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Kinetics for reactions between thiocyanate drethsAu(CN),Cl,~, trans-Au(CN),Br,~, andtrans-Au(NHs),-

Cl;* in an acidic, 1.00 M perchlorate aqueous medium have been studied by use of conventional and diode-array

UV/vis spectroscopy and high-pressure and sequential-mixing stopped-flow spectrophotometry. Initial, rapid
formation of mixed halidethiocyanate complexes of gold(lll) is followed by slower reduction to Au(CNind
Au(NHs),*, respectively. This is an intermolecular process, involving attack on the complex by outer-sphere
thiocyanate. Second-order rate constants at 26.@r reduction oftransAu(CN);XSCN~ are (6.9+ 1.1) x
10*M~1s1for X =Cland (3.14+ 0.7) x 10° M~1 s for X = Br. For reduction ofrans-Au(CN),(SCN)~

the second-order rate constant at 280is (3.14+ 0.1) x 102 M~1 s! and the activation parameters axel* =

(55 =+ 3) x 1@ kJ molL, AS- = (—17.84+ 0.8) J K’ mol~%, andAV* = (—4.6 £ 0.5) cn? mol~L. The activation
volume for substitution of one chloride drans-Au(NHs),Cl," is (—4.54 0.5) cn® mol~2, and that for reduction

of trans-Au(NH3)(SCN)*' (4.6 £ 0.9) cn? mol~L. The presence at-back-bonding cyanide ligands stabilizes

the transition states for both substitution and reductive elimination reactions compared to ammine. In particular,
complexestransAu(CN),XSCN~ with an unsymmetric electron distribution along the-Xu—SCN axis are
reduced rapidly. The observed entropies and volumes of activation reflect large differences in the transition

states for the reductive elimination and substitution processes, respectively, the former being more loosely bound,

more sensitive to solvational changes, and probably not involving any large changes in the inner coordination
sphere. A transition state with an-S interaction between attacking and coordinated thiocyanate is suggested
for the reduction. The stability constants for formation of the very short-lived compaesAu(CN)(SCN)~

from transAu(CN).X(SCN)~ (X = ClI, Br) by replacement of halide by thiocyanate prior to reduction can be
calculated from the redox kinetics data tokg > = (3.8 4+ 0.8) x 10* andKg,2 = (1.1 + 0.4) x 1~

Introduction a unigue possibility for evaluation of relationships between
) . structure, stability, and reactivity at metal centers undergoing

Reactions between gold(lll) complexes and good nucleophiles g hstitution and” reductive elimination reactions in parallel
often result in reduction to gold(h). The two-electron redox  hqcesses with one and the same nucleophile. The transition
reaction may take place either as a direct bimolecular processgiates for these two reactions, both resulting from an attack by
between the gold(lll) complex and the reductafior through e nycleophile on the complex, must have different properties.
initial replacement of ligands in the inner coordination sphere ap, analysis of entropies and volumes of activation that reflect

i i 10 . . . . . .
by the reducing agent followed by redyc@l?)Ft The rate of geometrical changes in the activation process may assist in
substitution may in some cases be similar to that of electron elucidating these mechanistic differences.

transfer, giving rise to a competition between substitution  1nq reaction between thiocyanate drahs-Au(NHs)X,* (X
equilibria_and redox reactions. In the case of gold(lll) — ¢ gr)has been studied in detél. Here, rapid pre-equilibria

complexes, such a situation has been documented only forpenyeen short-lived, mixed halide-thiocyanate complexes of
reactions involving thiocyanate and thioethers as nucleopfiiles. 1411y precede the slower reduction. The distribution between
The competition between substitution and redox reactions offersj,o gold(1ll) complexes in the pre-equilibrium is determined

by the ratio between the concentrations of free halide and
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use of the softer metal center in the compiensAu(CN)X,~ 0.50 0.40
(X = Cl, Br). AA
Experimental Section X=Br

Chemicals and Solutions. KAu(CN),Cl,*H,O and KAu(CN}Br,-
3H,0 were prepared according to the literatireThe bromide complex 0.25 0.20
was synthesized by oxidation of an aqueous solution of KAugCN)
(Degussa) with liquid bromine (Merck, p.a.). The chloride complex
was synthesized by oxidation of KAu(CHBr, in water with chlorine
(prepared from HCI and KMng) followed by flux with N, to remove A/ nm)
BrCl. Solid compounds were obtained by evaporation of the water at 0 0 P
room temperature. Their UV/vis spectra agreed satisfactorily with those 250 280 310 250 280 310
reported® Yields were 65-80% for KAU(CN}Br>-3H,0 and 92- Figure 1. Continuous-flow difference spectra of the short-lived
98% for KAu(CN)YCl,*H,0O as determined gravimetrically. [Au(N}#+ complexegrans-Au(CN):X»-,(SCN)~: X = CI, from top to bottom,

Cl]CI-Y/3H,0 and [Au(NHy):Bro]Br-Y/sNH,Br were synthesized as  Q = 33, 267, 8500 (no thiocyanate added); % Br, from top to
described previousl¥:'8 Solutions of gold(lll) complexes were used  bottom at 290 nmQ = 11.6, 22, 35.6, 52, 102, 242, 502, 862 (no
within 5 days from preparation. They contained added halide (10 mM thiocyanate addedAA denotes relative absorbances, recorded with
NaCl and 1 mM NaBr, respectively) and HCJQLO mM) to suppress an equilibrated mixture of reaction products (aged for-20 min) as
formation of aqua and hydroxo complexes. Stock solutions of NaSCN the reference.

(Mallinckrodt, analytical reagent) were prepared from the solid salt )

directly before use. NaCl (Merck, Suprapur), NaBr (Merck, Suprapur, 12ple 1. Observed Pseudo-First-Order Rate Constants for

or May & Baker), HCIQ (Merck, p.a.) and NaClQ{Merck, p.a.) were Reduction oftransAu(CN)(SCN)~ as a Function of Temperature

kept as 1.00 M stock solutions. lonic strength was 1.00 M adjusted  10PCay/M t/°C 1PCsci/M KobsdS™*
with NaClO,. Water was doubly distilled from quartz. . Reaction withtrans- Au(CN).Br, 2
Apparatus. Spectra were recorded by use of a Varian Cary 2200 2.00 20 0.377 0.015% 0.0011
spectrophotometer. Formation of short-lived gold(lll) complexes in 2.00 2.0 2.32 0.105 0.008
the reaction betweeimansAu(CN),X,~ and SCN was monitored by 2.00 2.0 4.68 0.218- 0.006
use of a continuous-flow system with a dead time of ca. 0.1 s comprised 2.00 2.0 7.01 0.30% 0.009
of a 1:1 mixing chamber and a Hellma flow cell (170-QS) connected 2.00 2.0 9.67 0.398- 0.009
to a HP 8452 diode-array spectrophotometer equipped with HP 89510  1.97 13.0 2.49 0.32 0.05
A UV/is software. The kinetics were followed by use of a Hi-Tech 1.97 13.0 4.98 0.480.05
SFL-43 sequential-mixing stopped-flow system in connection with an 1.97 13.0 7.45 0.7# 0.06
1.97 13.0 9.95 1.13 0.06

SU-40A UV/vis spectrophotometer unit. Activation volumes were

determined by use of an HPSF-56 Hi-Tech high-pressure stopped-flow 13; %gg 42132 23& 882

spectrophotometer equipped with a digital pressure indiéator. 1:97 25:0 7:45 2:23’[ 0:07
Flow Spectra. Equal volumes of a solution dfans-Au(CN),X,~ 1.76 25.0 9.93 2.98 0.09

and a solution containing excesses of both NaSCN and NaX were mixed 1.97 25.0 9.95 3.0 0.10

in the continuous-flow system to obtain a reaction mixture with constant 0.88% 25.0 10.00 3.2-0.1

concentration raticQ = Cx/Cscn = [XJ/[SCN] (all experiments 0.883 25.0 10.00 3.6:0.1

performed with ligands in large excess compared to gold complexes). 1.97 40.0 2.49 2.2%0.08

The spectra of the steady-state mixtures were recorded at20.@ 1.97 40.0 2.98 4.28 0.13

°C evey 3 s until successive spectra became identical, usually after ~ 1.97 40.0 7.45 6.40.3

2—3 scans. A reaction mixture of a previous run, equilibrated for 10 1.97 40.0 9.95 8.1+ 0.26

20 min, was used as the reference. For reactions betwwaesAu- Reaction withtrans-Au(CN),Cl,~ ¢

(CN).Cl,~ and SCN the total concentrations after mixing wegg, = 0.995 25.0 0.099 0.028¥ 0.0012

1.55 x 107> M and Cscy = 6.0 x 1074 M, resulting inQ values of 0.995 25.0 0.825 0.20% 0.008

11.6, 32.6, 65.2, 167, 267, 433, and 850. The corresponding values ~ 0.995 25.0 10.3 3.020.10

for the reaction betweetransAu(CN).Br,~ and SCN were Ca, = a) = 285 nm,Cer = 0.25 mM, [H"] = 2.5 MM.? Caygy = 9.25 x

1.76 x 10°M, Cscy = 2.55x 10* M, andQ = 11.6, 22, 35.6, 52, 1075 M. € Caugy = 9.25x 1075 M. 94 = 285 nm,Cq = 2.5 mM, [H']
102, 152, 242, 502, and 802. Difference spectra are given in Figure 1. — 2 5 mM.

Sequential-Mixing Stopped-Flow Kinetics. Reactions between

transAu(CN)X> " and thiocyanate were initiated by mixing a solution High-Pressure Stopped-Flow Experiments. Reactions were fol-
of the gold complex directly in the first mixing chamber of the stopped- Jowed under pseudo-first-order conditions with thiocyanate in excess.
flow instrument with ionic medium for measurements w@hs 1 and The drive syringes of the high-pressure stopped-flow instrument were

with solutions containig halide (1.00 mM to 1.00 M) for measurements  |oaded with solutions of gold(l1l) complex and thiocyanate, respectively,
with Q > 1. Thiocyanate was added in the second mixing chamber, the bomb was allowed to thermostat at 24C7 for approximately 30
and the reaction was monitored under pseudo-first-order conditions with min, and the kinetics were followed as a function of pressure between

thiocyanate in excess (0.3710 mM), in the temperature interval 2:0 0.1 and 200 MPa. All high-pressure data are summarized in Supporting
40.0°C. Total concentrations of gold varied between 2.A0°% M Information Tables S3S5.
and 2.0x 10°° M. The experiments are summarized in Table 1, in  Reaction betweetrans-Au(CN),Cl,~ and thiocyanate gives rise to

Supporting Information Tables S1 and S2, and in Figure. 2. Addition 3 decrease of absorbance at 284 nm due to reductimarsAu(CN),-
of gold(l) as Au(CN)~ (3.7 x 107 and 3.7x 10~*M) had no influence (SCNY~ (substitution processes are too rapid to be observed). The

on the kineticscf. data in Table 1. kinetics were started by mixing equal volumes of two solutions with
Cau=1.70x 10*M andCscy = 1.02 x 1072 M. Rate constants as
(15) In Gmelins Handbuch der Anorganischen Chemerlag Chemie: a function of pressure are given in Figure 3a. Addition of thiocyanate
GMBH., Weinheim/Bergstrasse, Berlin, 1974; Vol. 8; p 745. to trans-Au(NH3).Cl," results in two consecutive reactions that can be
(16) Mason, W. Rinorg. Chem.197Q 9, 2688-2691. monitored at 295 nm. The first one, which gives rise to an increase of
88 fnlggﬁtsigaLbﬂAs(ﬁ%gggT.Sl;:;gdéﬁ:rrn@ggaﬁg%g?]:glsig)xsa absorbance, is due to rapid substitutions of the two chloride ligands
23-29. ' for thiocyanate, substitution of the first chloride being rate-determin-
(19) Nichols, P. J.; Ducommun, Y.; Merbach, A. Borg. Chem.1983 ing.!4 This reaction was monitored as a function of pressure after

22, 3993-3995. mixing of equal volumes of two solutions witBs, = 4.03 x 10> M
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Figure 2. Second-order rate constants for reductiotransAu(CN).X,-,(SCN),” (n =0, 1, 2) by thiocyanate and the corresponding equilibrium
distribution, both as a function eflog Q: (a) Rate constants for X ClI, the solid line corresponding to the function defined by eq 5 Wiy
=0, kein = 7.0 x 104 andkg2 = 3.1 x 1? M~ st andKx » in agreement with (b); (b) equilibrium distribution calculated by us&eafi= 4
x 10 andKc2 = 3.8 x 10% (c) rate constants for X Br, the solid line corresponding to the function defined by eq 5 Withy = 0, kgrr1 = 3.0
x 10, andkg 2 = 3.1 x 10 M~! st andKx, in agreement with (d); (d) equilibrium distribution calculated by us&gfi = 1 x 10° andKg
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Figure 3. Pressure effect on the natural logarithm of the observed pseudo-first-order rate constants: (a) ReduatishofCN)(SCN)~ (Cau
=1.70x 10*M, Cscn= 1.02 x 102 M); (b) substitution of the first chloride ligand for thiocyanate toans-Au(NH3),Cl,™ (Cay = 4.03 x 10°°
M, Cscn = 8.17 x 1074 M); (c) reduction oftransAu(NHz)(SCN)* (Cay = 4.03 x 10°° M, Cscn = 8.17 x 1073 M).

andCscy = 8.17 x 104 M, respectively. Results are given in Figure Results and Discussion

3b. The subsequent, slower decrease of absorbance, due to the reduction . . Lo ) .

of trans-Au(NHs)2(SCN)* by thiocyanate, was followed under identical Reaction Mechanism. The stoichiometric mechanism for

experimental conditions. Results are shown in Figure 3c. the reduction ofrans-Au(CN)X2~ with SCN™ is outlined in
Calculations. All kinetic runs were evaluated by use of the OLIS ~Scheme 1. The substitution reactions, which are too fast to be

“Model 4000 Data System Stopped-Flow”, Version 9.04, softviare. monitored with the stopped-flow technique, allow formation of

Pseudo-first-order rate constants were calculated as an average of ai transient equilibrium between the complexeansAu-

least six independent kinetic runs. Second-order rate constants were{CN),X,_,(SCN),~ (n = 0, 1, 2) prior to the subsequent and
obtained by a fit of the pseudo-first-order rate constastthe con- slower redox process.

centration of free thiocyanate to a straight line by use of a least-squares Oxidation of SCN' in aqueous solution has previously been

routine. Enthalpies and entropies of activation for reductiotrafs . . L

Au(CN),(SCN),~ were derived from a fit to the Eyring equation of the Shoj"’” to resg'} I.n formation of (SCN)WhICh IS hydrOIyzed .tO
natural logarithm of the second-order rate constart/T. Volumes CN™ and SQ*" in a subsequent reactidh. This hydrolysis

of activation were obtained by a fit of the variable-pressure data to eq Was observed to interfere with the overall process when
1, wherek, denotes the rate constant at 0.1 MPa and 2.7 reduction oftrans-Au(NHz)2X>" was studied at low concentra-
tions of SCN.14 Since the dicyano complexes of gold(lll) react
at least 10 times faster than the diammine complexes, it is

Ink=1Ink, — AV* PIRT .
reasonble to expect that the redox process of the dicyano

@)

(20) The OLIS 4300S Spectroscopy User's Man@illS: Jefferson, GA. (21) Saerbak, E. Liebigs Ann. Cheml919 419 217-322.
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Scheme 1
NC X NC SCN NC SCN
A fast Aul! _ fast _ Al
X CN X CN NCS CN
kyq |+SCN®
Kx.qo\+ SCN” kxr /4 SCN

Au(CN); + (SCN),

slow ¢ +H,0

CN +S0,>

Elmroth and Elding

Table 2. Second-Order Rate Constants for Reduction of
transAu(CN)z(SCN)~ by Thiocyanate as a Function of
Temperature

10°Cau/M t°C kM-tst
2.00 2.0 40+ 2
1.973 13.0 109 11
1.973 25.0 3099
1.973 40.0 770 80

atransAu(CN),Br,~ used as substraté, = 285 nm, [H] = 2.5
mM.

gave the values for the second-order rate conskamsn Table
2,i.e. the rate constant for reduction wdnsAu(CN),(SCN)~
by SCN that follows after the rapid initial substitutions of the
two halide ligands by thiocyanate.

Activation Parameters. In Table 3, rate constants and

complexes studied here proceeds without disturbance by theactivation parameters for reductiontefins-Au(NHz)(SCNY ™

much slower hydrolysis of (SCH) The expression for the
disappearance of the transient Au(lll) complexes is given in eq
2. The concentration of each of the complexesnsAu-
—d[Au(lN] o /dt = [SCN ](ky ,co[transAu(CN),X, ] +
Ky (1[transAu(CN),X(SCN) ] +

ky ro[transAU(CN),(SCN), ]) (2)
(CN)2X2—n(SCN),~ can be related to the total concentration of
gold(lll) by use of overall equilibrium constantsy, and the
ratio Q = [X J/[SCN~] according to eq 3 and 4, whefig = 1
[transAu(CN),X,_(SCN), 1=

[Au(lll] 0, (N=0,1,2) (3)

_ BQ"
1+4,Q 1 +8,Q7°

(4)

&y

and a,, is the mole fraction of the particular complex. The
observed pseudo-first-order rate constant for excess {$GN
given by eq 5, which is obtained from eqgs 2 after replacement

kX,rO + k)(,rlKX,lQ_l + k)(,rZKX,lKX,ZQ_2
1+ Ky, Q7 4 Ky 1Ky ,Q 72

Kobsa= [SCN'] (5)

B1= Ky Br = Kyx1Kx2 (6)

of overall stability constants by stepwise constagtsaccording
to eq 6. The stepwise constamtg; and the rate constants for
the reductionkx m, were derived from a least-squares fit of the
second-order rate constankss;sd[SCN~], and the values of
to eq 5, with the separately determined rate constant for
reduction oftrans Au(CN),(SCN) ™, kx> =310 M 1s! as a
fixed constant. Rate constants for reduction tcdns-Au-
(CN)2X,~ were assumed to be negligibly small in analogy with
the corresponding ammine complexés.

Reactions at LowQ. ForQ < 13 for X =ClandQ < 1
for X = Br, addition of excess thiocyanatettans-Au(CN)X,~
gives rise to rapid formation of a species with an absorbance
maximum at 290 nmgf. Figure 1. The rate of disappearance
of this peak follows pseudo-first-order kinetics with a linear

dependence on the concentration of excess thiocyanate. Fur

thermore, the rate is independent on which of the metal
complexes (X= Cl or Br) that is used as starting materiet;
Table 1. Plots okopsgas a function ofCscy (data in Table 1)

andtransAu(CN)(SCN),~ are summarized. Although the rate
constantsky r» are similar (220 and 310 M s71, respectively),

the activation parameters differ. Thad* value for the cyanide
complex is significantly smaller, probably due to a decreasing
electron density at the gold(lll) center already in the ground
state! facilitating reductive elimination. Reduction tfans
AU(NH3)2(SCN)™ by SCN- takes place with charge neutraliza-
tion and is accompained by positive values\&" andAV*, 21

J K71 mol~! and 4.6 crd mol™%, respectively. In contrast,
reduction oftransAu(CN)x(SCN)~ by SCN- results in charge
formation during the activation process which gives rise to
negativeASf andAV*, —17.8 J K1 mol~* and—4.6 cn® mol2,
respectively. Apparently, the magnitudes of bat® andAV*

are dominated by contributions from solvation, and the switch
from positive to negative sign kS contributes to decrease
the difference in reactivity between these two metal complexes.
This observation fits well with an assumption of small contribu-
tions from changes in the inner coordination sphere during the
activation process for the redox reaction.

The small contribution from volume changes in the first
coordination sphere for reduction tfinsAu(NH3)(SCN)™
with SCN- is further indicated by a comparison with the
activation parameters for the substitution reaction at{the-
(NHs),} moiety, which are also given in Table 3. As expected
for an associative §) substitution process?? formation of the
pentacoordinated transition state with closely bound leaving and
entering ligands gives rise to a negative volumet6 cn?
mol~1) and entropy 48 J Kmol™) of activation. These
negative values are obtained in spite of the charge neutralization
in the activation process. This suggests a substantially more
negative value of the intrinsic volume of activation for the
substitution process than for the redox process, dominating over
the volume changes due to solvation/electrostrictfon.

Thus, the observed entropies and volumes of activation reflect
large differences in the transition states for the reductive
elimination and substitution processes. The former seem to be
more sensitive to solvational changes, possibly as a result of a
more loosely bound transition state, not involving any large
changes of the inner coordination sphere of the gold(lll) center.

Reactions at High Q and Effect of Added Halide. The
rate of the overall reduction of the gold(lll) complexes increases
with increasing halide concentration and increasing values of
Q, as shown in Figure 2 (data from Supporting Information
Tables S1 and S2). Addition of bromide gives rise to a shift of

(22) Cattalini, L.; Orio, A.; Tobe, M. LJ. Am. Chem. So&967, 89, 3130~
5

(23) van Iéldik, R.; Merbach, A. EEomments Inorg. Chert992 12, 341—
387.
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Table 3. Rate Constants and Activation Parameters at 26.@or Reactions of Gold(lll) Complexes with Thiocyanate

reacn process kkM—tst AH¥kJ mol? ASHJ K-'mol* AV¥cm? mol—t
Au(NHs),Clz* + SCN- substitutioft (3.3+£0.2)x 10°2 33+ 72 —48+ 212 —45+05
AU(NH3)2(SCNY"™ + SCN- reduction (2.2 0.4) x 10?2 66+ 42 21+ 122 4.6+0.9
Au(CN)(SCN)~ + SCN- reduction (3.1 0.1) x 1 5543 ~17.8+£0.8 —4.6+05

aReference 14° Refers to substitution of the first of the two chloride ligands for thiocyanate.

. . . H;N B H3;N SCN H;N SCN H;N SCN H;N Cl
the absorbance maximum for the transient gold(l1l) species to L - - -
shorter wavelengths, whereas addition of chloride has no such s ——~n, B ——NH, Nos——NH, © T NH, O NH,
influence; see Figure 1. These features make a direct outer-
sphere redox reaction similar to those observed for thiocyanate 10| m7s? 300 | M5 220 [MsT 2700 | Ms? not | obsd
reduction of complexes of Ni(lIFf and Ag(l11)2° unlikely. The
spectral and kinetics data observed when the concentration of products
bromide is increased can be assigned to a change of the
equilibrium distribution between the short-lived, intermediate NCEIB' j’CEISCN jCEISCN ‘NCDSCN ‘NCEICI
co_mplexestransAu(CN)ZBr(SCN)‘ andtransAu(CN)z(SCN)z‘ B o~ Br N NCS o~  «a o~  a N
prior to reduction. The observed pseudo-first-order overall rate
constant for the reduction is a linear function of the concentration ., [ observed 3100 | M1et 310 M1 69000 | M ot | obsd

of excess thiocyanate for constant distribution between the
complexedransAu(CN).X2-n(SCN),~, i.e. for a fixed value products
of Q (data in Table SZ). This fact indicates Fhat the reduction Figure 4. Second-order rate constants for reduction of gold(lll) ammine
takes place as an intermolecular process, involving attack atand cyano complexes by thiocyanate. Data for ammine complexes are
the complexes by outersphere thiocyanate. from ref 14. Products are gold(l) complexes, sulfate, and cyanide.
The variation of the overall second-order rate constants as a ) _
function of Q was used to calculate the second-order rate A summary of the derived second-order reduction rate
constant for reduction oftranssAu(CN)X(SCN)~ and to constants is given in Figure 4 together with a comparison with
estimate values for the relative stability constatis by use  the values for the corresponding ammine complexes. The
of eqgs 5 and 6. Systematic deviations between experimentalrelative increase of the rate observed for the complexes with
and fitted data were observed f&g, 1/Kg;» = 100, and this an asymmetridrans axis X—Au—SCN is at least 1 order of

ratio was used to estimate an upper limitkaf; 1 (Figure S1). magnitude larger for the cyano than for the ammine compl&xes.
A least-squares fit of the experimental data to eqs 5 and 6 The effect is most pronounced for complexes containing ligands
combined with a variation of the ratig; 1 Kg; » in the interval with a large difference in their ground-statansinfluence,viz.
4—100 gavekg;1 = (3.1+ 0.7) x 168 M1 st andKg» = Cl~ and SCN. The more rapid rate of reduction observed for

(1.1 £ 0.4) x 10? (Table S7). Kg,1 was estimated to 50& the chloride complexes (in spite of bromide being a better
Ker1 < 10 000, with the lower limit determined by the ratio  bridging ligand for electron transfer than chloride) is thus a
obtained for exhange of Brfor SCN~ on diamminegold(lll) strong indication that reductive elimination takes place through
complexes?4 A similar treatment of the data for the reaction a transition state of the type shown involving development of
of trans-Au(CN),Cl,~ with SCN~ was also performed (Table an S-S interaction, possibly also comprising the metal center:
S7). The absence of a maximum for the reduction rate in this

case makes an estimation of the upper limiKef; impossible. =
A variation of the ratidK¢; 1/K¢ 2 in the interval 4-10 000 gave ’\'Qg CN

ke = (6.94 1.1) x 10* ML s L andKg» = (3.8 + 0.8) x e A e

104, indicating that displacement of the equilibrium between b NC/

transAu(CN),CI(SCN)~ andtransAu(CN),(SCN)~ alone ac-
counts for the observed variations in rate.

Plots of second-order rate constamktsedCscn, are givenas  Halide-bridged electron transfer can be of only minor importance

a function of—log QIin Figure 2a,c. The solid lines correspond  for complexes containing coordinated thiocyanate. Thus, the
to a fit of the experimental data to eq 5. Figure 2b,d shows the experimental observations based on the present systems give

distribution between the complexgans-Au(CN)X2-n(SCNL~ further support to the tentative mechanism suggested e#tlier.
as a function of-log Q. Common features for the reactivity Stability vs Rate Constants. The kinetic method used allows

of the two metal substrates include (i) a similar second-order an estimation of the stability constants for the short-lived gold-
rate constant for reduction at sm@llvalues keeq ca. 300 M (1) complexes present as transient intermediates for a few
s, corresponding to reduction 6fans-Au(CN)(SCN)", and tenths of a second during the initial stages of the overall process.

(i) a sharp increase of the rate of reduction after addition of A summary of the stability constants used in the fitting
halide. A steadily increasing rate constant is observed after procedures is given in Table 4. As expected, the change from
addition of chloride (Figure 2a), which is in contrast to the ammine to cyano ligands increases the softness/disciminating
indication of a maximum okeeq ~ 2000 Mt s7* for Q = 150 power of the metal center. Thus; for exchange of chloride

in the case of bromide (Figure 2c). The highest rate constantfor bromide is 4 times larger for thAu(CN),} moiety than
observed after addition of chloride exceeds the maximum value for the{ Au(NHs),} moiety2626¢ca. 10 times larger for exchange
for the bromide complexes by almost 2 orders of magnitude in of bromide for thiocyanate, and almost 2 orders of magnitude
spite of the much smaller percentage of the mixed complex larger for exchange of chloride for thiocyanate. The derived
transAu(CN),CI(SCN)" present in solution. redox rate constants summarized in Figure 4 decrease in the
ordertransAu(CN),CI(SCN)~ > transAu(CN),Br(SCN)~ >

(24) Hung, M.-L.; Stanbury, D. Minorg. Chem.1994 33, 4062-4069.
(25) Kirschenbaum, L. J.; Sun, Ynorg. Chem.1991, 30, 2360-2365. (26) Kaas, K.; Skibsted, L. HActa Chem. Scand.985 A39, 1-14.
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Table 4. Relative Stepwise and Overall Stability Constants for Formation of Gold(lll) Complexes with Thiocyanaté@t 25

reacn Ky 1 Kx2 P2 Kx 1/Kx 2 ref
transAu(NH3);Cl/Br,* 1224 22 29.9+ 0.5 (3.65+ 0.12) x 10° 4 25
trans-Au(NH3),Cl/(SCN)* (1.5+ 0.5) x 10*b (4.6+0.5)x 1P 6.9+ 3) x 108 33 14
transAu(NH3)2Bro/(SCN)*+ 67+ 12 12+ 3 (8.0+ 4) x 10 6 14
transAu(CN),Cl/Bra~ 1.1x 1C¢ 1.2x 10P¢ 1.3x 10¢° 9 16
trans-Au(CN),Clo/(SCN),~ (3.84£0.8) x 10*¢ this work
trans-Au(CN)Bro/(SCN)~ (1.1+£0.4) x 1?4 this work

aK, = ky/k_n. ? Calculated from thermodynamic dafeEquilibrium measurementg Calculated from redox data, eq 5.

trans-Au(CN)(SCN)~, which is similar to the trend obtained neutralization or formation. Still, they seem to reflect the

for the{ Au(NHs)2} moiety. This is in agreement with an earlier mechanistic differences between the substitution and reductive

assumption that a decreasing ground-state stability of the gold-elimination reactions in these systems quite well.

(1) complexes increases the rate of the redox reactfoit.is

obvious from a comparison between the redox rate constants Acknowledgment. Experimental assistance by Bodil Elias-

for complexes with an identical labiteans-axis that the ground-  son, gold compounds recieved from Dr. Leif H. Skibsted,

state stability of the complex is not the only factor influencing financial support from the Swedish Natural Science Research

the observed reactivity, however. For example, the similar Council and the Royal Physiographic Society of Lund, and a

reactivity of transAu(CN)(SCNE~ and transAu(NHs)- grant from K. and A. Wallenberg Foundation for the high-

(SCN)* is due to solvational effects, as discussed above. pressure equipment are gratefully acknowledged.

Further, the much higher reactivity of thteansAu(CN),X-

(SCN)” complexes compared to the corresponding less stable  supporting Information Available: Observed first-order rate

complexedrans-Au(NH3)-X(SCN)* suggests that redox reac-  constants for reduction dfans-Au(CN),X>-(SCN);~ (X = Cl, Br)

tivity is not only a ground-state effect but is also strongly as afunction of (Tables S1 and S2), observed first-order rate constants

influenced by the energy required for orbital rearrangement for reduction oftransAu(CN)(SCN)~ as a function of pressure (Table

during the activation process. S3), observed first-order rate constants for reactidmanfs-Au(NHz).-
Conclusion. Introduction of cyano ligands instead of am- Clx* with SCN™ as a function of pressure (Table S4), observed first-

mines increases the soft and discriminating character of the gold-order rate constants for reductiontans-Au(NHz)2(SCN)* with SCN-

(1) center. Substitution as well as redox processes with asa function of pressure (Table S5), a summary of second-order rate

S-donor nucleophiles like thiocyanate are faster compared to constants given in Eigure 4 (Table S6), examples of stability and redox

complexes containing-donor ammine ligands. The overall rgte constar_lts obtained from reqlox dat_a (Table S7), and ex_an_1p|es of

reaction mechanism, substitution followed by reduction, remains 1S of experimental data to eq 5 illustrating the effect of a variation of

unchanged, however. The observed entropies and volumes of® ai0Kx1/Kx (Figure S1) (6 pages). Ordering information is given
S Lo . on any current masthead page.

activation depend on large contributions from solvational

changes when formation of the transition state involves charge 1C951126D



