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Abstract 

Kinetic measurements on the oxidation of dichlorotetracarbonyldirhodium(1) by 
hydrogen peroxide in ethanol/hydrochloric acid indicate that reaction proceeds 
through the intermediate “ { Rh(CO)Cl, }“. Th e reaction rate is first order with 
respect to the rhodium complex, hydrogen peroxide, and hydrochloric acid, but 
kinetics are complicated by complex formation between [Rh(CO),Cl,]- and chlo- 
ride ions, and between the intermediate and hydrogen peroxide. The reaction is 
accelerated by decreasing the polarity of the solvent. 

Introduction 

The autoxidation of alkenes to carbonyl compounds is catalysed by rhodium 
compounds, eq. 1, and mechanistic aspects of these reactions have been extensively 

R W or Rhm 
2 RCH=CHR’ + 0, F 

2 RCH,CR, 
(1) 

studied [l-12]. If [{Rh(CO),Cl},] . IS used as catalyst, the rhodium(I) complex is 
oxidised to rhodium(III), which is thought to be the main catalytically active 
species. Stank0 et al. [13] studied the oxidation of [{ Rh(CO),Cl},] by dioxygen in 
aqueous hydrochloric acid, and proposed that the oxidation could be represented by 
eq. 2. A kinetic study showed that the rate of reaction was first order in 

[Rh(CO),Cl,] ~ + 2 H++ 3 Cl-+ 0, + [Rh(CO)C1,]2- + CO, + H,O (2) 

[Rh(CO),Cl,]-, and that production of carbon dioxide was almost stoicheiometric. 
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They suggested that reaction proceeded through a rhodium(II1) intermediate, 
[Rhr”(CO)(CO,)Cl,]‘, containing a coordinated carbonate lipand. This then reacted 
with acid to give carbon dic)xide. and the rhodiumill J co~dinatrd with fwo rnor~ 
chloride ligands. 

Nyberg, Pribich and Drags [lo] have proposed that in autosidatmn catal\scd b\ 
[{ Rh(C’O),Cl),]. the reduction of dioxygen to hydrogen per:~~ide t)\ sc,i\&t !:I;, 
alcohol) (eq. 3) is a ket t‘o,lture of the mechanism. ‘The hydrogen pero~itfe then 

C’H,CHR(OH) -t 0, ---) CH>i’(O)R -t- H207 i 3 j 

both oxidises the rhodium(I) 10 rhodium(llI), and also okidises the ~~lkene. cy. 3 and 
3 As part of their stud\’ ~7f alkene oxidation, Wvberg c:t 21. j 101 1111 e5tig:lietl 

Rh’ !&, Rh”’ (4) 

CH,=CHR + H,O, -Eh”i, CH ,C‘RO -t H ,O (5, 

the oxidation of [{ Rh(CO)qC’lj,] by dioxygen. They wed acidified ethanol a\ ~1.. 
vent. and proposed that the coverall reaction is ;IS \ho~ n ir; eq. 6. 1:urther. the\ 

[ { Rh(CO),Cl ;,,I in 4 HCl -L 1 0; -t 4 EtOH ---) ._ 

2 [Rh(‘l,(tI,O),jEtOH)] -t 2 (‘H:i’HO-- 4c’O (hi 

suggested that hydrogen peroxide is produced by reaction 3 dnd rhix ih then 
responsible for oxidation of I{ Rh(CO),Cl),] according to eq ‘? ‘The\ ~IIOM~CI thaf 

[ (Rh(CO)lC1j,] -t 4 HCI -1 li I-I,(), +;;+ 2 ~Rh(‘l,(lf~~~),(ttOII)] -4 4(-O !7) 

changes in UV and 1R spectra occurring during reaction wre rhz same ~hethcr- 
dioxygen or hydrogen peroxide wwe used as oxidants. Thq propc~~~l rh,~t reaclion 
proceeded via an intermediate. X. which they identified a\ 1 Rh’(C‘O)C’I ,(OOli)]’ 
on the basis of (a) no evidence for coordinated hydride in tire IK spectrum. anti (h) 
presence of a single CO ligand according to the IR spectrum. fhq MC’I-c‘ ~ll~,lt~id IO 
see the expected band from coordinated hydroperoxide 111 the 800 900 cm ’ rwion ~ 
of the spectrum. but the fo:mation and disappcaranct: t.~i‘ the mtcrmrdi:ttt: X iould 
be seen as a band at 2102 cm ’ in the IR spectrum and 3 peak .tt .?P5 nn1 in ihit i \‘ 
spectrum of r-c’acting solutiona. Kinetic measurements shoned that ~~\irdation h? 
hydrogen peroxide wab firit wder in both rhodium cm13ple~ :~rld h>-Jrogrn pcr<)xicfe. 
They suggested that carbon dioxide was only formed in the ahrncc 01 I?\drc\chl<~r-it~ 
acid (cq. 8) [I!)]. 

[ {Rh((‘O),Cl~~] + H,O1 --+ 2 CO, i- 2 Rh’ (8) 

In order to try to understand more fully the rcile of intermediates in alkcnc 
oxidationa. \ve have further studied the oxidation cif rhtrdium( I) 1s) 131 drogcn 

peroxide. 

Experimental 

Reagem 

/ { Rh(C’O)_,C’i},/. This was prepared from rhodium(II1) chloride trihydratc 
(commercial grade, JohnsowMatthey Chemicals Ltd.) b’t. the method <tf MC-- 
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Cleverty and Wilkinson [14], and purified by vacuum sublimation (60” C, 0.1 
mmHg). 

Ethanol. Absolute ethanol (James Burroughs FAD) was used without purifica- 
tion after GLC analysis had shown that it contained no detectable impurities other 
than a constant 0.05% w/w water. Hydrogen peroxide (100 vol., Fisons) and 
hydrochloric acid (AnalaR, BDH) were diluted with absolute ethanol so that a 
minimum of water was added with the reagents. 

Measurements 
Kinetic measurements were made using a Unicam SPSOOO spectrophotometer 

fitted with a thermostatted cell holder, in which the cell temperature was controlled 
to +O.l” C. The temperature was checked before and after each kinetic run. 
Appropriate solutions were thermostatted in 1 cm cells, and reaction initiated by 
addition of hydrogen peroxide (5 ~1). IR studies on solutions in ethanol were made 
using a PE 580B spectrometer with a cell of 0.5 mm pathlength fitted with 
germanium windows [15]. Spectra are complicated by interference fringes which 
cause regular undulations in the absorbance; a microcomputer was used with the 
spectrometer [16] to record the fringe pattern and subtract it from the spectra of 
samples. 

Isolation of a derivative of the intermediate 
An excess of caesium chloride was added to a solution containing hydrochloric 

acid (0.022 mol dme3), [{Rh(CO),Cl},] (2.2 x lop3 mol dm-3), and hydrogen 
peroxide (0.020 mol dmp3) which had been allowed to react for 15 min at room 
temperature: a pale pink precipitate formed. Its IR spectrum showed peaks at 
211O(vs), 2030(sh), 520(s) and 315(m) cm -l. This agrees well with the reported 
spectrum of Cs,[Rh(CO)Cl,] [17-201. Cs,[Rh(CO)Cl,] can also be isolated by 
addition of caesium chloride to a solution of rhodium(II1) chloride in hydrochloric 
acid in the presence of carbon monoxide. The shoulder at 2030 cm-’ was not 
reported in the spectrum of Cs,[Rh(CO)Cl,], and perhaps is caused by a trace of 
impurity. A UV spectrum of this complex was not easy to record, as it was only 
sparingly soluble in ethanol. Results indicate UV absorption peaks at 300, 385, and 
485 nm, in agreement with changes in the UV spectra observed during reaction. 

Results and discussion 

IR spectra. A solution of [{Rh(CO),Cl},] has two IR bands in the carbonyl 
region at 2085.5 and 2010.1 cm-‘. The anion [Rh(CO),Cl,]- is formed on addition 

of hydrochloric acid (eq. 9), and the two peaks shift to 2072.5 and 1997 cm-‘: sim- 

2 HCl+ [ {Rh(CO),CI},] -+ 2 H+ + 2 [Rh(CO),Cl,] - (9) 

ilar bands are shown by an ethanol solution of [NBu,][Rh(CO),Cl,]. Addition of 
hydrogen peroxide causes the slow formation of two new IR peaks at 2014 and 2337 
cm-‘. The intensity of the 2104 cm-’ peak increases as the peaks at 2072 and 1997 
cm-’ decrease. The intensity of the 2104 cm-’ peak reaches a maximum, and then 
decays again, so that at the end of reaction it has vanished. The 2337 cm-’ peak is 
caused by carbon dioxide (by comparison with the spectrum of a solution of carbon 
dioxide in ethanol), and varied in intensity from one reaction mixture to another. 
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was estimated by measuring the amount of disproportionation of hydrogen peroxide 
in the presence of rhodium(II1) chloride. The titration results gave a stoicheiometry 
of 1.8 moles hydrogen peroxide per mole of rhodium, after allowance for rhodium- 

catalyzed disproportionation. Carbon dioxide was detected as a reaction product 
(confirmed by mass spectrometry). Accordingly, the reaction stoicheiometry can be 
written as eq. 11. 

[ { Rh(CO),CI} 2] + 4 HCI + 4 H,O, -+2RhCI,+2CO+2CO,+6H,O (II) 

Identification of the reaction intermediate (X). Nyberg et al. [lo], have proposed 
that the intermediate, X, is the complex ion [Rhi(CO)C1,(00H)]2-, although they 
had no IR evidence for a peroxo group. When carbon monoxide is added to a 
solution of rhodium(II1) chloride in methanol containing hydrochloric acid, a strong 
absorption at 2110 cm-’ is seen in an IR spectrum of the solution [17]. This is 
caused by “ { Rh(CO)Cl 3 }“, and addition of caesium chloride gives a precipitate of 
Cs,[Rh(CO)Cl,]. The complex that we have isolated here (see experimental) shows 

no IR evidence for peroxo ligands. It does not form from [Rh(CO),C1,lP unless 
both hydrogen ions and chloride ions are present. Its IR spectrum suggests that it is 
Cs,[Rh(CO)Cl,] [17-201. This means that the reaction intermediate X is probably 
the species “ {Rh(CO)Cl, }“. In the fairly dilute hydrochloric acid solutions used in 
the kinetic experiments, it is unlikely that either [Rh(CO)Cl,]P or [Rh(CO)Cl,12- 
will form. 

Kinetics of the reaction between [ { Rh(CO)&l }J and hydrogen peroxide. 
Order with respect to [Rh(CO),CI,] -. The kinetics of the reaction have been 

studied by monitoring the changes in UV absorbance at 385 and 485 nm with time. 
At both 385 and 485 nm, the initial rate of absorbance change is linearly propor- 
tional to the concentration of [Rh(CO),Cl,]- if hydrochloric acid and hydrogen 
peroxide are in a constant excess (Table 1). 

Order with respect to hydrochloric acid. When the concentrations of hydrogen 
peroxide and [{Rh(CO),Cl},] are both kept constant, that of the hydrogen peroxide 
being in excess over [ { Rh(CO),Cl},], and the concentration of hydrochloric acid 
varied, the initial rate of absorbance changes are as shown in Fig. 2. At low 
concentrations of hydrochloric acid (up to about three times the concentration of 
rhodium complex), a secondary reaction dominates. This could be the ‘side reaction’ 
noticed by Nyberg et al. At higher concentrations of hydrochloric acid there is a 
first-order dependence on the concentration of hydrochloric acid, but as the 
concentration increases the rate becomes lower than that expected for first-order 

Table 1 

Variation of initial rate of oxidation with concentration of [ (Rh(C0) zCl),] a at 40.0 o C 

[w(c%clhl Initial rate (10W3 min-‘) Initial rate (10m3 min-‘) 

(10e3 mol dm-“) (385 nm) (485 nm) 

0.64 38.0 

1.10 67.0 

1.84 122 
3.30 224 

a [H202]o 0.015 mol dmW3, [HCI], 0.022 mol dm-3. 

1.29 

1.95 

3.80 
7.00 



1’1 



517 

0 50 100 150 

~l-i1Cli/clm3 mol-l 

Fig. 3. Plots of l/(initial rate) against l/[HCl]. o data at 385 nm, l data at 485 nm. Conditions are the 

same as those given for Fig. 2. 

the formation of a complex between reagents and hydrogen peroxide cannot be the 
cause of the falling away of rate at high concentrations of hydrogen peroxide. A 
more likely explanation is that the species X, whose absorbance is being measured 
at 385 and 485 nm, complexes with hydrogen peroxide, eq. 14 and 15. In the 
following, it is assumed that the concentration of hydrogen peroxide is high enough 
so that the concentration of free hydrogen peroxide can be equated to the con- 
centration of hydrogen peroxide added. 

X + H,O,zX: H,O, (14) 

The initial absorbance, A,, will depend on the molar absorptivities, E*, of both X 
and X : H,O, at wavelength X (eq. 16). 

AA = PGX,h + [X:H,%~W,~O,.A (16) 
Substituting for [X: H,O,] from eq. 15, eq. 17 is obtained. 

A, = [X1( ex.X + ~Pw2~2IwI,O*,h) 

If the molar absorptivity of [X: H,O,] is $k~x,x, eq. 18 can be written, 

Ax = [Xl% (1 + ~PW2w#%) 

(17) 

(18) 



0.09- 

0.08- 

3 0.06- 
;I 

-5 
0, 
z o.o& , 
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C 

- ~ 

0.021 

I 

The rate of change of absorbance ia then given by eq. 19 

and the initial rate of reactiw, v,,. is given by q. 2i). 

4x1 d[X : H#2] 
P(, _ __- + - ___~~ ..-... 

dl dt 

Substituting for [X : H,O,] f’rom eq. 15 given q. 22 

4x1 4x1 
f’li = --- d 1 

i -&-K&O,] 

= !:!.(I t K,[H,O]) 
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KP[H202]). If (px = 1, the initial rate will be unaffected by [H,O,]. As it is likely 

that ‘$385 and $485 are not the same, the behaviour of initial rate with change of 

concentration of hydrogen peroxide as measured at the two wavelengths will not be 
the same. 

Equation 23 may be simplified to eq. 24 if K,[H,O,] << 1 (see Appendix (ii)). 

d4 - = WX,A 

dt 1 + ~,[WM(1- +A) (24 

The initial rate will fall away as the concentration of hydrogen peroxide increases, 
and a plot of vO-l against [H,O,]-’ will give an intercept on the abscissa of 
-K,(l - @A). As +h will vary with wavelength this intercept will not stay constant. 

This is in full agreement with the behaviour observed. 
Mechanism. A mechanism for the reaction of [Rh(CO),C12]- with hydrogen 

peroxide in the presence of hydrochloric acid, which takes into account all the 
features just discussed, is given in eq. 25-28. 

[Rh(CO),Cl,] -+ Cl-~[Iul(C0)2Cl,]2- 
fast 

(25) 

[Rh(CO)&1,]2-+2 H,0,~“{Rh(CO)C13}“+C02+ 3 H,O (26) ,nt 
(X) 

“{Rh(CO)Cl,}“+ H202f;t[Rh(CO)C13(H202)] (27) 

“{Rh(CO)Cl,} “kp’“ll“fi(&‘. + CO 
(28) 

Equation 25 shows the rapid complexing of [Rh(CO),Cl,]- by chloride to form 
[Rh(CO),Cl,]‘-. This reacts with hydrogen peroxide to form the intermediate X, 
“{ Rh(CO)Cl, }” (eq. 26). This step must be more complex than given here. 
Hydrogen ions and two moles of hydrogen peroxide are necessary, and both 
oxidation of rhodium(I) to rhodium(II1) and oxidation of a carbonyl ligand to 
carbon dioxide take place. The kinetics give no clue as to the nature of this process. 
The intermediate rapidly complexes with a second molecule of hydrogen peroxide 
(eq. 27). Finally X slowly loses carbon monoxide to give the observed products, (eq. 
28). This scheme gives an initial rate of formation of the intermediate, X, shown in 
eq. 29 and, if this is measured by absorbance changes where both X 

d[Xl kintKcl[~(C0)2C12-] [C~-I[H~OZI -zx 
dt 1 + K,, [cl-] (29) 

and [Rh(CO)Cl,(H,O,)] absorb, the rate of absorbance change is given by eq. 30. 

d-4, - = ~i~~~~~~~,~[~(CO)2C’~-][C’-I[H2’~I(’ + KP[HzO~I+A) 
dt (I + &,[Cl-I)0 + hWzO21) 

(30) 

This is in full agreement with the kinetics observed. Absorbances were measured as 
reaction proceeded, and an attempt made to fit the above reaction scheme to them 
using the fitting program FACSIMILE [22]. As there are unknown molar absorptivi- 
ties for many of the species involved, no unique set of fitted parameters could be 
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Table 3 

Variation of initial rates of oxidation with temperature a 

Temperature Initial rate (10W3 min-‘) 

(“C) (385 nm) 

Initial rate (lOA mix-‘) 

(485 nm) 

26.0 1.05 2.15 

35.3 1.94 5.10 

40.0 2.60 6.30 

45.0 3.12 9.20 

50.0 4.90 11.46 

54.0 6.88 13.50 

57.0 8.20 16.80 

u [(ti(CO),Cl),] = 0.0011 mol dmm3, [H,O,] = 0.0050 mol dmm3, [HCll = 0.022 mol dmm3 

and values of k’ and K* are reported in Table 2. It can be seen clearly that, in 
general, the reaction rate increases as the polarity of the solvent decreases. These 
relative rates assume that molar absorptivities of the various species do not change 
markedly with variation of the solvent. The reason for the anomolous position of 
methanol is not clear. It could be partly caused by changes in molar absorptivities, 
but the deviation from the expected position (rate expected to be slower than in 
ethanol) may involve some other specific factor. Other workers have reported that 
water has a retarding effect on these oxidations. Figure 5 shows that the formation 
of the intermediate, X, is retarded by increasing the water content of the solvent. 
This retarding effect is, of course, in line with that noted for other solvents, where 
increasing polarity retards the rate. The general retardation of rate with increasing 
solvent polarity may indicate that charges are dissipated on going from the ground 
state to the transition state. 

Activation parameters. Table 3 shows that rates of reaction increase with tem- 
perature. The activation energies calculated are 54.7 kJ mall’ for measurements at 
385 nm or 47.2 kJ mol-’ for measurements at 485 nm. As temperature increases, the 
positions of equilibria will change as well as the rate coefficients. Interpretation of 
the rate data in terms of activation enthalpies and entropies is not possible without 
careful measurement of K,, and K, at each temperature. 

Appendix 

(i) If a concentration of rhodium dichlorodicarbonyl anion [Rh(CO),Cl,-I,, is 
added to an excess of hydrochloric acid with chloride concentration [Cl-], complex 
formation may take place in accordance with eq. 12. If the subscript ‘e’ is used to 
denote concentrations at equilibrium, eq. Al and A2 can be written: 

[WCO),Cl,-], = [WCOML1, + [IWO),Cl?], (Al) 

[~P)*c1,z-]. 
Kc1 = [Rh(co),c1,-],[Cl_] 

w 
From these two equations, the concentration of [IU-I(CO),C~,]~- at equilibrium can 
be calculated (eq. A3): 

[~(CO)2C1,2-], = K,,[~(CO),C12-],[C1~1/(1 + &,[Clpl) (‘43) 



Expanding the denominator. and ignoring the term #,,:[I-I,O, ]‘(;r,. gitcs q. 24. 
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