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minimized during the least-squares refinement was Cw(lFol - lFc1)2; 
unit weights were chosen in the first cycles, and then the reflections 
were weighted according to the scheme w = 1.1995/$(F0) + 0.005F2) 
with a(FJ based on counting statistics. The final R and R, values 
were 6.6 and 7.096, respectively (observed reflections only). The 
analytical scattering factors for neutral Ru, As, 0, C, and H were 
used; both the real and imaginary components of anomalous dispersion 
were included for Ru and As atoms.16 The final positional and thermal 
parameters for the nonhydrogen atoms are given in Tables I11 and 
IV respectively. 

All calculations were performed on the Cyber 7600 computer of 
the Centro di Calcolo Elettronico Interuniversitario dell’ltalia 

(16) “International Tables for X-ray Crystallography”, Vol. IV, Kynoch 
Press, Birmingham, England, 1974. 
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The reaction of (N,N-diethyldithiocarbamato)gold(I) (which exists as a dimer with eight-membered rings involving linear 
S-Au-S bonds) with Br2, 12, (SCN)2, or (SeCN), in CS2 at -78 OC has permitted the isolation of what are believed to 
be dark green gold(I1) complexes of the type shown, on the basis of the analytical and physical data obtained: 

XCN) 
I 

I 
(NOX 

When allowed to warm to room temperature, the complexes undergo a rearrangement to form yellow salts of the type 
[ A ~ ( d e t c ) ~ ]  [Au(X(CN)),] (detc = N,N-diethyldithiocarbamate), which have previously been reported by Beurskens et 
al. These salts are obtained as the initial reaction products when the reactions are carried out at room temperature in 
chloroform, with a dimer:(pseudo)halogen ratio of 1:l. If a ratio of 1:2 is employed under the latter conditions, complexes 
of the type [A~(detc) (X(CN))~l  result, as previously noted by Blaauw et al., except for 12, which continues to give only 
the [A~(de tc )~ ]  [Au12] product. The isolation of the green gold(I1) complexes casts considerable doubt on the interpretation 
given to the kinetic data obtained by Kita et al. for reactions of this type. The corresponding gold(I1) di-n-butyldithiocarbamate 
thiocyanate derivative was found to be considerably more stable than its diethyl analogue, most probably due to the ponderable 
effects of the longer n-butyl groups. The hexameric Ag(1) homologue, [Ag(detC)]6, proved to be more resistant to oxidation 
by (SCN)2, yielding only a partially substituted [Ag6(detc),SCN] product at -78 OC. When the reaction was carried out 
at room temperature, partial oxidation to Ag(I1) was observed, [A&(detc),(SCN),] being isolated. Even at room temperature, 
(SeCN)2 failed to oxidize the hexamer, [Ag6(detc)$eCN] being formed. 

Introduction 
Chemists have long puzzled over the discontinuous common 

oxidation states exhibited by the group 1B metals. Whereas 
+2 is the dominant oxidation state for copper, it is virtually 
nonexistent for gold2 and is relatively rare for silver. In a 
vintage example of chemical serendipity, we have discovered 
a way to generate gold(I1) and silver(I1) complexes by the 
oxidative addition of pseudohalogens and halogens to gold(1) 
and silver(1) dithiocarbamate complexes. We now wish to 
report the results of our studies in this area. 

(1) Abstracted, in part, from the M.S. thesis of D.C.C., University of 
Delaware, June 1978. Presented in parts at the 175th National Meeting 
of the American Chemical Society, Anaheim, CA, March 12-16, 1978 
(Abstract INOR 23) and at the 14th Middle Atlantic Regional Meeting 
of the American Chemical Society, Valley Forge, PA, April 25, 1980 
(Abstract UDGR 4). 

(2) Puddephatt, R. J. “The Chemistry of Gold; Elsevier: Amsterdam, 
1978; pp 69-75. 

Experimental Section 
Preparation of Compounds. The sodium salt of diethyldithio- 

carbamic acid, Na[S2CN(C2HJ2].2.5Hz0, was purchased from Sigma 
Chemical Co. and was desiccated below 0 OC. The following com- 
pounds were prepared according to methods given in the literature: 
(SCN)? (CS2 solution at -78 OC, used immediately after preparation), 
(SeCN)$ (diethyl ether solution at  -10 OC, used immediately after 
preparation), Na [S2CN(C4H,),] ,5 [Au(S2CN(C2H5),)] 26 and [Au- 
(S2CN(C4H9)2)12.6 

[ A ~ ~ ~ C N ( C ~ H S ) ~ ) ~ N Z  and [ A ~ ( S ~ ~ ( C ~ H ~ ) ~ ) , I A U ( ~ N ) ~ .  A 
23-mL quantity of a -78 OC CS2 solution containing 1.02 mmol of 
(SCN)2 was slowly added to a slurry of 0.261 g (0.378 mmol) of 
[ A u ( S ~ C N ( C ~ H , ) ~ ) ] ~  in 20 mL of CS2 at -78 OC. The addition 

(3) DeStefano, N. J.; Burmeister, J. L. Inorg. Chem. 1971, 10, 998. 
(4) Kramer, M. E.; Burmeister, J. L. Synth. React. Inorg. Met.-Org. Chem. 

1977, 7, 69. 
(5) Uhlin, A.; Akerstr6m, S. Acta Chem. Scand. 1971, 25, 393. 
(6) Blaauw, H. J. A.; Nivard, R. J. F.; van der Kerk, G. J. M. J .  Orgono- 

met. Chem. 1964,2, 236. 
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produced a very dark green, almost black, solution, which was left 
stirring a t  -78 OC for 40 min. Filtration through a precooled frit, 
followed by washing with cold CS2, yielded a very dark green solid 
and a pale tan filtrate. The solid was stored in a freezer overnight 
and, by the following morning, had changed in color to bright yellow. 
The solid retains its initial dark green color indefinitely when kept 
a t  -78 OC. The dark green solid, when heated in the melting point 
apparatus, partially melted at 67-69 OC, the remainder being converted 
to a yellow component, which melted at 81-82 OC. Anal. Calcd for 

Found: C, 17.60; H, 2.57; N, 6.67; S, 23.64; Au (by difference), 49.52. 
When the reaction was carried out at room temperature, mixing of 
the two reactant solutions produced an immediate darkening, which 
disappeared rapidly with stirring, and, eventually, a yellow colored 
solid (48% yield) whose properties matched those of the yellow final 
product of the low-temperature reaction described above. 

A 15-mL quantity of a -10 OC diethyl ether solution containing 0.51 
mmol of (SeCN), was added to a slurry of 0.134 g (0.194 mmol) of 
[Au(S,CN(C,H,),)]~ in 20 mL of CS2 in a dry ice/acetone bath. A 
bright green precipitate formed immediately. It was isolated by 
filtration and washed with cold ethanol and ether. When it was 
warmed to room temperature, the solid changed to yellow, albeit at 
a considerably slower rate than its thiocyanate analogue. The yellow 
solid decomposes at 113 OC. Anal. Calcd for CI2H2,,N4S4Se2Au2: 
C, 16.01; H, 2.23; N, 6.22. Found: C, 16.30; H, 2.52; N, 6.10. 

[Au(S2CN(C2H5),)BrL and [AU(!~&N(C~H,)~)~IAIIB~& A solution 
of 10 mLof CS2 containing 0.183 g (1.145 mmol) of Br2 at -78 OC 
was slowly added to a slurry of 0.244 g (0.353 mmol) of [Au(S2C- 
N(C2Hs)2)]2 in 30 mL of CS2 a t  -78 OC. The addition caused an 
immediate darkening, yielding a dark green solution. Filtration and 
washing with CS2 produced a bright green solid (88% yield) and a 
maroon filtrate. The solid was dried in vacuo and took on a yellow 
cast upon warming to room temperature. When heated, the bright 
green solid turned yellow between 84 and 108 OC and melted at 
138-142 "C. Anal. Calcd for Cl,&N2S4Br,Au2: C, 14.1 1; H, 2.37; 
N, 3.29. Found: C, 13.91; H, 2.29; N, 3.35.  

[AU(S~CN(C,H,)~)II, and [Au(S2CN(C2HS),),IAu12]. A slurry of 
0.1 103 g (0.160 mmol) of [Au(S,CN(C,H,),)], in 25 mL of CS, at 
-78 OC was prepared. To this was added 15 mL of cold CS2 (-78 
"C) containing 0.0427 g (0.168 mmol) of 12. Upon addition, the 
mixture went through a light green color, which darkened to finally 
give a deep dark green solution with complete addition. After being 
stirred at -78 "C for 20 min, the solution was filtered, yielding a very 
dark green solid and a dark green filtrate. After 15 min, the now 
purple filtrate was filtered and the solid thereby isolated was washed 
with CS2, yielding a yellow solid, which melted at 118-120 OC. Anal. 
Calcd for CIOH20N2S412A~2: C, 12.72; H, 2.13; N, 2.97; I, 26.88. 
Found: C, 13.10; H, 2.17; N, 2.83; I, 26.53. 
[AU(S,CN(C,H~),),IAU(SCN)~B~J. To a slurry of 0.108 g (0.134 

mmol) of [Au(S,CN(C,H,)~),] [Au(SCN),] in 15 mL of CS2 was 
slowly added 5 mL of CS2 containing 0.0323 g (0.202 mmol) of Br,. 
Following the initial addition, a dark color appeared, which disappeared 
with stirring. With complete addition and stirring for 15 min, the 
initially yellow solution had turned orange. Filtration yielded an orange 
solid (68% yield), which decomposed at 84 OC. Anal. Calcd for 
C12H20N4S6Br2A~2: C, 14.91; H, 2.09; N, 5.80; S, 19.91. Found: 
C, 15.12; H, 2.34; N, 5.52; S, 20.88. 

23-mL quantity of a -78 OC CS2 solution containing 1.02 mmol of 
(SCN)2 was slowly added to a solution of 0.303 g (0.378 mmol) of 
[Au(S2CN(C4H9),)], in 20 mL of CS2 at -78 OC. The addition 
produced a very dark blue-green, almost black, solution. Filtration 
through a precooled frit yielded a very dark green solid and a blue-violet 
filtrate. The solid retains its initial dark green color indefinitely when 
kept at -78 O C .  When stored at 0 OC, the solid slowly changes in 
color to bright yellow (after two months at 0 OC, the solid was still 
partly green). The dark green solid converts to yellow at 65-72 OC, 
finally melting at 208-210 OC; yield 77%. Anal. Calcd for 

Found: C, 26.96; H, 3.89; N, 5.67; S, 20.55; Au (by difference), 43.93. 
[Ag(S2CN(C2H5),)&. Silver nitrate (2.5633 g, 15.09 mmol) was 

dissolved in 80 mL of H20 and cooled to 0 OC. Sodium diethyldi- 
thiocarbamate (3.2961 g, 15.24 mmol) was dissolved in 200 mL of 
H20 and cooled to 0 "C. The Na[S2CN(C2H,),] solution was added 
to the AgNO, solution at the rate of 5 mL/min, with constant stirring, 

C ~ ~ H ~ O N ~ S S A U ~ :  C, 17.87; H, 2.50; N, 6.95; S, 23.85; Au, 48.84. 

[ A ~ W N ( C ~ H S ) ~ ) S ~ C N I ~  and [A~(~,CN(C,HS),),IA~(S~CN)~I. 

[ A ~ ~ ~ ~ ( C J % ) ~ ) ~ W Z  and [ A ~ ( ~ , C N ( C ~ H , ) , ) , I A ~ ( ~ C N ) , I .  A 

C ~ O H ~ ~ N ~ S ~ A U ~ :  C, 26.14; H, 3.95; N, 6.10; S, 20.94; Au, 42.87. 

Calabro et al. 

resulting in the immediate formation of a light tan precipitate. 
Filtration yielded a bright yellow solid, which was washed with acetone 
until the filtrate changed from red to clear. The remaining solid, now 
light tan, was washed with diethyl ether and dried in vacuo for 1 h: 
yield 95%; mp 172-174 OC (same as literature'value); mol wt calcd 
1537, found (by osmometry) 1629; % Ag calcd 42.1, found (by 
ignition) 43.3. 

[Ag6(S2CN(C2Hs)2)SSCN]. A 40-mL quantity of a -78 OC CS2 
solution containing 1.10 mmol of (SCN), was added, with stirring, 
to 40 mL of a -78 "C CS2 solution containing 0.4882 g (0.318 mmol) 
of [Ag(S2CN(C2HS),)],. A yellow-orange color developed, which 
changed to dull yellow in ca. 5 min. The mixture was stirred at -78 
"C for 30 min. Filtration yielded a light tan solid, which was washed 
with CS,, acetone, ethanol, acetone, and diethyl ether, in that order, 
and dried in vacuo for 30 min: yield 94%; mp 145-151 "C. Anal. 

Found: C, 21.45; H, 3.39; N, 5.70; S, 24.93; Ag, 44.53 (by difference), 
46.8 (by ignition). The compound's solubility in all suitable solvents 
was insufficient for a molecular weight determination. 
[Ag6(S2CN(C2Hs)2)6(SCN)4]. The preparative method for this 

compound was exactly the same as that described for [Ag6(S2CN- 
(C2HS),),SCN], except that the reaction was carried out a t  room 
temperature: yield 90%; mp 135-140 OC. Anal. Calcd for 
C 3 4 H a 1 & A g 6 :  C, 23.1; H, 3.4; N, 7.9; Ag, 36.6. Found: C, 22.80; 
H, 3.39; N, 7.70; Ag (by ignition), 38.0. The compound was not 
sufficiently soluble for a molecular weight determination. 

Physical Measurements. Infrared spectra were recorded with use 
of Nujol and Fluorolube mulls on a Perkin-Elmer 180 grating 
spectrophotometer. Determination of thiocyanate and carbamate peaks 
used a 1OX abscissa expansion from 2200 to 2000 cm-' and 1650 to 
1480 cm-'. Proton NMR spectra were recorded on a Bruker WM-250 
spectrometer. Electron spin resonance spectra were measured with 
a Varian E-109E ESR spectrometer. Melting points were measured 
with a Thomas-Hoover melting point apparatus and are uncorrected. 
Elemental analyses were performed by Schwarzkopf Laboratories, 
Woodside, NY. 
Results and Discussion 

Oxidative Addition Reactions with Gold(1) Complexes. T h e  
structurally interesting gold(1)  dithiocarbamate^'^^ have been 
established as existing in discrete dimeric units which can stack 
up in the  solid state to form linear gold chains (I). T h e  

Calcd for C&~N$liAg& C, 21.6; H, 3.5; N, 5.8; S, 24.4; Ag, 44.7. 

R R  R R  R R  

N N N 

I 

intradimer A w A u  distance generally falls in the 2.75-2.95-A 
range, whereas the interdimer Au-Au distance is generally 
around 3.0-3.1 A. These relatively short distances have been 
taken as an indication of a weak Au-Au interaction. 

Our interest in exploring the propensity of the  gold(1) di- 
ethyldithiocarbamate dimer, [Au(detc)]*, to undergo oxidative 
addition reactions was a natural outgrowth of our earlier work 
involving the oxidative addition reactions of the pseudohalogens 
thiocyanogen, (SCN)2,3,9,10 and selenocyanogen, (SeCN)2,4 
with a variety of (d8)9 and  (d10)33499J0 substrates. These re- 
actions were found to follow two different pathways: oxidation 

(7) Akerstram, S. Ark. Kemi 1959, 14, 387. 
(8) Hesse, R.; Jennische, P. Acra Chem. Scand. 1972, 26, 3855 .  
(9) Burmeister, J. L.; Weleski, E. T. Synrh. Inorg. Mef.-Org. Chem. 1972, 

2, 295. 
(10) Melpolder, J. B.; Burmeister, J.  L. Synth. React. Inorg. Mef.-Org. 

Chem. 1981, 11, 167. 
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with an increase in coordination number (square-planar Rh(I)9 
and Ir(I)9 - octahedral Rh(II1) and Ir(II1); linear AU(I)~*~*'O - square-planar Au(II1)) and oxidation with constant coor- 
dination number (tetrahedral Pt(0)4 - square-planar Pt(I1)). 
What we had anticipated to be a straightforward reaction, 
wherein the linear coordination environment of the Au(1) in 
the [Au(detc)], dimer would be converted into a square-planar 
[A~(de tc ) (SCN)~ l  complex by an oxidative reaction with 
(SCN),, turned out to produce results that were far more 
interesting and important. 

When 1 mmol of thiocyanogen was added to 0.378 mmol 
of (diethyldithiocarbamato)gold(I) dimer in CS2 at -78 "C 
(thiocyanogen in excess), an immediate color change occurred 
from bright yellow to a very deep, dark green (almost black). 
Filtration yielded a dark green solid, which, over a period of 
several hours at 0 "C, turned to a yellow-orange color. An 
initial infrared spectrum of the dark green substance revealed 
thiocyanate uCN peaks at 21 19 (sh) and 21 13 cm-' (s, sp), as 
well as dithiocarbamate Y ~ = ~  bands at 1548 (s, br) and 1522 
cm-l (s, sp). As the color lightened to yellow over a period 
of 30 h, the thiocyanate region coalesced to one strong U C N  
peak at 21 19 cm-' and the dithiocarbamate Y ~ = ~  1522-cm-' 
peak slowly diminished in intensity to a shoulder, concomitant 
with a growth in intensity on the part of the 1548-cm-l peak. 
The reactions with (SeCN),, Br,, and 12, under the same 
conditions, produced similar results, Le., isolation of a green 
solid, which, upon warming, became yellow in color. In each 
case, a dithiocarbamate y e N  band at ca. 1520 cm-' diminished 
in intensity as the color change progressed, coincident with 
the growth of a dithiocarbamate u~~ band at ca. 1550 cm-l. 
The green selenocyanate- and bromide-containing products 
proved to be more resistant to the color change. In the case 
of the selenocyanate complex, the green solid exhibited a 
selenocyanate uCN stretching band at 21 16 cm-l; transfor- 
mation to the yellow final product resulted in the appearance 
of a new selenocyanate uCN peak at 2126 cm-'. 

Analysis of the products revealed a go1d:dithiocarbamate: 
(pseudo) halide ratio of 1 : 1 : 1 ,  formally implying the presence 
of gold(I1). Although, as we will now demonstrate, the yellow 
solids are, in point of fact, mixed-valence square-planar 
gold(III)/linear gold(1) salts, similar to those isolated by 
previous investigators, their green precursors are bona fide 
Au(I1) complexes. 

The products of previous studies of reactions of this type 
have exhibited a dependence of the amount of oxidant added. 
Blaauw et aL6 observed that the addition of 2 mol of C12 or 
Br2 to 1 mol of a (dithiocarbamato)gold(I) dimer in chloroform 
at room temperature gave 2 mol of a dihalo(dithi0- 
carbamato)gold(III), [Au(dtc)X2], product. These reaction 
mixtures underwent a brief intemediate color change to dark 
red for C12, and dark violet for Br,, before giving the final 
yellow and red products, respectively. When half as much 
halogen was used in these reactions, a product, which analyzed 
for [Au(dtc)X], seemingly involving gold(II), was obtained. 
In the case of 12, the [Au(dtc)I] product was obtained re- 
gardless of how much I2 was added. 

The crystal structure and properties of the [Au(dtc)X] 
species where X = C1-, Br-, I- and CN- were studied by 
Beurskens et al.,L1*12 in order to determine the actual oxidation 
state of gold in these compounds. In a very definitive inves- 
tigation using X-ray, ESR, magnetic susceptibility, electric 
conductivity, electronic spectra, infrared spectra, and molecular 
weight measurements, they unquestionably established the 
nature of these apparent Au(I1) compounds as actually con- 
sisting of a mixed-oxidation-state, Au(II1)-Au(1) ionic con- 

(1 1 )  Beurskens, P. T.; Blaauw, H. J. A.; Cras, J.  A; Steggerda, J. J .  Inorg. 
Chem. 1968, 7, 805. 

(12) Beurskens, P. T.; Cras, J. A.; Steggerda, J. J. Inorg. Chem. 1968,7,810. 
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figuration, [Au(dtc),]+[AuX,]-. Using the same preparative 
method as Blaauw, they also observed a short-lived dark in- 
termediate, which was postulated as being due to an unstable 
Au(I1) intermediate, which quickly disproportionated to equal 
amounts of Au(1) and Au(II1). 

The results of our oxidative addition reactions with the 
(diethyldithiocarbamato)gold(I) dimer appear to correlate well 
with the findings of both Blaauw and Beurskens. The sig- 
nificance of our work is that, by using different reaction 
conditions, we have been able to stabilize the intermediate 
Au(I1) dimers long enough to enable us to isolate and char- 
acterize green solids, which undergo slow color changes. 

As Blaauw noted,6 the gold(1) and dihalogold(II1) dithio- 
carbamates are soluble in carbon disulfide, while the 
"monohalogold dithiocarbamate" is very sparingly soluble. By 
using carbon disulfide as our solvent, we were able to carry 
out our reactions at low temperature (-78 "C) and, conse- 
quently, isolate the gold(I1) dithiocarbamate dimers, which 
previous investigators had seen only fleetingly at room tem- 
perature in chloroform or carbon tetrachloride. Once isolated 
as a solid, their rate of disproportionation to [ A ~ ( d e t c ) ~ ] -  
[Au(X(CN)),] is much slower than in solution. Our con- 
clusion that an Au"-Au" bond exists in the [Au(detc)(X- 
(CN))], dimers (11) is supported by the results of an earlier 

XCN) 
/S-Aul%\ I - /C,H5 

H5C2>N=C \s-AuLs/C-N\C,H, I 

I H5C2 

( N C N  

11, X = Br, I, S(CN), Se(CN) 

study by Kita et al.,I3 who studied the kinetics and mechanism 
of the oxidation of bis(p-(dibutyldithiocarbamato-S,S')-di- 
gold(1) by Br,, 12, and IBr in dichloromethane at  -50 OC. 
Using ESR measurements, they found that the dark green 1:l 
I2/[Au(n-Bu,dtc)l2 complex formed at -50 OC was diamag- 
netic. They concluded that this was due to the formation of 
a charge-transfer complex of the type 111. They had no 

5 2  

s-At1-5 

L A " d  

111 

independent means of assessing whether or not the X-X bonds 
had cleaved, resulting in oxidation to diamagnetic Au(I1) 
complexes of the type shown above (11). In our case, however, 
the dramatic decreases in the thiocyanate and selenocyanate 
uCN stretching frequencies from those exhibited14 by the parent 
pseudohalogens ((SCN),, 2160 cm-'; (SeCN)2, 2157 cm-l) 
leave no doubtI5 that the thiocyanate and selenocyanate ions 
are, respectively, S and Se coordinated in the green Au(I1) 
dimers. Their presence formally requires that the gold atoms 
be in the +2 oxidation state, and the diamagnetic nature of 
the dimers further suggests that an Au-Au bond is present. 

There is, however, an alternative mixed-valence structure, 
IV, whose properties would also be consistent with the ex- 
perimental data presented thus far. Low-temperature proton 
NMR measurements offered the possibility of distinguishing 
between structures I1 and IV. All of the alkyl groups would 
be in identical environments in 11, whereas IV should contain 
nonequivalent alkyl groups at  temperatures where rotation 

(13) Kita, H.; Itoh, K.;Tanaka, K.;Tanaka, T. Bull. Chem.Soc. Jpn. 1978, 
51, 3530. 

(14) Aynsley, E. E.; Greenwood, N. N.; Sprague, M. J. J .  Chem. Soc. 1964, 
704. 

( 1 5 )  Bailey, R. A,; Kozak, S. L.; Michelsen, T.  W.; Mills, W. N. Coord. 
Chem. Rev. 1971, 6, 407. 
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,*X(CN) 
I'II 

s-A-s\ /" ?=I ' N d  &N) 
I R S-Au-S 

IV 

about the C=N bonds is restricted. 
In order to investigate this possibility, it was necessary to 

synthesize and utilize the corresponding di-n-butyldithio- 
carbamate derivative, since the low solubility of the diethyl 
derivative precluded its being used for the proton NMR 
measurements. The infrared behavior of the di-n-butyl de- 
rivative was comparable to that of the diethyl derivative, de- 
scribed previously. The dark green solid initially isolated 
exhibited a thiocyanate vCN stretching band at 21 19 cm-' and 
a dithiocarbamate V C . = ~  band at 1520 cm-'. When heated, 
the compound became yellow, and the bands shifted to 2135 
and 1555 cm-l, respectively. 

As is shown in Table I, the low-temperature (down to -80 
"C) proton NMR spectrum of the dark green solid gave no 
indication of more than one environment for the n-butyl 
groups. At about 0 OC, however, a second triplet due to the 
methylene group closest to the nitrogen atom appeared at 6 
3.64. As the solution continued to warm up, the intensity of 
this triplet increased, coincident with a diminution in intensity 
of the original triplet at 6 3.79. At the same time, the three 
remaining signals increased in complexity. When the con- 
version to the yellow [Au(S,CN(C4Hg),),] [Au(SCN),] salt 
was complete, the original triplet at 6 3.79 had completely 
disappeared, the new triplet at 6 3.68 had grown to an 
equivalent intensity, and the three remaining signals had re- 
gained their original patterns, albeit slightly shifted. All of 
these observations are in accord with the conversion of 
structure I1 (dark green) into [Au(S2CN(C4H9),),] [Au(SC- 
N),] and tend to negate the possibility of the dark green 
compound having structure IV. 

One unexpected beneficial side effect was realized in 
switching to the di-n-butyl der ivat ivea remarkable increase 
in stability. Whereas the diethyl derivative undergoes a 
complete green - yellow conversion in 12 h at 0 OC in the 
solid state, some of a sample of the di-n-butyl derivative is still 
green after 2 months at 0 OC. This is most certainly due to 
a steric effect. Conversion of I1 to [Au(S2CN(C4H9),),]- 
[Au(SCN),] would require rearrangement of the dithio- 
carbamate groups. The ponderable effects of the longer n- 
butyl groups would be expected to retard the rate of the re- 
arrangement, although the magnitude of the retardation was 
found to greatly exceed our expectations. 

The thiocyanation reaction was repeated at room temper- 
ature with 0.5 mmol of (SCN),/OS mmol of (diethyldithio- 
carbamato)gold(I) dimer. This time the dark green species 
was observed only briefly, and with complete addition, a 
yellow-brown solid resulted. The infrared spectrum exhibited 
peaks at 21 19 (s, sp), 2068 (w), and 1546 cm-' (s, br), a very 
weak shoulder at 1523 cm-I, which vanished in several hours, 
and a weak, broad peak at 1493 cm-I, which corresponds to 
unreacted starting material (1495 cm-I). The 1546-cm-l peak 
is assigned to the dithiocarbamate Y ~ - ~  stretch of [Au- 
(detc),]+[Au(SCN),]- and compares favorably with the 
1550-cm-' vC=N peak exhibited by the corresponding di-n- 
butyldithiocarbamate halide analogues." The intense 21 19- 
cm-' vCN peak is assigned as being due to the S-bound thio- 
cyanates of [Au(detc),]+[Au(SCN),]-, in good agreement with 
the vCN frequency reportedI6 for K[Au(SCN),]. The tran- 
sitory 2113- and 1522-cm-' peaks observed in the infrared 
spectrum of the low-temperature product would then be due 

Calabro et al. 

(16) Melpolder, J .  B.; Burmeister, J.  L. Inorg. Chim. Acra 1981, 49, 115. 
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to the uCN and u ~ = ~  bands, respectively, of the short-lived, 
green Au(I1) dimer. 

The addition of another 0.05 mmol of (SCN)* at room 
temperature in CS2 to 0.05 mmol of the product of the pre- 
ceding reaction yielded a product that was browner in color 
and exhibited uCN peaks at 2124 (sh) and 21 14 cm-' (m, sp) 
and a veN peak at 1547 cm-l (s, br). The appearance of the 
2124-cm-' shoulder is indicative of the formation of some 
[A~(detc)~l+[Au(SCN)~]-. If the product had rearranged to 
form [Au(detc)(SCN),], a higher v~~ frequency should have 
been observed for the dithiocarbamate moiety. As reported 
by Beurskens et al.," the v~~ frequencies of the [Au(dtc)X,] 
complexes are 1570, 1565, and 1561 cm-I, respectively, for 
the chloro, bromo, and iodo di-n-butyldithiocarbamates. It 
should be noted that there is a smooth increase in the v~~ 
frequency of the dithiocarbamato ligand as the oxidation state 
of gold increases, i.e., [Au'(detc)],, 1495 cm-' < [Ad1- 
(detc)SCNI2, 1523 cm-' < [Au"'(detc),] [Au(SCN),], 1548 
cm-'. 

When 0.2 mmol of Br2 was added to 0.134 mmol of the 
[A~(detc),l+[Au(SCN)~]- salt (Br, in excess), a light orange 
solid resulted with vCN peaks at 2130 and 2125 cm-' (m, sp) 
and a V+N peak at 1547 cm-' (m, br). We have assigned the 
vCN doublet as resulting from a cis splitting of the thiocyanates 
in the anion of [Au(detc),]+[cis-A~(SCN)~Br~]-. 

The only previously reported dimeric gold(I1) complexes 
(VI, IX), shown in Scheme I, have emanated from the work 
of Schmidbaur and his  colleague^.^^-^' They, too, were able 
to add either 1 or 2 mol of C12 or Br2 to 1 mol of the phos- 
phonium ylide dimer V, whereas only 1 mol of 1, could be 
added. To explain these results, they proposed that 2 mol of 
halogen added to give a Au(II1)-Au(II1) dimer, VI1 (the trans 
structure being supported by the observation of a single Au-X 
stretching band), while, when only 1 mol of halogen added, 

(17) Schmidbaur, H.; Franke, R. Inorg. Chim. Acta 1975, 13, 85. 
(18) Schmidbaur, H.; Mandl, J. R.; Frank, A.; Huttner, G. Chem. Eer. 1976, 

109, 466. 
(19) Schmidbaur, H. Acc. Chem. Res. 1975,8, 62. 
(20) Schmidbaur, H. Angew. Chem., Inr. Ed. Engl. 1976,15, 728. 
(21) Schmidbaur, H.; Wohlleben, A.; Wagner, F. E.; van der Vondel, D. F.; 

van der Kelen, G. P. Chem. Ber. 1977, 110, 2758. 
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Table I. Proton NMR Data 

chemical shift, 8 
temp, 

compd solvent “C -N-CH,- CH,-CH,CH,- -CH2CHS -CH, 
1.29 (hex) 0.926 (t) 
1.33 (hex) 0.992 (t) 

Na[S,CN(C,H,),l DCCl, 20 3.93 (t) 1.66 (m) 
20 3.74 (t) 1.76 (m) 

12 
-50 3.80 (t) 1.81 (m) 1.45 (hex) 1.06 (t) 

IAu(S,CN(C,H,),)I , cs2 
[Au(S,CN(C,H,),)SCNI cs2 

green/yellow mixture cs2 3.79 <ti  1.78 imj 1.43 (m) 1.04 (m) 
3.64 (t) 
3.68 (t) 1.76 (m) 1.47 (hex) 1.00 (t) 

a rare Au(I1)-Au(I1) dimer, VI, resulted. The results of a 
single-crystal diffraction study of VI (X = C1) confirmed the 
existence of the proposed structure. Schmidbaur explained 
the inability to form compound VI1 when X = I as being due 
to the unfavorable steric interaction of the bulky I- ligands 
in compound VII, where the X groups are arranged in an 
eclipsed configuration. 

Since only 1 mol of I, can be added to either of the two 
Au(1) dimers I and V, they are probably going through a 
similar pathway. Schmidbaur’s steric explanation, as well as 
his preparation of stable Au(I1) dimers, suggests that the 
common intermediate is the initial formation of an Au(I1) 
dimer analogous to compounds I1 and VI. In the case of the 
dithiocarbamate system, the unstable Au(I1) dimer resulting 
from the addition of C12 or Br, either disproportionates to 
[A~(d tc )~ ]+[AuX~] -  in the absence of any more halogen or 
oxidizes further in the presence of excess halogen to an Au(II1) 
dimer, as in compound VII, which ultimately undergoes ring 
cleavage to give 2 mol of [Au(dtc)X2]. When I2 is added, only 
disproportionation occurs, since the formation of the Au(II1) 
dimer is sterically unfavorable. Alternatively, the phosphonium 
ylide Au(1) dimers can add all three halogens to give stable 
Au(I1) dimers, as well as 2 mol of C12 or Br, to form stable 
Au(II1) dimeric products. Apparently, the eight-membered 
phosphonium ylide Au(I1) and Au(II1) rings are more stable 
than analogous dithiocarbamate rings. Schmidbaur has as- 
cribed this unexpected stabilization of a normally labile M-C 
moiety to the presence of onium centers adjacent to the four 
Au-C u bonds.19 

Oxidative Addition Reactions with Siver(1) Dithiocarbamate 
Hexamer. Although we have not investigated these reactions 
as extensively, the results that we have obtained thus far in- 
dicate that the oxidative addition reaction chemistry of the 
Ag(1) dithiocarbamate hexamer differs significantly from that 
described above for its Au(1) homologue. The first, most 
obvious difference involves the more complicated structure of 
the hexameric substrate. The crystal and molecular structures 
of both the (diethyldithiocarbamat0)- and (di-n-propyldi- 
thiocarbamato)silver(I) hexamers have been described by 
H e ~ s e . ~ ~ ~ , ~  The silver atoms (see Figure 1) are situated in 
the central part of the molecule and form a somewhat distorted 
octahedron with six comparatively short and six longer edges. 
The long edges form two centrosymmetrically related triangles 
in the silver octahedron. Outside each of the other six faces 
of the octahedron, one dithiocarbamate ligand is situated, 
linked to the silver atoms of the face by silver-sulfur coor- 
dination. One of the sulfur atoms is linked to one and the other 
to two silver atoms. 

Attempts to oxidize the [Ag(detc)], hexamer at -78 OC by 
reaction with (SCN)2 resulted only in partial substitution to 
form [Ag,(detc),SCN]. [Presumably, the (SCN), oxidized 
the missing dithiocarbamate to give thiuram disulfide, although 
this was not confirmed by its isolation and characterization. 

(22) Hesse, R.  “Advances in the Chemistry of the Coordination 
Compounds”; S. Kirschner, Ed.; Macmillan: New York, 1961; p 314. 

(23) Hesse, R.; Nilson, L. Acta Chem. Scand. 1969, 23, 825. 

/ 

Figure 1. Structure of silver(1) dithiocarbamate h e x a m e r ~ . ~ ~ . ~ ~  
(Curved lines represent the remaining skeletons of the dithiocarbamate 
moieties.) 

This type of oxidation has been previously observed in the 
reactions between iodine and [Sn(CH3)2(detc),]24 and [Zn- 
( d b t ~ ) ~ ] ~ ~  in cyclohexane.] The v~~ bands exhibited by both 
the hexameric substrate and the partially thiocyanate-sub- 
stituted product were found at essentially the same frequency 
(1495 cm-I). The latter, in addition, exhibited an S-bonded 
thiocyanate uCN stretching band at 2101 cm-*. Both the 
substrate and the product did not exhibit an ESR signal. 

However, when the reaction was carried out at room tem- 
perature, partial oxidation of the Ag(1) to Ag(I1) finally oc- 
curred, yielding [A&(detc),(SCN),] as the final product. This 
conclusion is supported by the appearance of an additional 
higher frequency dithiocarbamate u C p ~  stretching band at 
1530 cm-’ in the product’s infrared spectrum and a broad 
(2000-G) singlet at 3000 G ( g  - 2.3) in its ESR spectrum, 
which remained constant with time. The thiocyanate YCN 
stretching frequency remained at 2101 cm-’. 

Preliminary results indicate that the silver(1) dithio- 
carbamate hexamer is even more resistant to oxidation by 
(SeCN)2. Even when the reaction was carried out at room 
temperature, only a partially substituted, nonoxidized [Ag6- 
(detc)$eCN] product was isolated. 

We intend to explore the chemistry of Au(I1) in compounds 
of type I1 more fully, with an eye toward finding combinations 
that will stabilize the +2 oxidation state. This will involve (1) 
varying the nature of the R groups in the dithiocarbamate 
moiety, from electron donating to electron withdrawing, in- 
cluding cationic26 dithiocarbamates and (2) varying the 
bridging ligand, e.g., diselen~carbamates~’ and dialkyl di- 
thiophosphates.28 A particularly intriguing possible substrate 

(24) Kita, H.; Tanaka, K.; Tanaka, T. Bull. Chem. Soc. Jpn. 1975,48,2816. 
(25) Kita, H.; Tanaka, K.; Tanaka, T. Inorg. Chim. Acta 1977, 21, 229. 
(26) McCormick, B. J.; Stormer, B. P.; Kaplan, R. I. Inorg. Chem. 1%9,8, 

2522. 
(27) van der Linden, J. G. M.; Nijssen, W. P. M. Z .  Anorg. Allg. Chem. 

1972, 392, 93. 
(28) Lawton, S. L.; Rohrbaugh, W. J.; Kokotailo, G. T. Inorg. Chem. 1972, 

11, 2227. 
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in the last category is found in the gold(1) dimer X.29 Com- 

/ 
!CH,i, 

\ I  

s - A & P ~ H ~ ~ ,  

p : z  

!C,H,),P-Au-S 

X 

pound X has been investigated30 in terms of its being used in 
arthritis therapy. 

A logical future extension of this research will involve an 
exploration of the oxidative addition reactions between thal- 
lium( I) dialkyldithiocarbamates and pseudohalogens. The 
structure of (dipropyldithiocarbamato)thallium(I) dimer has 
been shown3’ to be different than that of its gold(1) analogue 

(29) Crane, W. S.; Beall, H. Inorg. Chim. Acta 1978, 31, L469. 
(30) Weinstock, J.; Sutton, B. M.; Kuo, G. Y . ;  Walz, D. T.; DiMartino, M. 

J. J .  Med. Chem. 1974, 17, 139. 
(31) Nilson, L.; Hesse, R. Acta Chem. Scand. 1969, 23, 1951. 

I. It consists of a unique zigzag chain structure in which the 
distorted [ (C3H7)2NCS2Tl]2 dimers are connected by inter- 
dimer T1-S linkages such that one Tl(1) is six-coordinate while 
the other is five-coordinate. Instead of an eight-membered 
ring, it exists as a distorted bipyramid with Tl(1) atoms at the 
apices. 
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The novel six-membered cyclopalladated complex bis(~-acetato)-bis[2-(2-picolyl)phenyl-C1,~dipalladium(II) [ [Pd- 
(OAc)(piph)],J has been synthesized by the reaction between palladium(I1) acetate and 2-benzylpyridine. Its di-r-chloro 
analogue, [ [PdCl(piph)],), yielded by the metathetical reaction with lithium chloride, undergoes bridge-splitting reactions 
with 3,5-lutidine and thallium(1) acetylacetonate to afford the corresponding mononuclear cyclopalladated complexes. All 
the cyclopalladated complexes are characterized by means of elemental analysis and mass, IR, and NMR spectroscopy. 
The cyclopalladated structure of the piph moiety is also confirmed by the formation of 2-(2-vinylated benzyl)pyridines, 
which were obtained by the reactions of ([PdCl(piph)],) with styrene and methyl vinyl ketone. 

Introduction 
In recent years considerable interest has developed con- 

cerning the utilization of cyclometalated complexes for organic 
syntheses.’** Many articles have already been published 
concerning five-membered cyclometalated complexes having 
nitrogen, phosphorus, oxygen or sulfur donor 
However, six-membered cyclometalated complexes are less 
popular, and only five reports have appeared about six-mem- 
bered cyclometalation of 2,2’-bi~(diphenylphophino)dibenzyl,~ 
tr~ns-2,2’-bis(diarylphosphino)stilbene,~ (o-alkoxypheny1)di- 
organophosphine,8 N-arylamide~,~J~ and N,N’-diar~larnidines.~ 

Moreover, it has been reported that hydrometalation of di- 
phenyl(o-styryl)phosphine,” oxymetalation of (but-3-eny1)- 
diphenylphosphine,’* diphenyl(~-styryl)phosphine,*~ and di- 
methyl(o-styryl)arsine,13 and bromometalation of (o-allyl- 
pheny1)diphenylpho~phine’~ also resulted in the formation of 
six-membered C,P- or C,As-chelating complexes. 

In the course of investigation about new cyclopalladation 
we have found that 2-benzylpyridine (Hpiph) 

easily reacted with palladium(I1) acetate to yield a novel 
six-membered cyclopalladated complex ([Pd(OAc)(piph)] 2) 
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