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reactant carbonyl. The peak height to infinite time could be 
neglected from the calculations. 

The two reactions that were run a t  specified starting acid con- 
centrations had aqueous fluoroboric acid added to the stock solu- 
tion a t  the beginning of the experiment. 

Reaction of Fe(r-CsHs)(CO)2(COOCH3) with Water.- 
In  an evacuated Pyrex tube, freshly sublimeds Fe(?r-CsHs)- 
(C0)2(COOCH3) (0.25 g, 1.1 mmol) was shaken a t  45" for 20 min 
in degassed water (1 ml) containing KCl (1.0 8). Effervescence 
was observed during the reaction and a deep red liquid, immiscible 
in water, and a black solid were obtained. The volatileproducts 
were distilled under vacuum through traps a t  -25, -96, and 
-196" traps. The trap a t  -196" contained carbon dioxide 
(0.036 g, 0.8 mmol) identified by infrared spectroscopy. Two 
less volatile products were isolated; one was characterized as 
methanol by infrared and nmr spectroscopy, and the other was 
tentatively identified by infrared spectroscopy as methyl for- 
mate.8 The trap a t  -25" contained water and a red liquid 
identified as Fe(?r-C5H5)(CO)zH (0.09 g, 0.52 mmol) by infrared 
and 'H nmr spectroscopy10 (hydride chemical shift, T 21 in CHC13). 
The nonvolatile products were extracted with chloroform and the 
chloroform extract contained the dimer [Fe(?r-C&H~)(C0)2]2 
(0.08 g, 0.44 mmol) identified by infrared spectroscopy. The 
residue, a white solid, was assumed to be KCl. On exposure 
of the hydrido compound to the atmosphere, reaction to the 
black dimer was complete within 1 min. 

Identical results were obtained when the above reaction was 
repeated without the salt. 

(c)  

(9) H. W. Thompson and P. Torkington, J .  Chem. Soc., G40 (1945). 
(10) A. Davison, J. A. McCleverty, and G. Wilkinson, ibid., 1133 (1963). 

(d) Reaction of Mn(CO)a(COOC2HS) with Water.-In a 
Pyrex tube, freshly sublimed M ~ ( C O ) S ( C O O C ~ H ~ ) ~  (0.28 g, 
1.0 mmol) was shaken a t  75" for 12 hr with KCl (1.0 g) and 4 ml 
of water. A viscous oil, immiscible in water, was left after 
reaction. The volatile products were distilled through traps at 
-25 ,  -96, and -196'. The trap at -196" contained carbon 
dioxide (0.039 g, 0.9 mmol) identified by infrared spectroscopy. 

The other traps contained water and ethanol, characterized by 
infrared and proton nmr spectroscopy, and a yellow liquid char- 
acterized by infrared" and nmr spectroscopy1° (hydride chemical 
shift, T 18 in CHCla) as Mn(C0)bH (0.12 g, 0.6 mmol). The 
nonvolatile products contained a yellow solid, identified by infra- 
red spectroscopy as the dimeric compound Mnz(C0)lo (0.06 g, 
0.3 mmol), and a white water-soluble solid assumed to be KC1. 
Infrared spectrum of HMn(C0)5 as gas: v ( C 0 )  2035 (vs), 
2030 (vs), 2025 (vs), 2015 (vs), 2130 (w), 2125 (w), 2120 (w), 
2100 (w), 2050 (w) and 2045 (w) cm-'. 

The above reaction was repeated without potassium chloride 
and, although trace amounts of ethyl formate were isolated 
in the volatile products, the reaction was basically unchanged. 
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(11) F. A. Cotton, J. L. Down, and G. Wilkinson, ibid., 833 (1959). 
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A kinetic explanation is offered for the chelate effect, based on observation of the rates of ethylenediamine ring closure in 
square-planar trans-dichlorobis(ethylenediamine)platinum(II). Stopped-flow spectrophotometry in basic solution gave rate 
constants a t  25" in 1 M LiC104 of 10.4 =I= 0.6 and 0.73 i: 0.06 sec-I for the first and second ring closures, respectively. 
By pH-stat titrimetry in acidic solution the acid dissociation constants of monodentate ethylenediamine were determined. 
These results are compared with analogous substitutions by ammonia to determine the kinetic origin of the chelate effect. 
Comparison with other observations on nickel(I1)-ethylenediamine complexes provides an interesting distinction between 
the kinetic chelate effects in octahedral and square-planar complexes. 

Introduction 
The increased thermodynamic stability of complexes 

of multidentate ligands relative to those of unidentate 
ligands is well known and has been extensively investi- 
gated.l This chelate effect must be reflected in the 
kinetics of complex formation as well as in stabilities. 
A further examination of the kinetic chelate effect is 
the subject of this paper. Consider the reactions 

ki  kz 

k- I k- z 
M + B-B M-B-€3; M-B-B Z-M 

k 'I k'z 

in which B-B is a bidentate ligand and U is unidentate. 
The additional stability of the chelate complex means 
K B  > KU which requires 

M + U Z M U ;  MU + U z  MU2 
k'- 1 k'- L It is sometimes assumed that the first steps of these 

reactions are not sensitive to differences between other- 
wise similar unidentate and bidentate ligands, except 

(1) For a recent review see A. E. Martell, Advances in Chemistry Series, 
No. 82 ,  American Chemical Society, Washington, D. C., 1967, p 272. 
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for a statistical factor of 2 . ,  In  this interpretation, the 
chelate effect requires (k2lk-z) > (k’z /k’ - , ) .  

Measurements of rate constants k ,  are uncommon. 
Since k ,  is usually much larger than k1[B-B] or k-1, 
studies of the overall rates of formation of chelate 
complexes generally yield only k l ,  whereas studies of 
dissociation reactions give the ratio k- lk-z /kz .  There 
have been several studies of the chelate ring closure step 
in octahedral complexes for which the activation process 
is primarily dissociative. In  square-planar substitution 
reactions, in contrast, the activation process is pri- 
marily associative and the chelate effect on the rate of 
substitution may be more dramatic. Some kinetic evi- 
dence for the effects of chelation on substitution on 
platinum(I1) has been reported but in the systems 
studied direct comparisons with substitution by uni- 
dentate ligands on analogous complexes were not pos- 
sible. 

We have prepared the trans-dichlorobis(ethy1enedi- 
amine monohydroch1oride)platinum (11) ion and have 
studied the rate of ring closure in both acidic and basic 
solution. The study in basic solution using rapid- 

mixing stopped-flow spectrophotometry permitted di- 
rect measurement of rate constants k2 for each ring clo- 
sure. The results can be compared directly with the 
rates of substitution by unidentate ammonia in the 
analogous chloroammine complexes of platinum(I1). 
Comparison with the mechanism of chelation on octa- 
hedral complexes indicates an interesting difference in 
the kinetic chelate effect for square-planar arid octa- 
hedral complexes. 

Experimental Section 
Materials-Bis(ethylenediamine)platinum(II) chloride was 

prepared according to Basolo, Bailar, and Tarr.5 A n d .  Calcd 
for [Pt(en)2]C12: P t ,  50.5; C, 12.4; H, 4.2; C1, 18.2. Found: 
Pt, 50.3; C,  12.5; H,4.1; C1, 18.4. 

tmns-Dichlorobis (ethylenediamine monohydroch1oride)plati- 
nurri(I1) was prepared essentially as described by Di-ew.6 80 ml 
of concentrated HCl was added to 4.85 g of [Pt(en)z]Cl~ dissolved 
in a minimum amount of water. The solution was heated on a 
steam bath for 6-7 hr or until several milliliters of liquid was left 
with the solid mixture. The mixture was allowed to cool and 
stand at room temperature for 1 hr. After cooling in ice, the 
solid was removed by filtration and washed with dilute HC1 fol- 
lowed by ether. This product is a mixture from which the de- 
sired compound was obtained by placing several grams of the 
mixture in a 2-ml medium sintered glass funnel and washing with 
several small portions of approximately 0.1 LW HC1. Insoluble 
bright yellow Pt(en)Clp was retained on the filter. Concentrated 
HCl (5  ml) was immediately added dropwise to the filtrate and 

(2) F. Basolo and 11. G. Pearson, “Mechanisms of Inorganic Reactions,” 
2nd ed, John Wiley and Sons, New York, S.Y., 1967, p 223.  

(3) (a) A. Kowalak, K. Kustin,  I<. F. Pasternack, and S. Petrucci, J .  A m .  
Chem. Soc., 89, 3126 ( 1 9 6 i ) ;  (h) W. B. Makinen, A. F. Pearlmutter, and 
J. E. Stuehr,  ibid., 91, 4083 (1069); (c) A. G. Sykes and R.  N. F. Thorneley, 
J .  Chem. Soc., A ,  655 (1969); (d) J. P. Jones and  D. W. Margerum, J .  
A m .  Chem. Soc., 92,  470 (1970). 

(4) S .  P. Tanner,  F. Basolo, and  R. G. Pearson, Ino rg .  Chem., 6 ,  1089 
(l’JG7). 

( 5 )  F. Basolo, J .  C. Bailar, Jr.,  and B. I<. Tar r ,  J .  A m  Chem Soc. ,  72, 2433 
(1950). 

(6) H. D. K. Drew, J .  Cheriz. Soc., 2328 (1832). 

the pale yellow solid which precipitated was immediately collected 
and washed with dilute HCl followed by ether. White [Pt- 
(en)*] Clz can be recovered from the filtrate on cooling in ice. The 
desired product was air dried on a watch glass. Diniculty was 
experienced with some samples which developed a pink tint on 
drying, in which cases the material was recrystallized. Anal .  
Calcd for [Pt(enH)LLlCla: Pt, 42.5; C1, 30.9; C, 10.5; H, 
4.0. Found: Pt, 42.3; C1, 31.0; C, 10.9; 13, 4.0. Elemental 
analyses were performed by the Microanalytical Laboratory of 
the Department of Chemistry and Chemical Engineering, TJni- 
versity of Illinois. 

Lithium perchlorate solutions were prepared cithcr from rc- 
crystallized G. F. Smith anhydrous LiCIOa or from LiC104 prc- 
pared from Fisher Li2COs and G. F. Smith HCIO, and recrystal- 
lized once. Sodium hydroxide solutions were prepared from 
Xnachemia Chemical Acculute standard XaOH. 

Kinetics Experiments.-Rate data in acidic solutions were 
obtained using a Radiometer pH-stat recording titrator consisting 
of a Type S B R k  titrigraph, PHM26c pH meter, TTT 11 titra- 
tor, and SBUla syringe buret. The KC1 in the caloniel electrodc 
was replaced by 4 X SaCl to prevent precipitation of KClOl. 
This resulted in an increase in indicated pH values of 0.40, 
constant in the pH range 3.0-5.0. A11 reported pH values havc 
been corrected to refer to a standard calomel reference electrode. 

The stopped-flow experiments in basic solutions were performed 
using the apparatus described previously but with the Beckinan 
DU monochromator replaced with a 0.25-m Jarrell-Ash grating 
monochromator, with appropriate changes in the source optics .? 

Results 
The “open-ring” complex ion hm.s-Pt(enH)2C122+ is 

stable in acidic solution of pH 0, but a t  lower acidities, 
pH 3-5, a two-step reaction occurs with release of two 
hydrogen ions for each complex ion, indicating ring 
closure. The rate of the reaction is pH dependent, but 
by using the pH-stat titrator it is possible to maintain 
a constant pH by incremental addition of base to 
neutralize the acid produced in the reaction. With 
this technique one can measure the rate of the reaction, 
which is precisely the rate a t  which base must be added 
to maintain a constant pH, without the use of buffers. 

The experiments were performed in an ionic medium 
of 1.0 11.1 LiC104 using (8.2-7.3) X M initial con- 
centration of complex and 0.01-0.06 M XaOH titrant. 
The consumption of base resulting from dilution a t  a 
constant pH was insignificant compared with that 
required to neutralize the acid produced in the reaction. 
The rates of both steps of the reaction were observed 
to be inversely dependent on hydrogen ion concentra- 
tion x i th  the first step occurring a t  a significantly 
faster rate than the second. This permitted the first 
step to be observed in a convenient time range at pH 
3.1-3.6. Similarly, the second step could be observed 
conveniently in the pH range 4.0-4.7 after the first 
step was substantially complete. The Guggenheim 
method8 was used t o  obtain estimates of the first-order 
rate constants for both the first and second steps in 
these pH ranges, using the first third of the overall 
reaction to obtain k l , o h , d  and the last third to obtain 
k2, , ,bsd .  The Guggenheim method is not strictly appro- 
priate to the treatment of successive first-order reactions 

(7) S. A. Frennesson, J. K. Beattie, and G.  P. Haight, Jr.,  J .  A m  Chrm.  
Soc., 90, 6018 (1YG8).  

(8) (a) E. A. Guggenheim, Phil .  AZag., 2,  538 (1926); (b) -4. A.  Frost 
and I<. G. Pearson, “Kinetics and Mechanism,” John Wiley and Sons, 
h-ew York, N. Y., 1061. 
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unless the rate constants differ substantially. Conse- 
quently, an iterative least-squares program was written 
for an IBM 1800 computer to obtain the best values of 
kl,obsd and k2,,,bsd necessary to fit the complete concen- 
tration-time curve. The function 6 represents the total 
amount of hydrogen ion released as a function of time 
for the following reaction sequence if only A is present 
initially. *b 

A + B + H +  

B + C + H +  

kl 

kz 

where K = k2/k1 and r = kit. Starting with estimates 
of kl and k2 obtained from the Guggenheim plots, the 
program iterated kl and k2 to obtain the best fit of the 
calculated 6 with the observed curve, which was 
generally within a standard deviation of 0.5%. Four 
experiments were performed in the pH range 3.40-3.90 
chosen to  provide the maximum overlap of the two 
steps in a convenient time range. The values obtained 
are plotted in Figure 1 as a function of inverse hydrogen 
ion concentration. From these plots the slope for the 
first step is (1.22 =t 0.05) X M sec-l. For the 
second step the slope is (7.67 0.20) X lov9 M sec-I 
and the intercept is (1.4 =t 0.2) X 

The rates of the reaction in basic solution were ob- 
tained spectrophotometrically by rapid mixing of a 
solution of tran~-Pt(enH)zC12~+ dissolved in 1.0 M 
LiC104 containing 0.01 M HC104 with a second solution 
of 1.0 M LiC104 containing sufficient NaOH to bring 
the pH of the mixed solution above 11. The appro- 
priate spectra are shown in Figure 2. The spectrum of 
the “open-ring” starting material was obtained in acidic 
solution. It is assumed that protonation of the non- 
coordinated amine will not alter the spectrum signifi- 
cantly from that which would be observed for the non- 
protonated “open-ring” complex Pt(en)2Clz in basic 
solution. The spectrum of the product Pt(en)22+ could 
be obtained directly. An approximate spectrum of the 
intermediate was obtained by allowing a reaction on 
the pH-stat to proceed about halfway to completion 
and then quenching the reaction by adding acid to 
reduce the pH to 0-1. It is apparent that in the region 
385-400 nm the first ring-closing reaction can be ob- 
served directly without interference from the second 
step. Observation in the region 250-290 nm should 
reveal an increase in absorbance due to the first step of 
the reaction followed by a decrease associated with the 
second step. Figure 3 reproduces an oscilloscope trace 
of the absorbance changes a t  250 nm which demon- 
strates these changes. The first-order rate constants of 
the two reactions were obtained from conventional plots 
of log (D  - Dm)  against time. The value of k1 = 
10.4 f 0.6 sec-I was independent of wavelength from 
385 to 400 nm and that of kz = 0.73 =t 0.06 sec-’ from 
260 to 295 nm. 

Discussion 
The excellent fit of the data obtained in acidic solution 

to that calculated for consecutive first-order reactions 

sec-’. 

Figure 1.-Hydrogen ion concentration dependence of kl,absd 

and k2,obnd obtained by a least-squares fit of the observed titra- 
tion-time curve. 

Figure 2.-Solution absorption spectra of starting material, 
intermediate, and product. 

200 MSEC D I V 1  

Figure 3.-Oscillographic trace of absorbance changes a t  250 nm. 

strongly indicates that the observed reactions are indeed 
the chelate ring closings of two unidentate ethylenedi- 
amine ligands. The observed pH dependence is readily 
explained by this mechanism after recognizing that the 
free amine group must be unprotonated in order to 
bond to the platinum. The ring-closure step (eq 2 )  is 
therefore preceded by a rapid acid-base equilibrium 
(eq 1). For the acid-dependent terms of the first and 
second steps, reactions 1-4 are suggested, where enH 
denotes unidentate protonated ethylenediamine ligand, 
en- a unidentate unprotonated ligand, and en the usual 
bidentate ethylenediamine. The formal rate law for 

Pt(enH)zC12$+ Pt(enH)(en-)Clz+ + H+ (1) 
Ke.1 

ki 
Pt(enH)(en-)CL+ -+- Pt(enH)(en)C12+ + C1- (2)  

Pt(enH)(en)C12+ Pt(en-)(en)Cl+ + H +  (3)  
k2 

Ptien-)(en)Cl+ -+- Pt(en)Z2+ + C1- (4 1 



1236 M A R K  J. C A R ~ E R  AND JAMES K. BEATTIE Inorgunic Chemistry 

the appearance of the PC(en) (enH)CI2+ intermediate by 
reactions 1 and 2 is 

which reduces in the case K,1 << [H+] to a first-order 
rate law with 

Results described below indicate Kal = iLf which 
justifies the assumption that << [H+] for solutions 
of pH 3-5. Consequently the slopes of the plots in 
Figure 1 may be interpreted as klKal and kaK,Z, respec- 
tively. 

The nonzero intercept observed in Figure 2 for the 
second step indicates tha.t in addition to reactions 3 and 
4 there must be an acid-independent mechanism, pre- 
sumably the usual solvent pathway frequently observed 
for square-planar substitution reactions 

ko 
Pt(en)(enH)ClZ+ ----f Pt(en)(enH)HzOa+ + C1- 

P t (en) (er~H)(H*O)~+ + Pt(en)zz+ + H+ + H20 

(7) 

( 8 )  

The intercept is then interpreted as k,. Within experi- 
mental error there is no evidence for a solvent path in 
the first step. 

Mixing an acidic solution of Pt(enH)zC1Z2+ with base 
results in rapid deprotonation (eq 9) of the uncoordi- 
nated amine groups. These then close by reactions 10 
and 11. The spectral changes observed are exactly 

(9) 

rapid 

rapid 
Pt(enI-I)zC122" 4- 20H- -+ Pt(en-)zCl, + 2H20 

kl 
Pt(en-)zClz --+ Pt(en)(en-)Cl+ f C1- (10) 

Pt(en)(en-)Cl+ --+ Pt(en)zz+ + C1- (11) 

those expected for this sequence of reactions. It is 
fortunate that there is a region of the spectrum (380- 
400 nm) in which (10) can be observed without inter- 
ference from (11), which avoids some of the difficulties 
associated with the analysis of consecutive first-order 
reactions. 

K,1 and K,z can be evaluated if the assumption is 
made that k1 and kz obtained spectrophotometrically 
from reactions 10 and 11 are equivalent to kl and kz of 
reactions 2 and 4, even though the reacting species in 
( 2 )  differs from that in (10) by an additional proton. 
The values obtained are (1.2 f 0.1) X M and 
(1.1 f 0.2) X lo-* M for K,1 and Ka2, respectively. 
These can be comparedfwith the first and second 
ionization constants of 3.4 X and 6.8 X lo-" M 
for e n H ~ ~ + . ~  Thus coordinated ethylenediamine is a 
slightly weaker acid than diprotonated ethylenediamine, 
but considerably stronger than monoprotonated eth- 
ylenediamine. The various constants evaluated from 
the kinetic data are assembled in Table I. 

Comparisons can be made between these results and 
substitution reactions on related platinum(I1) com- 

kz 

(9) L. G. Sillen and A. E. Martell, "Stability Constants of Metal-Ion 
Complexes," Special Publication No. 17, The Chemical Society, London, 
1964, p 370. 

'YABLE L 
PARAMETERS IN 1.0 M LiC104 AT 25' 

ki&i 

ki  10.4 rt 0 . 6  sec-l 
Kd 
hKaz 
ka 0.73 i 0.06 sec-l 
Ka2 
koz 

(1.22 i 0.05) x 1 0 - 7  ~ i ~ ~ ~ ~ - 1  

( 1 . 2  =t 0.1) x 10-8 i l l  
(7.67 & 0 .20)  x 10-Q A4 sec-' 

(1.1 -I 0.1)  x 10- A4 
( 1 . 4  If 0.2)  X 10-6 sec-' 

plexes in which chelation is not involved in the rate- 
determining step. Some of the relevant data from the 
literature are assembled in Table 11. Other investiga- 
tions have indicated that substitutions by ammonia 
on chloroammine complexes of platinum(I1) are not 
strongly dependent on ionic strength, so comparisons 
will be made freely without regard to the medium used 
in the experiments reported. Another useful feature 
observed by comparing reactions A and B (in Table 11) 
is that  the influence of coordinated ethylenediamine on 
the rate of substitution of the remaining chlorides by 
ammonia is very similar to that of cis-coordinated 
ammonia ligands, so that comparisons can be made 
directly between ammine and ethylenediamine com- 
plexes. The first striking feature of our results is that 
the ratio of rate constants for the first and second steps, 
kl/kz  = 14 f 2, is very similar to the ratio of rates of 
reactions C and D, k,/kd = 11. This ratio could be 
considered as a measure of the trans effect of chloride, 
i.e., the relative ease of substitution of a chloride by an 
amine on a chloro-chloro axis cis to an amine-amine 
axis compared to substitution on a chloro-amine axis 
cis to an amine--amine axis. This trans effect of chloride 
relative to an amine is the same whether the substitu- 
tion is a bimolecular process involving ammonia or a 
unimolecular chelate ring closing of ethylenediamine. 
This similarity strongly suggests that  the chelate ring 
closing is very similar to that of a normal bimolecular 
square-planar substitution reaction. 

Further support for this interpretation of the mecha- 
nism of chelate ring closing is obtained from observation 
of the solvent path for the second step with a rate 
constant of 1.4 X IO-5 sec-I which is similar to that of 
2.6 X 10-j sec-l observed for reaction J. h solvent 
path for the first step would also be expected with a rate 
constant of approximately 6 x 10-5 sec-I if the analogy 
with reaction 1 can be pressed, but due to the more 
rapid ring closure in the first step this path may be lost 
in the experimental error. Careful experiments a t  much 
higher acidities would be necessary to determine if this 
path is present. 

The question remains as to why the chelation reae- 
tions are substantially faster than substitution by 
ammonia. The first ring closure is approximately 1800 
times faster than the analogous reaction C in 1 M NH3 
and the second 1400 times faster than reaction D in 
1 M NHB. One reason for the faster rates is the greater 
nucleophilicity of ethylenediamine relative to ammonia. 
Comparisons of reaction E with reaction F and of 
reaction G with reaction H indicate that ethylenedi- 
amine is 5.4 and 3.4 times more reactive than amnionia 
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TABLE I1 
Reaction Conditions k ,  M -1 5ec-1 Re€ 

A. SHa + ~i.~-Pt(NHa)nClz -+ Pt(NHa)aCl+ + C1- 35", I = 0 . 3  4.8 x 10-4 U 

C. NH3 + t r a n ~ - P t ( N H ~ ) ~ C l ~  -+ Pt(NH3)aClf + C1- 25O, I = 0 . 3  5 .7  x 10-J U 
D. NHa + Pt(NHs)aCl+ -+ Pt(NHa)4'+ + C1- 25", I = 0 . 3  5 . 4  x 10-4 U 
E. en + PtC1d2- -+ Pt(en)Clz + 2C1- 25' , 2 x 10-3 c 
F. NH3 + PtClr2- -+ Pt(NHa)Cla- + C1- 25', I = 0 . 3  3 . 7  x 10-4 a 
G. en + Pt(NH3)Cla- +. Pt(en)(NHs)Cl+ + 2C1- 25" 3 .7  x 10-3 c 
H.  NH3 + Pt(NH3)Cls- -+ Pt(NHa)zClz + C1- 25", I = 0 .3  1.1 x 10-2 U 

B. NH3 + Pt(en)Clz -+ Pt(NHa)(en)Cl+ + C1- 35", I = 0.1  5 x 10-4 b 

I. HzO + trens-Pt(NH3)~Cl~ -+ Pt(NHa)zH20C1+ + C1- 9 .8  x 10-60 d 
J. HzO + Pt(NHa)aCl+ -+ Pt(NH3)3HzOZ+ + C1- 2.6 x 10-6" d 

a C. B. Colvin, R. G. Gunther, L. D. Hunter, J. A. McLean, M. A. Tucker, and D. S. Martin, Jr., Inorg. Chim. Acta, 2,  487 (1968). 
Yu. N. KukushkinandV. B. 

M. A. Tucker, C. B. Colvin, and D. S. Martin, Jr., Inorg. Chem., 3, 1373 (1964). 
* U. Belluco, L. Cattalini, F. Basolo, R. G. Pearson, and A. Turco, J .  Am. Chem. Soc., 87, 241 (1965). 
Ukraintsev, Russ. J .  Inorg. Chew., 13, 1485 (1968). 
e In  sec-'. 

on the respective complexes. Thus, after allowing for 
this effect and a statistical factor of 2, the chelate ring 
closing reactions are about 800 times faster than a 
normal bimolecular substitution, in which the concen- 
tration of the entering group is 1 M .  

A significant factor in this rate enhancement is 
certainly the higher effective concentration of the 
entering group-a neighboring group effect or anchi- 
meric assistance. The ring closure of unidentate eth- 
ylenediamine is a first-order, unimolecular reaction, 
whereas the substitution by ammonia is a second-order, 
bimolecular process. To make a proper comparison 
between the two rate constants one must convert the 
first-order rate constant (sec-l) to a second-order rate 
constant (M-I sec-l) by assuming an effective concen- 
tration of the entering ethylenediamine group. This 
effective concentration is certainly greater than 1 M ,  
resulting in a faster rate of ring closure than of substi- 
tution. An effective concentration of 800 M is far too 
high, however, for this corresponds to  a molecular 
concentration of 0.5 molecule A-3. 

Cotton and Harris have performed a statistical 
analysis of the distribution of the free end of a chelate 
ring and found that the maximum probability occurred 
a t  about 4-5 A.l0 Assuming that the free end filled a 
hemisphere of minimum radius 3 A, the effective con- 
centration would be about 0.02 molecule A-3, or 30 M. 
One must conclude that the higher effective concentra- 
tion is not the only reason for the faster rate of ring 
closure and that other, presumably more specific, in- 
fluences are important. These conclusions are con- 
sistent with the observations that both entropy and 
enthalpy effects influence the equilibrium chelate effect. 

Equilibrium constants are not available for the 
relatively inert and stable platinum(I1)-amine com- 
plexes. They have recently been reported, however, 
for the analogous palladium(I1) complexes. l1 The for- 
mation constant of Pd(en)(HzO)zz+ could not be 
measured but for the reaction 

Ka 
Pd(en)(Hz0)Z2+ + en Pd(en)22+ + 2Hz0 (12) 

log Kz = 18.4. In  contrast, for formation of the tri- 
and tetraammine-palladium(I1) complexes, log K3 + 

(10) F. A. Cotton and F. E. Harris, J. Phys.  Chem., 60, 1451 (1956). 
(11) L. Rasmussen and C .  K. J@rgensen, Acta C h e w  S c a d . ,  22, 2313 

(1988). 

log K4 = 14.3. In  other words the chelate effect is on 
the order of lo4. Making the gross assumption that the 
Pt(I1) complexes are similar, we observe that the kinetic 
effect of rapid ring closure accounts for a factor of l o3 .  
Assuming that the ratio kllk-1 is the same for uni- 
dentate and bidentate ligands, the discrepancy implies 
that  k-2 is perhaps an order of magnitude smaller for 
the chelate complex than for the unidentate complex. 
Other authors have previously observed that ring 
opening in a chelate complex involves a steric restric- 
tion because the ring is required to open in one specific 
direction, that  is, in order to form the unidentate 
complex.12 It is estimated that the energy barrier 
to ring opening could result in a decrease in rate by 
about a factor of 40,13 the correct order of magnitude 
to  account for the chelate effect if the analogy made 
here between Pd(I1) and Pt(I1) complexes is valid. 
The equilibrium chelate effect in square-planar com- 
plexes is thus a consequence of kinetic effects in both 
the ring-closing and ring-opening steps, kz and kp2, 
in addition to a small effect on kl. 

It is instructive to  compare these observations with 
those made on an octahedral complex, Ni(Hz0)4(en) . 2 +  

Numerous studies have established that most sub- 
stitution reactions on octahedral complexes proceed 
by a dissociative mechanism with rates dependent 
primarily on the rate of dissociation of water from 
the metal ion. Although i t  is erroneous to deduce 
effects on equilibrium constants from consideration 
of the mechanism of a reaction in the forward direction 
alone, the principle of microscopic reversibility re- 
quires that  the equilibrium constant reflect the ratio 
of rate constants for the forward and reverse reactions. 
If i t  is argued that in the octahedral system both 
the forward and the reverse reaction rates are de- 
termined by the rates of dissociation, in the forward 
reaction that of water and in the reverse reaction 
that of the amine ligand, aiid if it  is further assumed 
that the rates of dissociation of ethylenediamine and 
ammonia are similar, except for the steric factor men- 
tioned above resulting in a smaller kPz for ethylene- 
diamine, then the equilibrium chelate effect is ex- 
pected to  be small for Ni(en)2+. In  fact the available 

(12) A. K. S. Ahmed and R. G. Wilkins, J. Chem. Soc., 3700 (1959). 
(13) D. W. Margerum, D. B. Rorabacher, and J. F. G. Clarke, Jr., 

Inovz. Chem., 2, 667 (1963). 
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stability constantsQ indicate that the chelate effect 
is substantially smaller for octahedral nickel(I1) than 
for square-planar palladium(II), on the order of 100- 
200 for Ni(en)2+ compared with Ni(NH3)22f, in con- 
trast to the value of lo4 indicated above for palladium- 
(11). Thus the general distinction between dissociative 
modes of reaction for octahedral complexes and as- 
sociative modes for square-planar complexes nicely 
parallels the difference in the relative magnitudes of 
the equilibrium chelate effect. 

A kinetic explanation for the chelate effect in octa- 
hedral complexes thus depends on the smaller rate 
of ring opening of ethylenediamine relative to dis- 
sociation of ammonia, resulting in ( k 2 / k - z )  > (k ’2 /  
k ’ Q ,  and on the possible influence of internal con- 
jugate base formation by ethylenediamine, suggested 
by Rorabacher. l4  Substitution of Ni(H20)2+ by 
ethylenediamine is some 50 times faster than sub- 
stitution by ammonia, an observation inconsistent with 
the simple model of a dissociative mechanism. Rora- 
bacher proposed that the second amine group of the 
diamine forms a hydrogen bond with a coordinated 
water, forming an incipient conjugate base on the 
nickel(I1) ion. This results in more rapid loss of 
water from the metal ion and an enhanced rate of 
substitution by the first amine group of the diamine 

(14) D. B. Rorabacher, I n u v g .  Chem , 6 ,  1891 (1966) 

The larger value of kl  for ethylenediamine relative 
to ammonia does not account for the chelate effect, 
however, for if the transition-state energy for the 
process represented by k1 is lowered by internal con- 
jugate base formation, then according to the principle 
of microscopic reversibility the transition-state energy 
for the reverse process kyl is lowered similarly and 
the ratio of the rates kl/k-l remains constant. 

A4n explanation of the chelate effect is provided by a 
simple extension of the internal conjugate base mech- 
anism. Although there is no direct experimental evi- 
dence available, it  seems reasonable that in the half- 
bonded intermediate Ki(H20)6(en-) 2 +  the free end of 
the amine will remain hydrogen bonded as in the 
transition state and will be consequently more stable. 
The chelate effect may thus reflect a larger value of 
K1 = k l / k - l  for ethylenediamine relative to ammonia. 
Thus, in contrast to substitution on a square-planar 
complex in which the larger value of kz  is responsible 
for the kinetic chelate effect, in the octahedral system 
the origin of the kinetic chelate effect is in kl /k-1 ,  

as ~ e l l  as in a smaller value of k2 common to 
both systems. The chelate effect, which is observed 
for both square-planar and octahedral complexes, 
must be explained kinetically by distinctly different 
mechanisms, a consequence of the distinctly different 
modes of reactivity of the two classes of complexes. 
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The stability constants of the ternary Cu%+ complexes containing Z,?’-bipyridyl and as a second ligand ethylenediamine, 
glycine anion, malonic acid dianion, or pyrocatechol dianion were determined by potentiometric titration. For the equi- 
librium CuA2 + CuB2 ‘LCuAB, the corresponding constants are log X = 1.10, 3.05, 5.49, and 6.15 ( I  = 0.1; temperature 
25’). All four ternary complexes are more stable than one would expect for purely statistical reasons (log X = 0.6). Fur- 
thermore, the stability constants show that the Cu2 +-2,2’-bipy l : l complex has discriminating qualities toward the second 
ligand to be coordinated; i t  rather prefers to  form ternary complexes with those ligands that contain 0 as donor atoms. 
In  addition, the formation constants for the reactions between the Cu2+-2,2’-bipy 1 : 1 complex and the diallions of malonic 
acid or pyrocatechol are greater than those for the corresponding reactions with the free (hydrated) Cu2+ ion. To  get a 
broader basis for the evaluation of the reasons for the high stability of these ternary complexes, results taken from the litera- 
ture were included in the Discussion. The conclusions drawn from a total of 20 examples of ternary Cu2+ complexes are 
that the most important driving forces for the formation of ternary complexes are electronic effects (T system of the ligands), 
besides coulombic effects (neutralization of charge in ternary complexes), and lower steric hindrance compared with the 
corresponding binary bis complexes. 

In several papers it has been stated that ligands with the Cu2+-2,2’-bipy 1:1 complex (eq 1) than 
containing 0 as donor atoms form stabler complexes with the free (hydrated) Cu2+ ion (eq 2). Hence, - 

according to eq 3 positive A log K values were ob- 

Cu(bipy) + L Cu(bipy)L 

KCu( t~ iyu)C,~( , , i I ,y )L = ~~~~~ [ Cu!bipy ~~~~ II.1 . 
[Cu(bvy)I ILI 

(1) Presented in part a t  the 158th National Meeting of the  American 

( 2 )  Par t  VII :  P. R .  Huber, K. Griesser, B. Prijs, and H. Sigel, E w o p e a n  
Chemical Society, New York, E. Y . ,  Sept 1060; see Abstract h-o. BIOL 53. 

(1  1 J .  Biuchem., 10, 238 (1969). 
(3) Correspondence should be addressed to this author. 


