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Designing new ligands: asymmetric cyclopropanation by Cu(I) complexesQ2

based on functionalised pyridine-containing macrocyclic ligands†
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The synthesis and characterisation of copper(I) complexes,
including two crystal structures of the new chiral pyridine-
containing macrocyclic ligands (PC-type), and their use
as catalysts in asymmetric cyclopropanation reactions are
reported.5

Copper complexes play an important role in asymmetric catalysis;
copper(I) rather than copper(II) was established as the active
catalyst in such valuable transformations as Cu-catalysed cyclo-
propanation, where diazo compounds were found to reduce Cu(II)
salts to Cu(I).1 Nevertheless Cu(I) complexes are challenging to10
synthesize and isolate due to the intrinsic instability of cuprous
compounds: under many conditions disproportionation of Cu(I)
to Cu(0) and Cu(II) is thermodynamically favoured. Due to the
reduced number of possible transition states, chiral C2-symmetric
bidentate ligands, i.e. semicorrin,2 bis(oxazoline),3 and bipyridine,415
have enjoyed remarkable success in copper-catalyzed asymmetric
cyclopropanation.5 Only recently have C1-symmetric N,N-ligands
been reported to give moderate results in these reactions.6 We
considered that C1-symmetric macrocyclic ligands, containing
topologically more constrained catalytic cavities, may lead to20
higher enantio- and diastereo-selectivities. Here we describe the
synthesis of a new chiral macrocyclic catalyst for the enantioselec-
tive cyclopropanation of olefins.

The pyridine-based 12 membered tetraaza macrocyclic (PC-
L*) ligands can be obtained in good overall yield, starting25
from commercially available chiral aryl amines according to
Scheme 1. Both enantiomers of the neutral ligands 1a and 1b
were synthesised and fully characterised.† The crucial step, i.e.
the macrocyclization, was run under heterogeneous conditions.7

This synthetic methodology allows one to avoid high dilution30
techniques and to obtain the 12 membered macrocycle in 70–
80% yields. Metal complex formation with ligands 1a and 1b were
investigated with different copper salts. Treatment of ligand 1a
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Scheme 1 Synthesis of the macrocyclic ligands (PC-L*).

with [Cu(OTf)]2·C7H8 gave a yellow Cu(I) complex that undergoes
oxidation readily. On the other hand, by layering with benzene a 35
dichloromethane solution of ligand 1b after treatment with an
equimolar amount of [Cu(OTf)]2·C7H8 a colourless crystalline
solid was obtained (Scheme 2). All the analytical data confirmed
the formation of a mono-metallic Cu(I) complex (45% yield) of
formula [Cu1b]·(OTf), 2b, which did not readily oxidize to Cu(II). 40

Scheme 2 Synthesis of 2b.

The solid state structure of complex 2b‡ (Fig. 1, left) shows
that the copper atom is placed in the large macrocyclic cavity
of the ligand, which has five potential coordination sites (the four
nitrogens and the naphthyl moiety) in a strongly distorted trigonal
bipyramidal geometry. Actually, in this complex the metal is only 45
tetra-coordinated since for steric reasons its position is shifted to
one side of the cavity, away from N4 (at a distance in excess of
2.8 Å, well above a regular Cu–N bond). The g2 coordination
mode of the naphthyl on copper(I)8 can explain not only the better
stability of the copper complex with ligand 1b with respect to 1a, 50
but also the higher enantioselectivities observed in the catalytic
cyclopropanation reactions with the former (see below). A low
symmetry is retained in solution, as shown by NMR studies.9 The
15N NMR spectrum shows a marked shift for the pyridinic nitrogen
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Fig. 1 Structure of compounds 2b (left) and 5b (right) (thermal ellipsoids are shown at 30% probability level; hydrogen atoms, clathrated solvent and
counter ion omitted for clarity). Selected bond distances (Å) and angle (◦) for 2b: Cu–N1 1.980(7), Cu–N2 2.151(6), Cu–N3 2.346(7), Cu–N4 2.820(9),
Cu–C1 2.017(8), Cu–C2 2.428(10), N3-Cu–N 4 140.1(3). Selected bond distances (Å) and angle (◦) for 5b: Cu–N1 2.058(4), Cu–N2 2.111(5), Cu–N3
2.567(4), Cu–N4 2.549(5), Cu–N5 1.898(5), N3-Cu–N 4 139.1(1).

atom (from 313 to 245 ppm), while the sp3 nitrogen atom bonded
to the asymmetric carbon is affected to a lesser extent (from 39 to
51 ppm).10

In order to investigate the coordination behaviour of the
naphthyl group in the presence of an added ligand, we decided5
to treat 2b with acetonitrile. We first accomplished this by stirring
a dicholoroethane solution of 2b in the presence of excess acetoni-
trile (5 equivalents). The 1H NMR spectrum shows a marked shift
of all the signals, especially in the aliphatic region. The 15N NMR
spectrum shows that the position of the pyridinic nitrogen signal is10
unaffected while the sp3 nitrogen atom bonded to the stereogenic
carbon is located at 38 ppm. The excess of acetonitrile can be easily
removed under reduced pressure to yield [Cu(CH3CN)1b]·(OTf),
3b, containing only one coordinated acetonitrile molecule (mCN

= 2250 cm−1), as shown by integration of the CH3CN signal in15
the 1H NMR spectrum. The same product, with different counter
anions, can also be synthesised by treating the free ligand 1b with
[Cu(CH3CN)4]·(PF6) or [Cu(CH3CN)4]·(BF4), to yield complexes
4b and 5b, respectively. Both complexes show the same chemical
shifts as 3b for the cation in the 1H NMR spectra, indicating20
that the counter anion does not affect the symmetry of the
product in solution. Crystals suitable for an X-ray structural
determination were obtained by crystallisation of complex 5b
from dichloroethane–n-hexane. The structure of complex 5b‡
(Fig. 1, right) shows the copper atom placed in the middle of the25
macrocyclic cavity, again in a five-fold coordination site produced
by the four ligand nitrogens and the acetonitrile. At variance from
2b, in 5b Cu is therefore truly pentacoordinated in a strongly
distorted trigonal bipyramidal geometry. N4 and N3 occupy
particularly elongated axial sites (Cu–N ∼2.5 Å), whereas N1,30
N2 and the acetonitrile are in equatorial positions. As expected,
the naphthyl group has been displaced from the coordination
sphere of the metal by the incoming acetonitrile molecule. Notably,
the skeleton of the macrocycle is almost unaffected by this
molecular rearrangement that mainly concerns the torsion around35
the stereogenic carbon atom. These structural features are of
particular relevance to catalysis, since it is reasonable to assume
that the naphthyl moiety can stabilize the coordination sphere of
the copper atom, but can be displaced by incoming substrates.

Compounds 1a and 1b were tested as ligands for copper(I) salts40
in cyclopropanation reactions. As the model reaction we chose the
cyclopropanation of a-methyl styrene with EDA (EDA = ethyl
diazoacetate).

Catalytic reactions were run by adding EDA to a dichloroethane
solution containing the olefin, the ligand and the Cu(I) salt 45
(Cu/PC-L*/EDA/olefin ratio 1 : 1 : 35 : 170), following by IR
spectroscopy the disappearance of the band due to the stretching
of the N2 moiety (m = 2114 cm−1). We first tested the reaction
by changing the copper salt, the temperature and the modality
of addition of the EDA solution. The preformed complexes 2b, 50
3b, 4b and 5b were also tested. The results are summarised
in Table 1. All the reported yields are isolated (without any
attempt to optimise the work up procedure). On the other
hand, the GC-MS analysis of the crude material revealed an
almost quantitative formation of the products, while the coupling 55
products are formed only in modest yields. As can be seen by
the data reported in Table 1, the best results in terms of yield
were obtained at 0 ◦C by slow addition of EDA by a syringe
pump employing [Cu(OTf)]2·C6H6 as the copper source (the same
results are obtained with the more expensive toluene complex) and 60
ligand 1b (Table 1, entry 7). Further decreasing the temperature
did not improve the selectivity of the reaction (Table 1, entry
4). Identical results were obtained whether preformed 2b or
1b/[Cu(OTf)]2·C6H6 were used (Table 1, entries 7 and 8). The
presence of acetonitrile decreased the yield, without affecting the 65
enantioselectivity (Table 1, entries 9–11), suggesting that acetoni-
trile can dissociate in solution to give 2b and that 3b, 4b and 5b are
inactive.

When employing the bulkier tert-butyl diazoacetate, tBuDA,
(conditions as in the caption to Table 1, 1b/[Cu(OTf)]2·C6H6 as 70
catalyst) together with lower yields (28%) we observed a decrease
in the enantioselectivities (ee cis 12%, trans 46%) and an inversion
of the diastereoselectivity (cis : trans = 27 : 73). Similar effects
observed upon increasing the size of the diazoacetate are not
unprecedented and have been explained in terms of overcrowding 75
of the transition state.12

Under optimal conditions, other alkenes were employed to
determine the substrate scope of ligand 1b and [Cu(OTf)]2·C6H6

in dichloroethane. At a Cu(I)/EDA/alkene ratio of 1 : 35 : 170,
the formed complex catalyzed the reaction of all the tested 80
substrates yielding the cyclopropanes in acceptable yields and
enantioselectivities. The absence of a-substituents on the styrene
affected the diastereoselectivity of the reaction (Table 2, entries
1–3). With 2,5-dimethyl-2,4-hexadiene, an important precursor to
the chrysanthemic acid synthesis,13 the catalytic reaction yielded 85
the desired cyclopropanes although in modest yields (44%) and
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Table 1 Cu(I)/PC-L* complexes. for the asymmetric cyclopropanation of a-methyl styrenea Q4

eed (%)

Entry PC-L*/Cu(I) T/◦C Yieldb (%) cis : transc cis trans

1 1a/CuI r.t 52 51 : 49 n.d. 27
2 1a/[Cu(OTf)]2·C6H6 r.t. 53 55 : 45 44 35
3e 1a/[Cu(OTf)]2·C6H6 0 70 65 : 35 50 38
4e 1a/[Cu(OTf)]2·C6H6 −20 59 64 : 36 53 38
5e 1a/[Cu(CH3CN)4]·BF4 0 65 57 : 43 33 36
6e 1b/[Cu(CH3CN)4]·BF4 0 56 55 : 45 45 44
7e 1b/[Cu(OTf)]2·C6H6 0 83 60 : 40 53 65
8e 2b 0 82 57 : 43 55 66
9e 3b 0 72 58 : 42 49 63

10e 4b 0 65 57 : 43 45 62
11e 5b 0 73 55 : 45 54 62
12e , f 1b/[Cu(OTf)]2·C6H6 0 65 59 : 41 53 65

a Reactions were performed with equimolar amounts of Cu(I) salt (3.0 × 10−2 mmol) and PC-L* with an S configuration in dichloroethane (5 mL).
b Isolated yields based on EDA. c Determined by GC-MS. d Determined by chiral HPLC; absolute configurations: cis-cyclopropanes were (1R,2S), trans-
cyclopropanes were (1R,2R). The opposite enantiomers were obtained in the same ee when employing PC-L* with an R configuration. e Slow addition
of EDA over 90 min. f In the presence of added acetonitrile (5 equiv.).

Table 2 Asymmetric cyclopropanation of alkenes by Cu(I)/1ba

eed (%)

Entry Alkene Yieldb (%) cis : transc cis trans

1 51 50 : 50 33 50

2 45 53 : 47 34 45

3 68 47 : 53 36 50

4 56 — 50

5e 54 67 : 33 30 15

a Reactions were performed with slow addition of EDA over 90 min to
a solution of [Cu(OTf)]2·C6H6 and 1b (3.0 × 10−2 mmol) with an S
configuration in dichloroethane (5 mL) at 0 ◦C. b Isolated yields based on
EDA. c Determined by GC-MS. d Determined by chiral HPLC; absolute
configurations:11 for entries 1–3 cis-cyclopropanes were (1S,2R), trans-
cyclopropanes were (1R,2R); entry 4: the absolute configuration was (1R).
For entry 5 were not determined. e Cu(I)/1b/EDA/olefin = 1 : 1 : 35 : 1750.

with reasonable diastereoselectivities, if a large excess of the olefin
is employed (Table 2, entry 5).

In conclusion, we have prepared and fully characterised, includ-
ing two structural determinations, new Cu(I) complexes with chiral
pyridine containing macrocyclic ligands. Their use in catalytic5
asymmetric cyclopropanation reactions has been investigated.
Our group is currently investigating the nature of the active

intermediates and the utility of pyridine containing macrocyclic
ligands in other asymmetric reactions. The structural features of
these ligands allow further modifications in order to modulate the 10
properties of the corresponding complexes.
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Notes and references

‡ Crystal data for 2b: C39H42ClCuF3N4O7S3, M = 930.94, tetragonal, P43, 15
a = b = 19.1493(13), c = 13.4150(9) Å, V = 4919.2(6) Å3, Z = 4, q = 1.257
g cm−3, l = 0.682 mm−1, T = 150 K, R1 = 0.0914 (F>4r), wR2 = 0.2615
(all data), data/unique = 30014/7107, Flack parameter = 0.04(3). 923 Å3

void contained disordered solvent and was treated with the SQUEEZE
routine. Anion and solvent atoms could only be refined isotropically. 20
Crystal data for 5b: C41H47BCl2CuF4N5O4S2, M = 959.21, monoclinic,
P21, a = 9.758(5), b = 15.027(5), c = 15.102(5) Å, b = 93.652(5)◦, V =
2210.0(15) Å3, Z = 2, q = 1.441 g cm−3, l = 0.773 mm−1, T = 150 K, R1
= 0.0538 (F>4r), wR2 = 0.1121 (all data), data/unique = 23241/8712,
Flack parameter =−0.003(16). Anion moiety is disordered and was refined 25
isotropically.
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