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macrocycle basicity. Specifically, the eight electron-donating ethyl 
groups of (OEP)Ru(CO) should lead to  an increased electron 
density on the porphyrin wr ing  system, thus making electron 
addition to  the central Ru metal relatively easier than electron 
addition to the porphyrin *-ring system. This is only a qualitative 
description. Other factors such as  the donicity of the solvent may 
play some role in influencing the site of electron transfer. The  
Gutmann donor number increases from 1 1.9 to 16.6 upon going 
from PhCN to PrCN and from 20.0 to 33.1 upon going from THF 
to p ~ . * ~  An increase in donor number should result in more 
electron density on the central metal if the ligand is axially co- 
ordinated. Iterative extended Huckel calculations' show that the 
empty dxLy and d,r orbitals of the Ru ion in (OEP)Ru(CO)(py) 
have higher energy than that of the e,(**) orbital. Thus, the 
addition of one electron to the porphyrin w i n g  system might be 
more favorable in this case. 
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The interaction of chloro(triphenylphosphine)gold(I) and [p- 1,2-bis(diphenylphosphino)ethane] bis[bromogold(I)] with mercap- 
tooxopurine derivatives (8-mercaptotheophylline, 8-mercapto-2-thiotheophylline, and 8-(methylthio)theophylline) under basic 
conditions yields complexes of the type [Au(PPh3)L], [(AU(PPh,)),(p-L)]: [Au(p-dppe)(p-L)Au], and [LAu(p-dppe)AuL] [L = 
mercaptooxopurine anion, dppe = 1,2-bis(diphenylphosphino)ethane], which contain either one SI-bonded or two N7,SS-bonded 
gold(l) phosphine groups. These complexes were characterized by means of IH, I'C, and 3iP NMR and IR spectroscopy. Besides 
this, the crystal structure of the complex (8-mercaptotheophyllinato)(triphenylphosphine) old(1) was determined from X-ray 
diffraction data. The compound crystallizes in triclinic space group PI with a = 8.035 ( I )  w, b = 12.749 (5) A, c = 13.172 (4) 
A, a = 102.89 ( 5 ) O ,  0 = 103.03 (2)O, y = 103.77 (5)O, V = 1221.0 (8) A', Z = 2, R = 0.037, and R, = 0.039. The structure 
consists of neutral [Au(PPh3)(HLi)] (HLi = 8-mercaptotheophyllinato anion) held together in pairs by two N7-H---06 hydrogen 
bonds and related by a crystallographic center of inversion. The coordination of the gold atom is almost linear, P-Au-S8 = 178.6 
(2)O, with Au-S and Au-P bond distances of 2.308 (2) and 2.256 (2) A, respectively. The substitution reaction between 
[Au(PPh3)(HL')] and [(AuBr),(p-dppe)] to give the complex [Au(pdppe)(p-L')Au] was studied. It seems that the reaction 
takes place through the intermediate complexes K[(L')Au(pdppe)AuBr].4H20 and [(Au(PPh3)Jz(p-Li)]. 

introduction 
The current interest in the characterization of gold( I) phosphine 

complexes owes much to the successful use of the "auranofin", 
a gold(1) compound containing triethylphosphine and tetra- 
acetylthioglucose ligands, for the treatment of rheumatoid ar-  
thritis." In addition, auranofin and a number of Au(1) complexes 
of PPh, have been reported to have anticancer activitya3+ 
Likewise, 1,2-bis(diphenylphosphino)ethane (dppe) and some of 
its analogues have also been shown to have antitumor activity, 
and their activity is enhanced on coordination to g~ld( I ) . ' -~ '  In 
view of all this, the biological importance of purine bases and the 
possibility that  gold binding to D N A  bases could O C C U ~ , ~ ~ ~ ~ ~  the 
study of (purine)gold(l) phosphine complexes is of interest. In 
a previous work" we have investigated the interaction of chlo- 
ro(triphenylphosphine)gold( I )  and  [p -  1,2-bis(diphenyl- 
phosphino)ethane]bis[bromogold( I)] with a number of oxopurine 

' Universidad de Grgnada. * Universidad del Pais Vasco. 
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bases and found the involvement of the deprotonated N-H groups 
in the complex formation, the N 7  atom being the first binding 
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site to gold(1). Owing to the pharmacological interest in sul- 
fur-containing purine bases and in view of the existence of many 
tautomers of the 8-mercaptopurine bases involving N7, N9, and 
S8 atoms, each of which may give rise to a different gold(1) 
complex, we decide to extent our investigations to the preparation 
of gold(1) phosphine complexes of 8-mercaptotheophylline (H2L1), 
8-mercapto-Zthiotheophylline ( H2L2), and 8-(methy1thio)theo- 
phylline (HL'). Because some of these gold(1) compound display 
a high degree of cytotoxic potency "in ~ i t ro" , '~  they are being tested 
for "in vivo" antitumor activity. 
Experimental Section 

The ligands 8-mercaptotheophylIine, theophylline, and 8-(methyl- 
thio)theophylline were prepared as described in the literature.I6 Tri- 
phenylphosphine and 1,2-bis(diphenylphosphino)ethane were purchased 
from Aldrich. The [(A~Br)~(p-dppe)] complex was prepared from Na- 
[AuCI4].2H20, NaBr, and acetone, as we previously described." 

Microanalyses were performed with a Perkin-Elmer 240C analyzer. 
Gold was determined thermogravimetrically with a Mettler TG-50 
thermobalance by using samples varying in weight from 9 to 10 mg and 
a heating rate of 5 "C-min-l in an air atmosphere. In all cases, at 850 
"C the weight of the residue (metallic gold) was stable. Infrared spectra 
were recorded in the 4000-200-~m-~ range on a Perkin-Elmer 9836 
spectrophotometer, using KBr and polyethylene pellets. IH, 13C, and ,lP 
NMR spectra of the compounds dissolved in  (CD3)2S0 were recorded 
on a Bruker AM300 spectrometer. 'H NMR spectra were referenced 
to SiMe,, whereas for 13C NMR spectra the center peak of (CD,),SO 
was used as an internal reference and converted to the SiMe4 scale by 
addition of 39.4 ppm. For ,'P NMR spectra H3P0,/D20 (85:15 v/v) 
was used as an external shift reference. The molar masses were deter- 
mined by using a Knauer Model 1974 vapor-pressure osmometer (VPO) 
equipped with an universal probe that was able to operate between 293 
and 400 K. The VPO apparatus has been calibrated by using l,l'-bi- 
phenyl samples in 1,2-dichloromethane and chloroform. 

Preparation of [Au(PPh3)L] (HL = HzL1, H2L2, HL'). The general 
procedure for the synthesis of [Au(PPh3)L] was as follows: A solution 
of [Au(PPh,)CI] (0.26 g, 1 mmol in 30 mL of acetone) was added to one 
of the purine derivatives (1 mmol) in water containing 1 mol equiv of 
KOH. The resulting solution was refluxed for 15 min and then allowed 
to stand at room temperature for several hours, whereupon the white 
compound precipitated. The complex was filtered off, washed with water, 
acetone and diethyl ether, and dried in vacuo. Crystals of [Au(PPh,)L'] 
suitable for X-ray analysis were obtained by sloa evaporation of a solu- 
tion of the complex in methanol at 4 OC. 

[Au(PPh3)(HL')] (1). Anal. Calcd for C25H22A~N402PS: C, 44.79; 
H, 3.3 1 ; N, 8.36; Au. 29.38. Found: C, 44.92; H, 3.46; N, 8.27; Au, 
28.90. Mp: 253-258 "C dec. IR (KBr, cm-I): 1689, u ( C 6 4 ) ;  1647, 
u ( C 2 4 ) ;  1531, thioamide 1, 121 8, thioamide 11. 

[Au(PPh3)(HLz)] (2). Anal. Calcd for C2,H22AuN40PS2: C, 43.74; 
H, 3.23; N, 8.16, Au, 28.69. Found: C, 44.01; H, 3.31; N,  8.10; Au, 
28.68. Mp: 268-273 "C dec. 1R (KBr, cm-I): 1676, u ( C 6 4 ) ;  1522, 
thioamide I ;  1210, thioamide 11. 

[Au(PPh3)L3] (8). Anal. Calcd for C26H24A~N402PS: C, 45.62, H, 
3.53; N, 8.18; Au, 28.77. Found: C, 45.38; H, 3.48; N, 8.55; Au, 28.95. 
Mp: 195-200 "C dec. IR (KBr, cm-I): 1687, u(C6=0); 1643, u- 
( C 2 4 ) ;  1585, u(C=C), 1522, u(C=N). 

Preparation of [IAu(PPh!)Jz(a-L)] (HzL = HzLl, H2L2). These com- 
plexes were prepared by using the above method for [Au(PPh,)L] but 
with a purine derivative: [Au(PPh,)CI]:KOH ratio of 1:2:2. These 
compounds were also prepared by adding a solution of [Au(PPh,)CI] ( 1  
mmol i n  30 mL of acetone) to one of the corresponding [Au(PPh,)L] 
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C07F9/50), 1986; US. Patent ADDI. 723778. 1985; Chem. Abstr. 1987, .. 
106. P50467k. 
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A.; Ruiz, J.; Martinez-Ripoll, M.: Gutihrez-Zorrilla, J. M.; Romin, 
P.; Arizti, M. P.; Pancorbo. M. M. Inr. Conf. Coord. Chem. 1988, 26, 
C29. 
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Table 1. Summary of Crystal and Data Collection Parameters of 
Compound 1 

C ~ ~ H ~ ~ A U N ~ O ~ P S  chem formula 
cryst system 
space group 
Mr 
cryst dimens, mm 
0, A 
b, A 
c, A 
a, deg 
B, deg 

four-circle diffractometer 
radiation (A, A) 

temp, K 
scan limits, deg 
scan width 
scan technique 
range of hkl 

no. of reflcns collcd 
no. of unique data 
no. of obsd reflcns 
no. of variables 
abs corr 
min and max transm factors 
R 
Rw 

a By flotation. 

triclinic 

670.48 
0.10 X 0.30 X 0.40 
8.035 (1) 
12.749 (5) 
13.172 (4) 
102.89 (5) 
103.03 (2) 
103.77 (5) 
1221.0 (8) 
2 
63.9 
1.823 
1.84 (2)' 
652 
CAD4 
Mo K a  (0.71069) (graphite 

295 ( I )  

Pi 

monochromated) 

4 5 28 I 60 
pe = 2.0 i 0.34 tan e 
w-28 
0 5 h 5 1 1 ; - 1 7 I k I 1 7 ;  

- 1 8 1 1 5  17 
7403 
702 1 
5945 [I L 2u(1)] 
373 
empirical, D I F A E I S ~ ~  
0.76 and 1.42 
0.037 
0.039 

complex ( I  mmol) in 30 mL of water/acetone (5:l) containing KOH (1 
mmol). 

[{Au(PPh,)l,(p-L')] (3). Anal. Calcd for C43H36A~2N402P2S: C, 
45.76; H, 3.21; N, 4.96; Au, 34.93. Found: C, 45.55; H, 3.41; N, 5.26; 
Au, 34.71. Mp: 265-270 "C dec. IR (KBr, cm-I): 1686, u(C6=0); 
1641, u(C2=0); 1522, thioamide I; 1296, thioamide 11. 

[ { A U ( P P ~ ~ ) ~ ~ ( ~ - L ~ ) ]  (4). Anal. Calcd for C4,H3,Au2N40P2S2: C, 
45.12; H, 3.17; N, 4.89; Au, 34.41. Found: C, 45.30; H, 3.27; N, 5.02; 
Au, 34.70. Mp: 270-275 OC dec. 1R (KBr, cm-I): 1676, u(C6=0); 
1500, thioamide I; 1296, thioamide 11. 

Preparation of [Au(p-dppe)(p-L)Au] (H2L = H2L1, HzL2). A solution 
of [(A~Br)~(p-dppe)] (1 mmol in 30 mL of ethanol) was added to a 
solution of purine derivative (1 mmol in 5 mL of water) containing 1 mol 
equiv of KOH. The resulting solution was refluxed for 30 min, and a 
white product formed, which was filtered off, washed with water and 
ethanol, and dried with diethyl ether. 

[Au(p-dppe)(p-L')Au].H20 (5). Anal. Calcd for C,,H3,Au2N4O3P2S: 
C, 38.84; H, 3.16; N,  5.49; Au, 38.63. Found: C, 38.72; H, 3.21; N, 
5.17; Au, 39.10. Mp: 245-250 "C dec. IR (KBr, cm-I): 1676, u- 
(C6=0); 1638, u(C2=0); 1521, thioamide I; 1299, thioamide I I .  

[Au(p-dppe)(p-L2)Au].H20 ( 6 ) .  Anal. Calcd for 
C33HJ2A~2N402P2S2: C, 38.24; H, 3.1 I; N, 5.41; Au, 38.03. Found: C, 
37.83, H, 2.98; N, 5.49; Au, 38.50. Mp: 260-265 OC dec. IR (KBr, 
cm-l): 1667, u(C6=0); 1501, thioamide 1; 1299, thioamide 11. 

[L'Au(p-dppe)AuL3] (9).  This product was prepared by the same 
method as for 5, using a 1 :2 [(A~Br)~(dppe)]:HL' molar ratio. Anal. 
Calcd for C42H42A~2NB04P2S2: C, 40.59; H, 3.41; N, 9.02; Au, 31.70. 
Found: C, 40.38; H, 3.37; N, 8.90; Au, 32.10. Mp: 260-265 OC dec. 
IR (KBr, cm-I): 1686, u(C6=0); 1639, u(C2=0); 1588, u(C=C); 
1523, u(C=N). 

Reaction of 1 with [(AuBr),(dppe)]. KOH ( 1  mmol) was added to a 
suspension of 1 ( I  mmol) and [AuBr),(p-dppe)] ( 1  mmol in 50 mL of 
ethanol/water (20:l v/v)). The mixture was stirred and heated at 60 OC 
until an almost clear solution was obtained (ca. 5 min). After filtration 
of a small amount of 5, the resulting solution was allowed to stand at 
room temperature for I day, whereupon colorless plates of complex 7 
precipitated. From the filtrate after 2 additional days colorless needless 
of complex 3 were isolated, which were filtered off, washed with ethanol 
and diethyl ether, and dried in vacuo. On the other hand, when the 
reaction mixture was heated for 30 min, a white precipitate of complex 
5 was obtained. 
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K[(L1)Au(p-dppe)AuBr].4H20 (7). Anal. Calcd for 
C33H38Au2BrKN406Pfi: C, 33.21; H, 3.21; N, 4.69; Au, 33.00. Found: 
C, 33.36; H, 2.94; N, 4.56; Au, 33.10. Mp: 235-240 OC dec. Experi- 
mental water percentage by thermogravimetric analysis: 6.1 8 (calcd, 
6.03). A M  (5 X IO4 M), DMF: 128 l2-l cm2 mol-'. IR (KBr, cm-I): 
1676, u ( C 6 4 ) ;  1639, u(C2=0); 1522, thioamide I; 1298, thioamide 
11. 

X-ray Crystal Structure of [Au(PPh3)(HL1)] (1). Single crystals of 
complex 1 were obtained as described above. Details of the intensity data 
collection and structure determination are summarized in Table I. 

Structure Solution and Refinement. The Au position was determined 
by Patterson techniques. A succession of difference Fourier syntheses 
and least-squares refinements revealed the position of all atoms including 
hydrogens. All non-hydrogen atoms were refined anisotropically. The 
positional parameters of all hydrogen atoms were refined with isotropic 
thermal parameters set to U, of the bonded atom. The atomic scattering 
factors and anomalous dispersion factors were taken from the 1iterature.l' 
The final full-matrix least-squares refinement, minimizing ;13w(lFoI - 

converged to R = xllFol - IFcll/CIFol = 0.037 and R, = [xw(lF,I 
- IFc1)2/ZlFJ2]1/2 = 0.039 with a weighting scheme w = 1. The goodness 
of fit was 1.65 with 5945 observations and 373 variables. 

Positional parameters are listed in Table 11. Most calculations were 
carried out on a VAX 11/750 computer using the XRAYBO system.19 

Complete crystal data, components of the anisotropic temperature 
factor, deviations of atoms from their least-squares planes, and observed 
and calculated structure factor amplitudes have bcen deposited as sup- 
plementary material. 

Results and Discussion 
Complexes of 8-Mercaptotheophylline and 8-Mercapto-Zthio- 

theophylline. Both H2L' and H2LZ have two ionizable protons 
in the imidazole ring that are involved in two types of tautomerism: 
prototropic N7-H + N9-H and imino thio-thioamide NH- 
C8-S == N=CI-SH (Scheme I). 

The 1R spectra of H2L' and H2LZ show the presence of strong 
v(N-H) bands in the 3200-3000-cm-' region as well as very weak 
v(S-H) bands in the 2700-2500-cm-' region, indicating that the 
thioamide tautomer dominates in the solid. In solution, the position 
of the  imino thio-thioamide tautomeric equilibrium can be de- 
termined by "C NMR spectroscopy by studying suitable model 
compounds in which the  tautomerism is hindered, for instance 
S-methyl and N-methyl derivatives of the  imino thiol and thio- 
amide tautomers, respectively.20.2' 

The molar fraction of the  thioamide tautomer, X(S), can be 
estimated by using the following equation: 

bobs - [ W C H , )  + A(SW1 
[6(NCH3) + A(NH)] - [G(SCH,) + A(SH)] 

X(S) = 

Here G(SCH3) and 8(NCH3) are the chemical shifts for the S- 
methyl and N-methyl derivatives of the imino thiol and thioamide 
tautomers, respectively, and A(NH) and A(SH) are the respective 
correction parameters for the effects of methyl substitution, in- 

( 17) International Tables for  X-ray Crystallography; Kynoch Press: Bir- 
mingham, England, 1974; Vol. IV. 

(18) Walker, N.; Stuart, D. Acta Crystallogr. 1987, A39, 158. 
(19) Stewart, J. M.: Kundell, F. A.; Baldwin, J. C. The X-RAY80 System 

of Crystallographic programs. Computer Science Center, University 
of Maryland, College Park, MD, 1980. 

(20) Faure, R.: Vincent, E. J.; Assef, G.; Kister, J.: Metzger, J. Org. Magn. 
Reson. 1977, 9, 688. 

(21) Faure, R.; Elguero, J.; Vincent, E. J.; Lazaro, R. Org. Magn. Reson. 
1978, I / ,  617. 

M e  

H ~ L '  

H ~ L '  

Table 11. Atomic Coordinates for Compound 1 

Au 
P 
S8 
N1 
c 1  
c 2  
0 2  
N3 
c 3  
c 4  
c 5  
C6 
0 6  
N7 
C8 
N9 
CI 1 
c12  
C13 
C14 
C15 
C16 
c21  
c 2 2  
C23 
C24 
C25 
C26 
C3 1 
C32 
c 3 3  
c34  
c35  
C36 

atom" X Y z Uopb 
0.12979 (3) 0.21756 (6) 0.00117 (2) 391 (1) 
0.1187 (2) '  
0.1371 (2) 
0.9266 (7) 
1.0833 (11) 
0.9513 (8) 
1.0967 (6) 
0.8068 (7) 
0.8219 (1 1) 
0.6436 (7) 
0.6250 (7) 
0.7648 (8) 
0.7558 (6) 
0.4431 (6) 
0.3665 (7) 
0.4874 (6) 
0.2374 (7) 
0.3997 (9) 
0.4980 (9) 
0.4320 (1 1) 
0.2699 (1 1) 
0.1724 (8) 
0.2156 (6) 
0.2547 (9) 
0.3210 (9) 
0.3484 (8) 
0.3124 (8) 
0.2452 (7) 

-0.1085 (7) 
-0.2129 (8) 
-0.3851 (9) 
-0.4569 (8) 
-0.3565 (9) 
-0.1810 (8) 

0.0900 (i) 
0.3446 ( I )  
0.6038 (5) 
0.6723 (8) 
0.5960 (5) 
0.6435 (4) 
0.5322 (4) 
0.5252 (7) 
0.4867 (4) 
0.4994 (5) 
0.5619 (5) 
0.5819 (5) 
0.4503 (4) 
0.4100 (4) 
0.4300 (4) 
0.1547 (5) 
0.2394 (5) 
0.2874 (6) 
0.2541 (6) 
0.1735 (7) 
0.1217 (6) 

-0.0193 (5) 
-0.0908 (6) 
-0.1781 (6) 
-0.1931 (6) 

-0.0341 (5) 
0.0159 (5) 
0.0801 (5) 
0.0266 (6) 

-0.1536 (6) 
-0.1005 (5) 

-0.1205 (6) 

-0.0895 (6) 

-0.1515 (i)' 
0.1585 ( I )  
0.4139 ( 5 )  
0.5073 (8) 
0.3112 (6) 
0.3023 (5) 
0.2226 (5) 

0.2377 (5) 
0.3398 (5) 
0.4364 (5) 
0.5304 (4) 
0.3228 (4) 
0.2133 (5) 
0.1575 (4) 

-0.2352 (5) 
-0.1840 (6) 
-0.2463 (7) 
-0.3579 (7) 
-0.4104 (7) 
-0.3480 (5) 
-0.1241 (4) 
-0.2065 (5) 
-0.1842 (6) 
-0.0827 (6) 
0.0009 (5) 

-0.0202 (5) 
-0.2404 (4) 
-0.2790 (5) 
-0.3480 (6) 
-0.3761 (6) 
-0.3371 (6) 
-0.2688 (5) 

0.1 120 (7) 

"Atoms are labeled in agreement with Figure I .  bUq = '/3C- 
[U,pi*uj*aiuj cos (ai-uj)]  X IO3 (X104 for Au, P, S). 

dicating the chemical shift difference on going from NCH, to N H  
and from SCH3 to SH. 

From the "C chemical shift values for C8 in H2L1 and HzL2 
and their 8-methylthio derivatives of 163.78, 164.89, 153.04, and 
15 1.60 ppm, respectively, the chemical shift of C2, 6 = 169 ppm, 
in l,3-dimethyl-l,3-dihydro-3H-benzimidazole-2-thione,2z which 
was used as model compound for the  thioamide tautomer, and 
A(NH) and A(SH) values of -2 and -7 ppm, respectively,2o the 
equilibrium thioamide molar fractions estimated for H2L1 and 
H2L2 were 0.85 and 0.90, respectively. These values indicate that 
both compounds, in DMSO solution, exist predominantly as the 
thioamide tautomer. Moreover, the nature of the substituent a t  
the 2-position of the pyrimidine ring seems not to  have an im- 
portant effect on the position of the  imino thio-thioamide equi- 
librium. However, these are only qualitative results, since a small 
modification in either the correction parameters or 6(SCH3) and 
6(NCH3) chemical shifts, which are approximate values, leads 
to a relatively important change of the molar fraction value. 

The  dominance of the thioamide tautomer for HzL' and H2L2, 
in solution and solid state, is in good agreement with IR, NMR, 

(22) Balestrero, R. S.; Forkey, D. M.; Russell, J. G. Magn. Reson. Chem. 
1986, 24, 651. 
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S-Au(PPh,) 

J 

s-z 
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Table 111. IH and 31P NMR Data for the Isolated Complexes (a, ppm) 
'H NMR" 

compd NI-CH, N3-CH3 N7-H N9-H S8-CH3 phenyl protons' "P NMRb 
H2L' 3.15 3.34 13.36 12.95 
[Au(PPh,)(HL')I (1) 3.19 3.37 12.89 7.61 38.66 
[IAWP~,)MWL')I (3) 29.80, 36.46 
[Au(r-dppe)(r-L')AuI.H20 (5) 29.81, 36.42 
K [ ( L ) Au ( p-d ppe) Au Br] .4H20 ( 7.45, 7.70, 7.92 29.83, 36.44 
H2L2 3.55 3.71 13.50 13.19 
[Au(pPh,)(HL2)1 (2) 3.64 3.80 13.19 7.61 37.88 
[ I A ~ ( P P ~ ~ ) I ~ ( P - L ~ ) I  (4) 29.72, 36.29 
H L' 3.18 3.37 13.38 2.63 
[Au(PPhd(L?I (8) 3.21 3.42 2.62 7.65 31.90 

3.1 1 3.27 

" Relative to SiMe,; solvent Me2S0. bRelative to external 85% H3POI; solvent Me2S0. CMultiplets. dBridge CHI protons appear as multiplet at 
2.87 ppm. 

and X-ray crystallographic studies on analogous compounds 
containing the imino thiol-thioamide t a u t o m e r i ~ m . ~ ~  Although 
thioamide dominates in  solution, just prior to complexation the 
tautomeric equilibrium may be modified by the nature of the 
solvent, the presence of base, or the nature of the metal cation, 
and therefore, a potentially rich coordination chemistry is available. 
Thus, monodeprotonation of H2L' and HzLZ in basic medium 
yields a thioiate anion that may be involved in monodentate, 
bidentate, or bridging coordination with sulfur and/or nitrogen 
atoms. 

The complexes obtained from the interaction of H2LZ and H2L1 
with [Au(PPh3)CI] and [(AuBr),(p-dppe)] are given in Scheme 
11. 

Information about the structure of the complexes was obtained 
in the first instance from 'H,  ,lP N M R  (Table 111), and IR 
spectroscopy (supplementary material). The I3C N M R  spectra 
could not be obtained because of the low solubility of the complexes 
in DMSO. Besides this, the X-ray crystal structure of [Au- 
(PPh,)(HL')] was determined to check the conclusion based on 

the spectroscopic results. This complex will be discussed first, 
since it provides a reference point against which the structures 
of the other compounds can be discussed. 

[Au(PPh,)L] Complexes. Complex 1 is found by microanalysis 
to correspond to the formula [Au(PPh3)(HL')]. Integration of 
the IH N M R  spectrum confirmed the 1:l stoichiometry of the 
complex, while the lack of one of the low-field signals due to N7-H 
and N9-H in the spectrum of the ligand is consistent with the 
presence of (HL')- thiolate anion in compound 1. In view of the 
above discussion concerning tautomerism in H2L1, the thiolate 
anion may coordinate to gold(1) through either N7 or N9 or S8. 
Nevertheless, the sulfur atom must be the most probable Au(PPh3) 
binding site, since a soft (class b) polarizable metal such as gold(1) 
shows preference for the softer S donor over the less polarizable 
nitrogen donor atoms.24 Evidence of S bonding in 1 can be derived 
from the ,lP NMR spectrum, since the position of the signal due 
to the X-Au-PPh3 arrangement depends of the donor atom op- 
posite to the phosphorus one. For 1 this signal appears at 38.66 

(23) Raper, E. S. Coord. Chem. Rev. 1985, 61, 1 15. 
(24) (a) Pearson, R. G. J .  Am. Chem. Soc. 1963,85,3533. (b) Pearson, R. 

G. J. Chem. Educ. 1968, 45, 581. 
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3 

-0 ='yc14 
Figure 1. ORTEP view o f  the  [Au(PPh,)(HL')] molecule with atom 
labeling. 

ppm, a typical position for a S-Au-PPh3 but not for a N-Au-PPh3 
arrangement.2s 

The infrared spectrum of 1 shows bands associated with the 
Au(PPh3) group and HL' ligand. Although the parent complex, 
[Au(PPh,)CI], exhibits a strong u(Au-CI) band at  326 cm-', no 
bands are observed in this region for 1, supporting that the chloride 
is not coordinated to gold(1). Assignment of either S or N bonding 
in 1 by noting changes in intensities and positions of some bands 
with respect to the spectrum of the ligand is very difficult because 
of the simultaneous iminothio-thioamide ring reordering, and 
certain ligands bands are masked by those of the Au(PPh,) group. 
Furthermore, the most important vibrations for the analysis of 
the complex u(CN) and u(CS) are not pure but just two of the 
contributions to the characteristic thiamide bands I-IV, which 
are produced by extensive coupling of NH, CN, and CS vibrational 
activity.23 In spite of this, a tentative assignment of the binding 
mode can be made from IR data. The thioamide I band at  1551 
cm-I for uncomplexed H2L' is decreased to 1531 cm-I, while 
thioamide I1 band at 1 1  75 cm-' increases to 1218 cm-I. The shift 
of these bands might also indicate, according to the IR results 
reported for the complex (2-mercapto-1 -methylimidazolato-S)- 
methylmercury(II),26 S bonding in 1. This is supported by the 
presence of a new band at  365 cm-l assigned to v(Au-S). This 
assignment is reasonable in view of the reported v(Au-S) at 342 
cm-' for the anionic complex [ A U ( S M ~ ) ~ ] - ~ '  and 350-362 cm-l 
for the dinuclear complex [((Et3P)AuJ2(p-S)] .28 

Crystal Structure of [Au(PW3)(HL1)E The results of the crystal 
structure determination confirm the above proposed coordination 
for H2L'. The crystal contains neutral [Au(PPh3)(HL1)] mole- 
cules, held together in pairs by two N-H-0 hydrogen bonds and 
related by a crystallographic center of inversion. In these mol- 
ecules, the ligand coordinates to gold(1) via the deprotonated 
8-thiol group. A perspective drawing of the molecule is shown 
in Figure 1 together with the atom labeling. Selected interatomic 
distances and bond angles are listed in Table IV. 

The gold atom exists in the expected linear coordination ge- 
The Au-P and Au-S bond ometry [P-Au-S8 = 

lengths, 2.256 (2) and 2.308 (2) , are similar to those reported 
for other compounds containing a P-Au-S linkage (Table V). 

78.6 (2)ok 

Bonati, F.; Burini, A.; Pietroni, 8. R.; Giorgini, E.; Bovio, B. J. J .  
Organomer. Chem. 1988, 344, 119. 
Buncel, E.; Norris, A. R.;  Taylor, S. E. Can. J .  Chem. 1982, 60, 3033. 
Bowmaker, G. A.; Dobson, B. C. J .  Chem. Soc., Dalton Trans. 1981, 
267. 
El-Etri, M .  M.; Scovell, W .  M .  Inorg. Chem. 1990, 29, 480. 
Wijnhoven, J .  G.; Bosman, W. P. J. H.; Beurkens, P. T. J .  Crysf. Mol. 
Slrucf. 1972, 2, 1. 
Tiekink, E. R.  T .  2. Krisfallogr. 1985, 173, 243. 
Hill, D .  T.; Sutton, B. M .  Crysf. Srrucr. Commun. 1980, 9, 679. 
Hoskins, 8 .  F.; Zhenerong, L.; Tiekink, E. R.  T. Inorg. Chim. Acra 
1989, 158, 7 .  
Otto, H . ;  Werner, H .  Chem. Ber. 1987, 120, 97. 
Barron, E.; Engelhardt, L. M.; Healy, P. C.; Dody, J.; White, A. H.  
Ausr. J. Chem. 1987, 40, 1545. 
Khan, M. N.  1.; Wang, S.; Heinrich, D. D.; Fackler, J.  P., Jr .  Acfa 
Crysfallogr. 1988, C44, 822. 

Table IV. Selected Interatomic Distances (A) and Angles (deg) for 
Compound 1 

Au-P 2.256 (2) C2-N3 1.374 (71 
A u - S ~  
P-CI 1 
P-c2 1 
P-c3 1 
S8-C8 
NI-CI 
NI-C2 
NI-C6 
c2-02 

P-Au-S 
Au-P-CI 1 
Au-P-C~I 
Au-P-C~ 1 
CIl-P-C21 
CI I-P-C31 
c 2  1 -P-c3 1 
Au-S8-C8 
C I -N 1-C2 
C I-N I-C6 
C2-NI-C6 
N 1 -C2-02 
NI-C2-N3 
02-C2-N3 
C2-N 3-C3 
C2-N3-C4 

2.308 (2j 
1.819 (7) 
1.815 (7) 
1.822 (5)  
1.735 (5)  
1.470 (9) 
1.397 ( 1 1 )  
1.406 (9) 
1.226 (9) 

178.6 (2) 

113.2 (2) 
113.3 (2) 
106.4 (3) 
105.3 (3) 
105.7 (3) 
100.3 (3) 
115.8 (7) 
117.1 (6) 
126.8 (6) 
120.6 (7) 
116.9 (7) 
122.5 (7) 
119.4 (7) 
119.8 (6) 

112.3 (3) 

N3-C3 
N3-C4 
c4-a 
C4-N9 
C5-C6 
C5-N7 
C6-06 
N7-C8 
C8-N9 

C3-N3-C4 
N3-C4-C5 
N3-C4-N9 
C5-C4-N9 
C4-C5-C6 
C4-C5-N7 
C6-C5-N7 
N I-C6-C5 
N 1 -C6-06 
C5-C6-06 
C5-N7-C8 
N7-C8-S8 
N7-C8-N9 
S8-C8-N9 
C4-N9-C8 

1.473 (12) 
1.379 (8) 
1.365 (9) 
1.358 (6) 
1.412 (7) 
1.390 (7) 
1.229 (9) 
1.358 (7) 
1.355 (9) 

120.4 (6) 
121.0 (6) 
125.9 (6) 
113.1 (6) 
123.9 (6) 
104.7 (5) 
131.0 (6) 
111 .3  (6) 
121.1 (6) 
127.6 (7) 
106.6 (5)  
120.8 (5) 
112.3 (6) 
126.9 (5)  
103.2 (5)  

In the phosphine ligand, bond lengths and angles involving gold, 
phosphorus, and the phenyl rings are quite normal and comparable 
to those determined for other gold triphenylphosphine c o m p l e ~ e s . ~ ~  
In the present compound, H2L1 displays the remaining imidazolic 
proton bonded to the N7 atom, having bond angles similar to those 
average values reported for neutral theophylline compounds 
containing either a N7-H or N7-C bond and significantly dif- 
ferent from those for N7-M compounds, in which a theophylline 
monoanion is bonded to the metal atom via N7 in a monodentate 
m a ~ ~ n e r . ' ~ , ~ ~  The bond lengths are slightly affected upon coor- 
dination, but a significant change is detected in the N7-C8-N9 
region. The N 7 X 8  and C8-N9 distances, which are respectively 
1.346 (18) and 1.337 (12) A in the neutral theophylline com- 
pounds, are somewhat larger in the present compound (1.358 (7) 
and 1.355 (9) A, respectively), indicating that a significant degree 
of conjugation exists between the C-S bond and the imidazole 
ring. According to this, the C8-S8 distance of 1.735 (6) A is 
rather shorter than the theoretical value for a single C-S bond 
(1.78 A). 

The Au-S8-C8 angle of 100.3 (3)' is in the lower end of the 
range previously observed for similar compounds also containing 
a S-coordinated ligand in its anionic This may be 
because of the existence of an interaction between the Au and 
N9 atoms, since the ligand is oriented so that the N9 atom is 
directed toward the gold atom. However, the Au-eN9 distance 
of 3.312 (4) A is larger than 3.2 A, the sum of the van der Waals 
radii for gold and nitrogen,39 indicating that there is no significant 
interaction between these atoms. The values of the Au-S8-C8 
angle probably reflects a combination of factors including the 
electron distribution at the coordinated sulfur as well as the steric 
requirements of the ligands. This latter factor might also be 
responsible for the noncoplanarity of the metal-sulfur bond and 
the imidazolic ring, as revealed by the Au-S8-C8-N9 torsion 
angle of 33.1 (6)'. 

The nine atoms of the purine system are coplanar as expected, 
but the exocyclic atoms 0 2 , 0 6 ,  C1, and C2 are distant from this 
plane by 0.151 (7), 0.062 (7), 0.08 ( l ) ,  and 0.09 (1) A, respec- 

(36) Muir, M .  M.; Cuadrado, S. I . ;  Muir, J. A. Acfa Crysfallogr. 1989, CIS. 
1420. 

(37 )  Jones, P. G.; Sheldrick, G. M.; Fugner, A.; Gotzfried, F.; Beck, W. 
Chem. Eer. 1981, 1 1 ,  1413. 

(38 )  Cozack, D.; Mardhy, A,; Olivier, M .  J . ;  Beauchamp, A. L. Inorg. Chem. 
1986, 25, 2600 and references therein. 

(39) Huheey, J. E. Inorganic Chemistry. Principles of Structure and Re- 
ocfiuify, 3rd ed.; Harper and Row: New York, 1983; pp 258-259. 
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Table V. Comparison of Distances (A) and Angles (deg) in the Gold Atom Coordination Sphere 
compd Au-P Au-S P-Au-S C-S-AU ref 

[ A U ( P P ~ ~ ( S ~ C N E ~ ~ ) I  2.252 (3) 
[Au(PPhl)(S2COMe)] 2.261 ( I )  
Auranofin 2.259 (3) 

2.248 (2j 
2.248 (2) 
2.292 (2) 
2.251 (3) 
2.252 (7) 
2.257 (2) 
2.258 (2) 
2.270 (3) 
2.256 (2) 

2.339 (3) 
2.310 ( I )  
2.293 (3) 
2.296 (2) 
2.300 (2) 
2.331 (3) 
2.317 (3) 
2.305 (7) 
2.313 (2) 
2.299 (2) 
2.365 (3) 
2.308 (2) 

175.7 ( I )  
174.1 ( I )  
173.6 ( I )  
175.4 (2) 
177.0 (2) 
172.0 ( I )  
174.3 ( I )  
176.6 (3) 
172.1 ( I )  
176.4 ( I )  
162.4 (2) 
178.6 (2) 

96.8 (2) 
103.2 (2) 
105.6 (3) 
103.8 (3) 
100.8 (2) 
106.6 (3) 

103 ( I )  
102.9 (3) 
103.1 (3) 
101.9 (4) 
100.3 (3) 

105.0 (3) 

29 
30 
31 
32 

25 
33 
34 
35 
36 
37 
this work 

b 

Figure 2. Cell packing of [Au(PPh3)(HL1)], where dashed lines indicate 
hydrogen bonding. 

tively. These deviations are somewhat larger than those found 
in the complex [Au(PPh3)L] (where H L  = theophylline) and 
might be due to the steric interactions between the methyl groups 
at N l  and N3 and the oxygen atoms 0 2  and 06.14 Nevertheless, 
the larger departure from this plane of 0.173 (4) 8, involves the 
S8 atom. 

Figure 2 illustrates the packing diagram for [Au(PPh3)(HL1)]. 
It shows that centrosymmetrically related molecules are linked 
by a pair of complementary N7-H7-06 hydrogen bonds [ N 7 ~ . 0 6 ~  
= 2.810 (8) A and N7-H71.-06i = 163 (7)O; i indicates the 
equivalent coordinates -x + 1, -y + 1, -2 + I]. Formation of 
relatively strong hydrogen bonds is consistent with the IR spectrum 
of [Au(PPh,)(HL'), showing a characteristic broad N-H 
stretching band in the 3200-3000-cm-I region. Besides these two 
hydrogen bonds, there are no other significantly short contacts 
between the molecules. 

The IR spectrum of 2 is very similar to that of 1, showing ligand 
bands at 3200-3000 [u(N-H)], 1676 [u(C6=0)], 1522 (thio- 
amide l ) ,  1210 (thioamide II), and 360 cm-l [u(Au-S)]. This, 
together with the similarity of the ' H  N M R  spectra (Table I I ) ,  
suggests an analogous structure for both complexes, with the 
thiolate anion SI-bonded to the Au(PPh,) group. In good accord 
with this, the NMR spectrum shows a single signal at 37.88 
ppm near to that for 1. 

[(Au(PPh3)l2(pL)] Complexes. The reaction of H2L1 and H2L2 
with [Au(PPh3)CI] and KOH under 1 :2:2 stoichiometry yielded 
complexes 3 and 4. These complexes were also obtained by 
reactions of 1 and 2. which still contain an acidic proton, with 
an additional 1 molar equiv of [Au(PPh3)C1]. Analogous com- 

plexes have also been reported for hypoxanthine and 3-methyl- 
8-ethy1~anthine.I~ The evidence concerning the structures of 3 
and 4 has been derived from IR and 31P N M R  results, since IH 
and I3C N M R  spectra of good enough quality could not be ob- 
tained because of the low solubility of the complexes in DMSO. 

In the IR spectra of 3 and 4 the absence of N-H stretching 
vibrations provides good evidence for Au(PPh,) coordination a t  
S8 and either the N7 or N9 atom of the imidazole ring. The ,lP 
N M R  spectra for these complexes show only two single signals 
(36.46 and 29.80 ppm for 3 and 36.29 and 29.72 ppm for 4). The 
signal near to 36 ppm is due to the atom trans to S8, whereas that 
a t  about 30 ppm corresponds to the atom trans to either N7 or 
N9. The position of this latter signal is comparable with those 
found in the range 30.98-32.84 ppm for other gold(1) complexes 
also containing a N-Au-PPh3 arrangement.25*w2 In view of 
the steric hindrance from the N3-CH3 group, N7 seems to be 
favored over N9 for the binding of the second Au(PPh3) group. 
This is consistent with the N7 coordination observed in all metal 
complexes containing the theophyllinato anion for which crys- 
tallographic results are available.38 At this point, it would be 
necessary to point out that even though the neutral 2-thione group 
of H2L2 might acts as binding site to the gold(1) phosphine group, 
as it has been demonstrated to occur in other thione-containing 
gold(1) triethylphosphine complexes;43 because under basic con- 
ditions the H2L2 ligand is deprotonated, only the most stable 
complex 4, containing the second Au(PPh3) group bonded to N7 
atom, is obtained. Therefore, the proposed structure for 3 and 
4 is as depicted in Scheme 11. 

[Au(p-dppe)(p-L)Au] Complexes. These complexes were pre- 
pared in good yield from the reaction of [(AuBr),(p-dppe)] and 
the corresponding ligand under 1: 1 stoichiometry (Scheme 11). 
The IR spectra of 5 and 6 do not show significant differences in 
the position and intensity of the ligand bands with respect to those 
in 3 and 4, respectively. This together with the appearance in 
the 31P NMR spectrum of 5 of two single signals a t  29.81 and 
36.42 ppm suggests S8,N7 coordination of the ligand in both 
complexes. The molar mass measurements indicate that both 
compounds present a dinuclear structure. 

Substitution Reaction between 1 and [(AuBr),(dppe)]. 
[ (A~Br)~(p-dppe)]  reacts with 1 and KOH under 1:1 stoichiom- 
etry in boiling ethanol affording different complexes depending 
on the heating time. Thus, when the heating time was of 5 min, 
after filtration of a small amount of complex 5, from the resulting 
clear solution consecutively crystallized the complexes K[(L')- 
Au(p-dppe)AuBr].4H20 (7) and [(Au(PPh3)12(p-L1] (3). How- 
ever, if the heating time is increased to 30 min, complex 5 can 
be isolated almost quantitatively. The IR spectra of 3 and 5 
obtained in these substitution reactions are identical with those 
of these complexes prepared by direct reaction of HILI with 
[Au(PPh,)CI] and [(A~Br)~(dppe)], respectively. The integration 

(40) Berners-Price, S. J.; DiMartino, M. J.; Hill, D. T.; Kuroda, R.; Mazid, 
M .  A.; Sadler, P. J.  Inorg. Chem. 1985, 24, 3425. 

(41) Bonati, F.; Burini, A,; Pietrone, R.; Bovio, B. J .  Organomer. Chem. 
1986, 317, 121. 

(42) Cinellu, M. A.; Stoccoro, S.; Minghetti, G.; Bandini, A. L.; DeMartin, 
F. Inorg. Chim. Acra 1990, 168, 33. 

(43) Isab, A. A.; Shaw, C. F., 111. J .  Inorg. Biochem. 1990, 38, 95, 
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Scheme 111 

( 1) [Au(PPh3)(HL1)I + [(AuBr)&~-dppe)l 
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the only metal complex of HL3 for which crystallographic results 
are available, [Zn(L3)2(H20)2],44 contains the (L3)- anion bonded 
to Zn(I1) via N7. 

[Au(PPh3)L3] (8). Our results are in accord with the above 
considerations. Reacting HL3 with [Au(PPh3)CI] in basic medium 
yields the neutral 1:l complex, in which the imidazolic proton is 
displaced by an Au(PPh3) group. The low-field signal for this 
proton is absent from the 'H N M R  spectrum of the complex 
(Table III), and the IR spectrum shows no u(N-H) bands in the 
3200-2800-~m-~ region. In addition, the IR spectrum is similar 
to that of the analogous N7-bonded complex of 8-ethyl- 
the~phylline, '~ showing that the bands for the ligand assigned to 
v(C=O), u(C=C), and u(C=N) at 1701,1602, and 1546 cm-l, 
respectively, are shifted to 1687, 1585, and 1522 cm-', respectively. 
These bands occur practically a t  the same position in all theo- 
phyllinato complexes, being indicative of N7 ~ o o r d i n a t i o n . ~ ~  
According to this, the 31P N M R  spectrum displays only a single 
signal a t  3 1.90 ppm, a typical position for a N-Au-PPh, ar- 
rangement .25,4w2 

[L3Au(p-dppe)AuL3] (9). The complex was prepared in good 
yield from the reaction of [(AuBr),(p-dppe)] and HL3 under 1:2 
stoichiometry. The IR spectrum of 9 does not show significant 
differences in the position of the ligand bands with respect to those 
in 8, suggesting also N7 coordination of the (L3)- anion in this 
complex. In view of this, the proposed structure for 9 is as depicted 
in Scheme 11. Finally, is necessary to point out that all attempts 
to obtain the complex [L3Au(p-dppe)AuBr] under 1:l stoi- 
chiometry were unsuccessful. 
Conclusions 

H2L1 and H2L2, purine bases containing both N H  and SH 
groups at  the imidazole ring, react with [Au(PPh3)Cl] under basic 
conditions at  1 :1 and 1:2 stoichiometries affording the [Au- 
(PPh,)(HL)] and [{Au(PPh,)J2(p-L)] complexes, respectively, in 
which the S8 atom is the first binding site for the Au(PPh3) group. 
In [(Au(PPh3)12(p-L)] both the S8 and N7 atoms are involved 
in the coordination. These atoms also are the binding sites to 
gold(1) in the complexes [Au(p-dppe)(p-L)Au], which are ob- 
tained by reaction of either H2L1 or HzL2 with [(AuBr),(dppe)], 
the reaction being independent of the stoichiometry of the reac- 
tants. The S2 atom of H2L2 does not act as a coordination site 
for metals under the condition used here. 

Reactions of [Au(PPh3)CI] and [(AuBr),(p-dppe)] with HL3 
affords the [Au(PPh3)L3] and [L3Au(p-dppe)AuL3] complexes, 
respectively, in which the binding of gold(1) phosphine occurs a t  
the N7 atom. The substitution reaction between 1 and 
[ (A~Br)~(p-dppe) ]  depends on the heating time. This reaction 
seems to occur through the intermediate complexes 7 and 3 to 
give the most stable complex 5. 
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1 KOH 

(5) [Au(;-dppe)Au(i-L')].H20 + A 

(vi) A = Z[Au(F'Ph3)Br] 

(vii) A = KBr 

of the 'H N M R  spectrum of 7 confirmed a 1: l  (phosphine)- 
gold(I):8-mercaptotheophylline stoichiometry of the complex. This 
spectrum is devoid of any signal due to either N7-H or N9-H 
protons, and the IR spectrum shows no v(N-H) bands in the 
3200-2800-cm-' region, which is consistent with the presence of 
an (L1),-dianion in the complex. The 31P N M R  spectrum of 7 
displays two single signals a t  29.83 and 36.44 ppm. The position 
of the first one suggests N7 coordination of the ligand to gold(I), 
whereas the second one might correspond to the atom trans to 
the bromine atom. In good accord with this, the 31P N M R  
spectrum of the complex [(AuBr),(p-dppe)] shows only a single 
signal a t  37.16 ppm. 

In view of the complexes produced in the substitution reaction, 
it seems to occur through the intermediate complex 7 (Scheme 
111), probably by attack of the deprotonated N7-H group of 1 
on one of the gold(1) atoms of [(AuBr),(p-dppe)] with further 
displacement of the Au(PPh3) group bonded to S8. Complex 7 
can further undergoes a rearrangement with S8 coordination of 
the ligand to a second gold(1) atom of [ (A~Br)~(dppe) ]  to give 
complex 5. This complex can also be obtained by a parallel way. 
The [Au(PPh,)Br] produced in the first reaction might react with 
the unreacted 1 leading to complex 3, as was indicated above. 
Finally, the reaction between 3 and [(AuBr),(p-dppe)] could give 
5. This was further supported by the reaction of complex 3 with 
[(AuBr),(p-dppe)] under 1 :I stoichiometry in boiling ethanol 
during 30 min, which led almost quantitatively to complex 5. In 
light of the above discussion, it seems to be clear that by increasing 
the heating time the system progresses to the most stable complex 
5. 

Complexes of HL3. Like theophylline, its 8-methylthio deriv- 
ative presents a weakly acidic proton in the imidazole ring, which 
is involved in the tautomeric equilibrium N7-H N9-H. After 
deprotonation in basic medium either N7 or N9 might act as the 
coordination site to gold(1). However, N7 must be favored over 
N9 due to the steric hindrance from N3-CH3. Supporting this, (44) Colacio, E. Unpublished results. 


