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The reverse reaction is observed when a methylene chloride 
solution of [Au8L8I2' is reacted with the phosphine acceptor 
AuL(N03). Since [AugL812+ is also spherically screened by 
phosphine ligands again, a dissociative mechanism imposes 
itself 

[Au8L8l2+ e [ A u ~ L ~ ] ~ "  + L (3) 
When 2 equiv of AuL(N03) is added to a solution of 
[Au8L812+, the final products are [ A u ~ L ~ ] ~ +  and [AuL2]+. 

These interconversion reactions proceed according to 
Scheme: As can be seen, [Au8L7I2' resides at a central place. 
We therefore designed a route to synthesize and isolate this 
species. We succeeded in the preparation of [ A u & ~ ] ~ +  by 
reacting [ A U & ~ ] ~ +  with [RhCl(C8H14)2]2, a well -known 
phosphine scavenger, in a mole ratio 4: 1 in CH2C12, according 
to 

[AU8L8I2+ + 1/4[RhC1(C8Hi4)212 -+ 

[AU8L7I2+ + '/4[RhC1L212 4- C8Hi4 (4) 
[Au8L7I2' could be isolated in a reasonable yield (74%). From 
its X-ray structure analysis it has clearly been shown that this 
compound possesses a rather exposed central gold atom and 
should therefore be reactive toward Lewis bases. In order to 
synthesize mixed-metal clusters, we reacted [Au8L7I2+ with 
[CO(CO)~]- (mole ratio 1:2). From a number of as yet un- 
characterized products, which were present in the reaction 
mixture, we succeeded in isolating a small amount of crystals 

Although a large number of mixed gold-transition metal 
compounds has been reported,27 only a few mixed-metal 

of Au,L~[CO(CO)~] 2. 

(26) F. A. Vollenbroek, J. P. van den Berg, J. W. A. van der Velden, and 
J. J. Bour, Inorg. Chem., 19, 2685 (1980). 

clusters of gold and a transition metal are known at this 
moment: Os3(CO)lo(AuPPh3)X (X = H28 and halide29), 
O S ~ ( C O ) ~ ~ S ~ ( A U P P ~ ~ ! ~ , ~ ~  and V(CO)5(A~PPh3)3.30 A 
promising and interesting area, which is currently under in- 
vestigation, concerns the reations of the coordinatively un- 
saturated [Au8L7I2+ with small molecules such as isocyanides 
and CO. 
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The interactions of the carbonylbis(triphenyIphosphine)rhodium(I) electrophile with inosine, guanosine, 6-mercaptoguanosine, 
and 8-mercaptoguanosine have been investigated in neutral and basic dimethyhi, sulfoxide solutions with the use of 13C 
and 31P(1HJ N M R  spectroscopy. The binding of [(PPh,),(CO)Rh]+ to O(6) of guanosine and inosine has been found to 
increase the acidity of N (  1)-H. Complexation of the Rh(1) cation a t  S(6) of 6-mercaptoguanosine has also been found 
to promote deprotonation at N (  I ) ,  while binding a t  S(8) of 8-mercaptoguanosine promotes deprotonation a t  N(7). Data 
are presented that indicate that the complexation of [(PPh3)2(CO)Rh]+ with 8-mercaptoguanosine changes the preferred 
site of deprotonation for the thionucleoside, providing more evidence that interactions of transition metals with nucleic 
base derivatives can significantly alter the chemical behavior of those derivatives. It has been shown that carbon atoms 
near a site of deprotonation and a site of metal complexation can experience opposing effects under basic conditions, leading 
to an overall negligible shift in the resonances of those carbon atoms. Problems that can arise under these conditions are 
discussed. 

Introduction 

pounds' has 14 to a flurry of activity Over the past decade in 
the area of metal interactions with nucleic acids.2-4 The 

interaction of metal species at O(6) of guanosine (Guo) and 
its derivatives has taken on added significance since it was 
postulated that the antitumor behavior of some substances 
might be linked to their ability to interact at O(6) of the 

The of the antitumor behavior of platinum(II) 

(2) Marzilli, L. G. Adu. Inorg. Eiochem. 1981, 3, 47. 
(3)  Marzilli, L. G. Prog. Inorg. Chem. 1977, 23, 225. 
(4) Martin, R. B.; Mariam, Y .  H. Met. Ions Biol. Sysr. 1977, 8, 57. 

(1) Rosenberg, B.; van Camp, L.; Trosko, J. E.; Mansour, V. H. Nature 
(London) 1969, 222, 385. 
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Table I. "C NMR Chemical Shifts for Various Mixtures of Inosine, Triethylamine, Ethanolamine, and the 
Carbonvlbis(triuhenvlphosphine)rhodium(I) Cation" 

Inorganic Chemistry, Vol. 22, No. 13, 1983 1919 

base C atoms ribose C atoms 

inosine solns C(6) C(2) C(4) C(8) C(5) C(1') C(4') C(2') C(3') C(5') 
Ino 156.6 145.8 148.2 138.7 124.5 87.6 85.6 74.1 70.3 61.3 
Ino-TEA 156.9 146.0 148.3 138.6 124.5 87.5 85.6 74.1 70.3 61.3 
Ino-EOA 163.6 150.5 148.4 137.7 124.5 88.2 86.0 73.6 70.8 61.7 
Ino-TEA-Rh(1) 162.7 151.8 146.9 136.9 124.5 88.2 85.6 73.7 70.4 61.6 
Ino-EOA-Rh(1) 16 3.2 151.8 147.0 136.8 124.7 88.3 85.7 73.7 70.5 61.6 
Ino-Rh(1) 154.6 146.8 146.4 139.0 121.5 88.2 85.3 73.7 69.4 60.7 

Ino, 0.15 M; TEA, 0.40 M; EOA, 0.80 M; Rh(I), 0.15 M. e, Chemical shifts are measured from (CH,),Si internal standard at 22.51 MHz. 
" Abbreviations: Ino = inosine; TEA = triethylamine; EOA = ethanolamine; Rh(1) = [(PPh,),(CO)Rh]'. Concentrations (in (CD,),SO): 

guanine component in DNA.5 Recent NMR studies6 in our 
laboratory have provided evidence of O(6) binding to Guo (1, 

0 
/ I  

I I 

1 
R 

1 

X = NH2, R = ribose) and inosine (Ino) (1, X = H, R = 
ribose) by the electrophile [(PPh,),(CO)Rh]+ in neutral 
(CD3),S0 solution. Marzilli and co-workers' have found that 
in basic (CD3),S0 solutions other metal ions can also interact 
with Guo and Ino at O(6). Prior to these solution studies, the 
interactions of metal ions at O(6) of 6-oxopurine derivatives 
had been virtually limited to the weak interactions observed 
in solid-state studies.8-1* 

The work of Marzilli and our previous observations in 
(CD,),SO solutions have prompted us to further investigate 
rhodium(1)-nucleoside interactions in (CD3),S0 under basic 
conditions. In view of the observation of Rh(1) binding at O(6) 
of Guo, we have also investigated the interaction of 
[(PPh3)2(CO)Rh]+ with the thiolated nucleosides 6- 
mercaptoguanosine (s6Guo, 2) and 8-mercaptoguanosine 

k 
2 

I 
R 

3 

(s8Guo, 3). These investigations were conducted to see whether 
Rh(1) binding to s6Guo parallels the binding to Guo and to 
determine the nature of the binding of the Rh(1) species to 
ssGuo. Like Guo, s8Guo contains the C(6)=0 functional 
group, but s8Guo also contains the thiocarbonyl functional 
group, C(8)=S, to which Rh(1) might be expected to pref- 
erentially bind. The binding of metals to s6Guo and s8Guo 

Rosenberg, B. Biochimie 1978, 60, 859. 
Abbott, D. W.; Woods, C. Inorg. Chem. 1983, 22, 597. 
Marzilli, L. G.; de Castro, B.; Solorzano, C. J .  Am. Chem. SOC. 1982, 
104, 461. 
Marzilli, L. G.; Wilkowski, K.; Chiang, C. C.; Kistenmacher, T. J. J.  
Am. Chem. Soc. 1979, 101, 7504. 
Szalda, D. J.; Kistenmacher, T. J.; Marzilli, L. G. J .  Am. Chem. SOC. 
1976, 98, 8371. 
Gellert, R. W.; Fischer, B. E.; Bau, R. J.  Am. Chem. SOC. 1980, 102, 
7812. 
Jack, A.; Ladner, J. E.; Rhodes, D.; Brown, R. S.; King, A. J .  Mol. Biol. 
1970, 111, 315. 

is of interest since some thiopurine derivatives have been shown 
to be antitumor agents1*J3 whose antitumor activity has been 
shown to be enhanced when complexed to certain metal ions.14 

Experimental Section 
Materials. Guanosine, inosine, 6-mercaptoguanosine, and 8- 

mercaptoguanosine were obtained from Sigma Chemical Co. and were 
used without further purification. The [(PPh3)2(CO)Rh]+ cation was 
added to (CD3)2S0 solutions of the nucleosides in the form of [Rh- 
(PPh3)2(CO)3]PF6, which loses two carbon monoxide molecules when 
added to the nucleoside solutions. [Rh(PPh3)2(CO)3]PF6 was prepared 
according to the method of Schrock and Osborn.15 

Methods. The 13C NMR and 31P{IH) NMR spectra were obtained 
on a JEOL FX90Q Fourier transform (FT) spectrometer. The 13C 
N M R  spectra were measured a t  22.51 MHz, with (CH3),Si as an 
internal standard. The 31P{1H) NMR spectra were measured at 36.19 
MHz with 85% H3P04 as an external standard. All spectra were 
obtained at room temperature unless otherwise specified. Recorded 
temperatures are accurate to f l . O  OC. 

N M R  solutions were prepared by dissolving the appropriate 
quantities of [Rh(PPh3)2(CO)3]PF6 and nucleoside in 2.5 mL of 
(CD3)2S0 to give the desired rhodium-to-nucleoside ratio with a 
nucleoside concentration of approximately 0.15 M. For basic solutions, 
approximately 125 pL of triethylamine (TEA) or ethanolamine (EOA) 
was added to the solutions. The "C N M R  peak assignments were 
made according to those in the l i t e r a t ~ r e . ~ J ~  

Results and Discussion 
The carbon-13 chemical shift data from NMR studies of 

an equimolar mixture of the electrophile [(PPh,),(CO)Rh]+ 
with guanosine or inosine in (CD,),SO indicate that the Rh- 
(1)-nucleoside interactions are the same for the 1:l mixtures 
as were observed in earlier studies for the isolated complexes.6 
Binding at O(6) of Guo and Ino is supported by significant 
upfield shifts in the C(6) and C(5) resonances coupled with 
negligible shifts in the C(2) and C(8) resonances (Tables I 
and 11). 

The work of Marzilli and co-workers7 shows that the 
presence of ethanolamine in (CD3),S0 solutions of Guo and 
Ino causes significant downfield shifts of the C(6) and C(2) 
resonances. These results are indicative of deprotonation at 
N( 1). The addition of triethylamine to (CD,),SO solutions 
of Guo and Ino does not perturb the nucleoside resonances. 
However, downfield shifts in the C(6) and C(2) resonances 
occur upon addition of certain metal ions to solutions of the 
nucleosides and triethylamine. These downfield shifts are 
indicative of increased acidity and deprotonation at N(  1) 

~~ 

(12) Schabel, F. M.; Montgomery, J. A.; Skipper, H. E.; Laster, W. R.; 
Thomson, J. R. Cancer Res. 1961, 21, 690. 

(13) Montgomery, J. A.; Schabel, F. M.; Skipper, H. E. Cancer Res. 1962, 
22, 504. 

(14) Kirschner, S.; Wei, Y.; Francis, D.; Bergman, J. G. J. Med. Chem. 1966, 
9, 369. 

(15) Schrock, R. R.; Osborn, J. A. J .  Am. Chem. SOC. 1971, 93, 2397. 
(16) Jones, A. J.; Grant, D. M.; Winkley, M. W.; Robins, R. K. J .  Am. 

Chem. SOC. 1970, 92, 4079. 
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Table 11. 13C NMR Chemical Shifts for Various Mixtures of Guanosine, Triethylamine, Ethanolamine, and the 
Carbonylbis(triphenylphosphine)rhodium(I) Cation‘ 

Abbott and Woods 
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base C atoms ribose C atoms 

guanosine solns C(6) C(2) C(4) (38) C(5) C(1’) C(4’) C(2’) C(3’) C(5’) 

Guo 156.9 153.7 151.4 135.6 116.8 86.6 85.3 73.9 70.5 61.5 
GUO-TEA 157.1 153.9 151.3 135.5 116.7 86.5 85.2 73.7 70.4 61.4 
GUO-EOA 159.3 155.2 151.3 135.3 116.9 86.8 85.3 73.6 70.5 61.5 
Guo-TEA-Rh(1) 15 7.1 155.0 150.0 135.0 115.2 87.2 84.8 73.6 69.6 61.0 
Guo-EOA-Rh(1) 162.6 156.7 150.6 133.6 117.9 87.8 85.3 73.7 70.4 61.6 
Guo-Rh(1) 154.8 153.4 149.6 135.6 113.8 86.9 84.7 73.5 69.2 60.8 

a Abbreviations: Guo = guanosine; TEA = triethylamine; EOA = ethanolamine; Rh(1) = [(PPh,),(CO)Rh] +. Concentrations (in (CD,),SO): 
Guo, 0.15 M; TEA, 0.40 M; EOA, 0.80 M; Rh(I), 0.15 M. Chemical shifts are measured from (CH,),Si internal standard at 22.51 MHz. 

‘ 6  ‘2 ‘ 4  ‘8 ‘ 5  ‘ 6  ‘2 ‘ 4  ‘8 ‘ 5  

Ino-Rh(1)  

Ino-TEA-Rh (1) 

I no -TEA 

I no 

Ino-EOA 

Ino-EOA-Kh (I) 

Ino -  fUi ( I ) 

1 I I I 

150 130 110 170 

6 (ppm f rom ‘TMS) 

Figure 1. I3C NMR spectral shifts for mixtures of inosine (Ino), 
triethylamine (TEA) or ethanolamine (EOA), and the 
carbon ylbis( triphenylphosphine) rhodium( I) cation (Rh( I)). 

promoted by metal-nucleoside interactions occurring at O(6). 
Increased acidity of N(  1)-H of 6-oxopurine derivatives 
through metal interaction is not restricted to interaction at 
O(6). Similar increases in the acidity of N(1)-H of 6-oxo- 
purine derivatives have been observed for metal complexation 
at N(  7) .  l 7  

The results of our present study suggest that two opposing 
phenomena are occurring in basic solutions of Guo or Ino and 
the electrophile [(PPh,),(CO)Rh]+. Generally, the most 
pronounced perturbations in the carbon resonances result from 
deprotonation, which is characterized by downfield shifts in 
resonances of the carbon atoms adjacent to the deprotonation 
site. Smaller perturbations, which occur as upfield shifts, have 
been shown to occur in the resonances of the carbon atoms 
nearest the site of complexation of [(PPh,),(CO)Rh]+ to Guo 
and h o e 6  The combination of deprotonation and complexation 
can result in a relatively small net shift in a carbon resonance 
which might obscure the importance of interactions taking 
place at or near the carbon atom. 

Fortunately, the individual interactions involved can be 
resolved by examining the appropriate mixtures. The effects 
of deprotonation are seen by a comparison of (a) NuH and 
the NuH-EOA system and (b) the NuH-Rh(1) and NuH- 
Rh(1)-B systems (B = EOA or TEA; NuH = nucleosides). 
The relative degree of deprotonation caused by coordination 

(17) (a) Lippert, B. J .  Am. Chem. SOC. 1981,103, 5691. (b) Clarke, M. J.; 
Taube, H. Ibid. 1974,96, 5413. (c )  Sigel, H. Ibid. 1975, 97, 3209. (d) 
Chu, G. Y .  H.; Mansy, S.; Duncan, R. E.; Tobias, R. S. Ibid. 1978,100, 
593. ( e )  Inagaki, K.; Kidani, Y .  J .  Inorg. Biochem. 1979, 11, 39. 
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Figure 2. ”C N M R  spectral shifts for mixtures of guanosine (Guo), 
triethylamine (TEA) or ethanolamine (EOA), and the carbonylbis- 
(triphenylphosphine)rhodium(I) cation (Rh(1)). 

‘6 c* c4 ca c5 
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Figure 3. 13C 
guanosine (s6G 
and the carbon! 

1 7 0  150 130 1 I O  

5 ( ~ , , l , , ,  1,1>111 l i . IS)  

I R  spectral shifts for mixtures of 6-mercapto- 
triethylamine (TEA) or ethanolamine (EOA), 
(triphenylphosphine)rhodium(I) cation (Rh(1)). 

of [(PPh,),(CO)Rh]+ to the nucleosides in the presence of 
TEA can be seen by comparing the I3C NMR spectral data 
of the NuH-EOA-Rh(1) mixture with that of the NuH- 
TEA-Rh(1) mixture. 

The effect of complexation is evident from a comparison 
of the 13C NMR spectral data of the nucleosides and the 
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Table 111. I3C NMR Chemical Shifts for Various Mixtures of 6-Mercaptoguanosine, Triethylamine, Ethanolamine, and the 
Carbonylbis(triphenylphosphine)rhodium(I) Cationa 
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6 b  

6-mercaptoguanosine 
solns 

s6 GUO-TEA 
s6 GUO-EOA 
s6 GUo-TEA-Rh(I) 
s6 Guo-EOA-Rh(1) 
s6GU0-Rh(I) 

s6 Guo 

base C atoms 
~ ~~ 

C(6) C(2) C(4) C(8) (35) 
175.0 152.9 147.8 138.3 128.2 
175.1 153.0 147.8 138.3 128.3 
178.8 155.7 147.6 137.0 129.2 
175.5 161.3 146.7 138.5 129.3 
175.8 161.2 146.6 138.4 129.3 
171.4 153.4 145.8 140.3 127.3 

ribose C atoms 
C(1’) C(4’) C(3‘) C(2’) C(5‘) 
87.4 86.4 73.7 70.2 61.2 
86.3 85.2 73.7 70.2 61.1 
87.1 85.5 73.4 70.5 61.2 
87.7 85.6 73.8 70.2 61.3 
87.8 85.5 73.8 70.2 61.3 
87.7 84.5 73.7 68.9 60.3 

a Abbreviations: s6Guo = 6-mercaptoguanoshe; TEA = triethylamine; EOA = ethanolamine; Rh(1) = [ (PPh,),(CO)Rh] +. Concentrations 
(in (CD,),SO): s6Guo, 0.15 M; TEA, 0.40 M;  EOA, 0.80 M; Rh(I), 0.15 M. Chemical shifts are measured from (CH,),Si internal standard 

c a c c c  6 2 4  c5 

I 

--I-- 
170 150 130 110 

6 (ppm frnii i  TMS) 

Figure 4. 13C NMR spectral shifts for mixtures of 8-mercapto- 
guanosine (s8Guo), triethylamine (TEA) or ethanolamine (EOA), 
and the carbonylbis(triphenyIphosphine)rhodium(I) cation (Rh( I)). 

NuH-Rh(1) mixtures. The combined effect of deprotonation 
and complexation is resolved by comparing the 13C NMR 
spectral data of the individual nucleosides and their NuH- 
EOA-Rh(1) and NuH-TEA-Rh(1) mixtures. Figures 1-4 
illustrate the 13C N M R  spectral data for these mixtures and 
show the various changes that occur in going from one system 
to another. The behavior of each nucleoside is analyzed 
separately below. 

The nucleoside-base systems are represented by the acid- 
base equilibrium 

NuH + B s Nu- + HB+ 

When the base is EOA, the equilibrium lies far to the right; 
however, when the base is TEA, the equilibrium lies far to the 
left. The addition of [(PPh,),(CO)Rh]+ to the nucleosidebase 
systems causes an increase in the acidity of N (  1)-H through 
the interaction at O(6) of Guo and Ino. This results in a shift 
in the equilibrium (eq 1) to the right. These shifts are de- 
tectable by 13C NMR chemical shift studies because the 
chemical shifts are time-averaged values of the neutral and 
deprotonated nucleosides. 

Inosine. Basic Dimethyl Sulfoxide Solutiom. The 13C NMR 
chemical shift data for the Ino mixtures are presented in Table 
I. The spectral chart shown in Figure 1 outlines the changes 
that occur in going from one system to another. The spectral 
data given for the Ino-EOA and Ino-TEA systems are con- 
sistent with the results reported by Marzilli and co-workers.’ 
Addition of the electropile [(PPh,),(CO)Rh]+ to the Ino-TEA 
mixture results in significant downfield shifts of C(6) and C(2) 

(1) 

caused by deprotonation at N( l )  and a smaller upfield shift 
at C(6) due to complexation of the rhodium to Ino. 

When [(PPh,),(CO)Rh]+ is added to the Ino-EOA mixture, 
for which the equilibrium (eq 1) lies far to the right, a further 
downfield shift is observed for the C(2) resonance and a small 
upfield shift is observed for the C(6) resonance. It is inter- 
esting to note that the 13C NMR spectrum of the Ino-EOA- 
Rh(1) mixture is essentially identical with that of the Ino- 
TEA-Rh(1) mixture., This implies that the extent of depro- 
tonation is the same for both systems. 

Guanosine. Basic Dimethyl Sulfoxide Solutions. The 
NMR chemical shift data for the Guo mixtures are presented 
in Table 11, and the spectral shifts are illustrated in Figure 
2. 

Since the acidity of N( 1)-H of Guo is less than that of Ino,18 
the acid-base equilibrium shown in eq 1 lies farther to the left 
for Guo than for Ino with both TEA and EOA. This is 
consistent with the noticeably smaller shifts observed for Guo 
than for In0 upon addition of EOA. The simultaneous addition 
of EOA and the rhodium cation to Guo causes downfield shifts 
in the C(2) and C(6) resonances. These shifts represent the 
combined effects of deprotonation and complexation. The 
simultaneous addition of TEA and the rhodium cation to Guo 
causes a downfield shift in the C(2) resonance while the C(6) 
resonance is essentially unaffected. At first glance this result 
might appear surprising; however, we have interpreted the lack 
of shift in the C(6) resonance as the result of deprotonation 
and complexation effects of about equal magnitudes but of 
opposite directions. This is consistent with the downfield shift 
of C(2) since complexation of the rhodium cation has little 
effect on the C(2) resonance whereas deprotonation shifts the 
C(2) resonance downfield. 

In contrast to the case for the Ino systems, the Guo-TEA- 
Rh(1) and Guo-EOA-Rh(1) mixtures do not give the same 
13C chemical shifts for the nucleoside resonances. The spectral 
data suggest that different degrees of deprotonation of the 
nucleoside exist for the two mixtures. This would be the case 
if coordination of the rhodium electrophile at O(6) of Guo does 
not sufficiently increase the acidity of N( 1)-H to allow for 
complete deprotonation. The relative extent of deprotonation 
can be readily seen by comparing the spectral data of the 
Guo-EOA-Rh(1) and Guo-TEA-Rh(1) mixtures with those 
of the Guo-Rh(1) mixture (Figure 2). 

6-Mercaptoguanosine. Neutral Dimethyl Sulfoxide Solu- 
tions. The 13C NMR chemical shift data for the s6Guo 
mixture are presented in Table 111, and the spectral changes 
are illustrated in Figure 3. 

The addition of [(PPh,),(CO)Rh]+ to a neutral (CD3)2S0 
solution of s6Guo causes a large upfield shift of the C(6) 
resonance (3.6 ppm) and smaller upfield shifts for the C(4) 

(18) Christensen, J. J.; Rytting, J. H.; Izatt, R. M. Biochemistry 1970, 9, 
4907. 



1922 Inorganic Chemistry, Vol. 22, No. 13, 1983 Abbott and Woods 

Table IV. I3C NMR Chemical Shifts for Various Mixtures of 8-Mercaptoguanosine, Triethylamine, Ethanolamine, and the 
Carbonylbis(triphenylphosphine)rhodium(I) Cation" 

6 b  

base C atoms ribose C atoms 8-mercaptoguanosine 
solns C(6) C(2) C(4) C(8) C(5) C(1') C(4') C(2') C(3') C(5') 

s8Guo 153.4 150.8 149.4 165.6 104.0 88.6 85.0 70.4 70.2 62.2 
sa GUO-TEA 154.1 152.2 149.4 165.3 104.2 88.6 85.1 70.6 70.3 62.3 
S'GUO-EOA 157.6 155.6 150.2 163.7 109.4 88.6 85.3 71.1 70.7 62.2 
s~Guo-TEA-R~(I) 152.2 150.7 150.2 161.7 110.1 88.6 84.3 70.9 70.4 62.9 
s'GUO-EOA-Rh(1) 152.5 151.0 150.2 161.5 110.2 88.6 84.2 70.9 70.4 62.2 
SsGUO-Rh(I) ( 1 ~ 1 )  153.6 151.0 149.1 157.3 105.3 89.3 85.4 70.3 70.3 62.1 
saGuo-Rh(I) (1:2) 153.6 150.9 149.1 157.0 105.1 89.2 85.3 70.3 70.3 62.0 

" Abbreviations: s'Guo = 8-mercaptoguanosine; TEA = triethylamine; EOA = ethanolamine; Rh(1) = [ (PPh,),(CO)Rh] +, Concentrations 
(in (CD,),SO): s*Guo. 0.15 M; TEA, 0.40 M; EOA, 0.80 M;  Rh(I), 0.15 M. 
at 22.51 MHz. 

Chemical shifts are measured from (CH,),Si internal standard 

and C(5) resonances (2.0 and 0.9 ppm). Downfield shifts are 
observed for the C(8) and C(2) resonances (2.0 and 0.5 ppm). 
These results are similar to those observed by Lippard and 
co-w~rkers '~  during their investigations of the interactions of 
mercury(I1) chloride with s6Guo. The relatively large upfield 
shift of the C(6) resonance is indicative of binding of the Rh(1) 
electrophile at S(6). In addition, the IH NMR data for s6Guo 
show the loss of the N(1)-H resonance upon addition of 
[(PPh,),(CO)Rh]+. The loss of the N(1)-H resonance is 
consistent with exchange broadening caused by complexation 
at the s u l f ~ r . ~ ~ ~ ~ ~  

Ligand exchange in the s6Guo-Rh(1) mixture is implied 
from comparing the 31P{1H) NMR spectrum of the GuwRh(1) 
mixture to that of the s6Guo-Rh(I) mixture and by noting the 
temperature dependence of the phosphorus resonance of the 
triphenylphosphine ligand for the s6Guo mixture. The Guo- 
Rh(1) 31P(1H1 NMR spectrum shows the triphenylphosphine 
resonance as a well-resolved doublet centered at 30.53 ppm 
(,IRh-,, = 125.95 Hz). The 31P(1H) NMR spectrum of the 
s6Guo-Rh(I) mixture contains a broad singlet at 35.37 ppm, 
suggesting that fast ligand exchange is occurring. This is 
supported by variable-temperature spectra (Figure 5), which 
show a narrowing of the triphenylphosphine peak with in- 
creasing temperature. 

Basic Dimethyl Sutfoxide Solutions. The acidity of N( 1)-H 
of s6Guo is noticeably greater than that of Guo.,l Therefore, 
the acid-base equilibrium (eq 1) lies farther to the right for 
the s6Guo systems than for the Guo systems. The 13C NMR 
resonances of s6Guo (Table 111) are essentially unperturbed 
by the addition of TEA. However, the addition of EOA results 
in large downfield shifts in the C(6) and C(2) resonances of 
S6Guo, indicating that deprotonation occurs at N (  1). 

The addition of [(PPh3)z(CO)Rh]+ to the s6Guo-TEA 
mixture causes a small downfield shift in the C(6) resonance 
and a large downfield shift in the C(2) resonance. The small 
net shift of the C(6) resonance may be attributed to the op- 
posing effects of coordination of the rhodium cation at S(6) 
and deprotonation at N(1). The addition of the rhodium 
electrophile to the s6Guo-EOA mixture causes a downfield 
shift of 5.5 ppm of the C(2) resonance, suggesting that further 
deprotonation occurs at N( l )  since C(2) is insensitive to 
complexation at S(6). An upfield shift of 3.0 ppm is observed 
for the C(6) resonance when the rhodium electrophile is added 
to the s6Guo-EOA system. This upfield shift is evidence for 
coordination at S(6). The net shift of the C(6) resonance from 
s6Guo to the s6Guo-EOA-Rh(1) mixture is only 0.8 ppm 

(19) Jennette, K. W.; Lippard, S .  J.; Ucko, D. A. Eiochim. Eiophys. Acta 
1975, 402, 403. 

(20) Sunshine, H. R.; Lippard, S. J. Nucleic Acids Res. 1974, I, 673 and 
references therein. 

(21) Fox, J. J.; Wempen, I.; Hampton, A.; Doerr, I. L. J .  Am. Chem. Soc. 
1958, 80, 1669. 
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Figure 5. Temperature dependence of the 31P('H) NMR triphenyl- 
phosphine resonance in a 1:l mixture of [(PPh3)2(CO)Rh]+ and 
6-mercaptoguanosine in (CD3)2S0. 

downfield, clearly illustrating the cancellation of the effects 
of deprotonation by coordination of the rhodium electrophile 
at S(6). 

Deprotonation at N(  1) is also evident from the comparison 
of spectral data (Figure 3) of the s6Guo-Rh(I) mixture and 
of the s6Guo-base-Rh(I) mixtures. These mixtures differ only 
by the presence of the base; therefore, the large downfield shifts 
in C(6) and C(2) resonances upon addition of the base il- 
lustrate the effects of deprotonation of N(1). Since the I3C 
NMR spectra of the s6Guo-TEA-Rh(1) and the s6Guo- 
EOA-Rh(1) systems are almost identical, the extent of de- 
protonation is apparently the same for both systems. The 
31P(1HJ NMR spectra of the s6Guo-TEA-Rh(1) and s6Guo- 
EOA-Rh(1) mixtures show broad singlets for the triphenyl- 
phosphine resonances at 22.72 and 22.19 ppm, respectively. 
These spectra suggest that the rapid ligand exchange observed 
for the s6Guo-Rh(I) system also occurs in the presence of base. 

8-Mercaptoguanosine. Neutral Dimethyl Sulfoxide Solu- 
tions. The I3C NMR chemical shift data for the s8Guo 
mixtures are given in Table IV, and the spectral changes are 
illustrated in Figure 4. The addition of [(PPh3)2(CO)Rh]+ 
to a neutral (CD3)$30 solution of s8Guo results in a large 
upfield shift (8.3 ppm) in the C(8) resonance. The other 
resonances undergo no significant shifts, implying that S(8) 
is the site of coordination of the rhodium electrophile. The 
lH NMR data reveal the loss of the N(7)-H resonance but 
the retention of the N (  1)-H resonance. These observations 
are consistent with exchange broadening at N(7) due to co- 
ordination at S(8).19320 
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Figure 6. Temperature dependence of the 31P(1HJ NMR triphenyl- 
phosphine resonances in a 1:l mixture of [(PPh3),(CO)Rh]+ and 
8-mercaptoguanosine in (CD&SO. 

Since the O(6) site of s8Guo is available for complexation 
and has been shown to be a binding site for [(PPh3)2(CO)Rh]+ 
in G u o , ~  it was thought that a 2:l mixture of [(PPh3),- 
(CO)Rh]+ to s8Guo might result in interaction of the rhodium 
electrophile at both O(6) and S(8). However, the 13C NMR 
spectrum of the 2:l mixture is the same as that of the 1:l 
mixture with the exception of an additional small upfield shift 
(0.3 ppm) of the C(8) resonance. The Occurrence of rapid 
ligand exchange for both mixtures is evident from the two 
broad peaks that occur in the 31P{1H) NMR spectrum taken 
at room temperature for each mixture. The broad peaks 
collapse into a single peak with decreasing line width as the 
temperature is increased above room temperature, as illustrated 
in Figure 6 for the 1:l mixture. 

Basic Dimethyl Sulfoxide Solutions. The 13C NMR spec- 
trum of the s8Guo-TEA mixture shows that the addition of 
TEA to s8Guo in (CD3)#0 results in virtually no perturbation 
of the s8Guo carbon resonances. However, the addition of 
EOA to the s8Guo solution causes large downfield shifts in 
the C(6), C(2), and C(5) resonances (4.2, 4.8, and 5.4 ppm, 
respectively), indicating that deprotonation occurs at N(  1). 

The addition of [(PPh,),(CO)Rh]+ to the s8Guo-TEA 
mixture results in a large downfield shift (5.9 ppm) in the C(5) 
resonance and a smaller upfield shift (3.6 ppm) in the C(8) 
resonance with the other carbon resonances relatively unaf- 
fected. These results indicate that the addition of [(PPh$2r 
(CO)Rh]+ to the s8Guo-TEA mixture promotes deprotonation 
at N(7). The net upfield shift of 3.6 ppm for the C(8) reso- 
nances is the result of the superimposition of the unusually 
large upfield shift (ca. 8 ppm) due to complexation of the 
rhodium cation at S(8) and the smaller downfield shift (ca. 
4 ppm) due to deprotonation at N(7). 

The addition of [(PPh,),(CO)Rh]+ to the s8Guo-EOA 
mixture, for which deprotonation occurs at N(1), leads to the 
same 13C and 31P(1H) NMR spectra as the s8Guo-TEA-Rh(1) 
mixture, for which deprotonation occurs at N(7). Reasoning 
similar to that used to analyze the s8Guo-TEA-Rh(I) mixture 
suggests that deprotonation occurs at N(7) and coordination 
at S(8) for the s8Guo-EOA-Rh(1) mixture. However, co- 
ordination of the rhodium cation at N(  1) or O(6) after removal 
of N(1)-H is a possibility that must be considered. After 
addition of the rhodium cation to the s8Guo-EOA mixture, 
the C(6) and C(2) resonances are close to their positions in 
s8Guo. Since the C(2) resonance of guanosine characteris- 
tically exhibits a large downfield shift upon deprotonation at 
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N(  I), even when complexation occurs at N( 1) or 0(6),’ de- 
protonation at N( l )  is unlikely. In addition, the significant 
upfield shift of the C(8) resonance is not consistent with 
binding at N(  1). 

Although the spectral data for the s8Guo-EOA mixture 
indicates deprotonation at  N (  l), the complexation of 
[(PPh3)2(CO)Rh]+ at S(8) apparently increases the acidity 
of N(7)-H such that deprotonation at N(7) instead of N(  1) 
is now favored. Spectral data illustrated in Figure 4 for the 
s8Guc-Rh(I) mixture and s8Guo-base-Rh(I) mixtures support 
the conclusion that deprotonation occurs at N(7) since large 
downfield shifts in the C(8) and C(5) resonances occur upon 
addition of base. 

Interestingly, the 31P(1HJ NMR spectra show the tri- 
phenylphosphine resonances for the basic solutions of s8Guo 
and [(PPh3)2(CO)Rh]+ as well-defined doublets centered at 
29.05 ppm (JbP = 136.72 Hz) for both bases. This indicates 
that the type of exchange processes discussed previously for 
other thioguanosine systems are not occurring for the 
s8Guo-base-Rh(I) systems where complexation occurs at S(8) 
and deprotonation occurs at N(7). 

Concluding Remarks. The interaction of [(PPh3),(C0)Rh]+ 
at O(6) of Guo and Ino has been shown to increase the acidity 
of N(l)-H. These results are consistent with earlier studies’ 
involving other metals that interact at O(6) under basic con- 
ditions. In the case of Ino, TEA and EOA produce similar 
degrees of deprotonation at N(1) in the presence of the rho- 
dium cation. In contrast to their behaviors with Ino, TEA and 
EOA do not produce similar degrees of deprotonation of 
N( 1)-H for Guo in the presence of the rhodium cation. This 
is not surprising in view of the fact that N( 1)-H of Guo is less 
acidic than N(1)-H of Ino; thus, the interaction of the rhodium 
cation at O(6) of Guo is apparently not sufficient to cause 
complete deprotonation of N (  1)-H in the presence of TEA. 
It has been assumed that, when the rhodium cation coordinates 
to O(6) of Guo and Ino in neutral (CD3),S0 solution, it 
remains coordinated at O(6) upon deprotonation at N(  1). 
Although this may be a reasonable conclusion from steric 
considerations, the data do not rule out the possibility that the 
electrophile will shift from O(6) to N( 1) upon deprotonation. 

Evidence has been presented that indicates that coordination 
of the rhodium cation to the thiolated nucleosides, s6Guo and 
S~GUO, increases the acidity of N(  1)-H of s6Guo and N(7)-H 
of s8Guo. The changes in acidity result from coordination of 
the rhodium to the sulfur in each case. In the case of s8Guo, 
N(  1)-H is the favored site of deprotonation in the absence 
of the rhodium cation; however, upon coordination of the cation 
to S(8), N(7)-H becomes the favored site of deprotonation. 
For the thiolated nucleosides similar degrees of deprotonation 
occur with TEA and EOA in the presence of the rhodium 
cation. 

It is interesting that the rhodium cation does not coordinate 
to O(6) in s8Guo when the rhodium species is in excess. The 
preference for S(8) over O(6) is consistent with the idea that 
rhodium(1) is a “class b” metal and prefers the softer sulfur 
atom. 

These investigations involving [(PPh,),(CO)Rh]+ suggest 
that unequivocal assignment of binding sites in purine nu- 
cleosides in basic solution may not be made simply on the basis 
of 13C NMR chemical shift data since deprotonation can create 
an additional binding site near the original site of metal in- 
teraction. In view of the fact that deprotonation and com- 
plexation can create opposing effects on the carbon resonances 
of the nucleosides, a negligible net shift is sometimes observed 
for resonances of carbon atoms near the site of complexation. 
Therefore, caution should be exercised when binding sites are 
assigned on the basis of 13C chemical shift data for nucleosides 
under basic conditions. 
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The study has provided additional evidence that metal  in- 
teractions at O(6) of Guo and related nucleosides can alter 
t he  hydrogen-bonding capabilities of the nucleosides and 
thereby contribute to base mispairing in D N A  molecules. The  
results tha t  indicate enhanced deprotonation of the thio- 
nucleosides due to metal complexation are also of interest since 
studies have shown tha t  selected metal  complexes of thio- 
purines are more active against certain kinds of tumors than  

22, 1924-1927 

the  thiopurines a10ne.l~ 
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Mercaptoacetate in large excess and in the pH range between 3 and 10 forms with VI1' intensely yellow complexes, in two 
successive stages, the second of which was followed by stopped-flow methods at pH 3.6 and found to be first order in 
vanadium(II1) and in mercaptoacetate. The activation parameters are AZT* = 57.4 kJ mol-' and AS* = -0.8 J mol-' K-I. 
Under similar conditions VI1 undergoes also a two-stage complexation reaction but reacts further, giving succinic acid and 
hydrogen sulfide. This redox reaction is first order in vanadium(I1) and in mercaptoacetate and at  pH 9.6 has AH* = 
50.2 kJ mol-' and AS* = -70 J mol-' K-I. The second-order rate constant correlates with the titration curve of mercaptoacetic 
acid. The results are compared to analogous results for cysteine and are interpreted on the basis of a two-step chelate 
ring formation involving the S- group. The activation of the VI1 and VI" reactions is partly attributed to proton dissociation 
of the organic moiety and partly to a strain in the ring, which when combined with electron transfer leads to a break of 
the C-S bond. The VI1-mercaptoacetate system can be regarded as an electron-storing device, which can be activated 
by changing the proton environment. 

Introduction 
The reductive cleavage of the carbon-halogen bond has been 

investigated by many authors.' Most of the  work was done 
with Cr2+ (aq) as the reductant. The  examples of using other 
reductive metal  ions are few.' Few also are the examples of 
breaking other carbon single bonds. Among them one could 
mention the presumed breaking of the carbon to nitrogen bond 
in the CUI-induced decomposition of diazonium salts* and the 
breaking of t he  carbon to meta l  bonds in transalkylation re- 
a c t i o n ~ . ~  

Partial  reductive desulfurization of compounds associated 
with coal or petroleum such a s  dibenzothiophene can be 
achieved4 with use of solvated electrons or electrolysis. 

Here we report on the cleavage of the carbon to sulfur bond 
of mercaptoacetic acid, induced by vanadium(II), and discuss 
briefly some general biological implications. 

The system is studied in the p H  range from -3  to 10. In 
this range relatively little is known about mechanisms of redox 
processes. 

T h e  product of t he  redox process is VI1' complexed with 
mercaptoacetate. The same complex is also formed when V"' 
is mixed with mercaptoacetate. T h e  kinetics of this com- 
plexation reaction were also investigated. 

Experimental Section 
Mercaptoacetic acid was purchased from Riedelde Haen A.G. The 

main impurities are dithiodiglycolic acid (HOOCCH2SSCH2COOH), 
dithioglycolide 

cccyz 

s\ 1 
S 

CH2CC 

/ 

and thiodiglycolic acid 

Nuclear Research Center 'Demokritos". 
'University of Athens. 

/ c  2cco 

Purification was done by fractional distillation under v a ~ u u m . ~  The 
solutions had to be freshly prepared and deaerated. 

Determination of the concentration of mercaptoacetic acid (mad) 
is based on the reaction5 

Iodine is produced from IO3- and I-. 
Vanadium(I1) was prepared electrolytically on a mercury cathode.' 

All experiments were performed under an inert atmosphere. 
The kinetics were followed with a stopped-flow apparatus (Applied 

Photophysics), and spectra were recorded with a Cary 14. 
Hydrogen sulfide was trapped in a double trap containing a sat- 

urated lead acetate solution, by purging the reaction mixture with 
argon. The reaction mixture was then acidified and the purging 
continued until all H2S was obtained in the form of PbS. 

Succinic acid was determined in the products by acidifying and 
passing the reaction mixture through an ion-exchange resin (Dowex 
SOW-X2) in order to remove vanadium. Alcohol was then added, 
and the precipitated sodium chloride was filtered. Then the organic 
acids were esterified with use of BF, solution in ether. The esters 
were separated by gas chromatography (column Apiezon L on 
Chromosorb G), and the ester of succinic acid was identified by mass 
spectroscopy. 

2HSCH2COOH + I2 - HOOCCH2SSCH2COOH + 2HI 

(1) Relevant information can be found in: (a) Kochi, J. K. "Organometallic 
Mechanisms and Catalysis"; Academic Press: New York, 1978. (b) 
Espenson, J. H., Adv. Inorg. Bioinorg. React. Mech. 1982, I .  

(2) The so-called Sandmeyer reaction: Sykes P. "A Guidebook to Mech- 
anisms in Organic Chemistry", 5th Ed.; Longmans, Green and Co.: 
New York, 1981. 

(3) (a) Espenson, J. H.; Shveima, J. S .  J .  Am. Chem. SOC. 1973, 95,4468. 
(b) Espenson, J. H.; Sellers, T. D. Ibid. 1974, 96, 94. (c) Endicott, J. 
F.; Belakrishnan, K. P.; Wong, C. L. Ibid. 1980, 102, 5519. 

(4) Eliot, M. A., Ed. "Chemistry of Coal Utilization"; Wiley-Interscience: 
New York, 1981; pp 431-432. 

(5) Leussing, D.; Kolthoff, I. M. J .  Electrochem. SOC. 1953, 100, 334. 
(6) All acid-base forms of mercaptoacetic acid are collectively abbreviated 

in this paper as mac. 
(7) Vrachnou-Astra, E.; Sakellaridis, P.; Katakis, D. J .  Am. Chem. SOC. 

1970, 92, 8 1 1. 
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