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Polymeric and dendrimeric pyridoxal enzyme mimicsq
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Abstract—Pyridoxal was covalently attached to polyethylenimine polymers, but the resulting materials were found to degrade
rapidly. In comparison, the dendrimeric pyridoxals, which possess only one pyridoxal unit at the core of every dendrimer molecule
were found to be relatively stable compounds. A total of 12 poly(amidoamine) type dendrimers were synthesized. They range from
G1 to G6 with either NMe2 or NHAc termini. The NMe2-terminated pyridoxal dendrimers racemize a-amino acids 50–100 times
faster than does simple pyridoxal, while the NHAc-terminated pyridoxal dendrimers racemize a-amino acids only 3–5 times faster
than does simple pyridoxal. Both the NMe2- and NHAc-terminated pyridoxal dendrimers decarboxylate 2-amino-2-phenyl-prop-
ionic acid 1–3 times faster than simple pyridoxal. The interior polarity in the pyridoxal dendrimers is similar to that of 85:15 water–
DMF solution. Furthermore, we successfully incorporated eight lauryl groups to the G5 pyridoxal dendrimer at known positions.
The laurylated dendrimer exhibits lower racemization and decarboxylation rates than do the unlaurylated ones, in contrast to the
positive rate effects of laurylation in polyethylenimine–pyridoxamines in our previous transamination studies.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Natural enzymes are macromolecules. The macromo-
lecular structures offer ideal frames for construction of
versatile and robust catalytic sites. Strong and selective
binding of the substrate is attained through a combi-
nation of the hydrophobic effect and various specific
substrate–enzyme interactions such as hydrogen bond-
ing and salt bridge. The macromolecular structure can
also create regions in which the catalyzed reactions
occur in a less than fully aqueous medium.

In comparison with natural enzymes, most artificial
synthesized enzyme mimics are small molecules.
Although many features of the real enzymes have been
well mimicked by these models, it remains to mimic the
role of the macromolecular character of enzymes in
catalysis. For this reason, there has been interest in
examining synthetic polymers as enzyme mimics.

Irving Klotz pioneered the use of polyethylenimine
(PEI) derivatives as enzyme mimics.1–7 He showed that
attachment of dodecyl groups and methyleneimidazole
groups to PEI yielded a catalyst that was very effective in
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hydrolyzing activated esters such as 4-nitrophenyl ace-
tate and in the decarboxylation of isoxazole derivatives.
He called these catalysts ‘synzymes’. His reference
included Junghun Suh as a co-author,3;7 and Suh has
pursued this area further. Suh summarized his work in a
recent account,8 and has used not only PEI but also
polystyrene with appropriate attached basic groups.9;10

Recently, Kirby and co-workers have described studies
on the ‘synzymes’ derived from PEI, catalyzing the ring
opening of benzisoxazoles.11;12

There were no previous examples in which a cofactor
such as pyridoxamine was incorporated into polymeric
enzyme mimics, so we recently undertook such a study.
We reported a great increase of transamination rate for
the pyridoxamine–keto acid system when we attached
pyridoxamine to PEI carrying some attached lauryl
groups.13 We reported that hydrophobic effects exert
profound effects on rates and substrate selectivities in
the PEI–pyridoxamine transaminase mimics.14 We also
reported that the catalytic effects are seen with PEIs
ranging from Mn ¼ 600 up to 60,000, and the variation
in polymer size does not strongly affect the polymer-
induced acceleration.15

We saw that the excellent general acid–base catalysis
exerted by the polyamines is one of the reasons for the
large rate enhancement. We also saw that the lauryl
chains attached to the polymers create regions in which
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the rate constants are substantially increased and into
which hydrophobic keto acid substrates selectively bind.
Nevertheless, the PEI polymeric enzyme models do not
have a well-defined structure, and each polymer mole-
cule contains more than one coenzyme unit. Thus, we
recently synthesized a number of poly(amidoamine)
(PAMAM) dendrimers in the core of which a single
pyridoxamine was covalently attached.16 We found that
the G6-PAMAM–pyridoxamine dendrimer is compa-
rable to the PEI–pyridoxamine polymer in transami-
nating pyruvic and phenylpyruvic acids to alanine and
phenylalanine, but it is less effective than the laurylated
PEI–pyridoxamine.

Both the polymeric and dendrimeric pyridoxamines
show great rate enhancement in transaminating keto
acids to amino acids. However, in both the polymeric
and dendrimeric pyridoxamines, we see less than five
turnovers using sacrificial amino acids such as phenyl-
glycine.13;16 There is probably some problem in the back-
transamination reaction between the sacrificial amino
acids and polymeric or dendrimer pyridoxal that is
formed in situ from the transamination between keto
acids and polymeric or dendrimeric pyridoxamine.
Thus, we decided to prepare polymeric and dendrimeric
pyridoxals and study their reactivities in transaminating
amino acids to keto acids. In addition to the turnover
problem, we are also interested in the polymer or den-
drimer effects on the many other reactions that can be
catalyzed by pyridoxal but not pyridoxamine, for in-
stance, racemization reaction and decarboxylation
reaction.
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Figure 1. The synthesis of polymeric PEI–pyridoxals.
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2. Results and discussion

2.1. Synthesis of PEI–pyridoxals

In comparison with pyridoxamine polymers, it is much
more challenging to prepare pyridoxal polymers. The
free aldehyde group in pyridoxal forms an imine readily
if any primary or secondary amino group is left on the
PEI polymers. Therefore, an attempt to ligate a pyr-
idoxal compound carrying a COOH side chain and PEIs
using EDC did not yield any desired aldehyde. Another
attempt to attach pyridoxine to PEI at first and then
oxidize pyridoxine to pyridoxal was also unsuccessful,
because all the oxidizing reagents that we tried (MnO2,
CrO3/pyridine, and DMSO/(COCl)2) failed to work in
the presence of strongly hygroscopic polyamines.

A successful approach to make the PEI–pyridoxal
involves the protection of the aldehyde group as di-
methoxyl ketal, the protection of the phenolic hydroxyl
group with MOM, and the activation of the side chain
using N-hydroxy-succinimide (see Fig. 1). For the PEI
part, we laurylated about 10% of the amino groups on
the PEI with lauryl iodide. Then we used (Boc)2O to
protect about 2% of the primary or secondary amino
groups on the laurylated PEI. The remaining primary
and secondary amino groups on PEI were fully methyl-
ated using HCHO/NaBH3CN. After TFA treatment
that removes the Boc protection, we obtained the
PEI polymers with about 10% lauryl groups and only
about 2% primary or secondary amino groups (see
Fig. 2).
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The PEI polymer with only about 2% primary or sec-
ondary amino groups can easily react with compound
10. An important step in the next is to fully remove any
remaining primary or secondary amino groups on the
PEI polymer using Ac2O/Et3N. Without any primary or
secondary amino groups left, we can use 1M HCl (aq)
to remove the dimethoxyl and MOM protections liber-
ating the CHO and phenolic OH groups. Proton NMR
of the final product clearly shows the free aldehyde C–
H. The UV spectrum of the final product shows the
characteristic pyridoxal absorption at 400 nm (see Fig.
3).

Unfortunately, we found that the PEI–pyridoxal reagent
is not a stable species. When it is dissolved in HEPES
buffer at pH ¼ 7:5, the UV spectrum of the solution
Figure 3. The UV spectrum of (a) the laurylated polymeric PEI–pyr-

idoxal, and (b) of a simple pyridoxal compound, that is 5-[(ethyl-

thio)methyl-3-hydroxy-2-methyl-4-pyridinecarbaldehyde] (1).
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Figure 4. Synthesis of dendrimeric PAMAM–pyridoxals.
exhibits significant variation during a relatively short
period of time. The absorption at 400 nm decreases
while a new peak is formed at about 325 nm, following
first-order kinetics (see the supporting information).
This indicates that the aldehyde sp2 carbon is irrevers-
ibly converted to some sp3 carbon.

We measured the degradation rate by monitoring the
decrease of the absorption at 400 nm. We found that the
degradation rate for the laurylated PEI–pyridoxal is
(1.4 ± 0.2) · 10�2 min�1 at pH ¼ 7:5 and t ¼ 60 �C.17 The
degradation rate the unlaurylated PEI–pyridoxal under
the same conditions is slightly slower, that is
(7.1 ± 0.3) · 10�3 min�1. Addition of alanine (2.5 ·
10�3 M) to the PEI–pyridoxal solution does not change
the degradation rate within the experimental errors.
Therefore, using the UV method we could not determine
the rate of the transamination reaction between the
PEI–pyridoxal and alanine.
2.2. Synthesis of dendrimeric pyridoxals

At present we do not know the exact reason for the
rapid degradation of the PEI–pyridoxal species. None-
theless, as each PEI polymer carries about 28 pyridoxal
units in average,18 we speculate that the pyridoxals
neighboring to each other on the same polymer molecule
may react with each other readily in the presence of
polyamines. An ideal solution to the problem would be
to attach only one pyridoxal unit to each polymer
molecule, but this is difficult to achieve with the ran-
domly distributed PEI polymers. We decided at this
point to synthesize pyridoxal dendrimers, where we can
design to put only one pyridoxal unit inside each den-
drimer molecule.

The synthesis of the dendrimers began with the di-
methoxyl-ketal and phenolic-O-MOM protected pyr-
idoxal (see Fig. 4), to which a spacer was covalently
attached. The COOCH3 group of the spacer was then
used as the starting point for the PAMAM dendrimer
synthesis, which basically involves a two-step iterative
sequence19: (a) amidation of the terminal esters with
excess ethylenediamine followed by (b) branching dou-
ble alkylation of the terminal NH2 groups with methyl
acrylate. The ester-terminated, which are referred to as
‘half-generations’, were converted to the NMe2-termi-
nated full generations using excess N,N-dimethylethyl-
enediamine. We can also cap the NH2-terminated full
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generations with acetyl groups using Ac2O. The last step
in the synthesis is the deprotection of both dimethoxyl
and MOM groups using HCl (1N).

The NMe2 or NHAc-terminated full generations
are referred to as Gn-Me or Gn-Ac. Figure 5 shows
G6-Me as an example. Gn possesses 2n terminal
NMe2 or NHAc groups. According to Tomalia’s
studies,20 the diameters of the PAMAM dendrimers
without any pyridoxal are about 1.5, 2.2, 2.9, 3.6, and
4.5 nm for G2, G3, G4, G5, and G6, respectively. In
comparison with these values, the respective diameters
of insulin, cytochrome c, and hemoglobin are about
3.0, 4.0, and 5.5 nm. The sizes of the G4–6 pyridoxal
dendrimers are close to those of natural globular
enzymes.

The stable dimethoxyl and MOM-protected dendrimers
were characterized with 1H NMR and FAB or MALDI
MS (the broad MALDI spectra indicate some defects in
the dendrimers). After HCl treatment, the resulting
pyridoxal dendrimers are mixtures of free aldehyde and
hydrated aldehyde forms. They are used in the catalysis
studies directly without further characterization (see the
supporting information). The UV–vis spectrum of the
HCl-treated G5-Me dendrimer shows the characteristic
absorption of pyridoxal at 400 nm, suggesting the suc-
cess of the deprotection.
Figure 5. Chemical structure (a) and three-dimensional view (b) of the

G6-Me PAMAM–pyridoxal molecule.
2.3. Racemization and decarboxylation reactions associ-
ated with dendrimeric pyridoxals

In comparison with the polymeric PEI–pyridoxals, the
dendrimeric PAMAM–pyridoxals are much more stable
compounds. Their degradation rates, as measured from
the disappearance of the UV–vis absorption at 400 nm,
are about 10–100 times slower than the PEI–pyridoxals
(see Table 1).

When alanine (2.5 · 10�3 M) is added to the dendrimeric
PAMAM–pyridoxal solutions at pH ¼ 7:5, the absorp-
tion at 400 nm disappears significantly faster than in the
absence of alanine (see Table 2). Meanwhile a new peak
at 324 nm appears at the same rate as the disappearance
of the 400 nm absorption. This might indicate that
transamination occurs between the pyridoxal dendri-
mers and aniline. However, earlier experiments by Auld
and Bruice,21 Vazquez et al.,22 and Imperiali and
Ranabir,23 showed that a great excess of alanine (e.g.,
1.0M) must be added to the reaction solution in order to
see the transamination between pyridoxal and alanine.
Zabinski and Toney also reported that decarboxylation
reaction can take place between 2-aminoisobutyrate and
pyridoxal phosphate yielding acetone and pyridox-
amine.24 Thus we worried that the disappearance of
pyridoxal in our experiments may be due to both
transamination and decarboxylation.
Table 1. Degradation rates of dendrimeric PAMAM–pyridoxals

(min�1)a

Dendrimer kdegradation

G1-Me (7.5± 0.4) · 10�5

G2-Me (1.1± 0.2) · 10�4

G3-Me (1.7± 0.2) · 10�4

G4-Me (3.2± 0.3) · 10�4

G5-Me (5.1± 0.4) · 10�4

G6-Me (6.2± 0.3) · 10�4

G1-Ac (4.2± 0.3) · 10�5

G2-Ac (6.7± 0.4) · 10�5

G3-Ac (7.4± 0.3) · 10�5

G4-Ac (7.8± 0.2) · 10�5

G5-Ac (8.1± 0.3) · 10�5

G6-Ac (8.3± 0.2) · 10�5

a For detailed experimental conditions see Ref. 17.

Table 2. The rates for the disappearance of pyridoxal in the reaction

between alanine and dendrimeric PAMAM–pyridoxals (min�1)a

Dendrimer k

G1-Me (2.8± 0.2) · 10�3

G2-Me (3.3± 0.1) · 10�3

G3-Me (3.8± 0.2) · 10�3

G4-Me (4.0± 0.3) · 10�3

G5-Me (4.4± 0.2) · 10�3

G6-Me (4.7± 0.2) · 10�3

G1-Ac (4.0± 0.3) · 10�4

G2-Ac (6.9± 0.4) · 10�4

G3-Ac (7.4± 0.2) · 10�4

G4-Ac (7.8± 0.1) · 10�4

G5-Ac (7.5± 0.2) · 10�4

G6-Ac (7.9± 0.4) · 10�4

aReaction condition: 2.5· 10�3 M alanine, 1.0 · 10�4 M PAMAM–

pyridoxal, 0.25M HEPES, 0.1M KCl, 0.01M EDTA, pH ¼ 7:5,

t ¼ 60 �C.
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Without a clear conclusion about the transamination
reaction, we turned to the racemization reaction of a-
amino acid. In this reaction pyridoxal is a real catalyst
(see Fig. 6). In addition, we can unambiguously monitor
both the LL- and DD-amino acid product using the HPLC
method. As shown in Table 3, we indeed found that the
PAMAM–pyridoxals can significantly catalyze the
racemization reactions.

We found that the control compound (1) can also cat-
alyze the racemization reaction of alanine and phenyl-
alanine. The reaction rate shows strong buffer
Table 3. The rates for the racemization reactions between alanine or

phenylalanine and dendrimeric PAMAM–pyridoxals (min�1)a

Dendrimer Buffer concen-

tration (M)

kracemization

Alanine Phenylalanine

1 0.18 (3.0± 0.2)· 10�5 (2.5± 0.2)· 10�5

1 0.14 (2.3± 0.1)· 10�5 (1.8± 0.2)· 10�5

1 0.10 (1.4± 0.1)· 10�5 (1.1± 0.1)· 10�5

1 0.06 (8.6± 0.5)· 10�6 (7.5± 0.4)· 10�6

1 0.00b 3.1· 10�6 2.5· 10�6

G1-Me 0.10 (1.5± 0.1)· 10�4 (1.7± 0.2)· 10�4

G2-Me 0.10 (1.7± 0.2)· 10�4 (1.9± 0.1)· 10�4

G3-Me 0.10 (2.0± 0.1)· 10�4 (2.6± 0.2)· 10�4

G4-Me 0.10 (2.3± 0.2)· 10�4 (3.2± 0.3)· 10�4

G5-Me 0.10 (2.7± 0.2)· 10�4 (3.9± 0.2)· 10�4

G6-Me 0.10 (3.0± 0.1)· 10�4 (4.6± 0.3)· 10�4

G6-Me 0.15 (3.1± 0.2)· 10�4 (4.5± 0.2)· 10�4

G6-Me 0.05 (3.0± 0.1)· 10�4 (4.6± 0.2)· 10�4

G1-Ac 0.10 (1.0± 0.1)· 10�5 (1.1± 0.1)· 10�5

G2-Ac 0.10 (1.1± 0.1)· 10�5 (1.1± 0.2)· 10�5

G3-Ac 0.10 (1.3± 0.1)· 10�5 (1.5± 0.1)· 10�5

G4-Ac 0.10 (1.4± 0.2)· 10�5 (1.7± 0.1)· 10�5

G5-Ac 0.10 (1.6± 0.1)· 10�5 (2.0± 0.2)· 10�5

G6-Ac 0.10 (1.6± 0.2)· 10�5 (2.1± 0.1)· 10�5

G6-Ac 0.15 (1.6± 0.1)· 10�5 (2.2± 0.2)· 10�5

G6-Ac 0.05 (1.5± 0.1)· 10�5 (2.1± 0.2)· 10�5

aReaction condition: 2.5 · 10�3 M alanine or phenylalanine,

1.0 · 10�4 M PAMAM–pyridoxal, certain concentration of CHES

buffer, 0.1M KCl, 0.01M EDTA, pH ¼ 9:0, t ¼ 20 �C.
bLinear extrapolation to zero buffer condition.
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Figure 6. Racemization of a-amino acid catalyzed by pyridoxals.
dependence when we change the buffer (CHES) con-
centration from 0.18 to 0.06M. At zero buffer condition
(extrapolated), the racemization rate for alanine is
slightly higher than that for phenylalanine.

In comparison with 1, the dendrimers show less buffer
dependence in the racemization. For G6-Me and G6-Ac,
we observed almost no buffer effects on the racemization
rate. These observations suggest that that the amino
groups of the PAMAM moiety are performing the cat-
alytic proton transfers in the racemization process. Due
to this internal general acid/base catalysis, the NMe2-
terminated pyridoxal dendrimers show about 50–100-
fold rate enhancements in the racemization reaction.
With only the interior tertiary amines as bases, NHAc-
terminated dendrimers show only about 3–5-fold rate
enhancements in the racemization reaction compared to
1 under zero buffer condition (Table 4).

Previous studies have demonstrated that PAMAM
dendrimers can selectively bind hydrophobic guest
molecules.25 Similar hydrophobic binding effects are
indicated by our results concerning the racemization
reactivities between the dendrimeric pyridoxals and
phenylalanine substrate. Although the control com-
pound (1) shows slightly less reactivity toward phenyl-
alanine than toward alanine, the dendrimers show
slightly higher reactivities with phenylalanine than with
alanine.

In addition to racemization, another pyridoxal-related
reaction is amino acid decarboxylation (Fig. 7). In an
earlier study by Janda and co-workers, a catalytic anti-
body was developed to model pyridoxal-dependent
decarboxylases.26 It was proposed that an apolar envi-
ronment could greatly enhance the decarboxylation
reactivity. Thus we were interested to know how ‘apolar’
our dendrimers’ core could be.

We chose 2-amino-2-phenyl-propionic acid as the sub-
strate for decarboxylation reactions. This substrate does
not have any a-proton so that only decarboxylation can
take place. Furthermore, the product of the decarbox-
ylation reaction, acetophenone, can be easily monitored
using HPLC.
Table 4. Relative racemization rates of dendrimeric pyridoxalsa

Dendrimer krelative kalanine:kphenylalanine

1 1.00 1:0.8

G1-Me 48 1:1.1

G2-Me 55 1:1.1

G3-Me 64 1:1.3

G4-Me 74 1:1.4

G5-Me 87 1:1.4

G6-Me 97 1:1.5

G1-Ac 3.2 1:1.1

G2-Ac 3.5 1:1.0

G3-Ac 4.2 1:1.2

G4-Ac 4.5 1:1.2

G5-Ac 5.2 1:1.2

G6-Ac 5.2 1:1.3

aRelative rates are calculated using the racemization rate of 1 at zero

buffer condition.
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In agreement with previous findings,27 we found that the
pyridoxal-dependent decarboxylation reaction has a
strong rate dependence on the polarity of the medium
(see Table 5). From pure aqueous solution to 40:60
water–DMF solution, the decarboxylation rate of 1
increases by 83-folds. Similar rate enhancement effect is
also seen by addition of acetonitrile.

Despite the strong solvent effect on 1, all of the den-
drimers do not show high decarboxylation rate. In
purely aqueous solution, the highest decarboxylation
rate is seen with G6-Me and G6-Ac, and this rate is only
about 3 times faster than that of compound 1. By
comparison to the decarboxylation rates of 1 in different
water–DMF solutions, one may predict that the interior
polarity in our pyridoxal dendrimers is close to that of
85:15 water–DMF solution.
Table 5. Rates of the decarboxylation reactions between dendrimeric

pyridoxals and 2-amino-2-phenyl-propionic acida

Dendrimer kdecarboxylation krelative

1 (100% water) (3.5± 0.1)· 10�3 1.00

1 (85:15 water–DMF) (1.2± 0.1)· 10�2 3.4

1 (70:30 water–DMF) (5.6± 0.2)· 10�2 16

1 (70:30 water–MeCN) (5.9± 0.1)· 10�2 17

1 (55:45 water–DMF) (1.5± 0.2)· 10�1 43

1 (40:60 water–DMF) (2.9± 0.2)· 10�1 83

1 (70:30 water–MeCN) (2.7± 0.2)· 10�1 77

G1-Me (100% water) (4.0± 0.2)· 10�3 1.1

G2-Me (100% water) (5.5± 0.3)· 10�3 1.6

G3-Me (100% water) (8.1± 0.6)· 10�3 2.3

G4-Me (100% water) (8.7± 0.5)· 10�3 2.5

G5-Me (100% water) (1.0± 0.1)· 10�2 2.8

G6-Me (100% water) (1.2± 0.1)· 10�2 3.4

G6-Me (70:30 water–DMF) (3.4± 0.3)· 10�2 9.7

G6-Me (40:60 water–DMF) (5.3± 0.3)· 10�2 15

G1-Ac (100% water) (3.8± 0.1)· 10�3 1.1

G2-Ac (100% water) (6.1± 0.2)· 10�3 1.7

G3-Ac (100% water) (7.5± 0.5)· 10�3 2.1

G4-Ac (100% water) (9.2± 0.7)· 10�3 2.6

G5-Ac (100% water) (1.1± 0.1)· 10�2 3.1

G6-Ac (100% water) (1.3± 0.1)· 10�2 3.7

aReaction condition: 2.0 · 10�3 M 2-amino-2-phenyl-propionic acid,

1.0 · 10�4 M PAMAM–pyridoxal, 0.25M HEPES, 0.1M KCl, 0.01M

EDTA, pH ¼ 7:5, t ¼ 60 �C.
Nonetheless, our results show that increasing the den-
drimer size has a positive effect on the decarboxylation
rate. The decarboxylation is not buffer catalyzed so that
the decarboxylation rate of Gx-Me is close to that of
Gx-Ac. Furthermore, we measured the decarboxylation
rates of G6-Me dendrimer in different media. We found
that in 40:60 water–DMF the decarboxylation rate of
G6-Me is much lower than the that of 1 under the same
condition. This may suggest that the polarity of the
dendrimer interior is not fully controlled by the solution.
2.4. Synthesis of dendrimeric pyridoxals with internal
lauryl groups

In the previous studies we found that attaching lauryl
groups to PEI–pyridoxamines increases the transami-
nation rate significantly.13;14 We suggested that a med-
ium effect exerted by the lauryl groups may cause this
rate enhancement. In the present study we were inter-
ested to incorporate lauryl groups in the pyridoxal
dendrimers and see if the laurylation exerts any effect on
the racemization and decarboxylation reactions.

Random alkylation of the PAMAM dendrimers at the
terminal amino groups has been reported before.16

Herein we hope to get more well-defined materials. Thus
we fully capped the G3 dendrimer, which contains eight
terminal NH2 groups, using activated LL-aspartic acid b-
methyl ester each carrying one lauryl group. The prod-
uct was treated iteratively with ethylenediamine and
methyl acrylate, and finally terminated with N,N-di-
methylethylenediamine (see Fig. 8).

Using the above procedure we successively obtained G5-
Me-lauryl pyridoxal carrying eight internal lauryl
groups at known positions. This compound (in its pro-
tected form) has a fairly clean 1H NMR, although its
MALDI mass (obs: 8500–9600; calcd: 10,908) is slightly
smaller than expected (see the supporting information).
The eight lauryl groups may impede the dendrimer
growth so that defects occur. Moreover, the G6-Me-
lauryl dendrimer was obtained as a much less reliable
material (unclean NMR and poor MALDI mass).

We studied the racemization and decarboxylation reac-
tions associated with G5-Me-lauryl. Under the same
condition as reported in Table 3, the rate of the race-
mization reaction between alanine and G5-Me-lauryl is
(1.5 ± 0.1) · 10�4 min�1. For G5-Me without any lauryl
group, this rate is (2.7 ± 0.2) · 10�4 min�1. Therefore,
laurylation decreases the racemization rate.

Under the same condition as described in Table 5, the
rate of the decarboxylation reaction between 2-amino-2-
phenyl-propionic acid and G5-Me-lauryl in purely
aqueous solution is (8.5 ± 0.4) · 10�3 min�1. The rate for
G5-Me under this condition is (1.0 ± 0.1) · 10�2 min�1.
Thus laurylation also reduces the decarboxylation rate.

Currently we do not have a firm explanation for the rate
reduction in both the racemization and decarboxylation
reactions associated with G5-Me-lauryl. As a likely
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Figure 8. Synthesis of dendrimeric PAMAM–pyridoxals carrying eight internal lauryl groups.
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possibility, the steric crowding may interfere with the
geometry needed for Schiff base formation with the
pyridoxals. However, the contrast of this slowing effect
of the lauryl groups with our previously reported dra-
matic rate increasing effect of laurylation in transamin-
ations by PEI–pyridoxamine is certainly striking.
3. Conclusions

To summarize, we covalently attached pyridoxal to
polyethylenimine polymers, but found the resulting
materials to be highly unstable. Thus we turned to
synthesize dendrimeric pyridoxals that possess only one
pyridoxal unit at the core of every dendrimer molecule.
Totally 12 poly(amidoamine) type dendrimers were
made in this work. They range from G1 to G6 with
either NMe2 or NHAc termini. The NMe2-terminated
pyridoxal dendrimers racemize a-amino acids 50–100
times faster than simple pyridoxal, while the NHAc-
terminated pyridoxal dendrimers racemize a-amino
acids only 3–5 times faster than simple pyridoxal. Both
the NMe2- and NHAc-terminated pyridoxal dendrimers
decarboxylate 2-amino-2-phenyl-propionic acid 1–3
times faster than simple pyridoxal. It was predicted that
the interior polarity in the pyridoxal dendrimers is close
to that of 85:15 water–DMF solution. Furthermore, we
successfully incorporated eight lauryl groups to the G5
pyridoxal dendrimer at known positions. The laurylated
dendrimer exhibits lower racemization and decarboxyl-
ation rates than do the unlaurylated ones, probably
because of steric crowding in the reaction zone.
4. Experimental

4.1. General

All the chemicals were purchased from commercial re-
sources and used without further purification. Merck
pre-coated 0.25mm silica plates containing a 254 nm
fluorescence indicator were used for analytical thin-layer
chromatography. Flash chromatography was performed
on 230–400 mesh silica from EM Science. Size-exclusion
chromatography was performed using Sephadex�G10–
G75 from Pharmacia Biochemtech. NMR spectra were
obtained on a Bruker DPX 300 or 400MHz spectro-
meter. UV–vis spectra were taken on a Varian Cary IE
UV–vis spectrometer. CI MS spectra were taken on a
Nermag R-10-10 instrument. FAB MS spectra were
taken on a JEOL JMS-DX-303 HF instrument. MALDI
mass spectra were acquired using a Bruker Biflex-III
time-of-flight mass spectrometer.
4.2. Kinetics

Analytical HPLC was run on a HP1090 liquid chro-
matography (series II) equipped with a DR5 pumping
system, a temperature-controlled autosampler and a
diode-array UV–vis detector. C-18 reverse-phase ana-
lytical columns were used as solid phase.

The rates of racemization reactions were monitored with
HPLC by detecting the formation of the LL- and DD-amino
acid products. For this purpose, a derivatizing solution
(OPA/NBC) of 0.2M o-phthalaldehyde and 0.2M N-
Boc-cysteine in methanol as well as an aqueous buffer
solution (KHP) of 1.0M pH8.0 K2HPO4 were pre-
pared. The amino acid solutions were derivatized by
mixing 10 lL of KHP, 10 lL of OPA/NBC and 80 lL of
reaction mixture. A mixture of methanol and water with
1% TFA was used as eluent. The reaction was moni-
tored at 344 nm, bandwidth 4 with the baseline taken at
450 nm, bandwidth 40.

The rates of decarboxylation reactions were monitored
with HPLC by detecting the formation of acetophenone
product. No derivatization was needed. The reaction
was monitored at 244 nm, bandwidth 8 with the baseline
taken at 550 nm, bandwidth 40.
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4.2.1. PEI-Boc. Two milliliters (0.023mol residue of
monomers) of commercial polyethylenimine was dis-
solved in 10mL of water, to which a solution of 0.10 g
(0.00046mol) of (Boc)2O in 1mL of CH3CN was added
dropwise. The reaction was stirred at room temperature
for an hour. The product was purified by dialysis against
water several times overnight. 1H NMR (300MHz,
D2O): 3.0–2.5, 237.9H; 1.5, 9.0H. From NMR, it was
calculated that about 1.7% of nitrogens on PEI were
protected with Boc group.
4.2.2. PEI-Boc-Me. One gram of PEI-Boc as prepared
above was dissolved in 20mL of HCHO (37%, aq)
solution. After 20min, 2.5 g of NaBH3CN was added in
several portions. The reaction was stirred at room
temperature overnight. The product was purified by
dialysis against aqueous solution of NH4Cl and water.
1H NMR (300MHz, D2O): 3.2–2.2, 330.6H; 1.6, 9.0H.
4.2.3. PEI-Me-Ac. PEI-Boc-Me (1.2 g) was dissolved in
20mL of ethanol. Two milliliters of triethylamine was
added. Then 2mL of acetic anhydride was added. The
reaction was stirred at room temperature for 1 h. The
product was dialyzed against ethanol and water for 24 h.
1H NMR (300MHz, D2O): 3.6–2.3, 324.1H; 2.0–1.8,
17.5H; 1.6, 9.0H.
4.2.4. PEI-Me-Ac. PEI-Boc-Me-Ac (1.5 g) prepared
above was dissolved in 20mL of trifluoroacetic acid
(TFA). The reaction was stirred at room temperature
for 4 h. TFA was evaporated then. The residue was re-
dissolved in aqueous solution of NaHCO3. The product
was purified by dialysis against aqueous solution of HCl
and water. 1H NMR (300MHz, D2O): 4.2–3.5 (nitrogen
protonated), 57.8H; 2.0–1.7, 3.0H.
4.2.5. PEI-lauryl. Four milliliters of commercial PEI was
dissolved in 50mL of ethanol. Lauryl iodide (1.4 g) was
added, followed by the addition of 2mL of diisopropyl-
ethylamine. The reaction was refluxed at 90 �C under Ar
protection for 8 h. The product was dialyzed against
water and water/ethanol solution. 1H NMR (300MHz,
D2O): 4.0–2.6, 40.2H; 2.2–1.0, 23.0H. FromNMR, it was
calculated that 10.5% of nitrogens on PEI were alkylated.
4.2.6. PEI-lauryl-Boc. All product obtained in the above
step was dissolved in 25mL of water/25mL of ethanol.
Two milliliters of triethylamine was added to the solu-
tion. (Boc)2O (0.20 g), dissolved in 1mL of acetonitrile,
was added. The reaction was stirred at room tempera-
ture for an hour. The product was dialyzed against
ethanol and water. 1H NMR (300MHz, D2O): 3.8–2.5,
40.0H; 2.0–0.9, 24.9H.
4.2.7. PEI-lauryl-Boc-Me. One gram of PEI-lauryl-Boc
was dissolved in 15mL of HCHO (aq 37%). Five grams
of NaBH3CN was added then. The reaction was stirred
at room temperature for 2 h. The product was dialyzed
against water and ethanol. 1H NMR (300MHz, D2O):
4.0–2.2, 67.4H; 2.1–0.9, 23.2H.
4.2.8. PEI-lauryl-Boc-Me-Ac. PEI-lauryl-Boc-Me (1.5 g)
was dissolved in 20mL of ethanol. 2mL of triethylamine
was added. Then 2mL of acetic anhydride was added.
The reaction was stirred at room temperature for 1 h.
The product was dialyzed against water and ethanol for
24 h. 1H NMR (300MHz, D2O): 3.8–2.2, 63.2H; 1.9,
3.5H; 1.8–0.8, 23.0H.
4.2.9. PEI-lauryl-Me-Ac. PEI-lauryl-Boc-Me-Ac (1.2 g)
was dissolved in 15mL of trifluoroacetic acid. The
reaction was stirred at room temperature for 4 h. The
product was dialyzed against water and ethanol for 24 h.
1H NMR (300MHz, D2O): 4.0–2.8, 58.9H; 2.0–0.8,
23.0H.
4.2.10. Methanesulfonic acid 2,2,8-trimethyl-4H-[1,3]di-
oxino-[4,5-c]pyridin-5-ylmethyl ester (3). Five grams of
(2,2,8-trimethyl-4H-[1,3]dioxino[4,5-c]pyridin-5-yl)meth-
anol (2) was dissolved in 50mL of anhydrous CH2Cl2.
The solution was cooled to 0 �C. Then 3.1 g triethyl-
amine was added, followed by the addition of 1.9mL
MsCl. The reaction was stirred for 20min. The mixture
was washed with NH4Cl aqueous solution. TLC (ethyl
acetate) Rf ¼ 0:52. Yield: quantitative. CI MS: 288
(M+1). 1H NMR (300MHz, CDCl3): 8.02, s, 1H; 5.18,
s, 2H; 4.96, s, 2H; 3.02, s, 3H; 2.46, s, 3H; 1.61, s, 6H.
4.2.11. 3-(2,2,8-Trimethyl-4H-[1,3]dioxino[4,5-c]pyridin-
5-yl-methylsulfanyl)-propionic acid methyl ester (4).
Compound 3 (6.6 g) was dissolved in 50mL of DMF.
This solution was added slowly to a mixture of 3.4 g of
HS–CH2CH2COOCH3 and 1.2 g of NaH in 50mL of
DMF. The reaction was stirred at room temperature for
1 h. The product was purified using flash chromatogra-
phy (3:1 hexane–ethyl acetate). TLC (ethyl acetate)
Rf ¼ 0:72. Yield: 74%. CI MS: 312 (M+1). 1H NMR
(400MHz, CDCl3): 7.93, s, 1H; 5.02, s, 2H; 3.78, s, 3H;
3.68, s, 2H; 2.78, t, 2H; 2.68, t, 2H, J ¼ 6:9Hz; 2.51, s,
3H; 1.62, s, 6H.
4.2.12. 4-(5-Hydroxy-4-hydroxymethyl-6-methyl-pyridin-
3-yl-methylsulfanyl)-butyric acid methyl ester (5). Two
grams of 4 was dissolved in 10mL of methanol. Twenty
milliliters of HCl (aq, 37%) was added. The reaction was
stirred at room temperature for 15h. The solution was
neutralized using NaHCO3 aqueous solution. The prod-
uct was extracted using CHCl3. TLC (ethyl acetate)
Rf ¼ 0:42. Yield: 81%. CI MS: 272 (M+1). 1H NMR
(300MHz, CDCl3): 7.81, s, 1H; 5.10, s, 2H; 3.72, s, 3H;
3.65, s, 2H; 2.68, t, 2H; 2.51, t, 2H, J ¼ 6:9Hz; 2.45, s, 3H.
4.2.13. 4-(4-Formyl-5-hydroxy-6-methyl-pyridin-3-yl-
methyl-sulfanyl)-butyric acid methyl ester (6). Compound
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5 (1.3 g) was dissolved in 50mL of CH2Cl2. Activated
MnO2 (4.5 g) was added. The reaction was stirred at room
temperature under Ar protection for 6 h. The solution was
filtered through a pad of Celite. The product was purified
using flash chromatography (1:1 ethyl acetate–hexane).
TLC (ethyl acetate): Rf ¼ 0:84. Yield: 77%. CI MS: 270
(M+1). 1HNMR (300MHz, CDCl3): 10.58, s, 1H; 8.02, s,
1H; 4.02, s, 2H; 3.82, s, 3H; 3.65, s, 2H; 2.80, t, 2H; 2.66, t,
2H, J ¼ 6:9Hz; 2.62, s, 3H.
4.2.14. 3-(4-Dimethoxymethyl-5-hydroxy-6-methyl-pyr-
idin-3-ylmethylsulfanyl)-propionic acid methyl ester (7).
Compound 6 (1.0 g) was dissolved in 10mL of metha-
nol. Ten milliliters of HC(OMe)3 was added. Then 0.1 g
of p-toluenesulfonic acid was added. The reaction mix-
ture was refluxed under Ar protection for 12 h. After
removal of the solvent, the product was redissolved in
CHCl3, which was washed with aqueous solution of
NaHCO3. TLC (1:1 hexane–ethyl acetate): Rf ¼ 0:40.
Yield: 81%. CI MS: 316 (M+1). 1H NMR (300MHz,
CDCl3): 8.88, s, 1H; 7.89, s, 1H; 6.04, s, 1H; 3.76, s, 2H;
3.70, s, 3H; 3.46, s, 6H; 2.76, t, 2H; 2.65, t, 2H,
J ¼ 6:9Hz; 2.48, s, 3H.
4.2.15. 3-(4-Dimethoxymethyl-5-methoxymethoxy-6-
methyl-pyridin-3-ylmethylsulfanyl)-propionic acid methyl
ester (8). Compound 7 (1.5 g) was dissolved in 20mL of
DMF. NaH (0.22 g) was added. Then 0.4mL of
MOMCl was added. The reaction was stirred at room
temperature overnight. The product was purified using
flash chromatography (2:1 AcOEt–hexanes). TLC (ethyl
acetate): Rf ¼ 0:47. Yield: 62%. CI MS: 360 (M+1). 1H
NMR (300MHz, CDCl3): 8.52, s, 1H; 5.81, s, 1H; 5.08,
s, 2H; 4.12, s, 2H; 3.81, s, 3H; 3.70, s, 3H; 3.59, s, 6H;
2.95–2.69, m, 7H.
4.2.16. 3-(4-Dimethoxymethyl-5-methoxymethoxy-6-
methyl-pyridin-3-ylmethylsulfanyl)-propionic acid (9).
Compound 8 (0.8 g) was dissolved in 10mL of MeOH
and 10mL of water. One gram of NaOH was added.
After reaction was stirred for 1 h, the pH value of the
mixture was adjusted to 5. The product was extracted
using chloroform and purified using flash chromatogra-
phy (10:1 CH2Cl2–MeOH). TLC (ethyl acetate):
Rf ¼ 0:18. Yield: quantitative. CI MS: 346 (M+1). 1H
NMR (300MHz, CDCl3): 8.60, s, 1H; 5.78, s, 1H; 5.12, s,
2H; 4.18, s, 2H; 3.70, s, 3H; 3.58, s, 6H; 3.00–2.68, m, 7H.
4.2.17. 3-(4-Dimethoxymethyl-5-methoxymethoxy-6-
methyl-pyridin-3-ylmethylsulfanyl)-propionic acid 2,5-di-
oxo-pyrrolidin-1-yl ester (10). Compound 9 (0.7 g) was
dissolved in 10mL of CH2Cl2. EDC (0.40 g) and 0.23 g
of N-hydroxy-succinimide was added. The reaction was
stirred at room temperature for 1 h. The product was
purified using flash chromatography (100% ethyl ace-
tate). TLC (ethyl acetate): Rf ¼ 0:52. Yield: quantitative.
CI MS: 444 (M+1). 1H NMR (300MHz, CDCl3): 8.50,
s, 1H; 5.70, s, 1H; 5.05, s, 2H; 4.15, s, 2H; 3.73, s, 3H;
3.52, s, 6H; 3.00–2.82, m, 8H, 2.68, s, 3H.
4.2.18. PEI-Me-Ac-protected-pyridoxal. Compound 10
(0.05 g) was dissolved in 1mL THF. This solution was
added to a solution of 0.5 g of PEI-Me-Ac in water
(pH ¼ 8:0). The reaction was stirred for 1 h. Then 0.2mL
of acetic anhydride and 0.2mL of triethylamine were
added to the reaction mixture in order to completely
remove the free amine groups. After 1 h, the product was
purified by dialysis against ethanol, aqueous solution of
NaCl, and water several times for 24 h. 1H NMR
(300MHz, D2O): 8.3, 1H; 5.7, 1H; 4.0–2.0, 350H.
4.2.19. PEI-Me-Ac-pyridoxal. PEI-Me-Ac-protected-
pyridoxal (0.1 g) was dissolved in 5mL of 1N HCl. The
reaction was stirred overnight under Ar protection at
room temperature. The product was purified by dialysis
against ethanol, aqueous solution of NaCl, and water
several times for 24 h. 1H NMR (300MHz, D2O): 8.1,
1H; 5.7, 1H; 4.5–2.0, 319H. UV–vis (pH ¼ 7:5 in water):
398 nm, broad.
4.2.20. PEI-lauryl-Me-Ac-protected-pyridoxal. The syn-
thesis is similar to that for PEI-Me-Ac-protected-pyr-
idoxal. 1H NMR (300MHz, D2O): 8.2, 1.0H; 5.7, s, 1H;
4.0–2.0, 396H; 1.9–0.9, 122H.
4.2.21. PEI-lauryl-Me-Ac-protected-pyridoxal. The syn-
thesis is similar to that for PEI-Me-Ac-pyridoxal. 1H
NMR (300MHz, D2O): 8.3, 1.0H; 4.5–2.0, 351H; 1.9–
0.9, 116H. UV–vis: (pH ¼ 7:5 in water) 400 nm, broad.
4.2.22. C-(2,2,8-Trimethyl-4H-[1,3]dioxino[4,5-c]pyridin-
5-yl)-methylamine (11). Compound 3 (7.7 g) was dis-
solved in 60mL of 7N ammonia in methanol. The
solution was refluxed for 1 h. The solvent was removed.
The product was purified using flash chromatography.
Rf ¼ 0:15 (10:1 methanol–chloroform, 2% ammonia).
Yield: 66%. CI MS: 208.5 (M+1). 1H NMR (CDCl3,
300MHz): 8.02, s, 1H; 5.02, s, 2H; 3.90, s, 2H; 2.52, s,
3H; 1.73, s, 6H.
4.2.23. 3-[(2-Methoxycarbonyl-ethyl)-(2,2,8-trimethyl-
4H-[1,3]-dioxino[4,5-c]pyridin-5-yl-methyl)-amino]-prop-
ionic acid methyl ester (12). Compound 11 (5.3 g) was
dissolved in 50mL of methanol. Fifty milliliters of me-
thyl acrylate was added. Five milliliters of triethylamine
was also added. The reaction was refluxed overnight.
Yield: quantitative. CI MS: 379.8 (M+1). 1H NMR
(CD3OD, 300MHz): 7.90, s, 1H; 5.02, s, 2H; 3.80, s, 6H;
3.73, s, 2H; 2.89, t, 4H, J ¼ 6:8Hz; 2.58, t, 4H; 2.43, s,
3H; 1.60, s, 6H.
4.2.24. 3-[(5-Hydroxy-4-hydroxymethyl-6-methyl-pyr-
idin-3-ylmethyl)-(2-methoxycarbonyl-ethyl)-amino]-prop-
ionic acid methyl ester (13). Compound 12 (6.2 g) was
dissolved in 20mL of methanol. Twenty milliliters HCl
(37%) was added. The reaction was stirred overnight at
room temperature. After the solvent was removed, the
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residue was re-dissolved in 100mL of methanol. Two
milliliters of H2SO4 (concd) was added. The reaction was
refluxed for 2 h. The solvent was removed. The solution
was neutralized using NaHCO3 (aq) solution. The prod-
uct was extracted out using methylene chloride. Yield:
quantitative. CI MS: 339.9 (M+1). 1H NMR (CD3OD,
300MHz): 7.80, s, 1H; 4.92, s, 2H; 3.72, s, 6H; 3.69, s, 2H;
2.82, t, 4H, J ¼ 6:8Hz; 2.58, t, 4H; 2.49, s, 3H.
4.2.25. 3-[(4-Formyl-5-hydroxy-6-methyl-pyridin-3-yl-
methyl)-(2-methoxycarbonyl-ethyl)-amino]-propionic acid
methyl ester (14). Two grams of 13 was dissolved in
100mL of methylene chloride. Ten grams of MnO2 was
added. The reaction was stirred at room temperature for
4 h. The product was purified using flash chromatogra-
phy. Yield: 86%. CI MS: 337.9 (M+1). 1H NMR
(CDCl3, 300MHz): 11.57, s, 1H; 10.47, s, 1H; 8.02, s,
1H; 3.91, s, 2H; 3.70, s, 6H; 2.91, t, 4H, J ¼ 6:8Hz; 2.61,
s, 3H; 2.54, t, 4H.
4.2.26. 3-[(4-Dimethoxymethyl-5-hydroxy-6-methyl-pyr-
idin-3-ylmethyl)-(2-methoxy-carbonyl-ethyl)-amino]-prop-
ionic acid methyl ester (15). Compound 14 (1.8 g) was
dissolved in 20mL of methanol. Twenty milliliters of
HC(OCH3)3 was added. One gramMe–C6H4–SO3H was
added. The reaction was refluxed overnight. The prod-
uct was purified using flash chromatography. Yield:
86%. CI MS: 383.9 (M+1). 1H NMR (CDCl3,
300MHz): 8.95, s, 1H; 7.98, s, 1H; 6.30, s, 1H; 3.95, s,
6H; 3.82, s, 2H; 3.70, s, 6H; 2.91, t, 4H, J ¼ 6:8Hz; 2.61,
s, 3H; 2.54, t, 4H.
4.2.27. 3-[(4-Dimethoxymethyl-5-methoxymethoxy-6-
methyl-pyridin-3-ylmethyl)-(2-methoxycarbonyl-ethyl)-
amino]-propionic acid methyl ester (16). Compound 15
(1.2 g) was dissolved in 40mL of DMF. NaH (0.14 g)
was added. After 30min, 0.25mL of MeOCH2Cl was
added. The reaction was stirred at room temperature
overnight. The product was purified using flash chro-
matography. Yield: 86%. CI MS: 428.8 (M+1). 1H
NMR (CD3OD, 300MHz): 8.48, s, 1H; 5.79, s, 1H; 5.13,
s, 2H; 3.99, s, 2H; 3.71, s, 6H; 3.68, s, 3H; 3.52, s, 6H;
2.89, t, 4H, J ¼ 6:8Hz; 2.60, m, 7H.
4.2.28. G1-Me (protected). Compound 15 (0.08 g) was
dissolved in 2mL of MeOH. One milliliter of N,N-di-
methylethylenediamine was added. The reaction was
stirred at 60 �C for 3 days. The product was purified
using flash chromatography. CI MS: 541.3 (M+1). 1H
NMR (D2O, 300MHz): 8.31, s, 1H; 5.70, s, 1H; 5.08, s,
2H; 3.80, s, 2H; 3.61, s, 3H; 3.41, s, 6H; 3.30, m, 4H;
2.85–2.25, m, 27H.
4.2.29. G1-Ac (protected). One gram of 15 was dissolved
in 20mL of methanol. Forty milliliters of ethylenedi-
amine was added. The reaction was stirred at room
temperature for 48 h. The product was purified using
flash chromatography. CI MS: 483.6 (M+1). 1H NMR
(CD3OD, 300MHz): 8.43, s, 1H; 5.75, s, 1H; 5.11, s, 2H;
3.99, s, 2H; 3.76, s, 3H; 3.62, s, 6H; 3.32, m, 4H; 2.95, m,
8H; 2.59, s, 3H; 2.48, m, 4H. This product (0.12 g) was
dissolved in 2mL of methanol. Triethylamine (0.4mL)
was added. Then 0.4mL of acetic anhydride was added.
The reaction was stirred at room temperature for 0.5 h.
The product was purified using flash chromatography.
CI MS: 567.3 (M+1). FAB MS+: 569.41 (M+1). 1H
NMR (CD3OD, 300MHz): 8.47, s, 1H; 5.78, s, 1H; 5.13,
s, 2H; 3.99, s, 2H; 3.78, s, 3H; 3.62, s, 6H; 3.40, m, 8H;
2.85, m, 4H; 2.59, s, 3H; 2.48, m, 4H, 2.05, s, 6H.
4.2.30. G2-Ac (protected). FAB MS+: 1109.9. (Exact
mass for C50H88N14O14: 1108.7.) 1H NMR (CD3OD,
300MHz): 8.38, s, 1H; 5.78, s, 1H; 5.12, s, 2H; 3.98, s,
2H; 3.70, s, 3H; 3.55, s, 6H; 3.28, m, 20H; 2.95–2.38, m,
31H; 2.02, s, 12H.

4.2.31. G2-Me (protected). FAB MS+: 1053.3 (M+1).
1075.2 (M+Na). (Exact mass for C50H96N14O10: 1052.7.)
1H NMR (D2O, 300MHz): 8.29, s, 1H; 5.73, s, 1H; 5.05,
s, 2H; 3.79, s, 2H; 3.54, s, 3H; 3.40, s, 6H; 3.20, m, 12H;
2.75–2.20, m, 39H; 2.11, s, 24H.

4.2.32. G3-Ac (protected). MALDI MS: 2211.0 (M+23).
(Exact mass for C98H176N30O26: 2189.3.) 1H NMR
(D2O, 300MHz): 8.31, s, 1H; 5.81, s, 1H; 5.12, s, 2H;
4.28, s, 2H; 3.62, s, 3H; 3.55, s, 6H; 3.45–2.39, m, 115H;
1.98, s, 24H.

4.2.33. G3-Me (protected). MALDI MS: 2076.4. (Exact
mass for C98H192N30O18: 2077.5). 1H NMR (D2O,
300MHz): 8.29, s, 1H; 5.72, s, 1H; 5.03, s, 2H; 3.78, s,
2H; 3.64, s, 3H; 3.45, s, 6H; 3.35–2.18, m, 28H; 2.80–
2.30, m, 84H; 2.25, s, 48H.
4.2.34. G4-Ac (protected). MALDI MS: 4360.24 (M+1),
4383.69 (M+23). (Exact mass for C194H352N62O50:
4350.7.) 1H NMR (D2O, 300MHz): 3.50, sb, 92H; 3.00–
2.50, m, 151H; 1.98, s, 48H.
4.2.35. G4-Me (protected). MALDI MS: 4150.0 (M+23).
(Exact mass for C194H384N62O34: 4127.0.) 1H NMR
(D2O, 300MHz): 8.28, s, 1H; 5.69, s, 1H; 5.05, s, 2H;
3.79, s, 2H; 3.60, s, 3H; 3.48, s, 6H; 3.28, m, 60H; 2.95–
2.25, m, 183H; 2.22, s, 96H.
4.2.36. G5-Ac (protected). MILDI MS: 7600–9300.
(Exact mass for C386H704N126O98: 8673.4.) 1H NMR
(D2O, 300MHz): 3.50, sb, 188H; 3.00–2.50, m, 311H;
1.98, s, 96H.
4.2.37. G5-Me (protected). MILDI MS: 6000–8000.
(Exact mass for C386H768N126O66: 8226.1.) 1H NMR
(D2O, 300MHz): 8.24, s, 1H; 5.61, s, 1H; 5.01, s, 2H;
3.56, s, 3H; 3.38, s, 6H; 3.25, m, 124H; 2.95–2.25, m,
375H; 2.22, s, 192H.
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4.2.38. G6-Ac (protected). 1H NMR (D2O, 300MHz):
3.50, mb, 380H; 3.00–2.50, m, 631H; 1.98, s, 192H.
MALDI MS: 14,800–17,500. (Exact mass of
C770H1408N254O194: 17318.8.)
4.2.39. G6-Me (protected). 1H NMR (D2O, 300MHz):
3.50, mb; 2.90–2.18, m. Ratio: 1.00:4.29 (Theoretical
ratio: 268:1143). MALDI MS: 13,000–17,000. (Exact
mass of C770H1536N254O130: 16424.1.)
4.2.40. 2-Dodecanoylamino-succinic acid 4-methyl ester
(16). LL-Aspartic acid b-methyl ester hydrochloride
(1.84 g) was dissolved in 20mL of DMF. Two milliliters
of triethylamine was added. Then 3.0 g of dodecanoic
acid 2,5-dioxo-pyrrolidin-1-yl ester (made from
dodecanoic acid and N-hydroxy-succinimide) was
added. The reaction was stirred for 2 h. The solvent was
removed. Then 100mL CHCl3 was added. The solution
was washed with 50mL of HCl (4N). After CHCl3 was
removed, pure product was obtained as white wax. CI
MS: 330.6 (M+1). 1H NMR (CDCl3, 300MHz): 10.96,
s, 1H; 6.81, d, 1H, J ¼ 7:6Hz; 4.92, m, 1H; 3.78, s, 3H;
2.30, t, 2H, J ¼ 7:6Hz; 1.69, m, 2H; 1.40, m, 18H; 0.95,
t, 3H, J ¼ 6:9Hz.
4.2.41. 2-Dodecanoylamino-succinic acid 4-(2,5-dioxo-
pyrrolidin-1-yl) ester 4-methyl ester (17). Compound 16
(3.1 g) was dissolved in 50mL of CH2Cl2. N-hydroxy-
succinimide (1.2 g) was added. Then 2.1 g of EDC was
added. The reaction was stirred at room temperature for
2 h. The solution was washed with NH4Cl (aq) solu-
tions. CI MS: 427.8 (M+1). 1H NMR (CDCl3,
300MHz): 6.72, d, 1H, J ¼ 8:2Hz; 5.47, m, 1H; 3.92, s,
3H; 2.89, s, 4H; 2.36, m, 2H; 1.74, m, 2H; 1.40, m, 18H;
1.00, t, 3H, J ¼ 6:8Hz.
4.2.42. G5-Me-lauryl (protected). MILDI MS: 8500–
9600. (Exact mass for C529H1028N150O89: 10,908.) 1H
NMR (D2O, 300MHz): 8.39, s, 1H; 5.75, s, 1H; 5.07, s,
2H; 3.40, sb, 132H; 3.00–2.30, mb, 570H; 1.75, sb, 20H;
1.35, 3b, 154H; 0.90, s, 29H.
Supplementary data

Supplementary data are available for the detailed spec-
tra of all the dendrimer compounds.
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