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Enzymatic cyclizations using laccases: Multiple bond formation between
dihydroxybenzoic acid derivatives and aromatic amines†
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Oxidative C–N bond formation followed by cyclization of dihydroxybenzoic acid derivatives with
aromatic and heteroaromatic amines was catalyzed in the presence of oxygen by laccases [E.C.
1.10.3.2] from the white rot fungi Pycnoporus cinnabarinus and Myceliophthora thermophila. The
laccase-catalyzed formation of cycloheptenes, cyclooctenes, diazaspiro cyclohexenes, and
phenazines was investigated for the first time with regard to the ring size and substituents of the
aromatic amines as well as to the substitution patterns of the substrates. Differences to C–N bond
formation without cyclization are discussed.

Introduction

Enzyme-catalyzed oxidations using atmospheric oxygen as a
non-toxic oxidant are of considerable general interest. Laccases
(E.C. 1.10.3.2, benzenediol:dioxygen oxidoreductase) contain
four copper atoms in the catalytic centre which are responsible
for the electron transport during substrate oxidation.1 The spec-
trum of laccase substrates is broad, ranging from monophenols2

to anilines3 to ortho- and para-dihydroxylated substrates.4 The
oxidation of suitable substrates results in radicals, which can
undergo various reactions such as the coupling of two different
reaction partners. In the case of phenolic compounds bond
formations like C–C,4b,5 C–O,6 and C=C7 or in case of reactions
with amines C–N4c-e,8 or C=N4c,7,8 may be formed.

Laccase-catalyzed bond formation can be used in green
chemistry for the synthesis of many different substances,
e.g. the formation of benzofurans and benzofuran-1-ones,9

naphthoquinones,10 aminobenzoquinones,4c-e,11 substituted
imidazoles,12 3-substituted 1,2,4-triazolo[4,3-b][4.1.2]benzo-
thiadiazine-8-ones,13 and phenoxazinone derivatives,14 as well
as the dimerization of salicylic esters2c and penicillins.15

Thus the exploitation of laccases in organic synthesis is
a promising field of application in addition to their use
in biobleaching of pulp,16 in textile dye degradation,17 as
biosensors,18 and in the food industry.19 The mild and environ-
mentally friendly reaction conditions, which do not require high
temperatures or pressures, are crucial factors for the choice of
laccase as biocatalyst, for example in fine-chemical synthesis.20
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Although the list of laccase-catalyzed reactions is long, the
process of amine derivatization has so far been limited to the use
of substituted hydroquinones as coupling partners for various
aliphatic21 or especially aromatic amines.4c–e,11 As a result, most
of the laccase-mediated procedures described in the literature
result in the formation of mono- or diaminated quinones4c,e or
quinonimines.4c,22

To broaden the range of application of laccases in fine-
chemical synthesis, we exploited the laccases of Pycnoporus
cinnabarinus and Myceliophthora thermophila for the synthe-
sis of cycloheptenes, cyclooctenes, diazaspiro cyclohexenes,
and phenazines. In the presence of oxygen and laccase, 2,5-
dihydroxybenzoic acid derivatives and aromatic amines gave rise
to cyclic products with different substitution patterns.

Results

General observations

The amines (2a–g) used in this study consist of five- or six-
membered rings containing in the aromatic ring either only
carbon atoms or, alternatively, one or two nitrogen atoms.
Furthermore all amines are substituted with at least one amino
group and an additional carboxamide (2a–d), amino (2e,f),
or carboxyl group (2g). The different amines were incubated
with 2,5-dihydroxybenzoic acid derivatives (1a–d) and the lac-
case from Pycnoporus cinnabarinus. The predominant reaction
was oxidative C–N bond formation followed by cyclization,
resulting in heterocyclic heptenes (3a–l), which in a few cases
can be converted into diazaspiro products (5a,b). Moreover,
cyclooctenes (4a–f) or phenazines (6a–e) were formed during
laccase-catalyzed reaction.

The type of cyclization products recovered was dependent on
the ring size, the amination grade of the amine, as well as on
the structure of the 2,5-dihydroxybenzoic acid derivative used.
The reaction course and product formation were followed using
HPLC equipped with a diode array detector. The products were
isolated by solid-phase extraction, followed by lyophilization
and structural characterization by MS and NMR.
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Reaction of five-membered-ring amines with
2,5-dihydroxybenzoic acid derivatives

In the reactions of 2,5-dihydroxybenzoic acid (1a) and
2,5-dihydroxy-N-(2-hydroxyethyl)benzamide (1b) with 4-
aminoimidazole-5-carboxamide (2a) and 3-aminopyrazole-
4-carboxamide (2b), the cycloheptenes 3a–d were readily
produced by laccase-mediated bond formation (Scheme 1). All
reactions were performed with 0.5 U laccase from Pycnoporus
cinnabarinus as catalyst in sodium acetate buffer pH 5.0 at room
temperature. The yields of the substituted cycloheptenes 3a–d
ranged from 25 to 70%.

Scheme 1 Laccase-catalyzed reaction of 2,5-dihydroxybenzoic acid
derivatives 1a,b and five-membered-ring amines 2a,b for the synthesis of
cycloheptenes 3a–d. Yields refer to isolated yields.

In the laccase-catalyzed reactions of 2,5-dihydroxybenzoic
acid methyl ester (1c) and of 2,5-dihydroxybenzoic acid ethyl
ester (1d) with 2a, the cyclooctenes 4a,b were isolated as
product mixtures (Scheme 2). The presence of two products
was established by mass spectroscopy (4a LC/MS m/z AP-
ESI pos. mode [M + H]+ 259.0513 (calculated 259.0462); 4b
LC/MS m/z AP-ESI pos. mode [M + H]+ 260.0368 (calculated
260.0302)). However, these products had identical chromato-
graphic behaviour and identical NMR spectra.

Scheme 2 Laccase-catalyzed reaction of 2,5-dihydroxybenzoic acid
derivatives 1c,d and the five-membered-ring amine 2a for the synthesis
of cyclooctenes 4a,b. Yields refer to isolated yields.

The reactions of 2,5-dihydroxybenzoic acid methyl ester (1c)
and of 2,5-dihydroxybenzoic acid ethyl ester (1d) with 2b also
result in a product mixture consisting of four cyclooctenes
(Fig. 1). Additionally to the quinonoid cyclooctenes 4c,d, the
corresponding hydroquinonoid products 4e,f were analyzed by
NMR and MS.

In addition to the cycloheptenes 3a–d, the cyclooctenes 4a–f
were formed as by-products in small amounts. For structural

Fig. 1 Cyclooctenes 4c–f. Yields refer to isolated yields.

characterization of the by-products, we isolated the cyclooctene
mixture resulting from 1a and 2b and detected the expected
products 4c–f.

In order to study the influence of different laccases on the
product pattern or the product yields, the laccase of Mycelioph-
thora thermophila in citrate phosphate buffer (CPB) pH 7.0 was
used in addition to the laccase of Pycnoporus cinnabarinus in
sodium acetate buffer (SAB) pH 5.0. Independent of the source
of laccase, the same cycloheptenes or cyclooctenes were formed,
though the amounts of various products differed over a wide
range. In course of the reactions of 1a–d with 2a,b the synthesis
of the respective major products cycloheptenes or cyclooctenes
proceeded very rapidly over the first 20 min and in general
reached maximum yield after 2 h (as example, the formation of
3a and 4a,b are shown in Fig. 2). The highest product yields
were achieved with P. cinnabarinus laccase rather than with
the enzyme from M. thermophila. Reactions using laccase of P.
cinnabarinus resulted in an 89% increase of product amount for
3a and a 35% increase for 4a,b compared with the M. thermophila
laccase. Interestingly, the P. cinnabarinus enzyme leads to a more
efficient formation of the cycloheptene 3a than to the production
of cyclooctenes 4a,b.

Fig. 2 Reaction course of product formation for 3a (�) and 4a,b (�)
at equimolar concentrations (1mM) of reactants 2,5-dihydroxybenzoic
acid (1a) or 2,5-dihydroxybenzoic acid methyl ester (1c) and 4-
aminoimidazole-5-carboxamide (2a) using Pycnoporus cinnabarinus
(solid lines) laccase in SAB pH 5.0 and Myceliophthora thermophila
(dashed lines) laccase in CPB pH 7.0.

Moreover, using P. cinnabarinus laccase the substrates 1a,c
were consumed within 60 min and the concentration of amine
2a decreased 89% for the reaction with 1a and 93% for 1c.
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Homomolecular products of 1a,c were either not detected or
present only in trace amounts, indicating a nearly complete
conversion of reactants to the products 3a and 4a,b. We attribute
the less-than-theoretical yield to the isolation procedure, which
was not optimized. To address the question of the influence of
the amount of reaction partners on the product pattern or the
product yield, some of the reactions were run using different
concentrations of the reactants (1 : 1, 1 : 2, 2 : 1 and 2 : 2 mM). In
the reaction of 1a with 2a, the yield of 3a was only influenced to
a minor degree by the amount of reactants, independent of the
laccase used (Fig. 3).

Fig. 3 Reaction courses of product formation for 3a at different
concentrations of reactants 2,5-dihydroxybenzoic acid (1a) and 4-
aminoimidazole-5-carboxamide (2a) using the laccase from Pycnoporus
cinnabarinus (black columns) and Myceliophthora thermophila (white
columns).

Increasing the concentration of 1a or 2a did not result in
an increase either of product yield or of transformation rate.
The only positive effect was that with 2 : 2 mM reactants;
approximately double the amount (but the same yield) of
products was obtained with either laccase. The other reactions
of 1 with 2 were also less influenced by the amount of reactants,
independent of the used laccase (data not shown).

Reaction of six-membered-ring amines with
2,5-dihydroxybenzoic acid derivatives

The reactions performed with six-membered-ring amines
2-aminobenzoic acid amide (2c) and 3-aminopyridine-2-
carboxylic acid amide (2d) also resulted in the formation of
cycloheptenes 3e–h as the main products (Scheme 3). The

Scheme 3 Laccase-catalyzed reaction of 2,5-dihydroxybenzoic acid
derivatives 1b–d and six-membered-ring amines 2c,d for the synthesis
of cycloheptenes 3e–h. Yields refer to isolated yields.

product yields depend on both the 2,5-dihydroxybenzoic acid
derivative and the amino partner used. The product yield
decreased in the following order of substrate 1b > 1c > 1d and
amino partner 2c > 2d. In the reaction of 1c or d with 2d, the
cycloheptene 3i,j could not be isolated and was only detected
with HPLC/UV-vis and MS.

The product yields were dependent on the laccase used. The
yield of 3e in the reaction of 1b with 2c performed with P.
cinnabarinus laccase was 46% higher than with M. thermophila
laccase. In the reaction of 1c with 2c only 16% of 3f was formed
with M. thermophila laccase compared with P. cinnabarinus
laccase.

In the reaction of 1a with 2c, the cycloheptene product
3k decreased within 24 h and a new product 5a was formed
(Scheme 4). The conversion of the cycloheptene was also
observed during stability measurements of the isolated product,
indicating that transformation of 3k to 5a is also possible during
NMR analysis. A similar reaction was observed for 1a and 2d,
and this was confirmed by HPLC/UV-vis and MS analyses. The
diazaspiro structures of products 5a,b may be attributed to the
loss of the carboxyl group.

Scheme 4 Laccase-catalyzed reaction of 2,5-dihydroxybenzoic acid
1a and six-membered-ring amines 2c,d for the synthesis of diazaspiro
cyclohexenes 5a,b. Yields refer to isolated yields.

In some reactions of 2c and 2d cyclooctenes were detected by
HPLC/UV-vis as unstable by-products in very low concentra-
tions (data not shown).

All amines 2a–d have a carboxamide group in the ortho-
position to the amino group. To determine if reactants with
a second amino group or a carboxyl group in the ortho-position
are also able to react with 2,5-dihydroxybenzoic acid derivatives
1a–d to form cyclic products, we used diaminopyridines 2e,f
and 2-aminobenzoic acid 2g as reactants in laccase-catalyzed
reactions.

The two neighboring amino groups on the heteroaromatic
ring in 2e,f resulted in the formation of phenazines 6a–e as
cyclization products (Scheme 5).

Scheme 5 Laccase-catalyzed reaction of 2,5-dihydroxybenzoic acid
derivatives 1a–d and six-membered-ring diamines 2e,f for the synthesis
of phenazines 6a–e. Yields refer to isolated yields.
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Though all of these laccase-catalyzed reactions with reactants
2a–f yielded cyclic products, we were unable to detect cyclization
between 2-aminobenzoic acid 2g and 2,5-dihydroxybenzoic acid
derivatives 1a–c. In contrast to cyclization, we obtained in
reactions of 2g mono- (7a–c) and diaminated (9a–c) products,
as well as reactive radical intermediates (8a,b) (Scheme 6).
The monoaminated products and the reactive radical inter-
mediates were isolated as mixtures of the quinonoid form
and the hydroquinonoid radical, which have not so far been
described elsewhere. The reactive radical intermediates were
detected in NMR spectra as by-products, which were present
in low amounts. From the reaction mixture of 1a with 2g the
monoaminated product 7a and the simple diaminated product
9a were only detected as intermediates (7a by HPLC/UV-vis and
MS, 9a as a by-product of 10a in MS and NMR analyses). The
final product of the reaction of 1a with 2g is the decarboxylated
diaminated product 10a.

Scheme 6 Laccase-catalyzed reaction of 2,5-dihydroxybenzoic acid
derivatives 1a–d and 2-aminobenzoic acid 2g. Yields refer to isolated
yields. * 10a can only be obtained from 1a.

Detailed structural characterization of 3a, 4a,b, and 5a

The different types of laccase-synthesized products have differ-
ent characteristic UV-vis spectra. The cycloheptenes were mostly
coloured yellow to brown and the cylooctenes red violet to black.
Product 3a showed two absorption maxima under 240 nm and
one around 380 nm. MS measurement with AP-ESI in both
positive and negative modes showed the molecular mass of
3a to be 276. This mass can be attributed to an amination
of 2a on the quinonoid form of 1a and a cyclization via the
carboxylamide group of 2a on the carbonyl group (C-8a) of
the quinone, resulting in a seven-membered non-aromatic ring.
1H NMR spectral data of 3a showed characteristic signals for
both reactants (Table 1). Multiplicity of H-7 and H-8 suggests
the first amination step takes place at C-4a. The chemical shift
of the proton at N-4 was strongly shifted to lower field due
to formation of a hydrogen bond with the amidic oxygen. The
HMBC correlations (Fig. 4A) of the proton H-4 unambiguously
fixed the first amination at C-4a. Signals for the phenolic hydroxy
group at 7.46 ppm and for the amidic amine group at 9.19 ppm

were observed. Both signals showed HMBC correlations to
C-4a (162.7 ppm), C-8 (142.7 ppm), and C-8a (73.8 ppm),
supporting the concept of a cyclization step of the amidic
amine group at C-8a and the removal of the para-quinonoid
character. Additionally, 13C NMR showed only one typical
signal for quinones in the region of 180 ppm, indicating only
one quinonoid carbonyl group for 3a. The HMBC spectrum
also showed correlations between the proton H-7 and C-8a and
the proton H-8 and the quinonoid carbonyl carbon and the
C-4a, unambiguously showing 3a to be the aminated and cy-
clized product 8a-hydroxy-6,10-dioxo-1,4,6,8a,9,10-hexahydro-
1,3,4,9-tetraazabenzo[f ]azulene-5-carboxylic acid.

The products 4a,b could only be isolated as a mixture, and this
mixture has three absorption maxima under 400 nm and a weak
maximum around 500 nm. MS with AP-ESI in positive mode
showed two different mass peaks. The molecular mass of 259
was attributed to an amination of 2a on the quinonoid form of
1c and a cyclization via the amino group of the carboxylamide
group of 2a with the side chain of 1c resulting in 4a. The
molecular mass of 260 was also attributed to an amination
of 2a on the quinonoid form of 1c and a cyclization via the
carboxylamide group of 2a on the side chain of 1c, resulting in
an ester bond formation of 4b. Each of these products contains
an eight-membered non-aromatic ring due to the cyclization.
The postulated product structures were confirmed by NMR.
1H NMR spectral data of 4 showed characteristic signals for
both reactants (Table 1). Multiplicity of H-8 and H-9 suggests
that the first amination step takes place at C-10a. The HMBC
spectrum showed correlations between the protons H-8 and
H-9 and the quinone carbonyl carbons in the typical range
of 180 ppm, unambiguously showing 4a,b to have quinonoid
structures substituted at C-10a. Based on the NMR data we
are not able to distinguish between 4a and 4b. 13C NMR data
of C-4 (163.8 ppm) and C-6 (153.1 ppm) are both in the ranges
of anhydride and of imide carbon atoms.23 All results together
– MS and NMR – led to the identification of 4a,b as 3,11-
dihydro-1,3,5,11-tetraazabenzo[a]cyclopenta[d]cyclooctene-4,6,
7,10-tetraone and 3,11-dihydro-5-oxa-1,3,11-triazabenzo[a]-
cyclopenta[d]cyclooctene-4,6,7,10-tetraone respectively.

Product 5a showed one absorption maximum at 213 nm and a
weak maximum under 400 nm. MS measurements with AP-ESI
in both positive and negative modes showed the molecular mass
of 5a to be 242, indicating the coupling of both reactants 1a and
2c and a decarboxylation. 1H NMR spectral data of 5a showed
the presence of two aliphatic protons (Table 1). 13C NMR,
HSQC, and HMBC indicated that these aliphatic protons are the
C-9 methylene protons. This methylene group could be formed
by decarboxylation coupled with dearomatization. Additionally,
13C NMR showed two typical signals for the aliphatic carbonyl
carbons C-10 (194.0 ppm) and C-13 (191.6 ppm). 1H–13C corre-
lations (Fig. 4C) of H-11 and H-12 unambiguously showed the
decarboxylation and dearomatization of 1a. The multiplicities
and 1H–13C correlations of H-11 and H-12 suggest that the
amination has taken place at C-2. The HMBC correlations of
the protons H-1 and H-3 showed multiple cross-signals with C-
2, C-4a and C-9, demonstrating the two N–C bond formations
at C-2. The analyses confirmed the diazaspiro character of
the product 5a as 1¢H,2H,3¢H,5H-spiro[cyclohex-3-ene-1,2¢-
quinazoline]-2,4¢,5-trione.
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Table 1 1H and 13C assignments and HMBC correlations for 3a, 4a,b, and 5aa

13C 1H 1H–13C correlations

3a
C-2 137.3 7.88, s, 1H C-3a (139.5), C-10 (158.3)b, C-10a (114.9)
C-7 124.7 6.36, d, 1H, J = 10.1 C-4a (162.7)c, C-5 (93.2), C-6 (185.5)c, C-8a (73.8), C-11 (170.6)b

C-8 142.7 6.79, d, 1H, J = 10.1 C-4a (162.7), C-5 (93.2)b, C-6 (185.5), C-7 (124.7)c, C-8a (73.8)c

NH (N-1) 13.43, s, 1H —
NH (N-4) 13.78, s, 1H C-4a (162.7)b, C-5 (93.2), C-8a (73.8), C-10a (114.9)
NH (N-9) 9.19, s, 1H C-4a (162.7), C-8 (142.7), C-8a (73.8), C-10 (158.3), C-10a (114.9)
OH (at C-8a) 7.46, s, 1H C-4a (162.7), C-8 (142.7), C-8a (73.8)
OH (at C-11) 15.08, s, 1H C-5 (93.2), C-11 (170.6)

4a,b
C-2 126.4 8.26, s, 1H C-3a (124.5), C-11a (139.8)
C-8 142.6 6.77, d, 1H, J = 10.3 C-6 (153.1)b, C-6a (100.2), C-9 (134.2)b, C-10 (184.8)
C-9 134.2 6.84, d, 1H, J = 10.3 C-7 (180.8), C-8 (142.6)b, C-10a (148.8)
NH 7.31, s, 1H C-3a (124.5)b

NH 7.84, s, 1H —

5a
C-5 126.8 7.59, m, 1H, J = 7.7, 1.4 C-4 (164.0), C-4a (114.4)c, C-7 (133.3), C-8a (144.7)
C-6 117.9 6.70, m, 1H, J = 7.8, 7.2, 0.9 C-4 (164.0)c, C-4a (114.4), C-5 (126.8)b, C-7 (133.3)b, C-8 (114.0), C8a (144.7)b

C-7 133.3 7.23, m, 1H, J = 7.9, 7.3, 1.6 C-5 (126.8), C-6 (117.9)c, C-8a (144.7), C-8 (114.0)b

C-8 114.0 6.66, d, 1H, J = 7.8 C-4 (164.0))b, C-4a (114.4), C-5 (126.8)c, C-6 (117.9), C-8a (144.7)c

C-9 48.5 3.08, d, 1H, J = 17.1, 0.9 C-2 (70.7), C-10 (194.0), C-11 (141.4)b, C-13 (191.6)
3.36, d, 1H, J = 17.1 C-2 (70.7), C-8a (144.7)b, C-10 (194.0), C-13 (191.6)b

C-11 141.4 6.85, d, 1H, J = 10.3, 0.9 C-6 (117.9)c, C-9 (48.5)b, C-13 (191.6), C-10 (194.0)c

C-12 137.7 6.88, d, 1H, J = 10.3 C-2 (70.7), C-10 (194.0), C-11 (141.4)c, C-13 (191.6)c

NH (N-1) 7.64, s(b), 1H C-2 (70.7), C-4a (114.4), C-9 (48.5)b

NH (N-3) 8.14, s(b), 1H C-2 (70.7), C-4a (114.4), C-4 (164.0), C-9 (48.5)b, C-5 (126.8)c

a Chemical shifts are expressed in d (ppm) calibrated on the resonances of the residual nondeuterated solvent DMSO. J values are in Hz b Signals
with low intensity. c Signals with very low intensity.

Fig. 4 Product numbering and important HMBC correlations (H → C) of (A) 3a, (B) 4a,b, (C) 5a.

Discussion

The structures of the products synthesized with the aid of
laccases were defined by MS, NMR and UV-vis spectral
analyses. The course of reaction (whether cyclization or not)
was dependent on the number of amino groups of the amino
partners 2a–g. The path of cyclization of aminated products is
determined by the ring size and substituents of the aromatic or
heteroaromatic amino partner, by the substitution of the used
laccase substrate as well as the reaction conditions such as the
particular laccase used and buffer pH.

The synthesis of cyclic products can be described as a regiose-
lective domino reaction (Scheme 7). The first step is the laccase-
catalyzed oxidation of the respective 2,5-dihydroxybenzoic acid
derivative with oxygen, resulting in quinonoid derivatives that

then undergo an amination by intermolecular Michael addition
(1,4-addition). The amination is affected by the amino group
linked directly to the aromatic ring, as in 2a–g. The position of
amination is ortho to the COR-group of 1a–d as described for
other aminations.4c,11a,c,g After a second oxidation the monoam-
inated products 7, which were isolated for R2 = COOH but only
postulated for R2 = CONH2 or NH2, are formed. Products 7
with R2 = COOH undergo a second amination (reaction A,
Scheme 7) para to the first one, resulting in the formation of
products 9, which, in case of R1 = OH, were decarboxylated
to 10. The analyzed hydroquinonoid radicals 8 as intermediates
are described for the first time for laccase-mediated amination,
though the formation of radicals in the course of laccase-
catalyzed substrate oxidation has long been known.1b,7,24 The
radicals described in our study could be formed during the
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Scheme 7 Possible reaction mechanism.

second laccase-catalyzed oxidation before binding the second
amine molecule. The chemical synthesis of trimers like 9 has
been described in the past.4c,25

Starting from 7, different reaction courses for cyclization
(reactions B and C, Scheme 7) are possible depending on the ring
size (X, Y, Z) and amino substituent R2 of the amino partner 2
as well as on the substituent R1 of the laccase substrate 1. In case
of R1 = OH or NH(CH2)2OH and R2 = CONH2 the reaction
step is an intramolecular 1,2-addition of the R2-nitrogen to the
carbonyl carbon C-6¢ of 7, forming stable cycloheptenes 3. The
cycloheptene formation is dominant in the reactions of five-
membered 2 as well as for six-membered 2 with R2 = CONH2,

and this is independent of the laccase substrate used. In the case
of R1 = OH the cycloheptenes 3 are not final products of the
reaction. Compound 3 undergoes a decarboxylation coupled
with a migration of amide nitrogen from C-9a to C-5a, resulting
in 5. The formation of diazaspiro products was described for
chemical spirocyclization e.g. by Kuckländer et al.26

In contrast to these products 3 and 5, the intramolecular 1,2-
addition is only the first reaction step in the case of 7 with
R2 = NH2, 13 being hypothetical reactive intermediates. These
reactive species can undergo rapid dehydratization coupled
with rearomatization resulting in the isolated phenazines 6.
The chemical reaction of 2,3-dibromo-1,4-naphthoquinone with

884 | Green Chem., 2010, 12, 879–887 This journal is © The Royal Society of Chemistry 2010
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1,2-diaminobenzole27 proceeded in a similar way to our laccase-
catalyzed reactions with 2e and 2f. The authors also noted that
the monoaminated product formed reacted further by attacking
the carbonyl group of the quinone to yield an angular 5-bromo-
6-hydroxy-benzo[a]phenazine. A similar product was described
in the reaction of ortho-phenylenediamine with 2-hydroxy-
1,4-naphthoquinone. The formation of an ortho-quinone was
postulated as an intermediate which further reacts with the
diamine resulting in benzo[a]phenazin-5-ol.28 The chemical
synthesis of phenazines by amination and substitution of one
hydroxyl group has been described by Fandy et al.29

Furthermore, 7 gives mainly 4 in the case of R1 = OCH3 or
OC2H5 and R2 = CONH2 and X = N, Y = CH, Z = NH. The
ester groups of 1 undergo an addition–elimination reaction by
the R2 amino group and a loss of R1 (reaction C, Scheme 7). The
more reactive ester groups of 1c,d can react with the amino group
of R2 = CONH2 to produce a less reactive imide group, whereas
the less reactive substituted amide group of 1b is more stable. The
hydroxy proton of the carboxyl group of 1a is acidic, so that both
are involved in an acid–base-reaction than in amide formation,
and this may explain why we could not detect products 4 from
1a. Surprisingly, we also found acid anhydrides 4b,d,f in MS
analyses in addition to the 4a,c,e products. Additionally, it is not
possible to distinguish between anhydride and imide structures
by NMR. Because of this, we can only postulate the structures
from the reaction mechanisms. The reaction of the more reactive
ester groups of 1c,d can only react with the amino group of R2 =
CONH2 to an imide group by loss of alcohol. The reaction of
these ester groups with the amino group to acid anhydrides has
not been described so far, so we propose that acid anhydrides
as well as the hydroquinones from the quinones11b are generated
during MS analyses.

Whereas the five-membered amino partners 2a,b react to 3
and/or 4 depending on the substituent R1 of 1, the six-membered
amino partners 2c,d prefer to form 3, and react further to give 5
only in the case of R1 = OH.

Furthermore, cycloheptene and cyclooctene formation was
more effective with P. cinnabarinus laccase than with M.
thermophila laccase, contrary to the di- and trimer formation
in reactions of 1,4-hydroquinones with amino acids described
previously by Hahn et al.4e Although it is known that the pH
value of the buffer may be important especially for the quinone
formation, it is more important for high product yield to use
the laccase in a reaction medium in which the highest possible
activity of the enzyme can be achieved.4c

Furthermore, despite the utilization of an oxidative enzyme
and oxygen hydroquinonoide, products 4 were formed. Al-
though aminohydroquinones are very susceptible to oxidation26

these products were part of a mixture of four different products.
This is one example of the unusual reaction course and reaction
products described in this study. In particular, the formation of
the cyclooctenes and cycloheptenes as well as the diazaspiro
products is unique for enzyme- and non-enzyme-catalyzed
reactions of amines containing a neighboring amino and car-
boxylamide group with 2,5-dihydroxybenzoic acid derivatives.

The cyclization products described here could be the basis
not only for the production of fine chemicals but also for
the synthesis of new pharmaceuticals. Cycloheptenes can be
regarded as diazepines, and a famous representative of this

group is diazepam, which is used as an anti-convulsant and
anti-anxiety agent.30 Additionally, diazepines have antitumor,31

antimicrobial and anthelmintic activities,32 as well as anti-HIV
activity.33 Furthermore, cyclooctenes are regarded as diazocines
or oxazocines and possess (for example) anti-inflammatory
properties.34 In this context the novel synthetized compounds
may enlarge the spectrum of medically important substances.
Further studies are ongoing to test the synthesized products for
their biological activity.

Conclusion

In this study we have described a new method for the syn-
thesis of cycloheptenes, cyclooctenes, diazaspiro cyclohexenes,
and phenazines catalyzed by laccase as a one-pot reaction
sequence. The potential of laccases in organic chemistry is
thus broadened towards the formation of cyclic compounds,
and constitutes an additional tool for organic chemists, for
example in fine chemical synthesis. Furthermore, the synthesis
of substances that are not accessible by standard procedures, and
the use of environmentally friendly reaction conditions, enable
laccase-catalyzed processes to fill the gaps in classical organic
chemistry.

Experimental

Enzymes

The used laccase was obtained from Pycnoporus cinnabarinus
SBUG-M 1044. The white rot fungus was isolated from an
oak tree in northern Germany, and is deposited at the strain
collection of the Department of Biology of the University of
Greifswald (SBUG), from where it can be obtained.

Cultivation of Pycnoporus cinnabarinus SBUG-M 1044 and
crude preparation of laccase was carried out as we reported
previously.35 This enzyme preparation contains only isoenzymes
of laccase, but no other enzymes, and was always used in 20 mM
sodium acetate buffer (SAB) pH 5.0, at its pH optimum.35,36

Laccase from Myceliophthora thermophila (expressed in genet-
ically modified Aspergillus sp.) was obtained from Novozymes
(Bagsvaerd, Denmark). It was used as received (activity 1000
U g-1; substrate: syringaldazine) in citrate phosphate buffer
(CPB, 18 mM citrate, 165 mM phosphate) at its pH optimum of
pH 7.0.36b,37

Measurement of laccase activity

The activity of laccase was determined spectrophotometrically
at 420 nm with ABTS (2,2¢-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt) as substrate38 using the method
described by Jonas et al.35 1 U is defined as 1 mmol mL-1 min-1.

Experimental procedures

Analytical procedure. For analytical experiments amines
(1 mM, 2 mM) and the respective dihydroxylated compound
(1 mM, 2 mM) were incubated with laccase (activity 0.5 U).
Reaction mixtures were incubated with agitation at 200 rpm
at room temperature in the dark. The reaction mixtures were
analyzed by HPLC. The separation of the substances was

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 879–887 | 885

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 2

4 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
92

00
81

A
View Online

http://dx.doi.org/10.1039/B920081A


achieved by RP18 column at a flow rate of 1 mL min-1. The
solvent system used consisted of methanol (eluent A) and
0.1% phosphoric acid (eluent B), starting from an initial ratio
of 10% A and 90% B and reaching 100% methanol within
14 min.

Product isolation. All reaction mixtures for product isolation
were performed with laccase of Pycnoporus cinnabarinus (final
activity 0.5 U) in SAB. Isolation steps were performed by solid-
phase extraction with a RP18 silica gel column (60 mL, 10 g
adsorbent material, Phenomenex, Strata, Germany). Product
3a was isolated from the reaction mixture (340 mL) after
an incubation period of 2 h (1a:2a, 2 : 2 mM assay). After
charging the column with 10 mL reaction mixture, 100 mL
of methanol–distilled water (10 : 90 v/v) was used to remove
undesired impurities. Elution of the yellow–green fraction was
performed with 30 mL of methanol–distilled water (40 : 60 v/v).
Product 4a,b was isolated from reaction mixture (460 mL) after
an incubation period of 24 h (1c:2a, 2 : 2 mM assay). After
charging the column with 20 mL reaction mixture and washing
steps with 80 mL of methanol–distilled water (5 : 95 v/v) and
10 mL of methanol–distilled water (50 : 50 v/v), the product was
eluted with 10 mL of methanol–distilled water (50 : 50 v/v). 5a
was a product resulting from conversion of 3k. Product 3k was
isolated from reaction mixture (400 mL) after an incubation
period of 20 min (1a:2c, 1 : 1 mM assay). After charging the
column with 40 mL reaction mixture and washing steps with
50 mL of distilled water and 20 mL of methanol–distilled water
(10 : 90 v/v), the product was eluted with 30 mL of methanol–
distilled water (30 : 70 v/v).

For mass spectrometry (MS) and nuclear magnetic resonance
(NMR) spectroscopy, the isolated products were dried by
lyophilization.

The products were characterized by MS using electrospray
ionization under atmospheric conditions (API-ES) (drying and
nebulizing gas: nitrogen) on a Bruker-Daltoniks micrOTOF
instrument (Bremen, Germany; software: HyStar). The NMR
spectra were recorded on a Bruker Avance 600 instrument
(Rheinstetten, Germany) at 600 MHz. The solvent used was
DMSO-d6. Chemical shifts are expressed in d (ppm) calibrated
on the resonances of the residual nondeuterated solvent. J values
are given in Hz.

8a-Hydroxy-6,10-dioxo-1,4,6,8a,9,10-hexahydro-1,3,4,9-
tetraazabenzo[f ]azulene-5-carboxylic acid (3a)

Synthesis and isolation as described above. Yellow–green solid.
Yield 27.82% (51.9 mg): mp (decomposition) 168–170 ◦C. 1H
NMR: d 6.36 (d, J = 10.1, 1H, H-7), 6.79 (d, J = 10.1, 1H,
H-8), 7.46 (s, 1H, OH, on C-8a), 7.88 (s, 1H, H-2), 9.19 (s, 1H,
NH, H-9), 13.43 (s, 1H, NH, H-1), 13.78 (s, 1H, NH, H-4),
15.08 (s, 1H, OH, on C-11). 13C NMR: d 73.8 (C-8a), 93.2 (C-5),
114.9 (C-10a), 124.7 (C-7), 137.3 (C-2), 139.5 (C-3a), 142.7 (C-
8), 158.3 (C-10), 162.7 (C-4a), 170.6 (C-11), 185.5 (C-6). HMBC
correlations see Table 1. Rf (HPLC) 6.1 min, UV-vis (MeOH)
lmax 204, 234, 387 nm. MS m/z AP-ESI: pos. ion mode [M + H]+

277.0610 (calculated 277.0567), [2M + H]+ 553.1167 (calculated
553.1062); AP-ESI: neg. ion mode [M - H]- 275.0414 (calculated
275.0422), [2M - H]- 551.0892 (calculated 551.0917), [3M - H]-

827.1346 (calculated 827.1411).

Product mixture: 3,11-Dihydro-1,3,5,11-tetraazabenzo-
[a]cyclopenta[d]cyclooctene-4,6,7,10-tetraone (4a), 3,11-
dihydro-5-oxa-1,3,11-triazabenzo[a]cyclopenta[d]cyclooctene-
4,6,7,10-tetraone (4b)

Synthesis and isolation as described above. Dark violet solid.
Yield 47.70% (90.6 mg): mp (decomposition) 149–153 ◦C. 1H
NMR: d 6.78 (d, J = 9.7, 1H, H-8), 6.85 (d, J = 9.7, 1H, H-
9), 7.32 (s, 1H, NH), 7.83 (s, 1H, NH), 8.26 (s, 1H, H-2). 13C
NMR: d 100.2 (C-6a), 125.0 (C-3a), 126.3 (C-2), 134.1 (C-9),
140.0 (C-11a), 142.5 (C-8), 149.1 (C-10a), 153.8 (C-6), 164.2 (C-
4), 181.0 (C-7), 185.1 (C-10). HMBC correlations see Table 1.
Rf (HPLC) 6.1 min, UV-vis (MeOH) lmax 246, 265, 323, 503 nm.
(4a) MS m/z AP-ESI: pos. mode [M + H]+ 259.0513 (calculated
259.0462). (4b) MS m/z AP-ESI: pos. mode [M + H]+ 260.0368
(calculated 260.0302).

9a-Hydroxy-7,11-dioxo-7,9a,10,11-tetrahydro-5H-
dibenzo[b,e][1,4]diazepine-6-carboxylic acid (3k)

Synthesis and isolation as described above. Yellow solid. Yield
26.99% (31.3 mg): mp (decomposition) 130–134 ◦C, mp 156–
160 ◦C. Rf (HPLC) 7.6 min, UV-vis (MeOH) lmax 213, 366 nm.
MS m/z AP-ESI: neg. mode [M - H]- 285.0499 (calculated
285.0517).

1¢H ,2H ,3¢H ,5H-Spiro[cyclohex-3-ene-1,2¢-quinazoline]-2,4¢,5-
trione (5a)

1H NMR: d 3.08 (d, J = 17.1, J = 0.9, 1H, H-9), 3.36 (d, 1H,
H-9), 6.66 (d, J = 7.8, 1H, H-8), 6.70 (m, J = 7.8, J = 7.2, J =
0.9, 1H, H-6), 6.85 (m, J = 10.3, J = 0.9, J = 0.7, 1H, H-11),
6.88 (d, J = 10.3, 1H, H-12), 7.23 (m, J = 7.9, J = 7.3, J = 1.6,
1H, H-7), 7.59 (m, J = 7.7, J = 1.4, 1H, H-5) 7.64 (s (br), 1H,
NH, H-1), 8.14 (s (br), 1H, NH, H-3). 13C NMR: d 48.5 (C-9),
70.7 (C-2), 114.0 (C-8), 114.4 (C-4a), 117.9 (C-6), 126.8 (C-5),
133.3 (C-7), 137.7 (C-12), 141.4 (C-11), 144.7 (C-8a), 164.0 (C-
4), 191.6 (C-13), 194.0 (C-10). HMBC correlations see Table 1.
Rf (HPLC) 5.9 min, UV-vis (MeOH) lmax 213, 366 nm. MS m/z
AP-ESI: neg. mode [M - H]- 241.0614 (calculated 241.0619).
AP-ESI: pos. mode [M + H]+ 243.0734 (calculated 243.0764).
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Jülich and U. Lindequist, Chem. Pharm. Bull., 2006, 54, 632; (d) A.
Mikolasch, T. H. J. Niedermeyer, M. Lalk, S. Witt, S. Seefeldt, E.
Hammer, F. Schauer, M. Gesell-Salazar, S. Hessel, W.-D. Jülich and
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