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in which the metal-metal separation more closely approaches that 
of the bis-(dipyrromethene) macrocycles a t  5.145 (1) A, the 
copper(I1) ions are reduced to copper(1) via one dielectronic step. 

The variability of the nature of the two one-electron reductions 
of the dicopper(I1) sites suggests the utility of these complexes 
as catalysts for the activation of small molecules via concurrent 
two-electron reductions. Of considerable interest, in view of the 
simultaneous one-electron reduction steps in the CI-, N3-, and 
NCS- salts, is the potential of these complexes to catalyze the 
oxidation of organic substrates. Preliminary results in this direction 
indicate that the azido complex catalyzes the oxidation of 3,5- 
di-tert-butylcatechol in the presence of molecular oxygen. These 
studies will be reported in detail elsewhere. 

(28) Agnus, Y.;  Remy, L.; Gisselbrecht, J.-P.; Weiss, R. J .  Am. Chem. 
SOC. 1984, 106, 93-102. 
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Abstract: The reactions of the dinuclear phosphorus ylide gold(1) complexes [ A u ( C H ~ ) ~ P ( M ~ ) ~ ] ~ ,  1, and [ A u ( C H ~ ) ~ P P ~ , ] ~ ,  
2, with the alkyl halides MeI, (Me),SiCH21, and PhCH2Br have been studied. It is observed by ‘H NMR spectroscopy that 
equilibrium is rapidly achieved between the Au(1) dimer (1 or 2), the free alkyl halide, and the Au(I1) alkyl halide adduct. 
This appears to be the first example of a reversible two-center two-electron oxidative addition of an alkyl halide to a dinuclear 
complex. The Me1 adduct reductively eliminates alkyl halide when the solid is heated. When CDCI, solutions of the Au(I1) 
alkyl halide adducts are heated or exposed to light, the Au(I1) dihalide dimers, along with other products, are formed. Catalytic 
halogen exchange between CH3Br and CD31 is observed in solution in the presence of 2. This process is thought to involve 
an SN2 reaction between the free alkyl halide and the postulated intermediate ( [ A U ( C H , ) ~ P P ~ ~ ] , ( M ~ ) }  [I]. Halogen exchange 
between [Au(CH2),PPh2],Br2 and Me1 is observed only when 2 is present. One-electron transfer from 2 to the alkyl halide 
is suggested as the initial step in the overall two-center two-electron oxidative addition reaction. Cyclic voltammetry of 2 
and the dihalide adducts suggests consecutive one-electron steps are involved in the electrochemical oxidations and reductions. 
Although the alkyl halides show resolved oxidation and reduction waves, the processes are irreversible. No free halide is observed 
in the presence of excess CH3Br or CH31. The ready ionization of the Au-halide bonds in the alkyl halide adducts appears 
related to the exceptional structural trans effect observed in these compounds. In general the Au-halide bond lengths observed 
in the dinuclear C-Au-Au-halide species are 5510% longer than the trans Au-halide bonds in mononuclear C-Au-halide 
compounds. Molecular orbital calculations (Atom Superposition and Electron Delocalization) have been used to indicate the 
character of the bonding in the alkyl halide and dihalide Au(I1) complexes. The trends observed in the energy levels correlate 
well with electrochemical reduction potentials for the dihalides. The structures of [Au(CH2),PPh2I2, 2, and [Au- 
(CH2)2PPh2]2(Me)Br, 2-MeBr, have been determined by a single-crystal X-ray diffraction study. Crystal data for 2: C28H2BA~2P2. 
crystallizes in the monoclinic space group P2,/n with a = 8.576 (1) A, 6 = 9.378 (2) A, c = 15.915 (3) A, 0 = 96.48 (I)’ ,  
and 2 = 2. Refinement with 2039 reflections with F,2 > 3a(F,2) yielded R = 0.028 and R, = 0.027. Crystal data for 2-MeBr: 
C2,H,,P2Au2Br, crystallizes in the monoclinic space group Cc with a = 13.385 ( 2 )  A, 6 = 12.340 (1) A, c = 17.360 ( 3 )  A, 
0 = 103.65 ( 1 ) O ,  and 2 = 4. Refinement with 2629 reflections with Fo2 > 34FO2) yielded R = 0.061 and R, = 0.059. 

Organogold chemistry’ and the study of dinuclear transition- 
metal complexes2 are both among the rapidly developing areas 
of organometallic and metal cluster chemistry. While many 
mechanistic studies have been reported on mononuclear metal 

systems which undergo oxidative addition-reductive elimination 
steps,) only recently have reports appeared of oxidative addition 

( I )  (a) Grandberg, K. I. Russ. Chem. Reu. 1982,5/, 249. (b) Schmidbaur. 
H.; Dash, K. C. Adu. Inorg. Chem. Radiochem. 1982,25, 239. (c) Anderson, 
G. K. Ado. Organomet. Chem. 1982, 20, 40. (d) Puddephatt, R. J .  “The 
Chemistry of Gold“; Elsevier: New York, 1978. (e) Schmidbaur, H.; Slawish, 
A. “Gmelin Handbuch der Anorganischen Chemie”, 8 th  ed.; Au Organogold 
Compounds, Springer-Verlag: Berlin/Heidelberg, 1980. 
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involving more than one transition-metal center., Mechanistic 
investigations with dinuclear transition-metal complexes can clarify 
and define the role of a second metal atom in the process. Such 
studies also provide insight into general problems relating to the 
reactivity of multi- and heterometallic systems. 

Several recent reports have demonstrated the synthesis of p- 
alkylidene c o m p l e x e ~ ~ ~ - ~  from gem-dihalides. These reactions 
involve a four-electron oxidation of dinuclear transition-metal 
complexes. The reaction of diazo alkanes with dimetallic M-M 
bonded complexe~~~-g further indicates the synthetic potential of 
the oxidative addition chemistry of dinuclear complexes. The 
following additions of alkyl monohalides to dimetallic complexes 
have been reported: Me1 to Rh,(dcp),,+ (dcp = 1,3-diiso- 
~yanopropane) ,~  [(CO),Rh(CH,),PMe2]2,6 [Ir(CO)(PPh,)(p- 
pyrazol~l ) l2 ,~  P ~ , ( P , O ~ H Z ) ~ , ~  [Ir(COD)(~l-pyrazolyl)l~,~ [Au- 
(CH2)2PMe2]2,10 and (C5Me5)Rh(p-PMe2)2Mo(CO)4;” n-BuI to 
Rh,(d~p),~+; 2-MeBuI to [ Ir(CO)(PPh,) [ppyrazolyl)] 2.7 In each 
case the resulting product involves a one-electron oxidation of each 
metal center with bonding of both the alkyl and the halide. Other 
dimetallic methyl halide complexes have been prepared, but these 
involve either reaction a t  only one metal center or protonation 
of a methylene bridge.4d,12 

The thermodynamically stable dinuclear gold(1) phosphorus 
ylide complex 1, first reportedIe by Schmidbaur in 1973, has been 
shown to be a reactive, coordinatively unsaturated dimetal system. 
While several dinuclear gold(1) complexes can be oxidized 
chemically to g0ld( I I I ) ,~~3’~  the existence of authentic d9-d9, 
Au(I1)-Au(I1) metal-metal single bonded compounds has been 
established only recently by X-ray crystal l~graphy,’~ ESCA,16 
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Raman,” and Mossbauer s p e c t r o s ~ o p y . ’ ~ ~ ~ ’ ~  The addition of 
halogens to the digold(1) complexes is a general route to these 
gold(I1) c ~ m p l e x e s . ’ ~ , ’ ~ . ’ ~  

(2) (a) Chisholm, M. H.; Rothwell, I .  P. Prog. Inorg. Chem. 1982, 29, 1. 
(b) Cotton, F. A,; Walton, R. A. “Multiple Bonds Between Metal Atoms”; 
Wiley Interscience, John Wiley & Sons: New York, 1982. (c) Wilkinson, 
G.; Stone, F. G. A,; Abel, B. W. “Comprehensive Organometallic Chemistry”; 
Pergamon: Oxford, 1981; Vol. 4, p 513; Vol. 5 ,  p 821; Vol. 6, p 763. (d) 
Chisholm, M. H.  “Reactivity of Metal-Metal Bonds”; American Chemical 
Society: Washington, D.C., 1981. (e) Johnson, B. F. G. ‘Transition Metal 
Clusters”; John Wiley & Sons: New York, 1980. 

(3) (a) Mondal, J. U.; Blake, D. M. Coord. Chem. Reo. 1982,47,205. (b) 
Collman, J. P.; Hegedus, L. S. “Principles and Applications of Organo- 
transition Metal Chemistry”; University Science Books: Mill Valley, CA, 
1980. (c) Stille, J. K.; Lau, K. S. Y. Arc. Chem. Res.  1977, IO, 434. 

(4) (a) Theopold, K. H.; Bergman, R. G. J .  Am.  Chem. SOC. 1983, 105, 
464. (b) Sumner, C. E., Jr.; Collier, J. A.; Pettit, R. Organometallics 1982, 
I ,  1350. (c) Jandik, P.; Schubert, U.; Schmidbaur, H.  Angew. Chem., In?. 
Ed. Engl. 1982, 21, 73; Angew. Chem. Suppl. 1982, 1-12. (d) Balch, A. L.; 
Hunt, C. T.; Lee, C.-L.; Olmstead, M. M.; Farr, J. P. J .  Am. Chem. SOC. 1981, 
103, 3764. (e) Muralidharan, S.; Espenson, J. H.  Inorg. Chem. 1983, 22, 
2786. (0 Herrmann, W. A. Adu. Organomet. Chem. 1982, 20, 159-263. (g) 
Atwood, J. L.; Beveridge, K. A,; Bushnell, G. W.; Dixon, K. R.; Badie, D. T.; 
Stobart, S. R.; Zaworotko, M. J. Inorg. Chem. 1984, 23, 4050-4057. (h) 
Hermann, W. A. “Organometallic Compounds”; Shapiro, B. L., Ed.; Texas 
A&M University Press: College Station, TX, 1983; pp 383-405. 

(5) Lewis, N.  J.; Mann, K. R.; Gordon, J .  G., 111; Gray, H.  B. J .  Am.  
Chem. SOC. 1976, 98, 1461. 

(6) Grey, R. L.; Anderson, L. R. Inorg. Chem. 1977, 16, 3187. 
(7) Beveridge, K. A,; Bushnell, G. W.; Dixon, K. R.; Eadie, D. T.; Stobart, 

S. R.; Atwood, J. L.; Zaworotko, M. J. J .  Am. Chem. SOC. 1982, 104, 920. 
(8)  (a) Che, C.-M.; Schaefer, W. P.; Gray, H.  B.; Dickson, M. K.; Stein, 

P. B.; Roundhill, D. M. J .  Am. Chem. SOC. 1982, 104, 4253. (b) Che, C.-M.; 
Mak, T. C. W.; Gray, H. B. Inorg. Chem. 1984, 23, 4386-4388. 

(9) Coleman, A. W.; Eadie, D. T.; Stobart, S. R.; Zaworotko, M. J.; 
Atwood, J .  L. J .  Am.  Chem. SOC. 1982, 104, 922. 

( I O )  Schmidbaur, H.; Franke, R. Inorg. Chim. Acta 1975, 13, 8 5 .  
(1 1) Finke, R. G.; Gaughan, G.; Pierpont, C.; Noordik, Organometallics 

(12) Herrmann, W. A.; Plank, J.; Ziegler, M. L.; Balbach, B. J .  Am.  

(13) Schmidbaur, H.; Franke, R. Angew. Chem., Int. Ed.  Engl. 1973, 2,  
41 

(14) (a) Schmidbaur, H.; Wagner, F. E.; Wohllenber-Hammer, A. Chem. 
Ber. 1979, 112, 496. (b) Kita, H.; Itoh, K.; Tanaka, K.; Tanaka, T. Bull. 
Chem. SOC. Jpn. 1978, 5 1 ,  3580. (c) Schmidbaur, H.; Wohlleben, A,; 
Wagner, F. E.; Van de Vondel, D. V.; Van der Kelen, G. P. Chem. Ber. 1977, 
110, 2758; (d) Schmidbaur, H.; Franke, R. Inorg. Chim. Acta 1975, 13, 79. 

(15) (a) Neira, R. del P.; Fackler, J. P., Jr., unpublished results. (b) 
Paparizos, C. Thesis, Case Western Reserve University, 1977. (c) Schmid- 
baur, H.; Mandl, J. R.; Frank, A,; Huttner, G. Chem. Ber. 1976, 109, 466. 

1983, 2, 1481. 

CFem SOC. 1980, 102, 5908. 

The addition of alkyl halides, reaction a, to mononuclear gold( I) 
complexes has been studied extensively and is recently summarized 

K 
[Au(CH,),PR2I2 + R’X = R[Au(CH,),PR,],X (a) 

X = halide; R’ = alkyl 

in a general review of the oxidative addition chemistry of Au(I).I9 
Because the gold ylide dimers 1 and 2 have a potentially rich redox 
chemistry and are suitable for study by ’ H  N M R  spectroscopy, 
we have undertaken a study of the reactions of 1 and 2 with MeI, 
MeBr, Me3SiCH,I, and PhCH2Br. Preliminary results of the 
X-ray crystal structure of 1-Me1 and a brief description of its 
properties have been reported.’O 

r - A u  7 
/ \ 

/ P R 2  

Experimental Section 
All reactions and measurements were performed in dry, degassed 

glassware in an atmosphere of dry nitrogen. Unless otherwise specified, 
all reactions take place a t  room temperature. Precautions were taken to 
protect solutions of the Au(I1) alkyl compounds from exposure to light. 

Solvents were purified under nitrogen by standard techniques.” 
(1odomethyl)trimethylsilane and benzyl bromide (Aldrich) were used as 
received. Methyl iodide was purified prior to use and stored2’ over a drop 
of Hg. The dinuclear ylide complex 1 was prepared according to 
Schmidbaur’s method.’4d The new complex 2, the diphenyl analogue of 
1, was prepared in a similar manner starting with [Ph2PMe,]Br. De- 
protonation of the phosphonium salt to the ylide was carried out in T H F  
with KH.  The desired complex, 2, was separated by washing the pre- 
cipitate with THF then methanol followed by recrystallization from hot 
benzene. Since crystals of 2 suitable for X-ray crystallographic analysis 
were obtained by recrystallization of 2 from hot toluene. 

Electrochemical Studies. Voltammetric studies in CH2C12-[n- 
Bu,N][BF,] (0.5 M) and THF-[n-Bu,K][BF,] (0.1 M)  employed a 
BAS 100 Electrochemical Analyzer, interfaced with a Houston Instru- 
ment HIPLOT DMP-40 Plotter. Voltammograms were recorded with 
use of a three electrode cell configuration, with a Pt or Au micro disk 
as working electrode, Ag/AgCl reference electrode (-35 mV relative to 
SCE), and a Pt wire counter electrode. Routine scan rates were 100 mV 

(16) (a) Van de Vondel, D. F.; Van der Kelen, G .  P.; Schmidbaur, H.; 
Wollenben, A.; Wagner, F. E. Phys. Scr. 1977, 16, 367. (b) Schmidbaur, H.; 
Wohlleben, A.; Wagner, F. E.; Van de Vondel, D. F.; Van der Kelen, G .  P. 
Chem. Ber. 1977, 110, 2758. (c) Schmidbaur, H.; Mandel, J. R.;  Wagner, 
F. E.; Van de Vondel, D. F.; Van der Kelen, G. P. J .  Chem. SOC., Chem. 
Commun. 1976, 170. (d) Parish, R. V. “Mossbauer Spectroscopy Applied to 
Inorganic Chemistry”; Long, G. J., Ed.; Plenum Press: New York, 1984; pp 

(17)  Stein, P.; Dickson, M. K.; Roundhill, D. M. J .  Am. Chem. SOC. 1983, 
105, 3489. 

(18) (a) Schmidbaur, H.; Mandl, J. R. Naturwissenschaften 1976, 63. (b) 
Schmidbaur, H.; Wagner, F. E.; Wohlleben-Hammer, A. Chem. Ber. 1979, 
112, 496. (c) Schmidbaur, H.  Arc. Chem. Res. 1975, 8, 62. 

(19) Dyadchenko, V. P. Russ. Chem. Reu. 1982, 51, 265. 
(20) Fackler, J. P., Jr.; Basil, J. D. Organometallics 1982, I ,  871. Fackler, 

J. P., Jr.; Basil, J. D. “Inorganic Chemistry: Toward the 21st Century”; 
Chisholm, M. H., Ed.; American Chemical Society: Washington, D.C., 1983; 
ACS Symposium Series, No. 21 I ,  201-208. 

(21) Ferrin, D. D.; Armarego, W. L. P.; Perrin, D. R. “Purification of 
Laboratory Chemicals”; Pergamon: New York, 1966. 
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Table I. Crystallographic Data. 

2-MeBr, 
2, [Au(CHJ,PPh21,- 

[Au(CH2)2PPh212 ( C H J B r  

formula C28H28P2AU2 C,,H,,P2Au,Br 
formula wt 820.16 915.08 
space group P2, /n  (No. 14) Cc (No. 9) 
systematic absences hkl ,  h + k = 2n 

h01, I = 2n 
a, A 8.576 (1) 13.385 (2) 
b, A 9.378 (2) 12.340 (1) 
c, A 15.915 (3) 17.360 (3) 
B, deg 96.48 (1) 103.65 (1) 
v, A, 1274.9 2789.1 
Z 2 4 
dcalcd, g/cm3 2.14 2.18 
crystal size, mm 
u(Mo K a ) ,  cm-' 116.4 120.4 
data collection instrument Nicolet P3F Nicolet P3F 
radiation (monochromated Mo K a  Mo Ka 

orientation reflect: no. and 25, 20-29 25, 25-35 

hOl, h + 1 = 2n 
OkO, k = 2n 

0.30 X 0.25 X 0.30 0.20 X 0.15 X 0.20 

in incident beam) 

range (28), deg 
temp, OC 22 22 
scan method 20 w 
data col. rnage, 20, deg 4-50 3-55 
no. unique data, total with 2339, 2039 3491, 2629 

no. of parameters refined 121 151 
R' 0.028 0.061 
RWb 0.027 0.059 

F,z > 3.(F,z) 

goodness-of-fit indicator' 1.269 1.112 
largest shift/esd, final 0.01 0.02 

largest peak, e /A3 1.35 1 .oo 

Np)1'2. 

cycle 

" R  = CllFol - l ~ c l l / n ~ o l .  b R w  = [X../WOl - l ~ c l ~ l / C ~ ~ l ~ o l ~  
w-1 = [u2(lFol) + glFo12]. CGoodness-of-fit = [Cw(lFol - lFcl)2/(No - 

SKI in cyclic voltammetry and 10 mV s-l in other modes. Coulometric 
studies employed an Ag/AgCl reference electrode and a Pt basket 
working electrode with a Pt wire counter electrode separated by a salt- 
bridge (with a frit) from the working compartments. Cell solutions, 
approximately 5 X M in complex, were degassed with solvent-sat- 
urated argon prior to all measurements. 

Nuclear Magnetic Resonance Measurements. All alkyl halide adducts 
were stored in the dark. The Au(I1) dihalide dimers [Au- 
(CH,),PMe2],X2 (X = Br, 1-Br2; X = I ,  1-1,) and [ A U ( C H ~ ) ~ P P ~ , ] ~ X ~  
(X = Br, 2-Br2; X = I, 2-1,) were identified as the major photolytlc 
decomposition products (vide infra) of the Au(1I) alkyl halide adducts 
by independently preparing authentic samples of these materials and 
comparing their ' H  N M R  and visible absorption spectra. The prepara- 
tion and characterization of these dihalides (1-Br2, 1-12, 2-CI2, 2-Br,, 2-12] 
are similar as described below. 

X 
I 

X 
I 

I 
X 

I 
X 

' H  N M R  spectra were recorded on Varian EM-390(CW), XL-100, 
and XL-200 (FT) spectrometers; chemical shifts are reported in parts per 
million (ppm) downfield from internal Me4Si. All splittings are given 
in hertz as the absolute value; no sign determinations were made. The 
"P N M R  spectra were recorded on Varian XL-100-1s and XL-200 
spectrometers at 40 and 80 MHz, respectively. Chemical shifts are 
reported in ppm downfield of 85% H,P04 (external). When dry, 0,-free 
CDCI, is specified; this solvent was refluxed and distilled from P4OIo, 
freeze-pumpthaw degassed. Samples were prepared and maintained in 
an atmosphere of dry N,. 

Molecular Orbital Calculations. The molecular orbital calculations 
were done by using the ASED theory described e l s e ~ h e r e . ~ ~ - ~ ~  The bond 
lengths and angles were derived from X-ray structural data. The skeletal 
eight-member ring was kept constant whenever possible. The ASED 
theory uses (and  double-{ Slater-type orbitals. The (exponents were 
calculated by Clementi.25 The diagonal elements of the secular deter- 
minant, Hii, are expressed as ionization potentials26 which were appro- 
priately adapted for the ionic species. The parameters used in this cal- 
culation are listed in Table 11. 

Collection and Reduction of X-ray Diffraction Data. Crystal data for 
2 and 2-MeBr are provided in Table I. Data were collected at ambient 
temperature on a Nicolet P3F four-circle diffractometer controlled by 
a Data General Nova 4 minicomputer. All crystallographic computations 
were performed with use of the SHELXTL (Versions 4.0 and 4.1) crys- 
tallographic computational package installed on a Data General Eclipse 
S140 minicomputer. All data were corrected for Lorentz, polarization, 
decay, and absorption. 

Solutions and Refinements of Structures. The initial positional pa- 
rameters for the gold atoms in 2 and 2-MeBr were determined from the 
Au-Au vector obtained from the Patterson function listing. The space 
group for 2-MeBr was chosen as Cc and not C2/c by virtue of successful 
refinement. The apparent 10% Br/Me disorder (as determined by 

R' 
I 

I I 
x x 

refinement of site occupation factors) introduces a pseudocentric nature 
to the structure by approximating a mirror in the plane of the two P 
atoms normal to the Au-Au vector (bond). Thus, the following re- 
strictions were imposed on refinement: the Au-Br, Au-Me, and Br-Me 
distances were tied together (respectively) and refined as separate, single 
variables; the isotropic temperature factor of C(5) was arbitrarily set at 
3 times that of C(6). Structure 2-MeBr refined to R = 0.061, R,  = 
0.059 for 2629 reflections with F: > 3.0c(F01). Refinement with neg- 
ative phasing produced no significant improvement in results. 

The space group P2,/n was uniquely determined for 2 by systematic 
absences. All remaining non-hydrogen atoms were located by using 
difference Fourier techniques. All phenyl rings were refined as rigid 
groups with C-C fixed at 1.395 A and C-C-C = 120O. All non-hy- 
drogen atoms were refined anisotropically. Structure 2 refined to R = 
0.028 and R ,  = 0.027 for 2039 reflections with F; > 3u(FO2). 

Syntheses: Bis[p-(dimethyldimethylenephosphoranyl-C,C)]iodo- 
methyldigold(II)(Au-Au) [I-MeI], Bis[p-(diphenyldimethylene- 
phosphoranyl-C,C)]iodomethyldigold(II)(Au-Au) [2-MeI], and Bis[p- 
(diphenyldimethylenephosphoranyl-C,C)]bromomethyldigold( 11) (Au -Au ) 
[2-MeBr]. The methylhalogold(I1) complexes were synthesized in a 
similar manner and exhibited similar properties. For 1-MeI: To a flask 
containing 285 mg (0.49 mmol) of 1, 20 mL of Et,O, and a magnetic 
stirring bar, 0.5 mL (8.0 mmol) of Me1 was added, and the mixture was 
stirred for 3 h at 25 "C. The yellow precipitate was removed by filtration, 
washed with Et,O, and dried in vacuo; yield 3 15 mg, 90%. Melting p i n t :  
turned white at 140-145 OC and then gradually darkened, melting to a 
black tar at 216-220 "C (lit.Io mp 143 "C; mp for 1 216-218 O C ' O ) .  The 
'H N M R  spectrum after heating to above 145 OC but less than 200 O C  

is that of 1. (The color change at 140-145 "C is due to a thermally 
induced solid-state reductive elimination reaction liberating Me1 (bp 

(22) Anderson, A. B. J. Chem. Phys. 1974, 60, 2471. 
(23) Anderson, A. B. J. Chem. Phys.  1975, 62, 1 1  87.  
(24) Trzcinska, B. M.; Fackler, J. P., Jr.;  Anderson, A. B. Organometallics 

1984, 3, 319. 
(25) Clementi, E.; Roetti, C. "Atomic Tables and Nuclear Data Tables," 

Academic Press: New York, 1974; Vol. 14, p 177. 
(26) (a) Lot, W. J. Opt. SOC. Am. 1970, 60, 206. (b) Moore, C. E. 

"Atomic Energy Levels"; National Bureau of Standards: Washington, D.C., 
1949; VOl. I-IV. 
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Table 11. Parameters Used in the ASED Calculation 
S P d 

element n expb IP" ne expb IP" ne expb IP" expb C l d  C2d  

Au 6 2.4 9.23 6 2.1 4.51 5 6.163 11.1 2.794 0.64418 0.53558 
C 2 1.7 20.00 2 1.6 1 1.26 
H 1 1.2 13.6 
I 5 2.8 20.61 5 2.5 10.45 5 2.4 2.0 3.939 0.55190 0.52767 
Br 4 2.75 23.7 4 2.45 11.7 4 2.4 1.0 4.874 0.38965 0.72376 
CI 3 2.36 24.54 3 2.04 13.01 
P 3 1.88 16.15 3 1.63 10.55 

" I P  = ionization potentials in eV.26 *exp = Slater b e x p o n e n t ~ . ~ ~  = principal quantum number. c2 = double-6 coefficients. 

41-43 "C) and regenerating 1 (vide infra).) lH N M R  (CDCI,, 90 MHz, 
35 "C) 6 1.63 (d, ,JPH = 10.3 Hz, P-Me), 1.51 (s, Au-Me), 1.44 and 
0.93 (d, 2JpH = 9.5 and 10.2 Hz, respectively, Au-CH2-P). "P N M R  
( 'H} 31.08. 

Synthesis of 2-MeI: To a flask containing 54 mg (0.07 mmol) of 2 
and 1.5 mL of toluene was added 0.07 mL (1.1 mmol) of MeI, and the 
mixture was stirred for 1-2 h a t  25 OC. The product 2-Me1 (40 mg, 
64%) was isolated by filtration; an additional 12 mg was obtained as 
well-formed light yellow crystals by adding 2 mL of hexane to the toluene 
solution giving an overall yield of 84%. Melting point 172 OC, color 
change from yellow to white, melting with decomposition to a black tar 
a t  230-231 OC. Me1 is thermally eliminated a t  172 "C generating 2. 
Anal. Calcd for C2,H3,P2Au21 (fw 962.35): C ,  36.19; H,  3.25. Found: 
C, 35.97; H ,  3.28. ' H  N M R  of 2-Me1 (CDCl,) 6 1.94 and 1.37 (d, 2JpH 
= 11.3 H z  and 10.2 Hz), 1.23 (s, Au-Me), 7.8-7.0 (m, P-Ph). 31P 
N M R  { 'H} 38.85. 

Synthesis of 2-MeBr: To a Schlenk tube containing 170 mg (0.21 
mmol) of 2 in 10 mL of benzene was added an excess of MeBr. The 
solution was stirred overnight a t  25 OC. The product (155 mg, 0.17 
mmol) was isolated in 81% yield as a yellow powder by taking the solu- 
tion to dryness in vacuo. Melting point 205-210 OC, color change from 
yellow to white, melting with decomposition to a black tar a t  230-231 
OC. (Methyl bromide is thermally eliminated between 205 and 210 OC, 
giving 2.) ' H  N M R  spectrum (22 "C, 200 MHz,  CDC1,) 6 1.753 and 
1.393 (d, ,JPH = 11.8 Hz,  and ,JpH = 10.5 Hz, P-CH,-Au), 1.094 (s, 
Au-Me), 7.37 and 7.63 (m, P-Ph). Single crystals of 2-MeBr suitable 
for X-ray crystallographic analysis were obtained by recrystallization of 
2-MeBr from a dichloromethane/hexane solution at  0 OC. Crystal data 
information is given in Table I. 

Bis[p-(dimethyldimethylenephosphoranyl-C,C)]iodo( (trimethylsily1)- 
methylene)digold(II)(Au-Au ) [l-Si11 and Bis[p-(diphenyldimethylene- 
phosphoranyl-C,C)]iodo( (trimethylsilyl)methylene)digold(II) (Au-Au ) 
[?-SI]. Both (trimethylsilyldimethylene)gold(II) complexes were syn- 
thesized in a similar manner and exhibited similar properties. For 1-SI: 
To 10.6 mg (0.02 mmol) of 1 in 0.50 mL of dry, 0,-free CDC1,/C6H6 
(9:l V/V) in a 5-mm 'H N M R  tube was added 12.4 FL (0.08 mmol) of 
Me,SiCH,I. After 15 h, the lH N M R  was mainly that of 1-Si1 
(CDCI,/C,H, (9:l) 6 1.49 (d, ,JPH = 11 Hz, P-CH,), 1.15 and 0.92 (d, 
'JPH = 9 and 1 1  Hz,  P-CH,-Au), 1.34 (s, Au-CH2-Si), -0.01 (s, Si- 

For 2-SiI: To 10.6 mg (0.013 mmol) of 2 in 0.45 mL of dry, 0,-free 
CDCI, in a 5-mm N M R  tube was added a 4-fold excess of (Me),SiCH,I. 
After 15 h of reaction at  ambient temperature, the ' H  N M R  spectra 
showed only the presence of 2-SI. ' H  N M R  (CDCI,) 6 1.98 (d, *JPH 
= 10 Hz, Au-CH,-P), 1.44 (s, Si-CH,-Au), 1.27 (d, 'JpH = 9 Hz, 
Au-CH,-P), -0.06 (s, (Me),Si), 7.8-7.0 (m, Ph). "P{'H} N M R  36.32. 

Bis[~-(dimethyldimethylenephosphoranyl-C,C)]benzylbromodigold- 
(II)(Au-Au) [I-BzBr] and Bis[p-(diphenyldimethylenephosphoranyl-C,- 
C)]benzylbromodigold(II)(Au-Au) [2-BzBr]. Both benzylbromide 
gold(I1) complexes were synthesized similarly. For 1-BzBr: PhCH,Br 
(0.035 mL) was added to a stirred suspension of 49 mg (0.085 mmol) 
of 1 in 30 mL of Et,O. After 12 h, 39 mg (0.05 mmol, yield 58%) of 
1-BzBr was obtained as a brown precipitate. The product melted between 
127-130 'C. ' H  N M R  of 1-BzBr (CDCI,) 6 3.58 (t, ,JPH = 2 Hz, 
Au-CH,-Ph), 1.61 (d, 2JpH = 12 Hz,  P-CH,), 1.41 and 1.01 (d, ,JPH 
= 12, Au-CH2-P), 7.8-7.0 (m, Ph). Complex 1 and free PhCH,Br were 
observed in equilibrium with 1-BzBr in the 'H N M R  spectrum. 

For 2-BzBr, 141 mg (0.17 mmol) of 2 was dissolved in a minimal 
amount of 1.2-dichloroethane. The solution was gravity filtered through 
a coarse frit (under N2) into a flask containing a magnetic stirring bar. 
Benzyl bromide (0.20 mL, 1.7 mmol) was added to the stirred solution. 
After 2 h the solution was concentrated by evaporation in vacuo to 1 /4  
of its original volume, cooled to -18 "C for 20 h, and filtered. The 
resulting peach-colored powdery precipitate was rinsed with Et,O and 
triturated with four 5-mL portions of E t 2 0  to remove excess PhCH,Br. 
After drying, 108 mg (65% yield) was obtained: melting point, yellow 

(Me),). 

at 110 OC, melted to a brown liquid between 174 and 177 "C; 'H N M R  
(CDCI,) 6 3.52 (t, 2JpH = 2 Hz, Au-CH,-Ph), 1.83 and 1.38 (d, 'JPH 
= 11 Hz, Au-CH,-P), 7.8-7.0 (m, Ph). Complex 2 and free PhCH,Br 
were observed in equilibrium with 2-BzBr in the ' H  N M R  spectrum. 
Bis[p-(dialkyl- and diaryldimethylenephosphoranyl-C,C)]dihalodi- 

gold(II)(Au-Au) Complexes. All dinuclear gold(I1) dihalide complexes 
may be synthesized in a similar manner. Stoichiometric amounts of 1 
or 2 were combined with halogens in 4 mL of CH,CI, a t  25 "C and 
stirred for 2 h. The orange to red precipitate was filtered, washed with 
hexane, and dried in vacuo. l-Br,: 88 mg (0.1 5 mmol) of 1 reacted with 
7.7 p L  of Br, to give 105 mg, 96% yield, mp 222 "C (lit." mp 224 "C); 
'H  N M R  (CDCI,) 6 1.60 (d, ,JPH = 12.2 Hz, P-Me), 1.41 (d, ,JPH = 
9.8 Hz, Au-CH2-P). [ A u ( C H , ) ~ P P ~ , ] ~ B ~ ,  (2-Br2): 98.6 mg (0.12 
mmol) of 2 reacted with 6.15 pL (0.12 mmol) of Br, to give 97.2 mg. 
83% yield; mp 229-235 OC dec; 'H N M R  (CDCI,) 6 1.90 (d, ,JPH = 9.8 
Hz, Au-CH,-P), 7.61-7.36 (m, Ph). 1-1,: 205 mg (0.35 mmol) of 1 
reacted with 89 mg (0.35 mmol) of I, to give 266 mg, 92% yield: mp 
215 OC (lit." mp 216 OC; ' H  N M R  (CDCI,) 6 1.57 (d, 2Jp,, = 9.8 Hz, 
P-Me), 1.51 (d, 'JpH = 12.3 Hz, Au-CH2-P). 2-12: 54 mg (0.066 
mmol) of 2 reacted with 17 mg of I2 (0.067 mmol) to give 55 mg, 77.6% 
yield; mp 190-196 OC; lH N M R  (CDCI,) 6 1.97 (d, *JPH = 10.0 Hz, 
Au-CH2-P) 6.11, 7.56-7.36 (m, P-Ph). 

An alternative synthesis using carbon tetrahalides is available. For 
243,: 25 mg (0.03 mmol) of 2 was added to approximately 5 mL, of 
CCll and the solution was stirred for 1 h at 25 "C. The bright yellow 
precipitate, 2-C12, which formed was washed with ether and dried in 
vacuo to give 26.3 mg 98% yield; mp 237-239 'C dec; 'H  N M R  (CDCI,) 

Results 
The dinuclear Au(1) complexes 1 and 2 react with MeI, 

Me3SiCH21, and PhCH2Br to give Au(I1) alkyl halide adducts. 
In solution (CDCl,, by 'H NMR) the Au(I1) alkyl halide adducts 
are in equi l ibr i~m* '~~~ with the Au(1) complex and the halocarbon. 
In the solid state, 2-Me1 and 2-MeBr undergo a thermally in- 
d ~ c e d * ~  reductive elimination giving 2 and Me1 or MeBr, re- 
spectively. ( 'H N M R  and gas-phase IR spectroscopic identifi- 
cation of products and reactants was made by comparison with 
authentic samples.) 

Facile (within 3 min of mixing) halogen exchange was observed 
via 2H N M R  spectroscopy by the appearance30 of CD3Br when 
2-MeBr and3' 2-CD31 were combined in CHC13 at 22 "C. (There 
was no indication from the 2H NMR that deuterated or partially 
deuterated ethane was generated in this reaction.) Upon further 
reaction (>24 h at 22 "C) halogen exchange with the solvent also 
was observed by detection of CD3C1 in the 2H N M R  spectrum. 

6 1.85 (d, 'JpH = 9.8 Hz,  Au-CHZ-P), 7.63-7.37 (m, Ph). 

(27) Fackler, J. P., Jr.; Basil, J .  D.; Murray, H. H. Organomerallics 1984, 
3, 821. 

(28) I n  Schmidbaur's original report of the oxidative addition of CH,I to 
1 there IS no mention that the IH NMR spectrum of this gold(I1) dinuclear 
methyl iodide adduct shows it to be in equilibrium with the gold(1) dinuclear 
ylide and MeI. See ref 10 and 8c. 

(29) Schmidbaur'O reported the melting point (dec) of 1-Me1 to be 143 "C; 
we have now correctly identified this observation as a solid state reductive 
elimination process giving Me1 and 1. 

(30) The chemical shifts of CD3Br and CDJ are 6 = 2.61 and 2.12, 
respectively. 

(31) Complex 2-CD,I is synthesized as for 2-MeI; however, CD,I (Aldrich) 
is used rather than CHJ. 

(32) Basil, John D. Ph.D. Thesis, 1983, Case Western Reserve University. 
(33) P. Kalck and J. J. Bonnet have reported that the addition of CH,I 

to some dinuclear iridium(1) complexes ([I~(P-~-BuS)(CO)(PR,)~,) gives the 
corresponding Ir(I1) diiodo complex. Kalch, P.; Bonnet, J.-J. G. Organo- 
merallics 1982, I ,  1211. 
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Table 111. Selected Lengths and Angles for [ A u ( C H ~ ) ~ P P ~ ~ ] ~  (2) 
and [Au(CH2),PPh2] 2(CH3) Br (2-MeBr) 

lengths, 8, angles, deg 

Au-Au' 
Au-C( 1) 
Au'-C (2) 
P-C(l) 
P-C(2) 

Au( 1 )-Au( 2) 
Au(2)-C(6) 

Au(2)-C( 1) 
Au( 1)-C(2) 
Au(2)-C(3) 
Au(  1 k C ( 4 )  

Au( I)-Br 

2 
2.977 (1) C(l)-Au-C(2)' 
2.091 (7) Au'-Au-C(Z)' 
2.085 (7) C(l)-P-C(2) 
1.766 (7) 
1.760 (7) 

2-MeBr 
2.674 (1) Au(l)-Au(Z)-Br 
2.159 (2) Au(l)-Au(2)-C(6) 
2.698 (3) C(I)-Au(Z)-Au(l) 
2.1 18 (2) C(4)-Au(l)-Au(2) 
2.007 (2) C(1)-P(1)-C(2) 
2.1 16 (2) C(3)-P(2)-C(4) 
2.107 (2) 

179.0 (3) 
89.7 (2) 

113.0 (3) 

170.8 ( I )  
177.6 (7) 
95.4 (6) 
89.8 (5) 

113.5 (1) 
104.2 ( I )  

Complex 2 catalytically effects halogen exchange between CD31 
and MeBr when an excess of the MeBr is combined in CDC13 with 
CDJ and 2. After 20 h at 25 "C, ca. 18 CD3Br molecules were 
generated per molecule of 2 (7.3 X 

In other observations of halogen exchange (monitored by 'H 
N M R  spectroscopy), 2-Br2 and excess Me1 in CDC1, a t  25 "C 
gave 2-1, and MeBr within minutes of mixing in the presence of 
2. When 2-Br2 and Me1 were combined in CDCl, in the absence 
of 2, no halogen exchange was observed after 20 h of mixing. The 
IH N M R  spectrum of the methylene protons of 2-Br2 in CDC1, 
is a doublet (6 1.90, ,JHP = 9.9 Hz, W,,, = 3.0 Hz). Upon the 
addition of a small amount of 2, significant broadening and a slight 
shift of the major resonance (original doublet) is observed. 

The stabilities of the gold(I1) alkyl halide adducts under the 
exchange reaction conditions were examined because of this 
halogen exchange. It was found that 2-Me1 in CDC1, gives 2-1, 
when heated (C62 "C, bp of CHCI3) or irradiated (Hg, X > 300 
nm, glass filter). The nature of this transformation or the fate 
of the methyl group is not yet clear. The interaction of 2-Me1 
with the chlorinated solvent is apparent as MeCl is observed ( lH 
N M R )  as a product from this reaction in the absence of 02. 
Ethane is not observed as a product in this transformation. 

Qualitative observations ( 'H N M R  spectroscopy) of the rate 
of formation of 2-BzBr, 2-MeI, and 2234 respectively, were made 
by monitoring changes in the ratio of 2 to product with time. 
Equivalent amounts of halocarbon and 2 were mixed in CDC13. 
The rate constants for reaction a of 2 with PhCH2Br, MeI, and 
Me3SiCH21 were obtained at 31, -24, and 22 OC, respectively, 
the temperature being selected to give rates compatible with the 
technique. Rate constants of 0.12 (6), 0.025 (3), and 0.0010 (3) 
M-' s-l, respectively, were obtained. The data fit a second-order 
forward reaction opposed by a first-order back reaction.34 Al- 
though no species other than 2, the alkyl halide, and the gold(I1) 
alkyl halide adducts were observed, the formation of the 2-1, in 
heated or irradiated CDC1, solutions of 2-Me1 indicates that other 
reactions also occur (presumably a t  slower rates) in these solu- 
t i o n ~ . ~ ~  

For the reaction of 2 with Me1 in CDC1, and Me3SiCH21 in 
Me,SO the formation constant, K = [Au"RI]/[RI] [Au'], was 
observed as a function of temperature, 50 to -55 OC for Me1 and 
98 to 21 "C for Me3SiCH21. A least-squares fit of In Kvs. 1 / T  
gave AH" = -3.65 kcal/mol, AS" = 1.3 cal/(mol deg), and 
AGO298 = -3.3 kcal/mol for the reaction of 2 with Me1 in CDC1,. 
For the reaction of 2 with Me3SiCH21 in Me,SO, 4H" = -8.3 
kcal/mol, 4s" = -18.2 cal/(mol deg), and AGO298 = -2.9 

M).  

(34) Linear plots of In (X,(a2 - XXF)!u2(X, - X) )  vs. t where a = initial 
concentration of the Au(1) dimer = initial concentration of RX, X ,  = con- 
centration of Au(I1) dimer at equilibrium, and X = concentration of Au(I1) 
dimer at time r .  See: Frost, A,; Pearson, R. G. "Kinetics and Mechanism"; 
John Wiley and Sons, Inc.: New York, 1962. 

(35) Other integrated forms of rate equations (second-order forward and 
reverse as well as first-order forward and second-order back reaction) were 
found to give similarly good fits for the IH NMR data: therefore, no single 
overall reaction order was accurately determined. 

Table IV. Redox Potentials for the Series [ A u ( C H ~ ) ~ P P ~ ~ ] ~ X ~  
(where X = C1, Br, I )  [ A u ( C H ~ ) ~ P P ~ ~ ] ~ ( C H ~ ) B ~ ,  and 
[Au(CH2)2PPh212(CH3) I" 

c o m p I e x reduction oxidation 

[Au(CH2)2PPh212 +0.11, 0.235 
[Au(CH2)2PPh212C12 -0.92 +1.5 

[Au(CH2)2PPh21212 -0.58 +0.88,' 1.115' 
[Au(CHJ2PPh2]2(CH3)Br -0.75, -1.18 +0.3SC 

Potentials are quoted as Ag/AgCl reference electrode measured as 
the forward peak current potential in the cyclic voltammetric mode ( u  
= 50 mV/sd) .  The solvent is T H F  with 0.1 M [n-Bu4N][BF,] elec- 
trolyte. From differential pulse voltammetry where the two processes 
are more clearly resolved. 'A second anodic peak sometimes can be 
observed greater than +0.97 V. 

kcal/mol. Note that the data are for different solvents. At the 
temperature used to measure the rate of reaction b, assuming 
(k2 /k - , )  = K,  the following results were obtained. For 2-Me1 (-24 
"C), K = 3000 M-', = 8 X s-l. For 2-Si1 (22 "C), K 
= 150 M-l, k-,  = 7 X 

[Au(CH2)2PPh212Br2 -0.69 +1.22 

[ A u ( C H ~ ) ~ P P ~ , ] ~ ( C H ~ ) I  -0.68, -1.14 +0.42' 

s-l. 

[Au(CH2),PR,], + R'X R[Au(CH,),PR,],X (b) 
k-i 

Electrochemical studies show that complex 2 in 0.1 M [n- 
Bu4N] [BF4]-THF undergoes two quasi-reversible, stepwise 
(presumably one electron) oxidations at 0.1 1 and 0.235 V vs. 
Ag/AgCl with 4 E p  values of -250 mV and ipr/ipf = 0.6 at v 
= 100 mV s-'. The situation, however, is complicated by the 
precipitation of a yellow material of unknown composition, in the 
immediate vicinity of the working electrode (Pt or Au), effectively 
isolating the working electrode from the bulk solution. 

The electrochemistry of the Au(I1) halogen adducts were 
routinely studied in 0.5 M [n-Bu4N] [BF,]-CH,Cl, with either 
Pt or Au working electrodes. The same results were also obtained 
with T H F  as a solvent. With use of cyclic voltammetry, an 
irreversible reduction is observed, the potential of which is de- 
pendent on halogen (Table IV). A chemical reaction following 
the charge-transfer step yields 2 (together with some unidentified 
species) which can be clearly detected electrochemically. Cou- 
lometry gave an n value of 2 electrons per mole. 

Each gold(I1) dimer also exhibits an oxidation step, the potential 
(Table IV) and character of which depends on halogen. Cyclic 
voltammetric studies of 2-1, show two oxidation waves, both 
quasi-reversible in nature with peak potential separations of the 
order of 150 mV (at u = 20 mV s-l) and ipr/ipf = 0.75. Both 
2-Br2 and 2-C12 show only one ill-defined irreversible oxidation 
process. In each case, the free halide ion can be identified. The 
presence of the halide ion, however, is dependent on a small 
quantity of Au( I )  dimer being present in the electrochemical 
solution. (Apparently the quantity produced by the chemical 
reaction following the reduction step is sufficient to initiate the 
reaction.) 

The electrochemistry of the Au(I1) alkyl halides 2-MeBr and 
2-Me1 is complicated by the equilibrium in solution between the 
Au(I1) alkyl halides and the "parent" gold(1) dimer. This results 
in a very poorly resolved voltammetry which after 15 min is 
completely lost. The addition of excess alkyl halide results in the 
electrochemistry returning to its initial character, with greater 
resolution. The following observations, therefore, were recorded 
with excess alkyl halide present. 

Each complex shows two irreversible reduction waves with 
cathodic peak potentials of Ep, = -0.75, -1.18 and Ep, = -0.68 
and -1.14 V for 2-MeBr and 2-MeI, respectively. An associated 
oxidation wave is seen a t  +0.2 V, which can be assigned to the 
presence of gold(1) dimer formed as a product of a chemical 
reaction following the reduction step. 

Both complexes exhibit two oxidations, the ones at less positive 
potentials being quasi-reversible in nature, with AEp values of 
360 and 260 mV for 2-MeBr and 2-Me1, respectively. 

Crystal Structure of 2. In the solid state, 2 exists as descrete 
dinuclear molecules with no significant intermolecular interaction. 
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Figure 1. Molecular structure of [Au(CHJ,PPh2]2, 2 (hydrogen atoms 
eliminated for clarity, 50% probability thermal ellipsoids). 

(Crystal data and collection parameters for both 2 and 2-MeBr 
are given in Table I.) The general structure of 2 is shown in Figure 
1. 

The eight-membered ring of 2, is described as having a chair 
conformation with two phenyl rings in axial and two in equatorial 
positions. The four methylene carbon atoms and two gold atoms 
are coplanar. The plane defined by the phosphorus atom and two 
adjacent ring methylene centers intersects the plane of the gold 
atoms at 145.1O. The Au-Au distance is 2.977 ( 1 )  A, a non- 
bonding distance. The gold centers are formally described as 
Au(1). Some important distances and angles are given in Table 
111. 
Crystal Structure of 2-MeBr. In the solid state, 2-MeBr is found 

to crystallize with 10% disorder (see solution and refinement of 
structure). Each gold atom contains square-planar coordination 
with a twist of 6.4O between the two planes. The com lex is in 
a chair configuration. The Au-Au distance is 2.674 (1) 1, slightly 
shorter, than the Au-Au distance (2.695(4)A) of the methyl iodide 
adduct, 2-MeI, previously reported," and only somewhat longer 
than the Au-Au bond (2.61 A) of 2-Br,, the dibromide gold(I1) 
complex.36 However, the Au-Br distance of 2.698 (3) 8, is found 
to be significantly longer (longer by 0.20 A) than the Au-Br 
distance of 2.51 A found in 2-Br,. This structural trans effect, 
as previously seen in the structure of the methyl iodide adduct, 
2-MeI, is transmitted through the Au-Au bond. Some important 
bond distances and angles are given in Table 111. 

Discussion 
The oxidative addition of the alkyl halides to gold(1) complexes 

1 and 2 generate gold(I1) alkyl halide adducts. The R-Au-Au-X 
segment of the gold(I1) product has u bonds polarized due to the 
differences in the electron-donating electron-withdrawing prop- 
erties of the alkyl and halide substituents. The d9-d9, Au(I1)- 
Au(II), system (16 valence electrons a t  each Au center) has a 
nearly filled u framework. 

The chemistry of these gold dimers may be understood by 
examining the H O M O  which is metal-metal bonding and met- 
al-halide antibonding and the LUMO which is totally u anti- 
bonding (Figure 3). The polarization of the HOMO is signifi- 
cantly associated with the electronic properties of the methyl 
halide, the methyliodide adduct being the most polarized, the 
bromide showing less polarization and the chloride only a small 
polarization. 

The H O M O  has vastly different orbital coefficients for the 
various halides. However, in all cases the electron distribution 
is concentrated on the halide. This is true particularly for the 

(36) Two X-ray structural determinations of 2-Br2 have been performed 
in our laboratory. (One of these is given in the Ph.D. Thesis of D. Dudis, Case 
Western Reserve University, 1984.) The two structures are slightly different 
(2% cell volume difference) but both show monoclinic C2/c symmetry with 
a = 13.3 A, b = 12.4 A, c = 17.6 A, (3 = 103O. Refinement at R = 0.055 
in each case gives the distances listed to f0.01 A. 

Figure 2. Molecular structure of [Au(CHz)zPPh2]2(CH,)Br, 2-MeBr 
(hydrogen atoms eliminated for clarity, 50% probability thermal ellipsoids 
for all non-carbon atoms). 

m, - J L  

9 mw 3 W,TXJ a tr~ 

Figure 3. Schematic comparison of the u framework of the orbitals in  
the dimeric X-M-M-R and monomeric X-M-R units. For simplicity 
the monomer represents a system of any three orbitals, not necessarily 
d: since for gold(1) participation of the pT orbital must be considered. 

iodide dimer where the coefficient for the halide contribution to 
the HOMO is 0.77. 

Consistent with the bonding model both 1-Me1 and 2-Me1 are 
light sensitive. Two possible mechanisms result. One is promotion 
of an electron from the HOMO to the LUMO followed by free 
radical homolytic cleavage of the Au-Me bond (gold-alkyl, not 
Au-ylide). The other is a charge-transfer excitation of the 
electrons of the M-X bond resulting in a heterolytic cleavage 
(ionization) or weakening of this bond. This latter process appears 
to be most consistent with both experimental observations and 
theoretical results since: (1) no radical species have been detected 
by magnetic resonance measurements, although their transient 
presence cannot be ruled out; (2) radical inhibitors added to 
solutions of the complex appear to have little if any effect on the 
decomposition reaction (this observation has been confirmed by 
reactions of N-thiophenolphthalimide and (Me)2SnBr2 with 2 in 
the presence and absence of radical inhibitors) (3) the LUMO 
has similar coefficients for all three halides, C1, Br, and I (this 
would predict no differences in reactivity for the homolytic radical 
decomposition, contrary to observation); and (4) the HOMO- 
LUMO separation of the gold(I1) alkyl halides are of the same 
order as in the dihalides, yet the latter compounds do not appear 
to be light sensitive. 

The chemistry of the Au-Me and Au-X bonds in these dimers 
is largely associated with the u bond framework along the Au-Au 
axis. The bonding itself is dominating by the interactions with 
the terminal atoms. The gold atoms magnify the effect. This 
clearly was observed20 in the X-ray structure of 1-Me1 where the 
Au-I bond is elongated by 0.2 A as compared with the Au-I bond 
is 1-1, (structural trans effect). 

An important observation to be made from this bonding picture 
is that enhancement of the structural trans effect is expected (and 
found experimentally) in the dinuclear compounds compared with 
the mononuclear species. This enhancement arises since the 
HOMO is antibonding with respect to the metal halide bond in 
the dinuclear complex (Figure 3). In mononuclear d8 (16 valence 
electron) species the orbital which is antibonding with respect to 
the metal and the halide is unoccupied (LUMO). Here the 
structural trans effect occurs largely through polarization of the 
u bonding orbital. This polarization also exists in the dinuclear 
species, but the effect is amplified by the metal-halide antibonding 
character of the HOMO. 
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Experimental evidence for this amplified structural trans effect 
in dinuclear gold(I1) species (and similar M-M bonded dinuclear 
species generally) is rapidly de~eloping .~ '  Data exist on one 
complex which is especially useful. In the compound 
B ~ , A U B ~ , A U ( M ~ ) ~  studied by Komiya et aL3* there are Au-Br 
bonds trans to CH3 and Au-Br bonds trans to Au-Br. Comparing 
Au-Br bridging bonds lengths only, a 6.4% increase in the Au-Br 
bond is observed. We find, however, that there is a 11 3% increase 
in the Au-Br bond length (2.698 A) trans to Me in the dinuclear 
complex, 2-MeBr, over the Au-Br bond length (2.518 A) in the 
dinuclear gold(I1) dibromide, 2-Br2. 

The bonding in the symmetrical dihalide complexes also is 
governed by the Au-X interactions. The most electronegative 
halide, chloride, has the ability to push the antibonding LUMO 
to high energies, making reduction more difficult. Once electrons 
are placed in the LUMO a bond-breaking process appears likely 
which makes the electrochemical reduction irreversible. The 2-1, 
has a lower lying LUMO making reduction easier. Of the halides 
examined, iodide has an ionization potential closest to that of gold. 
Combining this with its polarizability, substantial delocalization 
of the electrons over all four atoms is expected. The reversible 
oxidation of 2-I2 indicates that the iodide is sufficiently different 
from other halides to alter the electrochemistry of the whole 
molecule, possibly because of delocalization of charge. 

From these theoretical studies we conclude the following: (1) 
the more electronegative the halide, the further it raises the 
LUMO making reduction more difficult; (2) the more polarizable 
the halide, the greater the effect of the methyl group trans to it, 
consequently the greater the reactivity of the complex for Au-X 
ionization. 

The reactions of MeI, PhCHzBr, and (Me)3Si(CH2)I with 1 
and 2 give Au(I1) alkyl halide 2-center 2-electron oxidative ad- 
dition products. These dinuclear Au(I1) alkyl halides are in 
equilibrium with the Au(1) dinuclear ylide and the alkyl halide. 
These reactions are the first examples of reversible oxidative 
addition-reduction elimination reactions involving a dinuclear gold 
complex. If an excess of the alkyl halide is present, the only gold 
complex observed (via IH N M R )  is the Au(I1) alkyl halide ad- 

The reversibility of this reaction is further demonstrated 
by the solid-state reductive elimination2' reaction observed by 
heating 2-MeZ or 2-MeBr. 

The complexity and significance of the oxidative addition-re- 
ductive elimination equilibria involving the complexes 1 and 2 was 
realized when we observed halogen exchange between 2-MeBr 
and 2-CD31 in CHCI, by zH N M R  spectroscopy. Detection of 
CD,Br upon mixing indicates that the process involves more than 
the interaction of 1 or 2 and the alkyl halide, otherwise only CD31 
would have been observed.27 Furthermore, we have demonstrated 
that this halogen exchange process is catalytic, not stoichiometric. 
The importance of the presence of the gold(1) complex 2 in these 
halogen exchange processesz7 was demonstrated conclusively when 
CH31 and 2-Brz were observed to undergo halogen exchange but 
only in the presence of 2. From the 'H N M R  spectra of 2-Br2 
in the absence and presence of 2, it is clear that there is significant 
labilization of the Au-Br bond when 2 is present. This result is 
not surprising in view of the observation4] that when combined 
in solution [Au(CH,),PPh,12Br4 and 2 give 2-Brz.quantitatively. 
Our observations regarding the oxidative addition-reductive 
elimination equilibrium, halogen exchange between the dinuclear 
gold(I1) dihalides and alkyl halides, and the dynamic ' H  N M R  
spectra of the dinuclear gold(I1) dihalides all appear to be in- 

Basil et al. 

(37) Additional structures such as for the 'A-frame" (pCHJ[Au- 
t; (CH2)2PPh2]2BrZ and the tetrabromidq40 2-Br4, and the [Au(CH2)2PPhz] 

(CH2CN)Br corroborate these observations. A 10.3% increase is observed 
in the Au-Br distance of the latter compound. 

(38) Komiya, S.; Huffman, J. C.; Kochi, J .  K. Inorg. Chem. 1977, 1253. 
Here the Au-Br lengths are 2.402 A (terminal), 2.450 A (bridging), and 2.450 
A (bridging trans to CHI). 

(39) This appears to be the reason that this significant observation was not 
reported by Schmidbaur and Franke'O in their original manuscripts. 

(40) Dudis, D.; Fackler, J. P., Jr. Inorg. Chem., in press. 
(41) Murray, H. H.; Fackler, J .  P., Jr. Organometallics, in press. 

Scheme I. Proposed Reaction Scheme for Addition of Alkyl 
Halides to Dinuclear Gold(1) Ylide Complexes' 

i r  

X 

' Species in brackets are plausible, but to date unidentified 
components. 

fluenced by the gold(1) dimers and their labelizing effect on some 
R-X or Au-X bonds. 

Electrochemical studies raise a number of points. 
The two-step oxidation of 2 at relatively mild potentials is in 

accord with the ready ability of the complex to undergo oxida- 
tive-addition chemistry. 

The [ A U ( C H , ) , P P ~ ~ ] ~ X ~  complexes show a trend in reduction 
potential which follows the same ordering as determined by 
theoretical calculations (CI > Br > I). The irreversible nature 
of the reduction step is not surprising as the LUMO is entirely 
antibonding with respect to both Au-X and Au-Au bonds. Thus 
the overall two-electron reduction leads to an unfavorable bonding 
situation relieved by a further chemical reaction. The formation 
of the gold(1) dimer 2 as one of the products seems reasonable. 
The appreciable chemical reversibility of the oxidation of 2-1, may 
be associated with the somewhat different chemical behavior of 
this complex compared with the CI and Br species. 

The identification of free halide ion in the voltammetry, but 
only in the presence of Au(1) dimer, is of considerable importance. 
This further confirms the labilizing effect of the Au(1) dimers 
1 and 2 on Au-X bonds, as is suggested by the 'H N M R  exchange 
experiments. 

The kinetic rate data of the oxidative addition of PhCH,Br, 
MeI, and (Me)3SiCH21 with 2 has revealed a trend which parallels 
the stability of the analogous alkyl radical. The first step in the 
process parallels the ease of electron transfer from the gold dimer. 
This suggests the initial formation of caged radical species (not 
detectable) followed by the rapid alkylation of a gold center as 
depicted in the reaction scheme. Ionic exchange of coordinated 
halide has been observed previously.z7 Further work is in progress 
related to the mechanism(s) involved in the oxidative addition steps 
ultimately taking both gold centers to Au(II1). 

This work has demonstrated relationships between the dinuclear 
gold(1) ylide complex, the dihalogold(I1) complex, and the alkyl 
halide adducts [Au(CH,),PPh,],(Me)X (X = I; Br). Intercon- 
version and interaction must be taken into account if the system 
is to be understood. The halogen exchange observed between 
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2-MeBr and 2-Me1 is consistent with the observation of the ex- Chemical Society, and The Welch Foundation. 
ceptionally long Au-Br bond of 2-MeBr. Halogen exchange may 
also involve a mixed valence Au(I)/Au(III) complex42 or oli- 
gomeric pairs of complexes. Further studies specifically addressing 
these possibilities are being pursued. 
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Abstract: Oxidation by iodine of (phthalocyaninato)cobalt(II), Co(pc), affords the title compound, Co(pc)I, which is comprised 
of metal-over-metal columnar stacks of partially oxidized Co(pc) groups that are surrounded by chains of 13- ions. Co(pc)I 
crystallizes in space group D&-P4/mcc of the tetragonal system with a = 13.927 (1) A, c = 6.247 (1) A, V = 1212 A3, and 
Z = 2. The value of R on F: for 66 variables and 540 observations is 0.055. Results of physial measurements, in particular 
the sign of the thermoelectric power, show the metal centers to be the site of oxidation. Charge transport thus proceeds along 
one-dimensional chains of metal atoms, as in the linear-chain platinum compounds. Strong interactions among the partially 
oxidized metal centers of the cobalt spine force the Co(pc) subunits to adopt an anomalously small interplanar spacing (3.12 
A). They lead to an approximately temperature-independent susceptibility that is associated with strong Coulomb correlations 
in a one-dimensional cobalt dzz band. The room-temperature conductivity of Co(pc)I is u - 50 $2-’ cm-’, which is comparable 
with that of the best Pt-spine conductors despite the fact that cobalt is a first transition series element at a much greater Cc-Co 
spacing (3.12 A) than that (-2.95 A) for the conductors based on the third transition series element, Pt. Although the reflectivity 
shows a sharp edge at 6 X lo3 cm-I, it provides evidence for a small band gap. The temperature response of the conductivity 
of Co(pc)I is nonmetallic (du/dT> 0), whereas that of the isostructural Ni(pc)I is metallic. These differences can be understood 
by considering the effects of potentials from the I< chains on conduction bands with different occupancies, filling for Co(pc)I 
but 5 / 6  filling for Ni(pc)I. 

W e  discuss the structural, optical, charge transport, and 
magnetic properties of the molecular conductor (phthalo- 
cyaninato)cobalt iodide, Co(pc)I. This material, prepared by 
partial oxidation of Co(pc) with iodine,’S2 is isostructural with the 
low-temperature molecular metal N i (p~)1 ,* ,~  both compounds 
being comprised of metal-over-metal columnar stacks of partially 

oxidized M(pc) units that are surrounded by chains of 13- 
ions. However, the change of incorporated metal introduces 
qualitative modifications in the electronic structure of the M- 
(L)-based molecular conductors without associated changes in 
the crystal structure. The Ni(L) compounds incorporate a d8 Ni2+ 
ion. Oxidation of Ni(pc) occurs at the ring, and the charge carriers 
of Ni(pc)I are associated with the highest-occupied delocalized 
T molecular orbital of p ~ . ~ ~  For Ni(tbp)14 the charge carriers are 
predominantly associated with the ring, but the compound exhibits 
a “doubly mixed valence” state, in which the hole-carriers also 
can hop from ring to metal. In contrast, Co(pc) incorporates a 
d7 Co2+ ion, and we now report that physical measurements, in 
particular the sign of the thermoelectric power, indicate that 
iodination proceeds by 1/3 oxidation of the metal from ”Co2+” to 

‘Northwestern University. * IBM Research Laboratory. 
g Nagoya University. 

66C02.33+” . Thus charge transport in Co(pc)I proceeds along a 
one-dimensional chain of metal centers, as in the Krogmann s a h 5  

Co(pc)I represents the first metal-spine conductor prepared 
from a metallomacrocycle, and to our knowledge it is the only 
one in which the metal ion in the parent complex is not Pt2+, a 
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