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ABSTRACT

A novel domino reaction catalyzed by triphenylphosphine was developed for synthesis of the highly functionalized chroman derivatives. The
first example that the γ-CH3 of allenoate undergoes cyclization to form chroman derivates was reported.

A practical and efficient construction of highly functionalized
and diversified molecules from simple starting materials is
highly desirable and remains a great challenge. One of the
ways to fulfill this goal is the development and use of domino
processes, which consist of several bond-forming reactions
and which allow the highly efficient synthesis of complex
molecules starting from simple substrates.1 Therefore, con-
siderable efforts have been made to develop catalytic domino
transformations by an organocatalyst. On the other hand, Lu’s
[3 + 2] cycloaddition reaction between allenoates and
electron-deficient alkenes or imines which was catalyzed by
tertiary phosphines has been widely studied.2 In the formed
five-membered carbocycles and heterocycles, three carbon
atoms come from allenoate and two atoms from alkene or
imine (Scheme 1, (a)). Recently, Lu and Kwon reported an
unexpected phosphine-catalyzed annulation in which alle-
noate acted as the two-carbon unit (Scheme 1, (b) and (c)).3

(1) For reviews on Domino reactions, see: (a) Enders, D.; Grondal, C.;
Hüttl, M. R. M. Angew. Chem., Int. Ed. 2007, 46, 1570. (b) Tietze, L. F.;
Brasche, G.; Gericke, K. Domino Reactions in Organic Synthesis; Wiley-
VCH: Weinheim, 2006. (c) Guo, H.-C.; Ma, J.-A. Angew. Chem., Int. Ed.
2006, 45, 354. (d) Tietze, L. F.; Beifuss, U. Angew. Chem., Int. Ed. 1993,
32, 131. (e) Tietze, L. F. Chem. ReV. 1996, 96, 115.

Scheme 1. Various Pathways for Phosphine-Catalyzed
Annulations
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Meanwhile, Kwon and co-workers expanded the scope of
phosphine-catalyzed annulation in which allenoate acted as
the four-carbon unit to give six-membered heterocycles
(Scheme 1, (e)).4 Very recently, we reported a bifunctional
phosphine-catalyzed aza-Morita-Baylis-Hillman domino
reaction between salicyl N-thiophosphinylimines and alle-
noates in which allenoate acted as the one-carbon unit
(Scheme 1, (d)).5 Among these phosphine-catalyzed annu-
lations, ethyl 2,3-pentadienoate usually acts as substrate to
react with electron-deficient alkenes or imines.6 However,
γ-CH3 of the allenoate undergoing cyclization to form
heterocycles has not been reported. Thus, it is of importance
to continue the studies of ethyl 2,3-pentadienoate as synthons
in the cycloaddition reaction.

Chroman derivatives are important classes of oxygenated
heterocycles that have a broad and interesting range of

biological activities.7 Thus, various synthetic methods for
the formation of these compounds have been reported.
Among these methods, reactions of salicylaldehydes with
various conjugated olefins such as R,�-unsaturated ketones,8

acrylate derivatives,9 and nitroalkenes10 have been the most
popular in recent years. DABCO,9 potassium carbonate,11

and DBU12 are bases which are the most frequently used
for these reactions. Recently, Shi has reported the reactions
of allenic ester and ketones with salicyl N-tosylimines to give
highly functionalized chromenes catalyzed by DABCO.13

During our ongoing investigations on the domino reaction,14

we found that reaction of salicyl N-thiophosphinylimine with
allenic ester can give the chroman derivatives. Herein, we
wish to report a PPh3-catalyzed domino reaction that can
efficiently produce various chroman derivatives.

In view of the intresting results we have already obtained,5

studies were extended to ethyl 2,3-pentadienoate as substrate.
The question arose if the reaction could still occur when ethyl
2,3-butadienoate is replaced with ethyl 2,3-pentadienoate.
Thus, the reaction of salicyl N-thiophosphinylimines 1a and
ethyl 2,3- pentadienoate was first tested by using (2′-
hydroxybiphenyl-2-yl)diethylphosphane (LBBA) as catalyst.
The reaction gave a product 2a in 53% yield. To our surprise,
according to the NMR spectra, the product was not the
product of dihydrobenzofuran which we originally reported
since the methyl group disappeared in the product’s 1H NMR
spectra. The structure and stereochemistry of the product
were determined by NMR and HRMS spectrum. 1H NMR
and 13C NMR spectral data of 2a are partly summarized in
Table 1. Considering the large coupling constants, the doublet
of triplets centered at 1.82 ppm should be assigned to the
axial proton of C2,15 discharged by geminal proton (J )
13.6 Hz) and vicinal axial protons at C1-H and C3-H (J1

) J2 ) 10.4 Hz). Thus, the substitutes on C1 and C3 adopt
the cis configuration. In addition, the two olefinic protons
resonate at 6.16 and 6.93 ppm as a doublet of doublets,
respectively. The large coupling constant (J ) 15.6 Hz) they
share indicates that they are trans protons. In the 13C NMR
spectra of 2a, the singlet at 36.56 ppm is due to C2, and
further analysis of HSQC and DEPT 135° also supports such
an assignment. Further confirmation of the product was
derived from its HRMS analysis (see the Supporting Infor-
mation).

Efforts were next directed toward the optimization of
reaction conditions. We changed the catalyst to nBu3P, a
stronger nucleophilic phosphine, no obvious improvement
was made in yield (Table 2, entry 2). Surprisingly,
although proven to be an ineffective catalyst for the

(2) (a) Zhang, C.; Lu, X. J. Org. Chem. 1995, 60, 2906. (b) Zhu, X. F.;
Henry, C. E.; Kwon, O. Tetrahedron 2005, 61, 6276. (c) Xu, Z.; Lu, X. J.
Org. Chem. 1998, 63, 5031. (d) Xu, Z.; Lu, X. Tetrahedron Lett. 1997, 38,
3461. (e) Xu, Z.; Lu, X. Tetrahedron Lett. 1999, 40, 549. (f) Du, Y.; Lu,
X.; Yu, Y. J. Org. Chem. 2002, 67, 8901. (g) Du, Y.; Lu, X. J. Org. Chem.
2003, 68, 6463. (h) Jean, L.; Marinetti, A. Tetrahedron Lett. 2006, 47, 2141.
(i) Wilson, J. E.; Fu, G. C. Angew. Chem., Int. Ed. 2006, 45, 1426. (j)
Scherer, A.; Gladysz, J. A. Tetrahedron Lett. 2006, 47, 6335. (k) Cowen,
B. J.; Miller, S. J. J. Am. Chem. Soc. 2007, 129, 10988. (l) Henry, C. E.;
Kwon, O. Org. Lett. 2007, 9, 3069. (m) Wallace, D. J.; Sidda, R. L.; Reamer,
R. A. J. Org. Chem. 2007, 72, 1051. (n) Zhu, G.; Chen, Z.; Jiang, Q.; Xiao,
D.; Cao, P.; Zhang, X. J. Am. Chem. Soc. 1997, 119, 3836. (o) Zhang, B.;
He, Z.; Xu, S.; Wu, G.; He, Z. Tetrahedron 2008, 64, 9471. (p) Fang, Y.-
Q.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 5660. (q) Arnaud, V.;
Armen, A.; Nicolas, F.-B.; Pascal, R.; Angela, M. J. Am. Chem. Soc. 2008,
130, 14030. (r) Creech, G. S.; Zhu, X.-F.; Fonovic, B.; Dudding, T.; Kwon,
O. Tetrahedron 2008, 64, 6935. (s) Creech, G. S.; Kwon, O. Org. Lett.
2008, 10, 429. (t) Nicolas, F.-B.; Ludovic, J.; Pascal, R.; Angela, M.
Tetrahedron 2007, 63, 11920.

(3) (a) Lu, Z.; Zheng, S.; Zhang, X.; Lu, X. Org. Lett. 2008, 10, 3267.
(b) Zhu, X.-F.; Henry, C. E.; Wang, J.; Dudding, T.; Kwon, O. Org. Lett.
2005, 7, 1387.

(4) (a) Tran, Y. S.; Kwon, O. J. Am. Chem. Soc. 2007, 129, 12632. (b)
Castellano, S.; Fiji, H. D. G.; Kinderman, S. S.; Watanabe, M.; de Leon,
P.; Tamanoi, F.; Kwon, O. J. Am. Chem. Soc. 2007, 129, 5843. (c) Wurz,
R. P.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 12234. (d) Zhu, X.-F.; Lan,
J.; Kwon, O. J. Am. Chem. Soc. 2003, 125, 4716. (e) Zh, X.-F.; Schaffner,
A.-P.; Li, R. C.; Kwon, O. Org. Lett. 2005, 7, 2977.

(5) Meng, X.; Huang, Y.; Chen, R. Org. Lett. 2009, 11, 137.
(6) (a) Liu, B.; Davis, R.; Joshi, B.; Reynolds, D. W. J. Org. Chem.

2002, 67, 4595. (b) Zhao, G. L.; Shi, M. J. Org. Chem. 2005, 70, 9975. (c)
Nair, V.; Biju, A. T.; Mohanan, K.; Suresh, E. Org. Lett. 2006, 8, 2213.
(d) Shi, M.; Tang, X. Y.; Yang, Y. H. Org. Lett. 2007, 9, 4017.

(7) (a) Kleschick, W. A.; Heathcock, C. H. J. Org. Chem. 1978, 43,
1256. (b) Minami, T.; Suganuma, H.; Agawa, T. Chem. Lett. 1978, 285.
(c) Wang, Q.; Finn, M. G. Org. Lett. 2000, 2, 4063. (d) Chang, S.; Grubbs,
R. H. J. Org. Chem. 1998, 63, 864. (e) Gopal, D.; Rajagopalan, K.
Tetrahedron Lett. 1987, 28, 5327. (f) Ellis, G. P. Chromenes, Chromanones,
and Chromanones, and Chromones. In The Chemisry of Heterocyclic
Compounds; Wiley: New York, 1977; Vol. 31, pp 11-139. (g) Hepworth,
J. In ComprehensiVe Heterocyclic Chemistry; Katrizky, A. R., Rees, C. W.,
Eds.; Pergamon; Oxford, UK, 1984; Vol. 3, pp 737-883. (h) Bowers, W. S.;
Ohta, T.; Cleere, J. S.; Marsella, P. A. Science 1976, 193, 542–547. (i)
Nicolaou, K. C.; Pfefferkorn, J. A.; Roecker, A. J.; Cao, G.-Q.; Barluenga,
S.; Mitchell, H. J. J. Am. Chem. Soc. 2000, 122, 9939. (j) Nicolaou, K. C.;
Pfefferkorn, J. A.; Mitchell, H. J.; Roecker, A. J.; Barluenga, S.; Cao, G.-
Q.; Affleck, R. L.; Lillig, J. E. J. Am. Chem. Soc. 2000, 122, 9954. (k)
Nicolaou, K. C.; Pfefferkorn, J. A.; Barluenga, S.; Mitchell, H. J.; Roecker,
A. J.; Cao, G.-Q. J. Am. Chem. Soc. 2000, 122, 9968.

(8) (a) Lesch, B.; Bräse, S. Angew. Chem., Int. Ed. 2004, 43, 115. (b)
Lee, K. Y.; Kim, J. M.; Kim, J. N. Bull. Korean Chem. Soc. 2003, 24, 17.
(c) Kaya, P. T.; Nocanda, X. W. J. Chem. Soc., Perkin Trans. 1 2000,
1331. (d) DeBoer, C. D. J. Org. Chem. 1974, 39, 2426. (e) Korotaev, V.
Yu.; Kutyashev, I. B.; Sosnovskikh, V. Ya. Heteroatom. Chem. 2005, 16,
492.

(9) (a) Kaya, P. T.; Robinson, R. S. Synth. Commun. 1996, 26, 2085.
(b) Kaya, P. T.; Musa, M. A.; Nocanda, X. W. Synthesis 2003, 531. (c)
Kaya, P. T.; Musa, M. A.; Nocanda, X. W.; Robinson, R. S. Org. Biomol.
Chem. 2003, 1, 1133.

(10) (a) Yan, M.-C.; Jang, Y.-J.; Yao, C. F. Tetrahedron Lett. 2001,
42, 2717. (b) Yao, C. F.; Jang, Y.-J.; Yan, M.-C. Tetrahedron Lett. 2003,
44, 3813. (c) Nyerges, M.; Virányi, A.; Marth, G.; Dancsó, A.; Balaskó,
G.; õke, L. Synlett 2004, 2761.

(11) (a) Yamaguchi, S.; Saitoh, T.; Kamiumezawa, M.; Enomoto, H.;
Kawase, Y. J. Heterocycl. Chem. 1992, 29, 755–758. (b) Kawase, Y.;
Yamaguchi, S.; Horita, H. Bull. Chem. Soc. Jpn. 1982, 55, 1153–1155. (c)
Sharma, K. K.; Krupadanam, G. L. D. Synth. Commun. 2002, 32, 1557–
1562.

(12) (a) Zhao, G.-L.; Shi, Y.-L.; Shi, M. Org. Lett. 2005, 7, 4527–4530.
(b) Dai, L.-Z.; Shi, Y.-L.; Zhao, G.-L.; Shi, M. Chem.-Eur. J. 2007, 13,
3701–3706.

(13) Shi, Y.-L.; Shi, M. Org. Lett. 2005, 7, 3057–3060.
(14) Meng, X.; Huang, Y.; Chen, R. Chem.-Eur. J. 2008, 14, 6852.
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synthesis of cis-2,3-dihydrobenzofurans, PPh3 serves as
an effective one for this reaction and affords 2a in good
yield (Table 2, entry 3). When DMAP was used as the
catalyst, however, the reaction was too complex to analyze
(Table 2, entry 4). Therefore, we selected PPh3 as the
catalyst to optimize the reaction conditions further. No
product could be isolated when THF (Table 2, entry 5)
or Et2O (Table 2, entry 6) was used as solvent. When
CH3CN (Table 2, entry 7) and tBuOH (Table 2, entry 8)
were used, no improvement was made in yield. With
CHCl3 (Table 2, entry 9) and CH2Cl2 (Table 2, entry 10)

as solvent, the reaction proceeded smoothly to produce
2a in 83% and 88% yield, repectively. Therefore, CH2Cl2

is the best choice of solvent for this reaction. In addition,
the catalyst amount was also examined as shown in Table
2. Using 20 mol % of PPh3 as catalyst, merely trace
amounts of 2a were obtained (entry 11). When 50 mol %
of PPh3 was used as catalyst, the reaction rate was fast,
while the yield of 2a was slightly low (entry 12), due to
the partial polymerization of allenoate.

With the optimal reaction conditions in hand, we next
explored the scope of this domino reaction using ethyl
2,3-pentadienoate and a variety of salicyl N-thiophosphi-
nylimines as substrates (Table 3). As shown in Table 3,

the corresponding adducts 2 were obtained in good to
excellent yields. For imines with electron-donating groups
on the phenyl rings (entries 2-5, 8, 12, and 13), the
reaction was completed in a short time. In contrast, for
imines with electron-withdrawing groups on the phenyl
rings (entries 1, 6, 7, and 9-11), a prolonged reaction
time was needed. The reason is that the electron-
withdrawing groups decrease the nucleophilicity of the
oxygen atom. For the imine bearing a strong electron-
withdrawing group, such as the nitro group (entry 14),
no reaction occurred. Similarly, methyl 2,3-pentadienoate
can also react with various salicyl N-thiophosphinylimines
under identical conditions to give the corresponding
chroman derivatives. In addition, the chroman derivatives’
cis/trans ratios were different. For the imine-bearing
electron-withdrawing groups, the cis products predomi-

(15) Franklin, N. C. Angew. Chem., Int. Ed. 1965, 4, 774.

Table 1. 1H and 13C NMR Spectral Data of 2a

position

1H NMR
(400 MHz)

13C NMR
(100 MHz)

2 1.82 (td, J ) 10.4, 10.4,
13.6 Hz, 1H) 1H)

36.56

2 2.60 (ddd, J ) 2.4, 6.0,
13.6 Hz, 1H)

1, 3 4.72-4.81 (m, 2H) 46.47, 73.70
5 6.14 (dd, J ) 1.8,

15.6 Hz, 1H)
118.77

4 6.93 (dd, J ) 3.2,
15.6 Hz, 1H)

121.49

Table 2. Screening Catalysts and Solvents for the Domino
Reactionsa

entry catalyst solvent time (h) yield (%)

1 LBBA toluene 6 53
2 nBu3P toluene 6 46
3 PPh3 toluene 6 68
4 DMAP toluene 6 disordered
5 PPh3 THF 12 0
6 PPh3 Et2O 12 0
7 PPh3 CH3CN 6 48
8 PPh3

tBuOH 6 56
9 PPh3 CHCl3 6 83
10 PPh3 CH2Cl2 6 88
11b PPh3 CH2Cl2 12 trace
12c PPh3 CH2Cl2 4 80
a The reaction was carried out on a 0.5 mmol scale in solvent (2 mL).

The ratio of the 1a/allene is 1:3.0. b 20 mol % catalyst was used. c 50 mol
% catalyst was used.

Table 3. Scope of the Domino Reactions in the Presence of
PPh3

a

entry R1 R2 time (h) yield (%) cis/trans

1 5-Br C2H5 6 88 (2a) 13:1
2 5-CH3 C2H5 4 90 (2b) 2:1
3b 5-CH3O C2H5 2 92 (2c) 3:1
4 5-Bu C2H5 4 89 (2d) >20:1
5 3-CH3 C2H5 4 86 (2e) >20:1
6b 3-Cl C2H5 6 83 (2f) >20:1
7 5-Cl C2H5 6 86 (2g) >20:1
8 H C2H5 4 91 (2h) 11:1
9 5-Br CH3 6 82 (2i) 10:1
10 5-Cl CH3 6 85 (2j) 3:1
11 3-Cl CH3 6 78 (2k) >20:1
12b 5-CH3 CH3 4 86 (2l) 2:1
13b H CH3 4 83 (2m) 3:1
14 5-NO2 C2H5 6 0 (2n)

a The reaction was carried out in on a 0.5 mmol scale in solvent (2
mL). The ratio of the 1a/allene is 1:3.0. b Cis and trans isomers were
determined by 31P NMR spectroscopic analysis.
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nated, with the exception of 2j. For the imine-bearing
electron-donating groups, however, the ratios of cis/trans
were low (except 2d, 2e); the reason is not clear so far.

The detailed mechanism of these domino reactions has
not been clarified. According to these experimental results
and some related literature,2c,s,4d,16 a plausible mechanism
can be proposed (Scheme 2). The PPh3 acts as a nucleophilic
trigger and attacks the � carbon of the allenes to produce
the intermediate A, which will transform to intermediate B

via 1,4-proton transfer. The allylic carbanion B subsequently
undergoes an umpolung addition with 1 to give the inter-
mediate C, which will form intermediate D via proton
transfer from the OH to the N anion. Finally, the intermediate
D undergoes another umpolung addition of the oxygen anion
to the � carbon of D to furnish product and regenerate PPh3.

To the best of our knowledge, this is the first example where
the γ-CH3 of the allene was involved in the cyclization.

According to the proposed reaction mechanism, aldehyde
should also undergo a similar reaction as salicyl N-thiophos-
phinylimine. To examine the feasibility, 6-bromopicolinal-
dehyde was subjected to the reaction with ethyl penta-2,3-
dienodate under the standard conditions (Scheme 3). To our
delight, the reaction could be completed within 10 h (Scheme
3) with substituted tetrahydrofuran obtained in 72% yield.

The structure and stereochemistry of the compound were
determined by NMR and HRMS (see the Supporting Infor-
mation).

In conclusion, we have developed a novel method to
synthesize chroman derivatives through a PPh3-catalyzed
domino reaction sequence. More importantly, we discovered
the first example that the γ-CH3 of the allene undergoes the
cyclization to form the chroman derivatives. Further inves-
tigation of the scope of the domino reaction and its
application to the synthesis of biologically interesting
molecules is underway, and the results will be reported in
due course.
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(16) (a) Liang, Y.; Liu, S.; Xia, Y.; Li, Y.; Yu, Z.-X. Chem.-Eur. J.
2008, 14, 4361. (b) Xia, Y.; Liang, Y.; Chen, Y.; Wang, M.; Jiao, L.; Huang,
F.; Liu, S.; Li, Y.; Yu, Z.-X. J. Am. Chem. Soc. 2007, 129, 3470.

Scheme 2. Possible Mechanism for the Formation of 2 Scheme 3. Reaction of 6-Bromopicolinaldehyde with Ethyl
Penta-2,3-dienodate
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