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1,6-Conjugate Addition of Aza-para-quinone Methides
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Abstract: Catalytic asymmetric N-alkylation of indoles and
carbazoles represents a family of important but underdevel-
oped reactions. Herein, we describe a new organocatalytic
strategy in which in situ generated aza-para-quinone methides
are employed as the alkylating reagent. With the proper choice
of a chiral phosphoric acid and an N-protective group, the
intermolecular C�N bond formation with various indole and
carbazole nucleophiles proceeded efficiently under mild con-
ditions with excellent enantioselectivity and functional-group
compatibility. Control experiments and kinetic studies pro-
vided important insight into the reaction mechanism.

Asymmetric N-alkylation of indoles and carbazoles repre-
sents a family of important reactions in organic synthesis
owning to the prevalence of these subunits in natural products
and biologically active molecules.[1–4] However, these reac-
tions, particularly intermolecular ones, have remained under-
developed, presumably owing to difficult regiocontrol as
a result of the low nucleophilicity of the N-H motif. Indeed,
direct asymmetric indole N-alkylation has been mainly
limited to substrates with certain substituents.[2] To overcome
these limitations, some indirect strategies have also been
devised.[3] Nevertheless, most of these reactions are limited to
allylation. Furthermore, asymmetric N-alkylation of carba-
zoles has been much less studied,[4] which is in sharp contrast
to the wide utility of carbazoles in medicinal chemistry and
materials science.[1f] In this context, we report herein a highly
efficient strategy for the asymmetric intermolecular N-
alkylation of indoles and carbazoles by means of a 1,6-
addition of aza-p-quinone methides (aza-p-QMs).

Aza-QMs are useful species in organic synthesis, biolog-
ical processes, materials science, and drug development.[5]

Having noticed their high reactivity toward nucleophiles, we
envisioned that these species may serve as versatile alkylating
reagents for the difficult asymmetric N-alkylation of indoles
and carbazoles, provided that asymmetric induction by
a suitable chiral catalyst could be achieved (Scheme 1).[6–8]

We started our exploration of the reaction with 2,3-
dimethylindole, hoping to intrinsically favor N-alkylation
over the more common C-alkylation (Scheme 2). An N-acetyl
para-aminobenzylic alcohol was employed as the model
precursor to aza-p-QM. Different chiral phosphoric acids

based on BINOL and SPINOL backbones were evaluated as
potential catalysts to catalyze not only the dehydration for
in situ generation of the aza-p-QM intermediate, but also the
subsequent asymmetric alkylation.[9] After considerable opti-
mization efforts (see the Supporting Information for details),
we were delighted to find that the reaction proceeded to form
the desired N-alkylation product, albeit with moderate
efficiency and enantioselectivity (Scheme 2). Of particular
note is the absolute regioselectivity. The indole unit reacted at
the 1-position exclusively, thus representing a new example of
asymmetric N-alkylation of indoles. Among all the catalysts
evaluated, catalyst A exhibited the best catalytic performance
with regard to efficiency and enantioselectivity.[10] However,
further tuning of the parameters did not improve the results.

With the aim of further improving the reaction efficiency
and enantioselectivity, we envisioned the possibility of
changing the N-protective group of the alkylating reagent.
As shown in Scheme 3, bulky aliphatic acyl groups, such as
pivaloyl and 1-adamantanecarbonyl groups, proved superior,
with the latter giving excellent enantioselectivity (95% ee).
Other typical N-protective groups, such as Bz, Boc, and Ts,
gave moderate enantioselectivity (see the Supporting Infor-
mation for details). It is worth noting that protection with
a methyl group also resulted in good reactivity, but not
excellent enantioselectivity.

With the optimized conditions in hand, next we examined
the reaction scope. A wide range of substituted indoles
participated smoothly in the intermolecular C�N bond

Scheme 1. Development of an asymmetric N-alkylation of indoles and
carbazoles with para-aza-quinone methides (P = protective group).

Scheme 2. Preliminary results.
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formation reaction, providing the corresponding indole-
derived chiral anilines with excellent efficiency and enantio-
selectivity (Scheme 4). More importantly, a range of variously
substituted carbazoles are also suitable nucleophiles (2o–2y).
The scope with respect to the aza-p-QM precursors is equally
broad (Scheme 5). Heterocycles like thiophene can also be
incorporated into the product. Substitution with an aliphatic
group at the benzylic position also provided good enantiose-
lectivity. The mild conditions mean that a diverse set of
functional groups is tolerated, including aryl halides, esters,
nitriles, ethers, olefins, alkynes, and silyl-protected alcohols.

The product absolution configuration was confirmed by X-ray
crystallography (3u). Notably, many of these products were
obtained in essentially enantiopure form. It is also worth
noting that the p-aminobenzylamine motif is a widely
observed subunit in many biologically important molecules.[11]

While 3-substituted indoles use the 1-position as the
nucleophilic site for the reaction, we were interested in
knowing how 3-unsubstituted indoles react. Indeed, with the
above standard conditions, the reaction with 2-phenylindole
gives exclusive reaction at the 3-position, but with diminished
enantioselectivity (75 % ee). Nevertheless, we further opti-
mized the reaction and found that the use of dichloromethane
as the solvent and 3 � molecular sieves as additive led to
improved enantioselectivity (Table 1). A brief survey of some
analogous nucleophiles indicated that aryl, alkenyl, and alkyl
substitution at the 2-position of the indole nucleophile does
not significantly influence on the efficiency and enantiose-
lectivity.[12] Steric hindrance in close proximity to the reactive
site is also well tolerated.

To further demonstrate the utility of the process, we
carried out representative derivatizations of the product 3d.
Reduction of the amide smoothly gave chiral aniline 6
(Scheme 6). The N-acyl protective group can be efficiently
removed in the presence of SmI2 and Et3N to form the free
amine 7 (Scheme 6). Notably, the optical purity remained
unchanged after these transformations.

To probe the reaction mechanism, particularly whether
the key aza-p-QM intermediate is involved, we carried out
some control experiments. We synthesized the N-methylated
substrate 1a’, which is not capable of generating the aza-p-
QM intermediate. In fact, 1a’ did not react under the standard
conditions, which is consistent with the intermediacy of aza-p-
QM (Scheme 7). Furthermore, when substrate 1a was sub-
jected to the standard conditions in the absence of a nucleo-
phile, we were able to isolate a dimeric product 9, which was
presumably formed through alcohol addition to the aza-p-
QM intermediate (Scheme 8). Further addition of a nucleo-
phile to the reaction mixture still led to the desired product
formation with comparably high enantioselectivity, albeit
with slow conversion compared with the standard method.
This observation indicates that the formation of 9 is reversible
and the reverse conversion of 9 into the aza-p-QM is slow.

Scheme 3. Evaluation of different protective groups.

Scheme 4. Scope with respect to indoles and carbazoles.[a] [a] 1a
(0.2 mmol), 2 (0.28 mmol), 5 � MS (50 mg), toluene (8.0 mL). The
reactions for 2o–2y were run with 2 (0.4 mmol) and (R)-B1 without
MS at 0 8C, which led to products with opposite configuration. Yields
of isolated product are shown. [b] Run in the dark. [c] Run with
0.6 mmol of 2 for 72 h. [d] Run at 0 8C.

Table 1: Scope with respect to 3-unsubstituted indoles.[a]

Entry R 5 Yield [%][b] ee [%][b]

1 Ph 5a 99 84
2 1-cyclohexenyl 5b 99 82
3 Bn 5c 98 88
4 iPr 5d 95 89
5 tBu 5e 96 94

[a] 1a (0.2 mmol), 4 (0.23 mmol), 3 � MS (10 mg), CH2Cl2 (8.0 mL).
[b] Yield of isolated product.
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To gain further insight into the mode of catalyst activa-
tion, we found that the enantiopurity of the product shows
a linear relationship with that of the catalyst (Figure 1). This
result may suggest that only one catalyst molecule is involved
in the enantiodetermining transition state. We thus propose
a transition state in which the catalyst plays a bifunctional role
to activate both the aza-p-QM and the nucleophile. In this
way, remote stereocontrol is expected. Indeed, this remote
control is highly effective in view of the observed excellent
enantiocontrol.[13]

In summary, we have developed a new strategy for the
efficient asymmetric N-alkylation of indoles and carbazoles,
an important but underdeveloped reaction. This process
employs highly reactive in situ generated aza-para-quinone

methides as the alkylating reagent. With the proper choice of
a chiral phosphoric acid and N-protective group, the inter-
molecular C�N bond formation with various indole and
carbazole nucleophiles proceeded with excellent efficiency
and enantioselectivity. The mild reaction conditions mean

Scheme 5. Scope with respect to aza-p-QMs.[a] [a] 1a (0.2 mmol), 2 (0.28 mmol), 5 � MS (50 mg), toluene (8.0 mL). Yield of isolated product is
provided. The reactions for 4p–4 t were run with 2 (0.4 mmol) and (R)-A without MS at 0 8C, which led to products with opposite configuration.
Yield of isolated product is provided. [b] Run at 0 8C. [c] Run with 2 equivalents of nucleophile and 15 mol% of (S)-A for 72 h. [d] Run with
0.6 mmol of 2,3-dimethylindole. [e] The remained substrate accounts for the mass balance.

Scheme 6. Representative derivatizations of the product 3d.

Scheme 7. Mechanistic evaluation using N-methylated substrate 1a’.

Scheme 8. Mechanistic evaluation of the involvement of aza-p-QM.

Figure 1. Absence of nonlinear effects and the proposed transition
state.
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that the reaction tolerates a wide range of functional groups.
The use of alcohol precursors for in situ generation of the
unstable aza-para-quinone methide intermediates makes this
process particularly easy to handle. Control experiments
provided important insight into the reaction mechanism,
suggesting that the chiral acid catalyst serves not only as
a promoter for the in situ formation of the key aza-para-
quinone methide intermediate, but also as a bifunctional
catalyst in the subsequent enantiodetermining step.
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Catalytic Asymmetric N-Alkylation of
Indoles and Carbazoles through 1,6-
Conjugate Addition of Aza-para-quinone
Methides

An organocatalytic strategy for the asym-
metric N-alkylation of indoles and carba-
zoles was developed in which in situ
generated aza-para-quinone methides are
employed as the alkylating reagent. With
the proper choice of a chiral phosphoric
acid and N-protective group (P), the
intermolecular C�N bond formation with
various indole and carbazole nucleo-
philes proceeds under mild conditions
with excellent efficiency and enantiose-
lectivity.
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