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crease in the AuCl stretching force constant on the
frequency.

With the dimeric halides, a broad band was observed
at ca. 150 em~!, By analogy with Au,Cls, it might
be expected that out-of-plane bending vibrations would
occur in this region. Because of the uncertainty of
the assignment of the low-frequency modes and com-
plications arising out of the redundancies in the angles
about gold and in the bridge, no further analysis of
the low-frequency data was attempted.

In contrast to the isoelectronic dimethylplatinum(II)
moiety the dimethylgold(III) group can be stabilized
with a very wide range of ligands. In general the
trends in the metal-carbon and metal-X bond strengths
are the same as observed for methylmercury(II) com-
pounds.?

The thiocyanate [(CHjs)Au(NCS)], is particularly
unreactive, and this must be associated with the di-u-
thiocyanato-V,S bridge. Foss and Gibson® found
that these diorganogold(III) thiocyanates were mnot
attacked by nitrogen bases, ¢.g., ethylenediamine, which
cleaves the chloride, bromide, and iodide.®* Sulfur-
containing ligands, here thiourea by reaction 2, will
break the thiocyanate bridges and give complexes where

[(CHs)zAu(SCN)]Z(hexane) + 2SC(NH2)2(EQ) —_—>
2(CHi):Au(SCN)(SC(NH, ). )(s) (2)

both ligands are bound by sulfur. The product of
reaction 2 is insoluble in water and most organic sol-
vents, but the low melting point, 83°, is in accord

with a molecular compound.

(34) P. L. Goggin and L. A. Woodward, Trans. Faraday Soc., 82, 1423
(1966).
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(36) Recently we have found that pyridine will cleave this bridge: G, C.
Stoceo and R. S. Tobias, unpublished research.
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The di-u-thiocyanato-N,S structure would be ex-
pected to be quite stable with the heavy d® transition
metals, A bridge with 90° angles at the metal, 180°
for M-N-C, and 90° for C—S-M should be unstrained.
In addition to the gold(III) and platinum(II) com-
plexes discussed here, it is very likely that the binuclear
rthodium(I) complex [Rh{(p-CoHiCH;0)sP}2(SCN)
has a similar bridge. This compound was first re-
ported by Vallarino,® who suggested bridging by the
sulfur atoms alone. The reported infrared spectrum
has a band at 2150 cm~! consistent with the Au(III)
and Pt(II) compounds.

Although the chemistries of (CHj)pAu'! and (CHj;),-
Galll are similar in a number of ways,?® Dehnicke has
found that dimethylgallium thiocyanate is a trimer
and has assigned a structure with only sulfur bridging
on the basis of the infrared spectrum.?® This structure
is not surprising, since bridging via both the nitrogen
and sulfur ends of the thiocyanates would produce
considerable strain with a tetrahedrally coordinated
representative element.

The very low intensity of the Au—C stretching and
C-Au-C bending vibrations in the infrared spectra
of all of these compounds suggests that the Au-C
bond moments are very small. This is consistent with
the inertness of these bonds to attack by both elec-
trophiles and nucleophiles.
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The replacement of the two bromide ligands in #aens-Au(CN),Br,~ by chloride has been characterized as a stepwise process

involving the intermediate frans-Au(CN),CIBr— complex,

The kinetics of the first and second bromide replacements were

studied by stopped-flow spectrophotometry, and both are found to obey two-term rate laws containing first- and second-order

terms.

those for the second are by = 2.3 sec™!and k2 = 143 M ~1sec™L

of trans-Au(CN ).CIBr ~ is described.

Introduction
Ligand replacement reactions of square-planar gold-
(ITI) complexes are generally rapid in aqueous solu-
tion-—considerably more so than those of isostructural

(1) Presented at the Fourth Great Lakes Regional Meeting of the Ameri-
can Chemical Society, Fargo, N. D., 1970.

Rate constants at 26° and u = 0.51 M for the first replacement are b; = 2.1 sec™1and k; = 1670 M ! sec™!, while

Equilibrium measurements are reported and the synthesis

and isoelectronic platinum(II) complexes.? This fea-
ture has been one of the chief deterrents to their sys-
tematic investigation. Even though a number of re-
placement reactions of gold(III) have been studied in

(2) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions,”
2nd ed, Wiley, New York, N. Y., 1967, pp 410-414,
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nonaqueous solvents where rates are slow enough to be
measured by conventional techniques,? very few data
are available from aqueous solution.*—® The bulk of
kinetic data for platinum(II) reactions, however, is
from aqueous studies, and direct comparisons with the
features of gold(III) are limited. The mechanistic
behavior of gold(III) compared to platinum(II) is of
interest because the higher charge on the metal is ex-
pected to favor a bond-making mode of activation to a
greater extent. Data on a variety of gold(III) systems
thus would be useful in exploring some of the details of
the square-planar substitution process.

In an effort to provide kinetic data for several rapid
replacement reactions of gold (III) complexes in aqueous
solutions, stopped-flow spectrophotometric measure-
ments have been employed, since many gold(IIT) com-
plexes have characteristic ultraviolet and visible spec-
tra. The present paper describes the kinetics of the
first and second bromide replacements in frans-Au-
(CN),Br.~ by chloride, the forward reactions of eq 1
and 2. Equilibrium measurements were also made for
these reactions, and the synthesis of the intermediate

trans-Au(CN),Br;~ + Cl- —=
trans-Au(CN),CIBr— + Br~ (1)
trans-Au(CN)CIBr— + Cl—- —>
irans-Au(CN):Cly~ + Br— (2)

trans-Au(CN),CIBr— complex is described in the Ex-
perimental Section.

Experimental Section

Preparation of Compounds.—The starting material for the
preparation of the gold complexes was potassium dicyanoaurate-
(1), K[Au(CN).], which was prepared by the literature method.”
All other chemicals were reagent grade. Elemental analyses
were performed by Galbraith Laboratories, Inc., Knoxville,
Tenn.

Tetramethylammonium #rans-Dibromodicyanoaurate(11I),
[(CH;3)N] [Au(CN),Br;] .2—Solid K [Au(CN);] was dissolved in a
minimum amount of water and treated with a large excess of
bromine. Nitrogen was then bubbled through the solution to
expel the unreacted bromine. A concentrated aqueous solution
of (CH;NBr was then added at ice-bath temperature, whereupon
the golden yellow product precipitated immediately. The
product was collected by filtration, washed with a small amount of
ice water and ether, and finally dried under reduced pressure at
room temperature. Yields were typically 90-92%. Anal.
Caled for [(CH;)N][Au(CN):Brq]: Au, 40.78; C, 14.92; H,
2.50; N, 8.70; Br, 33.09. Found: Au, 40.80, 40.60; C,
14.99; H, 2.45; N, 8.85; Br, 32.89.

Tetramethylammonium #rans-Dichlorodicyanoaurate(III),
[(CH;){N][Au(CN),Cl;] #—This complex was prepared in a
similar manner except that chlorine was bubbled through the
K[Au(CN),] solution for 2-3 min. A small amount of yellowish
insoluble material was formed initially, and this was removed
before a concentrated aqueous solution of (CHj3){NCl was added

(8) L. Cattalini and M. L. Tobe, Inorg. Chem., B, 1145 (1968); L. Cat-
talini, M. Nicolini, and A. Orio, #bid., §, 1674 (1966); L. Cattalini, A. Orio,
and M. L. Tobe, ¢bid., 8, 75 (1987); L. Cattalini, A, Orioc, and M. L. Tobe,
J.Amer. Chem. Soc., 89, 3130 (1967).

(4) R.L.Richand H. Taube, J. Phys. Chem., 88, 1, 8 (1954),

(6) W. H. Baddley and F. Basolo, Inorg. Chem., 8, 1087 (1964),

(6) F. H. Fry, G. A. Hamilton, and J. Turkevich, {bid., B, 1943 (1968).

(7) O. Glemser and H. Sauer, ‘“Handbook of Preparative Inorganic
Chemistry,” Vol. II, G. Brauer, Ed, 2nd ed, Academic Press, New York,
N. Y., 1965, p 1065.

(8) “Gmelins Handbuch der Anorganishen Chemie,”” Vol. 82, 8th ed,
Verlag Chemie, Weinheim/Bergstrasse, Germany, 1954, p 745.
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at ice-bath temperature. The colorless product was washed with
ice water and ether and dried under reduced pressure. Anal.
Caled for [(CH;3)N][Au(CN).ClL]: Au, 49.98; C, 19.20; H,
3.07; N, 10.66; Cl, 17.99. Found: Au, 49.70; C, 19.31; H,
3.19; N, 10.72; Cl, 18.18.

Tetramethylammonium trans-Chlorobromodicyanoaurate(III),
[(CH;)N] [Au(CN),CiBr] .—Equimolar amounts of [(CH;):N]-
[Au(CN)eBry) and [(CH;)N][Au(CN)Cl] were dissolved to-
gether in a minimum of water at 80-90°. When all the solids
were dissolved, the solution was cooled to ice-bath temperature
whereupon a lemon yellow product crystallized. The product
was collected, washed, and dried as before. The yield was 859,
of theory. Amnal. Caled for [(CH3)N][Au(CN).CIBr]: Au,
44.92; C, 16.43; H, 2.76; N, 9.58; Cl, 8.08; Br, 18.22. Found:
Au, 44.72; C, 16.41; H, 2.65; N, 9.49; Cl, 8.23; Br, 18.03.

Spectral Measurements.—Before rate or equilibrium measure-
ments were made, the visible and ultraviolet spectra of the gold
complexes were measured using a Cary Model 1501 spectro-
photometer. Solutions were prepared with dilute (0.01 M)
HCIlOs. No substantial changes in the spectra were noted as a
function of time for periods up to about 1 hr. Isosbestic points
for trans-Au(CN):Bry~ and #ans-Au(CN )}CIBr— and for frans-
Au(CN)Cl;~ and ftrans-Au(CN)CIBr~ were noted at 42,800
cm™! (234 nm) and 45,200 cm~? (221 nm), respectively. The
products of reactions 1 and 2 were identified by recording the
spectra of reaction mixtures and comparing with spectra of the
pure complex.

Kinetic Measurements.—The kinetics of the bromide replace-
ment reactions were studied spectrophotometrically using a
Durrum-Gibson stopped-flow spectrophotometer equipped with
thermostated drive syringes and mixing chamber. The tem-
perature was controlled to within =£0.1°. Transmittance
changes at a selected wavelength during the course of the reac-
tion were displayed on a storage oscilloscope, and traces were
photographed with a Polaroid camera. Duplicate experiments
gave oscilloscope traces that were virtually indistinguishable.
The ionic strength of the reaction mixtures was controlled at
0.51 M with NaClOy, and all experiments were run under condi-
tions of large excess of NaCl. Under these circumstances the
kinetics are pseudo first order in gold complex, and the reactions
go substantially to completion. The first bromide replace-
ment was followed at 221 nm which corresponds to the isosbestic
point for trans-Au(CN)CIBr- and #rans-Au(CN):ClL~. At
this wavelength the changes in transmittance are due entirely
to the first bromide replacement since the product of the first
replacement has the same absorptivity as the product of the
second. Similarly, the second replacement was followed at 234
nm which is the isosbestic point for trans-Au(CN):Br,™ and frans-
Au(CN).CIBr~—. Here only the formation of frans-Au(CN)Cly~
gives rise to a change in absorptivity.

Rate data were evaluated by means of a Gauss~Newton fit to
the equation 4 = A, + (4o — 4o) exp(—kopsat).? Twenty data’
points spaced over 2-5 half-lives were used for each kinetic run.
The standard deviations in computed values of kona were 0.5-
1.5% in almost all cases. Separate kinetic experiments gener-
ally could be reproduced to within 5%, and rate constants
reported here in many cases represent averages of several separate
experiments. Rate constants for reactions 1 and 2 were evalu-
ated by constructing least-squares plots of kopsq #5. [C17]. These
plots were linear, and the slope corresponds to the second-order
constant k;, while the intercept corresponds to the first-order
constant k1. Values of &, were generally self-consistent to =10%;
the values of k; were less precise.

Equilibrium Measurements.-—Equilibrium measurements for
reactions 1 and 2 were made spectrophotometrically at 241 and
235 nm, respectively. Reaction mixtures containing frans-
Au(CN)Br;~ or trans-Au(CN)Cl;~ and Br~ and Cl~ were ther-
mostated at 25.0°, and the absorbance was determined »s. a
blank containing only Br— and Cl—. The equilibrium constant

(9) The author is indebted to Dr. Ronald C. Johnson for the computer
program used in calculating the rate constants.



2690 Imorgamic Chemistry, Vol. 9, No. 12, 1970

for reaction 1 was evaluated from eq 3, where [Au(III)] is the
Ky = {[Au(IIT)]epr, — 4} [Br~]/{4 — [Au(IIT)])ecine} [C17]  (83)

total gold(III) concentration, ep, is the molar absorptivity of
trans-Au(CN),Br;~ at 241 nm (=34,000 M~! ecm™), A is the
measured absorbance at 241 nm, ecip: is the molar absorptivity
of trans-Au(CN),CIBr— at 241 nm (=17,700 M1 cm™1), and
[C17] and [Br~] are the uncomplexed halide concentrations.
Equation 3 is valid only for 1.00-cm cells. The equilibrium
constant for reaction 2 was evaluated from eq 4. In this equa-
tion A is the measured absorbance at 235 nm, [Br—], is the

fA —[Au(IID)]ecin:} { [Br=]oD + [Au(III)]eci; — 4} (4)
D{[Au(III)}ect, — 4}[Cl7]

K2=

concentration of added NaBr, ecip: is the molar absorptivity of
trans-Au(CN)CIBr— at 235 nm (=20,300 M~! em™), e, is
the molar absorptivity of #rans-Au(CN)Cl™ at 235 nm (=4900
M-tcem™), and D = ecinr — ec, = 15,400 M1 ecm™. The
other symbols have the same meaning as in eq 3. Equation 4
is also valid only for 1.00-cm cells, The derivation of both eq 3
and 4 is tedious but straightforward. In both cases only a
single reactant and product complex is assumed to be present at
equilibrium. This assumption is supported by measurements
of the spectra of several reaction mixtures for each reaction.
Isosbestic points were observed at 222 and 234 nm, respectively,
for reactions 1 and 2. The molar absorptivities in eq 3 and 4
were taken from experimental spectra. The values of X; were
self-consistent to =129, while those for K were self-consistent
to +3%.

Results

The electronic spectra of trans-Au(CN).Bty~, trans-
Au(CN).CIBr~, and frans-Au(CN),Cl,~ are presented
in Figure 1. The small circles denote the isosbestic
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Figure 1.—Electronic spectra of the gold(III) complexes in
0.010 M HCIO4: ,  [(CHs)}N][Au(CN)%Br]; -~ \
[(CH3)JiN][Au(CN)CIBr]; — — — —, [(CH3)N][Au(CN):Cl).

points used in gathering the rate data. The points
were also within experimental error of isosbestics ob-
served in the equilibrium measurements.

Rate constants for the forward reactions 1 and 2 are
given in Table I. The data for both reactions are con-
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TaBLE I
RATE DATA
trans-Au(CN)2Br:~ 4+ Cl= — trans-Au(CN);C1Br—~ + Br-

[NaCl], 10 "1kopad, 10 ~3ks, [NaCl], 10 "1kobed, 10 =3ks,

M sec ™} M ! sec! M sec! M~1 gect
25.0°ab. 30.0°a.2

0.125 21.2 1.68 0.040 9.45 2.22

0.050 8.23 1.61 0.020 4.71 2.08

0.020 3.57 1.68 0.010 2.92 2.37

0.010 2.06 1.85

0.125 19,7¢ 1.56 —— —=35, 0% e

0.010 1.81¢ 1.61 0.040 12.0 2.87

0.020 3.47° 1.63 0.020 6.17 2.80

0.020 3.72f 1.76 0.010 3.51 2.93

irans=-Au(CN);CIBr~ + Cl= —> trans-Au(CN),Cl,~ 4 Br~

[NaCl], 1071kobsd, 10 2k, [NaCl], 10 "1kgysd, 10 22,

M sec™? Mt sec™? M sec”1 M-t see™1
25.0°%e7 30.0°%

0.500 7.41 1.44 0.250 5.39 2.05

0.250 3.83 1,44 0.125 2.59 1.85

0.125 1.93 1.36 0.050 1.41 2.27

0.050 1.02 1.58

0.125 1,917 1.34 35.0°%a:

0.250 3.89¢ 1.46 0.250 7.17 2.70

0.125 1.97¢ 1.39 0.125 3.63 2.57

0.125 2,204 1.57 0.050 1.84 2.85

0.125 1.99¢ 1.41

0.125 2.037 1.43

0.125 2.,36™ 1.70

o [Au(CN)gBrz-] = 2.4 X 10-5 M, [HCIO] = 0.0100 I, u =
bk = 2.07sec™’ ¢ [Au(CN),Br,"] = 1.2 X 107 M1,

= 020 M. ¢[HCIO4 = 0.030 M. ’ [Au(CN)~] = 1.06 X
104+ M. ¢k = 55sec™l. hk = 57sec™t. ¢k = 23sec”L
= 0,135 M. * [Au(CN)Br;,~] = 35 X 1078 M. ![Au-
I)] = [AwW(CN):CIBr-] =24 X 1078 M. = [Fe?*] = 1.04 X
105 M., 7k = 27Tsec™l. ¢k = 4.2 sec™?.

sistent with a two-term rate law, eq 5, typical of square-
d[Au(IIN)}/d = (k1 + ke|C17]} [Au(III)] (5)

planar substitution. The value of k; was found to be
2.1 and 2.3 sec™! for reactions 1 and 2, respectively, at
25° and ¢ = 0.51 M. Under the reaction conditions
used in this study, the first-order path never contributed
mote than 209,—and usually 109, or less—to the over-
all rate. The rates of both reactions were essentially
independent of [H+] and ionic strength over the limited
range studied. The rates were also essentially inde-
pendent of the presence of Au(CN),~ and Fe?* suggest-
ing that catalytic reaction paths are not important for
these reactions.

The temperature dependence of the rates permits
calculation of activation parameters for the &; reaction
path for both bromide replacements. Values of AH*
and AS* along with rate constants at 25°, are sum-
marized in Table II. The values of % were not suffi-

TaBLE II

RATE CONSTANTS AT 25° AND u = 0.51 M
AND ACTIVATION PARAMETERS
Rate constant AH*, kcal mol 1 AS*, cal deg ™! mol~

trans-Au(CN)Br,~ + Cl= —> trans-Au(CN).CIBr~ + Br~
ky = 1670 M ~'sec! 9.2+£0.1 —-13=+1
ki = 2.1sec™! 17e —2e
trans-Au(CN)CIBr~ + Cl= —> trans-Au(CN)Cl,~ + Br~
by = 143 M1 sec™! 10.8+0.8 —-12=£3
k= 2.3sec™! 10 —22°
¢ Estimated—values not precise.
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ciently precise to obtain reliable values of AH* and
AS* but estimates are also included in Table II.

Equilibrium constants for reactions 1 and 2 at 25°
and u = 0.51 M are given in Table III.

TasLE III
EQUuILIBRIUM CONSTANTS AT 25°
[trans-Au(CN);C1Br—][Br~]

Ks = rans-Au(CN):Br,] [C1]
[NaCl], 102{NaBr],
M M A(241 nm) 103K,%

0.50 2.00 0.891 7.9

0.50 1.50 0.865 8.3

0.50 1.00 0.825 8.7

0.25 1.00 0.897 7.0

0.25 0.50 0.826 8.6

K, = [trans-Au(CN),Cl;~]1{Br~]
* 7 Ttrans-Au(CN),CIBr-][Cl-]
[NaCi], 104(NaBr]o,
M M A(235 nm) 10¢Kqb

0.50 1.25 0.335 9.3

0.50 2.50 0.422 9.4

0.25 2.50 0.530 9.1

0.25 1.25 0.416 9.3

e [Au(III)] = 2.84 X 1078 M, [HCIO4 = 0.0100 M, p = 0.51
M. b [Au(III)] = 4.20 X 10~% M, [HCIO,] = 0.0100 M, p =
0.51 M.
Discussion
The trans structure of the Au(CN).;Br,~ and Au-

(CN):Cl,~ complexes has been inferred from infrared
studies.’® The structure of the Au(CN),CIBr— com-

plex prepared in this study is presumed trans since its
electronic spectrum is quite similar to the spectra of the
Au(CN),;Br;~ and Au(CN),Cl,~ complexes:

The spectrophotometric changes observed both in
the equilibrium measurements and in the kinetic mea-
surements and the existence of isosbestic points in these
measurements which agree favorably with those deter-
mined from experimental spectra are consistent with
the stepwise replacement of Br— in frans-Au(CN),Br,~
by Cl-.
replacements is described by a rate law that is common
for many square-planar substitutions. Thus an associa-
tive type of mechanism may be presumed with the &,
path involving the entering chloride and &, path involv-
ing solvent participation. The rate of the first replace-
ment is faster than the second. This may be ascribed
to the differences in “‘trans effect’” of a Br— ws. a Cl~
ligand, since the entering, leaving, and cis ligands are
the same for the forward reactions 1 and 2. The rela-
tive rates at 25° and p = 0.51, corrected for the statis-
tical advantage of the two replaceable bromides in re-

(10) L. H. Jones, Inorg. Chem., 8, 1581 (1964).

The kinetic behavior exhibited by the two-
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action 1 compared to the single one in reaction 2, are
Br > Cl: 5.8:1. The same order has been ohserved!!
for chloride replacement by pyridine in cis-Pt(NHy)-
XCly~ (X = Br, Cl) where relative rates were 3: 1.
Previous studies of replacement reactions of anionic
gold(I1II) complexes in aqueous media have been limited
as has been noted. However, the present results may
be compared in a qualitative way with data reported
for the radiochloride exchange of AuCl;~, eq 6. Rate

AuCl- + *Cl- —> Au*Cl- + Cl- - ®)

constants (AH*, AS*) for this reaction at 20° have been
reported¢®as k; = 6 X 10~% sec™? (15 kcal mol—!, —16
cal deg™ mol~?) and %k, = 1.47 M~ sec™! (16.5 kcal
mol~!, —2 cal deg=! mol~1). It is apparent that the
bromide replacements of eq 1 and 2 are faster than the
exchange of eq 6 by both the %, and the k; paths. A
comparison of reactions 2 and 6 for the k, path (en-
tering ligands and trans ligands are Cl1~ for both reac-
tions) reveals that the difference in rates is due pri-
marily to the lower activation enthalpy for the bromide
replacement; the activation entropy is actually more
unfavorable. Differences in the reactivity of a chloride
compared to a bromide leaving ligand are known to be
small for platinum(II) complexes.!? Thus it is plausi-
ble to ascribe a large part of the reactivity difference
between reactions 2 and 6 to the presence of the cis
cyano ligands in reaction 2. Both chloride and cyano
ligands are good ¢ donors, but the w-acceptor ability of
CN -~ permits delocalization of electfonic charge away
from the metal. Consequently it is likely that the
gold has a higher positive charge in the cyano complexes
than in AuCl~, and the reactivity differences can be
rationalized in terms of greater bond making (charge
neutralization) in the cyano complexes, resulting in a
more stable activated complex. Consistent with this
point of view is the less positive activation enthalpy and
more negative activation entropy for reaction 2 than
for reaction 6, although differences in solvation could be
partly responsible for such changes.

The equilibrium data (Table III) indicate a strong
preference of Au(I1I) for bromide compared to chloride.
This is consistent with the ‘“‘soft’’ character of Au(III).
It is interesting that the ratio K;/K, = 9:1 is some-
what greater than the statistical ratio of 4: 1.
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