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Conformational Effects of Regioisomeric Substitution on
the Catalytic Activity of Copper/Calix[8]arene C—S Coupling

Armando Berlanga-Vazquez,® Radu A. Talmazan,” Carlos A. Reyes-Mata,”
Edmundo G. Percastegui,” Marcos Flores-Alamo," Maren Podewitz,*™ and Ivan Castillo*®

Functionalization of the phenolic rim of p-tert-butylcalix[8larene
with phenanthroline to create a cavity leads to formation of
two regioisomers. Substitution of positions 1 and 5 produces
the known C,,-symmetric regioisomer 1,5-(2,9-dimethyl-1,10-
phenanthroyl)-p-tert-butylcalix[8]arene (L®), while substitution
of positions 1 and 4 produces the C,-symmetric regioisomer 1,4-
(2,9-dimethyl-1,10-phenanthroyl)-p-tert-butylcalix[8]arene  (L'*)
described herein. [Cu(L"*)I] was synthesized from L"* and Cul in
good yield and characterized spectroscopically. To evaluate the
effect of its cavity on catalysis, Ullmann-type C—S coupling was
chosen as proof-of-concept. Selected aryl halides were used,
and the results compared with the previously reported Cu(l)/L"?

Introduction

The application of molecules that provide a confined space as
catalysts has been the focus of increasing attention in recent
years."™ These systems present a cavity as their main feature,™
where they can host diverse reactants in a chemical environ-
ment that may differ significantly from that provided by the
bulk solution. In this context, the macrocycles known as
calix[n]arenes have been used as nanoreactors for a large range
of processes, including as stabilizers for supported molecular
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system. Only highly activated aryl halides generate the C-S
coupling product in moderate yields with the Cu(l)/L"* system.
To shed light on these observations, detailed computational
investigations were carried out, revealing the influence of the
calix[8]arene macrocyclic morphology on the accessible con-
formations. The L regioisomer undergoes a deformation that
does not occur with L' resulting in an exposed catalytic
center, presumably the cause of the low activity of the former
system. The 1,4-connectivity was confirmed in the solid-state
structure of the byproduct [Cu(L“*~H)(CH,CN),] that features
Cu(l) coordinated inside a cleft defined by the macrocyclic
framework.

[6] [7-10]

noble-metal catalysts,” organic transformations, small mole-
cule activation"" as well as C-C"'™ and C-N"? cross-
coupling reactions. Although the examples cited create a
confined environment for the catalytic reaction to proceed, the
metal involved is found outside the cavity of the calixarene
(exo-coordinated). Very few examples of endo-coordinated
metal complexes exist,"””'® and even fewer that participate in
catalytic transformations."” Calixarenes are synthetically avail-
able on a large scale and can be functionalized with relative
ease.” In the specific case of calix[8]arenes that feature eight
phenolic moieties, functionalization requires the use of a base,
with CsF or Cs,CO; commonly employed due to the additional
templating effect of caesium, which allows control of the
regioselectivity.?"*?

Our research group reported the catalytic activity of copper-
based calix[8]arene derivatives for C—S cross coupling reactions,
with a bridging phenanthroline motif introduced at the 1 and 5
positions of the phenolic rim (L' in Scheme 1, left). The Cu(l)
complex of L' is very active for C-S coupling compared to
molecular analogues, and displays a higher reactivity towards
arylbromides, relative to aryliodides. *® Under the conditions
employed to obtain the 1,5-functionalized calix[8]arene, a side-
product obtained in low yield from the reaction mixture was
suspected to correspond to a regioisomer with different attach-
ment points to the phenolic positions. Modification of the
conditions resulted in improved yields of the latter compound
that based on the isolated mass, corresponds to an almost 1:1
mixture of L' and the new product (Scheme 1, right). To
investigate the identity and properties of the previously
unidentified regioisomer, we herein report the isolation and
characterization of the new compound as the 1,4-phenanthro-
line substituted calix[8]arene (L'*) and the catalytic activity of
its Cu(l) complexes in C—S coupling reactions for comparison

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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1) CsF, 120 °C, vacuum, 2 h

1) CsF, 120 °C, vacuum, 2 h
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Scheme 1. Synthetic route for [Cu(L"*)CI] (references 23, 25) and [Cu(L"*)I]
(this work).

with the L'*-based system. The 1,4-substitution pattern may
produce significant differences in the properties of the cavity,
and concomitantly modify the catalytic activity of its Cu(l)
complex. Molecular Dynamics (MD) simulations in explicit
solvent, accompanied by Density Functional Theory (DFT)
calculations capture the dynamic behavior of the flexible
macrocycle and its copper complexes. They revealed that
regioisomer-induced  conformational changes of the
calix[8]arene cavity are likely responsible for the dramatic
difference in the catalytic performance of both systems, with
the 1,4-regioisomer acting as a poor C—S coupling catalyst. Our
studies provide guidance for the future development of better
calixarene-based nanoreactors.””

Results and Discussion
Synthesis and Characterization

Calixarene derivatives. The functionalization of calix[8]arene
with a phenanthroline bridge has previously been reported by
our group.””’ In this O-alkylation process, one equivalent of
calix[8]arene reacts with 1.2 equivs. of 2,9-bis(bromomethyl)-
1,10-phenanthroline in THF in the presence of 10 equivs. of CsF
as base and template. Deprotonation at 50°C overnight leads
to 82-86% of the C,,~symmetric regioisomer L'* in the original
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procedure,” which made identification of the small amount of

side product unviable. In contrast, heating to reflux temperature
(66 °C) for 4 h followed by addition of of 2,9-bis(bromomethyl)-
1,10-phenanthroline gives rise to a nearly 1:1 mixture of L'
and L"* (Scheme 1). TLC analysis of the latter reaction mixture
with 3:1 hexane/acetone as eluant shows the presence of only
two products with very similar R (0.225 for L' and 0.275 for
L determined after spectroscopic characterization, Figur-
es S1-S7), making it challenging to separate via column
chromatography. Separation of the two isomers involved
crystallization from 8:1 CHCl,/toluene mixture and cooling to
—30°C of the caesium complexes formed in the presence of
excess CsF during alkylation with 2,9-bis(bromomethyl)-1,10-
phenanthroline, resulting in the solid identified previously as
[Cs(L"*—H)] as a white crystalline solid.*”’ Separate treatment of
[Cs(L—H)] dissolved in CH,Cl, and the pale-yellow mother
liquor containing [Cs(L"*—H)] with 0.1 N HCl each afforded the
pure L and L™ assessed initially by TLC analysis. The
previously unidentified L'* was characterized by MALDI-TOF
MS, with a peak at m/z=1501.7 corresponding to the molecular
ion (Figure S3). 'H NMR spectroscopic analysis of L“* was
undertaken in C,D,Cl, solution, since this solvent results in
better resolved peaks for L' Noticeable differences include
the number of signals arising from the methylene protons of
the calixarene framework: the less symmetric L'* should give
rise to 5 doublets detected as broad peaks likely due to
fluxional processes (Figure S4, see also theoretical section). For
comparison, L'® displays only a pair of 1:1 signals due to the
symmetry plane defined by the phenanthroline moiety that
includes the O-atoms in 1 and 5 positions (Figure S5). The
flexibility of macrocyclic L™ is also reflected in the poorly
resolved *C NMR spectrum (Figure S6). The signals sharpen in
'H NMR data acquired at higher temperature, but they do not
coalesce completely up to 120°C (Figures S7-S8).

Copper complexes. Once isolation and identification of L'*
was achieved, the corresponding Cu(l) complex was obtained
upon treatment of a toluene solution of the macrocycle with a
stoichiometric amount of copper iodide dissolved in a minimum
amount of acetonitrile under inert atmosphere. Cooling to
—30°C resulted in a brown microcrystalline solid in 82% yield,
formulated as [Cu(L™*)I] (see below). The IR spectrum evidences
a negligible displacement of the C—N band after Cu(l) complex-
ation at 1591 cm™, relative to the free ligand at 1594 cm™
(Figures S1 and 52).°% Characterization by '"H NMR spectroscopy
confirms that the complex is diamagnetic, as expected for a
Cu(l) d"° center (Figures S5 and S8). The apparent flexibility of
the ligand in solution is restricted upon Cu(l) coordination; this
can be discerned in the methylene group signals, as they get
resolved into seven doublets with close to 1:1:1:1:1:1:2 ratio
at room temperature in C,D,Cl, (Figures S8). MALDI-TOF MS of
the complex obtained in acetonitrile solution shows a peak at
m/z=1503.6 corresponding to protonated [L'"*+H], and in
addition to the usually observed peak at m/z=1564.6 [Cu(L"*)]"
with low intensity, an iodide-containing species at m/z=1774.1
assigned as [Cu,(L"*)(H,0)I]", based on its mass and isotopic
distribution (Figure S9); formation of this dicopper ion in the
ionization chamber is attributed to redistribution of labile Cu(l).
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The presence of iodide as ligand is supported by addition of
AgOTf to an acetonitrile solution of [Cu(L"*)I], which resulted in
Agl as a water-insoluble, pale-yellow precipitate. [Cu(L"*)I] is
EPR silent at X-band frequency, as expected for a diamagnetic
d" ion (Figure S10). Finally, combustion analysis is consistent
with the formulation as [Cu(L"*)(CH;CN)(H,0)l], likely due to the
presence of acetonitrile from crystallization (Figure S8) and
moisture absorbed during handling in air for analysis.

A separate batch of pale-yellow crystals were obtained by
evaporation of a concentrated 9:1 acetonitrile/toluene solution
in the triclinic space group P-1, and identified as [Cu-
(L"*—H)(CH,CN),] based on X-ray diffraction. However, this
species is only a minor product and the bulk of the isolated
material corresponds to [Cu(L'*)I], as stated previously and
confirmed by combustion analysis, MS, NMR spectroscopy, and
reactivity with AgOTf. Hence, the low vyield of [Cu-
(L™*—H)(CH,CN),] did not allow us to test its catalytic activity
extensively (see below). The crystals lose solvent rapidly once
removed from the mother liquor at room temperature, and
they diffract poorly despite immediate mounting on a glass
capillary under a stream of cold N,. Nonetheless, careful and
rapid handling of the crystals allowed the collection of
diffraction data for [Cu(L"*—H)(CH,CN),], Figure 1. It consists of
a calix[8]arene with the 2,9-dimethylphenanthroyl group bridg-
ing the 1 and 4 phenolic positions. One phenolic oxygen donor
[04] is bound to the Cu(l) center, which is chelated by the
phenanthroline moiety; its coordination environment is com-
plemented by two acetonitrile molecules as additional N-
donors. Notably, the original iodide counterion is absent in
these yellow crystals and a deprotonated phenol of the
calixarene framework acts as charge compensator. The local
geometry of the Cu(l) ion in [Cu(L™*—H)(CH,CN),] can be
described as a very distorted square pyramid t> =0.228,*% with
the two phenanthroline N-atoms, O4 and one acetonitrile N-
donor at the base of the pyramid, and the second acetonitrile
molecule in the apex. The copper-nitrogen bond distances Cu1-
N1 and Cu1-N2 (2.064 and 2.079 A), and the N1-Cu1-N2 angle
of 80.0° compare well with related Cu(l) phenanthroline
complexes.?’?® The Cu1-04 length of 2.746 A, is shorter than
the sum of the van der Waals radii of copper and oxygen

Figure 1. Mercury diagram of [Cu(L"*—H)(CH,CN),] (H-atoms and solvent
molecules omitted, C-atoms shown as wireframe for clarity). Ellipsoids are
presented at the 50 % probability level.
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(2.9 A)#3 Selected bond lengths (A) and angles (°) are
presented in Table 1. Crystallographic data and structure refine-
ment details are presented in Table S1 in the Supporting
Information.

The conformation adopted by the substituted calix[8]arene
in [Cu(L"*—H)(CH,CN),] can be described as 1,2,3,4-alternate,
where all phenolic groups are in syn orientation.®” This
conformation has been previously observed in calix[8]arene
complexes of lanthanides, thorium, and molybdenum, although
in all those cases the phenolic oxygen atoms are the only
donors present.?? The arrangement is stabilized by an intra-
molecular hydrogen-bonding network between the phenolic
OH groups, which distributes the anionic charge among the
phenol groups. The phenanthroyl bridge connecting the 1 and
4 positions defines a bimacrocyclic calixarene scaffold with an
asymmetric cleft composed of a small and a large cycle,
integrated by one 23- and one 31-membered rings, respec-
tively. In contrast, the cavity of L' consists of two symmetric
27-membered rings. For comparative purposes, the small cavity
of L' is only marginally larger than those of calix[4larene and
calix[5]arenes (16- and 20-membered rings), and slightly smaller
than that of calix[6]arene (24-membered ring).

Catalytic evaluation. In previous work, [Cu(L'*)CI] had been
tested as a catalyst precursor for C=S cross couplings, affording
arylthioether products in 70-95% yields with a variety of aryl
halides. The activity of this monometallic complex is signifi-
cantly different from that observed when using small molecular
complexes. For example, Bates etal. reported the dimeric
complexes [(Me,phen)Cu(u-)], and [(Me,phen)Cu(u-SCeHs)1,
that required 10% mol Cul and 2,9-dimethyl-1,10-phenanthro-
line (Me,phen) loads for acceptable catalytic activity.?* In
contrast, the use of 2.5% mol loads of [Cu(L"®)CI] displayed
high activity and unusual size-selectivity, demonstrating the
influence of the cavity in the process that allows the less
hindered substrates to access and interact with the copper
center, thus favoring shorter reaction times. For direct compar-
ison, we initially tested the catalytic activity of in situ formed
[Cu(L™)CI] in C-S couplings under analogous reaction con-
ditions, with poor results. Although the difference is only the
position of the phenanthroyl moiety, this modifies the size of
the cavity, as well as the energetically accessible conformations
in solution (see calculations below). Thus, Ullmann-type C-S
couplings with the potentially more active iodide complex
[Cu(L™)1] as catalyst precursor were carried out following the
conditions shown in Scheme 2. We used bromobenzene in
initial tests, based on the preference (size-selectivity) over

Table 1. Selected bond lengths (A) and angles (°) for [Cu(L"*—H)(CH,CN),].

Bond lengths Bond angles

Cul1-N4 1.944(10) N4-Cu1-N3 111.6(3)

Cu1-N3 1.987(8) N4-Cu1-N1 107.5(4)

Cul-N1 2.064(8) N3-Cu1-N1 118.2(3)

Cu1-N2 2.079(8) N4-Cu1-N2 110.0(3)

Cul-O4 2.746(9) N1-Cu1-N2 80.0(3)
04-Cu1-N2 62.9(2)
04-Cu1-N3 75.3(3)
04-Cu1-N4 101.1(3)
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2.5% mol [Cu(L"4)1]

Na
X
- L
R toluene 110 °C, 72-96 h

H, F, CN, NO,
H, NO,
NO
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X=Br,R
X R
X R

I,
Cl,

N

Scheme 2. C=S Ullmann-type couplings with [Cu(L"*)I] as catalyst precursor.

iodobenzene exhibited previously by [Cu(L')CI], and the
activated 4-fluorobromobenzene, 4-bromobenzonitrile, and 4-
nitrobromobenzene (entries 1-4 in Table 1). The catalyst and
sodium thiophenolate were suspended in toluene and stirred
for an hour, followed by addition of the corresponding
arylboromide. The reactions were monitored by TLC analysis at
24 and 72 h intervals, and after such time the mixtures were
cooled to room temperature for analysis. The products were
separated by column chromatography and isolated or identified
whenever necessary by 'H NMR spectroscopy and DART-MS; the
yields of isolated coupling product are shown in Table 2.
Although the reactions were carried out under inert atmos-
phere, [Cu(L")I] can be handled in air, based on EPR analysis of
samples of the complex exposed to air for several days
(Figure S11). This is attributed to the steric protection of Cu(l)
provided by the calixarene scaffold.

Bromobenzene was the first substrate tested, and no cross-
coupling product was detected by TLC analysis, even after 72 h
of reaction at 110 °C; only reactants and catalyst were observed.

Table 2. Ullmann-type C—S cross-coupling of aryl halides using [Cu-
(L*)CI1® and [Cu(L"4)I].

Entry ArX Product yield [%]

[Cu(L™)CI]™ [Cu(L™)1]

Br:
3 \©\ 94 Trace
CN

[a] Previous work from Ref. [23]. NA: Not available.
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This was also the case after chromatographic separation.
Catalyst recovery was partially successful: although the complex
appears to decompose in silica, the ligand was isolated with a
maximum of 80% vyield. In a few specific cases of the coupling
reactions, the copper complex was recovered as well in ca. 30%
yield. Unlike copper catalyst with L%, for which the cross-
coupling reaction generates diarylsulfides in 15 h with up to
95% yield, [Cu(L™)I] is not a viable catalyst with the simplest
substrate bromobenzene. Therefore, we decided to try sub-
strates with activating (electron withdrawing) groups in the
para position (F, CN, and NO,). Even though 4-fluorobromoben-
zene may be considered as activated relative to bromobenzene,
no reaction with sodium thiophenolate was observed. When 4-
bromobenzonitrile was employed as substrate, the coupling
product was spotted by TLC, 'H NMR studies, and mass spectra
analysis (Figures S12 and S13), but this was isolated only in
trace amounts. Coupling was successful only with the most
highly activated 4-nitrobromobenzene, affording a new com-
pound that was isolated as an intense yellow oil after column
chromatography. DART-MS shows a peak corresponding to the
desired coupling product (4-nitrophenyl)phenylsulfide at m/z=
232 for [M+H]" (Figure S14). 'H NMR spectroscopy in Fig-
ure S14 confirms the identity of the coupling product, corre-
sponding to 35 % yield.

Considering that [Cu(L™*)I] requires the most active sub-
stituted bromobenzene substrate to perform the coupling
reaction, three additional tests were carried out using iodoben-
zene, 4-nitroiodobenzene and 4-nitrochlorobenzene. These
substrates allowed us to evaluate the effect of the size of the
halide in reactivity under the same conditions employed with
arylbromides. The results of these experiments are summarized
in Table 2 entries 5-7. When using iodobenzene, no product
could be identified as diphenyl sulfide after column chromatog-
raphy. Reactions with 4-nitroiodobenzene and 4-nitrochloro-
benzene afforded the coupling product 4-
nitrophenyl)phenylsulfide, isolated after column chromatogra-
phy, corresponding to 31% and 19% yields respectively (see
DART-MS in Figures S16 and S17). These observations evidence
that coupling reactions proceed only when using highly
activated aryl halides with [Cu(L"*)I] as catalyst, albeit in
moderate yields. This contrasts with the high activity estab-
lished for the 1,5-substituted system with all types of substrates,
although the size preference for aryl bromides over aryl iodides
is retained. The low catalytic activity of [Cu(L'*)I] can be
ascribed to the difference of the cavity size and shape, and
potentially to the conformations that may be accessible for
both macrocycles. While in [Cu(L"*)CI] the Cu(l) ion is oriented
towards the center of the cavity, allowing the substrates to
enter and interact with the metal ion, in [Cu(L'*)I] the position
of the Cu(l) ion is shifted to one side, restricting the
conformations that may lead to high conversions with any
arylhalide.

A common phenomenon observed in all reactions tested
was that biphenyl was not detected. This supports the notion
that in [Cu(L*)I] the space to access the copper center is highly
restricted by the conformations available to the calixarene
framework. The extent of restriction is such that two aryl halides

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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cannot be fitted simultaneously for homocoupling to take
place, regardless of the identity of the halogen substituent on
the aromatic substrates. When C—S coupling does occur, the
mechanism must be similar to that postulated for these types
of systems, where initial formation of Cu(l)-thiophenolate is
followed by oxidative addition of the arylhalide, and product
formation takes place by reductive elimination in the last step
in Scheme 3. As an alternative, if [Cu(L"*—H)(CH,CN),] were
present, the calixarene phenolate moiety (L"*—H) may be
protonated by the more acidic thiophenol PhSH, which would
lead to [Cu(L"*)(SPh)] in Scheme 3; the rest of the mechanism
should be identical to the one shown. This catalytic reaction
was indeed tested with the small amount of [Cu-
(L"*—H)(CH,CN),] available and PhSH/PhBr, with no products
observed (see Experimental Section for details).

Computational conformational studies. To shed light on
the reasons for the considerably lower activity of [Cu(L"*)X]
relative to [Cu(L™®)X], a theoretical investigation of the
structures was undertaken. Initial structure optimizations with
DFT did not show a big difference in energy for the two
regioisomeric complexes ([Cu(L")I] and [Cu(L™)I], shown in
Figure S18), with [Cu(L'*)I] being slightly more stable by
10 kJmol™". To explore the flexibility of the calixarene macro-
cycle in solution, we performed accelerated MD (aMD) simu-
lations of [Cu(L")I] and [Cu(L™®)I] in explicit chloroform (see
computational methodology for details) — a methodology
established in a previous study on a similar system.” To
quantify the change in conformational flexibility induced by the
bridging phenanthroyl moiety at the 1,4 and 1,5 positions, an
analysis of the dihedral angles between the individual calixar-

reductive elimination [Cu'(L“)X]

[Cu"™(L"4)(SPh)(Ph)X]

oxidative adition

X
\©\ X =Br, |
R

ene phenolic units was performed. Based on their distribution,
an estimate for the dihedral entropy as an indicator of inherent
flexibility can be obtained via kernel density estimation (see
computational details). For a given dihedral distribution, the
entropy value can be obtained by analyzing the area under the
curve (the larger the area, the higher the entropy). As seen in
Figure 2, where the distributions of the individual dihedral
angles are plotted for both complexes, the [Cu(L"*)I] structures
exhibit significantly more flexibility, especially in the larger loop,
as evidenced by the higher entropy values.

The MD simulations also revealed an interesting difference
in the behavior of the two structures, with [Cu(L")I] displaying
a deformation of the cavity. This is in stark contrast to the
symmetric [Cu(L')I] catalyst. As depicted in Figure3 (full
structures in Figure S19 and S20), the catalytic center becomes
exposed to solvent as the framework deforms. Transition from
the deformed to the intact cavity happens several times over
the course of a single 1 us aMD simulation, as well as during
the 100 ns conventional MD simulation used to obtain the aMD
parameters (see computational details). Upon optimization of
the cluster representatives of the two distinct conformations
with DFT, it is evident that the deformed structure is slightly
more stable than the intact one (AE=-10kJmol™"). These
findings provide evidence that the deformation of the cavity is
likely to occur under experimental conditions and may explain
the low catalytic activity of [Cu(L'*)I] relative to [Cu(L™)I].
Although the deformed calculated structures suggest that
dimerization might be feasible, no experimental evidence for
deactivation through Cu—I—Cu bridge formation, i.e. dimeriza-
tion, was found. If the reaction were to proceed in the

—_— e

transmetallation NaX

[Cu(L"4)(SPh)]

Scheme 3. Proposed mechanism for the (inefficient) C—S cross coupling of thiophenolate with aryl halides using [Cu(L"*)I] as catalyst, including potential

deactivation pathway.
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Figure 2. Left: schematic representation of [Cu(L"*)I] depicting the position of each dihedral angle. Right: dihedral entropy estimated from the area under the
curve of [Cu(L™)I] (patterned curves) and [Cu(L"*)I] (filled curves) as observed during aMD simulations.

Catalytic center protected

Catalytic center exposed

Cavity Collapse

Figure 3. Schematic representation of the intact and deformed structures of [Cu(L"*)I] observed during the aMD simulations in explicit solvent. The calixarene
macrocycle is displayed as wiggle. Left: front and side views of the intact conformation; right: deformed structure with exposed Cu(l) center. Detailed

structures shown in Figures S17 and S18 in the Supporting Information.

deformed conformation with an exposed catalytic center,
replacement of iodide for thiophenolate would require more
open space around the Cu center. The transmetallation is a
two-step process, wherein a bulky, negatively charged inter-
mediate, [Cu(L")I(SPh)]~, would be formed upon the addition
of thiophenolate. This would be followed by the dissociation of
iodide, resulting in [Cu(L"*)(SPh)] (Scheme 3). To investigate the
first step of the transmetallation, we modelled the intermediate
as [Cu(L"I(SPh)]"Na* to balance the charge in the simulation
(see computational methodology for details). Given that
thiophenolate is added as a sodium salt and that the solvent is
non polar, it is reasonable to assume that the Na™ remains in
the vicinity of the negatively charged [Cu(L"*)I(SPh)]~ complex.
Our aMD simulations performed on the [Cu(L"*)I(SPh)] Na™*
intermediate, revealed a preference for the deformed structure.
This finding supports the hypothesis that the large steric
demand of the intermediate prevents the calixarene from
flipping back to its original position and restoring the cavity.
Indeed, the starting structure transitioned to a deformed one
within the 100 ns conventional MD simulation. Transitions
between conformations are rare in a 1 ps simulation, where
only 2.2% of the structures show an intact cage. Moreover, a
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simple experimental transmetallation test between [Cu(L"*)I]
and NaSPh at room temperature did not afford evidence of the
formation of [Cu(L"*)(SPh)] by MALDI-TOF MS. Re-optimization
of the deformed [Cu(L"*)I(SPh)]"Na™ structures obtained from
MD simulations after clustering of the trajectory, with DFT
revealed that these very compact conformations (see Figur-
es S21-522) are surprisingly stable. In fact, the deformed
structure is 165 kJmol™' more stable than that with an intact
cage. This finding is in line with results from MD simulations,
where the intact cage conformation was hardly populated.
Attempts to optimize the subsequent putative reactive inter-
mediate [Cu(L**)X(SPh)(Ph)] (X=Br, I), proposed in Scheme 3
failed, with the calculations directly leading to the formation of
the C=S coupling product (see Figure S23). This result suggests
that sterically demanding species are not stable within the
coordination environment of [Cu(L"*)I]. This means either the
oxidative addition cannot take place, or it is immediately
followed by reductive elimination. In any case, the computa-
tional investigations highlight the importance of the 1,5-
substitution pattern of L' to preserve a reaction cavity that
results in high catalytic activity, allowing the reaction to

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85US017 SUOWILLIOD SRRSO 3|qeolidde auy Aq peusenob ke il VO '8Sh J0 S9|NJ 10) ARIq1IT8UIIUQ AB]IM UO (SUOIPUOD-PUE-SWBIALIY A8 | 1M AReiq1 U1 |UO//SdNL) SUOTIPUOD PUe SWB | 81895 *[7202/20/6T] U0 Akeiqi]8uliuo A8|IM 'USIM LeeISIBAIN 8UdSIUYS | Aq 966002202 21B/Z00T 0T/I0p/W0d’ A3 1M Areiq i jputuoadoine-Ansiwsyo//sdny wo.y pepeojumod '9 ‘g0z ‘92890660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJIC
J doi.org/10.1002/ejic.202200596

European Journal of Inorganic Chemistry

proceed via the known oxidative addition/reductive elimination
pathway.

Conclusion

We have successfully isolated and characterized the 1,4-
regioisomer of p-tert-butylcalix[8]arene substituted with a
phenanthroyl moiety L'* by easy separation of the cesium
complex of L' via crystallization. L"* was employed as ligand to
obtain the new copper(l) complex [Cu(L*)I]. Spectroscopic
studies and structure optimization of [Cu(L"*)I] by theoretical
methods evidenced that the asymmetric cleft provided by L"*
forces Cu(l) towards one side of the calixarene framework,
relative to its symmetric [Cu(L'*)l] counterpart. Catalytic C—S
cross-coupling reactions of sodium thiophenolate with different
aryl halides and [Cu(L)I] as catalyst were tested. Product
formation only occurs when highly activated 4-nitroaryl halides
were used, although the yields obtained reached only a
maximum value of 35% despite extended reaction times. The
computational investigation of the two regioisomers delivers
new insights into the conformational dynamics that can affect
supramolecular catalytic activity. The high flexibility of the
asymmetric cage resulted in a deformation of the calix[8]arene
structure in [Cu(L™)I] that is likely the cause for the low
catalytic activity. Our studies highlight the importance of the
conformational landscape available for inherently flexible
macrocycles, particularly when aimed at providing a reactive
pocket for catalytic transformations. X-ray diffraction studies of
the minor product [Cu(L"*—H)(CH;CN),] confirm the nature of
the 1,4-isomer, as well as the rare endo-oriented coordination of
the metal center."” Studies with different transition-metal ions
hosted within L'* and L' to further explore their properties are
currently underway.

Experimental Section

Materials and methods: All preparations and manipulations of air
sensitive compounds were carried out under dinitrogen atmos-
phere using an MBraun glovebox or standard Schlenk techniques.
Copper iodide (Cul), sodium thiophenolate (NaSC¢H;), bromoben-
zene (CgHsBr), 4-fluorobromobenzene (BrCsH,F), 4-bromobenzoni-
trile (BrCgH,CN), 4-nitrobromobenzene (BrCsH,NO,), iodobenzene
(IC¢Hs), 4-nitroiodobenzene (ICGH,NO,) and 4-nitrochlorobenzene
(CICH4NO,) were purchased from Sigma-Aldrich and used without
further purification. Toluene (Sigma-Aldrich, 99.5%) was dried over
Na/benzophenone, distilled under N, and degassed via three
freeze-pump-thaw cycles.” 'H NMR spectra were recorded on a
JEOL Eclipse spectrometer operating at 300 MHz and referenced to
the residual solvent signal of C,D,Cl, (s, 6=6.0 ppm). MALDI-TOF
MS were acquired with a Bruker Microflex MALDI-TOF mass
spectrometer using a 2,5-dihydroxybenzoic acid matrix. ATR-IR
spectra were recorded on a Frontier Perkin Elmer FTIR spectrom-
eter. EPR spectra were acquired in quartz tubes with a JEOL JES
TE300 spectrometer operating at X-band frequency (9.4 GHz) at 100
KHz field modulation, with a cylindrical cavity (TEO11 mode). Thin
layer chromatography (TLC) was conducted using aluminum-
backed TLC Silica Gel 60 F,s,. A mixture of hexane/acetone 3:1 was
used as eluant. Visualization of developed plates was performed
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under UV-vis light (245 nm) or with an iodine chamber. Retardation
factors (R;) were calculated as recommended by IUPAC.®” Column
chromatography was performed using 70-230 mm silica gel as
stationary phase and hexane as eluant.

Crystallographic details: Due to the high instability of single
crystals of [Cu(L™*—H)(CH,CN),], several crystals had to be tested. A
suitable single crystal was mounted on a glass fiber; crystallo-
graphic data were collected with an Oxford Diffraction Gemini “A”
diffractometer with a CCD area detector, with Ay, =0.71073 A at
170 K. Unit cell parameters were determined with a set of three
runs of 15 frames (1° in ). The double pass method of scanning
was used to exclude any noise.’® The collected frames were
integrated by using an orientation matrix determined from the
narrow frame scans. Final cell constants were determined by a
global refinement; collected data were corrected for absorbance by
using analytical numeric absorption correction using a multifaceted
crystal model based on expressions upon the Laue symmetry with
equivalent reflections. Structures solutions and refinement were
carried out with the SHELXS-2014%" and SHELXL-2014"" packages.
WinGX v2018" software was used to prepare material for
publication. Full-matrix least-squares refinement was carried out by
minimizing (Fo’~FA). All non-hydrogen atoms were refined aniso-
tropically. H atoms attached to C atoms were placed in geometri-
cally idealized positions and refined as riding on their parent atoms,
with C—H=0.95-0.99 A and with U, (H)=1 .2U,,(Q) for aromatic and
methylene groups, and 1.5U,,(C) for methyl groups. The tert-butyl
groups located on C20, C31, C53, C75 and C97 are disordered. On
the other hand, the solvent molecules were significantly disordered
and could not be modelled properly, thus SQUEEZE,"*? a part of the
PLATON package of crystallographic software, was used to calculate
the solvents disorder areas and remove their contributions to the
overall intensity data. The disordered solvent area is centered on
the 0.084 0.411 0.428 position and showed an estimated total of
127 electrons and a void volume of 2271 A, Crystallographic data
for the complex is presented in Table ST of the Supporting
Information.

Deposition Number(s) 1441364 contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Synthesis of L' and L“: p-tert-butylcalix[8larene (1.45 g,
0.91 mmol) and CsF (1.38 g, 9.1 mmol) were dried for two hours at
120°C under vacuum. After allowing to cool to room temperature,
anhydrous THF was added, and the mixture was heated to reflux
for 4 h. Upon cooling to room temperature, 2,9-bis(boromomethyl)-
1,10-phenanthroline (400 mg, 1.09 mmol) was added to the mixture
and stirred for 36 h. The solvent was then evaporated under
reduced pressure to afford a yellow solid that was dissolved in a
CHCl3/toluene 8:1 mixture and placed in a —30°C freezer until a
white precipitate appeared after 3-4 days. The solid was filtered to
remove [Cs(L"*—H)] (41% yield of L'* after neutralization) and the
solution containing [Cs(L'*—H)] was washed with 50 mL of HCI
(0.1 M) to remove cesium as CsCl, and then washed with a
saturated solution of NaHCO; for neutralization, affording L' in
46 % yield; m. p.=200-202°C (dec). IR (ATR) n (cm™')=2959 (C—H),
1594 (C=N), 1481 (C=C). MALDI-TOF MS m/z: 1501 [L™* + H]". 'H
NMR (C,D,Cl,, 300 MHz): & 9.53 (s, 6H, OH), 8.42 (d, J=8.03 Hz, 2H
Arphen)s 7.91 (M, 2H, Arppe,), 7.81 (s, 2H, Argpen), 7.21 (M, 16H, Argy),
5.53 (m, 2H, —CH,ppen), 5.17 (s, 2H, —=CHyppen), 443 (M, 4H, —CH,-c,y1),
4.10 (m, (8H, —CH,-i), 3.63 (m, (4H, —CH,-,i), 1.40-1.30 (m, 72H,
“Bu). Elemental analysis for Ci035H1235CIN, Og
[L"*(0.5CH,CN,0.5CH,Cl,, 0.5H,0)] calcd.: C 78.98, H 7.91, N 2.22;
found: C 78.70,H 7.62, N 2.11.
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Synthesis of [Cu(L"*)I]: To a solution of L'* (390 mg, 0.26 mmol) in
5 mL of anhydrous, and deoxygenated toluene inside a glovebox
was added Cul (49 mg, 0.26 mmol). The brown solution was stirred
at room temperature overnight. Toluene was then evaporated
under reduced pressure to afford a brown solid that was dissolved
in an acetonitrile/toluene 9:1 mixture. Slow evaporation afforded a
small amount of yellow crystals (<5% [Cu(L™*—H)(CH;CN),]) that
were collected for X-ray diffraction; elemental analysis for
Ci04H124CUN;O, [Cu(L™*—H)(CH,CN)(H,0)] calcd.: C 76.93, H 7.70, N
2.59; found: C 76.90, H 7.46, N 2.73. The remaining solution was
placed in a —30°C freezer, resulting in a brown microcrystalline
solid (360 mg, 82% yield); m. p.=170-172°C (dec). IR ATR v
(em™")=2954 (C-H), 1591 (C=N), 1481 (C=C). MALDI-TOF MS m/z:
1564 [Cu(L™)]™. "H NMR (C,D,Cl,, 300 MHz): § 9.17 (s, 1H, OH), 8.56
(d, J=8.0 Hz, 2H Argnen); 8.31 (s, 2H, Arphen), 7.94 (m, 2H, Arppe,), 6.98
(m, 16H, Argy), 6.50 (d, J=16.1 Hz, 2H, —CHypper), 582 (d, J=
16.1 Hz, 2H, —CH,ppe), 4.69 (d, J=12.8 Hz, 2H, —CH,~,y,), 4.35 (d, J
12.4 Hz, 2H, —CH,-1,), 4.15 (d, J=13.4 Hz, 2H, —CH,-.;,), 3.93 (d, J
15.7 Hz, 2H, —CH,-.;,), 3.78 (d, J=15.0 Hz, 2H, —CH2-_,;,,), 3.61 (d, J
12.9 Hz, 2H, —CHy-.), 3.53 (d, J=14.6 Hz, 4H, —CH,-..;,), 1.37 (s, 9H,
“Bu), 1.30 (s, 18H, "Bu), 1.26 (s, 24H, " Bu), 1.23 (s, 24H, " Bu), 1.07
(s, 24H, "Bu). Elemental analysis for C,q,H;,,CLCuIN;O,, [Cu-
(L™)(CH5CN)(2H,0),1] calcd.: C 70.59, H 7.23, N 2.37; found: C 70.39,
H 6.99, N 2.38.

Coupling reactions: In a typical procedure, sodium thiophenolate
(93 mg, 0.71 mmol) was added to a solution of [Cu(L*)I] (30 mg,
2.5% mol) in 5 mL of anhydrous toluene in a 100 mL Schlenk flask
under dinitrogen atmosphere, the mixture was stirred for 1 h at
room temperature followed by the addition of 0.71 mmol of the
corresponding aryl bromide. The mixture was heated to 110°C for
24-72h. An analogous test was run with 30mg [Cu-
(L"*—H)(CH5CN),], 0.71 mmol thiophenol and 0.71 mmol bromoben-
zene; this resulted in no detectable products, as judged in all cases
by TLC analysis on silica gel; final products when present were
purified and isolated after column chromatography with hexanes/
dichloromethane gradient (starting with 100% hexanes) as eluant.

Quantum chemical studies: The initial geometries of [Cu(L"*)I] and
[Cu(L™)1] for the optimizations were constructed by modification of
available crystal structures using Chemcraft 1.8."¥ Quantum chem-
ical calculations were performed with Turbomole 7.5*! unless
otherwise specified. All investigated structures were fully optimized
using the PBE0™! functional and def2-SVP“? basis set with empirical
dispersion corrections of the D3 type,”” along with implicit solvent
corrections using the Conductor-Like Screening Model (COSMO).“®!
A dielectric constant of €=2.4 was chosen to model toluene. The
PBEO functional is known to provide good results when investigat-
ing structures involving transition metals.***® To obtain more
accurate electronic energies, the def2-TZVP basis set™***'¥ was
used, alongside the same settings as mentioned above. The minima
were verified to be true by running numerical frequency calcu-
lations which were then checked for the absence of imaginary
frequencies.

Molecular dynamics simulations: Obtaining a representative struc-
tural ensemble of the calixarene required that the conformational
spaces of these two species are examined along the reaction
pathway, for both the L' and the L'* type of structures, by
selecting several intermediates. The exploration of the potential
energy surface was done using classical accelerated MD simula-
tions, a method proven to deliver reliable conformational ensem-
bles for macrocycles.?® Sampling in explicit solvent proved to be
essential to retain intact cavities, as attempts in implicit solvent
resulted in the cavity collapsing upon itself. Test calculations on
[Cu(L™)I] have shown that there is no significant difference
whether chloroform or toluene was used.® To this end, chloroform
was picked as the explicit solvent of choice, due to a faster
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equilibration. We chose to simulate the supramolecular structures
[Cu(L™1] and [Cu(L™)I], to assess how the flexibility of the cavity
changes depending on the position of the bridge. We also
simulated the intermediate [Cu(L"*)I(SPh)]"Na™, which is the first
species to be formed in the transmetallation process.®® Therefore, a
parametrization of the metal at the center of the molecule was
required. MCPB.py"™® was selected as the tool of choice for the
parametrization step. The structure optimizations and frequency
calculations for the metal center parametrization were performed
at the PBEO/def2-SVP/D3 level. [Cu(L")I(SPh)] Na* was simulated
using Na™ as an explicit counterion to reduce the net charge of the
system to 0. This is in line with experimental conditions, where
thiophenolate was added as a sodium salt.

To perform the initial equilibrations prior to simulation production
runs, a modified procedure by Wallnéfer etal.®® that involves
extensive heating and cooling was employed. The production runs
(in explicit chloroform) were carried out in NpT ensembles at 300 K,
using Amber20.°” The temperature was regulated with the
Langevin thermostat,®® and the pressure was kept at 1 bar using
the Berendsen barostat.®® The SHAKE algorithm® was used to
restrain hydrogen bonds allowing for a time step of 2fs;
coordinates were saved every 10 ps, simulating a total of 1 s.
Accelerated MD simulations were carried out using the dual-boost
algorithm implemented in Amber20, where a bias was applied on
the total potential and an additional boost on the dihedral term.
Several aMD simulations, each with 1us were performed with
various boosting parameters. These settings were derived by
performing 100 ns classical MD simulations, as proposed by Pierce
et al.®" The obtained structures were aligned on the phenanthroyl
bridge. A hierarchical clustering was applied on the trajectories to
obtain a structurally diverse ensemble. The reweighting of the aMD
simulations was not necessary, as the energetics were not a
concern, since we aimed at obtaining a large conformational
ensemble, from which representative structures were selected and
further optimized with DFT. To investigate the flexibility of the
calixarene units, a dihedral analysis was used, to characterize the
rotations between each moiety. Dihedral angles were assigned
between the planes of each of the 6-membered rings of the
calixarene units, as changes in these angles accurately describe the
movements within the calixarene ring. The relative entropy values
were obtained by using the X-entropy™” script that performs an
entropic analysis on the angle distributions by kernel density
estimation. Thus, it leads to an accurate estimation of the flexibility,
whereby the more flexible the system, the larger the area under the
dihedral distribution curve, and the larger the entropy. DFT
calculations on the cluster representatives or structure optimiza-
tions were performed with the protocol described in the previous
section. Structural parameter measurements and visualizations
were done with PyMol and YMD."**%%
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