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Isotactic polyethylenimines with (
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S)-4-benzyl-2-oxazolines. When  a-keto acids were subjected

to transamination in the presence of this polymer, and a pyridoxamine coenzyme modified with hydrophobic chains, enantioselectivity toward

the natural isomer ( L > p) was observed, followed by racemization of the amino acid products. However, the racemization did not occur when
the coenzyme was covalently attached to the polymer.

Natural enzymes catalyze reactions with regio- and ste-used a molecularly imprinted polynfeas transaminase
reospecificity. Chemists, inspired by the natural enzymes, mimics. Our group has achieved a high degree of chiral
try to mimic them in order to develop synthetic systems that induction in transamination reactions with pyridoxamine
can achieve high selectivity in chemical transformatibns. systems having rigidly attached chiral side chdinad more
Achievement of high chiral induction in the amino acid recently, enzyme mimics consisting of pyridoxamines co-
products from transaminase mimics has attracted a numbewalently linked to reduced peptide have induced moderate
of research groups worldwide. to high chirality®

Besides our work in this field, Schultz used catalytic =~ Transaminase enzymes perform a series of general acid
antibodies, Imperiali used polypeptidepyridoxamine chi- and general base catalyzed reactions in chiral environments

meras’ Destefano used an adipocyte lipid binding protein,
Jorgensen used metathiral ligand system3and Nicholls

to afford chiral amino acid$Polyethylenimines (PEISs) titrate
over a range of pH-313, having both effective amino group
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general bases and ammonium group general acids ne
neutrality, and thus can act as efficient transaminase mimics.

Scheme 2. Synthesis ofl

Recently, we have described transaminase mimics consisting

of pyridoxamines covalently linked to branched PEls,
carrying long-chain alkyl chains. They convertedketo
acids to amino acids with up to a 240000-fold rate enhance-
ment relative to the reaction with simple pyridoxamine at
the same total pyridoxamine concentratiériz We have also
used noncovalent polymepyridoxamine systems as enzyme
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mimics, in which pyridoxamines carrying hydrophobic side
chains boundralong with the substratesnto hydrophobic
regions of the PEI& The latter showed even better rate
enhancement, as much as 725000-fold with the hydrophobic
indolepyruvic acid that forms tryptophahln all of these
cases, the polymer, being achiral, formed racemic mixtures
of the product amino acids.

Incorporating the features of hydrophobicity in a chiral
environment, and general aeideneral base catalyst, we
have briefly described a transaminase mimic with non-
covalently bound pyridoxaminechiral polyethylenimine
systems (Scheme B.
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aReaction conditions: 5.& 10~ mol/L of pyridoxamine4, 10
g/L of PEI, 5 x 104 EDTA, 5 x 103 mol/L of 3-methyl-2-
oxopyruvic acid,t = 20—25 °C. pH values reported here are as
read with a glass-electrode calibrated against aqueous buffers.

The chiral PEI1 with (§-benzyl side chains was synthe-
sized from 4-§)-4-benzyl-2-oxazolin® via a cationic ring-
opening polymerization using methyl tosylate as the initiator

ylenimine) 2 with a base (Scheme 2), following Saegusa'’s
method!®1” The methyl group of the butoxy group served
as the NMR probe for the determination of degree of
polymerization. Complete absence of the formyl groups in
the hydrolyzed product was confirmed by IR spectroscopy,
where the strong formyl €0 stretching at 1668 cm of 2
disappeared, and also Bl NMR spectroscopy, where the
broad formyl proton peak arourdd?7.7 of the precursor was
absent.

The average degree of polymerization (DP) with 2 mol
% of initiator (compared to the oxazoline) was ca. 50, with
3 mol % was ca. 30, and with 6 mol % was ca. 13. The
polydispersity of the chiral PEI's determined by GPC were
1.01, 1.07, and 1.20 for the 50-mer, 30-mer, and the 13-
mer, respectively. The low polydispersity values are in
accordance with the highly living nature of the polymeriza-
tion, where the DP values are very close to the oxazoline/
initiator ratio!® Prior to our work, Goodman et al. had
synthesized optically active polyoxazolines (including the
50 mer?2) following Saegusa’s method, and from circular
dichroism studies had shown that polyoxazolines obtained
via this kind of cationic ring opening polymerization are
isotactic in naturé?

The ©-benzyl side chains of the polymetscan form a
chiral hydrophobic pocket in which the nonpolar alkyl chains
of the pyridoxamine coenzymé® can bind, and thus, the
transamination reaction can take place in a chiral environ-
ment, as in the natural system, to give chiral induction in
the amino acid products. Indeed, high enantioselectivity was
achieved when the 50-mer in ca. 40% aqueous methanol (v/
v%) at pH 7.3-7.8 produced./b valine with a ratio of 83/

17 (ca. 5-7% conversion), but unfortunately the amino acid

racemized at higher conversion. The ratia fof valine with

the 30- and 13-mers were slightly less (78/22 and 71/29,
respectively). Enantioselectivity at the initial stage of tran-

samination, followed by racemization of the amino acid

products, was also reported by Bernauer with Cu(ll) com-

and 1-butanol as the terminator and subsequent deformylatiorplexes ofC,-symmetric ligands and Schiff bases of keto acids

of the N-formamide groups of poly{-formyl-1-benzyleth-
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and pyridoxaminé&®

Interestingly, racemization was never observed with py-
ridoxamines that were covalently attached to other catalytic
units, including amine$? We believe that the Schiff base
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product between a pyridoxal and the amino acid can move reaction time or the conversion did not affect the relative
into water and racemize before hydrolysis. Thus in order to amounts of the two enantiomers to any significant extent,
overcome the problem of racemization, we have now which indicated that the problem of racemization that was
explored pyridoxamine systems that are covalently attachedobserved in the noncovalent system was eliminated with this
to a chiral isotactic linear polyethylenimine carrying)-( covalently attached system. Under the same conditions, when
benzyl side chains. When the cofactor is covalently attached phenylpyruvic acid was subjected to transamination, the ratio

to the polymer, it is in a chiral environment where racem-
ization is slow.

PEI 1 was acylated with th&l-hydroxysuccinimide ester
of 3,3-dithiopropionic acid (Scheme 3). The disulfide bonds

Scheme 3. Synthesis ob

o)
HO-N
,EDC o. S
o o Y\/ %
[o S+ CH,.Cl, 2
Y\/ 2* N’o
OH rt,eh
o)
. . [o s+*
N g T\/ ;
NaCOs (5) N TR
t, 1h \©
OH
1. NaBH,4, EtOH NH; z |
2 HzN o S AN
o Y\/
=z Br * N
Sy e TH \/TE
t, 2h 5 \©

were reduced with sodium borohydride to produce the
thiolate groups in situ, which were then alkylated using the
5-bromomethyl analogue of pyridoxamine to yield the chiral
PEI—pyridoxamine systerf. The polymer was precipitated
from a solution of sodium carbonate to remove any unbound
3-thiopropionic acid and pyridoxamine impurities, centri-
fuged, washed with water, and lyophilized. From thé
NMR integration, it was found that ca. 9% of the polymer
nitrogens carried the pyridoxamine units. From the intensity
of the UV—vis spectrum ob at 318 nm, comparing it with
the absorption of a standard solution of pyridoxamine, the
amount of pyridoxamine attached to the polymer was
estimated to be ca. 10% of the maximum possible value, in
reasonable agreement with the NMR results.

When the sodium salt of 3-methyl-2-oxobutanoic acid was
subjected to transamination with the chiral PEI-pyridoxamine
system5 in aqueous methanol (3510% v/v) at pH 5.5 in
the presence of EDTA, and the product, after derivatization
with o-phthalaldehyde andll-acetylcysteine, was analyzed
by reversed-phase HPLZ an enantiomeric ratio of 58/42
+ 3% of valine ( > p) was observed. In this case, the
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of L/pb phenylalanine was found to be 69/3 2 %, an
increase that can be attributed to better hydrophobic binding
of this keto acid to the polymerpyridoxamine system.
4-Hydroxyphenylpyruvic acid, which is less hydrophobic
than phenylpyruvic acid, gave a ratio of 63/372% of the

L/D tyrosine. Thus, with this system the highest enantio-
selectivity so far was achieved with phenylalanine, reflecting
its stronger interaction with the hydrophobic polymer.

We examined whether a shorter spacer, instead of a
thiopropionyl spacer, could bring the pyridoxamine reaction
center closer to the chiral units and increase the stereo-
selectivity. Thus, we synthesized the chiral PRyridox-
amine systemb via a substitution reaction of the Boc-
protected pyridoxamine dimesyl estéwith the chiral PEI,
and subsequent deprotection of the mesyl group with sodium
ethoxide in ethanol, followed by the deprotection of the Boc
group with trifluoroacetic acid (Scheme 4). The resulting

Scheme 4. Synthesis 06
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pyridoxamine-PEI 6 was purified by the method descibed
previously. The'H NMR spectrum of6 indicated that ca.
8% of the polymer nitrogens were attached to the pyridox-
amine (UV—vis measurement indicated 9%).

When phenylpyruvic acid was transaminated in the pres-
ence of this system under conditions identical to those
described above, the ratio ofo phenylalanine was 71/29
+ 3%, essentially the same as obtained with the PEI
pyridoxamine systend. Changing the length of the tether
did not enhance the chiral induction significantly, and both
of these systems are less effective in inducing chirality than
the noncovalently bound pyridoxaminé){-chiral PEI @)
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PEI 1 was partiallyN-acylated using 0.2 equiv of #rt-
Scheme 5. Synthesis ofL0 butylbenzoy! chloride to give polymes (Scheme 5). The
NMR spectrum indicated that about 15% of the polymer

o) nitrogens were acylated. Polym@wvas then alkylated with
>\—< >—é 5-deoxymethyl-5-bromomethylpyridoxamine in dichloro-
cl o i : .
methane-DMF in the presence of sodium carbonate to give
. N .
I YR

%:;g'és © 9. When 0.25 equiv (with respect to polyn&rof 5-deoxy-
Tomec methyl-5-bromomethylpyridoxamine was used, it was found
8 \© that only ca. 8% of the polymer nitrogens®ivere attached

OH to the pyridoxamines. Removal of thetdr-butylbenzoyl
HNTNY OH groups of the polyme® with potassium hydroxide in ethanol
Bra N 2HBr HN" gavelo.

N When phenylpyruvic acid was subjected to transamination
CHClDMF g N with polymer 10, the ratio ofL/p phenylalanine was found

) a oz to increase up to 76/24 3% (highest 79/21).
ﬁo The efficacy of PEI chains in transamination wih 6,

and 10 is established by the rate accelaration relative to
pyridoxamine without any PEI under identical conditions.
Polymer 5, 6, and 10 showed rate enhancement of the

OH
N pseudo-first-order reactions with factors of 1369, 1178, and
: g 'N 1021, respectively, at pH 5.5. The agreement between

KOH, EtOH . [ different runs was within 15%.

S Thus, in this work, we have demonstrated enantioselec-
reflux oL . . . . . . .
tivity in transamination reaction with a new isotactic PEI in
\© a less than fully agueous environment. The reversibly bound
10 systems were somewhat more effective than the covalently

linked version, but the reversible systems showed product
racemization that was not seen in the covalent cases.
system. However, the benefit of using the covalent systemsRegeneration experiments to afford turnover, as we have
5 and6 was that the problem of racemization encountered described with our nonchiral systefid are currently in

in the noncovalent system was solved here. progress.
We envisaged that one reason for the lower values of chiral
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