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Despite substantial recent research activity in the C-H activation
area,1,2 to our knowledge there is only one report on the catalytic
enantioselective coupling of aromatic C-H bonds with alkenes.3

In that case, only very modest ees were observed. Recently, we
reported on the intramolecular alkylation of aromatic imines in
which the alkene is tethered meta to the imine (eq 1).4 This reaction
exhibits a much broader alkene scope than that obtained in related
systems2 and provides an efficient route to functionalized bicyclic
ring systems that would be difficult to access by other methods.
By allowing the coupling of highly substituted alkenes, this reaction
enables the preparation of branched products bearing stereocenters.
Herein, we communicate our development of an asymmetric variant
of these reactions, leading to the first highly enantioselective
catalytic reaction involving aromatic C-H bond activation. More-
over, the identified catalyst system enables the intramolecular
alkylation reaction to be performed at temperatures 75°C lower
than our previously reported conditions. Indeed, the reaction can
even be carried out at room temperature for one of the optimal
substrates. This reaction should prove to be especially valuable in
view of the fact that there are no known general methods for
preparing these compounds enantioselectively.

We focused our efforts on the chiral monodentate phosphorus
ligands displayed in Chart 1 because chelating phosphines provide
inefficient catalysts for this reaction. Our investigation began by
testing the cyclization of ketimine17 with rhodium complexes of
each of these ligands (Table 1). Of the phosphines tested (1-6),
the P-N ligands (1, 2, and4) gave poor conversions; these results
are consistent with the previous observation that chelating ligands
retard the reaction rate. The P-O ligands3, 5, and6 gave much
higher conversions, probably due to the fact that oxygen coordinates
more weakly than nitrogen to late transition metal centers. Notably,
rhodium complexes of5 and 6 both proved to be much more
efficient catalysts than the previously reported achiral Wilkinson’s
catalyst (125°C, 4 h) but gave only modest ees.

Phosphite and phosphoramidite ligands are appealing due to the
ease and modularity of their syntheses.5 The (-)-TADDOL-based
phosphites7-9, the (-)-TADDOL-based phosphonite10, the (S)-
binol-derived phosphite11, and phosphoramidites that incorporate
unhindered secondary amines12-14 all proved to be ineffective
catalysts, giving either poor conversions, poor ees, or both. In
contrast, impressive enantioselectivities and conversions were

obtained with the (S)-binol-derived phosphoramidites15, 16a, and
16b.

Ketimine17 cyclized quantitatively in the presence of 5 mol %
[RhCl(coe)2]2 and 15 mol %16a to give18 in 88% ee within 2 h
at 125°C. The sense of stereochemical induction is predominantly
determined by the binol backbone of the phosphoramidite ligands;
comparing diastereomers16a (88% ee, 125°C) and16b (87% ee,
125 °C) shows that the stereochemistry of the amino group is
insignificant. The phosphoramidite/Rh ratio in the cyclization of
17 was found to be optimal at 1.5 or 1; higher ratios significantly
slow the reaction rate without affecting enantioselectivity.6 This
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Chart 1

Table 1. Asymmetric Cyclization of Ketimine 17 Using Various
Chiral Monophosphine Ligands

ligand temp (°C) time (h) % yield 18a % eeb

1 125 20 5c nd
2 125 20 tracec nd
3 125 20 48c 8 (S)
4 125 20 9c nd
5 75 6 99 35 (R)
6 100 6 56 23 (S)
7 75 20 93c 17 (R)
8 75 20 94c 9 (R)
9 75 20 91c 38 (R)

10 125 20 34c 0
11 125 20 6c nd
12 125 2.5 15c 19 (S)
13 125 2.5 14c 0
14 125 2.5 52c 58 (S)
15 125 <2 100 83 (S)
16a 125 <2 100 88 (S)
16b 125 <2 99 87 (S)

a Yields based on1H NMR integration relative to 2,6-dimethoxytoluene
internal standard.b Ees determined after hydrolysis of18 with 1 N HCl
(aq) using chiral GC or HPLC. Sense of induction is indicated in parentheses.
c Remainder of mass balance is unreacted starting material.
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result suggests that only one ligand is bound to the metal in the
active catalyst.

Due to the efficiency of the reaction with ligands15, 16a, and
16b at 125 °C, we lowered the temperature in hopes of further
enhancing the enantioselectivity (Table 2). Indeed, at 50°C, the
cyclization of17using ligand16aproceeded with 95% ee and 94%
yield in 9 h (Table 2, entry 4). It is noteworthy that the temperature
is 75°C lower than that required in our previously optimized study
using Wilkinson’s catalyst.4a Similar increases in ee were obtained
using ligands15 and16b, although reaction rates were not as high
(Table 2, entries 2 and 6).

To explore the scope of this enantioselective cyclization reaction,
substrates19, 21, 23, and 25 were evaluated using the optimal
ligands (Table 2). At 125°C, complete conversion was observed
within 1 h for each ligand. Upon lowering the temperature to 50
or 75°C, ligands16aand16bconsistently provided more efficient
reaction rates than ligand15, and16a was slightly more efficient
than 16b. Ligands 16a and 16b also provided higher enantio-
selectivities for all but the sterically encumbered silyl substrate
19 where the least hindered ligand15 gave the optimal result
(entry 7). Importantly, ketimine19 is a versatile substrate, as the
SiMe2Ph functionality can be stereospecifically converted into an
OH group using conditions developed by Fleming7 and Tamao8

(eq 2). Styrenyl substrate21 and indole23 both cyclized rapidly,
and ligand16a gave the best conversion and enantioselectivity
(entries 15 and 19, respectively).

Vinyl ether 25 provides the most efficient reaction. At room
temperature, the reaction proceeded cleanly with ligand16a, giving

the desired product26 in high yield and with 96% ee (entry 25).
Here again, ligand16b is a less efficient catalyst but provides an
ee as high as that obtained with diastereomer16a (entry 28).

The exceptional rates and enantioselectivities observed using the
phosphoramidite ligands6 may be due to their unique binding pro-
perties, which include reducedσ donation to rhodium and enhanced
π acceptor ability compared to phosphines. The enantioselectivities
are presumably due to highly diastereoselective migratory insertion
of the olefin into the Rh-H bond after C-H activation.9

In summary, we have developed a highly enantioselective and
efficient method for the intramolecular imine-directed C-H/olefin
coupling reaction using chiral phosphoramidite ligands. Application
of this methodology to other substrates and to the preparation of
biologically relevant compounds is currently underway.
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Table 2. Asymmetric Cyclization of Aromatic Iminesa,b

a Reactions performed using 5 mol % [RhCl(coe)2]2 and 15 mol % ligand
in toluene-d8. b Absolute configurations of(S)-22and(R)-26were assigned
by chemical derivatization and X-ray structure determination (see Supporting
Information). The absolute configurations of(S)-18, (S)-20, and(R)-24were
assigned by analogy.c Yields based on1H NMR integration relative to 2,6-
dimethoxytoluene internal standard.d Ees determined after hydrolysis of
the imine product using chiral GC or HPLC.e Performed using 10 mol %
ligand.
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