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than anticipated for normal substitution. The empirical 
factor can be calculated from the ratio of rate 
constants as /cx(a:-Abu)//ci(a!-Ala) = 2.5/6 = 0.42 and 
fci(a-Abu)/fci (GIy) = 0.54 (GIy = glycine). The aver­
age value is, again, approximately 1J2. This result 
compares favorably with the procedure adopted for the 
Ni2 + complexes. Thus, this relatively small difference 
in the value of h can be explained, and the substitution 
classified as normal. 

For /3-aminobutyric acid, values of ki = 2 X 104 

and k2 = 7 X 104 Af-1 sec -1 were found. Although k2 

is larger than ku the effect is not nearly as pronounced 
as for a-aminobutyric acid. Moreover, the value of ki 
is significantly lower than the corresponding value for 
a-aminobutyric acid or glycine, being reduced, pri­
marily, by the factor (1 + fc_0/&o')_1- Here, a steric 
effect due to the difficulty of closing the six-membered 
ring in the chelate complex can be postulated, as in the 
case of /3-alanine,6 where it was also indicated that the 

Although kinetic studies of nucleophilic displacement 
X i of ligands from square complexes of d8 transition 
metal ions have, in the past, been limited mainly to 
those of platinum(II),l sufficient information about 
the behavior of corresponding gold(III) complexes 
has now become available for it to be possible to at­
tempt to make a preliminary general comparison of the 
kinetic behavior of Pt(II) and Au(III) substrates. 

In part 1,2 the factors which determine the reactivity 
of nucleophiles toward Pt(II) complexes were dis­
cussed. It was shown that, apart from biphilic reagents, 
such as NO2

- , SeCN - and thiourea, the sequence of 
relative reactivity followed a linear free-energy rela­
tionship with the index, nPt,

3 defined by nFt = log (k2/ks), 
where k2 and ks are the second-order rate constant 
for the entry of the nucleophile in question and the 

(1) For a review on this subject, see C. H. Langford and H. B, Gray, 
"Ligand Substitution Processes," W. A. Benjamin, Inc., New York, 
N. Y., 1965, Chapter 2 and references therein. 

(2) L. Cattalini, A. Orio, and M. Nicolini, J. Am. Chem. Soc, 88, 
5734 (1966). 

(3) U. Belluco, L. Cattalini, F. Basolo, R. G. Pearson, and A. Turco, 
ibid., 87, 241 (1965). 

limiting case (&_0 ^> k0') was not reached. It is thus 
possible to predict the value of ki for the /? complex by a 
semiempirical calculation as follows. 

Let us assume that the steric effect appearing in Co 2 + -
/3-alanine reactions is roughly equal to the steric effect 
with /3-aminobutyric acid. Then the rate constant for 
Co2+ + /3-aminobutyrate is /ci(/3-Abu) = /ci(a-Abu)' 
[^( /J -Ala^a-Ala)] = 2.5 X 106(7.5/60) = 3.1 X 
104 M~l sec-1. The same calculation can be per­
formed in an alternate way. Suppose that the ratio 
(7.5/60) expresses the steric control contribution to the 
closing of the six-membered ring with respect to the 
five-membered ring. Then, the /3 rate constant can be 
calculated from Zq(GIy) by the introduction of the statis­
tical collision factor P = 1J2, to adjust for the decreased 
active "surface of reaction." Therefore, /ci(/3-Abu) = 
PfcitGlyX/c^-Alayfcite-Ala)] = V«(4.6 X 105)(7.5/60) 
= 2.9 X 104 Af-1 sec-1, while the experimental value is 
ki = 2.0 X 10 4 M - 1 sec - 1 . 

first-order rate constant for the solvolysis by methanol, 
respectively, of the reference substrate trans-[Pt(py)2-
Cl2]. This was taken to be a measure of the "soft­
ness" or micropolarizability of the entering nucleo­
phile since its basicity appeared to have only a minor 
effect upon its reactivity. 

In order to make the comparison between Pt(II) 
and Au(III) complexes, it was necessary to augment the 
available data relative to nucleophilic displacement re­
actions of the gold(III) derivatives. Apart from the 
isotopic exchange4 of chloride ion with [AuCl4]- and 
from the reactions6 of some nucleophiles on the cationic 
complex [Au(dien-H)Cl]+, the processes studied until 
now were mainly limited to the use of pyridine deriva­
tives, either as entering6'7 or leaving8,9 groups. We 
have therefore studied the reactions of [AuCl4]- with 

(4) R. L. Rich and H. Taube, J. Phys. Chem., 58, 1 (1954). 
(5) W. H. Baddley and F. Basolo, Inorg. Chem., 3, 1087 (1964). 
(6) L. Cattalini, M. Nicolini, and A. Orio, ibid., S, 1674 (1966). 
(7) L. Cattalini, A. Doni, and A. Orio, ibid., 6, 280 (1967). 
(8) L. Cattalini and M. L. Tobe, ibid., 5, 1145 (1966). 
(9) L. Cattalini, A. Orio, and M. L. Tobe, ibid., 6, 75 (1967). 
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Abstract: The kinetics of the displacement of chloride from the [AuCl4]
-anion by pyridine, NO2

-, N3
- , Br-, I - , 

and SCN - in methanol have been studied over a range of temperature and reagent concentration. The usual 
two-term rate law is observed, and the rate constants and Arrhenius parameters are reported and compared with the 
data for the analogous [PtCl4]

2- anion. The discriminating power of the Au(III) reaction center is found to be very 
much greater than that of Pt(II) in a similar ligand environment, and an explanation is offered in terms of the ex­
tent to which the mechanism moves from an associative toward a synchronous bimolecular process. 
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pyridine and with the anionic nucleophiles NO2
- , 

N 3
- , Br - , I - , and SCN - in methanol. This has not 

only provided a new set of data and a sequence of nu-
cleophilicity toward an anionic Au(III) substrate, but 
it has also made it possible to make a direct com­
parison of the behavior of the isoelectronic and iso-
structural [AuCl4]- and [PtCl4]2-. This second point 
is quite important, since the kinetic behavior of both 
Pt(II) and Au(III) substrates appears to depend as 
much upon the nature of the ligands coordinated to 
the metal as it does upon the total charge of the com­
plex. For example, it has been shown2 that, in Pt(II) 
derivatives, the nucleophilic discrimination factor,3 s, 
given by eq 1, changes from 0.8 to 1.6 in a series of 

log ki = s(«pt) + log ks (1) 

neutral complexes, whereas it is 0.312 for [PtCl4]2-. 
Similarly, the Brpnsted coefficient, a, in eq 2, which 

log ki = a(pATa) + constant (2) 

attempts to relate the basicity of the substituted pyri­
dines with the free energy of activation of their reaction 
with gold(III) substrates, changes from 0.21 to 0.89 
in a series of monopositive complex cations,7 whereas 
it is 0.15 for [AuCl4]- as substrate. 

Experimental Section 
Materials. Chloroauric acid was recrystallized and its purity 

established by analysis and comparison of its ultraviolet spectrum 
with published values.10-11 The other chemicals used were all 
recrystallized reagent grade materials. The methanol was dried 
by refluxing over Mg(CH3O)2, and the distilled product was stored 
under anhydrous conditions. There was no indication that rigor­
ous purification of the materials was necessary in order to obtain 
reproducibility.12 

Kinetics. The reactions were studied spectrophotometrically 
by the procedure described in part I2 in which the changes of optical 
density at a selected wavelength in the ultraviolet region were 
followed over a period of time by means of an Optical-CF4 double-
beam recording spectrophotometer, with the appropriate attach­
ments to maintain the cells at constant temperature (±0.1°). 
The reactions were started by mixing known volumes of standard 
solutions of the reagents in the spectrophotometer cell which also 
served as the reaction vessel. Constant ionic strength was main­
tained by the addition of lithium perchlorate solution. Freshly 
prepared solutions of HAuCl4 were used for each experiment in 
order to avoid the formation of significant quantities of the solvento 
complex. The entering reagent was always present in sufficient 
excess to provide pseudo-first-order conditions and to avoid compli­
cations from the reverse reactions. The pseudo-first-order rate 
constants, Ar0bsd, were calculated from the slope of the plot of log 
(D00 -Dt) against time, where Dt and D1x, are the optical densities 
of the reaction mixture at time t and at the end of the reaction, 
respectively. 

Results 

The problems of following the kinetics of nucleo­
philic ligand displacements from [AuCl4]- are, in prin­
ciple, similar to those encountered in the study of the 
reactions of [PtCl4]2- since, in both the substrates, 
there are four replaceable groups. However, the 
greater reactivity of the gold(III) substrate and the 
possibility of complication by redox processes can 
cause extra difficulty. Owing to the relatively high 
reactivity of [AuCl4]^, we have had to limit our study 
to the nucleophiles pyridine, NO2

- , N 3
- , Br - , I - , 

(10) A. K. Gangopadhayay and A. Chakravorty, /. Chem. Phys,, 35, 
2206 (1961). 

(11) F. H. Fry, G. A. Hamilton, and J. Turkevich, Inorg. Chem., 5, 
1943 (1966). 

(12) R. L. Rich and H. Taube, J. Phys. Chem., 58, 6 (1954). 

SCN - , and CH3OH. Fortunately, as was previously 
reported for the nucleophilic substitutions of neutral 
complexes of the type [AuCl3am],8 the reduction of 
Au(III) to Au(I), or even to metallic gold, either did 
not occur or else was relatively slow in comparison to 
the ligand displacement reaction. No evidence was 
found for any irreproducible redox-catalyzed sub­
stitution of the type observed by Rich and Taube12 in 
their studies of the chloride exchange. 

All the reaction rates reported in this paper are con­
cerned with the replacement of the first of the four 
chloride ligands bonded to the gold. As far as the 
reagents NO2

- , N r , and Br - are concerned, the iden­
tification of the reaction steps and the products is 
based upon the same arguments that were previously 
used for the reactions of [AuCl3am].8 In each case, 
two reaction steps can be observed, and the isosbiestic 
points for the second step occur at least at one wave­
length where there is a large enough change in optical 
density corresponding to the first step. These isos­
biestic points are identical with those observed in the 
appropriate stages of the analogous reactions with the 
[AuCl3am] substrate,89 and the kinetics of the first 
stage were studied at these wavelengths. In these 
cases it is also found that the general kinetic behavior, 
after the first stage of the reaction, also corresponds 
to that observed for the substrates of the type [Au-
Cl3am], and the final spectra are also in agreement 
with those previously observed. Consequently, the 
reactions can be described as 

slow 
[AuCl4]- + Y- — > [AuCl3Y]- + Cl-

fast 
[AuCl3Y]- + Y- — > [AuCl2Y2]- + Cl" 

followed by the second identifiable step 
slow 

[AuCl2Y2]- + Y- — > [AuClY3]- + Cl" 
fast 

[AuClY3]- + Y- —>• [AuY4]- + Cl-

The rates of the second reaction step are not reported 
here. 

The reactions with NO 2
- were carried out in the pres­

ence of a small quantity of CH3O - in order to avoid the 
formation of HNO2. Some preliminary experiments 
showed that this species can exert a catalytic effect 
similar to that observed for the reactions of some 
platinum(II) complexes.13 It should be pointed out 
that a similar effect was not observed in the reactions 
of [AuCl3am], and further studies of this phenomenon 
are now in progress. 

With pyridine and methanol as entering groups, the 
reaction appears to stop when only one chloride is 
replaced. The reaction with pyridine at 25° has been 
reported previously.6 The rate constant for the reac­
tion with the solvent methanol is the ki value from the 
two-term rate law. 

The reactions with I - and SCN - appear to occur in 
a single stage. The initial spectrum corresponds to 
that of the [AuCl4]- starting material, and so the rate-
determining step is the replacement of the first chloride. 
The final spectrum for the reaction with I - corresponds 
exactly to that of [AuI4]-.10 An attempt was made to 
follow the reaction with thiourea at 6°. The reaction 

(13) U. Belluco, L. Cattalini, F. Basolo, R. G. Pearson, and A. Turco, 
Inorg. Chem., 4, 925 (1965). 
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Table I. Pseudo-First-Order Rate Constants, &ob»d, for the Displacement of the First Chloride in [AuCl4]" in Methanol" 

Entering 
group, Y 

Pyridine6 

NO2- ' 

N3-

Br-

[Y], M 

0.195 
0.0975 
0.0487 
0.0650 
0.0487 
0.0284 
0.00975 
0.100 
0.0800 
0.0400 
0.0200 
0.100 
0.0750 
0.0400 
0.0200 
0.100 
0.0800 
0.0400 
0.0200 
0.0100 
0.100 
0.0750 
0.0500 
0.0250 
0.100 
0.0750 
0.0500 
0.0250 
0.100 
0.0750 
0.0500 
0.0250 
0.100 
0.0750 
0.0500 
0.0250 
0.100 

Temp, 
0C 

6.0 

15.0 

15.0 

25.0 

35.0 

6.0 

15.0 

25.0 

6.0 

15.0 

ftobsd, 

sec-1 

0.086 
0.043 
0.021 
0.055 
0.040 
0.024 
0.0078 
0.00175 
0.00150 
0.00088 
0.00048 
0.0031 
0.0025 
0.0017 
0.0010 
0.0058 
0.0050 
0.0031 
0.0019 
0.0015 
0.0152 
0.0112 
0.0074 
0.0030 
0.0215 
0.0164 
0.0118 
0.0055 
0.039 
0.031 
0.022 
0.0126 
0.0036 
0.0026 
0.00156 
0.00077 
0.0068 

Entering 
group, Y 

Br-

I-

SCN-

Thiourea 

[Y], M 

0.0500 
0.0250 
0.100 
0.0750 
0.0500 
0.0250 
0.0100 
0.0015 
0.0010 
0.0010 
0.00050 
0.00050 
0.00025 
0.0010 
0.00075 
0.00050 
0.00030 
0.00075 
0.00060 
0.00050 
0.00040 
0.00025 
0.00010 
0.0100 
0.0075 
0.0050 
0.0025 
0.0075 
0.0050 
0.0025 
0.0010 
0.0100 
0.0075 
0.0050 
0.0025 
0.0010 
0.0001 
0.0001 

Temp, 
0C 

15.0 

25.0 

6.0 

15.0 

25.0 

6.0 

15.0 

25.0 

6.0 

•Cobed, 

sec-1 

0.0032 
0.0014 
0.0164 
0.0132 
0.0084 
0.0054 
0.0035 
0.031 
0.023 
0.021 
0.0111 
0.0102 
0.0053 
0.045 
0.033 
0.021 
0.013 
0.061 
0.046 
0.042 
0.032 
0.021 
0.0088 
0.0186 
0.0145 
0.0080 
0.0044 
0.026 
0.0176 
0.0088 
0.0038 
0.070 
0.056 
0.042 
0.0182 
0.0072 
0.038 
0.038 

a With the anionic entering groups the ionic strength was held constant at 0.10 by adding the appropriate amount of lithium per-
chlorate. * The data for pyridine at 25.0° are reported in ref 6. " In reactions involving the nitrite ion, the solutions also contain 
0.0002AfNaOCH3. 

Table II. Specific Rate Constants for the Displacement of One 
Chloride from [AuCU] ~ in Methanol Solution (Ionic Strength = 0.1) 

Entering 
group 

Temp, 
0C 

Rate 
constant 

Atf*, 
kcal/ 
mole 

AS*, 
cal 

deg-1 

mole-1 

Rate 
constant3 

for 
[PtCl4]

2" 

CH3OH 

NO2-

N3-

Br-

SCN-

Pyridine 

15 
25 
35 

15 
25 
35 
6 

15 
25 
6 

15 
25 
6 

15 
25 
6 

15 
25 
6 

15 
25 

104/cc 

2 
5 

10 
k* 

0.0155 
0.028 
0.042 
0.16 
0.21 
0.35 
0.034 
0.065 
0.140 

21.5 
44 
84 

1.85 
3.6 
7.4 
0.45 
0.84 
1.6" 

8.3 

6.5 

12.3 

12.0 

12.0 

10.6 

1O4A" 

0.4 

-33 0.0009 

- 3 9 

- 2 2 

- 9 

- 1 4 

-22 

0.0018 

0.0065 

0.0021 

° Data for aqueous solution from ref 2. 
c In sec-1. d M~x sec.-1 

6 Data from ref 6. 

was very fast, even at low concentrations of this rea­
gent, and it is possible only to say that the second-
order rate constant k2 is approximately 400 1. mole-1 

sec-1. 
The pseudo-first-order rate constants (kobsd) obtained 

in these studies are listed in Table I. All the reactions 
follow the usual two-term rate law, viz., rate = (fci + 
k2[Y -])[complex], where Y is the entering nucleophile. 
The values of ki and fc2 were obtained as the intercepts 
and slopes, respectively, of linear plots of kohsd against 
[Y]. The values of ki and k2 are collected in Table II 
together with the derived activation parameters. 

Discussion 

On comparing the rate constants for the entry of the 
various nucleophiles into the [AuCl4]

- anion with those 
for the analogous reactions of [PtCl4]

2-, which are also 
given in Table II, it is apparent that, in all cases, the 
Au(III) complex reacts considerably faster than does 
that of Pt(II).14 This cannot be explained simply by 

(14) The data for [PtCh]2- in Table II have been corrected for ionic 
strength effects and therefore refer to a standard state of pure water. 
No attempt has been made to treat the data for [AuCU]" in a similar 
fashion because of the unreliability of an extrapolation from an ionic 
strength of 0.1 when methanol (with its smaller dielectric constant) is 
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saying that the Pt(II) data refer to aqueous solution or 
that the lower charge of the [AuCl4]- anion causes less 
electrostatic repulsion between the approaching rea­
gents because this observation is more general. For 
example, the exchange of isotopically labeled chloride 
with [AuCl4]- has a k2 value of 0.147 M - 1 sec -1 in water 
at 20 V whereas with [PtCl4]2- the bimolecular ex­
change of chloride is not experimentally detectable and 
the reaction occurs entirely by way of the solvolytic 
(kx) path.16 The rate of hydrolysis increases by a factor 
of 375 on going from [PtCl4]2- to [AuCl4]-.11'15 The 
values of fc2 for the replacement of the coordinated 
chloride by bromide in [Au(dien)Cl]2+ and [Pt(dien)-
Cl]+ are 380 and 5.3 X 10 -8 Af-1 sec-1, respectively, 
in water at 2505'15-16 and 190 M~x sec -1 in the mono-
cationic [Au(dien-H)Cl]+ 5 (dien-H = di(2-aminoethyl)-
amine that has lost one proton). Furthermore, the 
reactions of [Au(bipy)Cl2]

+ with amines are faster than 
those of [Pt(bipy)Cl2],

7,17 even though a strict compari­
son cannot be made because the reactions have not 
been studied in the same solvent. 

If one considers the factors that determine the nucleo-
philicity of the reagents toward the planar substrates 
(e.g., micropolarizability, IT interactions, and basicity), 
one can observe, from the data in Table II, that all of 
these factors become more important on going from the 
Pt(II) to the Au(III) substrate. As far as Br - and I -

are concerned, the micropolarizability has probably 
the overwhelming influence upon the nucleophilicity 
since I - is some 600 times more reactive than Br -

toward [AuCl4]2-, whereas the ratio of ^2(I -) : fc2-
(Br -) is only 3.6 in the reactions with [PtCl4]2-. Thus, 
not only does Au(III) act as a "soft" reaction center 
(i.e., I - is a better reagent than Br -), but it has a greater 
discriminating ability than Pt(II). The same is true 
when we compare thiocyanate and bromide since fc2-
(SCN-)/&2(Br-) is 53 and 1.18, respectively, for reac­
tions with [AuCl4]- and [PtCl4]2-, although in this 
case it is not possible to know whether the thiocyanate 
is bound by the same end in both the transition states. 

As far as ir interactions are concerned, it should be 
pointed out that the azide ion has no biphilic proper­
ties when it reacts with a Pt(II) substrate,2 whereas its 
biphilic properties are quite important in its reactions 
with Au(III) substrates.8'9 It also appears that the 
biphilic reagents, N 3

- and NO2
- , are characterized, 

in the reactions listed in Table II, by a low value of 
AH * and a large negative AS ^. This may be due to the 
more stringent stereochemical requirements of the tran­
sition states. 

The effect of the basicity of the reagent upon its 
nucleophilicity can be shown to be greater for the Au-
(III) complexes by applying eq 2 to corresponding 
Pt(II) and Au(III) derivatives.6'7 The Brpnsted co­
efficient, a, which is very small when the coordinated 
chloride in [Pt(bipy)Cl2] is displaced (0.06),17 becomes 
greater for [AuCl4]- (0.15)6 and even greater for cationic 
gold(III) complexes of the type [Au(phen)Cl2]

+ (0.21), 

the solvent. The errors introduced by not comparing the data under 
identical conditions of ionic strength are small compared to those intro­
duced by not comparing them in the same solvent, and even these are 
negligible when compared to the magnitudes of the differences we are 
discussing. 

(15) L. F. Grantham, T. S. Elleman, and D. S. Martin, Jr., / . Am. 
Chem. Soc, 77, 2965 (1955). 

(16) H. B. Gray, ibid., 84, 1548 (1962). 
(17) L. Cattalini, A. Orio, and A. Doni, Inorg. Chem., 5, 1517 (1966). 

[Au(bipy)Cl2]
+ (0.46), and [Au(5-N02-phen)Cl2]+ (0.89).7 

It should also be noted that, on going from [AuCl3am] 
to /ra«s-[Au(CN)2Cl(am)], the cis effect of the cyanide 
ligands is ascribed to a positive inductive effect that 
increases the amount of negative charge at the reac­
tion center.9 The anomalously high reactivity of 
pyridine and even CH3OH toward [AuCl4]- might also 
be ascribed to this effect and to the greater importance 
of electrostatic effects in general. 

All of these results agree well with the original proposal 
of Baddley and Basolo5 that the extent to which bond 
formation develops in the rate-determining transition 
state is more important in the case of Au(III) than it 
is in Pt(II). However, it is also clear, mainly from 
the studies of heterocyclic amines as leaving groups,8'9 

that the extent of bond breaking is also more important 
for Au(III) than it is for Pt(II). It has now been ob­
served in a number of studies that, although the nature 
of the leaving group affects the rate of reaction of a Pt(II) 
complex, it has no effect upon the nucleophilic discrimi­
nation factor. For example, it has been shown that, in 
a series of complexes of the types [Pt(dien)X]+ 18a (X = Cl, 
Br, I, or N3) trans-[?t(C6HnN)2NO2X]1813 and [Pt(bipy)-
NO2X]19 (X = Cl, Br, I, NO2, or N3), when ligand X is 
replaced by a series of nucleophiles, a change of X does 
not lead to any change in the nucleophilic discrimina­
tion factor as measured by s in eq 1 but only affects 
the intrinsic reactivity (log ks in eq 1). In other words, 
plots of log k2 against nFt produce a series of parallel 
straight lines for the different leaving groups in any one 
series of complexes. This behavior has been inter­
preted as evidence for a relative independence of the 
bond-making and the bond-breaking aspects of the 
substitution. In so far as data are available, it is clear 
that no such simple relationship exists in the case of the 
Au(III) complexes, and it has already been pointed out, 
in the reactions of [AuCl3am], where the heterocyclic 
amine (am) is the leaving group, that not only is the 
nucleophilic discrimination power of the Au(III) de­
pendent upon the nature of the leaving group but the 
order of relative nucleophilicity can also be changed.8 

This indicates a much closer interdependence of the 
bond-making and bond-breaking aspects of substitu­
tion. The observation that the reaction rates of the 
Au(III) complexes appear to be more sensitive than 
those of Pt(II) to both the nature of the entering group 
and that of the leaving group is in no way a paradox. 
The fact that bond making is more important does not, 
in any way, require that bond breaking is less important, 
or vice versa. It might be possible to approach such 
a situation, but certainly not reach it, in an associative 
mechanism when the stability of the five-coordinate 
intermediate increases sufficiently. In Figure 1 there 
is a collection of diagrammatic free-energy profiles 
for a bimolecular reaction showing how the truly 
synchronous process, with no intermediate, which 
represents one extreme (A), can develop into one where 
an intermediate of higher coordination number can 
form (B) and live long enough to come to thermal 
equilibrium with its environment. The increasing 
stability of this intermediate is represented by a deepen­
ing of the trough (C), and a situation can be envisaged 

(18) (a) U. Belluco, R. Ettore, F. Basolo, R. G. Pearson, and A. Turco, 
ibid., 5, 591 (1966); (b) U. Belluco, M. Graziani M. Nicolini, and P. 
Rigo, ibid., 6, 721 (1967). 

(19) L. Cattalini and M. Martelli, Gazz. Chim. Hal., in press. 
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Reaction Coordinate • 

Figure 1. Diagrammatic representation of the free-energy profiles 
for a series of bimolecular substitutions where the stability of the 
trigonal bipyramidal intermediate increases with respect to the rate-
determining transition state from A (no intermediate) to E (stable 
intermediate). 

where the intermediate is more stable than the mixture 
of the reagents but less stable than the products (D). 
Finally a situation can be reached where the five-co­
ordinate intermediate is more stable than either form 
of the four-coordinate system (E) and is not realistically 
referred to as a substitution reaction. Case A is typical 
of an SN2 process involving substitution at a tetra-
hedral carbon atom. Case D represents a situation 
recently reported20 where the addition of amines to 
[C8Hi0R.hClSb(/7-tolyl)3] results in the rapid formation 
of a five-coordinate intermediate which then slowly 
loses the stibine ligand in the rate-determining step to 
give planar [C8Hi0RhCl(am)]. The behavior of Pt-
(II) and Au(III) complexes is represented by a situation 
between A and D. 

We would like to suggest that the progressive stabili­
zation of the five-coordinate intermediate on going 
from A to E in Figure 1 (provided that this is trigonal 

(20) L. Cattalini, A. Orio, R. Ugo, and F. Bonati, Chem. Commun., 48 
(1967). 

bipyramidal in form) represents the increasing coval-
ency of all five metal-ligand bonds which, in valence-
bond terms, could be expressed as the increasing utili­
zation of the fifth orbital in the d + s + p3 set of the 
metal. As this intermediate becomes more stable, the 
process of bond making becomes more and more di­
vorced from that of bond breaking. In the limit, the 
addition of the incoming group to the complex is 
affected by the leaving group only in so far as this is 
one of the four ligands already present in the complex. 
The process of bond breaking would be affected in the 
same way by the now entered fifth ligand. In this way 
both must have some effect upon the reaction rates. 
However, if the rate-determining transition state is 
developed before the intermediate,21 it would be reason­
able to expect that the factors leading to the formation 
of the bond with the incoming group would have a 
much greater effect upon the rate of reaction than 
those leading to the subsequent breaking of the bond 
with the leaving group. If this transition state de­
veloped after the intermediate was formed, the reverse 
situation would obtain. As the intermediate becomes 
less stable and the mechanism approaches a synchro­
nous process, it no longer becomes possible to divorce 
bond making from bond breaking and, in the rate-
determining transition state, the bond with the incoming 
group is not fully developed and that with the leaving 
group is partly broken. It is therefore possible to 
explain the gross differences between Pt(II) and Au-
(III) reaction centers by saying that the five-coordinate 
intermediate developed in the reaction of a gold(III) 
substrate is less stable, with respect to the rate-de­
termining transition state, than that appearing in the 
reactions of platinum(II). Both of these are less stable 
than the intermediate formed in the substitution reac­
tions of planar Rh(I) where, in one case at least, the 
species can be observed without difficulty. This is in 
accord with the concept that the utilization of all five 
orbitals for covalent bonding becomes progressively 
more difficult as the effective nuclear charge of the 
central atom increases, i.e., Rh(I) > Pt(II) > Au-
(III).22 

(21) Reference 1, p 47. 
(22) R. S. Nyholm, Proc. Chem. Soc, 273 (1961); 

M. L. Tobe, Experimentia Suppl., 9, 112 (1965). 
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Journal of the American Chemical Society / 89:13 / June 21, 1967 


