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As part of our continuing studies of polymer-supported pericyclic reactions for preparing biologically
interesting heterocyclic compounds, we have introduced a traceless solid-phase synthesis of hexahydrocin-
nolines. We developed a method in which mild reaction conditions can be used for the hetero-Diels-Alder
reactions on a polymeric support. The dienoic 3-vinyl-2-cyclohexenol attached to a Wang resin through an
ether linkage undergoes [4+ 2] cycloaddition reaction with several azadienophiles. The highly stereoselective
Diels-Alder reaction showed preferential formation of a single cycloadduct resulting from an anti attack of
the dienophile on the polymer-bound diene. Trifluoroacetic acid-mediated cleavage of the polymer-bound
cycloadducts yields fused nonaromatic hexahydrocinnolines in moderate yields in three steps.

Introduction

The simultaneous development of multiple stereocenters
with a high degree of regioselectivity and stereoselectivity
makes the Diels-Alder reaction one of the most advanta-
geous carbon-carbon bond-forming reactions in synthetic
organic chemistry.1 In the hetero-Diels-Alder reaction,
various heteroatoms can be incorporated in both the dienoic
and dienophilic components.2 This methodology has been
employed successfully for constructing various heterocyclic
moieties that constitute the structural skeleton of a large
number of natural products and pharmacologically active
compounds.3 The development of solid-phase organic syn-
thesis (SPOS) has progressed rapidly during recent years,
and many examples of polymer-supported [4+ 2] cycload-
dition reactions have been reported in the literature.4 As part
of our continuing interest in polymer-supported [4+
2]-cycloaddition reactions5 for the preparation of pharma-
cologically interesting heterocyclic compounds, we report
the solid-phase synthesis of hexahydrocinnolines. The cin-
noline structure and its various derivatives can be found in
several pharmaceutically interesting compounds (Figure 1).
Cintazone for example is a nonsteroidal anti-inflammatory
agent.6 Cinoxacin is a synthetic antimicrobial agent related
to oxolinic and nalidixic acids and is used to treat urinary
tract infections.7 Certain cinnoline-related compounds are
useful as antianxiety8 and antihypertensive agents.9 Recently,
two groups have demonstrated the usefulness of the ep-
oxyquinol scaffold in the synthesis of a structurally diverse
chemical library.10,11Some members of these libraries (Figure
1), structurally similar to our hexahydro-1,2,4-triazolocin-

noline-3,5-diones, inhibit the growth of human small-cell
lung carcinoma (A549) and induction of heatshock protein
(HSP 72). Hence, the procedures and methods for efficiently
synthesizing and screening these types of heterocycles are
of considerable importance.

The main aim of this study was to develop a practical
synthetic method in which the Diels-Alder reaction between
the polymer-bound semicyclic diene and NdN-azadieno-
philes could be performed in parallel mode. 1,2,4-Triazole-
3,5-diones (TADs) and other carbonylazo compounds are
known to be powerful dienophiles in [4+ 2]-cycloaddition
reactions.3,12 The lower LUMO energy of the NdN bond in
contrast to the corresponding CdC bond in alkenes13 allows
reactions to proceed more rapidly and often at ambient
temperatures without the need for drastic thermal conditions.
Therefore, these types of dienophiles would be useful in
solid-phase cycloadditions as demonstrated by Boldi et al.14

in the synthesis of a triazolopyridazine library. Dienol system
1 (Scheme 1) is a valuable building block in the synthesis
of natural products via [4+ 2]-cycloaddition reactions.15

These studies have shown that heteroatomic substitutions16,17

* To whom correspondence should be addressed. E-mail:
Jari.Yli-Kauhaluoma@helsinki.fi.

† University of Helsinki.
‡ Technische Universita¨t Chemnitz.

Figure 1. Some of the synthesized hexahydrocinnolines and
examples of biologically active cinnoline derivatives.

263J. Comb. Chem.2007,9, 263-266

10.1021/cc060125l CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/20/2007



and steric effects17 at the allylic position can control
diastereoselectivity in the Diels-Alder transition states of
semicyclic dienes. Therefore, immobilization of the hydroxy
functionality in1 to a bulky polymeric moiety could promote
better diastereoselectivity and provide a protective group for
the allylic alcohol. Here we report our study of the
intermolecular hetero-Diels-Alder reactions between the
electron-deficient azadienophiles and the Wang resin-bound
semicyclic diene.

Results and Discussion

The synthesis of diene118 (Scheme 1) commences with
the facile Grignard reaction of readily available 3-ethoxy-
cyclohex-2-enone2 and vinylmagnesium bromide, affording
a good yield (81%) of 3-vinylcyclohex-2-enone319 after
purification by vacuum distillation. Reduction of the ketone
3 with LiAlH 4 in diethyl ether resulted in the allylic alcohol
1 (93%). Curiously, the same reduction step in tetrahydro-
furan, as a solvent, afforded a mixture of1 and partially
reduced double bond-containing products. The hydroxy group
of 1 was used as an anchor for coupling with the polymeric
support.

Deprotonation of secondary alcohol1 was accomplished
by treatment with sodium hydride. The resulting anion was
linked with the commercially available bromo-Wang resin20

in the presence of tetra-n-butylammonium iodide (Scheme
1). A catalytic amount of 15-crown-5 in THF secured
effective loading.21 The commercial availability of the
additional azadienophilic precursors (Table 1), urazoles, is
usually restricted. However, preparation of urazoles by
condensingN-alkyl or N-aryl isocyanates and ethyl hydra-
zinecarboxylate7, followed by cyclization of intermediate
8 in a basic medium (KOH/H2O) is straightforward, as
demonstrated by Cookson et al.22 (Scheme 1, Table 1).
Purification by recrystallization conveniently afforded N-
substituted urazoles9d-o as stable azadienophile precursors.
Several oxidizing agents, including fuming nitric acid, lead
peroxide, manganese dioxide, lead(IV) acetate,tert-butyl
hypochlorite, and dinitrogen tetroxide, have been used for
the generation of N-substituted TADs.23 However, all of these
reagents, except dinitrogen tetraoxide, form byproducts that
are difficult to remove or are too reactive toward sensitive
azo compounds. Hypervalent iodine oxidation with iodo-
benzene diacetate (IBD) was reported to be a mild and
nonacidic way for formation of TADs.23 Intensive and rapid

color change of the urazoles9a-m (from colorless to dark
red/violet) during IBD oxidation in situ indicates formation
of highly reactive dienophiles10a-m, followed by the
hetero-Diels-Alder reaction with polymer-bound diene4.

Commercially availableN-phenyl-1,2,4-triazole-3,5-dione
participated effectively in the hetero-Diels-Alder reaction
with polymer-bound diene4 at low temperature (-78 °C,
Table 1, entry 3). The [4+ 2]-cycloaddition reaction was
monitored by FT-IR spectroscopy. Appearance of a strong
characteristic carbonyl band at 1710 cm-1 in 5 revealed
formation of the cycloadduct. Trifluoroacetic acid treatment
of polymer5 resulted in a traceless cleavage of the benzylic
ether bond, affording a satisfying yield of racemic tricyclic
alcohol6c17 after chromatographic purification (42%, over
three steps). Good purity (65-98%, HPLC) and formation
of single diastereomeric cycloadducts were observed as
judged by TLC and HPLC analyses of the aliquots of the
cleaved crude products6a-m. The use of a higher reaction
temperature (-10 °C vs -78 °C) did not affect the
stereoselectivity of the Diels-Alder reaction, and tricyclic

Scheme 1.Preparation of Diene and Dienophiles: Synthesis of Polymer-bound 3-Vinyl-2-cyclohexen-1-ol4 and
1,2,4-Triazole-3,5-diones10.

Table 1. Diels-Alder Reaction between the Polymer-Bound
Diene4 and Various Azadienophiles

entry
dienophile
precursor R

cycloadduct
(yield, %)b

1 9aa H 6a (26)
2 9ba Me 6b (35)
3 9ca Ph 6c (42)c
4 9d25 cyclohexyl 6d (30)
5 9e22 t-Bu 6e(30)
6 9f 3-MeOC6H4 6f (33)
7 9g26 benzyl 6g (53)
8 9h 4-FC6H4 6h (40)
9 9i 3-NO2C6H4 6i (30)

10 9j 5-indanyl 6j (51)
11 9k 5-benzo-

1,3- dioxolyl
6k (49)

12 9l27 4-ClC6H4 6l (35)
13 9m28 1-naphthyl 6md (49)
14 9n 2-furanylmethyl
15 9o29 4-tosyl
16 indazolinonea 11 (30)
17 maleic hydrazidea 12 (8)
18 phthalhydrazidea 13 (19)
19 pyrazolidine-

3,5-dione30

a Commercially available.b Isolated yields of the purified cy-
cloadducts are based on the initial loading of the bromo-Wang resin
and are not optimized.c Reaction carried out at-78 °C to room
temp.d Inseparable mixture of atropisomers.
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alcohols6a-m were isolated as single diastereomers24 with
moderate yields (Table 1).N-Aryl TADs gave slightly better
yields (30-53%) compared to theN-alkyl TADs generated
in situ from the correspondingN-alkyl urazoles (26-35%).
No color change was observed, and no hexahydrocinnolines
were isolated upon oxidation of urazoles9n-o. The presence
of an electron-rich furan ring in9n could have led to [4+
2] cycloaddition within the reactive azadienophile part and
resulted in the formation of oligomerized starting material
that was isolated as a pale orange, insoluble solid. Interest-
ingly, compound6m with a large naphthyl moiety was
obtained as an inseparable mixture of two diastereomers
distinguished by1H and 13C NMR. This can be explained
by hindered rotation about the naphthyl C-N bond in6m
(Figure 2). This results in two atropisomeric forms of
compound6m.

The stereochemistry of isolated cycloadducts6a-m was
determined by1H NMR studies, which showed that allylic
proton Hb resonates as a doublet (3JHa-Hb ) 8-10 Hz). This,
together with a broad ddd of homoallylic methine proton Ha

indicates that protons Ha and Hb are trans to each other
(Scheme 2), as was reported previously for the corresponding
solution-phase reaction.17

The X-ray crystal structure of cycloadduct6c (Figure 3)
confirmed the assignment. After successful reactions with
TADs 10, we examined the scope of the method by testing
other types of cyclic azadienophiles. Indazolinone, maleic
hydrazide, phthalhydrazide, and pyrazolidine-3,5-dione were
oxidized by IBD or lead(IV) acetate to the corresponding
aza compounds and allowed to react with polymer-supported
diene4. The heterocycles formed (11-13) were released
from the resin as the corresponding alcohols by treatment

Figure 2. Lack of free rotation of theN-naphth-1-yl moiety results
in atropisomerism in cycloadduct6m.

Scheme 2.Solid-Phase Synthesis of Hexahydro-1,2,4-triazolo[1,2-a]cinnoline-1,3-diones6a-m.

Scheme 3.Hetero-Diels-Alder Reaction between Polymer4 and Carbonylazo Dienophiles.

Figure 3. X-ray crystal structure of6cand the molecular structure
of the two crystallographically independent molecules of11.
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with TFA (Scheme 3, Table 1). The stereochemistry of
cycloadducts11-13was the same as that observed with the
reactions that produced6a-m (1H NMR). Curiously,
compound11obtained from a reaction between indazolinone
and polymer-bound diene4 was isolated as a single regio-
and stereoisomer. The carbonyl group of the indazolone
moiety was located on the same side as the hydroxy group
of the cyclohexanol ring. This was proven by X-ray
crystallographic structural analyses of heterocyclic11 (Figure
2). Reaction with pyrazolidine-3,5-dione and polymer-
supported diene4 did not generate detectable amounts of
the cycloaddition product.

Conclusions

In summary, we developed a parallel method for the solid-
phase hetero-Diels-Alder reaction between semicylic diene
and carbonylazo compounds. The cycloadducts reported
herein possess the hexahydrocinnoline moiety that could
show potential as a pharmacophoric group in medicinal
chemistry. Although this study used racemic starting materi-
als, the methodology could lead to enantiopure products if
optically pure 3-vinyl-2-cyclohexen-1-ol1 was used. We are
currently using the resulting heterocycloadducts as templates
to diversify their chemical structures. These transformations
are likely to provide access to even more functionalized
heterocyclic compounds, and the method developed can be
used for the synthesis of structurally diverse cycloadduct
libraries.

We thank The National Technology Agency (Tekes),
Hormos Medical Corp., Juvantia Pharma Ltd., and Orion
Pharma for financial support.

Supporting Information Available. Experimental and
characterization data for all new compounds and X-ray data
for compounds6c and11. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes
(1) (a) Pindur, U.; Lutz, G.; Otto, C.Chem. ReV. 1993, 93, 741-

761. (b) Corey, E. J.Angew. Chem., Int. Ed. Engl.2002,
41, 1650-1667. (c) Nicolaou, K. C.; Snyder, S. A.; Mon-
tagnon, T.; Vassilikogiannakis, G.Angew. Chem., Int. Ed.
Engl. 2002, 41, 1668-1698.

(2) (a) For introduction to heterodienophiles, see: Weinreb, S.
M. ComprehensiVe Organic Synthesis; Trost, B. M., Fleming,
I., Paquette, L. A., Eds.; Pergamon Press: Oxford, U.K.,
1991; Vol 5, Chapter 4.2, pp 401-449. (b) For an overview
of heterodienes, see: Boger, D. L.ComprehensiVe Organic
Synthesis; Trost, B. M., Fleming, I., Paquette, L. A., Eds.;
Pergamon Press: Oxford, U.K., 1991; Vol 5, Chapter 4.3,
pp 451-512.

(3) Boger, D. L.; Weinreb, S. N.Hetero Diels-Alder Methodol-
ogy in Organic Synthesis; Academic Press: San Diego, CA,
1987.

(4) (a) Lorsbach, B. A.; Kurth, M. J.Chem. ReV. 1999, 99,
1549-1581. (b) Yli-Kauhaluoma, J. Tetrahedron2001, 57,
7053-7071.

(5) Kiriazis, A.; Leikoski, T.; Mutikainen, I.; Yli-Kauhaluoma,
J. J. Comb. Chem.2004, 6, 283-285.

(6) Siegfried, A. G. U.S. Patent 3222366, 1965.
(7) Wick, W. E.; Preston, D. A.; White, W. A.; Gordee, R. S.

Antimicrob. Agents Chemother.1973, 4, 415-420.
(8) Patel, J. B.; Meiners, B. A.; Salama, A. I.; Malick, J. B.;

Resch, J. F.; U’Prichard, D. C.; Giles, R. E.; Hesp, B.;
Goldberg, M. E.Prog. Clin. Biol. Res.1990, 361, 483-
488.

(9) Garcia-Dominquez, N.; Ravina, E.; Santana, L.; Teran, C.;
Garcia-Mera, G.; Orallo, F.; Crespo, M.; Fontenla, J. A.Arch.
Pharm.1988, 321, 735-738.

(10) Su, S.; Acquilano, D. E.; Arumugasamy, J.; Beeler, A. B.;
Eastwood, E. L.; Giguere, J. R.; Lan, P.; Lei, X.; Min, G.
K.; Yeager, A. R.; Zhou, Y.; Panek, J. S.; Snyder, J. K.;
Schaus, S. E.; Porco, J. A.Org. Lett.2005, 7, 2751-2754.

(11) Lei, X.; Zaarur, N.; Sherman, M. Y.; Porco, J. A.J. Org.
Chem.2005, 70, 6474-6483.

(12) For a review on urazoles, see: Ra´dl, S. AdV. Heterocycl.
Chem.1997, 67, 119-205.

(13) Moody, C. J.AdV. Heterocycl. Chem. 1982, 30, 1-45. Our
comparative [4+2] cycloaddition studies between polymer-
supported diene4 and N-phenylmaleimide (5 equiv, 24-
120 °C) gave clearly lower yields (10%) than using the
corresponding azadienophile (PTAD) at low temperature
(40%).

(14) Boldi, A. M.; Johnson, C. R.; Eissa, H. O.Tetrahedron Lett.
1999, 40, 619-622.

(15) Strekowski, L.; Kong, S.; Battiste, M. A.J. Org. Chem. 1988,
53, 901-904 and references therein.

(16) Fisher, M. J.; Hehre, W. J.; Kahn, S. D.; Overman, L. E.J.
Am. Chem. Soc.1988, 110, 4625-4633.

(17) Datta, S. C.; Franck, R. W.; Tripathy, R.; Quigley, G. J.;
Huang, L.; Chen, S.; Sihaed, A.J. Am. Chem. Soc.1990,
112, 8472-8478.

(18) Hayakawa, K.; Ohsuti, S.; Kanematsu, K.Tetrahedron Lett.
1986, 27, 947-950.

(19) (a) Takatori, K.; Hasegava, K.; Narai, S.; Kajiwara, M.
Heterocycles1996, 42, 525-528.(b) Grewe, R.; Nolte, E.;
Rotzoll, R. H.Chem. Ber.1956, 89, 600-610.

(20) Bromo-Wang polystyrene (4-(bromomethyl)phenoxymethyl
polystyrene): Novabiochem, cat. no. 01-64.-0186, 100-
200 mesh, 1.6 mmol/g, cross-linked with 1% divinylbenzene
(DVB).

(21) (a) Altava, B.; Burguete, M. I.; Luis, S. V.; Mayoral, J. A.
Tetrahedron1994, 50, 7535-7542. (b) The residual bromide
left on the resin4 was determined by the volumetric Volhard
method, demonstrated previously for solid support by Lu,
G.-s.; Mojsov, S.; Tam, J. P.; Merrifield, R. B.J. Org. Chem.
1981, 46, 3433-3436. No residual bromide was found.

(22) Cookson, R. C.; Gupte, S. S.; Stevens, I. D. R.; Watts, C. T.
Org. Synth.1971, 51, 121-125.

(23) Moriarty, R. M.; Prakash, I.; Penmasta, R.Synth. Commun.
1987, 17, 409-413.

(24) Only traces of the minor isomer (equalm/z value) were
detected on the HPLC-MS analysis (UV 210 nm) of some
of the crude cycloadducts6a-m.

(25) Zinner, G.; Boehlke, B.Arch. Pharm.1966, 299, 43-45.
(26) Arya, V. P.; Shenoy, S. J.Indian J. Chem. B.1976, 11, 883-

886.
(27) Sadatake, K. JP Patent 31003121, 1956;Chem. Abstr.1957,

51, 71726.
(28) Henning, G.; Merten, R.; Rottmaier, L. European Patent

44420, 1982.
(29) Milton, W. G. U.S. Patent 3267114, 1966.
(30) Dubau, F. P.Chem. Ber.1983, 116, 2714-2716.

CC060125L

266 Journal of Combinatorial Chemistry, 2007, Vol. 9, No. 2 Kiriazis et al.


