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Abstract in English

Cyclodextrin (CD)-NHC-Metal complexes (NHC=N-Heterocyclic Carbene), including the
Ag', Cu' and Au' complexes were synthesized. A structural study showed that the metal was
inside the cavity, and induced by C-H M, C-HX and =" X interactions. Variations on a-, -,
v-CD cavities and NHC derivatives (midazole, benzimidazole, triazole) were studied. When
the size of the cavity increased, these interactions decreased. Furthermore, stronger o-
donating effects lead to stronger interactions. CD-Cu complexes showed good activity in
catalytic hydroboration of alkynes. The selectivity is depending on the size of the cavity of
the catalyst. a-CD copper complex gives linear hydroboration products, while -CD copper
complex yields the branched isomers. The CD-Cu species potentially involved in the catalytic
cycle were studied, two different mechanisms were thus proposed. In the a-CD-Cu complex
catalyzed reactions, the catalytic process takes place outside the cavity; while a bigger cavity
B-CD permits the catalysis to take place inside the cavity. Furthermore, the gold complexes
also show different enantioselectivity and regioselectivity in cycloisomerization using
different cavity-based catalysts. Catalytic results evidenced the selectivity of a catalytic
reaction is dependent on the cavity of the CD-NHC-metal complexes.

Keywords: Cyclodextrins, N-Heterocyclic Carbenes, Mesoionic Carbenes, Organometallics,
Catalysis

Résumé en Francais

Des complexes de Cyclodextrine (CD)-NHC-Métaux (NHC= Carbenes N-Hétérocycliques),
comprenant des métaux tel que Ag', Cu' et Au' ont été synthétisés. Une étude structurale a mis
en évidence la position intra-cavitaire du métal, induisant des interactions C-H"M, C-HX et
nX. L’influence du type de cavité (a-, B-, y-CD) et du type de dérivés NHC (Imidazole,
benzimidazole, triazole) a été etudiee. Les interactions diminuent avec I’augmentation de la
taille de la cavité et en parallele, celles-ci ont été amplifiées avec des dérivés NHC possédant
un effet donneur plus fort. Les complexes de cuivre correspondants montrent une bonne
réactivité pour la réaction d’hydroboration des alcynes. Il a de plus été observé que la
sélectivité est dépendante de la taille de la cavité. En effet, alors que le complexe a-CD-Cu
donne le produit linéaire, le complexe B-CD-Cu oriente vers la formation de I’isomere
branché. Les especes CD-Cu potentiellement impliquées dans le cycle catalytique ont été
étudiées. Deux mécanismes différents sont ainsi proposés. Dans la réaction catalysée par le
complexe a-CD-Cu, le processus catalytique a lieu en dehors de la cavité; tandis que lorsque
la cavité est plus grande (B-CD) la catalyse a lieu a I’intérieur de la celle-ci. Par ailleurs, les
complexes ont également montré une différente énantiosélectivité et régiosélectivité dans une
réaction de cycloisomerization catalysée par des comlexes dor, en fonction de la taille de la
cavité de ces catalyseurs. Les résultats catalytiques ont prouvé que les complexes CD-NHC-
Métaux fonctionnent comme des catalyseurs pour lesquels la taille de la cavité influe sur la
séléctivité.

Mot-clés:  Cyclodextrines, Carbénes N-Hétérocycliques, Carbenes Mésoionique,
Organométalliques, Catalyseur
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ChapterI

1 Organometallic catalysis

The concept of catalysis was first invented by the chemist Elizabeth Fulhame and described
in 1794, based on her novel work in oxidation-reduction experiments.' Nowadays, catalysis
has grown to play a prominent role in science as it enables the preparation of chemicals in
an efficient manner.” Estimates are that 90% of commercially produced chemical products
involve catalysts in the process of their manufacture.

The excellent chemical properties of organometallic are keystone in chemical sciences.
Nobel prizes for organometallic chemistry have been awarded to Zieger and Natta (1963),
Fischer and Willkinson (1973), Chauvin, Schrock and Grubbs (2005), Heck, Negishi and Suzuki
(2010) for their outstanding contributions. Organometallic catalysts have provided a series
of important conceptual insights, surprising applications both for industrial processes and

organic synthesis, which are attractive for a large amount of people working in this field.
2 Catalysis in confined spaces

Despite substantial progress in the organometallic catalysis field, there are still many
reactions for which the selectivity and activity cannot be well controlled. However, enzymes,
as nature’s catalysts, do a great job for both selectivity and reactivity. Generally,
metalloenzymes have a bigger size than traditional organometallic catalysts. The large
protein surrounding the active site often provides a well-defined confined space around the
active center. Therefore, in a molecular container, encapsulating a metal or a substrate in a
confined space can impose steric restrictions, and mimic the second coordination sphere
effects of a protein matrix around the active site of a metalloenzyme.

Recently, organometallic catalysis in confined spaces has shown to be a viable method to
induce new selectivities and activities.> This strategy can even lead to unusual selectivities
and activities because the reaction pathway will differ from that of the normal reaction due
to specific orientations in confined spaces.

These years, innovative catalytic systems have been developed based on well-confined
spaces, involving a vast majority of metal complexes with self-assembled cage-like structures

and classical complex units LM, which have been summarized in recent reviews.”®”® The

LA, Cornish-Bowden, Elizabeth Fulhame and the discovery of catalysis, Universitat de Valéncia, Spain, 1997,
123-126.

’R. A. Sheldon, I. Arends, U. Hanefeld, Green Chemistry and Catalysis, Wiley-VCH, Weinheim, Germany, 2007.

*S.H.a. M. Leenders, R. Gramage-Doria, B. de Bruin, J. N. H. Reek, Chem. Soc. Rev. 2015, 44, 433-448.

M. Raynal, P. Ballester, A. Vidal-Ferran, P. W. N. M. Van Leeuwen, Chem. Soc. Rev. 2014, 43, 1734-1787.

>C. ). Brown, F. D. Toste, R. G. Bergman, K. N. Raymond, Chem. Rev. 2015, 115, 3012-3035.

1



ChapterI

second type is concave cycles, including calixarenes, cucurbiturils and cyclodextrins, which
own a cavity as the confined space.

For the self-assembled cage-like structures and units LM, people start to transfer the focus
point from merely design and synthesis, to take advantage of them in catalytic applications.
Reek’s group reported many elegant works in metal-directed self-assembled cage field. Very
recently, they used two opposing Zn-porphyrin building blocks, linked by four bridging
macrocyclic walls that assemble the cage structure 1 through Pd-carboxylate coordination
bonds (Scheme 1-1).° This cage is able to accommodate 1 molecule of [Rh(acac)(CO),] to form
a Rh encapsulated complex, which exhibits the highest chemo- and stereoselectivity
reported so far in the asymmetric hydroformylation of styrene for a monoligated Rh
complex.

5, 10, 15, 20-tetrakis (4-carboxyphenyl)-porphyrin Zn (I1)

mA\ H,/CO Cat.10.02% /\
~F Toluene/MeCN = 4:1 ©/\/\
74% ee
9: 1

TON: 797

Scheme I-1. Asymmetric hydroformylation of styrene using assembled cage-Rh complex as catalyst

The groups of Raymond and Bergman explored the application of an Mylg anionic
tetrahedral capsule 2, which is formed by six bis-catecholamide struts and four octahedral
gallium(Ill) centers. This capsule can be used to bind Ru, Ir, and Au cationic.' The
encapsulated Au-complex provided a different product distribution compared to the free

complex MezPAuCl. The authors used the Au-complex as catalyst in the cycloisomerization

&) Liu, L. Chen, H. Cui, J. Zhang, L. Zhang, C. Su, Chem. Soc. Rev. 2014, 6011-6061.

" H. Vardhan, F. Verpoort, Adv. Synth. Catal. 2015, 357, 1351-1368.

R. Chakrabarty, P. S. Mukherjee, P. J. Stang, Chem. Rev. 2011, 111, 6810-6918.

°c. Garcia-Simon, R. Gramage-Doria, S. Raoufmoghaddam, T. Parella, M. Costas, X. Ribas, J. N. H. Reek, J. Am.
Chem. Soc. 2015, 137, 2680-2687.

m. D. Pluth, R. G. Bergman, K. N. Raymond, Acc. Chem. Res., 2009, 42, 1650-1659.

2



Chapter I

reaction of enyne 3. Without this confined space, the free complex MesPAuCl induces the
formation of the hydroalkoxylated product 4. However, when the reaction takes place in the
confined cage, the metal-encapsulated complex orients the diene 5 as the major product
(Scheme 1-2)." This clearly demonstrates an independent selectivity associated with the

encapsulated Au-complex.

B
[

6 NH Ga
Ga Ga
0
2 )
P
¢} Me3PAuCI ,\)‘ 0 o}
OH <~—— O . _ \ + OH
H,O, 5% DMSO \\ X = Cl, Br
A H,0, 5% DMSO
4: 85% 3 5: 60% 4: 40%

Scheme 1-2. Catalytic behavior of encapsulated Au-complex compared to non-encapsulated Au-catalyst

Here, we briefly described one example of a cage-like structure and LM complex,
respectively. In fact, it is also very interesting that the catalytic reactions take place with the
help of confined space in concave cycles. They are commercially available without further
design, and the size of the concave is tunable according to the number of monomer units.
Thus, in this introduction part, we would like to describe specifically the cases of catalysis

with concave cycle-metal complexes.

3 Organometallic catalysis with the help of the cavity

of concave cycles

The combination of concave cycles with organometallics is a very important research field.
Generally, the frequently applied macrocycles include cyclodextrins, calixarenes and
cucurbiturils, possessing unique tridimensional architectures with variable-sized cavities,

allowing them to be used as a receptor (Figure I-1).

YW, H. Hart-cooper, K. N. Clary, F. D. Toste, R. G. Bergman, K. N. Raymond, J. Am. Chem. Soc. 2012, 134,
17873-17876.
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Figure I-1. Chemical structures of concave cycles

3.1 Calixarenes

Calixarenes are a class of cyclic oligomers, synthesized via hydroxyl alkylation or
condensation between phenols and aldehydes.” Calix[n]arenes are made of n phenol and
methylene units. Representative members of calixarenes are calix[4]arenes and
calix[6]arenes, composed of 4 or 6 units, respectively. Calix[n]arenes are flexible structures
(four conformations for calix[4]arene, eight conformations for calix[6]arene) in a three-
dimensional bowl shape with a defined upper and lower rim and a central annulus (Figure I-
2). Such a bowl shape results in the formation of a hydrophobic electron-rich cavity, which is
suited for the formation of inclusion complexes. Inspired by their unique geometries,
calixarenes are attractive for applications in a variety of fields, such as artificial enzymes,*

ion sensitive electrodes or sensors'* and supramolecular chemistry.
upperrim — = R

R R
annulus ——> Q f\
]

lowerim ——»  OH OH OH HO

n

n=1,2,3... Calixarenes

Figure I-2. Structure of Calixarenes

The calixarenes are able to bind metals in various positions as illustrated in Figure I-3. The
metal can be mono-bound or poly-bound to the upper rim or lower rim. The situation where

the metal is encapsulated inside the cone was not reported so far.

2¢c p. Gutsche, Calixarenes, Royal. Soc. Chem., Cambridge, 1989, ISBN 0-85186-385-X.

Bp.T. Schiihle, J. a. Peters, J. Schatz, Coord. Chem. Rev. 2011, 255, 2727-2745.

A, Mattiuzzi, I. Jabin, C. Mangeney, C. Roux, O. Reinaud, L. Santos, J. F. Bergamini, F. Hapiot, C. Lagrost, Nat.
Commun, 2012, 3, 1130.
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OH OH HO
OH OH OH QH HO |

Metal on the upper rim Metal on the lower rim Metal encapsulated (not reported!)

Figure I-3. Potential metal binding positions in a calixarene ligand system (R=assorted functionality)

Due to a high flexibility of the calixarene structure, mono-bound or even bis-bound motif
with metal (1,2 alternate, 1,3 alternate) still leaves the possibility of alternative
conformations. It is hard to constrain it in a cone conformation. In such flexible
conformation, it is more difficult to control the metal position, and thus to use the cavity as a
confined space for reactions catalyzed by calixarene-metal complexes.

Since a single linkage does not allow directional control, a possible strategy consists of
grafting a tripodal cap on the rim. Reinaud and co-workers designed the calix[6]arene with
several nitrogen-based donors at the edge of the cavity. It works as a polydentate ligand that
can fold on the entrance of the cavity and coordinate to a metal ion," namely calix[6]tren,*
calix[6]tmpa, V" calix[6]PNs **and calix[6]Ns *° (Figure 1-4). This tripodal cap rigidifies the
calixarene onto a cavity-shape conformation and the metal is forced to point towards the

hollow center, leading to a potential catalyst to carry out a reaction in the cavity.

O T*PFG’

= —|+ng O . —_ —|2+
N NU/ h = N N—

I N N M/ Ny,
N Cy G A

e 4 ¢ OMe WO\(\HO H_>Qr\4e

‘/\’/O/\) \O | ‘

tBu

L= ROH, RCN, DMF, .
AcNH,,RNH,, Imidazole H2N NH; L=RCN L= RCN, EtOH, DMF L=RCN
Calix[6]tren Calix[6]tmpa Calix[6]PN3 Calix[6]N3

Figure I-4. Calix[6]arene-based metal complexes

N. Le Poul, Y. Le Mest, I. Jabin, O. Reinaud, Acc. Chem. Res. 2015, DOI: 10.1021/acs.accounts.5b00152.

ey, Darbost, M. N. Rager, S. Petit, I. Jabin, O. Reinaud, J. Am. Chem. Soc. 2005, 127, 8517-8525.

s, Blanchard, L. Le Clainche, M. Rager, B. Chansou, J. P. Tuchagues, A. F. Duprat, Y. Le Mest, O. Reinaud,
Angew. Chem. Int. Ed. 1998, 37, 2732-2734.

8 p, Over, A. De La Lande, X. Zeng, O. Parisei, O. Reinaud, Inorg. Chem. 2009, 48, 4317-4330.

¥o. Séneque ; Y. Rondelez. L. Le Clainche, C. Insian, M. N. Rager, M. Giorigi, O. Reinaud, Eur. J. Inorg. Chem.
2001, 2597-2604.
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Among these calixarene-metal complexes with rigid conformations, one example where the
cavity might play an important role for catalytic reactivity is shown in Scheme I-3. With H,0,
as an oxidant, calix[6]tmpa-Cu" complex 6 oxidizes ethanol to acetaldehyde, likely through
an intermediate where ethanol coordinates to Cu and points inside the cavity.* Blank
experiments carried out with a simple Cu" salt showed less efficient catalytic results.
However, the authors suggested further host-guest studies, because the mechanism with

the oxidation of embedded substrates was not directly demonstrated.

&0

H,0 2t N
(?2 é@ -
‘ N N
. 1
)OH calix[6]tmpa-Cu ) o Meq ) 0 ?Me
a

- AH ' )J\OH N NN

H,O, DCM/EtOH

tBu

6 calix[6]tmpa-Cu complex

Scheme I-3. Reaction catalyzed by calix[6]arene-CuII with H,0,

In fact, the parent calixarene is not water-soluble. It should be equipped with hydrophilic
groups for substrate encapsulation inside the cavity. However, a water-soluble molecule is
not always compatible with its functionalization with a metal. Therefore, most of the
calixarene-based metal complexes are only soluble in organic solvents and the cavity of
calixarene plays ambiguous role in the interaction between the substrate and the metal
center. As a result, in most cases, the cavity of calixarene is used as a platform for

organometallic catalysis.”

3.2 Cucurbiturils

Cucurbiturils (CBs) are a family of macrocyclic oligomers formed by the copolymerization of
urea, glyoxal and formaldehyde. In 1905, they were firstly reported by Behrend and co-
workers.”” In 1981, the chemical nature and structure were elucidated by Mock and Freeman
et al.”? It turned out to be a cyclic oligomer of glycoluril units linked by methylene bridges. In
the early 2000s, different sizes of cucurbit[n]urils (CB[n], n=5, 6, 7, 8, 10) homologues have

L Le Ckaubcgem Y, Rondelez, O. Sénéque, S. Blanchard, M. Campion, M. Giorgi, A. F. Duprat, Y. Le. Mest, O.
Reinaud, C. R. Acad. Sci. Paris, Serie llc, Chime, 2000, 3, 811-819.

2 a) P. Molenveld, J. F. J. Engbersen, D. N. Reinhoudt, Chem. Soc. Rev, 2000, 29, 75-86; b) D. M. Homden, C.
Redshaw, Chem. Rev., 2008, 108, 5086-5130; c) Z. Li, J. Chen, Y. Liu, W. Xia, L. Wang, Current Organic
Chemistry, 2011, 15, 39-61.

2R, Behrend, E. Meyer, F. Rusche, Justus Liebigs Ann. Chem., 1905, 339, 1.

2 W. A. Freeman, W. L. Mock, N. Y. Shih, J. Am. Chem. Soc.,1981, 103, 7367.
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been synthesized and isolated (Figure 1-5).** Cucurbit[n]urils have a pumpkin-like shape with
two identical hydrophilic carbonyl-laced portals and a hydrophobic cavity, which can form
stable host-guest complexes. Cucurbit[n]urils prefer cationic substrates, as electronegative

oxygen atoms on the rim interacts favorably with positive charges.?*

0 i o] _J
- —— N’L\N_CHE-
\ 2v= /
He—(<H — Hep—{=H
N NH AP L N N-CH,
b L0 1.
o o)

CBn:n=5,6,7,8,10

a: outer diameter, b and c: cavity; d: height
Figure I-5. Structure of cucurbiturils

However, the practical applications are still limited mainly because of their poor solubility in
common solvents, and difficulty in introducing functional groups on their surfaces. Although
the use of CBs as a catalytic reaction container was first reported in the 1980s,? applications
in organometallic reactions were only recently reported in few reports.

Demets and co-workers presented a oxovanadium(IV)-CB[6] complex 7 that can oxidize
linear substrate like n-pentane, rather than styrene, cyclohexane or z-cyclooctene, giving a
mixture of 2-pentanol, 2-pentanone, and 3-pentanone, upon treatment with hydrogen
peroxide or iodosobenzene (Figure 1-6).”” The cavity of CB[6] is responsible for the selectivity,
since linear alkanes could enter in the cavity, but other branched or cyclo-substrates are too

bulky to enter in.

2 a) J. Kim, I. S. Jung, S. Y. Kim, E. Lee, J. K. Kang, S. Sakamoto, K. Yamaguchi, K. Kim, J. Am. Chem. Soc., 2000,
122, 540; b) A. Day, A. P. Arnold, R. J. Blanch, B. Snushall, J. Org. Chem., 2001, 66, 8094; c) A. |. Day, R. J.
Blanch, A. P. Arnold, S. Lorenzo, G. R. Lewis, |. Dance, Angew. Chem. Int. Ed., 2002, 41, 275.

% a) J. W. Lee, S. Samal, N. Selvapalam, H. J. Kim, K. Kim, Acc. Chem. Res., 2003, 36, 621-630; b) J. Lagona, P.
Mukhopadhyay, S. Chakrabarti, L. Isaacs, Angew. Chem. Int. Ed., 2005, 44, 4844-4870; c) K. |. Assaf, W. M.
Nau, Chem. Soc. Rev., 2015, 44, 394-418.

®w. Mock, T. Irra, J. Wepsiec, M. Adhya, J. Org. Chem. 1989, 54, 5302-5308.

s, M. De Lima, J. A. Gémez, V. P. Barros, G. D. S. Vertuan, M. D. D. Assis, C. F. D. O. Graeff, G. J. F. Demets,
Polyhedron, 2010, 29, 3008-3013.
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\.)K/ CB6/VO2+ 7

Figure I-6. Oxovanadium(IV)-CB[6] complex catalyzes n-pentane oxidation, but not for bulky alkanes

Recently, Masson et al. reported a CB and Ag-based catalytic system to promote the
desilylation of trimethylsilylalkynyl derivatives in water (Figure 1-7).® A 10% catalytic amount
of CB[7] increased 4.3 times the desilylation rate. First, trimethylsilylalkynyl is included in the
cavity, and then the formation of a ternary silver complex (shown in top of Figure I-7) is

postulated as an intermediate stabilized by the carbonyl groups of the cavity.

> cs7 R
NH,

HZ
g CBn
7 N =_siMe, > </:\/(: H + MesSIOH
== AgNQO3, Ho0 \—=

Figure I-7. CB[7]-Ag complex catalyzes desilylation of trimethylsilylalkynyl derivative

Nau et al. established chemoselective photoreactions by using CB[7] and metal ions in a
biphasic medium as shown in Figure I-8.% Photolysis of bicyclic azoalkane 8 with only Ag" as
catalyst gives about 70:30 mixture of 1,5 hexadiene 9 and bicyclohexane 10. In the presence
of CB[7] combined with Ag", the selectivity of 9 is improved (83%-90%). More interestingly,
in the presence both of CB[7] cavity and Ag®, photolysis of another bicyclic azoalkane 11
gives a new five-membered product 13 (41% selectivity), which can not be generated under
normal catalytic conditions (Figure 1-8a). The authors proposed these azoalkane substrates
serve as guests. Then transition-metal ions are coordinated to the rim of CB[7] cavity (Figure

I-8b). The specific chemical environment promotes these unusual results.

% X. Lu, E. Masson, Org. Lett. 2010, 12, 2310-2313.
2AL Koner, C. Marquez, M. H. Dickman, W. M. Nau, Angew. Chem. Int. Ed. 2011, 50, 545-548.
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Figure I-8. Chemoselective photoreactions of bicyclic azoalkanes mediate by CB[7]-metal complexes

4 Organometallic catalysis with the help of

cyclodextrin cavity

4.1 General introduction of cyclodextrins

4.1.1 Definition and properties

Cyclodextrins (CDs) are a class of cyclic oligomers composed of glucopyranosidic units in the
*C, conformation, linked in an a-1,4 manner (Figure I-9 left). The most common natural CDs
contain 6 (a-CD), 7 (B-CD), or 8 (y-CD) glucosidic units, respectively. They are obtained by
enzymatic degradation of starch, using cyclodextrin glucosyltransferase (CGTase).* They
were isolated by Villiers in 1891,* and the structures were elucidated in 1943.*

**Q. Qi, W. Zimmermann, Appl. Microbiol. Biotechnol. 2005, 66, 475—485.
*LVilliers. A, Compt. Rend. Acad. Sci., 1891, 112, 536-538.
32 Freudenberg. K, Ber. Dtsch. Chem. Ges., 1943, 76, A71.
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OH Hydrophobic cavity Hydrophilic shell
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OH, )

HoNYV |6 o L, n=1: a-cyclodextrin

O n=2: B-cyclodextrin

oH| ~HO n n=3: y-cyclodextrin

Figure 1-9. Structure of cyclodextrins

a-, B-, y-cyclodextrins adopt a conformation of a truncated cone shape, with an interior

I”

cavity (Figure I-9 right.). The glucopyranoses constitute the “wall” of the cone, whereas the
primary and the secondary hydroxyl groups are located in two edges. The specific bonding
generates a hydrophobic internal cavity and an external hydrophilic shell. As a result,
cyclodextrins are moderately soluble in polar solvents. These cavities are capable of forming
inclusion complexes with a board range of organic molecules in aqueous media.*

The height of all cyclodextrins is the same (7.8 A), the diameter of their cavity increases with
the number of glucose units contained in the structure, as well as the cavity volume (Figure

1-10).%*

a-CD
Cavity volume: 174 A3

Figure 1-10. Dimensions of cyclodextrins

Native cyclodextrins have a relatively rigid structure, because hydrogen bonds can easily
form between the hydroxyls on the secondary rim, which restrain molecular motion (Figure
I-11). These intramolecular hydrogen bonds modulate the solubility of CDs in water (145 g.I"*
fora-CD, 18.5 g.I" for B-CD, 232 g.I"* fory -CD). The structure of B-CD is particularly favorable

to the intramolecular hydrogen bonds, which leads to its poor solubility in water.

33 Cyclodextrins and Their Complexes, Dodziuk. H, Wiley-VCH: Weinheim, 2006.
** Szejtli. J, Chem.Rev., 1998, 98, 1743-1753.
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Figure I-11. Intramolecular hydrogen bonds on the secondary rim of CD

Cyclodextrins possess three different hydroxyl groups: OH-2, OH-3 and OH-6 (or they are
called position 2, position 3 and position 6), which exhibit different reactivities (Figure 1-12).
OH-6 on the primary rim is less hindered, more accessible and more nucleophilic than the
others. The hydrogen bond between OH-2 and OH-3 of two following glucose units (Figure I-
11) reinforces the acidity of hydroxyls OH-2, as well as the influence of proximity with the
electron-withdrawing anomeric acetal function. Hydroxyls OH-3 are less reactive, and can

only be modified after protection of the other positions.

OH-6: more nucleophilic

OH-3: less reactive
OH-2: more acidic

Figure 1-12. Reactivity of different positions

4.1.2 Nomenclature

According to the IUPAC rules, glucose units are designated by roman numerals I, II, III, and
so on. But the use of majuscule letters A, B, C and so on proposed by Breslow is the usual
nomenclature in the literature.®

The glycosidic link a-1, 4 impose the numbering direction, and Tabushi proposed a view of
the cyclodextrin from the primary rim®®: unit B follows unit A in the trigonometric direction
(Figure 1-13). If more than one glucose unit is modified, numbering should follow the

shortest way.

3 Breslow.R, Doherty. J. B, Guillot. G, Lipsey. C, J. Am. Chem. Soc. 1978, 100, 3227 — 3229.
*Tabushi. I, Nabeshima. T, Fujita. K, Matsunaga. A, Imoto. T, J. Org. Chem. 1985, 50, 2638 — 2643.
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Figure I-13. Nomenclature of functionalized cyclodextrins

4.2 General patterns using the cavity of CD-metal complexes

In a cyclodextrin-metal complex, the position of the metal is very important for controlling a
catalytic reaction. The general mechanism is to bring the metal close to the substrates. In
the most common cases, the metal is positioned outside the cavity (upon primary rim or
beneath the secondary rim in Figure I-14a). The CD-metal complex leaves the free cavity to
accommodate a variety of substrates. The substrates should be in a specific conformation to
fit the cavity. The inclusion of the substrates in the cavity makes it approximates to the
metal (Pattern A). Then, during the catalytic process, the product is generated, and then
released from the cavity. Usually, the limited conformations of the substrates in a confined
cavity result in a reduced activation entropy for the reaction. In some cases, the included
substrates lead to an intermediate conformation of higher energy, which might increase the

reactivity, lower the energy barrier of the reaction, and thus accelerate the reaction.
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P = Product

M = Metal \
S =Substrate '/

a) Pattern A: Metal locating outside the cavity b) Pattern B: Metal encapsulated inside the cavity

(Cavity as the recognition site of substrate) (Cavity as secondary coordination sphere of metal)

Figure I-14. Two patterns for using the cavity of CD-metal complexes

In contrast to the previous case, the metal could also be positioned deep in the cavity, due
to the specific structure of CD-metal complexes (pattern B in Figure I-14b). Under certain
circumstance, when the substrate is approaching to the encapsulated metal, the
conformation restriction is not as important as in the pattern A. After the product is
generated, it is dissociated from the metal center. Here, the cavity could act as a secondary
coordination sphere for the metal. The specific structure of CD-metal complexes could not
only stabilize a catalytic metal center, but also the transition state of a reaction.

In both of these patterns, the regioselectivity and stereoselectivity of the catalytic reaction
are governed by the specific conformation of the substrate induced by the cavity. However,
in the first case (Pattern A), the formation of host-guest complex is crucial for the catalytic
process. The cavity acts as the recognition site for substrate. And the nature of the solvent
used in the reaction is very important. In pattern B, the cavity acts as a second coordination
sphere for the metal, the approaching way of the substrate to the metal is a key point for
the catalytic process that strongly affects the selectivity.

To the best of our knowledge, most of CD-metal-complexes catalyzed reactions described in
literature correspond to pattern A. Because it is more challenging to design CD-metal
complexes, in which the metal is encapsulated inside the cavity. In this part, the different

structures of CD-metal complexes will be showed. Later, the examples related to pattern A
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in Figure 1-14 will be presented. Including the examples where the authors proposed that the

cavity of the CD-metal complexes takes part in the catalytic reaction.
4.3 The structures of cyclodextrin-metal complexes

Based on the two different patterns of using cavity of CD-metal complexes in catalysis
(Figure 1-14), it is obvious that the chemical structures as well as the metal position of
cyclodextrin-metal complexes play an important role. The metal position in the complexes
can control the different ways of substrate approach to the reactive center. In addition, their
orientation and conformation might be limited by the cavity of complexes.

These years, the cyclodextrin-metal complexes, based on native or functionalized ones, have
experienced a rapid development. *”°**° Based on the patterns of binding the metal, they can
be classified as monosubstituted or polysubstituted ones (Figure I-15). In polysubstituted
cyclodextrin, the CD rim could be introduced several functional group dentate ligands for
complexation (Pattern B). Polysubstituted CDs can also be functionalized with a capped

bridge on the CD rim, which acts as a ligand to coordinate to the metal (Pattern C).

Monosubstituted CD-metal complex Polysubstituted CD-metal complex Polysubstituted CD-metal complex
(Functional groups dentate) (Capped bridge dentate)
A B c

Figure I-15. Structures of cyclodextrin-metal complexes

4.3.1 Monosubstituted cyclodextrin-metal complexes

The study of cyclodextrin-metal complexes started with monosubstituted CDs, because of
the easy way a single functionalized fragment can be obtained. The first example was a-CD-

1. Almost at the same time, pioneer work was

Ni complex reported in 1970 by Breslow et a
also reported by Tabushi’s group, including B-CD complex functionalized by polyamines with
Cu®, Zn** or Mg?* as metal ions (Zn complex 14 is represented in Figure I-16).* The resultant
CD-metal complex is flexibly capped by the metal ion. However, when the metal binds with

anions through the hydrophobic recognition of CD cavity, the conformation is less flexible.

*"F. Hapiot, S. Tilloy, E. Monflier, Chem. Rev. 2006, 106, 767-781.

%% E. Engeldinger, D. Armspach, D. Matt. Chem. Rev. 2003, 103, 4147-4173.

**R. Gramage-Doria. D. Armspach, D. Matt. Coord. Chem. Rev. 2013, 257, 776-816.

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

2. Tabushi, N. Shimizu, T. Sugimoto, M. Shiozuka, K. Yamamura, J. Am. Chem. Soc. 1977, 99, 7100-7102.
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Figure I-16. Early examples of CD-metal complexes

Nocera et al. designed a diaza crown ether-substituted B-CD-Eu complex 15 with a flexible
capped conformation.* This specific design was considered because the bearing photoactive
center Eu is supposed to emit light when the cavity recognizes a guest. In fact, luminescence
is not observed with an analogue Eu'"-aza complex that does not contain an appended CD,
while B-CD-Eu complex 15 increases the emission intensity in a benzene/D,0 solution. This
phenomenon is attributed to an absorption-energy transfer-emission. However, emission is
easily quenched by H,0, indicating that the metal-containing cap is not maintained in close
proximity to the guest and therefore must be pointing away from the cavity.

Interestingly, Rizzarelli et al. reported two isomers of monohistamino-functionalized B-CD-Cu
complexes, amine bound to CD isomer 16*and imidazole bound to CD isomer 17* (Figure I-
17). It shows the imidazole bounded 17 confers more rigidity. The Cu complexes present an
enantioslective binding of aromatic amino acids. The inclusion is allowed only for D-trp(16b,
17b) and not for L-Trp(16a, 17a). The authors proposed that the specific conformation is

governed by the position of the aromatic side chain of tryptophan relative to the CD cavity.

H OH DH OH DH
Amine bound to CD, 16a Amine bound to CD, 16b Imidazole bound to CD, 17a Imidazole bound to CD, 17b
Favored Favored

Figure I-17. Chiral recognition of B-CD-Cu complexes

*2E. li, C. Swing, Z. Pikramenou, D. G. Nocera, 1992, 532-536.

3 a) G. Impellizzeri, G. Maccarrone, E. Rizzarelli, G. Vecchio, R. Corradini, R. Marchelli, Angew. Chem., Int. Ed.
Engl. 1991, 103, 1348-1349; b) R. Corradini, A. Dossena, G. Impellizzeri, G. Maccarrone, R. Marchelli, J. E.
Rizzarelli, G. Sartor, G. Vecchiog, J. Am. Chem. Soc. 1994, 10267-10274.

My, Cucinotta, F. D’Alessandro, G. Impellizzeri, G. Vecchio, J. Chem. Soc. Chem. Commun. 1992, 1743.
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Since the 90’s, the development of methodology in modification of cyclodextrin has allowed
an extension of the substitution either on the primary or secondary rim for derivatives of CD-
metal complexes.

A luminescent study was reported with the tolyl-terpyridine functionalized B-CD-Ru complex
18a (Figure 1-18).” Quenching of the ruthenium luminescence phenomenon was observed by
adding quinone guests, indicating an electron transfer process via inclusion of guests.
Derivatives of metalloguests 18b were also used to study the communication between the
metal centers of the complex. When 18b was added, electron transfer from the Ru" center

appended to the CD to an Os" metalloguest included in the cavity was observed.*

Q Q] 5
0

Aﬂo =
A0

~ 3N

Figure 1-18. Intramolecular electron transfer study with CD-Ru complex

Then, a family of permethylated B-CD linked by an ether* or diester*® group to a bipyridine-

" "Rh", or Re' metals was reported. Interestingly, the NMR analysis

ligand, complexed with Ir
and circular dichroism measurements suggest that the B-CD-Re complex 19 has rotamers in
solution, may be caused by interconverted rotation of the linker bonds, as well as
diastereoisomers in which the coordinated bromine is directed either over the cavity or
away from the CD cavity (only one isomer is presented as 19 here). At the same time, the
observation of NMR and luminescence spectra suggest that the arm holding the metal in B-

CD-Re complex 20 is almost swung away form the CD cone (Figure 1-19).

**'s. Weidner, Z. Pikramenou, Chem. Commun, 1998, 1473-1474.

%), M. Haider, M. Chavarot, S. Weidner, |. Sadler, R. M. Williams, L. De Cola, Z. Pikramenou, Inorg. Chem. 2001,
40, 3912-3921.

47 a) N. Brugger, R. Deschenaux, T. Ruch, R. Ziessel, Tetrahedron. Lett., 1992, 33, 3871-3874; b) R. Deschenaux,
V. M. M. Harding, T. Rueha, J. Chem. Soc. Perkin. Trans. 2, 1993, 1251-1258.

R, Deschenaux, T. Ruch, P. F. Deschenaux, Helv. Chim. Acta, 1995, 78, 619-628.
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Figure 1-19. Bipyridyl B-CD-Re complexes

Monflier et al. have studied a family of amino B-CD complexes 22-28 (Figure 1-20).**° For
preparing B-CD-Pt complexes 22-24, a 1 : 1 mixture inclusion of 6A-amino-6A-deoxy B-CD 21
and sulfonated phosphine 29 was mixed to K;[PtCls], giving three different complexes,
whose structures were elucidated by analyzing the **P{*H} NMR spectra. These P,N-based Pt
complexes were used in aqueous catalysis, and shown to be efficient for hydrogenation in
water. * Differently, CD-amine derivatives reacted with K;[PtCls] or [Rh(acac)(CO),] in water
gave in a single complex (25, 26, 27, 28, respectively). In these complexes, the phosphine
ligand is encapsulated in the cavity, indicating that the cavity behaves as a first and second

coordination sphere.”

(13, “* cl - ? “* cl -

HN —=Pt—Cl
0 HO

29

25,M=Pt, X=Y=ClI 27,M=Pt, X=Y=ClI
26, M =Rh, X = acac, Y=CO 28, M =Rh, X =acac, Y=CO

Figure 1-20. CD as a first and secondary coordination sphere

2. Machut, J. Patrigeon, S. Tilloy, H. Bricout, F. Hapiot, E. Monflier, Angew. Chem. Int. Ed. 2007, 46, 3040—

3042.
0, Patrigeon, F. Hapiot, M. Canipelle, S. Menuel, E. Monflier, Organometallics 2010, 29, 6668-6674.
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CD-metal complexes bearing appended phosphorus ligands have also been widely studied.
The first example was reported by the group of Ito and Reetz in 1993 (Figure 1-21). They
managed to attach a chiral ferrocenyldiphosphine to the secondary rim of a permethylated
B-CD.”* Althought the resulting ligand is almost insoluble in water, the corresponding Pd
complex 30 displays high solubility. NMR study indicates that the two phosphorous atoms
from a cis-chelate. Conductivity measurements showed that 30 assembled in micelle-like
aggregates above a given concentration (critical micelle concentration = 1.2 uM).

Almost at the same time, Reetz et al. reported a heterobidentate phosphine/thioether
modified B-CD that readily forms the Rh complex 31 (Figure 1-21).* Surprisingly, unlike the
analogue without appended CD, 31 turns out to be rather ineffective as a hydrogenation
catalyst. A crystal structure reported eight years later of Au-complex 32 suggests that the
cavity of B-CD is able to entrap one of the two phenyl groups by a self-inclusion in the solid
state, that may cause the poor catalytic behaviors.”® Knowing this, their group developed
another family of diphosphine associated Ru complexes, showing a high regioselectivity for

hydroformylation, which will be presented in the following.”®”’

Ph,

Figure 1-21. First examples of phosphine-funcionalized CD-metal complexes

In 2001, Jia et al. reported the P,N,N coordinated Pd" and Pt" B-CD complexes 33-35 (Figure
[-22).>* In these complexes, the NH nitrogen becomes stereogenic upon complexation, which
results in the formation of a 1 : 1 mixture of two diastereomers, as reveals by the presence
of two close singlets in the *P{*H} NMR spectrum. Then, a series of derivatives 36-39 were
reported by the same group.” It is worth mentioning that the Rh-complex 39 behaves as a
five-coordinate complex, that may have more steric hindrance between the CD platform and

the coordinating unit.

M. Sawamura, K. Kitayama, Y. Ito, Tetrahedron: Asymmetry 1993, 4, 1829-1832.

> M. T. Reetz, J. Rudolph, Tetrahedron Asymmetry 1993, 4, 2405-2406.

3M.T. Reetz, I. D. Kostas, S. R. Waldvogel, Inorg. Chem. Commun. 2002, 5, 252-254.

. Yang, Y. K. Cheung, J. Yao, Y. T. Wong, G. Jia, C. W. Bay, Organometallics, 2001, 20, 424-429.
>C. Yang, Y. T. Wong, Z. Li, J. J. Krepinsky, G. Jia, Organometallics, 2001, 20, 5220-5224.
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33, M=Pt, X=ClI 36, M=Rh,X=Y=COD 38
34, M=Pd, X=ClI 37, M=Pt, X=Y=Cl
35, M=Pd, X=n!-Ally|

Figure 1-22. B-CD-Rh/Pt/Pd complexes with phosphine ligands

4.3.2 Polysubstituted cyclodextrin-metal complexes

The geometry of metal complexes derived from monosubstituted can be affected by the
linkage between the ligand and the attachment point to the cyclodextrin rim. The flexibility
and the rotation of the linkage of the complexes may lead to rotamers and
diastereoisomers. Hence, studies were required with polysubstituted CD-metal complexes,
which were expected to provide higher rigidity between the metal and the cyclodextrin
cavity.

4.3.2.1 Functional groups on CD as dentate ligands

Since diamino-CD derivatives were synthesized by Vecchio’s group,>® the corresponding B-CD
Pt" complex 40 was next reported (Figure 1-23).5 A cis conformation was demonstrated by X-
Ray analysis, showing that the coordination plane points toward the cavity. Furthermore,
strong downfield shifts of H-5s attributed to the two functionalized sugar units A, B, were
observed, which might be due to the interaction with the metal. Several years later, Matt et
al. reported another Pt" complex 41, based on 6A,6D diamino functionalized permethylate-
a-CD.*® The X-Ray diffraction suggests a cis conformation, with a slightly distorded square
planar and the chloride pointing outside the cavity. Interestingly, because of the short
linkage and flexibility of permethylated CD, two sugar units C and F, which are located
besides the amino groups adopt a skew-boat conformation, while the others remain in the
usual *C; chair conformation.

*B. Di Blasio, S. Galdiero, M. Saviano, C. Pedone, E. Benedetti, E. Rizzarelli, S. Pedotti, G. Vecchio, W. a.
Gibbons, Carbohydrate. Res. 1996, 282, 41-52.

7y, Cucinotta, G. Grasso, S. Pedotti, E. Rizzarelli, G. Vecchio, B. Di Blasio, C. Isernia, M. Saviano, C. Pedone,
Inorg. Chem. 1996, 39, 7535-7540.

> D. Armspach, D. Matt, Inorg. Chem. 2001, 40, 3505—3509.
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Figure 1-23. Diamino-CD-Pt(ll) complexes

As ligands, Salen functionalized CD derived from diamino-CD family. Salen functionalized B-
CD complexed with Mn leading to the corresponding Mn" complex 42. It shows a good
solubility in water by comparison with the analogue without cyclodextrin.>® Later, our group
reported another salen-type Cu complex 43 based on a-CD.* The investigations of the
reactivity of the Cu" phenoxyl radical complex towards a primary alcohol were performed by
cyclic voltammetry (Figure 1-24).

Figure 1-24. Salen CD-metal complexes

Fe and Al complexes 44, 45 with a C3 symmetric structure, based on siderophore analogues
on a-CD were reported by Coleman et al (Figure 1-25).°' The constant Krei.- of forming the
complex of 44 was calculated as 10*°, a value comparable with those of other cyclic ligands,
but still several orders of magnitude lower than that of enterobactin 10°2.% The capacity of
complexation the aluminium complex 45 was also tested. This complexation is reflected by
the dramatic shifts of the coordinated aromatic protons and also the methyl protons of the
B, D and F sugar units of a-cyclodextrin. Then the inclusion ability of p-nitrophenolate of the

aluminium complex 45 was demonstrated by the AS of the ortho protons (0.4 ppm) and

> A. Puglisi, G. Tabbi, G. Vecchio, J. Inorg. Biochem. 2004, 98, 969-976.

O, Deunf, E. Zaborova, S. Guieu, Y. Blériot, J. N. Verpeaux, O. Buriez, M. Sollogoub, C. Amatore, Eur. J. Inorg.
Chem. 2010, 4720-4727.

A W. Coleman, C. C. Ling, M. Miocque, Angew. Chem. Int. Ed. Engl. 1992, 31, 1381-1383.

2 \W.R. Harris, C. J. Carrano, S. R. Cooper, S. R. Sofen, A. E. Avdeef, J. V Mcardle, K. N. Raymond, J. Am. Chem.
Soc. 1979, 101, 6097-6104.
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meta protons (0.2 ppm) of p-nitrophenolate. The shifts of the aromatic protons of the
grafted arms are not affected by the inclusion, while some proton shifts in the CD platform
are observed.

Later, the Tamagaki’s group reported Fe complexes (46, 47) in which three pendant side
chains with 1-hydroxypyrimidinone terminals were grafted on permethylated a-CD.% Their
spectroscopic behaviors were examined to investigate the causes of induced helicities.
Complex 46 with shorter spacers exhibited a negative exciton coupling, showing a A-helicity
in all solvents tested, while 47 with longer spacers formed a A-helicate with an unexpected
high selectivity in highly aprotic solvents such as DMSO and DMF. It shows that the flexibility
of the side chains determines the helicity of the complexes.

Figure 1-25. Tripodal coordination C; symmetric CD-metal complexes

Diphosphines have also been widely used in polysubstituted CD-metal complexes. Matt and
Armspach contributed a lot in this field.** a-CDs with the aromatic ethers modified on 6A,6D
positions to introduce phosphorus groups were the first examples (Figure 1-26).% The *'P{*H}
NMR study showed that the meta-aromatic substituted diphosphine Pt" and Pd" complexes
are in equilibrium as a 80 : 20 mixture of trans-chelate (48, 49) and cis-chelate conformation
(50, 51). Differently, the para-aromatic substituted diphosphine ligand gave the trans Pt"
complex 53 and cis Pt" complex 54 in a 40 : 60 ratio, respectively. Later, 6A,6C-substituted a-

CD isomers were also used for the formation of Ru" and Ag' complexes.

BT Masuda, J. Hayashi, S. Tamagaki, J. Chem. Soc. Perkin. Trans. 2, 2000, 2, 161-167.

% M. Jouffroy, D. Armspach, D. Matt, Dalton Trans. 2015, 44, 12942-12969.

% D. Armspach, D. Matt, Chem. Commun, 1999, 1073-1074.

. Engeldinger, D. Armspach, D. Matt, L. Toupet, M. Wesolek, Comptes. Rendus. Chim. 2002, 5, 359-372.
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PPh2

7/’Meo ~ MeO .

Ph; Ph; th th Ph P—Pt —PHPh,

;MPO ~ MeO \

50, M=Pt, X=Cl
51, M=Pd, X=Cl
52, M=Ru,X=CO

Figure 1-26. 6A,6D substituted diphosphine ligands for CD-metal complexes

In order to maximize the chances of interaction between the metal and the CD walls, shorter
linkers for phosphine groups were grafted onto the CD rim. A 6A,6D-functionalized a-CD-Ag
complex 55 was firstly reported by Matt and Armspach.®’ The 2D ROESY spectrum shows
that the coordinated MeCN presents cross-correlations with H-3s and H-5s of sugar units in
CD, but no correlation between other MeCN molecules or protons outside the cavity. X-ray
structure of 55 also confirms the encapsulated MeCN. However, the Og of the methoxy
groups on the primary rim can also provide coordination for metal when MeCN is removed
as showed in complex 56. A variable temperature NMR study showed that this complex
occurs as two types of equilibrium. At a high temperature, a rapid equilibration of B,E and
C,F glucose units is favored in 56 (equilibrium B in Figure-27 right). In contrast, at a lower
temperature, a slow exchange between diametrically opposed MeO-6 groups is favored
(equilibrium A; and A, in Figure I-27 right).

At the same time, ligand-exchange for this Ag-complex family was also well-studied.® With a
large excess of MeCN, complex 55 is able to coordinate with two equiv. of MeCN ligands to
form 57. The presence of MeCN inside the cavity of 57 is also inferred from ROESY cross-
correlation between protons of MeCN and inner cavity H-3 and H-5 protons. In contrast, only
one molecule of the larger benzonitrile ligand fits in the cavity resulting in the formation of

58, even in the presence of large excess benzonitrile (Figure I-27 left).

® E. Engeldinger, D. Armspach, D. Matt, Angew. Chem. Int. Ed. 2001, 40, 2526-2529.
B, Engeldinger, D. Armspach, D. Matt, P. G. Jones, Chem. Eur. J. 2003, 9, 3091-3105.
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Figure 1-27. Ligand exchange process of diphosphine substituted a-CD-Ag complex

The diphosphine ligands substituted on different positions of a-cyclodextrin-metal
complexes were obtained (Figure 1-28), including 6A,6B substituted Pt and Rh complexes 59
and 60, 6A,6C substituted Pt and Rh complexes 61-65,° and 6A,6D substituted metal
complexes 66-70.”° Among these, 61-70 are suitable for forming trans-chelate square-planar
conformations, with short coordinating arms that force the metal center to stay close to the
CD entrance.

It is noteworthy that the ROESY study of octahedral trans,cis,cis-Ru complex 71 is consistent
with a C,-symmetric molecule. The downfield shifts of two pairs of H-5s indicates they are
involved in a weak interaction with the Cl atoms. Then, the presence of both M-Cl| bonds

7 .
6870 The solid state reveals

pointing inside the cavity were confirmed by X-Ray spectroscopy.
the presence of two rotamers (ratio 80 : 20), the minor rotamer having the two Ru-Cl bonds
pointing outside the cavity. One may switch from one isomer to the other by rotation of the
RuCl,(CO), fragment. Later, bulky phosphane-phosphite chelated Ru complexes were also

reported for asymmetric hydrogenation and hydroformylation. ™

Qv T Wong, C. Yang, K. Ying, G. Jia, Organometallics 2002, 21, 1782-1787.
O, Engeldinger, D. Armspach, D. Matt, P. G. Jones, R. Welter, Angew. Chem. Int. Ed. 2002, 41, 2593-2596.
"L M. Jouffroy, D. Sémeril, D. Armspach, D. Matt, Eur. J. Org. Chem. 2013, 6069—6077.
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59, M=Pt, X=Y=ClI

61, M=Pd, X=Y=CI 66, M=Pd, X=Y=CI

60, M=Rh, X=Y=1/2 Cod 62, M=Pd, X=Me, Y=CI| 67, M=Pd, X=Me, Y=CI
63, M=Pt, X=Y=ClI 68, M=Pt, X=Y=Cl
64, M=Rh, X=CO, Y=CI 69, M=Rh, X=CO, Y=CI
65, M=Rh, X=H, Y=CO 70, M=Rh, X=H, Y=CO

Figure 1-28. Different substituted positions of CD-metal complexes

Then, more rigid and preorganized diphosphine-Pd complexes 72, 73 were prepared by
introducing short phenyl phosphinidene on adjacent sugar units of CD (Figure 1-29).”” The
ligand fragment results in rigid conformation of the metal complexes, and the phosphorus
lone pair is oriented towards the core of the cavity. Analogues 74-80 including Au, Pt, Pd, Ru
complexes were synthesized in both a- and B-CD derivatives.”” NMR and X-Ray analysis were
applied to assess the conformation and the metal position. For example, the 'H NMR
spectrum of 76 shows some H-5 signals to be significantly low field shifted with respect to
their free ligand, indicating a weak interaction between H-5 and Cl. A trans P,N configuration
was deduced from a ROESY experiment which showed strong correlation between the
pyridinic H-4 proton and some inner H-5 protons of the cavity. Also, a 1Jp,pt coupling constant
typical of this particular geometry (1-Ip,pt = 3542 Hz) establishes the configuration of the

7
complex.”

Me,N—P
MeO _

M=Au, X=Y=Absent, Z=Cl, |, Br 81
M=Pt, X=Y=Cl, Z=NC-Ph

M=Pt, X=Y=Cl, Z=pyridine

M=Pd,
M=Rh,
M=Rh,
M=Rh,

72,n=1 74,
73,n=2 75
76,
77,
78,
79,
80,

53333353
phOERERDMDDDDDN

Figure 1-29. Different CD-metal complexes functionalized on adjacent sugar units

It is worth mentioning that the diphosphine ligand reacted with [Rh(acac)(CO),] results in a-
CD complex 81 and B-CD complex 82 with different configurations. The large cavity of B-CD

2, Engeldinger, L. Poorters, D. Armspach, D. Matt, L. Toupet, Chem. Commun. 2004, 488, 634—635.
M. Jouffroy, R. Gramage-Doria, D. Sémeril, D. Armspach, D. Matt, W. Oberhauser, L. Toupet, Beilstein J. Org.
Chem. 2014, 10, 2388-2405.
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cavity hosts partly of acac ligand, while in a-CD cavity of 81, acac is located outside according
to ROESY experiments. Furthermore, the Ru-complexes 81 and 82 were used as catalyst for
hydroformylation of styrene, in which a-CD-Ru complex 81 showed a better regio-and
enantioselectivity (yield: 100%, selectivity: 100%, ee: 93%) with respect to B-CD-Ru complex
82 (yield: 98%, selectivity: 58%, ee: 92%).”

More rigid phosphine ligands were also designed from 6A,6B,6D,6E-substituted oa-CDs
(Figure 1-30). It comprises two short, introverted phosphorus atoms, which is ideal for
forming chelate complexes such a-CD-Pd complexes 83, 85.”” In the presence of square
planar [MXY] entities (where X, Y=halogen, Me, CO or pyridine), the chelation gives rise
exclusively to complexes having trans stereochemistry (83-89).>7° 2D and 3*'P{*H} NMR
revealed the strongly deshielded H-5 protons are attributed to the interaction between H-5
and the halogen ligand, indicating that the M-Cl bond is pointing inside the cavity of these
complexes.

As for the a-CD-Ag complexes 90-96 in Figure 1-30, NMR study suggested that the anion
pointing towards the cavity forms weak bonds with H-5s of sugar units, indicating the
position of anion is at the level of H-5. The deshielded H-5s can be observed significantly
with halide atoms in 91, 92, 93. In contrast, anion BPh; of complex 96 is too bulky to fit into
the cavity, leading to a different chemical shift of H-5s compared with smaller anions. Also,
*1p NMR proved that the phosphine signals are very sensitive to the nature of the anion. A
single-crystal X-ray diffraction study also reveals the position of capped metal and

encapsulated halogen anion.””’®

89, M=Ni, X=Me, Y=Br

Figure 1-30. 6A,6B,6D,6E-phosphane substituted CD-metal complexes

M. Jouffroy, R. Gramage-Doria, D. Armspach, D. Sémeril, W. Oberhauser, D. Matt, L. Toupet, Angew. Chem.
Int. Ed. 2014, 53, 3937-3940.

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

®R. Gramage-Doria, D. Armspach, D. Matt, L. Toupet, Chem. Eur. J. 2012, 18, 10813-10816.

L. Poorters, D. Armspach, D. Matt, L. Toupet, P. G. Jones, Angew. Chem. Int. Ed. 2007, 46, 2663-2665.

8. Armspach, D. Matt, L. Poorters, R. Gramage-Doria, P. Jones, L. Toupet, Polyhedron 2011, 30, 573-578.
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A similar diphosphane ligand was synthesized from an appropriate 6A,6B,6D,6E-substituted
B-CD (Figure 1-31).” Unlike the case of a-CD, the B-CD isomer behaves as an imperfect trans-
chelator, the asymmetric structure of the corresponding Pt-complex 97 leads to two
nonequivalent P-M bonds, in which one of the P-M bonds is stronger than another. Variable
temperature NMR study showed that 97 is characterized by a phenomenon called

“christened oschelation” (contraction of “oscillating” and “chelating”) motion, that does not

80,81

involve any M-P bond dissociation.

OMmeMeO

Figure I-31. Molecular dynamics in complex 97

The dithioether CD-metal complexes 98-100 containing two bridging sulfur atoms were also
obtained (Figure 1-32).* The corresponding Pt complex easily forms a dimer. The NMR
observations together with IR analysis indicate that the isolated Pt-complex 98 is in a cis
configuration with the Cl units pointing outside the cavity. In contrast, the analogue Ag-
complexes 99 and 100 were obtained without dimer. ’® In the solid state, 99 comprises a
highly elongated a-CD torus, which is in almost rectangular shape, due to the metal
coordination. 2D HOESY NMR experiment revealed the encapsulation of the BF; anion in
CDCls.

Figure 1-32. Sulfur coordinated CD-metal complexes

R, Gramage-Doria, D. Rodriguez-Lucena, D. Armspach, C. Egloff, M. Jouffroy, D. Matt, L. Toupet, Chem. - A
Eur. J. 2011, 17, 3911-3921.

8R. Gramage-Doria, D. Armspach, D. Matt, L. Toupet, Angew. Chem. Int. Ed. 2011, 50, 1554-1559.
8 R. Gramage-Doria, D. Armspach, D. Matt, L. Toupet, Dalt. Trans. 2012, 41, 8786.
8p. Benmerad, P. Clair, D. Armspach, D. Matt, F. Balegroun, L. Toupet, Chem. Commun, 2006, 2678-2680.
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4.3.2.2 Capped bridge on CD as dentate ligands

Compared with several functional groups modified on cyclodextrin, the capped bridge will
lead to a lower flexibility of the cyclodextrin, and the structure of corresponding metal
complexes is even constrained.

A diaza crown-ether bridged to the primary rim of A, D sugar units of B-CD, forming the Eu-
metal complex 101 was reported by Nocera’s group (Figure 1-33).® It was expected to
remedy the lack of energy transfer efficiency, because of the shorter distance that separates
the bridge from the cavity. Unfortunately, owing to the location of the highly positive metal
charge close to the cavity, a drastic decrease of the binding strength of 101 toward benzene
was observed. This problem was solved by introducing a bridge containing three carboxylate
functions (complex 102), which neutralizes the lanthanide ion charge. Terbium(lll) was
selected as the emission center instead. Thus, encapsulated aromatic compounds are able to

trigger highly sensitive luminescence responses.*

Figure I-33. Bridged CD-metal complexes as chemosensors

Later, Matt and Armspach reported a tris(bipyridyl) bridged a-CD Ru" complex 103 (Figure I-
34). The NMR study showed that this complex form a 1 : 1 inclusion complex with
benzoquinone. This is the first example of electron transfer through a CD cavity from a Ru
center to a bound guest molecule.® Then, with the same rigid bipyridyl group, the
coordination with Ag and Pd just above the CD narrow rim was reported by the same
group.®® Two methoxy groups of the nearby CD primary rim stabilize the silver complex 104,
based on variable temperature NMR studies. The Pd-complex 105 results from the facile
deprotonation of one of the amido groups, producing a tweezer-like complex with an endo-
oriented Pd-Cl vector. Later, 2,6-bis(iminoaryl)pyridine-FeCl, a- and B-CD complexes 106 and

107 were reported. ¥ The cyclodextrin cones are strongly distorted by the presence of the

Beom. Rudzinski, W. K. Hartmann, D. G. Nocera, Coord. Chem. Rev. 1998, 171, 115-123.
¥ M. A. Mortellaro, D. G. Nocera, J. Am. Chem. Soc. 1996, 30, 7414-7415.

¥ D. Armspach, D. Matt, A. Harriman, Eur. J. Inorg. Chem. 2000, 1147-1150.

¥ D. Armspach, D. Matt, N. Kyritsakas, Polyhedron 2001, 20, 663-668.

8. Armspach, D. Matt, F. Peruch, P. Lutz, Eur. J. Inorg. Chem. 2003, 2003, 805-809.
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relatively short and rigid bridge. After activation with methylaluminoxane (MAO), the B-CD
derivative 107 catalyses the polymerization of ethylene, while the smaller a-CD analogue
106, shows difficulties in activation by MAQO, and hence polymerization is inhibited. The
authors explained that the metal is sterically stabilized by CD.

(bpy),  1(BF)2

Figure 1-34. Bridged CD-metal complexes

4.4 Use of the cavity of CD-metal complexes in organometallic catalysis

It is not surprising that cyclodextrins exhibit the widest range of catalytic applications among
all of the macrocycles.® In fact, cyclodextrins can have different functions in a catalytic
reaction. They can act as a platform, a bulky ligand, or a phase transfer agent.® For example,
Monflier et al. developed CD/substrate/additive system in biphasic catalytic reactions, using
cyclodextrins as phase transfer agents.”® The cavity of native or chemically modified CDs is
able to increase the water-solubility of organic substrates by inclusion into their hydrophobic
cavity. Next, the additional metal can be coordinated to the CD-substrate inclusion complex,
producing the corresponding product.

In this part, we will not present examples where cyclodextrins act as a platform or a bulky
ligand. Rather, we would like to describe catalytic effects due to the specific confined space

of the cavity, based on the CD-metal complexes.

4.4.1 One cavity with one metal ion

4.4.1.1 Hydrolysis reaction

The covalent linkage of one metal with only one cavity was the first design of a metal

complex in the proximity of a cavity. The first work to integrate transition metal catalysis and

8 a) M. Raynal, P. Ballester, A. Vidal-Ferran, P. W. N. M. van Leeuwen, Chem. Soc. Rev. 2014, 43, 1660-733; b)
M. Raynal, P. Ballester, A. Vidal-Ferran, P. W. N. M. van Leeuwen, Chem. Soc. Rev. 2014, 43, 1734-87.

8 A. Molnar, A. Papp, Catal. Sci. Technol. 2014, 4, 295-310.

%0 a) F. Hapiot, S. Menuel, H. Bricout, S. Tilloy, E. Monflier, Appl. Organometal. Chem., 2015,

DO0I:10.1002/a0c.3340; b) F. Hapiot, A. Ponchel, S. Tilloy, E. Monflier, C. R. Chimie, 2011, 14, 149-166.
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substrate encapsulation was reported by Breslow and Overman in 1970.” The a-CD Nj"
complex 110 was used as a catalyst for hydrolysis of p-nitro-phenylacetate 108, in which the
metal is bound to the secondary rim of CD (Scheme I-4). It shows efficient kinetic
enhancement, with an acceleration rate = 10° times faster than the uncatalyzed reaction.
The authors proposed that the substrate 108 is embedded into the cavity (intermediate 110-
1), then the cavity orients the substrate close to the metal center. This assumption was
further confirmed by an inhibition reaction. The reaction is competitively inhibited by the

addition of cyclohexanol, which displays a good affinity for the CD cavity.

NO, NO,

cat. 110,111,112,113,114

H,O
O __o OH

108 109

114

Scheme I-4. Substrate 108 included in different metal complexes to enhance the hydrolytic rate

Based on this strategy, many CD metal complexes incorporating with different functional
groups have been synthesized and their hydrolysis properties evaluated. The use of a bulkier

" complexes 111 and

coordinating ligand like cyclen derivatives was applied to form B-CD-Co
112. They were also used for the hydrolysis of p-nitro-phenylacetate 108.® A 900 times
acceleration was observed for 111, in which metal is coordinated on the primary rim of CD.
While its isomer 112 only accelerated the reaction by a factor of 3.6. The authors postulated
that the enhanced catalytic property of the primary rim-functionalized B-CD is due to the
coordination of Co with an adjacent primary hydroxyl group.

Later, a stronger chelating ligand (triazacyclododecane) was grafted to both primary and
secondary rims of B-CD to form the corresponding Zn" complexes 113 and 114.% Significant

enhancements of the hydrolytic rate of substrate 108 were also observed (Scheme I-4). The

TE L. Akkaya, A. W. Czarnik, J. Am. Chem. Soc, 1988, 110, 8553-8554
2R. Breslow, N. Nesnas, Tetrahedron lett. 1999, 40, 3335-3338;
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effect of the ligand position (primary or secondary rim) was also investigated. The secondary
rim-fuctionalized CD-Zn complex 113 afforded a better catalytic activity (15 times higher
than the primary functionalized isomer complex 114). The authors proposed that the
coupling of the substrate to the secondary rim with a more rigid functionalization, leads to a
limitation of undesired conformational freedom.

The CD capacity of recognition has also been exploited for selective peptide hydrolysis,
which was reported by Kostic et al (Figure 1-35).” The authors assessed the ability of B-CD-Pd
complex 115 to selectively hydrolyze X-Pro bonds in peptides. A ROESY *H NMR spectrum
was performed on intermediate species 115-I, formed by mixing Pd-CD complex with the
peptide. The NMR study shows that the aromatic group in the peptide chain has included in

the B-CD cavity. The cavity acts as the recognition site to fix the conformation of the

substrate.
H,0
1 1)
Arg-Pro-Pro-GIy-Ser6-Pro77{4Phe-Arg J,NM
R
~ o _
HZO\ /OHZ -, 4
~ /Pdﬂ ~ /Pd\

115 Activity

Recognition

Figure 1-35 Selective cleavage of a peptide bond promoted by substrate partly included in the cavity

Hydrolysis of a phosphate ester is a convenient way to test the catalytic properties of CD-
metal complexes. One of them, developed by Breslow and co-workers, linked a pyridine-
based tetradentate macrocyclic ligand to the CD cavity, forming the B-CD-Zn" complex 116
(Scheme 1-5).°* With p-nitrophenyl diphenyl phosphate 117 as a substrate, it is reported that
the zinc ion of 116 is able both to furnish a nucleophilic OH™ group, and to stabilize the
developing O of the phosphate by lewis acid coordination. A transition state for cleavage is
proposed as 116-l. It shows the substrate binding with the cavity. A grafted part bearing an
additional -OH is very important for hydrolysis. Kinetic studies showed a 7-fold increase of

the rate of hydrolysis compared to a Zn" analogue without the cavity.

% N. M. Milovi¢, J. D. Badji¢, N. M. Kosti¢, J. Am. Chem. Soc. 2004, 126, 696-697;
**R. Breslow, S. Singh, Bioorg. Chem. 1988, 16, 408-417.
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N O “opn OH
\ cat. 116 pH = 8, 25°C 9
—_—
+ ©) p —OPh
H,0/MeCN 07 “opn
NO2 NO,
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Scheme I-5. Hydrolysis of phosphate ester 117 catalyzed by CD-Zn complex 116

Then, the hydrolysis of phosphate substrates was further developed by using a hetero-
difunctionalized CD, which combines both a metal center and an imidazole group as a basic
function (Scheme 1-6).” The A,B-, B,A-, A,C-, A,D-tren(Zn), imidazolyl-CD metal complexes
were prepared. It was proved that the closest regioisomer 118 (B,A-, tren(Zn), imidazolyl CD-
Zn complex) is the most efficient towards the hydrolytic cleavage of 4-tert-butylcatechol
cyclic phosphate 119, with a rate increase 937 times corresponding to that of the native B-
CD. It was hence suggested a mechanism where the substrate 119 binds to the cavity,
leading to a pentacoordinated phosphorane intermediate 118-l. Interestingly, the
interconversion of the positions of two moieties (A,B-, tren(Zn), imidazolyl CD complex) leads
to a drop in activity. This indicates a favored orientation of the catalytic partners, in which

the metal complex resides on the B unit with the basic group stands on the A unit.

o— P OH oH o-POH
0 cat 118 pH 85,25°C o_ OH 0©®
~N
p—0® OH
H,0 : DMSO =100 1 s +
tBu
tBu tBu

118 119 11811

Scheme I-6. Hydrolysis of phosphate ester 119 catalyzed by CD-Zn complex 118

4.4.1.2 Hydroformylation reaction

Reetz et al. pioneered in using CD metal-complexes in catalytic reactions under biphasic
conditions. A diphosphine ligand, attached to the primary rim of B-CD was used in the
presence of [Rh(cod),]BF;in H,O/DMF mixture. The corresponding Ru complex was applied

as a hydroformylation catalyst.”®** The use of B-CD Rhodium catalyst 121 in two phase

5. D. Dong, R. Breslow, Tetrahedron Lett. 1998, 39, 9343-9346.
% M. T. Reetz, S. R. Waldvogel, Angew. Chem. Int. Ed. Engl. 1997, 36, 865-867.
” M. T. Reetz, Catal. Today 1998, 42, 399-411.
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system presented a higher regioselectivity for hydroformylation of olefins compared to the
analogue catalyst without the cavity (in general n : iso ratio is 60 : 40). For example,
substrate allylbenzene 120 is known to easily isomerize to the corresponding conjugated
olefin. However, it was smoothly hydroformylated by B-CD Rh complex 121 as catalyst, with
formation of linear and branched aldehyde in a ratio of 72 : 28 (Scheme [|-7). An explanation
for this enhanced regioselectivity is that the aromatic group of 120 can easily enter in the
hydrophobic cavity of B-CD. Since the catalytically active Rh metal is geometrically fixed

nearby, a rapid entropy-favored reaction takes place.

CHO OHC
— CO, H,
—_— +
0.5 mol% cat. 121
120

72:28

Organic phase . 5 CHO
\
P’
9z P ,/
pl Z

Aqueous phase ;5

Scheme I-7. Higher hydroformylation regioselectivity promoted by complex 121

Similarly, Karakhanoav et al. have demonstrated that -CD modified with nitrile-containing
groups is a good ligand for Pd" in the Wacker oxidation. For instance, for linear hex-1-ene
123, the B-CD-Pd complex 122 catalyzes the reaction to give a hexanone 124 in a selectivity
of 98%, and a yield of 95% (Scheme 1-8).” The authors illustrated that the cavity of Pd
complex 122 and a single olefin molecule formed the stable binding complex 122-l, leading

to a favored coordination of the double bond to Pd ion, resulting in a good yield and

selectivity.
cat. 122
W —_— /\/\,&O
CUClz, O,, H,O
123 124
Selectivity : 98%
122 Yield: 95%

Scheme I-8 High reactivity for hydroformylation of 123 catalyzed by CD-Pd complex 122

% E. Karakhanov, a. Maximov, a. Kirillov, J. Mol. Catal. A Chem. 2000, 157, 25-30.
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4.4.1.3 Reduction reaction

Woggon et al. synthesized amino-modified B-CD-Ru-complex 125 and used it as catalyst for
the reduction of ketones in the presence of sodium formate as the hydrogen source.” It
shows a good enantioselectivity in the reduction of both aromatic and aliphatic substituted
ketones. It is worth mentioning that Ru-complex 125 shows a higher enantioselectivity to
reduce unconjugated ketones than other Ru-based hydrogen-transfer catalysts.'® For
example, in the reduction of aliphatic unconjugated substrate 126 in a mixture of H,0 and
DMF, CD-Ru-complex 125 gives a 95% ee in 80% vyield to produce alcohol (Scheme 1-9). The
authors postulated that the B-CD cavity plays an important role through preorganization of
126 inside the cavity (intermediate 125-1, Scheme 1-9), then N-H group transfers hydrogen to
the carbonyl group with the specific conformation of the substrate encapsulated inside the

cavity.

“ cat. 125 10 mol%
HCO,Na
| H,O/DMF
1 126 ee: 95%
5 yield: 80% 125-1

Scheme 1-9. Preorganization of substrate inside the cavity leading to a high enantioselectivity

Later, the same group reported another Ru-complex 127, which is functionalized by a
methylamine linked to the secondary rim of B-CD at C-3 of sugar unit (Scheme 1-10).** NMR
study of 127 provides no evidence that the phenyl ring coordinated to ruthenium is included
into the cavity. Therefore, a chair flip of the modified altrose unit was proposed. The CD
cavity is distorted and hence offers new binding properties. Enantioslectivities from 70% to
98% were observed for a series of aliphatic ketones. For example, 10% of catalyst 127
reduces substrate 128 to give alcohol 129 with 93% selectivity in 99% yield. Hence, the
authors proposed the ketone to bind in B-CD cavity forming an intermediate 127-1, from
which the hydride is transferred preferentially to the re-face of the carbonyl group, which is
exposed through hydrogen bonding.

P A, Schlatter, M. K. Kundu, W.-D. Woggon, Angew. Chem. Int. Ed. Engl. 2004, 43, 6731-6734.
190 g Noyori, Angew. Chem. Int. Ed. 2002, 41, 2008-2022.

101 A Schlatter, W. Woggon, Adv. Synth. Catal. 2008, 350, 995-1000.
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OY\/\/\/ cat. 127 10 mol% HQ
— > H W

: HCO,Na

/ 128 H,O/DMF 129
cl

ee: 93%

Yield: 99%

Scheme 1-10. Specific conformation of 127 and proposed interaction with ketone 128

4.4.1.4 Polymerization reaction

More recently, the group of Harada described the use of dicyclohexylphosphine-modified
permethylated a- and B-CD, complexed with ruthenium, in an opening metathesis

102

polymerization of diol 132 (Scheme I-11).”™ The CD cavity was shown to play an active role in
the catalytic reaction. The conversions varied a lot with the different cavity size (31% for a-
CD complex 130, 80% for B-CD complex 131). The association constants of 130 and 131 are
170 + 20 and 460 + 60 M, respectively, indicating that the B-CD complex 131 favors an
inclusion complex with 132 than the o-CD complex. Moreover, CD-guest molecules
(adamantane) inhibit the catalytic reaction to a certain extent. Hence, it was proposed that
the first step is the inclusion of substrate 132 in the cavity of the metal complex (131-1 in
Scheme 1-11), followed by attack of the double bond of the included monomer by the Ru

metal center.

130 or 131 n

_——
H,0, 45°C
HO OH

Scheme 1-11 Catalyzed polymerization with different CD cavity sizes

4.4.2 Two cavities with one metal ion

To achieve a better substrate geometric control in a cavity, it would be a useful way to have
several interactions between the substrate and the cavity. Therefore, combination of two CD

cavities by a linkage group is designed. Thus the substrate may have several binding with

102y Takashima, K. Uramatsu, D. Jomori, A. Harima, M. Otsubo, H. Yamaguchi, A. Harada, ACS Macro Lett.

2013, 2, 384-387.
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cavities. The linker possesses an effective rigidity, thus favoring substrate preorganization in

the cavity. The metal center being held next to the substrate leads to efficient catalysis.

4.4.2.1 Hydrolysis reaction

Breslow et al reported that a B-CD dimer with a linker containing a bipyridyl group could
form complexes with different metal ions, including Zn and Cu (such as 133 in Scheme I-
12)."' The binding constants of the substrates suggest that two hydrophobic ends of
ditopic guests (adamantane and aromatic) bind strongly into two CD cavities. The ester
hydrolysis was investigated under catalyzed and uncatalyzed conditions. The B-CD dimer-Cu"
complex 133 was shown to be a successful catalyst for the hydrolysis of these esters 134 and
135. The rate increases by a factor (kcat/kuncat) of 18300 and 225000 for 134 and 135,
respectively. Based on the kinetic study, the authors proposed a mechanism where the
dimeric Cu-complex 133 can bind a substrate at both ends so as to hold the ester group of
the substrate above a catalytic functionality. Then the ester group is attached by a hydroxide

bound to metal, giving the hydrolysis products.

133-1

s S
33
R;= Ad — o O—< >—NOZ cat. 133, 37°C Ho
R,= Ph-NO = gg—\< +
= 2 H,0/DMSO
CH H
24 @—Noz cat. 133, 37°C ?\
/£ T 0+ HOQNOZ
H,0/DMSO

R,= Ph-NO2

Iz

Scheme 1-12 Ditopic guests binding with cavities of CD-metal complex 133 increase the hydrolysis rate

In 2007, Liu et al. reported a B-CD dimer linked by a telluroxy group forming complex 137.
The catalytic capacity was tested in the hydrolysis of 4,4’-dinitrodiphenyl carbonate 138
(Scheme 1-13). Without the cavity, there is no detectable catalytic activity observed for the
telluride analogue 136. However, with B-CD-Te complex 137 as catalyst, the hydrolysis is
remarkably accelerated by a factor of 2030 compared to analogue 136 (rates are 0.7 and
1421 for complexes 136 and 137, respectively). Based on kinetics and NMR study, a
molecular model was proposed as 137-l, showing that the substrate is fully and strongly

bound to the cavities, leading to the remarkable acceleration.'®

19 R Breslow, B. Zhang, J. Am. Chem. Soc, 1992, 114, 5882.

B. Zhang, R. Breslow, J. Am. Chem. Soc. 1997, 119, 1676-1681.
Z. Dong, X. Li, K. Liang, S. Mao, B. Yang, J. Xu, J. Liu, G. Luo, J. Shen, J. Org. Chem. 2007, 72, 606—609.
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Scheme I-13 Ditopic guests binding with cavities of CD-metal complex 137 increase hydrolysis rate

Interestingly, Ji and co-workers synthesized a B-CD-dimer-Zn complex 139 linked by 1,10-
phenanthroline-2,9-aminomethyl (Scheme 1-14). The investigation of hydrolysis activity was
performed with 4-nitropheny acetate 140 and 4,4’-dinitrodiphenyl carbonate 138 as
substrates. Based on kinetic study, it is shown that the ditopic substrate 138 has about a
3.58 x 10%times higher activity than that of monotopic substrate 140. It is due to a CD dimer
can bind strongly to such a ditopic substrate 138 (intermediate 139-1), which can occupy
both of CD cavities. Once the substrate is split in half by the catalytic group, the monotopic
hydrophobic product would easily leave because of weakened binding (139-1l). A monotopic
substrate is not binding as strong as a ditopic one, leading to less efficient catalysis. The
inclusion of substrate was also confirmed by a 2D NMR spectroscopy with an inhibitor, which
can strongly bind into the cavity and occupied the position. As a result, the rate of catalytic

hydrolysis is dramatically decreased.'*
ji cat. 139, H,0/MeCN 9 5
[ oN @o o~<j>—No2 ——— > ON —@o—c—o + HO NO,
E | PH=7,25C
e 138
cat. 139, H,0/MeCN ©
No, — T CHyc00 . HOONOZ
PH=7,25°C

140

) _oH 0?

H ~
& K
NH_é__HN NH‘@__HN
=N N= —N" N=
N/ N/ N\ 7/ N\ /
139-1 139-11

Scheme 1-14 Monotopic and ditopic substrates have different behaviors caused by binding with cavities

1%y H.Zhou, M. Zhao, Z. W. Mao, L. N. Ji, Chem. Eur. J. 2008, 14, 7193-7201.
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More recently, Zhao et al. reported a photo-switchable version of the B-CD-Zn" complex 141
(Scheme 1-15). A dimethyl-aminopyridine-bridge B-CD-Zn" complex was attached to gold
nanoparticles with azobenzene units in the linker. Under visible light, the azobenzene units
are in trans configuration and bind tightly to the CD cavity. This binding has a competitive
effect with p-nitro-phenylacetate 108, leading to a reduced hydrolytic catalysis of 108. Under
UV light, the azobenzene units are switched in cis configuration. This more bulky
conformation leads to a looser binding with the cavity. Thus, the cavity allows substrate 108

to get in and hydrolysis to occur with a 30 times rate increase.'”’

[e] —<H2C>>S <<Au nanoparticles
6

O—<HZC>\S << Au nanoparticles
6

o __o OH
¥
109 /\

Scheme I-15 Photo switchable B-CD-Zn complexes 141

Parallel, study of hydrolysis of phosphate esters started very early. Brewslow et al. designed
a bipyridyl linked B-CD dimer complexed with lanthanum, forming a B-CD-La complex 142
(Scheme 1-16). *® It was used as catalyst for the hydrolysis of bis-(p-nitrophenyl) phosphate
143 with the help of hydrogen peroxide. A very high rate increase up to x 10’ was observed,
due to the double binding of the substrate with the cavities, placing the metal Lanthanum

right on the top of phosphate ester group (intermediate 142-I).

197 Zhu, H. Yan, C. Y. Ang, K. T. Nguyen, M. Li, Y. Zhao, Chem. Eur. J. 2012, 18, 13979-13983.
1% B Zhang, R. Breslow, J. Am. Chem. Soc. 1994, 116, 7893-7894.
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pH=7,25°C
OO_P OONOZ% OZNOO_P o HOO

143

Scheme 1-16 Hydrolysis of phosphate ester by B-CD-La complex 142

4.4.2.2 Oxidation reaction

Woggon and co-workers showed that the bridging of two cyclodextrins by a Ru" porphyrin,
thus forming complex 144, favored oxidative cleavage of alkenes (Schemel-17). In the
presence of tert-butyl hydroperoxide, B-CD-Ru complex 144 is oxidized to Ru dioxide, as
shown in 144-1. Due to an interaction between two end-groups of substrates with the
cavities, the reactive Ru=0 group is closer to some of functional groups of the substrates. For
the substrate 145 with two cyclohexenyl ends, the cleavage does not take place only at the
central double bond. A mixture of aldehydes is obtained. However, the selectivity for
cleavage of 146 is almost exclusive when one of the cyclohexene end group is replaced by an
ortho-dimethylphenyl group. This suggests that a stronger binding interaction between the
aromatic ending group of 146 with the B-CD cavity is responsible for stabilizing the inclusion

complex 144-1, with the double bond above the reactive ruthenium. '’

144-

\(\/R cat. 144, 10% WCHO + OVWR
—_—
tBUOOH

Selectivity: 41%

Selectivity: 100%

Scheme 1-17. Selective oxidative cleavage catalyzed by B-CD-Ru complex 144

199 R R. French, P. Holzer, M. G. Leuenberger, W. Woggon, Organomet. Chem. 2000, 1267-1269.
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Matsui and coworkers prepared a CD-Cu' complex 147 through the dimerization of a
monofunctionalized B-CD with an ethylendiamino group (Scheme 1-18)."*° The catalytic
property of complex 147 was examined with regard to the oxidation of furoin 148 to furil
149. The reaction was significantly accelerated with 147 as the catalyst, by comparison with
a Cu analogue without cavity. This rate was decreased by the addition of a competitive
inhibitor. As a result, the authors proposed a mechanism in which two cavities of complex fix
a furoin molecule, to locate the reaction site of enolate above the copper ion as shown in
147-1 (Scheme 1-18). It is postulated in the model that the enolate anion is electrostatically

stabilized by the Cu"ion. It is also possible that not only O, but also Cu" acts as an oxidant.

o
P 0, cat. 147 T e \
\ N A . { N NS
o oy H,0, pH = 10.5, 25°C o
148 149

Scheme 1-18. Oxidation of furoin catalyzed by B-CD-Cu complex 147

4.4.3 Two cavities with several metal ions

More recently, a dinuclear Zn" complex 150 that possesses both two lewis activation sites
and double cavities was reported by Mao et al (Scheme 1-19)."* The catalytic activity of 150,
studied with substrate 143, as shown to be not only higher than that of the simple dinuclear
Zn" analogue without the cavity, but also much higher than that of the mononuclear B-CD-
Zn" complex. 2 When an inhibitor, which would occupy the cavity of CD, was added to the
reaction system, a decrease of reaction rate was observed. Thus, an intermediate is
proposed as 150-I, in which two aromatic ending groups of 143 are included in the cavity,
and two hydroxyl groups coordinated to Zn ions both intervene in the nucleophilic attack. At

the same time, the cavity is proposed to stabilize the catalytic transition state.

19y Matsui, T. Yokoi, K. Mochida, Chem. Lett. 1976, 1037-1040.

M. Zhao, L. Zhang, H. Chen, H. Wang, L. Ji, Z. Mao, Chem. Commun. 2010, 6497—-6499.
M. Acra, A. Bencini, E. Berni, C. Caltagirone, F. A. Devillanova, F. Isaia, A. Garau, C. Giorgi, V, Lippolis, A.
Perra, L. Tei, B. Valtanocoli, Inorg. Chem., 2000, 39, 3365-3373.
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pH =7, 25°C

Scheme 1-19 Phosphodiester hydrolysis catalyzed by a dinuclear Zn" complex
4.4.4 Several cavities with one metal ion

Breslow et al. reported a metalloporphyrin system attached to CD units as a strategy to bind
substrates in well-defined positions. Hence, they synthesized a B-CD-Mn complex 151 with
four CD rings and a Mn porphyrin core. lodosobenzene was used as oxidant to deliver the
oxygen atom bonded to the metal (Scheme 1-20)." It is proved that catalyst 151 is able to
bind a steroid 152 and perform a regioselective hydroxylation at a specific position. The
reaction is stereospecific, yielding only the equatorial alcohol 153, and 650 catalytic
turnovers can be achieved. It was proposed by computer modeling that the specific
structure of the Mn-CD complex 151 controls the geometry of substrate 152 binding inside
the cavity (151-1). The oxygen atom on the manganese is almost in van der Waals contact
with the equatorial hydrogen, but the axial hydrogen is inaccessible.

Steroid backbone

Porphyrin Scaffold

1511

For clarity, the CD rings not invovled in binding are omitted

CONHCH,CH,SOzH CONHCH,CH,S
tBu o cat. 151, H,0

e e o Ow°u@

HO3SH,CH,CHNOC % HO3SH,CH,CHNOC

152

Scheme 1-20 Selectively hydroxylation of substrate 152 catalysed by 151

3 Yang, B. Gabriele, S. Belvedere, Y. Huang, R. Breslow, J. Org. Chem. 2002, 67, 5057-5067.
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5 NHC-Functionalized cyclodextrin-metal complexes

As a strong donor ligand for metal complexes, N-Heterocyclic carbenes (NHCs) play more
and more important role in the field of catalysis. The chemistry of NHC has experienced a
rapid development over the last decades. The association of a NHC ligand with a cyclodextrin

moiety is promising, due to interesting chemical properties and potential applications.

5.1 N-heterocyclic carbenes (NHCs)

As early as 1835, attempt to prepare the parent carbene (CH,) by dehydration of methanol
was reported by Dumas."™* At the end of the 50s, Breslow'” and Wanzlick'*® realized that the
stability of the carbenes could be dramatically enhanced by the presence of amino
substituents. The first isolation of dicarbene was reported in 1989 by Bertrand and co-
workers."’ In 1991, a stable NHC, 1,3-diadamantylimidazol-2-ylidene 155 was isolated by
Arduengo and co-workers, by deprotonating of an imidazolium chloride 154 with a strong
base (Scheme |-21)."*®

Cl-
™\ o NaH, DMSO cat. ™\
THF
@/N YN ﬁ @/N N ﬁ
v .
154 155
Scheme I-21. First stable NHC isolated by Arduengo et al.

Then, numerous methods were reported to synthesize NHCs and their precursors.™
Generally, they can be divided in two major ways: 1) multicomponent reactions for the
generation of the N,N’-substituted heterocycle; 2) substitution of the nitrogen atoms of the
imidazole.™ To prepare free carbene, the most common way is the deprotonation of the
imidazolium salts by strong base like NaH, KH or tBuOK. " This method is also available for
other azolium salts, like triazolium, tetrazolium, pyrazolium, benzimidazolium, oxazolium or
thiazolium.

1% ). B. Dumas, Ann. Chim. Phys, 1835, 58, 28.

R. Breslow, J. Am. Chem. Soc. 1958, 80, 3719-3726.

H. W. Wanzlick, Angew. Chem. 1962, 74, 129-164.

A. Igau, H. Grutzmacher, A. Baceiredo, G. Bertrand, J. Am. Chem. Soc. 1988, 110, 6463-6466.

A. ). Arduengo, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991, 113, 361-363.

L. Benhamou, E. Chardon, G. Lavigne, S. Bellemin-Laponnaz, V. César, Chem. Rev. 2011, 111, 2705-2733.

a) F. E. Hahn, M. C. Jahnke, Angew. Chem. Int. Ed. 2008, 47, 3122-3172; b) F. Glorius, Top. Organomet.
Chem. 2007, 21, 1-20.

A. ). Arduengo, J. R. Goerlich, W. J. Marshall, J. Am. Chem. Soc, 1995, 117, 11027-11028.
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Concerning the electronic configuration, NHCs are neutral compounds with a divalent
carbon atom with six electrons in its valence shell. In the linear carbenes, there are two
nonbonding degenerate orbitals (px and py) in sp-hybridized carbene center. Bending the
molecule breaks this degeneracy and the carbon atom adopts an sp>type hybridization: the
py orbital (or called py) remains almost unchanged, while the orbital that starts as pure py

“u_n
S

orbital is stabilized since it acquires some character (it is therefore called o). As depicted
in Figure 1-36, four electronic configurations can be envisaged. The two nonbonding
electrons can be in two different orbitals with parallel spins (triplet state); hence, the
molecule is correctly described by the o'p.’ configuration (*B; state). In contrast, for singlet
carbenes, the two nonbonding electrons can be paired in the same o or p; orbital. Therefore,
there are two different *A; states. Last, an excited singlet state which o'p. configuration can

also be envisaged (*B; state).*?

Figure 1-36. Electronic configuration of carbenes

Among all these states, o®> of 'A; is generally more stable than others. Such as
diaminocarbenes have a push, push mesomeric — pull, pull inductive substitution pattern, in
which the carbene electron deficiency is reduced by the donation of the two nitrogen lone
pairs while the carbene lone pair is stabilized by the inductive effect of two electronegative
nitrogen atoms.*?*
Mesoionic carbenes (MICs) correspond to abnormal NHC carbenes (aNHCs). They are named
because the carbene center is not flanked by heteroatoms on both sides and their structures
can only be represented as zwitter-ions and not in the neutral canonical form.'* An
important type of MICs is triazolium-derived, first reported by Albrecht et al. in 2008

(Scheme 1-22)."* Then Bertrand and co-workers successfully isolated free MIC based on

122 Bourissou, O. Guerret, F. P. Gabbaie, G. Bertrand, Chem. Rev. 2000, 100, 39-91.

a) R. H. Crabtree, Coord. Chem. Rev. 2013, 257, 755-766; b) P. L. Arnold, S. Pearson, Coord. Chem. Rev. 2007,
251, 596-609;
P. Mathew, A. Neels, M. Albrecht, J. Am. Chem. Soc. 2008, 130, 13534-13535;
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triazolium, without dimerization.'” The experimental and theoretical data suggests that

MICs are even stronger donor than normal NHCs.**

Rs PHX—\_ Rs o Rs o Rs o Rs @
o - Nyf\N N7:\N N_N = y@
Ry NR, PP [Rig T Re RiIZUNTR: RN Re | T RTVENR,

R]_:Me, RZ:Dipp, R3:Ph
R1=iPr, R,=Dipp, R3=Ph

Isolated

Scheme 1-22. Abnormal NHCs (MICs)

One of the advantages of NHC and MIC, is that both the electronic and steric properties may
be controlled by modifying the carbon backbone or changing the functional groups that are
bonded to the ring. Thus, they are allowed for a remarkable diversity, which can be tuned
almost at wish.

5.2 NHC-metal complexes

The first examples of NHC-metal complexes were even earlier the isolation of a free NHC,
with Wanzlick ™ and Ofele **® independently synthesizing imidazole-2-ylidene bearing

mercury(ll) and chromium species in 1968, respectively (Scheme [-23).

Wanzlick et al. Ofele
O Q 2Clo, / /
N Hg(OAc), N N N N
| ; | Hg \ | [HCr(CO)s] | Cr(CO)
£ cor 202 (o] Cproeon ~- Lo
Ha

O 00 |

Scheme 1-23. First NHC-Metal complexes reported by Wanzlick and Ofele

Then, many advances of NHC-metal complexes come out since the successful isolation of a
NHC in 1991. They are accessible by three different pathways shown in Scheme [-24: A)
formation of a free carbene then complexation with metal reagents; B) reaction of
imidazolium products with suitable basic transition metal salts then complexation in situ;'*

129

C) transmetallation with the corresponding NHC-Ag complex. Because of the easy

preparation of NHC-Ag complexes by using the Ag,0O method and facile transfer of NHC

125, Guisado-Barrios, J. Bouffard, B. Donnadieu, G. Bertrand, Angew. Chem. Int. Ed. 2010, 49, 4759-4762.

D. G. Gusev, Organometallics, 2009, 28, 6458-6461;

K. Ofele, J. Organomet. Chem. 1968, 12, 42-43;

H. W. Wanzlick, H. J. Schonherr, Angew. Chem. Int. Ed. 1968, 7, 141;
H. M. J. Wang, I. J. B. Lin, Organometallics, 1998, 17, 972-975;
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130

ligand to other metals,™ the Pathway C has became a common used procedure for

preparation of NHC-metal complexes.

MBLn, -BH
’ Pathway B l
R R R
N® Base N MLpq N
[\> _— > - [ ML,
N Pathway A N L N
R R R
R
‘ Ag,0 N ML,
- [ >—AgX
Pathway C N
R

Scheme 1-24. Synthetic pathways for NHC-metal complexes

The stability of NHC-metal complexes is due to their specific electronic structure. It can be

rationalized by their inherent o-donation of the carbene lone pair to the metal, and d-orbital

131

of metal m-back-bonding into the carbene p-orbital (Figure 1-37).

r
I

T e

.y

o-donation n-back-donation

Figure 1-37. Electronic structure of NHC-metal complex

5.3 NHC-CD metal complexes

The chemical and catalytic properties of the NHC-CD-metal complexes are very interesting to
study. The first example of NHC-appended cyclodextrin was a collaborated work reported by
Monflier and our group (Scheme 1-25). ** A mono-NHC-functionalized permethylated a-CD
156 was studied for its solubility, aggregation, and recognition properties, as well as its
coordination and catalytic behaviors. The NMR chemical shifts of the imidazolium 156
depend on the concentration, because of the m-m stacking interactions between the

imidazolium rings. Deuterium exchange of the acidic imidazolium hydrogen atom was

139 J.B. Lin, C. S. Vasam, Coord. Chem. Rev. 2007, 251, 642—670.

H. Jacobsen, A. Correa, A. Poater, C. Costabile, L. Cavallo, Coord. Chem. Rev. 2009, 253, 687—-703.
F.-X. Legrand, M. Ménand, M. Sollogoub, S. Tilloy, E. Monflier, New J. Chem. 2011, 35, 2061.
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observed. After metallation of imidazolium compound 156 with Ag,0O, the corresponding
metal complex was characterized as the mono-complex 157 or bis-(imidazole-2-

ylidene)silver complex 158.

N® N
ME:‘O\ Meo\ r‘ MBO\ MeO .
= = N QMe

Ag,0, DCM

156 157 158
Scheme I-25. First NHC-appended CD-metal complex

Following this work, perbenzylated and permethylated bis-NHC-cyclodextrin Pd" complexes
159, 160, as well as a perbenzylated bis-MIC-CD Pd" complex 161 were developed by our
group (Figure 1-38).”’ The NMR study reveales the C, symmetry and the trans-configuration
of 159 and 160. All of them were used in Suzuki-Miyaura coupling reactions. They showed
good reactivity with bromoacetophenone in ethanol and water. This series of complexes also

present an increased stability of the bis-chelate complex compared with the mono-NHC.

Ph  Ph
!

159, R=Bn, X=Cl
160, R=Me, X=! 161

Figure 1-38. Bis-NHC-CD-Pd complexes

Later, bis-imidazole complexes for both permethylated a- and B-CD, with Pt and Ru 162-165
were reported (Figure 1-39)."** The anomeric signals appear in a narrow chemical shift range
close to that of the free CD-NHC ligand, suggesting that the CD scaffolds donot undergo
major distortions upon complexation. By using IR spectroscopy, the coordination of the
metal was assigned to a cis-arrangement. The absence of deshielded inner cavity protons
upon complexation observed by NMR led the authors to conclude that the chloride atoms

are pointing outside the cavity.

133 M. Guitet, F. Marcelo, S. A. De Beaumais, Y. Zhang, J. Jiménez-Barbero, S. Tilloy, E. Monflier, M. Ménand, M.

Sollogoub, Eur. J. Org. Chem. 2013, 3691-3699.
B Egloff, R. Gramage-Doria, M. Jouffroy, D. Armspach, D. Matt, L. Toupet, Comptes Rendus Chim. 2013, 16,

509-514.
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Figure 1-39. Bis-NHC-CD metal complexes
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Chapter 11

1 Retrosynthesis of NHC-bridged CD-metal complex

As presented in chapter |, the metal position in mono-substituted cyclodextrin-metal
complexes cannot be well fixed, due to the flexibility and rotation of the linker. A poly-
substituted CD-metal complex that bears a bridge should bring a relative rigidity.
Meanwhile, few studies on CD complexes forcing the metal ion through covalent bonding to
be included deep inside the cavity have been reported so far. During the studies on CD-

135

based ligands, our group has turned attention from phosphines™ to NHCs. In this part, we
will describe the synthetic route and chemical study of NHC-bridged a-, B- and y-CD metal
complexes.

To synthesize NHC-bridged cyclodextrin-metal complexes, several precursors are involved.
The retrosynthesis route is proposed in Scheme Il-1. Firstly, It is necessary to obtain a
azolium-bridged salt before metallation. Logically, at least two free arms of cyclodextrin
should be available for this bridge, thus diol-CD should be involved. Since there are three
types of hydroxyl groups in CD, it is challenging to regioselectively differentiate them
because of their identical chemical reactivity. Therefore, the first strategy is to selectively

functionalize a native CD.

CD-metal complex Azolium-bridged salt iol- Native CD

Scheme II-1. Retrosynthesis of NHC-bridged CD-metal complexes

2 Synthesis of a-, B- and y-CD diols with DIBAL-H

Since a long time, our laboratory has developed a very efficient diisobutylaluminum hydride
(DIBAL-H)-mediated regioselective debenzylation reaction to access multifunctionalized

CDs."® Perbenzylated a-, B- and y-CDs 166, 167, 168 were easily obtained using benzyl

135 a) S. Guieu, E. Zaborova, Y. Blériot, G. Poli, A. Jutand, D. Madec, G. Prestat, M. Sollogoub, Angew. Chem. Int.

Ed. Engl. 2010, 49, 2314-2318; b) E. Zaborova, J. Deschamp, S. Guieu, Y. Blériot, G. Poli, M. Ménand, D.
Madec, G. Prestat, M. Sollogoub, Chem. Commun. 2011, 47, 9206-9208.

a) A. J. Pearce, P. Sinay, Angew. Chem. Int. Ed. 2000, 39, 3610-3612; b) T. Lecourt, A. Hérault, A.J. Pearce, M.
Sollogoub, P. Sinay, Chem. Eur. J. 2004, 10, 2960 — 2971; c) O. Bistri, P. Sinay, J. Barbero, M. Sollogoub, Chem.
Eur. J. 2007, 13, 9757-9774; d) S. Guieu, M. Sollogoub, Angew. Chem. Int. Ed. 2008, 47, 7060-7063; e) S.
Guieu, M. Sollogoub, J. Org. Chem. 2008, 73, 2819-2828; f) E. Zaborova, M. Guitet, G. Prencipe, Y. Bleriot, M.
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chloride and sodium hydride in anhydrous DMSO. Then selective debenzylations of a-, B-CDs
166, 167 using DIBAL-H afforded pure regioisomers 6A,6D diol CDs 169 and 170 in excellent

yields, while a mixture of isomeric diols 171 and 172 was generated with perbenzylated y-CD
168 (Scheme 1I-2).

HO

> ' _@enElC
e 3
. OH o}
HO - ~ %OBH
4
OH 4 oH OBn
R NaH, BnCl ) DIBAL-H
—_— —_—
/ OH
OH F /o DMSO B / OBN Toluene
o o
o[ Z-27 on
on |HO
n

n=1, a-CD n=1, 166, 98% n=1, 169, 85%
n=2, 8-CD n=2, 167, 98% n=2, 170, 80%
n=3, y-CD n=3, 168, 90% n=3, 171 and 172 mixture, 59%

Scheme II-2. Perbenzylation and selective debenzylation of cyclodextrins

2.1 Diisobutylaluminum Hydride (DIBAL-H) mediated debenzylation

A systematic study was started since the very first beginning in our lab. When alkyl ether 173
is submitted to the reaction of DIBAL-H, there is no reaction even after 96 h (Scheme II-3).
However, when a second oxygen is present as in a furan ether 174, the benzyl group is easily

removed in 4h in 89% vyield. Therefore, another oxygen is required for chelation of the
aluminium atom.

OBn DIBAL-H
———>——> No reaction

96 h
173
OBn DIBAL-H
—_—
0O 4h o)
174 89%

175

Scheme II-3. Deprotection of alkyl ether by DIBAL-H

On account of this observation, it is proposed that a minimum of two equiv. of DIBAL-H are
1385 The first equivalent of DIBAL-
H is chelated between two oxygen atoms of sugar 176, involving both the endocyclic oxygen
atom and the 6-O-benzyl group to form complex 176-l. Then a second DIBAL-H molecule

comes to coordinate with the less hindered oxygen atom, forming intermediate complex

involved in the mechanism of debenzylation (Scheme 11-4).

176-1l. Among these two equivalents of aluminium, the first one acts as a Lewis acid to active

Menand, M. Sollogoub, Angew. Chem. Int. Ed. 2013, 52, 639-644; g) B. Wang, E. Zaborova, S. Guieu, M.
Petrillo, M. Guitet, Y. Bleriot, M. Menand, Y. Zhang, M. Sollogoub, Nat. Commun., 2014, 5, 5354-5360.
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the C-O bond of benzyl ether, and the latter one delivers a hydride on the benzylic carbon to

form the complex 176-lll. The subsequent hydrolysis procedure generates the product 177.

R=i-Bu

Scheme I1-4. Proposed mechanism of the debenzylation on position 6

2.2 Rationalization of the selectivity for a- and B-CDs debenzylation

Under the light of the mechanism study on monosaccharide, a DIBAL-mediated
debenzylation mechanism for CDs was proposed (Scheme [I-5), which rationalizes the
regioselectivity. As shown for a-CD, firstly, the debenzylation takes place in one of the sugar
units (namely unit A). Two equivalents of aluminium are chelated by the hydroxyl groups in a
similar “tweezer” pattern as for monosaccharide 176, which created a huge steric hindrance
on one side of the primary rim (intermediates IV). The steric hindrance is also enhanced by
the benzyl groups. Thus, other two aluminium for second debenzylation can only approach
and react to the farthest position (unit D, intermediates V), leading to a single regioisomer,
the 6A,6D-diol a-CD 169.

BnO
BnO o
BnO o ) o
n m “Aoéom ;\$ oBn

BnO—
OBN piAL-H OBn DIBAL-H

? @ i

OBn Toluene (0]

OBn
BnO
B"O%/o woan
BnO

> Diol-a-CD
169

- =

BnO OBn

Toluene

Scheme I11-5. Rationalization of the selectivity of a-CD diol

For B-CD, after the first debenzylation, the increased size of the primary rim and the
asymmetric structure gives two choices for the second aluminum chelation (intermediate VI
in Scheme 11-6). The positions 6D and 6E are almost equally distant from the position 6A,
reaction with one or the other hydroxyl group leads to the same regioisomer 6A,6D-diol B-

CD 167. However, when B-CD diol is monoalkylated, an inseparable 1 : 1 mixture of 6A-
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hydroxy-6E-alkyl 178 and 6A-hydroxy-6D-alkyl 179 is generated because of the statistical

alkylation of the two hydroxyl positions.™’

BnO BnO

OBn OBn
BnO O ~07 79 OBn Bnomo O\-0Bn Bnom o OBn
BnO

BnO 0 Bno (0] BnO— 0 BnO BnO— 0O Bno
OBn 1
0Bn DIBAL-H o oBn DIBAL-H
BnO 2 ___ . B
R Toluene
OBp.o OBn 3 OBp.o OBn B o OBn
BnO

167 B-CD VI

Toluene

ROTs lequiv.
R=H,CH,COH,C-CH=CH,

nO

OBnB
Bnom 0\0Bn Bnomo%&“
BnO
Bn RO~ 0BnO BnO
/i/y 0Bn 27 o8n (P
Bn RO\ N"0Bn
BnO + BnO
o o o o
no OR_7,0Bn BnO&i o?%o’lOBn
o 0OBn [¢] OBn
o 0Bno A o O Bno
0OBn %/ o Q
BnO 0OBn

178, 34% 179, 34%

Scheme I1-6. Rationalization of the 6A, 6D diol of 3-CD and their monoalkylation

2.3 Previous work on selective debenzylation of y-CD

The DIBAL-H methodology has also been applied to the perbenzylated y-CD 168 using a large
excess of DIBAL-H at low concentration. The selectivity was not satisfactory and two
regioisomers, 6A,6D and 6A,6E diols were obtained (Scheme II-7).1363 When the
perbenzylated y-CD 168 was treated with 150 equiv. of DIBAL-H in 0.5 M concentration at
room temperature for 5h (Conditions A), the monol product 180 in 47% vyield along with a
mixture of 6A, 6E diol 171 and 6A, 6D diol 172 in 25% yield were isolated. When the reaction
was performed at a higher temperature (Conditions B) for 1.5 h, it gave a non-separable
mixture of 171 and 172 in 59% vyield.

e an 7 BN Bi
Bog A Condition A: A A o A
DIBAL-H 150equiv.
sro N %" 0.5M, rt. 5h, toluene OBn
o Bn o [e}
WCQ/OB” Condition B: +
(e} DIBAL-H 150equiv.
o o~ 0Bn  0.5M,55°C, 1.5h, toluene
0OBn
wOBn
180 171, 6A, 6E diol + 172, 6A, 6D diol
Condition A: 47% 25% (yield of mixture of diols)
Condition B: n.d. 59% (yield of mixture of diols)

Scheme 11-7. Previous conditions of selective debenzylation of y-cyclodextrin in toluene

37 0. Bistri, K. Mazeau, R. Auzély-Velty, M. Sollogoub, Chem. Eur. J. 2007, 13, 8847-8857.
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In 2010, Ling et al. investigated this reaction using commercial solution of DIBAL-H in hexane
as reagent, instead of the original DIBAL-H in toluene (Scheme 11-8)." The switch of reagent

resulted in slower debenzylation.

BnO
s OBn BnO BnO BnO

OBn =
O N s O obn s /%SB" Bn = OBn 0\<0Bn
o B0 ¥ Bno
o,

BnO
BnO = 0 BnO~ O

BnO = 0 § ) 810> OBnO
OBn DIBAL-H DIBAL-H

in hexane in hexane

OB” Toluene

Bn

OBn
Toluene

Scheme 11-8. DIBAL-H mediated quadruple debenzylation of y—CD

To a solution of y-CD 168 in toluene, another solution of DIBAL-H in hexane was added.
When the mixture was heated for 1 day, y-CD 168 gave 6A,6E diol 171 and 6A,6D diol 172 as
major products (Entry 1, Table II-1). By prolonging the reaction time, a mixture of triol
isomers was observed. When the reaction was further left for 4 days, 8% vyield of the
6A,6B,6E,6F tetraol y-CD 181 was obtained by repeated column chromatography (Entry 2,
Table II-1).

Entry DIBALin  Concentration of Time T(°C) Diol Tetraol
hexane DIBAL in toluene 171+ 172 181
1 40 equiv. 0.9M 1d 50°C Observed as major products n.d
2 40 equiv. 0.9M 4d 50°C n.d 8%

Table 1I-1.0ne pot synthesis of multi-substituted y—CD

More recently, T. Kraus and co-workers investigated a method with more concentrated
reagent solutions but below room temperature.”®® They treated perbenzylated the y—CD 168
with large excess of DIBAL at 3M concentration in toluene at 0°C, after 41h it gave a mixture
of the two diols 171 and 172 (Table II-2). Nevertheless, they partly separated the mixture by
silica gel chromatography, which allowed isolation of 171 in 14% vyield. Then, they used HPLC
to separate the residual mixture of 171 and 172, to give each diol in 10% vyield.

Solvent DIBAL Concentration of DIBAL  Time T(°C) Diol 171 Diol 172

Toluene 237 equiv. 3M 41h 0°C 24% 10%

Table 11-2. Mild conditions for selective debenzylation of y-CD

%% G. K. Rawal, S. Rani, S. Ward, C. C. Ling, Org. Biomol. Chem., 2010, 8, 171-180.

S. Volkov, L.Kumprecht, M.Budesinsky, M. Lepsik, M. Dusek, T. Kraus, Org. Biomol. Chem, 2015, 13, 2980-
2985.
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2.4 Screening of reaction conditions for the y-CD debenzylation

It is therefore clear that there is still room for improvement in this work. Hence, we decided
to reinvestigate the reaction conditions. The “classical debenzylation conditions” developed
by our group™® for a- and B-CD uses 20 equiv. of DIBAL-H in 1M toluene at 55°C. And till
now, these conditions have not been applied to y-CD.

In the case of a- and B-CDs, it takes about 45 min to form diols as major products. But in the
case of y-CD, this reaction goes much faster. When the mixture of 168 and DIBAL-H in 1M is
stirred for 45 min (Entry 1, Table II-3), a mixture of the 6A,6E diol 171 and 6A,6D diol 172 in
27% vyield is obtained, with an excellent ratio of 90 : 10, together with 2% of the monol 180
and a large part of triol, which is not quantified in this first try.

Since the debenzylation of y-CD goes faster than that of the smaller a- and B-CD cavities, we
tried to quench the reaction earlier. When the reaction is left for 30 min (Entry 2, Table 11-3),
it gives 23% of a 171, 172 mixture in a ratio of 78 : 22, along with 33% of triol. With the
reaction time of 15 min (Entry 3, Table 1I-3), 68 : 32 mixture of 171 and 172 diols in 35% yield
is obtained, along with 22% monol 180, 11% of triol, and 5% of starting material 168

(recovered).

Entry  Concentration Time Temperature  Conversion Monol Diol Triol°
DIBAL-H 20 eq. 180 171:172 183
1 1M 45 min 55°C 100% 2% 27%(90 :10) nd
2 1M 30 min 55°C 100% 3% 23%(78 :22) 33%
3 1M 15 min 55°C 95% 22% 35%(68 :32) 11%
4 1M 30 min 40 °C 86% 35% 23%(59 :41) trace
5 1M 2h r.t. 73% 35% 23%(mixture®) trace”
6 0.8 M 30 min 55°C 100% 9% 42%(71:29) 20%
7 0.6 M 30 min 55°C 98% 15% 41%(66:34) 16%

? Mixture of different diol isomers, can not recognize configuration; ® Traces of different regioisomers of triols and tetrols; ©

Isolated yield for pure triol product 183

Table II-3. Screening reaction conditions of selectively debenzylation of y-CD

These results indicate that under the “classical conditions”, the debenzylation of y-CD goes
really fast, even in 15 min the reaction has already afforded 11% of triol. The reaction has to
be slow down, hence milder conditions are required. Firstly, we tried to lower the
temperature to 40 °C and room temperature. As expected, only traces of triols are observed
and the starting material is also recovered. In additional, the selectivity between the two
regioisomers 171 : 172 at 40°C decreased to 59 : 41 (Entry 4, Table 1I-3). Upon reaction at r.t.

(Entry 5, Table 1I-3), a mixture of several regioisomers, which was not identified, as well as
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traces of different isomers of triols and tetrols are observed. It indicates that a lower
temperature slows down the reaction, but also decreases the selectivity between the two
regioisomeric diols. Meanwhile, during debenzylation, a mixture of monol, diol and triol of y-
CD is always obtained, leading to low yields and complicated purification.

Another way to slow down the reaction is to decrease the concentration of DIBAL-H. We
tried to lower the concentration to 0.8 M and 0.6 M (Entry 6-7, Table 1I-3). This led to an
increase of the diols yield and a drop in selectivity. The selectivity of the two regioisomers
171:172is 71 : 29 and 66 : 34 respectively, while 20% and 16% of triol is also obtained.

On the basis of the selective debenzylation mechanism, it is logical to infer the poor
selectivity and yields of 171 and 172 isomers to the big size of y-CD cavity. The steric
hindrance of aluminum derivatives is much less prominent in this bigger cavity, and cannot
efficiently direct the second deprotection. At the same time, the big size of the y-CD cavity
allows further debenzylation to give triols or even tetraols (a fraction of C; symmetric
6A,6C,6E,6G tetraol was isolated), which were hardly observed with a- and B-CDs, having
smaller cavities.

2.5 Rationalization of y-CD triol isomers

A mixture of different regioisomers was expected for the triols. Surprisingly, the **C and 2D
NMR spectra showed the presence of a single regioisomer corresponding to the 6A,6C,6F
triol y-CD 183.

From table 1I-3, we observed that best yield for the 6A,6C,6F triol 183 was obtained with the
best selectivity between the two isomeric diols. In other words, the formation of the triol
183 seems to be related to a decrease of the amount of the 6A,6D diol 172.

According to the mechanism of debenzylation, the first deprotection site-directs the next
through the steric hindrance of the aluminium-oxygen chelates. 6A,6E diol 171 hence directs
the debenzylation reaction on unit C (or unit G) to give the 6A,6C,6E triol 182 (Scheme II-9).

Distance of one sugar

171: 6A, 6E-diol 182: 6A, 6C, 6E-triol

Scheme 11-9. Site —directing debenzylation effect on 171

However, in the case of the isomeric diol 172, which is not symmetrical, the steric hindrance
induced by the attachment of the aluminium reagent directs the hydride transfer either on

sugar unit G or F, sharing approximate distance from the chelated aluminum, which is on the
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less hindered side of the cavity (Scheme 1I-10). Based on the nomenclature of CDs, when one
glucose unit is modified, the units and numbering follow the shortest way. According to this
rule, both numberings lead to the same regioisomer 6A,6C,6F triol y-CD 183.

In fact, for the third debenzylation of 6A,6E diol 171, there is only one sugar unit distance
between the third debenzylation position (sugar C) and the steric aluminium chelation
(Scheme 11-9). In contrast, the third debenzylation positon G or F of 6A,6D diol 172 is farther
from the aluminum hindrance (Scheme 1I-10). Therefore, an easier debenzylation might go
through in the latter case. The reaction lasts for longer time, more 172 is consumed, and
more 6A,6C,6F triol 183 is accumulated, a better selectivity between two isomeric diols is

obtained.

Distance of two sugars

172: 6A, 6D-diol ) Vyg/

OBn G

O OBn

Scheme I1I-10. Site—directing debenzylation effect on diol 172

3 Study of NHC-bridged CD-metal complexes

3.1 Imidazole-bridged CD-metal complexes

The series of imidazole-bridged CD-metal complexes was prepared from perbenzylated a-, B-
and y-CDs diols 169, 170, 171 and 172, which were subsequently bis-mesylated to afford
184, 185, 186 and 187 CDs in good yields."* The mixture of y—CD diols 171 and 172 is
separated by traditional chromatography after mesylation. Next, the treatment of 184, 185,
186 and 187 with imidazole gave the imidazolium-bridged CDs 188, 189, 190 and 191 in 85%,

198 Bertino-Ghera, F. Perret, B. Fenet, H. Parrot-Lopez, J. Org. Chem, 2008, 73, 7317-7326.
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72%, 57% and 40% respectively, instead of the corresponding bis-imidazoles."*! The yields
are dropped with the increased size of the cavity, indicating an increased difficulty in
bridging two sugar units in a bigger cavity. The imidazoliums were submitted to the action of
Ag,0 to give the silver-NHC complexes 192, 193, 194, and 195 in 90%, 85%, 63% and 65%
yields, respectively.*** a-, B-CDs copper complexes 196 and 197 can be generated either by
reacting Cu,0 directly with the imidazolium salt 188, 189 in 80% yield for both,** or through
transmetallation of silver complexes 192 and 193 with CuCl to give Cu-complexes in
quantitative yields."* The latter strategy was also used to obtain gold complexes 198 and
199 from silver complexes using AuCl in 55% and 70% yields respectively (Scheme 1I-11).
Subsequent characterization gave clear evidence of the position of the metal inside the

cavity.

DMF

n=1, 169 n=1, 184, 98% n=1, 188, 85%
n=2,170 _ n=2, 185, 95% n=2, 189, 72%
n=3, 171, 6A, 6E isomer n=3, 186, 90%, 6A, 6E isomer n=3, 190, 57%, 6A, 6E isomer
n=3, 172, 6A, 6D isomer n=3, 187, 90%, 6A, 6D isomer n=3, 191, 40%, 6A, 6D isomer
Cu,0
dioxane
Ag,0, CH3CN n=1, 80%
n=2, 80%

_0OBn
OBn

cucl BnO —yg
—_—
DCM
n=1, 99%
n=2, 97%
n=1, 198, 55% n=1, 192, 90% n=1, 196
n=2, 199, 70% n=2, 193, 85% n=2, 197
n=3, 194, 63%,6A, 6E isomer
n=3, 195, 65%,6A, 6D isomer

Scheme 11-11. Synthesis of Im-bridged CD-metal complexes

M. Guitet, F. Marcelo, S. Adam de Beaumais, Y. Zhang, J. Barbero, S. Tilloy, E. Monflier, M. Ménand, M.

Sollogoub, Eur. J. Org. Chem, 2013, 3691-3699.

a) H. M. J. Wang, I. J. B. Lin, Organometallics, 1998, 17, 972-975; b) M. Paas, B. Wibbeling, R. Frohlich, F. E.
Hahn, Eur. J. Inorg. Chem, 2006, 158-162; c) J. M. Hayes, M. Viciano, M. Peris, G. Ujaque, A. Lledos,
Organometallics, 2007, 26, 6170-6183.

a) A. A. Tulloch, A. A. Danopoulos, Z. Kleinhenz, M. E. Light, M. B. Hursthouse, G. Eastham, Organometallics,
2001, 20, 2027-2031; b) J. Chun, H. S. Lee, I. G. Jung, S. W. Lee, H. J. Kim, S. U. Son, Organometallics, 2010,
29,1518-1521.

P. Arnold, A. Scarisbrick, A. J. Blake, C. Wilson, Chem, Commun, 2001, 2340-2341.
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3.1.1 Previous characterization of Im-a-CD-metal complexes

Following the initial characterizations performed on a-CD,"* all proton signals were assigned
for a-CD imidazolium 188 and its metal complexes. A NOESY experiment on 188 showed
cross-correlations between the acidic imidazolium hydrogen atom H* and a pair of hydrogen
atoms H-5A,D inside the cavity (Figure ll-1a). Additional cross-correlations between the
ethylenic hydrogen atoms of the imidazolium group HP and the hydrogen atoms H-6A,D on
the edge of the cavity, indicate that the acidic imidazolium hydrogen atom H® of the carbene
precursor points toward the center of the cavity.

Another NOESY experiment performed on the a-CD copper complex 196 showed the same
cross-correlations between the ethylenic hydrogen HP atoms of the imidazole ring and the
outer H-6A,D and H-6B,E hydrogen atoms, thus indicating that the NHC preserves the
orientation of the imidazolium ring with the metal located within the cavity. A 3D model was

build (Figure lI-1b) to confirm these correlations. It was shown to be in full agreement with

the NMR observations.
B _WNOE Im-a-CD-CuCl NO

Im-a-CD-HCI

H-6* -

a) Model of 188, H® points inside cavity b) Model of 196, NHC keeps its orientation

Figure Il-1 Models based on the NOE cross-correlations

The *H NMR spectrum of Ag-complex 192 representative of the interactions operating inside
the cavity, is presented in Figure I[I-2. After full attribution of 192, some signals draw our
attention. The H-5s of the bridge (units A and D), which have a chemical shift at 5.63 ppm,
show a 1.8 ppm deshielding effect compared with other H-5s. Similarly, H-3C,F (6 = 4.98
ppm), located beside the bridge, undergo a deshielding effect of 0.7 ppm compared to other
H-3s. Additional unusual upfield signals are observed for two triplets in the aromatic region

at 6.87 to 6.74 ppm, which are attributed to the hydrogen atoms of the para and meta

> Thesis of M. Guitet, 2013, Fonctionnalisation des cols primaire et secondaire de I'alpha-cyclodextrine et

études de complexes NHC-cyclodextrines-métaux.
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positions of the benzyl groups linked to the 0-2C,F atoms. All these field effects exist
whatever the metal atom (metal = Ag, Au, Cu).

Considering the orientation of H-5 and H-3 pointing inside the cavity, and the NOESY cross-
correlation between H-5A,D and the acidic imidazolium hydrogen atom H* of precursor 188,
it is clear that the protons H-5A,D are close to the metal. It is therefore logical to attribute
the H-5 deshielding shift to a C-Hs:*-M interaction.'* The H-3s are a little bit lower in the
cavity, and thus they are too far to show the interaction with the metal. In Figure II-1b, the
molecular modeling shows that the H-3s are closer to the chloride, leading to a deshielding
effect attributed to C-Hs'--Cl interaction. The CD torus is slightly distorted by the presence of
the NHC bridge, leading to a differentiation of the distances between the H-5 atoms and the
metal in the complex, with the most deshielded ones bearing the H-5A,D connected to the
bridge. The distances and the corresponding chemical shifts of H-5s and H-3s are depicted in
the following table.

nJt

Im-a-CD-AgCl 192

interactions nee=Cl interactions C-He=cAg interactions C-He-=C|

3BEH

HB"-OZCF HSAD H3CF H-

f

75 70 65 6.0 5.5 5.0 (ppm}4.'5 4.0 3.5 3.0
Particular interaction of ‘H NMR of silver-complex 192, (CDCl;, 600MHz, 300K)

Sugar A(D) B(E) C(F)

8 hs (ppm) 5.64 3.88 3.89
H-5---Ag distance*  2.31A  3.20A 3.80A
6 w3 (ppm) 4.18 4.29 4.98
H-3---Cl distance* ~ 4.27A  4.39A 3.87A

Figure 11-2 'H NMR and particular distances of silver-complex 192, *Measured by Avogadro

196 0, Yamauchi, T. Yajima, R. Fuji, Y. Shimazaki, M. Yabusaki, M. Takani, M. Tashiro, T. Motoyama, M. Kakuto, Y.

Nakabayashi, J. Inorg. Biochem. 2008, 102, 1218-122.
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The upfield shifted aromatic signals are assigned to the the para and meta protons of the
benzyl groups linked to the O-2C,F atoms, located aside the bridge. In 2008, P. Ballester et al.
has proven that rt*--Cl interaction can lead to a shielding effect in aromatic groups.*’ In this
case, this phenomenon was symptomatic of a halogen- m interaction and absent when the
halogen is replaced by a soft, non-halogen ligand.

The H-5A,D chemical shift of the metal complexes is strongly affected by the nature of the
metal ion, but slightly affected by the nature of the counter-ion. In contrast, H-3C,F show a
counter-ion dependent chemical-shift variation, but seldom affected by the metal.

As a result, imidazole-bridged a-CD-metal halogen complexes exhibit a unique combination
of C-Hs--*M, C-Hs'--X, m---X interactions, which underline the unusual environment of the
metal center encapsulated inside the a-CD torus.**®

To study NHC-bridged cyclodextrin metal complexes derivatives, the deshielding chemical
shifts of H-5s and H-3s, can be used as the probes to assess the C-Hs--*M and C-Hs::-X
interactions. In addition, unusual upfield-shifted aromatic signals indicate the presence of
the m -+ X interactions. The presence of these interactions is typical of the metal
encapsulated inside the cavity. Thus, in the following study, the chemical study will focus on

these signal variations and interactions to assess the metal positon.

3.1.2 Study of Im-B-CD-metal complexes

Following the initial work with imidazole bridged a-CD-metal complex,'*

a specific
combination of imidazole with a bigger B-CD cavity was considered. Quite different from the
symmetric structure of a-CD-metal complexes, this new family incorporates in seven sugar
units, leading to an asymmetric capping by the NHC. Hence, the variation of the chemical
environment and the differentiation of sugar units in Im-B-CD-metal complexes caused by
the asymmetric structure were investigated.

Firstly, the structure of the imidazolium was studied to determine the presence of
interactions between imidazolium hydrogen atom H® and H-5, imidazolium group HP and H-
6, which indicate the orientation of the capped NHC (Figure 11-3).

HB Hp

Ho® = e 6
HA-O!/7;5 He I-%‘?/i‘l
HZ\ZLH3 H3 H?2

Figure 11-3 Hydrogen orientation of sugar unit in CDs

ich Gil-Ramirez, E. C. Escudero-Adan, J. Benet-Buchholz, P. Ballester, Angew. Chem. Int. Ed. 2008, 47, 4114—

4118.
198 V1. Guitet, P. Zhang, F. Marcelo, C. Tugny, J. Jiménez-Barbero, O. Buriez, C. Amatore, V. Mouriés-Mansuy, J.
P. Goddard, L. Fensterbank, Y. Zhang, S. Roland, M. Ménand, M. Sollogoub, Angew. Chem. Int. Ed. 2013, 125,

7354-7359.
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Thus, a NOESY experiment was performed on imidazolium-bridged B-CD 189 (Figure ll-4a). It
shows cross-correlations between the acidic imidazolium hydrogen atom H* and a pair of
hydrogen atoms H-5A,D inside the cavity, not surprisingly, which are connected to the sugar
units bearing the bridge. Another cross-correlations between the ethylenic hydrogen atoms
of the imidazolium group HP and the hydrogen atoms H-6A,D indicates that the imidazolium
hydrogen H, of the carbene precursor points toward the interior of the cavity. A model
based on NOE is presented in Figure II-4b. For more clarity, only one cross-correlation for

each interaction is represented in the model.

H-5A
Im-B-CD-HCI H-6aA H-6aD H-5D
H HB
= |
® ¥
~ Ny '
[\
ON N
MYy § ﬂg 4
H(J.
4.‘55 ‘ 4.‘/15 ‘ 4,‘35 ‘ 4,‘25 ‘ 4,‘15 ‘ /L‘05 ‘ 3]95 ‘ 3]85 ‘ 3]75 ‘ 3]65
2 (ppm)
a) NOESY spectrum of 189 (CDsCN, 600MHz, 300K) b) Model of 189

Figure I1-4 NMR and model showing that the H* of 189 points towards the interior of the cavity

Similar NOESY studies were performed on B-CD metal complexes. It is detailed for Ag-
complex 193 as an example, in Figure II-5a that shows the same cross-correlations between
the HP of the imidazole ring and the H-6 of NHC bridge, illustrating that the NHC always keep
the inward orientation. The 3D model in Figure 1I-5b shows these correlations. The model is

consistent in agreement with the NMR observations.

HE
Im-B-CD-AgCl 2 Ag
I\ él I\

H-6bD ]
Higba: Gﬂ"‘:’ """""""" -
H-6aA ------------------- - |,
H-6aD  $— e
i [i |I_:|- I:_-|i:l;|ll-l; . B 1 )
a) NOESY spectrum of 193 (CDCl;, 600MHz, 300K) b) Model of 193

Figure II-5 NMR and model of 193 showing that capped NHC ring keeps the orientation of the precursor
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After a full attribution of the signals of *"H NMR of B-CD Ag-complex 193, we observed a H-5
at 5.54 ppm, downfield-shifted from other signals, belonging to unit A (Figure II-6). This
signal undergoes about 2.3 ppm deshielding compared with the highest H-5E. Concerning
the other side of the bridge, H-5D at 4.44 ppm also undergoes this deshielding effect but not
as strong as unit A, due to the asymmetric nature of the capping bridge. Since it is very
difficult to crystalize benzyl protected CD-metal complexes, we took advantage of the model

structure to gain insights.

&  Im-B-CD-AgCl 193

—~0Bn
BnD — —~OBn
AHE o HEN

<0 0 o @@ 'o

]L X I.-nterac-tions

1 ," %
A Y N B A D7 HE{agh-HE
¥ J'.C] I I 5 it
L i “H Lol

C-H-M Interactions

T
i L
@ wn
i et o )

By H3 b
¥ He {

C-H-X Interactions

H-3D
~(0.6 ppm,

H-5E

B

Figure 1I-6 Particular interaction of 'H NMR of silver-complex 193 (CDCl;, 600MHz, 300K)

A view of the primary rim of 193 is shown in Figure Il-7a. It gives an overview of the H-5---Ag
distances, the details of which are depicted in Figure II-7c. The distances of H-5---Ag are 2.58
A and 3.12 A for H-5A and H-5D respectively, being much closer to the metal compared to
the other H-5s, which is in full agreement with the NMR study. As a similar phenomenon was
observed in the case of a-CD-metal complexes, this impressive *H shift of H-5 was similarly
attributed to a C-Hs---M interaction.

Two of the H-3s also display downfield shifts in Figure 1I-6, with a chemical shift at 4.60 and
4.51 ppm belonging to units C and B of the narrow side of the cavity, respectively. And H-3 of
unit C undergoes a deshielding shift of A6=0.6 ppm compared with one of the other H-3s.
The H-3s level in the cavity is closer to the halogen, hence their deshielding effect in NMR is
attributed to C-Hs - -Cl interaction.

The 3D secondary rim view of 193 in Figure II-7b also illustrates the relative distances H-3---

Cl. The chemical shifts and the corresponding distances are presented in 7c. The distances of
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H-3---Cl are 3.62 A and 3.16 A for H-3B and H-3C, respectively. And the model also reveals H-
3C to be the nearest from the halogen, which is in accordance with NMR observations. It
indicates that the metal and the halogen are inclined to the narrow side (sugar B and C) of

the cavity.

Narrow side Narrow side

a) Primary rim view of 193 b) Secondary rim view of 193
Sugar A B C D E F G
6 hs (ppm) 5.54 3.97 3.78 4.44 3.25 3.57 3.67
H-5---Ag distance* 2.58 A 3.27A 333A 3.12A 571A 521A 445A
6 w3 (ppm) 4.06 4,51 4.60 3.95 4.24 4.10 4.20

H-3-:-Cl distance* 4.89A 3.62A 3.16A 556A 6.45A 672A 552A

c) Chemical shifts of H-5s and H-3s and the corresponding distances; *the distances were measured by Avogadro

Figure 1I-7 Correlation between the 3D model of 193 and the NMR information

The aromatic region (Figure 11-6) displays an upfield shift of a triplet at 6.88 ppm, which is
attributed to the para hydrogen of the benzyl group linked to the 0-2G. Two doublet of
doublets signals at 6.97 and 6.93 ppm, were assigned to the Ar-H atoms of the ortho
positions of O-3A,E. Similarly, r---X interactions on the secondary rim of the cavity cause all
these upfield shifts.

In general, the presences of C-Hs'-*M, C-Hs *-X, m---X interactions are symptomatic of Im-a-
CD-metal complexes, indicating that the asymmetric capping by NHC doesn’t prevent the
metal encapsulation inside the cavity. Furthermore, the capping bridge leads to a
differentiation of sugar units. The metal is closer to sugar A than D, and the NHC-MX
structure is inclined to the narrow side of the cavity (sugar B and C), but far away from the
wide side (sugar E,F,G).

A comparison of complexes with different metals is shown in Figure 1I-8. It is clear that with
the different metals (Cu, Au, Ag), the chemical shift of H-5A varies a lot, while those of H-3C
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and the shielded aromatic region are slightly affected. By introduction of different metal ion,
the H-5A chemical shift varies from 5.98 ppm (M=Au), 5.69 ppm (M=Cu) to 5.48 ppm (M=Ag).
This tendency is related to the electron density of the metal in a certain extent. The more
electron-rich metal is (electronegativity of Au = 2.54), the more deshielded H-5A signal is.
However, Ag-complex 193 (electronegativity of Ag = 1.93), and Cu-complex 197
(electronegativity of Cu = 1.90), do not fully obey this trend. We also consider the atomic
radius, Ray> Rag > Rcu, Which is symptomatic with Au-complex 199, but again, it cannot
account for the deshielding trend of 193 and 197.

a) Im-B-cD-Agci 103 (M1} | H*

b) Im-B-CD-CuCl 197
I

c) Im-B-CD-AuCl 199 0

e,
t-]
o
°

- -

Figure 11-8 Stacked 'H NMR spectrum of Im-bridged B-CD-metal complexes

It seems that the effect observed for the different metals is related to the nature of the NHC-
metal bond. Frenking et al. suggested that the NHC-metal bonds for M= Cu, Ag, Au are
almost ionic in nature with nonnegligible covalent interactions.'* Bond strengths of group 11
NHC complexes follow the pattern Au > Cu > Ag. The NHC-Au bond is the strongest while
NHC-Ag bond is relatively the weakest. At the same time, the bond length variation for the
complexes follow the tendency Au < Cu < Ag, so confirmed by both theoretical and single-
crystal X-ray diffraction studies. > ***

Thus, Au-complex 199 bears the strongest bond, biggest atom radius, highest
electronegativity, undoubtly leading to the most deshielded H-5A. The smaller size of the Cu
atom, combined with a higher electronegativity, bond strength and a longer bond length
than for Ag metal, lead to a stronger deshielding shift of H-5A in Cu-complex 197 than in Ag-

complex 193.

%% c. Boehme, G. Frenking, Organometallics, 1998, 17, 5801-5809.

D. Nemcsok, K. Wichmann, G. Frenking, Organometallics, 2004, 23, 3640-3646.
X. Hu, I. Castro-Rodriguez, K. Olsen, K. Meyer, Organometallics, 2004, 23, 755-764.
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3.1.3 Study of Im-y—CD-metal complexes

y—cyclodextrin has the biggest and most flexible cavity. In addition two possibilities of
arrangements with appended NHC bridge are accessible, leading to two NHC-capped

isomers: a C, symmetric 6A,6E-bridged isomer and a C; symmetric 6A,6D-bridged isomer.

3.1.3.1 6A,6E imidazole-bridged y—CD-metal complex
The C, symmetric structure of 6A,6E-bridged y—CD derivative simplifies the NMR study. The

first step was always to determine the position of the imidazolium hydrogen atom of the

metal-complex precursor 190.

o0 HB i
Im-AE-y-CD-HCI 190 ~ 5™ ol
He R
AT T
H-6bB,F O Lo
H-6aB,F [*1

£1 (ppm)

H-6aA,E
H-5AE —==_ -=--========oe- SR

1
O 2-o

8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 6.70 6.65 6.60
2 (ppm)

a) NOESY spectrum of 190 (CD5CN, 600MHz, 300K) b) Model of 190

Figure 11-9 NMR and 3D model showing the H* of 190 pointing towards the interior of the cavity

A NOESY experiment performed on 190 in CDsCN (Figure 1l1-9a) shows cross-correlations
between the acidic imidazolium hydrogen atom H® and a pair of hydrogen atoms H-5A,E
pointing inside the cavity. The proposed 3D model (Figure [I-9b) presents a strongly twisted
cavity due to the bridge. However, unlike the cases of a and B-CDs, the H® signal is broader
and its correlations with H-5A,E are much weaker. It is probably due to the biggest cavity of
y-CD for which the distance between H* and H-5s is longer than in smaller cavities. Another
factor to be considered is the high flexibility of y-CD. Even with the help of acetonitrile, a
rotation of the bridge, or flip of the linked sugar conformations might take place.

Another NOESY experiment was also performed on the corresponding Ag-complex 194.
Figure lI-10a reveals the cross-correlations between the HP of the imidazole ring and the H-6
of the NHC bridge, as well as sugar B, F adjacent to the bridge. The imidazole ring keeps the
same orientation as its precursor 190. The 3D model in Figure II-10b represents some of

these correlations.
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a) NOESY spectrum of 194 (CD3CN, 600MHz, 300K) b) Model of 194

Figure 11-10 NMR and 3D model of 194 showing that the NHC ring keeps its orientation

We compared the 'H NMR spectra of imidazolium-bridged 6A,6E isomer 190 and its Ag-
complex 194 (Figure lI-11a). After introduction of a metal, the ethylenic hydrogen atoms HP
shows A6=0.43 ppm upfield shift, due to the back donation of NHC-metal bond. For the
aromatic region, imidazolium salt 190 has presented some part of shielded aromatic protons
even without metal. This phenomenon might be due to the inclusion of a small guest (eg. CI),
which was also observed in the case of a-CD at a rather low temperature.** The included CI’
acting as guest can also have interactions with H-Ar on the secondary rim. After metallation,
the shielded aromatic region in NMR shows no huge differences.

More valuable probes are the chemical shifts of H-5s and H-3s. After introducing a metal into
the cavity, a slight downfield shift of H-5A,E protons (A6=0.35 ppm) is observed. However,
compared to the deshieding effect in the case of a and B-CDs (A6=1.9 ppm), it is far less
significant. For H-3s, there is no remarkable deshielding observed.

A detailed 'H NMR spectrum of the Ag-complex 194 is shown in Figure Il-11b. Slightly
deshielding shifts for bridged H-5A,E (A6=0.39 ppm) are observed by comparison with non-
bridged H-5s. All the H-3s are around 3.95 to 4.20 ppm in Ag-complex 194, exhibiting no

huge differences.
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Figure II-11 a) Stacked 'H NMR spectrum of the 6A,6E-bridged imidazolium y-CD 190 and its Ag-complex 194
(CD5CN, 600MHz, 300K); b) Zoom of the in '"H NMR spectrum from 2.9 to 4.3 ppm of compound 194;

The 3D model shows that the y-CD torus is strongly distorted by the presence of the NHC
bridge, and the sugar units A,E are strongly tilted (Figure 1I-10b). The chemical shifts and the
corresponding distances are illustrated in Table Il-4. The distances H-5A---Ag (3.23 A) and H-
3C---Cl (5.87 A) are much longer than in a-CD and B-CDs due to the bigger size of the cavity,
The deshielding effects show that the C-Hs:--M, C-Hs:--Cl interactions in y-CD are much
weaker. It implies that the metal might be less fixed due to the weaker secondary

coordination sphere.

Sugar A(E) B(F) Cc(G) D(H)
8 us (ppm) 4.18 3.60 3.79 3.62
H-5---Ag distance* 3.23A 4.78A 5.80A 4.72A

6 13 (ppm) 3.99 3.97 4.16 4.07
H-3---Cl distance* 6.23A 6.00A 5.87A 6.03A

Table 1l-4 Chemical shifts of H-5s and H-3s and the corresponding distance

67



Chapter 11

Another hypothesis for the slight chemical influence after metallation might come from the
conformation of Im-y-CD metal complexes. The high flexibility and big size of y-CD might give
metal complex some freedom, allowing sway of the bridge, or flip conformations of the
connected sugar.

3.1.3.2 6A,6D imidazole-bridged y—CD-metal complex

The asymmetric structure of the 6A,6D-bridged y—CD derivative leads to a full differentiation
of the 8 sugar units. In contrast of symmetric A,E-bridged isomer 190, the acidic imidazolium
hydrogen atom H® in AD-isomer 191 shows stronger cross-correlations with two H-5s (Figure
[I-12a), which indicates that the imidazolium ring is inclined to the narrow side of the cavity
(unit B, C). The 3D model of 191 shown in Figure II-12b confirms the distorted conformation
of the cavity.

NOESY experiment was also carried out on the corresponding Ag-complex 195. However, for
the two ethylenic hydrogens (HB), a significant overlap of the signals with other aromatic

protons was observed, preventing to distinguish a clear cross-correlation.

™\ HE HP
®
YNYNN @,\?:<N
He RO
Im-AD-y-CD-HCI 191
H»GaGg & . ‘
H-5B  ~ Hgmeeemeoomenene et ib
H-6a, P
H-6bA é 10
A ______________ 4.3
8.78 8.76 8.74 8.72 8.70 8.68 8.66 881{2 KWME% 96 6.94 6.92 6.90 6.88 6.86 6.84 6.82 6.80 Narrow Side
a) NOESY spectrum of 191 (CDsCN, 600MHz, 300K) b) Model of 191

Figure 11-12 2D NMR spectrum and 3D model showing that H* of 191 points towards the interior of the cavity

The stacked 'H NMR spectra of the 6A,6D-bridged y—CD imidazolium salt 191 and the
corresponding Ag-complex 195 (Figure 11-13) show slight downfield shifts of H-5D (Aby.
5p=0.25 ppm) and H-3B (Ab4.3=0.31 ppm). The deshielding effect of other H-5s and H-3s is
not significant.

In the 'H NMR spectra of Ag-complex 195 (Figure 1I-13b), H-5D also shows a slight
deshielding effect (0.55 ppm) in contrast with one of non-bridged H-5 signals. H-3B shows
only 0.18 ppm shift compared with a typical H-3G.
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Figure 11-13 Stacked 'H NMR spectra of 6A,6D imidazolium-bridged y-CD 191 and the corresponding Ag-
complex 195 (CDsCN, 600MHz, 300K)

For the aromatic region of the spectrum in Figure 1I-13, no huge difference between the
imidazolium salt 191 and its Ag-complex 195 is observed, indicating the weak m---X
interactions.

As observed for the AE y-CD Ag-complex isomer, the chemical variation are not as significant
as in the cavities of a and B-CDs, indicating that the C-Hs---M, C-Hs---Cl, t**-X interactions in
the y- CD cavity might be weaker due to its bigger size and high flexibility.

However, C-Hs - -Cl interactions seem more important for the AD y-CD Ag-complex 195 than
for the AE symmetric isomer 194. Since more important variation of chemical shifts is
observed for the H-3s of the AD y-CD Ag complex (by comparing with the imidazolium salt).
This can be attributed to the asymmetric capping of NHC, lead to the NHC to be tilted to one
side of the cavity, giving a relatively shorter C-Hs'--Cl distance.

These structures are also confirmed with the models. The top (primary rim) and side views of
two isomeric y-CD Ag-complexes in Figure II-14 both present a cavity distorted by the
presence of NHC bridge. The symmetric structure of the AE isomer 194 gives an oval cylinder,
in which the metal is positioned at the center of the cavity. The asymmetric AD isomer 195
presents an irregular distortion of the cavity, leading the metal to locate near the narrow
side of the cavity.
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a) Primary rim view of Im-AE-y-CD-AgCl 194 b) Primary rim view of Im-AD-y-CD-AgCl 195

c) Side view of Im-AE-y-CD-AgCl 194 d) Side view of Im-AD-y-CD-AgCl 195
Figure 11-14 3D models of the two isomers of y-CD AgCl complexes

In summary, we demonstrated that the cavity type and size affect the chemical features of
the metal complexes. Firstly, the asymmetric capping on B-CD and y-CD (AD isomer) leads to
a differentiation of sugar units. The corresponding metal complexes orient the metal tilting
to the narrow side of the cavity. Secondary, with the increasing cavity size, the interactions
of C-Hs--M, C-Hz---Cl become less significant (Figure 1I-15).

Im-a-CD-AgClI Im-B-CD-AgCl
H-5A (6) 5.64 ppm > 5.54 ppm >

4.31 ppm Im-y-CD-AgCI(AE)
4.18 ppm Im-y-CD-AgCI(AD)

Figure 11-15 With the increasing cavity size, C-Hs***M interactions decrease

70



Chapter 11

3.2 Synthesis of Di-tert-butyl-imidazolium-bridged a-CD derivative

To further study the chemical properties of NHC-bridged metal complexes, the bridge was
modified by varying the electronic properties of NHC. Firstly, we tried to introduce di-tert-
butyl-imidazole'> 200 to bis-mesylated a-CD 184. However, due to the steric hindrance of
tert-butyl groups, this NHC bridge was difficult to establish. With 10 equiv. of compound 200
at 120°C overnight, only a part of starting material 19 was transformed to give a mono-
substituted compound 201. Adding more equiv. of 200 and leaving the reaction for longer
time, gave a mixture of bis-tBu-imidazole substituted compound 203 and elimination
compound 204 instead of NHC-bridged compound 202 as shown by mass spectroscopy.
When we launched the reaction under microwave at 100°C, no trace of 202 was observed

(Scheme 11-12).

Bn OBn OBn OB

Scheme 11-12. Synthesis of di-tert-butyl-Im-bridged a-CD derivatives

This suggests that after mono-substitution, the tert-butyl groups are too bulky for further
substitution of a methanesulfonyl group. As a result, the formation of a bis-di-tert-butyl-
imidazole-substituted product 203 is favored with an excess of 200. In parallel, 200 could act
as a base to eliminate the mesyl group, forming 204 which bearing a double bond on the
primary rim. To determine if the side-reactions took place due to the excess equivalent of
reagent 200, we quenched the reaction after mono-substitution and isolated 201. Then 201
was heated in DMF at 120°C without introducing any other base. After several days, no

bridged product 202 was observed.

12 Alexakis, I. Aujard, J. Pytkowicz, S. Roland, P. Mangeney, J. Chem. Soc., Perkin Trans. 1, 2001, 949-951
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3.3 Study of benzimidazole-bridged CD-metal complexes

Imidazole-based derivatives have been the first NHC precusors used by organometallic
chemists. However, transition metal complexes of benzimidazole-derived NHC have also a
robust history in catalysis and pharmacology.' The strategy previously applied to imidazole-
bridged complexes was used to synthesize derivatives of benzimidazole-bridged derivatives,
as shown in Scheme II-13. Benzimidazole was introduced form bis-mesylated a- and B-CDs
184, 185, giving the benzimidazolium-bridged CDs 205 and 206 in 46%, 53% vyields,
respectively. Then, Ag,O was also used for the metallation step to prepare a- and B-CDs Ag-
complexes 207, 208. Transmetallation method of Ag-complexes 207 and 208 with AuCl to
generate the corresponding gold complexes was firstly used. However, the stronger donor
effect of benzimidazole leads to stronger NHC-Ag bond. The transmetallation with AuCl
could not completely take place and a mixture of starting Ag-complexes and expected Au-

complexes was observed, which could not be separated because of the close polarities.

n=1, 184, 98%
n=2, 185, 95%

n=1, 205, 46%
n=2, 206, 53%

Ag,0
CH4CN

; AUCI, CH,CN
h &~

& No full conversion

n=1, 209, 28% n=1, 207, 88%
n=2, 210, 59% n=2, 208, 69%

Scheme 11-13. Synthesis of benzimidazole-bridged a- and B-CD-metal complexes

The reaction of imidazolium salts with Cu,0 to directly generate Cu-complexes prompted us
to develop a straightforward method to give Au-complexes. ™ With an excess of (Me,S)AuCl
(Chloro-dimethylsulfide gold) or AuCl (10 equiv.) and K,COs; at 50°C, benzimidazolium-
bridged salts 205 and 206 afforded the corresponding Au complexes 209 and 210 in 28%,
59% vyields, respectively. The B-CD analogue, with a bigger cavity, gave a better yield than a-

*33) F. E. Hahn, L. Wittenbecher, R. Boese, D. Blaser, Chem. Eur. J. 1999, 5, 1931-1935; b) F. E. Hahn, L.
Wittenbecher, D. L. Van, R. Frohlich, Angew. Chem. Int. Ed. 2000, 39, 541-544.

1% A, Collado, A Gomez-Suarez, A. R. Martin, A. M. Z Slawin, S. P. Nolan, Chem. Commun, 2013, 49, 5541-5543.
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CD. If we consider that [CI-Au-Cl] anions are formed from AuCl and chloride ions, then the
linear geometry may favor the approach to the carbene center in the larger cavity of the B-
CcD.”?

3.3.1 Benzimidazole-bridged a-CD-metal complexes

To determine more accurately the electronic effect of benzimidazole as the NHC ligand, C,

symmetric a-CD-metal complexes have been investigated by ‘*H NMR spectroscopy.

.{f}ﬁ\\‘}
¥=(
BnO -,\; {—-OBn /,N‘ \/'N\ Bab y Siin
o} v fo 3 fH,_--u-\ %5 7
a) of SRS - D GRS, Y & Bim-a-CD-AgCl 207
: L ) ~H? ( ) FEIN VH@ A
9] v 0 Cl
~ % HsaD H-5B,C,E,F
" 1.92ppm !
- - - - 1
1
n H-3C,F H-3A,B,D,E !
HE".0-2-CF > o | |
i -y I
i { i
i | i
H i
1
VAR i
N :
b) H-5A, D TN inack Bim-0-CD-AuCl 209
i 0,73ppm ?AHE;“"F‘ HJ_? DE
i ™ i
1 1

Figure 11-16 Stacked 'H NMR spectra of the benzimidazole-bridged a-CD-Ag complex 207 and Au complex 209.
(CDCls, 600MHz, 300K)

As usual, the Ag-complex was taken as the first one to study. After full attribution of Bim-a-
CD-AgCl 207 (Figure llI-16a), we also analyzed the H-5s of the bridge (unit A and D), who have
a chemical shift of 5.92 ppm, showing AS = 1.92 ppm deshielding shift compared with non-
bridged H-5s. As for H-3C,F, which are located beside the bridge, with a chemical shift of
5.10 ppm, giving a deshielded effect of A6 = 0.84ppm in contrast with other H-3s. Another
feature of NMR signals is the upfield chemical shift observed in the aromatic region from
6.87 to 6.74 ppm, which are attributed to the hydrogen atoms at the para and meta
positions of the benzyl groups linked to the O-2C,F atoms. This phenomenon is consistent
with that observed in the imidazole bridged a-CD Ag-complex, in which the deshielding
effects of H-5 were attributed to the C-Hs---M interactions, the downfield shift of H-3s to C-

Hs---Cl interactions, and the upfield shifts in aromatic region to it---X interactions.

15 R, Visbal, A. Laguna, M. Concepcion Gimeno, Chem. Commun, 2013, 49, 5642-5644;
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The *H NMR spectrum of the corresponding Au-complex 209 is presented in Figure 11-16b.
Not surprisingly, the H-5A,D in Bim-a-CD-AuCl 209 shows a 0.73 ppm upfield chemical shift
compared with 207 above (Figure llI-16a), while there is no variation on H-3C,F. Again, it
reveals that the H-5A,D chemical shifts are highly sensitive to the nature of the encapsulated
metals, while those of H-3C,F are not affected. These results demonstrate that strong C-Hs- -
M interactions take place in the cavity.

To study the electronic effects of different NHC types, the *H NMR spectra of imidazole and
benzimidazole a-CD Ag-complexes 192 and 207 were compared (Figure 11-17). The H-5A, D of
the benzimidazole derivative 207 shows a downfield shift A6 = 0.28 ppm by comparison with
the imidazole-bridged a-CD-Ag complex 192. This shift can be attributed to the aromatic
group on the NHC part of 207 providing a stronger donation of electrons from the carbene
to the metal, leading to a stronger C-Hs---M interaction. For H-3C,F, there is a slight shift of
0.11 ppm, and there is no huge differences between the region of benzyl groups. This
indicates that the nature of the NHC significantly alter C-Hs---M interactions but has no

strong influence on C-Hs---Cl and it*- X interactions.
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Figure 11-17 Stacked 'H NMR spectra of the imidazole bridged a-CD-Ag-complex 192 and benzimidazole
bridged-Ag-complex 207 (CDCl;, 600MHz, 300K)

3.3.2 Benzimidazole-bridged B-CD-metal complexes

For asymmetric B-CD complexes, the Ag-complex 208 was used as a model to study the

structural properties of this family. The *H NMR spectrum is shown in Figure I1-18.
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After full attribution of every signal, the *H NMR spectrum shows two triplets of doublets
signals for each bridged H-5s, which are well separated from other signals. The most
deshielded H-5 at 5.63 ppm, belonging to one side of bridge (unit A), undergoes A = 2.54
ppm deshielding shift in contrast to the highest H-5E. And H-5D, located on the other side of
the bridge, also undergoes a deshielding effect, but not as important as unit A. It is also due
to the asymmetric nature of the capping NHC. The deshielding shifts of the interior probe H-
5s indicate that the metal is closer to unit A than D.
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Figure 11-18 'H NMR spectra of benzimidazole-bridged B-CD-Ag complex 208 (CDCls, 600MHz, 300K)

Two of the H-3s at 4.66 and 4.48 ppm also display downfield shifts (Figure 11-18). They are
attributed to units C and B at the narrow side of the cavity; one of them gives a deshielded
shift (A6 = 0.61ppm) in contrast with those of normal H-3s. These deshielding shifts are
logically attributed to C-Hs---Cl interactions. The presence of shielded protons at aromatic
region indicates the interaction of - - X.

3D models were built with Avogadro (Figure [I-19). Due to the presence of the bridge, we
observed that the B-CD torus in the model is also slightly distorted. It gives distances for H-
5---Ag of 2.43 A and 2.81 A for H-5A and H-5D, respectively. These protons are much closer
to the metal than other H-5s, as suggested by the NMR study. The distancess H-3---Cl are
3.36 A and 3.10 A for H-3B and H-3C, respectively, also consistent with NMR information,
thus confirming that the metal and halogen are inclined to the narrow side (sugar B and C) of
the cavity.
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Blm-B-CD-AgCl 208 Narrow side

a) Side view of 208 b) Primary rim view of 208

Figure 11-19 3D model of 208

In the NMR spectrum of the corresponding benzimidazole-bridged B-CD Au complex 210
(Figure 11-20b), analogue of 208, H-5A undergoes a downfield shift of A = 0.48 ppm by
comparison with Ag-complex 208, as well as H-5D has 0.12 ppm shift, which is belonged to
another bridged-sugar. The variation of metal leads to 0.10 ppm shift for H-3C, and there is
no difference of the shielded benzyl group between the two analogues, indicating that they

present similar - --X interactions.
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Figure 11-20 Stacked 'H NMR spectra of the benzimidazole bridged 3-CD-Ag complex 208 and Au-complex 210,
(CDCl3, 600MHz, 300K)

As mentioned for imidazole-bridged B-CD complexes, this effect of H-5 is related to the
electron density of the buried metal in a certain extent. Gold owns a higher electronegativity
and bigger atomic radius, as well as stronger NHC-metal bond strength. This suggests that C-
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Hs - Au interactions are stronger than C-Hs---Ag interactions, leading to a downfield
chemical shift.

To better understand the electronic effect of different types of NHC on the asymmetric
structure of B-CD-metal complexes, *H NMR spectra of imidazole and benzimidazole-bridged
B-CD-Ag-complexes 193 and 208 are compared (Figure 11-21). Benzimidazole derivative 208
shows Ad = 0.1 ppm downfield shift on H-5A and A& = 0.31 ppm on H-5D compared with Im-
B-CD-AgCl complex 193. Since the aromatic group attached on the NHC part of 208 provides
a stronger donation of electrons from the carbene to the metal, the metal therefore has
more electron density around, leading to a stronger C-Hs---M interaction. One of the
deshielded H-3C showed a slight shift of 0.06 ppm. The shielding part of benzyl group existed

in both complexes, with no huge differences caused by the variation of NHC bridge.
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Figure 11-21 Stacked 'H NMR spectra of the imidazole-bridged B-CD-Ag complex 193 and benzimidazole
bridged-Ag complex 208 (CDCl;, 600MHz, 300K)

In conclusion, NMR analyses and their correlation with 3D models show for benzimidazole
bridged-CD-metal complexes that the metal is still encapsulated deeply inside the cavity,
with the presence of C-Hs M, C-H3---Cl and m---X interactions. The electronic effect of the
NHC could be assessed by the C-Hs:--M interactions. A stronger o-donor effect for
benzimidazole NHCs leads to a stronger C-Hs':*M interaction, in both a-, B-CD metal
complexes (Figure 11-22).
Bim-a-CD-AgCl Im-a-CD-AgCl
I Bim-B-CD-AgCI Im-B-CD-AgCl

Stronger o-donating ligand

H-5A (8) 5.92 ppm > 5.64 ppm > 5.54 ppm

Figure 11-22. Stronger donor of NHC leads to stronger C-Hs:* M interactions
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3.4 Synthesis of other NHC-bridged a-CD derivatives

The introduction of bis-benzimidazole 211 as an alternative NHC bridge was also considered
(Scheme 1I-14). Bis-benzimidazole 211 was prepared from diaminobenzidine and formic acid
at 100°C."*°* When an excess of 211 was treated with bis-mesylated a-CD 184 in DMF at
120°C, only 13% of bis-benzimidazolium-bridged precusor 212 was obtained. The salt 212
was treated with Ag,0 to prepare the corresponding Ag-complex 213. However, the
metallation was not efficient under these conditions and only some trace of bis-
benzimidazolium-bridged a-CD-AgCl 213 characterized as [Ci2H16sN4O2sAgCl +Na]® was

observed by mass spectrometry.

H
N
bl nZa
l\li,N BnO }

N
H 211

DMF, 120°C

184 212,13% 213, Trace

Scheme 11-14. Synthesis of bis-benzimidazolium-bridged a-CD derivative

4 Study of MIC-bridged CD-Metal complexes

Experimental and theoretical data suggest that MICs are even stronger electron-donor than
NHCs. In contrast to NHCs based on imidazole, the basic structure of MIC is based on 1,2,3-
thiazolylidene, which introduces an asymmetric structure for the capped bridge.” The
association with the asymmetric nature of MIC upon cyclodextrin complex opens up very

interesting perspectives for their chemical study and applications.

4.1 Study of methylated-triazolium-bridged a-CD-metal complexes

The strategy for synthesizing MIC-bridged metal complex precursors is more complicated
than for NHC-bridged complexes due to the differentiated functionalization. a-CD diol 169
was treated with only 0.5 equiv. of tert-butyldimethylsilyl trifluoromethane-sulfonate
(TBSOTf) to generate the mono-OTBS substituted derivative 214 in 45% yield. The remaining
free single hydroxyl group in 214 was subjected to mesylation. Then, the product was

treated with NaNs3 in DMF to afford the corresponding monoazide compound 215 in 68%

158 A, Boydston, K. Williams, C. Bielawski, J. Am. Chem. Soc, 2005, 127, 12496-12497.

P. A. Faugeras, B. Boens, P. H. Elchinger, F. Brouilette, D. Montplaisir, R. Zerrouki, R. Lucas, Eur. J. Org. Chem,
2012, 4087-4105.
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yield (two steps). Subsequent cleavage of the TBS group with TBAF in THF gave the alcohol-
azido a-CD derivative 216." Then, the hydroxyl group was modified to alkyne by using
sodium hydride and propargyl bromide to give 217. Under classical conditions of CUAAC with
[(CH3CN)4Cu]PFs and TBTA [tris-(benzyltriazolylmethyl)amine] as the ligand, an
intramolecular cycloaddition product 218 was obtained in 73% yield.™ Methylation of the
triazole ring'® on a-CD gave a charged compound 219 with CI" or | as counterion (The
introduction of Cl is due to large amount of dichloromethane as eluent during the

purification).

n
1)MsCI,NEt;
2)NaN3
169 214, 45% 215, 68% 216, 90%
NaH .
Propargyl bromide
DMF
[(CH3CN)4Cu]PFg

Mel, 50°C %\ TBTA, DIPEA
D 4 -

219, quant., X=I, Cl 218, 73% 217, 82%

Scheme 11-15. Synthesis of triazolium-bridged a-CD

For the triazolium salt 219, the conformation of the bridge was studied by ‘*H NMR. The
NOESY experiment on 219 shows cross-correlations between the triazolium proton H* and a
pair of H-5C,D pointing inside the cavity (Figure 11-23). This indicates that the triazolium
hydrogen H® points towards inside of the cavity, and that the capped triazolium is in a

suitable conformation as a precursor for encapsulating a metal inside the cavity.

%% €. Hocquelet, C. K. Jankowski, Synlett, 2008, 715-719.

T. R.Chan, R. H. Hilgraf, K. B. Sharpless, V. Fokin, Org, Lett, 2004, 6, 2853-2855.
a) J. Gurnos, O. Hermione, Tetrahedron, 1991, 47, 2851-2860; b) Y. Yoshida, S. Takizawa, H. Sasai,
Tetrahedron Asymmetry, 2012, 23, 843-851.
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a) NOESY spectra of 219 (CDCl;, 600MHz, 300K) b) Model of 219

Figure 11-23 2D NMR and 3D model showing that the H* of 219 points towards the interior of a-CD cavity

Treatment of the salt 219 (CI" and I” as counter-ions) with Ag,O gave the MIC-bridged a-CD-
Agl 220a in 40% vyield.* It is worth mentioning that excess of Mel was introduced for
methylation of the capped triazole ring. As a result, the Agl complex 220a was isolated as the
major product rather than the AgCl complex 220b.

219, X=I,Cl

Ag,0

222 220a, X=I, 34%
220b, X=Cl, trace

Scheme II-16. Synthesis of MIC-bridged a-CD-metal complexes

As for the MIC-bridged Au-complex, we first tried transmetallation conditions using AuCl in
CHsCN to give the corresponding Au-complex. However, due to the stronger donating effect
of MIC, the MIC-Ag bond is stronger than NHC-Ag bond, leading to an incomplete

®1p de Frémont, N. M. Scott, E. D. Stevens, T. Ramnial, Owen. C. Lightbody, C. L. B. Macdonald, J. A. C.

Clyburne, C. D. Abernethy, S. P. Nolan, Organometallics, 2005, 24, 6301-6303;
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transmetallation. The reaction gave a mixture of starting Ag-complex 220a and Au-complex
221, which were not separated due to similar polarities.

This incomplete transmetallation phenomenon was previously observed for benzimidazole-
bridged CD complexes. The straightforward method™* using an excess of (Me,S)AuCl and
K,CO3 at 50°C gave directly the corresponding Au-complex 221 in 24% vyield from 219. The
Cu-complex 222 was obtained in 80% vyield through transmetallation from the Ag-complex
220 reacting with CuCl. The direct reaction of the salt 219 with Cu,0 failed to give the
expected Cu-complex.

The 'H NMR spectra of the triazolium-bridged a-CD 219 and its Ag-complex 220a were
compared to study the structural properties of the MIC-bridged family (Figure 11-24). After
introduction of silver in the complex, the acidic proton of triazolium H® disappears, and
strong downfield shifts of the two bridged H-5s and two non-bridged H-3s are observed. The
most deshielded H-5D belongs to the sugar unit linked to the shorter arm of the MIC bridge,
with a Aby.5p=1.6 ppm. H-3F proton belonging to the sugar beside the MIC bridge has a Ady.
3r= 0.9 ppm shift. It illustrates that after introduction of the metal, the chemical environment
inside the cavity varies very much. These impressive shifts can be attributed to C-Hs*--M, and
C-Hs---X interactions. The NOESY cross-correlation carried out on 219 indicates that the
acidic hydrogen atom H® of triazolium points inside the cavity. We assumed that the metal
bound to the MIC still occupies the same position as H% inside the cavity. Thus it reveals that

the metal is buried deeply inside the cavity.
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Figure 11-24 Stacked 'H NMR spectra of the triazolium-bridged a-CD 219 and its Ag complex 220a (CDCls,
600MHz, 300K)
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Further analyses of the 'H NMR data of the Agl complex 220a gave additional information on
the structure of this family (Figure 11-25). Not surprisingly, the most deshielded H-5 at 5.59
ppm belongs to the sugar unit D linked to the shorter arm of the asymmetric bridge, with a
A6 = 1.7ppm downfield shift by comparison with the highest H-5E. On the other arm of the
bridge, H-5A appears with a chemical shift of 5.05 ppm. This deshielding is not as strong as
for H-5D, likely due to the asymmetric structure of the bridge.
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Figure 11-25 'H NMR spectrum of MIC bridged a-CD-Ag complex 220a (CDCl;, 600MHz, 300K)

Additionally, two H-3s beside the bridge (unit C and F) undergo a 0.9 ppm downfield shift
compared with those of other H-3s. The corresponding deshielding effect observed by NMR
is attributed to C-Hs' -l interactions. In the aromatic region, some upfield-shifted signals are
also observed. However, due to overlapping of the signals, they cannot be well interpreted.
The chemical shifts 6y.5p > 8psain 220 illustrate the influence of the asymmetric bridge that
leads to a tilt of MIC-Ag axis. The side view of a model obtained by Avocadro (Figure II-26a)
also presents this trend, with a cavity slightly distorted by the presence of the bridge. The
top view of the primary rim shows the H-5---M distances, which are further illustrated in
details (Figure 11-26d). It shows that the distance of M---H-5D(2.42 A) is a little bit shorter
than M---H-5A (2.78 A), and much shorter than other H-5s. The bottom view of the model
(secondary rim) in Figure 11-26¢ suggests that H-3F (H-3--I distance = 3.03 A) is closer to the
halogen than other H-3s.

The H-5--*M and H-3--1 distances measured by Avocadro are consistent with the chemical
shifts observed by NMR. Both the distorted cavity and asymmetric bridge lead to a

differentiation of the interactions between the sugar and the metal/halogen.
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a) Side view of 220a b) Top view of 220a c) Bottom view of 220a

Sugar A B C D E F
8 hs (ppm) 5.05 4.58 4.42 5.59 3.87 4.05

H-5---Ag distance* 2.78 A 361A 3.69A 2.42A 379A 3.73A

8 13 (ppm) 4.29 4.76 4.99 4.20 4.29 5.10
H-3-:+I distance*  3.60A 3.32A 3.29A 431A 351A 3.03A

d) Chemical shifts of H-5s and H-3s and the corresponding distance; *measured by Avogadro

Figure 11-26 Proposed model of 220a

In conclusion, the NMR study and models are consistent to demonstrate that MIC-bridged a-
CD-metal complexes exhibit an asymmetric structure with a combination of C-Hs---M, C-
Hs---X, 1---X interactions, proving that the metal is also encapsulated inside the a-CD torus,
despite of the NHC bridge is replaced by the asymmetric MIC-bridge.

To determine the differentiation of chemical properties associated with the variation of the
metal in MIC-bridged a-CDs, the NMR spectra of the corresponding Agl, Aul and CuCl
complexes were stacked for comparison (Figure [I-27). This clearly illustrates that the
variation of metal dramatically affects the chemical shift of H-5D, but slightly affect that of
H-3C. For M-I (M=Ag, Au) complexes, as we have mentioned previously, C-Hs -+ M
interactions are related to the electron density and size of the buried metal. Gold owns a
higher electronegativity and the bigger atomic radius, which likely leads to stronger C-Hs---
Au interactions among three of them. Meanwhile, the trend of H-5D in Ag, Cu complexes of
MIC bridged (Ag > Cu) is not absolutely the same as for NHC-bridged (Cu > Ag), likely due to
different halogens. Here, as we compare Tim-a-CD.Agl 220a with Tim-a-CD.CuCl 222, the

bigger size and lower electronegativity of iodine should be considered.
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Figure 11-27 Stacked 'H NMR spectra of MIC-bridged a-CD-Ag, Au, Cu complexes (CDCl;, 600MHz, 300K)

An important point to be considered is the difference of chemical properties between NHC
and MIC-based metal complexes, which are related to the nature of the carbene bridge and
its geometry. This difference was analyzed from *H NMR spectra of NHC and MIC bridged a-
CD-CuCl complexes (Figure 11-28).

Generally, MIC is a stronger donor than NHC. This should lead to stronger C-Hs:--M
interactions in MIC- than in NHC-bridged complexes with a more deshielding H-5. However,
an inverse trend between NHC and MIC bridged with Adu.sp= 0.26ppm (S1-sp(nHe) = 5.77 ppm,
On-spmic) = 5.51 ppm in Figure 11-28) is observed. A possible reason for this difference is the
length of the capped bridge. MIC-bridged complexes possess a longer bridge, associated
with a lower deformation of the CD cavity than NHC-bridged complexes, leading to a longer
distance between H-5D and the metal center.

This different distance is also illustrated in the a-CD-Ag family. As previous mentioned, the
distances of C-Hsp--*Ag in NHC-a-CD-Ag complex 192 and MIC-a-CD-Ag complex 220a are
2.31 A and 2.42 A, respectively (Figure 11-2, Figure 11-26). It clearly demonstrates that the
length of the bridge leads to the different C-Hs---M distances, and the interactions.

84



Chapter 11

a) Im-a-CD-CuCl 196
1 H-5D

[
1
1
[}
[}
[}
[}

pEm————

0,26ppm

b) Tim-a-CD-CuCl 222
P

0.05ppm o

T T T T T T T T T T T T T T T T T T
7.8 T4 7-2. .0 6B 6.6 6:4 62 6.0 5% 56 54 52 50 48 46 44 42 40 IB A6 A4 32 20 g ZE
fl (ppm}

Figure 11-28 Stacked 'H NMR spectra of NHC and MIC-bridged a-CD-CuCl complexes (CDCls, 600MHz, 300K)

Different bridges will bring different conformations of the complexes. 3D models of NHC and
MIC bridged-CuCl complexes are compared in Figure 1I-29. The difference can be clearly
distinguished. With the symmetric NHC bridge in Figure 1I-29a, the metal is buried exactly in
the center of the cavity, while the asymmetric MIC bridge (Figure 11-29b) makes the metal
declining closer to the shorter arm and far from the longer part of the bridge.

a) Model of 196 b) Model of 222a

Figure 11-29 3D Models of NHC and MIC-bridged a-CD-CuCl complexes
4.2 Synthesis of other MIC-bridged a-CD derivatives

The specific structure of the methylated triazolium salt 218 inspired us a lot. We felt that
replacing the methyl group by aromatic substituents on the triazolium would be very
interesting to study, since it may affect not only steric effects on the primary rim, but also
electronic properties of the capped MIC, which in turn may cause dramatic changes in the
metal complexes. Furthermore, we assumed that if the linked aromatic group is sensitive to
visible light at a given wavelength, a light-induced cleavage of the linkage would be
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considered. In this way, the encapsulated metal could be selectively released through
destabilization of the MIC-metal bond. Therefore, nitrophenyl derivatives were investigated
as substitution reagents.

Triazole-bridged a-CD 218 was treated with 2-bromo-4’-nitroacetophone 223 in anhydrous
acetonitrile at 60°C. The corresponding salt 224 was obtained in 63% yield.'** As usual, Ag,0
was used for metallation to prepare its Ag-complex 225. However, under different solvent
conditions (CH3CN, CH,Cl,) and increasing reagent amount, no reaction took place (Figure II-
17). Another experiment using of 1-(bromomethyl)-3,4-dimethoxy-2-nitrobenzene 226 to

generate the triazolium salt 227 was not successful.

Scheme 11-17. Synthesis of MIC-bridged a-CD derivatives

To compare with the methylated triazolium 219, the conformation of precursor 224 was
studied by NMR. A NOESY experiment performed on 224 reveals cross-correlations between
the triazolium proton H* and several H-5s (Figure 11-30). This indicates that the triazolium H®
still points towards inside of the cavity. Even though the conformation of 224 seems suitable
for metal encapsulation, the absence of reaction with Ag,0O indicates that the attached

aromatic group induces dramatic changes in the triazolium reactivity.

%2 N. D. Miron, P. Woisel, G. G. Surpateanu, G. Vergoten, L. Depature, G. Surpateanu, Can. J. Chem. 2003, 81,

350-356.
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a) NOESY spectra of 224 (CD,Cl,, 600MHz, 300K) b) Model of 224

Figure 11-30 NMR and model showed H® of 224 points towards the interior of a-CD cavity
4.3 Study of methylated-triazolium-bridged B-CD-metal complexes

As B-CD processes 7 sugar units, the strategy of synthesis was more challenging than for a-
CD analogues. In contrast to a-CD, the B-CD diol 170 possesses unprotected hydroxyl groups
which are nonequivalent. Because of lack of symmetry, the method based on the mono-
substitution of one alcohol gave a 1: 1 mixture of mono-TBS ether 6A,6D and 6A,6E isomers,
which are not easy to separate. So we had to change the strategy for synthesizing alcohol-
azido B-CD derivatives.

Therefore, we used the selective discrimination using the cyclic sulfate strategy developed
by the Bols’ group. ' Firstly, SOCl, was added drop-wise to a solution of the B-CD diol 170 in
DCM, followed by an oxidation with RuCls/NalO,4, to give the sulfate product 228 in 60%
yield. Next, reaction of 228 with NaN3 in DMF at 70°C, followed by hydrolysis by aqueous
H,SO,4 can selectively opens the sulfate bridge, generating the alcohol-azido B-CD product
229 in 68% vyield. According to Bols’ report, a single 6A,6D isomer is obtained, because the
sulfate bridge in 228 forced some of the sugar units to twist out of the plane of the ring. The
result is that Sy2 substitution at the E unit became obstructed by the ring oxygen of the D
unit. However, during our synthetic procedure, we found that the twisted conformation
caused by the sulfate bridge led to selectively ring-open, but not with 100% selectivity. Part
of alternatively 6A,6D-alcohol-azido B-CD was also obtained in 20% after opening of the

sulfate bridge.

183 M. Petrillo, L. Marinescu, C. Rousseau, M. Bols, Org. Lett, 2009, 1983-1985.
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Next, the protocol previously developed for a-CD to introduce the alkyne was applied on
mixture of 229. The hydroxyl group on sugar A of CD was modified to alkyne with sodium
hydride and propargyl bromide to give a mixture of two isomers. Then intramolecular
cycloaddition products were formed when we placed the alkyne-azido mixture under a
classical click reaction conditions. Two isomers triazole-capped B-CD 231 and 232 were
successful separated by a cautious isolation (46%, 20% respectively). N-methylation of 231
and 232 with iodomethane afforded 233 and 234 in high yields.

BnO

1) SOCl,, DCM BnO =

2) RuCl3, NalO4,
MeCN/DCM/H20

1) NaN3, DMF, 70°C
2) H,S04, H,0, THF

170 228, 60% 229 Mixture, 68%
AE: AD=80: 20

NaH .
Propargyl bromide
DMF

Mel, 60°C [(CH3CN),Cu]PFg

TBTA, DIPEA
DMF .
uw, 100 °C
52131 gﬁgg isomer, quant. 231, 6A,6E isomer, 46% 230 Mixture, 82%
+ 6A.6D Isomer, quant. 232, 6A,6D isomer, 20% AE: AD~80+ 20

Scheme 11-18. Synthesis of triazolium-bridged B-CD

As always, NOESY experiments were performed on both the 6A,6E MIC-bridged B-CD isomer
233 and the 6A,6D MIC-bridged B-CD isomer 234. Both of them show cross-correlations
between the acidic triazolium proton H® and several H-5s (Figure 11-31), especially the
bridged ones. This indicates that the H® of the triazolium ring points toward the interior of
the cavity and that the MIC ring is in the good conformation for the following step of
metallation.
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Figure 1I-31 NMR and model showing that H* of 233 and 234 points towards the interior of B-CD cavity

Then, Ag,0 was applied for metallation to prepare two regioisomeric MIC-bridged B-CD-Ag
complexes (Scheme 1I-19). Actually, several conditions have been tried but none of them
were successful. A large excess of Ag,0 (up to 150 equiv.) was used in MeCN or DCM. New
products characterized by mass spectrometry with m/z =3030,2 and 3088.2 were observed,
which is compatible with [M-CI]*and [M+Na]" of Ag complexes 235 and 236. Purification by
silica gel chromatography was unsuccessful due to rapid degradation.

Agzo
MeCN or DCM

233, 6A,6E isomer 235, 6A,6E isomer
234, 6A,6D isomer 236, 6A,6D isomer

Scheme 11-19. Synthesis of MIC-bridged B-CD-Ag complexes
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To avoid chromatography isolation, we tried to generate and characterize the complex in a
NMR tube in a deuterated solvent. However, the metallation in situ afforded very broad
signals, which could not be well characterized.

In summary, MIC-bridged B-CD-Ag complexes (both of two regioisomers) 235 and 236 could
be observed by mass spectrometry, but were not stable enough to be isolated. Broad signals
observed by NMR illustrated the flexible configurations of these complexes. The possible
reason was related to the length of MIC bridge. In contrast to NHC-bridged complexes, MIC-
bridge complexes possess two atom-linker longer lengths, and the combination with a bigger
cavity of B-CD led to a high flexibility. Hence, the metal was not encapsulated in a stable

manner in the B-CD cavity.

5 Study of counter-ion exchange in the metal-

complexes

As we have discussed in the previous study, a specific combination of C-Hs:--M, C-Hz-**X, -
X interactions afford the metal stably encapsulated inside CD cavity. Especially the m---X
interactions at the secondary rim of the cavity provide a good protection. Halogens provide
this unique interaction and insure the stability. However, in a catalytic reaction, the presence
of m---X interactions may prevent the substrates approaching to the metal. Therefore,
strategic removal of halogen to form cationic metal complexes should be considered before
the catalytic application of these metal complexes. Commonly, people use silver reagents to
remove halogens, favored by formation of AgX precipitate. At the same time, a bigger and
softer counter-ion can be introduced, which could be dissociated from the metal center with
a low occurrence in the -cavity. Such as silver tetrafluoroborate (AgBF4), silver
bis(trifluoromethanesulfonyl)imide (AgNTf,), silver hexafluoroantimonate (AgSbFs) were
great candidates. In many cases, cationic metal complexes were generated in situ because
they are active and easy to decompose. And the introduction of excess equivalents of silver
reagent may contaminate and disturb the catalytic cycles of the reactions. Hence, an ideal

solution is when 1 equiv. of halogen can be removed by only 1 equiv. of silver reagent.

5.1 Removal of halogen in Im-bridged a-, B-CD-MCI

5.1.1 Im-a-, B-CD-AgCl

The counter-ion exchange started form Im-CD-AgCl complexes (Scheme 11-20). The NMR
spectrum presented in Figure 11-32 shows that the mixture of 1 equiv. of AgNTf, and 1 equiv.
of Im-CD-AgCl-complexes (both a and B-CD) gives clean signals, which are attributed to
cationic Ag complexes. 1 equiv. of the silver-reagents mentioned before, including AgBF,,

AgSbFg, AgNTf,, could afford the corresponding cationic Ag complexes. When the halogen is
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replaced by a soft and big counter-ion, the signals in shielded aromatic group region
disappear due to the absence of m---X interactions. After the halogen is removed, slight
moving of water signal is observed. The possible explanation is that H,O may include in the

cavity or involve in an interaction with cationic metal.

AgNTf, 1 equiv.

CD3CN
BnO
NTf,
n=1, 192 n=1, 237
n=2, 193 n=2, 238

Scheme 11-20. Halogen removal of Im-a-, B-CD-AgCl complexes

a) Stacked "H NMR of Im-a-CD-AgCl 192 and Im-a-CD-Ag'NTf, 237 e
Im-a-CD-AgCl 192 + 1leq. AgNTf,

Im-a-CD-AgCl 192
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b) Stacked *H NMR of Im-B-CD-AgCl 193 and Im- B-CD-Ag'NTf, 238
u Im-B-CD.AgCl 193 + 1eq. AgNTf,

Im-B-CD.AgCl 193
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Figure 11-32 CI in Im-a-, B-CD-AgCl complexes 192, 193 was easily removed by 1 equiv. of AgNTf,
("H NMR, CD5CN, 400MHz, 300K)

5.1.2 Im-a-, B-CD-AuCl

To generate cationic gold complexes, the Im-bridged gold chloride complexes derived from
a-, B-CD were also treated with AgNTf, (Scheme [I-21). We found that the removal of the
halogen from AuCl complexes was much less favored than for AgCl complexes.
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AgNTf, 1 equiv.

CD3;CN
No full conversion

NTf,

n=1, 198 n=1, 239
n=2, 199 n=2, 240

Scheme 11-21. Halogen removal of Im-a-, B-CD-AuCl complexes

As showed in Figure 1I-33a, when Im-a-CD-AuCl 198 is treated with 1 eq. AgNTf,, only small
part of CI" is dissociated. When 11 equiv. of AgNTf, are used, most of Au complex is
presented as a cationic complex, although traces of AuCl-complex are still observed. A large
excess of silver reagent (21 equiv.) gives broad *H NMR signals attributed to Im-a-CD-Au’
complex. Furthermore, the signal of H,O trace involves during the titration of removing CI,

suggesting that H,0 participates to the process.

a) Stacked 'H NMR of Im-a-CD-AuCl 198 and Im-a-CD-Au’NTf, 239 b) Trace of H,0
| - .l« Im-a-CD-AuCl 198 +21eq. AgNTf, l|| |
|

L | ww;\ A

m o- CD AuCl 198 +11eq. AgNTf, Jl f
‘J \‘W U "q"
W e _J' L e BN
Im-a-CD-AuCl 198 +1eq. AgNTf, \
|

L ..i_.mu MUWM.LA_.«_J._ _

Im CD AuCl 198

ok Uuu “ N R

1 7.2 7.0 6.8 6.6 6.4 ¢ 0 5.8 5.¢ 8 2.6 2.4 0 1.8 25 24 23 22 21 20 19 1.8
H‘;»;-- f

Figure 11-33 'H NMR spectra of Im-a-CD-AuCl complex 198 treated by different amount of AgNTf, (CD3CN,
400MHz, 300K)

We also tried to remove CI in non-coordinating solvent such as DCM. However, a similar
result was obtained. The CI" could not be removed by only 1 equiv. of AgNTf, The
electronegativity of Ag (1.93) is lower than that of Au (2.54), the Ag-Cl bond is labile than the
Au-Cl bond, leading to an easier dissociation in Ag-Cl complexes. Vyboishchikov and co-
workers predicated the bond length of NHCAg-Cl is longer than that of NHCAu-CI, resulting in

a harsher dissociation in NHCAu-Cl complex. ******

1%% G. Frenking, M. Sol3, S. F. Vyboishchikov, J. Organomet. Chem. 2005, 690, 6178-6204.
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5.2 Removal of halogen in Bim-bridged a-, B-CD-AuCl

Then, the abstraction of chloride in benzimidazole-bridged a-, B-CD-AuCl is studied, with 1
equiv. AgSbFg in CD,Cl, (Scheme I1-22).

AgNTf, 1 equiv.

CD,Cl,

Scheme 11-22. Halogen removal of BIm-a-, B-CD.AuCl complexes

In contrast to the restrict conditions in imidazole-bridged AuCl-complexes, Cl in BIm-a-, B-
CD-AuCl is removed by 1 equiv. of silver reagent, in both a-, B-CD cases (Figure 1I-34). It
indicates that the Au-Cl bond in benzimidazole-bridged complex is liable than that in
imidazole-bridged one. Since benzimidazole is a stronger donor than imidazole, the cationic
complex is more stabilized due to the increased donor effect of the NHC. Therefore, the
formation of cationic Au is more favored. Addition, the signal of H,O trace is also moving

during the procedure of removing Cl.

a) Stacked ‘H NMR of BIm-a-CD. AuCI 209 and BIm-a-CD.Au"SbFg 241
w | ' BIm-a-CD.AuCI 209 + 1eq. AgSbFg
' 4

*JJA"J“M I‘\k‘“ﬁg i . MUJUV b
|

J MLJ l\/\___J\)‘L_J WUJ ‘U“‘ w"f\ﬂJ QLJL,_»_,JLJL&

b) Stacked ‘"H NMR of BIm- B-CD.AuCl 210 and BIm- B CD Au "SbFg 242

i :
|l " [10 BIm-B-CD.AuCI 210 + 1eq. AgSbFe

Il !
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‘I' 'LI 1.\
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BIm -a-CD.AuCl 209

Blm-B-CD.AuCl 210

Figure 11-34 'H NMR spectra of BiIm-a-, B-CD.AuCl complexes 209, 210 treated with 1 equiv. AgSbFg (CD,Cl,,
400MHz, 300K)
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5.3 Removal of halogen in MIC-bridged a-CD-Aul

The halogen in MIC-bridged a-CD-Aul could be dissociated with 1 equiv. AgSbFs in CD,Cl,
(Scheme 11-23).

CD,Cl,

221 243

Scheme 11-23. Halogen removal of Tim-a-CD.Aul complexes

As a stronger donor than NHC, the cationic Au complex 243 is stabilized by the MIC. Hence
the equilibrium of the dissociation is favored to form cationic complex. In meanwhile, the
strength of the interactions in NHC-MX complexes decrease with the order Cl > | should also

be considered as a non-negligible factor (Figure 11-35).*%*

Stacked "H NMR of TIm-a-CD-Aul 221 and TIm-a-CD-Au’ShFs 243

| ‘ s TIm-a-CD-Aul 221 + leq. AgSbFg A
[ ‘ Il
| l A M ' | I
Y H-5 (W kL W VLV I\
O |'WL A‘\____A i A\ = o L‘\-\.___._J;J_./ \/'K._J;
HU ﬂ“ JQ TIm-q-CD-Aul 221 "
I I A it .
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Figure 11-35 'H NMR spectra of Ti-a-CD.Aul complexes 221 treated with 1 equiv. AgSbF¢ (CD,Cl,, 400MHz, 300K)

In conclusion, we present the study of Im-bridged a-, B- and y-CD metal complexes, a
combination of C-Hs M, C-Hs'*-X, 1t:--X interactions suggests the metal is buried deeply
inside the cavity; with the increased size of cavity, these interactions are decreased. Study of
derivatives of benzimidazole-bridged a-, B-CD metal complexes illustrates that stronger NHC
donor leads to stronger interior interactions. In parallel, the metal encapsulated inside the
cavity is not affected by the replacement of MIC bridge. For further catalytic applications,
counter-ion exchange of Au-complexes is also studied in this chapter.
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1 Hydroboration catalyzed by NHC-Cu complexes

The price of copper is much cheaper than many other metals that commonly used in
catalysis. Although the chemistry of copper has a very long history,'® the discovery of NHC

has permitted in exploring new reactivity and catalysis of NHC-Cu complexes.*® In 1993, the

I 167

first NHC-Cu complex was reported by Arduengo et al.”® The following year, Raubenheimer

et al reported a neutral mono-carbene copper species (Figure 111-1).*®

J. Arduengo et al. Raubenheimer et al.
; N\ / ( N_N
N — \\_ﬁ —~
E >—Cu " Cu

N
? ; 2 % CF3SO3° Cl

Figure llI-1 Early reports of NHC-Cu complexes

The first NHC-Cu mediated catalysis was reported by Woodward et al in the early 2000, using
imidazolium salt (IMes)HCl combined with Cu(OTf), effectively catalyzed a,B-unsaturated
carbonyl compound 244 to enone 245 (Scheme lll-1a).'® Later, the first chiral NHC ligand
246 derives from a silver complex showed to induce a high degree of enantiomeric excess
(93%) in this reaction.””®In 2003, Sadighi and Buchwald reported the first use of a well-
defined NHC-Cu complex in catalysis (Scheme llI-1b)."”* Using the (IPr)CuCl complex along
with tBuONa, the conjugate reductions of a,B-unsaturated carbonyl compounds were
carried out in high yields.

'%> G. Evano. N. Blanchard, Copper-Mediated Cross-Coupling Reactions, Wiley, 2014.

A. ). Arduengo, R. L. Harlow, M. Kline, J. Am. Chem. Soc, 1991, 113, 361.

J. Arduengo, H. V. R. Dias, J. C. Calabrese, F. Davidson, Organometallics, 1993, 12, 3405-3409.

a) H. G. Raubenheimer, S. Cronje, P. H. Van Rooyen, P. J. Olivier, J. G. Toerien, Angew. Chem. Int. Ed, 1994,
33, 672; b) H. G. Raubenheimer, S. Cronje, P. J. Olivier, J. Chem. Soc., Dalton Trans., 1995, 313.

P. K. Fraser, S. Woodward, Tetrahedron Lett. 2001, 42, 2747-2749.

C. L. Winn, F. Guillen, J. Pytkowicz, S. Roland, P. Mangeney, A. Alexakis, J. Organomet. Chem. 2005, 690,
5672-5695.

V. Jurkauskas, J. P. Sadighi, S. L. Buchwald, Org. Lett. 2003, 5, 2417-2420.
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L, Cu(OTf),, Et,Zn ™\
- NN
a) V
Et
244 245 SIMes
Condition A: L= SIMes.HCI/tBuOK, Yield:100% —
Toluene/THF, -20°C ArYN N A
Condition B: L= 246, Et,0, -78°C Yield:95%, ee=93% Me M
Agcl Me
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(0]
°) -Pr __i-Pr
R; (IPr)CuCl /tBuONa, PMHS o
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R; = H, Me, CH,CH=CHCH,CH, (IPr)CuCl
R, = Me, CH,CH,Ph, i-Pr, Ph PMHS =Poly(methylhydrosiloxane)

Scheme I11-1 a) First NHCs used in Cu catalysis; b) First well-defined NHC-Cu complex in catalysis

Then, the developments of steric and electronic modifications on NHC affect a lot in copper
catalysis. NHC-Cu complexes with excellent functional group tolerance and high activity,
allow the isolation and structural characterization of some key reaction intermediates, such
as (IPr)CuOH, 7?° (IPr)CuH,”*® (IPr)CuF,"”* (IPr)CuOtBu,"” (IPr)CuBpin,”** (IPr)CuOBpin,*
(IPr)Cu-CCPh"* and so on.

Nowadays, organoboron derivatives become essential intermediates, and the introduction

of boron atoms into organic molecules is a new synthetic tool. The copper catalyzed

3

borylation of a,B-unsaturated carbonyl compounds, ' carboxylic esters, ketones,

thioesters, ’* as well as aldehydes, ' aldimines ® were widely reported, with

bis(pinacolato)diboron (B,Pin,), pinacolborane, or 9-BBN as the borylation reagents."”’
The hydroboration of alkynes is interesting because the products (alkenyl boranes) are

potential starting materials for the Suzuki-Miyaura cross-coupling reaction, the Petasis

23) G. C. Fortman, A. M. Z. Slawin, S. P. Nolan, Organometallics 2010, 29, 3966-3972; b) C. M. Wyss, B. K.
Tate, J. Bacsa, T. G. Gray, J. P. Sadighi, Angew. Chem. Int. Ed. 2013, 52, 12920-12923; c) T. Vergote, F. Nahra,
D. Peeters, O. Riant, T. Leyssens, J. Organomet. Chem. 2013, 730, 95-103; d) N. P. Mankad, D. S. Laitar, J. P.
Sadighi, Organometallics 2004, 23, 3369-3371; e) D. S. Laitar, P. Muller, J. P. Sadighi, J. Am. Chem. Soc. 2005,
127,17196-17197; f) C. Nolte, P. Mayer, B. F. Straub, Angew. Chem. Int. Ed. 2007, 46, 2101-2103.

V. Lillo, A. Prieto, A. Bonet, M. M. Di, P. J. Pe, E. Ferna, Organometallics 2009, 659-662.

%), M. Obrien, K. S. Lee, A. H. Hoveyda, J. Am. Chem. Soc. 2010, 132, 10630-10633.

> H. Zhao, L. Dang, T. B. Marder, Z. Lin, J. Am. Chem. Soc. 2008, 130, 5586-5594.

Y® M. a. Beenen, C. An, J. a. Ellman, J. Am. Chem. Soc. 2008, 130, 6910-6911.

Y7.a) F. Lazreg, F. Nahra, C. S. J. Cazin, Coord. Chem. Rev, 2015, 293-294, 48-79; b) T. Fujihara, K. Semba, J.
Terao, Y. Tsuji, Catal. Sci. Technol. 2014, 4, 1699-1709.
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reaction, etc. It is known that the hydroboration of alkynes is associated with stereo- and
regioselectivity issues. Hence, selective control of the new C-B bond is of high significance.
One of the key intermediates for copper-mediated borylation is supposed to be the Cu-B
species. A NHC-Cu-boryl complex was first characterized by Sadighi et al (Scheme I1I-2), who
presented X-Ray crystal structure of the isolated (IPr)Cu-Bpin complex 249, produced by the
reaction of (IPr)Cu-OtBu 247 with (BPin),.""®

i-P i-Pr i i-Pr
N o) o Pro=
NYN + '‘B—B NYN
. o o) n-pentane
i-Pr CU i-Pr P i-Pr CU i-Pr
OtBu BPin
247, (lPr)CU-OtBU 248 (BPIn)2 249 (lPr)CU-BPIn

Scheme IlI-2 First isolated NHC-Cu-boryl complex 249

The general mechanism of Cu-mediated hydroboration (Figure 1l1l-2) is considered to be
initiated from L-CuX | (usually X=alkoxide). Addition of (BPin), generates an active
intermediate L-Cu-boryl complex Il. The coordination of copper to the unsaturated C-C bond
of alkyne and subsequent insertion forms the intermediate Ill. Subsequent reaction of Il
with an electrophile E-X gives the product and regenerates the copper species L-CuX I, which
reenters the catalytic cycle. It is proved that MeOH is a compatible and suitable promoter for
the cleavage of the C-Cu bond of compound lll, giving the hydroboration product and the

copper alkoxide, allowing the catalytic cycle to be continued. '”°

E__ BPin
R, R,
E-X L-Cu-X X = Alkoxide
[
- (BPin)
AN n
Cu BPin 2
n =
R, R
Ly 2 BPin-X
R1 L-Cu-BPin

Figure 1ll-2 General mechanism of Cu-catalyzed hydroboration

8. s. Laitar, P. Muller, J. P. Sadighi, J. Am. Chem. Soc. 2005, 127, 17196-17197.
%5 Mun, J. E. Lee, J. Yun, Org. Lett. 2006, 8, 4887—4889.
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1.1 Hydroboration of alkynes catalyzed by NHC-Cu complexes

1.1.1 Hydroboration of terminal alkynes

It is known that the borylation of alkynes with long reaction times and large excess of base
leads to diborlylated products.’® Hence, mild reaction conditions are required to control the
borylation degree. In 2009, Hoveyda and co-workers reported the use of NHC-Cu complex
derived from a chiral bidentate NHC 250, which upon reaction with the Cl-substituted
terminal alkyne 251, forms linear vinylboronate 252a in high site selectivity (Scheme IlI-3a).
At the same time, propargyl alcohol 253 and amine 254 were also reported to be
regioselectively borylated with different catalysts. First, the branched vinylboronates 255b
and 256b are obtained as the major isomers when complex (SIMes)CuCl 257 as catalyst
(Figure 111-3b). In contrast, when chiral NHC 250 is applied, linear isomers 255a and 256a are
produced predominantly. ®®" Furthermore, the addition of 1 equiv. of (BPin), to
vinylboronates under the same conditions afford the diboronate compounds.
5 mol % 250, 5 mol % CuCl

o] (o] 3
oo’ :+§: B’ :é 20 mol % tBuONa @ . cl 0= SON@NIPr
o 07X 1.0 equiv. MeOH, THF, -15°C " gpin \@

Conversion: > 98% BPin -Pr
251 248 (BPin), 0.9 equiv. 252a 252b

Selectivity: > 98: 2

R R
1 mol% 257, 1 mol% tBuONa + N v N
. ; K/\Bpin K]/
1.0 equiv. MeOH, THF, 0°C .
BPin CuC
Linear (L) Branched (B)
RO . O\B _B,O N R=OtBu, 255a 255b=17:83 257 (SIMes)CuCl
— e R=NHBoc, 256a; 256b = 10: 90
0 o
R=OtBu, 253 248 (BPiIN);0.9 €qUIV. | 4 151 04 250, 1 mol % CuCl

R=NHBoc, 254 4 mol % tBUONa _ R=OtBu, 255a 255b = 89:11
1.0 equiv. MeOH, THF, 0°C R=NHBoc, 256a: 256b = 89: 11

Scheme I11-3 Different NHC structures leads to different selectivity

In 2011, Hoveyda and co-workers published an efficient and selective process for the
hydroboration of aryl substituted terminal alkynes.'® The site-selectivity of hydroboration
mainly depends on the nature of the NHC ligand (Scheme 1lI-4). Aryl group substituents on
NHC such as (SIMes)CuCl 257 favors branched hydroboration isomer 259a-263a at low
temperature (41%~96% selectivities, 51%~78% vyields). With this type of catalyst, substrates

bearing electron-withdrawing groups give rise to higher branched selectivity than electron-

180y, Lillo, M. R. Fructos, J. Ramirez, A. a C. Braga, F. Maseras, M. M. Diaz-Requejo, P. J. Pérez, E. Fernandez,

Chem. Eur. J. 2007, 13, 2614-2621.
¥1y_ Lee, H. Jang, A. H. Hoveyda, J. Am. Chem. Soc. 2009, 17, 18234-18235.
'y Jang, A. R. Zhugralin, Y. Lee, A. H. Hoveyda, J. Am. Chem. Soc. 2011, 133, 7859-7871.
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donating substituents. For example, the p-CFs substituted phenylalkyne 263 gives 96%
branched selectivity, while ortho-OMe substituted 260 gives 41% branched isomer. In
contrast, using alkyl substituted NHC such as (IAd)CuCl 258 favors linear products 259b-263b
in up to 81% vield and >97% selectivity, regardless of the electronic effects on substrates.

5 mol % (SIMesCuCl)257 P"‘B: L e
5 mol % tBuONa

R R
1.1 equiv. MeOH Branched(B)  Linear(L) Yield [
. 3 NN
THF, -15°C R=Ph 259a : 259b =88:12 78% Y
. Clu
Cl

R=0-MeOCgH,, 260a : 260b =41:59 nd
1) o R=0-MeCgH,, 26la : 261b=70:30 51%
R— + tB—Bj —] R=m-CF3C¢H,, 262a : 262b =89:11 52% 257, (SIMes)Cu-Cl
io Oﬁ R=p-CFsCgHs 263a :263b=96:4 70%
R=Ar 248 (BPin), lequiv.

PinB BPin
5 mol % (AdCuCl)258 > +

5 mol % tBuONa R R

_ /e
1.1 equiv. MeOH B L Yield E/N YN \Q
THF, 22°C R=Ph 259a : 250b= 2:98 81% Cu
1

R=0-MeOC¢H,, 260a : 260b = 2:98 88% &
R=0-MeC5H4, 26l1a : 261b = 3:97 88% 258, (Ad)Cu-CI
R=m-CF4CeH, 262a : 262b= 2:98 78%
R=p-CFsCeHs 263a : 263b= 2:98 80%

Scheme IlI-4 Site-selective hydroboration depends on the nature of the NHC

Detailed mechanistic studies indicate that the selectivity arises from the structural and
electronic nature of the NHC (Figure 1lI-3). In the case of an aryl-substituted NHC complex
(less donating) and terminal alkynes with electron withdrawing group (EWG), the mode | is
more favored than V, suffering from steric repulsions between the substituent G and the
large aromatic moieties of the NHC (Figure llI-3a). The alkynes play the role of the
electrophilic entity in the NHC-Cu-catalyzed addition, thus the copper transfers at the
position having the lowest electron density (intermediate ll), giving the branched isomer. In
contrast, with electron donating group (EDG) substituted alkyne, the transition state lll is
also acceptable that offer a lower repulsion between NHC and G group (a longer Cu-: - Cinternal
distance). Meanwhile, the increased electron density at the terminal position leads to
intermediate IV thus to the linear product. For the EDG-substituted alkynes, the transition
state Ill is dominated by transition state I. Hence, the selectivity varies to a significant
degree.

For alkyl substituted NHCs (Figure llI-3b), strong donating ligand makes NHC-Cu-Bpin
depature from linearity," leading to the available coordination site is anti to the NHC (VI,
VII). The steric hindrance between substituent on alkynes and BPin group unfavores

transition state VI. And there is less repulsion in TS VII due to the longer Cu:::Cinternal

1B A, Poater, F. Ragone, A. Correa, A. Szadkowska, M. Barbasiewicz, K. Grela, L. Cavallo, Chem. Eur. J. 2010, 16,

14354-14364.
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distance. Thus, the alkyne-Cu association VIl is favored. Here, the alkyne serves as a n-
acceptor that there is a stronger back-donation from NHC-Cu to alkyne (by computational
calculation). Thus the softer terminal carbon (large LUMO) positioned anti to the NHC for
more effective hyperconjugation (intermediate VIII) is undergoing, forming the linear
isomers regardless of the nature of substrates.

The authors suggest that the NHC-Cu complex with highest lewis basicity (alkyl-substituted
NHC) promotes preferential formation of the linear products, whereas branched products
are referentially formed with catalysts bearing less donating groups (Ar-substituted NHC

ligands).

’Aryl substituted NHC, less donating: branched product predominant‘ ’Alkylsubstituted NHC, more donating: linear product predominant ‘
\*:,
(S E
,dN ,dNY ”V @W S Q
Le ess Loy/cu\ . /f:u ,,_
repulsion 7~ B-0 \\ ‘/3 o §
- ! Less
\ 7& G \07& 07& \\ %T repulsion

higher electron densny position higher electron density position
G=

G=EWG :
| Predomlnant n V Unfavored ! VI unfavored VIl Favored
Alkyne as p-acceptor

\ i predominantly

35 o

Cu | J\/
1 X BPin
BPin !
| S/Bpln J\/ E V|||

G

: MeOH
MeOH MeOH ?
; _ ; . BPin
G :

b)

a)

Figure ll1-3 Proposed mechanism of selectivite hydroboration depends on the nature of NHC

More recently, an alternative method was reported by Takaki and co-workers.'® They used
another diboron reagent (Pin)B-B(Dan) instead of (Pin)B-B(Pin). The moiety 1,8-
diaminonaphthalene (Dan) decreases the Lewis acid character of a boron atom'®*(Scheme |IlI-
5). The reaction of terminal alkyne was carried out with (SIPr)CuCl as catalyst, affording
branched vinylboronate products in 67% to 99% yields, with almost complete selectivity
(Scheme llI-5a). A mechanism is proposed (Scheme IlI-5b). The active copper-species in the
reaction is NHC-Cu-BDan, which can be explained by selective interaction between the Lewis
acidic BPin moiety and the alkoxy moiety of NHC-Cu-OtBu in the o-bond metathesis step.

Next, subsequent insertion of alkynes into the NHC-Cu-BDan leads to the generation of an

8 4. Yoshida, Y. Takemoto, K. Takaki, Chem. Commun. 2014, 50, 8299-8302.

'8 4. Noguchi, K. Hojo, M. Suginome, J. Am. Chem. Soc. 2007, 129, 758-759.
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intermediate species. This orientation of NHC-Cu-BDan is controlled by steric repulsion
between the substituent on the alkyne and the bulky copper moiety, which results in the
introduction of the BDan moiety into the internal carbon of alkynes (TS A in Scheme IlI-5c).
Then, the Cu-alkenylborane species is protonated by MeOH, providing the branched product
with regeneration of the NHC-Cu-OMe species.

. i-P
O N o 2 mol %O(SIPr)—CuCI - Soan P —

a) R—= + B-B 6 mol % tBuOK — o+ = Q/NYN
O N O 3 equiv. MeOH, THF, 50°C R R i-Pr Cu i-Pr

R = Ar, Alkyl  DanB-BPin 1.2 equiv. Yield: 67% - 99% > 95 : <5 (SIPr)Cu-ClI
tBUOK — ] i
b) NHC-Cu-CIl ———> NHC-Cu-OtBu C) (SIPr)Cu—B(Dan)
DanB BPin |NHC-Cu-OtBu /:\
b H R
BPin-OMe ; -BPi
BP'” OtBu [ DanB -BPin A, Favored
NHC-Cu-B(Dan)
DanB-BPin (Dan)B ——(SIPCu
NHC-Cu-OMe H R\
B
B(Dan) - -
Transtion state
Cu B(Dan)
MeOH

Catalytic cycle

Scheme I111-5 Bpin-BDan as boron reagent for hydroboration

1.1.2 Hydroboration of internal alkynes

In 2010, a regioselective hydroboration of non-terminal alkynes was described by Yun and
Sun.'®® Classical NHC-Cu complexes [(SIMes)CuCl and (IPr)CuCl] as catalysts, catalysis of 1-
phenylpropyne 264 with (BPin), resulted in moderate regioselectivity of B-isomer 265b (73%
and 71% selectivity, respectively). However, with the imidazoline-2-thione (IMS) coordinated
to the Cu catalyst, a complete B-selectivity of 265b is observed (Scheme IlI-6). Furthermore,
the solubility of the IMS-Cu catalyst and its catalytic performance increased with long alkyl
chain substituents, and various aryl alkynes were borylated with complete B-selectivity.

5 mol % NHC-CuCl

Me + 20 mol % tBuONa PinB H H BPin
> — + — [\
2 equiv. MeOH, THF, rt Ph  Me ph° Me R-NN-r

248 (BPin), 1.1 equiv. cat. 265a (a) 265b (B) S
(SIMes)CuCl 27 : 73 IMS
(IPncucl 29 r 71 R = Alkyl chain
(IMS),CuCl <1 : >99

Scheme 111-6 Regioselective hydroboration of non-terminal alkynes

%8 H4_R. Kim, I. G. Jung, K. Yoo, K. Jang, E. S. Lee, J. Yun, S. U. Son, Chem. Commun., 2010, 46, 758-760
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Two years later, McQuade et al. studied internal alkynes bearing alcohol or ether groups.*
As a five membered NHC, (SIMes)CuCl provided high B-selectivity with an internal
propargylic alcohol 266 as the substrate (96%). However, as the steric hindrance of the
functionality increased (such as 267), the B-selectivity switched to a-selectivity with up to to
83% isomer (Scheme 1lI-7). In contrast, the sterically more demanding six-membered NHC-
CuCl complex 270 gave higher B-selectivity than (SIMes)CuCl with both substrates. The
authors explained that when (SIMes)CuCl was used, the alcohol substrate 266 has an
electronic effect (TS1, NHC-Cu transfer at the position with lower electron density, the
catalyst delivers the boron moiety to the B-position). When the substituents of the alkyne
are bulky, the steric influence becomes the dominant factor, favoring transition state TS2.
Hence, the (SIMes)Cu catalyst orients to deliver the boron group to the a-position. In
contrast, when catalyst 270 was used, the boron group is delivered to the a-position,
regardless of the substituents. Because the steric effects become more important (TS3), that
the branched side of the alkyne should be placed away from the bulky NHC.

~6 o o 1 mol % NHC-CuCl o BPin o _—
>=Ft + j: :B—B: i 30 mol % tBuONa \H\ . W
Me o o 2 equiv. MeOH, Et,0, 0°C Me Et Me Et
a B
R =H 266 (BPin), 1.2 equiv. R =H 268a 268b
R = p-NO,CgH, 267 R = p-NO,CgH, 269a 269b
cat. (SIMes)CuCl 257 R =H, 268a : 268b =4:96
R=pNOCeHs 2602 : 269b =83:17
cat. 270 R =H, 268a : 268b =58: 42
R = p-NO2CeH4 269a : 269b =93:7

Prgy
/fog

o e

Me OR

Electronically favored TS1 Sterically favored TS2 Sterically favored TS3

Regardless of R character

Scheme 111-7 Hydroborationn selectivity controlling by steric effect of NHC

Almost at the same time, Tsuji et al. developed another methodology to control the selective
hydroboration of unsymmetrical internal alkynes. It was shown to be regio- and

stereoselectively dependent on the catalytic copper species formed in situ. '® The

87 J. K. Park, B. A. Ondrusek, D. T. McQuade, Org. Lett. 2012, 14, 4790—4793.

188 K. Semba, T. Fujihara, J. Terao, Y. Tsuji, Chem. Eur. J. 2012, 18, 4179-4184.
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hydroboration of 1-phenyl-1-hexyne 271 carried out with (C'IPr)CuCI 274 and pinacolboran
(HBPin 272), to lead to a a-selectivity of 90%, without introducing a proton source. However,
when HBPin was replaced by (BPin), and MeOH, the selectivity was reversed (Scheme 111-8).
The different boron reagents HBPin and (BPin), generate different NHC-Cu-H and NHC-Cu-
Bpin species, respectively, leading to opposite selectivity.

From a study with a stoichiometric amount of (C'IPr)CuCI, the authors proposed two different
mechanisms through hydrocupration and borylcupration (Scheme 1l1I-8). Using HBPin as
boron reagent, NHC-Cu-H is generated (Catalytic cycle A). Then, syn addition of the NHC-Cu-
H to the alkyne (hydrocupration) affords alkenyl copper intermediate I. At this time, HBpin
provides the hydride for intermediate | affording the corresponding a-isomer, and closes the
catalytic cycle by regenerating the NHC-Cu-H species.

Differently, by using (BPin),, a boryl species NHC-Cu-Bpin is generated. The addition of the
alkyne (borylcupration) provides the copper intermediate Il. Next, protonation by MeOH
provides the B-isomer and the NHC-Cu-OMe species. Finally, the reaction between NHC-Cu-
OMe and (BPin), regenerates NHC-Cu-Bpin and the catalytic cycle is continued (Catalytic
cycle B in Scheme 111-8).

2 mol % (CIPr)CuCl 274 Cl Cl.
0 6 moloozntBu)ONa Ph Bu Ph B Pr (P
Ph—=——Bu + H-B — + __>bu

: P N__N
0 Toluene, 28°C PinB H H BPin Y
. ) Yield: 88% i-pr CU i-Pr

271 272 HBPin, 1.2 equiv. 273a (o) 273b (B) cl

90 : 10
274, (C1Pr)Cu-Cl
tBuONa tBuONa
NHC-Cu-Cl ————> NHC-Cu-OtBu NHC-Cu-CI ———— NHC-Cu-OtBu
HBPln (BP'”)Z
BPln OtBu BPin-OMe BPin OtBu
NHC-Cu-Bpin
PmB NHC-Cu-H (BPin), P
(o) product
NHC-Cu-OMe
HBPIn BPII’] NHC
Hydrocupration j Pi Borylcupration
®) product MeOH
|
Catalytic cycle A Catalytic cycle B

Scheme 111-8 Two possible catalytic cycles caused by different active copper species

Normally, hydroboration of alkynes are carried out under inert atmosphere because
intermediates in the reaction, such as NHC-Cu-OR and NHC-Cu-BPin are air and moisture-
sensitive. Very recently, Cazin et al. reported “in air” NHC-Cu catalyzed internal alkyne
hydroboration (Scheme 111-9). ® Using low loadings (0.04-2 mol%) of the air-stable

¥9y.D. Bidal, F. Lazreg, C. S. J. Cazin, ACS Catal. 2014, 4, 1564-1569.
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(IMes)CuCl catalyst, B-hydroboration of various internal alkynes was achieved with good
selectivities using NaOH as the base.

0.04-2 mol %( IMes)CucCl

o o0 . . .
- R2+§: 5_p :@ 5 mol % NaOH PRB._,_ BPW
o o 2 equiv. MeOH, CPME, 1t Ri Ry R; R,

(BPin), 1.1 equiv. o B Yield

NN R, = Ph, R, =Me > 98  98%
;E R, = Ph, R,=TMS 2 - 98  70%
él 2 :

R; = p-Br-Ph, R, =Bu 98 93%

(IMes)CuCl
CPME: Cyclopentyl methyl ether

Scheme I1I-9 “In air” NHC-Cu catalyzed internal alkyne hydroboration

1.2 Hydroboration catalyzed by NHC-bridged Cyclodextrin-Cu complexes

Actually, many reports involving NHC-Cu complexes-mediated hydroboration focus on the
influence of the electronic properties of NHCs, and the steric properties of the substrates. As
we have described in Chapter Il, the NHC-bridged cyclodextrin-copper complexes display
unique chemical structure, in which the copper is deeply encapsulated inside the
cyclodextrin cavity, providing a confined space around the metal. Hence, the catalytic
behavior of NHC-CD-Cu complexes for hydroboration of alkynes is very interesting. These
catalysts provide a tunable cavity size offering a specific chemical environment. The site-

selectivity of hydroboration controlled by the cavity was explored in this work.

1.2.1 Hydroboration of terminal alkynes catalyzed by NHC-bridged a-CD-Cu complexes

1.2.1.1 Im-a-CD-CuCl as catalyst

Firstly, Im-a-CD-CuCl was used as catalyst for the hydroboration of aryl-substituted terminal
alkynes. A model substrate phenylacetylene 275 was selected to test the catalytic
properties. The reaction conditions of catalyst loading (5%), solvent (THF), proton provider
(MeOH), 1 equiv. (BPin),, 1.1 equiv. phenylacetylene, 0.4 equiv. tBuOK, r.t. are applied
(Scheme 111-10). *** The reaction gave the linear isomer 276b as the predominant product in
91% selectivity.

1) o) 5 mol % Im-a-CDCuCl
Ph— + g: ‘B—B’ :é 0.4 equiv. tBUOK PinB BPin
- . . > + —
) 9) 2 equiv. MeOH : /

Ph
] ) ) THF, rt, overnight Ph
275,1.1 equiv. 248 (BPin), 1 equiv. Yield : 63% 276a Branched (B) 276b Linear (L)

9 : 91

Scheme 111-10. Im-a-CD-CuCl catalyzed hydroboration of phenylacetylene
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a) Investigation of species potentially involved in the catalytic cycle

The general mechanism of the NHC-Cu-mediated hydroboration suggests that several Cu-
intermediates play an important role for the selectivity, including NHC-Cu-OtBu, NHC-Cu-
Bpin, and NHC-Cu alkenylboron species (Figure llI-2). Some of them have been already
isolated and identified with (IPr) as the NHC ligand.*** We thus tried to generate these
species to investigate their potential role in the catalytic hydroboration by NMR.

In order to faciltate the characterization of these species, the experiments were carried out
in NMR tubes and followed by NMR spectroscopy. Complete exchange of Cl ligand of Im-a-
CD-CuCl was achieved efficiently with 8 equiv. of tBuOK, giving the a-CD-Cu-OtBu complex
277 in situ (Sheme 1lI-11). This species 277 is not sufficiently stable to be isolated. Then, the
sequential addition of 5 equiv. of (BPin), to 277 affords Im-a-CD-CuBPin 278.

THF-d8

196, Im-a-CD-CuCl 277, Im-a-CD-Cu-OtBu 278, Im-a-CD-Cu-
Scheme IlI-11. Im-a-CD-Cu complexes potentially involving in hydroboration

The stacked *H NMR spectra in Figure 114 show the a-CD-CuCl, a-CD-Cu-OtBu and Im-a-CD-
CuBPin species, which are potentially participating in the catalytic cycle. The H-5s of the
bridged sugar units (A,D) are all deshielded, which is due to the H-5..M interactions as
previously described. It is worth mentioning that the OtBu group in Im-a-CD-Cu-OtBu 277
has electronic donating effect for the coordinated metal, leading to most deshilding H-5A,D.
In addition, a singlet signal at 1.88 ppm is attributed to the tBu group in Im-a-CD-Cu-OtBu
277 (Figure |IlI-4b). With the generation of Im-a-CD-CuBPin 278, this tBu singlet is
disappeared, while the methyl signal attributed to BPin moiety at 1.02 ppm appears(Figure
1-4c).

It is worth mentioning that no shielded benzyl group regions are observed in 277 and 278,
indicating that there is no m-interaction between an anion and the benzyl group at the
second rim of cyclodextrin. It is postulated that the -OtBu and -Bpin groups are bulky that
the benzyl groups are not in the vicinity of the CD entrance. In the metal-halogen complexes,
the benzyl groups provide m...X interactions, which close the entrance of the cavity at its
secondary rim, leading to stable encapsulation of a metal. In contrast, the cavity entrance is
opened by the replacement of the halogen with -OtBu and -Bpin groups, leading to the

instability of these two Cu-complexes.
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a)lm-a-dD.CuCl 196  « .{N
L L

LG

ah

b)Im-a-C

P . i : :
L5 () 3.6
il (ppm)

.0 2.5 2.0 1§

BPin

Figure llI-4. 'H NMR spectrum of Im-a-CD-Cu complexes postentially involved in the catalytic cycle (THF-d8,

600MHZ, 300K)

b) Species following in the catalytic cycle

After characterization of these species potentially involved, a catalytic cycle study by tracing

a-CD-Cu species was followed by NMR (Figure llI-5). The experiment was performed in a

NMR tube in THF-d8, and the reaction conditions were applied the same as those of in a vial

(5% catalyst loading, 0.4 equiv. tBuOK, 1 equiv. (BPin),, 1 equiv. phenylacetylene, 2 equiv.

MeOH, r.t.). The reagents were added step by step to follow the species appearing in the

different steps.

g} im-g-CD-CuCl
+ product .

t= 3h (

f} Im==-CO-Cutl
+product -
t=35min |

e} Im-a-CO-Cudl J ||'~|,
+2eq.MeDH’ '

LA
d} Intermediateé
species
+1 eq. PhCCl

¢} Im-a-CD-CuBPin
s

+1 eq. (Bpin);

B) Imea-CD-CulrtBuf |

+0.4eq. :BuDK'-\

a) 0.05eq.
Im-a-CD-Cu

Linear product

{BRin),

K

Figure IlI-5. Catalytic cycle study followed by 'H NMR (THF-d8, 400MHz, 300K)
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First, a mixture of 0.05 equiv. (5% loading) of Im-a-CD-CuCl (a) with 0.4 equiv. tBuOK gives
Im-a-CD-CuOtBu species (b). The signal at 1.88 ppm was attributed to tBu group coordinated
to the copper. The addition of 1equiv. (Bpin), to (b) affords a broad species Im-a-CD-CuBPin
(c), along with the decreasing of tBu signal. Here, in contrast to 5% catalyst, 1 equiv of
(Bpin), is in an excess quantity. The broad signals indicate there might be equilibrium
between Im-a-CD-CuOtBu, and Im-a-CD-CuBPin species in this system. Signal traces of tBu
group in (c) (zoomed at right) also suggest this equilibrium. Next, 1 equiv. of phenylacetylene
is added (d). It was supposed to form the copper-alkenylborane complex. However, the
signals of the intermediate species are very broad and cannot be well recognized (d). A
hypothesis is that the copper-alkenylborane complex is in high reactivity, the hydrogen
exchanges in this structure is faster than the time it takes to acquire a *H NMR spectrum.

When 2 equiv. of MeOH is added to the intermediate species, the formation of a well-
defined species is observed (e). Surprisingly, it is exactly the original introduced catalyst Im-
o-CD-CuCl. This phenomenon is attributed to the large excess of MeOH (40 fold higher than
Im-a-CD-CuCl) might partially re-dissolve KCl generated in situ. As a suitable counterion
occupied the cavity, the CI" could provide m...X interactions on the secondary rim, which
promotes the formation of Im-a-CD-CuCl complex with high stability. Even though the
formation of Im-a-CD-CuCl, the addition of MeOH leads to the generation of the
hydroboration products (f). And the signals of products increase with time (g). This indicates
that the real active species involved in the catalytic cycle is less than 5%, which is not easily

observed by NMR spectroscopy.

1.2.1.2 Im-a-CD-CuOH as catalyst

Im-a-CD-CuOH 279 can be prepared by the reaction of an excess of KOH with Im-a-CD-CuCl
196. "% Different with reported NHC-CuOH complexes in literatures, Im-a-CD-CuOH 279 is
not air or moisture sensitive. It can be prepared in gram scale, and kept in air atmosphere for
several months. Interestingly, it can also activate the B-B bond of (BPin), to generate Im-a-
CD-CuBPin 278 (Scheme llI-12). It indicates that the catalytic application of Im-a-CD-CuOH
without adding other base might be available for the hydroboration.

)
BnO —§ BnO —y
KOH, 2eq. (BPin), 6eq.
—_—
THF THF-d8
196, Im--CD-CuC 279, Im-a-CD-Cu-OH 278, Im-o-CD-Cu-

Scheme I11I-12. Im-a-CD-CuOH actives B-B bond of (BPin),

Therefore, Im-a-CD-CuOH (5 mol%) was used to test the catalytic hydroboration of

phenylacetylene, without adding a base (Scheme I11I-13). Instead of MeOH, water was
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selected as the proton source to regenerate a-CD-CuOH complex. In similar reaction
conditions when Im-a-CD-CuCl as catalyst, Im-a-CD-CuOH orients the reaction to give the
linear isomer 276b as the major product (87% selectivity). However, a low yield (18%) is

obtained even when the reaction is left for 5 days.

Ph— iO\B B/O:é 5 mol % Im-a-CD-CuOH PinB BPin
— + P b — + —/
0] o 2 equiv. H,0, THF, t, 5d Ph Ph

275,1.1 equiv. 248 (BPin), 1 equiv. Yield: 18% 276a Branched 276b Linear
13 : 87

Scheme 11I-13. Hydroboration catalyzed by Im-a-CD-CuOH

It reveals that Im-a-CD-CuOH displays the same linear-selectivity as Im-a-CD-CuCl. But the
low yield of the former shows that OH- is not a suitable base for the hydroboration using Im-
a-CD-CuX complexes as catalyst. To understand the lower efficiency of the CuOH system, we
decided to investigate it through the NMR characterization of the intermediate species,

potentially involved in the catalytic cycle.
a) Species following in the catalytic cycle

Like in the case of Im-a-CD-CuCl, a NMR study of following species in the catalytic cycle was
performed (Im-a-CD-CuOH in a catalytic amount, experiments performed in a NMR tube, in
the same reaction conditions in Scheme 1lI-13). However, broad signals and mixture of

species were observed, which complicated the analysis of the exact structures.
b) Investigation of species potentially involved in the catalytic cycle (Stochiometrical)

Species study in a stoichiometric scale (in a NMR tube) was tried to get sequential access to
the potential intermediates (Scheme I1lI-14). Surprisingly, another complex was observed
rather than the expected Im-a-CD-Cu-alkenylborane complex. Indeed, when the reaction of
Im-a-CD-CuBPin with phenylacetylene, or Im-a-CD-CuOH with phenylacetylene was
performed (Scheme 1lI-14), the same thermodynamic C, symmetric Im-a-CD-Cu complex was
observed. The formation of this product takes very long time to go to completion (10 days
and 4 days respectively). Surprisingly, after full attribution of the NMR spectrum, this new

Cu-complex was identified as the copper phenylacetylide 55.
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279, Im-a.-CD-Cu-OH

Scheme IlI-14. Stoichiometric study of copper species

The presence of phenyl acetylide coordinated to copper is assessed by >C NMR spectrum.
And the carbons C; and C, of the triple bond were identified through HMBC correlations.
Thus, comparison of *C NMR spectra of free phenylacetylene and Im-a-CD-CuCCPh 280
(Figure 1ll-6a) shows strong downfield shifts of C; and C, (54.6 and 22.7 ppm respectively),
which are attributed to the coordination with copper. It is reasonable to observe stronger
downfield shift for carbon C; directly coordinated to Cu, and a weaker effect on carbon C,. In
addition, the carbons resonances are in accordance with typical chemical shifts observed in
Cu phenylacetylide complexes.™

145 1o 135 130 125 120 115 110 105 100 95 o 85 i 75 k|
1 (ppm)

b) ;‘3 (NHOCD 1 %

hE —— Cu

i 1.5
CH PR B ——— H L7~ Q ”

— H H £ HMBC HMBC
CH;Ph 3‘ ——— 19

| Lo ‘H(ﬁj 2 @
CHPh 3) —— .

=

Figure 1l1-6. a) Stacked Bc spectrum of free phenylacetylene and Im-a-CD-CuCCPh 280; b) NOESY of Im-a-CD-
CuCCPh 280, THF-d8, 300K, 600MHz

%05 Diez-Gonzlez, S. P. Nolan, Angew. Chem. Int. Ed. 2008, 47, 3881-8884.
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Additionally, Im-a-CD-CuCCPh 280 was analysed by 2D NMR, including NOESY, COSY, HMBC,
and TOCSY. In particular, cross-correlations between ortho-protons of the phenyl group with
the CH, of benzyl groups on the secondary rim of the cyclodextrin are observed (Figure IlI-
6b). By combination with 2D HMBC and TOCSY, they are inferred that these benzyl groups
are linked to the C, of sugar units A,D, and the Cs of sugar units C,F.

As usual, these copper complexes Im-a-CD-CuOH 279, Im-a-CD-CuBPin 278, and Im-a-CD-Cu
phenylactylide 280 are characterized by NMR for better understanding of their chemical
structure (Figure 11l-7). Deshielded H-5A,Ds are observed, indicating the presence of M...H-5
interactions in all Im-a-CD-Cu species. For the H-3C,F, no huge chemical variation is shown
except for Im-a-CD-CuBPin 278.

HE

Im-a-CD-CuOH 279

Im-a-CD-CuBPin 278
" ..Iu\@m o

Lo L_JJJ”U

Im-a-CD-CuCCPh 280 ., .

% : = E >
.48 7.0 f. 6.0 LT 5.0 4.8 1.0 3.0 3.0 2.5 2.0 1.5 1.0
I (ppm)

Figure 111-7. Stacked H spectra of Im-a-CD-Cu complexes (THF-d8, 300K, 600MHz)

In addition, chemical shifts variations in the aromatic group region draw our attention
(Figure 111-7). In contrast to the Im-a-CD-CuBPin 278, shielded benzyl groups are observed for
both in Im-a-CD-CuOH 279 and Im-a-CD-Cu phenylactylide 280, which correlates with the
higher stability of these two compounds.

As previously mentioned, Im-a-CD-CuOH complex display unusual stability, it is hence
attributed to the specific interactions on the secondary rim of a-CD. In contrast, the higher
stability of Im-a-CD-CuOH may explain its lower catalytic efficiency.

As a fact, the Im-a-CD-CuCCPh 280 is in great stability, and can be stored in air for several
days without degradation. Furthermore, introduction of Im-a-CD-CuCCPh 280 in the catalytic

conditions cannot generate the next species, but rather stay stable in these conditions.

1.2.1.3 Deuterium labeling experiments

To further study the mechanism using Im-a-CD-Cu complexes as catalysts, deuterated
methanol CD30D or D,0 were used in the borylation of phenylacetylene. According to the

general mechanism described in the literature, methanol or water should deuterate the
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copper-alkenylborane complex first. Hence, the deuterium should replace the copper
coordinated to the double bond, which comes from the syn insertion into the triple bond.
However, more than one deuterated isomers are observed. According to the expected
mechanism the linear product | should be formed, with the deuterium in trans configuration
with the proton originating from the terminal position of the alkyne (Scheme III-15,
condition A). Surprisingly, product I is only obtained in 36%, along with products Il, Ill, IV in
36%, 15%, 12%, respectively.

Similarly, when 5% of Im-a-CD-CuOH with 2 equiv. D,O was used in these conditions
(Scheme 111-15, condition B), a mixture of 3 isomers including the expected product | in 48%,
along with products Il and IV in 41%, 11% was observed respectively.

0 o . .
Ph—— + ‘B—B’ Condition A/B PinB BPin
O, \O >: + /:/

THF, 1t Ph Ph
275,1.1 equiv. (BPin), 1 equiv. 276a Branched 276b Linear
. D BPin: D  BPi i H  BPi
A: 5mol % Im-a-CDCuCl — ! o : — BPin "
0.4 equiv. tBUOK 'Ph" H ! P’ D Ph" D Ph H
2 equiv. CD30D C136% ! Il 36% 11l 15% IV 12%
' D BPN. D  BPin i H  BPin
B: 5mol % Im-o-CDCUOH | \— : — H __ BPin —
2 equiv. D,0O E Ph H : Ph D Ph D Ph H
L 148% : 11 41% I 0% IV 11%

Scheme 111-15. Deuterium proton source for catalytic reaction

A possible equilibrium between the Im-a-CD-CuOR (R=H, Me) and the Im-a-CD-Cu
phenylacetylide complex 280 might explain the formation of compounds Il and Ill (Scheme
111-16). As previously described, complex 280 is not participating to the catalytic cycle. It is
clear that the deteurium exchange arises from a competitive acid-base reaction with the
copper alkoxide (or copper hydroxide) involved in the catalytic cycle.

BnO_Cogn

ll
c

BnO
R =H, tBu, Me @

Im-a-CD-CuOR 280, Im-a-CD-Cu—C=C —Ph

Scheme 111-16. Equilibrium of Im-a-CD-CuOR and Im-a-CD-CuCCPh
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1.2.1.4 Examplification with different substrates

The scope of the reaction was investigated to explore the mechanism. Various terminal aryl
alkynes containing different substituents on different positions of the aromatic ring were
used for examplification. For Im-a-CD-CuCl catalyzed reactions, the conditions were: 1.1
equiv. alkyne, 1 equiv. (BPin),, 5% catalyst, 0.4 equiv. of tBuOK, 2 equiv. MeOH in THF, at

182

room temperature.” Various types of linear products (281b-295b) can thus be obtained as
predominant isomers from terminal alkynes with 86% - 98% selectivity, and in 39-71% vyields
(Scheme 111-17). The yields in methyl-substituted ones are relatively lower, while there are
slight differences between other substituents. The relatively lower linear selectivity was
observed with alkynes bearing a para-F and meta-CFs (86% selectivities). For the other

substrates, the selectivity is overwhelming, regardless of the position, or the electronic

effect.
5 mol % Im-a-CDCuCl
— g: :é 0.4 equiv. tBUOK PinB BPin
— > + —_—f
2 equiv. MeOH, THF, rt G G
1.1 equiv. (BPin), 1 equiv. a Branched b Linear
Different electronic effect on substitutents
BP|n BPin BPin BPin BPin
MeO Cl F Fg
281b 284b 287b 290b 293b
67%2 (93:7)P 49% (92:8) 61% (95:5) 48% (86:14) 64% (98:2)
__ BPin C§_/BPn __ BPin __ BPin BPiIN
282b° CFs
71% (94:6) 48% (93:7) 70% (97:3) 65% (95:5) 63% (86:14)
BPln BPln BPin BPin BPin
283b 286b 289b 292b 295
55% (93:7) 39% (93:7) 68% (94:6) 45% (92:8) 55% (91:9)

Scheme 1lI-17. Linear isomer selectivity catalyzed by Im-a-CD-CuCl
(°: isolated yield, b, selectivity determined by GC and NMR)

The test of the hydroboration of phenylacetylene catalyzed by In Im-a-CD-CuOH gave a
rather low vyield. It indicates that merely Im-a-CD-CuOH in absence of other base is not

efficient. Thus, no examplification is followed.
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1.2.1.5 Proposed mechanism

Based on the previous study, hydroboration mechanism catalyzed by Im-a-CD-Cu complexes
is proposed in Figure 111-9. To simplify, phenylacetylene is used as the substrate.

Im-a-CD-CuCl or Im-a-CD-CuOH
catalyzed reaction

@czzcl-H
\-/ROH

Slow

(BPin),

10BN \\, RO-BPin

R=tBu, H, Me

Figure 111-9. Proposed mechanism of Im-a-CD-CuCl/ Im-a-CD-CuOH as catalysts

As described in general mechanism, when Im-a-CD-CuCl is used as catalyst, tBuOK is added
for removing the Cl, thus Im-a-CD-CuOR (l) is generated. It activates B-B bond in (Bpin), to
give Im-a-CD-CuBPin (llI). When the reaction is catalyzed by Im-a-CD-CuOH, the catalyst can
directly activate the B-B bond without the help of another base (in a less efficient manner).
Next, the substrate is approaching to the metal. However, the cavity size of a-CD is limited, it
has already encapsulated the metal and the borane group, there is no sufficient space for
the approaching substrate. Hence, the catalytic reaction can only take place outside the
cavity. For less repulsion between the aromatic group and BPin, the alkyne approaches to
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the NHC-Cu-BPin from an angle that positions it more distal to the NHC (lll). Then the copper
coordinates to the triple bond to form state IV.

According to the literature,'® alkyl-substituted NHC-Cu complexes favor the generation of
linear products. Im-a-CD-Cu complexes obey this trend. Because the alkyl-substituted NHC
serves as a strong donating group, the back donating from the transition metal to the alkyne
nt* plays a more dominant role. Hence, for more effective hyperconjugation, the terminal
carbon Cy (large LOMO) s positioned anti to the NHC ligand (by computation calculation), **
affording the favorable state V. Then, ROH (R= H, Me) provides the proton, forming the
linear product, along with the regeneration of the Im-a-CD-CuOR I to close the catalytic
cycle.

The examplification results of different substrates (Scheme IlI-17) show that subtle structural
or electronic variations of the alkyne substituents don’t have a notable impact on selectivity.
Since the catalytic reactions take place outside the a-CD cavity, the steric hindrance from the
aromatic moiety might be limited. Meanwhile, it is reported that the linear selectivity is less
sensitive to the electronic attributes,’® which is consistent in our case.

Since the copper is encapsulated inside the cavity, coordination of the alkyne at the level of
the secondary rim of the a-CD might be disfavored. It is postulated that the difficult
coordination is related to the slow reaction rate, in the case of Im-a-CD-CuCl or Im-a-CD-

CuOH as catalysts.

1.2.2 Hydroboration of internal alkynes catalyzed by NHC-bridged a-CD-Cu complexes

To further investigate the mechanism with Im-a-CD-Cu complexes, in which the catalytic
process likely takes place outside the a-CD cavity, internal alkynes 264, 196 were tested as
the substrates. These alkynes are still substituted by one phenyl group. An ethyl or methyl
group has been introduced instead of the terminal hydrogen in phenylacetylene. Under the
catalytic conditions previous used, the hydroboration of phenylpropyne 264 gives the
products in a ratio of 265a: 265b = 8 : 92 in 54 % yield; while phenylbutyne 296 gives a ratio
of 297a:297b = 10 : 90 in a relative low yield (25%) (Scheme I1I-18).

o o 5 mol % Im-a-CDCucCl
Ph——R + i ‘B—B’ :é 0.4 equiv. tBuOK PinB BPin
. . . +
T T o 0O 2 equiv. MeOH THF, r.t. 2d )=\ =
C G

Ph R Ph R
Yield : 63%
a b Yield
264, R= Me (BPin), 1 equiv. R= Me, 265a: 265b 8 : 92 54%
296, R= Et R=Et, 297a: 297b 10 : 90 25%

Scheme 111-18. Im-a-CD-CuCl catalyzed hydroboration of internal alkynes

The generation of the dominant products 265b and 297b is consistent with the proposed
mechanism (Figure 111-9). The (NHC)Cu is transferred to the C, of the alkyne, while the BPin

group is syn added to C; (Figure 1lI-10), favors a configuration Il. Furthermore, the increased
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size of attaching groups on terminal of alkyne doesn’t affect the excellent selectivity by
comparison with phenylacetylene. However, lower reaction rate and yields were observed.
Especially for the ethyl-substituted alkyne 296, gives only 25% yield even when the reaction
is left for several days. It indicates that the steric hindrance at the terminal group of alkynes
leads to more difficult coordination to the metal. Thus the catalytic reaction is less efficient.
Nevertheless, the results of the catalytic hydroboration of internal alkynes are consistent

with the mechanism takes place “outside a-CD cavity”.

I R=Me, Et I R=Me, Et

Figure 111-10. Intermediates of hydroboration of internal alkynes catalyzed by Im-a-CD-CuCl

1.2.3 Hydroboration of terminal alkynes catalyzed by NHC-bridged B-CD-Cu complexes

The limitation of a-CD cavity size likely disfavors the substrates penetration inside the cavity.
The exploration of B-CD-based catalysts, with a larger cavity, is of great interest to assess the

effect of the cavity size.

1.2.3.1 Im-B-CD-CuCl as catalyst

Firstly, Im-B-CD-CuCl was investigated for the catalytic hydroboration of terminal alkynes. As
usual, phenylacetylene 275 was used as a model substrate. The reaction conditions of
catalyst loading (5% Im-B-CD-CuCl), solvent (THF), 2 equiv. MeOH, 1 equiv. (BPin),, 1.1 equiv.
phenylacetylene, 0.4 equiv. tBuOK, r.t. are applied (Scheme 111-19). ' The reaction gave the
branched isomer 276a as the major product in 75% selectivity.

In these conditions, huge differences are observed by comparison with the a-CD-Cu
complexes:

i) An inverse selectivity with branched isomer 276a as the major product is obtained, in

contrast to the linear-selectivity catalyzed by Im-a-CD-Cu complexes;

ii) With the help of Im-B-CD-CuCl, the reaction goes much faster than that of a-CD catalyzed
case. (r.t., 2h for B-CD, overnight for a-CD).
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5 mol % Im-B-CDCuCl
_ O, 0 0.4 equiv. tBuOK PinB BPin
Ph— + B—B, >: + _
& 0 2 equiv. MeOH, THF, r.t. 2h Ph Ph/

275, 1.1equiv.  (BPin), 1 equiv. Yield: 71% 276a Branched 276b Linear
75 : 25

Scheme 111-19. Hydroboration of phenylacetylene catalyzed by Im-B-CD-CuCl

As an alkyl substituted NHC, Im-B-CD-CuCl orients the reaction to generate branched isomer,
which is the inverse selectivity by comparison with Im-a-CD catalysis. Meanwhile, this
branch-selectivity doesn’t obey to the reported theory, in which the selectivity is driven by
the nature of NHC." This unusual selectivity is related to the mechanism. Hence, the study

of Im-B-CD-Cu species potentially involved in the catalytic cycle is continued.

a) Investigation of the species potentially involved in the catalytic cycle

In order to faciltate the characterization of these species, the experiments for species study
were performed in NMR tubes and followed by NMR spectroscopy. At room temperature, a
complete exchange of Cl ligand of Im-B-CD-CuCl was achieved efficiently with 8 equiv. of
tBuOK. The corresponding product Im-B-CD-Cu-OtBu complex 298 was generated in situ,
which is not sufficiently stable to be isolated. (Sheme 111-20). The sequential addition of 2
equiv. of (BPin), to 298 immediately affords Im-B-CD-CuBPin 299.

=
BnO —¢
tBuOK, 8equiv.
—_—
THF-d8 @& =/ “\\ | (W THFd8 gL/ |\ Y L4
197, Im-B-CD-CuCl 298, Im-p-CD-Cu-OtBu 299, Im-p-CD-Cu-

Scheme 111-20. Im-B-CD-Cu complexes potentially involved in the catalytic cycle

This family of Im-B-CD-Cu complexes is well characterized by NMR spectroscopy. The 'H
spectra are stacked for comparison (Figure IlI-11). Despite of the different anions coordinate
to the copper, the H-5As of the bridged sugar are all deshielded, indicating the maintenance
of encapsulated metal, and the presence of H-5...metal interactions. It is worth mentioning
that the coordination of OtBu group in Im-B-CD-Cu-OtBu 298 leads to an opposite effect of
chemical variation for H-5A, in contrast to the analogues of Im-a-CD-Cu complexes. In Im-a-
CD-Cu case, the donating effect of attached OtBu group deshielded H-5A. Conversely, H-5A
in Im-B-CD-Cu-OtBu 298 is shielded by comparison with Im-B-CD-CuCl and Im-B-CD-CuBPin
(ASH.5a= 0.59 ppm and 0.45 ppm, respectively).
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Figure 111-11. Stacked H spectra of Im-B-CD-Cu complexes (THF-d8, 600MHz, 300K)

b) Species following in the catalytic cycle

In fact, many efforts are given to follow the species transformation in a catalytic cycle by
NMR spectroscopy. The reaction was performed in a NMR tube, using the same catalytic
conditions as described in Scheme 11I-19 (5% Im-B-CD-CuCl, 2 equiv of MeOH. 4 equiv of

tBuOK, 1 equiv. of (BPin),, 1 equiv. of phenylacetylene, r.t.). Several features are noteworthy:

i.  Many experiments were tried, however, the formed species during the catalytic cycle
cannot be repeated.

ii. In many attempts, the NMR signals during the reaction were broad, due to the
equilibrium of several Im-B-CD-Cu species. These signals formed in the study were
very difficult to be distinguished and characterized.

iii. The formed linear and branched hydroboration products (276a and 276b) can go
through a reduction reaction, forming styrene as a by-product due to the presence of
tBuOK. This phenomenon is not observed in the case of a-CD.

iv.  The possibility of the borylation of the by-product styrene leads to more complicated

species study.

In conclusion, competitive and side reactions were observed in the catalytic species study.
The mixture of several species and complicated structural characterization prevent the

further study on the catalytic cycle.

1.2.3.2 Im-B-CD-CuOH as catalyst

Im-B-CD-CuOH could be prepared by the reaction of excess equiv. of KOH and Im-B-CD-CuCl
(Scheme 111-21). Quite different with the stable a-CD analogue, Im-B-CD-CuOH 300 is air and

moisture-sensitive. Thus, a fresh preparation of Im-B-CD-CuOH 300 is required for
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applications. Meanwhile, 1 equiv. of 300 can activate 1 equiv. of (BPin),, completely
affording Im-B-CD-CuBPin 299.

197, Im-B-CD-CuCl 300, Im-B-CD-Cu- 299, Im-B-CD-Cu-

Scheme I111-21. Preparation of Im-B-CD-CuOH

Therefore, Im-B-CD-CuOH (3 mol%) was assessed the catalytic property in hydroboration
without adding another base at r.t. As usual, phenylacetylene was used as substrate
(Scheme 111-22). Water was selected as the proton source to regenerate Im-B-CD-CuOH. As
expected, Im-B-CD-CuOH orients the branched isomer 276a as the major product (81%
selectivity), in 74% yield.
o, g:O\.B—BfO:é 3mol-%|m-|3-CDCuOH> PinB>: , /:/BPin
O O 2 equiv. H,0, THF, r.t. Ph Ph

276a Branched 276b Linear
81 : 19

275, 1.1 equiv.  (BPin), 1 equiv. Yield: 74%

Scheme I11I-22. Hydroboration of phenylacetylene catalyzed by Im-B-CD-CuOH at r.t.

a) Species following in the catalytic cycle

Im-B-CD-CuOH catalyzed reaction was also tried to performed in a NMR tube, to study
species transformation by following *H NMR spectroscopy (same conditions as in a vial,
Figure 111-12). The mixture of 0.05 equiv. of Im-B-CD-CuOH (equals to 5% loading) (a) and 1
equiv. of (BPin), affords the Im-B-CD-CuBPin species(b), with some traces of impurity. Next,
1 equiv. of phenylacetylene was added, forming an unknown species 1(c), which is not
corresponding to any species that previously characterized. The following addition of water
initiates the generation of branched isomer (d). However, the unknown species 1 is
graduated consumed with time (e, f), the triplets signals in the shadow around 6.6-6.8 ppm
disappear 60 min later. When the reaction is left for 2h (g), another unknown species 2 is
shown as the major species, with the accumulation of large amount of hydroboration
products. Here, unknown species 1 and 2 are not accessible for clear characterizations, due
to both the high reactivity and the complication of NMR spectroscopy.
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Figure 111-12. Catalytic cycle study followed by 'H NMR (THF-d8, 400MHz, 300K)

b) Investigation of species potentially involved in the catalytic cycle (Stochiometrical)

A stoichiometric scope study similar with that of a-CD was tried to get access. When the
reaction of Im-B-CD-CuOH with phenylacetylene, or Im-B-CD-CuBPin with phenylacetylene,
the same Im-B-CD-Cu phenylacetylide complex 301 was obtained (Scheme IlI-23). Different
with the case of a-CD (reaction took about 10d), Im-B-CD-Cu complexes are much reactive,

these species transformations take only several hours.

4 equiv.

299, Im-B-CD-Cu-

THF-d8, r.t. overnight

-- —— -
BnO —BRe S N_ N
4 - o W

Il
Cs

4 equiv.
THF-d8, r.t. 4h

300, Im-B-CD-Cu-OH

Scheme 111-23. Stoichiometric study of Im-B-CD-Cu species
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As usual, this family of copper complexes is well characterized. A comparison of *H NMR of
Cu complexes with different ions is shown in Figure IlI-13. Deshielded H-5As are all observed,
indicating the presence of M...H-5 interactions in these Cu complexes. Noteworthy, there is
no benzyl group in the Im-B-CD-CuOH 300 and Im-B-CD-CuBPin 299 complexes strongly
shielded, it indicates there is no strong interactions between anion with the benzyl group at
second rim of cyclodextrin. The absent of these interactions is consistent with the instability

of the complexes.

1l

Im-B-CD-CuOH 1,

Im-B-CD-CuBPin NN,

A O7H H%‘\D
LH" TN

=/
NN

Im-B-CD-CuCCPhAj:?b o i

AN

T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 1.5 1.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

1
O.OZILp‘pm

o

Figure 111-13. Stacked H spectra of Im-B-CD-Cu complexes (THF-d8, 600MHz, 300K)

In the reaction of Im-B-CD-CuOH with phenylacetylene, an interesting phenomenon in
stoichiometric study is the observation of a possible intermediate (Scheme I1I-23). A species
study by following reaction transformation with time is shown in Figure lll-14. The reaction
of Im-B-CD-CuOH 300 and phenylacetylene goes very quickly (4h) at room temperature.
During the transformation process, some signals draw our attention. For example, once the
phenylacetylene is mixed with Im-B-CD-CuOH (a), the signal at 7.68 ppm appears (b); 1h
later, it reaches a peak point (e) and then this signal starts to decrease. 4h later, only traces
of this signal at 7.68 ppm can be observed (h). When the reaction lasts for longer time, this
signal is absolutely disappeared (/). And some signals hidden between 5.5 and 5.0 ppm
(emphasized in shadow in Figure llI-14) are also observed in this feature. These signals keep
growing when the reaction starts, and then decrease with time. In the end of the reaction,
these signals are disappeared. Thus, it is postulated that these signals are attributed to an

intermediate species.
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i) Im-B-CD-CuCCPh
t=20h

hjt=4h

g)t=25h

fit=2h

elt=1h

d} t = 30min

¢}t =9min

b} Im-B-CD-CuOH
+CBH§

a) Im-B-CD-CuCH

0 b 1.0 6. b G. 0 ah 5.0 4.5 1.0 350 3.0 &5
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Figure IlI-14. Species transformation followed by 'H NMR (THF-d8, 400MHZ, 300K)

Since this intermediate species transformation goes very fast at room temperature, only
some signals could be observed in trace. Hence, the transformation study was tried to
perform at a lower temperature. With several attempts, we find the *H NMR of intermediate
species acquired at 240K (Figure 1I-15b) is the clearest one. Stacked *H NMR spectra by
comparison with starting material Im-B-CD-CuOH (Figure 1ll-15a) and final product Im-B-CD-
Cu phenylacetylide (Figure llI-15c) at 240K are presented. However, many efforts go to
characterize this intermediate, no certain conclusion on chemical structure could be

obtained, due to its complicated structure and high reactivity.

c) Im-B-CD-CuCCPh
240K
: -
b) Intermediate
Unknown structur:
) -
a) Im-B-CD-CuOH
240K
L

L2 8.0 7.87.67, .'.I ()G'H('('('ll (i. 5. 5.6 5. .'L'._' \()lNl( lll I()‘Hi( ¥|i Z(. 2. 2.6 2.4 2.2 2.0 1.8 1.6
f1 (ppm)

Figure 111-15. Stacked 'H NMR spectra of Im-B-CD-Cu complexes and intermediate (THF-d8, 600MHz, 240K)

1.2.3.3 Deuterium labeling experiments

To explore the mechanism using Im-B-CD-CuCl complexes as catalysts, phenylacetylene and
CDs0D were used in the catalytic reaction. Similarly with the case of Im-a-CD-CuCl catalyzed
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reaction, more than one deuterated isomers were observed (Scheme llI-24a). Despite of the
expected product | according to the general mechanism is obtained in 22.4%, other isomers
I, I, IV are obtained in 8.7%, 15.7%, 49.7%, respectively.

In parallel, when the deuterium is replaced on terminal position of phenylacetylene along
with protonated CH30H, the expected product Il is in 48%, along with other branched
isomers lll and IV are obtained in 22% and 30%, respectively.

However, when 5% Im-B-CD-CuOH with 20 equiv. D,O was used in the hydroboration of
phenylacetylene in these conditions, a single deuterated branched product | is obtained
(Scheme I11-24b).

e} le} 5 mol % Im-B-CDCuCl . )
a) Ph——R + g: ‘B—B’ :é 0.4 equiv. tBUOK PinB D + D BPin
o o THF, -20°C Ph> iH Ph> <H
1.1 equiv. (BPin), 1 equiv. a Branched b Linear
"PiNB D '  PinB H PNB D PinB. H
R=H, 2equiv.CD;OD ! Y | — — —
' PhT H Ph° D Ph° D Ph° H
Lo 1224% 11 8,7% 111 15.7% IV 49.7%
R=D, 2equiv.CH,OH  PinB_ D 'PiNB_ H | PInB_ D PnB  H
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1.1 equiv. (BPin), 1 equiv. ' aBranched ! b Linear
. 1100%

Scheme 111-24. Deuterium study for catalytic reaction

Therefore, a possible equilibrium between Im-B-CD-CuOR (R=H, tBu, Me) and the Im-B-CD-
Cu phenylacetylide complex is postulated (Scheme 11I-25). The deteurium exchange arises
from a competitive acid-base reaction with the copper alkoxide involved in the catalytic
cycle.
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BnO

R =H, tBu, Me

Im-B-CD-CuOR Im-B-CD-CuC=C-Ph

Scheme 111-25. Equilibrium between Im-B-CD-CuOR and Im-B-CD-CuCCPh

1.2.3.4 Optimization reaction conditions and examplification for different substrates

a) Im-B-CD-CucCl as catalyst

Firstly, the scope of the reaction was investigated by using Im-B-CD-CuCl as catalyst. Similar
conditions were applied as those of Im-a-CD-CuCl complex as catalyst: 1.1 equiv. alkyne, 1
equiv. (BPin),, 5% Im-B-CD-CuCl, 0.4 equiv. tBuOK, 2 equiv. MeOH in THF. Since the first test
achieved at room temperature gives to a moderate selectivity with fast reaction rate,
reaction temperature (-20°C) below r.t. is tried, an improved branch-selectivity up to 90 : 10
is obtained. Thus, -20°C is kept as reaction temperature for the following examplification.

Therefore, various types of branched isomer (281a-295a) as major product can thus be
obtained in 25 — 82% yield; selectivity of branched to linear isomer varies from 54 : 46 to 95 :

5 (Scheme I1I-26). Several features of hydroboration results are noteworthy:

i.  Higher reactivity along with better yields are observed with electron-donating
substituents.

ii.  For EDG-substituted alkynes, bearing an ortho-substituents proceed lower branched
selectivity than the corresponding meta- and para-substituents (For example, Me-
substituted on ortho-, meta-, para-positons give branched products 286a, 285a, 284a
in 81%, 86%, 92% selectivity, respectively).

iii. EWG aryl substituents possess relatively low yields and slower reaction rates. But the
reactions generally give rise to higher branched selectivity, regardless of the position

of substituents.
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5 mol % Im-3-CDCucCl

(0] (@] . . .
G—— + 'B—B’ 0.4 equiv. tBUOK PinB . o BPin
(@] (@] ; ° : /
2 equiv. MeOH, THF, -20°C G G
1.1 equiv. (BPin), 1 equiv. a Branched b Linear
Different electronic effect on substitutents
_ | >

PinB PinB PinB PinB PinB
N

s Iy

MeO Me Cl F FiC
281a 284a 287a 290a 293a
87%2 (90:10)  66% (92:8)  25% (91:9) 65% (96:4)  30% (98:2)

PinB PinB PinB PinB PinB
N N N N
OMe Me Cl F CF;

282a 285a 288a 291a 294a

82% (88:12) 78% (86:14) 40% (94:6) 55% (95:5) 48% (96:4)
PinB PinB PinB PinB PinB
G G o o
A4 283a 286a 289a 292a 295a

64% (54:46) 74% (81:19) 68% (91:9) 67% (93:7) 44% (90:10)

Scheme 111-26. Branched isomer selectivity catalyzed by Im-B-CD-CuCl

b) Im-B-CD-CuOH as catalyst

Since it is the first application that NHC-CuOH is used in catalytic hydroboration; it is also the
first time that water is used as proton provider to participate in the catalytic cycle, hence, an
optimization of reaction conditions is required. As usual, phenylacetylene 275 is tested as
model substrate. Different solvents were screened, including THF, toluene, Et,0 and DCM
(Table 1lI-1). In toluene and DCM, (BPin), didn’t consume very fast, even when the reaction

last for 2 days (Entry 2, 4). Since the previous NMR study was followed in THF, along with an

acceptable selectivity and higher yield (Entry 1), THF is selected as the solvent.

Ph—= +

275 1.1 equiv.

O\B _B,O Im-B-CDCUOH PinB BPin
<5 s pe + —/
2

Ph Ph
(BPin), 1 equiv. 276a Branched (B) 276b Linear (L)
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Entry Cata. Solvent H,0 Temperature Time Consumption® Yield® 276a: 276b°

(%) ("C) of (BPin), B:L
1 3% THF 2 equiv. r.t. 2d 86% 75% 81:19
2 3% Toluene 2 equiv. r.t. 2d 25% 5% 80:20
3 3% Et,0 2 equiv. r.t. 2d 100% 90% 77:23
4 3% DCM 2 equiv. r.t. 2d 48% 45% 76:24

? (BPin), consumption determined by GC quantatitive analysis of (BPin),; ®Yields of two isomers determined by GC

quantatitive analysis;  Ratio determined by GC

Table 111-1 Screening reaction conditions of solvent

Then, different loading amount of catalyst is also tried to screen (Table 1l1I-2), in a similar
selectivity (B : L=80 : 20). With 1%, 2%, and 5% of Im-B-CD-CuOH, the reaction goes slowly
(Entry 1, 2, 3). In contrast, 20% of catalyst (Entry 5) leads this reaction going too fast. Hence,

a moderate loading of 10% is used for examplification.

Entry Cata. Solvent H,O0 Temperature Time Consumption® Yield® 276a:276b¢

(%) ("C) of (BPin), B:L
1 1% THF 2 equiv. r.t. 13h 6% / /
2 2% THF 2 equiv. r.t. 13h 27% 5% 73:23
3 5% THF 2 equiv. r.t. 13h 62% 40% 80:20
4 10% THF 2 equiv. r. t. 13h 89% 65% 85:15
5 20% THF 2 equiv. r.t. 13h 100% 100% 83:17

? (BPin), consumption determined by GC quantatitive analysis of (BPin),; ®Yields of two isomers determined by GC

quantatitive analysis; © Ratio determined by GC

Table I1I-2 Screening reaction conditions of catalyst loading amount

Then, the reaction is tried to realize at a temperature below r.t. (Table 1lI-3). When the
temperature is at 0°C, the branched selectivity is improved to 88% (Entry 2), comparing with
a 83 : 17 ratio at r. t. (entry 1). When the temperature is going on decreasing to -20°C, the
selectivity is increased to 93% (Entry 3). If it is even lower at -40°C, the selectivity is not
dramatically improved (95%, Entry 4). Therefore, -20°C is screened as the reaction
temperature.

Next, for regeneration Im-B-CD-CuOH complexes in the catalytic cycle, H,0 is applied for
providing protons. When 2 equiv. of H,O is used (Entry 3), 90% of starting material is
consumed after 16h in a ratio of 93 : 7. When 20 equiv. and 100 equiv. of H,0 are used in the

reaction (Entry 5, 6), the reaction rates are accelerated with 92% selectivity for both entries.

127



Chapter 111

Since the reaction condition is at -20°C, excess of H,0 will freeze part of reaction solution.

Hence, 2 equiv. of H,0 is selected for the following examplification.

Entry Cata. Solvent H,0 Temperature Time Consumption® 276a: 276b°

(%) (°C) of (BPin), B:L

1 10% THF 2 equiv. r.t. 16h 100% 83:17

2 10% THF 2 equiv. 0°C 16h 92% 88:12

3 10% THF 2 equiv. -20°C 16h 90% 93:7

4 10% THF 2 equiv. -40°C 16h 73% 95:5

5 10% THF 20 equiv. -20°C 22h 100% 92:8

6 10% THF 100 equiv. -20°C 22h 100% 92:8

? (BPin), consumption determined by quantatitive analysis of (BPin), in GC; ® Ratio determined by GC

Table I11-3 Screening reaction conditions of catalyst loading amount

Based on the screening conditions: 10% Im-B-CD-CuOH, 2 equiv. H,0, -20°C, without adding
other base are applied for hydroboration on different aryl-alkynes (Scheme 111-27). Various
types of branched isomers (281a-295a) as major product can thus be obtained in 21 — 75%
yield; selectivity of branched to linear isomer varies from from 59 : 41 to 98 : 2.

A similar tendency of electronic effect and steric effect on substituents is observed as Im-f3-

CD-CuCl catalyzed reactions:

i) Higher reactivity and better yields with electron-donating substituents is presented.
Reactions of alkynes bearing an ortho-substituents proceed lower branched selectivity than

the corresponding meta- and para-substituents.

ii) Electron-withdrawing aryl substituents possess relatively low yields and slower reaction
rates. The reactions generally give rise to higher branched selectivity, regardless of the

position of substituents.

It indicates that Im-B-CD-CuCl and Im-B-CD-CuOH may have a similar active species and

catalytic cycle.
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0 -R-
o (o} B 0 10 mol % Im-B-CDCuOH Ping BPin
G—= + B—B. >: N .
0 0 2 equiv. H,0, THF, -20°C G G
1.1 equiv. (BPin), 1 equiv. a Branched b Linear
Different electronic effect on substitutents
_ | >
i i PinB PinB PinB
PinB PlnB\_ i
6 \ /
MeO Me Cl F FsC
281la 284a 287a 290a 293a
71%2 (92:8)b 69% (93:7) 39% (97:3) 46% (95:5) 30% (98:2)
PinB PinB PinB PinB PinB
OMe Me Cl F CF3
282a 285a 288a 291a 294a
73% (87:13) 61% (91:9) 21% (96:4) 63% (97:3) 37% (98:2)
PinB PinB PinB PinB PinB
OMe Me cl Q;F Q;ipg
4 283a 286a 289a 292a 295a
75% (59:41) 68% (81:19) 50% (94:6)  71% (95:5) 67% (95:5)

Scheme 111-27. Branched isomer selectivity catalyzed by Im-B-CD-CuOH

1.2.3.5 Proposed mechanism

Based on previous study, the hydroboration mechanism catalyzed by Im-B-CD-Cu complexes
is proposed in Figure Ill-16. As usual, phenylacetylene is represented as substrate. When Im-
B-CD-CuCl is used as catalyst, tBuOK is added for removing the Cl, thus Im-a-CD-CuOR (l) is
generated. It can activate B-B bond in (Bpin), to generate Im-B-CD-CuBPin (ll). When the
reaction is initiated by Im-B-CD-CuOH, it can directly participate in the catalytic cycle and
activate B-B bond. Next, the substrate is approaching to the metal. Quite different with the
case of a-CD, B-CD owns a bigger cavity, it can encapsulate a metal atom, at the same time,
the less hindered part of the substrate can also get inside the cavity (lll). Then, the copper
coordinates to the triple bond (IV), a syn addition is following to form the intermediate V.
Next, ROH (R= H, Me) provides the proton, giving the branched isomer, along with
regeneration the Im-B-CD-CuOR | to close the catalytic cycle. Here, the cavity plays a very
important role to allow this catalytic reaction takes place inside the cavity. The cavity is the
key factor that Im-B-CD-Cu catalyst orients the inverse selectivity, by comparison with the

process of Im-a-CD complexes.
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As an alkyl substituted NHC, the ligand of Im-B-CD-Cu complex is a donating group.

According to the literature,'®

the donating NHC would give the linear isomer as major
product, rather than the branched ones. However, in our case, the cavity effect is superior to
the electronic effect of NHC. When substrate is approaching to the metal center, its
conformation is limited by B-CD cavity. Hence, a cavity favored intermediate is generated

and thus branched isomer is obtained as predominant product.

Im-B-CD-CuCl or Im-p-CD-CuOH catalyzed
reaction

1l Unfavored

Figure 11I-16. Proposed mechanism of Im-B-CD-CuCl/ Im-B-CD-CuOH as catalysts

As we have observed in Scheme 111-20 and 23, for the substrates with EDG, the donating
electrons from the acetylene n-cloud to the low energy orbitals of the transition metal give
higher reactivity. Additionally, reactions of alkynes bearing an ortho-substituents proceed
lower branched selectivity than the corresponding meta- and para-substituents. It is because
substituents on ortho-position will bring a more important steric effect, the substrates
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become bulky to get inside the cavity (Figure IlI-17). Therefore, with a hindred substituent,
the catalysis has a tendency to go through the mechanism takes place outside of the
cyclodextrin cavity, which is similar with a-CD-Cu case. Hence, the ratio of linear isomer is
increased. The steric effect decreases in the order of substituents on meta- and para-
positions, branched isomer selectivity is kept. For the substrates with EWG, thermodynamic

branched products are generated, regardless of the position of substituents.

Im-p-CD-Cu TS

Figure IlI-17. Transition state of substituent on ortho-position

1.2.4 Hydroboration of internal alkynes catalyzed by NHC-bridged B-CD-Cu complexes

At the same time, internal alkynes of phenylacetylene derivatives 264 and 296 were also
used for further verifying proposed mechanism, in which the catalysis occurs inside the B-CD
cavity.

When 5% of Im-B-CD-CuCl is used as catalyst, hydroboration of phenylpropyne 264 give
products in a ratio of 265a: 265b = 63 : 37 in 72 % yield, which is a lower selectivity than the
terminal alkyne phenylacetylene (92 : 8). Furthermore, when phenylbutyne 296 as the
substrate, bearing a bigger group ethyl at the terminal of triple bond, an inverse selectivity
of 64% of 297b is obtained, with a yield of 65% (Scheme [1I-28).

o o 5 mol % Im-p-CDCucCl
— ‘B—R’ 0.4 equiv. tBUOK PinB BPin
Ph——=——R + g:o,s B‘O:é . -~ Y . _
2 equiv. MeOH THF, -20°C Ph R Ph/ iR
a b Yield
264, R= Me (BPin), 1.1 equiv. R= Me, 265a: 265b 63 : 37 2%
296, R= Et R= Et, 297a: 297b 36 : 64 65%

Scheme I11-28. Im-B-CD-CuCl catalyzed hydroboration of internal alkynes

The dramatically decreased selectivity of 265a and 265b is as expected. Additionally, a bigger
substituent of terminal group leads to an inverse configuration selectivity of 297a and 297b.
These results are consistent with the mechanism takes place inside the cavity. When the
internal alkynes approach to the metal encapsulated inside the cavity, the steric hindrance
of the terminal group makes the copper coordination more difficult, since the triple bond is
positioned at a lower level of the cavity (Figure IlI-18). Therefore, a discriminate selectivity is

generated.
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Cu coordinates to 264 Cu coordinates to 296

Figure 111-18. Transition states of hydroboration catalyzed by Im-B-CD-Cu complexes

2 Cycloisomerization catalyzed by NHC-CD-Au

complexes

Different with cheap metal copper, gold had been considered a precious, purely decorative
insert metal. Nowadays, gold complexes are one of the most effective catalysts for the
electrophilic activation of alkynes, and a broad range of versatile catalysis have been
developed. Among which, cycloisomerization of enynes are probably most illustrative C-C
bond forming reactions catalyzed by NHC-Au complexes.

For example, dienyne 302 contains 1,6 and 1,5 enynes can obtain six-membered-ring
product 303 and five-membered-ring product 304, 305 by cycloisomerization (Scheme 111-29).
Nolan et al. showed the nature of the ligand on gold and the counterion have significant

1 When (IPr)AuCl complex combines with BF,; as

effect on the outcome of the reaction.
counterion, the reaction gives 305 as the major product; while (ITM)AuCl is applied with
AgBF,, it orients six-membered-ring product 303 as the major one. Meanwhile, when BF4is

replaced by OTf, (IPr)AuCl gives 303 in 63% vyield, without any 305 is observed.

Z || DCM TA.

302

Dipp /

N N ITM/AgBF, 5206 8% 12%
IPr = [ S: ITM = )I S: IPAgBF, 30% 12% 42%

N N IPr/AGOTf 63% 13% /

Dipp \

Dipp=2,6-di(isopropyl)phenyl

Scheme 111-29. Cycloisomerization of enyne catalyzed by Au-complexes

1IN, Marion, P. de Frémont, G. Lemieére, E. D. Stevens, L. Fensterbank, M. Malacria, S. P. Nolan, Chem.

Commun. 2006, 2048-2050.
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In our cases, normal NHC or abnormal NHC (MIC) bridged CD-metal complexes exhibit a
unique combination of interactions, giving the unusual environment of the metal center
encapsulated inside the cavity. These characteristics are reasons to question the accessibility
of the metal as a reactive center. To probe the possibility of catalytic activity, a collaborated
work was achieved with the help of Pr. Louis Fensterbank, Dr. Virginie Mansuy and Coralie

Tugny. Enyne 306 is firstly selected for stereodifferentiating cycloisomerization process

(Scheme 111-30).
p-Ts . Au complex  p-Ts.
';(\ AgSbFg N

DCM

306 307

Scheme 111-30. Au complexes catalyzed cycloisomerization

Without Au complexes, there is no reaction observed (Table IlI-4, Entry 1). When (IPr)AuCl is
used as catalyst, no stereoselectivity is observed with a 80% yield of bycyclic product 307
(Entry 2). Good yields of 307 from 58% to 83% are observed with the NHC or MIC bridged
Au complexes. Furthermore, a-CD bearing catalysts Im-a-CD-AuCl 198 and Bim-a-CD-AuCl
209 gives moderate enantiomeric excess 43% and 26%, respectively (Entry 3, 5). In contrast,
with a bigger cavity B-CD, 307 is formed by catalysts Im-B-CD-AuCl 199 and Bim-B-CD-AuCl
210 with 59% and 62% ee, respectively (Entry 4, 6); in spite of Tim-a-CD-Aul 221 catalyzed
cycloisomerization shows no selectivity (Entry 7). These results clearly illustrate the chiral

cavity of cyclodextrin introduces stereoselectivity of this reaction.

Entry Catalyst Loading Temperature Yield ee.
1 / / 40°C 0% /
2 (IPr)AucCl 2 mol% r.t. 80% 0%
3 Im-a-CD-AuCl 198 5 mol% 40°C 83% 43%
4 Im-B-CD-AuCl 199 2 mol% 40°C 77% 59%
5 Bim-a-CD-AuCl 209 5 mol% 40°C 63% 26%
6 Bim-B-CD-AuCl 210 2 mol% 40°C 78% 62%
7 Tim-a-CD-Aul 221 5 mol% 40°C 58% 0%

Table 11l-4. Au complexes catalyzed cycloisomerization

More interestingly, another enyne 308 is also selected as substrate. Normally, this reaction
provided primarily the five-membered-ring product 309 (trans and cis conformations) upon
cyclization.™” The reaction catalyzed by (IPr)AuCl (Entry 1 in Table IlI-5) and a-CD-Au

P92 Mm. Raducan, M. Moreno, C. Bour, A. M. Echavarren, Chem. Commun. 2012, 48, 52-54.
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complexes, including Im-a-CD-AuCl 198, Bim-a-CD-AuCl 209, Ti-a-CD-Aul 221 (Entry 2,4,6)
obeyed this trend. However, Im-B-CD-AuCl 199 and Bim-B-CD-AuCl 210 bifurcated the
skeletal rearrangement process to give the highest yield of the six-membered-ring product
310 (Entry 3,5). These results clearly demonstrate the effect of the cavity on the outcome of

the reaction, in which the selectivity is depending on the different cavity.

MeOC Au complex (2%) MeO,C
MeO,C A AGSOFs \eo,C ’ . MeO,C p
\ MeO,C
| DCM, r.t. %
308 309 310
Entry Catalyst Yield Product 309 Product 310
(s-cis:s-trans)
1 (IPr)AuCl 88% 1(61:39) 0
2 Im-a-CD-AuCl 198 52% 1(61:39)
3 Im-B-CD-AuCl 199  63% 1(100:0) 3.3
4 Bim-a-CD-AuCl 209 87% 1(77:23) 0.15
5 Bim-B-CD-AuCl 210  88% 1(61:39) 3.4
6 Tim-a-CD-Aul 221  100% 1(55:45) 0.05

Table 111-5. Au complexes catalyzed cycloisomerization

In summary, this part shows the catalytic applications of NHC bridged cyclodextrin-metal
complexes, in both hydroboration and cycloisomerization reactions. The encapsulation
metal did not prevent it from being reactive. In contrast, the cavity of cyclodextrin provides a
specific chemical environment. With the unique structure, the catalytic results evidenced the

selectivity of a catalytic reaction is dependent on the cavity of the CD-NHC-metal complexes.
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General Conclusion and Perspectives

In this thesis, families of cyclodextrin (CD)-based metal complexes have been synthesized
and investigated, including normal N-heterocyclic carbenes (NHCs) or abnormal NHC (MICs)
ligand covalently capped to the primary rim of CD (Figure G-1).
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Figure G-1. CD-based metal complexes

The structures of imidazole-bridged a-, B-, y-CD-metal complexes were studied in detail,
using Ag, Au or Cu as the metal. The study showed that the metal was positioned in the
middle of the cavity and induced a combination of C-H"M, C-H"X and rt"X interactions. Using
the CD differentiation method developped in the group, the CD could be capped by a NHC in
an asymmetric manner. With the size increase of the cavity, the interactions between the H-
5 of the sugar units and the metal decreased (Figure G-2).

c) Im-y-CD-AgCl (AD bridged) d) Im-y-CD-AgCl (AE bridged)

H-5A...Ag
interactions  'M-@-CD-AgCl > Im-B-CD-AgCl >  Im-y-CD-AgCl
;, Increased cavity size

Figure G-2. Models of CD-AgCl complexes with different size of cavities
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Additionally, benzimidazole-derivatives were used as NHC to cap the CD. As a o-donating
ligand, benzimidazole-bridged CD-metal complxes lead to stronger C-H"M interactions than
that of imidazole-bridged complexes (Figure G-3).

H-5A..Ag Blm-a-CD-AgCl > Im-a-CD-AgCl
interactions BIm-B-CD-AgCl > Im-B-CD-AgCl

Stronger donati_ng ligand -

Figure G-3. Stronger donor of NHC leads to stronger C-HM interactions

Abnormal NHC (MIC) was also associated to the CD cavity. The MIC bridging on a-CD keeps
the metal deep encapsulated inside the cavity, and titles it towards one side of the cavity. In
contrast to the symmetric structure of Im-a-CD-M complexes, the metal is not positioned at
the center of the a-CD cavity of MIC-bridged a-CD-MX (Figure G-4). However, the MIC didn’t
give stable metal complexes when it is associated to the bigger B-CD cavity.

a) NHC-bridged a-CD-CuCl b) MIC-bridged a-CD-CuCl

Figure G-4. Stronger donor of NHC leads to stronger C-H"M interactions

CD-metal complexes were used in catalytic reactions. The deep burying of the metal does
not prevent its reactivity, in fact, the size of cavity is the main key to control the selectivity
for many catalytic reactions.

When the gold complexes were applied in a catalytic cycloisomerization reaction (Figure G-
5), a-CD-Au complexes provided primarily the five-membered-ring product (trans and cis
conformations) upon cyclization. However, B-CD-Au complexes catalyzed the reaction with a
skeletal rearrangement process to give the six-membered-ring as a major product.
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complexes MeO,C
MeO,C ’
\
MeO,C 5-membered-ring product
MeO,C AN
|
MeO,C
MeO,C -

B-CD-AuX complexes

6-membered-ring product

Figure G-5. Cavity-dependent cycloisomerization

Furthermore, the copper complexes showed good activity in catalytic hydroboration of
alkynes (Figure G-6). The selectivity of the reaction is inversed depending on the size of the
cavity of the catalysts. a-CD copper complex gives linear hydroboration products, while -CD
copper complex yields the branched isomers. The CD-Cu species potentially involved in the
catalytic cycle were studied, and two different mechanisms were thus proposed. In the a-
CD-Cu complex catalyzed reactions, the catalytic process takes place outside the cavity;
while a bigger cavity B-CD permits the catalysis to take place inside the cavity. These
catalytic results evidenced that the selectivity of a catalytic reaction is dependent on the

cavity of the cyclodextrin-NHC-metal complexes.

a-CD-CuX complexes

(BPin)
Linear hydroboration product
7 N —
R = PinB
(BPin) &
? RX_/
complexes

Branched hydroboration product

Figure G-6. Cavity-dependent hydroboration

In the future, the catalytic properties of y-CD-metal complexes are left to be studied. With a
biggest cavity, y-CD might allow even bulky substrates to be included inside. Hence, the
catalytic reaction would have a higher steric tolerance. On the other side, the conformation
of the substrates would also be limited by the y-CD cavity. Hence, the specific orientation in

the y-CD cavity might lead to unusual selectivities and activities.
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Additionally, the unsuccessful metallation of bis-benzimidazolium-bridged CD (Scheme 11-14)
suggests the decreased acidity of the benzimidazolium hydrogen atom, due to the
conjugation of the un-bridged benzimidazole moiety. Hence, an alkyl chain as a linker that
seperates two benzimidazole moieties may raise the reactivity of benzimidazolium proton
(Scheme G-1). Further modification and metallation may lead to bis-functionalized, bis-
metalated complexes.

Scheme G-1. Perspective CD-metal complexes
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General information

Unless stated otherwise, dichloromethane was freshly distilled from P,0s, THF from
sodium/benzophenone, pyridine from CaH, and toluene from sodium. Reactants were
purchased from commercial sources and used without further purification. HRMS were
recorded on a Bruker microTOF spectrometer, using Agilent ESI-L Low Concentration Tuning-
Mix as reference. Optical rotations were measured on a Perkin—Elmer 341 digital
polarimeter or a Jasco P-2000 polarimeter with a path length of 1 dm. NMR spectra were
recorded on a Bruker Avance |l 600 MHz or Bruker AM-400 MHz using residual solvant signal
as internal reference. Assignments were aided by COSY, HSQC, NOESY, TOCSY, HMBC and
Jres experiments.
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2AF 3AF gA-F-Octadeca-0-benzyl-a-cyclodextrin (166)

In a flask equipped with a bubbler, dry a-CD (7 g,

oBn BNO . ) .
BnO o 0" 5 7.2 mmol) under nitrogen was dissolved in dry
OBn DMSO (150 ml) and the solution stirred. NaH 60 % in
BnO— oil (10.4g, 259 mmol) were added portionwise, the
mixture was stirred 2 h at R.T. until bubbling slowed
down. Benzyl chloride (29.8 ml, 259 mmol) was added
O —0oBn first one drop at a time, controlling the reaction

BnO g w temperature, then dropwise over 3 h. The reaction was
© OBn followed by TLC, and finished over night. The mixture

was then neutralized by MeOH (10 ml) added dropwise
and then water (300 ml). The aqueous phase was extracted by diethyl ether (3 x 150 ml) and
the combined organic layers were dried over MgSO4 and concentrated in vacuo. The residue
was purified over silica gel chromatography (cyclohexane/AcOEt 98:2 then 5:1 and 3:1) to
afford perbenzylated a-CD 166 (18.3 g, 98 %).

OBn BnO

The structure of the compound was confirmed by comparison with the literature.®
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2A-6,34-G 6A-G-Heneicosa-0-benzyl-f-cyclodextrin (167)

BnO
OBn
Bnomo O\—OBn
o BnO  gno>o0Bno
BnO
OBn O
0

noO

In a flask equipped with a bubbler, dry B-CD (6.6 g,
5.82 mmol) under nitrogen was dissolved in dry
DMSO (150 ml) and the solution stirred. NaH 60 % in
0il (9.8g, 244 mmol) were added portionwise, the
mixture was stirred 2 h at R.T. until bubbling slowed
down. Benzyl chloride (30 ml, 244 mmol) was added first
one drop at a time, controlling the reaction temperature,
then dropwise over 3 h. The reaction was followed by
TLC, and finished over night. The mixture was then
neutralized by MeOH (10 ml) added dropwise and then

water (300 ml). The aqueous phase was extracted by diethyl ether (3 x 150 ml) and the
combined organic layers were dried over MgSQ,4 and concentrated in vacuo. The residue was
purified over silica gel chromatography (cyclohexane/AcOEt 98:2 then 5:1 and 3:1) to afford
perbenzylated B-CD 167 (17.3 g, 98 %).

The structure of the compound was confirmed by comparison with the literature.
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Experimental part

2A-H 3A-H gA-H-Tetracosa-0-benzyl-y-cyclodextrin(168)

In a flask equipped with a bubbler, dry y-CD (1 g, 0.77

BO mmin%ggn mmol) under nitrogen was dissolved in dry DMSO (20 ml)

b B0’ gno o Bo and the solution stirred. NaH 60% in oil (1.5 g, 37 mmol)

BnO 3\ was added portionwise, the mixture was stirred 1 h at R.T.
i’V o 8o 1 " yntil bubbling slowed down. Benzyl chloride (3 ml, 37
o © oen  mmol) was added first one drop at a time, controlling the
B”O\gﬂan BnO ZB reaction temperature, then dropwise over 1 h. The
a0 <OBn %1&20 " reaction was followed by TLC, and after one night, the
B”(gogosno OBn mixture was neutralized by water. The aqueous phase

OBn was extracted by diethyl ether for 3 times, then the

combined organic layers were dried over MgSQ,4 and concentrated in vacuo. The residue was
purified over silica gel chromatography (cyclohexane/ AcOEt 98:2 then 3:1) to afford
perbenzylated y-CD 168 (2.4 g, 90%).

[a]p?® = 37.27° (CHCls, ¢ = 1.0);

R¢=0.5 (CyH/EtOAc 3:1)

'H NMR (400 MHz, CDCls): 7.25-7.06 (m, 120H, 120 x H-Ar), 5.20 (d, /1 , = 3.6 Hz, 8H, 8 x H-
1), 5.10 (d, *Jeh.cun = 11 Hz, 8H, 8 x CHPh), 4.74 (d, *Jen.cu = 11 Hz, 8H, 8 x CHPh), 4.47 (m,
16H, 16 x CHPh), 4.45 (m, 16H, 16 x CHPh), 4.04-3.83 (m, 32H, 8 x H-3, 8 x H-4, 8 x H-5, 8 x H-
6a), 3.51-3.43 (m, 16H, 8 x H-2, 8 x H-6b);

3C NMR (100 MHz, CDCls): 139.41(8C), 138.40(8C), 138.34(8C) (24x C-Ar-quat.), 128.44-
127.03  (120x C-Ar-tert.), 98.62(8C)(8 x C-1), 81.16(8C)(8 x C-3),  79.06(8C)(8 x C-4),
78.56(8C)(8 x C-2), 75.63(8C)(8 x Ph-CH,), 73.32(8C)(8 x Ph-CH,),  72.98(8C)(8 x Ph-CH,),
71.62(8C)(8 x C-5), 69.26(8C)(8 x C-6);

HRMS (ESI) : calculated for C,16H224040Na [M+Na] * 3480.5386, found 3480.5443, err. -1.6
ppm.

The structure of the compound was confirmed by comparison with the literature.'*
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Experimental part
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Figure Exp 1: "H NMR of compound 168, CDCl;, 400MHZ, 300K
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Figure Exp 2: °C NMR of compound 168, CDCl3, 101MHZ, 300K
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Experimental part

2A-F 3AF 6B,6C, 6E,6F -Hexadeca-0-benzyl-a-cyclodextrin (169)

BnO mo %OB“
¥

B0 o wOBn

A

Perbenzyalted o-CD 166 (15.8g, 6.1 mmol) under
nitrogen was dissolved in freshly distilled toluene
(41 ml) and the solution stirred. DIBAL-H 1.5M in
toluene (81 ml, 122 mmol) was added via syringe to give
a final concentration of 1 M in DIBAL-H. The mixture
was heated at 55 °C with a nitrogen flow (2 balloons)
and the reaction followed by TLC (cyclohexane/AcOEt
3:1). After 2 h 30 the oil bath was removed and the
solution was carefully and slowly poured on 300 ml of
ice/water while stirring frequently. AcOEt (400 ml) and

aqueous HCI 1 M (150 mI) were added and the mixture was stirred for 1 h at R.T. The layers
were then separated and the aqueous one was extracted with AcOEt (3 x 400 ml). The
combined organic layers were dried over MgSO4 and the solvent evaporated. The residue
was purified on silica gel chromatography (cyclohexane/AcOEt 4:1 then 3:1) to afford diol

169 as a white foam (12.1 g, 85 %).

The structure of the product was confirmed by comparison with the literature.
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Experimental part

2A-6,3A-G 6B,6C, 6E,6F,6¢ -Nonadeca-0-benzyl-B-cyclodextrin (170)

Perbenzyalted B-CD 167 (10 g, 3.3 mmol) under nitrogen

F BnO E
OBn . . . .
Bnomo o\oen was fjlssol\{ed in freshly distilled t.oluene (23 ml) and the
Bno solution stirred. DIBAL-H 1.5M in toluene (45 mL, 66
o}
BnO (o Bno— 0 On mmol) was added via syringe to give a final concentration
¢ 57 On D of 1 M in DIBAL-H. The mixture was heated at 55 °C with a

OBn
g nitrogen flow (2 balloons) and the reaction followed by TLC

BnO
o}

Bno% ?ﬁ/ogn (cyclohexane/AcOEt 3:1). The solution was carefully and
A O o OBn osd ¢ slowly poured on 300 ml of ice/water while stirring
OBan\oZ\\ogOBn frequently. AcOEt (400 ml) and aqueous HCI 1 M (150 ml)
B were added and the mixture was stirred for 1 h at R.T. The
layers were then separated and the agueous one was extracted with AcOEt (3 x 400 ml). The
combined organic layers were dried over MgSO4 and the solvent evaporated. The residue
was purified on silica gel chromatography (cyclohexane/AcOEt 3:1) to afford diol 170 as a

white foam (7.5 g, 80%)

The structure of the product was confirmed by comparison with the literature.”*
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Experimental part

2A-H 3A-H 6B 6C, 6D, 6F,6¢,61 -Docosa-0-benzyl-y-cyclodextrin (171)

. G Perbenzylated y-CD (1.7 g, 0.5 mmol) under nitrogen was

H
oo Oannkoan dissolved in freshly distilled toluene (4 ml) and the solution
O;BB% Bn stirred. DIBAL-H 1.5 M in toluene (6.5 ml, 10 mmol) was
nO

o]
BnO— O
® 3\08" F added via syringe to give a final concentration of 1M in
— Bno DIBAL-H. The mixture was heated at 55°C with a nitrogen

Bno%m AP flow and the reaction followed by TLC (cyclohexane/AcOEt

B 0 oen e 3:1). After 45min the oil bath was removed and the solution

OBn 0%‘3:0%&;03 was carefully and slowly poured on ice while stirring
B2 op "™ " frequently. AcOEt and aqueous HClI 1 M were added and the
C D

mixture was stirred at R.T. The layers were then separated
and the aqueous one was extracted with AcOEt 3 times. The combined organic layers were
dried over MgSO4 and the solvent evaporated. The residue was purified on silica gel
chromatography (cyclohexane/AcOEt 3:1) to afford AE-diol as a white foam (388 mg, 24%).

[a]p?® = +35.29° (CHCls, ¢ = 1.0);
R¢ = 0.28 (CyH/EtOAc 3:1)

'H NMR (600 MHz, CDCls): 7.28-7.07 (m, 110H, 110 x H-Ar), 5.39 (d, /1, = 3.8 Hz, 2H, 2 x H-
1D,H), 5.18-5.12 (m, 6H, 2 x H-1B,F, 4 x CHPh), 5.05 (d, “Jph.cun = 11.3 Hz, 2H, 2 x CHPh), 4.98-
4.96 (m, 4H, 4 x H-1A,C,E,G), 4.79-4.60 (m, 10H, 10 x CHPh), 4.55-4.35 (m, 28H, 28 x CHPh),
4.03-3.80(m, 32H, 8 x H-3A,B,C,D,E,F,G,H, 8 x H-4A,B,C,D,E,F,G,H, 8 x H-5A,B,C,D,E,F,G,H, H-
6aA, H-6aB, H-6aC, H-6aD, H-6aE, H-6aF, H-6aG, H-6aH), 3.69 (wd, 2H, H-6bD, H-6bH), 3.60-
3.52 (m, 8H, 2 x H-2D,H, H-6bA, H-6bB, H-6bC, H-6bE, H-6bF, H-6bG), 3.47-3.45 (m, 4H, 4 x H-
2B,C,F,G), 3.37 (dd, *J1,=3.3 Hz, *J,3= 3.1 Hz, 2H, 2 x H-2A,E), 2.37 (s, 2H, 2 x OH);

3¢ NMR (151 MHz, CDCls): 139.51(2C), 139.20(2C), 139.04(2C), 138.56(2C), 138.54(2C),
138.50(2C), 138.49(2C), 138.34(2C), 138.33(2C), 138.18(2C), 138.12(2C)(22x C-Ar-quat.),
128.47-127.03 (110x C-Ar-tert.), 99.31(2C), 98.87(2C), 98.81(2C), 97.64(2C)(8 x C-1),
81.19(2 x C-3A,E), 81.14(2 x C-3D,H), 80.86(2 x C-3B,F), 80.42(2 x C-3C,G), 80.16(2 x C-4D,H),
79.83(2C), 79.46(2C), 79.42(4C)( 6 x C-4A,B,C,E,F,G, 2 x C-2A,E), 79.10(2C), 78.97(2C) ( 4 x C-
2B,C,F,G), 77.70(2 x C-2D,H), 75.95(2C), 75.80(2C), 75.29(2C), 74.75(2C) (8 x Ph-CH,),
73.48(4C), 73.34(2C), 73.23(2C), 73.11(2C), 72.89(2C), 72.80(2C) (14 x Ph-CH,), 72.01(2C),
71.95(2C), 71.65(2C), 71.60(2C) (8 x C-5A,B,C,D,E,F,G,H,G), 69.54(2 x C-6H,D), 69.22(2C),
68.85(2C) ( 4 x C-6B,C,F,G), 61.56(2 x C-6A,E);

HRMS (ESI) : calculated for Cy0,H»120s0Na [M+Na] * 3300.4447, found 3300.4435, err. 0.4
ppm.

The structure of the compound was confirmed by comparison with the literature.'*
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Experimental part
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Figure Exp 3: "4 NMR of compound 171, CDCl;, 600MHZ, 300K
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Figure Exp 4: "4 NMR of compound 171, CDCl;, 151MHZ, 300K

151



Experimental part

2A-H 3A-H 6B 6C,6E,6F,6C,61-Docosa-0-benzyl-y-cyclodextrin (172)

H g B0 ¢ The same process as compound 172. The mixture was
Bnomoﬁg&;no purified on silica gel chromatography (cyclohexane/AcOEt
go O "0 B0~ O b ¢ 5:1) to afford AD-diol as a white foam (12%).
(o) BnO OBn
BnO 0 .
0 oen The structure of the compound was confirmed by
n OBn o
- o%zjz B9 comparison with the literature.'*
N © —OBn o OBn E
" %oi
Bngoé/anO 0Bn
OBn
C D

152



Experimental part

2A-H 3A-H 6B 6C, 6D, 6F,6F,6G,6! -Tricosa-0-benzyl-y-cyclodextrin (180)

Perbenzylated y-CD (1.08 g, 0.29 mmol) under nitrogen was

" L © dissolved in freshly distilled toluene (2 ml) and the solution
B”O%OTSOOB;”O stirred. DIBAL-H 1.5M in toluene (4.2 ml, 6.3 mmol) was

BnO " 0 F added via syringe to give a final concentration of 1M in
P Bnozzo\OB" DIBAL-H. The mixture was heated at 40°C with a nitrogen
1 oen  flow and the reaction followed by TLC (cyclohexane/AcOEt

. B”O\gmn BnQ ZBn i 3:1). After 30min the oil bath was removed and the solution
oan 0. <08n %Qfo was carefully and slowly poured on ice while stirring
Bn&ogom o8n frequently. AcOEt and aqueous HCl 1M were added and the

c o8n D mixture was stirred at R.T. The layers were then separated

and the aqueous one was extracted with AcOEt 3 times. The combined organic layers were
dried over MgSO4 and the solvent evaporated. The residue was purified on silica gel
chromatography (cyclohexane/AcOEt 4:1) to afford monol y-cyclodextrin as white foam (367
mg, 35%).

[a]o? = + 37°(CHCl3, ¢ = 1.0);
R = 0.34 (CyH/EtOAc 3:1)

'H NMR (600 MHz, CDCl3): 7.27-7.07 (m, 115H, 115 x H-Ar), 5.33 (d, *J12 = 3.9 Hz, 1H, H-1),
5.26-5.22 (m, 4H,4x H-1), 5.16-4.97 (m, 9H, 3x H-1, 6xCHPh), 4.77-4.30 (m, 40H,
40 x CHPh), 4.06-3.76 (m, 32H, 8 x H-3, 8 x H-4, 8 x H-5, 8 x H-6), 3.67 (wd, 1H, H-6), 3.56-
3.42 (m, 14H, 7 x H-6, 7 x H-2), 3.36 (dd, *J12 = 9.4Hz, *J,5= 3.5 Hz, 1H, H-2), 2.34 (ws, 1H,
OH);

3¢ NMR (151 MHz, CDCl3): 139.46, 139.44, 139.43, 139.41, 139.37, 139.35, 139.30, 139.18,
139.10, 138.45, 138.44, 138.41, 138.40, 138.38, 138.37, 138.35(2C), 138.34, 138.31, 138.30,
138.28, 138.14, 138.03, (23x C-Ar-quat.), 128.48-126.99 (115x C-Ar-tert.), 99.27, 98.85,
98.73, 98.57, 98.50, 98.42, 98.40, 98.15 (8 x C-1), 81.23, 81.18(2C), 81.11(2C), 81.06, 80.97,
80.42, 80.40, 79.94, 79.46, 79.28, 79.15, 79.11, 79.07, 79.00, 78.82, 78.40, 78.25, 77.89,
77.65, 77.36(2C), 76.11 (8xC-3, 8 x C-4, 8 x C-2), 75.82, 75.69, 75.56, 75.51(2C), 75.38,
75.11, 74.93, 73.43, 73.41, 73.39, 73.37, 73.33(2C), 73.31, 73.16, 73.09, 73.05, 73.03, 73.02,
72.97, 72.91, 72.76(23 x Ph-CH,), 72.02, 71.94, 71.59, 71.58, 71.56, 71.53, 71.48, 70.94
(8 x C-5), 69.51, 69.30, 69.26, 69.22(3C), 68.73, 61.62 (8 x C-6);

HRMS (ESI): calculated for CygoH»180s0Na [M+Na] © 3390.4917, found 3390.4954, err. -
1.1ppm.
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Experimental part
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Figure Exp 5: "4 NMR of compound 180, CDCl;, 600MHZ, 300K
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Figure Exp 6: °C NMR of compound 180, CDCl3, 151MHZ, 300K

154



Experimental part

2A-H 3A-H 6B 6D, 6F,66,61 -Henicosa-0-benzyl-y-cyclodextrin (183)

y o Perbenzylated y-CD (1 g, 0.29 mmol) under nitrogen was
oen "o dissolved in freshly distilled toluene (2 ml) and the solution

BnO 0 70X O8n . .
;BBF% oo 0 B0 stirred. DIBAL-H 1.5 M in toluene (4 ml, 5.8 mmol) was
BnQ 7 OE% F added via syringe to give a final concentration of 1M in
° o8 DIBAL-H. The mixture was heated at 55°C with a nitrogen

BnO
0 OB C; osn  flow and the reaction followed by TLC (cyclohexane/AcOEt
B o 0 B Cen ¢ 2:1). After 45min the oil bath was removed and the solution
oen °© O%Qioom was carefully and slowly poured on ice while stirring
oo OOBano frequently. AcOEt and aqueous HCl 1M were added and the
¢ b mixture was stirred at R.T. The layers were then separated

and the aqueous one was extracted with AcOEt 3 times. The combined organic layers were
dried over MgSO4 and the solvent evaporated. The residue was purified on silica gel
chromatography (cyclohexane/AcOEt 2:1) to afford 183 as white foam (301 mg, 33%).

[a]o?® = + 38.63° (CHCl3, ¢ = 1.0);
R¢ = 0.45 (CyH/EtOAc 2:1)

'H NMR (600 MHz, CDCls): 7.31-7.07 (m, 105H, 105 x H-Ar), 5.43 (d, *J1, = 3.9 Hz, 1H, H-1E),
5.38 (d, *J1, = 3.8 Hz, 1H, H-1B), 5.28 (d, */1, = 3.8 Hz, 1H, H-1H), 5.12-5.02 (m, 7H, 2 x H-
1D,G, 5 x CHPh), 4.96-4.95 (m, 2H, 2 x H-1C,F), 4.89 (d, *J1, = 3.8 Hz, 1H, H-1A), 4.74-4.37 (m,
37H, 37 x CHPh), 4.00-3.67 (m, 35H, 8 x H-3A,B,C,D,E,F,G,H, 8 x H-4 A,B,C,D,E,F,G,H,8 x H-5
A,B,C,D,E,F,G,H, H-6aA, H-6aB, H-6bB, H-6aC, H-6aD, H-6aE, H-6bE, H-6aF, H-6aG, H-6aH, H-
6bH), 3.63-3.61 (m, 3H, H-6bA, H-6bC, H-6bF), 3.55-3.44 (m, 7H, H-6bG, H-6bD, 5 x H-
2B,D,E,G,H), 3.39-3.35 (m, 3H, 3 x H-2A,C,F), 2.36-2.32 (m, 3H, 3 x OH);

3¢ NMR (151 MHz, CDCl3): 139.58(2C), 139.41, 139.33, 139.27(2C), 139.23, 139.13, 139.09,
138.58(2C), 138.55, 138.47, 138.46, 138.40(2C), 138.37, 138.31, 138.29, 138.27,
138.12(21x C-Ar-quat.), 128.52-127.01 (105x C-Ar-tert.), 99.18, 98.68, 98.65, 98.45, 98.40,
98.36, 98.30, 98.22(8 x C-1), 81.21, 81.17, 81.11, 81.01(2C), 80.52, 80.44, 80.27(8 x C-3),
79.66, 79.57(2C), 79.53, 79.47, 79.37, 79.33(2C), 79.16, 79.05 (5 x C-4B,D,E,G,H, 5x C-
2A,C,D,F,G), 77.90, 77.79, 77.61(3 x C-2B,E,H), 76.91(C-4A), 76.00(C-4C), 75.71(2C)(2 x Ph-
CH,), 75.47(C-4F), 75.25, 75.04, 74.98, 74.65(2C), 73.60, 73.55, 73.52(2C), 73.50(2C), 73.32,
73.30, 73.26, 73.19, 73.14, 73.00, 72.84, 72.80 (19x Ph-CH,), 72.18, 72.07, 72.02(2C), 71.93,
71.92, 71.68(2C) (8 x C-5), 69.68, 69.56, 69.14, 68.82, 68.80(5 x C-6B,D,E,G,H), 61.79, 61.77,
61.73(3 x C-6A,C,F);

HRMS (ESI): calculated for CigsH206040Na [M+Na] * 3210.3978, found 3210.4057, err. -2.5
ppm.
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Experimental part
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Figure Exp 7: "4 NMR of compound 183, CDCl;, 600MHZ, 300K
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Figure Exp 8: °C NMR of compound 183, CDCl3, 151MHZ, 300K
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Experimental part

2A-H 3A-H 6B 6D 6F,6H-Icosa-0-benzyl-y-cyclodextrin

A mixture of 6A,6E diol and 6A,6D diol (80 : 20, 258 mg)

H G
OBanOo o8 was dissolved in freshly distilled toluene (1 ml) under
Bno%o B0 nitrogen and the solution stirred. DIBAL-H 1.5M in toluene
A g Y F (1 ml, 20 equiv.) was added via syringe to give a final
ano’ BnO d oen concentration of 0.8 M in DIBAL-H. The mixture was heated
. OBn APCE" at 55 °C with a nitrogen flow and the reaction followed by
o o ben & TLC (cyclohexane/AcOEt 1:1). After 1h 10min the oil bath
oen © %Qio was removed and the solution was carefully and slowly
Bno OOB:Bno o poured on ice while stirring frequently. AcOEt and aqueous
¢ D HCI 1M were added and the mixture was stirred at R.T. The

layers were then separated and the agueous one was extracted with AcOEt 3 times. The
combined organic layers were dried over MgS0O, and the solvent evaporated. The residue
was purified on silica gel chromatography (cyclohexane/AcOEt 2:1) several times to afford
6A,6C,6E,6G tetraol as a white foam (4 mg, 3%).

[a]p?® = +37.4° (CHCl5, ¢ = 0.5);
R¢ = 0.49 (CyH/EtOAc 1:1)

'H NMR (400 MHz, CDCls): 7.28-7.11 (m, 100H, 100 x H-Ar), 5.24 (d, /1, = 3.7 Hz, 4H, 4 x H-
1B,D,F,H), 5.06 (d, “Jehcin=11.0 Hz, 4H, 4xCHPh), 4.90-4.83 (m, 8H, 4 xH-1A,CF,G,
4 x CHPh), 4.72(d, *Jeh.cv = 11.2 Hz, 4H, 4 x CHPh), 4.66 (d, *Jpn.chn = 11.0 Hz, 4H, 4 x CHPh),
4.61-438 (m, 24H, 24xCHPh), 3.97-3.64 (m, 24H, 8xH-3A,B,C,D,EF,GH, 8xH-
4A,B,C,D,E,F,G,H, 8 x H-5A,B,C,D,E,F,G,H, 16 x H-6A,B,C,D,E,F,G,H), 3.51 (dd, 4H, 3J;,=9.0 Hz,
*Jy3= 3.6 Hz, 4 x H-2 B,D,F,H), 3.38 (dd, 4H, */1,=9.0 Hz, *J53= 3.5 Hz, 4 x H-2 A,C,F,G), 2.30
(ws, 4H, 4 x OH);

3¢ NMR (101 MHz, CDCl3): 139.29(4C), 139.22(4C), 138.40(4C), 138.05(4C)(20x C-Ar-quat.),
128.46-127.16 (100x C-Ar-tert.), 98.70(4C), 98.18(4C) (8 x C-1), 81.14(4C, 4 x C-3 A,C,F,G,),
80.48(4C, 4 x C-3 B,D,F,H), 79.91(4C, 4 x C-4 A,C,F,G), 79.45(4C, 4 x C-2 A,C,F,G,), 78.16(4C,
4xC-2 B,D,FH), 76.61(4C, 4xC-4 B,D,F,H), 75.47(4C), 75.22(4C), 73.58(4C), 73.22(4C),
73.05(4C) (20 x Ph-CH,), 72.20(4C, 4 x C-5 A,C,F,G), 71.96(4C, 4 x C-5 B,D,F,H), 69.09(4C,
4 x C-6 B,D,F,H), 61.63(4C, 4 x C-6 A,C,F,G);

HRMS (ESI) : calculated for CiggHa00040Na [M+Na] * 3120.3508, found 3120.3789, err. -9.0
ppm.
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Figure Exp 9: 'H NMR of 6A,6C,6E,6G tetraol, CDCl;, 600MHZ, 300K
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Figure Exp 10: 3C NMR of 6A,6C,6E,6G tetraol, CDCl5, 101MHZ, 300K

158



Experimental part

6A,6P-di-0-methylsulfonyl-24-F,3A-F 6B,6C,6E,6F-Hexadeca-0-benzyl-o.-

cyclodextrin (184)

BnO
nm O\_oBn

i @?

BnO
e owosn

concentrated in vacuo. The

Triethylamine (230 ul, 1.66 mmol) followed by
methanesulfonyl chloride (128 ul, 1.66 mmol) were
added dropwise to a solution of diol 169 (1 g, 414 umol)
in dichloromethane (20 ml). The mixture was stirred at
R.T. and the reaction followed by TLC. After 1 h 30, the
mixture was quenched with satd. aqueous NaHCOj3
(10 ml). The layers were separated and the organic layer
was washed with H,O (10 ml). The aqueous layer was
then extracted with dichloromethane (2 x 10 ml) and
the combined organic layers were dried with MgS0,4 and

residue was purified by silica gel chromatography

(Cyclohexane/Ethyl Acetate, 3:1) to afford compound 184 (1.06 g, 98%) as a white foam.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.™

193

B. Bertino-Ghera, F. Perret, B. Fenet, H. Parrot-Lopez, J. Org. Chem. 2008, 73, 7317-7326.
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Experimental part

6A,6P-di-0-methylsulfonyl-24-G,3A-G, 6B,6C,6E,6F,66-Nonadeca-0-benzyl-f3-

cyclodextrin (185)

F BnO
OBn E

BnO O (6] O OBn

BnO 0 BnO
BnO

G

O OBn

BnO
BnO OBp.o, OBn
o)
A ¢ OoBno C
OBn
B

OBn
(@)
noO oB
B

n

To a solution of 170 (1.0 g, 0.35 mmol) in anhydrous CH,Cl,
(5 ml), triethylamine (0.2 ml, 140 ml) and methanesulfonyl
chloride (110 pL, 140 mmol) were added at 0°C. The
reaction mixture was stirred at R.T. for 2h under nitrogen,
and then water (5 ml) was added slowly, the layers were
separated and the aqueous layer was extracted with DCM
3 times. The combined organic layers were dried over
MgSQ,, filtered and  concentrated. Silica gel
chromatography of the residue (Cy/EtOAc 4:1) afforded the
compound 185 (950 mg, 95%) as a white foam.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®
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Experimental part

6A,6E-di-0-methylsulfonyl-24-G,34-G, 6B,6C,6P,6F,6C,6H-Docosa-0-benzyl-y-

cyclodextrin(186)
G To a solution of 171 (400 mg, 0.12 mmol) in anhydrous
Bnomoﬁgsn CH,Cl, (15 ml), triethylamine (70 ulL, 0.48 mmol) and
o B0 Bno>0 methanesulfonyl chloride (40 uL, 0.48 mmol) were added at
B\ 0°C. The reaction mixture was stirred at R.T. for 2h under
3 nitrogen, and then water was added slowly, the layers were
W separated and the aqueous layer was extracted with DCM 3
io o8 L o~ oen times. The combined organic layers were dried over MgSQOy,
Bngogow%" filtered and concentrated. Silica gel chromatography of the
] i residue (Cy/EtOAc 4:1) afforded compound 186 (377 mg,

90%) as a white foam.
[a]o® = +39.1° (CHCls, ¢ = 1.0);
R¢=0.4 (CyH/EtOAc 3:1)

'H NMR (600 MHz, CDCls): 7.43-6.98 (m, 110H, 110 x H-Ar), 5.59 (d, /1 , = 3.9 Hz, 2H, 2 x H-
1), 5.50 (d, *Jph.cun = 10.7 Hz, 2H, 2 x CHPh), 5.47 (d, *Joh.cun = 10.4 Hz, 2H, 2 x CHPh), 5.27 (d,
2Joh-cun = 10.7 Hz, 2H, 2 x CHPh), 5.07 (d, */1,=3.3 Hz, 2H, 2 x H-1), 5.03 (d, */1,=3.1 Hz,
2H, 2 x H-1), 4.92 (d, *J1, = 3.4 Hz, 2H, 2 x H-1), 4.88-4.86 (m, 6H, 6 x CHPh), 4.80 (d, “Jph.
cn = 10.5 Hz, 2H, 2 x CHPh), 4.69 (d, “Jpn.cun = 12.2 Hz, 2H, 2 x CHPh), 4.64-4.56 (m, 4H, 4 x
CHPh), 4.55-4.33 (m, 28H, 4 x H-6, 2 x H-5, 22 x CHPh), 4.26 (d, “Jen.chn = 12.9 Hz, 2H, 2 x
CHPh), 4.19-3.80 (m, 28H, 8 x H-3, 8 x H-4, 4 x H-5, 8 x H-6), 3.72-3.71 (m, 2H, 2 x H-5), 3.64-
3.56 (M, 6H, 2 x H-2, 4 x H-6), 3.50 (dd, 2H, /1, = 9.4Hz, */, 3= 3.5 Hz, 2 x H-2), 3.45-3.43 (m,
4H, 4 x H-2), 2.56 (s, 6H, 2 x CHs);

3¢ NMR (151 MHz, CDCl;): 139.89(2C), 139.72(2C), 139.59(2C), 138.97(2C), 138.71(4C),
138.56(2C), 138.50(2C), 138.46(2C), 138.00(4C) (22x C-Ar-quat.), 128.44-126.88 (110x C-Ar-
tert.), 100.49(2C), 98.78(2C), 98.04(2C), 95.71(2C) (8 x C-1), 81.81(2C), 81.66(2C), 81.25(2C),
81.07(2C), 80.88(4C), 80.13(4C) (8 x C-3, 8 x C-4), 79.07(2C), 78.85(2C), 78.04(2C), 77.38 (2C)
(8x C-2), 76.91(2C), 76.54(2C), 76.40(2C), 74.21(2C), 73.98(2C), 73.43(2C), 73.37(4C),
72.73(2C), 72.70(2C), 72.50(2C) (22 x Ph-CH,), 71.80(2C), 71.33(4C)( 6x C-5), 69.67(2C),
69.36(2C), 69.30(2C)( 6 x C-6), 68.61(2C)(2 x C-5), 67.65(2C) (2 x C-6), 36.60(2 x C-CHs);

HRMS (ESI) : calculated for Cy0sH216044 S:Na [M+Na] ¥ 3456.3998, found 3456.3979, err. 0.6
ppm
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Experimental part
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Figure Exp 11: 'H NMR of compound 186, CDCl;, 600MHZ, 300K
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Figure Exp 12: >C NMR of compound 186, CDCl;, 151MHZ, 300K
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Experimental part

64,6P-di-0-methylsulfonyl-24-G,3A-G,6B,6C,6E,6F,6C,6H-Docosa-0-benzyl-y-

cyclodextrin(187)
H B0 G To a solution of mixture of 171 and 172 (380 mg, 0.116
Bno@%oﬁgsn mmol) in anhydrous CH,Cl, (15 ml), triethylamine (65 pL,
A O Bno" gno> 02 0.46 mmol) and methanesulfonyl chloride (40 pL, 0.46
n F
B { oBn mmol) were added at 0 °C. The reaction mixture was stirred
sno ¥ oo 3 at R.T. for 2h under nitrogen, and then water was added
B N 0B 6o O o8 slowly, the layers were separated and the aqueous layer
B 0 oen e Was extracted with DCM 3 times. The combined organic
0, < OBn ? . A
OBr; %O%ﬁom layers were dried over MgSQO,, filtered and concentrated.
osr™® Silica gel chromatography of the residue (Cy/EtOAc 4:1)
C D

afforded the second fraction (160 mg) as a white foam.
[a]p®® = +41.02°(CHCl5, ¢ = 1.0);
Rf=0.36 (CyH/EtOAc 3:1)

'H NMR (600 MHz, CDCl3): 7.35-7.08 (m, 110H, 110 x H-Ar), 5.39 (d, *J12 = 3.9 Hz, 1H, H-1),
5.36-5.32 (m, 2H, H-1, CHPh), 5.28-5.25 (m, 3H, 3 x CHPh), 5.17 (d, *J1, = 3.5 Hz, 1H, H-1),
5.14 (d, *J12=3.6Hz, 1H, H-1), 5.11-5.01(m, 7H, 4 xH-1, 3 x CHPh) 4.85-4.73 (m, 9H,
9 x CHPh), 4.63 (d, *Jpn.chm = 12.1 Hz, 1H, CHPh), 4.57-4.38 (m, 30H, 27 x CHPh, 3 x H-6), 4.26
(dd, Yeaeb = 10.8 Hz, *Jsep = 5.1 Hz, 1H, H-6), 4.10-3.68 (m, 30H, 6 x H-6, 8 x H-3, 8 x H-4,
8 x H-5), 3.58-3.47 (m, 12H, 6x H-2, 6 x H-6), 3.42 (dd, *J12 = 9.7Hz, *J,5= 3.4 Hz, 1H, H-2),
3.39 (dd, *J12 = 9.6Hz, /53 = 3.4 Hz, 1H, H-2), 2.69 (s, 3H, CH3), 2.68 (s, 3H, CH3);

3¢ NMR (151 MHz, CDCl): 139.55, 139.52, 139.50, 139.35, 139.33, 139.18, 138.95, 138.84,
138.60, 138.57, 138.40, 138.39, 138.38, 138.32, 138.28, 138.28, 138.26, 138.24, 138.20,
138.19, 138.17, 137.95 (22x C-Ar-quat.), 128.52-126.95 (110x C-Ar-tert.), 99.35, 99.01, 98.96,
98.63, 98.31, 98.14, 97.80, 97.77(8 x C-1), 81.25, 81.18, 81.08(2C), 81.03(2C), 80.86, 80.77,
80.33, 80.19, 79.78, 79.45, 79.21, 79.17(2C), 79.10(2C), 79.03(2C), 78.90(2C), 78.54, 78.13,
77.36 (8 x C-3, 8 x C-4, 8 x C-2), 76.37, 76.07, 76.04, 76.00, 75.81, 75.64, 75.16, 75.00, 73.52,
73.42, 73.40(2C), 73.37, 73.32, 73.27(2C), 73.16, 73.01, 72.87(2C), 72.80, 72.77(22 x Ph-CH,),
72.12, 71.77, 71.57, 71.52, 71.47(2C) (6 x C-5), 69.84 (C-6), 69.51(C-5), 69.41(C-6), 69.35(C-
5), 69.30, 69.20, 69.11, 69.06, 68.94(2C) (6 x C-6), 37.00(CHs), 36.92(CHs) ;

HRMS (ESI) : calculated for Co0saH216044 S;Na [M+Na] * 3456.3998, found 3456.4178, err. -5.2
ppm
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Figure Exp 13: 'H NMR of compound 187, CDCl;, 600MHZ, 300K
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Figure Exp 14: °C NMR of compound 187, CDCl3, 151MHZ, 300K
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Experimental part

Im-a-CD-HCI (188)

BnO (@)
n m O\_oBn
BnO
OBn / Jg?/

B10\0 o@QﬁOBn

A

In a round-bottom flask under nitrogen, 184 (1.13 g,
440 umol) and imidazole (600 mg, 8.8 mmol) were
dissolved in DMF (20 ml). The mixture was heated at
120 °C overnight and the reaction followed by TLC.
After cooling down to r.t., the solvent was evaporated
and the residue dissolved in 20 ml of dichloromethane
and washed with 20 ml of ag. HCI (1M). The aqueous
layer was extracted with dichloromethane (3 x 20 ml)
and the combined organic layers were dried over
MgSQO, and concentrated to dryness. The residue was

purified on silica gel chromatography (DCM/MeOH 100:1 then 100:5 then 100:10) to afford
Im-a-CD-HCI (188) (931 mg, 85 %) as a white foam.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®
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Experimental part

Im-B-CD.HCI(189)

c A mixture of compound 185 (300 mg, 0.1 mmol) and
OBnE% imidazole (136 mg, 2 mmol) was dissolved in anhydrous

BnO O\—-0OBn . .
OBno DMF under a N, atmosphere. The reaction mixture was

G BnO Ao Bno— 0 Ono , stirred at 120°C overnight. Then HCl solution (1 M) was
0? %" \ ogn added and the aqueous layer was extracted with DCM 3
BnO ®

F

N=/ 0 times. The combined organic layers were dried over MgSO,
BnO WOBH filtered, and concentrated in vacuo. Silica gel
A < o%o o c chromatography of the residue (DCM/MeOH 95:5) afforded
B0 7 OB the perbenzylated imidazolium compound 189 (240 mg,
B 70 %).

[a]p?®= +49.5° (CHCl3, ¢ = 0.1)
R¢ = 0.31 (DCM/MeOH 95:5)

'H NMR (CD;CN, 600 MHz): § 7.36-6.84 (m, 97H, 95 x H-Ar, 2 x N-CH=C), 5.79 (bd, % = 3.92
Hz, 2H, 2 x H-1), 5.38 (d, *Jpn.ci = 11.33 Hz, 1H, CHPh), 5.27 (d, “Jeh.cun = 11.17 Hz, 1H, CHPh),
5.19 (d, “Jeh.cun = 10.50 Hz, 1H, CHPh), 5.06 (d, *Jpn.cun = 10.63 Hz, 1H, CHPh), 4.98 (d, /1, =
3.25 Hz, 1H, H-1), 4.89 (d, *J;,=3.88 Hz, 1H, H-1), 4.82-4.80 (m, 3H, CHPh, 2 x H-1), 4.76-4.70
(m, 5H, 4 x CHPh, H-1), 4.66(d, “Jpn.cun = 10.92 Hz, 1H, CHPh), 4.61-4.30 (m, 31H, H-5, H-3, 2 x
H-6, 27 x CHPh), 4.12-4.06 (m, 4H, 2x H-6, H-3, CHPh), 4.00-3.48(m, 28H, 6 x H-6, 4 x H-2, 5 x
H-3, 7 x H-4, 6 x H-5), 3.43-3.38 (m, 2H, H-6, H-2), 3.31 (t, *J1,=*/,3= 2.36 Hz, 1H, H-2), 3.29
(t, *J12=2Jr3= 2.83, 1H, H-2), 3.20 (d, “Jeasp = 11.25 Hz, 1H, H-6), 3.10 (d, *Jeaep = 10.65 Hz,
1H, H-6), 2.84 (dd, “Jea 6o = 10.65 Hz, *Js 6, = 4.81 Hz, 1H, H-6) ppm.

3¢ NMR (CD3CN, 151MHz): §140.69, 140.58, 140.56, 140.30, 140.08, 139.81, 139.73, 139.68,
139.65, 139.63 (2C), 139.56, 139.48, 139.26, 139.21, 138.98 (3C), 138.82 (19 x C-Ar-quat.),
129.53-128.05 (m, 95 x C-Ar-tert.), 124.98, 124.56 (2 x N-CH=CH-N), 100.56, 100.13, 99.28,
98.35, 97.28, 97.16, 96.68(7 x C-1), 83.00 (C-4), 82.56, 82.52(2 x C-3), 82.03, 81.91(2 x C-4),
81.57, 81.54, 81.43(3 x C-3), 81.14, 81.12, 81.11, 81.05(C-4, 2 x C-2, C-3), 80.50, 80.42, 80.28
(2C) (C-4, 2 x C-2, C-3), 79.94 (C-2), 78.72 (C-2), 78.31 (C-2), 77.22, 77.18, 76.80, 76.48, 76.10,
76.09, 75.16, 75.14, 75.02 (9 x Ph-CH,), 74.19 (C-4), 74.15, 74.09, 73.99 (3 x Ph-CH,), 74.05
(C-5), 73.94, 73.91 (2 x Ph-CH,), 73.88 (C-4), 73.85, 73.83, 73.72, 73.49 (4 x Ph-CH,), 73.35
(C-5), 73.19 (Ph-CH,), 72.77, 72.73 (2C) (3 x C-5), 72.06 (C-5), 70.54, 70.46, 70.26 (3 x C-6),
70.23 (C-5), 69.12 (C-6), 68.85 (C-6), 53.28 (C-6), 52.86 (C-6) ppm.

HRMS (ESI) : calculated for C17gH1s5N,NaO33>" [M+Na]2+ 1450.6373, found 1450.6434.
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Experimental part
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Figure Exp 15: 'H NMR of Compound 189, CD3CN, 600 MHz, 300K
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Figure Exp 16: °C NMR of Compound 189, CD;CN, 151 MHz, 300K
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Experimental part

6A, 6E-Im-r-CD-HCI(190)

A mixture of compound 186 (43 mg, 0.012 mmol) and

Bnozﬁ$oz"§°Bn imidazole (26 mg, 0.38 mmol) was dissolved in anhydrous
Bno— O DMF under a N, atmosphere. The reaction mixture was
{/X/\ /\] stirred at 120°C overnight. Then HCl solution (1 M) was

added and the aqueous layer was extracted with DCM 3
times. The combined organic layers were dried over MgSO,
® filtered, and concentrated in vacuo. Silica gel

OBn
Bn%o@ﬁiosn chromatography of the residue (DCM/MeOH 95:5) afforded
the perbenzylated imidazolium bridged r-CD 190 (24 mg,
58 %).

[a]o®® = + 35.1 °(CHCl3, ¢ = 1.0);
R¢ = 0.29 (DCM/MeOH 95:5)

'H NMR (600 MHz, CDsCN): 7.41-7.12 (m, 104H, 104 x H-Ar), 6.96 (t,J = 7.6 Hz, 4H, 4 x H-Ar),
6.81(t, J=7.4Hz,2H, 2 x H-Ar), 6.69 (s, 2H, 2 x H-imidazolium), 5.61 (d, 311,2 =3.5Hz, 2H,
2 xH-1D,H), 5.23 (d, “Jpncun=10.7 Hz, 2H, 2xCHPh), 5.19 (d, *Jpncun=10.0 Hz, 2H,
2 x CHPh), 4.93 (d, /1, = 3.0 Hz, 2H, 2 x H-1A,E), 4.92 (d, */1, = 3.5 Hz, 2H, 2 x H-1C,G), 4.90
(d, /12=3.3Hz, 2H, 2xH-1B,F), 4.85 (d, “Jpncun =10.9 Hz, 2H, 2 x CHPh), 4.75 (d, *Jpn.
cin = 10.7 Hz, 2H, 2 x CHPh), 4.71 (d, “Jeh.cun = 11.1 Hz, 2H, 2 x CHPh), 4.66 (d, *Jpn.chn = 11.3
Hz, 2H, 2 x CHPh), 4.59-4.37 (m, 32H, 32 x CHPh), 4.31 (dd, *Jea6b= 13.8 Hz, *Js 6, = 2.4 Hz, 2H,
2 x H-6bA,E), 4.10 (dd, “Jea,60= 11.3 Hz, *J5 6o = 4.7 Hz, 2H, 2 x H-6aH,D), 3.97-3.72 (m, 26H, H-
6aC, H-6aG, H-6bD, H-6bH, H-6bC, H-6bG, H-6aA, H-6aE, 4xH-5AE,D,H, 8xH-
3A,B,C,D,E,F,G,H, 6 x H-4B,C,D,F,G,H), 3.64-3.58 (m, 6H, 2 x H-4A,E, 2 x H-5C,G, 2 x H-2D,H),
3.48-3.47 (m, 4H, 2 x H-2A,E, 2 x H-5B,F), 3.39 (ddd, 4H, 4 x H-2B,C,F,G), 3.11 (dd, Yeaeb =
11.2 Hz, *Jsgp = 1.6 Hz, 2H, 2 x H-6aB,F), 3.11 (dd, Jeaep= 11.0 Hz, *Js e, = 3.0 Hz, 2H, 2 x H-
6bB,F);

3¢ NMR (151 MHz, CDsCN): 140.34(2C), 140.31(2C), 140.18(2C), 139.59(2C), 139.57(4C),
139.56(2C), 139.44(2C), 139.42(2C), 139.01(2C), 138.87(2C), (22x C-Ar-quat.), 129.50-128.05
(110x C-Ar-tert.), 125.08 (2 x N-C=C-N), 99.64(2C), 99.42(2C), 99.05(2C), 94.60(2C) (8 x C-
1A,B,C,D,E,F,G,H), 82.38(2 x C-4C,G), 81.79(2 x C-3C,G), 81.28(2 x C-3A,E), 81.22(2 x C-3B,F),
81.02(2C), 80.77(4C)( 6x C-4A,B,D,E,F,H), 80.56(4C)(2x C-3D,H, 2xC-2AE), 80.33(2C),
80.19(2C)( 4 x C-2B,C,F,G), 78.27(2 x C-2D,H), 77.46(2C), 77.12(2C), 76.16(2C), 74.76(2C),
73.99(2C), 73.97(2C), 73.93(2C), 73.81 (2C), 73.51(2C), 73.41(2C), 73.22(2C)(22 x Ph-CH,),
72.74(2 x C-5D,H), 72.36(2C), 72.31(2C)( 4 x C-5A,B,E,F), 71.20(2 x C-5C,G), 70.66(2 x C-6C,G),
70.26(2 x C-6D,H), 69.01(2 x C-6B,F), 52.10(2 x C-6A,E);

HRMS (ESI) : calculated for CyosH»13035 N> [M]*3310.4791, found 3310.4963, err. -5.2 ppm
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Figure Exp 17: 'H NMR of Compound 190, CD3sCN, 600 MHz, 300K
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Figure Exp 18: °C NMR of Compound 190, CD5CN, 151 MHz, 300K
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Experimental part

64, 6D-Im-r-CD-HCI (191)

" G A mixture of compound 187 (34 mg, 0.01 mmol) and
o OBnin/O%an imidazole (60 mg, 0.9 mmol) was dissolved in anhydrous
O;\OB% o= 0810 DMF under a N, atmosphere. The reaction mixture was
BnQ 3\ P stirred at 120°C overnight. Then HCl solution (1 M) was
BnO OO @ S, a‘dded and the ?queous Iayer was extract(-?'d with DCM 3
Bnogjmn N %% " times. The combined organic layers were dried over MgSQO,4
B 0 OB filtered, and concentrated in vacuo. Silica gel
oBn O S%" o 7 chromatography of the residue (DCM/MeOH 95:5) afforded
B”‘g‘%ﬁsm o the 6A,6D imidazolium bridged r-CD 191 (13.4 mg, 40 %).

C D

[a]p® = + 38.54° (CHCls, ¢ = 1.0);
R¢ = 0.29 (DCM/MeOH 95:5)

'H NMR (600 MHz, CDsCN): 8.73 (s, 1H, N-CH=N), 7.41-7.09 (m, 110H, 110 x H-Ar), 6.95 (s,
1H, H-Im), 6.84 (s, 1H, H-Im), 5.60 (d, */1, = 3.9 Hz, 1H, H-1C), 5.32(d, */1 , = 3.8 Hz, 1H, H-1H),
5.25-5.18 (m, 2H, 2 x CHPh), 5.14-5.12 (m, 3H, 2 x H-1D,G, CHPh), 5.04(d, */1 , = 3.5 Hz, 1H, H-
1E), 4.99(d, *J1, = 3.5 Hz, 1H, H-1F), 4.94-4.83 (m, 3H, H-1B, 2 x CHPh), 4.77(d, *J1, = 3.4 Hz,
1H, H-1A), 4.76-4.37 (m, 38H, H-6aA, H-6aD, H-5A, 35 x CHPh), 4.30-4.27 (m, 2H, 2 x CHPh),
4.23 (d, *Jon.cun = 11.2 Hz, 1H, CHPh), 4.17 (d, *Jpn.cun = 11.6 Hz, 1H, CHPh), 4.13-3.48 (m, 37H,
8 x H-3A,B,C,D,E,F,G,H, 8 x H-4 A,B,C,D,E,F,G,H, 7 x H-5 B,C,D,E,F,G,H, 2 x H-2A,H, H-6bA, H-
6aC, H-6bC, H-6bD, H-6aE, H-6bE, H-6aF, H-6bF, H-6aG, H-6bG, H-6aH, H-6bH), 3.45-3.42 (m,
3H, 3 x H-2C,D,G), 3.40-3.38 (m, 2H, 2 x H-2B,E), 3.34 (dd, *J1,=9.4 Hz, *J,5= 3.6 Hz, 1H, H-
2F), 3.28 (wd, 1H, H-6aB), 3.03 (dd, *Jea 6o = 10.5 Hz, *J5,6, = 6.3Hz, 1H, H-6bB);

3¢ NMR (151 MHz, CD5CN): 140.44, 140.42, 140.38, 140.35, 139.62, 139.59, 139.57, 139.52,
139.47, 139.42, 139.36, 139.35, 139.29, 139.28, 139.21, 139.18, 139.09, 139.07, 139.04,
138.90, 138.89, 138.88(22x C-Ar-quat.), 129.52-127.61 (110x C-Ar-tert.), 125.05, 124.48(C-
Im), 99.82, 99.39, 98.62, 98.35(2C), 98.08, 97.45, 95.49(8 x C-1), 81.90, 81.83, 81.46,
81.23(2C), 81.05, 80.87, 80.78, 80.70(2C), 80.68(2C),80.40, 80.39, 80.24, 80.22, 80.13, 80.00,
79.91, 79.84, 79.62(7 x C-3A,B,C,D,E,F,G, 8 x C-4A,B,C,D,E,F,G,H, 6 x C-2A,B,C,E,F,G,) 78.95(C-
3H), 78.10(C-2D), 77.48, 77.15, 77.05(3 x Ph-CH,), 76.61 (C-2H), 76.40, 76.10, 76.02, 75.94,
75.71, 74.78, 74.20(2C), (8 x Ph-CH,), 74.06 (C-5), 73.96, 73.91(2C), 73.84(3C) (6 x Ph-CH.,),
73.72 (C-5), 73.70, 73.51, 73.44(3 x Ph-CH,), 73.27(C-5), 73.23, 73.01(2 x Ph-CH,), 72.69,
72.66, 72.61(3 x C-5), 71.16(C-5D), 70.95(C-6), 70.49(C-5A), 70.26, 70.11, 69.98, 69.47,
69.43(5 x C-6), 53.40(C-6D), 52.63(C-6A);

HRMS (ESI) : calculated for CyosH»13038 N> [M]3310.4791, found 3310.4647, err. 4.3 ppm
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Figure Exp 19: 'H NMR of Compound 191, CD3CN, 600 MHz, 300K
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Figure Exp 20: °C NMR of Compound 191, CD;CN, 151MHz, 300K
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Experimental part

Im-a-CD-AgCl (192)

B
nomo O\_oBn
BnO
OBn / N

BnO o OBn

Bn
BnO7\0 owosn
OBn BnO

In a round-bottom flask under nitrogen, compound 188
(570mg, 230umol) and silver oxide (532 mg,
2.30 mmol) were dissolved in 29 ml of acetonitrile. The
black suspension was vigorously stirred at R.T. overnight,
then filtrated on Celite, rinsed with acetonitrile and
concentrated in vacuo. The residue was purified on silica
gel chromatography (Cyclohexane/AcOEt 4:1 then 3:1)
to afford complex Im-a-CD-AgCl 192 (536 mg, 90 %) as a
white foam.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®
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Experimental part

Im-3-CD-AgCl (193)

F opn B0 E A mixture of perbenzylated imidazolium 189 (2.25 g,
BnO 75 O%Bn 0.77 mmol) and silver(I) oxide (1.8 g, 7.7mmol) was

& 8o ° BnO  gno~>o&no dissolved in anhydrous acetonitrile (50 ml) under a N,
é/yosn \/% D atmosphere. The reaction mixture was stirred at r.t.

o @N S OB" overnight. Then the silver oxide was filtered on a celite pad
Bno{ <;/§Q%B o7 oen and the residue was washed with acetonitrile, and the
A O o <08 O\Vgnﬁojc solvents were evaporated. Silica gel chromatography of the
OBanOQADZ/ residue (CyH/ EtOAc: 4:1) gave the silver complex 193 (2.0 g,

oen 85 %).
[a]p?®= +46.8° (CHCl3, ¢ = 0.1)

BnO

B

Rf = 0.21 (CyH/AcOEt 4:1)

'H NMR (CDCls, 600 MHz): 6 7.48-6.88 (m, 95H, 95 x H-Ar), 6.21 (s, 1H, N-CH=C), 5.93 (s, 1H,
N-CH=C), 5.88 (d, *J1, = 3.61 Hz, 1H, H-1G), 5.86 (d, *J1 2= 3.61 Hz, 1H, H-1C), 5.78 (d, *Jpn.chn =
11.78 Hz, 1H, CHPh), 5.54 (m, 1H, H-5A), 5.45 (d, *Jpn.cun = 10,82 Hz, 1H, CHPh), 5.42 (d, *Jpn.
chn = 11.18 Hz, 1H, CHPh), 5.35-5.33 (m, 2H, 2 x CHPh), 5.25 (d, “Jph.cun = 12.38 Hz, 1H, CHPh),
5.02 (d, Yph-cun = 11.31 Hz, 1H, CHPh), 5.00 (d, *Jph.cun = 5.66 Hz, 1H, CHPh), 4.98-4.94 (m, 3H,
3 x CHPh), 4.83 (d, “Ja6b = 5.42 Hz, 1H, H-6aD), 4.82 (d, /1, = 3.57 Hz, 1H, H-1D), 4.69 (m, 2H,
2 x H-1E,F), 4.60 (m, 2H, H-1A, H-3C), 4.58 (d, *J1, = 3.04 Hz, 1H, H-1B), 4.56 (d, “Jph.cih =
11.79 Hz, 1H, CHPh), 4.51-4.38 (m, 23H, H-3B, H-6bA, H-5D, 20 xCHPh), 4.36 (d, *Jpn.chn =
10.48 Hz, 1H, CHPh), 4.31 (d, “Jeh.cun = 3.87 Hz, 1H, CHPh), 4.29 (d, “Jen.cun = 2.80 Hz, 1H,
CHPh), 4.27 (d, *Jpn.cun = 2.56 Hz, 1H, CHPh), 4.25-4.20 (m, 3H, 2 x H-3E,G, CHPh), 4.14-3.94
(m, 7H, H-6aG, H-5B, H-4C, 3 x H-3A,D,F, CHPh), 3.87-3.63 (m, 11H, H-6aF, H-6bF, H-6aC, H-
6bC, H-6bG, 4 x H-4G,E,B,A, 2 x H-5C,G), 3.57-3.51 (m, 5H, 2 x H-2C,G, 2 x H-4F,D, H-5F),
3.43-3.37 (m, 3H, H-6aA, H-6bD, H-6aE), 3.35-3.30 (m, 5H, 5 x H-2E,F,D,B,A), 3.25(m, 1H, H-
5E), 2.96(d, *Jeaep = 10.78 Hz, 1H, H-6bE), 2.78 (d, Yeaer = 10.72 Hz, 1H, H-6aB), 2.71(dd,
?Jeasb = 10.95 Hz, *J5 ¢p = 3.10 Hz, 1H, H-6bB);

3¢ NMR (CDCls, 151 MHz): §140.58, 140.21, 140.10, 140.05, 139.57, 139.18, 139.04, 138.98,
138.91, 138.79, 138.72(2C), 138.60, 138.58, 138.52, 138.26, 138.19, 138.08, 137.68, (19 x C-
At.quat.), 128.57-126.56 (m, 95 x C-Ar-tert.), 122.71, 121.26 (2 x N-CH=CH-N), 100.91, 99.69,
98.61, 98.23, 97.52, 97.27, 96.96(7 x C-1A,B,C,D,E,F,G), 83.32 (C-4F), 82.26 (C-3A), 82.07,
81.94 (2 x C-4C,G), 81.29 (C-3D), 80.73, 80.46 (2 x C-4B,E), 80.44 (C-2B), 80.25 (C-3F), 80.17
(C-2A), 80.14, 79.97, 79.89, 79.54 (4 x C-3B,C,E,G), 78.89, 78.66, 77.99, 77.89, 77.39 (5 x C-
2C,D,E,F,G), 76.94 (Ph-CH,), 76.85 (Ph-CH,), 76.39 (2 x Ph-CH,), 76.20 (Ph-CH,), 74.37 (C-4A),
74.36 (Ph-CH,), 74.28 (Ph-CH,), 73.86 (C-5C), 73.81, 73.73, 73.57, 73.49, 73.44(5 x Ph-CH,),
73.43 (C-4D), 73.28 (Ph-CH,), 73.19 (C-5G), 73.18, 73.07, 72.98, 72.76, 72.70 (5 x Ph-CH,),
72.36 (C-5F), 72.33 (Ph-CH,), 71.89, 71.86, 71.55 (3 x C-5B,D,E), 70.56 (C-6C), 70.50 (C-5A),
70.34, 69.94, 68.21, 67.63, 55.63, 53.29 (6 x C-6A,B,D,E,F,G)

HMRS (ESI) calculated for C17sH154AgN,033" [M-CI]* 2984.1827, found 2984.1777.
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Experimental part
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Figure Exp 21: "H NMR of Compound 193, CDCl;, 600 MHz, 300K
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Figure Exp 22: °C NMR of Compound 193, CDCl;, 151 MHz, 300K
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Experimental part

6A, 6E-y-CD AgCl (194)

A mixture of perbenzylated imidazolium y-CD 190 (142 mg,

H G
(0]
OBn
Bnomoﬁgsgno 0.042 mmol) and silver(I) oxide (100 mg, 0.42 mmol) was
A g O PO BrOTO ¢ dissolved in anhydrous acetonitrile under a N, atmosphere.
BnO{/X/\
B

O

(o]

no\gm washed with acetonitrile, and the solvents were

° Oano oBn  opy O " evaporated. Silica gel chromatography of the residue (CyH/
Bn%oﬁi%” EtOAc: 4:1) gave the silver complex as white foam (92 mg,

OBn 5 63 %).

Bn

OBn The reaction mixture was stirred at r.t. overnight. Then the
silver oxide was filtered on a celite pad and the residue was

N/% BnO
-

AgCh

o
(¢]
OBn
n o

E

C

[a]p® = +31.3° (CHCl5, ¢ = 1.0);
R¢ = 0.43 (CyH/EtOAc 3:1)

'H NMR (600 MHz, CDsCN): 7.43-7.08 (m, 104H, 104 x H-Ar), 7.03 (t, 4H, 4 x H-Ar), 6.90(t, 2H,
2 x H-Ar),6.26(s, 2H, 2 xH-Im), 5.63 (d, 311,2 =3.6 Hz, 2H, 2 x H-1D,H), 5.25-5.24 (m, 4H,
4 x CHPh), 4.95(d, *J1, = 3.2 Hz, 2H, 2 x H-1A,E), 4.88 (d, *J1, = 3.3 Hz, 2H, 2 x H-1B,F), 4.86 (d,
*J12=3.5Hz, 2H, 2 x H-1C,G), 3.47 (d, *Jpnchn = 10.8 Hz, 2H, 2 x CHPh), 4.73-4.71 (m, 4H,
4 x CHPh), 4.59-4.34 (m, 36H, 34 x CHPh, H-6aA, H-6aE), 4.18-4.16 (m, 4H, 2 x H-3C, G, 2 x H-
5A,E), 4.09-4.07 (m, 4H, 2 x H-3D,H, H-6bD, H-6bH), 3.99-3.95 (m, 4H, 4 x H-3A,B,E,F), 3.87-
3.53 (m, 24H, 6 x H-5B,C,D,F,G,H, 8 x H-4A,B,C,D,E,F,G,H, 2 x H-2D,H, H-6bA, H-6bE, H-6aC, H-
6aG, H-6bC, H-6bG, H-6aD, H-6aH), 3.44 (dd, *J1,=9.7 Hz, *J,5= 3.0 Hz, 2H, 2 x H-2A,E), 3.35
(dd, *J1,=9.9 Hz, ), 3= 3.3 Hz, 2H, 2 x H-2B,F), 3.29 (dd, */1,=10.0 Hz, *J53= 3.4 Hz, 2H, 2 x H-
2C,G), 3.18 (wd, %J= 11.1 Hz, 2H, H-6aB, H-6aF), 3.01 (d, %J= 11.2 Hz, 2H, H-6bB, H-6bF);

3¢ NMR (151 MHz, CDsCN): 141.23(2C), 141.08(2C), 140.64(2C), 139.93(2C), 139.84(2C),
139.74(2C), 139.71(2C), 139.70(2C), 139.68(2C), 139.35(2C), 139.22(2C) (22x C-Ar-
quat.),129.46-127.71 (110x C-Ar-tert.), 99.95(2C), 99.31(2C), 98.82(2C), 94.93(2C) (8 x C-1),
82.69 (2C), 82.05 (2C)( 4 xC-4A,C,E,G), 81.95(2C)( 2xC-4D,H), 81.88(2C)(2 x C-3A,E),
81.34(4C)(2 x C-3C,G, 2 x C-2A,E), 81.19(2C), 81.00(2C)( 2 x C-3B,F, 2 x C-4B,F), 80.65(4C)(
2 x C-3D,H, 2 x C-2B,F), 80.19(2C)( 2 x C-2C,G), 78.04 (2C) ( 2 x C-2D,H), 77.32(2C), 76.99(2C),
74.82(2C), 73.92(2C), 73.90(2C), 73.84(2C), 73.78(2C), 73.68(2C) ( 16 x Ph-CH,), 73.58 (2C)(
2 x C-5A,E), 73.43(2C), 73.30(2C), 73.20(2C) ( 6 x Ph-CH,), 72.93(2C)(2 x C-5C,G), 72.39(2C)
(2 x C-5B,F), 71.41(2C)(2 x C-5D,H), 70.96(2C), 70.79(2C)(4 x C-6C,D,G,H), 69.33(2C) (2 x C-
6B,F), 54.27(2C)(2 x C-6A,E);

C-Ag can not be observed.

HRMS (ESI) : calculated for CagsH21,033N2Ag [M] ¥ 3416.3764, found 3416.3886, err. -3.6
ppm.
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Figure Exp 23: 'H NMR of Compound 194, CD3:CN, 600 MHz, 300K
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Figure Exp 24: °C NMR of Compound 194, CD;CN, 151 MHz, 300K
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Experimental part

6A, 6E-y-CD AgCl (195)

A mixture of perbenzylated imidazolium y-CD 191 (26 mg,

Bno;3$020§3Bn 0.007 mmol) and silver(I) oxide (36 mg, 0.155mmol) was
Bno~ O dissolved in anhydrous acetonitrile under a N, atmosphere.
{/X—\ g\ The reaction mixture was stirred at r.t. overnight. Then the
silver oxide was filtered on a celite pad and the residue was
\g @ty OVB)'}/% washed with acetonitrile, and the solvents were
° Do oBn o~ %" B evaporated. Silica gel chromatography of the residue (CyH/
Bncgoe/ano 27 oBn EtOAc: 4:1) gave the silver complex as white foam (17 mg,

c ©8n 5 65 %).

[a]p? = +38.5° (CHCl5, ¢ = 1.0);
R¢ = 0.43 (CyH/EtOAc 3:1)

'H NMR (600 MHz, CDsCN): 7.46-6.94 8.73 (m, 112H, 110x H-Ar, 2xH-Im), 5.77 (d,
3J12 = 3.38 Hz, 1H, H-1C), 5.38-5.36 (m, 2H, H-1H, CHPh), 5.18-5.14 (m, 2H, CHPh, H-1D), 5.06
(d, )12 = 3.5 Hz, 1H, H-1G), 5.02 (d, *J12 = 3.7 Hz, 1H, H-1E), 4.98 (d, *J1, = 3.6 Hz, 1H, H-1F),
4.96 (d, Yen.cun = 11.7 Hz, 1H, CHPh), 4.84-4.82 (m, 3H, CHPh, 2 x H-1A,B), 4.69-4.20 (m, 47H,
H-6aA, H-6aD, 3x H-5 A,D,H, 2xH-3 B,C, 40 x CHPh), 4.01-3.58 (m, 29H, H-2H, 8 x H-4
A,B,C,D,E,F,G,H, 6 x H-3 A,D,E,F,G,H, 5xH-5 B,C,E,F,G, H-6bA, H-6bD, H-6aC, H-6bC, H-6aF,
H-6aG, H-6bG, H-aH, H-6bH), 3.52-3.43(m, 5H, H-6bF, H-6bE, 3 x H-2A,D,G), 3.36-3.35 (m, 2H,
2 x H-2C,E), 3.32-3.26 (m, 3H, 2 x H-2B,F, H-6aE), 3.05(wd, 1H, H-6aB), 2.90(wd, 1H, H-6bB);

3¢ NMR (151 MHz, CD;CN): 140.90, 140.77, 140.71(2C), 140.21, 139.82, 139.78, 139.71,
139.70, 139.67, 139.64, 139.63, 139.61, 139.54, 139.49, 139.45, 139.44, 139.38, 139.31,
139.23, 139.17, 138.14 (22x C-Ar-quat.), 129.42-127.62 (110x C-Ar-tert.), 124.86, 118.72(C-
Im), 100.59, 99.12, 99.11, 97.79, 97.75(2C), 97.47, 96.16 (8 x C-1), 83.03(C-3H), 81.96(2C),
81.36(4C), 81.00(4C), 80.73(2C), 80.47(3C)(5x C-3A,B,C,E,G, 4xC-4B, D,EF, 6xC-
2A,B,C,D,E,F,G), 79.64(2C, C-4C, C-2F), 79.09(C-3D), 78.65(C-2C), 78.29(C-3F), 77.35( Ph-CH,),
76.52(2C, 2 x C-4G,H), 76.46( Ph-CH,), 75.87( Ph-CH,), 75.65( Ph-CH,), 75.52(C-4A), 74.93,
74.25, 74.23, 74.15, 74.08, 74.02, 73.81(2C), 73.78(2C), 73.77(3C), 73.74, 73.69(2C), 73.64,
73.55(18 x Ph-CH,), 73.50(2C, 2 x C-5), 73.46, 73.36, 73.26, 72.92, 72.69, 72.39, 72.31,
72.18(5 x C-5), 71.19, 70.75, 70.39, 69.90, 69.40, 68.90(6 x C-6B,C,E,F,G,H), 56.74(C-6D),
53.48(C-6A);

HRMS (ESI): calculated for Cy05H21,035 N,AgCl [M+Na] * 3474.3350, found 3474.3150, err. 5.7
ppm
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Figure Exp 25: 'H NMR of Compound 195, CD3CN, 600 MHz, 300K
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Figure Exp 26: °C NMR of Compound 195, CD;CN, 151 MHz, 300K
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Experimental part

Im-a-CD-CuCl (196)

E OBn
BnO (0]
" m o\_ogn
BnO OBn
OBn «

F o)
BnO o)
B97\o_ o wOBn

A

Method A: Under argon, 188 (625 mg, 252 pmol) and
copper(l) oxide (35 mg, 246 mmol) were dissolved in
6 ml of 1,4-dioxane previously degassed by bubbling
argon for 15 minutes. The mixture was heated at 100 °C
overnight, cooled down to R. T., filtered on Celite, the
cake washed with CH,Cl, and the solvent evaporated in
vacuo. The residue was purified on silica gel
chromatography (Cyclohexane/Ethyl Acetate 7:3) to
afford copper complex 196 (512 mg, 80 %) as a white
foam.

Method B: Copper(l) chloride (excess) and silver complex 192 (50 mg, 19.3 umol) were
stirred in dichloromethane (2 ml) under argon. After 72 h the suspension was filtrated on
Celite, washed with dichloromethane and concentrated to afford the complex 196 (50 mg,

guant.).

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®
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Experimental part

Im--CD-CuCl (197)

F g B0 E Method A: Under argon, 189 (2.8 g, 0.96 mmol) and
BnO 75 no/eoan copper(l) oxide (414 mg, 2.88 mmol) were dissolved in 20 ml
BnO 5o of 1,4-dioxane previously degassed by bubbling argon for 15

(6] o0 BnoO
© Bwom \/& D minutes. The mixture was heated in a Schlenker reactor at
Bno P “N OBn 120 °C overnight, cooled down to r. t., filtered on Celite, the
? N\&ED K cake washed with CH,Cl, and the solvent evaporated in
A B"ojg 0OBn O%i’;o/}LOB” vacuo. The residue was purified on silica gel
OB"Br%Z(/)Bnno c chromatography (Cyclohexane/Ethyl Acetate 4:1) to afford

. copper complex 197 (2.3 mg, 80 %) as a white foam.

Method B: Copper(l) chloride (571mg, 6.1mmol) and silver
complex 193 (2.02g, 0.762mmol) were stirred in dichloromethane (20ml) under argon. The
mixture was stirred at R.T overnight, the suspension was filtrated on celite, washed with

dichloromethane. The residue was purified on silica gel chromatography (Cyclohexane/ Ethyl
acetate 3:1) to afford copper complex 197 (1.92g, 97%) as a white foam.

[a]p?®= 48.04° (CHCl3, c = 1)
R¢=0.21 (CyH / AcOEt 4:1)

'H NMR (CDCl3, 600MHz): & 7.47-6.88 (m, 95H, 95 x H-Ar), 6.15 (s, 1H, N-CH=C), 5.91-5.90
(m, 2H, N-CH=C, H-1G), 5.87 (d, /1, = 3.07 Hz, 1H, H-1C), 5.76-5.74 (m, 2H, CHPh, H-5A), 5.45
(d, Jeh.cun = 10,02 Hz, 1H, CHPh), 5.40-5.38 (m, 2H, 2 x CHPh), 5.26--5.24 (m, 2H, 2 x CHPh),
4.99 (d, *Jpn.cun = 11.02 Hz, 1H, CHPh), 4.94-4.89 (m, 6H, 5 x CHPh, H-6aD), 4.80 (d, */,,= 3.53
Hz, 1H, H-1D), 4.72-4.68 (m, 3H, 2 x H-1E,F, H-3C), 4.64 (d, *J;,= 4.00 Hz, 1H, H-1B), 4.60-
4.59(m, 2H, H-1A, H-3B), 4.57-4.03 (m, 35H, 2 x H-5D,B, 4 x H-3E,G,F,A, H-4C, H-6aA, H-6aG,
26 xCHPh), 3.94 (dd, %J5 4= 8.85 Hz, *J, 3= 8.85 Hz, 1H, H-3D), 3.90-3.52(m, 16H, 2 x H-2C,G, 6
x H-4E,G,B,A,D,F, 3 x H-5C,G,F, H-6bC, H-6bF, H-6bG, H-6aC, H-6aF), 3.43 (wd, 1H, H-6bE),
3.37-3.30(m, 7H, 5 x H-2B,F,E,D,A, H-6bD, H-6bA), 3.25(wd, 1H, H-5E), 2.99(wd, 1H, H-6aE),
2.79-2.73(m, 2H, H-6aB, H-6bB);

3¢ NMR (CDCI3, 151MHz): § 176.23(Cu-C), 140.48, 140.22, 140.12, 140.02, 139.55, 139.16,
139.05, 138.99, 138.87, 138.85, 138.79, 138.77, 138.61, 138.59, 138.51, 138.27, 138.24,
138.09, 137.74 (19 x C-At.quat.), 128.57-126.50 (m, 95 x C-Ar-tert.), 122.12, 120.87 (2 x N-
CH=CH-N), 101.03, 99.51, 98.58, 97.94, 97.42, 97.31, 96.83(7 x C-1A,B,C,D,E,F,G), 83.47(C-
4F), 82.22(C-4C), 82.06(C-4G), 81.66(C-3A), 81.41(C-3D), 80.68(C-4E), 80.57(C-4B), 80.38(C-
2A), 80.27(C-3F), 80.19, 80.02(2 x C-3E,G), 79.93(C-3B), 79.89(C-3C), 79.38, 78.99, 78.82,
78.04(4 x C-2D,E,F,B), 77.96(C-2C), 77.47(C-2G), 76.96, 76.79, 76.41, 76.39, 76.19, 74.41(6 x
Ph-CH,), 74.33 (C-4A), 74.25(Ph-CH,), 73.74, 73.73(2 x Ph-CH,), 73.70(C-5C), 73.54, 73.49,
73.44, 73.29(4 x Ph-CH,), 73.27(C-4D), 73.11(C-5G), 73.07, 72.97, 72.75, 72.72, 72.69(5 x Ph-
CH,), 72.35(C-5F), 72.34 (Ph-CH,), 72.05, 71.84, 71.51(3 x C-5D,E,B), 70.89(C-5A), 70.52,
70.43, 69.81(3 x C-6C,F,G), 68.27(C-6E), 67.71(C-6B), 55.14(C-6D), 53.01(C-6A).

HRMS(ESI) calcd. [C17gH18aN2033CuCl+ Na ™ : 2998.1658, found 2998.1513 err. 4.8 ppm
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Figure Exp 27: 'H NMR of Compound 197, CDCI3, 600 MHz, 300K
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Figure Exp 28: °C NMR of Compound 197, CDCls, 151 MHz, 300K
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Experimental part

Im-a-CD-AuCl (198)

E OBn

Bnomo o\_ogn

OBn /
BnO
AuCI

BrO7\o_ o wOBn

A

In a flame-dried two-neck flask under argon, silver
complex 193 (1g, 0.385mmol) and gold(l)
chloride (897 mg, 3.85 mmol) were dissolved in 50 ml
of acetonitrile previously degased by three “freeze-
pump-thaw” cycles. The reaction was protected from
light and stirred overnight at R.T. Mass spectrometry
then indicated the reaction was incomplete and gold(l)
chloride (100 mg, 0.43 mmol) was added. The reaction
was maintained for 8 h, then filtrated on Celite, rinsed
abundently with CH,Cl, and concentrated in vacuo. The

residue was purlfled on S|I|ca gel chromatography (Cyclohexane/Ethyl Acetate 4:1) to afford
the gold complex 198 (567 mg, 55 %).

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®
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Experimental part

Im-3-CD-AucCl (199)

F 6o E In a flame-dried two-neck flask under argon, silver complex

Bn0 75 OB”O%BH 193 (455 mg, 0.15 mmol) and gold(l) chloride (349 mg,
Bno 1.5 mmol) were dissolved in 20 ml of acetonitrile previously

(o] BnO— 0 BnO w ”
G BnO - o) b degassed by three freeze-pump-thaw cycles. The
o SN oen reaction was protected from light and stirred overnight at
N~

BnO

Q e 9 r.t. It was then filtrated on Celite, rinsed abundantly with
BrioSl en %B’;O/}LOB” DCM and concentrated in vacuo. The residue was purified
A
nO

osno%" c on silica gel chromatography (CyH/AcOEt 4:1) to afford the
BnO~ “<ogn gold complex 199 (327 mg, 70 %).

B

[a]p?® = +43.2° (CHCl5, c = 1)
R¢ = 0.21(CyH / AcOEt 4:1)

'H NMR (CDCls, 400 MHz): & 7.46-6.89 (m, 95H, 95 x H-Ar), 6.15 (s, 1H, N-CH=C), 6.06 (m, 1H,
H-5A), 5.88-5.86 (m, 3H, N-CH=C, 2 x H-1C,G), 5.73 (d, “Jph.cun = 11.79 Hz, 1H, CHPh), 5.48 (d,
2Joh-cur = 11.22 Hz, 1H, CHPh), 5.42 (d, *Jph.cun = 6.15 Hz, 1H, CHPh), 5.39 (d, “Jph.cun = 5.42 Hz,
1H, CHPh), 5.30 (d, *Jeh.ci = 12.69 Hz, 1H, CHPh), 5.21 (d, *Jpn.cin= 12.20 Hz, 1H, CHPh), 5.08
(d, Yea6o= 13.01 Hz, 1H, H-6aD), 5.01-4.90 (m, 6H, 6 x CHPh), 4.79 (bd, 1H, H-1D), 4.74-4.69
(m, 3H, H-3C, 2 x H-1E,F), 4.64-4.60 (m, 3H, 2 x H-1A,B, CHPh), 4.58-4.12 (m, 31H, 2 x H-
5D,B, 3 x H-3B,E,G, H-6bA, H-6aG, 24 x CHPh), 4.06-3.98 (m, 5H, 3 x H-3A,D,F, H-4C, CHPh),
3.92-3.52 (m, 16H, H-6bG, H-6aC, H-6aF, H-6bF, H-6bC, 2 x H-2C,G, 6 x H-4G,F,B,A,E,D, 3 x H-
5C,F,G), 3.44 (d, “Jea,60 =9.40 Hz, 1H, H-6aE), 3.39-3.26 (m, 8H, 5 x H-2A,B,D,E,F, H-5E, H-6bD,
H-6aA), 2.96 (d, 1H, H-6bE), 2.79-2.72 (m, 2H, 2 x H-6B) ppm.

3¢ NMR (CDCl3, 100 MHz): & 171.42 (C-Au), 140.52, 140.19, 140.08, 140.04, 139.62, 139.13,
139.06, 138.93, 138.90, 138.81, 138.79(2C), 138.63, 138.61, 138.52, 138.27, 138.21, 138.14,
137.76 (19 x C-At.quat.), 128.55-126.57 (m, 95 x C-Ar-tert.), 122.00, 120.85 (2 x N-CH=CH-N),
100.91, 99.52, 98.78, 98.12, 97.55, 97.24, 96.71 (7 x C-1A,B,C,D,E,F,G), 83.32 (C-4F), 82.42
(C-3A), 82.09, 81.99 (2 x C-4C,G), 81.29 (C-3D), 80.88 (C-4E), 80.43, 80.20, 80.15, 80.07,
80.00, 79.85, 79.28 (C-2A, 5 x C-3F,B,E,G,C, C-4B), 78.97, 78.74, 78.09, 77.82, 77.48, 77.36 (6
x C-2B,C,D,F,E,G), 76.94 (Ph-CH,), 76.67 (Ph-CH,), 76.42 (Ph-CH,), 76.29 (Ph-CH,), 74.49 (Ph-
CH,), 74.31 (Ph-CH,), 74.14 (C-4A), 73.77 (C-4D), 73.71, 73.56 (2C), 73.51, 73.46 (5 x Ph-CH,),
73.42(C-5C), 73.34, 73.31 (2 x Ph-CH,), 73.11 (C-5G), 72.99 ,72.96 ,72.90, 72.71 (2C), 72.40 (6
x Ph-CH,), 72.31 (C-5F), 71.46, 71.40, 71.35 (3 x H-5D,B,E), 70.59, 70.38 (2 x C-6C,F), 69.92
(C-5A), 69.85, 68.32, 67.74, 55.16, 53.20 (6 x C-6A,B,D,E,G) ppm.

HRMS(ESI) calculated for C17sH154AuCIN,NaOss" [M+Na]* 3132.2028, found 3132.2134.

183



Experimental part

S
C
D
E =
G
J I ;
81 75 70 65 60 55 50 45 40 35 3 25 20 15 10 05 00
f1 (ppm)
. 1
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Figure Exp 30: °C NMR of Compound 199, CDCl5, 151 MHz, 300K
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Experimental part

Bim-«a-CD-HCI (205)

A mixture of compound 184 (3.7 g, 1.44 mmol, leq.)

E BnO
B0 OB“O = D and benzimidazole (3.4 g, 28.8 mmol, 20eq.) was
;BB% OBn dissolved in anhydrous DMF under a N, atmosphere.
B0 o O op The reaction mixture was stirred at 120°C overnight,
n
. OBnQ\ K and followed by TLC. Then adding another 20equiv.
_/BnO enzimidazole (3.4g, 28.8 mmol) and the reaction was
NG ) C  benzimidazole (3.4g, 28.8 mmol) and th i
n
o) @ o OB" " going on for 12h. Then HCl solution (1 M) was added,
BRO OBn the aqueous layer was extracted with DCM 3 times. The
0,097 oBn . : )
Bno combined organic layers were dried over MgSO,
A OBn B

filtered, and concentrated under vacuum. Silica gel
chromatography of the residue (DCM/MeOH 95:5) afforded the perbenzylated
benzimidazolium compound 205 (2.5 mg, 68 %). This compound cannot be well defined due
to a rotation conformation, and broad signals were observed.

[a)p?®= +54.4° (CHCl3, c = 1)
R¢=0.21 (DCM/MeOH 95:5)

'H NMR (CDsCN, 400 MHz): 6 9.84 (s, 1H, N-CH-N), 7.40-6.88(m, 84H, 80 x H-Ar, 4 x H-BzIm),
5.73-2.80 (m, 74H, 6 x H-1, 6 x H-2, 6 x H-3, 6 x H-4, 6 x H-5, 12 x H-6, 32 xCHPh) ppm.

3¢ NMR (CD;CN, 100 MHz): 6 139.44 (2C), 139.24 (2C), 139.11 (2C), 138.94 (2C), 138.71
(2C), 138.37 (2C), 138.10 (2C), 138.07 (2C) (16xC-Ar-quat.), 132.45 (2 x N-C=C-N), 129.08-
127.14 (80 x C-Ar-tert.), 111.05 (4C, Ar-Bzlm), 98.30 (2 x C-1), 98.08 (2 x C-1), 97.55 (2 x C-1),
81.84 (2C), 81.57 (2C), 81.10 (2C), 81.03 (2C), 80.49 (2C), 80.42 (2C), 80.03 (2C), 79.42 (2C),
77.61 (2C), 77.09 (2C), 76.46 (2C), 75.74 (2C), 74.18 (2C), 74.00 (2C), 73.77 (2C), 73.70 (2C),
73.56 (2C), 73.20 (2C), 72.83 (2C), 72.24 (2C), 70.85 (2C), 70.41 (2C), 68.21 (2C) (6 x C-2, 6 x
C-3, 6 x C-4, 6 x C-5, 6 x C-6, 16 xPh-CH,) ppm.

HRMS (ESI) calculated for Ci55H155N2055" [M]* 2496.1074, found 2496.1039

185



Experimental part

3 0.0 45 9.0 a5 B0 75 Il 6.5 [A] a5 a0 45 40 35 30 25 20 1.5 1.4 0.5 il
1 (ppm:

Figure Exp 31: 'H NMR of Compound 205, CD3CN, 600 MHz, 300K
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Figure Exp 32: °C NMR of Compound 205, CD5CN, 151 MHz, 300K
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Experimental part

Bim-B-CD-HCI (206)

. In a round-bottom flask under nitrogen, 185 (2.8 g, 0.093
Oannoe% mmol) and benzimidazole (4.4 g, 0.04 mmol) were dissolved

F

O
oo OBno - in DMF (20 ml). The mixture was heated at 120 °C overnight

0 . .
G Bno (% Bro— 0 On 5 and the reaction followed by TLC. After cooling down to r.t.,
o7 o8 Q ogn  the solvent was evaporated and the residue dissolved in
BnO ® N

o N=/ o 20 ml of dichloromethane and washed with 20 ml of ag. HCI
Bno{ ?oﬁ’lom (AM).  The aqueous layer was extracted with
A (¢) OBn
o noO

2\\050 c dichloromethane (3x 20ml) and the combined organic

OB

"Bno 0Bn layers were dried over MgSO, and concentrated to dryness.
B The residue was purified on silica gel chromatography

(DCM/MeOH 100:1 then 100:5 then 100:10) to afford 206 (1.45 g, 53 %) as a white foam.
This compound cannot be well characterization due to broad signal in normal solvent.

[a]p?® = +56.3° (CHCl3, ¢ = 0.5)
R¢ = 0.35 (DCM/MeOH : 95:5)

'H NMR (CDsCN, 400MHz): & 7.65 (wd, 1H, H-Benzimidazole), 7.50 (d, %) = 8.4, 1H, H-
Benzimidazole), 7.38-6.81(m, 97H, 95 x H-Ar, 2 x H-Benzimidazole), 5.86 (ws, 2H, 2 x H-1),
5.43 (d, 1H, 2Jpn-cun=11.6Hz, CHPh), 5.34 (wd, 1H, Jpn.cun=11.5Hz, CHPh), 5.22-5.17 (m, 2H, 2
x CHPh), 5.09 (wd, 1H, 2Jpn.cuy=11.5Hz, CHPh), 5.00(s, 1H, H-1), 4.94-4.90 (m, 3H, H-1, CHPh,
H-6), 4.85-4.26 (m, 40H, 3 x H-1, 3 x H-6, 2 x H-5, 32 x CHPh), 4.15-3.42 (m, 29H, 6 x H-6, 5 x
H-5, 7 x H-4, 7 x H-3, 4 x H-2), 3.36 (dd, *J,3=9.9Hz, J;,=3.6Hz, 1H, H-2), 3.28 (dd,
3J,3=9.6Hz, *); ,=3.0Hz, 1H, H-2), 3.24 (dd, *),3=8.5Hz, *J; ,=2.5Hz, 1H, H-2), 2.79-2.72 (m, 2H,
2 x H-6), 2.41-2.34 (m, 2H, 2 x H-6);

3¢ NMR (CDsCN, 100MHz): & 140.74, 140.73, 140.40, 140.20, 139.81, 139.69, 139.67,
139.61, 139.57, 139.34, 139.31, 138.96, 138.91, 138.89, 138.86, 138.84, 138.77, 138.71(2C)
(19xC-At.quat.), 133.30, 133.02 (2xN-C=C-N benzimidazole), 129.42-127.86 (m, 95 x C-Ar-
tert.), 123.14 (2C), 115.39, 113.98. (4xC-benzimidazole), 100.47, 100.14, 99.16, 98.25, 97.38,
97.18, 96.92 (7xC-1), 83.01, 83.00, 82.28, 81.81, 81.79, 81.46, 81.40, 81.38, 81.31(2C), 81.21,
81.18(2C), 81.02, 80.97, 80.57, 80.54, 80.39(2C), 79.93, 78.90(7xC-2, 7xC-3, 7xC-4), 77.15,
77.12, 76.84, 76.52, 76.20, 75.28, 75.04, 74.98 (8 x Ph-CH,) , 74.16, 74.14 (2xC-5), 73.96,
73.90, 73.83, 73.80, 73.69, 73.60, 73.56, 73.50, 73.41, 73.28, 73.10(11 x Ph-CH,), 72.99,
72.53,72.52,71.97,71.19 (5xC-5), 70.88, 70.46, 70.21, 68.63, 68.02, 50.78, 49.35(7xC-6);

HRMS(ESI) calculated for Cig,H157N2033" [M]" 2928.3011, found 3928.3003, err. 0.3 ppm
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Experimental part

Figure Exp 33: 'H NMR of Compound 206, CD3CN, 400 MHz, 300K
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Figure Exp 34: Bc Dept NMR of Compound 206, CDsCN, 100 MHz, 300K

188



Experimental part

Bim-a-CD-AgCl (207)

A mixture of perbenzylated benzimidazolium 205
(45 mg, 18 umol) and silver(l) oxide (42 mg, 180 umol)
was dissolved in anhydrous CHsCN under a N,

atmosphere. The reaction mixture was stirred at r.t.
A? overnight. Then the silver oxide was filtered on a Celite

BnO O fe) OB

pad and the residue was washed with CHsCN, and the

solvents were evaporated. Silica gel chromatography of
BnO—\o Owom the residue (cyclohexane/ EtOAc 4:1) gave the silver

complex 207 (42 mg, 88 %).

[a]p?® = +39° (CHCl5, ¢ = 0.1)

R¢= 0.28 (CyH/AcOEt 4:1)

'H NMR (CDCls, 600 MHz): & 7.48-7.10 (m, 74H, 70 x H-Ar, 4H-BzIm), 6.98 (t, *Jom = Jmp =
7.74 Hz, 4H, 4 x H-Ar), 6.86 (m, 6H, 6 x H-Ar), 6.02 (t, *Js5= *J55= 10.6 Hz, 2H, 2 x H-5A, D),
5.92 (d, *1,=3.76 Hz, 2H, 2 x H-1C, F), 5.80 (d, “Jph.cuni = 10.84 Hz, 2H, 2 x CHPh), 5.53 (d,
2Joh-cun = 10,70 Hz, 2H, 2 x CHPh), 5.29 (d, *Jpn.cin = 11.42 Hz, 2H, 2 x CHPh), 5.26 (d, “Jeh.cih =
11.16Hz, 2H, 2 x CHPh), 5.19 (dd, /23 = 7.90, *J34 = 8.04, 2H, 2xH-3C,F), 5.00 (d, *Jpn.chn =
11.33 Hz, 2H, 2 x CHPh), 4.81 (d, “Jeh.cun= 10.90Hz, 2H, 2 x CHPh), 4.77 (d, *Jeaeo= 13.96 Hz,
2H, 2 x H-6aA,D), 4.73 (m, 4H, 2 x H-1B,E, 2 x CHPh), 4.72-4.66 (m, 6H, 6 x CHPh), 4.64 (d,
*J12=3.01 Hz, 2H, 2 x H-1A,D), 4.53 (d, “Jeh.cun = 12.02 Hz, 2H, 2 x CHPh), 4.48 (d, *Jpn.chn =
11.81 Hz, 2H, 2 x CHPh), 4.43-4.40 (m, 4H, 2 x H-3B,E, 2 x CHPh), 4.36 (dd, >/, 3= 7.26 Hz, *J54
= 7.76 Hz, 2H, 2 x H-3A,D), 4.30(d, *Jpn.chn= 12.83 Hz, 2H, 2 x CHPh), 4.24 (dd, *Jes 6o = 10.25
Hz, *Js b = 3.65 Hz, 2H, 2 x H-6bA,D), 4.11-4.04 (m, 6H, 4 x H-5B,E,C,F, 2 x H-6aC,F), 3.97 (t,
*J3.4=2J45=8.59 Hz, 2H, 2 x H-4C,F), 3.89-3.85 (m, 4H, 2 x H-4A,D, 2 x H-6bC,F), 3.79-3.76 (m,
4H, 2 x H-4B,E, 2 x H-2C,F), 3.61 (d, “Jph.cun= 12.18 Hz, 2H, 2 x CHPh), 3.52 (dd, */;,,=3.40 Hz,
*Jo3=9.74 Hz, 2H, 2 x H-2B,E), 3.49 (d, “Jph.cun = 11.97 Hz, 2H, 2 x CHPh), 3.45 (dd, >/, , = 3.05
Hz, *J,3= 9.90 Hz, 2H, 2 x H-2A,D), 2.89 (dd, *Jeaep = 10.67 Hz, *Jsg, = 3.77 Hz, 2H, 2 x H-
6aB,E), 2.65 (d, *Jea e = 10.04 Hz, 2H, 2 x H-6bB,E) ppm.

3¢ NMR (CDCls, 151 MHz): & 185.40 (C-Ag), 140.25 (2C), 139.91 (2C), 139.54 (2C), 139.05
(2C), 139.02 (2C), 138.78 (2C), 138.22 (2C), 137.81 (2C) (16 x C-Ar-quat.), 134.61 (2 x N-C=C-
N, Joag = 7.0), 128.75-126.74 (80 x C-Ar-tert.), 124.45, 111.06 (4C, Ar-BzIm), 98.71 (2 x C-
1C,F), 98.25 (2 x C-1A,D), 97.94 (2 x C-1B,E), 82.63 (2 x C-4C,F), 81.58 (4C) (2 x C-3A,D, 2 x C-
4B,E), 80.31 (2 x C-3B,E), 80.15 (2 x C-2A,D), 79.74 (2 x C-3C,F), 79.16 (2 x C-2B,E), 77.03,
76.96 (2 x C-4A,D, 2 x C-2C,F), 76.65 (2 x Ph-CH,), 76.43 (2 x Ph-CH,), 74.23 (2 x Ph-CH,),
73.73 (2 x C-5C,F), 73.33 (2 x Ph-CH,), 73.24 (2 x Ph-CH,), 72.86 (2 x Ph-CH,), 72.57 (2 x Ph-
CH,), 72.20 (2 x Ph-CH,), 71.69 (2 x C-5B,E), 71.15 (2 x C-6C,F), 70.97 (2 x C-5A,D), 67.80 (2 x
C-6B,E), 49.98 (2 x C-6A,D) ppm.

HRMS(ESI) calculated for C155H158AgC|N2N320282+ [M+Na]2+ 1341.4763, found 1341.4811.
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Figure Exp 36: °C NMR of Compound 207, CDCls, 151 MHz, 300K
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Experimental part

Bim-3-CD-AgCl (208)

A mixture of compound 206 (1 g, 0.34mmol, 1 eqg.) and

oen™"2 : silver(l) oxide (1.2 g, 5.06 mol, 15 eq) was dissolved in
BnO°Zo O%B” anhydrous CHsCN under a N, atmosphere. The reaction
BnO

G Bno (2 BnO— 0 810 mixture was stirred at r.t. overnight. Then the silver oxide
D
@/SAOB” 2 op, WS filtered on a celite pad and the residue was washed
n
Bno %o N g with CH3CN, and the solvents were evaporated. Silica gel
BO ARy 4 osn  chromatography of the residue (cyclohexane/ EtOAc: 4:1)
A o< I gave 208 as a white foam (711 mg, 69%).
OBn %2/
BnO OBn

5 [a]p?®= 56.9° (CHCls, c=0.5)

F

R¢= 0.28 (CyH/AcOEt 4:1)

'H NMR (CDCls, 600MHz): § 7.50-6.65 (m, 99H, 95xH-Ar, 4H-Benzimidazole), 5.96 (d, 1H, */; ,
= 3.71 Hz, H-1G), 5.93 (d, 1H, *J1,=3.46Hz, H-1C), 5.78 (d, 1H, “pncn=11.16Hz, CHPh),
5.64(m, 1H, H-5A), 5.45-5.41(m, 3H, 3 x CHPh), 5.36(d, 1H, “Jpn.cun =11.24Hz, CHPh), 5.23(d,
1H, *Johcun =11.81Hz, CHPh), 5.10(d, 1H, *Je, 6p=13.43Hz, H-6aD), 5.04-4.92(m, 6H, 6 x CHPh),
4.87(d, 1H, %J1,=3.20Hz, H-1D), 4.74(m, 1H, H-5D), 4.68-4.65(m, 3H, H-1F, H-3C, H-6bA),
4.60-4.58(m, 3H, 2xH-1B,E, CHPh), 4.53-4.36(m, 14H, H-1A, H-3B, 12 x CHPh), 4.31-4.29 (m,
3H, H-3G, 2 x CHPh), 4.25-4.04 (m, 14H, 4xH-3E,F,A,D, H-6aA, H-6bD, H-6aG, 7 x CHPh), 3.97-
3.90 (m, 4H, 2 x H-5B,C H-4C, H-6bG), 3.85-3.54(m, 16H, 6 x H-4A,B,D,E,F,G, 2 x H-2C,G, 2 x
H-5F,G, H-6aC, H-6bC, H-baF, 3xCHPh), 3.48 (dd, 1H, “Je,6p=11.31Hz, *J56,=5.03Hz, H-6bF),
3.43 (dd, 1H, */,3=10.05Hz, */;,=4.39Hz, H-2D), 3.36-3.31(m, 2H, 2xH-2B,F), 3.26-3.22 (m,
3H, 2xH-2A,E, CHPh), 3.09(bd, 1H, 3/;5=9.45, H-5E), 2.73(d, 1H, *Je,ep =10.80Hz, H-6aE),
2.59(d, 1H, “Jea 60 =10.80Hz, H-6aB), 2.26(m, 2H, H-6bB, H-6bE)

3¢ NMR (CDCl;, 100MHz): & 140.47, 140.10(2C), 139.99, 139.62, 139.09, 139.00,
138.94,138.91, 138.80, 138.70, 138.68, 138.63, 138.58, 138.52, 138.23, 138.10, 138.06,
137.34(19xC-At.quat.), 128.53-126.52 (m, 95xC-Ar-tert.), 135.14, 134.34 (2xN-C=C-N
benzimidazole), 128.53-126.52 (m, 95xC-Ar-tert.), 124.34, 124.28, 112.32, 111.04 (4xC-
benzimidazole), 100.73, 99.78, 98.60, 98.27, 97.54, 97.04, 96.93(7xC-1A,B,C,D,E,F,G), 83.10
(C-4F), 82.36 (C-4G), 82.18, 82.12 (C-4C, C-3A), 81.39 (C-3D), 80.72(C-4E), 80.52 (C-2A),
80.30, 80.19, 80.14(2C) (C-2D, C-4B, 2xC-3B,F), 79.99 (C-3G), 79.88(C-3E), 79.65(C-3C), 78.92,
78.57, 78.16, 77.87, 77.37 (5xH-2G,B,C,E,F), 77.00, 76.89, 76.48, 76.34 (2C) (5xPh-CH,),
74.58 (C-4A), 74.47, 74.30 (2xPh-CH,), 73.91 (C-4D), 73.79 (Ph-CH,) , 73.66 (C-5G), 73.44(C-
5C), 73.33, 73.42 ( 2xPh-CH,), 73.26, 73.09, 73.06, 72.75, 72.72, 72.68 (6xPh-CH,), 72.62 (C-
5D), 72.61, 72.58 (2xPh-CH,), 72.23 (Ph-CH,), 72.14 (C-5F), 71.66 (2 x C-5E,B), 71.19 (C-5A),
70.97 (C-6C), 70.37 (C-6G), 69.70 (C-6F), 67.51 (C-6B), 67.30 (C-6E), 67.17 (C-6D), 49.03 (C-
6A); C-Ag can not be observed.

HRMS(ESI) calculated for Cig:H156AgN>033" [M]" 3034.1983, found 3034.2087, err. -3.4ppm
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Figure Exp 37: 'H NMR of Compound 208, CDClz, 600MHz, 300K
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Figure Exp 38: °C NMR of Compound 208, CDCls, 151 MHz, 300K
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Experimental part

Bim-«a-CD-AuCl (209)

In a flame-dried two-neck flask under argon, a mixture
BnO o of 205 (100 mg, 39.5 pumol, 1 equiv.),

Lxoen chloro(dimethylsulfide) gold(l) (90 mg, 395 mmol, 10

equiv.) and potassium carbonate (55 mg, 395 mmol, 10

equiv.) was dissolved in in 2ml of acetonitrile

N%Aug‘o OBn previously degassed by three “freeze-pump-thaw”

cycles. The reaction mixture was stirred at 50°C

BnO—\ o O@\i overnight. Then the chloro(dimethylsulfide) gold(l) was

filtered on a celite pad and the residue was washed

with CH3CN, and the solvents were evaporated. Silica
gel chromatography of the residue (cyclohexane/ EtOAc: 5:1) gave the complex 209 as a
white foam (30 mg, 28%).

A

[a]p?°= 56.6° (CHCls, c=1.0)
R¢=0.28 (CyH/ACOEt 4:1)

'H NMR (CDCls, 600MHz): § 7.32-6.97 (m, 74H, 70 x H-Ar, 4H-Bzim), 6.84 (t, /= 7.55 Hz, 4H,
4 x H-Ar), 6.73 (m, 6H, 6 x H-Ar), 6.65 (t, /s 5= *J56= 10.4 Hz, 2H, 2 x H-5A, D), 5.78 (d, *J1, =
3.7 Hz, 2H, 2 x H-1C, F), 5.66 (d, *Jpn.cun= 10.8 Hz, 2H, 2 x CHPh), 5.30 (d, *Jpn.chn = 10,6 Hz,
2H, 2 x CHPh), 5.17 (d, *Jeh.cis = 11.2 Hz, 2H, 2 x CHPh), 5.15 (d, *Jpn.cun =11.2 Hz, 2H, 2 x
CHPh), 5.09 (dd, /3= 7.6,%J34= 8.3, 2H, 2xH-3C,F), 4.87 (d, “Jpn.cun = 11.5 Hz, 2H, 2 x CHPh),
4.68 (d, Yen.cun= 10.8Hz, 2H, 2 x CHPh), 4.63-4.53 (m, 14H, 2 x H-6aA,D, 2 x H-1B,E, 2 x H-
1A,D, 8 x CHPh), 4.42-4.19 (m, 14H, 8 x CHPh, 2 x H-3B,E, 2 x H-3A,D, 2 x H-5B,E), 4.06-4.01
(m, 4H, 2 x H-5C,F, 2 x H-6aA,D), 3.92 (d, 2H, 2 x H-6bC,F), 3.86 (t, *J54= *J45=7.8 Hz, 2H, 2 x
H-4C,F), 3.78-3.75 (m, 4H, 2 x H-4A,D, 2 x H-6aC,F), 3.67-3.64(m, 4H, 2 x H-4B,E, 2 x H-2C,F,),
3.45 (d, *Jpn.cun= 11.9 Hz, 2H, 2 x CHPh), 3.40 (dd, */1,,=3.7 Hz, *J53= 9.6 Hz, 2H, 2 x H-2B,E),
3.37 (d, “Jeh.cun = 12.4 Hz, 2H, 2 x CHPh), 3.34 (dd, *J1,=2.9 Hz, *J,3= 9.8 Hz, 2H, 2 x H-2A,D),
2.92 (dd, *Jeaep = 10.5 Hz, *Js,6, = 3.8 Hz, 2H, 2 x H-6aB,E), 2.54 (wd, 2H, 2 x H-6bB,E) ppm.

3¢ NMR (CDCl5, 151MHz): § 177.97 (C-Au), 140.11 (2C), 139.89 (2C), 139.54 (2C), 139.16
(2C), 139.05 (2C), 138.80 (2C), 138.28 (2C), 137.86 (2C) (16 x C-Ar-quat.), 134.01 (2 x N-C=C-
N), 128.78-126.70 (80 x C-Ar-tert.), 124.62, 110.98 (4C, Ar-BzIm), 98.59 (2 x C-1C,F), 98.28 (2
x C-1A,D), 97.82 (2 x C-1B,E), 82.57 (2 x C-4C,F), 81.91(2 x C-3A,D), 81.68(2 x C-4B,E), 80.45
(2 x C-3B,E), 80.26 (2 x C-2A,D), 79.66 (2 x C-3C,F), 79.19 (2 x C-2B,E), 77.36, 77.13 (2 x C-
4A,D, 2 x C-2C,F), 76.68 (2 x Ph-CH,), 75.47 (2 x Ph-CH,), 74.30 (2 x Ph-CH,), 73.69 (2 x C-
5C,F), 73.30 (2 x Ph-CH,), 73.23 (2 x Ph-CH,), 72.69 (2 x Ph-CH,), 72.56 (2 x Ph-CH,), 72.18 (2
x Ph-CH,), 71.35 (2 x C-5B,E), 71.11 (2 x C-6C,F), 70.10 (2 x C-5A,D), 67.91 (2 x C-6B,E), 49.75
(2 x C-6A,D) ppm.

HRMS(ESI) calculated for Ci55H155AUCIN,O,5" [M+Na]* 2750.0247, found 2750.0270, err. -0.8
ppm
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Figure Exp 39: "H NMR of compound 209, CDCl;, 600MHz, 300K
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Figure Exp 40: °C NMR of compound 209, CDCl;, 151 MHz, 300K
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Experimental part

Bim-3-CD-AucCl (210)
In a flame-dried two-neck flask under argon, a mixture of

- N 206 (300 mg, 0.102 mmol, 1 equiv.), chloro(dimethylsulfide)
Bno Lo O%B” gold(l) (181 mg, 0.615 mmol, 6 equiv.) and potassium

G Bno (' BnO~ 0 B0 5 carbonate (170 mg, 1.23 mmol, 12 equiv.)was dissolved in in
%SAOB” Q e oBn 5ml of acetonitrile previously degassed by three "freeze-
N

o N—( s pump-thaw” cycles. The reaction mixture was stirred at 50°C
Bno{ AuCI(lfﬁ‘ﬁ/OBn overnight. Then the chloro(dimethylsulfide) gold(l) was
A °Co
nO

\ZO\TZ/O c filtered on a celite pad and the residue was washed with
B0 OBn CH3CN, and the solvents were evaporated. Silica gel
B chromatography of the residue (cyclohexane/ EtOAc: 5:1 )

gave the complex 210 as a white foam.(190 mg, 58%).
[a]5>°=77.5° (CHCl3, c=1.0)

R¢= 0.31 (CyH/AcOEt 4:1)

'H NMR (CDCl3, 600MHz): & 7.47-6.98(m, 95H, 92 x H-Ar, 3H-Benzimidazole), 6.87 (t,
*Jom="m »=7.17Hz, 1H, H-Ar), 6.79 (d, *J=7.89Hz, 1H, H- Benzimidazole), 6.68 (d, J=7.89Hz,
2H, 2xH-Ar), 6.12 (dt, *J;5="J56=9.94, 1H, H-5A), 5.96 (d, *J1, = 3.55Hz, 1H, H-1G), 5.91 (d,
*J1,,= 3.80Hz, 1H, H-1C), 5.71 (d, Ypn.chn = 11.20 Hz, 1H, CHPh) 5.46-5.33 (m, 4H, 3 x CHPh, H-
6bD), 5.16 (d, Zph.cun= 12.05 Hz, 1H, CHPh), 5.04 (d, Jph.cun= 10.30 Hz, 1H, CHPh), 4.99-4.93
(m, 4H, 4 x CHPh), 4.87-4.83 (m, 3H, H-1D, H-5D, CHPh), 4.76-4.71 (m, 3H, H-1F, H-3C, H-
6bA), 4.62-3.92 (m, 42H, 3 x H-1B,E,A, 6 x H-3A,B,D,E,F,G, 2 x H-5C, B, H-4C, H-6aG, H-6bG,
H-6aA, H-6aD, 26 x CHPh), 3.85-3.56 (m, 12H, 5 x H-4G,A,D,E,B, 2 xH-5F, G, 2 x H-2C,G, H-
6aC,H-6bC, H-6aF), 3.51 (t, /34 = 8.44 Hz */; 5= 9.50 Hz, 1H, H-4F), 3.44-3.42 (m, 2H, H-2D, H-
6bF), 3.36-3.34 (m, 2H, 2 x H-B,F), 3.25-3.21(m, 3H, 2 x H-A,E, CHPh), 3.07 (d, /,5=10.02, 1H,
H-5E), 2.82 (d, Jeago = 10.05 Hz, 1H, H-6aE), 2.56 (d, *Jeaep = 11.11 Hz, 1H, H-6aB), 2.25 (d,
?Jeasb = 10.02 Hz, 1H, H-6bB), 2.21 (d, *Jea6p = 11.66 Hz, 1H, H-6bE);

13 NMR (CDCI3, 151MHz): 6 179.87 (C-Au), 140.38, 140.19, 140.30, 139.92, 139.68, 139.04,
139.02, 138.90, 138.87, 138.83, 138.79, 138.76, 138.66, 138.58, 138.56, 138.30, 138.12,
138.09, 137.43 (19xC-At.quat.), 134.45, 133.85 (2xN-C=C-N benzimidazole), 128.54-
126.54(m, 95xC-Ar-tert.), 124.55, 124.45, 112.27, 111.08 (4xC-benzimidazole), 100.75,
99.49, 98.74, 98.10, 97.53, 97.02, 96.64(7xC-1A,B,C,D,E,F,G), 83.20(C-4F), 82.37, 82.31(C-3A,
C-4G), 82.08(C-4C), 81.40 (C-3D), 80.87(C-4E), 80.55(C-2E), 80.26(2C), 80.11 (3xC-3F, B, G),
80.04(C-4B), 79.94(C-2D), 79.78(C-3E), 79.50(C-3C), 78.97(C-2F), 78.62(C-2B), 78.28(C-2A),
77.81(C-2C), 77.63(C-2G), 76.99, 76.78, 76.61, 76.50, 76.29, 74.59, 74.36(7xPh-CH,), 74.30(C-
4A), 73.83(C-5C), 73.58(Ph-CH,), 73.56(C-4D), 73.54(Ph-CH,), 73.40(Ph-CH,), 73.35(C-5G),
73.06(2C), 72.92, 72.75, 72.61(2C), 72.51(2C), 72.33(9%Ph-CH;), 72.08, 72.06(2xC-5D,F),
71.61(C-5E), 71.24 (C-5B), 70.96(C-6C), 70.55(C-5A), 70.25(C-6G), 69.90(C-6F), 67.66(C-6B),
67.29(C-6E), 52.37(C-6D), 48.83(C-6A);

HRMS(ESI) calculated for CigoH1g6AUCIN,Os33" [M+Na]® 3182.2184, found 3182.2046, err.
4.4ppm
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Figure Exp 41: "H NMR of compound 210, CDCl;, 600MHz, 300K
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Figure Exp 42: °C NMR of compound 210, CDCl;, 151 MHz, 300K
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Experimental part

6A-0-tert-Butyldimethylsilyl-24-F,3A-F 6B,6¢,6E,6F-Hexadeca-0-benzyl-o.-

cyclodextrin (214)

BnO (@]
n m O§o|3n
/{gﬁ B

OTBS
B“O%owom

A solution of 169 (2 g, 0.83 mmol), imidazole (113 mg,
1.66 mmol), and TBDMSCI (150 mg, 0.99 mmol) in
anhydrous DMF (20 ml) was stirred under a N,
atmosphere at room temperature for 48 h. The reaction
mixture was diluted with EtOAc and the organic phase
was washed several times with water, dried (MgSQ,),
filtered, and the organic solvent was removed in vacuo.
The residue was purified by chromatography
(cyclohexane/ EtOAc: 4:1) to afford compound 214 (955
mg, 46%) as white foams.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.™

194

F. Ortega-Caballero, M. Bols, Can. J. Chem. 2006, 84, 650-658;
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Experimental part

6A-0-tert-Butyldimethylsilyl-6P-azido-2A-F,34°F,6B,6C,6E,6F-Hexadeca-O-

benzyl-a-cyclodextrin (215)

BnO mo &OB“
T L

O <OTBS

BnO
" %owosn

A oBnBMO g

To a solution of compound 214 (2.06 g, 0.794 mmol,
lequiv.) in pyridine (23 ml), DMAP(290.8 mg, 2.38
mmol, 3equiv.) was added at R.T under nitrogen. Mesyl
chloride (246 pul, 3.18 mmol, 4equiv.) was added at 0°C.
A white precipitate was formed and was solubilized
after stirring for 3h at R.T. Then, pyridine was
evaporated under vacuum and the residue was
dissolved in DCM. Water was added and the layers were
separated. The solvents were evaporated and the
residue was dissolved in anhydrous DMF (20 ml).

Sodium azide (722 mg, 11.11 mmol, 14 equiv.) was added and the reaction mixture was
heated at 70 °C overnight. Then, the solvent was evaporated and the residue was dissolved
in DCM. Water was added and the layers were separated. The aqueous layer was extracted
three times with DCM and was dried over MgSQ,. The solvents were evaporated and the oil
obtained was purified by silica gel chromatography (cyclohexane/ EtOAc: 4:1) to afford the
compound 215 as a white foam (1.4 g, 68%).

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'

195

C. Hocquelet, C. K. Jankowski, Synlett, 2008, 715-719;
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Experimental part

6A-Hydroxy-6P-azido-2AF,3A-F,68,6C,6F,6F-Hexadeca-0-benzyl-a.-
cyclodextrin (216)
To a solution of compound 215 (228 mg, 76.3 mmol, 1
BnO mo o\_oBn equiv) in THF (14 ml), TBAF (152 ml, 2 equiv.) was added
and the mixture was stirred for 5 h at r.t., then diluted
in CH,Cl, and processed as described above. After
removal of the solvent, the crude product was purified
by chromatography on a silica gel column, eluting with

cyclohexane/EtOAc (6:1 then 4:1) to give compound
BrO0 OwOBn 216 as a white foam (90%).

The structure of the product was confirmed by
comparison of the NMR spectra with the literature.'®
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Experimental part

6A-0-propargyl-6P-azido-2A-F,3A-F,68,6¢,6F,6F-Hexadeca-0-benzyl-a -
cyclodextrin (217)

To a solution of compound 216 (1.14 g, 0.468 mmol, 1

B

- E OB“OnO D equiv.) in anhydrous DMF (15 ml) under nitrogen, NaH
" m Q\-oBn (60% in oil, 94 mg, 2.34 mmol, 5equiv.) was added in
80 o BmO o small portions. The reaction mixture was stirred for 1h,
. A OBn d OB then propargyl bromide (80% in toluene, 270 uL, 2.34
o % //ﬁ BnO c mmol, 5equiv.) was added dropwise at R.T. The reaction
"0 S04 5 OBn  mixture was stirred at R.T overnight in the dark. The
BRO %‘Qi solvent was evaporated and the residue was dissolved
O 0 OBn in EtOAc. Water was added and the layers were

A oBnPB"O -
B separated. The aqueous layer was extracted with EtOAc

3 times and the combined organic layers were washed with brine, dried over MgS0,, filtered
and evaporated. The residue was purified by silica gel chromatography (CyH:EtOAc = 3:1) to
afford the compound 217 (944 mg, 82%) as a white foam.

[a]p?®= 34.2° (CHCl3, c=0.5)
R¢= 0.6 (CyH/ACOEt 3:1)

'H NMR (CDCls, 400MHz): & 7.33-7.10 (m, 80H, 80 x H-Ar), 5.24-5.04 (m, 7H, 3 x H-1, 4 x
CHPh), 5.01-5.00 (m, 2H, 1 x CHPh, 1 x H-1), 4.98 (d, %J12 = 3.3Hz, 1H, H-1), 4.95 (d, *J1, =
3.3Hz, 1H, H-1), 4.89-4.81 (m, 11H, 11 x CHPh), 4.59-4.30 (m, 16H, 16 x CHPh), 4.16-3.39 (m,
32H, 12 x H-6, 6 x H-3, 6 x H-4, 6 x H-5, 2 x 0-CH,-CCH), 2.24 (t, *J= 2.1Hz, 1H, O-CH,-CCH)

3¢ NMR (CDCl;, 100MHz): 6139.49, 139.44, 139.41, 139.39, 139.38, 139.27, 138.66, 138.63,
138.43, 138.40(2C), 138.24, 138.17, 138.15, 138.05, 138.02 (16 x C-Ar-quat.), 128.51-126.68
(80 x C-Ar-tert.), 98.90, 98.81, 98.78, 98.71, 98.63, 98.01(6 x C-1), 81.42, 81.27, 81.19, 81.08,
80.98, 80.94, 80.90, 80.81, 80.73, 80.58, 79.89, 79.80, 79.66, 79.32, 79.19, 78.22, 78.14,
76.90, 76.38 (19C, 6 x C-2, 6 x C-3, 6 x C-4, O-CH,-CCH), 76.33, 76.30, 76.06, 75.94, 74.59,
74.51 (6 x CHPh), 74.42 (0-CH,-CCH), 73.57 (3C), 73.50 (2C), 73.32, 73.11 (2C), 72.60, 72.53
(10 x CHPh), 71.98 (2C), 71.90 (2C), 71.71, 70.62 (6 x C-5), 69.69, 69.64, 69.51, 69.22, 62.27
(5 x C-6), 58.52 (0-CH,-CCH), 52.19 (C-6).

HRMS(ESI) calcd. [C151H157N3020 + Na 1" : 2499.0795, found 2499.0834 err. -1.6 ppm

200



Experimental part
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Figure Exp 43: "H NMR of compound 217, CDCl;, 400MHz, 300K
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Figure Exp 44: >C NMR of Compound 217, CDCl;, 100MHz, 300K
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Experimental part

6A-0-6P-triazo-2AF,3AF 68,6C,6E,6F-Hexadeca-0-benzyl-a-cyclodextrin
(218)

N,N-Diisopropylethylamine (340 ul, 1.64 mmol, 4
Bnomo/eo}&\om equiv.), Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)  methyl
amine (87 mg, 0.164 mmol, 0.4 equiv.), and Tetrakis
(acetonitrile) copper(l) hexafluorophosphate (61 mg,
H\/ 0.164 mmol, 0.4 equiv.) were added to a solution of 217
BnO (1 g, 0.41 mmol, 1 equiv.) in anhydrous DMF (8 ml) at
R.T under Ar in a microwave vial. The reaction mixture
BnO =\ g OwOBn was heated at 100°C under microwaves for 1h. Then the
solvent was evaporated and the residue was purified by
silica gel chromatography (CyH: EtOAc = 4:1) to give the
compound 218 as a white foam (725 mg, 72.5%).

BnO

A

[a]p?®= 43.5° (CHCl3, c=0.5)
R¢= 0.33 (CyH/AcOEt 3:1)

'H NMR (CDCl3, 600MHz): 6 7.39-6.91 (m, 81H, 80 x H-Ar, H-triazole), 5.53-5.51 (m, 2H, 2 x
CHPh), 5.34 (d, “Jeh.cuv = 11.1 Hz, 1H, CHPh), 5.31(d, *J1,, = 3.5Hz, 1H, H-1F), 5.25-5.24 (m, 2H,
CHPh, H-1C), 5.06-5.03 (m, 2H, 2 x CHPh), 4.92-4.86 (m, 6H, 5 x CHPh, H-6bD), 4.81(d, “Jph-ciH
= 10.6 Hz, 1H, CHPh), 4.76-4.75(m, 2H, 2 xH-1A,D), 4.72(d, “Jeh.cun = 12.0 Hz, 1H, CHPh), 4.66-
4.65(m, 2H, CHPh, H-1B), 4.61(d, *J1,= 3.1Hz, 1H, H-1E), 4.55(d, %J= 12.0 Hz, 1H, 1 x O-CH,-
C=C), 4.50-4.10 (m, 26H, 18 x CHPh, 1 x O-CH,-C=C, 2 x H-5A,D, 3 x H-3C,F,B, H-6aD, H-6aB),
4.04-3.91(m, 7H, 3 x H-3A,D,E, 2 x H-5B,C, H-6aA, H-6bC), 3.85-3.78(m, 6H, 3 x H-4E,F,B, H-
5F, H-6aF, H-6bF), 3.72-3.68(m, 2H, H-4C, H-6aC), 3.55-3.31(m, 11H, 6 xH-2A,B,C,D,E,F, 2 x H-
4A,D, H-5E, H-6bA, H-6bB), 2.91(wd, % =10.9, 1H, H-6aE), 2.81(dd, *Jea6p= 11.7 Hz, *Js 6p= 3.5
Hz, 1H, H-6bE)

3¢ NMR (CDCl5, 151MHz): & 148.27 (CH=C-N), 139.88, 139.71, 139.58, 139.53, 139.49,
139.45, 138.83, 138.79, 138.54, 138.47, 138.25, 138.12, 138.00, 137.85, 137.68(2C) (16 x C-
Ar-quat.), 128.59-126.15 (80 x C-Ar-tert.), 119.66 (CH=C-N), 101.18, 100.93, 100.66, 100.56,
98.56(2C) (6xC-1A,B,C,D,E,F), 83.58(C-4C), 82.58 (C-4F), 82.64 (C-4D), 81.99 (C-4B), 81.66 (C-
4E), 81.30, 80.97, 80.87(2C), 80.56(2C), 80.35 (6 x C-3A,B,C,D,E,F, C-4A), 80.01(C-2A),
79.32(C-2D), 78.76(C-2E), 78.41(C-2B), 78.01(C-2F), 77.36(C-2C), 76.76, 76.74, 76.27, 76.20,
74.45, 74.13, 73.53, 73.41, 73.38, 73.34(10x Ph-CH,), 73.23(C-6A), 73.19, 73.06, 72.98,
72.88(4x Ph-CH,), 72.87 (C-5C), 72.73 (C-5D), 72.57 (C-5A), 72.20 (Ph-CH,), 72.01 (C-5F),
71.88(C-5B), 71.82 (CHPh), 71.73(C-5E), 69.96 (C-6C), 69.43 (C-6F), 68.54(C-6B), 67.76 (C-6E),
65.83(CH,-0-C), 52.51(C-6D)ppm.

HRMS(ESI) calcd. [C151H157N3020 + Na 1" : 2499.0795, found 2499.0890 err. -3.8 ppm
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Experimental part

W

Figure Exp 45: "4 NMR of Compound 218, CDClz, 600MHz, 300K
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Figure Exp 46: °C NMR of Compound 218, CDCl;, 151MHz, 300K
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Experimental part

6A-0-6P-methyl-triazolium-2A-F,3A-F 6B,6¢,6E,6F-Hexadeca-0-benzyl-a.-
cyclodextrin (219)

Compound 218 (100 mg, 0.04 mmol) was added in

BnO MO 0\_ogn lodomethane (3 ml) at 50°C under N, overnight. Then
the solvent was evaporated and the residue was
purified by silica gel chromatography (DCM: MeOH=

r\\/ 95:5) to give the compound as a yellow foam (100 mg,
BnO
Bn quat.).

BnO=\o O@QiOBn [ap?’= 41.2° (CHCl3, c=1)

R¢= 0.35 (DCM: MeOH= 95:5)

'H NMR (CDCls3, 600MHz): 6 7.53 (s, 1H, H-triazolum), 7.36-6.92 (m, 80H, 80 x H-Ar), 5.44-
5.31 (m, 5H, 3 x CHPh, H-6aD, H-1F), 5.17 (d, *Jph.cun= 10.3 Hz, 1H, CHPh), 5.09-5.07 (m, 2H,
H-1F, 1 x OCH,-N), 4.98-4.95 (m, 3H, 3 x CHPh), 4.86-4.76 (m, 6H, 5 x CHPh, H-1A), 4.69 (s,
?J12= 3.7Hz, 1H, H-1B), 4.67 (d, Yeh.cun = 11.7 Hz, 1H, CHPh), 4.62-4.60 (m, 3H, 2 x H-1D,E,
OCH,-N), 4.58-4.51 (m, 6H, 6 x CHPh), 4.45-4.43 (m, 2H, 2 x CHPh), 4.39-4.28 (m, 9H, H-6aB,
H-6bC, 7 x CHPh), 4.21-3.94 (m, 14H, H-6bD, H-6aF, H-6bA, 2 x CHPh, 2 x H-5A,D, 6 x H-
3C,F,E,D,A,B, H-4B), 3.85(m, 1H, H-5C), 3.81-3.80 (m, 4H, H-5B, 3 x CH3), 3.74-3.64 (m, 5H, H-
6aA, H-6bF, 2 x H-4E,F, H-5F), 3.57-3.41 (m, 9H, H-6bB, H-6aC, 4 x H-2C,F,A,B, 3 x H-4A,D,C),
3.36 (dd, *J12=2.4 Hz, *J53= 3.2 Hz, 1H, H-2D), 3.27 (dd, *J12=3.5 Hz, *J,3= 3.1 Hz, 1H, H-2E),
3.16 (wd, % =9.8, 1H, H-5E), 2.84 (wd, °J =10.6, 1H, H-6aE), 2.59 (dd, *Jeago= 11.1 Hz, *J56p =
2.6 Hz, 1H, H-6bE);

3¢ NMR (CDCl5, 151MHz): & 144.37 (CH=C-N), 139.69, 139.37, 139.33, 139.22, 139.19,
139.15, 138.61, 138.58, 138.29, 138.10, 137.93, 137.77, 137.73, 137.66, 137.54, 136.81 (16 x
C-Ar-quat.), 128.84-126.06 (80 x C-Ar-tert.), 125.66 (CH=C-N), 101.86, 101.23, 100.48,
100.29, 99.01, 97.96 (6xC-1A,B,C,D,E,F), 83.68, 83.12, 82.92,81.68 (4xC-4D,F,E,C), 81.23(C-
4B), 81.03(C-3A), 80.74(C-3B), 80.47 (C-3F), 80.41 (C-4A), 80.03 (C-3E), 79.96 (C-2A), 79.73
(2C)( 2xC-3C,D), 78.88(C-2D), 78.63(C-2E), 78.01(C-2B), 77.87 (C-2C), 75.66 (Ph-CH,), 75.60
(C-2F), 75.55, 75.11, 75.94, 75.19, 75.14, 74.02 (2C)( 7x Ph-CH,), 73.91 (C-6F), 73.47 (C-5C),
73.46, 73.43, 73.32, 73.20, 72.99, 72.77 (6x Ph-CH,), 72.70, 72.66 (2xC-5D,F), 72.56, 72.40
(2x Ph-CH,), 72.23(C-5E), 72.17(C-5A), 72.06 (C-5B), 71.24(C-6C), 70.02(C-6A), 67.99(C-6B),
66.92 (C-6E), 63.14(CH,-0-C), 56.12 (C-6D), 40.69 (CHs);

HRMS(ESI) calcd. [Ci52H160N3020] " : 2491.1132, found 2499.1098 err. 2.2 ppm
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Experimental part
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Figure Exp 47: "H NMR of compound 219, CDCl;, 600MHz, 300K
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Figure Exp 48: °C NMR of compound 219, CDCl3, 151MHz, 300K
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Experimental part

Tim-«a-CD-Agl (220a)

A mixture of perbenzylated deoxy triazolium compound

Bnomoﬁ&om 219 (200 mg, 0.08 mmol, lequiv.) and silver(l) oxide

(950 mg, 4 mmol, 50 equiv.) was dissolved in anhydrous

CH3CN under a N, atmosphere. The reaction mixture

/‘;{ BnO was stirred at r.t. overnight. Then the silver oxide was

filtered on a Celite pad and the residue was washed

with CH3CN, and the solvents were evaporated. Silica gel

BnO\0 o@&fosn chromatography of the residue (cyclohexane/ EtOAc

4:1) gave the silver complex 220a (75 mg, 34 %).
[a]p°°=38.4° (CHCls, c=0.5)
Rf=0.25 (CyH/AcOEt 3:1)

'H NMR (CDCls, 600MHz): & 7.45-6.94 (m, 80H, 80 x H-Ar), 5.69 (d, *Jpn.cuu = 11.3 Hz, 1H,
CHPh), 5.59(t, *J45= *Js6= 9.1 Hz, 1H, H-5D), 5.50 (d, “Jen.cun = 11.5 Hz, 1H, CHPh), 5.46 (d,
?Joh-cun = 10.5 Hz, 1H, CHPh), 5.30 (d, *Jph.cn = 11.5 Hz, 1H, CHPh), 5.24 (d, *J1, = 3.2Hz, 1H, H-
1F), 5.23 (d, “Jen.ci = 11.0 Hz, 1H, CHPh)5.22(d, */1, = 3.2Hz, 1H, H-1C), 5.17 (d, *Jph.cun = 11.5
Hz, 1H, CHPh), 5.10 (dd, */,3=10.2 Hz, /54=8.6 Hz, 1H, H-3F), 5.05 (td, *J55=10.3 Hz, *Js 6= 7.1
Hz, 1H, H-5A), 5.03 (d, *Jphchn = 11.4 Hz, 1H, CHPh), 4.99 (dd, */,3=10.2 Hz, */34=8.7 Hz, 1H,
H-3C), 4.93-4.84 (m, 4H, 4 x CHPh, H-6aD), 4.79-4.74 (m, 3H, CHPh, H-1A, H-3B), 4.72 (d, Jpn.
chn = 8.5 Hz, 1H, CHPh), 4.70 (d, “Jeh.cuv = 8.5 Hz, 1H, CHPh), 4.60 (d, *J1,= 3.2Hz, 1H, H-1D),
4.59-4.53 (m, 5H, 2 xH-1B,E, H-5B, 2 x CHPh), 4.50 (d, “Jph.civ = 12.8 Hz, 1H, CHPh), 4.44-4.36
(3H, 2 x CHPh, H-5C), 4.31-4.13 (m, 19H, 3 xH-3A,D,E, H-6bD, H-6aF, H-6aB, H-6aA, CH,-O-
CH, 11 x CHPh), 4.06-4.02 (m, 3H, 2 x CHPh, H-5F), 3.97 (wd, %/ =9.7, 1H, H-6aC), 3.87 (wd, %J
=10.0, 1H, H-5E), 3.75-3.72 (m, 2H, H-4B, CH,-O-CH), 3.65-3.62 (m, 2H, H-4E, H-6bC), 3.58-
3.36 (m, 10H, 4 x H-4C,D,F,A, H-6bF, H-6bA, 4 x H-2C,F,A,D), 3.31-3.29 (m, 2H, 2 x H-2B,E),
3.20 (wd, % =11.6, 1H, H-6bB), 3.02 (s, 3H, CHs), 2.64(wd, °J =9.6, 1H, H-6aE), 2.58 (dd, *Jea 6b =
10.7 Hz, *Js 6p = 2.5 Hz, 1H, H-6bE);

3¢ NMR (CDCl3, 151MHz): & 146.76 (CH,-C-N), 140.83, 140.78, 140.64, 140.61, 140.47,
140.17, 139.99, 139.40(2C), 139.09, 138.80, 138.85(2C), 138.51, 138.31(2C) (16 x C-Ar-
quat.), 128.65-126.30 (80 x C-Ar-tert.), 101.34, 101.31, 100.98(2C), 100.81, 100.72 (6xC-
1A,B,C,D,E,F), 84.70(C-4F), 84.13(C-4C), 82.68(C-4B), 81.96(C-4E), 81.75(C-4D), 81.16(C-3A),
80.99, 80.92(C-3D, C-4A), 80.64(C-2A), 80.35(C-2D), 79.98, 79.96(C-3B, C-3E), 79.19, 79.15,
79.11, 78.87(C-3F, C-3C, C-2B, C-2E), 77.74(C-2F), 77.44(C-2C), 76.77, 76.74, 76.40, 76.35,
74.59, 74.22, 73.78(7x Ph-CH,), 73.73(C-6A), 73.26, 73.07, 73.04, 73.01, 72.90, 72.81(6 x Ph-
CH2), 72.77 (C-5A), 72.75 (C-5F), 72.73 (Ph-CH,), 72.63 (C-5C), 72.41 (Ph-CH,), 72.07 (Ph-
CH,), 71.77 (C-5B), 71.75 (C-6F), 71.57 (C-5E), 71.41 (C-5D), 70.80 (C-6C), 69.45(C-6B),
68.24(C-6E), 62.50(CH2-0-C), 56.71(C-6D), 34.79 (CHs)

HRMS(ESI) calcd. [C15:H150AgIN3029 + Na ™ : 2746.9047, found: 2746.9132, err. -3.1 ppm
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Figure Exp 49: 'H NMR of Compound 220a, CDCl;, 600MHz, 300K
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Figure Exp 50: °C NMR of Compound 220a, CDCls, 151MHz, 300K
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Experimental part

Tim-a-CD-Aul (221)

In a flame-dried two-neck flask under argon, a mixture

B”Omo%om of 219 (1 g 0402 mmol, 1 equiv.),
chloro(dimethylsulfide) gold(l) (592 mg, 2.01 mmol, 5
equiv.) and potassium carbonate (834 mg, 6.03 mmol,

/)\/ Bno ,C c 15 equiv.) was dissolved in 15 ml of acetonitrile

Aul OBn previously degassed by three "freeze-pump-thaw”

cycles. The reaction mixture was stirred at 60°C

BnO\o o@&fosn overnight. Then the chloro(dimethylsulfide) gold(l) was
filtered on a celite pad and the residue was washed with

CH3CN, and the solvents were evaporated. Silica gel

chromatography of the residue (cyclohexane/ EtOAc: 3:1 ) gave the complex 221 as a yellow

foam.(270 mg, 24%).

[a]p2°=39.8° (CHCl5, c=0.1)
R¢= 0.25 (CyH/ACOEt 3:1)

'H NMR (CDCl3, 600MHz): & 7.41-6.93 (m, 80H, 80 x H-Ar), 6.29(t, *J45= *J56= 9.4 Hz, 1H, H-
5D), 5.72 (d, “Jeh-cur= 10.4 Hz, 1H, CHPh), 5.53 (d, “Jph.cis = 11.0 Hz, 1H, CHPh), 5.44 (d, “Jen.
v = 11.0 Hz, 1H, CHPh), 5.31-5.28 (m, 4H, CHPh, 2 xH-1C,F, H-5A), 5.19-5.14 (m, 3H, 2 x
CHPh, H-3F), 5.03-4.99(m, 2H, CHPh, H-3C), 4.91-4.77(m, 9H, 5 x CHPh, H-5B, H-1A, H-6aD,
H-6bA), 4.72(t, )23 = *J34= 9.5 Hz, 1H, H-3B), 4.61-4.54(m, 6H, 2 x CHPh, 3 xH-1B,D,E, H-5C),
4.47-4.41(m, 3H, 3 x CHPh), 4.34-4.02(m, 26H, 15 x CHPh, 3 xH-3A,E,D, 2 x H-5F,E, H-6bC, H-
6bB, H-6aA, H-6bF, H-6bD, CH,-O-CH), 3.86(d, % =12.9, CH,-O-CH), 3.70-3.63(m, 4H, H-6aF,
H-6aC, 2 x H-4E,B), 3.58(t, *Js5 = >J34 = 8.5 Hz, 1H, H-4C), 3.54-3.51(m, 2H, 2 x H-4F,D),
3.48(dd, *J12= 4.1Hz, *J,3= 3.9 Hz, 1H, H-2C), 3.44(dd, /1, = 3.8Hz, >/, 3= 3.6 Hz, 1H, H-2F),
3.39-3.32(m, 5H, H-4A, 2 xH-2D,A,E,B), 3.18(wd, %/ =11.9, 1H, H-6aB), 3.11(s, 3H, CHs), 2.69-
2.65(m, 2H, H-6aE, H-6bE)

3¢ NMR (CDCl3, 151MHz): § 168.5 (C-Au), 145.03 (CH,-C-N), 140.67, 140.59, 140.45, 140.41,
140.10, 139.89, 139.53, 139.34, 139.11, 138.98, 138.81, 138.74, 138.57, 138.52, 138.29,
138.27 (16 x C-Ar-quat.), 128.62-126.21 (80 x C-Ar-tert.), 100.94, 100.71, 100.50, 100.36,
98.85, 98.48(6xC-1A,B,C,D,E,F), 84.40 (C-4F), 84.01 (C-4C), 82.96 (C-4B), 81.91 (C-4E), 81.46
(C-4D), 81.13, 81.07, 81.01 (C-4A,C-3A, C-3D), 80.73, 80.44 (C-2A, C-2D), 80.17 (C-3B), 80.08
(C-3E), 79.39 (C-3F), 79.26 (C-3C), 79.18, 78.92 (C-2B, E), 77.87 (C-2F), 77.50 (C-2C), 76.75,
76.70, 76.44, 76.39(4x Ph-CH,), 74.72(C-6A), 74.49, 73.95, 73.79, 73.24, 73.13, 73.11, 72.99,
72.89, 72.80, 72.75 (10 x Ph-CH,), 72.53 (C-5F), 72.46 (C-5C), 72.38 (Ph-CH,), 72.36 (C-5A),
71.95 (Ph-CH,), 71.52(C-6C), 71.29(C-5E), 71.21(C-5B), 70.91(C-6F), 69.75(C-5D), 69.50(C-6B),
68.47(C-6E), 62.86(CH,-0-C), 56.60 (C-6D), 35.52 (CH3) ppm.

HRMS(ESI) calcd. [C15oH156AUIN3O59 + Na |* : 2836.9662, found: 2836.9560, err. 3.6 ppm
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Figure Exp 51: 'H NMR of compound 221, CDCl;, 600MHz, 300K
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Figure Exp 52: °C NMR of compound 221, CDCl3, 151MHz, 300K
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Experimental part

Tim-a-CD-CuCl (222)

Copper(l) chloride (20 mg, 73.4 pmol) and silver

BnO mo ﬁ&osn complex compound 220a (20 mg, 3.7 umol) were stirred
BnO

in dichloromethane (0.5 ml) under argon. The mixture
was stirred at R.T overnight, the suspension was

F /‘\((ONE filtrated on celite, washed with dichloromethane. The
BnO o) OBn residue was purified on silica gel chromatography
oen © (Cyclohexane/ Ethyl acetate 3:1) to afford copper
BrO\0 o@&fosn complex 222 as a white foam (80%).
A 0BnBNO o

[a]p?®= 77.2°(CHCl5, c=0.1)
R¢= 0.25 (CyH/ACOEt 3:1)

'H NMR (CDCls, 600MHz): & 7.44-6.77 (m, 80H, 80 x H-Ar), 5.66 (d, *Jpn.cuu = 11.0 Hz, 1H,
CHPh), 5.58 (d, “Jeh.cun = 11.0 Hz, 1H, CHPh), 5.51 (t, *Js5= *J56= 9.3 Hz, 1H, H-5D), 5.39-5.38
(m, 2H, 2 xH-1C,F), 5.31 (d, “Jeh.ci = 11.4 Hz, 1H, CHPh), 5.24 (d, *Jph.ci = 10.3 Hz, 1H, CHPh),
5.16 (d, “Jen.cun = 10.8 Hz, 1H, CHPh), 5.10-5.08 (m, 2H, CHPH, H-5A), 5.03(t, *Jo3= *J34= 9.1
Hz, 1H, H-3C), 4.97 (t, *J53 = *J34= 9.1 Hz, 1H, H-3F), 4.88(d, *Jpncu = 10.4 Hz, 1H, CHPh),
4.85-4.82 (m, 2H, 2 x CHPh ), 4.78-4.67 (m, 8H, 3 x CHPh, H-5B, 3 xH-1B,E,A, H-6bD), 4.59-
4.42 (m, 11H, H-1D, H-3B, H-5C, 8x CHPh), 4.37-4.11 (m, 19H, CH,-O-CH, H-6bF, H-6aD, H-
6bB, 3 xH-3A,E,D, H-5F, 11 x CHPh), 4.08-4.06 (m, 2H, CHPh, H-6bA), 3.95-3.93 (m, 2H, H-5E,
H-6bC), 3.86 (d, °J =13.0 Hz, CH,-0-CH,), 3.82 (dd, “Ja6b= 10.7 Hz, *Js 6o = 5.0Hz, 1H, H-6aC),
3.74-3.68(m, 4H, H-6aF, 3 x H-4B,E,C), 3.59-3.57 (m, 3H, H-6aA, 2 x H-4F,D), 3.51 (dd, *J1,=
4.1Hz, *J,3= 3.5 Hz, 1H, H-2C), 3.48 (dd, /1, = 3.8 Hz, *J3= 3.4 Hz, 1H, H-2F), 3.43-3.40(m,
3H, 2 xH-2B,E, H-4A), 3.34-3.33 (m, 2H, 2 xH-2A,D), 3.26 (wd, 1H, H-6aB), 3.12(s, 3H, CHs),
2.68-2.65 (m, 2H, H-6aE, H-6bE)

3¢ NMR (CDCls, 151MHz): & 161.04 (C-Cu), 146.94 (CH,-C-N), 140.43, 140.39(2C), 140.22,
139.95, 139.95, 139.39, 139.23, 138.97, 138.95, 138.72, 138.63, 138.54(2C), 138.33,
138.27(16 x C-Ar-quat.), 128.60-126.48 (80 x C-Ar-tert.), 100.42, 99.83, 99.72, 99.65, 98.36,
98.30 (6xC-1A,B,C,D,E,F), 83.74(C-4F), 83.18(C-4C), 82.46(C-4B), 81.63(C-4E), 81.47(C-3A),
81.05 (C-3D), 80.55, 80.47, 80.34, 80.25, 80.21(C-4D, C-2A, C-2D, C-3E, C-3B), 79.69, 79.63,
79.58, 79.49, 79.44(C-2B,C-2E, C-4A, C-3C, C-3F), 77.51, 77.35(C-2C, C-2F), 76.68, 76.65,
76.37, 76.29, 74.51(5x Ph-CH,), 74.40(C-6A), 74.04, 73.74, 73.52, 73.26, 73.15, 73.06, 72.98,
72.93, 72.82(9 x Ph-CH,), 72.67, 72.59 (C-5C, C-5F), 72.21(Ph-CH,), 72.05(C-5A), 71.82(Ph-
CH,), 71.74(H-5D), 71.72(H-5E), 71.49(C-5B), 71.01(H-6F), 70.44(H-6C), 69.78(H-6B), 68.47(H-
6E), 62.78 (CH,-0-C), 56.70(C-6D), 34.92 (CHs) ppm.

HRMS(ESI) calcd. [C15:H150CUCIN3O,6 + Na ™ : 2610.9936, found 2611.0049, err. -4.3 ppm
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Figure Exp 53: "H NMR of Compound 222, CDCl;, 600MHz, 300K
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Figure Exp 54: C NMR of Compound 222, CDCl;, 151MHz, 300K
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Experimental part

6A,6P-di-0-sulfate-24-6,34-G,68,6¢,6E,6F,66-Nonadeca-0-benzyl-f3-

cyclodextrin (228)

no E
BnO@@o O OBn
BnO—> 0BnoO
B
/i/y OBn
OB O OBn
nO c

B

1.2 g of diol 170 (0.42 mmol) were dissolved in dry DCM
(15 ml) and put under nitrogen. Freshly distilled SOCI,
(0.18 ml, 2.53 mmol) was added dropwise. The solution
was stirred at room temperature for 3h, after which the
solvent and the excess SOCl, were evaporated under
vacuum. The crude product was dissolved in DCM (10 ml)
and CHs3CN (10 ml). Water was added (20 ml), then RuClI3
(0.01 mmol, 2 mg) and NalO; (271 mg, 1.26 mmol)
portionwise. The dark mixture was stirred at room
temperature overnight. Diethyl ether was added (25 ml),

then extraction followed. The organic phases were washed with NaHCOs, sat. NaCl, dried on
MgS0O; and the solvents were evaporated. The black residue was purified by
chromatography. A white foam was obtained in 60 % vyield.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®
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Experimental part

6A-Hydroxy-6P-azido-24-6,34-G,6B,6¢,6E,6F,6G-Nonadeca-0-benzyl-3-

cyclodextrin (229)

F o B0 E To compound 228 (720 mg, 0.25 mmol), DMF (8 ml) and

BnO 75 o/eo§(\)|3n NaNs (80 mg, 1.24 mmol) were added. The suspension was

o BnO o SUEno stirred at 50°C under nitrogen flux for 4-18h. Water was

G B'/‘%/SAOBn o) added, then the mixture was extracted with EtOAc. The
BnG Y oBn organic phase was washed with water and sat. NaCl, dried
o o) (MgS04) and the solvents were evaporated. The syrup
BnO% oBn (ZB%O/’LOB” obtained was dissolved in THF (12 ml), H,SO4 (0.2 ml) and

A o) ogno C H,O (0.1 ml) were added and the solution was stirred at
OBnBrg\&éBn room temperature for 15 min. Neutralisation with NaHCO3

B followed, therefore extracion with EtOAc. The organic

phase was washed with sat. NaCl, dried (MgSQ,4) and the solvents were evaporated. The
transparent oil obtained was purified by chromatography (CyH/AcOEt 3:1). Compound 229
as a mixture of AD and AE isomer was obtained with a yield of 68%.

The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®
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Experimental part

6A-0-propargyl-6P-azido-24-6,34-G,68,6¢,6E,6F,6G-Nonadeca-0-benzyl-3-

cyclodextrin (230)

F OBano E To a solution of compound 229 (420 mg, 0.146 mmol, 1
BnO O O QOBn equiv.) in anhydrous DMF (6 ml) under nitrogen, NaH (60%
BnO Bn BnO OBno in oil, 24 mg, 0.585 mmol, 4 equiv.) was added in small
G o portions. The reaction mixture was stirred for 1h, then
OB” propargyl bromide (80% in toluene, 70 uL, 0.585 mmol, 4
o8 oBn equiv.) was added dropwise at R.T. The reaction mixture
i o?% was stirred at R.T overnight in the dark. The solvent was

noO

evaporated and the residue was dissolved in EtOAc. Water
was added and the layers were separated. The aqueous
layer was extracted with EtOAc 3 times and the combined
organic layers were washed with brine, dried over MgSQ,, filtered and evaporated. The
residue was purified by silica gel chromatography (CyH:EtOAc = 3:1) to afford the compound
230 (347 mg, 82%) as a white foam.

[a]p?°= +41.3° (CHCl5, c=1.0)
R¢= 0.67 (CyH/AcOEt 3:1)

'H NMR (CDCls, 400MHz): § 7.35-7.05 (m, 95H, 95 x H-Ar), 5.89 (d, *J1, = 3.6Hz, 1H, H-1),
5.42 (d, *Jpn.cun = 9.5 Hz, 1H, CHPh), 5.39 (d, %J1 2= 3.1Hz, 1H, H-1), 5.37-3.33 (m, 82H, 5 x H-1,
7 x H-3, 7 x H-4, 7 x H-5, 7 x H-2, 37 x CHPh, 12 x H-6, 2 x O-CH,-CCH), 1.28 (t, *J = 2.1Hz, 1H,
O-CH,-CCH )

3¢ NMR (CDCl;, 100MHz): §139.44, 139.43, 139.36, 139.34, 139.19(2C), 138.54(2C),
138.49(2C), 138.38, 138.35(2C), 138.32, 138.30, 138.23, 138.22, 138.18 (19 x C-Ar-quat.),
128.48-127.04 (95 x C-Ar-tert.), 98.85, 98.75, 98.70, 98.59, 98.53, 98.34, 98.11 (7 x C-1),
81.21, 81.03, 80.97, 80.93(2C), 80.81, 80.41 (7 x C-4), 79.80 (O-CH,-CCH), 79.77, 79.71,
79.70, 79.34, 79.31, 79.20 (2C), 79.03 (2C), 78.97 (3C), 78.88 (4C)(14C, 7 x C-2, 7 x C-3),
75.94, 75.89, 75.78, 75.71, 75.28, 74.91(6 x CHPh), 74.42 (O-CH,-CCH), 73.45 (4C), 73.38
(3C), 73.02, 72.99, 72.97, 72.87, 72.79, 72.68 (13 x CHPh), 71.85, 71.74, 71.68, 71.59 (2C),
71.09, 70.94 (7 x C-5), 69.48, 69.40(2C), 69.25, 69.12, 68.91 (6 x C-6), 58.64 (O-CH,-CCH),
52.36 (C-6).

HRMS(ESI) [C175H1s5sN3032 Na |" : caled. 2931.2732, found 2931.2536, err. 6.7 ppm
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Experimental part
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Figure Exp 55: "H NMR of compound 230, CDCl;, 400MHz, 300K
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Figure Exp 56: ~°C NMR of Compound 230, CDCl;, 101MHz, 300K
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Experimental part

6A-0-6E-triazo-24-6,34-6,6B,6C,60,6F,66-Nonadeca-0-benzyl-3-

cyclodextrin (231)

F BnO
OBn E

BnO mo O\0OBn
o)

(e} Bn 0oBnO
BnO N
G oBn N~© S/ b
0 N/ BnO
OBn
BnO //
(e}

N,N-Diisopropylethylamine (90 ul, 0.412 mmol, 4 equiv.),
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl amine (22 mg,
0.041 mmol, 0.4 equiv.), and Tetrakis (acetonitrile)
copper(l) hexafluorophosphate (16 mg, 0.041 mmol, 0.4
equiv.) were added to a solution of compound 230 (300
mg, 0.103 mmol, 1 equiv.) in anhydrous DMF (8 ml) at R.T
under Ar in a microwave vial. The reaction mixture was
heated at 100°C under microwaves for 1lh. Then the
solvent was evaporated and the residue was purified by
silica gel chromatography (CyH: EtOAc = 4:1) to give the

second fraction as a white foam (137 mg, 46%).

[a]p?®= +35.2° (CHCl3, c=0.1)

R¢= 0.33 (CyH/AcOEt 3:1)

'H NMR (CDCl3, 600MHz): & 7.67 (s, 1H, N-CH=C), 7.38-6.89 (m, 95H, 95 x H-Ar), 5.71 (s, 1H,
H-1G), 5.44 (d, 1H, *Jph.cun = 10.69 Hz, CHPh), 5.39-5.37 (m, 2H, H-1D, CHPh), 5.27 (d, 1H, *Jpp.
cin= 11.08 Hz, CHPh), 5.12 (d, 1H, *Jpn.cun = 10.16 Hz, CHPh), 5.07 (d, 1H, *Jeap = 14.50 Hz, H-
6aE), 5.00 (bd, 2H, 2x H-1B,C), 4.88-4.64 (m, 13H, 3 x H-1 A,E,F, C-CH-O, 9 x CHPh), 4.60 (d,
1H, 2Jph.cun = 11.35 Hz, CHPh), 4.56-4.11(m, 31H, H-3G, 3 x H-5A,E,D, H-6bE, H-6bD, C-CH-O,
24 x CHPh), 4.07-3.83 (m, 15H, 2 xH-5B,G, 6 x H-3C,D,A,F,E,B, 4 x H-4C,B,G,F, H-6aG, H-6aC,
H-6aA), 3.79-3.70(m, 4H, H-4D, H-5C, H-6bG, H-6aB), 3.61-3.36(m, 14H, H-5F, 7 x H-2A, B, C,
D, E, F, G, 2 x H-4E,A, H-6aD, H-6bA, H-6bB, H-6bC), 3.08-3.03(m, 2H, H-6aF, H-6bF);

3¢ NMR (CDCI3, 151MHz): & 146.69 (N-CH=C), 139.59(2C), 139.44, 139.39, 139.35, 139.14,
138.86, 138.75, 138.70, 138.62, 138.59, 138.45, 138.29, 138.24(2C), 138.17, 138.05, 137.87,
137.52 (19 x C-At.quat.), 128.45-126.17 (m, 95 x C-Ar-tert.), 120.82 (N-CH=C), 99.44, 99.32,
99.15, 98.92, 98.79, 98.36, 97.97 (7 x C-1A,B,C,D,E,F,G), 81.93 (C-4G), 81.47, 81.31, 81.27,
81.11, 81.04, 80.98, 80.92, 80.74, 80.67 (6 xC-3B,C,D,E,F,G, 3 x C-4B,F,C), 79.96(C-2A),
79.68(C-4E), 79.60(C-2E), 79.01(C-2C), 78.95(C-2F), 78.84(C-2B), 78.34(C-3A), 78.03(C-4D),
77.36, 77.28(C-2G, C-4A), 76.05(C-2D), 76.75, 76.33, 76.23, 76.04, 75.19(5 x Ph-CH,),
75.02(C-6A), 73.63, 73.56, 73.48, 73.36, 73.34, 73.29, 73.25(2C), 73.10, 72.87, 72.86, 72.81,
72.34, 72.20(14% Ph-CH,), 72.16(C-5A), 71.94(C-5D), 71.76, 71.72, 71.66(2C) (4 x C-5F,G,B,C),
70.95(C-5E), 70.34, 69.22, 69.11, 68.36, 68.11(5 x C-6B,C,G,F,D), 66.17(C-CH-0), 52.21(C-6E);

HRMS(ESI) calcd. [C17gH1s5sN3034 + Na 17 : 2931.2732, found 2931.2563, err. 5.7 ppm
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Experimental part

4.0
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Figure Exp 57: 'H NMR of compound 231, CDCl;, 600MHz, 300K
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Figure Exp 58: °C NMR of compound 231, CDCl;, 151MHz, 300K
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Experimental part

6A-0-6P-triazo-24-6,34-G,6B,6C,6E,6F,66-Nonadeca-0-benzyl-3-
cyclodextrin (232)

N,N-Diisopropylethylamine (90 ul, 0.412 mmol, 4 equiv.),
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl amine (22 mg,
0.041 mmol, 0.4 equiv.), and Tetrakis (acetonitrile)
B copper(l) hexafluorophosphate (16 mg, 0.041 mmol, 0.4
OBn eq) were added to a solution of 230 (300 mg, 0.103 mmol,

8o o /'_N 4 1 equiv.) in anhydrous DMF (8 ml) at R.T under Ar in a
oBp.o?, 0Bn microwave vial. The reaction mixture was heated at 100°C

A o 'S c under microwaves for 1h. Then the solvent was
evaporated and the residue was purified by silica gel

B chromatography (CyH: EtOAc = 5:1) to give the first

fraction as a white foam (60 mg, 20%).
[a]p2°=38.5° (CHCl5, c=1.0)

R¢= 0.36 (CyH/AcOEt 3:1)

'H NMR (CDCl3, 600MHz): & 7.56 (s, 1H, N-CH=C), 7.35-6.84 (m, 95H, 95 x H-Ar), 5.71 (s, 1H,
H-1C), 5.63 (d, */12= 4.00 Hz, 1H, H-1G), 5.39 (d, *Jpn.cun = 10.27 Hz, 1H, CHPh), 5.25-5.23 (m,
2H, 2 xCHPh), 5.17 (d, *Jpnchn= 11.20 Hz, 1H, CHPh), 5.12 (d, *Jph.cun = 10.57 Hz, 1H, CHPh),
4.94 (d, *Jpn.cun = 12.21 Hz, 1H, CHPh), 4.92 (d, */1,= 3.38Hz, 1H, H-1F), 4.85 (d, *J1,, = 2.86Hz,
1H, H-1D), 4.81-4.66 (m, 10H, 3 x H-1E,A,B, 7x CHPh), 4.61 (d, “Jpn.cun= 11.74 Hz, 1H, CHPh),
4.58-4.25 (m, 27H, 2 x C-CH-0, H-6aD, H-6bD, 23 x CHPh), 4.21-4.13(m, 6H, 2 x H-5D,A, H-3C,
H-6bG, H-6bB, CHPh), 4.05-3.82 (m, 13H, H-6bC, H-6bA, 3 x H-5G,C,B, 6 x H-3G,A,D,F,B,E, 2 x
H-4G,C), 3.79-3.73 (m, 4H, H-6aC, H-5F, 2 x H-4E,B), 3.66-3.55 (m, 7H, H-6aG, H-6aF, H-6bF, 2
x H-4D,F, 2 x H-2G,C), 3.50-3.44 (3H, H-5E, H-4A, H-2B), 3.40(dd, 1H, *J;,=3.41 Hz *),5=3.34
Hz, H-2F), 3.37-3.32(m, 5H, 3 x H-2D,E,A, H-6bE, H-6aA), 3.27 (d, Yeag = 10.71 Hz, 1H, H-
6aB), 3.17 (d, Yea,6o = 10.94 Hz, 1H, H-6aE);

3¢ NMR (CDCl5, 151MHz): & 147.49 (N-CH=C), 139.76, 139.56, 139.51, 139.38, 139.32,
139.22, 139.00, 138.88, 138.72, 138.68, 138.56, 138.47, 138.41, 138.37, 138.31, 138.05,
138.01, 137.90, 137.89 (19 x C-At.quat.), 128.39-126.09 (m, 95 x C-Ar-tert.), 120.85 (N-
CH=C), 100.95, 99.16, 98.88, 98.46, 98.40, 98.29, 97.91(7 x C-1A,B,C,D,E,F,G), 82.69 (C-4F),
81.76. 81.72(C-3A, C-4E), 81.37(C-4B), 81.09(C-3B), 81.05(C-4C), 80.76(C-3C), 80.55(2 x C-
3D,F), 80.26(C-3E), 80.20(C-4G), 80.05(C-3G), 79.88(2x C-2D,A), 79.28(C-2F), 78.87(C-2B),
78.26(C-2E), 77.50(C-2G), 77.26(C-4D, C-2C), 76.55(Ph-CH,), 76.41(C-4A), 76.09, 75.98(2C),
75.02 74.05, 73.55, 73.36, 73.32(2C), 73.24, 73.21(2C), 73.06, 72.96(2C) (15 x Ph-CH,), 72.56
(C-5D), 72.52(Ph-CH,), 72.46(C-5C), 72.24(C-6A), 72.20, 72.02 (2 x Ph-CH,), 71.90(C-5B),
71.72(C-5F), 71.62(C-5G), 71.59(C-5E), 71.02(C-5A), 69.52, 69.42, 69.32, 68.58, 67.62(5 x C-
6B,C,E,F,G), 65.95(C-CH-0), 52.82(C-6D)

HRMS(ESI) calcd. [Ci7gH1gsN3032 + Na ]* @ 2931.2732, found 2931.2563, err. 5.8 ppm
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Experimental part
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Figure Exp 59: "H NMR of compound 232, CDCl3, 600MHz, 300K
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Figure Exp 60: °C NMR of compound 232, CDCl;, 151MHz, 300K
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Experimental part

6A-0-6E-methyl-triazolium-24-6,34-6,6B,6C,6P,6F,66-Nonadeca-0-benzyl-
B-cyclodextrin (233)

Triazole (20 mg, 6.8 umol) was added in lodomethane (3

o_ E

O\ 0Bn ml) at 50°C under N, overnight. Then the solvent was
| o evaporated and the residue was purified by silica gel
N@

n

F
o

0

L

oBn chromatography (DCM: MeOH = 95:5) to give the

B

OBn
Bn (e}
nO no
BnO
G N~ S/ b
- O //N 7 BnoA [ogn compound 233 as a yellow foam (20 mg, quat.).
(@] e} (@]

Bno{ ogsﬁo/’losn [a]p?°=35.8° (CHCl5, c=0.1)
(6] OBn
A O\Z\\go no C

OB R¢=0.35 (DCM: MeOH= 95:5)
B

'H NMR (CDCl5, 600MHz): & 7.99 (s, 1H, N-CH=C), 7.42-6.88 (m, 95H, 95 x H-Ar), 5.74 (ws,
1H, H-1), 5.45 (wd, “Jph.cun= 10.3 Hz, 1H, CHPh), 5.36 (d, “Jph.curi = 11.3 Hz, 1H, CHPh), 5.27-
5.25 (m, 2H, H-1, CHPh), 5.11-5.07 (m, 2H, H-1, CHPh), 4.93-4.91 (m, 2H, 2 x H-1), 4.83-4.30
(m, 38H, 2 x H-1, 2 x H-6, 34 x CHPh), 4.24-3.25 (m, 41H, 7 x H-2, 7 x H-3, 7 x H-4, 6 x H-5, 11
x H-6, 3 x CH3), 3.17 (m, 1H, H-5), 2.84 (m, 1H, H-6)

3¢ NMR (CDCI3, 151MHz): & 142.97 (N-CH=C), 139.38, 139.27, 139.23, 139.08, 138.99,
138.79, 138.67, 138.58, 138.40, 138.35, 138.30, 138.26, 138.11, 137.90, 137.78, 137.69,
137.55, 137.37, 137.15(19 x C-Ar.quat.), 128.65-125.94 (m, 95 x C-Ar-tert., N-CH=C), 99.79,
99.20, 99.18, 99.10, 98.69, 98.64, 98.12 (7 x C-1), 81.85-61.57(28C, 7 x C-2, 7 x C-3, 7 x C-4, 7
x C-5, 7 x C-6), 55.74(CHs).

HRMS(ES') calcd. [C179H138N3034]+ . 29233132, found 29233163, err.5.8

220



Experimental part
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Figure Exp 61: 'H NMR of compound 233, CDCl;, 600MHz, 300K
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Figure Exp 62: °C NMR of Compound 233, CDCl, 151MHz, 300K
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Experimental part

6A-0-6P-methyl-triazolium-24-6,34-G,6B,6C,6E,6F,66-Nonadeca-0-benzyl-
B-cyclodextrin (234)

F OBanO E Triazole (10 mg, 3 umol) was added in iodomethane (2 ml)

BnO o O O\-OBn at 50°C under N, overnight. Then the solvent was
Bn nO 0BnO evaporated and the residue was purified by silica gel
G VA chromatography (DCM: MeOH = 95:5) to give the

. / OBn compound as a yellow foam (10 mg, quat).
o [N

{ ?O/’IOB” [a]5*°=37.8° (CHCl3, c=0.1)
0 no C

B R¢= 0.35 (DCM: MeOH= 95:5)
'H NMR (CDCl5, 600MHz): & 7.80 (s, 1H, N-CH=C), 7.33-6.82 (m, 95H, 95 x H-Ar), 5.58 (ws,
1H, H-1C), 5.47 (ws, 1H, H-1G), 5.25 (wd, *Jph.cun = 10.3 Hz, 1H, CHPh), 5.18 (d, “Jpn.chn = 11.3
Hz, 1H, CHPh), 5.07-5.05(m, 3H, 2 x CHPh, C-CH-0), 4.94-4.93 (m, 2H, 2 x H-1E,F), 4.87-4.31
(m, 34H, H-6aD, C-CH-0, 29x CHPh, 3x H-1D,A,B), 4.27-4.21 (m, 2H, CHPh, H-5A), 4.15 (d, 1H,
H-6bA), 4.10-3.67 (m, 34H, 5 x H-5D,G,C,F,B, 7 x H-3G,A,D,C,F,B,E, 5 x H-4G,E,F,B,C, H-6aC,
H-6bD, H-6bC, H-6bG, H-6aG, H-6aA, H-6aB, H-6bB, H-6aF, H-6bF, 4 x CHPh, CHs), 3.61-3.58
(m, 2H, H-5E, H-2C), 3.55-3.47 (m, 5H, H-6bE, 2 x H-4D,A, 2 x H-2G,B), 3.44-3.41 (m, 3H, 2 x
H-2F,A, H-6aE), 3.37 (dd, 1H, *J1 2= 3.47 Hz *J, 3= 3.18 Hz, H-2E), 3.31 (wd, 1H, H-2D)

3¢ NMR (CDCI3, 151MHz): & 143.37 (N-CH=C), 139.55, 139.33, 139.31, 139.07, 138.89,
138.71(2C), 138.61, 138.54, 138.47, 138.41(2C), 138.34, 138.30, 138.15, 138.01, 137.98,
137.74, 137.26(19 x C-Ar.quat.), 128.66-126.40 (m, 95 x C-Ar-tert., N-CH=C), 100.31, 99.72,
99.58, 99.08, 98.42(2C), 98.22 (7 x C-1A,B,C,D,E,F,G), 81.67, 81.66, 81.53, (3 x C-4E,B,F),
81.38(2C)( 2 x C-3AF), 81.25(C-4C), 81.00(C-3B), 80.57(C-3G), 80.10(C-3E), 79.80(C-3C),
79.76(C-4G), 79.52, 79.50, 79.35(3 x C-2D,F,A), 78.88(C-2B), 78.64(C-2E), 78.63(C-3D), 77.50,
77.45(2 x C-4D,A), 76.58(2C), 76.20 ( 3 x Ph-CH,), 76.16(C-2G), 75.89(2C), 75.16, 74.42,
73.84, 73.78(2C), 73.66(7 x Ph-CH,, C-2C), 73.40(C-6A), 73.34, 73.30(2 x Ph-CH,), 73.27(C-5C),
73.25(2C), 73.18, 72.68, 72.59(2C), 72.48(7 x Ph-CH,), 72.33(C-5G), 72.16, 72.15(2 x C-5B,F),
71.87(C-5D), 71.76(C-5A), 71.64(C-5E), 70.55(C-6C), 70.22(C-6G), 69.33, 68.93(2 x C-6B,F),
67.80(C-6E), 62.19(C-CH-0), 56.47(C-6D), 54.30(CHs).

HRMS(ES') calcd. [C179H138N3034]+ . 29233132, found 29233183, err. 6.8
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Figure Exp 63: "H NMR of Compound 234, CDCl3, 600MHz, 300K
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Figure Exp 64: °C NMR of Compound 234, CDCl, 151MHz, 300K
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Experimental part

Im-a-CD-CuOtBu (277)

0 A mixture of Im-a-CD-CuCl (26 mg, 1 equiv.) and tBuOK

E OBn Bn

BnO mo o OBDn (9 mg, 8 equiv.) was dissolved in anhydrous THF' unfjer
o Bro a N, atmosphere; compound 277 was generated in situ.

BnO Oy oen
c ) OBn /\N K H NMR (THF-d8, 600MHz): & 7.43-36.94 (3m, 80H, 80 x
o N—( . C HAI)6.45 (s, 2H, 2 x Hm), 6.25 (t, Jus = = 102 Hz,
0 o " 2H, 2 x H-5A, D), 5.61 (d, “Jencun = 11.3 Hz, 2H, 2 x
AN %]Qi CHPh), 5.55-5.42 (m, 4H, 2 x H-1C, F, 2 x CHPh), 5.05-
o OBn 4.92 (m, 8H, 2 x H-1A,D, 2xH-3C,F, 4 x CHPh), 4.89 (d,
A 0B PO g 2o = 12.1 Hz, 2H, 2 x CHPh ), 4.81 (d, Zph.cyss = 12.0

Hz, 2H, 2 x CHPh ), 4.76-4.65 (m, 6H, 2 x CHPh, 2 x H-1B, E, 2 x H-6aA,D), 4.54-4.50 (m, 4H, 2
x CHPh, 2 x H-3B,E), 4.46-4.42 (m, 4H, 4 x CHPh), 4.36-4.34 (m, 4H, 4 x CHPh), 4.28-4.02 (m,
14H, 2 x H-3A,D, 4 x H-5B,C,E,F, 2 x H-6aC,F , 8 x CHPh), 3.78 (t, *J34 = *J4 5= 9.3 Hz, 2H, 2 x H-
4B,E), 3.72-3.50 (m, 8H, 4 x H-4A,C,D,F, 2 x H-6bC,F, 2 x H-6bA,D), 3.44 (dd, */1,= 3.9 Hz, /53
=10.2 Hz, 2H, 2 x H-2C,F), 3.38 (dd, /1, = 3.4 Hz, *J,5= 9.7 Hz, 2H, 2 x H-2A,D), 3.34 (dd, */1 ,
= 3.5 Hz, *J,3= 9.9 Hz, 2H, 2 x H-2B,E), 3.27 (dd, Yeaeo= 11.3 Hz, *Js 6o = 2.9 Hz, 2H, 2 x H-
6aB,E), 2.98 (d, “Jea e = 11.2 Hz, 2H, 2 x H-6bB,E), 1.88 (s, 9H, CH3) ppm;

3¢ NMR (THF-d8, 151MHz): & 176.19 (C-Cu), 141.57(4C), 141.35(2C), 140.25(4C),
140.21(2C), 139.96(2C), 139.17(2C) (16 x C-Ar-quat.), 128.98-126.70 (80 x C-Ar-tert.),
122.64(2 x N-C=C-N), 100.60(2 x C-1C,F), 99.54(2 x C-1A,D), 98.80(2 x C-1B,E), 84.71(2 x C-
AC,F), 83.07(2 x C-4B,E), 82.21(2 x C-3A,D), 81.47(2 x C-2A,D), 81.11 (2 x C-3B,E), 80.70(2 x C-
3C,F), 80.34(4C)( 2 x C-4A,D, 2 x C-2B,E), 79.00(2 x C-2C,F), 77.25(2 x Ph-CH,), 76.07(2 x Ph-
CH,), 74.95 (2 x C-5C,F), 74.48(2 x Ph-CH,), 74.13(2 x Ph-CH,), 73.90(4C) (4 x Ph-CH,), 73.82
(2 x Ph-CH,), 73.79(2 x Ph-CH,), 73.05(2 x C-5B,E), 72.55(2 x C-6C,F), 71.59(2 x C-
5A,D),70.89(C- CH3), 69.19(2 x C-6B,E), 54.78(2 x C-6A,D), 40.57 (CH3) ppm.
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Figure Exp 65: "H NMR of Compound 277, THF-d8, 600MHz, 300K
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Figure Exp 66: °C NMR of Compound 277, THF-d8, 151MHz, 300K
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Experimental part

Im-a-CD-CuBPin (278)

A mixture of Im-a-CD-CuOH (20mg, 1 equiv.) and

E oBn® (BPin), (2 mg, 1 equiv.) was dissolved in anhydrous THF
Bnomo O\—oBn at 40°C under a N, atmosphere. The mixture gave

compound 278 in 5 min, it was decomposed in 24h.

] BnO oBn /\N OBn

O BnO c 'H NMR (THF-d8, 600MHz): & 7.45 (d, *Jo,m = 7.4 Hz, 4H,
BnO g - OBn 4 x H-0-Ar), 7.32-6.94 (m, 76H, 76 x H-Ar), 6.49 (s, 2H, 2
oo x H-Im), 5.92 (t, *Js5 = *Js6= 10.2 Hz, 2H, 2 x H-5A, D),
0 OwOBn 5.75 (d, Zph.cun= 12.1 Hz, 2H, 2 x CHPh), 5.50-5.45 (m,

4H, 2 x H-1C, F, 2 x CHPh), 5.24(d, *Jph.cs = 12.2 Hz, 2H,

2 x CHPh ), 5.10 (d, *Jpncin = 11.5Hz, 2H, 2 x CHPh),
4.95-4.83(m, 8H, 2 x H-1A,D, 6 x CHPh), 4.74-4.63 (m, 8H, 2 x H-1B, E, 2xH-3C,F, 2 x H-6aA,D,
2 x CHPh), 4.55-4.39 (m, 10H, 2 x H-3B,E, 8 x CHPh), 4.32-4.17 (m, 8H, 2 x H-3A,D, 6 x CHPh
), 4.11-3.97 (m, 8H, 2 x CHPh, 4 x H-5B,C,E,F, 2 x H-6aC,F ), 3.78 (t, *J34=*J45= 9.3 Hz, 2H, 2 x
H-4B,E), 3.72 (t, *J34= *Js5s = 8.2 Hz, 2H, 2 x H-4C,F), 3.67-3.64 (m, 4H, 2 x H-6bA,D, 2 x H-
6bC,F ), 3.52 (t, *J34= *Jas=9.1 Hz, 2H, 2 x H-4A,D), 3.49 (dd, *J12= 3.9 Hz, *J53= 10.4 Hz, 2H,
2 x H-2C,F ), 3.37-3.33 (m, 4H, 2 x H-2B,E, 2 x H-2A,D), 3.20 (dd, “Jea6p= 11.2 Hz, *Js6p= 2.9
Hz, 2H, 2 x H-6aB,E), 2.91 (wd, zjea,6b= 11.0 Hz, 2H, 2 x H-6bB,E), 1.18 (s, 12H, CHs) ppm;

3¢ NMR (THF-d8, 151MHz): & 174.58 (C-Cu), 141.91(2C), 141.56(2C), 141.16(2C),
140.02(4C), 139.86(2C), 139.75(2C), 138.98(2C) (16 x C-Ar-quat.), 128.86-126.86 (80 x C-Ar-
tert.), 122.78(2 x N-C=C-N), 100.67(2 x C-1C,F), 99.13(2 x C-1 B,E), 98.54(2 x C-1 A,D),
84.43(2 x C-4C,F), 82.77(2 x C-4B,E), 82.06(C- CH3), 81.83(2 x C-3A,D), 81.13(4C)( 2 x C-2A,D,
2 x C-3B,E), 80.16(2 x C-2C,F), 79.74(2 x C-4A,D), 79.47(2 x C-3C,F), 77.94(,2 x C-2B,E),
77.20(2 x Ph-CH,), 75.57(2 x Ph-CH,), 74.94 (2 x C-5C,F), 74.45(2 x Ph-CH,), 73.72(2 x Ph-
CH,), 73.65(4C) (4 x Ph-CH,), 73.44(2 x Ph-CH,), 72.84 (2 x C-5B,E), 72.81(2 x Ph-CH,),
72.64(2 x C-6C,F), 72.32(2 x C-6B,E), 71.48(2 x C-5A,D), 68.97(2 x C-6A,D),25.22 (CHs) ppm.
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Figure Exp 67: "H NMR of Compound 278, THF-d8, 600MHz, 300K
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Figure Exp 68: °C NMR of Compound 278, THF-d8, 151MHz, 300K
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Experimental part

Im-a-CD-CuOH (279)

E  oppBNO b A mixture of Im-a-CD-CuCl (478 mg, 1 equiv.) and KOH
BnO 7.5 0 (105 mg, 10 equiv.) was dissolved in anhydrous THF
m OBn (8ml) under a N, atmosphere. The reaction mixture was

BrO stirred at r.t. for 24h. Then the excess KOH was filtered
. OBn / VSP on a micropore and the residue was washed with THF.
% The residue was evaporated and 279 was obtained as a

BnO ~o - OBn foam (403 mg, 85%).

3100 @Qﬁ
© OBn [a]o2°=42.5° (CHCl3, c=1.0)

'H NMR (THF-d8, GOOMHZ): & 7.56 (d,*J=6.6 Hz, 4H, 4 x H-0-Ar), 7.32-6.94 (m, 72H, 72 x H-
Ar), 6.70 (s, 2H, 2 x H-Im), 6.68-6.61 (m, 4H, 4 x H-m-Ar), 5.97 (t, *Js5= "Js6= 9.9 Hz, 2H, 2 x
H-5A, D), 5.77 (d, *Jpn.cun = 11.4 Hz, 2H, 2 x CHPh), 5.71 (d, 2H, /1, = 3.6 Hz, 2 x H-1C, F), 5.39
(d, Yehcun= 11.5 Hz, 2H, 2 x CHPh), 5.21 (d, *Jph.cun= 11.4 Hz, 2H, 2 x CHPh), 5.11-5.00 (m,
4H, 2 x CHPh, 2xH-3C,F), 4.90-4.81 (m, 4H, 2 x CHPh, 2 x H-1B, E), 4.78 (d, 2H, *J1,= 2.8 Hz, 2
x H-1A, D), 4.61-4.57 (m, 8H, 8 x CHPh ), 4.52-4.46 (6H, 2 x H-6aA,D, 4 x CHPh), 4.38 (t, )53 =
*J3,4= 9.3 Hz, 2H, 2 x H-3B,E), 4.35-4.31 (m, 6H, 2 x H-3A,D, 4 x CHPh), 4.28 (d, “Jen.ci = 12.4
Hz, 2H, 2 x CHPh), 4.23-4.16 (m, 4H, 2 x H-5B,E, 2 x CHPh), 4.10-4.00 (m, 6H, 2 x H-5C, F, 2 x
H-6aC,F, 2 x CHPh), 3.96 (t, >34 = *J45= 8.7 Hz, 2H, 2 x H-4C,F), 3.82 (d, /= 10.5 Hz, 2H, 2 x H-
6bC,F), 3.76-3.67 (m, 4H, 2 x H-4B,E, 2 x H-6bA,D ), 3.62-3.59 (m, 2H, 2 x H-4A,D), 3.48 (dd,
*J12= 3.6 Hz, *J,3= 10.3 Hz, 2H, 2 x H-2C,F), 3.36 (dd, *J1,= 3.4 Hz, *J53= 9.9 Hz, 2H, 2 x H-
2B,E), 3.30 (dd, */1,= 2.7 Hz, *J,3= 9.7 Hz, 2H, 2 x H-2A,D), 3.25 (dd, *Jea6p= 10.9 Hz, *Js 6p=
4.1 Hz, 2H, 2 x H-6aB,E), 2.99 (wd, 2163,6b= 10.2 Hz, 2H, 2 x H-6bB,E )ppm;

3¢ NMR (THF-d8, 151MHz): & 175.95 (C-Cu), 142.10(2C), 141.56(2C), 140.93(2C),
140.32(2C), 140.11(2C), 139.90(2C), 139.55(2C), 139.36(2C)(16 x C-Ar-quat.), 129.36-126.82
(80 x C-Ar-tert.), 122.70(2 x N-C=C-N), 98.77(2 x C-1C,F), 98.44(2 x C-1B,E), 97.90(2 x C-
1A,D), 82.52, 82.42, 82.30(2 x C-3A,D, 2 x C-4C,F, 2 x C-4B,E), 81.39(2C)( 2 x C-3B,E, 2 x C-
2A,D), 81.18(2 x C-3C,F), 80.80(2 x C-2B,E),79.12(2 x C-2C,F), 77.31(2 x Ph-CH,), 77.26(2 x C-
4A,D), 77.19(2 x Ph-CH,), 75.39(2 x Ph-CH,), 74.67(2 x Ph-CH,), 74.63(2 x C-5C,F), 73.86(2 x
Ph-CH,), 73.80(2 x Ph-CH,), 73.66(2 x Ph-CH,), 72.85(2 x C-5B,E), 72.70(2 x Ph-CH,), 72.66(2
x C-5A,D), 71.71(2 x C-6C,F), 69.65(2 x C-6B,E), 54.85(2 x C-6A,D)ppm.
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Figure Exp 69: 'H NMR of compound 279, THF-d8, 600MHz, 300K
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Figure Exp 70: >C NMR of compound 279, THF-d8, 151MHz, 300K
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Experimental part

Im-a-CD-CuCCPh (280)

Im-a-CD-CuOH (15 mg, 1 equiv.) was dissolved in
E oBn anhydrous THF-d8 (400 pl) under Ar atmosphere in a
Bnomo O\—oBn NMR tube. Then 2ul (2 equiv.) of phenylacetylene was
added into the solution. The mixture was left at r.t. for

4d and the reaction was followed by *H NMR.

OBn
Bn
'H NMR (THF-d8, 600MHz): § 7.57 (dd, */=6.6, >/=3.0,
OB 2H, 2 x H-o-Acetylide), 7.34-6.79 (m, 80H, 80 x H-Ar),

BnO

BnOo 0 O OBn 6.68(s, 2H, 2 x H-Im), 6.66-6.63 (m, 3H, 2 x H-m-
Acetylide, H-p-Acetylide), 6.03 (t, 314,5 = 315,6 = 9.8 Hz,
2H, 2 x H-5A, D), 5.59 (d, *J12= 3.5 Hz, 2H, 2 x H-1C, F),
5.47-5.45 (m, 4H, 4 x CHPh), 4.96 (d, */1,= 3.1 Hz, 2H, 2 x H-1A,D), 4.92 (d, “eh.civ= 11.0 Hz,
2H, 2 x CHPh), 4.90-4.85 (m, 6H, 4 x CHPh, 2xH-3C,F), 4.79 (d, *Jph.cun = 11.8 Hz, 2H, 2 x
CHPh), 4.70-4.63 (m, 6H, 2 x CHPh, 2 x H-1B, E, 2 x H-6aA,D), 4.45-4.33 (m, 18H, 4xH-
3A,B,D,E, 14 x CHPh), 4.21 (d, “Jph.cun = 12.1 Hz, 2H, 2 x CHPh), 4.14-4.05 (m, 6H, 4 x H-
5B,C,E,F, 2 x CHPh), 3.95 (d, 2H, s 6o = 10.4 Hz, 2H, 2 x H-6aC,F), 3.81-3.71 (m, 8H, 4 x H-
4B,C,E,F, 2 x H-6bA,D, 2 x H-6bC,F), 3.62 (td, *J54= *J45= 7.7 Hz, 2H, 2 x H-4A,D), 3.44-3.39
(m, 4H, 4 x H-2A,C,F,D), 3.32-3.24 (m, 4H, 2 x H-2B,E, 2 x H-6aB,E), 3.00 (wd,2H, “Jea 6= 11.2
Hz, 2 x H-6bB,E) ppm;

3¢ NMR (THF-d8, 151MHz): & 176.74 (C-Cu), 141.35(2C), 141.23(2C), 141.03(2C),
140.17(2C), 140.02 (2C), 139.65(2C), 139.63(2C), 139.09(2C) (16 x C-Ar-quat.), 133.16 (2C, m-
C-Acetylide), 132.62 (2C, o-C-Acetylide), 129.18 (Cu-CC-Ph), 128.93-126.24 (80 x C-Ar-tert.),
124.70 (C—Acetylide quat), 123.44(p-C-Acetylide) 122.75(2 x N-C=C-N), 106.83 (Cu-CC-Ph),
99.73(2 x C-1C,F), 98.90(2 x C-1B,E), 98.15(2 x C-1A,D), 83.81(2 x C-4C,F), 82.44(2 x C-3A,D),
82.33(2 x C-4B,E), 81.93(2 x C-3B,E), 81.60 (2 x C-2A,D), 80.26(2 x C-3C,F), 79.98 (2 x C-2B,E),
78.68(4C)( 2 x C-4A,D, 2 x C-2C,F), 77.51(2 x Ph-CH,), 76.19(2 x Ph-CH,), 75.09 (2 x C-5C,F),
74.42(2 x Ph-CH,), 73.96(2 x Ph-CH,), 73.64(4C) (4 x Ph-CH,), 73.24 (2 x Ph-CH,), 72.98(2 x C-
5B,E), 72.53(2 x Ph-CH,), 72.47(2 x C-5A,D), 72.33(2 x C-6C,F), 69.31(2 x C-6B,E), 54.85(2 x C-
6A,D)ppm.
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Experimental part

Figure Exp 71: "H NMR of Compound 280, THF-d8, 600MHz, 300K
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Figure Exp 72: °C NMR of Compound 280, THF-d8, 151MHz, 300K
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Experimental part

Im-B-CD-CuOtBu (298)

F o E A mixture of Im-B-CD-CuCl (15mg, 1 eq.) and tBuOK (4.5 mg,
Bnoﬁoﬁggn 8 equiv.) was dissolved in anhydrous THF-d8 under a Ar
6 B0 5 oS\ Eno atmosphere, in a NMR tube. The NMR tube was left for

G Bno - o) b 1min, compound 298 was generated in situ.

- o K(\N 0Bn

0 ° 'H NMR (THF-d8, 600MHz): & 7.41-6.84 (m, 95H, 95 x H-Ar),
e %ﬁ%” 6.80 (s, 1H, N-CH=C), 6.47 (s, 1H, N-CH=C), 5.92 (d, *J;,= 3.9
O _PB0  ©  Hz, 1H, H-1G), 5.87 (d, */12= 3.3 Hz, 1H, H-1C), 5.63 (d, “Jpn.
BnO” <ogn v = 11.2 Hz, 1H, CHPh), 5.47 (d, “Jencn = 11.2 Hz, 1H,
B CHPh), 5.39-5.36 (m, 3H, 3 x CHPh), 5.27-5.24 (m, 2H, H-5A,

CHPh), 5.06-4.75 (m, 13H, 5 x H-1A,B,D,E,F, H-5D, H-6aD, H-6aA, H-3C,4 x CHPh), 4.68-4.30
(m, 26H, 26 x CHPh), 4.26 (t, J34="J,3= 8.9 Hz, 1H, H-3G), 4.20-3.36 (m, 33H, 2 x CHPh, 5 x
H-5B,C,E,F,G, 6 x H-2A,B,C,D,E,G, 5 x H-3A,B,D,E,F, 7 x H-4A,B,C,D,E,F,G, H-6bA, H-6aC, H-
6bC, H-6bD, H-6aE, H-6aF, H-6bF, H-6aG, H-6bG), 3.28 (m, 1H, H-2F), 3.09 (d, %Js6,= 11.0 Hz,
1H, H-6bE), 2.96 (wd, 1H, %56, = 11.3 Hz, 1H, H-6aB), 2.86 (wd, 1H, %56, = 11.1 Hz, 1H, H-
6bB), 1.60 (s, 9H, CH3);

3¢ NMR (THF-d8, 151MHz): & 142.00-139.16 (19 x C-At.quat.), 129.39-126.92 (95 x C-Ar-
tert.), 123.18, 122.2 (2 x N-CH=CH-N), 101.02, 100.73, 99.65, 98.31, 98.03, 97.68, 97.41 (7 x
C-1A,B,C,D,E,F,G), 83.49, 83.43 (C-4F) (C-4G), 82.94, 82.64(C-4C, C-3D), 82.24, 82.10(C-4B, C-
4E), 81.60, 81.50, 81.30, 81.21, 81.16, 81.07, 80.84, 80.62, 79.79, 79.76(5 x C-3A,B,E,F,G, 5 x
C-2A,B,D,E,F), 79.67(C-2C), 79.17(C-3C), 78.89(C-2G), 77.38, 77.00, 76.87, 76.79, 76.42(5 x
Ph-CH,), 76.21 (C-4A), 75.21, 74.75(2 x Ph-CH,), 74.57 (H-5C), 74.09 (C-4D), 74.01, 73.93(2C),
73.86(2C), 73.74, 73.52, 73.44(8 x Ph-CH,), 73.37(C-5G)73.31, 73.26(2 x Ph-CH,), 73.22(C-
5F),73.10, 73.01(2 x Ph-CH,), 72.80(2C), 72.77(3 x C-5E,B,D), 71.55(C-6C), 71.45(C-5A), 71.17,
70.71(2 x C-6F,G), 69.58(C-6E), 69.39(C-6B), 55.29(C-6D), 54.27(C-6A),39.68 (CHs)
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Figure Exp 73: "H NMR of Compound 298, THF-d8, 600MHz, 300K
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Figure Exp 74: °C NMR of Compound 298, THF-d8, 151MHz, 300K
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Experimental part

Im-3-CD-CuBPin(299)

A mixture of Im-B-CD-CuOH (25 mg, 1 equiv.) and (BPin),

N (2 mg, 1 equiv.) was dissolved in THF-d8 in a NMR tube,

BnO°Zo O%B” under a Ar atmosphere. The mixture gave compound 299
BnO

G Bno <2 BnO— 0 BnO . very efficient. It was decomposed in several hours.
oBn O
/@/SA N oBn
Bno N~ H NMR (THF-d8, 600MHz): 6 7.47-6.80 (m, 95H, 95 x H-

o} ceem O
o .o:a?o/’lom Ar), 6.71 (s, 1H, N-CH=C), 6.28 (s, 1H, N-CH=C), 5.94-5.84
nO

F

A O 0<% 4 (m, 2H, 2 x H-1), 5.80 (d, “Jph.cun = 13.2 Hz, 1H, CHPh), 5.74

OBanOz‘\OgO N (td, 1H, *Js5 = *Js = 10.7 Hz, H-5), 5.58 (d, “Jpn.cun = 11.4

Hz, 1H, CHPh), 5.48 (d, *Jpn.cun = 11.4 Hz, 1H, CHPh), 5.43-

5.26 (m, 3H, 3 x CHPh), 5.17 (d, Ys6 = 13.1 Hz, 1H, H-6),

5.12-4.99 (m, 6H, H-1, H-5, 4 x CHPh), 4.93-4.22 (m, 35H, 4 x H-1, 2 x H-3, H-5, H-6, 28 x

CHPh), 4.14-3.27 (m, 7 x H-2, 5 x H-3, 4 x H-5, 7 x H-4, 10 x H-6), 3.01 (wd, 1H, %= 10.4 Hz,
H-6), 2.92 (dd, 1H, %562 = 10.9 Hz, %Js 6, = 3.5 Hz, H-6), 0.94 (d, 12H, *J= 8.9 Hz);

C

B

3¢ NMR (THF-d8, 151MHz): & 177.88 (C-Cu), 142.86-139.94 (19 x C-At.quat.), 129.36-126.81
(95 x C-Ar-tert.), 123.26, 121.51 (2 x N-CH=CH-N), 102.98, 100.78, 99.90, 98.16, 98.04,
97.15(2C) (7 x C-1A,B,C,D,E,F,G), 84.17, 83.76, 83.73, 82.63, 82.46, 82.25, 82.06, 82.05,
81.59, 81.30, 80.91, 80.84 (2C), 80.69(2C), 80.62, 80.44, 79.71, 79.09, 78.78, 78.18, 78.17(7 x
C-2, 7 x C-3, 7 x C-4, C-quat.), 77.23, 76.91, 76.79, 76.49, 76.32 (5 x Ph-CH,), 76.25 (C-5),
75.98, 74.78 (2 x Ph-CH,), 74.27, 74.19 (2 x C-5), 73.92, 73.88, 73.84 (3 x Ph-CH,), 73.79 (C-
5), 73.70 (3C), 73.48(2C), 72.93, 72.83, 72.82, 72.68(9 x Ph-CH,), 72.58, 72.25 (2 x C-5),
71.93, 71.64, 70.75 (3 x C-6), 70.05 (C-5), 69.59, 69.24, 55.48, 54.35(4 x C-6), 25.35(2C),
25.39(2C)( 4 x CHs)
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Figure Exp 75: "H NMR of Compound 299, THF-d8, 600MHz, 300K
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Figure Exp 76: °C NMR of Compound 299, THF-d8, 151MHz, 300K
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Experimental part

Im-B-CD-CuOH(300)

Im-B-CD-CuCl (80mg, 0.027mmol) and KOH (4.5mg,

F
B0 Oanr%é)Bn 0.081mmol) were stirred in dry THF (1.6ml) under argon.
OBnO The mixture was stirred at r.t. overnight, and the reaction
G Bro £y Bno~ 080 , Wwas followed by NMR. Then the suspension was filtrated on
@o/yOB” A\ OOBn micropore, washed with diethyl ether under an argon
BnO %o N g atomosphere. The residue was concentrated by argon flow
B0 OBp.o7,0Bn in a schlenker reactor. Then it was left under vacuo to

A 9 OBn éoj obtain a white foam (90%).

C

O (0]
OBn (@]
BnO

OBn

'H NMR (THF-d8, 600MHz): & 7.44-6.87 (m, 95H, 95 x H-Ar),
6.77 (d, %J =1.7 Hz, 1H, N-CH=C), 6.47 (d, %J =1.7 Hz, 1H, N-
CH=C), 5.90 (d, */1,= 3.5 Hz, 1H, H-1), 5.85 (d, *J1,= 3.5 Hz, 1H, H-1), 5.81 (t, 1H, *Js5=*J56=
10.0 Hz, H-5), 5.66 (d, Jph.cun = 11.5 Hz, 1H, CHPh), 5.45-5.22 (m, 4H, 4 x CHPh), 5.09 (d,
*Jeagb= 13.6 Hz, 1H, H-6), 5.02 (d, */1,= 3.4 Hz, 1H, H-1), 4.98-4.95 (m, 2H, 2 x CHPh), 4.88-
3.96 (m, 48H, 3 x H-6, 31 x CHPh, 2 x H-5, 6 x H-3, 4 x H-1, 2 x H-4), 3.87-3.30 (m, 16H, 7 x H-
6,3 x H-5, 5 x H-4, 1 x H-3), 3.52-3.39 (m, 8H, 7 x H-2, 1 x H-5), 3.14 (d, %/ =11.2 Hz, 1H, H-6),
3.03-2.90 (m, 2H, 2 x H-6);

B

13C NMR (THF-d8, 151MHz): 6 178.38(Cu-C), 141.85, 141.60, 141.13, 141.06, 140.94, 140.24,
140.10, 139.99, 139.86(2C), 139.83, 139.80, 139.79, 139.72, 139.70, 139.53(2C), 139.18,
139.08 (19 x C-At.quat.), 129.03-126.68 (m, 95 x C-Ar-tert.), 122.97, 121.98 (2 x N-CH=CH-N),
100.90, 100.07, 99.37, 97.95, 97.74, 97.57, 97.17(7 x C-1), 83.46, 82.71, 82.45, 82.29, 81.96,
81.83, 81.68, 81.26(2C), 80.86(2C), 80.80(2C), 80.39, 80.25, 80.15, 79.58, 78.81, 78.78(2C)(6
x C-4,7 x C-3, 7 x C-2), 76.91, 76.82, 76.67, 76.61(4 x Ph-CH,), 75.08 (C-4), 75.00, 74.56(2 x
Ph-CH,), 74.34(C-5), 74.14, 73.99(2 x Ph-CH,), 73.96, 73.89(2 x C-5), 73.85(2C), 73.79(2C),
73.70(2C)(6 x Ph-CH,), 73.51 (C-5), 73.48, 73.15(2 x Ph-CH,), 73.01(C-5), 72.95, 72.86(2C) (3
x Ph-CH,), 72.47 (C-5), 71.43 (C-5), 71.26, 70.82, 70.67, 69.49, 69.17(5 x C-6), 55.48, 53.84(2
x C-6).
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Figure Exp 77: "H NMR of Compound 300, THF-d8, 600MHz, 300K
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Figure Exp 78: °C NMR of Compound 300, THF-d8, 151MHz, 300K
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Experimental part

Im-B-CD-CuCCPh(301)

Im-B-CD-CuOH (20 mg, 1 equiv.) was dissolved in anhydrous

F Bno_ E
BnO OBno o\_oBn THF-d8 (400 pl) under Ar atmosphere in a NMR tube. Then
O . :
B0 5 oS o 3ul (4 equiv.) of phenylacetylene was added into the
¢ B”O e (\N o solution. The mixture was left in the NMR tube and followed
n

by 'H NMR. 4h later, the reaction gave a full conversion of
compound 301 in situ.

gBﬁQ/OBn

O no

'H NMR (THF-d8, 600MHz): & 7.35-6.84 (m, 95H, 95 x H-Ar),

6.77-6.74 (m, 3H, N-CH=C, 2 x H-o-Acetylide), 6.66 (t, 1H, s

B =6.4Hz, H-p-Acetylide), 6.54 (t, 2H, %=7.6Hz, 2 x H-m-

Acetylide), 6.48 (d, °J=1.6Hz, 1H, N-CH=C), 5.97 (td, 1H, *J45 = *Js¢= 10.0 Hz, H-5), 5.89 (d,

*J12= 3.6 Hz, 1H, H-1), 5.78 (d, *J1,= 3.9 Hz, 1H, H-1), 5.74 (d, “Jeh.cun = 11.4 Hz, 1H, CHPh),

5.50 (d, Jph.cun = 12.0 Hz, 1H, CHPh), 5.39-5.26 (m, 3H, 3 x CHPh), 5.14-5.05 (m, 3H, H-1, H-6,

CHPh), 4.98-4.91 (m, 2H, H-1, CHPh), 4.85-4.24 (m, 39H, H-6, 3 x H-1, 3 x H-3, 2 x H-5, 30 x

CHPh), 4.16-3.33 (m, 31H, 7 x H-4, 4 x H-3, 4 x H-5, 9 x H-6, 7 x H-2), 3.19 (wd, % =11.3 Hz,
1H, H-6), 3.02 (wd, %J =10.7 Hz, 1H, H-6), 2.93 (dd, %Js,62= 11.0 Hz, *Js 6p = 3.6 Hz, H-6) ppm;

13 NMR (THF-d8, 151MHz): 6 179.41(Cu-C), 141.50, 141.49, 141.12, 141.02, 140.62, 140.30,
140.10, 140.01, 139.91, 139.89, 139.84(2C), 139.82, 139.80, 139.72, 139.65, 139.47, 139.10,
139.07 (19 x C-At.quat.), 132.75 (2 x m-C-Acetylide), 129.00-126.56 (m, 95 x C-Ar-tert. 2 x o-
C-Acetylide), 124.60 (p-C-Acetylide), 124.29 (C—Acetylide quat), 123.09, 121.98 (2 x N-
CH=CH-N), 106.51 (Cu-CC-Ph), 101.04, 100.26, 98.94, 98.38, 98.05, 97.54, 97.43(7 x C-1),
83.38, 82.85, 82.54, 82.33, 82.26 (Cu-CC-Ph) 81.79, 81.44, 81.38, 81.02, 80.93, 80.89, 80.76,
80.56, 80.25, 80.13, 80.02, 79.95, 79.67, 79.36, 78.87, 78.62, 78.32(7 x C-4, 7 x C-3, 7 x C-2),
77.08, 76.93, 76.86, 76.76, 76.64, 76.56, 76.45 (7 x Ph-CH2), 75.37 (C-5), 75.05, 74.63(2 x Ph-
CH2),74.43, 74.24, 74.15(3 x C-5), 73.85, 73.78, 73.70, 73.62, 73.45, 73.06 (6 x Ph-CH2),
72.96 (C-5), 72.94(2C), 72.79, 72.67 (4 x Ph-CH2), 72.43, 71.85 (2 x C-5), 71.46, 70.79, 70.73,
69.58, 69.08, 55.66, 53.82 (7 x C-6) ppm;
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Figure Exp 79: "H NMR of Compound 301, THF-d8, 600MHz, 300K
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Figure Exp 80: °C NMR of Compound 301, THF-d8, 151MHz, 300K

239



Experimental part

Representative experimental procedure for Im-a-CD-CuCl catalyzed hydroboration of
phenylacetylene with bis(pinacolato)diboron: in a vial with under argon, magnetic stir bar
was charged with Im-a-CD-CuCl (26 mg, 0.01 mmol, 5.0 mol%), tBuOK (9mg, 0.08 mmol, 0.4
equiv.), bis(pinacolato)diboron (51 mg, 0.2 mmol, 1 equiv.) in THF (1 ml), the mixture was
stirred for 5 min. Phenylacetylene (24 ulL, 0.22 mmol, 1.1 equiv.) and MeOH (15 uL,
0.4mmol, 2 equiv.) were successive added into the solution. The mixture was stirred at r.t.
overnight, and the reaction was followed by GC. The mixture was purified on silica gel
chromatography (hexanes : Et,0=10:1) to afford the desired linear product as colorless oil
(64%).

Representative experimental procedure for Im-B-CD-CuCl catalyzed hydroboration of
phenylacetylene with bis(pinacolato)diboron: in a vial with under argon, magnetic stir bar
was charged with Im-B-CD-CuCl (30 mg, 0.01 mmol, 5.0 mol%), tBuOK (9mg, 0.08 mmol, 0.4
equiv.), bis(pinacolato)diboron (51 mg, 0.2 mmol, 1 equiv.) in THF (1 ml), the mixture was
stirred for 5 min at r.t. Then the vial was placed placed in a -20°C cryocool. Phenylacetylene
(24 uL, 0.22 mmol, 1.1 equiv.) and MeOH (15 uL, 0.4mmol, 2 equiv.) were successive added
into the solution. The mixture was stirred overnight, and the reaction was followed by GC.
The mixture was purified on silica gel chromatography (hexanes : Et,0=10:1) to afford the
desired branched product as colorless oil (71%).

Representative experimental procedure for Im-B-CD-CuOH catalyzed hydroboration of
phenylacetylene with bis(pinacolato)diboron: Im-B-CD-CuOH was fresh prepared in a
Schlenker in a solution of THF under argon. In another vial with under argon, magnetic stir
bar was charged with tBuOK (9mg, 0.08 mmol, 0.4 equiv.), bis(pinacolato)diboron (51 mg,
0.2 mmol, 1 equiv.). A solution of Im-B-CD-CuOH (30 mg, 0.01 mmol, 5.0 mol%) in THF(1 ml)
was added (syringe). The mixture was stirred at r. t. for 1 min. Then the vial was placed in a -
20°C cryocool. Phenylacetylene (24 L, 0.22 mmol, 1.1 equiv.) and H,O (8 pL, 0.4mmol, 2
equiv.) were successive added into the solution. The mixture was stirred overnight, and the
reaction was followed by GC. The mixture was purified on silica gel chromatography
(hexanes : Et,0=10:1) to afford the desired linear product as colorless oil (74%).

The reaction was followed by GC 7890A (Agilent J&W 19091J-413 column, length: 30m,
diam. 0.32mm, film: 0.25um). 80 C to 240° C, 20°C/min gradient.
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Experimental part

Signal 1: FID1 B, Back Signal

RetTime Lvl Amount Area Amt /Area Ref Grp Name
[min] Sig [mg/ml]

7.053 1 5 2.19365¢=2 13.72206 1.59863e-3
1 4.38730e-2 20.13441 2.17901e-3

2 1.09682e-1 46.57279 2.35508e-3
2.19365e-1 91.18349 2.40575e-3
4.38730e-1 186.83412 2.34823e-3

Signal 1: FID1 B, Back Signal

RetTime Lvl Amount Area Amt /Area Ref Grp Name
[min] Sig [mg/ml]

------- R R R el Il B
5.643 1 .64000e-2 8.72479 1.87970e-3 B2Pin2

1

8.20000e-2 39.85172 2.05763e-3
1.64000e-1 80.34698 2.04115e-3
3.28000e-1 185.61862 1.76706e-3
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Experimental part

JiL (E)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane
Lo 'H NMR (CDCls, 400 MHz): 6 7.50 (2H, dd, J = 7.8 Hz), 7.41 (1H, d, J = 19.2
— Hz), 7.3 (3H, m), 6.18 (1H, d, J = 18.6 Hz), 1.33 (12H, s);
C§J 3¢ NMR (100 MHz, CDCls): § 149.7, 137.7, 129.1, 128.8, 127.3, 83.6, 25.0;
The structure of the product was confirmed by comparison of the NMR

spectra with the literature.’*®

OKL (E)-2-(4-methoxystyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
8- 'H NMR (CDCls, 400MHz) : §7.36 (2H, dd, J = 8.8, 0.5 Hz), 7.28 (1H, d, J =
— 18.4 Hz), 6.79 (2H, dd, J= 8.8 Hz), 5.94 (1H, d, J = 18.4 Hz), 3.73 (3H, s), 1.23
(12H, s);
MeO 3C NMR (CDCl;, 100 MHz): & 160.43, 149.18, 130.56, 128.58(2C),
114.11(2C), 83.33, 77.16, 55.40, 24.94.

(E)-2-(3-methoxystyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

0]
_ #d  'H NMR (CDCls, 400MHz): 7.36 (d, 1H, J=18.4Hz), 7.24 (t, 1H, J=3.9Hz), 7.07
- OJ (d, 1H, J=7.7Hz), 7.02(d, 1H, 2.1Hz), 6.83(ddd, 1H, J=8.2, 2.6, 0.9 Hz), 6.15
(d,1H,J=18,4Hz), 3,79 (s, 3H), 1,30(s, 12H);
3¢ NMR (CDCl; 100 MHz): 159.9, 149.5, 129.7, 120.0, 115.0, 112.1, 83.5, 55.3, 25,0.

ng (E)-2-(2-methoxystyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

o 'H NMR (CDCl3, 400MHz) : 67.76 (1H, d, J = 18.4 Hz), 7.53 (1H, dd, J = 7.6,
— 1.6 Hz), 7.25 (1H, ddd, J= 8.4, 7.6, 2.0 Hz), 6.92 (1H, dd, ) = 7.6, 7.6 Hz), 6.85

C;’_O/Me gslH dd, J = 8.4, 0.8 Hz), 6.17 (1H, d, ) =18.4 Hz), 3.83 (3H, s), 1.30 (12H, s);

C NMR (CDCl3 100 MHz): 6 157.5, 144.2, 130.1, 127.2,126.7, 120.7, 111.0,

83.3, 55.5, 24.9.

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'”’

(E)-4,4,5,5-tetramethyl-2-(4-methylstyryl)-1,3,2-dioxaborolane
. 'H NMR (CDCl5, 400MHz): § 7.43-7.35 (m, 3H), 7.16-7.14 (m, 2H), 6.12 (d,
= 1H, J=18.4 Hz), 2.35 (s, 3H), 1.23 (12H, s);
13C NMR (CDCl5, 100 MHz): & 149.60, 139.05, 134.95, 129.41(2C), 127.14(2C),

e 83.38, 24.95, 21.45.

(E)-4,4,5,5-tetramethyl-2-(3-methylstyryl)-1,3,2-dioxaborolane
KL 'H NMR (CDCls, 400MHz) : & 7.29 (1H, d, J = 18.4 Hz), 7.24- 7.19(2H, m),
= 7.18-7.11 (1H, m), 7.03 (1H, wd, J=7.1 Hz), 6.07 (1H, d, J = 18.4 Hz), 2.26 (3H,
MeOJ s), 1.23 (12H, s);
3¢ NMR (CDCl; 100 MHz): & 149.80, 138.19, 137.61, 129.82, 128.57,
127.90, 124.36, 83.42, 24.95, 21.51.

1% ¢. Morrill, R. H. Grubbs, J. Org. Chem, 2003, 6031-6034.
%75, K. Stewart, A. Whiting, J. Organomet. Chem, 1994, 482, 293-300
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Experimental part

(E)-4,4,5,5-tetramethyl-2-(2-methylstyryl)-1,3,2-dioxaborolane
'H NMR (CDCl;, 400MHz) : § 7.66 (1H, d, J = 18.4 Hz), 7.58-7.55 (1H,
J§L m),7.21-7.18 (2H, m), 7.17-7.14 (1H, m), 6.09 (1H, d, ) = 18.4 Hz), 2.43 (3H,

__ PO ), 1.33(12H, s);
13C NMR (CDCls, 100 MHz): & 147.3, 136.8, 136.4, 130.5, 128.7, 126.2, 125.9,
< §Me 83.4, 25.0, 19.9;

The structure of the product was confirmed by comparison of the NMR
spectra with the literature.'®

(E)-2-(4-fluorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
KL 'H NMR (CDCls, 400MHz) : 67.49-7.42 (2H, m), 7.35 (1H, d, J = 18.4 Hz),
Lg 173.04-7.01 (2H, m), 6.07(1H, d, J = 18.4 Hz), 1.31 (12H, s);
— C NMR (100 MHz, CDCl3): 6 163.27 (d, J=249 Hz), 148.28, 128.87 (d, J=8.31
Hz), 115.56 (d, J=20.6), 83.52, 24.93;
The structure of the product was confirmed by comparison of the NMR
F spectra with the literature.'*®

o

(E)-2-(3-fluorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

'H NMR (CDCl;, 400MHz) : 67.26 (d, 1H, J = 18.4 Hz), 7.22-7.14 (m, 2H),
5 7.09 (dt, 1H, J = 10.3 Hz, 2.4Hz), 6.96-6.85 (m, 1H), 6.08 (d, 1H, J = 18.4 Hz),
8-0  1.23 (12H, s);

3¢ NMR (100 MHz, CDCls): & 163.2 (d, J=163 Hz), 148.17, 139.97, 130.10,
F 123.08, 115.80, 113.35, 83.60, 24.92;

The structure of the product was confirmed by comparison of the NMR

spectra with the literature.'”

(E)-2-(2-fluorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
° 'H NMR (CDCl3, 400MHz) : § 7.59 (1H, d, J = 18.4 Hz), 7.56 (1H, dt, J = 7.6,
_po 1.6 Hz), 7.26 (1H, m), 7.11 (1H, dt, J = 7.6, 0.8 Hz), 7.03 (1H, ddd, J = 10.4,
8.4,1.2 Hz),6.24 (1H, d, ) = 18.8 Hz), 1.32 (12H, s);
< §F 3¢ NMR (100 MHz, CDCI3): 6§ 160.9 (d, J = 250 Hz), 141.4 (d, J = 3.7 Hz),
130.3 (d, J = 8.2 Hz), 127.5 (d, J = 3.0 Hz), 125.5 (d, J = 11.1 Hz), 124.2 (d, J =
3.8 Hz), 115.9 (d, J = 21.5 Hz), 83.6, 25.0;
The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®

(E)-2-(4-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
OKL 'H NMR (400 MHz, CDCl5) 6 7.40 (d, J = 7.79, 2H), 7.33 (d, J = 18.3, 1H), 7.30
__ jB-o (d,)=7.79, 2H), 6.13 (d, ) = 18.3, 1H), 1.31 (S, 12H).
13 NMR (100 MHz, CDC;3) 6 148.0, 136.0, 134.6, 128.8, 128.2, 83.5, 24.8.
The structure of the product was confirmed by comparison of the NMR

cl spectra with the literature.”®

%8 A, Y. Peng, B. T. Chen, P. J. Chen, J. Fluor. Chem. 2013, 151, 58-62.

N. Ohi, N. Sato, M. Soejima, T. Doko, T. Terauchi, Y. Naoe and T. Motoki, PCT Int. Appl., 2003, WO
2003101968 A1 20031211
P.J.Riss, S.Y. Ly, S. Telu, F. I. Aigbirhio and V. W. Pike, Angew. Chem. Int. Ed., 2012, 51, 2698
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Experimental part

o KA (E)-2-(3-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
B 'H NMR (400 MHz, CDCl5) & 7.70 (d, 1H, J=18.4Hz), 7.55 (dd, 1H, J = 7.1,
j 2.1Hz,), 7.30-7.23 (m, 1H), 7.20-7.08 (m, 2H), 6.09 (d, 1H, J = 18.4Hz), 1.23
“ (S, 12H).
3¢ NMR (100 MHz, CDCI3) 6 145.07, 135.76, 133.97, 129.90, 129.77, 127.14, 126.96, 119.90,
83.59, 24.95;

(E)-2-(2-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
‘?KL 'H NMR (CDCls, 400MHz): & 7.70 (d, 1H, J =18.4 Hz), 7.55 (dd, 1H, J=7.1, 2.1
B-0 Hz), 7.31-7.23 (m, 1H), 7.20-7.08 (m, 2H), 6.09 (d, 1H, J =18.4 Hz), 1.23
(12H, s)
cl 3C NMR (100 MHz, CDCls): & 145.07, 135.76, 133.97, 129.90, 129.77,
127.14, 126.96, 83.59, 24.95.
The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®

(E)-4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)styryl)-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz ): § 7.60-7.55 (4H, m), 7.40 (1H, d, J = 18.4 Hz),
OKL 6.26 (1H, d, J = 18.4 Hz), 1.32 (12H, s);
3¢ NMR (100 MHz, CDCl5): & 147.8, 140.9, 130.6 (q, J = 32 Hz), 127.3, 125.7

(g,J=4.0Hz),124.2 (q,) =271 Hz), 83.8, 24.9;
FsC The structure of the product was confirmed by comparison of the NMR
spectra with the literature.'®

|
B-o

(E)-4,4,5,5-tetramethyl-2-(3-(trifluoromethyl)styryl)-1,3,2-dioxaborolane

. 'H NMR (CDCls, 400MHz ): & 7.72 (1H, s), 7.64 (1H, d, J = 8.0 Hz), 7.53 (1H,

b0 d,J=8.0Hz),7.46 (1H, d, J = 8.0 Hz), 7.40 (1H, d, J = 18.4 Hz), 6.24 (1H, d, J
. =18.4 Hz), 1.31 (12H, s);

3¢ NMR (CDCI3, 100 MHz): 6 147.8, 138.4, 131.2 (g, J = 32 Hz), 130.1 (d, J =

1.5 Hz), 129.2,125.4 (q,J = 4.0 Hz), 124.1 (q, ) = 272 Hz), 123.9 (q, J = 3.7 Hz), 83.7, 24.9;
The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®

F3C

(E)-4,4,5,5-tetramethyl-2-(2-(trifluoromethyl)styryl)-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz), § 7.74 (1H, d, J = 18.4 Hz), 7.71 (1H, d, J = 8.0 Hz),
KA 7.63 (1H, dd, J = 8.0, 0.8 Hz), 7.52 (1H, dd, J = 7.6, 7.6 Hz), 7.38 (1H, dd, J =
B0 7.6,7.6Hz),6.16 (1H, d, ) = 18.4 Hz), 1.31 (12H, s);
3¢ NMR (CDCI3, 100 MHz): & 144.9 (d, J = 1.5 Hz), 137.1, 132.0, 128.3,
Fa 127.9 (g, J = 29.8 Hz), 127.6, 125.8 (q, J = 6.0 Hz), 124.3 (g, J = 272 Hz), 83.7,
24.9;

The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®
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Experimental part

4,4,5,5-tetramethyl-2-(1-phenylvinyl)-1,3,2-dioxaborolane
Q?L 'H NMR (CDCl;, 400MHz), & 7.50-7.48 (2H, m), 7.34-7.30 (2H, m), 7.27-7.23
O‘CBID (1H, m), 6.09 (1H, d, J = 2.8 Hz), 6.07 (1H, d, J = 2.8 Hz), 1.33 (12H, s);
3¢ NMR (CDCI3, 100 MHz): § 141.5, 131.0, 128.3, 127.3, 127.1, 83.9, 24.9;
Cf The structure of the product was confirmed by comparison of the NMR spectra

with the literature.®

Q?L o 2-(1-(4-methoxyphenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
! 'H NMR (CDCl;, 400MHz): §7.47-7.45 (m, 2H), 6.88-6.85 (m, 2H), 6.00 (dd, 2H, J

= 18.9 Hz, 3.0Hz), 3.81 (3H, s), 1.33 (12H, s)
3¢ NMR (100 MHz, CDCls): & 159.0, 133.7, 129.1, 128.4(2C), 113.7(2C), 83.8,

55.4, 24.9;

2-(1-(3-methoxyphenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

'H NMR (CDCls, 400MHz): & 7.23 (1H, m, J = 8.0, 8.0, 1.2 Hz), 7.09-7.04 (2H, m),
g}o 6.80 (1H, ddd, J = 8.0, 2.4, 0.8 Hz), 6.08 (1H, d, J = 3.2 Hz), 6.05 (1H, d, ) = 2.8
5 Hz),3.80(3H,s), 1.32 (12H, s);

d 3 NMR (100 MHz, CDCl5): § 159.6, 142.9, 131.1, 129.2, 119.8, 113.0, 112.7,
Meo 83.9, 55.3, 24.9;

The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®

Q?L 4,4,5,5-tetramethyl-2-(1-(p-tolyl)vinyl)-1,3,2-dioxaborolane

'H NMR (CDCl3, 400MHz) : 7.39 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 6.05
(d, J=3.1Hz, 1H), 6.01 (d, J = 3.0Hz, 1H), 2.34 (s, 3H), 1.33 (s, 12H);
3C NMR (100 MHz, CDCl5): 6 149.6, 138.7, 136.8, 130.1, 129.0(2C), 127.2(2C),
83.9,24.9, 21.3;

@)
i
w-0

Me
4,4,5,5-tetramethyl-2-(1-(m-tolyl)vinyl)-1,3,2-dioxaborolane
'H NMR (CDCls, 300MHz) : & 7.35-7.29 (m, 2H), 7.29-7.21(m, 1H), 7.12-7.07 (m,
0 1H), 6.10 (d, 1H, J= 2.9 Hz), 6.07 (d, 1H, J = 3.0 Hz), 2.40 (s, 3H), 1.36 (s, 12H);
O’B;: 3¢ NMR (CDCl3 75 MHz): § 141.5, 137.7, 130.7, 128.2, 127.9, 124.6, 83.9, 24.9,

21.7;
Me

4,4,5,5-tetramethyl-2-(1-(o-tolyl)vinyl)-1,3,2-dioxaborolane
'H NMR (CDCl3, 300MHz) : § 7.17-7.14 (3H, m), 7.11-7.08 (1H, m), 6.16 (1H, d, J
A?LIO =4.0 Hz), 5.80 (1H, d, /= 3.6 Hz), 2.27 (3H, s), 1.28 (12H, s);
o-B 3¢ NMR (CDCl;, 75 MHz): § 142.8, 135.1, 133.1, 129.8, 128.5, 127.0, 125.9,
C;"e 83.9, 24.9, 20.4;
The structure of the product was confirmed by comparison of the NMR spectra

with the literature.®
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Experimental part

2-(1-(4-fluorophenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz) : .6 7.46 (2H, dd, J = 8.8, 5.6 Hz), 7.01 (2H, dd, J = 8.8,
Q?LO 8.8 Hz), 6.05 (2H, m), 1.33 (12H, s);
0-B 3¢ NMR (100 MHz, CDCl3): & 162.4 (d, J = 244 Hz), 137.5, 130.9 (d, J = 1.5 Hz),
128.9 (d, J =8.2 Hz), 115.1 (d, J = 20.8 Hz), 84.0, 24.9
The structure of the product was confirmed by comparison of the NMR spectra
F with the literature.'®

2-(1-(3-fluorophenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
A?L 'H NMR (CDCls, 400MHz) : .5 7.30-7.24 (2H, m), 7.22— 7.19 (1H, m), 6.96—6.90
®  (1H,m), 6.13 (2H, s), 1.36 (12H, s)

o-B 3¢ NMR (100 MHz, CDCl3): & 163.0 (d, J = 243 Hz), 143.7 (d, J = 8.2 Hz), 132.0,
129.6 (d, J = 8.2 Hz), 122.9 (d, J = 3.0 Hz), 114.2 (d, J = 21.6 Hz), 113.9 (d, J = 20.8
Hz), 84.1, 24.9;

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.™

F

2-(1-(2-fluorophenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz) : 7.31 (1H, td, J = 7.7, 1.8Hz), 7.21-7.17 (1H, m), 7.10

Q\? (1H, ddd, J=7.6, 7.6, 1.2 Hz), 7.02 (1H, ddd, J = 10.5, 8.2, 1.2 Hz), 6.07 (1H, d, J =

0-8B 3.2 Hz), 6.01 (1H, d, J = 2.8 Hz), 1.32 (12H, s);

3¢ NMR (100 MHz, CDCl3): 6 160.0 (d, J = 245 Hz), 132.6 (d, J = 2.3 Hz), 129.9 (d,

J=14.1Hz), 129.7 (d, J = 3.8 Hz), 128.8 (d, / = 8.2 Hz), 124.2 (d, / = 3.0 Hz), 115.4

(d,J=22.3 Hz), 84.0, 24.8;

The structure of the product was confirmed by comparison of the NMR spectra with the

literature.'®

F

2-(1-(4-chlorophenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz) : § 7.37-7.31 (m, 2H), 7.23-7.16 (m, 2H), 5.99(q, J =

N
Oo-B

2.8Hz, 2H), 1.25 (12H, s);
13C NMR (CDCl3, 100 MHz): § 140.0, 133.0, 131.5, 128.7, 128.4, 84.1, 24.9

cl

2-(1-(3-chlorophenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
'H NMR (CDCl3, 400MHz) : § 7.46 (td, J = 1.7, 0.6Hz, 1H), 7.36 (td, J = 7.1, 1.8 Hz,
1H), 7.23-7.18(m, 2H), 6.09 (dd, J = 4.0, 2.8Hz, 2H), 1.26 (12H, s);

Q\o
|
0-B
13C NMR (CDCl3, 100 MHz): & 143.4, 134.2, 132.2, 129.5, 127.4, 127.1, 125.6,
cl 84.1,24.9;
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Experimental part

2-(1-(2-chlorophenyl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

'H NMR (CDCl3, 300MHz) : & 7.32 (1H, dd, J = 8.0, 1.2 Hz), 7.24-7.16 (3H, m),
Q\o 6.11 (1H, d, J = 3.2 Hz), 5.84 (1H, d, J = 3.2 Hz), 1.29 (12H, s);
0-B 3¢ NMR (CDCl;, 100 MHz): & 141.8, 132.7, 132.6, 129.8, 129.1, 128.4, 127.1,
84.0, 24.9;
The structure of the product was confirmed by comparison of the NMR spectra
with the literature.*®

Cl

4,4,5,5-tetramethyl-2-(1-(4-(trifluoromethyl)phenyl)vinyl)-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz) : & 7.58 (4H, s), 6.18 (1H, d, J = 2.4 Hz), 6.13 (1H, d, J =
Q\O 2.4 Hz), 1.34 (12H, s);
0-B 3¢ NMR (100 MHz, CDCls): 6 145.2, 133.1, 129.1 (q, J = 32 Hz), 127.6, 125.2 (q,
_ J=4.0Hz), 124.5 (q, ) = 270 Hz), 84.2, 24.9;
N\ / The structure of the product was confirmed by comparison of the NMR spectra
F.C with the literature.*®

4,4,5,5-tetramethyl-2-(1-(3-(trifluoromethyl)phenyl)vinyl)-1,3,2-dioxaborolane
g} 'H NMR (CDCl3, 400MHz) : & 7.75-7.74 (1H, m), 7.67 (1H, dd, J = 8.0, 1.2 Hz),
O_g 7.51 (1H, dd, /= 7.6, 0.8 Hz), 7.43 (1H, ddd, J = 7.2, 7.2, 0.8 Hz), 6.16 (1H, d, J =
2.8 Hz), 6.14 (1H, d, J = 2.4 Hz), 1.34 (12H, s); *C NMR (100 MHz, CDCl3): 6
F3C~C§: 142.3,132.6, 130.7 (d, J = 1.5 Hz), 130.6 (q, J = 31.3 Hz), 128.7, 124.5 (q, / = 271
Hz), 124.1 (g, J=3.7 Hz), 123.8 (q, J = 3.7 Hz), 84.2.
The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®

4,4,5,5-tetramethyl-2-(1-(2-(trifluoromethyl)phenyl)vinyl)-1,3,2-dioxaborolane
'H NMR (CDCls, 400MHz) : 7.61 (1H, d, J = 7.6 Hz), 7.47 (1H, ddd, J = 7.6, 7.6, 0.4
A?LC.’ Hz), 7.33 (1H, dd, J = 7.6, 7.6 Hz), 7.16 (1H, d, / = 7.6 Hz), 6.20 (1H, d, J = 3.6 Hz),
5.76 (1H, d, /= 3.2 Hz), 1.26 (12H, s);
£, C NMR (100 MHz, CDCl3): & 142.3, 133.6 (q, J = 3.6 Hz), 131.6, 130.5, 127.8 (q,
J=29.0Hz),126.7,125.9 (q, /= 3.0 Hz), 124.6 (q, J = 266 Hz), 84.1, 24.8;
The structure of the product was confirmed by comparison of the NMR spectra with the
literature.'®
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Figure Exp 81: "H NMR of Compound 281b, CDCl;, 400MHz, 300K
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Figure Exp 82: °C NMR of Compound 281b, CDCl;, 100MHz, 300K
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Figure Exp 83: "H NMR of Compound 282b, CDCl;, 400MHz, 300K
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Figure Exp 84: °C NMR of Compound 282b, CDCl;, 100MHz, 300K
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Figure Exp 85: 'H NMR of Compound 284b, CDCl;, 400MHz, 300K
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Figure Exp 86: °C NMR of Compound 284b, CDCl;, 100MHz, 300K
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Figure Exp 87: "4 NMR of Compound 285b, CDCl3, 400MHz, 300K
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Figure Exp 88: °C NMR of Compound 285b, CDCl3, 100MHz, 300K
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Figure Exp 89: "4 NMR of Compound 288b, CDCl3, 400MHz, 300K
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Figure Exp 90: °C NMR of Compound 288b, CDCl;, 100MHz, 300K
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Figure Exp 92: >C NMR of Compound 281a, CDCl;, 100MHz, 300K
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Figure Exp 91: "H NMR of Compound 281a, CDCl3, 400MHz, 300K
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Figure Exp 93: "H NMR of Compound 284a, CDCl3, 400MHz, 300K
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Figure Exp 94: >C NMR of Compound 284a, CDCl;, 100MHz, 300K
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Figure Exp 95: "H NMR of Compound 285a, CDCl3, 400MHz, 300K
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Figure Exp 96: °C NMR of Compound 285a, CDCl;, 100MHz, 300K
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Figure Exp 97: "4 NMR of Compound 287a, CDCl;, 400MHz, 300K
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Figure Exp 98: °C NMR of Compound 287a, CDCl;, 100MHz, 300K
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Figure Exp 99: "H NMR of Compound 288a, CDCl3, 400MHz, 300K

= NN©O = © - >

¢  3IHR/RNE 3 3

- e ~N

| NNV |
v ~ b W O

155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 65 55 15 10 35 30 25 20 15 10 5 C

0
f1 (ppm)

Figure Exp 100: >C NMR of Compound 288a, CDCl3, 100MHz, 300K
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