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Abstract: Described is an efficient catalytic asymmetric
intermolecular C�C bond-formation process to generate
acyclic all-carbon quaternary stereocenters. The reactions
overcome the unfavorable steric hindrance around reactive
centers, and the competitive elimination (E1), to form a range
of useful indole products with excellent efficiency and enan-
tioselectivity.

Efficient formation of quaternary stereocenters is a long-
standing topic in organic synthesis.[1] Among them, all-carbon
quaternary stereocenters represent a particularly challenging
structural element to assemble.[2] The difficulty further
increases for acyclic quaternary systems in intermolecular
reactions as a result of the increased structural flexibility and
activation barrier.[2a]

In the past decade, various catalytic asymmetric systems
have been developed to address the above challenges.[2]

Among them, direct asymmetric nucleophilic substitution
between a racemic tertiary alkyl electrophile and a carbon-
based nucleophile, by means of formal SN1 pathway
(Scheme 1), proved attractive, but was realized with limita-

tions.[3] All these examples employ indol-3-yl-substituted
electrophiles, which are typically proposed to proceed via
the corresponding extended iminium ions. Moreover, the
hypothetical tertiary carbocation intermediates are all sub-
stituted with either aryl or electron-withdrawing groups
without b-hydrogen atoms, thereby inhibiting the competing
E1 process and avoiding the chemoselectivity issue. Never-
theless, these pioneering studies have significantly advanced
this area of research.[4] Inspired by them, we report herein the

efficient formation of acyclic all-carbon quaternary stereo-
centers with non-indol-3-yl-type tertiary alkyl electrophiles.

After some effort, we were pleased to find that the
racemic tertiary alcohol 1a is a suitable electrophile. Indole
(2a) was employed as the carbon nucleophile since it
represents a family of versatile building blocks in organic
synthesis as well as useful subunits in natural products and
biologically active molecules.[5] Furthermore, inspired by the
wide success of chiral phosphoric acids in asymmetric
catalysis[6] as well as our previous effort in this area,[7] we
evaluated them for this reaction. Encouragingly, the BINOL-
derived phosphoric acids A1–A3 all gave excellent conver-
sion to the desired product 3a, albeit with disappointing
enantioselectivity (Table 1, entries 1–3). The use of A4,

Scheme 1. Asymmetric nucleophilic substitution of racemic tertiary
electrophiles.

Table 1: Optimization of reaction parameters.

Entry Cat. Solvent 3a/4a[a] 3a
Yield [%][a] ee [%][b]

1 A1 CH2Cl2 >20:1 77 �37
2 A2 CH2Cl2 >20:1 85 �53
3 A3 CH2Cl2 >20:1 91 �40
4 A4 CH2Cl2 1.3:1 47 �72
5 B1 CH2Cl2 >20:1 81 66
6 B2 CH2Cl2 >20:1 76 70
7 B3 CH2Cl2 1.3:1 37 42
8 B4 CH2Cl2 >20:1 80 73
9 B5 CH2Cl2 >20:1 87 80
10 B5 CHCl3 >20:1 62 69
11 B5 DCE >20:1 81 83
12 B5 toluene >20:1 81 76
13 B5 Et2O 4.5:1 63 24
14 B5 DCE[c] >20:1 82 85
15[d] B5 DCE[c] >20:1 87 92
16[e] B5 DCE[c] >20:1 55 88

[a] The ratio and yield were based on 1H NMR spectra of the crude
reaction mixture with CH2Br2 as the internal standard. [b] Determined by
HPLC. [c] c= 0.05m. [d] 0 8C. [e] �20 8C. DCE = 1,2-dichloroethane.
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bearing a bulky SiPh3 substituent, improved the enantiose-
lectivity, but the desired product was obtained in a signifi-
cantly lower yield (47 %). Indeed, the E1 product alkene 4a
accounts for the remainder of the mass balance, presumably
as a result of the significant steric bulk, which prevents the
nucleophile from approaching the reactive center. We next
resorted to the chiral acids B1–B5 with the spirocyclic
backbone. Fortunately, B5 catalyzed the reaction with both
good chemical efficiency and enantioselectivity (entry 9).
Further solvent screening indicated that solvents can dramat-
ically influence the enantioselectivity (entries 10–13). DCE
was identified as the solvent of choice (entry 11). Lowering
the reaction temperature (to 0 8C) and the concentration (to
0.05m) resulted in the best efficiency and enantioselectivity
(entry 15).

Next, we examined the reaction scope (Table 2). A range
of indoles participated smoothly in the mild C�C bond

formation to form the all-carbon quaternary stereocenters
with good to excellent efficiency and enantioselectivity.
Indoles substituted at the 2- and 4-positions resulted in low
reactivity, which is likely due to the steric hindrance adjacent
to the reactive 3-position. The standard protocol is also
effective for a range of other tertiary alcohols (Table 3). The
mild reaction conditions can tolerate a variety of functional
groups, such as ethers, silyl-protected alcohols, alkenes,
alkynes, etc. Heterocycles such as thiophene can also be
incorporated into the products. It is worth noting that the
reaction is limited to electron-rich phenols bearing a methyl
group at the benzylic position. In the case of an ethyl-
substituted alcohol, B5 proved inferior for stereocontrol, but
fortunately A4 could catalyze the desired transformation with
promising enantioselectivity (entry 12). Notably, in all these
cases the desired substitution pathway is dominant (versus
E1).

We have proposed a possible mechanism (Scheme 2). The
reaction starts with protonation of the alcohol 1 and subse-
quent C�O cleavage to generate the tertiary carbocation I,

which is paired with the chiral phosphate anion. Subsequent
indole nucleophilic attack delivers the observed product 3.
The structure I has a resonance form, II, which is represented
as an acid-activated o-quinone methide. These structures can
be viewed as two extreme forms of the real intermediate in
terms of electron-density distribution. The efficient chiral
induction, either by chiral phosphate through an ion-pair (in
I) or hydrogen-bonding (in II), to form the all-carbon
quaternary stereocenter is noteworthy.[8–11]

To probe the reaction mechanism, we have done some
control experiments. With the methyl ether 5, none of the
desired product 6 was observed, thus indicating the essential
role of the free o-hydroxy group [Eq. (1); PMP = p-methyl-
phenyl]. Next, N-methylindole (2a’) was subjected to the
standard protocol, and the desired C�C bond formation was
not observed. Instead, the E1 product 4 a was obtained
[Eq. (2)]. We believe that the indole NH moiety provides
a hydrogen-bonding interaction with the catalyst phosphoryl
oxygen atom.[12] Furthermore, we synthesized the b-mono-
substituted o-quinone methide 7 and the corresponding

Table 2: Scope with respect to the indole.

Entry R 3 Yield [%][a] ee [%]

1 H 3a 98[b] 91[b]

2 5-Me 3b 99 90
3 5-OMe 3c 82 84
4 5-OBn 3d 90 84
5 5-Br 3e 95 95
6 5-CO2Me 3 f 81 96
7 6-Me 3g 97 82
8 6-Br 3h 83 90
9 6-F 3 i 90 92
10 7-Me 3 j 87 58

[a] Yield of isolated product. [b] The results are the average of two runs,
with (R)- and (S)-B5, respectively.

Table 3: Scope with respect to the tertiary alcohols.

Entry 1 3 Yield [%][a] ee [%]

1 R = Bn 3k 83 94
2 R = TBS 3 l 47[b] 91
3 R = allyl 3m 88 97
4 R = propargyl 3n 90 91

5 Ar= p-MeC6H4 3o 97 90
6 Ar= p-MeOC6H4 3p 86 95
7 Ar= p-MeSC6H4 3q 92 95
8 Ar= p-FC6H4 3r 99 92
9 Ar= p-PhC6H4 3s 92 94
10 Ar = p-vinylC6H4 3 t 83 93
11 Ar = 2-thienyl 3u 93 80

12 3v 62 �70[c]

13 3w 77 86

[a] Yield of the isolated product. [b] The E1 product alkene accounts for
remainder of the mass balance. [c] (R)-A4 was used as catalyst and (R)-
3v was formed. TBS = tert-butyldimethylsilyl.

Scheme 2. Proposed mechanism.
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secondary alcohol 9. They both reacted to form the desired
product 8 with moderate enantioselectivity [Eqs. (3) and 4].

To demonstrate the product utility, we carried out some
derivatizations. The product (R)-3a can undergo selective
bromination in the presence of NBS and PPTS to form the
aryl bromide 10 [Eq. (5); NBS = N-bromosuccinimide,
PPTS = pyridinium p-toluenesulfonate]. Furthermore, pro-
moted by Selectfluor, (R)-3a can cyclize to form the diaryl
ether 11 [Eq. (6)]. The reaction may proceed by fluoroether-
ification with subsequent HF elimination. Such indole-
containing products/derivatives bearing an all-carbon quater-
nary stereocenter are prevalent subunits in natural products
and biologically active molecules.[5f–h]

In summary, we have demonstrated an unprecedented
catalytic asymmetric intermolecular process for the efficient
formation of acyclic all-carbon quaternary stereocenters from
racemic tertiary alcohols. The reaction features excellent
stereocontrol and intermolecular C�C bond formation effi-
ciency. The highly enantioenriched indole products bearing
a quaternary stereocenter can be transformed into other

useful compounds. Preliminary control experiments provided
insight into the reaction mechanism.
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