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ABSTRACT: Iridium-catalyzed annulation of salicyli-
mines with 1,3-dienes gave high yields of the correspond-
ing 4-aminochromanes with high stereoselectivity. The use
of a chiral diene ligand enabled the asymmetric reaction to
give 4-aminochromanes with high enantioselectivity.

T ransition-metal-catalyzed intermolecular cycloaddition is
one of the most powerful methods for the synthesis of
carbo- and heterocyclic compounds,’ and in particular, the
development of highly atom-efficient cycloaddition reactions
without formation of wastes” is a significant objective to realize
ideal molecular transformations of carbon resources in
synthetic organic chemistry.> In this regard, we recently
reported the iridium-catalyzed [3 + 2] annulation of cyclic N-
sulfonyl ketimines with 1,3-dienes giving spiroaminoindane
derivatives, where the reaction proceeds via aryliridium(I)
species I generated by the chelation-assisted ortho C—H
activation of the aromatic ring (Scheme 1a).* The aryliridium-

Scheme 1. Iridium-Catalyzed Annulation Using 1,3-Dienes
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(I) species I undergoes the oxidative cyclization®” with the
1,3-diene forming z-allyliridium(III) species II and the
subsequent reductive elimination gives the aminoindane
derivative, and thus, two C—C bond formations occur to
create the Indane skeleton. We focused on the oxidative
cyclization/reductive elimination sequence for the synthesis of
oxygen-containing heterocycles as shown in Scheme 1b, where
the reaction involves phenoxoiridium(I) species III. Here we
report an iridium-catalyzed formal [4 + 2] annulation of
salicylimines with 1,3-dienes to give 4-aminochromane
derivatives. The asymmetric variant of the reaction by use of
a chiral diene ligand® is also described.
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4-Aminochromanes are a structurally important core unit
found in many biologically active compounds and natural
products,” and their synthesis has attracted considerable
attention. Salicylimines have been used as good starting
materials for the synthesis of 4-aminochromanes in the acid-
or base-catalyzed reactions with electron-rich alkenes,"
azalactones,'’ and allenic esters'> as well as electron-deficient
alkenes and alkynes."* Our approach is focused on the use of
the N-tosylsalicylimines 1 for the formation of the
phenoxoiridium(I) species III intramolecularly coordinated
with the imine nitrogen (Scheme 1b and Table 1). Treatment
of N-tosylsalicylimine 1a with isoprene (2a) in the presence of
[IrCl(cod)], (5 mol % of Ir, cod = 1,5-cyclooctadiene), KOAc
(50 mol %) in toluene at 80 °C for 6 h gave the annulation

Table 1. Iridium-Catalyzed Annulation of Salicylimines 1
with 2a“

@*L

R=Ts(1a)
SO,Ph (1b)
SOngH 4'4'N02 (1 C)
S0,CeH4-2-NO, (1d)

[Ir] (5 mol %)
base (50 mol %)
tquene 80°C,6h

entry Ir catalyst base yield of 3 (%)”
1 [IrCl(cod)], KOAc 3aa 26
2 [IrCl(cod)], KHCO, 3aa 13
3 [IrCl(cod)], K,CO, 3aa 3
4 [IrCl(cod)], K,PO, 3aa 0
S [IrCl(cod)], KOt-Bu 3aa 0
6 [IrCl(cod)], NaOAc 3aa 45
7 [IrCl(cod)], LiOAc2H,0 3aa 6
8 [IrCl(coe),], NaOAc 3aa 92
9° [IrCl(coe),], NaOAc 3aa 98¢
10 [RhCl(coe),], NaOAc 3aa 30
11 [IrCl(coe),], NaOAc 3ba 80
12 [IrCl(coe),], NaOAc 3ca 58
13°¢ [IrCl(coe),], NaOAc 3ca 767
14¢ [IrCl(coe),], NaOAc 3da 744

“Reaction conditions: salicylimine 1 (0.10 mmol), 2a (0.15 mmol),
[Ir] (S mol % of Ir), base (50 mol %) in toluene (0.4 mL) at 80 °C for
6 h. "Determined by 'H NMR analysis using 1,4-dimethoxybenzene as
an internal standard. “Salicylimine 1a (0.20 mmol), 2a (0.30 mmol),
[IrCl(coe), ], (2 mol % of Ir), NaOAc (50 mol %) in toluene (0.8 mL)
at 80 °C for 12 h. “Isolated yield. “For 36 h.
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product 3aa in 26% yield (Table 1, entry 1), where very high
regio- and stereoselectivity of the annulation was observed: a
more substituted alkene moiety of isoprene participates in the
reaction to give 3aa with the 2,4-cis relative stereochemistry.
The reactions with other bases, such as KHCO; and K,CO;,
gave much lower yields of 3aa than that with KOAc (entries 2
and 3), and the use of K;PO, and KOtBu resulted in no
formation of the annulation product (entries 4 and 5). The use
of NaOAc gave a higher yield of 3aa than that obtained with
KOAc or LiOAc (entry 6 vs entries 1 and 7). The catalytic
activity was dramatically increased by use of [IrCl(coe),], (5
mol % of Ir, coe = cyclooctene) instead of [IrCl(cod)], as a
catalyst precursor, giving a 92% yield of 3aa (entry 8). This
result indicates that the iridium species coordinated with the
1,3-diene as a ligand formed by an exchange of two
cyclooctenes on [IrCl(coe),] displays high catalytic activity.
The reaction with a reduced amount of the iridium catalyst (2
mol % of Ir) also proceeded well, giving a 98% yield of the
annulation product (entry 9). A Rh catalyst [RhCl(coe),], can
also catalyze the present reaction, although its catalytic activity
was much lower than that of the Ir catalyst (entry 10). The
reactions of N-benzenesulfonylimine 1b and N-nitrobenzene-
sulfonylimines 1c and 1d proceeded to give the corresponding
annulation products 3ba, 3ca, and 3da, respectively (entries
11—14), where the relatively electron-deficient substituents on
the imine nitrogen lowered the reactivity.

The results obtained for the iridium-catalyzed annulation of
salicylimine 1a with various types of 1,3-dienes are summarized
in Table 2. In a similar vein as isoprene (2a), myrcene (2b) and
2-phenylbutadiene (2c) underwent the annulation of 1a to give
the corresponding annulation products 3ab and 3ac in yields of
86% and 83%, respectively (entries 1—3). The reaction of 2-
siloxybutadiene 2d gave 3ad in 86% yield with very high regio-
and stereoselectivity (entry 4). In the reaction of 2-siloxy-
methylbutadiene 2e, a more substituted alkene moiety
participated in the reaction to give 3ae accompanied by a
small amount of its regioisomer 4ae (3ae/4ae = 97:3, entry S).
2,3-Disubstituted butadienes are also good substrates for the
present annulation (entries 6—8). The reaction of 2,3-dimethyl-
1,3-butadiene (2f) gave 3af in 85% yield (entry 6). On the
other hand, it should be noted that the reactions of
unsymmetrically 2,3-disubstituted butadienes 2g and 2h also
displayed high regioselectivity to give annulation products 3ag
and 3ah as the major products, respectively (entries 7 and 8),
where less bulky alkene parts preferentially participated in the
reaction. Diene 2i based on a dihydropyrrole group gave
benzobicyclic compound 3ai in 53% yield (entry 9).

Table 3 summarizes the results obtained for the reaction of
several salicylimines 1 with 1,3-diene 2a. The reactions of
salicylimines substituted at the S-position with electron-
donating groups, Me (le) and MeO (1f), and electron-
withdrawing groups, F (1g), Cl (1h), and Br (1i), are all good
substrates to give high yields of the annulation products 3ea—
3ia (entries 1—5). The reactions of salicylimines 1j and 1k,
which are substituted with a methyl group at meta and ortho to
the hydroxy group, gave the annulation products 3ja and 3ka,
respectively, in good yields (entries 6 and 7). Salicylimines 11
and 1m substituted at the 6-position are also applicable to the
present annulation to give high yields of the corresponding 4-
aminochromanes (entries 8 and 9). The annulation of naphthol
derivative 1n gave 3na in 80% yield (entry 10).

These annulation reactions presumably go through a catalytic
cycle illustrated in Scheme 2. The reaction of salicylimine la
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Table 2. Scope of 1,3-Dienes 2

[IrCl(coe),]n
(2 mol % 1Ir)

NaOAc (50 mol %)
toluene, 80 °C, 12 h

oH N

N R
O W
1a 2 R®
3
Z N = /< /< =
Ph PhMe,SiO t-BuMe,SiO
2a 2b 2c 2d 2e

z
I TsHN\I t-BuMeZSiov\E ~
TsN
2 2g 2h

2i
entry diene 2 product yield (%)?
1 2a 3aa: R =Me R 98
2 2b 3ab: R = CH,CH,CH=CMe, o ) 86
3 2c 3ac: R =Ph 83
4 2d  3ad: R = OSiMesPh —NHTs g
5  2e  3ae: R=CH,0SiMe,t-Bu H 86
(3ae/4ae = 97:3)
6 2f 3af NHTs 85
7 2g 3ag: X=NHTs 90
(3ag/dag = 97:3)
L—NHTs
8 2h 3ah: X = OSiMe,t-Bu H 96
(3ah/4ah = 92:8)
| —NTs
9¢ 2i 3ai (0] H 53
NHTs
NHTs
4ag: X =NHTs

4ah: X = OSiMe,t-Bu

“Reaction conditions: salicylimine 1a (0.20 mmol), 2 (0.30 mmol),
[IrCl(coe),], (2 mol % of Ir), NaOAc (50 mol %) in toluene (0.8 mL)
at 80 °C for 12 h. “Isolated yields. “Performed with [IrCl(coe),], (S
mol % of Ir).

with a chloroiridium complex, which is coordinated with a 1,3-
diene, in the presence of NaOAc forms phenoxoiridium(I)
species A intramolecularly coordinated with the imine nitrogen.
The species A undergoes oxidative cyclization with the 1,3-
diene via 18-electron species B forming z-allyliridium(III)
species C. The intermediate C undergoes reductive elimination
forming a carbon—oxygen bond to give species D, and
subsequent protonolysis gives 3aa and regenerates the
phenoxoiridium A.

Because iridium/diene complexes can catalyze the present
reaction,'* the use of chiral diene ligands is promising for the
development of the asymmetric variant. On the other hand, the
high catalytic activity of the iridium complex coordinated with
the substrate 1,3-diene observed above indicates a requirement
of the use of a chiral diene ligand that has a stronger
coordination ability than the substrate diene to avoid the
nonenantioselective background reaction. After a screening of
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Table 3. Scope of Salicylimines 1¢

Ts
oH N [1rCl(coe),l, (2 mol % Ir)
N H . 2~ NaOAc (50 mol %)
X P toluene, 80 °C, 12 h
1 2a
entry 1 product
1 1e:X=Me OH N°T® 3ea 94
2 1 X=MeO 3fa 97
3 1g:X=F H 3ga 96
4 1h:X=Cl 3ha 97
5 1i: X=Br 3ia 99
OH N
6 1] H 3ja 93
oH N
7b¢ 1k H 3ka 86
OH N
86 1I:X=Cl H 3la 92d
9% 1m: X =Me 3ma 78¢
X
80

“Reaction conditions: salicylimine 1 (0.20 mmol), 2a (0.30 mmol),
[IrCl(coe),], (2 mol % of Ir), NaOAc (50 mol %) in toluene (0.8 mL)
at 80 °C for 12 h. ®Performed with [IrCl(coe),], (5 mol % of Ir). “For
24 h. “The isolated product includes a 3% of the isomer. “Isomers
were also formed (ca. 3%). "KOAc (50 mol %) was used instead of
NaOAc.

Scheme 2. Proposed Catalytic Cycle
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the reaction conditions using recently developed chiral diene
hgands based on a tetrafluorobenzobarrelene framework in our
group,'® it was found that an enantioselective annulation of
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salicylimines 1 with isoprene (2a) or myrcene (2b) proceeds in
the presence of a chiral Ir/diene catalyst. Thus, treatment of
salicylimine la (1.2 equiv) with 2a in the presence of
[IrCI((S,S)-Fc-ttb*)], (5 mol % of Ir), NaBArF, [Arf = 3,5-
(CF;),Cg¢H,], and 1,4-diazabicyclo[2.2.2]octane (DABCO) (10
mol %) in dichloromethane at 20 °C for 48 h gave the
annulation product 3aa in 89% yield with 99% ee (Table 4,

Table 4. Asymmetric Annulation of 1 with 2

[IrCI((S, S)-Fc-tfb*)]o
(5 mol % Ir)
NaBArF,, DABCO
CHCl,, 20 °C, 48 h

/Ts

G)L R Me (2a)

= (CH,),C=CMe, (2b)

isolated
entry 1 product yield (%) ee (%)

1 1a: X=H _Ts 3aa 89 99

2 1e:X=Me OH 3ea 92 99

3 1g: X=F H 3ga 92 99

4 1h: X=Cl 3ha 97 99

5 1i: X=Br 3ia 97 99
oH N

6b 1j /@)LH 3ja 78 98
OH N’TS

70 1k \@)‘\H 3ka 54 98
OH N’TS

65 99

F (S,5)-Fe-tfb*
Fc: ferrocenyl

Fc
“Reaction conditions: salicylimine 1 (0.24 mmol), 2 (0.20 mmol),

[IrC1((S,S)-Fc-tfb*)], (5 mol % of Ir), NaBArF, (10 mol %), DABCO
(10 mol %) in CH,CI, (0.8 mL) at 20 °C for 48 h. “For 72 h.

entry 1).'® The very high enantioselectivity was also observed
in the reactions of salicylimines 1e and 1g—1i substituted at the
S-position (entries 2—5). The reactions of salicylimines 1j and
1k having a methyl group at the 4- and 3-position were slow to
give the corresponding products 3ja and 3ka in yields of 78%
and 54%, respectively, for 72 h (entries 6 and 7). Myrcene (2b)
can also be applied to the annulation of 1a to give 3ab in 65%
yield with 99% ee (entry 8). The relative and absolute
configurations of 3ha obtained with (S,S)-Fc-tfb* were
determined to be (2R4R) by X-ray crystallographic analysis.

In summary, we have developed a new type of annulation
reaction of salicylimines with 1,3-dienes using an Ir catalyst that
gives 4-aminochromane derivatives with high regio- and
stereoselectivity. The asymmetric annulation with high regio-
and enantioselectivity has also been realized by use of an Ir/
chiral diene catalyst.

dx.doi.org/10.1021/ja504990a | J. Am. Chem. Soc. 2014, 136, 9284—9287



Journal of the American Chemical Society

Communication

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures and compound characterization data.
This material is available free of charge via the Internet at
http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
tnishi@kuchem.kyoto-u.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has been supported by a Grant-in-Aid for Scientific
Research on Innovative Areas “Molecular Activation Directed
toward Straightforward Synthesis”, MEXT, Japan. Y.E. thanks
the JSPS for a research Fellowship for Young Scientists.

B REFERENCES

(1) (a) Shibata, Y.; Tanaka, K. Synthesis 2012, 44, 323. (b) Galan, B.
R,; Rovis, T. Angew. Chem,, Int. Ed. 2009, 48, 2830. (c) Varela, J. A;
Saa, C. Synlett 2008, 2571. (d) Shibata, T. Adv. Synth. Catal. 2006, 348,
2328. (e) Nakamura, I; Yamamoto, Y. Chem. Rev. 2004, 104, 2127.
(f) Wender, P. A.; Gamber, G. G.; Williams, T. J. In Modern Rhodium-
Catalyzed Organic Reactions; Evans, P. A., Ed.,; Wiley-VCH: Weinheim,
Germany, 2005; p 263. (g) Kobayashi, S., Jergensen, K. A, Eds.
Cycloaddition Reactions in Organic Synthesis; Wiley-VCH: Weinheim,
Germany, 2002.

(2) (a) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1995, 34, 259.
(b) Trost, B. M. Acc. Chem. Res. 2002, 35, 695.

(3) Zeng, X. Chem. Rev. 2013, 113, 6864.

(4) (a) Nishimura, T.; Ebe, Y.; Hayashi, T. J. Am. Chem. Soc. 2013,
135, 2092. (b) Nishimura, T.; Nagamoto, M; Ebe, Y.; Hayashi, T.
Chem. Sci. 2013, 4, 4499.

(5) For selected examples of redox-neutral annulation reactions of
imines via C—H bond activation, see: (a) Kuninobu, Y.; Kawata, A.;
Takai, K. . Am. Chem. Soc. 2008, 127, 13498. (b) Sun, Z.-M.; Chen, S.-
P.; Zhao, P. Chem.—Eur. ]. 2010, 16, 2619. (c) Tran, D. N.; Cramer,
N. Angew. Chem., Int. Ed. 2011, 50, 11098. (d) Zhao, P.; Wang, F;
Han, K; Li, X. Org. Lett. 2012, 14, 5506. (e) Zhang, ]J.; Ugrinov, A.;
Zhao, P. Angew. Chem,, Int. Ed. 2013, 52, 6681. (f) Chen, Y.; Wang, F.;
Zhen, W.; Li, X. Adv. Synth. Catal. 2013, 35S, 353. (g) Dong, L.; Qu,
C.-H,; Huang, J.-R; Zhang, W.; Zhang, Q.-R.; Deng, J.-G. Chem.—Eur.
J. 2013, 19, 16537.

(6) For examples of nickel-catalyzed homoallylation of aldehydes or
aldimines with 1,3-dienes via an oxidative cyclization, see: (a) Kimura,
M,; Ezoe, A; Shibata, K; Tamaru, Y. J. Am. Chem. Soc. 1998, 120,
4033. (b) Kimura, M.; Miyachi, A.; Kojima, K; Tanaka, S.; Tamaruy, Y.
J. Am. Chem. Soc. 2004, 126, 14360. (c) Kimura, M.; Ezoe, A.; Mori,
M,; Iwata, K; Tamaru, Y. J. Am. Chem. Soc. 2006, 128, 8559. For
examples of nickel-catalyzed reductive coupling of aldehydes or
aldimines with alkynes or allenes, see: (d) Patel, S. J.; Jamison, T. F.
Angew. Chem.,, Int. Ed. 2004, 43, 3941. (e) Ng, S.-S.; Jamison, T. F. J.
Am. Chem. Soc. 2008, 127, 7320. (f) Mahandru, G. M,; Liu, G;
Montgomery, J. J. Am. Chem. Soc. 2004, 126, 3698. For an example of
mechanistic studies, see: (g) Ogoshi, S.; Tonomori, K; Oka, M,
Kurosawa, H. J. Am. Chem. Soc. 2006, 128, 7077.

(7) For selected examples of iridium-catalyzed reductive coupling of
aldehydes or aldimines with alkynes or allenes, see: (a) Ngai, M.-Y.;
Barchuk, A.; Krische, M. J. J. Am. Chem. Soc. 2007, 129, 280.
(b) Barchuk, A,; Ngai, M.-Y.; Krische, M. J. J. Am. Chem. Soc. 2007,
129, 8432. (c) Ngai, M.-Y; Barchuk, A.; Krische, M. J. J. Am. Chem.
Soc. 2007, 129, 12644.

(8) For reviews, see: (a) Defieber, C.; Griitzmacher, H.; Carreira, E.
M. Angew. Chem., Int. Ed. 2008, 47, 4482. (b) Shintani, R.; Hayashi, T.

9287

Aldrichimica Acta 2009, 42, 31. (c) Feng, C. G.; Xu, M.-H,; Lin, G.-Q.
Synlett 2011, 134S.

(9) For selected examples, see: (a) Evans, J. M; Fake, C. S;
Hamilton, T. C.; Poyser, R. H.; Watts, E. A. ]. Med. Chem. 1983, 26,
1582. (b) Bergmann, R; Gericke, R. J. Med. Chem. 1990, 33, 492.
(c) Rovnyak, G. C.; Ahmed, S. Z,; Ding, C. Z.; Dzwonczyk, S.; Ferrara,
F. N.; Humphreys, W. G.; Grover, G. J.; Santafianos, D.; Atwal, K. S,;
Baird, A. J; McLaughlin, L. G;; Normandin, D. E.; Sleph, P. G;
Traeger, S. C. J. Med. Chem. 1997, 40, 24. (d) Nicolaou, K. C;
Pfefferkorn, J. A.; Roecker, A. J,; Cao, G.-Q; Barluenga, S.; Mitchell,
H. J. J. Am. Chem. Soc. 2000, 122, 9939.

(10) (a) Rueping, M.; Lin, M. Y. Chem.—Eur. ]. 2010, 16, 4169.
(b) Bernardi, L.; Comes-Franchini, M.; Fochi, M.; Leo, V.; Mazzanti,
A.; Ricci, A. Adv. Synth. Catal. 2010, 352, 3399. (c) Zhang, Y. L;
Dong, S.; Liu, X.; Xie, M; Zhu, Y,; Lin, L.; Feng, X. Chem.—Eur. ].
2011, 17, 13684.

(11) Dong, S.; Liu, X,; Zhang, Y.; Lin, L.; Feng, X. Org. Lett. 2011,
13, 5060.

(12) Pei, C.-K.; Shi, M. Tetrahedron: Asymmetry 2011, 22, 1239.

(13) (a) Aleman, J.; Nailez, A.; Marzo, L.; Marcos, V.; Alvarado, C.;
Ruano, J. L. G. Chem.—Eur. J. 2010, 16, 9453. (b) Wang, X.-F.; An, J.;
Zhang, X.-X.; Tan, F.; Chen, ].-R.; Xiao, W.-J. Org. Lett. 2011, 13, 808.
(c) Zhang, Z; Jakab, G.; Schreiner, P. R. Synlett 2011, 9, 1262.
(d) Hou, W.; Zheng, B.; Chen, J.; Peng, Y. Org. Lett. 2012, 14, 2378.

(14) The use of binap as a ligand gave no annulation product in the
reaction of la with 2a.

(15) (a) Nishimura, T.; Kumamoto, H.; Nagaosa, M.; Hayashi, T.
Chem. Commun. 2009, 5713. (b) Nishimura, T.; Yasuhara, Y,;
Nagaosa, M.; Hayashi, T. Tetrahedron: Asymmetry 2008, 19, 1778.
(c) Nishimura, T.; Yasuhara, Y.; Sawano, T.; Hayashi, T. J. Am. Chem.
Soc. 2010, 132, 7872.

(16) The use of NaOAc slightly decreased the ee: The reaction of 1a
with 2a in the presence of NaOAc instead of NaBAr¥, and DABCO at
20 °C for 48 h gave 3aa in 93% yield with 95% ee.

dx.doi.org/10.1021/ja504990a | J. Am. Chem. Soc. 2014, 136, 9284—9287


http://pubs.acs.org
mailto:tnishi@kuchem.kyoto-u.ac.jp

