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Metal centers associated with cavities have attracted much
attention, mainly because of their resemblance to metallo-
enzymes.!! Among concave molecules with a cavity, cyclo-
dextrins (CDs) are unique owing to their natural occurrence,
their hydrosolubility, and the structure of their cavity. Unlike
any other cavity, in particular those based on aromatic rings,
their interior is carpeted with hydrogen atoms, which confer
hydrophobicity and introduce additional van der Waals
interactions. Therefore, CDs are widely used to host hydro-
phobic molecules in polar solvents. The possibility of con-
verting cyclodextrins into enzyme mimics very soon attracted
the interest of scientists.’) More specifically, for CDs to be
used to mimic metalloenzymes, a metal must be attached to
the CD scaffold.”! Owing to the size of the cavity, two
different ways to append the metal can be considered for the
study of two different phenomena. First, the metal can be
positioned at the entrance of the cavity to exploit the
inclusion ability of the cavity in its interaction with a substrate
and mimic the binding pocket of an enzyme (Figure 1a).
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Second, the metal can be encapsulated inside the cavity to
study the effect of confinement on its coordination sphere and
chemical properties; this arrangement mimics the environ-
ment of a metal buried deeply within a folded protein
(Figure 1b).

a)

Figure 1. In a metal-capped cyclodextrin, the cavity interacts either
a) with the substrate or b) with the metal, depending on the depth of
inclusion.

The first kind of design has been widely studied, often
with the attachment of a metal-ligand unit through a single
linkage.”! Such structures can be used in a multitude of
applications, for example, in catalysis.) However, for the
metal center to be fixed directly above the cavity, double
linkage of the metal was necessary. In the resulting so-called
metal-capped CDs,>® the metal ion is located right on top of
the CD cavity.! The deepest position in which the metal has
been placed so far intercepts the plane defined by the C-6
atoms of the sugar units.™! This metal position leaves the
cavity available for the inclusion of guests. The cavity can thus
serve as a host for substrates (the interaction of which with the
metal center can lead to an acceleration of the reaction rate”
in analogy with an enzymatic reaction), as a probe for ligand
exchange® or as a second coordination sphere through C—
H--X-M interactions.'

For metallocyclodextrins of the second kind, in which the
metal center occupies the middle of the cavity like an
included guest, typically at the level of the H-5 atoms, only
noncovalent inclusion complexes of metal ions have been
described so far. Their electrochemical properties have been
studied thoroughly, and electron transfer is thought not to
involve the included complex, but the free portion of non-
included metallic guest ions."” In other words, no studies on
cyclodextrin complexes in which the metal ion is forced
through covalent bonding to be included deep inside the
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cavity have been reported so far. We present herein the
synthesis of metallocyclodextrins with a metal atom embed-
ded in the center of the cavity of the macrocycle, structural
studies highlighting the novel coordination spheres of the
metal, the electrochemical behavior of these complexes, and
some aspects of their reactivity.

In the generation of a CD containing a metal ion in the
middle of its cavity, we were helped by serendipity. During the
course of our studies on CD-based ligands, we turned our
attention from phosphines™ to N-heterocyclic carbenes
(NHCs)""! and embarked on the synthesis of CDs function-
alized with two diametrically opposed NHCs.*! We made use
of our previously developed approach to perbenzylated diols
1a and 18,1 which were subsequently bismesylated to afford
CDs 20 and 2 (Scheme 1).'"¥ Surprisingly, the treatment of
2« and 2 with imidazole gave the imidazolium-bridged CDs
3a and 3f in 73 and 70% yield, respectively, instead of the
corresponding bisimidazoles. When benzimidazole was used,
CD 20 was converted into the azolium-bridged CD 4.
Compound 3a was deprotected with Pd(OH), under an
atmosphere of hydrogen to afford the imidazolium-function-
alized unprotected CD 5 in 91 % yield. Imidazolium com-
pounds 3a, 3B, and 4 were treated with Ag,O to prepare the
silver-NHC complexes 7a-AgCl, 7f-AgCl, and 8-AgCl,
respectively, in 90, 80, and 88% yield. The unprotected
silver-NHC-CD complex 6-AgCl was obtained in 75 % yield

C 1a,8, X=0H 3a, 73%

20,p, X = OMs, >90% 3B, 70%
o n=1 A920
B:n=2

4, 46% 7a+AgCl, 90%
O 7B+AgCl, 80%
9,
cucl l AuCl

n DBn Con 0% B
8+AgCl, 88%

70.+CuCl, >98%

Scheme 1. Synthesis of NHC-capped CDs. Bn=benzyl, Ms = methanesulfonyl (mesyl).
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through the peracetylation of CD 5, followed by Ag,O-
mediated carbene formation and controlled deprotection
with potassium carbonate in a water/methanol mixture. Not
only silver but also copper and gold atoms were complexed
with the NHC. The copper complex 7 a-CuCl was generated
either by direct treatment of the imidazolium salt 3o with
Cu,0 in 80% yield or through transmetalation of the silver
complex 7 a-AgCl with CuCl to give 70-CuCl in quantitative
yield. This latter strategy was also used to synthesize the gold
complexes 7 a-AuCl and 7 -AuCl from 7 a-AgCl and 7 -AgCl
in 67 and 46 % yield, respectively, by treatment with AuCL

The position of the metal atom inside the cavity was
demonstrated by the use of NMR spectroscopy. First, we
assigned all proton signals for the imidazolium derivatives
and complexes (see the Supporting Information, SI1). A
NOESY experiment on the imidazolium compound 3a
showed cross-correlations between the acidic imidazolium
hydrogen atom and a pair of hydrogen atoms H-5*" inside
the cavity. Additional cross-correlations between the ethyl-
enic hydrogen atoms of the imidazolium group and the
hydrogen atoms H-6*" on the edge of the cavity fully support
the orientation of the carbene precursor toward the center of
the cavity (Figure2; see also the Supporting Information,
SI2). These correlations indicate a partial inclusion of the
imidazolium ring inside the cavity. The position of the
imidazolium ring offers a unique inner coordination site, as
further demonstrated by the metal
complexes.

A NOESY experiment per-
formed on the copper complex
7 a-CuCl showed the same cross-
correlations between the ethylenic
hydrogen atoms of the imidazole
ring and the outer H-6*? and H-

5,91%

65 hydrogen atoms and thus indi-
1) Ac,0 cated that the NHC preserves the
2) Ag,0 orientation of the imidazolium
3) KgCoal ring, with the carbene located

within the cavity (Figure2; see
also the Supporting Information,
SI3). These correlations were fur-
ther confirmed by a simple 3D
model of 7a-CuCl (Figure2),
which was in full agreement with
the NMR spectroscopic observa-
tions."” Furthermore, when the
"H NMR spectrum of the imidazo-
lium compound 3o was compared
with that of the complex 7 a-CuCl,
an impressive downfield shift of the
signals for the hydrogen atoms H-
54P and H-3“ was observed (6(H-
5*")racacr—O(H-5*P)3, = 1.2 ppm;
O(H-3")s0.cuci—O(H-3F)3, =

1.3 ppm; Figure 3). This deshield-
ing effect exists whatever the metal
atom, with varying intensities, and
clearly indicates an effect of the
complex on the hydrogen atoms

6+AgCl, 75%

7a-AuCl, 67%
7B+AuCl, 46%
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Figure 2. Schematic view of the proposed model. The observed NOE
cross peaks are indicated, as well as the deshielded hydrogen atoms
(H-3%F and H-5P) of the imidazolium-bridged cyclodextrin 3 & (left)
and the NHC—CuCl complex 7 a-CuCl (right). Protecting groups as well
as noninteracting hydrogen atoms are omitted for clarity.

H-3¢F

70-CuOTf

Jon

7a-Cu* BF

ﬁ

70-CuCl

I T T T T T T

T
7.0 6.5 6.0 55 5.0 4.5 4.0 35
8/ppm

Figure 3. "H NMR spectra ([Dg]acetone, 400 MHz) of the imidazolium
derivative 3 & and the copper complexes 7 @-CuCl, 7 a-Cu* BF, ", and

7 0.-CuOTf. Arrows indicate the chemical-shift differences, Ad, between
hydrogen atoms in 3 and the corresponding hydrogen atoms in the
7 0-CuX complexes (the arrows are light gray for H-3“" and in dark
gray for H-5*P).

that point toward the inside of the cavity (see the Supporting
Information, SI4). In a further experiment, we introduced
a protonated ligand into the complex to gain insight on its
position inside the cavity. Thus, the chloride atom in 7 a-CuCl
was replaced with a cyclopentadienyl (Cp) anion by the
simple addition of NaCp. The hydrogen atoms of the Cp
ligand appeared as a singlet, which cross-correlated with the
signals of the H-3 and H-5 hydrogen atoms characteristic of
the internal part of the CD (see the Supporting Information,
SI5). On the basis of this concordant evidence, we concluded
that the metal atom was encapsulated inside the cavity of the
NHC-capped CDs. Similar observations for the silver/gold
complexes 7 a-AgCl/AuCl, as well as for the NHC-capped (3-
CD silver/gold complexes 7 3-:AgCl/AuCl and the benzimida-
zole derivative 8-AgCl, confirmed the position of the metal
inside the cavity in all these cases. In the complexes derived
from B-CD, such as 7f-AgCl, the asymmetry induced by
capping with the NHC translates into differentiation of the
deshielded hydrogen atoms in the presence of the metal:

www.angewandte.de
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O0(H-5*)=5.54 ppm, O6(H-5°)=4.44ppm, and &(H-3)=
4.60 ppm, 6(H-3%) =4.51 ppm.

Molecular modeling in conjunction with NMR spectro-
scopic experiments on 7 a-MX showed that the metal is buried
deep inside the cavity and aligned with H-5*P, whereas the
hydrogen atoms H-3“" point toward the counterion. We also
observed that the CD torus is slightly distorted by the
presence of the capping NHC,* which induces a differentia-
tion of the distances between the H-5 atoms and the metal,
d(H-5*P-M) < d(H-5%F-M) < d(H-5“"-M), and between the
H-3 atoms and the counterion, d(H3“F—Cl) < d(H3®*—Cl) <
d(H*P—CI). Indeed, the H-5*P chemical shift is strongly
affected by the introduction of the metal ion (5(H-
54P)ma—0(H-5*P);, > +1ppm; M=Ag, Cu, Au), but
also slightly affected by the nature of the counterion (X~ =
Cl',Br,I", AcO™,BzO~, TfO", BF,, SbF,"; Bz =benzoyl,
Tf = trifluoromethanesulfonyl; see the Supporting Informa-
tion, SI6). This effect relates to the electron density of the
metal: the more electron-rich the metal is, the more
deshielded the H-5*P hydrogen atoms are (degree of
deshielding introduced by the counterion: halogen ligands >
carboxylate ligands>free ions). Variation of the NHC
structure (imidazole versus benzimidazole) also induces
a change in the chemical shift of this pair of hydrogen
atoms (the signal for 8-AgCl is shifted 0.4 ppm downfield
relative to the corresponding signal for 7a-AgCl). It is
therefore logical to attribute this shift to a C—H-M inter-
action,! which indicates that the metal is buried right in the
middle of the cavity. This C—H--M interaction was not
described for previously reported CD-based metallocavi-
tands, in which a C—H---X interaction was invoked to explain
the deshielding of the H-5 hydrogen atoms. In our case, this
C—H--X interaction accounts for the deshielding of the H-3°¥
hydrogen atoms, as clearly evidenced by ligand-dependent
chemical-shift variations: halogens (Cl, Br, and I) induce
a strong deshielding of H-3“F, which decreases when carbox-
ylates/sulfonates (AcO~, BzO~, or TfO") or free counterions
(BF,~, SbF,;") are used (Figure3; O(H-3C.F)sq.cac—0(H-
3CF);, = 1.3 ppm, 0(H-3CF)s.cuorr—0(H-3CF);, = 0.4
ppm, 0(H-3CF);o.caore—O(H-3C.F);, < 0.1 ppm; see also the
Supporting Information, SI6). Hence, in our system, the metal
is aligned with the H-5 atoms: at a level below that occupied
in previously described metal-capped CDs. This unique
structure of the complexes gives rise to an unusual C—H:--M
interaction that is unprecedented in metallocavitands.

An additional unusual feature of the NMR spectra of
these complexes is the clear upfield shift observed for two
triplets in the aromatic region of the "H NMR spectrum of the
perbenzylated complex 7a-CuCl (Figure 3). Upon the com-
plete assignment of the NMR spectrum, these signals were
eventually attributed to the hydrogen atoms at the para and
meta positions of the benzyl groups linked to the O-2F atoms
(see the Supporting Information, SI7). The shielding effect
was found to endure when the chlorine atom was exchanged
for bromine or iodine, but not to persist when a triflate or
BF,” ion replaced the halogen (Figure 3; see also the
Supporting Information, SI6). This shielding effect is symp-
tomatic of a halogen— interaction® and is therefore absent
when a carboxylate ligand replaces the halogen. Furthermore,
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a NOESY experiment on 7a-AgOAc revealed the absence of
a NOE contact between CH;COO and the aryl hydrogen
atoms on the benzyl groups linked to O-2“F This result
demonstrates that these hydrogen atoms are far away from
each other, and that these aromatic rings are not in the
vicinity of the CD entrance (see the Supporting Information,
SIS8).

Thus, in the metal-halogen complexes, the benzyl groups
define an intramolecular second coordination sphere, which
closes the entrance of the cavity at its wider secondary rim;
this cavity entrance is opened by the replacement of the
halogen with a carboxylate ligand. Therefore, the system
should switch from one state to the other through the
abstraction or introduction of the halide. Indeed, when we
added AgBF, to the closed-door complex 7a-CuCl, AgCl
precipitated, and the open-door 7 a-Cu* BF,” salt was formed.
The addition of tetrabutylammonium acetate (TBAOAc) to
7a-Cu” BF, led to the formation of a new (open-door)
species identified as 7a-CuQAc, which could be converted
back into the closed-door complex 7 a-CuCl by the addition of
tetrabutylammonium chloride (TBACI) (Scheme 2; see also
the Supporting Information). The chloride ligand has to be
abstracted prior to ligand exchange: upon the addition of
TBAOACc to 7a-CuCl, nothing happened, but as soon as
AgBF, was added to the solution, 7a-CuQAc and AgCl were
formed. In the water-soluble unprotected derivative 6 a-AgCl,
only the H-5*P atoms appeared to be deshielded. This
observation indicates that when the cavity is fully opened, the
ligand undergoes rapid exchange with the competing solvent
on the NMR timescale. Together, these characteristics show
that the supplementary halogen—m interaction (and not only

70-CuOAc

Scheme 2. Opening/closing of the cavity through ligand exchange.
TBA" =tetrabutylammonium.
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the steric crowding around the metal center) lends additional
stability to the perbenzylated complex.

In metalloproteins, steric shielding of the metal induces
particular electrochemical properties, including some degree
of isolation from an electrode surface, but with retained
reactivity and a high degree of selectivity. The burying of the
metal center has also been thoroughly explored in the case of
NHC:s as ligands, and the percent buried volume (% Vy,,) has
been defined as a measure of the contribution of the ligand to
the steric bulk around the complexed metal.”*! We evaluated
the percent buried volume®! of our simplified model of 7a
and obtained a % Vi, value of 58.5 %, which is, to the best of
our knowledge, the highest value found for a monodentate
NHC.®2" This high value for our NHC-capped CD raises the
question of the limit of % Vg, above which no reaction and/or
no electron transfer can occur. Furthermore, as mentioned
above, the electrochemical properties of metal centers
included in CDs have been studied, and the general belief is
that the included metal does not transfer electrons; a metal-
capped CD, however, does transfer electrons.!'®!

We were keen to study this phenomenon with our unique
system, in which the metal is in the middle of the cavity, and
compared the electrochemical properties of the classical
carbene complex chloro[1,3-bis(2,6-diisopropylphenyl)imid-
azol-2-ylidene]copper(I) (IPr-CuCl) with those of our NHC-
capped CD 7a-CuCl (Figure 4). Similarly to its oxidation in
dichloromethane, the oxidation of IPr-CuCl occurred in N,N-
dimethylformamide (DMF) at around + 1.3 V/SCE (wave Oy;
SCE =saturated calomel electrode).”® However, under the
same conditions (solvent, scan rate, electrodes,...), no elec-
tron transfer could be detected for 7a-CuCl during the
oxidative or reductive scans within the accessible electro-
chemical window (from +1.8 to —3 V/SCE).
The absence of electrochemical signals for
7 a-CuCl cannot be due to a slower diffusion
rate than that of IPr-CuCl, since it was shown
previously that a copper-capped salen—cyclo-
dextrin complex, in which the metal was placed
at the entrance of the cavity, could be reduced
and oxidized electrochemically.”® We can
therefore conclude that the cavity in 7 a-CuCl
serves to insulate the metal from the electrode.

In our system, the metal is sufficiently
insulated by the cavity to prevent electron
transfer, and it also displays an exceptionally
high % Vg, value. Both of these characteristics
are reasons to question the accessibility of the
metal as a reactive center. To probe the
possibility of catalytic activity, we thus
embarked on the study of some benchmark
reactions for which the size and/or chirality of
the cavity could be an added value. Gold
catalysis is currently a field of intense inves-
tigation, and NHC-Au complexes possess par-
ticularly useful reactivity;® we therefore
selected well-established diagnostic reactions
in this area. We first concentrated on enyne
substrate 9, which has been shown to provide
primarily the five-membered-ring products 10a
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Figure 4. a) Cyclic voltammograms of IPr-CuCl (4 mm; dotted curve) and 7 a-CuCl (4 mwm; solid curve) in DMF with TBABF, (0.1m) at a glassy
carbon electrode (1 mm diameter); scan rate: 0.2 Vs™'. b) Reductive and oxidative scans of 7 a-CuCl (4 mm) under the conditions described for

(@)-

MeO,C
MeO,C

Au complex (2 mol%) MeO,C MeO,C

9
Au complex Conversion Yield
IPrAuCl 100% 88%
7oAuCl 100% 52%
7p-AuCl 100% 63%

TSN/\ Au complex TsNTX
H( AgSbFg
___T™YYe .
12 CH,Cl, T

Scheme 3. Gold-catalyzed reactions. Ts = p-toluenesulfonyl.

and 10b upon cyclization.’"! Whereas reactions with com-
plexes IPr-AuCl and 7a-AuCl obeyed this trend, complex
7p8-AuCl bifurcated the skeletal rearrangement process to
give the highest yield of the six-membered-ring product 11
recorded for gold catalysis of this reaction. This result clearly
demonstrates the effect of the cavity on the outcome of the
reaction. We then examined the possibility of a stereodiffer-
entiating cycloisomerization process from enyne 12.°!! Good
yields of the bicyclic product 13 were observed with the
complexes 7 0-AuCl and 7 -AuCl in reactions featuring quite
promising enantioselectivities (the product was formed with
43 and 59% ee, respectively). These results illustrate the
potential of asymmetric induction by these chiral precata-
lysts®? as well as the cavity-dependent selectivity™ of the
complexes (Scheme 3).

In conclusion, we have efficiently synthesized a new
family of NHC-capped CDs and their corresponding copper,
silver, and gold complexes. NMR spectroscopy and ligand-
exchange studies showed that the metal is located inside the
cavity, where it induces a strong deshielding effect on a pair of
H-5 atoms. The counterion accounts for the deshielding of H-
3, and in the case of halogens, for the shielding of aromatic
hydrogen atoms. The metal-halogen complexes exhibited
a unique combination of C-H---M, C—H--X—M, and 7--X—M

www.angewandte.de

MeO,C
AgSbFg (2 mol%z MeO,C MeOZC MeOZC
| CH,Cly, RT, 18 h
1

Selectivity (10a/10b/11)

IPrAuCl (2 mol%), RT, 3 h, 80%, 0% ee
7a:AuCl (5 mol%), 40°C, 18 h, 83%,
7B8°AuCl (2 mol%), 40°C, 15 h, 77%, 59% ee
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interactions, which underline
the unusual environment of
the metal center encapsulated
inside the CD torus. Further-
more the halogen—m interac-
tion induces the closing of the

1:065:0 cavity by two benzyl groups on
11::00'6:535 30 the secondary rim; the cavity
can, however, be opened
through ligand exchange.

During this study, we also
formally demonstrated that
a metal inside a CD cavity
was indeed insulated from an
electrode surface; this charac-
teristic had only been postu-
lated previously. Finally, encapsulation did not prevent the
metal from being reactive. In fact, our NHC-capped CD
ligands (ICyDs) promote unique reactivity that is clearly
linked to the structure of the cavity.

43% ee

Received: February 11, 2013
Revised: April 17, 2013
Published online: June 3, 2013

Keywords: cavitands - cyclodextrins - electrochemistry -
homogeneous catalysis - N-heterocyclic carbenes

[1] O.Reinaud, Y.Le Mest, I Jabin in Calixarenes in the Nanoworld
(Eds.: J. Harrowfield, J. Vicens), Springer, Dordrecht, 2006,
chap. 13, pp. 259-285.

[2] R. Breslow, S. D. Dong, Chem. Rev. 1998, 98, 1997-2012; R.
Breslow in Artificial Enzymes (Ed.: R. Breslow), Wiley-VCH,
Weinheim, 2005, pp. 1 -35; F. Ortega-Caballero, C. Rousseau, B.
Christensen, T. E. Petersen, M. Bols, J. Am. Chem. Soc. 2005,
127, 3238-3239; L. G. Marinescu, M. Bols, Angew. Chem. 2006,
118, 4706-4709; Angew. Chem. Int. Ed. 2006, 45, 4590-4593;
L. G. Marinescu, M. Bols, Trends Glycosci. Glycotechnol. 2009,
21, 309-323.

[3] R. Breslow, L. E. Overman, J. Am. Chem. Soc. 1970, 92, 1075 -
1077.

Angew. Chem. 2013, 125, 73547359


http://dx.doi.org/10.1021/cr970011j
http://dx.doi.org/10.1021/ja042678a
http://dx.doi.org/10.1021/ja042678a
http://dx.doi.org/10.1002/ange.200600812
http://dx.doi.org/10.1002/ange.200600812
http://dx.doi.org/10.1002/anie.200600812
http://dx.doi.org/10.4052/tigg.21.309
http://dx.doi.org/10.4052/tigg.21.309
http://dx.doi.org/10.1021/ja00707a062
http://dx.doi.org/10.1021/ja00707a062
http://www.angewandte.de

[4] M. T. Reetz, S.R. Waldvogel, Angew. Chem. 1997, 109, 870—
873; Angew. Chem. Int. Ed. Engl. 1997, 36, 865 —867.

[5] L. Tabushi, Y. Kuroda, J. Am. Chem. Soc. 1984, 106, 4580 —4584.

[6] D. Armspach, D. Matt, Chem. Commun. 1999, 1073 -1074.

[7] E. Engeldinger, D. Armspach, D. Matt, Chem. Rev. 2003, 103,
4147 -4174.

[8] E.Engeldinger, D. Armspach, D. Matt, Angew. Chem. 2001, 113,
2594 -2597; Angew. Chem. Int. Ed. 2001, 40, 2526 -2529.

[9] L. Poorters, D. Armspach, D. Matt, L. Toupet, S. Choua, P.
Turek, Chem. Eur. J. 2007, 13, 9448 -9461.

[10] R. Breslow, J. B. Doherty, G. Guillot, C. Lipsey, J. Am. Chem.
Soc. 1978, 100, 3227 —-3229.

[11] E.Engeldinger, D. Armspach, D. Matt, Angew. Chem. 2002, 114,
2705-2708; Angew. Chem. Int. Ed. 2002, 41, 2593 —2596.

[12] T. Matsue, D. H. Evans, T. Osa, N. Kobayashi, J. Am. Chem. Soc.
1985, 107,3411-3417; C. M. Cardona, S. Mendoza, A. E. Kaifer,
Chem. Soc. Rev. 2000, 29, 37 -42.

[13] S. Guieu, E. Zaborova, Y. Blériot, G. Poli, A. Jutand, D. Madec,
G. Prestat, M. Sollogoub, Angew. Chem. 2010, 122, 2364 —2368;
Angew. Chem. Int. Ed. 2010, 49, 2314-2318; E. Zaborova, J.
Deschamp, S. Guieu, Y. Blériot, G. Poli, M. Ménand, D. Madec,
G. Prestat, M. Sollogoub, Chem. Commun. 2011, 47, 9206 — 9208.

[14] A.J. Arduengo 111, R. L. Harlow, M. Kline, J. Am. Chem. Soc.
1991, 713, 361 -363.

[15] F-X. Legrand, M. Ménand, M. Sollogoub, S. Tilloy, E. Monflier,
New J. Chem. 2011, 35, 2061 —-2065.

[16] M. Guitet, F. Marcelo, S. Adam de Beaumais, Y. Zhang, J.
Jiménez-Barbero, S. Tilloy, E. Monflier, M. Ménand, M.
Sollogoub, FEur. J. Org. Chem. 2013, DOI: 10.1002/
€joc.201300268.

[17] T. Lecourt, A.J. Pearce, A. Herault, M. Sollogoub, P. Sinay,
Chem. Eur. J. 2004, 10, 2960-2971; S. Guieu, M. Sollogoub, J.
Org. Chem. 2008, 73, 2819-2828; S. Guieu, M. Sollogoub,
Angew. Chem. 2008, 120, 7168-7171; Angew. Chem. Int. Ed.
2008, 47, 7060-7063; E. Zaborova, Y. Blériot, M. Sollogoub,
Tetrahedron Lett. 2010, 51, 1254 -1256.

[18] E. Deunf, E. Zaborova, S. Guieu, Y. Blériot, J.-N. Verpeaux, O.
Buriez, M. Sollogoub, C. Amatore, Eur. J. Inorg. Chem. 2010,
4720-47217.

[19] The model was constructed by replacement of the benzyl groups
with methyl groups. In the first instance, the metal was not
included in the structure for molecular-mechanics simulations
with the program Macromodel. The metal was then added to the
minimized structure with the Avogadro software, and the
structure was minimized again by the use of the universal force
field (UFF).

[20] See for other exemples: D. Armspach, D. Matt, Inorg. Chem.
2001, 40, 3505-3509; O. Bistri, P. Sinay, J. Jiménez Barbero, M.
Sollogoub, Chem. Eur. J. 2007, 13, 9757-9774.

gngewandte
Ch

[21] O. Yamauchi, T. Yajima, R. Fujii, Y. Shimazaki, M. Yabusaki, M.
Takani, M. Tashiro, T. Motoyama, M. Kakuto, Y. Nakabayashi, J.
Inorg. Biochem. 2008, 102, 1218 -1226.

[22] G. Gil-Ramirez, E. C. Escudero-Adén, J. Benet-Buchholz, P.
Ballester, Angew. Chem. 2008, 120, 4182-4186; Angew. Chem.
Int. Ed. 2008, 47, 4114-4118.

[23] A.C. Hillier, W.J. Sommer, B.S. Yong, J. L. Petersen, L.
Cavallo, S. P. Nolan, Organometallics 2003, 22, 4322 —4326.

[24] We carried out the calculations by using the web application
SambVca with the following parameters: radius of sphere, 3.5 A;
distance from sphere, 2.1 A; mesh step, 0.05 A; see: A. Poater, B.
Cosenza, A. Correa, S. Giudice, F. Ragone, V. Scarano, L.
Cavallo, Eur. J. Inorg. Chem. 2009, 1759-1766.

[25] S. G. Weber, F. Rominger, B. F. Straub, Eur. J. Inorg. Chem. 2012,
2863 -2867.

[26] J.J. Dunsford, K. J. Cavell, B. M. Kariuki, Organometallics 2012,
31, 4118-4121.

[27] G.D. Frey, R.D. Dewhurst, S. Kousar, B. Donnadieu, G.
Bertrand, J. Organomet. Chem. 2008, 693, 1674-1682; S.
Wiirtz, C. Lohre, R. Frohlich, K. Bergander, F. Glorius, J. Am.
Chem. Soc. 2009, 131, 8344 —8345; H. Clavier, S. P. Nolan, Chem.
Commun. 2010, 46, 841-861; A. Gémez-Sudrez, R. S. Ramon,
O. Songis, A. M. Z. Slawin, C. S. J. Cazin, S. P. Nolan, Organo-
metallics 2011, 30, 5463 —5470.

[28] I Kieltsch, G. G. Dubinina, C. Hamacher, A. Kaiser, J. Torres-
Nieto, J. M. Hutchison, A. Klein, Y. Budnikova, D. A. Vicic,
Organometallics 2010, 29, 1451 -1456.

[29] For a recent review: S. Diez-Gonzélez, N. Marion, S. P. Nolan,
Chem. Rev. 2009, 109, 3612 -3676.

[30] a) C. Bartolomé, Z. Ramiro, P. Pérez-Galan, C. Bour, M.
Raducan, A. M. Echavarren, P. Espinet, Inorg. Chem. 2008, 47,
11391-11397; b) C. Bartolomé, Z. Ramiro, D. Garcia-Cua-
drado, P. Pérez-Galan, M. Raducan, C. Bour, A. M. Echavarren,
P. Espinet, Organometallics 2010, 29, 951-956; c) M. Raducan,
M. Moreno, C. Bour, A. M. Echavarren, Chem. Commun. 2012,
48, 52-54; d)S. Ito, S. Kusano, N. Morita, K. Mikami, M.
Yoshifuji, J. Organomet. Chem. 2010, 695, 291-296; e) M.
Raducan, C. Rodriguez-Escrich, X. C. Cambeiro, E. C. Escu-
dero-Adéan, M. A. Pericas, A. M. Echavarren, Chem. Commun.
2011, 47, 4893 -4895.

[31] For recent reviews on asymmetric transition-metal-catalyzed
cycloisomerization, see: a) A. Marinetti, H. Jullien, A. Voituriez,
Chem. Soc. Rev. 2012, 41,4884 —-4908;b) A. Pradal, P. Y. Toullec,
V. Michelet, Synthesis 2011, 1501 —1514.

[32] For gold-catalyzed reactions of related N-tethered enynes, see:
a) C.-M. Chao, D. Beltrami, P. Y. Toullec, V. Michelet, Chem.
Commun. 2009, 6988-6990; b) H. Teller, A. Fiirstner, Chem.
Eur. J. 2011, 17, 7764 -7767.

[33] C. Gibson, J. Rebek, Jr., Org. Lett. 2002, 4, 1887 -1890.

Angew. Chem. 2013, 125, 73547359

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

emie

7359


http://dx.doi.org/10.1002/ange.19971090811
http://dx.doi.org/10.1002/ange.19971090811
http://dx.doi.org/10.1002/anie.199708651
http://dx.doi.org/10.1021/ja00328a047
http://dx.doi.org/10.1039/a902879j
http://dx.doi.org/10.1021/cr030670y
http://dx.doi.org/10.1021/cr030670y
http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2594::AID-ANGE2594%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2594::AID-ANGE2594%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2526::AID-ANIE2526%3E3.0.CO;2-T
http://dx.doi.org/10.1002/chem.200700831
http://dx.doi.org/10.1021/ja00478a052
http://dx.doi.org/10.1021/ja00478a052
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2705::AID-ANGE2705%3E3.0.CO;2-I
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2705::AID-ANGE2705%3E3.0.CO;2-I
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2593::AID-ANIE2593%3E3.0.CO;2-M
http://dx.doi.org/10.1021/ja00298a003
http://dx.doi.org/10.1021/ja00298a003
http://dx.doi.org/10.1039/a804241a
http://dx.doi.org/10.1002/ange.200907156
http://dx.doi.org/10.1002/anie.200907156
http://dx.doi.org/10.1039/c1cc12241j
http://dx.doi.org/10.1021/ja00001a054
http://dx.doi.org/10.1021/ja00001a054
http://dx.doi.org/10.1039/c1nj20200f
http://dx.doi.org/10.1002/chem.200305683
http://dx.doi.org/10.1021/jo7027085
http://dx.doi.org/10.1021/jo7027085
http://dx.doi.org/10.1002/ange.200801573
http://dx.doi.org/10.1002/anie.200801573
http://dx.doi.org/10.1002/anie.200801573
http://dx.doi.org/10.1016/j.tetlet.2009.12.037
http://dx.doi.org/10.1002/ejic.200901208
http://dx.doi.org/10.1002/ejic.200901208
http://dx.doi.org/10.1021/ic001414w
http://dx.doi.org/10.1021/ic001414w
http://dx.doi.org/10.1002/chem.200700971
http://dx.doi.org/10.1016/j.jinorgbio.2007.11.022
http://dx.doi.org/10.1016/j.jinorgbio.2007.11.022
http://dx.doi.org/10.1002/ange.200800636
http://dx.doi.org/10.1002/anie.200800636
http://dx.doi.org/10.1002/anie.200800636
http://dx.doi.org/10.1021/om034016k
http://dx.doi.org/10.1002/ejic.200801160
http://dx.doi.org/10.1002/ejic.201200327
http://dx.doi.org/10.1002/ejic.201200327
http://dx.doi.org/10.1021/om300351s
http://dx.doi.org/10.1021/om300351s
http://dx.doi.org/10.1016/j.jorganchem.2008.01.026
http://dx.doi.org/10.1039/b922984a
http://dx.doi.org/10.1039/b922984a
http://dx.doi.org/10.1021/om200705y
http://dx.doi.org/10.1021/om200705y
http://dx.doi.org/10.1021/om901122z
http://dx.doi.org/10.1039/c1cc15739f
http://dx.doi.org/10.1039/c1cc15739f
http://dx.doi.org/10.1016/j.jorganchem.2009.09.040
http://dx.doi.org/10.1039/c1cc10293a
http://dx.doi.org/10.1039/c1cc10293a
http://dx.doi.org/10.1039/c2cs35020c
http://dx.doi.org/10.1039/b913554e
http://dx.doi.org/10.1039/b913554e
http://dx.doi.org/10.1002/chem.201101346
http://dx.doi.org/10.1002/chem.201101346
http://dx.doi.org/10.1021/ol0258637
http://www.angewandte.de

