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The tandem reactions of salicylic aldehydes or salicylic imines with a,B-unsaturated compounds have
only been studied systematically in recent years. These tandem reactions provide an easy access to a
variety of heterocycles, such as chromanes, chromenes, coumarins and tetrahydroxanthenones, many of
which are synthetic useful intermediates.
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Fig. 1 Some representative molecules.

Reaction of salicylic aldehydes or salicylic imines with
acyclic a,f-unsaturated alkenes
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3-methyl-2-butenoate (eqn (1)).* Reactions were carried out in
DMF at 130 °C and methoxy-, methyl-, chloro-, bromo- and
phenyl-substituted salicylaldehydes gave the chromene products
in moderate yields, while nitro-, hydroxy-, ethoxy- and acetyl-
substituted salicylaldehydes produced poor yields or nothing at
all.
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Later, the condensation of salicylaldehydes with olefins hav-
ing two electron-withdrawing groups were also reported.* The
reactions mainly gave polymerized products, and the chromene
products were obtained in low yields. Besides the chromene
products, some acyclic products were also obtained (eqn (2)).
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In 1996, Kaye et al. reported the reaction of salicylaldehydes
with methyl acrylate to yield three different types of products
(eqn (3)).° The author proposed that the chromanes, chromenes
and coumarins were all derived from the same Baylis—Hillman
intermediates, although "H NMR spectroscopy failed to provide
any evidence for the presence of the intermediates. When methyl
acrylate was replaced by alkyl vinyl ketones, the corresponding
chromenes were obtained in good yields chemoselectively.®
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Subsequently, Ravichandran et al. performed the reactions in
water.” Great rate-enhancement was observed and the reactions
were completed within 2 hours, affording the corresponding
chromenes in good yields. Later, Kaye ez a/. found that acryloni-
trile, acrolein, vinyl ketones, vinyl sulfone and vinyl sulfonate were
all suitable activated alkenes for reaction with salicylaldehydes,
providing the chromenes in good yields.® The chromenes derived
from salicylaldehydes and acrolein reacted with malononitrile to
give another kind of chromenes in good yields (eqn (4)).°
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The reaction between salicylaldehydes and ferz-butyl acrylate
yielded the Baylis-Hillman adducts, which were converted to
chromene derivatives by treatment with hydrochloric acid in
refluxing acetic acid (eqn (5))."°
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| > + H‘\OBUt DABCO mcozBu‘
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Kaye subsequently studied the reaction mechanism of sali-
cylaldehyde and methyl acrylate catalyzed by DABCO." The
reaction was thought to be initiated by a Baylis—Hillman reaction
(eqn (6)). The highly activated dipolar adduct formed by salicy-
laldehyde, methyl acrylate and DABCO was assumed to be the
pivotal intermediate for the formation of chromene and coumarin
products.
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In 2005, Brise et al. reported the reaction between salicylalde-
hydes and senecialdehyde systematically.”? Besides chromenes,
tricyclic hemiacetals were also obtained. The mechanism for
the reaction is shown in eqn (7). The formation of the tricyclic
compound started with the vinylogous addition of the dienolate
to salicylaldehyde, followed by a base-promoted intramolecular
oxa-Michael addition, then acetalization gave the hemiacetal.
The chromene was formed by a tandem oxa-Michael addition,
intramolecular aldol reaction and dehydration pathway. The type
of catalyst was varied with respect to nucleophilicity and basicity;
it was found that sodium carbonate favored the formation of the
chromene product and triethylamine favored the formation of the

tricyclic hemiacetal.
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Very recently, Arvidsson et al. reported the first asymmetric
version of this transformation using a TMS-protected prolinol
derivative as the catalyst (eqn (8))."* Several base and acid additives
were found to affect both the enantioselectivities and the yields of
the product. The more electron-rich 5-methoxy salicylaldehyde
resulted in a much faster reaction in higher yield but with
lower enantioselectivity. The reaction was thought to proceed by
a domino pathway initiated by iminium activation of an a,f3-
unsaturated aldehyde, followed by intermolecular oxa-Michael
addition of a salicylic aldehyde. Then the resulting enamine
intermediate underwent an intramolecular aldol reaction and
dehydration to give the final chiral chromene product.

Ph
10 mol% D\‘,ph

1 1
7
OH CHxCl, 0" R?

yield: 15 - 70%,
ee: 27 - 90%
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Similar strategies were also reported independently by Cordova
et al. and Wang et al. Using the same TMS-protected diphenyl-
prolinol as the catalyst, Cordova et al. found that the addition
of an organic acid increased the enantioselectivity and efficiency
of the reaction; 2-nitrobenzoic acid was found to be the best
additive. A set of different a,B-unsaturated aldehydes and various
salicylaldehydes were all suitable substrates for this reaction (eqn
(9)). The yields of the chromene products could be improved
without affecting the enantioselectivities by adding molecular
sieves (4 A). Wang et al. found that using TES-protected
diphenylprolinol as the catalyst could give higher yields of the
chromene products (eqn (10))."
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Wang et al. also adopted this approach to synthesize
thiochromenes by replacing the phenol group in salicylaldehyde
with mercapto group (eqn. 11)." Soon after that, similar results
were reported by Cordova et al. independently.’” Subseqently,
Wang et al. used o,B-unsaturated oxazolidinones instead of a,f3-
unsaturated aldehydes as the Michael acceptors for reaction
with 2-mercaptobenzaldehydes. The dehydration process was
inhibited and thiochromanes were obtained with high enantio-
and diastercoselectivities using 1 mol% of a bifunctional chiral
cinchona alkaloid thiourea as the catalyst (eqn (12))."®
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Ar = 3,5-(CF3),CsH3

Reaction of salicylic aldehydes or salicylic imines with
cyclic a,p-unsaturated alkenes

In 2003, Kim et al. and Brése et al. independently reported the
reaction between salicylaldehydes and 2-cyclohexen-1-one or 2-
cyclopenten-1-one (eqn (13))."* Using DABCO as the base, the
reaction between salicylaldehydes and 2-cyclohexen-1-ones gave
the tetrahydroxanthenones in moderate to excellent yields in water
with sonication. The reaction was performed with potassium
carbonate as a base, while triphenylphosphine, a known catalyst
for the Baylis—Hillman reaction, failed to promote the reaction
under the same reaction conditions. So an oxa-Michael-aldol
reaction—dehydration pathway was proposed, and the derived
tetrahydroxanthenone was used for the synthesis of secalonic acids
by Brése et al.

R* o)

CHO __50mol% DABCO R2 N
ﬁ H,0, sonication, 48 h 2 o In (13)
R’l
19-93%
Subsequently, we found that using salicylic imines instead
of salicylaldehydes could shorten the reaction time, and that

the reaction was more likely initiated by an aza-Baylis—Hillman
reaction (eqn (14)).

0
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R CH=NTs MS 4A, THF, tt., R N "
2 + ) I (14)
R OH I, 225mo%DBU R 0
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Later, Brase et al. examined the reactivity of tetrahydroxan-
thenones and it was found that tetrahydroxanthenones offered
various possible further functionalizations, many of which were
highly diastereoselective.® Brése ef al. also investigated the
reaction between salicylaldehydes and substituted cyclohexenones
(eqn (15)).2 The reactivity of the cylclohexenones decreases
rapidly with increasing steric hindrance around the double bond.
The substituent in cylclohexenones at the C-3 position was not
tolerated and the substituents at the C-4 or C-5 position were
tolerated up to a certain size.

g MeO. i
MeOC[CHO O o e m
+ N T
dioxane/H,0, sonication 2 (15
OH R : OChT R (13)
R' 0-65%

cisltrans: 1/12.5 - 31

Brise et al. further used this methodology to achieve the first
total synthesis of diversonol in racemic form by transformation
of the tetrahydroanthenone derived from a substituted salicylic
aldehyde and 4-hydroxycyclohexenone (eqn (16)).2*
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Cordova et al. recently reported the asymmetric synthe-
sis of tetrahydrothioxanthenones through the reaction of 2-
mercaptobenzaldehyde with a,B-unsaturated cyclic ketones (eqn

(17)).%
CHO Q 20 mol%
@.H i C/
DMF, -20 °C
yield: trace - 39%,

dr:n.d. or >20:1
(17

Besides cyclohexenone and cyclopentenone, heterocyclic o, -
unsaturated ketones were also suitable Michael acceptors for
reaction with salicylaldehydes. Charushin et a/. have found that
polyhaloalkyl-substituted chromones, y-pyrones and B-furanones
reacted with salicylaldehydes in the presence of piperidine to
give fused 2H-chromenes in good yields.*® The reaction was
interpreted to follow an oxa-Michael addition—intramolecular
Mannich condensation—elimination pathway (eqn (18)).

yield: 31 - 78%,
ee: 38-67%
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Reactions of salicylic aldehydes or salicylic imines with
o,p-unsaturated alkynes

In 1975, George et al. reported the reaction between salicy-
laldehyde and dimethyl acetylenedicarboxylate giving mixtures
of chromenes and Michael addition adducts (eqn (19)).* Later,
they also studied the phototransformations of the chromene
derived from salicylaldehyde and diphenyl acetylenedicarboxylate
by steady-state and laser photolysis.?

CHO e 200Me
cHo  §OMe penzene @[ mcog\ne CO,Me N&)CZTM':
C[or-a * !omw 30N oo, C)\,,,COQMe 0" COoMe Hpone 0 come

24%(Z:E=3:1) 1%

(19)

In 2002, Ramazani et al. reported a triphenyl phosphine-
mediated reaction between salicylaldehydes and acetylenedicar-
boxylates, which provided easy access to chromene derivatives.?
The formation of the chromene product involved the initial
addition of triphenylphosphine to the acetylenedicarboxylate and
concomitant protonation by salicylaldehyde to form the 1 : 1

ionic pair, followed by attack of the phenolic anion to the vinyl
triphenylphosphonium cation, and subsequent cyclization gave
the final product (eqn (20)).

-
Rl cHo  §O pen, | R CHO RRO.C. oph R! CHOPPNa | Ny COR
+ e | \(:[ N | CO;R
on Lo S CHCO,R? co R 07 Co,R?
? PhaPO 90-95%

(20)

Very recently, we investigated the reaction between but-
3-yn-2-one or methyl propiolate and salicyl N-tosylimines.*
Using DABCO as the catalyt, the reaction yielded highly
functionalized chromenes (eqn (21)). The reaction was thought to
start with a Michael addition followed by an intramolecular aza-
Baylis—Hillman reaction on the basis of "H NMR spectroscopic
investigation during the course of the reaction. The intramolecular
aza-Baylis—Hillman reaction was the rate-determining step for
this reaction.

R* R* NHTs
R =NTs DABCO,MS4A R | cox
+ = COX ———— >
R2 OH solvent R? 0 (2 1)
R! R!
X= Me, OMe 29-86%

A substituent at the terminal alkyne was not tolerated, pre-
sumably due to the steric hindrance. The reaction between ethyl 2-
butynoate and salicyl N-tosylimine did not give the corresponding
chromene derivative in satisfactory yield. Subsequently, we found
diethyl acetylenedicarboxylate showed higher reactivity than ethyl
2-butynoate for this reaction.’® The reactions of salicyl N-
tosylimines or salicylaldehydes with diethyl acetylenedicarboxy-
late could proceed under mild conditions giving the corresponding
chromenes in excellent yields (eqn (22)).

XH

CO,Et
3 2
R?2 H DMSO, rt
R! © CO,Et R® 07 "CO (22)

R!

NTs: catalyst = DABCO

= yield: 83 - 98%.
X=0: catalyst = PPhMe,

yield: 83 - >99%.

Reaction of salicylic aldehydes or salicylic imines with
allenes

In 1983, Scheinmann et al. first demonstrated the reaction of
dimethyl penta-2,3-dienedioate with salicylaldehyde in benzene
in the presence of benzyl trimethylammonium hydroxide to give
the chromene (eqn (23)).3* While after that, the reactions between
allenes and salicylaldehydes were less explored.

N CO,Me
L @)
0~ “CHCO,Me

61%

H. ..CO,Me

CHO C
sl
"

OH
H C

“7~Co,Me

BnMe3;NOH
benzene

In 2005, we reported the reaction of salicyl N-tosylimines with
ethyl 2,3-butadienoate or penta-3,4-dien-2-one giving the corre-
sponding chromenes in good to excellent yields, using DABCO
as the catalyst in dichloromethane (eqn (24)).* Several other
catalysts were also examined and it was found that phosphorus-
based catalysts, such as PPh; or PPh,Me could induce the reaction
to give the [3 + 2] cycloadduct dihydropyrrole derivative with an
unreacted phenol group,* while the weak nucleophile diisopropyl
ethyl amine and inorganic catalysts, such as NaOH, Na,CO;,
NaHCO;, showed no catalytic activity for this reaction.
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R? R!
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Subsequently, we found that salicylaldehydes could react
with 3-methylpenta-3,4-dien-2-one, 3-benzylpenta-3,4-dien-2-one
or ethyl 2-methylbuta-2,3-dienoate to give the corresponding
functionalized 2H-1-chromenes in good to excellent yields and
good diastereoselectivities in most of the cases, using DBU as the
catalyst in DMSO, but the exact role of DBU and the mechanism
for this reaction was not clearly understood (eqn (25)).%

Later, the mechanism for this reaction was investigated in detail,
and it was found that DBU served as a base for the reaction (eqn
(26)).*

OH

CHO R2 R?
| N _ DBU (10 mol%) N COR®
=X T (25)
RZ oH COR®  DMSO N0
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DBUH  DBU OH

§
L n L L
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While using K,CO; as the catalyst at high temperature, the
reaction gave another type of chromenes.*” The mechanism is
shown in eqn (27).

(26)

o
CHO k,c0,

CHO '
o Hocos
OH o
X J e)
o N\ COE = N 0)\(0023

Unsubstituted allenic ketones or esters also reacted with salicy-
laldehydes using K,CO; as the catalyst at room temperature to give
two types of chromenes, respectively, for different salicylaldehydes,
and the latter one could be converted to the former one under
acidic or neat conditions (eqn (28)).%¢

o]
e =
Z > OH COR?
OH
2 2
AN COR N COR
R or  Rlq- |
Z>o Zo
OH

57 -74%

CO,Et

@7

KoCO3 (10 mol%)
DMSO or EtOH, 25 °C

(28)

29 - 85%

Summary and outlook

The reaction of salicylic aldehydes or salicylic imines with a,f3-
unsaturated compounds provides easy access to different hetero-

cycles, such as chromanes, chromenes, coumarins and tetrahydrox-
anthenones. In this review, we have outlined some typical work in
this area. Although the reactions of salicylic aldehydes or salicylic
imines with various o,f-unsaturated compounds have been inves-
tigated systematically, further transformation of the products to
biologically active compounds is still in its infancy. Future work
might be focused on the utilization of these methodologies to
synthesize some biologically active molecules or natural products.

References

1 (a) G. P. Ellis, Chromenes, Chromanones, and Chromones ( Chemistry of
Heterocyclic Compounds), Wiley, New York, 1977; vol. 31, pp. 11-141;
(b) K. Hase, S. Kadota, P. Basnet, J. Li, S. Takamura and T. Namba,
Chem. Pharm. Bull., 1997, 45, 567-569; (¢) S. R. Trenor, A. R. Shultz,
B. J. Love and T. E. Long, Chem. Rev., 2004, 104, 3059-3077; (d) K. S.
Atwal, P. Wang, W. L. Rogers, P. Sleph, H. Monshizadegan, F. N.
Ferrara, S. Traeger, D. W. Green and G. J. Grover, J. Med. Chem.,
2004, 47, 1081-1084; (e) R. Frédérick, S. Robert, C. Charlier, J. Ruyck,
J. Wouters, B. Pirotte, B. Masereel and L. Pochet, J. Med. Chem., 2005,
48, 7592-7603.

2 (a) W. B. Turner, J. Chem. Soc., Perkin Trans. 1, 1978, 1621-1621;
(b) P. W. Manley, U. Quast, H. Andrea and K. Bray, J. Med. Chem.,
1993, 36, 2004-2010; (¢) Y. Kang, Y. Mei, Y. Du and Z. Jin, Org. Lett.,
2003, 5, 4481-4484; (d) S. A. Ross, G. N. N. Sultana, C. L. Burandt,
M. A. ElSohly, J. P. J. Marais and D. Ferreira, J. Nat. Prod., 2004, 67,
88-90; (e) J. A. Burlison, L. Neckers, A. B. Smith, A. Maxwell and
B. S. J. Blagg, J. Am. Chem. Soc., 2006, 128, 15529-15536.

3 Y. Kawase, S. Yamaguchi and H. Horita, Bull. Chem. Soc. Jpn., 1982,
55, 1153-1155.

4 S. Yamaguchi, T. Saitoh, M. Kamiumezawa, H. Enomoto and Y.
Kawase, J. Heterocycl. Chem., 1992, 29, 755-758.

5 P. T. Kaye and R. S. Robinson, Synth. Commun., 1996, 26, 2085-2097.

6 P. T. Kaye and X. W. Nocanda, J. Chem. Soc., Perkin Trans. 1, 2000,
1331-1332.

7 S. Ravichandran, Synth. Commun., 2001, 31, 1233-1235.

8 P. T. Kaye and X. W. Nocanda, J. Chem. Soc., Perkin Trans. 1, 2002,
1318-1323.

9 K. K. Sharma and G. L. D. Krupadanam, Synth. Commun., 2002, 32,
1557-1562.

10 P. T. Kaye, M. A. Musa and X. W. Nocanda, Synthesis, 2003, 531-534.

11 P. T. Kaye, M. A. Musa, X. W. Nocanda and R. S. Robinson, Org.
Biomol. Chem., 2003, 1, 1133-1138.

12 B. Lesch, J. Torang, S. Vanderheiden and S. Brése, Adv. Synth. Catal.,
2005, 347, 555-562.

13 T. Govender, L. Hojabri, F. M. Moghaddam and P. I. Arvidsson,
Tetrahedron: Asymmetry, 2006, 17, 1763-1767.

14 H. Sundén, I. Ibrahem, G.-L. Zhao, L. Eriksson and A. Cordova,
Chem.—Eur. J., 2007, 13, 574-581.

15 H. Li, J. Wang, T. E-Nunu, L. Zu, W. Jiang, S. Wei and W. Wang, Chem.
Commun., 2007, 507-509.

16 W. Wang, H. Li, J. Wang and L. Zu, J. Am. Chem. Soc., 2006, 128,
10354-10355.

17 R. Rios, H. Sundén, I. Ibrahem, G.-L. Zhao, L. Eriksson and A.
Cordova, Tetrahedron Lett., 2006, 47, 8547-8551.

18 L. Zu, J. Wang, H. Li, H. Xie, W. Jiang and W. Wang, J. Am. Chem.
Soc., 2007, 129, 1036-1037.

19 B. Lesch and S. Brise, Angew. Chem., Int. Ed., 2004, 43, 115-118.

20 K. Y. Lee, J. M. Kim and J. N. Kim, Bull. Korean Chem. Soc., 2003, 24,
17-18.

21 Y.-L. Shi and M. Shi, Synlett, 2005, 2623-2626.

22 C. F. Nising, U. K. Ohhemiiller, A. Friedrich, B. Lesch, J. Steiner, H.
Schnockel, M. Nieger and S. Brése, Chem.—Eur. J., 2006, 12, 3647-3654.

23 U. K. Ohhemiiller, C. F. Nising, M. Nieger and S. Brése, Eur. J. Org.
Chem., 2006, 1535-1546.

24 C. F. Nising, U. K. Ohhemiiller and S. Brése, Angew. Chem., Int. Ed.,
2006, 45, 307-309.

25 R. Rios, H. Sundén, I. Ibrahem, G.-L. Zhao and A. Cordova,
Tetrahedron Lett., 2006, 47, 8679-8682.

26 V.Y.Sosnovskikh, V. Y. Korotaev, D. L. Chizhov, I. B. Kutyashev, D. S.
Yachevskii, O. N. Kazheva, O. A. Dyachenko and V. N. Charushin,
J. Org. Chem., 2006, 71, 4538-4543.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1499-1504 | 1503



27 R. K. Gupta and M. V. George, Tetrahedron, 1975, 31, 1263-1275.

28 D. Ramaiah, P. M. Scaria, D. R. Cyr, P. K. Das and M. V. George,
J. Org. Chem., 1988, 53, 2016-2022.

29 A Ramazani and G. R. Fattahi-Nujokamberi, Indian J. Chem., 2002,
41B, 407-408.

30 Y.-L. Shi and M. Shi, Chem.—Eur. J., 2006, 12, 3374-3378.

31 Y.-W. Guo, Y.-L. Shi, H.-B. Li and M. Shi, Tetrahedron, 2006, 62,
5875-5882.

32 N. S. Nixon and F. Scheinmann, Tetrahedron Lett., 1983, 24, 597-600.

33 Y.-L. Shi and M. Shi, Org. Lett., 2005, 7, 3057-3060.

34 Z. Xuand X. Lu, J Org. Chem., 1998, 63, 5031-5041.

35 G.-L. Zhao, Y.-L. Shi and M. Shi, Org. Lett., 2005, 7, 4527-4530.

36 L.-Z. Dai, Y.-L. Shi, G.-L. Zhao and M. Shi, Chem.—Eur. J., 2007, an
early view paper.

37 M. Shi, L.-Z. Dai, Y.-L. Shi and G.-L. Zhao, Adv. Synth. Catal., 2006,
348, 967-972.

1504 | Org. Biomol. Chem., 2007, 5, 1499-1504

This journal is © The Royal Society of Chemistry 2007



