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a b s t r a c t

A series of novel derivatives of the 1,3-tropolone (b-tropolone) systemd2-(2-quinolyl)-5,6,7-trichloro-
1,3-tropolones and 2-(2-quinolyl)-4,5,6,7-tetrachloro-1,3-tropolones have been prepared by the acid-
catalyzed reaction of 2-methylquinolines with 3,4,5,6-tetrachloro-1,2-benzoquinone. The molecular
structures of two compounds, 2-(4-chloro-6,8-dimethyl-5-nitro-2-quinolyl)-5,6,7-trichloro-1,3-tropo-
lone 8 and 2-(4-chloro-7,8-dimethyl-5-nitro-2-quinolyl)-4,5,6,7-tetrachloro-1,3-tropolone 9, have been
determined using X-ray crystallography. According to the performed DFT B3LYP/6-311þþG** calculations
the tautomeric (OH) and (NH) forms of b-tropolones 8 and 9 are nearly energy equivalent, the latter
being more stabilized in polar media. Photolysis of 2-(2-quinolyl)-1,3-tropolones in heptane solution
leads to the disrotatory electrocyclic rearrangement resulting in the formation of a mixture of E- and
Z-isomers of 3-[2(1H)-quinolinylyden]-bicyclo[3.2.0]hept-6-en-2,4-dione derivatives.

� 2010 Elsevier Ltd. All rights reserved.
Fig. 1. Structures of a-tropolone 1 and b-tropolone 2 derivatives.
1. Introduction

It has been shown that the reaction of o-quinones with meth-
ylene active compounds serves as a convenient method for the
construction of 1,3-tropolone (b-tropolone) derivatives.1e5 The
mechanism of the reaction detailed by quantum chemical DFT
calculations5 involves, at its initial stage, formation of norcaradiene
derivatives, which subsequently isomerize to give b-tropolones. It
was reported1 that coupling 3,4,5,6-tetrachloro-1,2-benzoquinones
with acetone gives rise to the formation of an a-tropolone de-
rivative 1, but this conclusion was later called into question by the
results of a 2D NMR spectroscopic study2 of the structure of the
product, that attributed it to a b-tropolone derivative 2 (Fig. 1).

In this paper, we extend the previously studied acid-catalyzed
reaction3e5 of 2-methylquinolines with o-quinones to 3,4,5,6-tet-
rachloro-o-quinone derivative, describe a synthetic entry to novel
derivatives of 2-(2-quinolyl)-b-tropolones substituted in the seven-
membered ring and address the problem of the structure of the
tropolones obtained by this method.

To unambiguously assign the structure to a or b-isomeric form
X-ray determinations have been performed for two compounds
0; e-mail address: minkin@
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and the relative stability of the tautomeric forms of the tropolones
estimated by quantum chemical calculations using DFT B3LYP/6-
311þþG** method with account taken for solvation.

Recently, we have found that b-tropolones, similar to their a-
congeners6 are susceptible to a photoinduced electrocyclic rear-
rangement, occurring via the intramolecular OeH/N/O/HeN
excited state proton transfer followed by the disrotatory cyclization
of the seven-membered ring diene fragment.7 In the present work,
we attempted to apply this reaction to the newly obtained poly-
chloro-b-tropolones and studied photolysis of their hexane solu-
tions as well as absorption and fluorescence spectra of the initial
compounds and the products of the photochemical reaction.
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2. Results and discussion

2.1. Synthesis and structure of 2-(2-quinolyl)-5,6,7-trichloro-
1,3-tropolones and 2-(2-quinolyl)-4,5,6,7-tetrachloro-1,3-
tropolones

Heating of a dioxane solution of 2-methylquinolines 3 and
3,4,5,6-tetrachloro-1,2-benzoquinone 4 at reflux over 20e30 min
(method A) gives rise to a mixture of b-tropolones 8aef and 9aef
with a substantial prevalence of the former. The total yields can be
slightly increased and the ratio of the products reversed when
running the reaction at about 50 �C for 5e6 h in the presence of
acetic acid (method B). In this case, b-tropolones 9aef were
obtained in 65e80% yield, whereas only trace amounts of com-
pounds 8aef were isolated from the reaction mixture. The mech-
anism of the reaction based on the experimental findings
(preparative isolation of an analog of the intermediate 5) and the-
oretical modeling of the reaction of 2-methylquinoline with 3,5-di
(tert-butyl)-1,2-benzoquinone5 is pictured in Scheme 1. It includes
four basic steps.
Scheme 1. Synthesis of 2-(2-quinolyl)-4,5,6,7-trichloro-1,3-tropolone 8 and 2-(2-quinolyl)-4,5,6,7-tetrachloro-1,3-tropolone 9.
At the initial stage of the reaction, the aldol condensation of
2-methylquinolines 3 with 3,4,5,6-tetrachloro-1,2-benzoquinone 4
affords the intermediate adductsd6-(2-quinolinyl methylene)-6-
hydroxy-2,4-cyclohexadiene-1-ones 5. The essential ring-closing
step (5/6 in Scheme 1) must be preceded by the proton transfer
from the methylene group of intermediate 5 to the heterocyclic
nitrogen. The geometry of the H2CeC]N triad of 5 is unfavorable
for the intramolecular proton transfer and, as in many other 1,3-
hydrogen shifts,8e10 the pre-formation of an adduct with a suitable
carrier molecule (acetic acid in the considered reaction) is the
prerequisite for the proton transfer to proceed with a sufficiently
low energy barrier. The CH/N proton transfer in 5 is accompanied
by the cyclization reaction to give the norcaradiene derivatives 6,
which then rearrange to the dihydrotropolone derivatives 7. In the
absence of acetic acid (method A) the further reaction proceeds
through dehydrochlorination of 7 and results in the formation of
trichloro-b-tropolones 8. In method B, one has to use a twofold
excess of quinone 3 since it serves as an oxidant converting dihy-
drotropolone 7 into 2-(2-quinolyl)-4,5,6,7-tetrachloro-1,3-tropo-
lone 9 as the final product. Under relatively mild conditions
(heating at w50 �C), only small amounts of trichlorotropolones 8
are formed in this reaction. The yields of 8 substantially increase
when increasing temperature of the dioxane solution, achieving
60e80% at reflux.

The structures of b-tropolones 8 and 9were characterized by 1H
NMR, IR-spectroscopy, and mass-spectrometry as well as X-ray
diffraction study of compounds 8e and 9f. The overall views of their
molecules are shown in Figs. 2e4.

An independent part of the elementary cell of compound 8e
contains two molecules (for the second molecule, numbers of
atoms are increased by 20 relative to first one). The quinoline
fragment (including atoms C(8)eC(18) and atom N(1)) lie in a root-
mean-square plane (deviations from the plane less than 0.03 Å).
Deviations of atoms Cl(4) and C(2) from this plane are, respectively,
0.17 and 0.03 Å in the same direction, whereas that of N(2) is 0.20 Å
in the opposite direction. The tropolone ring is acoplanar. It is
possible to allocate four atoms laying in common planes for mol-
ecules A: C(2),C(3),C(6),C(7) (deviations are less than 0.02 Å) and B:
C(22),C(23),C(26),C(27) (deviations are less than 0.04 Å).

Another plane in each molecule is formed by remaining atoms
of the tropolone moieties, so that the seven-membered rings ac-
quire bath configurations folded along the C(2)eC(7) and C(3)eC(6)
(molecule A) and C(22)eC(27) and C(23)eC(26) (molecule B) lines
by the angles 32.5�, 15.6� (A) and 35.3�, 25.3� (B).

Fig. 2 represents a superimposition of two independent mole-
cules of 8e, so that quinoline fragments are made coincident. This
picture helps to see that the tropolone moieties of molecules A and
B are turned along the C(1)eC(4) line in opposite directions as well
as the nitro groups with respect to the 2-methylquinoline
fragments.

Compound 8e exists in the NH tautomeric form with a strong
intramolecular NeH/O hydrogen bond and very short N/O dis-
tance (N(1) / O(2)¼2.432 (4) Å).The H(7)/O(2) distance is equal
to 1.49 Å. The O(2)eC(3) carbonyl bond is significantly elongated
(1.301 (5) Å) compared to the bond lengths of typical carbonyl
bonds (1.21e1.23 Å). The angles N(1)eH(7)/ O(2) and H(7)eO(2)e
C(3) are equal to 143 (2)� and 106 (1)�, respectively. The six-
membered ring closed by the intramolecular N(1)eH(7)/O(2)
bond is planar with an accuracy of 0.027 Å.

As with 8e, b-tropolone 9f exists in the solid state in the NH
tautomeric form with a strong intramolecular NeH/O hydrogen
bond.

In 9f, the N(1)/O(2) and H/N(1) distances (2.49 Å and 1.71 Å,
respectively) are significantly longer than those in 8e, while the



Fig. 3. A superimposition of the independent molecules A and B from the elementary
cell of 2-(4-chloro-6,8-dimethyl-5-nitro-2-quinolyl)-5,6,7-trichloro-1,3-tropolone
combined on 2-methylquinoline fragment (8e).

Fig. 4. Molecular structure of 2-(4-chloro-7,8-dimethyl-5-nitro-2-quinolyl)-4,5,6,7-
tetrachloro-1,3-tropolone (9f). Thermal ellipsoids are drawn on the 50% probability
level. Selected bond lengths (Å): O(1)eC(1) 1.221(4), O(2)eC(3) 1.251(4), N(1)eC(8)
1.339(4), C(1)eC(2) 1.462(4), C(1)eC(7) 1.494(5), C(2)eC(3) 1.423(4), C(2)eC(8) 1.440
(4), C(3)eC(4) 1.501(4), C(4)eC(5) 1.329(5), C(5)eC(6) 1.448(5), C(6)eC(7) 1.335(4), C
(8)eC(9) 1.416(4); selected bond angles (

�
) O(1)eC(1)eC(2) 123.8(3), C(3)eC(2)eC(1)

122.7(3), C(3)eC(2)eC(8) 119.3(3), O(2)eC(3)eC(2) 123.7(3), N(1)eC(8)eC(2) 117.9(3),
C(8)eN(1)eC(16) 125.8(3). It must be noted that the crystal under study contained one
molecule of benzene for two molecules of 9f.

Fig. 2. Molecular structure of 2-(4-chloro-6,8-dimethyl-5-nitro-2-quinolyl)-5,6,7-tri-
chloro-1,3-tropolone (8e) showing two independent molecules (A and B) in the crystal
cell. Thermal ellipsoids are drawn on the 50% probability level. Selected bond lengths
of the molecule A (Å): O(1)eC(1) 1.200(5), O(2)eC(3) 1.301(5), N(1)eC(8) 1.339(5), C
(1)eC(2) 1.450(6), C(1)eC(7) 1.496(6), C(2)eC(3) 1.406(6), C(2)eC(8) 1.471(6), C(3)eC
(4) 1.458(6), C(4)eC(5) 1.327(6), C(5)eC(6) 1.458(7), C(6)eC(7) 1.338(7), C(8)eC(9)
1.410(5); selected bond angles of the molecule A (�) O(1)eC(1)eC(2) 122.8(4), C(3)eC
(2)eC(1) 123.8(4), C(3)eC(2)eC(8) 118.5(4), O(2)eC(3)eC(2) 121.9(4), N(1)eC(8)eC(2)
117.5(4), C(8)eN(1)eC(16) 123.7(3). Selected bond lengths of the molecule B (Å): O
(21)eC(21) 1.198(5), O(22)eC(23) 1.292(5), N(21)eC(28) 1.348(5), C(21)eC(22) 1.467
(6), C(21)eC(27) 1.721(5), C(22)eC(23) 1.415(6), C(22)eC(28) 1.450(6), C(23)eC(24)
1.458(6), C(24)eC(25) 1.329(6), C(25)eC(26) 1.447(7), C(26)eC(27) 1.334(6), C(28)eC
(29) 1.406(6); selected bond angles of the molecule B (�) O(21)eC(21)eC(22) 123.7(4),
C(23)eC(22)eC(21) 122.3(4), C(23)eC(22)eC(28) 120.3(4), O(22)eC(23)eC(22) 121.4
(4), N(21)eC(28)eC(22) 116.5(4), C(28)eN(21)eC(36) 124.1(4).
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carbonyl O(2)eC(3) bond length (1.253(4) Å) is significantly shorter
than that bond in 8e. These geometric parameters definitely point
to the stronger intramolecular NeH/O hydrogen bond realized in
8e. As seen from Fig. 3, the NO2-group in 9f is disordered on two
independent positions (the population of two rotameric forms is
0.6: 0.4).

As in the case of the previously studied derivatives of 2-(2-qui-
nolinyl)-b-tropolone,5 the O/N distances in b-tropolones 8e and 9f
are approximately 0.5 Å shorter than the corresponding van der
Waals contact. Such the geometry is characteristic of a very strong
intramolecular NeH/O hydrogen bond belonging to the so-called
resonance assisted hydrogen bonds.11 Correspondingly, the protons
in hydrogen bridges of compounds 8 and 9 are characterized by the
unusually high downfield chemical shifts in the 1H NMR spectra:
18e19 ppm (8aef) and 17e18 ppm (9aef). The proton signals in
these compounds are significantly broadened, which testifies the
occurrence of the rapid NeH#HeO transfer of a protonwithin the
intramolecular N-H/O hydrogen bond bridge (Scheme 2).

For a theoretical estimate of the geometries of the tautomeric
forms of b-tropolones 8e and 9f in the gas phase and in a polar
solvent (DMSO), and the relative stabilities of the NH and OH
tautomers, DFT B3LYP/6-311þþG** calculations have been carried
out, the results of which are given in Table 1. The calculations
sufficiently reproduce the experimentally determined geometries
of b-tropolones as well as their main structural features such as
the very short O/N distances and the folding of the seven-
membered rings. The largest difference between the experi-
mental and calculated bond lengths does not exceed 0.02 Å (see
Supplementary data).

According to the theoretical estimations in the gas phase and in
solution the OH and NH tautomeric forms of 8e are nearly energy
equivalent with a slight domination of the latter. Introduction of an
additional acceptor substituent to the tropolone ring (9f) leads to
stabilization of the more polar NH form. This stabilization becomes
more pronounced in a polar solvent.
2.2. Electronic absorption spectra of b-tropolones 8, 9

Results of the study of the absorption and fluorescence spectra
of 2-quinolinyl-b-tropolones 8, 9 are illustrated in Figs. 5 and 6 (see
also Tables S2, S3 (Supplementary data)). Electronic absorption
spectra of 2-(2-quinolyl)-5,6,7-trichloro-1,3-tropolone 8aef and



Scheme 2. Intramolecular proton transfer in compounds 8 and 9.

Table 1
Total energies with zero-point energy correction (EtotþZPE, a.e.) and relative ener-
gies (DE, kcal mol�1) of the NH and OH tautomers of 8e and 9f calculated by the
B3LYP/6-311þþG** method in the gas phase and DMSO solution

Structure EtotþZPE (gas) DEgas EtotþZPE (sol) DEsol

8e (OH) �2943.145135 0 �2943.154053 0
8e (NH) �2943.145203 �0.04 �2943.155485 �0.90
9f (OH) �3402.760878 0 �3402.770004 0
9f (NH) �3402.764127 �2.04 �3402.774915 �3.08

Fig. 5. Electronic absorption spectra of 2-(4-chloro-6,8-dimethyl-5-nitro-2-quinolyl)-
5,6,7-trichloro-1,3-tropolone 8e and 2-(4-chloro-6,8-dimethyl-2-quinolyl)-5,6,7-tri-
chloro-1,3-tropolone 8b in heptane (1, 3) and in dimethylsulfoxide (2, 4) solutions at
293 K for a layer in 1 cm (C¼2.5�10�5 mol�l�1).

Fig. 6. Photoinduced changes of electronic absorption spectra (shown in 10 min in-
tervals, 1e15) of 2-(4-chloro-8-methyl-2-quinolyl)-4,5,6,7-tetrachloro-1,3-tropolone
9a (C¼2.5�10�5 mol�l�1) occurring under irradiation with the filtered light
(lirr.¼436 nm); fluorescence spectra (16) and excitation of fluorescence spectra (17) of
the photoproduct 11a in heptane solution at 293 K.

Y.A. Sayapin et al. / Tetrahedron 66 (2010) 8763e87718766
2-(2-quinolyl)-4,5,6,7-tetrachloro-1,3-tropolones 9aef in heptane
solution have the structured long-wave band with maxima at
391e448 nm, the position of which depends on the substitution in
the quinoline and tropolone fragments.

The main impact on the spectral pattern of compounds 8 and 9
has the introduction of a nitro group in the quinoline and an ad-
ditional chlorine atom to the tropolone rings as shown in Fig. 5.

In order to get a closer insight into the origin of the electronic
transitions responsible for the observed absorption spectra, theo-
retical TD B3LYP/6-311þþG** calculations were performed (see
Supplementary data).

It was found that both NH and OH isomers of 8b in heptanemust
have intensive long-wave absorption bands corresponding to the
So/S1 transitions of p/p* origin with the excitation energies of
2.994 eV and 3.123 eV, respectively. The comparison with the ex-
perimental data allows correlation of the longest-wave absorption
band of 8bwith the absorption of the NH isomer, whereas the next
shorter-wavelength band should be assigned to the long-wave
band of the OH form. It must be noted that the calculated transi-
tions energies exceed the experimentally observed ones in the
average of 0.2 eV. Such a difference is in the range of accuracy of the
method.12
According to the calculations, the broad absorption band of 8e
with a maximum at 394 nm (3.147 eV) represents a superposition
of S0/S1 transition of the OH isomer (main contribution) and the
near in energy S0/S2 transition of the NH form associated with the
charge transfer to the nitro group. The absorption band with
a maximum at 445 nm (2.787 eV) is caused by the S0/S1 transition
of the NH tautomer. In DMSO solution, the intensity of the long-
wave absorption band at 445 nm is notably increased due to the
increase of the relative content of the polar NH tautomeric form of
8e. The next absorption band of 8e at 424 nm (2.921 eV) is a su-
perposition of S0/S1 and S0/S2 (the main contribution) elec-
tronic transitions in the OH tautomer and S0/S2 transition in the
NH form. These assignments are in line with the enhancement of
relative stability of the more polar NH tautomer upon passing from
heptane to DMSO solution (Table 1), and explain the observed
batochromic shift (solvatochromic effect) and substantial decrease
in the intensity of the absorption band at 394 nm (3.147 eV) of 8e
with the increase of polarity of the solvent.

At room temperature, heptane solutions of compounds 8 and 9
do not exhibit measurable luminescence.
2.3. Photoinduced rearrangement

The irradiation of heptane solutions of 2-(2-quinolinyl)-
5,6,7-trichloro-1,3-tropolones 8 and 2-(2-quinolinyl)-4,5,6,7-tet-
rahloro-1,3-tropolones 9 (l¼365 or 436 nm, t¼150e280 min) leads
to the irreversible rearrangements manifested by the evolution of
the spectral patterns as shown in Fig. 6. The growth of the new
long wavelength absorption band is accompanied by the appear-
ance of intensive structured fluorescence of the formed products
(lmax¼438e498 nm).
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The observed photoinduced changes are determined by the
disrotatory electrocyclic rearrangement, the mechanism of which
has been previously studied for the case of the transformation of 2
(2-quinolinyl)-b-tropolones into derivatives of 3-[2(1H)-quinoli-
nylyden]-bicyclo[3.2.0]hept-6-en-2,4-diones.7

The reaction mechanisms responsible for the 8/10 and 9/11
transformations are depicted by Schemes 3e5.
Scheme 3. Photoisomerization of 2-(2-quin

Scheme 4. Photoisomerization of 2-(2-quino

Scheme 5. Photoinduced electrocycl
The data on spectral and luminescent properties of the photo-
products 10aef and 11aef are given in Supplementary data.

The photolysis of heptane solutions 2-(2-quinolinyl)-5,6,7-tri-
chloro-1,3-tropolones 8 and 2-(2-quinolinyl)-4,5,6,7-tetrachloro-
1,3-tropolones 9 containing equilibrium amounts of the OH and
NH tautomeric forms is accompanied by the disrotatory electro-
cyclic rearrangement resulted in the formation of derivatives
olyl)-4,5,6,7-trichloro-1,3-tropolone 8.

lyl)-4,5,6,7-tetrachloro-1,3-tropolone 9.

ization of b-tropolones 8 and 9.
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of 3-[2(1H)-quinolinylyden]-bicyclo[3.2.0]hept-6-en-2,4-dione sys-
tem. As shown in Scheme 5, the disrotatory photoinduced electro-
cyclization of b-tropolones 8 and 9 can occur in two possible ways
allowed by the orbital symmetry rules giving rise to a mixture of
trans- and cis-isomers and subsequently formed mixture of the
enantiomers E(S)-10, E(R)-10 and Z(R)-10, Z(S)-10, and S-11, R-11.

The photoproducts 10a and 11a have been preparatively isolated
and their structure confirmed by NMR 1H, IR-spectroscopy, mass-
spectrometry, and elemental analysis.

In CDCl3 solution, the 1H NMR spectrum of compound 10, dis-
plays two signals (3.87 and 3.92 ppm) of the vinyl protons and two
signals (15.10 and 15.23 ppm) of the protons in the intramolecular
NeH/O hydrogen bond appearing in the 45:55 ratio correspond-
ing to the ratio of the E and Z (or Z and E) isomers. In DMSO-d6
solution, these signals coalesce at 30 �C, revealing a rapid dynamic
isomerization E-10#Z-10 associated with rotation of the bicyclic
moiety of 10 around the double C]C bond. Energetic parameters of
the critical points on PES (potential energy surface) of this reaction
calculated by B3LYP/6-311þþG** method in DMSO solution are
given in Table 2.
Table 2
Total energies with zero-point energy correction (EtotþZPE, a.e.) and relative ener-
gies (DE, kcal mol�1) of the E(S) and Z(S) tautomeric forms of 10 and transition state
Ts-EZ calculated by the B3LYP/6-311þþG** method in DMSO solution

Structure EtotþZPE DE

E(S)-10 �2699.321952 0
Ts-EZ �2699.292807 18.3
Z(S)-10 �2699.321689 0.2
The experimentally estimated energy barrier DGs
303¼15.6

kcal mol�1 is in satisfactory agreement with the calculated one
(18.3 kcal mol�1). Similar type dynamic intramolecular processes
occuralso in solutionsofothercompounds10aand11aas iswitnessed
by doubling their NeH/O proton signals in the 1H NMR spectra.

3. Conclusion

The acid-catalyzed ring expansion of the 3,4,5,6-tetrachlor-1,2-
benzoquinones occurring under coupling with 2-methylquinolines
can proceed through two reaction channels. Reaction in dioxane
solution leads to the formation of mainly 2-quinolyl derivatives of
5,6,7-trichloro-1,3-tropolones, while heating the initial compo-
nents with a twofold excess of 3,4,5,6-tetrachlor-1,2-benzoquinone
gives rise to 2-quinolyl derivatives of 4,5,6,7-tetrachloro-1,3-
tropolones.

As elucidated by X-ray crystallography and DFT B3LYP/6-
311þþG** calculations of the (OH) and (NH) tautomeric forms of
b-tropolones in the gas phase and solution the obtained 1,3-tro-
polones exist in the aminoenone form in a crystal phase, which is
also a prevailing form in solution in polar solvents. Experimental
dependencies of absorption spectra 8b and 8e on solvent polarity in
conjunction with TD DFT calculation results are in accord with
these assignments.

Photolysis of heptane solutions of 1,3-tropolones 8 and 9 results
in the disrotatory electrocyclic rearrangement that affords de-
rivatives of 3-[2(1H)-quinolinylyden]-bicyclo[3.2.0]hept-6-en-2,4-
dione.

4. Experimental

4.1. General

1H NMR spectra were recorded on a ‘Varian Unity-300’
(300 MHz) spectrometer. Infrared (IR) spectra were recorded on
a Varian 3100FT-IR Excalibur Series with an attenuate total re-
flection accessory (ATR). The electronic absorption spectra were
recorded on a ‘Cary 100’ (Varian) spectrophotometer. Photolysis
was carried out by irradiation with monochromatic light after
passing it through a water IR filter and an interference light filter to
select the lines at 365 nm and 436 nm of the mercury spectrum of
a DRSh 250 lamp. Fluorescence measurements were carried out on
a ‘Cary Eclipse’ (Varian) spectrofluorimeter. The fluorescence
quantum yields were determined by the ParkereRees method13

with the use of 3-methoxybenzanthrone in toluene (f¼0.1,
lrad¼365 nm) as the reference luminophore.14 Mass spectra were
measured on a Finnigan MAT INOS 50 spectrometer. Melting points
were determined in glass capillaries and are uncorrected. Al2O3
(IIeIII activity of Brockman) was used for chromatographic
separations.

4.2. X-ray crystal data

The unit cell parameters of the crystal and three-dimensional set
of reflection intensities for b-tropolone 8e were measured on an
Enraf-Nonius CAD-4 autodiffractometer (Mo Kadradiation, graphite
monochromator). Yellow transparent crystals 8edtriclinic system:
C18H10Cl4N2O4, M¼460, a¼7.6440(10), b¼9.547(3), c¼25.771(5) Å,
a¼87.03(2), b¼82.41(2), g¼77.23(2)�. V¼1817.6(7) Å3, Z¼4,
rcalcd¼1.681 g cm�3, m(Mo Ka)¼0.68 mm�1, sp.gr. P�1. The in-
tensities of 6820 reflexes weremeasured (2q�50) byu/2Q scanning
method from a single crystal of dimensions 0.52�0.45�0.05 mm.
After averaging of the equivalent reflexes intensity a working file of
the measured F2(hkl) and s(F2) contained 6401 independent re-
flexes, fromwhich 4143with F2>4s(F2). The structurewas solved by
direct methods and refined by the full-matrix least-squaresmethod
with anisotropic displacement parameters for nonhydrogen atoms
against F2 using the SHELXL_97.15 In the crystal structure 8e all
hydrogen atoms were located in fourier synthesis of difference
electron density maps. Coordinates and isotropic thermal parame-
ters of all hydrogen atoms (except H(7) and H(27) for which these
parameters were refined using isotropic approximation) were
refined using a riding model.15 At the last cycle of full-matrix
refinement absolute shifts of all 505 variables for the compound 8e
were less than 0.001 s. The final refinement parameters: R1¼0.068
for observed reflexes with I�2s(i); R1¼0.108 for all measured re-
flexes, GOF is equal to 0.999.

Experimental data for 9f were obtained under the analogous
conditions, yellow transparent crystalseemonoclinic system:
C21H12Cl5N2O4, M¼533.58, a¼13.195(3), b¼9.0010(11), c¼19.073
(4) Å, b¼103.64(3)�. V¼2201.3(6) Å3, Z¼4, rcalcd¼1.610 g cm�3,
m(Mo Ka)¼0.69 mm�1, sp.gr. P21/c. The intensities of 4320 reflexes
were measured (2q�50.4�) by u/2Q scanning method from a single
crystal of dimensions 0.45�0.40�0.40 mm. After averaging of the
equivalent reflexes intensity a working file of the measured F2(hkl)
and s(F2) contained 3340 independent reflexes, from which 2717
with F2>4s(F2). The structure was solved by direct methods and
refined by the full-matrix least-squares method with anisotropic
displacement parameters for nonhydrogen atoms against F2 using
the SHELXL_97.15 In the crystal structure 9f all hydrogen atoms
were located in fourier synthesis of difference electron density
maps. Coordinates and isotropic thermal parameters of all H atom
and refined using a riding model15 (except H(1) those parameters
were refined using isotropic approximation). At the last cycle of
full-matrix refinement absolute shifts of all 292 variables of com-
pound 9f were less than 0.001 s. The final refinement parameters:
R1¼0.068, for observed reflexes with I�2s(i); R1¼0.063 for all
measured reflexes, GOF is equal to 1.030.

Atomic coordinates, full tables of bond lengths, bond angles and
thermal parameters have been deposited at the Cambridge Crys-
tallographic Data Center (CCDC 767561 (8e), CCDC 767562 (9f)).
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4.3. Synthesis

3,4,5,6-Tetrachloro-1,2-benzoquinone was obtained from Fluka
(Switzerland). Quinolines 3aef were prepared according to the
known procedures.16,17

4.3.1. General procedure for the synthesis of 2-(2-quinolyl)-5,6,7-
trichloro-1,3-tropolone 8aef. A solution of 2-methylquinoline 3
(5 mmol), 3,4,5,6-tetrachloro-1,2-benzoquinone 4 (5 mmol) in di-
oxane (10 mL) was heated for 20e30 min. The deposited crystals of
b-tropolones 8aef were filtered off, washed with dioxane (10 mL)
and hexane (20e30mL). The solid was recrystallized from benzene.

4.3.1.1. 2-(4-Chloro-8-methyl-2-quinolyl)-5,6,7-trichloro-1,3-tro-
polone 8a. Yield: 63%. Yellow crystals (mp: 229e231�C). 1H NMR
(CDCl3): d 2.79 (3H, s, Me), 7.08 (1H, s, CHtrop), 7.55 (1H, t, J¼7.5 Hz,
CHquinol), 7.71 (1H, d, J¼7.5 Hz, CHquinol), 8.09 (1H, d, J¼7.5 Hz,
CHquinol), 8.55 (1H, s, CHquinol), 18.85 (1H, s, OH). IR: n¼3121, 3043,
1627,1590,1535,1485,1245,1378,1319,1292,1231,1171,1124,1096,
1077, 1006, 875, 836, 800, 783, 760, 737, 699 cm�1. MS:m/z (%): 373
(Mþ�CO, 26), 336 (5), 309 (8), 273 (10), 236 (10), 202 (20), 188 (12),
176 (8), 147 (28), 140 (17), 126 (33), 119 (47), 113 (20), 101 (26), 84
(90), 77 (48), 63 (100), 51 (50), 39 (65). Anal. Calcd for C17H9Cl4NO2

(M¼401.07): C 50.91; H 2.26; Cl 35.36; N 3.49. Found: C 50.74; H
2.08; Cl 34.92; N 3.16.

4.3.1.2. 2-(4-Chloro-6,8-dimethyl-2-quinolyl)-5,6,7-trichloro-1,3-
tropolone 8b. Yield: 70%. Yellow crystals (mp: 234e236 �C). 1H
NMR (CDCl3): d 2.56 (3H, s, Me), 2.75 (3H, s, Me), 7.08 (1H, s, CHtrop),
7.54 (1H, s, CHquinol), 7.85 (1H, s, CHquinol), 8.54 (1H, s, CHquinol),
18.83 (1H, s, OH). IR: n¼3127, 3058, 1623, 1591, 1531, 1471, 1439,
1387, 1318, 1293, 1235, 1123, 1103, 1067, 1032, 871, 818, 780, 752,
712, 695, 647 cm�1. MS:m/z (%): 387 (Mþ�CO, 24), 366 (2), 350 (4),
323 (4), 287 (7), 252 (7), 215 (10), 202 (10), 168 (16), 147 (29), 119
(45), 99 (25), 84 (95), 77 (55), 62 (100), 51 (57), 39 (78). Anal. Calcd
for C18H11Cl4NO2 (M¼415.10): C 52.08; H 2.67; Cl 34.16; N 3.37.
Found: C 52.02; H 2.52; Cl 34.06; N 3.08.

4.3.1.3. 2-(4-Chloro-7,8-dimethyl-2-quinolyl)-5,6,7-trichloro-1,3-
tropolone 8c. Yield: 62%. Yellow crystals (mp: 246e248 �C). 1H NMR
(CDCl3): d 2.59 (3H, s, Me), 2.69 (3H, s, Me), 7.07 (1H, s, CHtrop), 7.50
(1H, d, J¼8.5 Hz, CHquinol), 7.98 (1H, d, J¼8.5 Hz, CHquinol), 8.50 (1H,
s, CHquinol), 18.70 (1H, s, OH). IR: n¼3126, 3056, 1634, 1599, 1533,
1503, 1430, 1383, 1313, 1294, 1238, 1178, 1085, 1005, 946, 908, 878,
855, 835, 817, 766, 711, 698 cm�1. MS: m/z (%): 415 (Mþ, 4), 412 (4),
387 (Mþ�CO, 100), 350 (20), 321 (12), 287 (15), 251 (12), 215 (15),
168 (20), 143 (20), 127 (20), 107 (28), 77 (15), 63 (18), 51 (10), 36
(15). Anal. Calcd for C18H11Cl4NO2 (M¼415.10): C 52.08; H 2.67; Cl
34.16; N 3.37. Found: C 51.92; H 2.58; Cl 34.04; N 3.12.

4.3.1.4. 2-(4-Chloro-8-methyl-5-nitro-2-quinolyl)-5,6,7-trichloro-
1,3-tropolone 8d. Yield: 65%. Yellow crystals (mp: 201e203 �C). 1H
NMR (CDCl3): d 2.81 (3H, s, Me), 7.19 (1H, s, CHtrop), 7.67e7.74 (2H,
m, CHquinol), 8.44 (1H, s, CHquinol), 18.95 (1H, s, OH). IR: n¼3106,
3047, 1626, 1584, 1533, 1497, 1399, 1364, 1327, 1293, 1221, 1121,
1099, 1073, 1019, 948, 879, 839, 814, 783, 758, 734, 698 cm�1. MS:
m/z (%): 418 (Mþ�CO, 45), 381 (11), 372 (6), 351 (14), 336 (22), 307
(15), 272 (14), 236 (15), 201 (15), 188 (14), 147 (28), 135 (11), 126
(15), 114 (28), 99 (16), 87 (25), 75 (22), 63 (40), 52 (9), 44 (25), 36
(18). Anal. Calcd for C17H8Cl4N2O4 (M¼446.07): C 45.77; H 1.81; Cl
31.79; N 6.28. Found: C 45.75; H 1.79 Cl 31.76; N 6.24.

4.3.1.5. 2-(4-Chloro-6,8-dimethyl-5-nitro-2-quinolyl)-5,6,7-tri-
chloro-1,3-tropolone 8e. Yield: 71%. Yellow crystals (mp:
205e207 �C). 1H NMR (CDCl3): d 2.46 (3H, s, Me), 2.77 (3H, s, Me),
7.18 (1H, s, CHtrop), 7.60 (1H, s, CHquinol), 8.43 (1H, s, CHquinol), 19.00
(1H, s, OH). IR: n¼3122, 3051, 1621, 1585, 1538, 1496, 1462, 1434,
1385, 1362, 1320, 1289, 1260, 1199, 1127, 1110, 1069, 1027, 1006, 945,
880, 840, 782, 756, 741, 712, 699 cm�1. MS: m/z (%): 432 (Mþ�CO,
85), 395 (16), 386 (37), 365 (17), 350 (18), 337 (16), 314 (13), 286
(25), 250 (25), 214 (31), 188 (23), 166 (30), 147 (62), 139 (50), 119
(58), 99 (37), 84 (87), 77 (57), 62 (100), 50 (57), 38 (77). Anal. Calcd
for C18H10Cl4N2O4 (M¼460.10): C 46.99; H 2.19; Cl 30.82; N 6.09.
Found: C 46.90; H 2.12; Cl 30.70; N 6.02.

4.3.1.6. 2-(4-Chloro-7,8-dimethyl-5-nitro-2-quinolyl)-5,6,7-tri-
chloro-1,3-tropolone 8f. Yield: 57%. Yellow crystals (mp:
214e216 �C). 1H NMR (CDCl3): d 2.62 (3H, s, Me), 2.72 (3H, s, Me),
7.16 (1H, s, CHtrop), 7.60 (1H, s, CHquinol), 8.40 (1H, s, CHquinol), 19.02
(1H, s, OH). IR: n¼3127, 3052, 1620, 1587, 1531, 1504, 1478, 1401,
1383, 1362, 1315, 1296, 1245, 1135, 1092, 1011, 925, 881, 771, 719,
701 cm�1. MS: m/z (%): 460 (Mþ, 3), 432 (Mþ�CO, 100), 395 (31),
386 (37), 365 (57), 350 (35), 314 (18), 286 (28), 250 (35), 215 (33),
188 (20), 166 (21), 147 (48), 139 (36), 119 (43), 99 (22), 84 (53), 77
(42), 63 (64), 51 (41), 39 (53). Anal. Calcd for C18H10Cl4N2O4
(M¼460.10): C 46.99; H 2.19; Cl 30.82; N 6.09. Found: C 46.84; H
2.10; Cl 30.66; N 6.00.

4.3.2. General procedure for the synthesis of 2-(2-quinolyl)-4,5,6,7-
tetrachloro-1,3-tropolone 9aef. A solution of 2-methylquinoline 3
(5 mmol), 3,4,5,6-tetrachloro-1,2-benzoquinone 4 (10 mmol) in
AcOH (10 mL) was heated at 50 �C for 4e5 h or allowed to stand at
room temperature for 50 h (from compounds 9def). The solutions
were diluted with water and the formed precipitate was filtered off,
washed with water (50 mL) and propanol-2 (10e15 mL). The solid
was recrystallized from benzene.

4.3.2.1. 2-(4-Chloro-8-methyl-2-quinolyl)-4,5,6,7-tetrachloro-1,3-
tropolone 9a. Yield: 78%. Yellow crystals (mp: 239e241 �C). 1H
NMR (CDCl3): d 2.82 (3H, s, Me), 7.59 (1H, t, J¼7.7 Hz, CHquinol), 7.73
(1H, d, J¼7.7 Hz, CHquinol), 8.09 (1H, d, J¼7.7 Hz, CHquinol), 8.51 (1H, s,
CHquinol), 17.33 (1H, s, OH). IR: n¼3120, 1680, 1635, 1612, 1594, 1561,
1527, 1492, 1469, 1428, 1394, 1353, 1300, 1284, 1233, 1205, 1151,
1098, 1028, 1002, 950, 900, 875, 844, 799, 761, 749 cm�1. MS: m/z
(%): 435 (Mþ, 3), 420 (5), 407 (Mþ�CO, 75), 392 (27), 383 (10), 372
(25), 357 (5), 343 (18), 335 (10), 307 (27), 272 (25), 236 (35), 216 (5),
202 (16), 188 (22), 176 (10), 167 (9), 153 (40), 141 (15), 127 (18), 118
(65), 87 (27), 77 (10), 63 (15), 47 (7), 39 (7). Anal. Calcd for
C17H8Cl5NO2 (M¼435.52): C 46.88; H 1.85; Cl 40.70; N 3.22. Found:
C 46.78; H 1.74; Cl 40.54; N 3.14.

4.3.2.2. 2-(4-Chloro-6,8-dimethyl-2-quinolyl)-4,5,6,7-tetra-
chloro-1,3-tropolone 9b. Yield: 67%. Yellow crystals (mp:
227e229 �C). 1H NMR (CDCl3): d 2.59 (3H, s, Me), 2.77 (3H, s, Me),
7.56 (1H, s, CHquinol), 7.86 (1H, s, CHquinol), 8.50 (1H, s, CHquinol),
17.38 (1H, s, OH). IR: n¼3124, 1680, 1636, 1595, 1561, 1533, 1474,
1428, 1402, 1352, 1284, 1236, 1203, 1175, 1147, 1103, 1028, 1001, 948,
900, 874, 858, 837, 793, 759, 735, 717 cm�1. MS: m/z (%): 421
(Mþ�CO, 7) 412 (3), 394 (3), 385 (3), 250 (5), 214 (8), 202 (7), 190
(14),181 (12),167 (13),153 (20),140 (12),127 (13),118 (65),103 (13),
95 (10), 87 (40), 77 (14), 63 (20), 44 (30), 36 (12). Anal. Calcd for
C18H10Cl5NO2 (M¼449.54): C 48.09; H 2.24; Cl 39.43; N 3.12. Found:
C 47.90; H 2.10; Cl 39.28; N 3.06.

4.3.2.3. 2-(4-Chloro-7,8-dimethyl-2-quinolyl)-4,5,6,7-tetra-
chloro-1,3-tropolone 9c. Yield: 65%. Yellow crystals (mp:
234e236 �C). 1H NMR (CDCl3): d 2.60 (3H, s, Me), 2.72 (3H, s, Me),
7.51 (1H, d, J¼8.5 Hz, CHquinol), 7.99 (1H, d, J¼8.5 Hz, CHquinol), 8.45
(1H, s, CHquinol), 17.26 (1H, s, OH). IR: n¼3131,1624,1601,1540,1505,
1434, 1389,1361, 1344,1295, 1239, 1202,1115,1108,1083, 1020, 999,
946, 875, 841, 816, 799, 766, 710, 681 cm�1. MS: m/z (%): 449 (Mþ,
25), 421 (Mþ�CO, 100), 386 (35), 349 (15), 321 (20), 286 (20), 259



Y.A. Sayapin et al. / Tetrahedron 66 (2010) 8763e87718770
(11), 236 (10), 205 (20), 193 (50), 175 (20), 162 (60), 153 (75), 124
(60), 95 (28), 83 (68), 77 (50), 63 (60), 57 (35), 51 (50), 36 (58). Anal.
Calcd for C18H10Cl5NO2 (M¼449.54): C 48.09; H 2.24; Cl 39.43; N
3.12. Found: C 47.96; H 2.14; Cl 39.34; N 3.02.

4.3.2.4. 2-(4-Chloro-8-methyl-5-nitro-2-quinolyl)-4,5,6,7-tetra-
chloro-1,3-tropolone 9d. Yield: 68%. Yellow crystals (mp:
210e212 �C). 1H NMR (CDCl3): d 2.87 (3H, s, Me), 7.70e7.77 (2H, m,
CHquinol), 8.51 (1H, s, CHquinol), 17.80 (1H, s, OH). IR: n¼3113, 1643,
1595,1570,1533,1487,1467,1410,1390,1358,1296,1163,1140,1100,
1037, 949, 903, 881, 847, 797, 763, 680 cm�1. MS: m/z (%): 452
(Mþ�CO, 17), 418 (10), 406 (6), 387 (10), 371 (5), 351 (5), 343 (6),
334 (10), 307 (8), 271 (9), 236 (10), 201 (7), 188 (10), 174 (5), 166 (3),
153 (24), 140 (10), 126 (15), 114 (25), 99 (13), 87 (22), 78 (45), 63
(28), 44 (32). Anal. Calcd for C17H7Cl5N2O4 (M¼480.51): C 42.49; H
1.47; Cl 36.89; N 5.83. Found: C 42.36; H 1.44; Cl 36.74; N 5.72.

4.3.2.5. 2-(4-Chloro-6,8-dimethyl-5-nitro-2-quinolyl)-4,5,6,7-tet-
rachloro-1,3-tropolone 9e. Yield: 84%. Yellow crystals (mp:
225e227 �C). 1H NMR (CDCl3): d 2.46 (3H, s, Me), 2.83 (3H, s, Me),
7.63 (1H, s, CHquinol), 8.45 (1H, s, CHquinol), 17.84 (1H, s, OH). IR:
n¼3119, 1680, 1632, 1595, 1559, 1536, 1476, 1438, 1356, 1346, 1315,
1295, 1241, 1204, 1159, 1107, 1083, 1029, 1002, 946, 899, 881, 795,
759, 736, 716, 677 cm�1. MS:m/z (%): 466 (Mþ�CO,13), 431 (7), 420
(5), 401 (4), 384 (6), 348 (8), 320 (8), 285 (12), 249 (12), 214 (10),181
(10),166 (11),153 (26),139 (19),118 (40),101 (7), 87 (21), 78 (20), 63
(18), 44 (19). Anal. Calcd for C18H9Cl5N2O4 (M¼494.54): C 43.72; H
1.83; Cl 35.84; N 5.66. Found: C 43.64; H 1.74; Cl 35.70; N 5.48.

4.3.2.6. 2-(4-Chloro-7,8-dimethyl-5-nitro-2-quinolyl)-4,5,6,7-tet-
rachloro-1,3-tropolone 9f. Yield: 73%. Yellow crystals (mp:
236e238 �C). 1H NMR (CDCl3): d 2.63 (3H, s, Me), 2.76 (3H, s, Me),
7.60 (1H, s, CHquinol), 8.45 (1H, s, CHquinol), 17.66 (1H, s, OH). IR:
n¼3126, 1680, 1646, 1637, 1594, 1560, 1536, 1504, 1428, 1402, 1359,
1331, 1284, 1250, 1207, 1163, 1118, 1091, 1029, 1002, 944, 900, 870,
792, 771, 736, 670 cm�1. MS: m/z (%): 466 (Mþ�CO, 85), 431 (50),
420 (30), 401 (50), 384 (20), 365 (15), 348 (24), 320 (21), 285 (30),
272 (10), 249 (28), 236 (7), 214 (20), 183 (25), 166 (23), 153 (57), 139
(40), 127 (32), 118 (84), 87 (62), 77 (27), 63 (43), 51 (24), 39 (27).
Anal. Calcd for C18H9Cl5N2O4 (M¼494.54): C 43.72; H 1.83; Cl 35.84;
N 5.66. Found: C 43.58; H 1.78; Cl 35.76; N 5.54.

4.3.3. General procedure for the photosynthesis of (2(1H)-quinoliny-
liden)bicyclo[3.2.0]hept-6-ene-2,4-dione 10a and 11a. Compounds
10a and 11a were synthesized by irradiation of a solution of com-
pound 8a or 9a (0.15 mmol) in heptane (500 mL) in a quartz pho-
toreactor with the use of a DRT-230 mercury lamp for 150 min (for
9ad250 min). The course of the reaction was monitored by UV
spectroscopy. After completion of irradiation, the solvent was
evaporated and the residue was recrystallized from heptane. A
mixture of E-10a (45%) and Z-10a (55%) was obtained as yellow
crystals.

4.3.3.1. 1,6,7-Trichloro-3-[4-chloro-8-methyl-2(1H)-quinolinyli-
den]-bicyclo[3.2.0]hept-6-ene-2,4-dione 10a. Yield: 93%. Yellow
crystals (mp: 248e250 �C with decomposition). 1H NMR (CDCl3):
d 2.78, 2.79 (3H, s,s, Me)E,Z, 3.87,3.92 (1H, s,s, CHbic)E,Z, 7.58 (1H, t,
J¼7.5 Hz, CHquinol)E,Z, 7.73 (1H, d, J¼7.5 Hz, CHquinol)E,Z, 8.11 (1H, d,
J¼7.5 Hz, CHquinol)E,Z, 8.89, 8.92 (1H, s,s, CHquinol)E,Z, 15.10, 15.23 (1H,
s,s, NH)E,Z. 1H NMR (DMSO-d6): d 2.70 (3H, s, Me)E,Z, 4.29 (1H, s,
CHbic)E,Z, 7.72 (1H, d, J¼7.5 Hz, CHquinol)E,Z, 7.92 (1H, d, J¼7.5 Hz,
CHquinol)E,Z, 8.08 (1H, t, J¼7.5 Hz, CHquinol)E,Z, 8.64 (1H, s, CHquinol)E,Z,
14.82 (1H, s, NH)E,Z. IR: n¼3100, 3330, 1733, 1674, 1597, 1519, 1442,
1391, 1323, 1276, 1238, 1183,1127 cm�1. Anal. Calcd for C17H9Cl4NO2
(M¼401.07): C 50.91; H 2.26; Cl 35.36; N 3.49. Found: C 50.84; H
2.10; Cl 34.98; N 3.24.
4.3.3.2. 1,5,6,7-Tetrachloro-3-[4-chloro-8-methyl-2(1H)-quinoli-
nyliden]-bicyclo[3.2.0]hept-6-ene-2,4-dione 11a. Yield: 95%. Yellow
crystals (mp:>300 �Cwith decomposition). 1H NMR (CDCl3): d 2.80
(3H, s, Me), 7.62 (1H, t, J¼7.5 Hz, CHquinol), 7.76 (1H, d, J¼7.5 Hz,
CHquinol), 8.14 (1H, d, J¼7.5 Hz, CHquinol), 8.92 (1H, s, CHquinol), 15.09
(1H, s, NH). IR: n¼3100, 3357, 1733, 1686, 1596, 1518, 1441, 1386,
1323, 1275, 1239, 1180, 1157 cm�1. Anal. Calcd for C17H8Cl5NO2
(M¼435.52): C 46.88; H 1.85; Cl 40.70; N 3.22. Found: C 46.62; H
1.68; Cl 40.28; N 3.06.

4.4. Computational methods

The calculations were performed using the B3LYP hybrid func-
tional, which comprises the Becke18,19 three-parameter exchange
and LeeeYangeParr20 correlation functionals with 6-311þþG**

basis set using the GAUSSIAN 0321 set of programs. Calculations in
solution were performed using the CPCM model.22 The nature of
the stationary points on the PES was characterized by analyzing the
Hessian force constant matrices. Absorption spectra were calcu-
lated using time dependent density functional methods (TD DFT) at
the same level of theory.
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