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Kinetics and Thermodynamics of Fast Square-planar-Octahedral Inter- 
conversion. Part 3.l The Reaction of [ Biacetyl bis-a-hydroxybenzyl- 
idenehydrazone(2-)-N1N1’00’]nickel( 11) t with Bidentate Heterocyclic 
Amines in Chlorobentene 

By Matteo Cusumano, lstituto di Chimica Fisica dell‘UniversitA, 981 00 Messina, Italy 

The square-planar complex [ Ni (bbh)] [bbh = biacetyl bis-a-hydroxybenzylidenehydrazone(2-) -NIN1‘OO’] 
reacts with 2,2‘-bipyridine and substituted 1,l O-phenanthrolines to give octahedral adducts in which, presumably, 
the ligand bbh behaves as a tridentate ligand and a hydroxy-group of the water present in the solvent occupies one 
of the positions around the nickel atom. A comparative thermodynamic and kinetic study of these reactions has 
been made, The mechanism proposed implies a nickel-to-oxygen bond breaking as the rate-determining step. 
Thermodynamic and activation parameters associated with the reactions are discussed. 

WE have previously carried out a comparative thermo- 
dynamic and kinetic study of the reaction between the 
square-planar complex [Ni(bbh)] [bbh = biacetyl bis- 
a-hydroxybenzylidenehydrazone(2 - ) -NlN100’] and 
various heterocyclic amines in chlorobenzene. It turned 
out that the lability of the amines, co-ordinated in a 
mutually trans position to nickel, in the addition pro- 
ducts [Ni(bbh)(arnine),], can be correlated to the pK, 
of the amines themselves and to the formation constants 
of the adducts. 
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The Lewis-acid character of [Ni(bbh)] is also exerted 
on bidentate nitrogen bases. Recently a 1 : 1 adduct 
between the complex and 1,lO-phenanthroline has been 
isolated2 from ethanol. The configuration of this 
compound, as shown by X-ray diffractometry, is octa- 
hedral. The two nitrogen atoms of phenanthroline are 
both co-ordinated in relative cis positions and the 
hydrazone bbh behaves as a tridentate ligand, the 
oxygen of one of the benzoyl groups being non-co- 
ordinated and in enolic form. The sixth co-ordination 
site of the complex is occupied by an ethoxy-group of 
the solvent. Surprisingly we found that the reaction 
between [Ni(bbh)] and 1,lO-phenanthroline also takes 
place in aprotic and poorly co-ordinating solvents like 
benzene, toluene, chloroform, and chlorobenzene. In  
particular, we verified that in the latter solvent the 
complex interacts with several heterocyclic bidentate 
amines. The singularity of this finding has prompted 

tetraene- 1 .B-diolato( 2 -)-N3,N*,0,0’]nickel( 11). 
t [4,5-dimethyl-l,8-diyhenyl-2,3,6,7-tetra-azaocta-l,3,5,7- 

us to investigate the nature of these reactions. In  this 
paper we report the results of a thermodynamic and 
kinetic study of the interaction between [Ni(bbh)] and 
the nitrogen bidentate bases 1 ,lo-phenanthroline (phen), 
5-nitro-1,lO-phenanthroline (nphen), 5-chloro-1 , 10-phen- 
anthroline (cphen), 5-methyl-1 ,lo-phenanthroline 
(mphen) , 2,9-dimethyl-1 ,lo-phenanthroline (dmphen), 
and 2,2’-bipyridine (bipy) in chlorobenzene. Thermo- 
dynamic parameters associated with the reactions are 
discussed. 

EXPERIMENTAL 

MateviaZs.-The complex [Ni(bbh)] was prepared accord- 
ing to the method reported in the l i t e r a t ~ r e . ~  The adducts 
between [Ni(bbh)] and L-L (L-L = 1,lO-phenanthroline, 
B-methyl- 1, 10-phenanthroline, or 2,9-dimethyl- 1 , 10-phenan- 
throline) were prepared by mixing equimolar amounts of 
the complex and the ligand in chlorobenzene. The brown 
solids which crystallized slowly on cooling a t  -30 “C were 
washed with cold chlorobenzene and then dried in vacuo 
over P,Olo. The same procedure was followed to prepare 
the adduct between [Ni(bbh)] and 1,lO-phenanthroline in 
ethanol. All the adducts were characterized by elemental 
analysis. 2,2’-Bipyridine and the phenanthrolines (K. and 
K.) were used without further purification. Chlorobenzene 
was used either as a commercial product (spectroscopic 
grade) or after progressive treatment with 4 molecular 
sieves to make i t  anhydrous. Absolute ethanol was of 
spectroscopic grade. 

Thermodynamics.-The equilibrium constants for the 
reactions were determined spectrophotometrically using 
an Optica C F  4R recording spectrophotometer equipped 
with a thermostatted cell holder. Mixtures of the complex 
and the ligand, both of known concentrations, were left 
to equilibrate thermally a t  the desired temperature and their 
absorbances were recorded in the region 380-580 nm. 
The temperature of the solution was controlled to fO.1 “C 
by means of a thermocouple immersed in the spectrophoto- 
metric cell. 

Kinetics.-The rates of reaction were followed spectro- 
photometrically by measuring the changes in optical density 
(absorbance) (at a suitable wavelength in the visible region) 
of the reaction mixture as a function of time. A stopped- 
flow Durrum D-1 10 provided with a Kel-F flow system was 
used to monitor the course of the reaction. The exponential 
traces were photographed and the values of hobs. were 
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evaluated by matching the experimental traces with similar 
ones produced by an exponential generator on the same 
oscilloscope. For a full list of kobs. values see Supple- 
mentary Publication No. SUP 22832 (6 pp.).* 

RESULTS 

When increasing amounts of ligand L-L are added to a 
chlorobenzene solution of [Ni(bbh)], a gradual, but imme- 
diate, spectral change characterized by two sharp isosbestic 
points (Figure 1) is observed. Spectrophotometric titr- 
ations of the complex with the base L-L show that the 
stoicheiometric ratio of the two substances in the reaction 
product is in each case unity. Nevertheless, the formation 
of a 1 : 1 adduct between the complex and the ligand cannot 
be conceived on the basis of the relative structures of the 
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FIGURE 1 Spectral variations for reaction of [Ni(bbh)] with 
2,2'-bipyridine in chlorobenzene, [Ni(bbh)] = 1 x lop4 niol dmP. 
(u) [Ni(bbh)J, (6) [Ni(bbh)] + excess of bipy 

two compounds. Accordingly, the elemental analysis of  
the products does not conform to its simple formulation as 
[Ni(bbh)(L-L)]. In addition, the absorbance of [Ni- 
(bbh)]-L-L depends on the amount of water present as 
impurity in the solvent. In particular, the regression of 
the reaction equilibrium as the chlorobenzene becomes 
increasingly anhydrous indicates that  water must be 
involved in the reaction stoicheiometry and may be present 
in the reaction products. The formulation of these as 
[Ni(bbh) (L-L) (OH,)] agrees well with the elemental analysis 
(Table 1). 

In  order to clarify the nature of the reaction products, 
we have compared by U.V. and i.r. spectroscopy the adducts 
between [Ni(bbh)] and 1,lO-phenanthroline in chloro- 
benzene and ethanol. The structure of the compound 
formed in the latter solvent is known.2 The electronic 
spectra of the two compounds in the visible and U.V. region 
are almost identical in a variety of solvents. Furthermore, 
the i.r. spectra (Nujol mull) of the compounds are very 
similar and both exhibit the characteristic stretching 
frequency of OH attributable to the enolic form of the 
unco-ordinated benzoyl group of the ligand hbbh- (hbbh = 

* For details see Notices to  Authors No. 7, J.C.S. Dalton, 1979, 
Index issue. 

the monoenolic form of bbh). These findings strongly 
suggest that  the two compounds have similar configurations. 
We assume, therefore, that  the structure of the reaction 
products between [Ni(bbh)] and the ligands L-L in chloro- 
benzene is that  shown below. Accordingly the stoicheio- 
metry of the reactions is given by (1). 

ki 
[Ni(bbh)] + T,-L + H,O 

kr 
square planar [Ni(hbbh)(L-L)(OH)] (1 )  

octahedral 

Because of the dependence of the equilibrium position, 
and, in some cases, of the rate constants on the water 
content of chlorobenzene, the whole set of esperiinents was 

TABLE 1 

Elemental analysis for the product of the reaction between 
[Ni(bbh)] and 1,lO-phenanthroline in chlorobenzene 

Analysis (l/o) * 
C H N 0 Ni Total 

62.3 4.5 14.5 8 .4  10.1 99.8 
(64.4) (4.3) (15.1) (5.7) (10.5) (1 00) 
[62.4] [4.5] [14.6] [8.3] [l0.2] LlW 

(OH2)I. 

* Calculated values are given in parentheses : round brackets 
for [Ni(bbh) (phen)] and square brackets for [Ni(bbh) (phen)- 

perforined using the same stock of solvent. The amount of 
water in the solvent and its uniformity with time were 
determined by Karl-Fisher titration. 

The equilibrium constants for the reaction of [Ni(bbh)] 
with the bases L-I, were determined spectrophotornetrically 
(see Experimental section) from the slopes of the plots of 
(1 - a)/ .  against [I,-L], where o! is the ratio of the difference 
in absorbance between the octahedral and the square- 
planar forms of the complex and [L-L] is the concentration 
of the free ligand, i.e. CL - ( 1  - a)C,  where CL and Cc 
are the concentrations of ligand and complex respectively. 
These values are reported in Table 2. Actually, the values 
obtained in such a way do not represent the equilibrium 
constants, K ,  for reaction ( 1 )  but rather the product 
I<[H,O] = K'. hTevertheless, owing to the uniformity of 
the term [H,O] these values are homogeneous and, tliere- 
fore, c o ni parable . 

For most of the processes, the equilibrium a t  room 
temperature lies far to the right. For this reason the 
experimental deterniinations of equilibrium constants were 
carried out a t  higher temperatures (35-65 "C), taking 

advantage of the largely negative reaction enthalpies. 
The equilibrium constants at 25 "C were obtained by 
extrapolation from the Van t'Hoff plots by supposing AHe 
constant throughout the temperature range. These values 
are reported in Table 3 along with those of the thermo- 
dynamic parameters AH*, AS0,_and AGe obtained through 
the usual relation (2).  

AGe = AHe - T A S e  (2) 
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TABLE 2 

Rate and equilibrium constants for reaction of [Ni( bbh)] with heterocyclic biclentate amines L-L in clilorobenzene a t  
various temperatures R 

Amine L-L 
nphen 

cphen 

bipy 

phen 

niphen 

dmphen 

%/“C 
5.8 

10.5 
15 
20 
25 

10 
15 
20 
25 

6.6 
10.6 
15 
20 
20 
25 

6 
10 
15 
20 
25 

10 
15 
20 
25 

5 
10 
15 
20 
25 

5.5 

5.5 

103[L-L]/ NO. of 
mol dm-3 experiments kg,bs,/s-l 

0.1-0.6 
0.1-0.5 

0.15-0.4 
0.125-0.5 
0.125-0.45 

0.35-2 
0.35-2 
0.35-1.75 
0.35-2 

0.8-8 
0. &-6 

0.35-2 

0.8-8 
0.8-5 

0.75--4.5 
1-6 

0.2--0.5 
0.8--0.45 
0.L-0.4 
0.1-0.35 
0.1---0.35 

0.035-0.2 
0.038-0.2 
0.035-0.2 
0.035-0.2 
0.035-0.175 

5-20 
5-20 
5-20 
5-20 
5-20 

8 
9 
6 
9 
7 
5 
7 
6 
7 
7 
9 
8 
7 
7 
G 
7 
7 
6 
7 
6 
6 
7 
7 
7 
7 
6 
5 
5 
5 
5 
5 

20-98 
24-1 14 
40- 108 
41-154 
45-164 
1 2  -71 
13 -79 
16-76 
18 -101 
22-120 
18-123 
21- 107 
26-152 
43-125 
66--140 
80-186 

112 -283 
140 -300 

io-287 
86 -293 
95-340 
2:1-127 
28-151 
:33- -182 
37-220 
47-218 
26-58 
35-72 
51-103 
83-144 

117-197 

m r  

1 0-3 kb/  
dm3 mol-1 s-1 

196 f 4 
229 & 3 
207 11. 8 
309 f G 
303 & 3 
350 * 3 
401 If 9 
435 f 9 
531 f 26 
598 .& 7 

14.4 f 0.7 
16.4 0.3  
17.5 f 0.4 
19.8 f 0.4 
19.9 5 0.5 
21.9 f 0.5 
567 f 3 
653 f 17  
725 * 24 
846 $.: 17 
982 & 7 
013 -5 49 
739 * 34 
883 & 28 

1 100 f 24 
1240 f 25 
2.16 f 0.12 
2.61 f 0.14 
3.38 f 0.14 
4.13 + 0.13 
5.31 f 0.16 

102 
(grsdientlintercept K’b 

k,/s-’ dm3 mol-l 

4.15 & 0.52 34.8 
7.07 & 1.0 21.4 
14.5 & 1.6 12 
26.5 f 1.1 7.5 
50.0 f 1.3 

3.9 5ti.G f 1.9 

13.9 f 1.5 1.5 
20.8 f 1.7 1.2 
34.3 f 1.7 0.9 
62.1 f 1.6 0.6 
89.5 f 2.0 0.5 

2 890 + 52 
1570 f 28 

888 f 16 
482 f 8 
267 f 7 

14 800 f 280 
7 300 f. 140 
4 040 f 70 
2 110 f 40 
1130 & 20 
37.5 f 4.1 
21.0 & 2.3 
11.8 f 1.2 
6.0 & 0.G 

3.2 f- 0.3 
41 600 & 2 130 
22000 f 1170 
10 900 & 570 
5 530 & 280 
2 870 + 150 

57 800 3 130 
30000 + 1590 
14 700 f 760 
7 400 f 380 
3 820 f 200 

1.5 & 0.2 
1.1 f 0.1 
0.8 & 0.0 
0.6 f 0.0 
0.4 f 0.0 

a Concentration of [Ni(bbh)] < 1 x mol d ~ n - ~ ;  [H,O] = 5.5 x mol dmP3 unless otherwise stated; the gradient and inter 
cept refer to the plot of kobe. against [L-L]. Dctermiried spectrophotometrically. [H,O] = 2.7 x mol dm-3. 

The kinetics were performed under pseudo-first-order 
conditions with respect to the complex by using a t  least a 
ten-fold excess of L-L. ’The water concentration (5.5 

150 I 

1 2 3 L 5 

Plot of Kobe.  against [bipy] at various water concen- 
trations: (a) [H20] = 2.7 x (b) [H20] = 5.5 x 
mol dm-J; [Ni(bbh)] < 1 x mol dm-3; temperature = 
20 “C 

niol dm-3) was in each case much larger than that of the 
complex. The rate constants, kohs., conform to the rate 

1OL[bipy1 /mol drn-3 

FIGURE 2 

kohs. = h a  + Kt&-L] (3) 

law (3).  The term k ,  is appreciable only in those cases in 
which the reaction does not proceed t o  completion, i.e. 

when L-L is 2,2’-bipyridine or 2,9-diniethyl-l, 10-phenan- 
tliroline. For this reason we assume that K ,  refers to the 
reverse reaction. The ratio gradient : intercept (i.e. /zb/k,) 
of the plots JZ,,bs. against [L-L] is in any case equal to (4).  

/q,/ka = [Ni(hbbh) (L-L)(OH)J/[Ni(bbh)][L-L] = 

l h e  effect of water on the rate constants hobs. was deter- 
niined by studying the reaction between [Ni(bbh)] and 
2,2’-bipyricline a t  two different known water concentrations. 
T w o  parallel straight lines (Figure 2) were obtained from the 
plot of the two sets of hobs. values against [bipy], the lower 
referring to the higher water concentration. The term kb  
was practically unaffected by the presence of H,O, while 
the term k ,  nearly doubled on halving [H,O]. Therefore, 
the overall rate law is expressed by ( 5 ) .  The values of Jza 

K[H,OJ = I<’ (4) 

and k b  a t  various temperatures are reported in Table 2. 
The activation parameters A H :  and A S ,  obtained from the 
Arrhenius plots, are listed in Table 4. 

11 I SCU SSION 

Inspection of Table 3 shows that both rate constants, 
hi,, and equilibrium constants, K’, for the reactions 
studied are dependent on the nature of the ligand L-L. 
AIore specifically, if we consider only the substituted 
1 , 10-phenanthrolines, the values of equilibrium constants 
and those of rate constants increase linearly as the pK, 
in water of the phenanthroliiies increases. Plots of 
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log K' and log k b  for the reaction of a given phenan- 
throline against the pKa of the phenanthroline itself are 
shown in Figure 3. 0.02 
and 0.33 + 0.02 respectively, indicate that the equili- 
brium constants, K', are more sensitive to the change in 
the basicity of the phenanthroline than the corresponding 
rate constants, kb, for the same reactions. This is an 
obvious indication that the reverse rate constants, 
k a ,  for reaction (1) are also dependent on the basicity 
of the group L-L. The large deviation from linearity for 
2,g-dimet h yl-1 ,lo-phenanthroline in both plots reflects 
the effects of steric hindrance of this ligand to co- 
ordination. When the complex itself, rather than the 
proton, is used as a reference, all the kinetic values can 

TABLE 3 
Rate and equilibrium constants for reaction of [Ni(bbh)] 

with heterocyclic bidentate amines in chlorobenzene a t  
25 "C 

The slopes of these plots, 0.70 

Amine pK,' log k b  log k, log K' 
nphen 3.6 5.56 1.13 4.43 
cphen 4.3 5.77 0.72 5.05 
biPY 4.3 4.34 1.74 2.53 
phen 6.0 5.98 0.52 5.46 

dmphen 5.9 3.72 1.95'' 1.60 
0 pK, of the conjugate acid in water. 

mphen 5.2 6.10 0.52 5.58 

Values of pK, from 

be correlated. Thus, if the values of rate constants, kb, 
are compared with those of equilibrium constants, K', 
the linear free-energy relationship (6) holds for all the 
reactions studied (Figure 4: a = 2.82 & 0.28; b = 

ref. 5. * Evaluated directly. 

log kb = a + b log K' (6) 
0.59 & 0.02). In this case the lack of deviation for 2,9- 
dimethyl-1 ,lo-phenanthroline shows that the steric 

0 

I 5 6 
PK, 

FIGURE 3 Plot of log K' (open symbols) and log kb (filled 
symbols) for the reaction of [Ni(bbh)] with various bidentate 
amines L-L a t  25 "C against pK, for L-L: nphen to,.); 
cphen (El,.); phen (A,A); mphen ( v , ~ ) ;  and dmphen 
(0, + I  

hindrance of this ligand is exerted both on the forward 
and the reverse reaction. It is interesting to note that 
the values of kb are of the same order of magnitude as 
those calculated for the addition of bidentate ligands to 
square-planar complexes of the type [Ni(L-L)& (L-L = 
00'-disubstituted phosphorodithioate and 00'-disub- 
stituted xanthate '). 

The mechanism compatible with the kinetic data is 
drawn in the Scheme (charges are omitted for simplicity). 
The complex and the ligand rapidly react to form a five- 
co-ordinate intermediate.* This is followed by a slow 
rate-determining step in which the second nitrogen atom 
of L-L binds to nickel while one of the nickel-to-oxygen 
bonds breaks. The fast co-ordination of a water 
molecule to the complex, and the proton transfer from 
the oxygen of the co-ordinated water to the oxygen of 
the free arm of the ligand, lead to the product. The rate 
law derived for the mechanism in the Scheme, under 
pseudo-first -order conditions, applying the st at ionary 
state to the intermediates and assuming that k3 9 
k,, is given by (7). 

(7) 

The mechanistic nature of the rate-determining step 
of the reactions is difficult to establish. Both I d  or I ,  
mechanisms are conceivable. Nevertheless, the exist- 
ence of a Bronsted relation with a slope less than one 
would suggest an Ia mechanism. It is assumed, in 

6 

4 
XI 

-r 
rn 
0 
d 

2 
2 4 6 

log 8' 

FIGURE 4 Linear free-energy relationship between log k b  and 
log K' for the reaction of [Ni(bbh)] with bidentate amines 
nphen (a); cphen (m); phen (A); mphen (v); dmphen 
( 4 ) ;  and blPY ( x )  

fact, that in octahedral substitutions for a series of 
related reactions a mechanism of type I d  usually implies a 
linear correlation with a slope of unity between kinetic 
and thermodynamic parameters of the reactions, whereas 
for an I d  mechanism the slope is less than one.*ll 

* When L-L is one of the phenanthrolines, the intermediate 
can be better described as having a structure in which the ligand 
is unidentate but rapidly exchanges its point of attachment to  
the central atom. 
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Activation and thermodynamic pxameters associated with the reaction of [Ni(bbh)] with heterocyclic bidentate amines 
in chlorobenzene * 

AH A S  AH0 A S e  AGe 
Amine kcal mol-1 cal K-' nio1-l kcal mol-1 cal K-1 niol-1 kcal mol-1 

-20.5 f 0.0 -48.5 f 1.1 -6.04 f 0.01 npheii 4.6 0.1 -18 f 0.2 
-6.89 f 0.01 cphen 4.0 f 0.4 -19 f 1.4 -21.8 f 0.3 -50.0 f 0.8 

biPY 3.1 f 0.2 -28 f 1.0 -22.2 f 0.8 -63.0 f 2.0 -3.45 f 0.06 
phen 4.2 f 0.2 -17 f 1.0 -22.8 & 0.8 -51.5 f 2.5 -7.44 f 0.03 
mphen 5.5 f 0.3 -12 f 1.0 -23.0 & 0.8 -51.6 f 1.4 -7.61 f 0.03 

-2.20 f 0.06 dmphen 6.8 f 0.3 -19 f 1.0 -10.9 & 0.4 -29.2 f 1.5 
* 1 cal = 4.184 J. 

The assumption of a bond breaking in the reaction 
sequence accounts for the relatively low values of 
observed rate constants relative to the square-planar- 
octahedral interconversion. The addition reactions of 
unidentate ligands to the complex [Ni(bbh)], which 

with the nickel atom should be reflected in a higher 
rate constant k,. As a matter of fact, the calculated 
value of kb for the former ligand is larger, although the 
equilibrium constants, KO, for 5-chloro-l , 10-phenan- 
throline and 2,2'-bipyridine should be very similar as 
expected on the basis of their pK,'s (4.26 and 4.30 
respectively). The rate constant kb for 2,g-dimethyl- 
1,lO-phenanthroline reflects the influence of steric 

to co-ordination in the two steps of the re- 

The values of reverse rate constants, k,, which have - v been evaluated directly for 2,9-dimethyl-l,lO-phenan- 
throline and 2,2'-bipyridine and derived from the values 
of kb/K' for the other amines (see Table 3), show a 
gradual decrease with increasing pK, of phenanthrolines, 
as well as a strong dependence on the structure of the 
ligand. In this case an analysis of the trend of the 
reverse rate constants, ka, in terms of relative variations 
of k-, and K3 (Ka = k-JK3)  is difficult in that both these 
constants are affected in the same way, but certainly to 
a different extent, by the nature of the ligand L-L. 

The activation parameters of the reactions (Table 4) 
are consistent with the proposed mechanism. The 
very low values of activation enthalpy derivable from 
the rate constants kb can be directly related to the com- 
posite nature of the forward rate constant Kf. In fact, 
k f  is the product of the rate constant k,, which increases 

*H20 

h-: 
-HtO 

(0 
u 

SCHEME 

lead to the formation of trans-octahedral complexes 
without requiring bond breakings or bond rearrange- 
ments, are extremely fast and cannot be followed by 
s t opped-flow techniques. 

According to the proposed mechanism, the variations 
in the values of k f  through the series of reactions 
examined reflect the influence of the nature of L-L 
both on the values of KO and k,. The formation con- 
stant for a five-co-ordinate complex usually increases on 
increasing basicity of the adding ligand.12-14 On the 
other hand, in the subsequent step, the nickel-to-oxygen 
bond breaking and the co-ordination of the second nitro- 
gen atom of the ligand L-L are favoured by the decrease 
in electrophilicity of the nickel in the five-co-ordinate 
species. This is consistent with the observed trend of 
the kb values for phenanthrolines. The structure of 
the ligand should also be of importance in determining 
the value of the forward rate constant kb. Thus, the 
greater tendency of 5-chloro-l , 10-phenanthroline, with 
respect to the more flexible 2,2'-bipyridine, to chelate 

on increasing temperature, and the equilibrium constant 
KO, which decreases 12-14 on increasing temperature. 
Therefore, the experimentally determined values of 
activation enthalpy AH$, are the balance of a positive 
term, AH2$, and a negative one, AHoe, equation (8). 

As expected for processes in which there is a loss of 
freedom of the free particles due to association, thermo- 
dynamic parameters associated with the reactions 
studied here are characterized by largely negative values 
of entropy. In contrast with the uniformity of the 
entropy values in the series of 5-substituted 1,lO- 
phenanthrolines, enthalpy values, which are also 
negative, show gradual slight variations. Therefore, 
the increase in stability of the adducts, on increasing 
basicity of phenanthrolin?s, as shown by the values of 
AGe, is mainly due to enthalpic factors. The value of 
the enthalpy change for the formation of [Ni(bbh)- 
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(bipy)] is similar to that of [Ni(bbh)(phen)]. The 
lower stability of the former adduct is attributable to 
the larger negative entropy change due to the greater 
loss of freedom of 2,2’-bipyridine with respect to the 
rigid phenanthrolines on bonding with [Ni(bbh)]. The 
peculiarity of the reaction with 2,9-dimethyl-1 ,lo- 
phenanthroline is also reflected in its activation para- 
meters. The lower values of AHe and ASe, with respect 
to those for the other reactions, are probably 
attributable to the steric hindrance of the ligand to co- 
ordination. 

The author thanks the Public Education Ministry for 
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