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Several azo sulfoxide ligands belonging to the class 2-(sulfinyl)azobenzenes (3) have been synthesized: C6H4(R')-N=N-c6H4X 
(R' = H, 4'-Me, 5'-Me; X = 2-S(O)R, R = Me, CH2Ph). These react with Na2PdCI4 in ethanol, affording brown-red cyclo- 
palladated species having the coordination sphere Pd(C,N,S)Cl (4). The mode of ligand binding is established with the help of 
high-resolution 'H NMR and IR data. In chloroform solution 4 reacts with m-chloroperbenzoic acid (mCP3A), resulting in 
high-yield regiospecific oxidation (metaloxylation) of the C-Pd moiety into C-0-Pd. The resulting pink-violet Pd(O,N,S)Cl 
complexes (5) have been characterized spectroscopically and in one case by independent synthesis via a nonoxidative route. From 
5 the free hydroxyazo ligand (6) can be liberated via reductive (hydrazine) elimination of the metal. The metalation-metalox- 
ylation-demetalation sequence thus affords a high-yield route for regiospecific aromatic hydroxylation of the azobenzenes under 
consideration. The kinetics of the metaloxylation reaction has been examined in two cases. The rate law is d[5]/dt = k[4]. 
[mCPBA]. The enthalpy of activation is small (-9 kcal). The large negative entropy of activation (--30 eu) suggests an 
associative mechanism. It is proposed that in the transition state mCPBA binds to the metal center via peroxy oxygen followed 
by heterolytic cleavage of the 0-0 bond and oxygen insertion into the Pd-C bond. 

Introduction 
A major goal of current chemical research is to achieve met- 

al-catalyzed activation of the C-H bond. So activated, the bond 
is a potent site for chemoselective transformations that are oth- 
erwise difficult or impossible to achieve. Hydroxylation of the 
aromatic ring (eq 1)is an example per se. Metal ion mediation 

Ar-H - Ar-OH (1) 

of one form or another is frequently obligatory for this reaction 
to occur either in vivo or in This work concerns the 
metal-promoted aromatic hydroxylation route stated in eq 2. In 

(2) 
step i arene C-H activationlo affords Ar-M into which oxygen 
is inserted in step ii. Subsequent demetalation (step iii) affords 

Ar-H A Ar-M A ArOM -% ArOH 
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the net reaction of eq 1. Very little is however known about oxygen 
insertion into the Ar-M bond, step ii.3,11-13 This has seriously 
limited practical application of eq 2 for achieving aromatic hy- 
droxylation. 

Recently we have initiated a program for defining the  scope 
and nature of the reaction Ar-M - Ar-OM, which has been 
called aromatic metaloxylation. Certain cyclopalladated azo- 
benzenes were shown to undergo facile metaloxylation by m- 
chloroperbenzoic acid (mCPBA). In the particular case of azo- 
benzene thioether complexes having coordination sphere 1, t he  

R R 
2 1 - - 

. Me 

Q O H  

6 

Pd-C bond was selectively oxygenated but the  sulfur center re- 
mained unreactive a n d  sulfoxide formation did not O C C U ~ . ~  

Herein we describe t h e  successful synthesis of metalated azo 
sulfoxide species of coordination type 2 by metalation of preformed 
ligands. The major point of interest is that both in terms of high 
yields and mechanistic simplicity 2 represents a model substrate 

- 

(1 1) Ryabov, A. D. Synthesis 1985, 233-252. 
(12) Mahapatra, A. K.; Bandyopadhyay, D.; Bandyopadhyay, P.; Chakra- 

vorty, A. J .  Chem. SOC., Chem. Commun. 1984, 999-1000. 
(13) Grigor, B. A.; Neilson, A. J .  Orgunomet. Chem. 1977, 129, C17-Cl9. 
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for metaloxylation by mCPBA. The metaloxylated complexes 
have been isolated in the pure state, and in one case the corre- 
sponding phenolic ligand has been liberated in the free state by 
reductive elimination of the metal ion. All steps of eq 2 have thus 
been realized. The metalated precursors (2) and their metal- 
oxylated congeners have been structurally characterized with the 
help of spectroscopic techniques. 
Results and Discussion 

A. Azo Sulfoxide Ligands and Their Cyclopalladation. The 
azobenzene sulfoxide ligands used in the present work (3a-d) can 

Sinha et al. 

5 4 - - 
R' - R 

M e t ?  Io t i on 
at 6 (see  t e x t )  

- 
be systematically named as 2-(alkylsulfiny1)azobenzenes. These 
were synthesized in good yields by oxidizing the corresponding 
sulfides with hydrogen peroxide in acetic acid. Azo sulfoxides 
of the present type do not appear to have been reported earlier. 

Reaction of 3 with Na2PdC14 in aqueous EtOH at  room tem- 
perature affords the dark colored complexes 4 in excellent yield. 
In the case of ligand 3d, ortho metalation can in principle occur 
a t  positions 2' or 6'. Two isomers designated a and @ are indeed 
formed in practice. These have been characterized with the help 
of 'H N M R  (see below). Attempted isomer separation by 
chromatography has, however, not succeeded. All complexes are 
electrical nonconductors in solution and display Pd-Cl stretches 
in the region 330-340 cm-I. 

B. Spectra and Bonding Mode. a. IR and UV-Vis Spectra. 
Sulfoxides are ambidentate in character and can bind palladi- 
um(I1) through oxygen or sulfur atoms.I4 The free ligands (3) 
display a strong band near 1040 cm-' assignable to vso. This band 
is blue shifted to the region 1100-1160 cm-' (Table I) in 4, 
strongly suggesting that coordination occurs through sulfur and 
not through oxygen (oxygen binding shifts vso to -900 ~m-') . '~ ' '  
Confirmatory N M R  evidence is presented below. The complexes 
afford brown-red solutions in organic solvent and display char- 
acteristic spectra in the UV-vis region (Table I). Strong ab- 
sorptions observed around 500 nm (absent in free ligands) are 
characteristic of ortho palladation and probably represent a-a* 
transitions localized on the metalated azobenzene fragment.'* 

b. High-Resolution 'H NMR Spectra. Sulfur coordination of 
sulfoxide ligands to metals is reflected in two ways in high-res- 
olution 'H N M R  spectra: (i) a downfield shift of the S-R (e.g. 
R = Me) signal from the free ligand position and (ii) an increase 
in the inequivalence of methylene protons of S-R (e.g. R = 
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1464-1471. Davies, J. A,; Hartley, F. R.; Murray, S. G. J.  Chem. Soc., 
Dalton Trans. 1979, 1705-1708. 
Wakatsuki, Y.; Yamazaki, H.; Grutsch, P. A,; Santhanam, M.; Kutal, 
C. J .  Am. Chem. SOC. 1985, 107, 8153-8159. 

54 1-549. 

Table I. UV-vis' and IRb SDectral Data 
~~~ 

u-, cm-' A,,, nm (e, M-' cm-I) compd 
3b 450 (500). 300 (19000). 230 (19200) 1040 
3c 
4a 

4b 

4c 

4d' 

Sa 

5b 

5c 

5da 

6 

450 (700), 340 (22000), 235 (15 500) 
500 (3200): 465 (3900), 410 (8700), 

500 (2800): 470 (3700), 410 (SOOO), 

500 (6000): 470 (7000), 410 (10500), 

510 (2700): 480 (3300), 415 (9300), 

535 (7200), 390 (6600): 370 (9500), 

540 (6700), 390 (6300): 370 (9000), 

535 (6600), 400 (8700): 380 (10700), 

565 (7100), 400 (6800): 383 (9500), 

410 (8700), 325 (17600), 240 (8000) 

370 (11 050), 355 (11 000), 320 (9000)d 

375 (10800), 355 (11400), 310 (11600)d 

370 (10700], 360 (10600), 320 (9400) 

375 (IOlOO), 360 (10400), 330 (9300)d 

330 (10400) 

335 (10400) 

335 (8600) 

345 (10000) 

1040 
1115 

1115 

1120 

1115 

1140 

1145 

1145 

1145 

1030 

a In dichloromethane. *In KBr disks. eMixture of a and @ isomers. 

CH2Ph) compared to the free ligand v a l ~ e . ' ~ - ' ~ * ' ~  Selected 
chemical shift (CDC13 solvent) data for 3 and 4 are collected in 
Table 11. The S-Me signals of 4a and 4c occur a t  -0.5 ppm 
downfield from those of 3a and 3c, respectively. The methylene 
protons are inequivalent in both 3b (6 4.12,4.34) and 4b (6 4.62, 
5.02). In each case they give rise to a well-resolved pair of doublets 
a t  500 MHz. The geminal coupling constant is - 13 Hz. The 
4b methylene protons are shifted (by -0.6 ppm) downfield and 
display greater (by -0.2 ppm) separation compared to the 3b 
protons. The complexes are thus S-bonded. 

The presence of two isomers (a and @) in preparations of 4d 
is clearly revealed in the methyl region. The free ligand shows 
S-Me and 5'-Me signals as sharp singlets a t  2.87 and 2.48 ppm 
respectively. In 4d two S-Me signals occur at 3.41 and 3.39 ppm 
(note the deshielding due to S-coordination in both cases) in the 
intensity ratio 2:3. The two corresponding 5'-Me signals are a t  
2.80 and 2.42 ppm. The following assignments have been made. 
4da: S-Me, 3.39 ppm; 5'-Me, 2.42 ppm. 4d& S-Me, 3.41 ppm; 
S-Me, 2.80 ppm. The sizable downfield shift of the 5'-Me signal 
in the @-isomer is due to the close proximity of the metal-carbon 
bond.20 This isomer involves metalation at  a hindered position 
and is therefore formed in lower percentage (40%) compared to 
the a-isomer (60%). 

All aromatic proton signals of 3a, 4a, 3c, and 4c have been 
completely assigned on the basis of (i) spin-spin structure and 
changes therein on substitution, (ii) shift of signals to higher field 
upon aromatic ring methylation, and (iii) comparison with the 
spectra of corresponding thioether species, 1. Regarding item (iii), 
we note that aromatic protons are systematically deshielded in 
going from 1 to 4, the effect being particularly prominent in the 
case of 3-H, 4-H, and 5-H. The difference in 6 values of 4c and 
its corresponding thioether analogue3 are as follows: 3-H, 0.50; 

ppm. Assignments are shown schematically in Figure 1, and data 
are collected in Table 11. Metalation at  the 2'-position in 4c is 
firmly expressed in the singlet nature of its 3'-H signal. This signal 
occurs as a doublet in 4a. The spectra of both 3b and 4b in the 
aromatic region are complicated by signals from the CH2Ph 
substituent. In the case of 4d complications arise from the ex- 
istence of a and @ isomers. No attempt was made to assign spectra 
in these cases. 

C. Reaction with mCPBA. a. Metaloxylation. Upon addition 
of mCPBA to solutions of 4 in chloroform, the color changes from 

(19) Kitching, W.; Moore, C. J.; Doddrell, D. Aust. J .  Chem. 1969, 22, 
1 149-1 155. 

(20) In certain platinum analogues of 1, isomer separation has been possible, 
and here the Me signals ortho to the Pt-C bond resonate at low fields 
(Sinha, C. R.; Bandyopadhyay, D.; Chakravorty, A unpublished re- 
sults). 

Shoulder. 

4-H, 0.24; 5-H, 0.30; 6-H, 0.13; 3'-H, 0.12; 5'-H, 0.04; 6'-H, 0.07 
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Table II. 'H NMR Spectral Data in CDC1, 
6 (J ,  Hz) 

compd 6-Ha 5-Hb 4-Hb 3-H' 6'-H 5'-H 4'-H 3'-H 2'-H' S-Me others 
38 8.29 7.72 7.72 8.00 7.96" 7.58d 7.58d 7.58d 7.96 2.91 

(8.0) (8.0) (8.0) (8.0) (8.0) (8.0) (8.0) (8.0) (8.0) 
3c 8.29 7.76 7.68 8.00 7.87' 7.41' 7.41' 7.87 2.92 2.48' 

(8.0) (8.0) (8.0) (8.0) (8.0) (8.0) (8.0) (8.0) 
3d 8.26 7.72 7.68 7.96 7.40' 7.40' 7.64b 7.68 2.87 2.48' 

(8.0) (8.0) (8.0) (8.0) (8.0) (8.0) (8.0) 
4a 8.35 7.85 7.83 8.20 8.06' 7.37b 7.41* 7.93" 3.41 

(9.0) (8.7) (7.8) (8.4) (8.4) (7.8) (8.4) (8.7) 
4c 8.32 7.83 7.80 8.20 7.94' 7.16' 7.72' 3.39 2.4Y 

(9.3) (7.5) (7.5) (8.4) (7.8) (7.8) 
sc 8.26 7.74 7.66 8.00 7.56' 6.72' 7.08' 3.72 2.32e 

(8.0) (8.0) (8.0) (8.5) (8.0) (9.0) 
5da 8.26 7.76 7.60 8.02 7.41' 7.08' 7.34" 3.70 2.28r 

(8.0) (8.0) (8.0) (8.0) (8.0) (8.0) 
6 8.32 7.76 7.70 8.00 7.76c 7.00' 7.28' 2.80 2.36, 11.768 

(8.0) (8.0) (8.0) (8.0) (8.0) (8.0) 

' Doublet. Triplet. cSinglet. dCenter of complex multiplet. 4'-Me. /5'-Me. 8 2'-OH. 

Scheme I' 

i, i i  
ix viii I1 

5 d d  - - 4 d d  +Kc 

Key: (i) m-CH3C6H4NO/AcOH, H202; (ii) Na2PdC14; (iii) 
mCPBA, chromatography; (iv) NaN02/HC1, 273-277 K, (v) p -  
CH,C,H,OH/OH-; (vi) H202/OH-; (vii) H'; (viii) Na2PdC14; (ix) 
N zH4.HZO. 

brown-red to pink-violet. Removal of solvent followed by puri- 
fication affords complex 5 in high yields. Complex 4d was shown 
above to consist of a and isomers. In reaction with mCPBA 
each isomer is presumably metaloxylated to the corresponding 
oxidized isomer (e.g. 4da - 5da). Chromatography on silica gel 
afforded one isomer in the pure form in 50% yield bases on 4d. 
High-resolution 'H N M R  spectra showed this to be the a isomer 
(see below). The species eluted from the chromatography column 
at  a later stage (presumably the other isomer) forms a gum that 
could not be purified. 

The metaloxylation reaction is stated in eq 3 where mCBA is 
m-chlorobenzoic acid. The stoichiometric formation of mCBA 
in the reaction was confirmed by its isolation. 

n A 

I 
0 

4 - 

I 
0 

5 - 
That the reaction of 4 with mCPBA indeed results in metal- 

oxylation as depicted in eq 3 was confirmed in the case of the 
oxidation of 4da to 5da by nonoxidative synthesis of 5da using 
preformed hydroxyazo sulfoxide ligand (6) as shown in Scheme 
I. 

- 
L I I 1 
9.0 8.0 7 0  

( PPm) 

Figure 1. Schematic 'H NMR spectra of 4a, 4c, Sc, and Sda and ob- 
served spectrum of Mol in CDC1,. 

Complexes of type 5 lose metallic palladium upon treatment 
with hydrazine hydrate. In the case of 5da the liberated hy- 
droxyazo sulfoxide ligand was isolated and shown to be identical 
with 6 (Scheme I). With this isolation, the regiospecific .hy- 
droxylation of 3d into 6 via the metaration-metaloxylation- 
demetalation route defined in eq 2 is achieved. 

b. characterization of 5. The binding of palladium(I1) through 
sulfur in 5 was established in the usual manner. The SO stretch 
is observed at  - 1140 cm-I (Table I). The methyl lH NMR signal 
displays a downfield shift of 0.90 ppm in going from 6 to 5da 
(Table 11). Aromatic signals have been completely assigned in 
selected cases (Figure 1, Table 11). These signals are generally 
shifted upfield in going from 4 to 5 (compare 4c and 5c)-the 
effect being particularly dramatic for the protons of the metal- 
oxylated ring. This is expected in view of the electron-releasing 
function of the phenolic oxygen. Complexes of type 5 absorb 
strongly around 550 nm as well as a t  higher energies (Table I). 
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Table 111. Rate Constants and Activation Parameters for the Metaloxylation of 4 in CHCI,' 
103[mCPBA], 1o3koM, k, AH*, a*, 

compd T, K M S-1 M-1 s-I kcal mo1-I eu 
4a 289 

294 

300 

307 

4c 289 

294 

300 

307 

0.960 
2.360 
3.760 
5.160 
0.811 
2.222 
3.633 
5.044 
1.120 
2.590 
4.060 
5.530 
0.970 
2.390 
3.810 
5.230 
1.730 
3.820 
5.900 
7.970 
0.656 
1.154 
1.650 
2.150 
0.994 
1.65 1 
2.309 
2.966 
1.360 
2.720 
4.080 
5.400 

0.258 (1) 
0.550 (2) 
0.930 (2) 
1.270 (2) 
0.297 (3) 
0.740 (2) 
1.200 (2) 
1.730 (4) 
0.453 (2) 
1.070 (3) 
1.600 (1) 
2.270 (2) 

1.790 (1) 
2.900 (2) 
4.060 (1) 
0.647 (4) 
1.263 (2) 
1.951 (2) 
2.723 (2) 
0.315 (2) 
0.548 (4) 
0.797 (6) 
1.010 (2) 
0.631 (6) 
1.210 (2) 
1.620 (1) 
2.010 (6) 
1.180 (18) 
2.550 (15) 
3.660 (35) 
4.370 (20) 

0.800 (2) 

' Least-squares deviations are given in parentheses 

c. Rate Law, Activation Parameters, and Mechanism. The 
kinetics of the metaloxylation reaction (eq 3) was studied in 
chloroform solvent a t  several temperatures in the range 289-307 
K for the complexes 4a and 4c. Good isosbestic points were 
observed throughout the course of the reaction as illustrated for 
one case in Figure 2. Rates were followed by monitoring ab- 
sorption (A,) changes at  540 nm as a function of time (2). Under 
pseudo-first-order conditions (excess oxidant), the plot of -In (A,  
- A,)  vs t for a t  least 85% of the reaction was excellently linear 
in each case. Thus the rate law of eq 4 applies. The observed 

rate = d[5]/dt = k,,d[4] (4) 

rate constant ( k o b d )  varied linearly (Figure 3) with the concen- 
tration of mCPBA (eq 5 ) .  The metaloxylation of cyclopalladated 

koM = k[mCPBA] ( 5 )  

azo sulfoxides thus follow a straightforward second-order rate law. 
This is in contrast to the more complex behavior (third-order rate 
law) of the thioether species of type l.3 The origin of this dif- 
ference is unclear a t  present, but the larger steric demand of the 
sulfoxide function (compared to thioether function) may have a 
role to play. 

Variable-temperature rate constants and activation parameters 
are collected in Table 111. The large negative entropy of activation 
supports an associative transition state. It is plausible that as- 
sociation occurs between the metal center and mCPBA peroxo 
oxygen as shown schematically in structure 7. Binding of tert- 

0.244 (4) 10.2 (7) -26.4 (2.4) 

0.337 (5) 

0.407 (6) 

0.767 (9) 

0.332 (6) 8.2 (7) -32.6 (2.3) 

0.469 (5) 

0.692 (22) 

0.793 (33) 

300 400 500 60C 

WAV ELENG1H.n m 

Figure 2. Spectra of pure 4a (- -), pure mCPBA (-.-), and a reaction 
mixture thereof (-) at 300 K in CHCI, solution. The arrows indicate 
increase and decrease of band intensities as reaction proceeds. 

butyl hydroperoxide to palladium(I1) through peroxo oxygen has 
been documented.21 Axial binding of perbenzoic acids to an 
iron(II1) porphyrin is known.** In 7, the proton is positioned so 
as to correspond ultimately to mCBA (eq 6). The electron 
movements suggested in 7 correspond to heterolytic cleavage of 
the 0-0 bond. The facile nature of this cleavage is reflected in 

R 
7 - 

(21) Mimoun, H.; Charpentier, R.; Mitschler, A.; Fischer, J.; Weiss, R. J .  
Am. Chem. SOC. 1980, 102, 1047-1054. 

(22) Groves, J. T.; Watanabe, Y .  J .  Am. Chem. SOC. 1986,108, 7834-7836. 
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IO3  [,CPBA],M 

Figure 3. Variable-temperature koW vs [mCPBA] for the oxidation of 
4a to Sa. 

the small enthalpy of activation (610 kcal M-’). Complex 4c 
carries an electron-releasing methyl group in the metalated ring. 
Oxygen insertion into the Pd-C bond may therefore be expected 
to be more facile in 4c than in 4a. The metaloxylation of the latter 
complex is indeed slightly slower than that of the former. Further 
work on the proposed mechanism is in progress. 

The kinetic data do not necessarily require that 0-0 bond 
cleavage and oxygen insertion into the metal-carbon bond are in 
strict concert. It is possible that a higher valent palladium oxo 
complex is transiently formed and undergoes very rapid internal 
oxygen transfer affording 5. Formation of relatively stable higher 
valent oxo species via heterolytic 0-0 bond cleavage is well 
documented in the reaction of percarboxylic acids with complexes 
of 3d  ion^.*^-*^ Such species are potent catalysts for organic 
oxidations such as olefin epoxidation. 

D. Concluding Remarks. Azo sulfoxide ligands of the type 
2-(alkylsulfinyl)azobenzenes have been synthesized and cyclo- 
palladated. The resulting organometallics have proved to be model 
substrates for metaloxylation (C-Pd - C-OPd) by mCPBA. 
Using a metalation-metaloxylation-demetalation sequence, we 
have achieved the regiospecific hydroxylation of an azobenzene 
in high yield. The metaloxylation reaction involves heterolytic 
0-0 bond cleavage, and the rate is first order in both complex 
and spidant. The activation process is attended with a small 
enthalpy and large negative entropy. Ongoing studies include 
examination of the effects of systematic variation of percarboxylic 
acid and ligand substituents on the rate and nature of the met- 
aloxylation reaction. 
Experimental Section 

Materials. Disodium tetrachloropalladate(I1) was prepared by re- 
acting palladium(I1) chloride with sodium chloride in water and evapo- 
rating the aqueous solution. Commercial m-chloroperbenzoic acid was 
purified by a reported procedure and was used after determining active 

~ ~~ ~ ~ 

(23) Lee, W. A.; Bruice, T. C. Inorg. Chem. 1986, 25, 131-135. Yuan, L. 
C.; Bruice, T. C. J .  Am. Chem. SOC. 1985,107, 512-513. Lee, W. A,; 
Bruice, T. C .  Ibid. 1985, 107, 513-514. Balasubramanian, P. N.; 
Bruice, T. C. Ibid. 1986, 108, 5495-5503. Yuan, L. C.; Bruice, T. C. 
Inorg. Chem. 1985, 24, 981-988. 

(24) Traylor, T. G.; Lee, W. A.; Stynes, D. V. J.  Am. Chem. SOC. 1984,106, 
755-764. 
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oxygen content by iodometric t i t r a t i ~ n s ? ~ * ~ ~  Aqueous H202 was stand- 
ardized just prior to use. All other common chemicals were reagent grade 
and were used as received. Commercially available BDH silica gel 
(66120 mesh) was used for column chromatography. 

Instrumentation. Visible and ultraviolet spectra were recorded on a 
Hitachi 330 spectrophotometer equipped with a thermostated cell holder. 
Infrared spectra were recorded on a Perkin-Elmer 783 spectrophotome- 
ter. IH NMR data were collected in CDCI, solvent by using Varian XL 
200 and Bruker 500-MHz FT NMR spectrometers. 

Synthesis of Ligands. The sulfoxide ligands were synthesized from the 
corresponding sulfide ligands by oxidizing the latter with hydrogen 
peroxide. Representative cases are detailed below. Available information 
on hydrogen peroxide oxidation of thioethers served as guides for setting 
experimental conditions.26 

2-(Methylsulfinyl)-4’-methylazobenzene (3c). A solution of 1 SO mg 
(0.58 mmol) of 2-(methylthio)-4’-methylazobenzene in glacial acetic acid 
(1 5 mL)3-27 was cooled in ice bath and hydrogen peroxide (0.10 mL, 23% 
w/v) was added to the above solution dropwise. The reaction mixture 
was stirred for 36 h. The solvent was removed in vacuo, and the resulting 
gummy residue was washed with water (5 X 5 mL). A benzene extract 
(IO mL) of this residue was chromatographed on a silica gel column (SO 
X 1.5 cm) prepared in petroleum ether (bp 60-80 “C).  A light orange 
band of the unreacted ligand was eluted with a benzene-petroleum ether 
(1:6) mixture. The pure sulfoxide ligand 3c was then eluted as an orange 
band by using an acetonitrile-benzene (l:4) mixture. Pure crystalline 
ligand (mp 85 & 1 “C) was obtained in 74% yield by evaporation of 
solvent and was then dried over P4010 under vacuum. Anal. Calcd for 
Cl4HI4NZSO (3c): C, 65.12; H, 5.43; N, 10.85. Found: C,  65.07; H, 
5.43; N, 10.90. 

The other compounds of type 3 were synthesized similarly by using 
appropriate precursor ligands.’qZ7 Yields varied in the range 7045%. 
Anal. Calcd for C13H12N2S0 (3a): C, 63.93; H, 4.92; N, 11.48. Found: 
C, 63.89; H, 4.90; N, 11.45. Calcd for C,,H,6N2S0 (3b): C, 71.25; H, 
5.00; N, 8.75. Found: C, 71.22; H, 4.98; N, 8.80. Calcd for CI4Hl4- 
N 2 S 0  (3d): C, 65.12; H, 5.43; N, 10.85. Found: C, 65.07; H, 5.45; N, 
10.91. 

2-(Methylsulfinyl)-2’-hydroxy-5/-methylazobenzene (6 ) .  Hydrogen 
peroxide (5 mL; 23% w/v) was added dropwise in 2 h to a magnetically 
stirred suspension of 2-(methylthi0)-2’-hydroxy-S’-methylazobenzene 
(200 mg, 0.78 mmo1)28 in 10% aqueous NaOH solution (SO mL). Stir- 
ring was continued for 48 h over a freezing mixture. The solution was 
filtered, and the filtrate was acidified with H2S04 (2 N) at C-5 “C. The 
yellow precipitate thus obtained was dissolved in dichloromethane (5 mL) 
and was subjected to chromatography over a silica gel column (SO X 1.5 
cm) prepared in petroleum ether (bp 60-80 “C). The deep orange-yellow 
band of the desired product was eluted from the column by using benzene 
as eluant. The eluant on evaporation in vacuo gave a powdered com- 
pound, which was recrystallized from methanol, affording dark yellow 
crystals of mp 132 OC. Yield: 35%. Anal. Calcd for Cl4HI4NZSO2 (6): 
C, 61.31; H, 5.11; N, 10.22. Found: C, 61.28; H, 5.09; N, 10.20. 

Preparation of Complexes. Chloro( ((2-(methylsulfinyl)phenyl)azo)- 
phenyl-CZ’,N,S)palladium(II) (4a). To an ethanolic (1 5 mL) solution 
of NazPdC14 (55 mg, 0.19 mmol) was added slowly an ethanolic (15 mL) 
solution of (2-methylsulfinyl)azobenzene (40 mg, 0.16 mmol). The re- 
action mixture was stirred continuously for 20 h. The color of the so- 
lution changed gradually from light brown to brown-red. The solution 
was evaporated in air, and the residue was washed thoroughly first with 
water (2 X 4 mL) and then with 50% aqueous ethanol (3 X 5 mL). The 
residue was dissolved in dichloromethane (10 mL) and the solution was 
chromatographed over a silica gel column (45 X 1 cm) prepared in 
benzene. The first orange-yellow band, eluted by benzene, consisted of 
free ligand and was rejected. An acetonitrile-benzene (1 :9) mixture was 
then used to elute the desired compound as a deep brown-red band. The 
eluted solution on evaporation in vacuo gave pure compound in 75% yield. 
Anal. Calcd for PdCI3HIIN2C1SO (4a): C, 40.54; H, 2.86; N, 7.28. 
Found: C, 40.57; H, 2.83; N, 7.29. 

The substituted analogues of 4a were synthesized similarly. Yields 
varied in the range 70-90%. Anal. Calcd for PdC,9H15N2CIS0 (4b): 
C, 49.47; H, 3.25; N, 6.08. Found: C, 49.50; H, 3.20; N, 6.03. Calcd 

(25) Vogel, A. I. A Texr Book of Practical Organic Chemistry, 2nd ed.; 
Longman, Green: London, 1956; p 809. 

(26) Bell, E. V.; Bennett, G. M. J .  Chem. SOC. 1927, 1798-1803. Tarbell, 
D. S.; Weaver, C. J .  Am. Chem. SOC. 1941, 63, 2939-2942. 

(27) Mahapatra, A. K.; Datta, S.; Goswami, S.; Mukherjee, M.; Mukherjee, 
A. K.; Chakravorty, A. Inorg. Chem. 1986, 25, 1715-1721. Burawoy, 
A,;  Vellins, C. E. J .  Chem. SOC. 1954, 90-95. Livingstone, S. E. J .  
Chem. SOC. 1956,437-440. Shriner, R. L.; Struck, H. C.; Jorison, W. 
J. J .  Am. Chem. SOC. 1930, 52, 2060-2069. 

(28) Burawoy, C.; Turner, C.; Hyslop, W. I.; Raymarkers, P. J .  Chem. SOC. 
1954, 82-90. 
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for PdCI,H13N2ClS0 (4c): C, 42.12; H, 3.26; N, 7.02. Found: C, 41.90; 
H, 3.23; N, 6.83. Calcd for PdC14H13N2C1S0 (4d, a and @ isomers): C, 
42.12; H, 3.26; N ,  7.02. Found: C, 42.16; H, 3.22; N,  6.83. 

Chloro( (2-(methylsulfinyl)phenyl)-5-methyl-2-phe~lato-O,N~)pal- 
ladium(II), a Isomer (5da). An ethanolic solution (25 mL) of 2-(me- 
thylsulfinyl)-2’-hydroxy-5’-methylazobenzene ( 6 )  (100 mg, 0.36 mmol) 
was added to an ethanolic solution (25 mL) of Na2PdCI4 (150 mg, 0.50 
“01). When the mixture was stirred, the color of the solution gradually 
changed from yellow-brown to pink-violet. Stirring was continued for 
8 h, and the solution was then evaporated in vacuo. The maroon powder 
was washed with water (3 X 5 mL) and then with 50% aqueous ethanol 
(3 X 5 mL). The dichloromethane extract (3 X 5 mL) of the solid was 
next subjected to chromatography on a silica gel column (45 X 1 cm) 
prepared in benzene. The light orange band of unreacted ligand was 
eluted first by using benzene as eluant. The required complex (5da) was 
then eluted as a pink-violet band by an acetonitrile-benzene (1:9) mix- 
ture. Evaporation of the eluant left a solid residue, which was recrys- 
tallized from a dichloromethane-methanol mixture (3:l; 15 mL), af- 
fording dark violet crystals in 90% yield. Anal. Calcd for PdCI4Hl3- 
N,SO,CI (5da): C, 40.50; H, 3.13; N,  6.75. Found: C, 40.45; H, 3.10; 
N ,  6.70. 

Oxidation of 4a to Sa by mCPBA. To a chloroform solution (30 mL) 
of 4a (100 mg, 0.27 mmol) was added dropwise with magnetic stirring 
a solution of mCPBA (90 mg, 0.39 mmol) in the same solvent (20 mL). 
The reaction mixture was stirred for 4 h. The color of the solution was 
changed from brown-red to pink-violet. After the completion of the 
reaction, the solvent was evaporated to dryness in vacuo. The residue was 
thoroughly washed with 50% aqueous ethanol (5 X 3 mL) and then with 
diethyl ether (3 X 3 mL) to remove any unreacted mCPBA and its 
reduced product mCBA. The dichloromethane solution (10 mL) of the 
residue was then chromatographed over a silica gel column (45 X 1 cm) 
made in benzene. The pink-violet band of 5a was eluted by an aceto- 
nitrile-benzene (1:9) mixture. Evaporation of this solution in vacuo gave 
the dark violet solid compound in 85% yield. Anal. Calcd for PdC13- 
HIIN,SO2C1 (sa): C, 38.92; H, 2.74; N,  6.99. Found: C, 38.98; H ,  
2.71; N, 6.90. 

The oxidations of 4b to 5b, 4c to 5c and 4d to 5da were carried out 
similarly. Yields were respectively 84%, 80%, and 50%. In the case of 
4d, which consists of a and @ isomers the oxidation product was also 
found to consist of a mixture. The oxidized solution (after removing 
mCPBA and mCBA) when subjected to column chromatography first 
afforded the pink-violet band of 5da. The second pink-violet band fol- 
lowed, but it furnished only a gummy mass that could not be purified. 
Anal. Calcd for PdCI9Hl5N2SO2CI (5d) :  C, 47.81; H, 3.15; N,  5.87. 
Found: C, 48.01; H ,  3.18; N ,  5.90. Calcd for PdCI4HI3N2SO2CI (5c): 

C,40.50;H,3.13;N,6.75. Found: C,40.46;H,3.11;N,6.70. Calcd 
for PdC,4H13N2S02C1 (5da): C, 40.50; H, 3.13; N, 6.75. Found: C, 
40.40; H, 3.10; N,  6.70. 

Demetalation of 5da to 6. To an acetonitrile solution (20 mL) of 5da 
(60 mg, 0.14 mmol) was added dropwise with magnetic stirring a solution 
of 99% hydrazine hydrate (75 mg) in the same solvent (2 mL). The 
reaction mixture was stirred for 0.5 h. The color of the solution changed 
from pink-violet to orange-yellow, and metallic palladium precipitated. 
The solution was filtered, and the filtrate was evaporated in vacuo. The 
gummy residue was dissolved in dichloromethane (5 mL) and subjected 
to chromatography on a silica gel column (40 X 1 cm) prepared in 
petroleum ether. An orange-yellow band was eluted with benzene. The 
eluant on evaporation in vacuo gave 6 in pure form (mp 132 “C) in 89% 
yield. Anal. Calcd for CI4Hl4NZSO2: C, 61.31; H, 5.11; N ,  10.22. 
Found: C, 61.25; H, 5.05; N ,  10.18. The compound so obtained was 
identical in all respects with the compound synthesized by hydrogen 
peroxide oxidation of the corresponding thioether (vide supra). 

Kinetic Measurements. Thermostated solutions of reactants were 
mixed, diluted to required volumes, and transferred to an absorption cell 
of 1 cm path length. Increase in absorption of the reactants at 540 nm 
was digitally recorded as a function of time. A ,  was measured when 
intensity changes leveled off. In all experiments the concentration of 
mCPBA was kept high so as to maintain pseudo-first-order conditions. 
Values of pseudo-first-order rate constants (kobsd) were obtained from the 
slopes of the plots of -In (A,  - A , )  vs t lines. Values of second-order rate 
constants, k ,  were obtained from the slopes of the plots of kobsd vs 
[mCPBA]. Activation parameters were obtained from the Eyring 
equation. Values of kobsd, k ,  H’, and S’ and their deviations were cal- 
culated by using the usual least-squares methods.29 A minimum of 30 
A,-t data points were used in each calculation. 
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Solution studies of the complexes (PtC12(PEt3)),-l,3,5-triazine (n = 1-3), (PtCI2(PR3)),-pyrimidine (R = Et, n-Bu; n = 1, 2), and 
tran~-PtC1~L(PR,) (L = pyridine, 4-chloropyridine; R = Et, n-Bu) are reported. It is shown that (a) coordination of the 
”PtCI,(PR,)” fragment does not greatly weaken the donor capacity of the still-uncoordinated nitrogen atom of the heterocycle 
and (b) these complexes are dynamic in solution and the degree of lability increases in the order pyridine < pyrimidine < 
1,3,5-triazine. The X-ray crystal structure of (PtCl2(PEt3)),- 1,3,5-triazine was determined. The crystals are triclinic and belong 
to the space group Pi with unit cell dimensions a = 13.020 (3) A, b = 13.098 (2) A, c = 13.251 (2) A, LY = 62.75 ( l ) ” ,  p = 65.95 
(2)”, y = 75.49 (2)”, V = 1828.8 (1) A’, and Z = 2. The structure was refined to R = 0.036. Each platinum atom shows normal 
square-planar geometry with bonding parameters that are typical for compounds of the type trans-PtCl,(N-ligand)(PR,). There 
does not appear to be any significant change in the triazine structural parameters upon coordination. 

Introduction 
T h e  coordination chemistry of 1,3,5-triazine (tri) has  been 

investigated very little. T h e  first reported complex appears to be 
[ R ~ ( N H ~ ) ~ ( t r i ) ] ( C l o , ) ~ ,  described in  1968 by Ford e t  aL2 In 

a later publication, Allenstein et aL3 reported some “addition 
Products” Of the “Psition ( s b C I ~ ) d t r i ) ~  (Ticl4(tri)h? Swls( t r i ) ,  
Tic14(tri)z, AICI3(tri), AlC13(tri)z, and  SnCh(tri)z+ T h e  first two 
“Plexa Seem to be theonly “Punds described so far in which 
tri  coordinates t o  more than  one metal  center. All  subsequent 
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