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formation of PdTPP occurs in dimethylformamide without the 
addition of di-n-butylamine at a rate comparable to that found 
in the presence of amine. In some cases, however, the spectral 
changes for these reactions could not be fit to any reasonable 
reaction order and they were less reproducible than those in 
the presence of amine. Overall, the observed first-order rate 
constants do not correlate well with Pd(I1) concentration (a 
genereally positive but not well-defined effect) nor with the 
concentration of amine (a generally negative but again poorly 
defined effect). The values for the rate constants are incon- 
sistent with respect to temperature changes and even vary 
considerably from one stock solution of Pd(I1) to another. All 
of the rate constants at 25 OC with amine present do fall within 
a reasonably narrow range (0.19 X lom3 to 3.5 X s-l). 
With such data a t  hand, any mechanistic interpretation is 
highly speculative. Our interpretation is that the most im- 
portant factor determining overall conversion of N-CH3HTPP 
to the complex PdTPP is the formation of the Pd(N- 
CH3TPP)+ intermediate, which can really alkylate DMF itself. 
The reactivity of the Pd(I1) may be highly dependent on the 
ligands in the first coordination sphere, which may vary under 
the conditions used to study the reaction. The proposal that 
dealkylation of Pd(N-CH3TPP)+ could be fast relative to the 
rate of its formation in dimethylformamide is reasonable in 
view of the fact that the rate of dealkylation of Ni(N- 
CH3TPP)+ is competitive with the complexation rate7 and that 
the dealkylation rate of Pd(N-CH3TPP)+ is faster than that 
of Ni(N-CH3TPP)+ under comparable conditions (3.0 X 
and 2.8 X lo4 M-' s-l$b respectively, at 25 OC in acetonitrile 
with di-n-butylamine as nucleophile). 

The overall mechanism for formation of PdTPP from Pd(I1) 
and N-CH3HTPP in several solvents appears to be as in eq 
1-5. 

Pd"L42+ + N-CH3HTPP -+ L4Pd:N-CH3HTPP2+ ( 1) 

L4Pd:N-CH3HTPP2+ - L3Pd(N-CH3HTPP)2+ + L (2) 

L3Pd(N-CH3TPP)2+ - L2Pd(N-CH3HTPP)2+ + L (3) 

In all cases, ion-dipole formation (step 1) can be considered 
rapid. In acetonitrile all steps principally involving loss of 
ligands from Pd(I1) (2-4) are rapid, and step 5 ,  the nucleo- 
philic displacement of PdTPP from the methyl group, is rate 
determining. If the formation of LPd(N-CH3TPP)+ is highly 
favorable, as is typical for N-methylporphyrin complexes in 
the absence of acid, [Pd] >> [N-CH3HTPP], and equilibria 
1-4 are established rapidly; the overall reaction rate should 
be dependent on the amine concentration but not the palla- 
dium(I1) concentration. In dimethyl sulfoxide, it appears that 
steps 3 and 4 are relatively slow. They are distinguishable, 
with step 3 occurring about 2 orders of magnitude faster than 
step 4. Once the Pd(N-CH3TPP)+ complex is formed in 
dimethyl sulfoxide, it is rapidly dealkylated (step 5). Typical 
half-lives for the overall reaction at 25 "C are 5 min in ace- 
tonitrile (1 M di-n-butylamine), 100 min in dimethyl sulfoxide, 
and 20 min in dimethylformamide. Both the formation of an 
N-methylporphyrin complex (1-4) and the dealkylation re- 
action (5) are expected to be slower in solvents that form better 
complexes and have higher dielectric constants, the former 
because complexation rates tend to parallel ligand exchange 
rates7J' and the latter because better solvation of the reactants 
retards bimolecular nucleophilic displacement reactions, in- 
cluding the dealkylation of N-methylporphyrin~.~~ Thus, the 
order of rates in the solvents studied CH3CN > DMF > 
Me2S0, appears reasonable. 

The nature of the rate-determining step as well as the overall 
rate of formation of a non-N-methylated palladium(I1) por- 
phyrin complex from Pd(I1) and an N-methylporphyrin de- 
pends on the solvent medium. In strongly complexing solvent 
media, which are nucleophilic with respect to alkyl groups, 
dealkylation can occur rapidly with respect to complexation. 
Rates of complexation are more rapid in poorly complexing 
solvents. 
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complexes in aqueous solutions in the absence of electrophilic 
or redox reagents were reported: 

The first is hom~lysis ,~ i.e. 
(H20)5Cr*11-R Cr(H2O)?+ + OR (1) 

This mechanism prevails for .R = .CH2C6Hs, 
.CH2CSH4NH+,5*6 and analogous compounds and contributes 
to the mechanism of decomposition, in solutions containing 
a low concentration of Cr(H20)62+, for R = S C H ( C H ~ ) ~ ,  .c- 
CsH9, .C(CH3)z0H, .C(CH3)2CN, .C(CH3)2-O-i-C3H7, and 
analogous 

The second mechanism reported is heterolytic hydrolysis, 
usually referred to as acidolysis: 

(2) 
HzO 

(Hz0)5Cr111-R - Cr(H20)2+ + RH 
Reaction 2 generally obeys a rate law of the form 
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In some cases kl or k2 values are negligible.'-* This rate law 
is in agreement with the suggestion that the mechanism in- 
volves an electrophylic attack on the carbon atom of the Cr-C 
bond. Activated complexes of the type 

r R. l* 

L E 2  'R3 

I 
have been suggested' and corroborated by the large H/D 
solvent isotope e f f e~ t .~J"  For aliphatic residues, .R, with 
a-hydroxyl groups, hydrogen bonding of the attacking water 
molecule to this group was also suggested." 

With the exception of (H20)5CrCH122+ l2  no inverse acid 
pathway for the decomposition of CrRZ+ complexes was re- 
ported.13 It was argued that such a pathway would not be 
expected for organometallic complexes as the carbanion, :R-, 
is not a suitable leaving group. However, if the attacking water 
molecule is not coordinated to the cis position of the chromium 
and thus becomes less acidic in (H20)4(0H)CrR+, then one 
would expect that the rate of decomposition via I1 would be 

r 1* 

111 
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Figure 1. pH dependence of the rate of decomposition of the 
Cr"1-C(CH3)20H bond (measured at  390 nm): 0, measured in a 
spectrophotometer; A, measured at  the Linac. 

faster than via 111. This effect is expected to be more pro- 
nounced if the water molecule is hydrogen bonded to an cy- 
hydroxyl as in IV. Indeed it is known' that in more alkaline 

- 

IV 
solutions CrR2+ complexes decompose rapidly to yield Cr(0- 
H)3. We decided therefore to extend the study of the kinetics 
of decomposition of (H20)5Cr-CR1R20HZe, where RI,  R2 = 
H or CH3, to higher pH values as studies to date were limited 
to pH 12.0. 

The results reported here indeed indicate that the rate of 
hydrolysis of Cr-CR1R20H2+ complexes increases with in- 
creasing pH in the range 2 I pH I 5.6. Furthermore it was 
found that the reaction is also catalyzed by acetate anions; such 
a catalysis was reported to date only for the decomposition 
of (H20)sCrCH2C6Hsz+.'4 
Experimental Section 

Chromous solutions were prepared by dissolving 
high-purity grade chromium powder in 1 M perchloric acid under 
continuous bubbling of vanadous-scrubbed argon. All other chemicals 
were of analytical grade and were used without further treatment. 
All water used was triply distilled. 

Irradiation. Short electron pulses from the linear accelerator a t  
the Hebrew University of Jerusalem were used. The dose per pulse 
was in the range 5 X 1 0 4  X lo3 rd/pulse. The kinetics were followed 
spectrophotometrically. 

The experimental techniques used throughout this study, the ex- 
perimental setups, and the techniques used for evaluating the results 
have been described earlier in detaiL8 
Results 

propanol in the pH range 0-5.6 and 1 X 

Materials. 

Nitrous oxide saturated solutions containing 0.1 M 2- 
were M 

(14) Kochi, J. K.; Buchanan, D. J .  Am. Chem. SOC. 1965, 87, 853. 
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Figure 2. [CH3COc] dependence of the rate of decomposition of the 
Cr111-C(CH3)20H bond in the presence of acetate buffer in the pH 
range 3.4-5.4 (measured at 390 nm): 0, total acetate concentration 
9 X IO4 M; A, total acetate concentration 4.5 X IO-' M; m, total 
acetate concentration 1 .O X lo-' M. 

irradiated by a short electron pulse from the linear accelerator. 
The rate of formation and decomposition of the Cr-C bond 
was measured by following the formation and bleaching of the 
absorption at 310 nm. The specific rate of reaction k(Cr- 
( H 2 0 ) F  + v C ( C H ~ ) ~ O H  = (5  f 1) X lo7 M-' s-' w as found 
to be independent of 2-propanol and acid concentrations in 
full agreement with previous resulh8 The rate of decompo- 
sition was found to be independent of Cr2+ and 2-propanol 
concentrations but pH dependent. The observed rates of de- 
composition are plotted in Figure l .  The spectrum of the 
transient is identical, within the experimental error limit, with 
that of (HzO)5Cr-C(CH3)20H2+. 

Nitrous oxide saturated solutions containing 0.01-2 M 
2-propanol in the pH range 0-6.2 (the pH was adjusted by 
perchloric acid), (1-15) X lo-" M Craq2+, and (9-100) X lo4 
M total15 acetate were irradiated. Formation of an absorption 
due to a transient was observed. The spectrum of the transient 
is composed of two absorption bands of Amax (emax) 310 nm 
(2900 M-' cm-') and 396 nm (800 M-' cm-'), in agreement 
with the spectrum of (H20)5CrC(CH3)20H2+. The rate of 
formation of the transient was found to be independent of 
2-propanol, total acetate, and acid concentrations and was first 
order in Cr,? concentration (k(Cr2+ + .(CH,),COH) = ( 5  
f 1) X lo7 M-' s-'. The rate of decomposition of the transient 
was found to be independent of wavelength and 2-propanol 
and Cr,qZ+ concentration but was dependent on the pH and 
acetate concentration. The dependence of the rate of decom- 
position on acetate ion concentration is plotted in Figure 2. 
The dependence of the rate of decomposition on pH at a 
constant total acetate concentration is plotted in Figure 3. 

The effect of changing the solvent from H 2 0  to 99.8% D20 
in buffered acetate solutions decreased the rate 3f decompo- 
sition of the transient. In N20-saturated solutions containing 
1 X M total acetate and 0.1 M 2-propanol, the rate of 
decomposition at pH 3.75 and 4.3 was 0.11 and 0.25  sd,  
respectively. 

Nitrous oxide saturated solutions containing 0.01-2 M 
methanol or ethanol in the pH range 0-6.2, (1-20) X lo4 M 
Cr,? and (9-100) X lo4 M total acetate were irradiated by 
short electron pulses from the linear accelerator. Formation 
of typical absorptions of chromium-substituted alkyl complexes 
was observed. The rate of formation was found to be inde- 
pendent of organic solute, total acetate and acid concentrations, 
and wavelength and was first order in Cr,?: k(R. + Crzf) 

(15) The solutions contained a mixture of free acetate ion and acetic acid. 
The total concentration of [CH,C02-] + [CH3C02H] is denoted as 
total acetate. 

2 3 4 5 

Figure 3. pH dependence of the rate of decomposition of the 
Cr111-C(CH3)20H bond in solutions containing 1 X lo-' M total 
acetate. For the A points the solvent was 99.8% DzO. 

Table I. Effect of pH and Acetate on the Rate of Decomposition 
of (a-Hydroxyalkyl)chromium(III) Complexes 

Total Acetate M 

[alcohol], [OAc-] + 
M [Cr"], M [OHAc], M pH k ,  s-' 

0.1 
0.1 
0.11 
0.90 
0.95 

0.1 
0.1 
0.9 
0.9 

1 
1 
1 
0.1 
1 
1 
1 

CH30H 
2 x 10-4 
2 x 10-4 
1.4 x 10-4 

9 x 10-3 
9 x 10-3 
1.0 x 1 0 - 2  

5 x 1 0 - 4  9 x 
3.65 X 10." 9.5 X 

CH3CH20H 
5 x 1 0 . ~  
5 x 10-4 
3.6 x 10-4 
7.7 x 1 0 - 4  

9 x 10-3 
9 x 10-4 
9 x 10-4 
9 x 10-4 

(CH,),CHOH 

1.0 x 10-2 

1.0 x 10-2 

5 x 10-4 1.0 x 
5 x 10-4 

5 x 10-4 
5 x 10-4 9 x 

5 x IO+ 

1.2 x 10-3 

5 x 10-4 

1.0 x 1 0 - 2  

4.5 x 10-3 
1.0 x lo-2 

5.65 
5.00 
4.80 
4.70 
4.80 

4.95 
5.5 
4.7 
4.6 

5.05 
4.45 
4.4s 
4.85 
4.35 
4.35 
4.25 

0.20 
0.18 
0.145 
0.025 
0.0 29 

0.72 
0.78 
0.097 
0.081 

1.5 
0.81 
0.79 
1.2 
0.29 
0.47 
0.73 

= (2 f 0.2) X lo8 and (1.0 f 0.15) X lo8 M-l s-l for R. = 
C H 2 0 H  and CH3CHOH, respectively. The rates of decom- 
position of the (a-hydroxyalkyl)chromium(III) complexes were 
found to be independent of wavelength and alcohol and Cr,? 
concentrations, but they depended on pH and acetate con- 
centration. The results are summarized in Table I. 
Discussion 

The production of (a-hydroxyalkyl)chromium(III) com- 
plexes in our system is based on the reaction sequence8 (4)-(8). 

H 2 0  - e,;, .H, .OH, Hz, H202,  H30+ (4) 

( 5 )  
H2O 

eaq- + N 2 0  - N2 + .OH 

(6) 

-i, e 

eaq- + H30+ - .H 

*H/.OH + HCRlR20H - *CRiRZOH + H2/H20 (7) 

Cr(H20)62+ + .CRIR20H - (Hz0)5Cr-CR1RzOH2+ (8) 

The addition of acetate has little effect on these reactions as 
the specific rates of reactions 9 are considerably lower than 

*H/*OH + CHjC02- -+ mCH2C02- + H2/H20 (9) 

those of reactions 716 and as the acetate concentrations used 
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are much lower than those of the alcohols. Furthermore, the 
transients in this study have spectra identical with those of 
(H20)sCrCRlR20H2+ in acidic solutions within experimental 
error.8 

It should be noted that complexes of acetate with Cr- 
(H20),2+ are known," but their stability constants are rela- 
tively low and under our experimental conditions over 95% 
of the chromous ions present are Cr(H20)62+. 

The kinetics of decomposition of (H20)5Cr-CR1R20H2+ 
in this study always obeyed a first-order rate law with a rate 
independent of [Cr(H20),Z+] and wavelength of measurement. 
These results prove that the mechanism of decomposition does 
not change from hydrolysis to homolysis due to the change 
in pH. The rate of decomposition of (H20)5-Cr-C- 
(CH3)20H2+ in the pH range 0.0-2.0 (Figure 1) is in 
agreement with the reported rate law (3).8711 However, the 
increase in the rate of decomposition at pH >2.0 clearly in- 
dicates that further terms have to be included in this rate law. 
Such an effect is probably due to an equilibrium of the type 

( H20)5Cr-C( CH,) 20H2+ F? 
(H20)4(0H)Cr-C(CH3)20H+ + H30+ (10) 

where the rate of decomposition of (H20)4(0H)Cr-C- 
(CH3)20H+ is faster than that of (H20)SCr-C(CH3)20H2+. 
If the observed effect would be due to one equilibrium reaction 
of this type, then one would expect a leveling of the observed 
rate of reaction above pKlo and a term proportional to 
[H30+]-' at a pH considerably below the pK. The results in 
Figure 1 clearly do not conform with either of these predictions 
indicating a more complicated mechanism. This is not too 
surprising in view of the expectation that the pK's for the 
following proton losses, Le. to form (H20)S-,(OH),Cr-C- 
(CH3),0H2-" where n = 2-4, are not far from pKlo. It should 
be noted that the increase in the rate of hydrolysis might partly 
be due to the larger gain in the free energy of reaction due 
to the stabilization of the product Cr(H20),(OH),(3-")' 
relative to Cr(H20)63+.18a The observed increase in the rate 
of the hydrolysis reaction of the chromium-carbon bond due 
to the pK of the inner-sphere hydration mo1ecules,lEb suggests 
that the attacking water molecule is not one of those cis co- 
ordinated to the chromium-carbon bond as their acidities, 
electrophilic properties, are expected to decrease due to the 
loss of protons from the other coordinated water molecules. 
We thus suggest that hydrolysis at least in the base-catalyzed 
path occurs via attack of a noncoordinated water molecule. 

The results in the presence of acetate indicate a rate law 
of the form 
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from the straight line in Figure 2. The effect of the acetate 
is probably due to the reaction sequence19 (1 2) and (13) where 
(H20)sCr-C(CH3)20H2+ + CH3C02- 

(H20)4(CH3C02)Cr-C(CH3)20H+ (1 2) 
Hz0 

(H20)4(CH3C02)Cr-C(CH3)20H+ - 
Cr(H20)s(CH3C02)Z+ + CH(CH3)20H (13) 

k13 is considerably larger than k2. The rate observed thus 
probably corresponds to K12k13 = 210 f 10 M-' s-l. We 
estimate K12 - 10 M-' and k12 - lo3 M-' 8' as similar values 
are obtained20 for the association of NCS- to (a-hydroxy- 
alkyl)chromium(III) complexes?2 K12 has to be smaller than 
5 X lo2 M-I as otherwise the plot in Figure 3 would deviate 
from the linear correlation at high [CH3C02-]. On the other 
hand, [CrmCH3C0,]/[Cr3+][CH3COy] = 4.2 X 104 M-I was 
rep0rted.2~ Thus, k13 - 20 s-I is estimated a value ca. 4 orders 
of magnitude higher than that for (H20)SCr-C(CH3)20H2+. 
This increase in rate of the hydrolysis reaction is in accord with 

that NCS- association accelerates this reaction 
though the effect is larger than expected. We note that acetate 
anions were shown to have a similar effect on the rate of 
hydrolysis of (H20)SCrCH2C6Hs2+.'4 

In parallel, we calculate from the results in Table I K12k13 
= 140 f 15 and 29 f 3 M-' s- for the acceleration by acetate 
of the hydrolysis reaction of (H20)SCrCH(CH3)OH2+ and 
(H20)sCrCH20H2+, respectively. It should be noted that we 
cannot rule out the possibility that the effect of acetate is due 
to direct attack on the chromium-carbon bond though this 
seems unlikely.23 

The large effect of acetate coordination on the rate of the 
hydrolysis reaction is surprising as the rate of the pH-inde- 
pendent term for the hydrolysis of [(edta)CrC(CH3)20H]2-24 
equals that for [(H20)SCrC(CH3)20H]2+. This apparent 
discrepancy might be explained if the acetate effect is a trans 
effect. It is known that in CrR complexes the trans ligand 
is labilized, and if the R group in [(edta)CrRI2- is trans to 
one of the nitrogen atoms bound to the chromium, the rate 
of hydrolysis might not be accelerated. The latter might be 
the case if in [Cr(edta)H20I2- the accessible position for attack 
by R. radicals is trans to a nitrogen atom or if both isomers 
are formed but that with -R trans to a carboxylate decomposes 
too fast to be observed. 
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where PcoW is the observed rate of reaction and POW is the 
rate observed at the same pH in the absence of acetate. From 
Figure 2, k,, = 210 f 20 M-' s-' is calculated for the hy- 
drolysis of (H20)5Cr-C(CH3)20H2+. Due to the large value 
of k,,, the dependence of Pow on pH does not show a deviation 
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