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p-Cyclodextrin—NHC—Gold(l) Complex (#-ICyD)AuCl: A Chiral
Nanoreactor for Enantioselective and Substrate-Selective

Alkoxycyclization Reactions

Coralie Tugny,§ Natalia del Rio,® Mehdi Koohgard, Nicolas Vanthuyne, Denis Lesage, Kajetan Bijouard,
Pinglu Zhang, Jorge Meijide Suarez, Sylvain Roland, Etienne Derat, Olivia Bistri-Aslanoff,
Matthieu Sollogoub,* Louis Fensterbank,* and Virginie Mouries-Mansuy*

ABSTRACT: NHC-capped f-cyclodextrin (-ICyD) was used as
a ligand for gold-catalyzed alkoxycyclization reactions. The cavity
was found to be responsible for a triple selectivity: (i) the
asymmetric shape of the cavity of S-ICyD induced highly
stereoselective cyclizations, (ii) the shape of the interior favored
the formation of a six-membered ring in the absence of a
nucleophile, and finally, (iii) the encapsulation of the metal inside
the cavity disfavored the addition of sterically hindered alcohols.
Highly enantioselective and substrate-selective alkoxycyclizations
of enynes are therefore promoted by the cavity-based molecular
reactor (f-ICyD)AuClL

1. INTRODUCTION

Gold(I) homogeneous catalysis has become a method of
choice in organic synthesis,' notably to reach molecular
complexity.” Numerous applications in the total synthesis of
natural products® and asymmetric catalysis’ have been
reported. In gold(I) homogeneous catalysis, a wide range of
precatalysts having (neutral) L ligands embracing a very
diverse set of electronic and steric patterns have been used to
generate the generic [LAu]" active catalytic species.” It has
been shown that the nature of the ligand (L) strongly affects
the outcome and selectivity of the reactions. Although
extensive screening studies and calculations have been
performed to gain a better understanding of the ligand effects,’
it still remains difficult to safely select a ligand for a specific
utilization, which suggests that greater efforts have to be
devoted to the design of gold salt ligands. The linear
coordination of gold(I) allowing free rotation around the L—
Au bond adds a particular difficulty in ligand design and makes
challenging the control of the gold environment to induce high
selectivities in the targeted reactions. Recently, it has been
shown that encapsulation of the active gold center constituted
an interesting option’ that has been explored to generate a
restricted environment to control different types of selectivities
in reactions,’ such as regioselectivity’ or variation of product
distribution,'® substrate selectivity,'’' and stabilization of
reactive species to favor a specific reaction pathway.'” In this
context, we have developed the use of NHC-capped cyclo-
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dextrin (CD) gold(I) complexes denoted (a-ICyD)AuCl
derived from a-CD and logically ($-ICyD)AuCl for a -CD-
derived complex that both fully encapsulates the metal center
while retaining its activity and allowing selective reactions to be
performed.”*™'® Importantly, we showed that the asymmetric
CD cavity could generate a chiral enough environment around
the metal center to induce enantioselective cycloisomerizations
with ee values up to 80% with S-ICyD.">'* We further
evidenced a cavity effect (a- vs B-CD) in the cyclo-
isomerization of the prototypical enyne system 1 (Scheme
1A). While (a-ICyD)AuCl and (IPr)AuCl complexes provided
the commonly observed cyclopentadienic mixture 2, the f-
ICyD-based complex favored the formation of the cyclo-
hexadiene product 3 and gave the highest yield observed for
this compound."”'* In this reaction, however, the stereo-
selectivity that can be obtained in the formation of the chiral
gold carbene intermediate B in the presence of a chiral ligand
is lost in the rearrangement to give achiral cyclic dienes 2 and
3. Nevertheless, it has been shown that, in the presence of an



Scheme 1. (A) Change in the Course of the Cycloisomerization Reaction toward the Formation of a Six-Membered Ring by (f-
ICyD)AuCl and (B) Inducement of Substrate Selection, Control of Reaction Pathways, and Generation of High
Enantioselectivity in the Alkoxycyclization Reaction by the f-CD Cavity
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external nucleophile such as water or an alcohol, intermediate
B can be intercepted toward the competitive formation of the
alkoxycyclization product 4, in which (in contrast to 2 and 3)
the chiral information on B is kept and induces the formation
of a new stereogenic center. Therefore, in the presence of a
chiral ligand the reaction can be enantioselective.”® We
therefore saw in this reaction the opportunity to probe
multiple selectivities with the encapsulating asymmetric f-
ICyD ligand: enantioselectivity and substrate and product
selectivity. We hypothesized that nucleophilic addition on the
a-cyclopropylcarbene intermediate B should depend on its
accessibility to the nucleophile and, if the cavity of S-ICyD
plays its role, modulating the size of the nucleophile should
allow controlling the formation of either 3 or 4, with possible
control of the stereoselectivity for 4 (Scheme 1B). Thus, we
studied the alkoxycyclization reaction catalyzed by (B-ICyD)-
AuCl using different external nucleophiles and studied whether
a modulation of the outcome could be detected. The results
and details of this study are presented herein.

2. RESULTS AND DISCUSSION

A methoxycyclization reaction of enyne 1 was therefore
studied (Table 1) and run using a 7/3 mixture of MeOH and
DCM under standard conditions, where the precatalyst is first
activated with a silver salt and the substrate is added to the
resulting mixture.'” Under these conditions, (IPr)AuCl
afforded the expected product (+)-4a with an excellent yield
(98%). When (B-ICyD)AuCl was used, the methoxycyclization
product (—)-(S)-4a”® was solely obtained with an excellent
enantiomeric ratio (er) (er = 97:3, entry 2, vs 89:11 recently
reported with a chiral bifunctional NHC gold(I) complex by
Zhang and co-workers).”" Of note, (#-ICyD)AuCl did not
promote the reaction on its own. In the case of a benzylic
alcohol as an external nucleophile, the adduct (—)-4b>* was
obtained as a single product with a very good er of 92:8 (entry

6). Finally, using a sterically more demanding nucleophile,
iPrOH, we obtained (—)-4c* in 53% yield with a moderate er
of 73:27 together with 30% of 3 (entry 10). These results tend
to show that the size of the nucleophile indeed matters, as
iPrOH is the largest alcohol and is also the least efficient
nucleophile. In these reactions, the order of addition of the
silver salt is sometimes important.”®> We therefore mixed all
components of the reaction but the silver salt, which we added
after S min (entries 3, 7, and 11). Interestingly, in this case, for
BnOH and iPrOH the amount of cyclohexene 3 increased
significantly. In fact, when iPrOH was used, 3 was almost the
exclusive product (entry 11). In order to also check the
influence of the silver salt in this reaction,”>™>° we decided to
use a silver-free cationic gold catalyst.”® To this end, we treated
(B-ICyD)AuCl with 1 equiv of AgNTf, and obtained the (f3-
ICyD)AuNTf, complex in 87% vyield after filtration over a
Millipore filter (0.20 gm). The mass analysis of the mother
liquor showed that all the silver salts were removed, thanks to
the filtration over a Millipore filter, as reported by Shi.”* When
this catalyst was used, the results were similar to those
obtained when the silver salt was mixed with ($-ICyD)AuCl
before adding the substrate. All of these results seem to show
that the most important parameter to have good selectivity is
to add the substrate once the gold complex is cationic. For the
gold lying inside the cyclodextrin we observe again a significant
cavity effect and not a silver salt effect.

We finally examined the addition of water by using a 7/1
mixture of dioxane and water.'®”” With (IPr)AuCl as the
precatalyst, (+)-4d was obtained as the sole product resulting
from the nucleophilic addition of water onto the carbene-like
intermediate (Table 1, entry 13). It is worth noting that the
reaction with (f-ICyD)AuCl provided the expected hydrox-
yeyclization product (—)-4d*° predominantly but always with
around 10% of cyclohexadiene 3 (entries 14—16). The
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reaction was efficient in terms of enantioinduction, as



Table 1. Enantioselective Hydroxycyclization and
Alkoxycyclization Reactions”

MeO,C = Catalyst (2 mol%) MeO,C . MeO,C
MeO,C Solvent/ROH ~ MeO,C M9020><:/g<
n, 15h f
OR
1 3 4a, R=Me
4b, R=Bn
4¢, R=Pr
4d, R=H
yieldh (%) (er)’
entry catalyst R 3 4
1° (IPr)AuCl Me 4a: 98
2P (B-ICyD)AuCl Me 4a: 95 (97:3) (=)
3¢ (B-ICyD)AuCl Me 4a: 57 (96:4)
47 (-ICyD)AuNTf, Me 4a: 77 (95:5) (=)
s? (IPr)AuCl Bn 4a: 90
6" (B-ICyD)AuCl Bn 4b: 90 (92:8) (=)
7 (B-ICyD)AuCl Bn 25 4b: 60 (75:25) (=)
8¢ (B-ICyD)AuNTf, Bn 12 4b: 69 (88:12) (-)
9" (IPr)AuCl iPr 4c: 86
10° (B-ICyD)AuCl iPr 30 4c: 53 (73:27)
11°¢ (B-1CyD)AuCl iPr 77 4c: 7 (ND)
124 (B-ICyD)AuNTH, iPr 12 4c: 51 (93:7) (=)
13° (IPr)AuCl H 4d: >99
14° (f-1CyD)AuCl H 10 4d: 51 (93:7) (-)
15 (B-ICyD)AuCl H 12 4d: 42 (94:6) (-)
16° (B-ICyD)AuNTf, H 10 4d: 61 (94:6) (-)

“All experiments were performed at 0.05 mol/L. “Substrate 1 in
DCM was added to a mixture of LAuCl (2 mol %) and AgSbF, (2
mol %) in ROH (ROH/DCM 7/3 v/v). “AgSbF4 in DCM (2 mol %)
was added to a mixture of (-ICyD)AuCl (2 mol %) and substrate 1,
in ROH/DCM (7/3 v/v). “ROH/DCM (7/3 v/v). “Substrate 1 was
added to a mixture of LAuCl (2 mol %) and AgSbF4 (2 mol %) in
dioxane/H,0 (7/1 v/v).ngSbF6 in dioxane (2 mol %) was added to
a mixture of (#-ICyD)AuCl (2 mol %) and substrate 1, in dioxane/
H,0 (7/1 v/v). #Dioxane/H,0 (7/1 v/v). "solated yields. ‘er values
were determined using chiral HPLC.

(—)-4d was obtained with an er of 94:6 (vs 83:17 reported for
the same substrate by Michelet and co-worders with Pt'*").
For this reaction, adding the silver salt after the substrate or
using (B-ICyD)AuNTf, did not significantly change the
outcome of the reaction (entries 15 and 16).

From this first set of experiments, a striking difference in
behavior between IPr and f-ICyD ligands is observed. With
IPr the sole product of the reaction is the alkoxycyclization
product, and with S-ICyD a competition between this
alkoxycyclization and formation of the 6-endo-dig compound
3 occurs. Furthermore, with the cavity substrate selectivity
seems to occur, as MeOH always gives the alkoxycyclization
product 4d, while iPrOH looks more prone to give the
cyclohexene 3. In this series, however, the behavior of water
seems surprising, as it should be a smaller nucleophile and
therefore should preferentially take the hydroxycyclization
pathway. To probe the substrate selectivity of our system, we
therefore decided to compare the different external nucleo-
philes against MeOH by realizing a competition assay. When
MeOH and BnOH are used in an equimolar ratio, S-ICyD
does not make a difference between the two, as a similar ratio
of both alkoxycyclized products is obtained (Table 2, entry 2).
In the competition between MeOH and iPrOH, the formation
of the methanol adduct (4a) was only slightly favored with

(IPr)AuCl (entry 4), but the S-ICyD environment (entry S)
significantly increased this trend, since the selectivity factor
increased by a factor of 10. Finally, with the H,O/MeOH
mixture, (IPr)AuCl led to the preferred addition of MeOH
with a selectivity of 2.4. When (f-ICyD)AuCl was used as a
precatalyst, the cyclohexene 3 was isolated in 30% yield and
methoxycyclization compound 4a was obtained with a good
selectivity of 11.2 in comparison to its hydroxylated counter-
part 4d (entry 8). It therefore seems that water in this system is
not as good a nucleophile as MeOH, which explains why, when
it is used by itself, it allows the competitive formation of a
significant quantity of cyclohexene 3 (Table 1, entries 15 and
16). This is probably linked to the hydrophobicity of the CD
cavity. As previously observed, the addition of the silver salts
prior to that of the substrate slightly favors the alkoxycycliza-
tion pathway (Table 2, entries 1, 2, 4, 5, 7, and 8). Of note
also, (IPr)AuCl never gives 3 in these series of reactions.

To expand the scope of our study, we looked at N-tethered
1,6-enynes. With these substrates the selectivity of the reaction
is total toward the alkoxycyclization pathway, as we never
observed the corresponding cycloisomerized dienes. Enyne Sa,
with a prenyl moiety, underwent enantioselective methoxycyc-
lization to give product (—)-6a>” in good yield and very high er
values (92:8 to 94:6) never reported in the literature® (Table
3, entries 2 and 3). Furthermore, with enyne Sb having a (E)-
styryl moiety and a terminal alkyne, the expected alkoxycyc-
lization product (—)-6b>° was obtained in quite a good yield
and with again a good er,'*™*' 93:7 to 94:6 (entries S and 6, vs.
89:11 reported by Michelet and co-workers with Pt).'®

We then sought for a rationale of these results. The first step
in the mechanism is the A — B cyclization which corresponds
to the first stereodetermining step (Scheme 2). We previously
showed that the shape of the cavity could account for the
selectivities observed with the ICyD ligand.'*"* In particular,
we could rationalize the enantioselectivity of another gold-
catalyzed cycloisomerization on the basis of the proposed
shape of the cavity."* Hence, the same technique was applied
here using either the previously modeled shape or a simplified
version of it, where the triangles represent the sugar units and
their color reflecting their proximity with the reactive center
(the darker the closer) (Scheme 2). We then hypothesized that
in the present case the C(CO,Me), group is the most sterically
demanding and therefore its position in the flatter area of the
cavity should be favored. The enyne folds so that the alkene
can approach the activated alkyne to form the cyclopropane in
two different manners that will result in the two enantiomers.
As can be seen from Scheme 2, in one case the gem-dimethyl is
next to the wall of the cavity and in the other case it is in the
middle of the cavity. This latter approach should therefore be
favored. Rewardingly, using this model we found that this
approach is indeed leading to the major enantiomer. The
second step of the alkoxycyclization reaction is the addition of
the external nucleophile. When a small and good nucleophile is
used (in green), its addition to the a-cyclopropylcarbene
intermediate B is presumably fast, leading to the exclusive
formation of the alkoxycyclization products 4 or 6 (green
pathway). In contrast, when a larger nucleophile is used (red),
its addition to the gold a-cyclopropylcarbene B is disfavored,
and the latter more rapidly evolves toward the competitive
formation of the cyclized compound 3 (Scheme 2), which
results from a double-cleavage process of B (blue pathway).”®
We previously showed that the S-ICyD cavity favored the
conformation of the a-cyclopropylcarbene B depicted in



Table 2. Competitive Alkoxycyclizations”

MeO,C
— MeO,C
Me0,C Catalyst (2 mol%) 2 oMe
MeO,C MeO,C + 4a
MeOH:ROH (mol:mol)/DCM  pme0.C
(7:3 volivol), rt, 15h € MeO,C
1 3 MeQ,C OR
R =Bn, 4b
R =/Pr, 4¢
R=H, 4d
yield (%)<
entry catalyst R 3 4a 4x S factor 4a:4x
1° (IPr)AuCl Bn 53 4b: 27 1.9
2k (B-ICyD)AuCl Bn 29 39 4b: 32 12
3¢ (B-ICyD)AuCl Bn 30 28 4b: 35 0.8
40 (IPr)AuCl iPr 58 4c: 42 1.4
sP (B-ICyD)AuCl iPr 12 79 4c: 8 9.9
6° (B-ICyD)AuCl iPr 30 50 4c: 10 10
7° (IPr)AuCl H 41 4d: 17 2.4
8® (B-ICyD)AuCl H 30 56 4d: 5 112
99¢ (B-ICyD)AuCl H 20 23 4d: 5 4.6

“All experiments were performed at 0.05 mol/L. bSubstrate 1 in DCM was added to a mixture of LAuCl (2 mol %) and AgSbF, (2 mol %) in
MeOH:ROH (1/1 mol ratio), (MeOH:ROH/DCM 7/3 v/v). “AgSbFy in DCM (2 mol %) was added to a mixture of (-ICyD)AuCl (2 mol %)
and substrate 1, in MeOH/ROH (1/1 mol ratio), MeOH:ROH/DCM (7/3 v/v). “Isolated yields. 40% of 1 is recovered.

Table 3. Alkoxycyclizations with N-Tethered Enynes”

/= Catalyst (2 mol%)
Ts-N — = Ts-N R,
CH,Cl,/MeOH N
\W_Hi i, 15h H ) Rz
R, Me
5a, Ry=R,=Me 6a, R{=R;=Me

5b, Ry= Ph, Rp=H 6b, Ry= Ph, Ry=H

entry catalyst R! R? yield (%) (er)® 6
1¥ (IPr)AuCl Me Me 60
2b (B-ICyD)AuCl Me Me 79 (92:8) (=)
3° (B-ICyD)AuNTf, Me Me 71 (94:6) (-)
4 (IPr)AuCl Ph H 55
sP (B-ICyD)AuCl Ph H 58 (93:7) (=)
6° (B-ICyD)AuNTf, Ph H 73 (94:6) (-)

“All experiments were performed at 0.0S mol/L. bSubstrate 1 in
DCM was added to a mixture of LAuCl (2 mol %) and AgSbF4 (2
mol %) in MeOH (MeOH/DCM (7/3 v/v). ‘MeOH/DCM (7/3 v/
v). “Isolated yield. “er values were determined using chiral HPLC.

Scheme 2 leading to the six-membered product 3 rather than
the five-membered compound 2 through a less favored
conformation of B."*

At this stage, it seems difficult to rationalize the effect of the
order of addition of the silver salt on the selectivity of the
reaction. Nevertheless, it appears as a general trend from
Tables 1 and 2 that precationization (AgSbF4 added first) leads
to better yields of alkoxycyclization or hydroxycyclization with
decreased formation of 3 in comparison to those when AgSbFq
is added last. Interestingly also, the cationic complex (f-
ICyD)AuNTHY, appears to lie between these two situations with
sometimes a reactivity close to or even better than in the
precationization scenario (Table 1, entry 12 vs 10 or entry 16
vs 14). The NTf,” counterion must have some influence as
well.

In the case of alkoxycyclization, when AgSbFq is added first,
the anion metathesis on gold takes place only in the alcohol
(MeOH, BnOH, iPrOH, H,0).” Even though we have never
observed any (f-ICyD)Au(ROH)* adduct by MS, we can
assume that ROH must form a first solvation shell around the
cationic gold species by polar interaction. To give some
support to this hypothesis, we decided to perform some tight-
binding density functional calculations, using the xtb
software’® and the GFN2-xTB method”" developed by the
Grimme group. This computational method was recently used
to describe binding in supramolecular chemistry.”> By
performing a molecular dynamics on the system (8-ICyD)-
AuCl solvated by methanol molecules, taken as a model ROH,
we found that up to four molecules of MeOH can sit in the
cavity, with two molecules of methanol interacting directly by
hydrogen bonding with the chloride. When the gold atom
sitting in the cavity was now cationic, we found five molecules
of methanol around it, one of them interacting directly with
the metallic center. It is also known from the literature that in a
binary solution of solvents which differ in their polarity and
their protic properties (here CH,Cl, and ROH), the statistical
average weight of the protic solvent in the first solvation shell
of a cation will be higher than that in the bulk mixture.** Thus,
after addition of the substrate in dichloromethane, assuming
that the interaction of the cationic gold species with CH,Cl, is
weak, ROH molecules would remain close to the carbene
intermediate B, leading to the formation of 4. This is
supported by DFTB calculations, which show that after a 50
ps molecular dynamics of (#-ICyD)AuCl in a solvent mixture
of methanol and CH,Cl,, two molecules of methanol remain in
interaction with the metallic moiety while two molecules of
CH,Cl, are sitting at the entrance of the CD cavity, in stacking
with the benzylic groups. Interestingly also, our calculations
show that the barrier of extrusion of MeOH is higher with
cationic gold (11.14 kcal/mol) than with a neutral species
(6.23 kcal/mol) (see the Supporting Information for details).



Scheme 2. Proposed Rationale for the Observed Selectivities
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At the other end, with iPrOH the formation of 3 increased (see
Table 1, entries 10—12) presumably because of the size and
the constraints imposed by the cavity, and so the interactions
with cationic gold are weaker. This effect was reinforced when
the silver salt was introduced later (Table 1, entry 11, 77% of
3). We decided to investigate this point by performing
molecular dynamics at the DFTB level with two different
starting conditions: either from (f-ICyD)AuCl or from (f-
ICyD)Au". The radial pair distribution function between gold
and oxygen atoms was calculated (see Figure S2 in the
Supporting Information). While in the case of Au*, one iPrOH
can nearly always be found around 2.2 A of the gold atom, this
probability is much lower in the case of AuCl. From these data,
we can submit the hypothesis that the outcome of the catalysis

is dependent on the initial conditions which are inf luencing
the solvation sphere around gold.

The competitive experiments of Table 2 seem to favor the
formation of 3 at the expense of adducts 4. This is especially
true for entries 2 and 3, where around 30% of 3 is formed,
while with MeOH or BnOH alone, no 3 or little 3 is formed
(Table 1, entries 1—8), as though the 1/1 mixture of MeOH
and BnOH was more sterically demanding than each of the
separate solvents. This observation also holds with H,O as a
nucleophile. The MeOH/H,0 mixture is less trapped,
resulting in more 3 in Table 2. In the case of iPrOH/MeOH
(entries S and 6), the results are more consistent, since the
proportion of 3 is much weaker than that with iPrOH (Table
1, entries 10—12). In that case, the trapping of MeOH reduces



the amount of 3. However, the reduction is not total, since
there is roughly half as much MeOH under the conditions of
Table 2. Thus, mixing alcohols appears to alter the
physicochemical properties of the alcohol or water taken
alone and thus their intrinsic reactivity.”*

We based all our reasoning on the sole influence of the
cavity, in comparing ICyD with IPr, but an electronic factor
could also be at play. For geometrical reasons, the orbitals of
the nitrogen atoms on the NHC might not be conjugated with
the carbene and this would induce a change in its properties as
demonstrated by Bertrand.”> We therefore decided to probe
the electronic properties of our carbene with two diagnostic
reactions and a spectroscopic method. In the cycloisomeriza-
tion of enyne 7, electron-rich ligands favor a pinacol type of
rearrangement from the a-cyclopropyl intermediate leading to
product 8, while electron-poor ligands trigger a [3,3]-
sigmatropic rearrangement leading to cycloheptenone 9
(Scheme 3).*® Hence, electron-rich IPr logically reacted
toward the preferential formation of 8. In contrast, the
selectivity of the reaction was reversed toward the formation of
9 with (f-ICyD)AuCl as the precatalyst. S-ICyD gold
complexes thus behave in this reaction like catalysts bearing
significantly less electron donating ligands. This could also
suggest an appreciable s-acceptor character. Furthermore,
allenediene 10 also appeared as a valuable probe, since
electron-rich ligands favor the formation of [4 + 3]
cycloadducts of type 11 through the intervention of a carbene
type reactivity, in contrast to electron-poor ligands which
trigger a cationic event leading to the formal [4 + 2]
cycloadduct 12 originating from a Wagner—Meerwein
rearrangement. While the cyclization of 10 smoothly took
place with both carbene gold complexes, a contrasting
selectivity was observed between them. IPr selectively led to
the formation of adduct 11, while S-ICyD afforded a 2.3 ratio
of [4 + 2] 12/[4 + 3] 11, a ratio close to that observed by
Fiirstner with a good z-acceptor carbene ligand (Scheme
3).36b,37

This set of results suggests that an electronic bias could be at
play in these cycloisomerization reactions. We therefore also
evaluated the electronic properties of the S-ICyD ligand by
measuring the 7’Se NMR chemical shift of (5-ICyD)Se to
assess its 7z-accepting ability.”® The (f-ICyD)Se adduct was
synthesized according to a literature procedure.”® With a signal
at 5 62 ppm (acetone-dg) in 7’Se NMR, the selenourea (/-
ICyD)Se exhibits a rather strong 7-donor character, similar to
that of IPr carbene (IPr-Se, 6 87 ppm).*”**" Thus, the
electronic properties of #-ICyD carbene being similar to those
of IPr, the difference in reactivity can be solely attributed to the
cavity.

We have once more shown the great influence of the cavity
of the CD could have when it is capped with an NHC in ICyD.
The influence in the reaction of alkoxycyclization is 3-fold: (i)
the asymmetric shape of the cavity of f-ICyD induces a
stereoselective cyclization, (i) the shape of the interior favors
the formation of a six-membered ring in the absence of a
nucleophile, and finally, (iii) the encapsulation of the metal
inside the cavity disfavors the addition of sterically hindered
alcohols.

In summary, the cavity in the -ICyD-based catalytic system
exerts a strong influence in alkoxycyclization reactions. The
asymmetric shape of the cavity of these chiral nanoreactors
induces highly stereoselective transformations, providing in
some cases the highest observed er values so far for this

reaction. While the formation of a six-membered ring in the
absence of alcohols as external nucleophiles is observed, this
outcome being dictated as well by the shape of the cavity, the
constrained environment of the metal inside S-ICyD also
allows discriminations in the alcohol addition process by size
exclusion or hydrophobic effects. Finally, f-ICyD is an NHC-
based catalyst whose determined electronic factors are
consistent with a strongly electron donating NHC but whose
reactivity in some cases is reminiscent of gold catalysts bearing
electron-depleted ligands. This reactivity paradigm shift can
also be imputed to the influence of the cavity. All in all, the
cavity shape is the main element explaining the multiple
selectivities observed here, very much as in metallo-enzymes.
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