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ABSTRACT

PN o PA(OAG),/L
Ry / Cs,CO3 1,4-dioxane
X OH 90-100 °C
X=1IBr

21 examples, upto 93:7 er | Ar= 3,5-di(-butyl)phenyl

An enantioselective intramolecular O-arylation was achieved through desymmetrization with Pd-catalyzed coupling reactions. The intramolecular
asymmetric aryl C—O coupling reactions of 2-(2-haloaryl)propane-1,3-diols led to the enantioselective formation of chiral (3,4-dihydro-2H-

chromen-3-yl)methanols in good yields and high enantiomeric selectivity.

Aryl ethers and oxygen heterocycles with an O-arylated
moiety have been found to be prevalent structures in many
bioactive natural products, pharmaceuticals, cosmetics,
and polymers.' Classic methods for the formation of aryl
C—O bonds include Williamson ether synthesis,? direct
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nucleophilic substitution reactions,” and transition metals
such as Cu*” and Pd® catalyzed coupling reactions of aryl
halides with oxygen nucleophiles. Traditionally, Cu-mediated
Ullmann-type coupling reactions of aryl halides with
phenols and aliphatic alcohols are important methods for
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the synthesis of diaryl or aryl alkyl ethers. In recent years,
improved protocols have been developed by adding proper
copper ligands to promote reactions under relatively much
milder conditions. However, limitations such as a limited
substrate scope, high temperature, and requirement of a high
loading of catalyst still exist.*> The Pd-catalyzed protocol is
an alternative for copper-catalyzed methods and has been
applied under milder conditions with a broader substrate
scope. However, in some cases low yields were obtained for
the Pd-catalyzed coupling of aryl halides with primary or
secondary alcohols due to the competing S-hydrogen elim-
ination. Thus specially designed ligands are needed for these
catalysts to achieve better performance in such reactions.**

Although great progress has been made in the Cu and Pd
catalyzed coupling of aryl halides with alcohols, little atten-
tion has been focused on the asymmetric O-arylation reac-
tion since no chiral carbon center directly was involved in the
process of aryl C(sp?)—O bond formation. The significance
in developing novel methods in an enantioselective manner
from readily available starting materials has attracted broad
interest in the synthetic community. Many transition-metal
catalyzed asymmetric aryl C—C or C—N bond formations
have been achieved through an “indirect” manner such as
desymmetrization™® or kinetic resolution.”'° During the
course of developing asymmetric aryl C—heteroatom coupling
reactions, our group recently developed some copper-
catalyzed asymmetric aryl C(sp?)—N coupling reactions

(7) For reviews, see: (a) Garcia-Urdiales, E.; Alfonso, 1.; Gotor, V.
Chem. Rev. 2005, 105, 313. (b) Willis, M. C. J. Chem. Soc., Perkin Trans.
11999, 1765. (c) Studer, A.; Schleth, F. Synlett 2005, 3033. (d) Rovis, T.
In New Frontiers in Asymmetric Catalysis; Mikami, K., Lautens, M., Eds.;
John Wiley & Sons, Inc., 2007; pp 275—309. (e) Atodiresei, I.; Schiffers, I.;
Bolm, C. Chem. Rev. 2007, 107, 5683.

(8) For selected examples of transition-metal catalyzed asymmetric
desymmetrization, see: (a) Sato, Y.; Sodeoka, M.; Shibasaki, M. J. Org.
Chem. 1989, 54, 4738. (b) Hayashi, T.; Niizuma, S.; Kamikawa, T.;
Suzuki, N.; Uozumi, Y. J. Am. Chem. Soc. 1995, 117, 9101. (c) Imbos,
R.; Minnaard, A. J.; Feringa, B. L. J. Am. Chem. Soc. 2002, 124, 184.
(d) Oestreich, M.; Sempere-Culler, F.; Machotta, A. B. Angew. Chem.,
Int. Ed. 2005, 44, 149. (e) Willis, M. C.; Powell, L. H. W_; Claverie, C. K.;
Watson, S. J. Angew. Chem., Int. Ed. 2004, 43, 1249. () Albicker, M. R.;
Cramer, N. Angew. Chem., Int. Ed. 2009, 48,9139. (g) Shi, B.-F.; Zhang,
Y.-H.; Lam, J. K.; Wang, D.-H.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132,
460. (h) Wasa, M.; Engle, K. M.; Lin, D. W.; Yoo, E. J.; Yu,J.-Q. J. Am.
Chem. Soc. 2011, 133, 19598. (i) Nakanishi, M.; Katayev, D.; Besnard,
C.; Kiindig, E. P. Angew. Chem., Int. Ed. 2011, 50, 7438. (j) Rousseaux,
S.; Garcia-Fortanet, J.; Del Aguila Sanchez, M. A.; Buchwald, S. L.
J. Am. Chem. Soc.2011, 133,9282. (k) Saget, T.; Lemouzy, S. J.; Cramer,
N. Angew. Chem., Int. Ed. 2012, 51, 2338. (1) Cheng, X.-F.; Li, Y.; Su,
Y.-M.; Yin, F.; Wang, J.-Y.; Sheng, J.; Vora, H. U.; Wang, X.-S.;
Yu,J.-Q. J. Am. Chem. Soc. 2013, 135, 1236[Pd]. (m) Cook, M. J.; Rovis,
T. J. Am. Chem. Soc. 2007, 129, 9302[Rh]. (n) Phan, D. H. T.; Kou,
K. G. M.; Dong, V. M. J. Am. Chem. Soc. 2010, 132, 16354[Rh]. (o)
Shimizu, H.; Onitsuka, S.; Egami, H.; Katsuki, T. J. 4m. Chem. Soc.
2005, 127, 5396[Rul. (p) Ito, M.; Kobayashi, C.; Himizu, A.; Ikariya, T.
J. Am. Chem. Soc. 2010, 132, 11414[Ru]. (q) Takebayashi, S.; John,
J. M.; Bergens, S. H. J. Am. Chem. Soc. 2010, 132, 12832[Rul]. (r) Teng,
X.; Cefalo, D. R.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc.
2002, 124, 10779[Mo].

(9) For some important reviews about kinetic resolution, see:
(a) Vedejs, E.; Jure, M. Angew. Chem., Int. Ed. 2005, 44, 3974.
(b) Huerta, F. F.; Minidis, A. B. E.; Backwall, J.-E. Chem. Soc. Rev.
2001, 30, 321. (c) Noyori, R.; Tokunaga, M.; Kitamura, M. Bull. Chem.
Soc. Jpn. 1995, 68, 36.

(10) For selective examples of Pd-catalyzed coupling reactions by a
kinetic resolution strategy, see: (a) Rossen, K.; Pye, P. J.; Maliakal, A.;
Volante, R. P. J. Org. Chem. 1997, 62, 6462. (b) Tagashira, J.; Imao, D.;
Yamamoto, T.; Ohta, T.; Furukawa, L.; Ito, Y. Tetrahedron: Asymmetry
2005, 16, 2307. (¢) Kreis, M.; Friedmann, C. J.; Brése, S. Chem.—Eur. J.
2005, /1, 7387.

Org. Lett,, Vol. 15, No. 23, 2013

through the asymmetric desymmetrization or kinetic re-
solution strategies.'' We believed that such strategies may
also be applicable to the asymmetric aryl C(sp®)—O
coupling of aryl halides with a hydroxyl group. To the
best of our knowledge, only one example of copper-catalyzed
asymmetric aryl C(sp?)—O coupling was recently reported,
which induced an axis chirality in diaryl ether formation
with moderate enantioselectivity.'> No example of a trans-
ition metal catalyzed asymmetric O-arylation reaction for
the formation of a chiral carbon center has been reported
to date. It is perhaps due to the limitations in substrate
scope and ligand selection in Cu or Pd catalyzed C—O
couplings, which bring more challenges in developing
asymmetric reactions as compared with that of C—N or
C—C couplings. In this paper, we disclose the research
results of the first desymmetrization with a Pd-catalyzed
asymmetric O-arylation reaction, which offered a general
approach for the enantioselective synthesis of biologically
important (3,4-dihydro-2 H-chromen-3-yl)methanol struc-
tures (Scheme 1)."°

Scheme 1. Design of Pd-Catalyzed Asymmetric Aryl C—O
Coupling through Desymmetrization Strategy

desymmetnzatlon L~

Our investigation commenced by examining the desym-
metric coupling of 2-(2-iodobenzyl)propane-1,3-diol (1a)
in the presence of Pd(OAc),, Cs,CO3, and chiral ligands.
The challenges in aryl C—O coupling were shown by the
results in the ligand selection. A wide range of commer-
cially available chiral ligands, including bidentated diphos-
pine ligands L1—L3, N,P ligand L4, and monodentated
ligand LS, failed to induce any desired product or enantios-
electivity in the coupling reaction (Table 1, entries 1-5).
Finally, we were pleased to find that a commercial
spirocyclic biphosphine ligand L6 afforded the desired
coupling product 2a in 66% yield and 63:37 enantiomeric
ratios (Table 1, entry 6)."* Further optimization of the
spirocyclic ligands led to the conclusion that a bulky aryl
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Table 1. Screening Reaction Conditions”

I OH conditions

co™
O

L1: (R)-BINAP

e (12
N\>_© Pt-BuU
¢
L4 L5 L6: Ar=Ph )
L7: Ar = 3,5-dimethylphenyl
L8: Ar = 3,5-di(t-butyl)pheyl
yield

entry L* Pd solvent (%)° er®
1 L1 Pd(OAc), 1,4-dioxane <10 51:49
2 L2 Pd(OAc), 1,4-dioxane <10 50:50
3 L3 Pd(OAc), 1,4-dioxane n.d. -
4 14 Pd(OAc), 1,4-dioxane 25 49:51
5 L5 Pd(OAc), 1,4-dioxane 17 51:49
6 L6 Pd(OAc), 1,4-dioxane 66 63:37
7 L7 Pd(OAc), 1,4-dioxane 63 70:30
8 L8 Pd(OAc), 1,4-dioxane 65 90:10
9 L8 Pd(OAc), toluene 17 65:35
10 L8 Pd(OAc), MeCN 10 88:12
11 L8 Pd(OAc), DMF n.d. —
12 L8 Pd(OAc). THF 5 91:9
13 L8 Pd(OAc), (MeOCHy). 35 91:9
14 L8 PdCl, 1,4-dioxane 50 84:16
15 L8 Pd(PPh3),Cl, 1,4-dioxane 15 87:13
16 L8 Pdy(dba)s 1,4-dioxane 55 90:10

“Reagents and reaction conditions: 1a (0.20 mmol, 1.0 equiv), Pd
catalyst (0.006 mmol, 3 mol %), ligand (0.006 mmol, 3 mol %), base,
(0.4 mmol, 2.0 equiv), solvent (1.0 mL), 90 °C, 15 h. ®Isolated yields.
¢ Enantiomeric ratios were determined by HPLC analysis (Chirapak
AD-H column).

on the phosphorus atom may increase the enantioselec-
tivity. When L7 and L8'> were tested, the desired product
2a was obtained in 70:30 er (63% yield) and 90:10 er
(65% yield), respectively (Table 1, entries 7 and 8). With
L8 as the ligand, other solvents were screened and slightly
better enantioselectivity was obtained (91:9 er) in THF and
1,2-dimethoxyethane (Table 1, entries 12 and 13). However,
the yields were much lower than that in 1,4-dioxane due to
side reactions.'®!” Different Pd salts were also screened, and

(15) The ligands were synthesized according to literature reported
methods; see: Xie, J.-H.; Wang, L.-X.; Fu, Y.; Zhu, S.-F.; Fan, B.-M.;
Duan, H.-F.; Zhou, Q.-L. J. Am. Chem. Soc. 2003, 125, 4404.

(16) Two byproducts were identified in these reactions as dehalo-
genation and f-H elimination/dehydroxylation byproducts. See Sup-
porting Infromation.

(17) Bases were also screened, and better enantioselectivity (93:7 er)
was achieved with CsOH as the base in THF; however, only a 20% yield
was obtained.
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Table 2. Substrate Scope for Pd-Catalyzed Asymmetric
Desymmetrization”

RWOH Pd(OAC),/L8 N OH
o R
Z~x “oH Cs2C0; 1, 4-dioxane s
1a-k 2a-k
entr substrate roduct yield er
1 1a () WOH 65 90:10
2 12’ (Br) N 50 86:14
3 1b (D) m oH 61 93:7
4 1b’ (Br) M el 48 88.5:11.5
M
5 1e (D) emOH 56 90:10
O
6 1¢’ (Br) 2 52 86:14
OH
7 1d (D) Me o 72 70:30
Me
2d
mOH
8 le (D) MeO o 52 91:9
2e
9 1£(D) oG o 35 93.5:6.5
2f
10 12 (1) o 51 90.5:9.5
29
Br\@\/j/\OH
12 1h () o 53 87:13
2h
o
13 1i (D) . o 63 89:11
2i
oo™
14 SI0) ON o 57 81.5:185¢
%
o
15 1k (1) Fo o 60 87:13
2k
o
16 1 NG o 70 89:11
20
MeO,C on
17 1m (1) o 45 73.5:26.5
2m
ISO A,
18 1n (Br) o o 44 84:16
2n
19 1o (Br) o 64 86:14
20
20 1p (Br) . o 43 88.5:11.5

[N
°

“Reagents and reaction conditions: 1 (0.2 mmol, 1.0 equiv), Pd-
(OAc); (0.006 mmol, 3 mol %), L8 (0.006 mmol, 3 mol %), Cs,CO3
(0.4 mmol, 2.0 equiv), 1,4-dioxane (1.0 mL), 15 h, 90 °C for X = I and
100 °C for X = Br. ?Isolated yields. ¢ Determined by HPLC analysis
(Chirapak AD-H or OD-H column). ¢ The er value was determined after
the one-step transformation.
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Scheme 2. Attempt for Construction of a Five- or
Seven-Membered Ring through Asymmetric Desymmetrization

Pd(OAc)2/L8
CSQCO3 1,4-dioxane
80°C,15h

60% yield, 75:25 er

OH H Pd(OAC)/LE OH
CSZC03 1,4-dioxane o
100°C, 24 h

not detected

Pd(OAc), seemed to be the best (Table 1, entries 10 and
14—16). Finally, the absolute configurations of the product
2a (table 1, entry 8) was assigned to be .S by comparison with
the reported data.'®

Under the optimal reaction conditions, the substrate
scope was explored. First, a variety of 2-(2-iodobenzyl)-
propane-1,3-diols 1a—m were subjected to the desymme-
trization with the Pd-catalyzed asymmetric O-arylation
reaction, and the results were shown in Table 2. In most cases,
both the electron-donating and -withdrawing substituents on
the aryl ring were well tolerated. The desired products were
obtained in high enantiomeric ratios (Table 2, entries 1, 3, 5,
and 7—17) and moderate yields, which was caused by the
dehalogenation and f-H elimination/dehydroxylation side
reactions.'® Further, 2-(2-bromobenzyl)propane-1,3-diols
were also tested in our reaction system in slightly elevated
reaction temperatures, and the desired products were

obtained in moderate yields (Table 2, entries 2, 4, 6, and
18—20), though the enantioselectivity is slightly inferior to
that of products obtained from the corresponding aryl iodide
substrates (Table 2, entries 2, 4, 6 and 1, 3, 5).

To further explore the scope of this reaction system, we
also tried the desymmetric reactions for the formation of five-
or seven-membered rings. The reaction of 2-(2-iodophenyl)-
propane-1,3-diol 3 delivered the corresponding dihydroben-
zofuran product 4 in 60% yield and 75:25 er. However, the
formation of a seven-membered ring was unsuccessful even
at 100 °C (Scheme 2).

In summary, a Pd-catalyzed enantioselective O-arylation
has been developed through the desymmetrization strategy.
Such an intramolecular aryl C(sp*)—O coupling reaction led
to the formation of chiral (3,4-dihydro-2 H-chromen-3-yl)-
methanols in moderate yields and high enantiomeric ratios.
Further exploration and applications of this reaction in
organic synthesis are underway in our laboratory.
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