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Temperature dependence of the rate of exchange of ammonia between tetraamminegold(I1I) and solution ammonia in aqueous
ammonium perchlorate of unit ionic strength in the pH range 5—10 has been determined by using nitrogen-15 labeling. At fixed
pH, the exchange follows second-order kinetics (first order in both complex and ammonia/ammonium), and the pH dependence
of the second-order constant can be accounted for in terms of reactions between the two acids NH,* and Au(NH,),** and their
conjugated bases NH, and Au(NH;);NH,?*, respectively. The direct exchange between NH,* and Au(NH,),** is significant
but slow (statistically corrected second-order rate constant k = 6.0 (3) X 107° L-mol!s™}, AH* = 84 (2) kJ-mol™!, AS* = -42
(5) J-mol"K™! at 25 °C) compared to the exchange between NH; and Au(NH,);NH,2* (k = 3.9 (2) X 1072 L.mol™\s”!, AH*
= 68 (2) kJmol™!, AS* = —44 (8) Jmol"":K™"). Exchange via a transition state of the composition [Au(NH;);NH,-H-.NH,]**
is significant at intermediate pH, most likely as a result of reaction between NH, and Au(NH;)2* (¥ = 1.69 (6) X 107! L-mol!:s7!,

AH* = 61 (2) kJ:mol™!, AS* = =55 (6) J-mol.K™).

Introduction

Recent interest in the biochemistry of gold has arisen from the
well-established use of gold(I) compounds in the treatment of
rheumatoid arthritis and from the exploration of antitumor activity
of both gold(I) and gold(III) compounds.> In cells, gold is
mainly bonded to sulfur and nitrogen donors, as has been directly
shown by X-ray absorption spectroscopy for the alga Chlorella
vulgaris.” The distribution between gold(I) and gold(IIT) depends
on the available ligands, and sulfur donors favor gold(I) over
gold(III). In contrast, nitrogen donors, such as those present in
the nucleic acids, favor the higher of the two common oxidation
states of gold.®*

The tetraamminegold(III) ion, also previously used as a model
for nitrogen-bonded gold in cells,” was chosen for an exploration
of the kinetics of the exchange of coordinated ammonia with
aqueous solution ammonia over a wide pH range by using ni-
trogen-15 labeling. The results of this exchange study are reported
here, yielding the time scale relevant for the exchange of gold(III)
between nitrogen coordination sites. This is part of the information
required to determine whether the binding of gold(III) through
nitrogen to biomolecules is kinetically or thermodynamically
controlled.

Gold(III) is a strongly polarizing metal center, and ammonia
and amines coordinated to gold(III) are Bronsted acids even in
aqueous solution.!® For tetraamminegold(III), ammine and amido
complexes coexist in neutral solution (pK, = 7.5),!! and since both
forms are sufficiently robust toward hydrolysis, the tetra-
amminegold(III) ion provides us with a rare example of a metal
ammine/amido system for which exchange with solution ammonia
can be directly studied and for which the relative reactivity of the
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Table I. Acid Dissociation of Ammonium® and
Tetraamminegold(IIT)? Tons in Aqueous 1.0 M Ammonium
Perchlorate

1/°C pK.(NH,*) pK.(Au(NH,),**)°
25.0 9.43 7.48
17.0 9.70 7.84

8.8 9.98 8.20

0.0 10.29 8.60
AH® /kJ-mol™! 52.1 67
AS®/J-mol™-K"! -6 82

4Calculated from data in ref 10. ®Interpolated from data in Figure
1. ‘pK, = -log (K,/mol-L™").

two forms can be compared. This is of particular interest, since
metal amides in general are believed to be highly reactive in-
termediates in base hydrolysis processes of metal amines in aqueous
solution,!213

Experimental Section

Materials. >NH,NO; (5.8 and 98% nitrogen-15 in the ammonium
moiety) was supplied by Amersham Int. [Au(NH,),](NO,); was pre-
pared and purified as described previously.!! Other chemicals were of
analytical grade.

pH Measurement. The kinetic studies were all made in a 1.0 M
perchlorate medium, and the definition pH = -log [H*] was employed
throughout, with solutions of standardized perchloric acid in 1.0 M
NH,CIO, used as pH standards. The pX, value of Au(NH,),** in 1.0
M NH,CIO, at different temperatures was determined spectrophoto-
metrically!! (Zeiss DMR 21 spectrophotometer) at 300 nm (¢(Au-
(NH,);NH,?*) = 1467 cm™"-L-mol™); cf. Figure 1. The pK, value of
NH,* in 1.0 M NH,ClO, at the required temperatures was interpolated
from available thermodynamic data!* and is given in Table I together
with the pK, values for Au(NH,),** at the same temperatures.

Labeling Procedure. Nitrogen-15 labeled [Au(NH,;),}(NO;), was
prepared from K[AuCl,} (H. Drijfhout & Zoon’s) dissolved in a super-
saturated NH,NOj solution according to the procedure published for the
unlabeled compound, with the ammonium nitrate partly replaced by
1’N-enriched NH,NO;. Products from two syntheses, with 11.2% and
13.3% !N ammine ligand enrichment, respectively, were used for the
exchange experiments.
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Figure 1. Temperature dependence of pK, for Au(NH,),** in 1.0
NH,CIO,. Experimental values were determined spectrophotometrically,
and the solid line computed from pK, = (AH®/T — AS®)/2.30R is the
basis for the parameters AH® and AS® for the acid dissociation (Table

D.

Isotopic Analysis. The !N isotopic abundance in the labeled com-
pounds and in the [Au(NH,;),]JPO, samples precipitated in the exchange
experiments was determiried by optical emission analysis. The analytical
procedure (a detailed description may be found in ref 15) involved a
Dumas destruction at 400 °C of the material (copper plus copper(II)
oxide).

Exchange Experiments. An aqueous 1.0 M (Na,NH,)CIO, reaction
medium was employed throughout. In the acidic and neutral regions,
acetate and 3-morpholinopropanesulfonate, respectively, were used to
buffer the medium (0.050 M buffer concentration in most experiments),
whereas standardized sodium hydroxide was used to adjust pH in the
alkaline region (formation of NH,*/NH; buffers). pH was measured
in each of the reaction media after the addition of [Au(NH;),](NO3);
at the temperature of the experiment. Weighed amounts of the labeled
compound (corresponding to a complex concentration between 0.022 and
0.045 M) were dissolved in the actual reaction medium (thermostated
to within 0.1 °C) to initiate the exchange reaction. Dissolution was
virtually instantaneous in all experiments. Then 300 L aliquots were
removed at known times and poured into 100 uL of an ice-cold, aqueous
0.10 M phosphate precipitation reagent in which the H,PO, /HPO,*"
ratio was adjusted to give a final pH of around 8 in the mixture of
reaction medium and precipitation reagent. A white precipitate of
[Au(NH,),]PO, was immediately formed.!* The mixture was cooled
in ice for 2 min, and the precipitate was filtered off on a fine-porosity
sintered-glass funnel, washed twice with 0.5 mL of ice-cold water, and
air-dried on the filter. The precipitate was subsequently dissolved in 0.2
mL of 1 M HCI, and ~10 uL of the resulting yellow solution was
transferred to a 1 cm long glass capillary by capillary attraction. The
solution was evaporated to dryness in the capillary (~50 °C in vacuum),
and the residue was subjected to Dumas destruction and subsequent
isotopic analysis.'s

Results

Nitrogen-15 labeled Au(NH;),3* dissolved in aqueous 1.0 M
ammonium perchlorate with natural *N enrichment was found
t0 lose !N enrichment in an exchange process that was strongly
dependent on solution pH and temperature. The almost quan-
titative precipitation of [Au(NH;),]PO, (solubility product at 25
°C is ~1071! mol%L2!7) formed the basis for the analytical
procedure, and HPO,? was found to remove Au(NH,)** in a
precipitation reaction that was very fast compared to the exchange
reactions studied.

At fixed temperature and pH and with a large excess of am-
monium (cng,+ > Cay), the exchange was found to follow first-
order kinetics

% BN(t) - % "N(t = =)
n
% N{t= 0) - % "Nt = =)

] = kit (1)
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Figure 2. Plot shiowing that ammine ligand, exchange in tetraammine-
gold(III) in aqueous solution follows first-order kinetics. The initial
enrichment of Au(*NH,)**, % "N(r = 0) = 13.3, decreases during
exchange to % '*"N(t = =) = 1.4, The three different symbols refer to
three independent experiments, all at 0.0 °C with ¢4, = 0.022M in 1.0
M NH,CIO, at pH 8.08. The exchange has a half-life of 150 min under
these experimental conditions.
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Figure 3. Plot showing that the second-order rate constant for ammine
ligand exchange of Au(NH;),** increases with increasing pH conditions:
1.0 M NH,CIO, (except 0.50 M NH,CIO, plus 0.50 M NaClO, for @),
cau = 0.022, (except csy, = 0.044 M for ©). Experimental points were
determined as outlined in Figure 2, and the solid lines were calculated
by nonlinear regression analysis (x? goodness-of-fit test) according to (4)
for each temperature, incorporating the pK, values of Table I.

where % !*N values denote the decreasing '*N enrichment in the
precipitated [Au(NH;),]PO,, as illustrated in Figure 2. The
observed first-order rate constant was independent of buffer
concentration (0.05 < cyygrer < 0.10 M) but proportional to total
ammonium concentration when in excess (0.50 < eny,+ < 1.0 M).
The latter observation shows that the exchange is a second-order
reaction

d[Au(*NH;)*]
- ———dt = kCAu(‘NH3)43+cNH4*’ - kcAu(NH;).’*C‘NH“”

2
for which the McKay equation!? yields
| % N(t) - % UN(t = =)
n =
% N(t=0) - % Nt = =)

k
- z)(CAumt + ong ) = —Kgpa(Cad®™ F o) = K gt
3)

(tot = total.) The second-order rate constant for ammine ex-
change, calculated from Kgpeq = Kk'opsa/(Cau'® + ong ') is in-
herently statistically corrected (L-(mol ligand)‘l-s‘l).1g The pH
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Figure 4. Four different bimolecular reactions leading to ammine ligand

exchange in tetraamminegold(III) in aqueous ammonium solution.

dependence of k.4 shown in Figure 3 for four different tem-
peratures could be accounted for in terms of reaction between two
conjugated acid /base pairs, i.e. NH4+ /NH, and Au(NH3)2*/
Au(NH;);NH,**, according to!

1
([H*] + KNHO([HT] + K AN
+ (kNﬂg.NH3KaNH‘+ + kNH;,NHrKaA“(NHs)"“)[H+] +
‘ kNHz,NHSKaNH‘+KaA"(NH’)‘H] 4

Kobsa = [kNl-I;,NHr[H+]2

The four reaction paths of Figure 4 correspond, however, to only
three different transition states, since the reactants An(NH,)**
and NHj give a transition state of the same composition as the
reactants Au(NH;);NH,** and NH,*. This leads to a so-called
proton amblgurty, and only the three quantrtles ANH,NH,
(kNH3,NH K NES 4 ey, nu KATNEDSTY T and
1”"‘ K,A(NH)* can be determined from the pH de-
cience of kgpsg. This was done by nonlinear regression analysis
for the observed rate constants at each of the four temperatures,
including values for K,A*NHa" and K,NHs" determined in inde-
pendent experiments (cf Table I), and the results are presented
in Table II. The reaction via a transition state of the composrtron
[Au(NH;),~NH,]*" is slow compared to the reaction via the
transition state [Au(NH;);NH,~NH,]**. For both the slow and
the fast latter exchange reactions, the temperature dependence
is well described by the Arrhenius equation, leading to the ac-
tivation parameters given in Table III. For the reaction via the
transition state [Au(NH;);NH,-H--NH;]**, the second-order
rate constants for the reaction between Au(NH;),* and NH, and
for the reaction between Au(NH;);NH,** and NH,* were cal-
culated and are given in Table II. The Arrhenius plots for both
of these two alternatives are included in Figure 5, and the slight
curvature noted could indicate that both of the reaction paths
contribute to the exchange reaction. ‘The two sets of activation
parameters (Table III) are, however, rather different (reflecting
the significant difference in AH® for the acid dissociation of NH,*
and Au(NH,),**; Table I), inviting further speculation.

Discussion

Water and hydroxide are relatively ineffective as entering
ligands in Au(III) complexes,® and ammine ligand exchange in
tetraamminegold(III) in aqueous ammonium solution becomes
fast compared to hydrolysis, at least under moderate conditions
of pH and temperature.’® This high dlscrrmmatmg power of
gold(III) substrates toward nucleophlles is related to the extreme

(19) In moderately acidic aqueous ammonium solution, Au(NH,),** forms
Au(NH;);OH?*" in a slow, pH-independent, reversible hydrolysis, for
which the forward reaction has a (pseudo) first-order rate constant of
3% 105! at 25 °C.B
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Figure §. Temperature dependence for ammine exchange in tetra-
amminegold(III) via a transition state of the composition [Au-
(NH,);NH,-H--NH,}**. The second-order rate constants (in L.
molls7!) for the two alternative pairs of reactants (see Figure 4) both
give a slightly curved Arrhenius plot.
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softness of the Au(III) metal center,®® and Au(III) has provided
us with this rare opportunity to study ammine ligand exchange
for a transition metal complex in aqueous solution over a wide
pH range undisturbed by hydroly51s reactions.
Tetraamminegold(III) has a low-spin d® electronic configuration
and is square-planar (D,; symmetry) with a rather normal Au-N
band length of 2.02 A2 The dissociation of a proton transforms
the simple g-donor NH} into a ligand with 7-bonding capabilities,
as evidenced by the change in the UV absorption spectrum.
Au(NH3)43+ is colorless (lowest energy transition is a spin-allowed
d—d (‘A — ‘Az, 'E,) transition below 250 nm?'), whereas
Au(NH3)3NH22+ 1s yellow due to a lower energy (Ap,x ~ 300
nm°®) transition from an amido 2p, orbital to a ¢*(x? - y?) mo-
lecular orbital.?2 For octahedral metal complexes, amido =
donation is believed to stabilize pentacoordinate intermediates in
base-catalyzed ligand-substitution reactions (conjugate base
mechanism),'%!? whereas the effect on the rate of ligand sub-
stitution in square-planar complexes is less evident. For the
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Chem. 1976, B31, 554.
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Table II. Second-Order Rate Constants® for Exchange of Ammonia Coordinated in Tetraamminegold(III) with Ammonia/Ammonium in

Aqueous 1.0 M Ammonium Perchlorate®

transition state

{Au(NH,);NHy-H--NH;]**

[Au(NH,);NHNH;}**

[Au(NH;)~NH,]*
reactants Au(NH3),* + NH,* Au(NH,)J* + NH;
k/Lemol™s™!
25.0 °C 5.8 (5) X 10°* 1.64 (5) x 107!
17.0 °C 3.3 (2) x 107 9.3 (5) x 1072
8.8 °C 7.4 (2) X 10 3.8 (3) X 10
0.0 °C 2.5 (5) X 107 1.54 (10) X 1072

Au(NH,),NH,?* + NH,** Au(NH,);NH,** + NH,

1.84 (6) X 107 3.9 (2) X 102
1.29 (6) % 107 1.65 (13) X 1072
6.4 (6) x 107 7.3 (9) X 107
3.1 (2) x 10 2.9 (2) x 107

s All rate constants are statistically corrected, i.e. based on ligand concentration. ®Calculated by nonlinear regression analysis from the observed
rate constants presented in Figure 3, including the acid dissociation constants of Table I; see text. °Two alternatives leading to a transition state of

identical composition; cf. Figure 4.

Table III. Rate Constants and Activation Parameters at 25.0 °C for Exchange of Ammonia Coordinated in Tetraamminegold(IIT) with
Ammonia/Ammonium in Aqueous 1.0 M Ammonium Perchlorate Solution®

transition state

[Au(NH,),~NH,]* [Au(NH,);NHyH--NH,J** [Au(NH,);NH~NH,]**
reactants Au(NH,)* + NH,* Au(NH,),** + NH,? Au(NH,);NH,?* + NH,** Au(NH;);NH,** + NH,
AH* /kJ-mol™! 84 (2) 61 (2) 45 (2) 68 (2)

AS*/JmolK™'¢  —42(5) =55 (6) ~146 (6) —44 (8)
k/L-mol-\s™ ¢ 6.0 (3) X 107 1.69 (6) X 107! 1.91 (7) % 1073 3.9 (2) x 1072

9 Calculated from rate constants of Table II. ?Two alternatives leading to a transition state of identical composition; cf. Figure 4. °Statistically

corrected, i.e. based on ligand concentration.
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diethylenediamine complex Au(dien)C1?*, chloride/bromide
substitution was originally found to be faster in the conjugate base
Au(dien-H)CI*,? but a reinvestigation has shown that the rates
for the two substrates are comparable.?

The bimolecular exchange reaction between NH; and Au-
(NH;);NH,2* has a negative entropy of activation (Table III),
which is typical for ligand substitution reactions in gold(III)
complexes involving transition states of increased coordination
number (Scheme I).! The exchange via the transition state
[Au(NH;);NH,H-~NH;]3* can originate from the encounter
of two different pairs of reactants (Scheme IT). The net increase
in bonding in the transition states along the reaction coordinate
for both of these pairs of reactants is also expected to result in
a negative entropy of activation.’® The reaction between Au-
(NH;);NH,** and NH,* should involve synchronous proton
transfer in the transition state to create the lone pair necessary
for a nucleophilic attack (donation into vacant metal p, orbital),
but despite the fact that this transfer could give large entropy
effects, AS* = —146 J-mol.K™! calculated for this combination
of reactants seems unrealistically negative. In contrast, the
combination of NH; and Au(NH,)** yields AS* = -55 J.
mol.K~1, which is not significantly different from the value for
NH,; plus Au(NH;);NH,?*, and we find it more likely that the
exchange via the transition state in Scheme II is the result of a
reaction between NH; and Au(NH;),>*. Simple electrostatic
arguments also suggest that the reaction of NH,* with a divalent
cation would be less likely to occur than the reaction of NH; with
a trivalent cation. Notably, this implies that solution ammonia
exchanges faster with Au(NH;),** than with Au(NH;);NH,?*
and that this difference in reactivity is an enthalpy effect. The
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metal p, orbital normally believed to accommodate the pair of
electrons donated by the entering ligand'? apparently is involved
in w-bonding in Au(NH,);NH,?*, rendering this latter complex
less subject to nucleophilic attack than the parent acid.

Also remarkable is the evidence obtained for a direct exchange
of ammonia between the two cations NH,* and Au(NH,)**
(Scheme III). The structure of the transition state for this
exchange reaction is less obvious, although it seems likely that
the proton is handed from the entering to the leaving ammine
ligand concomitant with the exchange at the gold(III) center. AS*
for this exchange is very similar to AS* for the two other exchange
reactions, and again, the difference in reactivity can be traced to
differences in the ease with which a fifth ligand binds to form the
transition state.

The exchange behavior for the square-planar tetraammine-
gold(1I1) is different from that for the octahedral hexaammine-
cobalt(IIT) complex.??’ The introduction of a w-donor at the
cobalt(III) center, as in hydroxopentaamminecobalt(I1I),? ac-
celerates the exchange considerably; i.e., a w-donor has the opposite
effect to that seen for tetraamminegold(III) (relative to amido-
triamminegold(III)).

In conclusion, gold(IIT) exchanges ammine ligands as a result
of at least two reaction paths at physiological pH and above. The
activation barriers are only moderate (ca. 65 kJ-mol™'), and the
binding of gold(III) to nitrogen donors under physiological con-
ditions is a result of a thermodynamic preference® rather than a
result of slow exchange.
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