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ABSTRACT: Catalytic asymmetric synthesis of axially
chiral o-iodoacrylanilides and N-allyl-o-iodoanilides as
useful chiral building blocks was achieved via chiral
quaternary ammonium salt-catalyzed N-alkylations under
phase-transfer conditions. The transition-state structure for
the present reaction is discussed on the basis of the X-ray
crystal structure of ammonium anilide.

Axially chiral anilides have received much attention in
recent years as attractive atropisomeric compounds

possessing an N−Ar chiral axis.1 Many interesting properties
of axially chiral anilides have been reported not only in the field
of organic chemistry2,3 but also in peptoid chemistry.4

Furthermore, the structure of axially chiral anilides is observed
in biologically active compounds such as metolachlor5 and
methaqualone;6 hence, the development of methods for
enantioselective synthesis of these axially chiral anilides is an
important task for organic chemistry. Although several
examples of catalytic asymmetric synthesis of axially chiral
anilides have been reported,7,8 the structure of the products is
mainly limited to o-tert-butylanilides 1 possessing a bulky
tert-butyl group to obtain high enantioselectivities (Figure 1).7

For this reason, the development of novel catalytic asymmetric
methods for the synthesis of different types of axially chiral
anilides is highly desirable.
Our target structures of axially chiral anilides in catalytic

asymmetric synthesis are o-iodoacrylanilides 2 and N-allyl-o-
iodoanilides 3 (Figure 1), which are useful chiral building blocks
for organic synthesis. Although the synthetic utility of these
chiral compounds has been elegantly demonstrated by Curran in
the chemistry of memory of axial chirality,3,9 optical resolution
or a stoichiometric amount of chiral reagent is required to
obtain the optically active axially chiral anilides, and the cata-
lytic asymmetric methods for the synthesis of these compounds

are still unknown. Here we report a valuable example of
catalytic asymmetric synthesis of axially chiral o-iodoanilides via
phase-transfer catalyzed N-alkylations.10,11

We first examined the screening of binaphthyl-modified
chiral ammonium salts (S)-512 as phase-transfer catalysts for
asymmetric alkylation of o-iodoacrylanilide 4 (Table 1). At-
tempted reaction of o-iodoacrylanilide 4a and benzyl bromide
with solid KOH (2.0 equiv) in diisopropyl ether13 under the
influence of catalyst (S)-5a or (S)-5b (2 mol %) at 0 °C for 24 h
afforded the axially chiral o-iodoacrylanilide 2a in high yields
with moderate enantioselectivities (34−52% ee, Table 1, entries
1 and 2). Switching the catalyst to (S)-5c and (S)-5d, which
possess radially extended aromatic substituents (Ar), improved
the enantioselectivities, and the product 2a was obtained with
good enantioselectivities (82−83% ee, entries 3 and 4). Next,
the effect of alkyl chain length (R) in catalyst (S)-5 was
carefully examined (entries 4−8), and the catalyst (S)-5f
possessing hexyl groups gave higher enantioselectivity (89% ee,
entry 6). This was not improved by the screening of solvents
(entries 9−13). The highest enantioselectivity was attained
when lower temperature (−20 °C) was employed in
diisopropyl ether as a solvent with catalyst (S)-5f (90% ee,
entry 14). The absolute configuration of product 2a was
determined by X-ray diffraction (XRD) analysis.14,15

With these optimum reaction conditions in hand, we
studied the substrate generality of asymmetric alkylation of
o-iodoacrylanilides 4 under the influence of chiral phase-transfer
catalyst (S)-5f (Scheme 1). Various types of o-iodoacrylanilides 4
were found to be employable for the reaction to give axially chiral
anilides 2a−2d in good to high enantioselectivities (80−96% ee).
Furthermore, a series of alkyl halides were tolerated
in this reaction, thus allowing the preparation of structurally
diverse, enantioenriched axially chiral o-iodoacrylanilides (2e−2h,
80−92% ee). The introduction of different substituents at the
ortho- and para-positions (X and Y) of anilide 4 also worked well
to give high enantioselectivities (2i−2l, 92−95% ee).16

To expand the utility of this synthetic method, we also
examined asymmetric allylation of o-iodoanilides 6 to give
axially chiral N-allyl-o-iodoanilides 3 as useful chiral building
blocks (Scheme 2).3 Not only allyl bromide but also crotyl
bromide and methallyl bromide were employable for the
reaction to give axially chiral anilides 3a−3d in good to high
enantioselectivities (88−90% ee). The allyl bromide possess-
ing a functional group was also employable for the reaction
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Figure 1. Axially chiral anilides.
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(3e, 93% ee). The absolute configuration of product 3a was
confirmed by comparison of the optical rotation with the liter-
ature value.3b,16

The obtained axially chiral products can be readily trans-
formed to other useful compounds (Scheme 3). For example,
axially chiral N-allyl-o-iodoanilide 3b was transformed to
3-methyl indoline 7 via radical cyclization with high chirality
transfer from axial chirality to C-centered chirality.3b Further-
more, o-iodoanilide 2a was transformed to axially chiral phos-
phine oxide 8, which was attractive precursor for the design of
novel chiral ligands and catalysts,17 without any loss of stereo-
information.3g

To obtain insight into the transition-state structure for the
present enantioselective synthesis of axially chiral anilides, we
tried XRD analysis of ammonium anilides prepared from chiral
ammonium bromides (S)-5 and o-iodoanilides 6. Several kinds
of ammonium anilides were prepared to obtain crystals suitable
for XRD analysis, and we finally succeeded in obtaining a
single-crystal X-ray structure of (S)-5i, which was prepared
from an ammonium bromide (S)-5a and o-iodoanilide 6
(Ar = Ph).18 The crystal structure of (S)-5i provides important
structural information. The bond lengths of the amide moiety

(O−C, 1.348 Å; N−C, 1.351 Å) indicate that the negative
charge of the anilide anion is delocalized as shown in Figure 2.15

Based on the X-ray crystal structure of (S)-5i, plausible
transition-state models (A and B) have been proposed to
account for the absolute configuration of products 2 and 3
(Figure 2). The transition state A might be more favorable than
B to avoid steric repulsion between aryl group (Ar) on (S)-5
and iodide on anilide anion (A ≫ B in Figure 2). The
binaphthyl unit of catalyst (S)-5 completely shielded the back
side of the anilide anion, allowing alkyl halide to approach from
the front in transition state A, leading to products 2 and 3 with
the observed absolute configurations. This explanation of the
steric effect of aryl group (Ar) on catalyst (S)-5 to obtain high
enantioselectivities was supported by the results in Table 1,
which were radially extended bulky aromatic substituents (Ar)

Table 1. Optimization of the Reaction Conditionsa

entry catalyst solvent yield (%)b ee (%)c

1 (S)-5a i-Pr2O 86 52
2 (S)-5b i-Pr2O 90 34
3 (S)-5c i-Pr2O 77 82
4 (S)-5d i-Pr2O 82 83
5 (S)-5e i-Pr2O 97 88
6 (S)-5f i-Pr2O 85 89
7 (S)-5g i-Pr2O 83 87
8 (S)-5h i-Pr2O 98 85
9 (S)-5f toluene 72 82
10 (S)-5f CCl4 85 73
11 (S)-5f Et2O 83 83
12 (S)-5f CPMEd 78 83
13 (S)-5f t-BuOMe 89 70
14e (S)-5f i-Pr2O 83 90

aReaction conditions: 4a (0.050 mmol), benzyl bromide (0.060 mmol),
and solid KOH powder (0.10 mmol) in the presence of (S)-5 (2 mol %)
in solvent (1.0 mL) at 0 °C for 24 h. bYield of isolated products.
cDetermined by chiral HPLC analysis. dCPME = cyclopentyl methyl
ether. eReaction was performed at −20 °C.

Scheme 1. Asymmetric Alkylation of o-Iodoacrylanilides 4
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on catalyst (S)-5, which gave the higher enantioselectivities
(entries 3,4 vs 1,2 in Table 1).
The discussion on transition-state structure in Figure 2

indicates that the catalyst (S)-5 recognizes the steric difference
between iodide and methyl groups as ortho-substituents on
anilide. Based on this hypothesis, the size effect of ortho-
substituent on o-iodoanilide was investigated by introducing
different halogens (X) to the ortho-position of o-iodoanilide 4
(Scheme 4). A clear size effect of ortho-substituent on enantio-
selectivities was observed (F > Cl > Br),19 and the results
strongly supported our hypothesis.
In summary, we have successfully developed catalytic asym-

metric synthesis of axially chiral o-iodoanilides as synthetically

useful compounds. Furthermore, the transition-state structure of
the present reaction has been discussed on the basis of the X-ray
crystal structure of ammonium anilide. Future studies will be
directed toward further expansion of the reaction scope.
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A.; Fröhlich, R.; Grimme, S.; Studer, A.; Curran, D. P. J. Am. Chem.
Soc. 2011, 133, 16270.
(4) Paul, B.; Butterfoss, G. L.; Boswell, M. G.; Renfrew, P. D.; Yeung,
F. G.; Shah, N. H.; Wolf, C.; Bonneau, R.; Kirshenbaum, K. J. Am.
Chem. Soc. 2011, 133, 10910.
(5) (a) Blaser, H.-U. Adv. Synth. Catal. 2002, 344, 17. (b) Blaser,
H.-U.; Pugin, B.; Spindler, F.; Thommen, M. Acc. Chem. Res. 2007, 40,
1240.
(6) Mannschreck, A.; Koller, H.; Stühler, G.; Davies, M. A.; Traber, J.
Eur. J. Med. Chem. Chim. Ther. 1984, 19, 381.
(7) (a) Kitagawa, O.; Kohriyama, M.; Taguchi, T. J. Org. Chem. 2002,
67, 8682. (b) Terauchi, J.; Curran, D. P. Tetrahedron: Asymmetry 2003,
14, 587. (c) Kitagawa, O.; Yoshikawa, M.; Tanabe, H.; Morita, T.;
Takahashi, M.; Dobashi, Y.; Taguchi, T. J. Am. Chem. Soc. 2006, 128,
12923. (d) Duan, W.-L.; Imazaki, Y.; Shintani, R.; Hayashi, T.
Tetrahedron 2007, 63, 8529. (e) Lin, S.; Leow, D.; Huang, K.-W.; Tan,
C.-H. Chem. Asian J. 2009, 4, 1741. (f) Clayden, J.; Turner, H.
Tetrahedron Lett. 2009, 50, 3216. (g) Liu, H.; Feng, W.; Kee, C. W.;
Leow, D.; Loh, W.-T.; Tan, C.-H. Adv. Synth. Catal. 2010, 352, 3373.
(h) Ototake, N.; Morimoto, Y.; Mokuya, A.; Fukaya, H.; Shida, Y.;
Kitagawa, O. Chem.−Eur. J. 2010, 16, 6752.
(8) (a) Tanaka, K.; Takeishi, K.; Noguchi, K. J. Am. Chem. Soc. 2006,
128, 4586. (b) Brandes, S.; Niess, B.; Bella, M.; Prieto, A.; Overgaard,
J.; Jørgensen, K. A. Chem.−Eur. J. 2006, 12, 6039. (c) Tanaka, K.;
Takahashi, Y.; Suda, T.; Hirano, M. Synlett 2008, 1724. (d) Oppenheimer,
J.; Johnson, W. L.; Figueroa, R.; Hayashi, R.; Hsung, R. P. Tetrahedron
2009, 65, 5001.
(9) For reviews on memory of chirality, see: (a) Kawabata, T.; Fuji,
K. J. Synth. Org. Chem., Jpn. 1994, 52, 51. (b) Kawabata, T.; Fuji, K.
Top. Stereochem. 2003, 23, 175. (c) Zhao, H.; Hsu, D. C.; Carlier, P. R.
Synthesis 2005, 1. (d) Kawabata, T. ACS Symp. Ser. 2009, 1009, 31.
(10) For recent reviews on asymmetric phase-transfer catalysis, see:
(a) O’Donnell, M. J. Aldrichimica Acta 2001, 34, 3. (b) Maruoka, K.;
Ooi, T. Chem. Rev. 2003, 103, 3013. (c) O’Donnell, M. J. Acc. Chem.
Res. 2004, 37, 506. (d) Lygo, B.; Andrews, B. I. Acc. Chem. Res. 2004,

37, 518. (e) Vachon, J.; Lacour, J. Chimia 2006, 60, 266. (f) Ooi, T.;
Maruoka, K. Angew. Chem., Int. Ed. 2007, 46, 4222. (g) Ooi, T.;
Maruoka, K. Aldrichimica Acta 2007, 40, 77. (h) Hashimoto, T.;
Maruoka, K. Chem. Rev. 2007, 107, 5656. (i) Maruoka, K. Org. Process
Res. Dev. 2008, 12, 679. (j) Jew, S.-s.; Park, H.-g. Chem. Commun.
2009, 7090. (k) Maruoka, K. Chem. Rec. 2010, 10, 254.
(11) Phase-transfer catalyzed asymmetric N-alkylation using alkyl
halides with modest enantioselectivities: (a) Julia,́ S.; Ginebreda, A.;
Guixer, J. J. Chem. Soc., Chem. Commun. 1978, 742. (b) Julia,́ S.;
Ginebreda, A.; Guixer, J.; Masana, J.; Tomaś, A.; Colonna, S. J. Chem.
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