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Abstract—A 4.5-fold difference in catalytic hydrolysis rate constants between stereomer pairs was achieved
as a result of the incorporation of bulky substituents into chiral cyclopalladated arylamines used as catalysts for
hydrolysis of esters of optically active amino acids. An unexpected inversion of catalyst stereoselectivity
depending on the bulkiness of substituents at the palladacycle a-carbon atom was discovered.
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The design of simple hydrolytic systems capable of
separating racemates into optical isomers via kinetic
optical induction is promising for separating enanti-
omers of optically active carboxylic acids and amino
acids [1-4]. This strategy is efficient in fine organic
synthesis, including large-scale production of drugs.

One possible strategy to solve this problem is to use
cyclopalladated arylamines with one or several chiral
centers as hydrolysis catalysts. It is well known that
such complexes can enhance hydrolysis of ester bonds
[5-7]; in some cases [8, 9], there is a considerable dif-
ference between the rate constants of the reaction
depending on the optical configuration of the reagents.

The chemistry of catalytic hydrolysis in the pres-
ence of palladacycles is as follows [10-12]: in aqueous
solutions, a strong nucleophilic center is generated in
such complexes with the hydroxo ligand coordinated in
the frans-position to the aromatic carbon atom, which
performs the nucleophilic attack at the carbonyl atom
of the ester. The mechanism of this reaction resembles
the hydrolysis of peptide bonds catalyzed by carbox-
ypeptidase A [13] or hydrolysis of ester bonds cata-
lyzed by carboanhydrase [14]. Therefore, a situation
appears in palladacycles where biomimetics is targeted
not only at modeling active sites of enzymes but also at
imitating the main features of enzymes, namely, high
activity and stereoselectivity.

Ortho-palladated arylamines are convenient sub-
strates for accommodating optically active centers;
there are two sites for their accommodation: (a) in the
side chain and (b) at the chiral nitrogen atom (Fig. 1).

Hydrolysis rates for esters of optically active o-
amino acids catalyzed by chiral cyclopalladated ary-
lamines are affected by the configurations of the chiral
centers of the substrate and catalyst [8, 9]. Complexes

of phenylethylamine (I), N,N-dimethylphenylethy-
lamine (II), and N-methylphenylethylamine (III) were
used as catalysts (Fig. 2).

In catalytic hydrolysis of sulfur-containing amino
acid derivatives, which occurs by an intramolecular
mechanism, the difference between the reaction rates of
stereomers increases from ortho-palladated primary
arylamines (k¢/ky = 1.1) to tertiary ones (k¢kp = 1.5);
the catalytic effect is highest when the reacting ester
and complex have the same absolute configurations of
their chiral centers. The efficiency of intramolecular
catalysis is higher when the reacting complex and ester
have opposite absolute configurations of their chiral
centers; catalytic hydrolysis rate constants for two ste-
reomer pairs coincide within the error. The maximal
difference between the rates is observed in the catalysis
by cyclopalladated secondary arylamines, being 2.3
times for the phenylalanine derivative [8, 9]. In view of
the aforesaid, we can infer that the hydrolysis selectiv-
ity for chiral substrates is affected by both chiral cen-
ters, the chiral nitrogen atom having a stronger effect
than the chiral center at the benzyl carbon atom.

To improve the hydrolysis selectivity, we decided to
design catalysts with bulkier substituents at both the
nitrogen and carbon atoms (Fig. 3).
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Fig. 1. Chiral centers in palladated benzylamine.
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Fig. 2. Cyclopalladated amines used as catalysts for hydrol-
ysis of o-amino acid esters.
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Fig. 4. Groups potentially affecting the nucleophilic substi-
tution selectivity in amino acid esters.

RESULTS

Hydrolysis of 4-Nitrophenyl Ester
of N-BOC-L-Methionine Catalyzed
by Chiral Palladacycles

Figure 4 schematizes the interaction of a palladium-
coordinated hydroxide ion with a carboxy carbon atom.

For the attack of a hydroxy group to occur at the car-
bonyl carbon atom, they must closely approach each
other; group 1 and group 2 can both affect this
approach, but the effect of group 1 on the spatial
arrangement of parts of the transition state is weak.
Bulky group 2 can decrease the absolute value of the
hydrolysis constant in view of strong steric hindrances
to the approach of the carbonyl carbon atom and
hydroxy group. At the same time, the hydrolysis selec-
tivity should increase: for the palladacycle with the
chiral center of the opposite configuration, the
approach of the hydroxy group will be hindered by the

MEDVED’KO et al.

R
o
A
/ Pd\ A
Py Cl
IVa: R = (5)-Me IVe: R = (S)-Et
IVb: R = (R)-Me IVd: R = (R)-Et

Fig. 3. Ortho-palladated N-isopropylalkylbenzylamines
with the absolute configuration of the benzyl carbon atom
indicated. The configuration of the chiral center associated
with the nitrogen atom is opposite to the configuration of
the chiral center associated with the carbon atom.
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Fig. 5. Spatial hindrance to the attack of a palladacycle of
identical configuration on L-methionine.

interaction between isopropyl group 2 and the phenyl
ring (Fig. 5).

The catalytic hydrolysis rate constants (Table 1) in
part support the above-assumed effect of substituents in
the catalyst molecule on the reaction rate. Compounds
IVe and IVd obey the above model. For compounds
IVa and IVb, however, the diametrically opposite
effect is observed, possibly because of the different
conformations of the transition state for ethyl and
methyl substituents.

Hydrolysis of 4-Nitrophenyl Esters
of N-BOC-L-Isoleucine and N-CBZ-L-Phenylalanine
Catalyzed by Chiral Palladacycles

Esters of amino acids lacking donor atoms in the
side chain (these atoms are capable of binding to palla-
dium) are hydrolyzed by an intermolecular mechanism
[8]. In this work, we studied the hydrolysis of N-BOC-

Table 1. Catalytic hydrolysis rate constants for N-BOC-L-methionine 4-nitrophenyl ester catalyzed by various substituted

chiral palladacycles

Compound Compound no. R, R, kear LI(moOL S) | keoo(R) Kio(S) T, °C
R, IVa (S)-Me (R)-i-Pr 3.72 e 25
Vb (R)-Me ()-i-Pr 6.71 25
QZ;NH\RZ Ve (S)-Et (R)-i-Pr 8.28 25
Py I vd (R)-Et (S)-i-Pr 5.20 06 25
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Table 2. Catalytic hydrolysis rate constants for N-carbobenzoxy-L-phenylalanine 4-nitrophenyl ester and N-fert-butoxycar-
bonyl-L-isoleucine 4-nitrophenyl ester catalyzed by various substituted chiral palladacycles

: e d ke X 102, o
Compound Amino acid | T POHR R, R, Lc7zr>riol o | ka®Vkeu(S) | T.°C
IVa (S)-Me (R)-i-Pr 1.06 45 30
IVb (R)-Me (8)-i-Pr 5.06 ' 30
N-CBZ-L-Phe :
R, IVe (S)-Et (R)-i-Pr 0.56 57 30
@\—( vd (R)-Et (8)-i-Pr 151 ' 30
pgNH\RZ IVa (S)-Me (R)-i-Pr 3.14 05 45
py” i Vb (R)-Me (S)-i-Pr 148 ' 45
N-BOC-L-Ile -
IVe (S)-Et (R)-i-Pr 0.88 55 45
Ivd (R)-Et (8)-i-Pr 1.95 ' 45
Table 3. Chiral secondary o-alkylbenzylamines
Compound | Boiling temperature, .
Compound nI()). g on [og]g) Yield, %
(-)-N-isopropyl-(15)-1-phenylethylamine Va 53-55 (3 mmHg) -59.9° 76
(+)-N-isopropyl-(1R)-1-phenylethylamine Vb 67-69 (6 mmHg) +59.7° 76
(-)-N-isopropyl-(15)-1-phenylpropylamine Ve 73-74 (3 mmHg) —45.3° 86
(+)-N-isopropyl-(1R)-1-phenylpropylamine vd 72-73 (3 mmHg) +47.6° 83

L-isoleucine and N-CBZ-L-phenylalanine 4-nitrophe-
nyl esters catalyzed by chiral cyclopalladated com-
plexes (Fig. 4); the rate constants of the relevant reac-
tions are listed in Table 2.

Comparing the ratio of the rate constants obtained
for N-CBZ-L-phenylalanine hydrolysis in the presence
of compounds I'Va and IVb with the ratio of the hydrol-
ysis constants for the same substrate but in the presence
of cyclopalladated secondary benzylamines having a
methyl substituent at the nitrogen atom [9], we see that
the bulkier isopropyl radical enhances the kinetic opti-
cal induction effect considerably, from 2.3 [9] to 4.5
times. The hydrolysis rate constant is greater when the
ester and palladacycles have different absolute configu-
rations, in agreement with our suggested kinetic optical
induction mechanism [9].

For isoleucine ester with the use of compounds I'Va
and IVb, we observe the same phenomenon as for
methionine ester (Table 1), namely, the inversion of cat-
alyst selectivity. Methionine and isoleucine esters are
similar in that the transition state in their reaction with
the palladacycle will have one more chiral center than
for phenylalanine. For example, isoleucine itself has an
extra chiral center in the side chain; in methionine, a
chiral center is associated with the sulfur atom that
bears four different substituents (assuming that inver-
sion at the sulfur atom is sterically hindered). There-
fore, the effect observed for methionine and isoleucine
esters, presumably, arises from the existence of an extra
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(third) chiral center in the transition state, this extra
chiral center affecting the difference between the cata-
lytic activities of palladacycles with different optical
configurations.

Thus, this work demonstrates the possibility of
increasing the selectivity of a-amino acid ester hydrol-
ysis via increasing the bulkiness of the substituent at the
nitrogen atom. An unexpected effect was discovered:
inversion of the catalyst activity occurred in response to
variations in radical length in the side chain of cyclo-
palladated arylamine.

EXPERIMENTAL

NMR spectra were recorded on a Bruker Avance
400 instrument. Spectrophotometric experiments were
carried out on Hitachi 150-20 and Shimadzu UV-160A
spectrophotometers equipped with thermostated cells.
Specific rotation at the sodium D-line frequency was
measured on a VNIIEKIprodmash A1-EPO automated
polarimeter.

Synthesis of Cyclopalladated Complexes

Chiral secondary c-alkylbenzylamines were syn-
thesized as described in [15] (Table 3); dimeric pallada-
cycles were synthesized as described in [15] (Table 4),
and monomeric palladacycles were also synthesized as
described in [15] (Table 5). All compounds were char-
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Table 4. Dimeric palladacycles

MEDVED’KO et al.

Compound Conlll%ound Boiling tgrélperature, (o] ?)o Yield, %
Di-p-chlorobis(N-isopropyl)-(15)-1-phenyl- IVa 200-203 (dec.) +127.7° 76
ethylamine-2C,N)dipalladium(II)

Di-p-chlorobis(N-isopropyl)-(1R)-1-phenyl- IVb 203-205 (dec.) -130.6° 72
ethylamine-2C,N)dipalladium(II)

Di-p-chlorobis(N-isopropyl)-(15)-1-phenyl- IVe 170-173 (dec.) +126.8° 82
propylamine-2C,N)dipalladium(II)

Di-p-chlorobis(N-isopropyl)-(1R)-1-phenyl- Ivd 175-178 (dec.) -118.0° 85
propylamine-2C,N)dipalladium(II)

Table 5. Monomeric palladacycles

Compound Corrlllp())ound Boiling te(:)r(r;perature, [a] %30 Yield, %
Chloro-(N-isopropyl)-(1S5)-1-phenylethyl- IVa 117-122 (dec.) +230.2° 76
amine-2C,N)(pyridine)palladium(II)

Chloro-(N-isopropyl)-(1R)-1-phenylethyl- IVb 117-120 (dec.) -231.0° 78
amine-2C,N)(pyridine)palladium(II)
Chloro-(N-isopropyl)-(15)-1-phenylpropyl- IVe 123-128 (dec.) +212.5° 83
amine-2C,N)(pyridine)palladium(II)
Chloro-(N-isopropyl)-(1R)-1-phenylpropyl- Ivd 125-129 (dec.) -213.3° 90
amine-2C,N)(pyridine)palladium(II)
Table 6. Elemental analysis data for monomeric palladacycles
C, % H, % N, %
Compound
found calcd found calcd found calcd
IVa 50.06 5.58 7.18
50.20 5.49 7.32
IVb 50.24 5.46 7.23
IVe 51.29 5.70 7.05
51.45 5.80 7.06
Ivd 51.27 5.90 7.03

acterized by "H NMR spectra; for monomeric pallada-
cycles, elemental analysis was done (Table 6).

Kinetic Experiments

Hydrolysis of 4-nitrophenyl amino acid esters cata-
lyzed by ortho-palladated complexes was studied in
0.01 M phosphate buffered solution (pH 8). The hydrol-
ysis kinetics was monitored spectrophotometrically by
accumulation of 4-nitrophenolate ion at 395 nm. Hydrol-
ysis was initiated by consecutive addition of stock solu-
tions of the palladium complex and ester in acetonitrile
to the spectrophotometer cell. The final reagent concen-
tration in the cell was 1 X 107 to 9 x 10~ mol/L for ester
and 2 X 107 to 6 X 10~* mol/L for the metal complex.
The acetonitrile concentration in the reaction mixture
was 10%.

MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol. 63

Kinetic parameters were found by nonlinear regres-
sion analysis using the SigmaPlot software. Observed
pseudo-first-order rate constants k,, were derived from
the rate curve using

D(t) = Din + (Din - Dfin)exp(_kobst)’

where D(f), Dg,, and Dy, are, respectively, optical den-
sities at moment £, at the finish of the reaction, and in
the initial moment. The rate curves were described by a
first-order equation over at least five half-reaction
times. From the relationship between the pseudo-first-
order observed rate constants and palladium complex
concentration, catalytic hydrolysis constants k., were
found from kg, = ky + k. [Pd(I)], where k, is the rate
constant of background hydrolysis of the ester and
[Pd(ID] is initial palladium complex concentration
based on monomer.
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