Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202300871

www.chemcatchem.org

Macrocyclization of Dienes under Confinement with
Cationic Tungsten Imido/Oxo Alkylidene N-Heterocyclic

Carbene Complexes

Felix Ziegler,” Johanna R. Bruckner,” Michal Nowakowski,'” Matthias Bauer,™
Patrick Probst,”” Boshra Atwi,® and Michael R. Buchmeiser*!

Macrocyclization reactions are still challenging due to compet-
ing oligomerization, which requires the use of small substrate
concentrations. Here, the cationic tungsten imido and tungsten
oxo alkylidene N-heterocyclic carbene complexes [[W(N-2,6-Cl,-
C4Hs)(CHCMe,Ph(OC,Fs)(pivalonitrile)(IMes) ™ B(Arf),"1 (W1) and
[W(O)(CHCMe,Ph(OCMe(CF5),)(IMes)(CHsCN) ™ B(Ar), T (W2)
(IMes = 1,3-dimesitylimidazol-2-ylidene;  B(Ar"),” =tetrakis(3,5-
bis(trifluoromethyl)phenyl borate) have been immobilized in-
side the pores of ordered mesoporous silica (OMS) with pore
diameters of 3.3 and 6.8 nm, respectively, using a pore-selective
immobilization protocol. X-ray absorption spectroscopy of
W1@O0MS showed that even though the catalyst structure is
contracted due to confinement by the mesopores, both the

Introduction

Catalytic reactions under steric confinement, e.g. in mesopo-
rous systems, mimic enzymes and benefit from the proximity of
the catalyst to a pore wall with a defined geometry and polarity.
This way, confinement can, e.g. induce a prefolding or
preorientation of substrates and, thus, stabilize critical transition
states which are difficult to realize otherwise.!" This can lead to
unexpected, sometimes unusually high® or inverted
selectivities,” productivities, and activities.”! Over the last years
we have developed concepts to mimic enzymes by immobiliz-
ing well-defined organometallic catalysts inside mesoporous
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oxidation state and structure of the catalyst stayed intact upon
immobilization. Catalytic testing with four differently sized o,®-
dienes revealed a dramatically increased macrocyclization (MC)
and Z-selectivity of the supported catalysts compared to the
homogenous progenitors, allowing high substrate concentra-
tions of 25 mM. With the supported complexes, a maximum
increase in MC-selectivity from 27 to 81% and in Z-selectivity
from 17 to 34% was achieved. In general, smaller mesopores
exhibited a stronger confinement effect. A comparison of the
two supported tungsten-based catalysts showed that W1@OMS
possesses a higher MC-selectivity, while W2@OMS exhibits a
higher Z-selectivity which can be rationalized by the structures
of the catalysts.

supports, thereby taking advantage of confinement effects. In
fact, a catalyst placed inside a small pore adopts a “secondary
structure”, due to confinement, which allows for tuning a
catalyst’s reactivity and selectivity by tuning the relevant
transition states in the catalytic cycle.”

We already reported on olefin metathesis-based macro-
cyclization (MC) reactions under confinement using both,
modified Grubbs-Hoveyda-type and cationic molybdenum
imido alkylidene N-heterocyclic carbene (NHC) catalysts.*ehel
These catalysts were selectively immobilized inside the meso-
pores of SBA-15 and other ordered mesoporous silica (OMS)
materials and allowed for macrocyclization (MC) reactions at
concentrations of up to 100 mM with MC selectivities of up to
98%. In view of the peculiar reactivity and selectivity of
tungsten imido or tungsten oxo alkylidene NHC catalysts” we
were interested how the analogous tungsten-based catalysts
would perform under these conditions and to which extent the
concept of confined catalysts could be extended to another
class of organometallic catalysts.

Results

Catalysts [W(N-2,6-Cl,-C¢H5)(CHCMe,Ph-
(OC4Fs)(pivalonitrile)(IMes)™  B(Ar), 1®  (W1) and  [W-
(O)(CHCMe,Ph(OCMe(CF,),)(IMes)(CH,CN) ™ B(Ar"), 1" (W2, Fig-
ure 1) were prepared according to the literature. Two OMS
materials with pore diameters of 3.3 nm and 6.8 nm, respec-
tively, were prepared via true liquid crystal templating using
hexadecylethyldimethylammonium bromide or P123, respec-
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Figure 1. Structures of the parent catalysts W1 and W2, their supported versions W1@OMS and W2@OMS as well as of the substrates 1-4 and the macrocyclic

products 5-8.

tively, as surfactant. Both OMS exhibited a hexagonal order of
the mesopores and a narrow pore size distribution (cf.
Figures S1-S3). The specific surface areas determined by the
NLDFT method were 695 m?*g™" for OMS;;; and 245 m?g~' for
OMSgg. Pore-selective immobilization was accomplished follow-
ing a protocol described earlier.*®¥ Briefly, the mesopores of
OMS were filled with the Pluronic® P123; then the outer surface
of the OMS was reacted with hexamethyldisilazane (HMDS) for
passivation (Figure 2). After removal of the Pluronic® with
ethanol and thorough drying of the modified OMS, solutions of
W1 and W2 in 1,2-dichlorobenzene were introduced into the
mesopores and immobilized via substitution of the hexafluoro-
tert-butoxide and pentafluorophenoxide ligand, respectively, by
the surface silanol groups of the OMS to yield W1@OMS and
W2@O0MS, respectively (Figure 1). For both W1 and W2, two
OMS materials with different average pore diameters were used
yielding in total four supported catalysts, W1@OMS;;;,
W1@0MSggs, W2@O0MS;;; and W2@OMSgg,4.  Physisorption
analysis after the immobilization process verified that the mean
pore diameter as well as the pore size distribution of the
support were only slightly altered during immobilization. (cf.
Figures S4-S5, Table S2). Scanning electron microscopy analysis
yielded particle sizes of roughly 3 to 300 um for catalysts
supported by OMS;;; and 70 to 500 um for catalysts supported
by OMSgg; (cf. Figure S6). The catalyst loadings for these four
supported  catalysts were 102 (W1@OMS;;;), 16.5
(W1@OMSega), 5.6 (W2@OMS;34) and 26.0 (W2@OMSegs) pmol/
g. Even though the specific surface area of OMS,; is more than
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twice as large as that of OMSgg;, the catalyst loadings on OMSgg,
are significantly larger. This effect may be rationalized by
increasing diffusion limitations of W1 and W2 into the
mesopores with decreasing pore sizes.®?

Four o,c0-dienes were used as substrates for MC; these were
dec-9-en-1-yl  undec-10-encate  1,°°%'  pentane-1,5-diyl
bis(undec-10-enoate) 2,**'% dodecane-1,12-diyl bis(undec-10-
enocate) 3,°Y and tert-butyldimethyl(nonadeca-1,18-dien-10-
yloxy)silane 4°*'% (Figure 1). To obtain the reference spectra of
the macrocyclic products 5-8 (Figure 1), MC reactions were
carried out at room temperature in CH,Cl, using the 2™-
generation Grubbs catalyst RuCl,(PCy;)(IMes)(CHPh). Where
possible, the E/Z isomers were separated by semi-preparative
HPLC. MC reactions with catalysts W1 and W2 were carried out
in C4,Dg using stock solutions of the corresponding catalyst in
CDCl;. Both conversion and the macrocycle:oligomer (MC:O)
ratios were determined by 'H NMR as described earlier.”>%
Exemplary "H NMR spectra are shown in Figures S7-S10. Table 1
summarizes the results obtained.

In solution, substrates 1-4 were converted with catalysts
W1 and W2 into the corresponding macrocycles in 71-74%
yield. MC efficiency was in the range of 27-48 %; the Z-content
was in the range of 17-37%. With the supported catalysts
W1@OMS and W2@OMS conversions were in the range of 27-
539% and thus lower than in solution; hindered diffusion can be
made accountable for that. Most important, MC selectivity
increased substantially upon immobilization of W1 or W2 inside
the mesopores of OMS. For substrate 1, whose MC yields the
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Figure 2. Multi-step modification of OMS for the pore-selective immobilization of the catalyst inside the mesopores.

20-membered ring 5, MC selectivity increased from 48% (W1,
W2) to 80% (W1@OMS,g;) using 6.8 nm pores and could be
further increased to 86 % (W1@OMS;;4) using 3.3 nm pores.
Remarkably, the use of the double amount of catalyst
(2 mol-%) did not change MC selectivity significantly but
increased the conversion notably (Table 1). Z-selectivity in-
creased substantially from 37% (W1) to 59% (W1@OMS,;). For
substrate 2, whose MC yields the 27-membered ring 6, MC
selectivity increased from 45% (W1) to 71% (W1@OMSgg;)
using 6.8 nm pores and could be further increased to 78%
(W1@0MS,3;) using 3.3 nm pores. Again, the use of the double
amount of catalyst (2 mol-%) did not significantly change MC
selectivity. Z-selectivity also increased from 24% (W2) to 41%
(W2@O0MS,;;). Substrate 3, yielding the largest macrocycle 7,
i.e. a 34-membered ring, showed similar results. MC selectivity
increased from 37% (W1) to 61% (W1@OMSgg;) using 6.8 nm
pores and further increased to 70% (W1@OMS,;;) using 3.3 nm
pores. Due to overlapping signals in 'H NMR, Z-selectivity could
not be accurately determined. Finally, the MC selectivity of
substrate 4, yielding the 17-membered ring 8, was successfully
increased from 27% (W1) to 72% (W1@0OMSg;) using 6.8 nm
pores and to 81% (W1@OMS,;;) using 3.3 nm pores. Z-
selectivity also increased from 22% (W2) to 40% (W2@OMS.;;).

EXAFS Analysis
Tungsten L; XANES spectra of W1 and W1@OMSg, in

comparison to a tungsten foil are shown in Figure 3 together
with their 1** derivatives in the inset. The absorption edge shift
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by +1.5 eV after immobilization indicates a significant change
of the electronic structure in W1@OMSgg;. It has to be noticed
that this shift is not necessarily indicating an oxidation state
change. In fact, since the white line intensity is identical in both
W1 and W1@OMS,g;, identical oxidation states can be assumed,
as it reflects the number of d-electron holes."" EXAFS analysis
was performed to determine the local structure of W1 and
W1@O0MSg;. As shown in Table 2, the first coordination shell is
composed of five atoms according to the structural model of
W1. To account for oscillation anharmonicity, the first shell
scatters were fitted with the third cumulant."? Concerning
atom types, EXAFS cannot distinguish between them due to
almost identical scattering factors and phase shifts. Thus, the
first double-degenerated W—C scatter at 1.818(9) A contains
contributions from N and C atoms. Likewise, the third double-
degenerated W—C scatter at 2.200(4) A also contains contribu-
tions from C and N atoms. The fitting details on further
coordination shells are available in Table S9 and the fits are
shown in Figure S34.

Compared to W1, the coordination environment in
W1@OMSg; changes significantly. Upon immobilization, de-
coordination of the nitrile and a 4-fold coordination is expected.
To create a suitable model for the fit of the according EXAFS
spectrum, the structure of W1 was modified accordingly
followed by geometry optimization using DFT calculations
(Orca 5.0.2 version)™ with the PBEh-3c method"¥ and fixed
positions of the Si atoms. The final XYZ coordinates of the
optimized structure are provided in Table S11. Results concern-
ing the 1** coordination shell for EXAFS analysis based on this
model are shown in Table 3, while the further shell data is

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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available in Table S10 and fitted function in Figure S35. The
generated model with the 4-fold coordination environment
reproduces the experimental spectra very well. Two double-
degenerated scatters indicate a higher symmetry than in W1.
Thus, the W—C scatter at 1.79 A contains contributions from C
and N atoms. The second W—O double-degenerated scatter
contains contributions from W—O and W—C. The original W—C

ChemCatChem 2023, 15, 202300871 (4 of 8)

ChemCatChem doi.org/ 101002/ cctc.202300871 Societies Publishing
Table 1. Summary of macrocyclization (MC) results. Table 3. W L; EXAFS results for W1@0OMSgg;.
Substrate  Catalyst Conversion MC-Selectivity % Path N /A2 Rer/A R+ AR/A /A
[9%] [9%] z
W-C/N 1.8(1)  0.0020(3)  1.891 1.794(13)  0.00051(14)
! Wi 72 48 37 W-0/C  1.8(1)  0.0026(3)  1.897  1.898(14)  —0.00069(14)
1 W1@OMSe 27 80 53
R N - coordination number; 6* - Debye—Waller factor; R4 — model values; R
1 W1@0OMSesn 51 82 50 + AR - fitted positions; C; — third cumulant. The values in brackets indicate
1 W1@0MS33 31 86 58 a fitting error at a 0.95 confidence level.
1 W1@OMS,5* 42 86 53
1 w2 74 48 36
1 W2@OMS,;; 44 70 50
1 W2@OMS,,, 40 84 59 bond with the 1,3-dimesitylimidazol-2-ylidene group aat 220A
2 Wi - 45 % in W1, is significantly shorter in W1@0OMSgg; (1.90 A), which
contracts a major part of the complex. Interestingly, at 3.75 A, a
2 W1@OMSg 31 71 32 . S S
W-Si backscatter pair is visible, which is affected by strong
2 W1@0MS® 53 69 33 . I . .
anharmonicity of oscillations, a row of magnitude higher than
2 WI@OMS5, 44 78 35 for W—C and W-O oscillations. It can be rationalized by strong
2 W1@OMS3;x* 40 78 37 movement constraints on the Si atom due to the rigid support
2 w2 73 46 24 type.
2 W2@0MSg, 50 62 35
2 W2@0MS,;, 37 72 41
3 Wi 2 37 _ Discussion
3 W1@0OMSggs 18 61 - " . . hich i iall
3 W1@OMS,., 14 70 ~ A. reactions were run 25 mM in substrate,.w ich is subs.tantla y
3 w2 T 18 higher than the usual 5mM up to which MC reactions are
h usually run to achieve high MC selectivity. In solution, W1 and
3 W2@OMSess 43 >4 N W2 performed almost identical for a given substrate in terms of
3 W2@0OMS;5 30 65 - conversion and MC selectivity and showed only subtle differ-
4 W1 71 27 17 ences in Z-selectivity. Yields were only slightly lower than with
4 W1@0OMSgg4 33 72 30 related cationic Mo imido alkylidene NHC catalysts (<74 vs.
4 W1@OMS,,; 26 81 34 <79%)"" Under confinement, both supported catalysts
4 W2 72 29 22 W1@OMS and W2@OMS allowed for substantially higher MC
4 W2@OMS,s 49 53 32 selectivity and Z-selectivity compared to the homogeneous
4 W2@OMS,,, 30 70 40 analogs W1 or W2, particularly whe?n immobilized inside small
3.3 nm mesopores. Moreover, particularly for the least polar
Reactions were run at room temperat‘ure in C¢Ds for 16 hours using 1 mol- substrate 4, the supported catalyst W1@OMS,; allowed for a
% catalyst and a substrate concentration of 25 mM. ?2 mol-% catalyst. i L X .
higher MC selectivity than W2@OMS;;;, which can be rational-
ized by the more non-polar environment around the catalyst
Tl 2. WL EXAFS et resulting from the presence of the 2,6-dichlorophenylimido
. t . . .
avie ? resuits for ligand compared to the oxo ligand. By contrast, W2@OMS;;;
Path N o'/’ Ra/A  R+ARA  C/A allowed for a systematically and significantly higher Z-selectivity
W—C/N 1.8(1) 0.0021(2) 1.872 1.818(9) 0.00027(10) than W1@OMS;;; This is a direct result of the oxo-moiety in
W-0 14(1)  0.0035(5) 1.996 1.937(6) 0 W2, which favors the Z-tungstacyclobutane transition state
W-C/N 2.1(1) 0.0024(2) 2.186 2.200(4) 0.00027(10) more than the imido-bearing W1 (Figure 4), at least in a
y o N ort ool trigonal-bipyramidal configure transition state. However, it
N - coordination number; 6 — Debye—Waller factor; R — model values; R .. .
+ AR - fitted positions; C; - third cumulant. The values in brackets indicate should be stated that catlonlc‘tungsten’ a'llkylldene NHC c?talysts
a fitting error at a 0.95 confidence level. can also adopt square pyramidal transition states, in which the

above-discussed effects become less effective.

Compared to the analogous supported cationic molybde-
num imido alkylidene NHC complex [Mo(N-2,6-Me,-
C¢H;3)(CHCMe,Ph)(IMes)(=SiO) * B(Ar), 1" both W1@OMS and
W2@OMS give very similar results in terms of MC selectivity.
This is in line with earlier studies, which revealed that the
corresponding ring-chain equilibria are reached at an early
stage of the reaction, i.e. around 2% conversion.®? Conse-
quently, MC selectivity must be independent of the catalyst
used, provided no additional parameters such as different

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. A) Tungsten L; XANES spectra of W1 and W1@OMSg; in comparison to a W foil. Insert shows corresponding 1% derivatives of spectra; B) Fourier-
transformed EXAFS along with fitted models for W1 (grey/black) and W1@OMSgg; (blue/dark blue).
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Figure 4. Structures of Z-tungstacyclobutane transition states responsible for
high Z-selectivity derived from W1 and W2, respectively.

distance to the pore wall or polarity become effective. By
contrast, compared to the analogous supported cationic
molybdenum imido alkylidene NHC complex [Mo(N-2,6-Me,-
CH3)(CHCMe,Ph)(IMes)=SiO) " B(Ar), 15" Z-selectivity s
slightly higher with both, W1@OMS and W2@OMS. The
maximum Z-selectivity for substrates 1, 2 and 4 was 59%, 41%
and 40% with the W-based systems compared to 46%, 34 %
and 38% with the Mo-catalysts.”™™ Whether this higher Z-
selectivity is a result of a more contracted structure as found by
XAS (vide supra), resulting in a more constraint geometry
around the metal center, remains a likely but speculative
explanation. MC selectivity did not substantially change with
conversion for both W1@OMS,;; and W1@O0MS,g; and showed
only a minor drop from 90% to 86% and from 83% to 80%
over time (Tables S4, S5, Supporting Information), as exempli-
fied for substrate 1. In line with these findings, the reactivity of
the W1 system was found to be comparable to the one of the
supported Mo-based [Mo(N-2,6-Me,-
C¢H3)(CHCMe,Ph)(IMes)(=SiO) * B(Arf), ] catalyst.™™ Thus, the
values for the initial turnover frequency (TOF;, .;.) of
W1@0MS,, 4 and W1@OMS; 4 in C,Dg at room temperature for
substrate 1 were 045 min~' and 038 min~' (Figure S33),
respectively, while those for the corresponding Mo-complexes
were 0.49 min~', 0.26 min~', respectively."”
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Conclusions

A cationic tungsten oxo alkylidene NHC and a cationic tungsten
imido alkylidene NHC catalyst have successfully been immobi-
lized inside the pores of two different mesoporous silica
materials using a pore-selective immobilization protocol. The
structure of the supported cationic tungsten imido alkylidene
NHC catalyst was confirmed by XAS. Both catalysts allow for the
selective macrocyclization of various o,0-dienes with high
macrocyclization efficiency and appreciable Z-selectivity, sub-
stantially exceeding the homogenous analogues. Macrocycliza-
tion and Z-selectivity are highest with the smallest pores. The
results presented here are in line with those obtained
previously both in the macrocyclization and ring-opening cross-
metathesis (ROCM)® with cationic molybdenum imido alkyli-
dene NHC complexes under confinement and illustrate the
generality of the confinement approach outlined here.

Experimental

General: All reactions were performed under the exclusion of air
and moisture in a N,-filled glove box (MBraun Labmaster) unless
noted otherwise. Chemicals were purchased from ABCR, Acros
Organics, Alfa Aesar, Sigma Aldrich, Fluka and TCI. Poly(ethylene
glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol) (PEG-PPG-
PEG, Pluronic® P-123), dodecylethyldimethylammonium bromide (>
98 %), tetramethyl orthosilicate (98 %, TMOS) and 1,2-dichloroben-
zene (anhydrous) were purchased from Sigma Aldrich. CH.Cl,,
diethyl ether, n-pentane and toluene were dried using an MBraun
SPS-800 solvent purification system and stored over 4 A molecular
sieves. Deuterated solvents were stored over activated alumina and
4 A molecular sieves for a minimum of 24 h prior to use. NMR
spectra were recorded on a Bruker Avance Ill 400 spectrometer at
400 MHz for proton and at 101 MHz for carbon. NMR spectra were
internally calibrated to solvent signals."® Abbreviations for multi-
plicities: s (singlet), bs (broad singlet), d (dublet), t (triplet), q
(quartet), hept (heptet), m (multiplet). Elemental analyses were
measured on a Perkin EImer 240 device at the Institute of Inorganic
Chemistry, University of Stuttgart, Germany. High performance

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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liquid chromatography (HPLC) was performed at the Institute of
Organic Chemistry, University of Stuttgart, Germany using a Knauer
K-501 pump, a Knauer K 2400 Rl-detector and a Macherey & Nagel
VP250/21 Nucleodur 100-5 column. Argon and nitrogen adsorption
analyses were performed at 87K and 77 K, respectively, on a
Quantachrome Autosorb iQ MP automatic volumetric instrument
(for Argon) Quantachrome QuadraSorb automatic volumetric instru-
ment (for nitrogen). Silica samples were degassed for 11 h at 150°C
under vacuum prior to the gas adsorption studies. Pore size
distributions, pore volumes and surface areas were calculated from
the desorption branch using the non-local Density Functional
Theory (NLDFT) cylindrical adsorption pores for zeolites/silica
implemented in the ASiQwin software version 3.01. Small-angle X-
ray scattering (SAXS) experiments were performed at 25°C with an
Anton Paar SAXSess mc® equipped with a Dectris Mythen 1K
detector. Cu—Ko radiation was generated with an ID 3003 X-ray
generator (Seifert) operated at 40kV and 40mA and line
collimated. Deconvolution of the measured SAXS curves was
performed with the software SAXSquant (Anton Paar). The sample
to detector distance was calibrated using a sample of powdered
cholesteryl palmitate. ICP-OES data were recorded on a Spectro
Acros 160 CCD equipped with a Cetec ASX-260 autosampler.
Analysis of the samples was carried out with the Software Smart
Analyzer Vision 4.02.0834. Scanning electron microscopy (SEM)
analysis was performed at the AMICA core facility of the University
of Stuttgart. After sputtering with gold, samples were measured
with a Zeiss Evo 15 using a secondary electron detector and the
associated software SmartSEM 6.07 (Zeiss).

IMes,"” W1, W2"™ and (E) 4 (2)-cycloheptadec-9-en-1-ol,"® dec-9-
en-1-yl undec-10-enoate 1,°°%'” pentane-1,5-diyl bis(undec-10-
enoate),*®#'% dodecane-1,12-diyl bis(undec-10-enoate) 3,°Y tert-
butyldimethyl(nonadeca-1,18-dien-10-yloxy)silane 4*>'® were syn-
thesized according to the literature.

Determination of the metal loading via ICP-OES: Quantitative analysis
of the W-loading of each silica sample was determined by ICP-OES.
For analysis, the corresponding silica (30-50 mg, Table S2) was
mixed with KOH (0.38 g, 6.77 mmol) and KNO; (0.65 g, 6.42 mmol).
The mixture was heated to 450°C and the temperature was held
for 3 hours. After cooling to room temperature, K,S,05 (50.0 mg,
0.18 mmol) was added. The colorless solid was dissolved in a
minimum amount of deionized water and 1M KOH (2 mL) was
added. The suspension was filtered, transferred into a 10 mL
volumetric flask and filled to the mark with deionized water. The
solution was slowly added to a 25mL volumetric flask with
concentrated HCI (5 mL) and filled to the mark with deionized
water. This solution was analyzed by ICP-OES for W. W was
measured at A=207.911 nm; the background was measured at A=
207.84 nm-207.87 nm and A=207.99 nm-208.04 nm, respectively.
The limit of detection (LOD) was 0.0001 mg. L™". For calibration,
aqueous W-standards with W concentration of 0.000, 0.100, 0.500,
1.000, 2.500 and 5.000 mg L~' were used. A reference, containing
the same amount of KOH, KNO,, HCl and deionized water was
subjected to the same treatment for comparison.

General Procedure for the RCM of a,w-Dienes (GP-1): To a stirred
solution of the diene (0.75 mmol) in CH,Cl, (200 mL) was added the
2"-generation Grubbs catalyst RuCl,(IMes)(PCy;)(CHPh) (31.8 mg,
0.0375 mmol, 5mol-%) at room temperature. After stirring for
14 hours under reflux and under N, the reaction mixture was
cooled to room temperature and ethyl vinyl ether (5 mL, 70 eq) was
added. The mixture was stirred for a further 2 hours at room
temperature. All volatiles were removed under reduced pressure
and the obtained crude product was purified via column
chromatography on SiO, to obtain the corresponding macrocyclic
product, whose E/Z isomers were separated by semi-preparative
HPLC.
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(E)-Oxacycloicos-11-en-2-one ((E)-5): The compound was prepared
according to GP-1. The a,o-diene 1 (241.9 mg, 0.75 mmol) was
dissolved in CH,Cl, (250 mL), treated with the 2"-generation
Grubbs catalyst (31.8 mg, 0.0375 mmol, 5mol%) to vyield the
corresponding macrocycle E-5 after column chromatography over
SiO, and semi-preparative HPLC (petroleum ether:ethyl acetate-
75:1) as colorless liquid. Spectral data were in good agreement
with previous reports.**'® "H NMR (C¢D) & 5.31-5.41 (m, 2H), 4.00-
4.05 (m, 2H), 2.15 (t, J=6.6 Hz, 2H), 1.99-2.07 (m, 4H), 1.54-1.61 (m,
2H), 1.38-1.44 (m, 2H), 1.18-1.37 (m, 20H) ppm; C NMR (C¢Dy) &
173.0, 131.1, 131.0, 64.0, 34.0, 32.3, 32.2, 29.7, 29.5, 29.3, 29.2, 29.1,
29.0, 28.9, 28.5, 28.0, 27.9, 26.4, 25.2 ppm; IR (ATR, in C4Dy): 2922 (s),
2852 (m), 1734 (s), 1460 (w), 1440 (w), 1387 (w), 1348 (w), 1253 (m),
1236 (m), 1172 (m), 1119 (m), 1098 (m), 1061 (w), 1022 (w), 966 (m)
cm™!

(Z)-Oxacycloicos-11-en-2-one ((Z)-5): The compound was prepared
according to GP-1. The o,o-diene 1 (241.9 mg, 0.75 mmol) was
dissolved in CH,Cl, (250 mL), treated with the 2"-generation
Grubbs catalyst (31.8 mg, 0.0375 mmol, 5 mol%) to yield the
corresponding macrocycle Z-5 after column chromatography over
SiO, and semi-preparative HPLC (petroleum ether:ethyl acetate-
75:1). Spectral data were in good agreement with previous
reports.”*'” '"H NMR (C;D,) & 5.40-5.50 (m, 2H), 4.05 (t, J=5.7 Hz,
2H), 217 (t, J=6.8 Hz, 2H), 2.02-2.09 (m, 4H), 1.51-1.58 (m, 2H),
1.32-1.43 (m, 6H), 1.20-1.30 (m, 16H) ppm; *C NMR (C,Dy) & 172.9,
130.4, 130.3, 64.0, 34.8, 29.7, 29.6, 29.4, 29.2, 29.2, 29.1, 29.0, 28.9,
28.8, 28.5, 26.9, 26.8, 26.6, 25.5 ppm; IR (ATR, in C,Dg): 3002 (w),
2923 (s), 2853 (m), 1734 (s), 1461 (w), 1385 (w), 1345 (w), 1237 (m),
1173 (m), 1116 (w), 1093 (w), 1065 (w), 1018 (w) cm™".

E/Z-1,7-Dioxacycloheptacos-17-ene-8,27-dione (E/Z-6): The compound
was prepared following GP-1. The o,0-diene 4 (327.5mg,
0.75 mmol) was dissolved in CH,Cl, (250 mL) and treated with the
2"-generation Grubbs catalyst (31.8 mg, 0.0375 mmol, 5 mol%) to
yield the corresponding macrocycle E/Z-6 as white solid after
column chromatography over SiO, as an inseparable mixture.
Spectral data were in good agreement with previous reports.**'
'H NMR (C4Dg) & 5.44-5.49 (m, 0.38H), 5.40-5.43 (m, 1.62H), 3.99 (t,
J=5.7 Hz, 4H), 2.18 (t, J=7.3 Hz, 0.76H), 2.17 (t, J=7.4 Hz, 3.24H),
2.03-2.10 (m, 4H), 1.56-1.62 (m, 4H), 1.19-1.39 (m, 26H) ppm; "*C
NMR (C¢Dg) & 173.0, 173.0, 131.0, 130.4, 63.9, 63.8, 34.5, 32.7, 29.8,
295,294, 294, 29.3, 29.2, 29.1, 28.7, 28.6, 27.3, 25.4, 23.2, 23.1 ppm.
Five carbons were not observed due to incidental equivalence; IR
(ATR, in C4Dy): 2923 (s), 2853 (m), 1734 (s), 1457 (w), 1441 (w), 1420
(w), 1388 (w), 1357 (w), 1238 (m), 1173 (m), 1112 (w), 1094 (w), 1047
(w), 968 (w) cm™"; HRMS (El, m/z) calcd. for CyH,,0,": 408.3240;
found: 408.3238.

(E/Z)-1,14-Dioxacyclotetratriacont-24-ene-15,34-dione  (E/Z-7): The
compound was prepared according to GP-1. The o,0-diene 3
(401.1 mg, 0.75 mmol) was dissolved in CH,Cl, (250 mL), treated
with the 2"-generation Grubbs catalyst (31.8 mg, 0.0375 mmol,
5 mol%) to yield the corresponding (E/Z)-macrocycle after column
chromatography on SiO, as an inseparable mixture in form of a
colorless crystalline solid. "H NMR (C4D¢) & 5.36-5.45 (m, 2H), 4.02 (t,
J=6.3 Hz, 4H), 2.16 (t, J=7.2 Hz, 3.45H), 2.15 (t, J=7.2 Hz, 0.55H),
1.95-2.05 (m, 4H), 1.52-1.57 (m, 4H), 1.42-1.49 (m, 4H), 1.28-1.35
(m, 4H), 1.13-1.28 (m, 32H) ppm. “C NMR (C¢Ds) & 172.9, 130.7,
130.2, 64.1, 34.5, 34.5, 33.0, 30.1, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5,
29.5, 29.4, 294, 29.3, 29.2, 29.1, 29.1, 27.6, 26.4, 26.3, 25.4 ppm. IR
(ATR, in C4Dg): 2915 (s), 2849 (m), 1727 (s), 1468 (m), 1434 (w), 1379
(w), 1335 (w), 1323 (w), 1304 (w), 1249 (m), 1208 (w), 1161 (m), 1150
(m), 1113 (w), 1088 (w), 1065 (w), 1034 (w) cm~". HRMS (ESI, m/z)
calcd. for C;,Hs30,Na™: 529.4227, found: 529.4223.

(E/Z)-tert-Butyl(cycloheptadec-9-en-1-yloxy)dimethylsilane (E/Z-8): To a
solution of E/Z-cycloheptadec-9-en-1-ol (12.6 mg, 0.05 mmol) in
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DMF (1 mL) were subsequently added imidazole (102mg, Contributions
0.15mmol) and tert-butyldimethylsilyl  chloride  (11.3 mg,

0.075 mmol). After stirring overnight at room temperature, ethanol
(1 mL) was added and the reaction mixture was stirred for a further
15 minutes. The mixture was then diluted with n-pentane (10 mL),
washed with H,0 (15 mL) and brine (15 mL), dried over anhydrous
Na,SO,, filtered and all volatiles were removed in vacuo. The
obtained crude product was purified by column chromatography
over SiO, (n-pentane:diethyl ether-100:0—100:1) to yield the
corresponding macrocycle E/Z-8 as an inseparable mixture on form
of a colorless oil. Spectral data were in agreement with previous
reports.”*'” 'H NMR (C¢Ds) & 5.39-5.43 (m, 0.21H), 5.31-5.37 (m,
1.79H), 3.75-3.81 (m, 1H), 2.00-2.10 (m, 4H), 1.50-1.63 (m, 4H),
1.26-1.43 (m, 20H), 1.03 (s, 9H), 0.12 (s, 6H) ppm; *C NMR (C¢Dy) &
131.1, 1304, 72.1, 71.6, 36.3, 36.1, 32.8, 29.5, 29.4, 29.2, 29.0, 28.5,
28.5, 28.2, 27.6, 27.3, 26.2, 23.8, 22.9, 184, —4.3, —4.4 ppm. Two
carbons were not observed due to incidental equivalence; IR (ATR
in CgDg): 3026 (w), 2925 (s), 2854 (s), 1472 (w), 1461 (w), 1443 (w),
1405 (w), 1388 (w), 1373 (w), 1360 (w), 1254 (m), 1211 (w), 1188 (w),
1101 (w), 1050 (m), 1005 (w), 966 (m) cm™".

Synthesis of Ordered Mesoporous Silica (OMS;;5, OMSggs): OMS
materials were synthesized via a true liquid crystal templating
process as described previously.®®® In brief, for the synthesis of
OMS;;; 389 of TMOS were added to 27g of 0.1 N HCl in a
polypropylene flask. The forming methanol was removed by rotary
evaporation for 15 minutes at 40°C and 280 mbar. The mixture was
then added to 18 g of cetyldiethylammonium bromide and stirred
with a KPG-stirrer until a homogenous, clear solution was obtained.
For the synthesis of OMSgg; 30.4 g of TMOS were added to 21.6 g of
0.1 N HCl in a polypropylene flask. The forming methanol was
removed as described before. Subsequently, the mixture was added
to 17.7g of P123 and 1g of hexadecane and stirred until
homogenous. The two obtained clear solutions were poured into
PTFA dishes and cured for two to three days at 80 °C. The now solid
materials were milled for 1 min with a ball mill (Spex 8000 Mixer/
Mill, vial and balls made from stainless steel). Afterwards, the
powder materials were calcined by heating them to 550°C with
1°C:min~" and keeping them at this temperature for 6 h to remove
all surfactant molecules. An airflow of 14.5 L-h™" was applied during
calcination.

EXAFS measurements

W L; Extended X-Ray Absorption Fine Structure measurement were
conducted at the P65 beamline, Petra Ill, DESY (Hamburg).?" Energy
selection was done with a Si(111) double crystal monochromator;
the energy resolution was around 1.0 eV at 10 keV. The beam spot
size was 0.3 x 1 mm? and the total flux on the sample was 10" ph/
s. Signal detection was conducted in the fluorescence mode using
a PIPS detector, all at room temperature. For beam focusing and
higher harmonic rejections, Rh-coated mirrors were used. Data
acquisition was performed in the continuous scanning mode and
spectra were rebinned afterwards. Energy calibration was con-
ducted at the first inflection point of the pure W XANES spectrum
(10206.9 eV). To avoid radiation damage, each EXAFS spectrum was
collected at a different sample position. Initial normalization and
background removal were conducted with the Athena software;*?
EXAFS fitting was performed with the Artemis package® using the
Multiple Scattering approach. The analysis was conducted in the k-
range of 2.0-15.0 A" and real space of 1.0-4.2 A.
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