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Chiral phosphoric acid and Hoveyda-Grubbs Il were found to
catalyze an olefin cross-metathesis-intramolecular oxo-Michael
cascade reaction of the ortho-allylphenols and enones to provide
a variety of benzofuran and benzoxazine derivatives in moderate
to good yields and enantioselectivity.

2,3-Dihydrobenzofuran and 3,4-dihydro-2H-1,4-benzoxazine with a
chiral center at the 2-position are common fragments in a number
of biologically interesting compounds.' Asymmetric intramolecular
oxo-Michael reaction” provides a facile construction of these chiral
skeletons (Fig. 1). Although the first oxo-Michael reaction was
reported in 1878,% surprisingly until recently highly enantioselective
oxo-Michael reactions employing either chiral organocatalysts*® or
chiral Lewis acids’ were not reported. It is mainly due to the
intrinsic drawbacks of oxo-Michael reactions such as low reactivity
and reversibility, which impede the development of highly enantio-
selective oxo-Michael reactions.

Recently, the concept of combining transition-metal catalysis
and organocatalysis has emerged as a promising strategy for
developing new transformations beyond the utilization of the single
catalytic system.® In 2010, Fuwa et al.’ reported a Hoveyda-Grubbs
II catalyzed domino olefin cross-metathesis-intramolecular

L
R
O\__ oxo-Michael reaction

X = CHj: 2,3-dihydrobenzofuran
X =NHCHy,: 3,4-dihydro-2H-1,4-benzoxazine

Fig. 1 Chiral benzofuran and benzoxazine derivatives.
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intramolecular oxo-Michael reactiont
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oxo-conjugate cyclization, affording a variety of substituted
tetrahydropyrans from readily available starting materials. As
part of our research program towards the development of
enantioselective metal/organocatalyst sequential catalysis,"®
we envisaged that a sequential catalysis involving Ru-catalyzed
cross-metathesis and chiral phosphoric acid-catalyzed asymmetric
oxo-Michael reactions might be able to construct these chiral cyclic
oxo containing skeletons.

We began our studies by examining several chiral Brensted
acids in combination with Hoveyda-Grubbs II in the tandem
reaction of 1a and 2a. As summarized in Table 1, with 5 mol%
chiral phosphoric acids 4 and 5 mol% Hoveyda-Grubbs II in
CH,Cl, at 40 °C, the reactions all proceeded smoothly to give
the desired product in moderate to good yields and enantio-
selectivity."" Chiral phosphoric acid 4b bearing triphenylsilyl
groups proved to be an efficient catalyst, affording product 3a
in 56% yield with 78% ee (entry 2). When the corresponding
stepwise reaction was attempted, we failed to obtain the inter-
mediate 3a’ due to its facile cyclization during the purification.
We also found a synergistic effect that the presence of chiral
phosphoric acid could accelerate the overall reaction.™*

With 5 mol% (S)-4b and 5 mol% Hoveyda-Grubbs II as the
catalyst, various solvents and other reaction parameters were
further investigated. The results are summarized in Table 2.
Various solvents such as CHCl;, DCE, toluene and o-xylene all
led to the formation of 3a in comparable enantioselectivity but
in decreased yields (entries 2-5). Ether could be used to afford
product 3a in 81% yield with a slightly decreased enantioselectivity
(69% ee, entry 6). However, the reaction in THF or dioxane gave
only a trace amount of desired product (entries 7 and 8). The
addition of molecular sieves (entries 9 and 10) and change in the
substrate concentration and reaction temperature did not give
better results. The enantioselectivity is decreased with prolonged
reaction time or high substrate concentration.

Under these optimized conditions [5 mol% (S)-4b in combination
with 5 mol% Hoveyda-Grubbs II in CH,Cl, at 40 °C], the
substrate scope for the synthesis of 2,3-dihydrobenzofuran
derivatives was investigated. The results are summarized in
Table 3. Substituted phenols bearing an electron-donating
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Table 1 Screening of the chiral phosphoric acids?

P o
SofE oy
OH o CH,Cly, 40°C o

1a 2a 3a

cross-metathesis & l

I OH ©
3a'
Ar MesN___NMes
o} CI:,,,,Y
w0 Ru=
FC c”:
/ OH H
99y °

Ar

5 mol% (S)-4
5 mol% Hoveyda-Grubbs Il
hibelbbiatbthtaithnttdalty

oxo-Michael 1

(S)-4 Hoveyda-Grubbs Il
Entry 4, Ar Time (h)  Yield® (%) ee‘ (%)
1 4a, 2,4,6-('Pr);-CgH, 47 82 6
2 4b, SiPh, 48 56 78
3 4c, 1-Naphthyl 66 67 -3
4 4d, 9-Anthryl 24 33 -30
5 4e, 9-Phenanthryl 24 62 -31
6 4af, 2,6-('Pr),-4-anthryl-C¢H, 47 43 23
7 4g, 3,5-(CF),-CeHj 45 39 -19
8 4h, 4-Biphenyl 45 70 -2
9 4-(3',5'(CF;),-C¢H,)-CeH, 45 88 15
10 4j, 4-NO,-C¢H, 45 90 —-13

“ Reaction conditions: 1a (0.2 mmol), 2a (0.30 mmol), Hoveyda-Grubbs
1I (5 mol%) and chiral phosphoric acid (5 mol%) in CH,Cl, (2 mL) at
40 °C. ? Isolated yield. ¢ Determined by HPLC.

Table 2 Optimization of the reaction conditions for the tandem reaction?

P 5 mol% (S)-4b 0,
@(\/ AH/@ 5 mol% Hoveyda-Grubbs Il
+ =
OH solvent, 40°C S

o)
1a 2a 3a
Entry Solvent Time (h) Yield® (%) ee’ (%)
1 DCM 48 56 78
2 CHCl; 67 14 75
3 DCE 88 21 69
4 Toluene 83 20 80
5 o0-Xylene 88 21 82
6 Ether 96 81 69
7 THF 67 15 1
8 Dioxane 96 Trace nd
o4 DCM 5 63 75
10° DCM 15 54 75

“ Reaction conditions: 1a (0.20 mmol), 2a (0.30 mmol), Hoveyda-Grubbs
11 (5 mol%) and (S)-4b (5 mol%) in solvent (2 mL, ¢ = 0.1 mol L™ for 1a)
at 40 °C. ? Isolated yield. ¢ Determined by HPLC. ¢ 4 A MS (100 mg) was
added. ¢ 5 A MS (100 mg) was added.

group (4-Me, 4-Pr, 4-Bu, 4-Ph, 4-OMe, 5-OMe and 6-OMe,
entries 2-8) or an electron-withdrawing group (4-Br, entry 9)
were well tolerated, and their corresponding cross-metathesis
and oxo-Michael adducts were obtained in good yields (40-72%)
and enantioselectivity (66-80% ee). The ortho substituted phenol
(6-OMe) could also be tolerated but with slightly decreased
enantioselectivity (66% ee, entry 8). In addition, the reaction is
also general for the enones bearing different aromatic groups.
The enones containing either an electron-donating group (4-Me,
4-OMe) or an electron-withdrawing group (4-Cl, 4-Br) on the
phenyl ring all led to the formation of the desired products in
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Table 3 Scope of the enantioselective oxo-Michael reaction for the synthesis of
benzofurans®

OH

NP o] 5 mol% (S)4b “ 9 A
R}f/ - )J\/ 5 mol% Hoveyda-Grubbs Il R+/
CH,Cly, 40 °C ©
1 2 3
Entry 3: R, Ar Time (h) Yield® (%) ee’ (%)
1 3a: H, CgH; 48 56 78
2 3b: 4-Me, C¢Hs 12 49 79
3 3c: 4-'Pr, CgH; 12 72 78
4 3d: 4-Bu, C¢Hj; 23 64 76
5 3e: 4-Ph, C¢Hs 12 53 76
6 3f: 4-OMe, C4Hs 12 52 74
7 3g: 5-OMe, CcHj 24 16 80
8 3h: 6-OMe, CH; 12 59 66
9 3i: 4-Br, CgH; 24 40 79
10 3j: H, 4-MeCgH, 12 49 81
11 3k: H, 4-MeOCgH, 12 38 76
12 31L: H, 4-CIC¢H, 12 51 79
13 3m: H, 4-BrC¢H, 12 61 77
14 3n: H, 4-NO,C¢H, 12 75 50
15 3o: H, 2-naphthyl 12 49 79

“ Reaction conditions as in entry 1, Table 2. ? Isolated yield.  Deter-
mined by HPLC.

good yields and enantioselectivity (entries 10-13). 2-Naphthyl
enone could also be tolerated to afford 30 in 49% yield and 79%
ee (entry 15). However, para-nitro substituted enone gave the
product in 50% ee (entry 14). The absolute configuration of the
product was determined by an X-ray crystallographic analysis of
the single crystal of enantiopure 3m as (S).

In addition to allyl phenols that afforded chiral 2,3-dihydro-
benzofuran derivatives, the 2-N-allyl substituted phenols were
also examined to yield chiral oxazine derivatives. The results
are summarized in Table 4. When the N-benzyl allyl substituted
phenol was used, various aromatic enones could react smoothly
under the optimized conditions affording the desired products
in 44-65% yields and 67-77% ee (Table 4, entries 1-8). It is

Table 4 Scope of the enantioselective oxo-Michael reaction for the synthesis of
benzoxazines®

Ar

Ar
. r
@[N\/\ )O!\/ 222:02 (Hsgv:l;da-erubbsu @[N 0
o +R - OJ\)LR
CH,Cly, 40°C
5 2 6
Entry 6: R, Ar Time (h) Yield” (%) ee’ (%)
1 6a: CgHs, CHs 24 65 77
2 6b: 4-MeCgH,, C¢Hs 10 54 74
3 6c: 4-MeOCgH,, CsHs 24 64 67
4 6d: 2-BrC4H,, C¢Hs 11 44 69
5 6e: 4-BrC¢H,, CoHs 11 52 76
6 6f: 4-CIC4H,, C¢Hs 8 48 73
7 6g: 4-NO,CgH,, CgH; 5 52 75
8 6h: 2-naphthyl, C¢H; 12 51 76
9 6i: Me, C¢Hs 5 76 76
10 6j: Et, CoH; 12 81 78
11 6k: "Pr, C¢H; 12 67 82
12 6l: Me, 1-naphthyl 12 58 79
13 6m: Me, 2-naphthyl 14 63 64

“ Reaction conditions as in entry 1, Table 2. ? Isolated yield. © Deter-
mined by HPLC.
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NHZOH-HCI NaOAc

COL

9% ee 71% yield, 99% ee

CH:,OH it

Fig. 2 Synthesis of oxime 7.

worth noting that both aliphatic enones (entries 9-11) and
naphthyl protected phenols (entries 12 and 13) were suitable
substrates (58-81% yields, 64-82% ee).

The chiral oxazine derivatives 6e (99% ee from recrystalliza-
tion) could be easily transformed into oxime 7 in 71% yield
without the loss of enantiomeric purity (Fig. 2). The absolute
configuration of the product was determined by an X-ray
crystallographic analysis of the single crystal of enantiopure
oxime derivative 7 as (S).

In conclusion, we have developed a chiral phosphoric acid
in combination with a Hoveyda-Grubbs II catalyzed olefin
cross-metathesis-asymmetric oxo-Michael reaction, affording a
variety of benzofuran and benzoxazine derivatives in moderate to
good yields and enantioselectivity.

We thank the National Basic Research Program of China
(973 Program 2010CB833300) and the NSFC (21025209,
21002111, 21121062) for generous financial support.
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