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Enantioselective Palladium-Catalyzed Direct Arylations at Ambient
Temperature: Access to Indanes with Quaternary Stereocenters**

Martin R. Albicker and Nicolai Cramer*

The selective catalytic activation and functionalization of
carbon-hydrogen (C—H) bonds by transition-metal com-
plexes has broad synthetic potential because of its economic
and ecological benefits."! The recent impressive progress of
this vibrant and fast advancing research area opens unima-
ginable opportunities of more efficient strategic disconnec-
tions and streamlined syntheses.”! Despite its enormous
dormant potential, efficient enantioselective catalytic reac-
tions are still a largely unsolved challenge in C—H activa-
tions.’! A main issue remaining is the identification of a
suitable set of external ligands which efficiently control the
stereoselectivity of the insertion event, without obstructing
the general activity of the whole catalyst system. To our
knowledge—except for a pioneering study from Yu and co-
workers describing chiral N-Boc amino acids as ligands for
directed C(sp?)—H activations!”—there are no examples of
enantioselective aromatic C(sp?)—H functionalizations using
palladium catalysts.”) For example, it would be of significant
synthetic value to selectively address one of the enantiotopic
aromatic substituents of a symmetrical substrate by a metal-
ation and subsequent functionalization [Eq.(1)]. Such a
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process should also be well-suited to the construction of
congested quaternary stereogenic centers’® as the transfor-
mation occurs remotely from the tetrasubstituted carbon
atom.

Herein, we report our initial results exploiting a palla-
dium(0)-catalyst ligated by a designed taddol-based phos-
phoramidite to access indanes with quaternary stereogenic
centers in excellent enantioselectivities. The fundamental
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mechanistic picture of the palladium-catalyzed direct aryla-
tion reactions recently became clearer as a result of intense
investigations.”! Several mechanistic models have been dis-
cussed, and the one proposed by Maseras, Echavarren and co-
workers, and by Fagnou and co-workers, in which a carbonate/
carboxylate acts in an intramolecular fashion as an ancillary
base initiating a concerted deprotonation/metalation of the
aryl group, is supported by most experimental and theoretical
evidence.® As illustrated by the anticipated intermediate 3
(Scheme 1), this would leave one coordination site on the
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Scheme 1. Mechanistic model for the enantioselective C—H functional-
ization of one of the prochiral C(sp?)—H bonds of 1a. Tf=trifluorome-
thanesulfonyl, Bn =benzyl, Solv=solvent.

palladium atom for the required external steering ligand. We
therefore turned our attention to bulky monodentate phos-
phines that would favor monoligated palladium species or
enable facile dissociation to ensure high reactivity of the
catalyst. The good overall reactivity of alkenyl triflates in
direct arylation reactions has been reported by Willis and co-
workers”! and their ease of accessibility from ketones make
them an attractive substrate class. Furthermore, the assumed
cationic palladium(IT) intermediate 2, formed upon oxidative
addition, should undergo rapid association with a carboxylate
or carbonate anion of the bulk base to form—according to the
current model—the crucial complex 3 for the metalation
process. Reductive elimination of the arising six-membered
palladacycle 4 ultimately releases the cyclized product Sa.

A brief initial survey of some phosphines confirmed that
monodentate ligands indeed showed the highest activity
towards the desired arylation reaction. As exemplified for the
cyclohexyl-mop ligand L1 (Table 1, entry 1), most of the
screened ligands provided nearly no differentiation of the two
aryl groups. Pleasingly, phosphoramidites such as Monophos
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Table 1: Selected optimization studies.”
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Entry Solvent Base T[°C] [Pd] L*  Yield [%6]® ee [%]“
1 toluene K;PO, 100  [Pd,(dba);] L1 86 3
2 toluene K;PO, 100  [Pd,(dba);] L2 63 51
3 toluene K;PO, 100  [Pd,(dba);] L3 89 56
4 toluene K;PO, 100  [Pd,(dba);] L4 85 52
5 toluene K;PO, 100  [Pd,(dba);] L5 88 60
69 toluene K,CO, 100  Pd,(dba); L5 91 66
7 DMAc K,CO, 23 Pd(OAc), L6 85 63
8 DMAc K,CO; 23 Pd(OAc), L7 87 59
9 toluene K;PO, 100  [Pd,(dba);] L8 77 69
10 DMAc K,CO, 23 Pd(OAc), L8 98 78
119 CH,CN K,CO, 23 Pd(OAc), L8 72 29
124 DMSO K,CO, 23 Pd(OAc), L8 86 49
139 EtOAc K,CO, 23 Pd(OAc), L8 80 19
14 DMAc Na,CO, 23 Pd(OAc), L9 95 81
15 DMAc Na,CO; 23 Pd(OAc), L10 92 86
16 DMAc Na,CO, 23 Pd(OAc), LI 90 81
17 DMAc Na,CO; 23 Pd(OAc), L12 93 93
18 DMAc NaHCO, 23 Pd(OAc), L12 93 93

[a] Reaction conditions: Ta (0.1 mmol), base (3 equiv), 0.10m in the
indicated solvent, 3 h. [b] Yield of isolated product. [c] The ee values were
determined by HPLC analysis using a chiral stationary phase. [d] 12 h.
dba = (E,E)-dibenzylideneacetone, DMSO = dimethylsulfoxide.

(L2), the Feringa ligands L3 and L4, and the phosphorami-
dite-olefin ligand L5"”! gave rise to promising enantioselec-
tivities (Table 1, entries 1-6). However, the amine portion of
the phosphoramidite seems to have little influence on the
selectivity of this reaction. We therefore chose the taddol-
based phosphoramidite L8 as the lead structure as it provided
comparable results (Table 1, entry 9), and its highly modular
nature would allow facile modifications with regard to the
acetal backbone, the aryl groups, and the substituents of the
nitrogen atom.'!! Ligand L8 was used in our initial examina-
tion of the reaction conditions, and we found a pronounced
dependence of the enantioselectivity upon the palladium
source, the base, and the solvent (Table 1, entries 10-13).
Apart from the first set of reaction conditions ([Pd,(dba);]/
K;PO,/toluene/100 °C) the reaction proceeds in a higher
selectivity using palladium acetate and a carbonate base in a
polar solvent. Under these conditions, the arylation is
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completed in three hours at ambient temperature. A carbon-
ate base is essential and, remarkably, the milder NaHCO; can
replace K,CO; or Na,CO; to give identical results, whereas
Cs,COs; significantly slows down the reaction.

As solvents, dimethylacetamide (DMAc) provides the
highest ee value (Table 1, entry 10), whereas acetonitrile,
ethyl acetate, and DMSO were detrimental for the selectivity
(Table 1, entries 11-13). With the optimized parameters in
hand, we turned our attention to the development of a more
selective phosphoramidite. Changing the acetal bridge of the
taddol had little impact or even a slightly negative influence
on the enantioselectivity. Replacement of the phenyl sub-
stituents by bulkier aryl groups (2-naphthyl, 1-naphthyl and
m-xylyl) resulted in poorly reactive catalyst systems (data not
shown). Modifications of the amine portion with cyclic
(pyrrolidine or piperidine; Table 1, entries 7 and 8), and
a- or -branched secondary amines substituents gave ligands
of poorer performance than the parent ligand L8. However, a
substitution of the dimethylamido group with its diethyl
congener increased the ee value from 78 % to 81 % (Table 1,
entry 14). Furthermore, n-butyl chains gave an even better
selectivity of 86 % ee (Table 1, entry 15). Longer dialkylamido
chains (e.g., the n-hexyl homologue L11; Table 1, entry 16)
provided no further enhancement, instead the selectivity fell
to that obtained with the diethylamino variant L9. The n-butyl
substitution pattern of the nitrogen atom seems to be optimal,
and when combined with the para-tert-butylphenyl taddol
congener a ligand (L12) with an optimal reactivity/selectivity
profile resulted, promoting the arylation reaction in 93 %
yield and with an ee value of 93 % (Table 1, entries 17 and 18).

Next, we explored the scope of the palladium-catalyzed
arylation. In general, under the aforementioned optimized
reaction conditions different aromatic substitution patterns
are well tolerated in the reaction (Table 2). Ortho- and para-
substitution has little impact upon the reaction rate and the
enantioselectivity (Table 2, entries1 and 2). Electron-rich
substrates bearing an either an ortho- or para-methoxy group
as well as one having a meta-triisopropylsiloxy group, furnish
the indanes in comparable selectivities and yields (Table 2,
entries 3-5). Substrates with electron-poor aromatic substitu-
ents are more reactive and, notably, 1i which has a meta-
fluorine substituent reacts almost in a completely regioselec-
tive manner to provide the depicted isomer 5i in greater than
20:1 regioselectivity (Table 2, entry 8).”! Chlorinated aro-
matics remain untouched during the reaction and could be
functionalized subsequently (Table 2, entry 7). Heteroaro-
matics, exemplified by the thiophene substrate 1j, react in an
analogous manner; furthermore, the absolute configuration
of the cyclized product 5j was determined to be R by using the
X-ray crystallographic analysis.!'") Substrates deriving from
4-piperidones maintain the selectivity and provide access to
fused tetrahydropyridines 5k and 51 (Table 2, entries 10 and
11). A vinyl palladium species not embedded within a cyclic,
conformationally restricted environment, such as the one
generated from the acyclic derivative 1m, reacts less selec-
tively and furnishes the product Sm in 45% ee, thereby
requiring additional ligand improvements.

In summary, we demonstrated a very mild intramolecular
direct arylation of vinyl triflates which proceeds with excel-
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Table 2: Scope of the enantioselective arylation reaction.!

OTf
P Ar 5 mol% Pd(OAc),, 12% L12
. Ar 3 equiv NaHCO;, DMAc, 23 °C
X

1

Angewandte

with a rubber septum, and flushed with
nitrogen. After the addition of 1.0 mL of
dry dimethylacetamide, the reaction
mixture was stirred at 23 °C until com-
plete conversion (3 h) was determined
by TLC analysis. The reaction mixture
was extracted with pentanes, and

Entry Product! Yield [%]1  ee [%]“ Entry Product!

Yield [%]9 ee[%]”  washed with water and brine. The

organic layer was dried (MgSO,) and
evaporated in vacuo. The residue was
purified on silica gel (pentanes, R;=
0.30) giving 24.3 mg (93 %, 93 % ee) of
5a as a colorless viscous oil.
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[a] Reaction conditions: 1 (0.1 mmol), 0.1m, 3-12 h. [b] Configuration assigned by analogy to 5j.
[c] Yields of isolated products. [d] The ee values were determined by HPLC analysis using a chiral
stationary phase. [e]A 10:1 mixture of products in favor of the depicted regioisomer. [f] After

recrystallization. TIPS =triisopropylsilyl, Boc =tert-butoxycarbonyl.

lent enantioselectivities at room temperature. Key to obtain-
ing these selectivities was the development of tailored taddol-
based phosphoramidite ligands in combination with highly
polar solvents. Studies extending this process to other
substrate classes and gaining better understanding of the
selectivity and reactivity determining factors of the catalysts
are ongoing and will be reported in due course.

Experimental Section

Typical procedure: 6,6-dibenzylcyclohex-1-enyl triflate (1a; 41.0 mg,
0.10 mmol), Pd(OAc), (1.12 mg, 5.00 pmol), ligand L12 (10.2 mg,
12.0 pmol), and sodium bicarbonate (25.2 mg, 0.30 mmol) were
weighed into a glass vial equipped with a magnetic stir bar, sealed

Angew. Chem. 2009, 121, 9303 -9306

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. 2007, 24, 1-33; j) I. V. Ser-
egin, V. Gevorgyan, Chem. Soc.
Rev. 2007, 36, 1173-1193; k) L.-C.
Campeau, K. Fagnou, Chem. Soc.
Rev. 2007, 37, 1058-1068; 1) J. C.
Lewis, R.G. Bergman, IJ. A.
Ellman, Acc. Chem. Res. 2008, 41,
1013-1025; m)F. Kakiuchi, T.
Kochi, Synthesis 2008, 3013 —3039.
[2] a)J. A. Johnson, N. Li, D. Sames, J. Am. Chem. Soc. 2002, 124,
6900-6903; b) A. Hinman, J. Du Bois, J. Am. Chem. Soc. 2003,
125,11510-11511; ¢) S. J. O’'Malley, K. L. Tan, A. Watzke, R. G.
Bergman, J. A. Ellman, J. Am. Chem. Soc. 2005, 127, 13496 —
13497; d) U. K. Tambar, D. C. Ebner, B. M. Stoltz, J. Am. Chem.
Soc. 2006, 128, 11752-11753; e) E. M. Beck, R. Hatley, M. J.
Gaunt, Angew. Chem. 2008, 120, 3046 -3049; Angew. Chem. Int.
Ed. 2008, 47, 3004 —3007.

For a leading review on enantioselective nitrenoid and carbenoid
and C—H insertions, see: a) H. M. L. Davies, J. R. Manning,
Nature 2008, 451, 417-424; for examples of enantioselective
rhodium-catalyzed hydroarylation see: b) R. K. Thalji, R. G.
Bergman, J. A. Ellman, J. Am. Chem. Soc. 2004, 126,7192-7193;
c) H. Harada, R. K. Thalji, R. G. Bergman, J. A. Ellman, J. Org.
Chem. 2008, 73, 6772-6779.

[3

[

www.angewandte.de

Chemie

9305


http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6
http://dx.doi.org/10.1007/3-540-68525-1_3
http://dx.doi.org/10.1007/3-540-68525-1_3
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/ar960318p
http://dx.doi.org/10.1021/ar960318p
http://dx.doi.org/10.1007/3-540-45313-X_6
http://dx.doi.org/10.1007/3-540-45313-X_6
http://dx.doi.org/10.1002/adsc.200303094
http://dx.doi.org/10.1002/adsc.200303094
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1055/s-2008-1067256
http://dx.doi.org/10.1021/ja026130k
http://dx.doi.org/10.1021/ja026130k
http://dx.doi.org/10.1021/ja0368305
http://dx.doi.org/10.1021/ja0368305
http://dx.doi.org/10.1021/ja0651815
http://dx.doi.org/10.1021/ja0651815
http://dx.doi.org/10.1002/ange.200705005
http://dx.doi.org/10.1002/anie.200705005
http://dx.doi.org/10.1002/anie.200705005
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1021/ja0394986
http://dx.doi.org/10.1021/jo801098z
http://dx.doi.org/10.1021/jo801098z
http://www.angewandte.de

Zuschriften

9306

[4] B.-F. Shi, N. Maugel, Y.-H. Zhang, J.-Q. Yu, Angew. Chem. 2008,
120, 4960-4964; Angew. Chem. Int. Ed. 2008, 47, 4882 —4886;
Angew. Chem. 2008, 120, 4960 —4964.

c)P. de Mendoza, A. M. Echavarren in Modern Arylation
Methods (Ed.: L. Ackermann), Wiley-VCH, Weinheim, 2009,
pp-363-399; d) L.-C. Campeau, M. Parisien, A. Jean, K.

[5] For examples of enantioselective palladium-catalyzed arylation Fagnou, J. Am. Chem. Soc. 2006, 128, 581-590; e) M. Lafrance,
of activated carbon nucleophiles, see: a) T. Hamada, A. Chieffi, K. Fagnou, J. Am. Chem. Soc. 2006, 128, 16496-16497; f) M.
J. Ahman, S. L. Buchwald, J. Am. Chem. Soc. 2002, 124, 1261 — Lafrance, D. Lapointe, K. Fagnou, Tetrahedron 2008, 64, 6015—
1268; b) E. P. Kiindig, T. M. Seidel, Y. Jia, G. Bernardinelli, 6020.

Angew. Chem. 2007, 119, 8636—8639; Angew. Chem. Int. Ed. [9] a) M. C. Willis, C. K. Claverie, M. F. Mahon, Chem. Commun.
2007, 46, 8484—-8487; c) S. Wiirtz, C. Lohre, R. Frohlich, K. 2002, 832-833; b) A. C. F. Cruz, N. D. Miller, M. C. Willis, Org.
Bergander, F. Glorius, J. Am. Chem. Soc. 2009, 131, 8344 —8345. Lett. 2007, 9, 4391 -4393.

[6] a) J. D. Christopher, L. E. Overman, Proc. Natl. Acad. Sci. USA [10] C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew.
2004, 101, 5363 -5367;b) B. M. Trost, D. C. Jiang, Synthesis 2006, Chem. 2007, 119, 3200-3204; Angew. Chem. Int. Ed. 2007, 46,
369-396; c) Quaternary Stereocenters (Eds.: J. Christoffers, A. 3139-3143.

Baro), Wiley-VCH, Weinheim, 2005; d) T. Seiser, N. Cramer, [11] For a review on taddol, see: a) D. Seebach, A.K. Beck, A.
Angew. Chem. 2008, 120, 9435-9438; Angew. Chem. Int. Ed. Heckel, Angew. Chem. 2001, 113, 96-142; Angew. Chem. Int.
2008, 47, 9294-9297; e) T. Seiser, O. A. Roth, N. Cramer, Ed. 2001, 40, 92-138; For examples of taddol-based phosphor-
Angew. Chem. 2009, 121, 6438—-6441; Angew. Chem. Int. Ed. amidites in palladium-catalyzed reactions, see: b) R. Imbos, A. J.
2009, 48, 6320-6323. Minnaard, B. L. Feringa, J. Am. Chem. Soc. 2002, 124,184 -185;

[7] a) M. Miura, T. Satoh, Top. Organomet. Chem. 2005, 14, 55-83; ¢)N.FE. Pelz, A. R. Woodward, H. E. Burks, J. D. Sieber, J. P.
b) D. Alberico, M. E. Scott, M. Lautens, Chem. Rev. 2007, 107, Morken, J. Am. Chem. Soc. 2004, 126, 16328-16329; d) H. E.
174-238; c) L. Ackermann, Top. Organomet. Chem. 2007, 24, Burks, S. Liu, J. P. Morken, J. Am. Chem. Soc. 2007, 129, 8766 —
35-60; d) M. Miura in Modern Arylation Methods (Ed.: L. 8773; e) T. Ohmura, H. Taniguchi, M. Suginome, J. Am. Chem.
Ackermann), Wiley-VCH, Weinheim, 2009, pp.335-361; Soc. 2006, 128, 13682 -13683.

e) G. P. McGlacken, L. M. Bateman, Chem. Soc. Rev. 2009, 38,  [12] In general, electron-poor substrates react faster, which is in
2447-2464. agreement with the described mechanism of reference [8].

[8] a) D. Garcia-Cuadrado, A.A.C. Braga, F. Maseras, A. M. [13] See the Supporting Information. CCDC 745459 (5j) contains the
Echavarren, J. Am. Chem. Soc. 2006, 128, 1066—1067; b) D. supplementary crystallographic data for this paper. These data
Garcia-Cuadrado, P. de Mendoza, A. A. C. Braga, F. Maseras, can be obtained free of charge from The Cambridge Crystallo-
A. M. Echavarren, J. Am. Chem. Soc. 2007, 129, 6880—-6886; graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif..

www.angewandte.de © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2009, 121, 9303 -9306


http://dx.doi.org/10.1002/ange.200801030
http://dx.doi.org/10.1002/ange.200801030
http://dx.doi.org/10.1002/anie.200801030
http://dx.doi.org/10.1021/ja011122+
http://dx.doi.org/10.1021/ja011122+
http://dx.doi.org/10.1002/ange.200703408
http://dx.doi.org/10.1002/anie.200703408
http://dx.doi.org/10.1002/anie.200703408
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1002/ange.200804281
http://dx.doi.org/10.1002/anie.200804281
http://dx.doi.org/10.1002/anie.200804281
http://dx.doi.org/10.1002/ange.200903189
http://dx.doi.org/10.1002/anie.200903189
http://dx.doi.org/10.1002/anie.200903189
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja067144j
http://dx.doi.org/10.1016/j.tet.2008.01.057
http://dx.doi.org/10.1016/j.tet.2008.01.057
http://dx.doi.org/10.1039/b200692h
http://dx.doi.org/10.1039/b200692h
http://dx.doi.org/10.1021/ol702044z
http://dx.doi.org/10.1021/ol702044z
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C96::AID-ANGE96%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C92::AID-ANIE92%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C92::AID-ANIE92%3E3.0.CO;2-K
http://dx.doi.org/10.1021/ja017200a
http://dx.doi.org/10.1021/ja044167u
http://dx.doi.org/10.1021/ja070572k
http://dx.doi.org/10.1021/ja070572k
http://dx.doi.org/10.1021/ja063934h
http://dx.doi.org/10.1021/ja063934h
http://www.angewandte.de

