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TABLE 111 
THE VISIBLE ABSORPTION SPECTRA OF THE BIS COMPLEXES 

Spectral bands ( i )  Dt’, &(amine), 
1, I b  I1 cm-1 cm-1 X 10-8 

G~S-H[CO(IDA)Z].HZO 1.77ga 2.008 2.618 -152 2 . 0  

trans-H[Co(IDA)z]. 1.602 2 . 0 0 8  2 . 7 4 0  382 2 . 6  

trans-H[Co(MIDA)z]. 1.607 1 .969  2 . 7 1 7  304 2 . 5  

(145)b sh (38)O (131) 

4H20 sh ( 1 1 ) O  (57 .5)  (58 .5)  

2H20 sh (11)O (59 .2)  (67.5) 

a All 8 in cm-l X low4. Extinction coefficients ( e )  in par- 
entheses; those of shoulders are estimated. The wavelengths 
for the shoulders are determined assuming a symmetrical-shaped 
curve for the main peaks. 

shoulder somewhat lower than the cis. The theory 
also predicts that  the less symmetric cis isomer should 
have a more intense spectrum than the trans isomer,13 
as is observed. 

Wentworth and Piper14 have discussed the splitting 

(13) S. Yamada and R. Ysuchida, Bdl.  Chem. Sac. Japan,  26, 15 (1953). 
(14) R.  A. D. Wentworth and T. S. Piper, Inorg. Chent., 4, 709 (1965). 

patterns found in terms of a splitting parameter Dt’ re- 
lated to the Dg of the ligands involved. In  this case 

Dt’ = 4/7(Dp(amine) - Dp(carboxy1ic acid)) 

where 
Dt’(trans) = 4/35(band I b  - band I(acid)) 

Dt’(czs) = 8/35(band Ia  - band I(acid)) 

The approximate values of Dt’ and Dq(amine) as tabu- 
lated in Table 111 are calculated using approximately a 
&(acid) of 2200 cm-I found for the mixed complexes 
with dien and IDA and a value of C of 3800 cm-1 to 
give a band I(acid) of 18,200 cm-’. The lower value 
of Dq(amine) for the trans-MIDA complex compared 
to trans-IDA is in agreement with the lower stability 
on N-alkyl substitution as observed with similar sub- 
stituted amine carboxylic acid c o m p o ~ n d s . ~  The low 
value found for the cis complex is expected because of 
the amine repulsions indicated in the equilibrium dis- 
tribution and the nmr measurements. 
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A series of complexes of the type [AuClsamIo, where am is a heterocyclic nitrogen base, has been prepared and the kinetics 
of the reactions with chloride, azide, and nitrite ions in methanol a t  25’ have been studied. I n  each case the first step is the 
replacement of the organic base, and the kinetics of this substitution follow the normal square-planar rate law: rate = ( k l  + 
kz[Y-])[complex]. kl,  the rate constant for the bimolecular solvolysis of the complex, is not very sensitive to  the nature 
of the substrate, but the dependence of kz upon the natures of the substrate and the entering group indicates that the nucleo- 
philic discrimination ability of Au( 111) in these complexes is good and is influenced markedly by the nature of the leaving 
group. A linear free energy relationship is observed between the basicity of the leaving group and the rate constant for its 
replacement by chloride, but this simple behavior is not followed by azide and nitrite, and the more complicated relation- 
ship isdiscussed in terms of polarizability and r bonding in the transition state. 

Introduction 
Kinetic studies of the mechanism of the substitution 

reactions of square-planar complexes have been con- 
fined exclusively to complexes of d8 transition metal ions. 
Nearly all of the systematic investigations have been 
carried out with complexes of Pt(I1) and little has been 
reported about analogous complexes of other metals. 
It is of interest to compare the reactions of Au(II1) 
complexes with those of Pt(I1) in order to assess the 
relative importance of two possible factors that  might 
be working in opposition to one another. On one hand 
i t  has been suggested1 that the tendency to  form stable 
trigonal-bipyramidal five-coordinate complexes of low- 
spin d8 metal ions decreases as the oxidation state in- 
creases, ;.e., Cr(-11) > Mn(-I) > Fe(0) > Co(1) > 

(1) R. S. Nyholm, Proc. Chem. SOL., 273 (1961); R. S. Nyholm and M. 
L. Tobe, Ezperient ia ,  Suppl. ,  9, 112 (1965). 

Ni(I1) > Cu(III), with a similar relationship for the 
isovalent elements of the second and third transition 
series, This argument should be equally valid when 
applied to the five-coordinate transition state for bi- 
molecular substitution in a square-planar complex 
and would suggest that  the bimolecular transition state 
is less readily formed by Au(II1) than it is by Pt(T1). 
On the other hand, the increased nuclear charge of 
Au(II1) might attract the electron pair of the incom- 
ing nucleophile more strongly and thereby provide com- 
pensation. Under these circumstances the five bonds 
in the transition state are less likely to be equivalent and 
the three nonchanging bonds might be more covalent 
than the other two. A third point of interest is the 
extent to which the increased effective nuclear charge 
has made the nonbonding d electrons insensitive to elec- 
trophilic attack and thereby reduced the “biphilicity” 
qf the process. 
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Little systematic work has been done on the way in 
which the nature of the leaving group affects the rate of 
any square-planar substitution reaction, and there is 
only one report dealing with the dependence of rate 
upon the nature of the entering group in a Au(II1) 
complex.2 The present paper reports the kinetics of the 
reaction 

[A~Claarn]~ + Y -  ---t[AuClaY]- + am 

where am is a heterocyclic amine (pyridine, 3- or 4- 
methylpyridine, 3,5- or 2,6-dimethylpyridine, quino- 
line, or isoquinoline) and Y- is C1-, NOz-, or Na-. 
The reactions were studied spectrophotometrically in 
methanol a t  25'. 

Results 
(1) Kinetics of the Reaction with Chloride.-This 

reaction is the simplest to characterize spectrophoto- 
metrically. Examination of the changing spectrum of a 
methanolic solution originally containing [AuCl3amIo 
and excess lithium chloride showed, through the de- 
velopment of well-defined isosbestic points whose posi- 
tion depended only upon the spectrum of the starting 
compound, that a single-stage process was involved. 
There was no evidence for the reduction of the complex 
to Au(1) or metallic gold under the experimental condi- 
tions (metallic gofd was slowly deposited from solutions 
left exposed to light for long periods of time), and since 
the only other possible substitution reaction, namely 
the displacement of chloride by chloride, could not 
change the spectrum, it was reasonable to assume that 
the observed reaction was the displacement of the amine 
by chloride. In every case the final spectrum cor- 
responded closely to that of the [AuC&]- anion. 

All the reactions were carried out in the presence of 
a large excess of chloride so that, in any particular run, 
the kinetics were of a first-order form. The rate con- 
stants were obtained from the slope of the semiloga- 
rithmic plot of log (0, - D m )  against time, where D ,  
and D, are the optical densities of the solution a t  the 
wavelength of maximum change (in the region of 320 
mH, depending upon the complex studied) a t  times t 
minutes and after ten half -lives, respectively. These 
pseudo-first-order rate constants varied with the con- 
centration of chloride in the way that is now usual in 
square-planar substitution, i.e., kobsd = k~ -/- ke[C1-], 
and the values of k l  and ke, obtained from the intercept 
and slope of the h e a r  plot of kobsd against [CI-1, are 
collected in Table I. Addition of a neutral salt (Li- 
Clod) indicated that primary salt effects were absent 
and secondary effects were negligible, and no further 
attempt was made to maintain constant ionic strength. 
The rate of reaction was not sensitive to the presence of 
adventitious traces of oxidation-reduction catalysts, as 
was the case in the exchange of chloride with [AuCI4] -,3 

and extensive purification of the substrates and re- 
agents did not significantly change the rate of reaction. 

Preliminary studies of the spectra of the complexes 
in methanol in the absence of added chloride showed that 

(2) W. H. Baddley and F. Basolo, Inovg.  Chew1 , S, 1087 (1964). 
(3) R. L. Rich and H. Taube, J .  Phys. Chem., 58, 6 (1954). 

TABLE I 
SECOND-ORDER RATE COXSTANTS ( A F 1  S E C - ~ )  FOR THE 

DISPLACEMENT O F  THE HETEROCYCLIC a h r I S E  FROM THE 
COMPLEX [ A ~ C l ~ a r n ] ~  IN METHASOL AT 25" 

Entering ligand---- ,----- 

am PKB' CH80Hb C1- XOz- N a -  

Quinoline 4.95 3 . 0  X 0.245 1 .47  29 .1  
Isoquinoliiie 5.14 5.8 x 0.245 6.82 72 
Pyridine 5.17 7 . 5  X lo-* 0.417 6.75 108 
3-Methylpgridinc 5.68 7.0 X lo-* 0.195 41..4 78 
4-Methylpyridiiie 6.02 6 . 1  X 0.096 43.0 68 
3,5-Dimethyl- 6.34 7 . 0  x 10-4 0.090 34.5 51 

pyridine 

pyridine 
a pK, of the conjugate acid. 

2,G-Di1nethyl- 6 .75 6 .2  X 0.039 26.1 24.7 

The  solvolytic data are ex- 
pressed as first-order rate constants (sec-I). 

they obeyed Beer's law and indicated that they were 
stable toward solvolysis. Therefore, it was not neces- 
sary to add acid to prevent proton loss from the sol- 
vento complex, [PtCI3CH30H]. 

Kinetics of Substitution by Nitrite and Azide.- 
Preliminary observations once again confirmed that 
there was no significant reduction of the complex in the 
course of the reaction. The spectrophotometric evalu- 
ation of the kinetics was complicated by the fact that 
displacement of the chloride as well as displacement of 
amine would cause a change in spectrum and, since the 
concentrations of complex used were far too low to al- 
low a direct chcmical identification of the leaving group, 
i t  was necessary to deduce the nature of the leaving 
group spectrophotometrically. By rapidly measuring 
the spectrum of the reaction mixture over the range 250- 
350 rnp from time to time in the course of the reaction 
it was possible to show that the reaction occurred in 
more than one stage. When azide was the reagent, four 
separate stages of the reaction could be identified and an 
isosbestic point, the wavelength (290 inp) and extinc- 
tion coefficient (4 X lo4  cm2 mole-I) of which were in- 
dependent of the parent substrate, developed in the 
second stage. In  the substitution by nitrite the individ- 
ual stages of the later part of the reaction could not 
all be resolved and the process was characterized by two 
steps. In  all cases the rate of the first step depended 
upon the nature of the substrate whereas that of the 
second and subsequent stages did not. In every case 
the subsequent stages of the reaction were very sensitive 
to the ionic strength of the medium whereas the first 
stage was not. All of these observations are consistent 
with the idea that the first stage of the reaction be- 
tween [AuClsam]O and N3- or NOz- was the displace- 
ment of the neutral heterocyclic ligand and that the 
subsequent reactions involved the same anionic coin- 
plexes since they were independent of the nature of the 
amine displaced. Chemical confirmation of the identity 
of the first stage was not possible and a spectrophoto- 
metric evaluation was ruled out because the possible 
intermediates, [AuCI4-, (NOz) ,] - and [AuCl4-,(N3). ] -, 
have never been characterized. ,4n attempt was made 
to obtain a product from the reaction between equi- 
molar amounts of [AuC13py] and NaN3, but only a very 
small quantity of a very explosive solid was isolated. 

(2) 
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Substitution by azide was conveniently studied at  the 
isosbestic point of the second step (290 mp) and the 
pseudo-first-order rate constant was determined from 
the slope of the semilogarithmic plot, as in the case of 
chloride substitution. In  the nitrite substitution reac- 
tions, where only two stages could be observed, 
the two rates were so different that  the first stage could 
be studied without significant interference from the 
second. The rates were determined from the change 
of optical density a t  270 mp and the rate constants 
determined graphically as before; however, because 
of the slight interference of the second stage a t  the very 
end of the reaction, the infinity value used was the opti- 
cal density after six half-lives. Measurements carried 
out a t  other wavelengths where there was an adequate 
change of optical density gave the same value for the 
rate constant. This confirms that the first stage of the 
reaction is essentially complete before the second stage 
has developed. Although there is no supporting evi- 
dence, i t  seems reasonable to believe that the first stage 
was the replacement of the amine and one chloride, ;.e. 

[AuCl3arn]O + NOz- + [AuClaNO2]- + a m  + slow fast 

S N O z -  

[A~Clz(N0z)z] - + C1- 

and 
slow fast 

[A~Clz(iVOz)z]- + NOz- + [AuCl(NOz)3]- + Cl------t 
SNOe- 

[Au(NOz)r]- + C1- 

This formulation is in accord with the accepted trans 
efect behavior of coordinated nitrite and suggests that 
the dinitrodichloroaurate(II1) anion is the trans isomer. 

The pseudo-first-order rate constants, kobsd, varied 
with the concentration of anionic reagent according to 
the expression kobsd = kl + kz[Y-], and the values of 
kl and K z  obtained from the intercept and slope of the 
linear plot of kobsd against [Y-] are collected in Table I. 
For any one complex the value of kl obtained was in- 
dependent of the nature of the entering anion, which is 
further proof that the amine is displaced in the first 
step of the reaction with azide and nitrite as well as in 
the reaction with chloride, where i t  is the only possible 
reaction. 

Discussion 
The general kinetic form of all these substitution reac- 

tions is in agreement with previous observations on 
square-planar substitution, ;.e., - d [complex]/dt = 
(kl + kz[Y]) [complex]. It is now generally agreed that 
all the stages are bimolecular, the first-order term 
representing bimolecular solvolysis by methanol and 
the second-order term direct bimolecular attack by Y. 
It is not possible within this group of reactions to make a 
direct comparison between Au(II1) and Pt(I1) because 
the analogous reaction, involving the displacement of 
the neutral ligand in preference to  the usually labile 
chloride, is, a t  first sight, a rather startling observa- 
tion. However, i t  is of interest to  compare the data in 
Table I with the rate constants for the reaction of 
$runs- [Pt(py)zCla], now considered as the reference 

Figure 1.-Log k z / k l  plotted as a function of the pK, of the 
leaving group: 0, chloride entry; @, nitrite entry; 0 ,  azide 
entry. 

substrate for the npt scale of nucleophilicity with re- 
spect to p l a t i n ~ m . ~  These, in methanol a t  30°, are: 
CHBOH, 1.0 X loW5 sec-I; C1-, 4.5 X (estimated); 
N3-, 1.55 X NOz-, 6.8 X (the last three are 
second-order rate constants in M-I sec-I). Although 
the coordination shells of the Au(II1) and Pt(I1) ions 
are different and the leaving group is neutral in the first 
case and anionic in the second, the reactions of neutral 
complexes with some charge separation in the transition 
state are being compared in both cases. It will be 
seen that the Au(II1) complexes are considerably more 
reactive than the Pt(I1) complexes toward the anionic 
reagents, and this is in accord with previously published 
data.2i6 The rate of the solvolytic reaction does not 
change much from substrate to substrate, nor does it 
reflect the enhanced reactivity as much as the anionic 
reagents : this is also in agreement with previous work. 

Of the three reagents used, the chloride ion is the least 
polarizable and possesses little or no biphilic properties, 
functioning only as a a-bonding nucleophile; therefore, 
it  is convenient to discuss the reaction with chloride 
first and then consider the reactions with azide and 
nitrite in order to assess the contributions made by the 
polarization and electrophilic aspects of the reaction. 
In  general, i t  can be seen from Table I that the rate 
constants for the solvolytic part of the reaction are not 
very dependent upon the nature of the leaving group. 
I n  order to correlate the results we have used the ratio 
kz/kl as a measure of the relative reactivity of the differ- 
ent substrates toward, in this case, chloride, thereby 
making i t  possible to neglect certain factors concerning 
the leaving group which, in the first approximation, are 
independent of the nature of the entering group. I n  
Figure 1 log kz/kl, which is a measure of the relative 
free energies of activation, is plotted against the pK, 
of the conjugate acid of the leaving group, which is a 
measure of the free energy of protonation of the base. 
A reasonably good straight-line relationship is obtained, 
and it is of interest to note that this is the first time, in 
square-planar substitution, that  a linear free-energy 

(4) U. Belluco, L. Cattalini, F Basolo, R. G. Pearson, and A. Turco, 

(5 )  R. L. Rich and H. Taube, J .  Phys. Chem., 58, 1 (1854). 
J .  Am. Chem. Soc., 87, 241 (1865). 
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relationship between a free energy of activation and an 
equilibrium property of either the entering or the leav- 
ing group has been obtained. Therefore, when chlo- 
ride is the entering group there is a clear relationship 
between the rate of reaction and the strength of the 
breaking bond This does not appear to be true for the 
reaction with methanol. The data €or the reactions 
with azide and nitrite have been treated in a similar 
way and are also plotted in Figure 1, where i t  will be 
seen that the simple linear relationship does not hold. 
Not only does the discriminating power of the gold 
depend upon the nature of the leaving group, but the 
relative nucleophilicites are also changed. For the 
displacement of the least basic amine, nitrite is some six 
times more reactive than chloride, and azide is some 
twenty times more reactive than nitrite, indicating a 
much greater discrimination than is usually observed 
in the reactions of similar Pt(I1) complexes. As the 
basicity of the leaving group increases, the rates of its 
displacemetlt by nitrite or azide also increase, the effect 
being more marked in the case of nitrite so that, for the 
displacement of 2,6-dimethylpyridine, nitrite is the bet- 
ter reagent. The rates of displacement of the more 
basic ligands do tend to decrease as their basicity in- 
creases, but it has not yet been possible to obtain com- 
plexes with suitable ligands of high enough basicity to 
see whether the dependence of log L2/kl upon pKa 
becomes linear in this region. 

The similarity of the kinetic forms of these and other 
square-planar substitution reactions indicates that  the 
same bimolecular mechanism is operating. Any dis- 
cussion concerning relative reactivities must take into 
account the energetics of the five-coordinate transition 
state and, for a start, it  is convenient to consider the 
factors affecting the occurrence of stable five-coordina- 
tion and then relate them to the formation of the transi- 
tion states. For the isoelectronic sequence of ds metal 
ions, the tendency to form stable, trigonal-bipyramidal, 
five-coordinate complexes appears to decrease as the 
formal oxidation state of the metal increases. This has 
been attributed to the increase in the relative energy 
separation between (n - 1)d-s and ns-np orbitals as 
the charge on the metal increases, so that the combina- 
tion of the (n - l)dz2--ys, the ns, and the three np 
orbitals to form a set of five equivalent orbitals becomes 
progressively more difficu1t.l If the transition state 
contains essentially covalent bonds, one might expect 
Au(II1) to be less reactive than Pt(I1). However, in 
spite of these arguments, five, and even six, coordination 
can be found in certain low-spin Pt(I1) and Au(II1) 
complexes, e.g., [ Pt (diars) ZI ]C104,' [Au (diars)J ] (C104) 2,B 

and [Au(diars)212]C10~,s where diars = o-phenylene- 
bisdimethylarsine, both in the solid state and in solu- 
tion. It was suggested that the bonding of the anions 
differs from that of the arsenics and makes use of 
6p,-Gd,, hybrid orbitals,* but, although a purely elec- 
trostatic type of interaction was rejected because of the 
(6) R. S. Nyholm, private communication. 
(7) C. M. Harris, R S Nyholm, and D. J. Phillips, J Chem Soc , 4379 

(1960). 
(8) C M. Harris and  R S riyholm, zbrd ~ 63 (1957). 

large changes in spectrum caused by adding the anions, 
there is little doubt that the axial bonds have much more 
ionic character than the four in the square plane. It is 
noteworthy that the increase in coordination number 
above four in Pt(I1) and Au(II1) complexes is generally 
found when the metal is coordinated to ligands that are 
able to leave a relatively high positive charge upon the 
metal and that the complexes are generally, but not in- 
variably, square bipyramidal or octahedral. Conse- 
quently, five and six coordination again becomes likely 
in the highest oxidation states of the d8 isoelectronic 
series, but there the electrostatic aspects become more 
important. 

The application of these arguments to the five-coordi- 
nate transition state is only valid insofar as it applies 
to the trigonal bipyramid. This is so because, if some- 
where along the reaction coordinate, the system adopts 
a square-pyramidal form with the entering group in the 
axial position, it must, further on, adopt an equivalent 
form with the leaving group in the axial position. If we 
have a truly synchronous bimolecular mechanism, 
Figure 2a, neither of these can be the single transition 
state that is required and which must have some inter- 
mediate geometry. However, it  has been suggested, 
quite reasonably, that substitution in square-planar 
complexes is an addition process with a five-coordinate 
intermediate, Figure 2bj9 and two transition states, one 
involving bond making and the other involving bond 
breaking. Although the entering and leaving group 
could affect both halves of the profile, it isclearlypossible 
that either transition state could have the higher energy 
and therefore be rate determining. If the intermediate 
is trigonal bippramidal it is not likely that these two 
transition states will be square pyramidal since this 
would imply that the square pyramid was less stable 
than the trigonal bipyramid, which is not in accord with 
known fact. For example, only when steric limitations 
are applied, as in the complexes of tris(o-diphenyl- 
arsinophenyl) arsine (QAS), does one find trigonal-bi- 
pyramidal complexes of the type [1\1(QAS)X]+, nll = 
Pd or Pt.lo7l1 Four arsenics without steric restriction, 
as in [P t (d ia r~)~X]+,  occupy the four corners of the 
square plane and the anion occupies the axial position 
of the square pyramid. The square-pyramidal form 
can therefore be found lower down the slopes of the 
reaction profile, Figure 2c, and, although it  may be 
present in large amounts in the reaction solution, it will 
not affect the rate of reaction except insofar as a pre- 
equilibrium  ill affect the kinetic form. It is of interest 
to note that, whereas the fifth ligand in this type of 
complex is extremely labile,12 the axial bromide in 
[Pt(QAS)Br]7 is inert and its displacement is a bimolec- 
ular p roce~s . '~  This adds support to the idea that the 

(9) H. B. Gray, Advances in Chemistry Series, No. 49, American Chemical 

(10) J. A. Brervster, C. A. Savage, and L. M .  Venanzi, J .  Chem. Soc., 

(11) G. A. Mnir. H. M. Powell, and L. >I. Venanzi, PYOC. C h e w  SOC., 

(12) A. Peloso and 31. L. Tobe, unpublished results. 
(13) R. G. Pearson, XI.  M. Muir, and L. M .  Venanzi, J .  Chenz. S O L ,  5521 

(1Y65). 

Society, Washington, D. C., 1965, p 103. 

3699 (1961). 

170 (1961). 
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Figure 2.-Diagrammatic representation of energy relationships for progress along the reaction coordinate (the ordinate) for (a) a 
synchronous bimolecular substitution of X by Y, (b) an “addition” mechanism with a five-coordinate intermediate, and, (c) an “addi- 
tion’’ mechanism with possible preequilibrium association of the reagents to form a labile square-pyramidal intermediate, For sim- 
plicity the parts of the curve that are common to more than one figure are labeled only once. 

five bonds in the trigonal bipyramid are more nearly 
equivalent than those in the square pyramid where the 
axial bond is much more ionic than the other four. The 
two transition states therefore probably have a dis- 
torted trigonal-bipyramidal structure. 

The enhanced reactivity of the Au(II1) complexes 
suggests that  the electrostatic factors promoting five- 
coordination are carried over to some extent into the 
transition states and become more important in the 
acts of bond making and bond breaking in Au(II1) 
than in the lower-charged Pt(I1). In  this way i t  is 
possible to explain why the heterocyclic amine, which 
can only make an ion-dipole interaction in the transition 
state, is more readily displaced than the chloride, which 
makes an ion-ion interaction. One can also under- 
stand why the reactivity with anions is enhanced where- 
as the reactivity of methanol is much the same in the 
Pt(I1) and Au(II1) complexes. This electrostatic 
contribution is not of overriding importance and serves 
only to make a discrimination between essentially 
“hard” ligands.14 The gold atom is still “soft,” in the 
Pearson sense, and still discriminates in favor of the 
more polarizable ligands so that, in the case of the halide 
ions, the reactivity order toward Au(II1) is still C1 < 
Br < I2 and not the reverse, or “hard” acid-base se- 
quence. Preliminary studies indicate that the [AuCla- 
am] complexes react much more rapidly with bromide 
than with chloride, but the detailed kinetic study must 
await the availability of special fast reaction equipment. 

In this work we have found that Au(II1) shows a 
greater discrimination between chloride and azide in all 
the complexes studied and between chloride and nitrite 
in the complexes of the more basic amines than is shown 

(14) R. G. Pearson, J .  Am.  Chem. Soc., 86, 3533 (1963). 

by Pt(I1) in many of the nonelectrolyte c~mplexes .~  
However, a much larger discrimination factor has been 
reported for trans- [Pt(NHa)~Cl~]15 and indicated for 
[PtC14]2-,16 although these data should be treated with 
caution since no attempt was made to  identify the 
products of the reaction. It is possible to explain how 
the discriminating power of the gold atom is affected 
by the nature of the leaving group by considering 
the degree of assistance required to break the bond. 
The reaction with the essentially a-bonding chloride 
shows a linear free-energy relationship between the rate 
of reaction and the basicity of the leaving group (pre- 
sumably representing the strength of the metal-ligand 
bond). It should follow that, as the basicity of the 
leaving group increases, bond breaking becomes more 
difficult and requires more assistance from the incom- 
ing group, the rate-determining transition state becom- 
ing more compact. The ability of the gold atom t o  
discriminate between the anionic reagents appears to  
be least in the complexes of the weakest bases, where the 
transition state is most open. Here, the gold atom 
bears the greatest positive charge and is, therefore, 
less polarizable than in the transition state with the 
more basic amines. Consequently, i t  will be less able 
to make use of the polarizability of the incoming group 
The increase in the discrimination between chloride and 
nitrite as the basicity of the leaving group increases 
can be ascribed to  a synergic effect in which, as the 
strength of the Au-NOZ u bond increases in the transi- 
tion state, the gold becomes more polarizable and the 
nitrite is more able to make use of its electrophilic 
polarizability. At first, this effect outweighs the rate- 
decreasing bond-breaking contribution, which always 
(15) D. Banerjea, F. Basolo, and R. G .  Pearson, ibid., ‘79, 4055 (1967). 
(16) H. B. Gray, ibid., 84, 1548 (1962). 
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predominates for chloride entry, but, when the elec- 
trophilic contribution reaches its maximum, the rate 
starts to decrease as the strength of the bond between 
the metal and the leaving group increases. These 
effects can also be observed in the reaction with azide 
but they are less marked. 

Experimental Section 
Trichloropyridinegold(II1) and trichloroquinolinegoId(II1) 

were first characterized by but the other complexes are 
described here for the first time. All of the complexes were pre- 
pared by the following general method. Equimolar amounts of 
the appropriate organic heterocyclic base were added to a con- 
centrated aqueous solution of chloroauric acid which had pre- 
viously been carefully neutralized with sodium carbonate. A 
yellow precipitate formed almost immediately and was filtered 
off and washed repeatedly with water and methanol and then 
dried over phosphorus pentoxide under vacuum. The precipi- 
tate could be recrystallized from anhydrous methanol, but this 
led to considerable loss of yield and to further decomposition, and 
it was found to be preferable, for the kinetic studies, to  use the 
original precipitate that had been washed repeatedly with water 
and methanol. The analyses are reported in Table 11. At- 
tempts to make analogous complexes with piperidine, toluidine, 
and naphthylamine resulted in the reduction of the complex to  
metallic gold. 

Anhydrous lithium chloride was recrystallized repeatedly from 
acetone and dried and stored in a vacuum desiccator. Sodium 
nitrite and sodium azide (AR grade) were recrystallized repeat- 
edly from methanol and dried and stored in the dark in a vacuum 
desiccator. 

AnalaR methanol was used without further treatment since 
small traces of water did not appear to have any effect upon the 
reactions. 

Kinetics.-Methanolic solutions of the complex (generally in 
the range 10-6-10-4 M )  and the appropriate reagent (10-G-10-2 

(17) C. Renz, Z. A m r g .  Chem , 36, 100 (1903). 

TABLE I1 
ANALYTICAL DATA FOR THE COXPLEXES 

OF THE TYPE [AuC13am]o 
-42, 7 0 - 7  7-H,  %-- --C1, 7 0 0 -  

a m  Complex Calcd Found Calcd Found Calcd Found 
Pyridine C6HjNCIaAu 15 .7  16 .3  1 . 3  1 . 4  2 7 . 5  2 7 . 5  
Quinoline CyHsNCIaAu 2 4 . 7  2 1 . 9  1 . 6  1 . 7  2 4 . 4  24 .4  
Isoquinoline CBHYXCIAU 2 4 . 7  2 5 . 0  1 . 6  1 . 5  2 4 . 4  2 8 . 7  
4-Methyl- CsH7SC13.4~ 18 .2  1 8 . 3  I . 7  1 . 9  2 6 . 8  2 7 . 2  

8-Methyl- CuH;NClaAu 1 8 . 2  18.6 1 . 7  1 . 8  2 6 . 8  2G.G 

3,5-llimethyl-- CiHsKClaAu 2 0 . 5  20.5  2 2 2 . 2  28.51 2 5 . t  

2,fi-Dirnethyl- CiH~l-ClaAu 2 0 . 5  21 .3  2 . 2  2 3 2 5 . 9  2.5 51 

pyridine 

pyridine 

pyridine 

pyridine 

M) were prepared and stored separately in a thermostat. The 
reaction was started by mixing known volumes of the two solu- 
tions in the spectrophotometer cell, which was then placed in the 
thermostated compartment of the spectrophotometer. Mo5t of 
the measurements were made TT ith a Unicam SP 800 double-beam 
recording spectrophotometer. The slower reactions were fol- 
lowed by scinning the near-ultraviolet spectrum from time to 
time in the course of the reaction. In  this way it was possible to 
separate and identify the individual stages of the reaction and 
then collect the appropriate optical density data. When the 
reaction was so fast that the time taken to scan an individual 
spectrum was a significant part of the time of the over-all rcac- 
tion, the measurements were made a t  a single wavelength chosen 
after preliminary scanning experiments. The  results were either 
recorded by allowing the chart to move a t  a known rate while the 
spectrophotometer was locked a t  the chosen wavelength or else 
obtained manually using a Unicam SP 500 spectrophotometer. 
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COXTRIBUTION FROM THE ISTITUTO DI CHIMICA GENERALE E INORGANICA, 
UNIVERSITA DI FIRESZE, FLORENCE, I ALY 

Trigonal Bipyramidal Complexes of Bivalent Manganese, 
Iron, and Zinc with Tris(2-dimethylaminoethy1)amine 

The quadridentate ligand tris(2-dimethylaminoethy1)amine (Meetren) forms 1 : 1 complexes with MnBr2, Mn12, FeBr2, 
ZnBrl, and ZnIz. X-Ray powder photographs and conductivity and spectral data indicate that these complexes must be 
formulated as [M(Me&ren)X] X. The metal is five-coordinated with an approximately trigonal bipyramidal configuration. 
Manganous and ferrous compounds are of the high-spin type. A simple crystal field model is employed in order to  calculate 
the splitting of the 6D ground terms of the d4  and d6 configurations in The spectra of [Fe(Me~tren)Br]Br and of 
[Cr(Me&ren)Br] Br are discussed on this basis. 

fields. 

Introduction In this laboratory five-coordinated complexes OC 
bivalent ions of the first transition group with ligands 
capable of giving high-sPin configurations are being 
investigated. Previous studies have shown that the 
quadridentate amine N [CH2CH2N(CH&I3, tris(2-di- 

Five-coordinated complexes of elements of the first 
transition group are still rather rare. In particular, 
those of manganese(11)1 and of iron(11)283 have only 
recently been isolated. 

( I )  L. Sacconi, M. Ciampolini, and G. P. Speroni, J .  A m .  Chrm. Soc., 87, ( 2 )  J. Lewis, R. S. l iyholm, and G. A. Rodley, Nature,  207, 72 (1965) 
(3) &I. Ciampolini and G. P. Speroni, I w o r g .  Chem., 5, 44 (1066). 3102 (1965). 




