
t h a n NH3 i n the spec trochemica l series. F l u o r i d e gives stronger σ-antibonding 
b u t even stronger i r - a n t i b o n d i n g a n d thus net r e d u c t i o n . 

F o r C o ( N H 3 ) 6 F + 2 , Δττ = 3 4 5 0 / c m . , Δ σ « 2 4 0 0 / c m . 

T h a t is , z2 is 2400 wave numbers above x2—y2. T h e ch l o ropentammine , aw is 
4 0 0 0 / c m . the b r o m o p e n t a m m i n e , aw is 4 5 5 0 / c m . , a n d the i o d o p e n t a m m i n e aw is 
5 5 5 0 / c m . 

D r . A d a m s o n : One can get IOOA. reso lu t i on w i t h interference filters. W e 
use t h e m m a i n l y because of t h e i r h igh l i ght i n t e n s i t y , b u t we do have de ta i l ed d a t a 
b y w a v e l ength reg ion on one c h r o m i u m c o m p o u n d , a n d we do see s m a l l d i p s a n d 
changes i n the q u a n t u m y ie lds . I a m re ferr ing t o some w o r k b y D r . Begner i n o u r 
d e p a r t m e n t . 

T h e deve lopment of t h e o r y is b e a u t i f u l , a n d I w o u l d say t h a t theoret ic ians have 
t o be p r o m p t e d b y e x p e r i m e n t a l results . 

I showed, a t a F a r a d a y discuss ion i n 1960, a slide d e p i c t i n g a s p e c t r u m of the 
fluoropentammine w h i c h showed the s m a l l peak . W e weren ' t a l er t enough theore t i 
c a l l y t o see i t s signif icance. 

I have one final c o m m e n t o n the c h r o m i u m sys tem. T h e r e is ano ther doub le t 
s tate , a double t Γ 2 α that is supposed to be present a n d usua l ly h idden b y the q u a r t e t -
q u a r t e t t rans i t i ons . 
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1 0 . ADAMSON Discussion 2 5 5 

P o s s i b l y some of o u r results i n v o l v e convers ion to t h a t s tate . D o y o u have a n y 
c o m m e n t ? 

Robert Plane: I w o u l d l ike to c o m m e n t on the p h o t o c h e m i s t r y of these c o m 
plexes, p a r t i c u l a r l y the c h r o m i u m w h i c h I t h i n k are w e l l chosen for a t least t w o of 
D r . G r a y ' s reasons. F i r s t , i n the case of c h r o m i u m , u n l i k e cobal t , the charge 
transfer b a n d is w e l l separated , so t h a t one can s t u d y the d-d t rans i t i ons , a t least i n 
c e r ta in systems where one has s ix l igands a l l a l i k e , a n d there is no J a h n - T e l l e r 
s p l i t t i n g , a n d one has a f a i r l y good idea as t o the ass ignment of bands . 

T h e first theory t o account for p h o t o c h e m i s t r y i n these series was t h a t b y D r . 
A d a m s o n w h i c h postulates the b o n d fission as the p r i m a r y act . S i m u l t a n e o u s l y , 
H . L . Schlafer (9) a n d J o h n H u n t a n d I (8) proposed the i n v o l v e m e n t of the doub le t 
Ε state . A l t h o u g h these seemed s i m i l a r , t h e y were r a d i c a l l y different suggestions. 
Schlafer ' s p o i n t was t h a t on i r r a d i a t i o n the molecule f ound itsel f u l t i m a t e l y i n the 
sp in - f o rb idden state where the energy was s tored . O n re leasing energy d u r i n g 
r e t u r n f r o m the doub le t Ε state t o the ground state , react ion occurred . O u r 
postu late also i n v o l v e d the s p i n doub le t state w h i c h is a sp in - forb idden state . B u t 
o u r p o i n t was t h a t the reac t ion occurred whi l e the molecule was i n the doublet state . 
I n o ther words , we sa id t h a t b y i r r a d i a t i n g the sys tem we are s t u d y i n g the c h e m i s t r y 
of a n exc i ted state of c h r o m i u m . I t h i n k Pro f . A d a m s o n ' s d a t a have shown v e r y 
w e l l t h a t the t h e r m a l reac t ion a n d the pho tochemica l react ion are different th ings . 
T h e y lead t o dif ferent products , a n d the t emperature coefficients are v e r y dif ferent. 
S u c h results are c omple te ly consistent w i t h the postu late of reac t ion i n the exc i ted 
state . H o w e v e r , th i s postulate does not exclude the b o n d fission postulate . If y o u 
l i k e , we are t r y i n g t o decide w h a t species is r e a c t i n g : is i t the doub le t molecule or the 
ground state molecule? A l s o w h a t is the m e c h a n i s m b y w h i c h the proper species 
finally reacts? 

I w o u l d l ike t o c o m m e n t o n the s tatement i n D r . A d a m s o n ' s paper w h i c h says 
t h a t o u r w o r k as a f u n c t i o n of wave l ength is t r i v i a l i f we o n l y k n e w a l l the facts. 
P e r h a p s th i s is t r u e . B u t I a m no t w i l l i n g t o a d m i t t h a t i t is t r i v i a l o n the basis of 
a n y fact t h a t I k n o w yet . F o r the H 2 O 1 8 exchange w i t h C r ( H 2 0 ) e + 3 , one can i r r a d i 
ate a l l three a b s o r p t i o n bands separate ly , a n d the q u a n t u m y ie lds are the same 
(8). T h i s is reminiscent of w h a t i n v a r i a b l y happens i n organic pho to chemis t ry 
w h e n one excites t o a n y of several sp in -a l l owed states. T h e molecule i m m e d i a t e l y 
converts i n t e r n a l l y t o the lowest s tate , a n d a n y t h i n g t h a t is in teres t ing happens f r o m 
the lowest . H e n c e , i t doesn ' t m a t t e r w h i c h state i t goes to first. W e believe i t goes 
next i n t o the doub le t state a n d so we d i d the second p a r t of the exper iment . T h i s 
cou ld not be done w i t h the hexaquo case because the s p i n doublet over laps w i t h one 
of the sp in -a l l owed states. Instead we used C r ( N H 3 ) 6 + 3 where we can i r r a d i a t e 
the doub le t d i r e c t l y a n d p u t the molecule i n t o th i s state . W l i e n we d o so, o u r 
q u a n t u m y i e l d c l i m b s to u n i t y , w h i c h I t h i n k is s igni f icant ( i ) . I n th is case the 
evidence i s good t h a t molecules are r eac t ing i n the i r exc i ted states. 

D r . A d a m s o n : T h i s is a correc t ion . I d i d n ' t say y o u r results were t r i v i a l . 
I sa id t h a t b y h a v i n g t h e m a t o n l y one t emperature poss ib ly the o rder ing of the 
q u a n t u m y ie lds w i t h w a v e l ength l ed t o a conc lus ion t h a t was not general . A t 
a n o t h e r temperature y o u m i g h t have found a different order . 

D r . Plane: W e found t h e m temperature independent . 
Cooper Langford : M y c o m m e n t is not on photochemis t ry , b u t o n Pro f . 

A d a m s o n ' s r e m a r k s o n cage aggregates and the t r a n s i t i o n state theory . 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

5-
00

49
.c

h0
10



2 5 6 MECHANISMS O F I N O R G A N I C REACTIONS 

I s y m p a t h i z e w i t h the p o i n t of v i e w he is a d v o c a t i n g , a n d I hope t h a t his sug 
gestions w o u l d not be confused b y m i s c o n s t r u i n g t r a n s i t i o n state t h e o r y . H e 
singles out large molecule systems i n condensed phases as places where the t r a n s i 
t i o n state theory w o u l d be i n trouble . 

M y unders tand ing of t r a n s i t i o n state t h e o r y is t h a t th i s is where the a p p r o x i m a 
t ions are most l i k e l y t o be accurate , espec ia l ly i f the a c t i v a t i o n energy is large. T h e 
t r a n s i t i o n state theory , f r o m the de ta i l ed s ta t i s t i ca l v i e w p o i n t , requires t h a t a l l 
degrees of freedom b u t one be i n e q u i l i b r i u m . T h i s is most r e a d i l y ob ta ined i n 
a condensed phase where energy transfer is r a p i d . 

D r . A d a m s o n : Y o u have a p o i n t there . I t h i n k t h a t i n the large molecule 
sys tem, for example p e n t a m m i n e h a l i d e a n d water , there w i l l be more t h a n one reac
t i on p a t h a n d not a single t r a n s i t i o n state . I t is he lp fu l t o consider th is as a k i n d of 
i n t r a m o l e c u l a r rearrangement . 

R o b e r t C o n n i c k : Since the subject has been ra ised , I w o u l d l ike t o c o m m e n t 
o n th i s general p r o b l e m . 

I agree w i t h l o o k i n g a t these mat ters i n dif ferent w a y s . A s I unders tand i t , 
y o u d o not object t o the t r a n s i t i o n state t h e o r y f o r m u l a t i o n . T h e one w o r d of 
c a u t i o n I w o u l d l i k e t o inter jec t , t h o u g h , is t h i s : y o u spoke of the caged species 
before i t h a d r e a l l y reached the a c t i v a t e d complex conf igurat ion , a n d y o u spoke of 
th is concept 's be ing p a r t i c u l a r l y v a l u a b l e . 

I n a f ormal i s t i c sense the rate is contro l l ed , accord ing to the t r a n s i t i o n state 
theory , b y the s t a b i l i t y , c oncentra t i on , a n d so o n of the a c t i v a t e d complex . T h i s is 
the k e y conf igurat ion . T h i s t h e o r y says t h a t a l l o ther conf igurat ions m a y be i n 
terest ing b u t t h e y d o n ' t r e a l l y c o u n t w h e n i t comes t o d e t e r m i n g the rate . T h e r e 
fore, one is a l w a y s i n danger of incorrect pred ic t ions a b o u t a reac t i on rate i f one 
de l iberate ly s t rays f rom the a c t i v a t e d complex conf igurat ion . I do not m e a n to say 
t h a t one w i l l a l w a y s err , because i n m a n y react ions the conf igurat ion of the sys tem 
as i t approaches the a c t i v a t e d complex is v e r y s i m i l a r t o w h a t i t is i n the a c t i v a t e d 
complex . I n fact , one believes t h a t i n most of these cases i t is the a c c u m u l a t i o n of 
energy i n p a r t i c u l a r bonds r a t h e r t h a n changes i n geometry w h i c h are o c c u r r i n g i n 
the final a c t i v a t i o n . Neverthe less , such a s i t u a t i o n does not a l w a y s exist , a n d 
p a r t i c u l a r l y i f one t a l k s a b o u t w h a t caged species w o u l d f o r m pre ferent ia l ly i n a 
so lu t i on . O f t e n the conf igurat ion w h i c h is t h e r m o d y n a m i c a l l y preferable w i l l not 
be the one w h i c h corresponds t o the a c t i v a t e d complex . I n m a n y cases there is no 
reason w h y t h e y shou ld be i d e n t i c a l . I t m u s t be remembered t h a t the a c t i v a t e d 
complex is a n unstable species, no t a stable one. I t is f ormed w i t h a great e x p e n d i 
ture of energy a n d therefore, one m u s t not postu late propert ies a b o u t i t based o n 
general ideas of overa l l s t a b i l i t y . 

D r . A d a m s o n : I t is possible t h a t D r . C o n n i c k a n d I have different v i e w p o i n t s 
i n th is respect. H e referred repeated ly t o ' the a c t i va t ed complex ' a n d ' the t r a n s i t i o n 
s tate . ' I have s a i d , t h a t I feel i n these types of react ions one m a y have a d i s t r i b u 
t i o n of paths t h a t are c o n t r i b u t i n g c o m p a r a b l y . T h e y are not t e r r i b l y different, 
b u t enough so t h a t i t i s dangerous t o compress ones thoughts t o " t h e " t r a n s i t i o n 
state a n d " t h e " a c t i v a t e d complex . I suspect t h a t these B a r k l e y - B u t l e r se
quences m a y ind i cate a d i s t r i b u t i o n of react ion paths . 

E d w a r d K i n g : O f course, i f these different t r a n s i t i o n states have different 
c o m p o s i t i o n , i t appears i n the rate l a w . 
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1 0 . ADAMSON Discussion 2 5 7 

D r . A d a m s o n : L e t ' s go back to the i n t r a m o l e c u l a r rearrangement p i c ture . 
T h e c o m p o s i t i o n of the t r a n s i t i o n state is a l w a y s the same. 

Daniel Leussing: I w a n t t o pose a quest ion . Is th i s p i c ture open t o ex
p e r i m e n t a l access? I n o ther words , i f there is a s p e c t r u m of t r a n s i t i o n states w i t h 
different heats , w i l l we not get the appearance of a heat c a p a c i t y of the t r a n s i t i o n 
state ; whereas i f the mode l showed a single t r a n s i t i o n state p r e d o m i n a t i n g w o u l d 
not the heat of reac t i on be constant? W o u l d n ' t th i s a l l o w us t o answer the ques
t i o n . 

D r . A d a m s o n : I f there is a d i s t r i b u t i o n of reac t i on paths , t h e n the a p p a r e n t 
a c t i v a t i o n energy shou ld indeed change w i t h t emperature , a n d the effect w o u l d 
appear as a heat c a p a c i t y of a c t i v a t i o n . H o w e v e r , i t does not seem possible t o 
d i s t i n g u i s h th i s s i t u a t i o n f rom t h a t of a single react ion p a t h where the t r a n s i t i o n 
state heat c a p a c i t y is dif ferent f r o m t h a t of the reactants . T h a t is t o say, the f o rmal 
t h e r m o d y n a m i c s w o u l d be i d e n t i c a l for the t w o cases. 

G o r d o n A t k i n s o n : I t h i n k there is , a t least i n p r i n c i p l e , a w a y to examine a 
sys tem for d i s t r i b u t i o n of v e r y s i m i l a r paths . T h i s is b y re laxat i on technique , p a r 
t i c u l a r l y u l t rason ic a b s o r p t i o n . A d i s t r i b u t i o n of s i m i l a r , though not i dent i ca l paths , 
imp l i e s a d i s t r i b u t i o n of r e l a x a t i o n t imes centered a t a c e r ta in frequency . B u t 
there is a subtle e x p e r i m e n t a l p r o b l e m i n v o l v e d i n d i s t i n g u i s h i n g between a single 
r e laxa t i on t i m e a n d a r a t h e r c losely spaced d i s t r i b u t i o n of r e laxat i on t imes . 

Ronald Archer : W i t h regard to base hydro lys i s , I t h i n k there is some stereo
c h e m i c a l evidence t h a t suggests b o t h sides are p r o b a b l y somewhat correct . T h e r e 
is evidence of the t y p e w h i c h J o h n B a i l a r has been g i v i n g us for a b o u t 30 years 
regard ing the so ca l led D —• L invers ions of con f igurat ion (2, J , 4). F r e d B a s o l o has 
suggested several t imes t h a t one does not see th i s invers ion b y a s imple Sjv l t y p e 
process (6, 7). O n the o ther h a n d , some of the w o r k I have been d o i n g i n l i q u i d 
a m m o n i a suggests t h a t not o n l y does one see the i n v e r s i o n of con f igurat ion , b u t 
also the conjugate base p a t h (2). There fore , I t h i n k one m u s t have a preor i entat i on 
p lus a n intermediate t h a t is p r o b a b l y bas i ca l ly a n S ^ l t y p e ; no, I w o n ' t say S j y l — 
let 's say there is poss ib ly a five-coordinate in termediate of some sort i n the m i d d l e . 
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reaction 8, 17 
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complexes 85 
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Biva lent metal ions 57 
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2 6 0 MECHANISMS OF I N O R G A N I C REACTIONS 
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reactions of 204 
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a lkylcobalt 184, 195 
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insertion reactions of 201 
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Cobalt h y d r o c a r b o n y l . . . .185, 188, 191, 
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catalyzed b y 136 
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of 132 
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by Ce(TV), C o ( I I I ) , a n d F e ( I V ) , 
oxidation of 132 

b y H 2 0 2 , ox idat ion of 132 
b y iodine atoms, reduction of 130 

Coenzyme, v i t a m i n B i 2 186 
C o l l m a n , James 170 
Configuration 

changes i n aquat ion 49 
inversion of 257 

x -Complex 208 
Complexes 

organocobalt carbonyl 181 
photochemistry of 255 
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Complexing agents, molybdate-

catalyzed reduction of w e a k . . . . 179 
Conjugate acid 229 
Conjugate base m e c h a n i s m . . . . 24, 30, 257 
Conjugated 

bond systems, ligands w i th 112 
diene insertion reactions 191, 211 

Connick , Robert 256 
Coordinat ion , hydride transfer vs.. . . 146 
Coordinat ive unsaturation 186, 212 
Copper (II) 

-catalyzed autoxidation of 
aldimines 136 

-catalyzed oxidat ion of M n + 2 to 
M n O r b y O B r - . 135 

oxalate by peroxydisulfate 135 
-catalyzed oxidative deamination 
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complexes, react iv i ty of 146 
- induced chlorination of ketones . . . 137 
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anil ine b y 129 
ethylenediamine b y 145 
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b y sulfite or iodide, reduction o f . . . 137 

Copper ( I I I ) 135 
reaction w i t h water 143 
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F l o w studies 56 
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G r a y H a r r y . 99, 103, 125, 234, 253 
Grot thus chain mechanism. . . . 17, 25 , 26, 
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2 6 2 MECHANISMS OF I N O R G A N I C REACTIONS 
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patterns of l igand react iv i ty 153 
studies 56 

Kinet i c s 
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Mercur i c acetate, decomposition of 

methoxymethyl 171, 176 
M e t a l 
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kinetics a n d mechanisms 55 
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formation of 64 
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hydrides 182, 194, 201 
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-water exchange process 59 

M e t a l (Continued) 
-metal bonds 1 
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decomposition of .171, 176 
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for transition-state complex 228 
two-sphere 161 
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-catalyzed reductions of weak com-
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reduction 232 
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aromatic 227 
intermediate 233 
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solution 7 
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N o n s t i c k y collision mechanism 101 
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Nuclear magnetic resonance 56 
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d iscr iminat ion factors 96 
reactions 158 
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constants 95 
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Octacarbonyl , cobalt 191 
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Off-site reaction 47 
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Olefins 
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<f-Orbital expansion 99 
Order of rate constants, general 158 
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2 6 4 MECHANISMS OF INORGANIC REACTIONS 
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-reduction kinetics 224 
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Cu(II ) - catalyzed 133 
of ethylenediamine 143 

Oxide ion 
electrode 226 
equi l ibr ium constants 234 

Oxide transfer mechanism 233 
Oxinate , copper 157 

O x y complex i n solid s t a t e . . . . . . . . . 142 
Oxyanions 224 

oxygen transfer i n reduction of 143 
Oxygen 

-atom transfer to metal ions 148 
electrode 222 
transfer 

from l igand to metal ion 131 
i n reduction of oxyanions 143 

Oxygenated species, ox idat ion -
reduction of 179 
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P a l l a d i u m 
chloride 189, 193 
olefin complexes 219 
square planar complexes of 90 

Paul ing 's principle of electro-
neutral i ty 154 

Pearson, R a l p h G . . . . . . 21 , 73 
Pentaamminecobalt complexes, reac

t i v i t y of chromium(II ) w i th 108 
Pentacarbonyls , a lkylmanganese. . . . 182 
Pentacoordinate 

cyano intermediate 48 
intermediate 73, 74 

Pe ntacyanocobalt (III) 
b y electron transfer 51 
complexes-, reactions of .31, 46 
hydride, potassium 191 

Perchlorate ions, reduction of b y 
T i ( I I I ) , V ( I I ) , E u ( I I ) 131 

Permanganate 
oxidation of cobalti-£-aldehydo-

benzoate by 138 
oxidation of oxalate b y 132 

Peroxydisulfate, copper-catalyzed 
oxidation of oxalate b y 135 

Peters, D . Ε 122 
Phenanthrol ine r ing , spin densities i n . 144 
Photoaquation of C r ( N H 3 ) e

+ s 245 
Photochemistry 

of complexes 255 
inorganic 253 

Photolysis 
of Co ( I I I ) complexes. 251 
spectrospecific, of aqueous 

C r ( e n ) 2 ( O H ) 2
+ i o n . . . . 237 

P lanar substitution mechanisms 100 
Plane, Robert 144, 147, 255 
Plat inum(II ) complexes, reagent re 

act iv i ty toward 94 
Poe, A n t h o n y 53, 79 
Polarizat ion 

l igand 154 
theory 82 

Polar iz ing power 154 
Polymerizat ion 

diene 193 
reactions 189 

Polynucleotides, metal catalysis o f . . 167 
Potassium pe ntacyanocobalt 

hydride 186, 191 
Preassembly of reactants 249 
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Preassociation 21 
Pressure j u m p . 56 
Pseudomonous bacterium 177 
Pseudo-octahedral complexes 90 
Pyridine- iV-oxide 158, 159 
Pyrosulfate 221 

R 

R a d i c a l ion intermediates . 116 
Rate constants 

of base-catalyzed hydrolysis 22 
general order of 158 
of n icke l complexes 68 
rat io of 160 

Rate 
equations, general 155 
law a n d mechanism of reaction 83 
of subst itut ion of N H 3 for H 2 0 . . . . 68 

Rates of 
nucleophilic displacement 87 
reaction of N i ( I I ) , Pd ( I I ) a n d 

P t ( I I ) complexes 91 
R a t i o of rate constants 160 
Reaetants, preassembly of 249 
React ion 

cage 248 
of C o ( C N ) 6 N 3 - s a n d H N 0 2 45 
of C r ( I I I ) ions w i t h hydrogen 

peroxide 129 
deoxymercuration 176 
dichromate-bromide 224 
hydroformylat ion 182, 184, 194 
insertion 191, 208, 214 
of isobutylene w i t h cobalthydro-

c a r b o n y l . 212 
rate 

of octahedral complexes 21 
organometallic 171 

Reactions 
acetylene insertion 194 
anion replacement 175 
carbene insertion 205 
of carbon-nitrogen groups, insertion 204 
of carbonyl compounds, i n s e r t i o n . . 201 
of conjugated dienes, i n s e r t i o n . . . . 191 
electrophilic 156, 158 
i n fused salts, acid-base 220 
of metal complexes, insertion 181 
nucleophilic 158 
olefin insertion 185 
polymerizat ion 189 
ruthenium chloride 149 
stereospecific l igand 165 

Reac t iv i ty 
of copper complexes 146 
l igand 170 

Reagent react iv i ty 87 
Rechnitz , G . A . 148, 150 
Redox changes i n ligands 142 
Reduc ing agents, ligands as 144 
Reduct ion of 

C e ( I V ) b y thallous ions 128 
chlorate b y hexachloroiridate 149 
C o ( N H 3 ) 6 I + 2 by iodine atoms 130 
C u ( I I ) b y sulfite or i o d i d e . . . . . 129, 137 

2 6 5 

Reduct ion of (Continued) 
fumarate complexes b y C r ( I I ) . . . . 113 
halogenates 147 
ligands b y metal ions 126 
nitrate 232 
oxyanions, oxygen transfer i n 143 
perchlorate ions b y T i ( I I I ) , 

V ( I I ) , E u ( I I ) 131 
weak complexing agents, 

molybdate-eatalyzed 179 
Relaxat ion technique 257 
Remote attack 112, 119, 122 
Replacement 

i n [ P t ( d i e n ) X ] + , rates of 85 
reactions, anion 175 

Resolution of diastereo-isomers, 
bacterial 177 

Resonance transfer m e c h a n i s m s . . . . . 114 
R h o d i u m (I) 92 
R i n g opening, rate constants f o r . . . . 78 
R u t h e n i u m chloride reactions 149 
R u t h e n i u m (I I) decomposit ion. 148 

S 
SN2 mechanism 22 
S A D mechanism. 21, 28 
Scavenging ac t iv i ty of C N S ~ or B r ~ . . 47 
Schiff base, hydrolyses of . . . 162, 163, 164 
Si l icon hydride addit ion 218 
Si lver ion , alcoholic 73 
S 2 0 8 ~ 2 - A g + , ox idat ion of cobalti-£-

aldephdo-benzoate b y 138 
Sodium cuprate(III) 135 
Sodium-potassium nitrate , carbonate 

dissociation i n fused 223 
Soft a n d hard bases a n d acids 23 
Solvated ions 235 
Solvent-assisted dissociation ( S A D ) . 2 1 , 28 
Solvent cage 51 

effect 104 
Solve η to intermediate 8 
Sound absorption method 56 
Spectrospecific photolyses of aqueous 

C r ( e n ) 2 ( O H ) 2
+ i o n 237 

Spin densities i n phenanthroline r i n g . 144 
Square planar complexes 81 
Square pyramid 

mechanism 101 
stabi l ization 99 

Stereospecific l igand reactions . . . 165 
Steric 

course of chloride s u b s t i t u t i o n . . . . 9 
effects . . 100 , 113, 121, 215 
factors i n substitution reactions of 

p la t inum complexes 86 
hindrance 85 

Subst i tut ion 
reactions 251 
of water b y other ligands 71 

of aminecobalt (III ) systems. . . . 18 
of cobalt (III ) complexes. . . . . . . 31 

Substrate, nature of 84 
Sulfite 

ions, reduction of Cu ( I I ) b y . . . . . . 129 
reduction of Cu ( I I ) b y 137 
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2 6 6 MECHANISMS OF I N O R G A N I C REACTIONS 

Swamping catalyst effect 159 
π-System, interact ion of metal 

^-electrons w i th l igand 150 

Trisacetylacetonates, brominat ion of 
chromium 170 

Tris(ethylenediamine) coba l t ( I I I ) . . . 177 
Two-sphere model 161 

Taube , H e n r y 117, 125 
Tartrate reagent, a lkal ine copper 165 
Temperature dependence 156 
Tel lur i c acid-glycerol complex 164 
Temperature jump 56, 68 
Tervalent 

copper 135 
earth meta l ions 57 
metal ions 58 

Tetracarboxy l 
acylcobalt 186, 192 
a lkylcobal t 183, 186, 191, 192 

Tetraafluoroethylene 186, 188, 191 
Tobe, M a r t i n . 29 
T h a l l i c ions, oxidation of bromide b y . 130 
T h a l l i u m (II) ions, oxidation reactions 

b y 130 
Thiocyanato complexes, reaction rates 

of azido vs 123 
Three-center addi t ion 208 
T i t a n i u m (111), reduction of per

chlorate ions by 131 
Trans effect 81 

mechanism 102, 104 
Trans i t i on 

metal ions 57 
metals, free radica l transit ion b y . . 147 
state complex, model for 278 
state theory 248, 255, 256 

Transi t ions i n metal complexes 253 
T r i c a r b o n y l , x-al lylcobalt 187 
Tr imethy l chromium 199 
T r i m e t h y l t i n 

dimethylamide 203 
hydride 192 

Tr i - M - buty l t in alkoxides 203 
Tr ipheny l chromium 189 

ω-Unsaturated acylcobalt 
tetracarbonyls . · · · · 187 

Unsaturat i on , coordinative 212 
Unstable state of ox idat ion , metal 

ions i n 126 

Vanadate ion , ox idat ion of cuprous 
thiosulfate b y 132 

V a n a d i u m ( I I ) , reduction of 
perchlorate ions b y 131 

V i t a m i n Bi2 coenzyme 186 

W 

W a h l , A r t h u r C 73, 144 
W a l d e n inversion 2, 47 
W a t e r 

abstraction of hydrogen from 146 
oxidat ion of M n ( I ) b y 144 

W e a k complexing agents, molybdate -
catalyzed reduction of 179 

W i l k i n s , R a l p h 73 
W i l m a r t h , W a y n e Κ 46, 48, 50, 53 

Y 

Y a l m a n , R i c h a r d G 47, 53, 78, 235 
Exc lus ion Principle 142 

Ziegler 
catalysts . . 199 
polymerizat ion of olefins 189 
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