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ABSTRACT

Metal complexes of picolinaldehyde are identified as low-cost and environmentally benign catalysts, providing high reaction rates and turnovers
for the racemization of amino acids. These pyridoxal surrogates demonstrate activity toward a variety of amino acid esters. Applications to
chemoenzymatic dynamic kinetic resolutions provide access to amino acids in high yields and with excellent enantioselectivities, demonstrating
their compatibility with protease-mediated transformations.

Chiral amines are critical components of pharmaceuticals,
catalysts, and functional biomaterials.1-3 Despite advances
in enantioselective synthesis, the majority of amines continue
to be manufactured in racemic form, requiring a subsequent
resolution to access pure material.1 An attractive strategy to
improve material throughput would use dynamic kinetic
resolutions that combine amine racemization catalysts with
resolving agents to convert racemic mixtures to single
antipodes.4 Unfortunately, amine racemization remains a
significant challenge, with harsh conditions, high loadings,

toxic metals, restricted substrate scopes, and prohibitive costs
limiting practical applications.5-7

Biomimetic catalysts would provide an attractive alterna-
tive for amine racemization. The primary inspiration for
amine racemization is the enzyme cofactor pyridoxal-5′-
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phosphate (PLP), which uses Schiff base and quinonoid
formation to racemize amino acids under mild conditions
(Figure 1).6a,d,8 Analogues such as pyridoxal, salicylaldehyde,

and 3,5-dinitrosalicylaldehyde have been used in dynamic
kinetic resolutions, but low activity and/or prohibitive costs
limit their utility.6 We report that simple metal complexes
of picolinaldehyde efficiently catalyze amino acid ester
racemization under conditions compatible with enzymatic
resolution. Our reactions facilitate dynamic kinetic resolu-
tions of amino acids and provide an inexpensive and green
alternative to existing methods. This observation is particu-
larly noteworthy since monosubstituted pyridines have not
previously been reported to catalytically activate amines.9-11

Our rationale for using picolinaldehyde metal complexes
was based on the hypothesis that metal binding would
facilitate Schiff base formation in a manner analogous to
the 3-hydroxyl group of pyridoxal-5′-phosphate (PLP; see
Figure 1).12,13 These complexes are particularly attractive
as cation binding is anticipated to enhance reactivity through
coordination to the pyridine nitrogen, stabilizing the electron-
rich quinonoid tautomer B (Scheme 1).9

Initial studies established picolinaldehyde metal chelates
as amino acid racemization catalysts (Table 1). Optimization

efforts revealed that amine racemization occurs fastest in
protic solvents and in the presence of ammonium salts, which
are necessary for promoting Schiff base exchange. Under
optimal conditions, complexes of Zn(OTf)2 and picolinal-
dehyde proved highly effective, racemizing Phe(OMe) at
rates 4-fold faster than Zn(OTf)2/pyridoxal (Table 2, entries
1 and 6). Consistent with our hypothesis, complexes of
4-pyridinecarboxaldehyde that lack the ability to effectively
chelate metals are largely inactive (Table 1, entry 14).

The racemization of Phe(OMe) with various multivalent
cations (select examples shown, Table 1) demonstrated
distinctive trends. Among metal salts, dicationic species with
small atomic radii are most effective,16 whereas the coun-
terion has little effect when incorporated on the metal or as
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Figure 1. Pyridoxal-5′-phosphate (PLP)-mediated amino acid
racemization.

Scheme 1. Picolinaldehyde-Catalyzed Amine Racemization

Table 1. Effect of Metal on the Racemization of Phe(OMe)a

entry metal/aldehyde Xb TONc

1 AgNO3/picolinaldehyde 99.2 0.4
2 Ti(OiPr)4/picolinaldehyde 99.1 0.45
3 Co(AcAc)3/picolinaldehyde 95.6 2.3
4 Cu(OTf)2/picolinaldehyde 88.9 5.9
5 Y(OTf)3/picolinaldehyde 67.3 19.8
6 Ni(AcAc)2/picolinaldehyde 46.8 38.0
7 FeSO4/picolinaldehyde 33.4 54.8
8 Ca(OTf)2/picolinaldehyde 29.9 60.6
9 Zn(OTf)2/picolinaldehyde 27.0 65.4
10d Zn(OTf)2/picolinaldehyded 30.2d 57.9d

11 ZnCl2/picolinaldehyde 25.7 68.0
12 ZnClO4/picolinaldehyde 24.2 71.0
13 Zn(OAc)2/picolinlaldehyde 22.2 75.2
14 Zn(OTf)2/4-pyridinecarboxaldehyde 98.3 0.6
15 Zn(OTf)2/pyridoxal 58.3 27.2

a Reactions were run for 30 min at 0.5 M at room temperature, using
0.02 equiv of aldehyde and 0.02 equiv of Zn(OTf)2. b As determined by
HPLC. c TON was determined from reactions halted at 30 min.14,15

d Reaction was run using free Phe(OMe) in the presence of 1 equiv of
trifluoroacetic acid.
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an exogenous salt (Table 1, entries 9-13). This result is
surprising considering that the Schiff base changes from an L2-
to an LX-type ligand upon deprotonation (Scheme 1). The lack
of salt effects suggests that the active species does not
incorporate these counterions into the metal ligand sphere.

Our studies found that incorporation of either σ- or
π-electron-withdrawing substituents on picolinaldehyde slowed
the reaction rate, whereas electron-rich substituents acceler-
ated racemization (Table 2). This observation was unexpected
as electron-poor substituents on the aldehyde were anticipated
to accelerate Schiff base exchange by increasing imine
electrophilicity and to facilitate proton transfer by stabilizing
the electron-rich quinonoid intermediate. This phenomenon
was examined further by performing Phe(OMe) racemization
in the presence of either Zn(OTf)2 or Ca(OTf)2 with both
5-cyanopicolinaldehyde and picolinaldehyde (Table 2, entries
1 and 2). In the case of picolinaldehyde, little change in
reaction rate was observed, whereas with 5-cyanopicolinal-
dehyde, the use of Ca(OTf)2 resulted in a 20-fold rate
increase over reactions with Zn(OTf)2. The unusual trends
in pyridine substitution and catalysis, coupled with the
observation that different metals affect substituted pyridines
in different ways, may reflect variations in the metal-binding
properties of the substituted pyridines. Accordingly, electron-
poor pyridines would act as weaker σ-donors to disfavor
metal binding and thus inhibit the formation of catalytically
active complexes.

To improve our understanding of catalyst structure and
explore reaction scope, we have examined amine activation
with a variety of substrates. These experiments measured
catalytic activity in the context of deuterium incorporation
to allow simple substrates such as Gly(OMe) to be directly
assessed (Table 3). Among amino acids, less sterically

hindered substrates have proven to be more reactive, with
Gly(OMe) incorporating deuterium fastest and Val(OMe)
incorporating it slowest (Table 3, entries 3 and 7). These
results suggest that either Schiff base exchange is rate-
limiting or that steric congestion around the catalyst impairs
deprotonation. In contrast, reactions are largely insensitive
to the ester substituent, with methyl and t-butyl esters
incorporating deuterium at similar rates (Table 3, entries 1
and 2). The presence of the carboxylate appears to play a
significant role in mediating catalyst activity, with minimal
deuterium incorporation seen with p-nitrobenzyl amine
(Table 3, entry 9) and relatively slow incorporation in the
case of the sterically unencumbered cyanomethyl amine
(Table 3, entry 8). The high reactivity of carboxylate-
containing substrates suggests that the carboxylate is directly
bound to the cation, with the insensitivity toward ester
substitution suggesting that the carbonyl oxygen provides
the coordination (Figure 2).

Table 2. Effect of Aldehyde Electronics on the Racemization of
Phe(OMe)a

a Reactions were run for 30 min at 0.5 M at room temperature, using
0.02 equiv of aldehyde and 0.02 equiv of Zn(OTf)2. b As determined by
HPLC. c TON was determined from reactions halted at 30 min.14,15 d TOF
was determined from TON determined at five time points, run in triplicate
for each reaction (5-65% conversion). e Reactions were run using Ca(OTf)2

in lieu of Zn(OTf)2.

Table 3. Deuterium Incorporation of Selected Aminesa

a Reactions were run for 30 min at 0.5 M at room temperature, using
0.02 equiv of aldehyde and 0.02 equiv of Zn(OTf)2, with % conversions
determined by 1H NMR. b The value of kobs was determined from time
courses run in triplicate and analyzed as pseudo-first-order.

Figure 2. Proposed three-coordinate metal/substrate complex.

1918 Org. Lett., Vol. 12, No. 9, 2010



To examine our system in the context of chemoenzymatic
dynamic kinetic resolutions, we examined the reactions of a
variety of amino acid esters in the presence of both Alcalase
and picolinaldehyde metal complexes (Table 4). Wang and

co-workers have previously established that Alcalase, an
inexpensive and readily available proteolytic enzyme mix-
ture,17 was an effective resolving agent for pyridoxal-
catalyzed dynamic kinetic resolutions.17c Our development
of picolinaldehyde-catalyzed dynamic kinetic resolutions
required several changes to our racemization conditions.

Since protic acid is generated, lithium carbonate was
introduced to buffer the reaction and maintain enzyme
activity. Product racemization is avoided by running reactions
in a mixture of t-butanol and water, which results in the
precipitation of amino acid products. Under optimal condi-
tions, highly enantioenriched products can be directly ac-
cessed by a simple filtration. Aromatic as well as straight-
and γ-branched-chain amino acids are resolved in good yields
with high enantiopurity, whereas �-branched amino acids
are poorly resolved by Alcalase (data not shown).

In summary, a simple biomimetic catalyst has been
introduced that mediates low-cost and environmentally
friendly racemizations of amino acids. Applications to
dynamic kinetic resolutions are described and demonstrate
the compatibility of our catalyst with chemoenzymatic
strategies. The key advantage of this study is that it provides
a readily available amino acid racemization catalyst which
is capable of interacting with a diverse array of substrates.
Future efforts will explore the utility of these simple
pyridoxal analogues in a variety of transformations.
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Table 4. Dynamic Kinetic Resolutions of Amino Acid Estersa

a Reactions were run for 4 h at 0.2 M at room temperature, using 0.1
equiv of aldehyde, 0.05 equiv of Zn(OTf)2, 0.6 equiv of LiCO3, and 1 mL/
mmol alcalase solution. b Isolated amino acid. c As determined by HPLC.
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