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Although molecular oxygen is the most low-priced of all
known oxidants, it is applied only rarely in synthetic
chemistry. This is because the O2 molecule has a low reactivity
at moderate temperatures due to kinetic barriers, and because
of its commonly poor selectivity in the oxidation of organic
substrates. However, O2 can be activated in living organisms
by catalytically active metalloenzymes, showing that many
selective oxidations are feasible even under very mild
conditions. Therefore, metal complexes possessing similarities
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ently of the carrier, a slower nonselective diffusion transport
also takes place. Surprisingly, at a much higher substrate
concentration (2.5 mm) in the feed, d-phenylalanine is trans-
ported faster. This unexpected result can be explained by the
fact that at this concentration the d enantiomer successfully
competes for the binding site of PAL and occupies it for a
much longer period of time, so that little free enzyme remains
available for transporting the l enantiomer. The selectivity
coefficient in this case also decreases after 30 min and
approaches equilibrium asymptotically.
The immobilized HAL mutant E414A behaved differently.

HAL is known to be strictly enantioselective for l-histidine.[8]

Indeed, its mutant facilitated the transport of the l enan-
tiomer at all three concentrations applied (Figure 3b). How-
ever, the selectivity coefficient in this case also reached the
highest value (13.3) at the lowest concentration (0.1 mm).
After 70 min the selectivity decreased, clearly for the same
reason discussed for the PAL experiment. At high concen-
trations in the feed side, the maximum was much lower (2±3)
and was reached faster (30 min.). As a control, the same
membrane system without encapsulated enzyme has been
also examined for its capacity to transport phenylalanine
enantiospecifically. Analysis on a chiral column (see Exper-
imental Section) showed that both enantiomers diffused
through the membrane at the same rate.
Our results show that enzymes can be converted into

enantioselective receptors by site-directed mutagenesis and
used in an immobilized form to facilitate enantioselective
transport across a membrane. The technique described herein
differs from previously published methods in which enantio-
selective membranes that contain nonselective proteins, for
example, serum albumin or other chiral materials.[9±11] Such
membranes as well as chiral chromatography columns work
by binding and retarding the transport of one enantiomer,
while the other enantiomer can passively diffuse or can be
eluted without retardation. In our method, the transport of
one enantiomer is accelerated while the other diffuses
through the membrane, but much more slowly. Continuous
removal of the enriched enantiomer from the permeate (strip)
side could lead to resolution on a preparative scale. Whether
the present method may become competitive with other
established racemate separations or not, is the subject of
future research.
It is the first time that not only the concentration depend-

ence but also the time course of the enantioselectivity of the
transport through an enzyme-loaded membrane are reported.
A further aspect of our results is that as a consequence of the
broad substrate specificity of PAL, the present membranes
have the potential to resolve the racemates of a large number
of aryl alanines.[12]

Experimental Section

Membrane coating: The membrane was first equilibrated for 5 min with the
vapor of dichlorodimethylsilane, and water was then applied to one side of
the membrane for an additional 5 min. The coated membranes were
washed for 1 min with water and dried at room temperature.

Analytical methods: the HPLC separations were run on a Hewlett Packard
Series 1050 HPLC with the following columns and under the following
conditions: d,l-phenylalanine: Grom Symbasic 125 î 4.6 mm equipped

with a 10 î 2.5-mm guard column, 5 mm, isocratic elution with doubly
distilled water with TFA (0.1 vol%); d,l-histidine: Grom Sil ODS-OAB,
250 î 4.0 mm, 5 mm, isocratic elution with CH3CN (20%) and potassium
phosphate buffer (pH 8.0, 10 mm, 80%); Astec Chirobiotic T, 250 î 2.5 mm
with a 10 î 2.5-mm guard column for chiral analysis.

Conditions according to the Chirobiotic handbook (Advanced Separation
Technologies, Inc.).

All chromatograms were monitored at 210 nm.
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with the active site of copper-containing oxygenases and
oxidases, for example bilirubin and sulochrin oxidase, have
attracted increasing interest.[1] To date, the transfer of the
chemical reactivity of a biooxidase into a simple synthetic
complex has been successful in a few cases only. Examples
include amino and phenoxy ligands as mimics for the copper-
containing enzyme galactose oxidase,[2] as well as mononu-
clear and binuclear copper(i) complexes as models of the
biological oxygenases.[3] In addition, the oxidation of a
bis(pyridine)imine ligand in vanadium(v) complexes has been
described;[4] however, this oxidation has not yet been per-
formed in a closed catalytic cycle. Recently an oxidative
heterocyclization of thiosemicarbazones to 1,3,4-oxadiazole
derivatives was described,[5] in which the reactand had to be
coordinated to copper(ii) ions with KBrO3 as oxidant. Like-
wise, this reaction was not carried out catalytically.
Most interesting is the ecologically compatible synthesis of

new heterocyclic compounds that are not easily accessible and
that can be applied as pharmaceuticals or as ligands for the
development of new catalysts. A series of imidazo[1,5-
a]pyridines (2a±e), the imidazo[1,5-a]imidazole 3, and the
imidazo[5,1-a]isoquinoline 4 were prepared by copper-cata-
lyzed oxidation with atmospheric oxygen.[6] Here, we describe
the synthesis of the seven heterobicycles 2a±e, 3, and 4 by
catalytic ring closure starting from the Schiff bases 1a±g
(Scheme 1). The Schiff bases 1a±gwere prepared readily from
the appropriate aldehydes and primary amines. The required
amines are accessible by the reduction of the oximes with
zinc.[7] The isolation of the imine 1 is not necessary; that is the
copper-catalyzed reaction of 1 was performed in situ, as
shown, for example, by the synthesis of 2b.
A methanolic solution of 1 and catalytic amounts of CuCl2

and base (sodium hydroxide, triethylamine) were heated in
the presence of air (Scheme 2). The Schiff base 1 undergoes
an oxidative dehydrogenation after coordination to a cop-
per(ii) ion. Then, a C�N bond was generated between the
imino-carbon atom and the nitrogen atom of the 2-pyridyl, 2-
imidazolyl, or isoquinolyl group in 1,
leading to the formation of the five-
membred heterobicycles.[8] The copper-
(ii) ions are regenerated after the oxida-
tive cyclization when atmospheric O2 is
present. The oxidized, monodentate li-
gands 2±4 coordinate more weakly to the
CuII center than the bidentate imine
starting material 1 and can therefore be
substituted by ligand exchange; in this
way the catalysis cycle begins anew.
Neither hydroxy or amine groups at R1

(1a,d±f) nor other substituents (1b,c,g)
hamper the reaction. The selective oxi-
dation of 1 by molecular oxygen is only
feasible in this reaction with copper ions
as catalyst. Nevertheless, for the catalytic
reaction the Schiff base 1 must contain
three donor atoms, whereas two donor
atoms are sufficient for the stoichiomet-
ric copper-mediated reaction.[6] The cop-
per-catalyzed reaction affords heterobi-

cycles (yields between 35 and 60%), which are either not
accessible with the stoichiometric variant or can only be
obtained in very low yields.
The X-ray structure analyses of 2a (Figure 1) and 3

(Figure 2) show the planar arrangement of the imidazo[1,5-a]-
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Scheme 1. Synthesis of the aldimines 1.

N

N
N

HO
OMe

N

N

N

H3C

N

N
CH3 HO

N

N
N

OMe

O

N

N
N

N

NH3C

HO

N

N

H2N

N

N
N

2a

3

2b

2c 2d

2e

4



pyridine (2a) and the imidazo[1,5-a]imidazole (3) heterobi-
cycles. The 1-methylimidazol-2-yl unit in 3 is flipped by 208
from the imidazo[1,5-a]imidazole backbone. The H atom at
O1 in 3 forms a hydrogen bond with the N1 atom (1.53 ä). In
contrast, in 2a the analogous ortho-hydroxy group forms a
hydrogen bond with the pyridyl-N1 atom of a second
molecule (1.95 ä).
To investigate the selective influence of the copper catalyst

on the reaction, we attempted to oxidize different Schiff bases
in the absence of copper ions. No selective oxidation was
observed for reactions with other oxidants, such as iron(iii)
salts, manganese(iv) and lead(iv) acetate, and air oxygen
under basic conditions, and no heterobicyles were isolated.
This copper-catalyzed reaction provides a facile route to

heterobicycles which previously had only been accessible in
low yields by dehydration of amides under severe conditions
(imidazo[1,5-a]pyridines,[9] imidazo[1,5-a]imidazoles,[10] and
imidazo[5,1-a]isoquinolines[11]). Analogous copper-catalyzed
reactions of other Schiff base compounds, as well as the
isolated copper(i) and copper(ii) intermediates will be re-
ported in due course.

Experimental Section

2a : The Schiff base 1a (1920 mg, 6 mmol), NaOH (25 mg, 0.6 mmol), and
CuCl2 (80 mg, 0.6 mmol) were heated in methanol (50 mL) under reflux for
7 h, while dry air was bubbled through the solution. After the mixture had
been allowed to cool to room temperature, a solution containing
NH4CH3COO (10 g) and NaCl (10 g) in distilled water (50 mL) was added,
and the mixture was heated up to 60 8C for 10 min. After the mixture had
cooled down to room temperature, the crystallisate was dissolved in CHCl3.
The solution was extracted three times with CHCl3, and the combined
organic layers were dried with Na2SO4. The CHCl3 was then removed in
vacuo. Column chromatography of the brown oil on silica in acetone
afforded 2a as a major yellow band. After removal of the solvent, 2a was
recrystallized from ethanol. The crystallization was completed by cooling
the mother liquor to �20 8C. Yield of 2a : 670 mg (2.1 mmol, 45%); m.p.
185 8C; 1H NMR (200 MHz, CDCl3): d¼ 11.58 (s, br., OH), 8.70 (m, 1H),
8.58 (m, 1H), 8.37 (m, 1H), 8.05 (m, 1H), 7.68 (m, 1H), 7.33 (m, 1H), 7.07
(m, 1H), 6.91 (m, 3H), 6.67 (m, 1H), 3.94 ppm (s, 3H); 13C NMR
(50.3 MHz, CDCl3): d¼ 154.0, 149.2, 149.0, 146.2, 136.3, 135.5, 129.5, 128.6,
122.6, 122.1, 121.5, 120.7, 119.6, 119.0, 117.5, 114.5, 112.3, 56.2 ppm; EIþ-MS:
m/z (%): 317 (100) [Mþ]; C,H,N analysis (%) calcd for 2a : C 71.91, H 4.76,
N 13.24; C 71.71, H 4.89, N 12.89.

2b : Method A: The Schiff base 1b (1160 mg, 3.5 mmol), NaOH (20 mg,
0.5 mmol) and CuCl2 (90 mg, 0.5 mmol) were first heated in methanol
(40 mL) under reflux for 1 h, while bubbling dry air through the solution.
After the reaction mixture was cooled down to room temperature, the
precipitated solid was filtered and recrystallized in ethanol/water (2/1).
Compound 2b (720 mg, 2 mmol; 63%) was obtained as yellow crystals.
Method B: A solution of bis(2-pyridyl)methylamine (2 g, 11 mmol) in
ethanol (10 mL) was added dropwise to a solution of 4-formylmethoxy-
benzoic ester (1.8 g, 11 mmol) in absolute ethanol (10 mL). The mixture
was refluxed for 1 h under argon. Then CuCl2 (90 mg, 0.5 mmol) and
NaOH (20 mg, 0.5 mmol) were added. The mixture was refluxed for
another 1.5 h, while bubbling dry air through the solution. The precipitated
yellow solid was filtered and washed with ethanol. After drying in vacuo, 2b
(1.25 g, 3.8 mmol; 35% relative to the used amine) was obtained as a yellow
solid. M.p. 204 8C; 1H NMR (200 MHz, CDCl3): d¼ 8.70 (m, 1H), 8.60 (m,
1H), 8.16±8.31 (m, 4H), 7.93 (m, 2H), 7.71 (m, 1H), 7.09 (m, 1H), 6.95 (m,
1H), 6.68 (m, 1H), 3.94 ppm (s, 3H); 13C NMR (50.3 MHz, CDCl3): d¼
166.6, 154.8, 149.0, 136.8, 136.2, 134.4, 131.4, 130.8, 130.2, 129.9, 127.8, 122.1,
121.5, 121.4, 120.6, 120.0, 114.5, 52.2 ppm; EIþ-MS: m/z (%): 329 (100)
[Mþ]; elemental analysis calcd (%) for 2b : C 72.94, H 4.59, N 12.76; found:
C 72.93, H 4.63, N 12.61.
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Scheme 2. Catalytic cycle with CuII catalyst and O2 as oxidant (for R1, R2

see Scheme 1).

Figure 1. Molecular structure of 2a. Selected C�N distances [ä] and C-N-
C angles [8]: C12-N2 1.330, C6-N2 1.377, C12-N3 1.382, C11-N3 1.386, C7-
N3 1.401; C12-N2-C6 107.0, C12-N3-C7 107.3, C11-N3-C7 121.8.

Figure 2. Molecular structure of 3. Selected C�N distances [ä] and C-N-C
angles [8]: C1-N1 1.342, C3-N1 1.386, C1-N2 1.389, C2-N2 1.388, C2-N3
1.373, C5-N3 1.390, C15-N3 1.463, C12-N5 1.378, C16-N5 1.458, C12-N4
1.333, C13-N4 1.384, C14-N5 1.385; C1-N1-C3 109.4, C1-N2-C2 107.9, C2-
N3-C5 106.9, C2-N2-C4 108.4, C12-N4-C3 104.8, C12-N5-C14 106.3.



2c : The Schiff base 1c (1000 mg, 4 mmol), NaOH (16 mg, 0.4 mmol), and
CuCl2 (54 mg, 0.4 mmol) were first heated in methanol (60 mL) under
reflux for 7 h, while bubbling dry air through the solution. After the
mixture had been stirred at room temperature for a further 12 h, the solvent
was removed in vacuo. Column chromatography of the residue on silica
with hexane/ethyl acetate (1/3) afforded 2c as a major yellow band
(400 mg, 1.6 mmol; 40%). M.p. 92 8C; 1H NMR (200 MHz, CDCl3): d¼
8.65 (m, 1H), 8.61 (m, 1H), 8.06±8.21 (m, 2H), 7.69 (m, 1H), 7.05 (m, 1H),
6.83 (m, 1H), 6.55 (m, 1H), 1.59 ppm (s, 9H); 13C NMR (50.3 MHz,
CDCl3): d¼ 155.0, 148.5, 145.3, 136.6, 130.6, 127.4, 123.2, 121.8, 120.0, 119.9,
112.6, 33.5, 28.2 ppm. EIþ-MS: m/z (%): 251 (90) [Mþ], 236 (100)
[Mþ�CH3]; elemental analysis (%) calcd for 2c : C 76.46, H 6.82, N
16.72; found: C 76.13, H 6.47, N 16.54.

2d : The Schiff base 1d (2500 mg, 11 mmol), NaOH (57 mg, 1.4 mmol), and
CuCl2 (194 mg, 1.4 mmol) were first heated in methanol (100 mL) under
reflux for 3 h, while bubbling dry air through the solution. The solvent was
then removed in vacuo. Column chromatography of the residue on silica
with hexane/CH2Cl2/ethyl acetate (6/6/1) afforded 2d as a major green
fluorescent band. Recrystallization of the collected fraction with toluene
yielded pale yellow crystals of 2d (1250 mg, 5.6 mmol; 50%). M.p. 150 8C;
1H NMR (200 MHz, CDCl3): d¼ 7.92 (d, 1H), 7.46 (m, 1H), 7.35 (m, 1H),
7.08 (m, 2H), 6.81 (m, 2H), 6.63 (m, 1H), 2.57 ppm (s, 3H); 13C NMR
(50.3 MHz, CDCl3): d¼ 156.2, 134.0, 129.8, 127.2, 126.4, 124.6, 122.2, 119.0,
118.6, 118.2, 117.7, 114.0, 113.8, 12.0 ppm; EIþ-MS: m/z (%): 224 (100)
[Mþ]; elemental analysis (%) calcd for 2d : C 74.98, H 5.39, N 12.49; found:
C 74.85, H 5.27, N 12.41.

2e : The Schiff base 1e (2300 mg, 8 mmol), NaOH (40 mg, 1 mmol), and
CuCl2 (130 mg, 1 mmol) were heated in methanol (40 mL) under reflux for
30 min while bubbling dry air through the solution. The color of the
reaction mixture changed to brown. After the addition of distilled water
(150 mL), EDTA (500 mg), ammonium acetate (500 mg) and NaCl (20 g)
to the hot reaction mixture a brown solid precipitated. This precipitate was
dissolved in ethyl acetate and the aqueous methanolic solution was
extracted three times with ethyl acetate. The combined organic phases were
dried over sodium sulfate. The ethyl acetate was removed in vacuo. Column
chromatography of the residue on neutral Al2O3 with hexane/ethyl acetate
(1/1) and removal of the solvents afforded a yellow oil which crystallized in
the cold. For the removal of a few impurities the solid was dissolved again
in acetic acid (20 mL) and distilled water (50 mL). After addition of NaCl
(15 g) and ice (50 g) to the colorless solution a brown precipitate appeared,
which was filtered from the dissolved product. NaHCO3 was added to the
filtrate and a yellow solid precipitated which was filtered from the solution.
Recrystallization of the solid with ethanol/water (1/1) yielded yellow
crystals of 2e (800 mg, 2.8 mmol; 35%). M.p. 146 8C; 1H NMR (400 MHz,
C6D6): d¼ 8.02 (d, 2H), 7.55 (m, 1H), 7.36 (m, 1H), 7.29 (m, 2H), 7.12 (m,
1H), 7.00 (m, 1H), 6.59 (m, 1H), 6.40 (m, 1H), 6.12 (m, 1H), 5.72 (m, 1H),
4.77 ppm (s, 2H); 13C NMR (100 MHz, C6D6): d¼ 147.1, 136.8, 136.0, 131.6,
129.9, 128.9, 128.4, 127.1, 126.6, 122.5, 119.5, 119.0, 117.1, 116.8, 114.2,
112.5 ppm; EIþ-MS: m/z (%): 286 (30) [Mþ]; elemental analysis (%) calcd
for 2e : C 79.98, H 5.30, N 14.73; found: C 79.53, H 5.13, N 14.34.

3 : The Schiff base 1 f (970 mg, 3.3 mmol), NaOH (20 mg, 0.4 mmol), and
CuCl2 (50 mg, 0.4 mmol) were heated in ethanol (30 mL) under reflux for
1 h, while bubbling dry air through the boiling solution. The color of the
reaction mixture changed from green to brown. After cooling the mixture
to room temperature, the crude product 3 precipitated. The product was
recrystallized in a water/DMSO (1/1) mixture to give crystalline 3 (345 mg,
1.1 mmol; 36%). M.p. 204 8C; 1H NMR (200 MHz, CDCl3): d¼ 12.65 (s,
br., OH), 6.84±7.50 (m, 8H), 4.06 (s, 3H), 3.95 ppm (s, 3H); 13C NMR
(50.3 MHz, CDCl3): d¼ 155.6, 137.4, 127.7, 127.4, 127.1, 126.6, 122.0, 121.1,
118.8, 116.9, 114.6, 104.7, 102.5, 35.1, 34.8 ppm; EIþ-MS:m/z (%): 293 (100)
[Mþ]; elemental analysis calcd for 3 : C 65.52, H 5.15, N 23.88; found: C
65.31, H 5.01, N 23.72.

4 : The Schiff base 1g (890 mg, 2.8 mmol) and CuCl2 (40 mg, 0.28 mmol)
were heated in methanol (20 mL) under reflux for 30 min, while bubbling
dry air through the solution. The color of the reaction mixture changed to
brown. After the addition of distilled water (200 mL), EDTA (250 mg) and
ammonium acetate (1000 mg) to the hot reaction mixture a yellow-brown
solid precipitated. The residue was filtered from the solution and dissolved
in ethyl acetate. Column chromatography of the residue on weak basic
Al2O3 with hexane/ethyl acetate (1/1) afforded 4 as a major blue
fluorescent band. Recrystallization of the collected fraction with hexane/

toluene (4/1) (35 mL) yielded pale-yellow crystals of 4 (310 mg, 0.97 mmol;
35%). M.p. 197 8C; 1H NMR (200 MHz, C6D6): d¼ 10.07 (d, 1H), 8.73 (m,
1H), 8.48 (m, 1H), 8.39 (m, 1H), 8.03 (m, 2H), 7.44 (m, 2H), 7.03±7.30 (m,
5H), 6.68 ppm (m, 2H); 13C NMR (50.3 MHz, C6D6): d¼ 152.2, 148.5,
138.1, 137.6, 137.2, 137.0, 136.7, 130.8, 129.6, 128.2, 127.4, 127.3, 126.3, 126.2,
125.3, 123.6, 123.5, 122.2, 114.4 ppm; EIþ-MS: m/z (%): 321 (100) [Mþ];
elemental analysis (%) calcd for 4 : C 82.22, H 4.70, N 13.08; found: C 81.88,
H 4.76, N 12.69.
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