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Hydrolysis of a-Amino-acid Esters in Mixed-ligand Complexes with 
2,2’- Bipyridylpalladium(ii) 
Robert W. Hay * and Arup K. Basak 
Chemistry Department, University of Stirling, Stirling FK9 4LA 

a-Amino-acid esters, NH2CH(R)C02R’ (L), interact with [Pd(bipy) (OH2)2]2+ (bipy = 2,2’-bipyridyl) 
in aqueous solution according to the equilibrium ( i )  (R and R’ = alkyl). The kinetics of hydrolysis of the 
ester group in the complexes [Pd(bipy)LI2+ have been studied by pH-stat methods and rate constants 

0) 
K 

[ P d ( b i ~ y ) ( O H ~ ) ~ ] ~ +  + NH3CH(R)C02R’ + [Pd(bipy)(NH2CH(R)CO2R’}l2+ + H30+ + H 2 0  

have been obtained for the kinetic processes ( i i )  and (iii) where A = NH2CH(R)C02- and L = methyl 
glycinate, ethyl glycinate, ethyl L-a-alaninate, ethyl L-P-phenylalaninate, ethyl picolinate, ethyl 
L-cysteinate, and methyl L- histidinate. For the first five esters substantial rate accelerations are 

kHaO 
[Pd(bipy)LI2+ + H20 - [Pd(bipy)A]+ + R’OH + H+ 

[Pd(bipy)LI2+ + OH- - [Pd(bipy)A]+ + R’OH 
(ii) 

(iii) 
kOH 

observed for base hydrolysis (factors of 1.6 x 1 O5 for methyl glycinate to 3.3 x 1 O7 for ethyl 
picolinate). The effects with methyl L-cysteinate and methyl L-histidinate are much less marked, as the 
mixed-ligand complexes with these ligands do not involve alkoxycarbonyl donors. Possible mechanisms 
for these reactions are discussed, and alternative reaction schemes involving a monodentate 
(N- bonded) ester species are considered. Activation parameters have been determined for reactions (ii) 
and (iii) where L = methyl glycinate. 

In a previous paper we have studied the hydrolysis of a 
variety of amino-acid ester ligands (L) in mixed-ligand 
complexes with ethylenediaminepalladium(ir). The mixed- 
ligand complex [Pd(en)LI2 + undergoes ready hydrolysis by 
water and hydroxide ion. It is of considerable interest to 
extend this work to other palladium(1r) complexes in order to 
define the effect of the inert ligand on the hydrolysis reaction. 

Aromatic heterocycles such as 2,2’-bipyridyl (bipy) and 
1 ,lo-phenanthroline (phen) in addition to acting as o-donors 
can also function as fairly effective n-acceptors. Thus such 
ligands are able to stabilise low oxidation states, and the 
replacement of co-ordinated water by bipy, phen, or other 
weak o-donors that also have x-accepting properties usually 
results in an increase in Eo due to greater stabilisation of the 
lower oxidation state. The use of rc-acceptor ligands should 
thus lead to an increase in the Lewis acidity of the metal 
centre and more rapid hydrolysis rates. 

I n  the case of copper(i1) complexes, a variety of experiments 
have been designed to investigate the effects of auxiliary 
ligands on the ability of the metal ion to promote the hydrolysis 
of amino-acid esters. Both the Lewis acidity and the total 
charge carried by the complex are important in determining 
the catalytic activity. Correlations of h,,,,.. vaiues for tri- 
dentate copper(i1) complexes have been noted with both the 
log of the rate constant for the copper(i1) complex catalysed 
hydrolysis of methyl glycinate, and with the log of the form- 
ation constant for the hydroxo-complex of the copper chelate.2 

Currently very little information is available on palladium- 
(11) complexes, although much work has been published on 
the hydrolysis of amino-acid ester ligands in the co-ordination 
sphere of metal centres such as cobalt(iii), copper(ii), and 
nickel(i1). 

Experimental 
The complex [Pd( bipy)C12] was prepared as previously 
de~cribed.~ The diaqua-complex [Pd(bipy)(OH2)2][N03]2 was 

prepared in solution by stirring the chloro-complex with two 
rnol equivalents of AgN03 overnight (with careful protection 
from light). The precipitated AgCl was removed by filtration 
and the filtrate made up to the requisite volume in a standard 
flask. The L-a-amino-acid ester hydrochlorides were purchased 
from Fluka, and converted to the corresponding hydro- 
nitrates [hH3CH(R)C02R’][N03-] (R and R’ = alkyl) by 
stirring with one mol equivalent of AgN03, filtering off the 
precipitated AgCl, and making up to the desired volume in a 
standard flask. For the L-cysteine methyl ester it was necessary 
to prepare the hydronitrate salt from the hydrochloride by 
passage through an ion-exchange column (Amberlite IRA400 
in the nitrate form). 

Only freshly prepared solutions were used in the kinetic 
studies. Ethyl picolinate (ethyl pyridine-2-carboxylate) was 
obtained from Koch Light and distilled before use. All other 
chemicals were AnalaR grade. 

Kinetic Measurements.-Hydrolysis kinetics were monitored 
using a pH-stat. The equipment and general experimental 
technique employed have been outlined el~ewhere.~ The 
concentration of the palladium(i1) complex employed was 
2.23 x lo4 mol dmV3 and the concentration of the amino-acid 
ester hydronitrate salt 2.25 x mol dmW3, in a total 
solution volume of 50 cm3. It was necessary to avoid any 
contamination of the palladium(r1) solutions with chloride 
ion. Leakage of chloride ion from the calomel electrode was 
avoided by the use of a KNOJ salt bridge. The kinetic data 
were obtained as previously described; * all solutions were 
adjusted to I = 0.1 rnol dm-’ with KN03. Values of the 
hydroxide ion concentration were obtained from the pH using 
pKw = 13.997 at 25 “C and a molar activity coefficient y1 of 
0.772. For the variable-temperature studies the following 
values of pK, and y1 were employed : at 30 “C (pKw = 13.833, 
yl = 0.770), at 35 “C (pKw = 13.680, y1 = 0.768), and at 40 
“C (pKw = 13.535, yI = 0.766). The activity coefficients were 
obtained using the Davies equation.’ 

http://dx.doi.org/10.1039/DT9820001819


1820 J. CHEM. SOC. DALTON TRANS. 1982 

Table 1. Infrared spectral data (cm-') for palladium(r1) glycinate 
complexes 

IPd(bipy)(GlyO)l[NO,]. 
t~~ns-[Pd(Gly0)2] * 3H20 

1 642 1 648 
1616 1 620 
1374 1383 
1218 1 228 

771 7 70 
727 720 

* Data taken from K. Nakamoto, ' Infrared and Raman Spectra of 
Inorganic and Coordination Compounds,' 3rd edn., John Wiley, 
New York, 1978, p. 308. 

I I L 
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Figure. Plot of kobs. versus [OH-] for the hydrolysis of [Pd(bipy)- 
(NH2CH2C02Et)]*+ at 25 "C and I = 0.1 rnol dm-3 (KN03) 

Product Analysis.-Solutions of the palladium(n) complex 
and glycine methyl ester hydronitrate were base-hydrolysed 
using the pH-stat technique outlined above but with no 
supporting electrolyte. The solutions resulting from some six 
kinetic runs were then pooled and the solvent removed on a 
rotatory evaporator. The resulting solid was thoroughly 
washed with water, then ethanol, and dried in air. The solid 
analysed reasonably well for the formulation [Pd( bipy)- 
(NH2CH2C02)][N03].3H20 (Found: C, 31.35; N, 12.25. 
Calc. : C, 3 1.85 ; N, 12.4%). The i.r. data ( KBr disc), Table 1, are 
also in accord with this formulation. The complex has a 
strong band due to water at 3 400-3  500 cm-' and sharp 
bands at I 382, v(NO), and 824 cm-', S(ONO), assigned to 
ionic nitrate. The aromatic ring absorption v(C=C) occurs at 
1 605 cm-'. The presence of co-ordinated glycinate is clearly 
indicated by the i.r. data summarised in Table 1 .  

Results and Discussion 
The reaction of the various a-amino-acid esters with [Pd- 
(bipy)(OH2)2]2+ can be summarised by equation (1). The 
equilibrium constant K is sufficiently large that in the pH 

+ h- 
[Pd(bipy)(OH2),I2 + + NH3CH( R)COzR' e 

[Pd(bipy)(NHzCH(R)C02R'}]2+ + H 3 0 +  + H 2 0  (1) 

range 3-5, at a 1 1 ratio of palladium complex to a-amino- 
acid ester, formation of the mixed-ligand complex is essentially 
complete. Thus one rnol of base is consumed per mol of the 
palladium complex in the pH-stat measurements. Formation 
of the mixed-ligand complexes with ethyl picolinate and 
methyl L-p-phenylalaninate is almost complete at pH 3, but 

Table 2. Kinetics of hydrolysis of the ester group in the complexes 
[Pd(bipy)LJ2+ at 25 "C and I = 0.1 mol dm-3 (KN03) 

L 
GlyOMe 

GlyOEt 

I..- 9- PheO Me 

a- AlaOEt 

L-CysOMe 

i--HisOMe 

PicOEt 

PH 
3.93 
4.19 
4.35 
4.60 
5.77 
4.83 
4.94 

3.86 
4.09 
4.18 
4.30 
4.40 
4.61 
4.69 
4.82 

3.06 
3.49 
3.65 
3.88 
4.05 
4.10 

4.26 
4.61 
4.80 
4.96 
5.1 I 

PH 
9.1 1 
9.23 
9.33 
9.47 

9.15 
9.51 
9.75 
9.89 

10.13 

PH 
2.46 
2.60 
2.87 
2.97 
3.10 

1 OIOIOH - ]/ 
rnol dm-3 

1.10 
2.02 
2.92 
5.19 
7.58 
8.82 

11.36 

0.95 
1.60 
1.97 
2.60 
3.28 
5.31 
6.39 
9.45 

0.15 
0.40 
0.58 
0.99 
1.46 
1.64 

2.37 
5.31 
8.23 

11.90 
16.80 

105[OH-]/ 
rnol dm-3 

1.68 
2.52 
2.79 
3.76 

1.84 
4.22 
7.33 

10.13 
15.60 

101l[OH - I/ 
mold dm-3 

0.38 
0.52 
0.97 
1.22 
1.64 

1 o4kob,, * / 
S-' 

5.23 
5.61 
5.83 
6.27 
6.76 
6.96 
7.46 

4.72 
4.82 
4.89 
5.02 
5.05 
5.32 
5.48 
5.83 

9.07 
12.55 
14.26 
17.24 
20.72 
21.90 

7.77 
9.90 

11.11 
12.36 
13.80 

1 O4k0bS. / 
S-' 

3.83 
4.30 
4.93 
6.29 

8.12 
9.00 
9.49 

10.03 
11.76 

104kob,.i 
S-' 

2.76 
2.92 
3.59 
3.96 
4.68 

* Each value of kobs. is the average value obtained in 4 or 5 kinetic 
runs; the rate constants are -f0.005 s-' in every case. 

for the methyl esters of L-histidine and L-cysteine a pH of 9- 
10 is required. Within the pH range 3-6 the hydrolysis of the 
unco-ordinated a-amino-acid esters is extremely slow. 

Plots of log ( V ,  - Vt) ,  where V, is the final volume of 
base consumed and V, is the volume of base consumed at 
time t ,  were linear in all cases. Values of kobs .  (the observed 
first-order rate constant at constant pH) were obtained from 
these plots and are summarised in Table 2. Plots of kobs. versus 
the hydroxide ion concentration were linear with a positive 
intercept (Figure). The rate expression is therefore of the form 
kobS. = ko + koHIOH-], the ko term arising from attack of 
water on the mixed-ligand complex. Values of kHPO == k0155.5, 
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Table 3. Hydrolysis data (k/dm3 mol-I s-’) at 25 “C and Z = 0.1 mol 
dm-3 (KNOJ 

Ester k O H  k H ,  0 koH(este0 a 

GlyOMe (2.0 f 0.1) x lo5 (9.5 f 0.05) x 1od 1.28 
GlyOEt (1.3 f 0.05) x lo5 (8.3 f 0.05) x 1od 0.63 
L-CysOMe 12 f 0.1 (2.9 f 0.05) x lod 0.07 
L-fJ-PheOMe (7.6 f 0.5) x lo6 0.55 
L-HisOMe 2.2 f 0.3 (1.4 f 0.05) x lO-5 0.62 
PicOEt (1.5 f 0.02) x lo7 (3.9 f 0.05) x 1od 0.46 
L-a-AlaOEt (3.3 f 0.5) x los (1.5 f 0.2) x lW5 0.55 

(1.8 f 0.2) x lWs 

Data taken from ref. 3. For -SCH2CH(NH2)C02Me. 

where 55.5 mol dm-3 is the molar concentration of water, 
were determined from the intercept, and values of koH = 
(kobs. - ko)/[OH-] from the slope of these plots. 

The various rate constants obtained are summarised in 
Table 3. Also included in the Table are the rate constants 
koH(ester) previously reported for the base hydrolysis 
reaction, equation (2). For the a-amino-acid esters methyl 

koa(eater) 
NHzCH(R)COZR’ + OH- - 

NHZCH(R)COz- + R’OH (2) 

glycinate (GlyOMe), ethyl glycinate (GlyOEt), methyl L-p- 
phenylalaninate (L-P-PheOMe), ethyl picolinate (PicOEt), and 
ethyl L-a-alaninate (L-a-AlaOEt), the rate accelerations 
denoted by the rate ratio koH/koH(ester) are quite substa$al, 
falling in the range 1.6 x lo5 (GlyOMe) to 3.3 x lo7 for 
PicOEt. Rate accelerations of this magnitude are fully con- 
sistent with the formulation of the mixed-ligand complex as 
in (I) in which there is a direct interaction between Pd” and 
the alkoxycarbonyl group of the ester. The formation of a 

2 +  2+ a \ Pd ,O%’ , OR’ 
f?l, ,NH2CH(R)COzR’ 

Pd 
/ ‘  

/ N  / \ N , ~ ~ ( ~ )  ’ N  

iiioiiodentate N-co-ordinated ester species ( 
to rate accelerations of greater than ca. 10’. 

I) would not lead 
The hydrolysis of - -  

such N-co-ordinated ester species by external nucleophiles 
such as hydroxide ion has been well studied in cobalt(rrr) 
systems.8 The effect of N-co-ordination, both on the pKa 
values of N-co-ordinated amino-acids and on the rates of base 
hydrolysis of N-co-ordinated ester, is similar to that observed 
on protonation of the amino-group. The formation of 
bidentate ester complexes with both copper(I1) and cobalt(n1) 
leads to rate accelerations of 10’-lo6 and the situation 
with palladium(ir) appears to be similar. A further reaction 
scheme can be considered involving complex (11) in which 
there is intramolecular attack by co-ordinated hydroxide ion 
(Scheme). 

Such a mechanism requires that the pK, of the co-ordinated 
water molecule in (11) is at least 6. With the exception of the 
histidine and cysteine esters (which can be bidentate without 
invoking any interaction with the alkoxycarbonyl group) the 
base hydrolysis was studied in the pH range 4-5. Throughout 
this pH range the reaction shows a first-order dependence on 

the hydroxide ion concentration. The intramolecular reaction 
would only show a hydroxide ion dependence if the pKa of the 
aqua-complex was sufficiently high that the concentration of 

2 +  + 

(bipy)Pd, /NH2 -cH(R) C=O I 
Ka 

J + 

Scheme. Intramolecular hydroxide ion attack 

the hydroxo-complex was a linear function of the hydroxide 
ion concentration. Such a situation would only occur if the 
pKa of the aqua-complex was at least 6 (ca. 10% conversion 
to the hydroxo-complex at pH 5) .  In addition it is likely l3 

that such an intramolecular mechanism would lead to sig- 
nificantly higher rate accelerations than are observed in the 
present reactions. The complex [Pd(en)(OHz)z]z + is known 
to exist as the diaqua-species at pH d 4 and [Pd(dien)(OHz)]2’ 
(dien = diethylenetriamine) has a pKa of ca. 7.5.15 Potentio- 
metric titration of [Pd(bipy)(OHz)z]2+ indicates that pKz is ca. 
9. Although the pK of complexes such as (11) is unknown, it 
would be expected that the value would be comparable with 
that for [Pd(dien)(OHZ)]’+ and so the type of intramolecular 
attack shown in the Scheme cannot be completely excluded. 
However, the rate accelerations observed suggest that there is 
little need to invoke the intramolecular type of mechanism to 
account for the present results. 

Activation parameters were determined for the hydrolysis 
of [Pd(bipy)(GlyOMe)lZ+ at I = 0.1 mol dm-3. The temper- 
ature dependences of the rate constants koH and kH,O are 
summarised in Table 4. For koH, AH1 = 90 f 3 kJ mol-I and 
ASZg8f = 160 f 5 J K-’ mol-l, while for kHIO, AH1 = 25 & 3 
kJ mol-I and ASZ9*f = -2260 f. 5 J K-’ mol-’. The activation 
parameters for kHIO must be regarded as somewhat approxim- 
ate as the requisite rate constants were determined by an 
extrapolation procedure. For base hydrolysis of unprotonated 
glycine methyl ester (NHzCHzCO2Me) the activation para- 
meters are AH:  = 39.7 kJ mo1-’ and ASzg8: = - 117 J K-’ 
mol-I. The rate acceleration in base hydrolysis arises solely 
due to the entropy term, as AH1 is considerably higher in the 
metal-promoted reaction. In cobalt(Ii1) complexes it has been 
found that the direct polarisation mechanism involving attack 
of an ‘ external ’ nucleophile such as water or hydroxide ion 
on a ‘ co-ordinated ’ carbonyl group leads 9-13 to rate acceler- 
ations of 105-106 for all substrates, independent of the leav- 
ing group. In addition, the rate enhancement is due entirely to 
entropy factors with no contribution from the A H :  terrn.’j A 
similar situation appears to occur in these Pd” complexes, 
with the proviso that a substantial increase in A H :  is observed 
compared with the base hydrolysis of the free ligand. Intra- 
molecular reactions of the type shown in the Scheme can lead 
to rate enhancements as high as 10” in cobalt(1Ii) 
and in this case AH: factors become of great significance. 

The activation parameters obtained thus lend some support 
to the idea that the present reactions involve hydroxide ion 
attack on a chelated ester species. 

There are quite marked differences between the activation 
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Table 4. Activation parameters for base hydrolysis and water 
hydrolysis of [Pd(bipy)(NHzCH2COzMe)lz+ at I = 0.1 mol dm-j 
(KN03) * 

10-5koHl 105kH,ol 
eJ"C dm3 mol-' s-l dm3 mol-' s-' 

25 2.0 & 0.1 0.95 f 0.02 
30 3.50 f 0.5 1.17 f 0.15 
35 6.69 + 0.3 1.35 -f 0.06 
40 11.73 f 0.2 1.62 f 0.01 

* The correlation coefficients for the least-squares analysis of the 
linear plots are 0.996 (25 "C), 0.999 (30 "C), 0.9997 (35 "C), and 
0.996 (40 "C). For koH AH* = 90 f 3 kJ mol-', AS29at = 160 f 5 
J K-I mol-' (correlation coefficient = 0.9996); for kHsO, A H t  = 
25 f 3 kJ mol-', AS298t =; -260 f 5 J K-' mol-' (correlation co- 
efficient = 0.997). 

parameters for hydroxide ion and water attack, however, firm 
conclusions cannot be drawn from the results as activation 
parameters are not available for the reaction of H 2 0  with 
NH2CH2C02Me. Possibly there may be some initial inter- 
action between the palladium(I1) complex and hydroxide ion. 
This interaction may only involve the formation of a kinetic- 
ally important ion pair, which should be favoured by the 
dipositive charge on the complex. 

The relative small rate accelerations observed with methyl 
L-cysteinate (L-CysOMe) [ k o H / k o H ( e s t e ' )  = 1641 and methyl 
histidinate (HisOMe) [ k o H / k o H ( e s t e ' )  = 3.61 suggest that in 
these cases the alkoxycarbonyl group is not bonded to the 
metal ion. The CysOMe complex is expected to have the 
structure (111) in which the donor atoms are thiolate sulphur 
and the a-amino-group. A similar situation (IV) is likely with 

q\pd/ NH2 C H H C o 2  Me 

I 

2 +  

C02 Me 
N-CH' 

H 

HisOMe, where the a-amino-group and the pyridine nitrogen 
of the imidazole ring act as donors. A number of previous 

have shown that the formation of such com- 
plexes with pendant ester groups leads to only relatively small 
rate accelerations. 

Comparative values of koH for the base hydrolysis of [Pd- 
(en)LI2+ and [Pd(bipy)L]'+ complexes are listed in Table 4. 
For those esters in which there is believed to be a direct inter- 
action between the metal ion and the alkoxycarbonyl group 
there is a small (3-5 times) rate acceleration in the [Pd- 

Table 5. Comparative values of koH (dm3 mol-' s-') for the base 
hydrolysis of the complexes [Pd(en)L]'+ and [Pd(bipy)L]*+ at 25 "C 

kOH- kOH' koH{[Pd(en)Llz+ 1 
L W"n)LIZ + 1 {[Pd(bipy)LI2 + 1 koH{[Pd(bipy)LI2 + 1 

GlyOMe 6.3 x 104 2.0 x 105 3.2 
GlyOEt 2.5 x lo4 1.3 x los 5.2 
L-a-AlaOEt 6.2 x lo4 3.3 x los 5.3 
HisOMe 12.8 2.2 0.2 
PicOEt 6.5 x lo6 1.5 x lo7 2.3 

(bipy)LI2+ complexes, and there does appear to be a small, 
but genuine effect of the inert n-acceptor ligand. Some ' fine 
tuning ' of these reactions using different inert ligands is thus 
possible. Little formation constant data are available for Pd" 
amine complexes. For the palladium(Ir)-ethylenediamine 
system a value of log p2 = 26.90 has been reported,22 but there 
appear to be no analogous data for the palladium(r1)-bi- 
pyridyl system. For nickel(I1) the requisite formation constants 
are, for bipy log K1 = 7.13 and log K2 = 6.88, and for en log 
KI = 7.52 and log K2 = 6.1 1 at  20 OC." The quite comparable 
formation constants would also suggest that the catalytic 
effects of the two Pd" iomplexes would not be markedly 
different since the Lewis acidity of the metal centres will be 
quite similar. 

Attack of water on the [Pd(bipy)L]'+ complexes as deter- 
mined by the k o H / k H , O  ratios is some 2 X 10" slower than 
that of hydroxide ion. Such a value for the relative nucleo- 
philicity of hydroxide ion and water is very comparable with 
the data obtained for [Pd(en)L]'+ complexes I and for a 
variety of copper(I1) c~rnplexes.~' Hydroxide ion does have a 
somewhat higher reactivity towards[ Pd(en)(PicOEt)]'+, with 
k O H / k H , O  = 3.8 X 
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