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Figure 4.-View down the -C-N-C axis of the isocyanide ligands 
showing the disorder of the methyl groups. Atoms labeled CA 
and CB belong to the distinct conformations of the disordered 
tert-butyl group. For those ligands that lie on the crystallographic 
mirror plane (m----m), the atoms CA and CB are related by 
virtue of that plane. 

MoLsXz (L = isocyanide; X = C1, Br) compounds 
prepared by an entirely different route.” Seven- 
coordination has long been postulated26-29 for Mo(I1) 
complexes containing good a-acceptor ligands, nota- 
bly carbonyls, and the present study provides direct 
confirmation of this suggestion by X-ray diffraction. 30-a2 

Recently cations of general formula [MO(CO)~(D)~I]+  
(25) H. L. Nigam, R. S. Nyholm, and M. H. B. Stiddard, J. Chem. Sac., 

(26) P. C. H. Mitchell, Coord. Chem. Rea., 1, 315 (1966), and references 

(27) R. Colton and I. B. Tomkins, Aust.  J .  Chem., 19, 1143 (1966). 
(28) R. Colton and I. B. Tomkins, ibid., 19, 1519 (1966). 
(29) H. C .  E. Mannerskantz and G. Wilkinson, J .  Chem. Soc., 4454 (1962). 
(30) Note, also, the closely related [W(CO)s(bipy) (GeBra)Br] complex81 

(31) E. M. Cradwick and D. Hall, J .  Organomelal. Chem., 26, 91 (1970). 
(32) M. G. B. Drew, I. B. Tomkins, and R. Colton, Ausl. J .  Chem., 23, 

1806 (1960). 

cited therein. 

and the discussion in ref 32. 

2517 (1970). 

(D = o-phen, b i p ~ ) ~ ~  and the complex MO(CO)~- 
(dtc)za4 have been reported. The resemblance be- 
tween the stoichiometries of these MX4Y2Z and 
MX4Y3 type of molecules and that of the [Mo(CNR)~- 
I ] +  ion may be noted. Finally, we wish to emphasize 
that, although the CZ, capped trigonal prism has been 
identified in the solid state for iodohexakis(tert-butyl 
isocyanide)molybdenum(II) iodide, the structure of 
this compound in solution is as yet unknown. Be- 
cause of the close energetic similarities between co- 
ordination polyhedra for the higher coordination num- 
bers, rearrangement to one of the other structures 
(Table IV) or stereochemical nonrigiditya6 is entirely 
possible. Thus, for example, the related heptacyano- 
molybdate(II1) ion is known from its spectroscopic 
properties to have a seven-coordinate pentagonal- 
bipyramidal structure in solution, while in the solid 
potassium dihydrate salt, a capped trigonal-prismatic 
structure has been proposed.36 Studies of the solution 
structure of [Mo(CNR)eI]+ salts are currently in 
progress. 

Acknowledgments.-We are most grateful to Miss 
Sandra Hoffer for her initial efforts on this problem, 
to Mr. Donald Barton for help with computations, 
to Professor Harry Gray and Dr. George Rossman for 
informing us of their results on the heptacyanomolyb- 
date(II1) ion prior to publication, and to the National 
Science Foundation for financial support. S. J. L. 
also thanks the Alfred P. Sloan Foundation for a 
research fellowship (1968-1970). 

(33) H. Behrens, G. Lehnert, and H. Sauerborn, Z .  Anorg.  Allg. Chem., 

(34) R. Colton, G. R. Scollary, and I. B. Tomkins, Ausl. J .  Chem., 21, 15 

(35) E. L. Muetterties, I no rg .  Chem., 4, 769 (1965). 
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The preparation and characterization of several azido and thiocyanato complexes of group Ib  metals of the general formula 

(CsHs)z, P(C~HSO)(C&)Z; X -  = N3-, KCS-), ML’X, and MzL’~XZ (L’ = ( C ~ H ~ ) ~ P ( C H Z ) Z P ( C ~ H ~ ) ~ )  are reported. The azido 
complexes react with dipolarophiles such as CSZ and CFsCN by 1,3-dipolar cycloaddition to form thiothiatriazolato and per- 
fluoromethyltetrazolato complexes. The CF3CN adducts are stable while the CSZ adducts decompose both thermally and 
photolytically. The thermal decomposition of a solution containing azidobis(triphenylphospliine)copper(I) and CSz in a 1 : 1 
ratio yields triphenylphosphine sulfide, CuNCS, and thiocyanatobis(triphenylphosphine)copper(I), while the photolytic 
decomposition of the above solution leads to the corresponding thiocyanato complex and colloidal sulfur. The same results 
are observed for the other CS2 adducts reported here, Thermal or photolytic decomposition of the complex thiothiatriazo- 
lato(triphenylphosphine)copper(I) ( C U ( P ( C ~ H ~ ) ~ ) N ~ .  CSz) in CHCla leads to  CuNCS and triphenylphosphine sulfide. The 
azido complexes of Cu(1) and Ag(1) are all photolytically active and their photolysis in chloroform leads to  the liberation of 
NP, to  the abstraction of chlorine atoms from the solvent, and to the formation of complexes such as [Ag(P(CsHs)aCl]c and 
Cuz(P(C~Hs)~)&lz. The geometry of these group I b  metal complexes is discussed in terms of recent X-ray structural re- 
sults and physical data obtained in solution. 

MLnX (n  = 1, M = Au(1); 2, M = CU(I), Ag(1); L = P(CeH6)s, P(CHB)(CBH~)Z, P (o -CH~CBHI) (C~H~)~ ,  P(CH80)- 

Introduction oxidized and reduced. For example, i t  was shown that 
coordinated azides react with metal hydrides to produce 
amino complexes1 or with oxygen to produce coordi- 

The chemistry of coordinated azides has received in- 
creased attention during the past several years primarily 
due to the fact that coordinated azides can be both (1) w. Beck and M. Bauder, Chem. Bey., 103,583 (1970). 
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nated nitrites. Another interesting reaction involves 
the formation of Nt-containing complexes from the cor- 
responding azido complexes. The relatively weak 
N-N bond of the azide moiety (the bond between the 
middle nitrogen and the nitrogen coordinated to the 
metal) leads to the conversion of Na- to NCO- 4 by re- 
action with CO and to coordinated triphenylphospho- 
imido group5 by reaction with triphenylphosphine. 

The anticipation that under certain conditions co- 
ordinated azides would behave in an analogous way to 
organic azides has led to the preparation of coordinated 
five-membered heterocyclic rings such as thiothiatri- 
azole and perfluoromethyltetrazole which result from 
the 1,3-dipolar addition of the dipolarophiles carbon 
disulfide and trifluoroacetonitrile to the azide 
In this paper we report some of these reactions with 
azido complexes of group Ib metals. 

Experimental Section 
Infrared spectra were recorded on a Perkin-Elmer Model 225 

infrared spectrophotometer using Nujol mulls or KBr pressed 
pellets. The ultraviolet absorption spectra were recorded on a 
Cary 14 spectrophotometer using matched quartz cells of 1-cm 
path length and spectrograde solvents. Molecular weights were 
determined by vapor pressure osmometry (Mechrolab Model 
301Aj in benzene and chloroform solutions, and tga data were 
recorded on a Du Pont 950 thermal analyzer. Conductivity 
measurements were made using an Industrial Instruments 
bridge, Model RC16B2, and lgF spectra were recorded on a Var- 
ian HA-100 spectrometer equipped with the appropriate probe. 

Photolysis reactions were carried out in internally cooled Pyrex 
vessels containing a Hanovia Type-L 450-W medium pressure 
mercury vapor immersion lamp with a Vycor 7910 filter. All 
photolysis reactions were carried out a t  approximately 10" (ex- 
cept where noted otherwise) under Ar using dried, deaerated, 
reagent-grade solvents. A Hanovia "Utility" ultraviolet quartz 
lamp was used when irradiations were carried out on samples in 
Vycor vessels connected directly to a high-vacuum line. To 
measure the amount of nitrogen produced in the various photo- 
chemical reactions, a CHC13 solution containing the desired com- 
plex was injected into the tube and dissolved gases were removed 
by evacuation and freeze-thaw cycles. In the last cycle the tube 
was closed to the system and its contents warmed to 300OK. 
Irradiation was carried out for several hours. After irradiation, 
the mixture was again taken through several freeze-thaw cycles 
and the gaseous products were collected with the use of a Toepler 
pump into a precalibrated volume. Pressure and temperature 
measurements were made, and the amount of gas formed was 
calculated using the ideal gas equation.8 A small sample of the 
gas was removed for mass spectral analysis. 

Elemental analyses were performed by Micro-Analysis Inc ., 
Wilmington, Del. 19808, and by Galbraith Laboratories, Inc., 
Knoxville, Tenn. 37921. Mass spectral analysis were per- 
formed by the Morgan Schaffer Corp., Montreal, Quebec, Can- 
ada. 

Reagent grade chemicals were used in the preparation of the 
complexes. The phosphine ligands were prepared by published 
methods. 

I. Preparation of Azido and Thiocyanato Complexes. a .  
Type M(L)2N3 and M(L)zNCS (L = P(CBHD)B, P(CH,)(C&)2, 
P(o-cH3CeH4)(C6H5)2; M = Cu(I), Ag(I).-A methanolic solu- 
tion of NaN3 or NaNCS (0.02 mol) was added slowly to a 
warm chloroform solution containing 0.015 mol of M(L)&l.g 

(2) P. G. Douglas, R. D. Feltham, and H. G .  Metzger, J .  Amer. Chem. 

(3) L. A. P. Kane-Maguire, P. S. Seridan, F. Basolo, and R. G. Pearson, 

(4) W. Beck, W. P. Fehlhammer, P. Pollman, and H. Schachl, Chem. 

(5) W. Beck in "Progress in Coordination Chemistry," M. Cais, Ed., 

(6) W. Beck, W. P. Fehlhammer, H. Bock, and M. Bauder, Chem. Ber., 

(7) R. F. Ziolo and Z. Dori, J .  Amev. Chem. Soc., 90, 6660 (1968). 
(8) F. D. Lewis and W. H. Saunders, Jr., $'bid., 90, 7033 (1968). 
(9) G. Costa, E. Beisenhoffer, and L. Stefani, J .  Inorg. Nucl. Chem., 27, 

Soc., 98, 84 (1971). 

i b i d . ,  92, 5865 (1970). 

Ber., 102, 1976 (1969). 

American Elsevier, New York, N. Y., 1969. 

102, 3637 (1969) and references therein. 

2581 (1965). 
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The mixture was stirred for 1 hr a t  room temperature. Addi 
tion of hexane caused the precipitation of the desired complex. 
Analytically pure samples of these complexes were obtained by 
recrystallization from a chloroform-hexane solution. 

b. Type Cu(L)2N3 and Cu(L)2NCS (L = P(CH30)(C6H5)~, 
p(czHbO)(ceH~,)~.-L (0.04 mol) was added dropwise to a hot 
methanolic solution containing 0.015 mol of Cu(BF4)2. The 
resulting clear solution was stirred for 1 hr and then filtered. 
NaN3 or NaNCS (0.018 mol) in methanol was then added and 
the solution was stirred for an additional hour. The solvent was 
then evaporated to a volume of 30 ml and the residue filtered. 
To the resulting solution, 150 ml of petroleum ether (bp 40-60") 
was added. Colorless crystalline material separated out after 
being kept a t  0" for several days. These complexes were re- 
crystallized from a chloroform-petroleum ether (bp 40-60") solu- 
tion. 

c. Au(P(ceHa)~)x (X = Ns, NCS).-These complexes were 
prepared by shaking A U ( P ( C ~ H ~ ) ~ ) B ~  in CHC13 with an excess of 
NaN3 or NaNCS in water until the chloroform layer showed the 
absence of bromide. 

d .  Ag~(diphos)~(N~)2.2DMF.-AgCl (10 mmol) was added 
together with 15 mmol of diphos to 300 ml of dimethylformamide. 
After stirring on the steam bath for several hours the solution was 
filtered and 15 mmol of NaN3 in 150 ml of hot methanol was added. 
The resulting solution was stirred for 1 hr. The solution was 
evaporated to a volume of 50 ml and filtered. The desired com- 
plex separated upon standing. Analytically pure sample was 
obtained by recrystallization from dimethylformamide. 

Prepo.ration of the 5-Thio-1,2,3,4-thiatriazolato Complexes.- 
To a stirred chloroform solution containing 0.02 mol of the azido 
complexes, 0.021 mol of CSZ in 5 ml of chloroform was added 
slowly. Stirring was continued in the dark for approximately 10 
min after addition. A t  this time an infrared spectrum of the 
solution showed the absence of the azide asymmetric stretching 
band. In the case of the copper azide complexes a clear yellow 
solution resulted; the solutions containing the silver and gold 
complexes were colorless. Slow precipitation of the CSZ adducts 
was accomplished by partially evaporating the chloroform and 
adding diethyl ether. The CSZ adduct of the Au(1) complex was 
precipitated from an acetone-water mixture. 

Preparation of the 5-Perfluoromethyltetrazolato Complexes.- 
A chloroform solution containing 2 mmol of the azidotriphenyl- 
phosphine complexes of Cu, Ag, or Au was cooled to 0" and stirred 
while trifluoroacetonitrile was bubbled through the solution a t  1 
atm for approximately 5 min. The reaction mixture was tested 
for completion by observing the absence of the asymmetric 
stretching band of the azide. During the formation of the CU 
and Au complexes the colorless solution turned to pale yellow. 
Partial evaporation of the solvent followed by the addition of n- 
hexane caused precipitation of white crystalline material for the 
copper and silver complexes. In the case of the gold complex, 
the reaction mixture was evaporated to dryness. The complex 
was redissolved in acetone and precipitated as white crystalline 
needles by the addition of a mixture of distilled water and ethanol. 
The Cu and Ag complexes were recrystallized from a chloroform- 
n-hexane mixture; the recrystallized Au complex was obtained by 
slowly cooling a saturated CHCla solution of the complex from 20" 
too0 .  

Photochemical Preparation of the Thiocyanato Complexes from 
the Corresponding CSn Adducts.-CS2 (0.011 mol) in chloroform 
was added to a chloroform solution containing 0.01 mol of the 
desired azido complex. The formation of the CS2 adduct was 
considered complete when the infrared spectrum of the above 
solution showed the absence of the azide asymmetric stretching 
band (2000-2100 cm-1). This solution was then photolyzed 
under argon until the ir band which is attributed to the thio- 
carbonyl group (1200 cm-1) had disappeared. The colloidal 
sulfur was filtered off and the thiocyanato complex which is 
soluble in chloroform was isolated and recrystallized from a 
chloroform-hexane solution. The thiocyanato complexes could 
also be obtained from the isolated CS2 adducts if the appropriate 
phosphine was added in a 1 : 1 ratio to the reaction mixture prior 
to the photolysis. 

Photolysis of ML2N3 (L = P ( G H E ) ~ ;  M = Cu(I), Ag(I)), and 
AuLN3.-Solutions approximately 10-2 M in the desired complex 
were irradiated for 1-2 hr. The photolysis reaction mixture was 
filtered through a medium porosity sintered-glass filter and re- 
duced by evaporation to half-volume. The reaction mixture was 
then treated with ether and n-hexane. The resulting precipi- 
tate was collected and recrystallized several times by slow evapo- 
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TABLE I 
ANALYTICAL DATA FOR GROUP Ib  METAL COMPLEXES 
7% C-- ,-----Yo H-- -7" N-- -7" P-- . _  

Found Calcd Found Calcd Found Calcd Found MP, 
185 dec 
170 dec 
190 dec 
145 dec 
160 dec 
160 dec 
230 dec 
232 dec 
160 dec 
230-232 
225-228 
185 
85 dec 
80 dec 
95 dec 
90 dec 
90 dec 
82 dec 

225-227 
230-232 
200 

Calcd 
68.5 
64.1 
43.2 
69.5 
65.1 
66.6 
61.0 
42.7 
61.7 
68.8 
64.3 
62.1 
51.4 
59.0 
39.5 
52.5 
60.0 
61.6 
63.1 
59.4 
40.2 

ration from chloroform-ether mixtures. For the photolysis 
reaction mixture of A U ( P ( C ~ H ~ ) ~ ) N ~ ,  the mixture was filtered to 
remove metallic gold which was sometimes present and evap- 
orated almost to dryness. The final product was crystallized 
from acetone-water mixtures. 

CSz. a .  Photolysis Products.-Yellow CU(P(CGH,)~)N~.CSZ was 
prepared as described previously and dissolved in CHC13 to give a 
solution approximately 0.05 M. The solution was photolyzed 
in a Vycor vessel as described earlier. The resulting cloudy yel- 
low solution was filtered to remove the suspended material which 
was shown to be CuNCS. The light yellow filtrate was evapo- 
rated and the residue chromatographed on an alumina column. 
The product was identified as triphenylphosphine sulfide.I0 

Thermolysis Products.--A solution of the yellow adduct 
was prepared as in part a and refluxed in the dark for about 6 hr. 
The resulting solution was analyzed as above and was found to 
contain the same products as in the photolysis reaction. 

Thermolysis of CU(P(C&)~)N~ CS2.-Thermolysis was car- 
ried out on this compound which was prepared by two different 
methods: one involved addition of CSe to a chloroform solution 
of CU(P(CeH6)3)&s in a mole ratio of 1 : 1, and the other involved 
the addition of P(CeH6)s in a 1 : 1 mole ratio to a chloroform solu- 
tion containing CU(P(C&Ig)3)N3. CSz. The results are identical 
in both cases. Typically, 4 mmol of Cu(P(CaH6)3)zN3 (2.5 g) was 
added to approximately 250 ml of CHClp; 4 mmol of CSz (0.3 
g) was added and the resulting yellow solution was refluxed in the 
dark for 4 hr. At the end of this period light yellow solid (iden- 
tified as  CuNCS) adhered to the flask wall. The solution was 
decanted. From this solution triphenylphosphine sulfide and 
CU(P(C~H;,)~)ZNCS were recovered. No sulfur was produced in 
this reaction. 

11. Thermal and Photolytic Decomposition of CU(P(C&J)I)NI 

b. 

Results and Discussion 
Analytical data for the complexes reported in this 

paper are given in Table I. All of these compounds are 
diamagnetic solids and do not conduct in solution. 
The elemental analysis of the thiocyanato complexes 
are for the photolytically prepared samples. Thio- 
cyanato complexes prepared metathetically have prop- 
erties identical to those of the photolytically prepared 
samples. The azido complexes of Cu(1) and Ag(1) 
with the diphenylphosphinous acid esters are relatively 
unstable" and considerable decomposition is noted even 
in sealed tubes under argon. All other azido com- 
plexes are very stable, nonexplosive compounds which 

(10) G. M. Phillips, J. S. Hunter, and L. E. Sutton, J .  Chem. Soc., 146 
(1945). 

(11) An attempt to isolate the AgNa complex with P(CHsO)z(CeHd re- 
sulted in an explosion. 

68.3 4 . 8  4 . 8  
63.9 4 . 5  4.4 
43.2 3 . 0  3 . 4  
69.4 5 . 2  4 .9  
64.2 4 . 8  4 . 6  
66.2 5 .2  5 . 3  
60.9 5 . 3  5 . 5  
43.0 3 . 6  3 . 7  
61.6 5 .0  5 . 1  
68.3 4 .6  4 .5  
63.7 4 .4  4.6 
61.8 4 .9  5 . 2  
50.8 3 .4  3 . 5  
59.3 4 .0  4 . 1  
38.7 2 .6  2 . 5  
51.9 3 . 7  9 . 2  
59.9 4 .4  4 . 3  
61.2 4 . 6  4 . 8  
63.1 4.2 4.0 
59.2 3 .9  3.8 
41.6 2 . 5  2 .6  

could be stored for 

6 . 7  6 . 3  9 . 8  9 . 6  
6 .2  6 .4  9 . 2  9 . 1  
8 . 4  8.1 6 . 2  6 . 3  
6 .4  6 .4  9 . 5  9 . 6  
. . .  . . .  8.8 8 . 9  
. ~ .  . .  . 13.3 12.8 
6 . 8  6 . 2  11.3 11.2 
7 . 3  7 .2  8 . 5  8.8 
t . .  . . .  12.3 12.2 
2 . 2  2.0 9 .6  8 . 9  
2 . 0  2 .6  8 . 9  8 . 5  

9 . 5  9 . 2  7 .0  6 . 3  
5 .6  5 8  8 . 3  8 . 2  

. . .  . . .  6 . 8  7 . 2  

. . .  I . .  7.9 8 . 2  

. . .  . . . 13.1 12.9 
7 . 7  7 . 5  8 . 6  8 . 3  
7 . 3  7.2 8 .0  7 . 8  
9 . 4  8 . 9  5 . 2  5.5 

. . .  I . .  . . t  I . .  

. . .  . . .  . . .  . . .  

months with no amarent decom- 
position. This added stability illustrails the effect of 
coordinated phosphine ligands in stabilizing the heavy 
metal azides which themselves are notoriously ex- 
plosive. Thermal gravimetric analyses of these com- 
plexes, however, indicate that they decompose upon 
melting by slowly evolving nitrogen. 

In  view of the tendency of phosphine complexes of 
Cu(1) and Ag(1) to attain four-coordination, i t  is 
reasonable to suggest that in the solid state the ML2X 
(X- = N3-, NCS-) complexes possess dimeric struc- 
tures similar to those observed for [Cu(P(C&),)2- 

NCSI2'4 as shown below. In solution, however, these 
N312,12 [Ag(P(CsH5)&NCS ] 2 , l 3  and [Cu(PCHdCdWz- 

MLzX complexes appear to be monomeric (Table 11), 
but one cannot rule out the possibility of ligand dis- 
sociation as shown in eq 1 . l 5 8 l 6  In this instance, 

(1) LzMXzMLn Jr LzMXzML + L 

number-average molecular weight values coincident 
with that of the monomer would be obtained. In  
general, the solution nature of phosphine complexes of 
group Ib  metals is quite complicated as has been 
shown recently by Muetterties and Alegranti16 using 
31P temperature-dependent nmr techniques. Unlike 
the halo complexes of &(I) with P(C6H5)3 which are 
known to have metal to ligand ratios of 1 : 1, 1 : 2, 1 : 3, 
1:4,  and 2:3,'7 i t  is interesting that with Nf- and 
NCS- only the 1 : 2 type complexes are observed in the 
solid state, even when prepared under a variety of 
different conditions. 

(12) R.  F. Ziolo, A. P.  Gaughan, 2. Dori, C. G. Pierpont, and R.  E. Eisen- 

(13) R. F. Ziolo and 2. Dori, unpublished results. 
(14) A. P. Gaughan, R. F .  Ziolo, and 2. Dori, Inorg. Chim. Acta,  4,  640 

(1970). 
(15) D. F. Lewis, S. J. Lippard, and P. S. Welcher, J .  Amev. Chem. Soc., 

92, 3805 (1970). 
(16) E. L. Muetterties and C. W. Alegranti, ibid. ,  92, 4114 (1970). 
(17) G. Booth, Adoan. Inorg. Chem. Radiochem., 6, 1 (1964). 

berg, J .  Amer.  Chem. Soc., 92, 738 (1970); Inorg. Chem., 10, 1289 (1971). 
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TABLE I1 
MOLECULAR WEIGHT AND INFRARED DATA 

Calcd 
630 
674 
502 
503 
563 
645 
690 
517 
626 

Found 
(CHCls) 

644 
666 
504 
498 
. . .  
. . .  
700 
496 
. . .  

CU(P( CeH5)s)Ns * CSa 443 440 

CU(P(~-CHIC~H~)(C~H~)Z)N~. c %  457 464 
Cu2(diphos)s(N&. 2CSa 1557 1520 

Ag(P(CeH5)s)zNs.CSz 750 745 

a Not measured. In  monomer. 

The copper and silver complexes prepared with the 
bidentate ligand bis( 1,2-diphenyIphosphino)ethane (di- 
phos) differed in stoichiometry. Since a reaction be- 
tween AgCl and diphos could not be detected in CHC13, 
hot DMF was used as the solvent. The compound 
isolated has the novel stoichiometry (AgN&(di- 
ph0s)~.2DMF. Recently, the complex (@uN~)z(di- 
phos)r was also prepared and an X-rdy structural in- 
vestigation showed the complex to be binuclear with 
bridging and nonbridging diphos ligands and non- 
bridging azide ions.18 It is probable that the silver 
complex is isostructural with its copper analog. 

The infrared asymmetric Ns stretching frequencies of 
the azido complexes (Table 11) fall within the range 
2000-2100 cm-'. The value of the N-N asymmetric 
stretch for discerning the nature of the azide group in 
the present complexes is questionable. For example, 
the N-N stretch for C U ( P ( C ~ H ~ ) ~ ) Z N ~  is the same in 
both solution and the solid states. In the solid state 
this complex is dimeric (vide supra), while in solution 
molecular weight values are coincident with that of a 
monomer. It is possible, however, as mentioned 
previously, that  the observed molecular weight results 
from ligand dissociation (eq 1) in which case the bridg- 
ing structure remains intact. 

Addition Products of the Azido Complexes -The 
addition of CSZ or CF3CN to a chloroform solution 
of the azido complexes of Cu(I), Ag(I), and Au(1) de- 
scribed above invariably leads to the disappearance of 
the asymmetric azide stretching band (2000-2100 
cm-l) and to the appearance of the characteristic in- 
frared bands for the corresponding five-membered 
heterocyclic anion that would be formed by the 1,3- 
dipolar cycloaddition of the azide moiety to the di- 
polarophiles CS2 and CF3CN. Beck, et aZ.,6,7919 
originally suggested that the CSZ addition to azido com- 
plexes of transition metals occurs a t  the azide moiety, 
possibly by a 1,3-dipolar cycloaddition. On the basis 
of the results described here, this indeed appears to be 
the case. In most instances the CSa and CFICN 
adducts of the azido complexes could be isolated as 
crystalline material, and for those adducts characterized 
(Tables I and 11) , elemental, thermal gravimetric, and 
molecular weight analyses suggest the formation of a 
1 : 1 adduct. This conclusion is clearly substantiated 
(18) A. P. Gaughan, R F. Ziolo, and 2. Dori, Inovg .  Chem., 10, 2776 (1971). 
(19) W. Beck and W. P Fehlhammer, Anger Chem., Intern. Ed .  En&, 6, 

169 (1967). 

Mol wt 

500 

Found 
(C6Hs) 

a . . .  

. .  
557 

* . .  

616 

900 (0.001 M y  
741 
914 (0.007 M)* 

. . .  

N-N or N-C asymmetric stretch, cm-1 

Nujol CHCh C6He 
2053 2053 . . .  
2040 2030 2060 
2060 2063 2060 
2070 . . .  . . .  
2090 . . ,  . . .  
2097 . I .  . . .  
2085 2090 . . .  
2135 (KBr) . . .  . . .  
2087 . . .  . . .  

Thiocarbonyl stretch 
1233 
1186,1195 
1235 
1232 

by the results of the crystal structure analysis of the 
CF3CN adducts of Ag(P(C6H5)3)2N320 and Cuz(diphos)3- 
( N S ) ~ . ~ ~  The silver structure is dimeric with bridging 
tetrazole ringszz (as depicted below) while in the copper 
complex the tetrazole ring behaves as a monodentate 
ligand, The short N-N distance between the two 

CF, 

bridging nitrogens (1.200 (5) A) and the other N-N and 
N-C distances strongly suggest a localized N-N double 
bond and delocalization of the negative charge on the 
N-C-N part of the ring. This is chemically reasonable 
in view of the presence of the perfluoromethyl group 
which is a strong electron-withdrawing group. Similar 
results are observed for the monodentate tetrazole in 
the copper complex. 

The CFICN adducts are stable both in solution and 
in the solid state. In solution they show no unusual 
behavior. The I9F nmr spectra of the complexes 
M ( P ( C ~ H ~ ) ~ ) S N ~ - C F ~ C N  (M = Cu(I), Ag(1)) show the 
perfluoromethyl resonance to occur as a single peak a t  
7.37 and 8.74 ppm relative to Freon 11 for the copper 
and silver complexes, respectively. Molecular weight 
measurements show values slightly higher than those 
calculated for a monomer indicating either slight as- 
sociation between monomers (assuming cleavage of the 
dimeric structure) or some dissociation of the dimer to 
form a 3,4-coordinate complex in a manner suggested 
earlier. 

In contrast to the CFaCN complexes, the yellow CS2 
adducts are less stable and can be decomposed either 
in the solid state or in solution by gentle heating or by 
the action of light. However, they can be stored in the 

(20) C. G. Pierpont, R. Eisenberg, R.  F.  Ziolo, A. P. Gaughan, and 2. Dori, 

(21) A. P. Gaughan and 2. Dori, submitted to Inovg .  Chem. 
(22) The analogous copper complex is isomorphic and most probably 

to be submitted for publication. 

isostructural to the silver complex. 
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dark a t  0" for weeks with no apparent decomposition. 
The greater stability of the CF3CN adducts, as is also 
reflected in their melting points, closely parallels that 
of organo substituted tetrazoles relative to organic 
1,2,3,4-thiatria~ole-5-thiols.~~ It is important to note, 
however, that the thiatriazolato complexes reported 
here are much more stable than the heavy metal salts 
of the type MN3-CS2 (M = Ag, Au, Hg, and Pb)24 
which are very shock sensitive and may even be 
detonated under water. The coordination of the 
tertiary phosphine ligands thus has the same stabilizing 
effects on these complexes as i t  does on the heavy 
metal azides mentioned earlier. 

As can be seen from Table I the stoichiometries of 
the CS2 adducts of the CuLZN3 complexes are unusual 
in that one of the phosphine ligands is lost. A molec- 
ular weight v s .  concentration study of the yellow 
copper adducts in CHCls reveals monomeric behavior 
independent of concentration over the range 0.002 
M-0.12 M .  In  contrast to this, in the nonpolar solvent 
benzene, the yellow adducts exhibit molecular weights 
coincident with a dimer (Table 11). Since i t  is un- 
likely that the copper complex is two-coordinate in 
CHC13 solution i t  is reasonable to suggest that intra- 
molecular sulfur-metal coordination takes place, as 
shown, resulting in an effectively three-coordinate com- 

plex. In  nonpolar solvents intermolecular sulfur-metal 
bonding may become important and one possible struc- 
ture for the dimer in benzene is depicted below. How- 

ever, one cannot rule out a structure similar to the one 
observed for the CF3CN adduct of Ag(P(CeH6)3)2N3.20 
Attempts to determine the structure of these unusual 
complexes were unsuccessful because of their sensitivity 
to the X-ray beam. In contrast to the copper com- 
plexes, the analogous silver complexes do not lose phos- 
phine. 

The most characteristic infrared band for these CS2 
adducts is the one near 1200 cm-l which can be as- 
sociated with the thiocarbonyl group. This band 
appears about 100 cm-' lower in energy than the one 
observed for organic substituted thiothiatriazoles.2b 
It is interesting that the complex Ag(P(CeH5)3)%- 
Na.CS2 exhibits two strong bands a t  1195 and 1186 
cm-l, and if both bands are associated with the thio- 
carbonyl stretching their presence may indicate the 
existence of two isomers as illustrated below. At- 

(23) K. A. Jensen and C. Pedersen, Adttan. Hetevocycl. Chem., 8 ,  263-284 
(1964). 

(24) G. B. L. Smith, P. Warttman, and A. W. Browne, J .  Ameu. Chem. 
Soc., 52, 2806 (1930). 

(25) E. Lieber, V. N. Pillai, J. Ramachandran, and R.  D. Hites, J. Oug. 
Chem., 22, 1750 (1957). 
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tempted separations of these possible isomers by 
chromatography were unsuccessful. 

Decomposition of the CS2 Addition Products.-When 
a chloroform solution containing Cu(P(CeH5)3)2N3 and 
CS2 in a 1: lZ6 mole ratio is photolyzed in a Vycor 
vessel the corresponding thiocyanato complex can be 
isolated. During the reaction N2 is liberated and 
colloidal sulfur is deposited. Quantitative analysis 
of Nz, sulfur, and the thiocyanato complex clearly sug- 
gests that the reaction can be written as shown by eq 2.  

Cu(P(C6Hd3)zNCS f S $. Nz (2) 

The photolysis of the other CS2 adducts of Cu(1) 
and Ag(1) reported here leads to the same results. 

When the above solution is refluxed in the dark, 
thermal decomposition of the thiothiatriazolato com- 
plex takes place and this is summarized in eq 3 Quan- 

CHCls 
2Cu(P(CsH5)3)2N3 + csz j .  

CuNCS Cu(P(CaH6)3)zNCS + 2(C6Hs)3PS + 2Nz (3)  

titative amounts of (CeH5)3PS were recovered. It is 
thus clear that the thermal decomposition is more com- 
plicated than the photochemical reaction and probably 
proceeds by a different route. 

Earlier we have noted' that when the complex Cu- 
(P(C&)3)N5' CSZ is photolyzed in CHC1, under the 
same conditions as previously mentioned, one obtains 
different products from those depicted in eq 2. Indeed, 
when the above complex is decomposed photolytically 
or thermally, in the absence of P ( C G H ~ ) ~ ,  polymeric 
CuNCS and triphenylphosphine sulfide are formed 
according to eq 4. Stoichiometric amounts of Cu- 

CHCla 
C ~ ( P ( C B H ~ ) ~ ) N ~ . C S Z  + CuNCS + (CeH5)aPS + N2 (4) 

NCS,27 triphenylphosphine sulfide, and Nz are ob- 
tained. The reaction proceeds analogously to the slow 
thermal decomposition of the alkali metal thiothia- 
triazole salts, 28 only in the present case triphenyl- 
phosphine sulfide is formed instead of sulfur. In 
addition, we note that the yellow color of the CS2 ad- 
ducts can be dispelled easily by the addition of excess 
phospine such as P ( Y L - C ~ H ~ ) ~ ,  P ( C H ~ ) Z ( C ~ H ~ ) ,  or 
P(OR)&Hj (R = CH3, CzH5). It is reasonable to 
suggest that these phosphines attack the thiothia- 
triazole moiety and abstract a sulfur atom from the 
ring. Indeed, a vacuum distillation of a colorless 
mixture of Cu(P(CeHj)3)N3.CS2 and excess P(n-C4H9)3 
yields (n-C4H9)3PS. This type of reaction is well 
documented. 2 9  

Photochemical Decomposition of CuL2N3, AgLzN3, 
and AuLN3 (L = P(C6H5)3).-The photolysis of a 

(20) This solution can also be prepared from addition of P(CsHs)s in a 1: 1 

(27) CuNCS was identified through its reaction with P(C6Hs)s which 

(28) L F Audrieth, Chem Rev 16, 169 (1934) 
(29) P D Bartlett and G Meguerian, J Amev Chem S o c ,  78, 3710 

mole ratio to  a chloroform solution containing Cu(P(CsHs)s)Ns CS1 

leads to the formation of thiocyanatobis(triphenylphosphine)copper(I) 

(1956) 
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chloroform solution containing the above-mentioned 
complexes invariably leads to the decomposition of the 
azide and to the formation of the following complexes: 
Cu2L3C12, [AgLClId, and AuLC1. It should be noted 
that CHC13 itself does not undergo photochemical de- 
composition under the same c o n d i t i o n ~ . ~ ~  Mass spec- 
tral analysis of the gaseous products obtained from the 
photolysis of CULIN~ indicates the products to consist 
of over 98% Nz. Small amounts of COaJ 02, and Hz are 
also present and their source is currently being ~ tud ied .~ ‘  
Quantitative nitrogen analysis showed that the decom- 
position produced nitrogen in 85% yield based on 1 0 0 ~ o  
yield for the complete conversion of azide to nitrogen. 
The remaining nitrogen was accounted for as hydrazoic 
acid which was obtained in the forerun of the distilla- 
tion of the photolyzed solution. 

(30) During the reaction we note the buildup of an intense purple color in 
solution Spectral measurements indicate the maximum to be centered at  
5400 A with a shoulder a t  around 4600 A. The solution also appears to be 
paramagnetic and this will be reported a t  a later date. 

(31) One possible source for these gases is the ethanol which is present 
as an inhibitor in chloroform. 

The decomposition of transition metal azides to 
produce nitrogen has been interpreted to proceed either 
by homolytic cleavage of the metal-nitrogen bond32 or 
by cleavage of the N-N bond of the azide resulting in 
the formation of a metal-nitrene intermediate. From 
the evidence available to us to date i t  appears that the 
photolysis leads to homolytic cleavage of the copper- 
nitrogen bond resulting in the formation of azide 
radicals and a Cu(0) complex which then react with the 
solvent.a0 However, we cannot rule out the second 
possibility since we have failed to detect any volatile 
compounds other than CHCla, CzHhOH, and HN3. 
This interesting reaction is currently being investigated 
in detail. 
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The electrochemical oxidation of the metal-metal bond in the carbonyl-diphosphine bridged dimer [ (?r-CaHa)Fe(CO)lz- 
(PhzPCHaCHzPPhz) (Ph = CaH5) (I) in a variety of solvents occurs by two one-electron steps. The removal of the first 
electron to give the cation ( [(?~-C~H~)F~(CO)]Z(P~ZPCH~CH~PP~Z)) + (11) is electrochemically reversible in all media studied. 
Compound I1 is apparently isostructural with I and contains a “one-electron” metal-metal bond. Removal of a further 
electron from I1 in acetonitrile gives two kinds of reaction products by separate reaction paths. The product from one path 
is the diphosphine-bridged acetonitrile complex ( [(?~-C~H~)F~(CO)(NCCH~)~Z(P~ZPCHZCHZPP~Z)) 2 f  (IV) which arises 
from symmetrical cleavage of the molecule after complete oxidation of the metal-metal bond, and in the other, unsymmetrica! 
cleavage gives the unidentate diphos complex [ (?r-CsHs)Fe(CO)z(PhzPCH&HzPPh2)1 + (111) and Fez+. The relative im- 
portance of the two paths depends upon the solvent and the temperature. In acetonitrile, I1 disproportionates with a half- 
time of 30 & 5 min a t  22 & 2” to give [(n-CsH5)Fe(CO)Iz(PhzPCHnCH~PPhz) (I) and { [(a-CsH,)Fe(CO)(NCCH,)lz(Phz- 
PCHzCHzPPhz)J2+ (IV). 

Introduction 
Haines and Du Preez have reported the preparations 

of the bridged diphosphine complexes [ (a-CgHs)Fe- 
(CO)]a[Ph2P(CH2).PPhZ] (n = 1, 2,  3).l From infra- 
red and nmr data the structures of the complexes are as 
shown in Figure 1 where lj2-bis(diphenylphosphino)- 
ethane (f i  = 2) is the bridging ligand. 

The complexes are oxidized by iodine in benzene so- 
lution.2 Equimolar iodine gives the cations { [(T- 
C6H6)Fe(CO)]2[PhzP(CH2)nPPhz]j + in which a single 
electron has been lost giving a “one-electron metal- 
metal bond” and the bridging carbonyls and diphos- 
phine remain intact. Oxidation of either [(a-CgHg)- 
Fe(CO)]z(PhzCHaCHzPPh2) or { [(a-c6H~)Fe(CO)]a- 
(PhaPCHzCHzPPh2) ] -t by excess iodine gives the uni- 

(1) R. J. Haines and A. L. Du Preez, J .  Ovganomelal. Chem., 21, 181 

(2) R. J. Haines, A. L. DU Preez, and G T. W. Wittmann, Chem. Commun., 
(1970). 

611 (1968). 

dentate diphos complex [ (n-C6Hs)Fe(C0)2(PhzPCHz- 
CHzPPhz)]+ as the major product. 

We recently reported that electrochemical oxidation 
of the metal-metal bond in the related iron carbonyl 
dimer 

occurs by a two electron transfer step and that 
oxidation proceeds with symmetric cleavage of the mol- 
ecule3 

2 s  + [(rr-C5HdFe(CO)zlz + 
- 2 e -  

2[(r-CsHs)Fe(CO)&] + (S  = CHaCN, (CH3)zCO) 

(3) J. A. Ferguson and T. J. Meyer, Inorg. Chem., 10, 1025 (1971). 


