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Chiral double-stranded helicates, formed between Cu(I) ion and
Cy-symmetric oligopyridines, were used for catalytic asym-
metric cyclopropanation of alkenes; low catalyst loadings
(0.2 mol%), high TONs (up to 404) and short reaction times
(3060 min) were achieved with [Cu,l,]JOTf, (L = chiral
Cy-symmetric terpyridine).

Double-stranded helicates, a paradigmatic branch of supramole-
cular structures exhibiting helical topology, have received great
attention over the past two decades and numerous examples have
appeared.! Much research has been devoted to the understanding
of the self-assembly process.” Potential applications in areas as
varied as anticancer drugs,’ DNA binding,* liquid crystalline
materials,’ supramolecular functional devices,’ and host—guest
interactions’ have appeared. Although helicates are chiral, para-
doxically, their use in asymmetric catalysis has not been explored.

Copper(I) ions form air-stable double-stranded dinuclear
helicates with quaterpyridinesg’9 and terpyridines (tpy)10 2 in
various coordination modes. Stereoselective synthesis of Cu
helicates could be achieved with the use of chiral ligands.'®"
Trinuclear Cu(l) helicates of quinquepyridine have also been
reported but are much less studied.**!* Cu(1) complexes are well-
known active catalysts in a number of important asymmetric
reactions,'® and herein we report several air-stable chiral double-
stranded Cu(I) helicates with C,-symmetric terpyridines L1-3 and
quinquepyridines 14-5, and their application in asymmetric
cyclopropanation.

New ligands L4-5 were synthesized by Pd-catalyzed Stille cross-
coupling reactions (Scheme 1). Helicate formations with ligands
L1-3' and 14-5 were investigated with different Cu(D)X salts
(X = PF¢ , OTf and ClO4").f The combination of elemental
analysis and ESI-MS confirmed bimetallic complexes, of formula
[CuLo]X,, with L1-3; and trimetallic complexes, of formula
[CusL,]X5, with L4; although attempted isolation of trinuclear
Cu(1) with L5 only led to corresponding binuclear Cu helicate
[Cu,L5,*". All double-stranded helicates are stable red solids
which did not oxidize to Cu(I) even after prolonged storage in air.

NMR studies of crude [Cu,L1,]** showed two sets of
resonances, which corresponded to P/M diastereomers of 29% de.
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Scheme 1 Syntheses of 14-5.

Using more bulky methyl or n-butyl groups dramatically enhanced
the selectivities to 89% and 95% de, respectively. The trinuclear
helicates [CusL4o** showed 79% de, but [Cu,L5,]*" gave 30% de
only. Since the enantiopurities of chiral helicates are important in
preparing a chiral catalyst, all complexes were purified as a single
diastereomer (>95%) upon repeated recrystallization. The helical
structures of the Cu(I) helicates were further examined in solution
by CD experiments. For example, the Cu(I) helicates of L1, L4 and
L5 showed strong absorption (Cotton effect) in the region of 280
380 nm, indicating that the integrity is retained in solution (Fig. 1).

The crystal structure of double helical [Cu,L3,]*", together with
a space-filling representation, is shown in Fig. 2.7 The Cu(I) center
adopts a distorted trigonal planar geometry and the complex
exhibits almost a D,-symmetry with a rare {3 + 3} coordination.
The Cu---Cu distance is 2.536(1) A, which is the shortest among
reported tpy systems (2.57-2.63 A).!%12 In the case of [Cu,L5,]*
(Fig. 3),1 the geometries of the Cu(l) centers were perturbed by
weak interactions of terminal pyridines at the axial positions,
causing its structural parameters to be more like a pentacoordinate
Cu(1) complex with pseudo-trigonal bipyramidal geometry. The
Cu---Cu distance is 3.482(2) A. The two methyl substituted groups
of sterically demanding L5 are in close proximity (C---C contacts:
3.81(1)-3.83(1) A), which may render the coordination environ-
ment for the formation of trimetallic complexes unfavorable. The
solid state structures of [Cu,L3,]*" and [Cu,L5,]** both revealed
stereoselective formation of P-helix.

The Cu(l) complexes were tested in the asymmetric cyclo-
propanation of styrene with ethyl diazoacetate (EDA). Helicate
[Cu,L2,](OTf), showed unusual reactivities in air (Table 1,
entry 1), but a better result was achieved under nitrogen.
Consistent with a previous report, the use of OTf ™ salt gave the
best yields and enantioselectivities.!” By employing a more con-
ventional slow addition method,!” the reaction completed in 4 h
and afforded a 92% isolated yield of cyclopropane (Table 1,
entry 3). The trinuclear double helix is also active; under the same
conditions, [Cu;L4,](OTf); gave good yield but required longer
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Fig. 1 CD spectra of [Cuy(L1),J(ClOy), (1.92 x 1074 M) (—),
[Cus(L4),](ClO4)5 (1.22 x 107> M) (—) and [Cun(L5)J(PFe), (127 x
107* M) (--) in CH,Cl,.

Fig. 2 Crystal structure and space-filling model of cationic double
helicate [Cu,L3,]*".

Fig. 3 Crystal structure and space-filling model of cationic double
helicate [Cu,L5,]*".

Table 1 Double helical Cu(1) helicates for asymmetric cyclopropanation

7 <5|005t+P:; ;gooa

Cu(l) helicate
EEE—

PO Epa crgclnt P
cis trans
% ee?

Yield®  Chemo- -
Entry Helicate (Yo) selectivity”  cis : rans® cis  trans
14/ [Cu,L2,]*" 53 3.1:1 43 : 57 65 63
b [Cu,L2,]*" 66 3.6:1 43 : 57 7371
3¢ [Cu, L2, 92 51:1 39 : 61 84 74
4" [Cu,L2,* 93 12.1:1 43 : 57 83 76
5t [Cu L1, 67 20:1 28 : 72 15 30
6" [CwL3,** 45 1.8:1 45:55 23 52
784 [CusL4,]*" 96 58:1 34 : 66 14 31

“JIsolated yields based on the expected products. * Cyclopropanes :
coupling products. ¢ Determined by GC-FID. ¢ Determined by chiral
HPLC: cis-cyclopropane was §1R,2.S'), trans-cyclopropane was
(1R,2R). ¢ Result obtained in air.” One pot addition of EDA. ¢ Slow
addition of EDA for 4 h into the catalytic mixture. ” Slow addition
of EDA-styrene (1 : 4) for 0.5 h into the catalytic mixture.
" Required 16 h for complete reaction.

reaction time for completion (Table 1, entry 7). [Cu,L5,]J(OTf),
afforded less than 5% yield of cyclopropanes.'®

Since [Cu,L2,](OTf), gave the best result, conditions were
modified to explore its catalytic behavior. In contrast to the
prolonged EDA addition time (4 h) generally required to reduce
the formation of coupling products in cyclopropanation, we found
the helical complex to be very active: a loading of 0.2 mol%
complex and one pot addition of EDA completely consumed all
EDA and afforded cyclopropane/coupling product in 20 min. By
adding EDA-styrene in a ratio of 1 : 4 to the solution of Cu
helicates for 30 min, the coupling product was suppressed to 7%
and the yield of cyclopropane improved to 93% (Table 1, entry 4).
The turnover number (TON) reached 404 and good enantioselec-
tivities for both cis- (83%) and trans-cyclopropanes (76%) were
observed. Longer EDA addition time and higher EDA/styrene
ratio yielded no further improvement. Dramatically, Cu(I)
helicates of L1 and L3 gave much lower % yield and % ee
(Table 1, entries 5 and 6).

Under optimum conditions, several alkenes were employed to
determine the substrate scope of [Cu,L2,J(OTf), (Table 2). At a
catalyst : EDA : alkene ratio of 1 : 500 : 2000, the complex
catalyzed a wide range of substrates with high TON and good
enantioselectivities under nitrogen. Steric hindrance at the p-posi-
tion of the styrene greatly affected the reactivities: both cis- and
trans-B-methyl styrenes gave lower reaction yields, albeit that high
levels of enantioselectivities were maintained. Most reactions
finished in 30 min. Although generally less reactive towards
cyclopropanation, with difficult substrates, such as 1-hexene and
dienes, the catalytic reactions were completed within 1 h with high
TON and moderate to good enantioselectivities.

Although the mechanism of the catalytic cyclopropanation
is still unclear at this stage, however, preliminary experiments
looking at the reaction of [Cu,L2,J(OTf), with cyclohexyl
isocyanides gave a solid that showed positive ions at m/z 1282
([Cu,L25(CNCgH;,)OTH]'™") in ESI-MS and strong absorptions
in its CD spectrum. Similar results were also found for
[CusL4,)(OTf);. These observations suggest that these Cu(l)
helicates contained at least one vacant site for catalysis.
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Table 2 Asymmetric cyclopropanation of alkenes by [Cu,L2,](OTf),"

. % ee®
% Yield

Chemo-
(TON)/) d

Entry Alkene selectivity®  cis : trans® cis  trans

1 @/\ 93 (404) 12.1:1 43 : 57 83 76
2 /@/\ 91 (406) 16: 1 38 : 62 78 76
3 @/\ 93 (365) 6.8:1 36 : 64 77 80
Cl
& m 86 (240) 2.2:1 18 : 82 83 57
5 ©/\v 73 (130) 0.8:1 29 : 71 83 19
6 86 (394) 9.3:1 47 : 53 88 76
7 Ph>: 87 (365) 9.3:1 — 74
Ph
8 CyHoH 83 (212) 1.7:1 47 :53 68 19
9 > g 86 (316) 4.7:1 49 : 51 68 33
10" m 72(172) 13:1 39 : 61 66 31

“ Conditions: 0.2 mol% cat (6.25 mM) in CH,Cl, at rt, slow
addition of 1 : 4 of EDA and olefin mixture over 30 min. ° Isolated
cyclopropanes based on expected products. ¢ Cyclopropanes
couplin§ products. ¢ Determined by GC-FID. ¢ Determined by chiral
HPLC:™ for entries 1-3 and 6, cis-cyclopropanes were (1R,2S),
trans-cyclopropanes were (1R,2R); entry 7, the absolute configura-
tion was (1R). Others were not determined. / Required 60 min for
complete reaction.

In conclusion, we have prepared several new double-helical
Cu(1) helicates with chiral oligopyridines L.1-5 and applied some of
them in asymmetric cyclopropanation. This represents the first
application of double-stranded helicate in asymmetric catalysis.
The nature of the active intermediates and the utilities of helical
systems in other asymmetric reactions are under active investiga-
tion in our group.
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12119 unique, Ry = 0.1380, R, = 0.0654 (I, > 20(I,)) and 0.1456 (for all
data), wR, = 0.1432 (I, > 20(l,)) and 0.1760 (for all data). Flack
parameter = 0.007(18). CCDC 651264. Crystal data: (Cu,L5,)(PF)s:
CgoHg,Cu,FoNyoP>, M = 1624.60, monoclinic, space group P121,
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Ry = 0.0782, R, = 0.0535 (I, > 20(I,)) and 0.0819 (for all data),
wR, = 0.1354 (I, > 20(l,)) and 0.1535 (for all data). Flack
parameter = —0.002(12). CCDC 651265. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b713010d

1 (a) J-M. Lehn, Supramolecular Chemistry: concepts and perspectives; a
personal account, VCH, Weinheim, 1995; (b) M. Albrecht, Chem. Rev.,
2001, 101, 3457; (c¢) C. Piguet, G. Bernardinelli and G. Hopfgartner,
Chem. Rev., 1997, 97, 2005; (d) W. Zarges, J. Hall and J.-M. Lehn, Helv.
Chim. Acta, 1991, 74, 1843.

2 (a) J.-M. Lehn, A. Rigault, J. Siegel, J. Harrowfield, B. Chevrier and
D. Moras, Proc. Natl Acad. Sci. U. S. A., 1987, 84, 2565; (b)
T. M. Garrett, U. Koert, J-M. Lehn, A. Rigault, D. Meyer and
J. Fischer, J. Chem. Soc., Chem. Commun., 1990, 557; (¢) C. R. Woods,
M. Benaglia, F. Cozzi and J. S. Siegel, Angew. Chem., Int. Ed. Engl.,
1996, 35, 1830; (d) L. J. Childs, N. W. Alcock and M. J. Hannon,
Angew. Chem., Int. Ed., 2002, 41, 4244; (¢) R. F. Carina, G. Bernardinelli
and A. F. Williams, Angew. Chem., Int. Ed. Engl, 1993, 32, 1463; (f)
C. Piguet, G. Bernardinelli, B. Bocquet, A. Quattropani and
A. F. Williams, J. Am. Chem. Soc., 1992, 114, 7440.

3 A. C. G. Hotze, B. M. Kariuki and M. J. Hannon, Angew. Chem., Int.
Ed., 2006, 45, 4839.

4 M. J. Hannon, V. Moreno, M. J. Prieto, E. Moldrheim, E. Sletten,

I. Meistermann, C. J. Isaac, K. J. Sanders and A. Rodger, Angew.

Chem., Int. Ed., 2001, 40, 880.

(a) A. El-ghayoury, L. Douce, A. Skoulios and R. Ziessel, Angew.

Chem., Int. Ed., 1998, 37, 2205; (b) C. Tschierske, Angew. Chem., Int.

Ed., 2000, 39, 2454.

6 F. Cardinalli, H. Mamlouk, Y. Rio, N. Armaroli and

J.-F. Nierengarten, Chem. Commun., 2004, 1582.

(a) A. Bilyk and M. M. Harding, J. Chem. Soc., Dalton Trans., 1994, 77;

(b) A. Bilyk and M. M. Harding, J. Chem. Soc., Chem. Commun., 1995,

1697; (¢) G. Bokolinis, T. Riis-Johannessen, L. P. Harding, J. C. Jeffery,

N. McLay and C. R. Rice, Chem. Commun., 2006, 1980.

8 J.-M. Lehn, J. P. Sauvage, J. Simon, R. Ziessel, C. Piccinnileopardi,
G. Germain, J. P. Declercq and M. Vanmeerssche, New J. Chem., 1983,
7, 413.

9 (a) K. T. Potts, M. Keshavarz-K, F. S. Tham, H. D. Abrufia and
C. Arana, Inorg. Chem., 1993, 32, 4422; (b) E. C. Constable,
F. R. Heirtzler, M. Neuburger and M. Zehnder, Chem. Commun.,
1996, 933; (¢) E. C. Constable, F. Heirtzler, M. Neuburger and
M. Zehnder, J. Am. Chem. Soc., 1997, 119, 5606.

10 G. Baum, E. C. Constable, D. Fenske, C. E. Housercroft and T. Kulke,
Chem. Commun., 1997, 489.

11 E. C. Constable, A. J. Edwards, M. J. Hannon and P. R. Raithby,
J. Chem. Soc., Chem. Commun., 1994, 1991.

12 K. T. Potts, M. Keshavarz-K, F. S. Tham, H. D. Abrufia and C. Arana,
Inorg. Chem., 1993, 32, 4450.

13 (a) G. Baum, E. C. Constable, D. Fenske, C. E. Housecroft, T. Kulke,
M. Neuburger and M. Zehnder, J. Chem. Soc., Dalton Trans., 2000,
945; (b) G. Baum, E. C. Constable, D. Fenske and T. Kulke, Chem.
Commun., 1997, 2043; (¢) G. Baum, E. C. Constable, D. Fenske,
C. E. Housecroft and T. Kulke, Chem.—Eur. J., 1999, 5, 1862.

14 K. T. Potts, M. Keshavarz-K, F. S. Tham, H. D. Abruna and C. Arana,
Inorg. Chem., 1993, 32, 4436.

15 E. N. Jacobsen, A. Pfaltz and H. Yamamoto, Comprehensive
Asymmetric Catalysis, Springer, Berlin, 1999, vol. 1-3.

16 (a) M. Ziegler, V. Monney, H. Stoeckli-Evans, A. von Zelewsky,
1. Sasaki, G. Dupic, J.-C. Daran and G. G. A. Balavoine, J. Chem. Soc.,
Dalton Trans., 1999, 667; (b) H.-L. Kwong and W.-S. Lee, Tetrahedron:
Asymmetry, 2000, 11, 2299.

17 D. A. Evans, K. A. Woerpel, M. M. Hinman and M. M. Faul, J. Am.
Chem. Soc., 1991, 113, 726.

18 Analogous dinuclear double helical quaterpyridine copper complexes
also gave similar results.

19 The absolute configurations of cyclopropanes were determined via
literature methods: (¢) H. Nishiyama, Y. Itoh, Y. Sugawara,
H. Matsumoto, Y. Aoki and K. Itoh, Bull. Chem. Soc. Jpn., 1995, 68,
1247; (b) H. Fritschi, U. Leutenegger and A. Pfaltz, Helv. Chim. Acta,
1988, 71, 1553; (¢) J. E. Baldwin and C. G. Carter, J. Am. Chem. Soc.,
1982, 104, 1362.

i

-

This journal is © The Royal Society of Chemistry 2007

Chem. Commun., 2007, 5203-5205 | 5205



