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The oxidation of para-substituted N,N-dimethylanilines by oxo(phosphine)ruthenium(iv) complexes is shown to 
display cytochrome P-450-like reactivity, where tertiary amines are oxidatively dealkylated, yielding the 
corresponding N-methylaniline and formaldehyde. 

Oxo(phosphine)ruthenium(Iv) complexes1 have proven to be 
very useful in the study of high valent metal-oxo chemistry, 
where the reactivity of these complexes with organic sub- 
strates has been found to mimic the reactivity of cytochrome 
P-450. For example, linear rate enhancements based on the 
hydrophobicity of the substrate were observed in the oxida- 
tion of primary alcohols in aqueous media.2 In addition, 
oxygen atom transfer reactions from the metal complex to the 
substrate were observed in the oxidation of alkenes and 
sulphides.3.3 A reaction characteristic of cytochrome P-450 is 
the oxidative dealkylation of tertiary amines, a mechanism 
important in the natural detoxification of nitrogen-containing 
drugs.5 Typically, the oxidation of amines catalysed by 
transition metal complexes results in the formation of amine 
N-oxides.6 However, cytochrome P-450 selectively N-de- 
alkylates tertiary amines rather than form the corresponding 
N-oxide compounds. While this reactivity has been studied a 
great deal using naturally occurring enzymes, including 
cytochrome P-4.50. horseradish peroxidase, and chloroperoxi- 
dase,' relatively few studies have been conducted with simple 
model systems.8-1* We now wish to report the oxidative 
N-dealkylation of tertiary amines using an oxo(phosphine)- 
ruthenium(1v) complex as the oxidant. This is the first example 
of the stoicheiometric dealkylation of a tertiary amine by 
isolated (oxo)ruthenium(Iv) complexes, as well as the first 
reported aerobic dealkylation of tertiary amines using a 
ruthenium catalyst. 

MeCN 
L5RuIV=0 + Me2NPh - L5RuII(NCMe) + 

MeHNPh + H2C=0 (1) 

The reaction of N,N-dimethylaniline with the oxo(phos- 
phine)ruthenium( ~ v )  complexes, [ RuIV( bpy)2( 0)( PPh,)]- 
(C104)2 and [R~1V(bpy)~(O)(PEt~)](Cl0~)~, (bpy = 2,2'-bipy- 
ridine) proceeds as illustrated in equation 1. The kinetics of all 
of the reactions were determined spectrophotometrically , 
while under pseudo-first-order conditions, where the tertiary 
amine substrate was in excess. The kinetics of the oxidations 
were second-order, strictly first-order in both substrate and 
oxidant. Product distribution reactions were conducted under 
an inert atmosphere and analysed by gas chromatography. 
The formation of formaldehyde was determined using the 
method of Nash.11 Values for the second-order rate constants 
for the oxidation of tertiary amines are listed in Table 1. For 
the reaction of [R~Iv(bpy)~(O)(PR,)12+ (where PR3 = PPh3 
or PEt3) with N,N-dimethylaniline in acetonitrile, the final 
electronic spectrum of the metal complex, after the com- 
plete reaction, corresponded to the respective 
[RUII(M~CN)(~~~)~(PR~)]~+ complex. The two-electron 
reduction of the ruthenium complex was consistent with an 
oxygen atom transfer from the (oxo)ruthenium(Iv) moiety to 
the target substrate, with the oxygen atom incorporated into 
the formaldehyde byproduct. The stoicheiometric oxida- 
tion of N,N-dimethylaniline, N,N-dimethyl-p-toluidine, 
and 4-chloro-N,N-dimethylaniline by [R~Iv(bpy)~(O)- 

(PPh3)](C104)2 in acetonitrile produced N-methylaniline, 
N-methyl-p-toluidine, and 4-chloro-N-methylaniline in 94% , 
82%, and 75% yields, respectively. The oxidation of the same 
substrates by [R~IV(bpy)~(o)(PEt~)](C10~)~ in acetonitrile 
produced the corresponding N-methylanilines in 75%, 98%, 
and 72% yields, respectively. No other amine products from 
the oxidations were detected in any case. Corresponding 
yields of formaldehyde were also observed for each of the 
respective reactions. 

Rate constants and activation parameters [from the plot of 
ln(k/T) versus 1ITJ were determined for the reaction between 
para-substituted N,N-dimethylanilines (X = H,  Me, C1) and 
the (oxo)ruthenium(Iv) complexes. The results obtained are 
given in Table 1. The uniform nature of the activation 
parameters suggests that a similar mechanism is occurring in 
the initial oxidation of the tertiary amines by the different 0x0 
complexes. The plots of log(kxlkH) versus the Hammett 
parameters, ox,12 for the para substituents give p values as the 
slope, where the magnitude and sign of the resulting p values 
are indicative of the sensitivity of the reaction to the presence 
of electron donating or withdrawing substituents on a reagent. 
With [R~Iv(bpy)~(O)(PPh~)](C10~)~ as the oxidant of the 
para substituted N,N-dimethylanilines, p = -2.1 k 2.7 (r2 = 
0.99), while for [R~1V(bpy)~(O)(PEt~)](Cl0~)~ as the oxidant, 
p = -1.4 k 4.4 (r2 = 0.94).1- These p values are reminiscent in 
magnitude and sign of the p value of -2.4, reported by 
Rindone, for the oxidation of N,N-dimethylaniline by lead 
tetra-acetate in 1 : 1 (vh) acetic anhydride-chloroform solu- 
tion.13 A nitrogen-centred, radical cation transition state has 
been described by Rindone for this reaction, which is similar 
to the transition state described for cytochrome, P-450 
catalysed oxidations,l4J5 where a p value of -0.61 was 
reported for the oxidation of para substituted N,N-dimethyl- 
anilines. 16 

Finally, in addition to the stoicheiometric oxidation using 
isolated oxo(phosphine)ruthenium(Iv) complexes, the 
aquo(phosphine)ruthenium(II) complex, [RuII( OHz)(bpy)2- 
(PPh3)] ( C104)2, catalyses the aerobic oxidative dealkylation 
of N,N-dimethylaniline when in the nonco-ordinating solvent 
a,a,a-trifluorotoluene. The catalysis occurs at room temper- 
ature and pressure, without the need for a coreductant. The 
only products found were N-methylaniline and formaldehyde , 
where the rate of product formation was first order in both 
substrate and catalyst. Similarly, the stoicheiometric oxidation 
of N,N-dimethylaniline by [RuIV(bpy)2(0)(PPh3)](C104)2 in 
a,a,a-trifluorotoluene yielded N-methylaniline and formal- 
dehyde exclusively, in 75% yield. This identical result suggests 
that the oxidant in the catalytic process may be [R~Iv(bpy)~-  
(O)(PPh3)](ClO4),, which is formed in the reaction between 
[RUII(OH~)(~~~)~(PP~~)](CIO~)~ and dioxygen.4 For the cat- 
alytic reaction, 47 turnovers occurred over 24 h when 0.4 mM 

+ The error limits listed for the p values were large because the 
Hammett plots contained only 3 data points; however, we felt that it 
was useful to report the relative sign and magnitude of these values in 
this communication. 
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Table 1. Second-order rate constants and activation parameters for the oxidation of N,N-dimethylanilines by oxo(phosphine)ruthenium(Iv) 
complexes in acetonitrile. 

Oxidant Substrate klmol-1 dm3 s - l a  AHYkcal mol-lb ASYe . u .b,c 

[Ru'Ybpy )2(0)(PPh3)1(C104>2 DMAd 9.0 9.0 f 0.8 -23.4 k 2.9 
DMTe 24.6 5.3 f 0.7 -34.0 k 3.7 
CDMAf 3.5 7.3 f 0.5 -31.1 k 3.0 

IRu'"(bPY>2(o>(PEt3)l(clo~)* D M A  3.2 8.8 k 0.7 -26.4 k 2.4 
DMT 7.4 7.2 f 0.9 -29.9 k 3.2 
CDMA 2.0 10.6 f 0.3 -20.9 k 1.2 

a T = 21°C. Uncertainty at 95% confidence limits. e.u. (entropy units) = cal K-l mol-l; cal = 4.184 J .  D M A  = N , N -  
dimethylaniline. DMT = N,N-dimethyl-p-toluidine. CDMA = 4-chloro-N,N-dimethylaniline. 

catalyst was reacted with 0 . 4 ~  substrate under 1 atm of O,(g) 
€or 24 h. 

This work was supported in part by the donors of the 
petroleum ~~~~~~~h ~ ~ ~ d ,  administered by the American 
Chemical Society, the National Science Foundation, and the 

Signal Inc. for an Allied Chemical Corporation Fellowship. 

5 J .  Rose and N. Castagnoli, Jr.,  Med. Res. Rev., 1983, 3, 73. 
6 R.  A. Sheldon and J .  K. Kochi, 'Metal-Catalyzed Oxidations of 

Organic Compounds,' Academic Press, New York, 1981. 
7 For an example of the oxidative dealkylation of tertiary amines by 

naturally occurring enzymes, see G.  L. Kedderis and P. F. 
Hollenberg, J .  Biol. Chem., 1984, 259, 3663. 

8 T. Santa, N. Miyata, and M. Hirobe, Chem. Pharm. Bull., 1984, 
32, 1252. 

Company. R*  ** L. 

Received, 17th October 1988; Corn. 81041 051 

References 
1 M. E. Marmion and K. J .  Takeuchi, J .  Am.  Chem. SOC., 1988,110, 

2 M.  E. Marmion and K. J .  Takeuchi, J .  Chem. SOC., Dalton Trans., 

3 M. E. Marmion, R. A .  Leising, and K. J .  Takeuchi, J .  Coord. 

4 R .  A. Leising and K. J.  Takeuchi, Inorg. Chem., 1987, 26,4391. 

1472. 

1988,2385. 

Chem., 1988, 19, 1. 

9 R .  Barret, F. Pautet, B. Mathian, and M. Daudon, Pharmazie, 

10 D .  Ostovic, C. B. Knobler, andT.  C. Bruice, J .  Am.  Chem. SOC., 

11 T. Nash, Biochem. J., 1953, 55,  416. 
12 L. P. Hammett, J .  Am. Chem. Soc., 1937, 59, 96. 
13 G .  Galliani, B .  Rindone, and P. L. Beltrame, J .  Chem. SOC., 

14 P. L. Ashley and B. W.  Griffin, Mol. Phavrn., 1981, 19, 146. 
15 R. P. Hanzlik and R.  H. Tullman, J .  Am.  Chem. SOC. ,  1982,104, 

16 L. T .  Burka, F. P.  Guengerich, R .  J. Willard, and T. L. 

1985, 40, 728. 

1987, 109, 3444. 

Perkin Trans. 2 ,  1976, 1803. 

2048. 

Macdonald, J .  Am.  Chem. Soc., 1985, 107, 2549. 




