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ABSTRACT

An enantioconvergent Friedel�Crafts alkylation of indoles with donor�acceptor cyclopropanes is described. The reaction is catalyzed by
pybox•MgI2 and proceeds via a type I dynamic kinetic asymmetric transformation (DyKAT).

Donor�acceptor (D�A) cyclopropanes are versatile
reagents for atom economical synthetic transformations.1

A particularly useful subset are those derived from 1,1-
dicarboxylate esters (or congeners) with vicinal carbon or
heteroatom donors. Under Lewis acid catalysis, these
materials function as homo-Michael acceptors in ring-

opening reactions2 and as zwitterion equivalents in (3þ n)-
annulations.3 Productive oligomerization pathways4 and
umpolung reactivity modes have also emerged.5 Mechan-
istically, D�A cyclopropanes typically undergo stereo-
specific reaction through configurationally stable activated
‘ion pair’ intermediates, resulting in inversion at the donor
site.6 As such, chirality transfer has been demonstrated in a
number of settings through deployment of optically active
cyclopropanes.2a,b,7 By contrast, more desirable strategies
to access enantioenriched products without preinstallation
ofdonor configurationare relatively rare.To this end, kinetic
resolutions of racemic cyclopropanes have been achieved
with nitrones,8 amines,9 and azomethine imines10 under
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chiral Lewis acid catalysis, while the Trost group have
reported ligand controlled enantioconvergent cycloaddi-
tions of vinyl-cyclopropanes and olefins via allyl-palladium
intermediates.11 In a different realm, our laboratory has
demonstrated that cyclopropanes bearing donors with
electron-releasing substituents are suitable substrates
for type I dynamic kinetic asymmetric transformations
(DyKAT’s)12 by virtue of their increased rate of config-
urational inversion uponLewis acid association.13,14Here-
in, we now report the extension of our catalytic system
developed previously for DyKAT annulations of racemic
cyclopropanes 1 and dipolarophiles 2 to Friedel�Crafts
alkylation reactions (Figure 1).

The ubiquitous indole nucleophile15 was an ideal start-
ing point for these investigations. We were interested in
developing a homologue of the extensively studied asym-
metric conjugate addition of indoles to arylidinemalonates
and related carbonyl Michael acceptors,16 as a potential

entry tounderexplored chiral space.Additional inspiration
came fromKerr’s findings that indoles readily cleaveD�A
cyclopropanes under Lewis acid17 or H-bond activation18

in the racemic mode.

OuropeningexperimentwasperformedwithN-Me-indole
and cyclopropane 1a under our previously optimized condi-
tions for asymmetric cycloadditions (L1=(S,S)-4-Cl-(t-Bu)-
pybox),13a,b providing the desired alkylation product 5a in a
modest but encouraging 62.5:37.5 er (Table 1, entry 1).
Subsequent attempts to improve the enantioselectivity using
pybox and DBFOX ligands derived from other amino
alcohols were unsuccessful;19 thus we proceeded to explore
modulations of the N-protecting group (PG).20 We rea-
soned thatmore sterically encumbered and/or electronically
deactivating N-substituents would be required for the ob-
ligatory background ‘racemization’ of 1a to become com-
petitive with the rate of alkylation and began testing this
hypothesis with themoderately sized benzyl group (Table 1,
entry 2).After observing an increase in the er, we introduced
a second Ph group by way of the benzhydryl moiety, but
this change dramatically lowered the yield (entry 3). Not
surprisingly,18 the Boc group diminished the indole reactiv-
ity even further to the point that decomposition/oligomer-
ization of 1awas the sole reaction pathway (entry 4). Useful
levels of both yield and enantioselectivity were eventually

Figure 1. Proposed asymmetric Friedel�Crafts alkylation.

Table 1. Protecting Group Screeninga,b

entry PG (4) product yield (%)c erd

1 Me (4a) 5a 85e,f 62.5:37.5

2 CH2Ph (4b) 5b 77e,g 76:24

3 CHPh2 (4c) 5c 22 nd

4 Boc (4d) 5d 0 �
5 SiMe2Ph (4e) 5e 67e 91.5:8.5

6 SiMe2(t-Bu) (4f) 5f 76e 91:9

7 SiMe2(c-Hex) (4g) 5g 51 nd

8 SiEt3 (4h) 5h 61 nd

9 Si(i-Pr)3 (4i) 5i 35 nd

aReactions performed with 1.0 equiv of 1a ([1a]0 = 0.05 M) and
1.5�1.7 equiv of 4. b 100% consumption of 1a in <24 h in all cases.
cDetermined by 1H NMR spectroscopy with mesitylene as the internal
standard. dDetermined by chiral HPLC analysis. e Isolated yield. fThe
(3þ 2)-annulation product was also isolated in 10% yield. gThe (3þ 2)-
annulation product was also isolated in 16% yield.
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obtaineduponexperimentationwith silylPGs (entries 5�9),
with TBS providing optimal results (entry 6).21

Having established TBS as a suitable PG, we proceeded
to examine a set of 4-X-(t-Bu)-pybox ligands (Table 2,
entries 1�5).Consistentwithourprevious studies,13optimum
results were obtained with halo substitution, although the
notably higher yield with L2 (X=Br, entry 2) made this the
particular ligand of choice for further experimentation.22,23

We continued by reducing the indole equivalents from 1.7
to 1.1 (entry 6) or using the indole as the limiting reagent
(entry 7); however, these alterations provided no advantage.
In our previous experience,13b deviations from dimethyl ester
activation have produced comparable but inferior results;
thus wewere not surprised to re-encounter this trendwith the
dibenzyl analogue 1b (Table 2, entry 8). In this alkylation
manifold, however, a notable increase in er occurred with the
diisopropyl ester 1c (entry 9), although ultimatelywe chose to
continue with dimethyl malonate-derived cyclopropanes due
to yield considerations.

With optimized conditions established, the scope of
the asymmetric Friedel�Crafts alkylation was examined
(Figure 2). A range of indoles with electronically diverse
substituents provided the desired enantioenriched alkyla-
tion products.24 Yields were generally high with the excep-
tion of electron-deficient indoles bearing halo or ester

substituents.25 In these instances, the slower rates of alkyla-
tion led to a greater extent of unproductive decomposition
of 1a. More sterically demanding 2- and 7-methylindoles
were well tolerated. In the former case a marginal decrease
in enantioselectivity occurred, presumably as a consequence
of the increased indole nucleophilicity.18 As observed
by Kerr26 and Ila,27 the presence of a 3-methyl substituent
induced cyclization of the putative intermediate giving
pentannulation product 5s in a useful er, albiet in modest
yield and with endo diastereoselectivity.28

Dynamic cyclopropane reactivity was extended to sub-
strates bearing thienyl (1d), benzo[d][1,3]dioxol-5-yl (1e),

Table 2. Additional Optimization Studiesa,b

entry R0 (1) product L yield (%)c erd

1 Me (1a) 5f L1 76e 91:9

2 Me (1a) 5f L2 81f 90.5:9.5

3 Me (1a) 5f L3 53 83:17

4 Me (1a) 5f L4 81 86:14

5 Me (1a) 5f L5 72 85:15

6g Me (1a) 5f L2 73 89.5:10.5

7h Me (1a) 5f L2 69i 90.5:9.5

8 Bn (1b) 5j L2 80e 90:10

9 i-Pr (1c) 5k L2 75e 94.5:5.5j

aReactions performed with 1.0 equiv of 1 ([1]0 = 0.05 M) and 1.7
equiv of 4f. b 100%consumption of 1 in<24 h in all cases except entry 7.
cDetermined by 1H NMR spectroscopy with mesitylene as the internal
standard. dDetermined by chiral HPLC analysis. e Isolated yield from a
single trial. fAverage isolated yield of two trials. gWith 1.1 equiv of N-
TBS-indole. hWith 2.0 equiv of 1a and 1.0 equiv of 4f. i Isolated yield
based on indole. jEr of TBS-deprotected derivative.

Figure 2. Substrate scope.a

(22) See the Supporting Information for solvent screening results.
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(24) Only traces of (3þ 2)-annulation products were observed. These

impurities were easily removed by flash chromatography (higher Rf).
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bromoindole provided the alkylation product in 64% yield and 86:14 er.
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styrenyl (1f), and furanyl (1g) donors, all of which in fact
provided alkylation products with higher enantiopurity than
obtainedwith test substrate 1a. Among these, 1dprovided the
best results (upto96%yieldand97:3er).Ofnote, all reactions
proceeded with complete cyclopropane consumption within
24 h, with the exception of those giving 5s and 5v, which
required ca. 3 d. All products were stable to silica gel
chromatography, and subsequentTBS-deprotectionwas rou-
tine with aqueous acid.29 Exemplary secondary transforma-
tions have been documented for racemic analogues.17a,18,26a

Under the optimized conditions, we have thus far been
unable to effectively alkylate N-TBS-indole with electron-
rich cyclopropanes bearing 2-OMePh and phthalimido30

substituents (Figure 3). In both cases cyclopropane reac-
tivity is sluggish, presumably due to steric shielding of the
electrophilic site. In contrast, with nitrogen-bearing carbon-
based donors including 4-NMe2Ph

4a and N-Bn-indol-
3-yl,4b cyclopropane decomposition has been problematic
(Figure 3). Other aryl nucleophiles in combination with 1a

as an alkyating agent have also been explored, albeit with
limited success. Furan and thiophene are unreactive, while
N-Bn- and N-TBS-pyrroles have provided low yields
(30�40%) of alkylation products as regioisomeric mixtures
arising from substitution at both the 2- and 3-positions of
the pyrrole ring.
Our previous mechanistic studies13 of L1/L2•MgI2 cat-

alyzed formal cycloadditions have elucidated a type I
DyKAT whereby nucleophilic attack occurs on the tran-
sient cyclopropane (S)-1 to furnish products of donor site

inversion.31 In accord with this precedent, a crystal of
alkylation product 5f (generated from an enriched sample
of 98:2 er)was determined tohave the (R)-configurationby
X-ray crystallography.32,33 To gain further insight, phenyl-
cyclopropane 1hwas utilized as amechanistic probe owing
to its configurational stability to Lewis acids (Table 3).13Not
surprisingly, deployment of racemic-1h under the standard
conditions resulted in a kinetic resolution whereby enriched
(R)-1h was returned, while stereospecific alkylations were
observedwith the (S) and (R) enantiomers. A significant rate
preference was conferred for (S)-1h.
Taken collectively with our previous data13 and Kerr’s

findings,34 these results point conclusively toward an en-
antioconvergent Friedel�Crafts alkylation proceeding
by a type I DyKAT, whereby stereospecific nucleophilic
trapping of the Lewis acid activated (S)-cyclopropane
occurs through a transient diastereomic intermediate.
In summary, we have reported a dynamic kinetic asym-

metric Friedel�Crafts alkylation of indoles with D�A
cyclopropanes, providing homo-Michael adducts in moder-
ate to high enantiopurity. The identification of TBS as a
suitable PG ensured the smooth transition of our previously
established DyKAT conditions to this alkylation setting.
Efforts to uncover new stereoselective transformations of
D�A cyclopropanes are ongoing in our laboratory.
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Figure 3. Unsuccessful cyclopropane donors.a

Table 3. Stereochemical Experimentsa

cyclopropane

conversion

(%)b
yield

(%)b
er recovered

1h (R:S)c
er 5z

(R:S)c,d

rac-1h 61 49 94:6 86.5:13.5

S-1h 87 75 7.5:92.5 >99.5:0.5

R-1h 16 10 >99.5:0.5 3:97

aReactions performed with 1.0 equiv of 1h ([1h]0 = 0.05 M) and 1.7
equiv of 4f. bDetermined by 1H NMR spectroscopy with mesitylene as
the internal standard. cDetermined by chiral HPLC analysis. dEr of
TBS-deprotected derivative.
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