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alyzed asymmetric C(sp3)–H
arylation using a chiral binol-derived phosphate
and an achiral ligand†

Lei Yang, Romain Melot, Markus Neuburger and Olivier Baudoin*

The first efficient palladium(0)-catalyzed enantioselective C(sp3)–H activation reaction using a catalytic

chiral base and an achiral phosphine ligand is reported. Fine-tuning the binol-derived phosphoric acid

pre-catalyst and the reaction conditions was found to be crucial to achieve high levels of

enantioselectivity for a variety of indoline products containing both tri- and tetrasubstituted stereocenters.
Introduction

Transition-metal catalysis has developed as a powerful tool to
activate otherwise unreactive C(sp3)–H bonds and create
a variety of carbon–carbon and carbon–heteroatom bonds.1,2 In
this context, our group3 as well as others4 have reported the
construction of a diverse array of fused carbocycles and
heterocycles via intramolecular palladium(0)-catalyzed aryla-
tion of unactivated C(sp3)–H bonds from aryl halides. In the last
ve years, enantioselective versions of these reactions have been
disclosed. In particular, the groups of Kündig,5 Kagan,6 and
Cramer7a reported the highly enantioselective construction of
(fused) indolines using chiral N-heterocyclic carbene or phos-
phine ligands (Table 1, entry 1). In parallel, we have reported the
diastereo- and enantioselective synthesis of (fused) indanes
containing up to three adjacent stereocenters by using chiral
Binepine ligands.8 Computational mechanistic studies indi-
cated that the C–H bond cleavage occurs through proton
abstraction by the coordinated base, usually either a carbonate
or an in situ generated carboxylate (concerted metalation-
deprotonation mechanism).3b,c,4f,h,5c,d,9,10 In this scenario, not
only the ancillary ligand, but also the base should be able to
interact with the substrate via non-covalent bonding, and hence
induce stereoselective C–H bond cleavage. The possibility that
enantioselectivity can be achieved solely using a chiral base was
already explored in the above-mentioned work by Kagan6 and
Cramer.7a Indeed, the former observed an e.r. of 65 : 35 in the
presence of 50 mol% of Boc-valine in the absence of an ancillary
ligand (entry 2), whereas the latter reported an e.r. of 71 : 29
using a chiral tetralinecarboxylic acid and an achiral NHC
ry, St. Johanns-Ring 19, CH-4056 Basel,

s.ch

ESI) available: Full optimization tables,
phic (CIF) data, and DFT calculations.
crystallographic data in CIF or other

006c
ligand (entry 3).11,12 In both cases the indoline product was,
however, obtained in low yield.

Encouraged by these precedents, we looked for a suitable
chiral Brønsted acid pre-catalyst, which upon in situ deproto-
nation with a stoichiometric inorganic base, would allow the
achievement of both efficiency and high enantioselectivity. Our
attention turned toward binol-derived phosphoric acids (BPAs),
which are readily available, and have proven to be competent
stereochemical inducers in other types of reactions involving
cooperative catalysis with Pd complexes,13,14 and, as shown
recently by Duan and co-workers, in PdII-catalyzed directed
asymmetric C(sp3)–H arylation.15 When the current work was in
progress, the same group reported two examples of Pd0-cata-
lyzed enantioselective synthesis of indolines using the simplest
BPA, devoid of substituents at the 3,30-positions, with
a moderate e.r. and yield.16

Herein, we show that high levels of enantioselectivity and
efficiency can be obtained through the careful choice of BPA
substituents and optimization of reaction conditions (entry 4).
Results and discussion

We set out to explore the asymmetric C–H arylation of proto-
typical substrate 1a bearing enantiotopic methyl groups
(Table 2). The well-dened Pd(PCy3)2 complex (5 mol%) was
initially chosen as catalyst to minimize the effect of additional
ancillary ligands or anions. In order to have a blueprint for the
design of an efficient BPA catalyst, we considered the putative
k2-coordinated intermediate13g derived from 3,30-disubstituted
BPAs, which would undergo C–H activation via a phosphate-
induced CMDmechanism (Fig. 1, le). In this crude model, a 30-
aryl substituent would sit below the N-isopropyl and CO2Me
groups of the substrate, thereby enabling non-covalent inter-
actions. Fig. 1 (right) shows the DFT-optimized structure of the
k2 complex with the optimal (vide infra) BPA 3g, which provides
a more accurate picture. According to this model, the modula-
tion of the steric and/or electronic properties of the 3,30-aryl
This journal is © The Royal Society of Chemistry 2017
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Table 1 Chiral ligand- vs. chiral base-catalyzed asymmetric C(sp3)–H arylationa

Entry L Brønsted acid RYO2H e.r. (yield) ref.

1 Chiral NHC or phosphine Achiral RCO2H Up to 99 : 1 Kündig5

Up to 97 : 3 Kagan6

Up to 98 : 2 Cramer7a

2 None 65 : 35 (Traces) Kagan6

3 IPr 71 : 29 (20%) Cramer7a

4 PCy3 3,30-CF3Ph-BPA Up to 98 : 2 This work

a IPr ¼ 1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene; BPA ¼ binol-derived phosphoric acid.
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substituents could allow the introduction of enantioselectivity
by discriminating the two enantiotopic methyl groups of the
N-isopropyl residue.

Following this hypothesis, an array of 3,30-disubstituted
BPAs were synthesized from (R)-binol according to literature
procedures17 and were tested as catalysts (10 mol%) in combi-
nation with stoichiometric cesium carbonate in xylenes. The
most representative results are shown in Table 2.18 The nature
of the 3,30-substituents was indeed found to be crucial, with
methyl (entry 1), phenyl (entry 2) or extended aryl groups
(entries 3–4) leading to very low levels of enantioselectivity.

meta-Substituents on the 3,30-phenyl rings led to the rst
interesting results (entries 5–8). The highest e.r. (80 : 20) was
obtained with commercially available BPA 3g bearing meta-CF3
substituents (entry 7),19 which performed much better than the
sterically comparable isopropyl (entry 6) or likewise electron-
withdrawing nitro (entry 8) groups. As shown with the partially
hydrogenated analogue 3g-[H8] (entry 9), the dihedral angle of
the binaphthyl system seems to be a critical factor as well.
Decreasing the temperature to 120 �C enabled a signicant
increase in the e.r., albeit at the expense of the yield (entry 10,
compared with entry 7). We hypothesized that the low solubility
of cesium carbonate in xylenes and the resulting incomplete
deprotonation of the BPA was responsible for the observed low
reactivity at 120 �C. Gratifyingly, increasing the amount of
Cs2CO3 to 3 equiv. allowed an increase in the yield to 56%
(entry 11). Modulating the acidity of the BPA20 by synthesizing
phosphoramides 3i–jwas met with little success (entries 12–13).
In contrast, a major improvement was found when using DME
as the solvent. Moreover, the addition of 4 Å molecular sieves
This journal is © The Royal Society of Chemistry 2017
proved benecial, leading to compound 2a in excellent yield
and e.r. (entry 14). It is worth noting that a slow but signicant
background racemic reaction occurred with cesium carbonate
alone, in the absence of BPA (entry 15). Among all of the stoi-
chiometric bases tested in combination with catalytic acid 3g,
cesium carbonate proved to be optimal. Finally, the effect of the
ancillary ligand was investigated in combination with Pd2dba3
(entries 16–20). No reaction occurred without phosphine ligand
(entry 16), and PCy3 furnished the highest reactivity (entry 17)
among the tested monophosphines. It is noteworthy that the in
situ combination of Pd2dba3 and PCy3 provided the same e.r. as
the well-dened Pd(PCy3)2 complex, but the latter was found to
be a more active catalyst (compare entries 14 and 17). Hence,
under optimal conditions, indoline 2a was obtained in 86%
yield and 96 : 4 e.r. (entry 14). The (S) absolute conguration of
the major enantiomer was ascribed via X-ray diffraction analysis
of a derivative (vide infra). These levels of reactivity and selec-
tivity are comparable to those obtained on the same substrate
with the chiral ancillary ligand approach.21

The scope and limitations were next studied under these
optimized conditions (Scheme 1), starting with reactants
bearing a trisubstituted carbon adjacent to the nitrogen atom
(R2¼H, Scheme 1a). Among the different tested halides (X¼ Cl,
Br, I), the bromide was found to be optimal. Importantly, the
reaction could be performed from 1.36 g (5 mmol) of the latter
with equal efficiency and stereoselectivity. From the corre-
sponding iodide, the e.r. was similar (96 : 4) but the yield was
signicantly lower (68%). The chloride was less reactive under
the same conditions, and lower yield and e.r were obtained even
at 140 �C. The effect of the nitrogen substituent (R1) was next
Chem. Sci., 2017, 8, 1344–1349 | 1345
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Table 2 Optimization of reaction conditions

Entry BPA Catalysta n Solvent Temp. (�C) e.r. of 2ab Yield of 2ac (%)

1 3a Pd(PCy3)2 1.5 Xylenes 140 52 : 48 80
2 3b Pd(PCy3)2 1.5 Xylenes 140 50 : 50 65
3 3c Pd(PCy3)2 1.5 Xylenes 140 54 : 46 68
4 3d Pd(PCy3)2 1.5 Xylenes 140 52 : 48 71
5 3e Pd(PCy3)2 1.5 Xylenes 140 57 : 43 39
6 3f Pd(PCy3)2 1.5 Xylenes 140 56 : 44 45
7 3g Pd(PCy3)2 1.5 Xylenes 140 80 : 20 50
8 3h Pd(PCy3)2 1.5 Xylenes 140 57 : 43 50
9 3g-[H8] Pd(PCy3)2 1.5 Xylenes 140 50 : 50 63
10d 3g Pd(PCy3)2 1.5 Xylenes 120 87 : 13 24
11 3g Pd(PCy3)2 3 Xylenes 120 84 : 16 56
12 3i Pd(PCy3)2 3 Xylenes 120 84 : 16 50
13 3j Pd(PCy3)2 3 Xylenes 120 55 : 45 15
14 3g Pd(PCy3)2 3 DMEe 120 96 : 4 86
15 — Pd(PCy3)2 3 DMEe 120 — 29
16 3g Pd2(dba)3 3 DMEe 120 — <2f

17 3g Pd2(dba)3/PCy3 3 DMEe 120 95 : 5 61
18 3g Pd2(dba)3/PPh3 3 DMEe 120 91 : 9 <20f

19 3g Pd2(dba)3/PCyp3 3 DMEe 120 97 : 3 24
20 3g Pd2(dba)3/P(t-Bu)2Me 3 DMEe 120 97 : 3 <20f

a 5 mol% Pd(PCy3)2 (entries 1–15) or 2.5 mol% Pd2dba3/10 mol% PR3 (entries 16–20). b Enantiomeric ratio measured via HPLC using a chiral
stationary phase. c Yield of isolated product. d Reaction time: 40 h. e With 4 Å powdered molecular sieves. f Estimated based on GCMS ratio.
DME ¼ 1,2-dimethoxyethane.

Fig. 1 Structural basis for the design of BPA catalysts. aPBE0-D3/
Def2SVP, SMD; most H atoms are omitted for clarity.
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investigated (indolines 2b–g). Carbamates were found to be
optimal (2a–d), whereas other groups gave rise to lower yields
(2f–g) and enantioselectivities (2e, 2g). This important effect of
the nitrogen substituent is consistent with the model described
in Fig. 1, which shows the proximity of the CO2Me group with
the 30-aryl substituent of the BPA.
1346 | Chem. Sci., 2017, 8, 1344–1349
In addition, the reaction was found to tolerate electronically
diverse substituents at various positions (R3–R5) on the
aromatic ring (2h–s), including ester (2k), cyano (2l) and amino
(2o) groups. High yields and e. r. were obtained for all of the
substrates except for those bearing Me or Cl substituents at the
C-5 (R3) and C-7 (R5) positions of the indoline ring, which seem
to be more sensitive. In addition to indolines, azaindoline 2t
was obtained with satisfying yield and stereoselectivity.

So far, both the chiral ligand5–7 and the chiral base
approaches allow access to scalemic indolines containing
a trisubstituted stereocenter. In addition to these compounds,
interesting new types of indolines were targeted (Scheme 1b and
c). First, indoline 2u containing a tetrasubstituted stereocenter
was obtained with good yield and e.r., despite the more crowded
environment of the enantiotopic methyl groups. Interestingly,
the carbonyl substituents on the adjacent carbon (2v) and
nitrogen (2w) atoms were found to have a signicant impact on
both the yield and enantioselectivity, with smaller methoxy-
carbonyl groups being optimal (2u). Gratifyingly, substituted
analogues of 2u (2x–z) were obtained with comparable enan-
tioselectivity. The current method represents a simple enan-
tioselective route to these valuable tetrasubstituted amino acid
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Scope and limitations of the enantioselective C(sp3)–H
arylation reaction. The shown absolute configurations of the major
enantiomers were deduced from those of 2a and 2u (see Scheme 3).
a Performed at 140 �C. b Performed at 100 �C.

Scheme 2 Study of the kinetic resolution of a racemic substrate.

Scheme 3 Cleavage of the carbamate group and determination of
absolute configurations. Reaction conditions: (1) (i) TMSI (10 equiv.),
CHCl3, reflux; (ii) MeOH, reflux (only for 4u); and (2) for 5a: FcCOCl (1.1
equiv.), i-Pr2NEt (3 equiv.), 4-dimethylaminopyridine (0.1 equiv.),
CH2Cl2, 0 / 20 �C, 83% for 2 steps; for 5u: LiN(SiMe3)2 (1.2 equiv.),
FcCOCl (1.2 equiv.), THF, �78 / �10 �C, 80% for 2 steps. TMSI ¼
trimethylsilyl iodide; Fc ¼ ferrocene. a Thermal ellipsoids at the 30%
probability level, most H atoms are omitted for clarity.26

This journal is © The Royal Society of Chemistry 2017
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precursors, which does not involve chemical or enzymatic
resolution.22

Various indolines fused to ve-, six- and seven-membered
rings have been synthesized via enantioselective C–H arylation
in the presence of chiral ligands.5a,c,6,7a In contrast, a single
example of fused indoline-cyclobutane has been reported in its
racemic form by Fagnou and co-workers.23 Using our optimized
conditions, compounds 2aa and 2ab were obtained with high
enantioselectivity (e.r. 97 : 3), albeit in low isolated yield due to
signicant competing proto-dehalogenation (Scheme 1c).
Under the same conditions, the formation of cyclohexane-fused
indoline 2ae was not observed. In contrast, chiral NHC ligands
allowed the production of the same product in high yield and
enantioselectivity.5a Overall, as shown with compounds 2aa–ab
and 2ae, the current Pd/PCy3/BPA catalytic system does not
seem to be sufficiently reactive to efficiently activate secondary
C–H bonds.

The reaction of racemic substrate 1ac was also examined, in
order to look for a possible kinetic resolution phenomenon
(Scheme 2). With the same substrate and using a chiral NHC
ligand, Kündig and co-workers observed a regiodivergent
behavior, with each enantiomer of 1ac being transformed into
a different enantioenriched product, 2ac or 2ad, resulting from
the activation of the Me and Et group, respectively.5b Under our
standard conditions, we observed only the formation of
compound 2ac arising from the activation of the Me group, and
an e.r. of 73 : 27 was measured at 39% conversion (s ¼ 3.6).24

Hence, these two different chiral systems show a different
behavior, with the chiral BPA giving rise to modest kinetic
resolution.

Finally, the methyl carbamate in indolines containing a tri-
(2a) or tetrasubstituted (2u) stereocenter could be cleaved upon
Chem. Sci., 2017, 8, 1344–1349 | 1347
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treatment with trimethylsilyl iodide,25 thus leading to valuable
scalemic secondary amines 4a and 4u (Scheme 3). The latter
were derivatized as ferrocenecarboxamides, according to our
recently published method,8b to give amides 5a and 5u in
excellent overall yield. The crystal structures of the corre-
sponding major enantiomers were solved using X-ray diffrac-
tion analysis,26 thereby allowing us to independently conrm
the S conguration of 2a6,27 and to ascribe the S conguration
for 2u.18
Conclusions

In conclusion, we have reported the rst highly enantioselective
and efficient palladium(0)-catalyzed C(sp3)–H activation reac-
tion using a chiral catalytic base instead of a chiral ancillary
ligand. A ne tuning of both the BPA catalyst and the reaction
solvent was key to achieve high levels of enantioselectivity for
a variety of indoline products containing both tri- and tetra-
substituted stereocenters. Further applications of this concept
will be reported in due course.
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