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Cyclododecene isomeric separation by
(supported) rhodium(i)-catalysed selective
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Cyclododecene, commercially available as a cis/trans mixture, reacts with dipinacolborane (BPin), only
through the cis isomer, during the Rh()-XantPhos-catalyzed dehydrogenative monoborylation reaction,
leaving the starting trans-cyclododecene untouched. In this way, both diastereoisomers can now be
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easily separated. The catalytic Rh()-phosphine complex progressively degrades under the reaction con-
ditions; thus we also present here a cheap, ligandless Rh(i)-supported zeolite NaY catalyst, equally selec-
tive for the dehydrogenative monoborylation reaction. These results provide a hew methodology for
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1 Introduction

Simple alkene macrocycles, with application in the fragrance
and pharma industries, for example,' are usually obtained as
cis/trans mixtures due to the similar size and energetic values
of the isomers, and their separation becomes extremely slug-
gish. Dozens of examples can be found in the literature, par-
ticularly after a Wittig reaction,> after elimination,® and in par-
ticular after ring-closing alkene metathesis reactions® (Fig. 1A).
Indeed, some commercially available alkene macrocycles are
directly sold as cis/trans mixtures, and a prominent example is
one of the simpler alkene macrocycles, i.e. cyclododecene 1.
We have carried out molecular mechanics calculations
(MM2) for the cis and trans isomers of cyclododecene (1-cis
and 1-trans, respectively) in vacuum (Fig. S1, see ESIf), and
the results show that the free energy [19.1(9) and 18.8(4) kcal
mol ™!, respectively] and the kinetic radii (3.1 A in both cases)
for both alkene diastereoisomers are very similar, which
explains their commercialization as an isomeric mixture.
However, the sterics around the C=C double bond are signifi-
cantly different, which suggests that a particular synthetic
methodology may allow one of the alkene diastereoisomers to
react in the presence of the other. This selective reaction
would be of interest not only for the inherent value of the new
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macrocyclic alkene diastereoisomeric separation.

diastereoselective transformation but also, in practical terms,
for the ultimate separation of both diastereomers.

The dehydrogenative monoborylation reaction is a catalytic
synthetic methodology based on C-H activation of the alkene
group, which allows the C=C double bond to be preserved
after replacing one of the alkene H atoms by a boron-substi-
tuted group (Fig. 1B).> Thus this reaction is very sensitive to
the C=C double bond configuration, so it may differentiate
the cis/trans alkene diastereoisomers during reaction. Among
the different catalysts employed for this reaction, which
include the metals Ru,® Rh,*”” Co,® Pd° and Pt,'® and recently
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Fig. 1 (A) Synthesis of alkene macrocycles to generate cis/trans mix-

tures, and cyclododecene 1 as an example. (B) Rh(i)-catalyzed dehydro-
genative monoborylation reaction of 1, to give 3 from 1-cis, and recover
1-trans.
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non-metal catalysts as well,"" only Rh(i) seems to have the
capacity to perform alkene functionalization without associ-
ated diborylation and hydrogenation reactions, without losing
any starting alkene.”” While other alkenes could be used as a
sacrificial hydrogenable agent here,*” a reaction system based
on the Rh(1)-XantPhos complex as a catalyst and dipinacolbor-
ane (BPin), 2 as a borylating agent was chosen for our pur-
poses, since no sacrificial alkene is required, which simplifies
the purification protocol.”” The Rh(1)-XantPhos catalytic
system has, to our knowledge, been tested in all-cis (smaller)
cycloalkenes,”” but not yet in cis/trans mixtures. Considering
the higher steric hindrance around the C=C double bond in
1-trans compared to 1-cis, we envisioned that the latter will
react preferentially, to give monoborylated vinyl borane
product 3 as the main product, which can then be further con-
verted if required.'”” In contrast, 1-trans will remain as
unreacted material, ready to be separated from the reaction
mixture (Fig. 1B),"* when given low amounts of the corres-
ponding monoborylated product 4.

2 Experimental section
2.1 General preparation of the Rh-supported zeolites

Y zeolites, in Na' form, are commercially available. First,
500 mg of this zeolite was dried in vacuum at 300 °C for 3 h.
Then, impregnation of 0.5 and 5 wt% of Rh precursor in
0.5 mL of DCM was carried out, drop by drop at room tempera-
ture. Then this material was dried in vacuum at room tempera-
ture for 2 h. These catalysts were named 0.5%RhL@NaY and
5%RhL@NaY, respectively.

2.2 Reaction procedure for the dehydrogenative
monoborylation reaction of 1 with Rh(i) XantPhos complex
catalyst

Reagent 1 (cis/trans 73 : 27 cyclododecene mixture, 0.3 mmol),
(BPin), (2 equiv.) in toluene (0.5 M) and [Rh(COD)CI],/
XantPhos (3/6 mol%) were introduced into a sealed vial with a
magnetic stirrer. The mixture was allowed to react for 7 h at
100 °C. GC samples were prepared by taking out 50 uL of the
reaction mixture and introducing them into a vial with 0.5 mL
of toluene and N-dodecane (11 pL, 0.05 mmol) as an external
standard. For the isolation of 3, a 1-gram synthesis was per-
formed, and the product was isolated by column chromato-
graphy. The same procedure was followed for 4." The charac-
terization of both vinyl boronates can be found in the ESI
(Fig. S3 and S4,7 respectively).

2.3 Reaction procedure for the dehydrogenative
monoborylation reaction of 1 with the Rh(i)-supported zeolite

Reagent 1 (cis/trans 73 : 27 cyclododecene mixture, 0.3 mmol),
(BPin), (2 equiv.) in toluene (0.5 M) and the solid catalyst
(90 mg, unless otherwise indicated) were introduced into a
sealed vial with a magnetic stirrer. The mixture was allowed to
react and analyzed as above, taking out the samples for the GC
analysis from the supernatant.
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3 Results and discussion
3.1 Catalytic results with a soluble Rh complex

Table 1 shows the catalytic results obtained for the dehydro-
genative borylation reaction of commercial cyclododecene 1
(cis/trans 73 :27, Fig. S2) with 2 equivalents of (BPin), 2 in
toluene (0.5 M) at 100 °C for 7 h. Reactions were followed by
gas chromatography (GC), and products were characterized by
a combination of mass spectrometry (GC-MS) and 'H, *C, ''B,
distortionless enhancement by polarization transfer (DEPT)
and bidimensional "H-'"H nuclear magnetic resonance (NMR),
and also compared with the available literature."* Gratifyingly,
the catalytic combination of [Rh(COD)Cl], and XantPhos, to
generate in situ the corresponding organometallic complex,
selectively produces the monoborylated vinyl borane product 3
from 1-cis (Fig. S31) in the presence of 1-trans, and the latter
barely reacts with vinyl borane 4 (entries 1-3, Fig. S41). When
3 mol% of Rh and 6 mol% of XantPhos are used, complete
conversion of 1-cis is achieved, to give 3 in 38% isolated yield
with respect to all starting 1 (76% respect to 1-cis). The use of
the ligand in excess with respect to metal has been previously
proven to be necessary for the selective reaction’” and further
optimization was not undertaken here. Indeed, diborylated
product 6 was not observed with the 1:2 metal-to-ligand
molar ratio employed. It should be noted here that the amount
of 1-trans after reaction is higher than in the starting 1
mixture, since the isomerization reaction of 1-cis to 1-trans
also occurs to some extent (see below).

With the above results in hand, we could now isolate 1-
trans from the reaction mixture (i.e. with column chromato-

Table 1 Catalytic results for the dehydrogenative borylation reaction of
the cis/trans (73 : 27) cyclododecene mixture 1 with (BPin), 2 in toluene
(0.5 M) at 100 °C for 7 h. COD: 1,5-cyclooctadiene

Me. Me
[Rh(COD)CI], .
3 (from 1-cis) BPin

(x Rh mol%),
XantPhos (2x mol%) *
_ 4 (from 1-trans) + 6
(BPin), 2 (2 equiv.), *
toluene (0.5 M), 100°C, 7h ~ HBPins 7 BPin ©

PPh,  XantPhos PPh;

Rh/XantPhos 1-cis 1-trans 3¢ 44

Entry  (mol%) %) (%) (%) (%) 6 (%)
1 1/2 16 37 15 2 0
2 2/3 31 43 23 3 0
3 3/6 <1 50 42[38] 8 0
4? 3/6 56 33 10 1 0
5 3/0 <1 4 31 5 22
6° 3 (NTf,)/3 32 50 16 2 0
7¢ 3 (NTf,)/0 28 50 19 3 0
8¢ 3/6 27 48 20 3 0
9° 0.5%Rh@NaY 42 31 1 4 22
10° 5%Rh@NaY 15 40 5 10 30

“GC yields, double-checked by 'H-NMR, and referred to the startin%'7 1
mixture. Within brackets, isolated yields in 1-gram experiments. “ 1
equivalent (BPin), 2. “[Rh(COD),|NTf, instead of [Rh(COD)Cl],. “1.5
equivalents of norbornene were also added. 3 mol% Rh; RhCl,
Rh,0;, Rh nanoparticles on carbon or on alumina did not give any
conversion.
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graphy or distillation). Not only that, 3 could be converted
back to pure 1-cis by a simple acid treatment.'® In this way, the
cyclododecene mixture 1 could be conveniently separated into
both diastereoisomers 1-cis and 1-trans. In order to further
facilitate the isolation procedure and decrease amounts of by-
product, the use of 1 equivalent of (BPin), 2 was attempted,
but it led to much lower conversion and yield (entry 4), which
suggests that HBPin 5 formed as a by-product during the reac-
tion does not react further to produce borylated products.
Indeed, the independent use of HBPin 5 as a reactant did not
give product 3 under our reaction conditions, and nor did the
use of other monoborylated reagents (Fig. S57).

The lack of ligand XantPhos in the reaction does not pre-
clude the formation of 3, but the prevalence of 1-trans pro-
duces diborylated product 6 in significant yield (entry 5).”°
Indeed, the reaction rate doubles in the absence of the
XantPhos ligand, according to kinetic experiments (Fig. S6 and
S7t left), and the reaction order calculated for Rh under these
reaction conditions is one, regardless of the presence or not of
the phosphine (Fig. S7,} right). In both cases, rapid isomeriza-
tion of 1-cis to 1-trans takes place, to give a nearly isomolecular
starting alkene mixture, which is in good agreement with the
ability of group VIII metals to isomerize alkenes to the more
thermodynamically stable composition.'® A kinetic study on
the isomerization of the starting cyclododecene 1 mixture
(73% cis, 27% trans), without reagent 2 in the medium, was
then performed, with the homogeneous Rh catalyst in the
presence or not of the XantPhos ligand. The results (Fig. S87)
showed that the complex with XantPhos does not modify the
starting composition of 1 but, in striking contrast, complex
[Rh(COD)Cl],, alone, rapidly isomerizes 1 to the opposite com-
position (~25% cis and 75% trans), which remains stable over
time. This result suggests that XantPhos is not strictly necess-
ary to form the catalytically active species during the borylation
reaction, since a cis to trans isomerization reaction is observed.
When [Rh(COD),]|NTf, was used instead of [Rh(COD)Cl], as
the Rh catalyst, complete selectivity for monoborylated pro-
ducts 3 was observed with and without phosphine (entries 6
and 7). These results together suggest that the XantPhos
ligand is acting more as a stabilizer than as a necessary elec-
tron modifier, and that the chloride ligands may also be
responsible for the diborylation reaction. These assumptions
fit well with the reported literature, where chelating dipho-
sphines lead to better selectivity for the dehydrogenative
monoborylation reaction, but not necessarily to much higher
reactivity.” In other words, the phosphine could theoretically
be suppressed under the right conditions; thus the catalytic
system can be simplified.

In order to further check the above hypothesis, the boryla-
tion reaction with stoichiometric amounts of [Rh(COD)CI],
and XantPhos (1:2 metal-to-ligand molar ratio) was followed
by in situ *'P, '"H and "'B NMR in toluene-d®. Fig. 2 shows the
3P NMR spectra after sequential addition of the catalyst and
reactants. The original *'P NMR signal for XantPhos at
—18 ppm transforms in ca. 50% to a new signal centered at
2 ppm, constituted by a doublet with Ji,_p = 91 Hz, a coupling
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Fig. 2 In situ 3'P NMR measurements for the dehydrogenative boryla-
tion reaction of a cis/trans (73:27) cyclododecene mixture 1 with 2
equivalents of (BPin), 2 in toluene-d® (0.5 M) at room temperature, in
the presence of equimolecular amounts of [Rh(COD)Cl], and XantPhos
(1:2 molar ratio). Reactants were sequentially added from bottom to
top.

constant value in good agreement with the expected value for
the tri-coordinated octahedral Rh(i)-XantPhos complex.'” The
fact that 50% of free XantPhos ligand remains in solution
strongly supports the diphosphine complex not being formed
and that an excess of ligand is added to enhance the formation
of the monophosphine complex and not to generate a six-co-
ordinated Rh-P complex.'® Accordingly, the corresponding
in situ "H NMR spectra show that the COD ligand mostly
remains coordinated to Rh after addition of XantPhos and the
XantPhos methyl groups appear as a singlet signal, accounting
for six equivalent H atoms (Fig. S91). Thus, we can conclude
that the resulting complex must respond to a symmetric struc-
ture of formula Rh(COD)(XantPhos)CL.

The addition of (BPin), 2 to the Rh(COD)(XantPhos)Cl +
free XantPhos mixture (ca. 1: 1) results in the formation of two
new major *'P NMR signals at —22 and ~30 ppm. The down-
shifted signal at ~30 ppm could be assigned to a doublet with
Jrh-p = 514 Hz. However, this very high Jr,_p constant may only
be ascribed to either the coordination of an extremely struc-
tural trans ligand, perhaps BPin, the protonation of the phos-
phine or the formation of direct P-P bonds.'® However, the
last two hypotheses must be discarded since additional Ji;_p or
Jp_p coupling constants are not observed in either the *'P or
the "H NMR spectra (Fig. 2 and S91).?° In contrast, the in situ
"B NMR study shows the plausible formation of an Rh-B
complex by the appearance of a new ''B NMR signal at around
25 ppm, which suggests the formation of the expected Rh(u)-
B oxidative addition species.”" Notice here that the Jz p coup-
ling constant could be too small to be observed. Thus, we
assign the *'P NMR signals at ~30 ppm to the Rh(ur) complex
after oxidative addition of 2, although an alternative assign-
ment of this doublet to independent oxidized species of
XantPhos must not be discarded, since the intensity of these
signals increases asymmetrically after the addition of alkene 1
(Fig. 2, top red line). In any case, the addition of 1 definitively
consumes the original XantPhos *'P NMR signal at —18 ppm,

This journal is © the Partner Organisations 2024
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Fig. 3 Reaction pathway for the Rh()—XantPhos catalyst in solution
during the dehydrogenative borylation reaction of 1 with 2, highlighting
the degradation pathways for the ligands.

leaving just a residual amount of the Rh(COD)(XantPhos)Cl
catalytic species. In other words, the XantPhos ligand is com-
pletely degraded under the reaction conditions, according not
only to the *'P NMR but also to the corresponding 'H NMR
study (Fig. S91). Besides, the borylation reaction of the COD
ligand is also observed by "H NMR (Fig. S9 and $10%); thus
none of the organic ligands in the original complex, ie.
XantPhos and COD, resists the dehydrogenative borylation
reaction conditions. A competitive reaction test using norbor-
nene as an additional alkene substrate® confirms the higher
reactivity of tensioned secondary cyclic alkenes such as COD in
comparison with 1 (entry 8 in Table 1), since the conversion of
1 decreases significantly.

The reaction mixture was also studied with ultra-perform-
ance liquid chromatography-high-resolution mass spec-
trometry after direct infusion (UPLC-HRMS, Fig. S11f). A
signal was found corresponding exactly (just 1 ppm of differ-
ence) to the mass of the protonated Rh(cyclooctene)(XantPhos)
(3 or 4) complex (but may also be assigned to a mixture of 1
and BPin instead of the product), but not the peaks corres-
ponding to the Rh complex with chloride. Indeed, a new NMR
study with NTf, as counteranion instead of Cl shows that the
reaction also progresses, in accordance with the results in
Table 1. These results confirm that Cl is not absolutely necess-
ary for the catalytic activity of the Rh complex.

Fig. 3 shows a plausible reaction pathway for the Rh
complex, which illustrates that the role of the tri-coordinated
XantPhos would be to isolate the Rh site and avoid diboryla-
tion reactions, probably by steric hindrance. The reaction
starts with the oxidation addition of 2 to the Rh(i) site. COD
and XantPhos can both be partially removed at this stage; thus
cis/trans isomerization may occur without the participation of
the XantPhos ligand. Then, the incorporation of 1 into the
complex occurs, after ligand removal (probably Cl), and then
the catalyst is ready to form product 3. The combined catalytic,
kinetic, NMR and UPLC-HRMS studies show that neither the
XantPhos, COD nor Cl ligands are strictly necessary to accom-
plish the selective synthesis of 3.

3.2 Catalytic results with Rh-supported zeolites

With the above data in hand, we envisioned that the incorpor-
ation of [Rh(COD)Cl], in a solid catalyst, particularly a solid

This journal is © the Partner Organisations 2024
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able to isolate, stabilize and generate steric hindrance around
the Rh catalytic site, would provide an efficient and selective
solid catalyst for the dehydrogenative monoborylation reaction
of cyclododecene 1. In the first approach we chose commer-
cially available zeolite NaY, since it is a crystalline tridimen-
sional microporous aluminosilicate which easily coordinates
metal cations within channels and cavities of 7.4 A and 12 A
diameter size, respectively, large enough to impart size selecti-
vity while letting reactants and products diffuse (see
Fig. $1).>* Besides, zeolite NaY contains a ~5 wt% Na* cations
within its framework, able to react with the CI™ anions of the
complex and remove the unnecessary and unselective halide.*

The incorporation of [Rh(COD)Cl], in zeolite NaY was
carried out in two different loadings (0.5 and 5 wt%) by the
wetness impregnation method [0.5%RhL@NaY and 5%
RhL@NaY respectively, see Experimental section], to avoid any
loss of precious metal, and the resulting solid was character-
ized by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES), powder X-ray diffraction (PXRD),
Brunauer-Emmett-Teller surface area (BET), diffuse-reflec-
tance ultraviolet visible spectrophotometry (DR-UVvis), Fourier
transformed infrared spectroscopy (FT-IR), X-ray energy disper-
sive spectroscopy (EDS) coupled to high-angle-annular-dark
field scanning  transmission electron microscopy
(HAADF-STEM), X-ray photoelectron spectrometry (XPS) and
field emission scanning electron microscopy (FE-SEM), and
also by ?°si and *’Al solid-state magic angle spinning nuclear
magnetic resonance (>°Si and *’Al SS-MAS NMR). ICP-AES ana-
lyses confirmed the incorporation of Rh in the solid (5%
RhL@NaY: 2.9 wt% of pure Rh) and the PXRD technique con-
firmed the integrity of the faujasite zeolite crystallinity after Rh
incorporation (Fig. S12t). Moreover, the latter also showed that
Rh nanoparticles are not formed during the incorporation
process, since no peak corresponding to nanocrystals could be
found. Accordingly, the BET surface area calculated for the
higher loaded solid, i.e. 5%RhL@NaY, is 559 m” g', in the
range expected for an atomically dispersed zeolite NaY
(Fig. S131), and the corresponding DR-UVvis spectrum does
not show any absorbing Rh cluster or nanoparticles
(Fig. S14f). FT-IR measurements show the signals corres-
ponding to the COD ligand of the Rh complex after the
impregnation process (Fig. S157).

EDS-HAADF-STEM images of the outer surface of the 5%
RhL@NaY material (Fig. S161) show that Rh is homogeneously
distributed across the structured microporous zeolite, particu-
larly visible in the elemental mappings. However, some nano-
particles are observable, and the corresponding zeolite EDX
spectrum gives an elemental Rh composition of about
3.9 wt%, higher than in the whole zeolite framework (2.9 wt%,
Fig. S177). These results indicate that a higher proportion of
the Rh complex is deposited on the outer surface of the zeolite
during the wet impregnation procedure, and that the high
voltage microscopy electron beam incudes Rh agglomeration
during measurement. It is noteworthy here that the outer
surface is about one order of magnitude (10 times) lower that
the inner surface of the zeolite; thus the Rh distribution is

Org. Chem. Front, 2024, 11, 124-1131 | 1127
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good and it must be better inside the zeolite. The corres-
ponding field emission scanning electron microscopy (FESEM)
images of 5%RhL@NaY display the presence of crystals with a
slightly hexagonal shape, and a porous structure suitable for
the diffusion of reactants/products during heterogeneous cata-
lysis (Fig. S18%).

The oxidation states of Al, O, Si, and Rh in 5%RhL@NaY
were thoroughly investigated using X-ray photoelectron spec-
troscopy (XPS, Fig. S19f). Survey spectra of NaY, 0.5%
RhL@NaY and 5%RhL@NaY confirm the incorporation of Rh
on the zeolite support with a new peak appearing at 310 eV.
The high-resolution, deconvoluted Si 2p signals, depicted in
Fig. 4A, show three peaks located at 101.0 eV for Si-O-Al, and
102.9 and 103.6 eV assigned to Si0,.>* The high-resolution
spectrum for O 1s is shown in Fig. 4B, and three peaks located
at 529.2, 531 and 534.6 eV were obtained after deconvolution,
which were assigned to the lattice oxygen (OLat), Si-OH and
absorbed water, respectively.>® There are two Rh 3d peaks in
the 5%RhL@NaY sample, shown in Fig. 4C, at 309.4 and 314.1
eV, corresponding to Rh(i) and Rh oxide in the Rh*" oxidation
state.”®*” The high-resolution Rh 3d peak of the 0.5%
RhL@NaY sample (Fig. S20t) shows a major presence of Rh(i)
in this Rh-diluted zeolite. To complete the XPS analysis,
Fig. 4D shows the characteristic XPS peaks for Al 2p at 74.8 €V,
attributable to Al,O; species.>*

27A1 SS-MAS NMR spectroscopy was then used to determine
the coordination of aluminum atoms in the zeolite. Fig. 5
shows a clear 1.8 ppm shift in the tetrahedrally coordinated Al
signal when the Rh complex is incorporated into the NaY
zeolite, which indicates that cationic Rh is interacting with the
inner and outer surface Al-O groups.>®

The corresponding >°Si SS-MAS NMR results (Fig. S217)
show the characteristic four peaks of the zeolite, with two
main peaks denoted Q* = HOSi(OSi); (94.5 ppm) and Q* = Si
(0Si), (100.3 ppm) downshifted about 10 ppm from typical

(A) (B) O
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Fig. 4 X-ray photoelectron spectroscopy (XPS) for the 5%RhL@NaY
sample: (A) Si 2p, (B) O 1s, (C) Rh 3d and (D)AL 2p.
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Fig. 5 ?’Al solid-state magic angle spinning nuclear magnetic reso-
nance (?’Al $S-MAS NMR) of 5%RhL@NaY and zeolite NaY.

13 29,30

values, due to Al”" substitution. This large Qs/Q, ratio is
directly proportional to the number of surface hydroxyl
groups, which implies better cationic Rh incorporation and
interaction with the zeolite framework.

The new solids 0.5%RhL@NaY and 5%RhL@NaY were
tested as catalysts for the dehydrogenative borylation reaction
of cyclododecene 1, under the reaction conditions shown in
Table 1. The results (entries 9 and 10) show that the 5%
RhL@NayY zeolite is active and selective for the borylation of 1-
cis, but with diborylation product 6 as the major product.
Neither RhCl;, Rh,0;, or Rh nanoparticles on carbon or on
alumina gave any conversion of 1, which strongly supports the
idea that the active species in the zeolite must be isolated Rh
sites. To compare the catalytic activity of the different Rh sites
in both zeolites, we performed kinetic experiments with the
same wt% of solid catalyst and we compared the initial reac-
tion rate with the % of each Rh species in the zeolite according
to XPS, as shown in Fig. 6. The 0.5%RhL@NaY catalyst gave a
6 times slower rate than 5%RhL@NayY, despite having 10 times
less total Rh (Fig. S22t). Thus, the turnover frequency (TOF)
per Rh atom is higher for 0.5%RhL@NayY. If we represent the
initial rate vs. the amount of Rh(1) and not the total amount of

B 5%RhL@NaY m0.5%RhL@NaY

initial rate TOF total Rh TOF Rh(l)

Fig. 6 Comparison of the catalytic activity of 0.5%RhL@NaY and 5%
RhL@NaY with respect to the amount of supported Rh species, accord-
ing to the XPS data. TOF: turnover frequency (h™%).
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Rh, the TOFs for both catalysts are the same, since the 0.5%
RhL@Nay catalyst contains a significant amount, >20%, of Rh
(1) than the 5% counterpart. In other words, the TOF value per-
fectly matches the amount of Rh() in both catalysts; thus Rh()
seems to be the catalytically active species for the reaction, as
occurred for the complex in solution.

The reusability of 5%RhL@NaY was studied for the selec-
tive dehydrogenative monoborylation of cyclododecene 1
under optimized reaction conditions. First, a hot filtration test
was performed, in order to evaluate whether the catalytically
active species remain in the solid during reaction. The solid
was filtered at intermediate conversion and the reaction was
followed in the presence or not of the solid catalyst. The
results (Fig. S23t) show that no catalytic species is present in
solution; thus the whole catalytic activity comes from the
solid, which can therefore be defined as a truly heterogenous
catalyst. Then, the solid catalyst was employed for subsequent
use. After the completion of the reaction, the solid catalyst was
centrifuged and washed at least three times with dichloro-
methane. The recovered catalyst was dried under vacuum and
used for the next reaction. The results (Fig. S247) show that a
significant deterioration in the conversion was observed after
the first use. To determine the factor decreasing the catalytic
activity, we characterized the recycled solid catalyst by XRD,
XPS and DR-UVvis. A new broad diffraction peak is observed at
41.2° in XRD, consistent with the formation of Rh nano-
particles (Fig. 5251).>' The XPS data of the spent solid catalyst
show the formation of Rh(0) as the major oxidation state, with
peaks at 307.6 and 312.3 eV (Fig. S261). In addition, a new
broad absorption band between 300 and 400 nm arises in the
spent catalyst, typical of plasmonic nanoparticles (Fig. S277).
Thus, we must conclude that the formation of Rh nano-
particles (NPs) during the reaction explains the decrease in
catalytic activity. To further check this, the spent catalyst was
impregnated again with the Rh complex, and the resulting
zeolite recovered the original catalytic activity (Fig. S24%).
Besides, a kinetic experiment with XantPhos added externally
together with the zeolite (Fig. S281) showed that neither the
catalytic activity nor the selectivity of the zeolite is modified,
confirming that Rh is not in solution (XantPhos is too big to
enter into the zeolite). A hot filtration test for this experiment
confirms that there is no Rh leaching; thus XantPhos cannot
undertake any catalytic modification. Although the loss of
catalytic activity observed for the solid may indicate a failure in
the catalyst design, this approach opens the way for employing
other recyclable solid catalysts for the dehydrogenative boryla-
tion reaction after regenerative treatments of the catalyst or, at
least, to in situ recover the amount of noble metal, which in
any case is better than using a non-recoverable, deteriorating
Rh(1) phosphine complex in solution.

4 Conclusions

We have shown here that the Rh(i)-catalyzed dehydrogenative
monoborylation reaction of a cis/trans mixture of cyclodode-

This journal is © the Partner Organisations 2024
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cene 1 proceeds with high selectivity towards the cis starting
material, leaving the ¢rans isomer unreacted. In this way, both
original cis/trans isomers were separated. The benchmark cata-
lyst for this transformation, an Rh(1) complex with XantPhos as
a ligand, is progressively degraded under the reaction con-
ditions, and we have developed a solid catalyst based on Rh()
incorporated in NaY zeolite, without any ligand. This simple
solid catalyzes the desired reaction, but at the expense of
forming Rh nanoparticles (as the homogeneous system prob-
ably does). Despite this loss of catalytic activity, the Rh(1)-sup-
ported solid allows the noble metal to be recovered in situ, so
we are now able to separate cycloalkene cis/trans mixtures.
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