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An electrochemical and spectroelectrochemical investigation of Au[ P(R),]Cl, where R = C2H5, C6H5, OC2H5, and OC6H5, and 
Au[ P(R),],CI, where R = C6H5 and OC2H5, in acetonitrile (CH3CN), tetrahydrofuran (THF), or dichloromethane (CH2C12) 
with tetrabutylammonium perchlorate (TBAP) as supporting electrolyte is presented. The experiments were performed in the 
absence of both water and oxygen, and under these conditions, the gold([) complexes are oxidized by a ECE(C) process to generate 
[AuXJ, X = CI-and CIO,. Reduction of [AuX,]- in the presence of P(R), results in regeneration of Au[P(R),]CI. The potential 
for the oxidation of Au[P(R),]CI and Au[P(R),],+ is dependent upon the nature of the ligands and the solvent conditions. 
Electrochemical data for K[AuCI4] are also presented and are consistent with an electron-transfer mechanism previously proposed 
for the reduction of H [AuCI,]. By the use of electrochemical, spectroelectrochemical, and conductivity data, an electron-transfer 
mechanism for the gold species is presented. 

(Triethylphosphine)gold( I) chloride, Au [ P( C2HS),] C1, is one 
of several gold( I )  complexes that exhibit activity against rheu- 
matoid a r thr i t i~ . l -~  Attempts to understand the function of this 
complex have led to numerous investigations of the chemical and 
biochemical properties of the compounds Au[P(R),]CI and Au- 
[P(R),]2C1.4-'o Upon introduction into models of biological 
systems, these complexes undergo ligand exchange. Chemical 
redox reactions are also observed and are proposed to occur 
following loss of P(R), from Au[P(R),]CI or A u [ P ( R ) ~ ] ~ C I . ~ ~ ~ "  

While the ligand-exchange reactions of Au[P(R),]CI and 
Au[P(R),]~CI have been in~es t iga ted$*~~- '~  their electron-transfer 
properties are not known. This includes oxidation potentials, how 
ligand substitution changes these values, and what intermediates 
and final products are formed upon electron transfer. The effects 
of different solvent conditions on the electron-transfer mechanism 
are also unknown. 

In this paper, we will present an electrochemical and spec- 
troelectrochemical investigation on Au[P(R),]CI, where R = 
C2HS, C6H5, OC2HS, and OC6HS and Au[P(R),I2C1, where R 
= C6HS and OC2HS. Data for K[AuCI4] will also be presented. 
The experiments were performed under an inert atmosphere, and 
the solvent system was either acetonitrile (CH,CN), tetra- 
hydrofuran (THF),  or dichloromethane (CH2CI2) with tetra- 
butylammonium perchlorate (TBAP) as supporting electrolyte. 

Under these conditions, the gold( I )  complexes are oxidized by 
a ECE(C) electron-transfer process to generate a gold(II1) species, 
formulated as [AuX,]-, X = CI- and C104-, on the basis of 
electrochemical and spectroscopic data. Au[P(R),]CI is formed 
upon rereduction of the electrogenerated [AuX,]-. The potential 
for the oxidation of Au[P(R),]CI and Au[P(R),12+ is dependent 
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upon the nature of the ligands and the solvent conditions. 
The electrochemical data for K[AuCI,] are consistent with the 

electron-transfer mechanism previously proposed for the reduction 
of H[AUCI, ] .~~  The addition of P(R), to solutions of K[AuC14] 
to generate either Au[P(R),]CI or Au[P(R),12C1 was monitored 
electrochemically, and in some cases the reaction was electro- 
chemically driven. From the electrochemical, spectroelectro- 
chemical, and conductivity data, a self-consistent electron-transfer 
mechanism for these gold species will be presented. 

In general, there are very little electrochemical data on gold 
complexes that have biological significance.16 The standard 
potentials for the metallic g ~ l d / A u ( L ) ~ ,  L = thiosulfate, cysteine, 
thiocyanate, and bromide, couples have been 
Aqueous potentiometric titration data with a mercury electrode 
for some of the gold(1) drugs have been previously reported.22 Our 
data are not directly comparable to the previous studies due to 
different solvent systems and measurement of different elec- 
tron-transfer reactions. However, the data in this paper and that 
previously reported suggest electrochemistry may provide insight 
into the function of gold(1) drugs.22 

Experimental Section 
Materials. All reagents for synthesis were purchased at the highest 

level of purity available and were used without further purification. For 
electroanalysis, spectroscopic grade acetonitrile, tetrahydrofuran, and 
dichloromethane were purchased (Aldrich), purified by standard tech- 
n i q u e ~ , ~ ~ , ~ ~  stored over calcium hydride (CH,CN), phosphorus pentoxide 
(CH2C12), or sodium/benzophenone (THF) under an inert atmosphere, 
and distilled just prior to use. Tetrabutylammonium perchlorate (TBAP) 
was purchased from Fluka, twice recrystallized from ethanol, and dried 
in a vacuum oven at 50 "C. 

Gold Complexes. K[AuCI4] was purchased from AESAR, Au[P- 
(C2H5),]CI was purchased from Aldrich, and both were used without 
further purification. AU[P(C&),]CI was synthesized by published 
m e t h o d ~ ~ * ~ ~ , * ~  and characterized by comparison with published spectra. 
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Table 1. Electrochemical Data for the Studied Complexes (Scan Rate = 100 mV/s) 
concn, mMo E,, V vs SCE 

complex solvent Au W ) ,  1 2 3 4 5 Fcb 
K[AuCI,] CHJCN 4.3 0.07 -0.08 

THF 8.8 -0.1 7c 
CH2C12 4.6 -0.05' 

A u [ P ( C ~ H ~ ) J C I  CHjCN 3.4 1.51 0.20 0.40 
THF 4.2 d d 
CH2C12 5.2 1.73 0.03 0.39 

Au[P(C,H4,ICI CHiCN 3.4 1 .54 0.03 0.40 
CH2CI2 4.4 1.67 e 0.45 

A~[P(OC~HS),ICI CH,CN 4.4f 5.8 0.ooc 1.86 
Au [P(OC~HS),ICI CHiCN 4 . s  4.6 - 0 . o s c  I .76 
AU[P(C6H5)312t CHjCN 4.88 11.2 e 0.78 0.40 

CH2CI2 4.48 23.7 e 1 .oo 0.43 
AU[P(OC~HJ)JI~' CH,CN 4.4f 35.0 1.10 0.40 

for the ferrocene/ferrocenium 
couple as internal standard. cProcess 1 and 2 are merged under these conditions. See text. dWave not observed under these conditions. See text. 
CMore negative than -0.10 V: for example, see Figure 6b. /Concentration of K[AuCl,] at start of experiment. 8Concentration of Au[P(C6H,),]CI 

QConcentration of the gold complex and/or the added P(R), ligand in the cyclic voltammetric experiment. 

at start of experiment. 

Elemental analysis was obtained for Au[P(C6H5),]CI and gave the fol- 
lowing results. Calcd: C, 43.67; H, 3.05. Found: C, 44.50; H, 3.04. 

The complexes Au[P(R),]CI, R = OC2H5. and OC6H5, and Au[P- 
(R)J2CI, R = C6H5 and OC2H5, were synthesized and examined in situ 
and were characterized by UV-visible,25-26 cond~ctivity,~~ and electro- 
chemical data. 

Equipment and Techniques. Electrochemical experiments were per- 
formed with either a BAS-IOOA or a EG&G Princeton Applied Research 
273 potentiostat/galvanostat coupled to an EG&G Princeton Applied 
Research Model RE0091-XY recorder. A platinum-button working 
electrode, approximate area 0.008 cm2, a platinum-wire counter elec- 
trode, and an SCE reference electrode, separated from the solution with 
a bridge, comprised the three-electrode system. All potentials were 
measured vs a SCE reference electrode, and the ferrocene/ferrocenium 
couple was also used as an internal standard. The supporting electrolyte 
was 0.1 M TBAP, unless otherwise stated. Low-temperature data were 
recorded by cooling the cell with a dry ice/acetone bath, monitored with 
a thermometer. Spectroelectrochemical data were recorded on a Per- 
kin-Elmer Lambda 3B UV-vis spectrophotometer using an BAS CV-27 
potentiostat coupled to an IBM 7424 MT X-Y-T recorder. In  this case, 
the electrodes used were a large platinum working minigrid electrode, a 
platinum-wire counter electrode, and either an Ag/AgCI reference 
electrode separated from the solution with a bridge or a wire pseudore- 
ference electrode. The supporting electrolyte was 0.2 M TBAP, unless 
otherwise stated. The electrochemical cells are homebuilt and are de- 
signed for inert-atmosphere studies. UV-visible spectra were recorded 
on a Perkin-Elmer Lambda 3B instrument, and conductivity experiments 
were performed on a YSI Model 31A conductivity bridge. 

Abbreviations used in  this text follow standard electrochemical con- 
~ e n t i o n . ~ ~  For example, E, is peak potential, u is scan rate, and i, is peak 
current. 

Results and Discussion 
K[AuCI4]. Figure 1 is the cyclic voltammogram obtained a t  

100 mV/s for a 0.0043 M solution of K[AuC14] in 0.40 M TBAP, 
CH3CN. When the potential is scanned from 0.3 to -0.5 V, two 
overlapping reduction processes a t  E, = 0.07 and -0.08 V vs SCE 
(waves 1 and 2, Figure l a )  are observed. No oxidation waves are 
found upon scanning from 0.3 V to 2.0 V, but after scanning 
negative of wave 1 and 2, a small oxidation processes is observed 
at  E, = 1.26 V vs SCE (wave 1.1, Figure Ib). Wave 1.1 may 
be a combination of two waves, but the current is too low for an 
accurate characterization. A reduction process is also coupled 
with wave 1 .  I ,  as shown in Figure 1 b. Waves 1 and 2 a re  not 
resolved in either T H F  or CH2C12, and under these conditions 
a broad combination wave is found. The potentials for reduction 
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Figure 1. Cyclic voltammograms of a 0.0043 M solution of K[AuCI,] 
in acetonitrile, 0.400 M TBAP at I 0 0  mV/s: (a, top) potential scan from 
300 to -500 mV; (b, bottom) potential scan from 300 to -500 to 2000 
mV. 

of K[AuCI4] in these three solvent systems are in Table I. 
The reduction of K[AuCI4] is an irreversible electron-transfer 

processes in the sense that there are no oxidation waves coupled 
to waves 1 and 2 up to scan rates of 1000 mV/s. Oxidation 
processes associated with this reduction are also not observed a t  
low temperature, but under these conditions (-30 'C, acetonitrile) 
waves 1 and 2 are  merged into one process in the cyclic voltam- 
mogram. Waves 1 and 2 shift in a negative direction with in- 
creasing scan rate, and these data are  consistent with relatively 
fast chemical reactions associated with electron t r a n ~ f e r . ~ * - ~ ~  
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The value of E ,  - E,/2 is 39 mV for wave 1 and 82 mV for 
wave 2 in Figure la ,  but these values are difficult to obtain due 
to the overlap of the waves and may not be accurate. The ratio 
of the peak current to the square root of scan rate ( ip/d/2)  is 
constant for both waves and implies diffusion-controlled processes. 

Two reduction waves at ElI4 of 0.08 and -0.41 V vs SCE were 
reported in an chronopotentiometry study of H[AuCI,] in ace- 
t~n i t r i l e . ' ~  The process a t  -0.41 V was assigned to the reduction 
of H+, while the process at 0.08 V was assigned as an three- 
electron reduction of [AuCI4]- to form metallic Au and CI- by 
the mechanism shown in eqs 1-3.1S The intermediate [AuCI2]+ 
is probably solvated and of the form [AuC12S2]+, where S is 
solvent. 

[AuCI4]- [AuCI2]+ + 2CI- (1) 

[AuCI2]+ + 2e- + [AuC12]- (2) 

[AuCI2]- + e- + Au + 2C1- (3) 

In agreement, bulk electrolysis of K[AuCI4] in acetonitrile at 
-0.20 V vs SCE results in formation of a gold film on the electrode 
and gives values of n of 3.5 f 0.5. Hence, our electrochemical 
data are consistent with two electron-transfer steps and a total 
of three electrons for the reduction of [AuCI,]- to form metallic 
gold. On the basis of the proposed mechanism, wave 1 and 2 in  
Figure 1 would be assigned to eqs 2 and 3 for the reduction of 
K[AuC14]. However, it should be noted that the dependence of 
wave 1 and 2 on scan rate and the value of E,  - E,/2 for wave 
1 and 2 neither support nor disprove the exact steps of the 
mechanism given in eqs 1-3.28-30 

Wave 1 .1  is due to oxidation of either the Au film or free 
chloride ion, both of which are generated by the reduction of 
K[AuCI4]. Under our conditions, chloride ion is oxidized at E 
= 1.05 V with a coupled reduction process at E ,  = 0.75 V vs S C b  
at 100 mV/s, which is in  agreement with literature values.31 On 
the basis of previous s t u d i e ~ , ~ ~ . ' ~  the gold film is oxidized a t  
potentials near process 1 .1  and results in generation of Au(1) 
species in solution. However, the oxidation potential for the gold 
film is very sensitive to the solvent conditions, particularly the 
chloride ion concentration. It is also possible that wave 1.1 is due 
to both processes. 

Spectroelectrochemical results on K[AuCI4] are in  general 
agreement with the mechanism given in eqs 1-3. This is shown 
in Figure 2, which shows the spectroelectrochemicl data obtained 
from a 0.0049 M solution of K[AuCI,] in CH3CN, TBAP. 
K[AuCI4] is characterized by absorption bands a t  321 and 225 
nm. Note that a t  this concentration, the absorption band at 225 
nm is off scale. As shown in Figure 2 both absorption bands 
decrease to the baseline upon reduction at potentials negative of 
wave 1 and 2. However, no new absorption bands appear between 
850 to 200 nm, which supports the loss of Au species in solution 
upon reduction. 

If the potential a t  the electrode is set negative of wave 1.1 
following reduction, no spectral changes are observed. However, 
if the potential is set positive of wave 1.1, regeneration of [AuCI,]- 
is found. This suggests that wave 1.1 is due, in part, to reoxidation 
of the gold film on the electrode generated upon reduction of 

Parts a and b of Figure 3 show the cyclic voltammograms 
obtained upon the addition of either triphenylphosphine (Figure 
3a) or triphenyl phosphite (Figure 3b) to solutions of K[AuCI4] 
in acetonitrile, TBAP. In both cases, the concentration ratio of 
P(R), to Au is approximately 1:l.  

Significant changes are found in the electrochemistry of K- 
[AuCl,] upon addition of triphenylphosphine, as shown in Figure 
3a. Wave 2 shifts to E,  = -0.23 V, while wave 1 is a t  EF = 0.02 
V vs SCE at 100 mV/s. In addition, a large broad oxidation wave 
a t  E ,  = 1.45 V vs SCE at 100 mV/s (wave 3, Figure 3a) is 

[AuCI~I-. 

~ ~~ 
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Figure 2. Spectroelectrochemical data for a 0.0049 M solution of K- 
[AuCI,] in acetonitrile, 0.20 M TBAP: (a, top) spectral range 280-360 
nm, E = -0.70 V; (b, bottom) spectral range 200-280 nm, E = -0.70 
V .  Key: original complex (---); T = 20 s (e-); T = 2 min (-). Po- 
tentials are vs a Pt wire pseudoreference. 

observed. Wave 3 is also found if the potential is scanned in a 
positive direction prior to scanning negative of wave 1. Cyclic 
voltammetric experiments were performed on P(C&)3 under 
identical conditions, and wave 3 is not due to oxidation of free 
P(C&)3. However, there is a shoulder on wave 3 (Figure 3a) 
a t  1.33 V that is due to the presence of free P(C6HS)3. When 
triphenyl phosphite is the added reactant, waves 1 and 2 are 
merged and occur at Epc = -0.05 V and the value of E,  for wave 
3 is 1.76 V vs SCE (Figure 3b) a t  100 mV/s. A strong shift in 
E,  for wave 2 is not found under these conditions. 

Wave 3 (Figure 3a) is due to oxidation of A U [ P ( C ~ H ~ ) ~ ] C ~  as 
will be discussed in later sections of this text. Formation of 
A U [ P ( C ~ H ~ ) ~ ] C I  is implied under these conditions, and this is 
confirmed by UV-visible data. Upon addition of P(C6H5)3 to 
K[AuC14] dissolved in acetonitrile, TBAP, the absorption band 
at 321 nm for K[AuCI4] decreases to baseline and the final product 
observed has absorption bands at 272,266,259, and 225 nm. This 
is identical with that found for authentic samples of Au[P(C6- 
HS)3]C1 in acetonitrile. Note that both K[AuCI4] and Au[P- 
(C&)3]CI have an absorption band a t  225 nm. 

Synthesis of A u [ P ( R ) ~ ] C ~  by addition of P(R)3 to K[AuCI,] 
has been rep0rted,4-~~-26 and an interesting feature is that the rate 
of the chemical reaction is dependent upon the R group of P(R),. 
When R = C&5, the reaction is complete within a few minutes, 
but when R = OC6HS, the reaction can take days a t  room tem- 
perature. If the reaction is chemically slow, we find that elec- 
trochemical reduction of K[AuCI4] in the presence of P(R)3 is 
a convenient method to form and examine Au[P(R),]CI. This 
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Figure 3. (a, Top) Cyclic voltammogram of a 0.0037 M solution of 
K[AuCI,] in acetonitrile, 0.237 M TBAP at 100 mV/s in the presence 
of 0.0045 M triphenylphosphine. (b, Bottom) Cyclic voltammogram of 
a 0.0045 M solution of K[AuCI4] in acetonitrile, 0.248 M TBAP at 100 
mV/s in the presence of 0.0046 M triphenyl phosphite. The dotted line 
is the result if the potential is scanned in a positive direction from 0.30 
V. 

Potentid (mV) 

is indicated in Figure 3b, in which a strong oxidation wave for 
Au[P(OC,H,)~]CI is observed only after scanning negative of wave 
1 and 2. Bulk electrolysis of K[AuCl,] a t  -0.20 V vs SCE in the 
presence of P(OC,HS)3 gives values of n of 1.8 f 0.1 with no 
evidence for formation of Au on the electrode surface. 

On the basis of the reduction mechanism proposed for [AuCI,]-, 
P(R), is most likely reacting with [AuC12]- following electro- 
chemical reduction of [AuC14]-, as shown in eq 4. This assignment 

[AuCl*]- + P(R)3 Au[P(R)~]CI  + CI- (4) 

is supported by the observation that wave 2 strongly shifts to 
negative potentials in the presence of triphenylphosphine but not 
triphenyl phosphite, and hence the potential for wave 2 is sensitive 
to the kinetics of the added chemical reaction. It should be noted 
that this mechanism is valid in the presence of a reductive potential 
at an electrode surface. It cannot be directly applied to formation 
of Au[P(R),]CI from P(R), and AuC1,- in the absence of the 
electrode. 

Au[P(R)JCI, R = C2H5 and CsH9 Figure 4a shows the cyclic 
voltammogram of a 0.0034 M solution of Au[P(C2H5),]CI in 
acetonitrile, TBAP. This cyclic voltammogram is characterized 
by the presence of a broad oxidation wave (wave 3, Figure 4a) 
a t  E,, = I .5 1 V, which has a value of E,, - EWl2 of 143 mV at 
a scan rate of 100 mV/s. 

Process 3 is a diffusion-controlled process, since i,/v’/2 is 
constant and is irreversible in the sense that there is not a reduction 

l ’ O l  4 

0.0- 

3 
! - I .@-  

-1.0- 

1.0- 

0.0- 

-1.0- 

T v 

l 4’o- 
-6.0- 

-8.0- 

-m.04 , , , , , , , , , , 
I W O  1000 m no0 I1W IIOO So0 700 XIO 500 IO0 -loo 

Potentid (rnq 
Figure 4. (a, Top) Cyclic voltammogram of a 0.0034 M solution of 
Au[P(C,H,),]CI in acetonitrile, 0.100 M TBAP. (b, Bottom) Cyclic 
voltammogram of a 0.0048 M solution of Au[P(C,H,),JCI in acetonitrile, 
0.163 M TBAP. 

process coupled to the oxidation. The value of E p  shifts positively 
with an increase in scan rate, and these data suggest a process 
in which a chemical reaction follows electron transfer. Multiple 
scans indicate some filming of the electrode surface upon oxidation, 
requiring that the electrode surface be periodically cleaned. Bulk 
electrolysis experiments give a value of n of 2.0 f 0.50. The large 
margin of error is due to the measurement of n with dilute so- 
lutions, to minimize the electrode filming effect. 

The most distinctive feature of wave 3 is the value of E p  - EPp,  
which is much larger than that expected for a simple one- or 
two-electron transfer and can be explained by either slow elec- 
tron-transfer kinetics or by an overlap of two electron-transfer 
processes coupled with chemical reaction(s), an ECE(C) process.28 
On the basis of cyclic voltammetric and the coulometric data, we 
assign the process a t  wave 3 as an ECE(C) process. 

The other significant feature in Figure 4a is the presence of 
a small wave a t  E ,  of 0.20 V (wave 4, Figure 4a) a t  a scan rate 
of 100 mV/s. Wave 4 is observed only when the potential is 
scanned positive of wave 3, which means wave 4 is due to the 
reduction of a species formed by the oxidation of Au[P(C2HS),]CI. 
Wave 4 is not well defined by cyclic voltammetry but is more 
pronounced in thin-layer cyclic voltammograms, since diffusion 
of any electrogenerated products away from the electrode is re- 
duced. No reduction processes for AU[P(C~HS)~]CI  are observed 
out to -2.00 V vs SCE in acetonitrile. 

The reduction of [AuCI4]- in acetonitrile, 0.1 M TBAP gave 
waves a t  E ,  = 0.07 and -0.08 V a t  100 mV/s (waves 1 and 2) 
and observation of wave 4 implies formation of a gold(II1) ionic 
species, such as [AuXJ, X = C1- and CIO,-. The shift in potential 
of wave 4 relative to waves 1 and 2 is due to an anion effect, since 
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Figure 5. Spectroelectrochemical data for a 0.0067 M solution of Au- 
[P(C2HJ)3]C1 in acetonitrile, 0.200 M TBAP (a, top) spectral range 
280-320 nm, E = 1.45 V; (b, bottom) spectral range 220-280 nm, E = 
1.45 V. Key: original complex (---); T = 20 s (e-); T = 2 min (-). 
Potentials are vs Pt a wire pseudoreference. 

solutions of Au[P(C2HS),]CI do not have sufficient chloride to 
form [AuC14]-. The use of TBAP as the supporting electrolyte 
suggests formation of either [Au(CI)(CIO,)~]- or [Au(CIO~)~]- .  
However solvation by acetonitrile probably occurs, since per- 
chlorate is a poor ligand.32 

Similar electrochemical data were obtained for Au[P(C6- 
HS),]CI, and a representative cyclic voltammogram is shown in 
Figure 4b. In this case E, = 1.54 V for wave 3 in acetonitrile 
a t  100 mV/s, while wave 4 is observed a t  an E, of 0.03 V. 

It  is important to note that the oxidation processes in Figure 
4b and in Figure 3a are the same, which further demonstrates 
generation of A U [ P ( C ~ H ~ ) ~ ] C I  from K[AuCI,] and P(C6H5),. 
Hence, generation of AU[P(R)~]CI  by addition of P(R), to K- 
[AuCI,] provides a convenient technique to measure basic elec- 
trochemical properties of Au[P(R),]CI complexes. Electro- 
chemical data for Au[P(R),]CI with R = OCzHS and OC6Hs were 
obtained by this method. In general, these data are nearly the 
same as those found for A U [ P ( C ~ H ~ ) ~ ] C I  and are summarized 
in Table 1. The significant difference is the value of the potential 
for the oxidation of Au[P(R),]CI (wave 3). 

As seen in Table I, the value of E, for Au[P(R),]CI is de- 
pendent on the ligand P(R),. As R changes from C,Hs and C6HS 
to OC2HS and OC6HS, the oxidation potential becomes more 
positive. This is in agreement with a decrease in the electron- 

(32) It has ken suggested by a reviewer that the species (AU[P(R),]CIS~)~+, 
where S is solvent, is formed rather than AuX;. 
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Table 11. Spectroelectrochemical Data for the Studied Complexes 
(Acetonitrile. TBAP) 

complex A,,, nm 

K[AuCI,] no potential 225 321 
E = - 0 . 7  Vo no abs bands 

Au[P(C,H,),]CI no potential 225 233 
E = 1.45 V' 227 233 310 

Au[P(C,HS)JClb no potential 260 266 274 
E = 1.90 V" 260 266 274 309c 

a Potential applied to working electrode, vs Pt wire pseudoreference. 
bSpectral range 250-350 nm. CBroad absorption found in this region. 

donating power of the ligand. No significant change is found for 
the different phosphite or phosphine ligands; i.e., wave 3 is at the 
same potential when P(R), is P(C6HS), and P(C2H5),. Table I 
also demonstrates that there is a 0.22-V shift positive in the 
oxidation potential of Au[P(CzH5),]C1 when the solvent is changed 
from CH3CN to CH2CI2. A similar shift of 0.13 V is found when 
P(R), is C6H5. When T H F  is the solvent, wave 3 for the gold 
trialkylphosphine complexes is near the solvent limit and an ac- 
curate reading is not possible. This solvent effect can be ra- 
tionalized by either a stabilization of the oxidation product, 
[AuX4]-, in acetonitrile or by solvent coordination to Au[P(R),]CI. 

Figure 5 shows the spectroelectrochemical data obtained for 
the oxidation of a 0.0067 M solution of Au[P(C2HS),]CI in 
acetonitrile, TBAP. The initial complex has no bands in the region 
of 320-280 nm,25926 but upon oxidation a band is formed a t  310 
nm. This is shown in Figure Sa. This band is assigned to [AuX4]- 
in acetonitrile and is shifted by 1 1  nm relative to that for [AuC14]-. 
This shift is assigned to the change in anions. 

Reduction of the oxidized solution only a t  potentials negative 
of wave 4 cause the band a t  310 nm to decrease to the baseline 
This is consistent with wave 4 of Figure 3a, corresponding to 
reduction of the product generated upon oxidation of Au[P(C2- 
HS)~]CI .  

The complex Au[P(C2HS),]CI has a ligand absorption band 
at 233 nm,25926 which does not shift upon oxidation, as shown 
Figure 5b. Au[P(C2Hs),]CI also has a weak absorption band a t  
225 nm, which increases in intensity and shifts to 227 nm upon 
oxidation. This is due to formation of a new band a t  227 nm 
(Figure 5b), which is also assigned to [AuX4]-. Reduction of the 
oxidized solution at potentials negative of wave 4 results in for- 
mation of the original spectrum and demonstrates generation of 
Au[P(C2H5),]CI upon reduction of the oxidized solution. 

The spectroelectrochemical results for Au[P(C,H,),]CI parallel 
that found for A U [ P ( C ~ H ~ ) ~ ] C I  and suggest that formation of 
[AuXJupon oxidation of Au[P(R),]CI is a general process. In 
addition, formation of Au[P(C6H5),]CI occurs upon reduction of 
the oxidized solutions. Table I1 provides a summary of the 
spectroelectrochemical data for the different complexes. 

Addition of P(R), to Au[P(R),ICI. The reaction of P(R), with 
Au[P(R),]CI has been studied, and the species Au[P(R),],+, n 
= 2-4, have been  reported:^^"^^ as shown in eq 5. The principal 

(5) 

species present depends upon the concentration of P(R), and the 
size of the R group. When R = C6Hs, the primary species in 
solution are  Au[P(R),]CI and A u [ P ( R ) ~ ] ~ + ,  on the basis of IR 
and conductivity results.33 However, the n = 3 and 4 species have 
been reported.35 

This reaction was monitored electrochemically and resulted in 
data on the bis species, AU[P(C,&)3]2+. In our experiments, the 
concentration of the added P(C6H5), was kept low, so the principal 

Au[P(R),]CI + P(R)3 Au[P(R),],+ + CI- 
n = 2-4 

~~~ ~ 

(33) Jones., P. G.; Sheldrick, G. M.; Muir, J. A.; Pulgar, L. B. J .  Chem. SOC., 
Dalton Trans. 1982, 2123. 

(34) Meyer, J.  M.; Allred, A. L. J. Inorg. Nucl. Chem. 1968, 30, 1328. 
(35) Jones, P. G.; Sheldrick, G. M.; Muir, M. M.; Pulgar, L. B. J .  Chem. 

Soc., Dalton Trans. 1979, I 1  12. 
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Figure 6. Cyclic voltammogram of a 0.0048 M solution of Au[P(C,- 
H5),]CI in acetonitrile, 0.16 M TBAP in the presence of (a, top) 0.0032 
M and (b, bottom) 0.0059 M P(C6HS)3. 

species present are Au[P(R),]CI and AU[P(R)$~+.  
An example of the electrochemical data obtained for this re- 

action is shown in Figure 6. Figure 6a shows the cyclic volt- 
ammogram obtained when 1.2 equiv of P(C6HS), is added to a 
0.0048 M solution of AU[P(C&)~]CI in 0.16 M TBAP, CH3CN. 
Under these conditions, wave 3 shifts to E,  = 1.60 V at 100 mV/s 
and decreases in current and a new electron-transfer process at 
E ,  = 0.77 V is observed (wave 5, Figure 6a). The fact that wave 
3 shifts to positive potentials upon addition of P(C6HS), supports 
loss of P(R), upon oxidation of Au[P(R),]CI. Note that wave 
4, or the reduction of electrogenerated [AuX4]-, is still observed. 
Wave 3 continues to decrease while wave 5 continues to increase 
as more P(C6HS), is added. At 2.3 equiv of P(C6HS),, wave 5 
is the predominant electron-transfer process and wave 4 is still 
present but has shifted in a negative direction, as shown in Figure 
6b. This is similar to the shift found for the reduction of K[AuCI4] 
upon addition of P(C6HS),. It should be noted that P(C6HS), was 
examined under identical conditions and is not the cause of wave 
5 but does account for the increase in the background above 1.10 
V. 

Conductivity data were obtained for the titration of P(C6H5), 
to Au[P(C6Hs),]CI in acetonitrile, with TBAP as the standard. 
Upon addition of P(C6Hs), to Au[P(C6H5),]C1, the sohition 
changed from a nonelectrolyte to a 1 : 1 electrolyte. As expected, 
addition of P(C6HS), to the reference solution (TBAP) had little 
effect. These data are presented in Figure 7 and are consistent 
with earlier conductivity data reported for this system.27 Hence, 
wave 5 is observed upon formation of A U [ P ( C ~ H ~ ) ~ ] ~ +  and is 
assigned to the oxidation of this species. 

The potential for the oxidation of A U [ P ( C ~ H ~ ) , ] ~ +  is strongly 
shifted negative relative to A U [ P ( C ~ H ~ ) ~ ] C I .  This is somewhat 
surprising given that the oxidation of the positively charged species 
is significantly easier than that of the related neutral complex. 

1 4 ,  

C 
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Figure 7. Molar conductivity of a 0.0027 M solution of Au[P(C,H$,]CI 
(e) and 0.0055 M solution of TBAP (0) in acetonitrile as a function of 
added P(C,H,),. 

Figure 8. Electron-transfer scheme for K[AuCI,], Au[P(R),]CI, and 
AU[P(R)JJZ+. 

The exact reason for the shift is not known but indicates a large 
stabilization by CI- of the gold(1) state. 

For wave 5,  a coupled reduction process is not found and Epa 
shifts in a positive direction with scan rate. In addition, E, - E /z 
is again large, 190 mV a t  a scan rate of 100 mV/s and i 
is constant. A dependence of E,  on the concentration of $(R), 
is also found that suggests ligand loss upon oxidation. This is in 
agreement with the fact that wave 4, or the reduction of the 
electrogenerated [AuX4]-, is still observed. These data imply that 
oxidation of A U [ P ( C ~ H ~ ) , ] ~ +  also results in formation of [AuX4]-. 

Similar to experiments in which generation of Au[P(R),]CI 
is observed electrochemically, monitoring the formation of Au- 
[P(R),],+ from solutions of K[AuC14] and P(R)3 is also possible. 
For example, if additional amounts of P(C6H,), are added to the 
system described in Figure 3a, wave 5 is again observed. This 
is expected and is consistent with the reaction properties of Au- 
[P(C,H,),]CI. Hence, by in situ generation of A U [ P ( O C , H ~ ) ~ ] ~ +  
electrochemical data ( E  ) for the oxidation of this species were 
obtained. However, un&r these conditions, significantly greater 
amounts of P(R), are necessary to observe the bis species (wave 
5 )  by the cyclic voltammetric experiment. Similar to Au[P- 
(R)3]Cl, as R is changed from a trialkylphosphine to a trialkyl 
phosphite, the oxidation potential shifts in a positive direction. 

Figure 8 shows the electron-transfer mechanism for the gold 
complexes that have been studied. The species [AuXJ and 
Au[P(R),]CI can be generated from one another by redox pro- 
cesses with addition or loss of P(R),. A similar relationship 
between [AuXJ and A U [ P ( R ) ~ ] ~ +  is indicated. The formation 
of Au[P(R),12+ by addition of P(R), to solutions of Au[P(R),]CI 
is also presented. 

As shown in this study, the nature of the ligands coordinated 
to gold(1) species have a significant influence on the electro- 



Inorg. Chem. 1990, 

chemical properties. The positive shift in potential upon formation 
of Au[P( R)&+ may have important biological implications. For 
example, formation of A U [ P ( C ~ H ~ ) ~ ] ( S R ) +  where SR is a sul- 
fur-containing ligand such as cysteine-34 of mercaptalbumin 
O C C U ~ S ~ * ~  when either Au[P(C2H5),]C1 or A U [ P ( C , H ~ ) ~ ] ~ +  is added 
to a matrix modeling biological systems. If the potential for the 
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oxidation of Au[P(C,H,),](SR)+ is also significantly shifted to 
lower potentials, this species could become active toward redox 
reactions. 
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Resonance Raman (RR) and UV-visible absorption spectra of various imidazole-ligated ferrous oxy (Fe11-02) and ferryl oxo 
( FeiV=O) porphyrins are presented. Because physiologically relevant porphyrins have been used in this study, these measurements 
provide a basis to identify protein-induced changes in the iron-oxygen vibrations, as well as in the structure-sensitive macrocycle 
vibrations and in the optical absorption spectra, of heme enzyme intermediates. The iron-oxygen stretching frequencies, v(FelV=O), 
of ferryl oxo complexes of octaethylporphyrin (OEP), protoporphyrin IX dimethyl ester (PPDME), and tetraphenylporphyrin (TPP) 
in  toluene at -120 OC reported here, together with results from other model compounds, are used to interpret the values of 
u( FeIV=O) reported for ferryl-oxo myoglobin and the catalytic intermediates of several peroxidase enzymes. We identify the 
major protein influence on the v(FeiV=O) frequency to be the trans-ligand strength of the proximal histidine, with a minor, but 
nonetheless important, effect being imposed by distal hydrogen bonding of the oxo ligand (Sitter, A. J.; Reczek, C. M.; Terner, 
J. J .  Biol Chem. 1985, 260, 7515-7522. Hashimoto, S.; Tatsuno, Y . ;  Kitagawa, T. Proc. Natl. Acad. Sci. U.S.A.  1986, 83, 
241 7-2421). This analysis follows from the inverse correlation we identify for v(Fe"=O) with respect to u(Fe"=His). For the 
ferrous oxy complexes of OEP, protoporphyrin IX (PP), and porphyrin a (PA) in DMF and CH2CI2 at -120 OC, the v(Fe"=02) 
values we obtain are compared with similar measurements on other model compounds. As opposed to the ferryl oxo systems, in 
which u(FeIV=O) correlates inversely with trans-ligand strength, a direct correlation exists between v(Fe"=02) and the strength 
of the iron/trans-ligand interaction in the model systems (Walters, M. A,; Spiro, T. G.; Suslick, K. S.; Collman, J. P. J. Am. Chem. 
Soc. 1980, 102, 6857-6858. Kerr, E. A.; Mackin, H. C.; Yu, N.-T. Biochemistry 1983, 22, 4373-4379). Moreover, we interpret 
the available data to indicate that v(Fe"-02) correlates inversely with v(O=O) of bound dioxygen. We use these observations 
to evaluate the iron-oxygen vibrations of oxy myoglobin, horseradish peroxidase compound 111, and an early intermediate in the 
reduction of O2 by cytochrome c oxidase; we conclude that the iron-oxygen stretching frequencies displayed by the various ferrous 
oxy proteins can be understood in terms of distal influences on the electron density in the 0=0 bond. 

Introduction 
Two intermediates of considerable interest in reactions catalyzed 

by heme proteins are  ferrous oxy (Fe"-02) and ferryl oxo 
( FelV=O) compounds. The  ferrous oxy species is exemplified 
by hemoglobin and myoglobin, which bind O2 reversibly when 
the heme is in a ferrous state. The  initial intermediate in the 
reduction of dioxygen by cytochrome c oxidase' is a ferrous oxy 
c o m p o ~ n d , ~ ~ ~  and a ferrous oxy species has been identified as a 
reaction intermediate of cytochrome P-450.4 Dioxygen binding 
can also be easily induced in ferrous peroxidase samples to produce 
a ferrous oxy species (compound III ) ,  which can, alternatively, 
be formed by the addition of excess H20? to the ferric e n ~ y m e . ~  
Ferryl oxo species have been postulated in the  catalytic cycle of 
cytochrome c oxidase,6 as  the oxygen-donating species in cyto- 
chrome P-450,? and as  intermediates in the reactions of catalases 
and peroxidases.8 Addition of peroxide to the normally unreactive 
globin hemes can also induce the formation of ferryl species.9 The 
variation in reactivity and catalytic function of both ferrous oxy 
and ferryl oxo species in different proteins suggests protein var- 
iations in the heme vicinity. Identification of these protein dif- 
ferences should provide considerable insight into the catalytic 
mechanisms of these proteins. 

Resonance Raman spectroscopy (RR)  has the resolution nec- 
essary to probe these protein-specific structural variations and has 

'Michigan State Unversity 
*University of Amsterdam. 
8 Present address: INC-4, Mail Stop C-345, Los Alamos National Labo- 

ratory, Los Alamos, NM 87545. 
11 Present address: Cargill Inc., Research Division, P.O. Box 9300, Min- 

neapolis, MN 55440. 

been applied to ferrous oxy heme protein~.l*'~ Recently Varotsis 
et  al.) have used two-color, time-resolved R R  measurements of 
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