Volume 13
Number 8

21 April 2023

Catalysis
Science &

ROYAL SOCIETY
OF CHEMISTRY




Open Access Atrticle. Published on 07 February 2023. Downloaded on 5/5/2026 8:29:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Catalysis
Science &
Technology

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

of alkyl halides+

Cite this: Catal. Sci. Technol., 2023,
13, 2308

Zeolites catalyze the halogen exchange reaction
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Simple aluminosilicates, including NaX and NaY zeolites, catalyze the selective halogen exchange reaction

between two different alkyl organohalides, either in batch or in flow, without any additive or solvent, by

simply heating at 130 °C and with <5 wt% of solid catalyst. The reaction protocol tolerates different
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functional groups and gives two new organohalides in good yields. Mechanistic studies unveil the key role
of the zeolite oxygen atoms and countercations, to trigger the heterolytic scission of the R-X bond and
generate intermediate alkoxy and halide species, respectively, which recombine within the zeolite

framework. These results open a new way to synthesize organohalides with simple solid catalysts and

rsc.li/catalysis

1 Introduction

Organic halides (R-X, R = alkyl or aryl; X = Cl, Br, I) are
fundamental molecules in biology, industry and synthetic
chemistry." Fig. 1A shows that the synthesis of organohalides
traditionally requires the use of dangerous and highly toxic
halogenating agents such as X, or HX, or expensive
derivatives such as N-halosuccinimides (NXS). Thus, it is not
surprising that the search for modern catalytic methods to
prepare new R-X bonds is a topic of intense research.” Fig. 1B
shows that the halogen exchange (halex) reaction (also known
as the halogen switch reaction) is an attractive approach to
prepare new organohalides since some halides are cheap and
available in huge amounts, thus, the synthesis of an extensive
gamut of organohalides from a small number of them is, in
principle, feasible. It is worth commenting here that the halex
reaction is indeed a halogen metathesis reaction or a
Finkelstein reaction; however, these two terminologies will
not be employed here since they also describe the reaction of
an organohalide with an inorganic salt, ie. AgX or Nal,
respectively, and not with another organohalide reactant.’
The halex reaction of aromatic halides is well-known to
occur with first-row metal catalysts such as copper or nickel;*
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expand the use of aluminosilicates in organic synthesis.

however, alkyl halides are more difficult to activate. Different
soluble catalysts have been described as representative
examples of the latter, including 10 mol% of RhCI(PPh;);,> 3
mol% of titanocene dihalides combined with trialkyl
aluminum,® and 10 mol% of copper iodide with trans-N,N'-
dimethylcyclohexane-1,2-diamine ligands.” These reaction
protocols with unrecoverable metal catalysts are far from the
principles of modern sustainable chemistry and, for instance,
an efficient solid-catalyst for the halex reaction is difficult to
find in the open literature. This lack of recoverable solid
catalysts for the halex reaction is perhaps surprising when
one considers that different solids are well-documented to
activate the R-X bond,® thus it seems that, under the right

A) Classical halogenation: R + X, XHorNXS —— R-X + XHor NHS
Soluble metal complex
B) Halex reaction: ~ R'-X' + R%X? _— R1-X2 + R2X'
catalysts, typically >5 mol%
C)

Som ~oR SoH R
+ 2RX —— + 2MX + 2MX + /=/
_Om OR OH (H)R

R for R= Me

Acid (M= H, Cu, Zn) or This work, H for R= Et or longer
. X ol M= Na, H
basic (Cs) zeolites
OR! oM
+ MXT+MX? — + | R+ R'X?
2 oM
OR Halex reaction

3D channel zeolites Catalyst regeneration

Fig. 1 A) Classical halogenation reactions. B) Halogen exchange
(halex) reaction. C) Acid or basic zeolite-mediated organohalide
dehydro- and dehalogenation reactions, and the synthetic approach
proposed here, the halex reaction catalyzed by Na(H)-zeolites. NXS:
N-halosuccinimide.
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Table 1 Results for the halex reaction between 1,8-dibromooctane 1 (1 mmol) and 1-iodobutane 2 (excess) with 10 mg of solid catalyst (3.5 wt% with

respect to 1) at 130 °C for 24 h

1 >"Me
2(5eq.) M/\
. [ Br + |M/\|
Br/\M/\Br Solid catalyst 6 6
0 — 3 . 4
1 (1 mmol) 130°C, 24 h
B> (gas)t
5

Entry Catalyst Conv. (%) Select. 3 (%) Select. 4 (%)
1 None 0 — —
2 SiO, 28 92 8
3¢ Si0,-ALO, 93 47 53
4 Na-Si0,-Al,0, 50 85 15
5 K-Si0,-AlL,0; 9 37 63
6 HY zeolite 14 94 6
7 LiY zeolite 35 89 11
8 KY zeolite 86 61 39
9 Nay zeolite 99 15 85
10 NaX zeolite 93 42 58
11 KX zeolite 98 23 77
12 CsX zeolite 57 77 23
13 H-beta >99 15 85
14 Na-beta 98 30 70
15 K-beta 93 44 56
16 H-LTH 68 79 21

% 13 wt% Al,O;.

experimental conditions, a solid should become catalytically
efficient for the halex reaction.

Zeolites are structured microporous aluminosilicates with
an electronically defective network, compensated by extra-
framework cations bound to the walls oxygen atoms (acid-
base pair).’ Fig. 1C shows that these acid-base pairs have
been reported to break the R-X bond in organohalides and
generate the corresponding alkene and HX as reaction
products, since the dehydrohalogenation and dehalogenation
reactions are favored over the halex reaction in acid or basic
zeolites.** % Zeolites have been described to activate the
R-X bond in stoichiometric amounts, but not catalytically.
Fig. 1C shows that, therefore, if the organohalide activation
can be stopped at the intermediate alkoxy groups and
halides,'" the reaction could then be diverted towards the
desired halex reaction with an appropriate zeolite catalyst.

Na faujasites are the primary form of natural and
synthetic zeolites, and the more common zeolites in the
market, with NaX (Si/Al ratio = 1.2) and NaY (Si/Al = 2.6) as
the most prominent examples. The Na zeolite is almost
neutral, with less catalytic use than H and Cs faujasites,
which are widely used as industrial catalysts. However, all
these zeolites have common structural parameters, with tri-
dimensional channels of ~7 A in diameter which intersect in
supercages of ~12 A, surrounded and connected to small
sodalite cages of ~4 A. The Na' cations present in the
sodalite cages of the faujasite have indeed been reported to
assist the breaking of the R-X bond,'” after hosting the
released halides™ and forming the corresponding alkoxy
species.'® Therefore, it seems that simple Na faujasites may

This journal is © The Royal Society of Chemistry 2023

be able to catalyze the halex reaction, since they possess
channels big enough to diffuse the organohalide molecules to
the Na sites nearby the sodalite cages, where the reaction may
start. Notice that the sodalite cages cannot catalyze the halex
reaction in their own since they are too small to host any
organohalide compound or generate alkoxy species, and that
only the combination of Na and O atoms in the supercage-
sodalite connection of the faujasite, with the stabilizing effect
of the sodalite after hosting the released halide, may give an
opportunity for the halex reaction to occur. As can be seen in
Fig. 1C, the zeolite catalyst might be regenerated after each
catalytic cycle provided that dehydro- or dehalogenation
reactions are not started, which is intended to be avoided by
the neutral nature of the Na zeolite.

2 Results and discussion
2.1 Batch reactions

Table 1 shows the results for the halex reaction between
dibromoderivative 1 and iododerivative 2 catalysed by 3.5
wt% of different aluminosilicates (10 mg of solid with respect
to 1 mmol of dibromide 1, see the ESIf for the preparation of
the different aluminosilicate materials tested).i A

1 Representative reaction procedure for the Na zeolite-catalyzed reaction in
batch. Reagents 1 (1 mmol) and 2 (5-10 equiv.) were introduced in a 2 ml vial
with a magnetic stirrer and the solid catalyst (10 mg). The vial was sealed with a
septum, placed in an oil-bath at 130 °C and allowed to react for 24 h. Aliquots
of 25 pL were periodically taken and analysed by GC after diluting the reaction
mixture in a vial with 1 mL of DCM containing N-dodecane (0.05 mmol) as an
external standard.

Catal Sci. Technol., 2023, 13, 2308-2316 | 2309
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Table 2 Recycling of the NaY zeolite under batch conditions after 24 h
reaction time. For reaction conditions, see Table 1

Use 1 2 3 4 5

Conversion (%) 98 97 97 94 82
Selectivity to 3 (%) 57 62 57 60 55
Selectivity to 4 (%) 43 38 43 40 45

dihalogenated reactant was chosen in order to also follow
the formation of mono-exchanged product 3. It can be seen
that the reaction does not occur in the absence of a catalyst
(entry 1) and that high-surface amorphous silica barely
catalyzes the halex reaction (entry 2). However, simple
silico-alumina catalyzes the reaction in good yield, but with
poor selectivity to 4, even when we exchange H with Na or
K in the solid (entries 3-5), with a conversion decrease for
sodium cations. In striking contrast, faujasite zeolites Y and
X are very good catalysts for the reaction, and the catalytic
activity depends on the counterbalancing cation of the
zeolite." Acid (entries 6 and 7) or basic zeolites (entry 12)
give poor to moderate conversions, with most of the
product being mono-exchanged product 3. In contrast,
nearly neutral Na and K zeolites (entries 8-11) give excellent
conversions and good yields of 4 at 130 °C after 24 h
reaction time, particularly the NaY zeolite (see Table S1 in
the ESIT for further optimization of the reaction conditions).
When we used the beta zeolite (entry 13) and the
corresponding Na and K ion exchanged zeolites (entries 14
and 15), we observed that the acid one (entry 13) is more
active, with similar results to NaY, and the conversion and
selectivity decrease when the cation basicity increases. The
last zeolite tested was the protonic LTH, with moderate
yields (entry 16). This zeolite has a one-dimensional (1D)
channel with 12-ring undulating channels.'® Product 4 was
easily isolated in >90% yield after filtration of the solid and
evaporation of the volatiles. The halide compound 2 in
excess can thus be recovered by distillation. Aromatic
halides do not react under the present reaction conditions
(Table S37).

The halex reaction catalyzed by aluminosilicates can be
run in the presence of an oxygen atmosphere or not (Fig.
S1t), bench zeolites perform similarly to dehydrated zeolites
(Fig. S2t), and a hot-filtration test shows that the reaction is
nearly stopped after filtration of the zeolite catalyst (Fig. S37).
These results illustrate the practicability of the
aluminosilicate-catalyzed  reaction protocol and the
possibility of reusing the solid catalyst after reaction. In
accordance, Table 2 shows that the NaY zeolite can be reused
up to five times with just a little depletion in the final
conversion, recovering the solid catalyst by simple gravity
filtration, washing with hexane after each use and drying at
80 °C under vacuum. The ICP analysis of the liquid phase
after use shows that only 0.66 ppm of Na was found in the
reaction solution (0.03% of initial Na in the zeolite), it was
not possible to perform ICP analysis on the solid since it
could not be disaggregated under standard acid treatments.

2310 | Catal Sci. Technol, 2023, 13, 2308-2316
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Fig. 2 In-flow halex reaction of 1 and 2 with 10 mg of zeolite NaY

(pelletized between 0.4 and 0.8 um) in a fixed-bed tubular reactor,
after passing a reactant feed flow rate of 0.1 mL min* at 130 °C. Error
bars account for 5% uncertainty.

These results showcase the stability of the zeolite catalyst
throughout the reuses.

2.2 In-flow reactions

In-flow processes are preferred in both academic
laboratories and industry, particularly with solid catalysts,
due to the higher throughput and easier monitoring of a
liquid or gas stream passed through the insoluble solid
catalyst, rather than separation-washing operation."” In-flow
halex reactions in the gas phase were early attempted in the
literature, but with soluble catalysts and limited scope,
since most of the organohalides are liquid in a wide range
of temperatures.'”*

Thus, aluminosilicates open a new opportunity to
retake the in-flow halex processes. Fig. 2 shows the results
for the in-flow reaction between 1 and 2 catalyzed by the
NaY zeolite, using a fixed-bed tubular reactor at 0.1 mL
min~" flow rate and 130 °C reaction temperature.§ The
zeolite catalyst was pelletized between 0.4 and 0.8 um in
order to have a smooth stream pass. The flow rate was
adjusted to have 90% instead of 100% conversion of 1, in
order to assess not only a decrease but also an increase
of the reaction rate. The results show that the starting
90% conversion is kept within a +10% margin during at
least 6 h reaction time, after ~1 h stabilization time of
the zeolite within the reactor. The lower activity observed
during the first 20 minutes of reaction is indeed due to
the conditioning time of the catalyst, until the tubular

§ Representative reaction procedure for the Na zeolite-catalyzed reaction in flow.
1,8-Dibromooctane 1 (16.2 mmol) and 1-iodobutane 2 (5 equiv.) were placed in a
50.0 mL syringe. The mixture was pumped at atmospheric pressure at a flow
rate of 0.1 mL min™" on top of a stainless-steel tube with a 10 mm internal
diameter filled with zeolite NaY previously pelletized (and sieved to a particle
size of 0.4-0.8 mm) and glass wool to favour the uniform distribution of the flow
through the catalyst bed and to avoid preferential pathways. The reaction took
place at 130 °C and the samples were collected by gravity. The samples were
analysed by GC using dodecane as an external standard.

This journal is © The Royal Society of Chemistry 2023
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reactor is filled with the reactant solution and we do not
have any preferential ways (all the gaps are filled). The
space-time yields (STYs) calculated for batch and flow
reactors (0.21 and 1.16 mol L™ h™', respectively, see the
ESIt for calculations) show that the efficiency of the
catalytic system is 5 times higher for the in-flow reactor.
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The higher STY in flow can be explained by the better
adjustment of the reaction conditions
catalytic efficiency. The kinetics must be the same after
excluding mass and heat transfer limitations. Iodine (I)
was not observed either visually or by UV-vis in the
liquid.

to maximize

Table 3 Scope for the halex reaction (1 mmol of limiting reagent) catalyzed by NaX (10 mg) at 130 °C

X4 X Xp X4
NaX (10 mg)
R1/J\R3 + Ry TRy ——— > R1/|\R3 * R TORg
R, Rs 130 °C Ry Rs

X4=Xo=Cl, Br, I ; R16= H, n-alkyl, -(CH,),-, Bn with different functional groups.

Run Reagents Time (h) Product Yield (%)
1 1 2 (5 equiv.) 24 93
IM\Br
3
4
N
Br TN
5
2 ‘ Br” n-heptyl 24 Br 27
© 7 (10 equiv.) ©
6 8
3 Br 1 >n-heptyl 72 ‘ 51
@ 9 (10 equiv.) (j
8 6
4 f‘j cl 72 é 16
6 10 (10 equiV.) 11

2 (10 equiv.)

[42]
(@]
T

Br
12
6 - 2 (10 equiv.
BerH ( )
14
7 o 1 (10 equiv.)
I/\/U\OH
16
8 |/\/\\\ 1 (10 equiv.)
18
9 Br 6 (10 equiv.)
Me)\/\Me
20
10 Me 2 (10 equiv.)
Me
"
22
11 0 2 (10 equiv.)
CI)I\/\/\Br
24
12 @%-B, 2 (10 equiv.)
26

This journal is © The Royal Society of Chemistry 2023
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Zeolite Zeolite Conv. (%) Zeolite  Conv. (%)
catalyst (10 mg) NaY or NaX 99 or 93 KX 98
A1+ 2 3-5 Na-mordenite 6 KX at 250 °C 62
130 °C, LiyY 35 CsX 57
24h CsX at 250 °C 40

Nal in LiY 37
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Fig. 3 Study of the zeolite catalytic sites in the halex reaction. A)
Catalytic results with different zeolites. B) Deconvoluted Na 1s (left)
and | 3d (right) X-ray photoelectron spectrometry (XPS) of the NaX
zeolite after reaction with iodobutane 2 at 130 °C. The blue area shows
the deconvoluted part of the spectra. C) 2®Na NMR spectra of the
dehydrated NaX zeolite at 300 °C (C1), after adsorbing Bul (C2) and
applying reaction conditions (C3).

2.3 Substrate scope

The group tolerance of the reaction was firstly studied by
performing a robustness screening test in the presence of
different molecules (Table $21),'® and the results showed that
the halex reaction catalyzed by the Na zeolite proceeds well
with a variety of functional groups. Thus, the halex reaction
was carried out with organohalides bearing different
functionalities, and the results in Table 3 show that moderate
to good yields of the corresponding products can be
obtained. In particular, lactones (entry 5), carboxylic acids
(entries 6 and 7), alkynes (entry 8), acetyl chlorides (entry 11)
and benzyl groups (entry 12) are tolerated. Besides, not only
linear primary but also secondary and tertiary alkyl halides
engage well in the reaction. However, for cyclic alkyl halides,
the conversions obtained are very low (entries 2, 4 and 5).

View Article Online
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2.4 Nature of the catalytic sites

The nature of the zeolite catalytic sites was then studied.
Fig. 3A shows that Na mordenite, a 1D Na zeolite with large
dimensions such as Na faujasites but devoid of any sodalite
cage, was nearly completely inactive for the reaction. It is true
that Na mordenite has slightly small channels compared to
NaY (5-6 vs. 7 A, respectively) and that the framework is not
exactly the same; however, the mordenite dimensions, with
1D channels, are enough to diffuse the reactants and
products of the halex reaction tested, as the 3-D channels of
NayY zeolite do. Besides, if Nal is impregnated in faujasite LiY
(low active for the reaction, see entry 5 in Table 1), the halex
reaction does not improve significantly (see also Fig. S4t). A
control experiment with Nal as a reactant, in stoichiometric
amounts and under optimized reaction conditions, confirms
the inactivity of the free salt, obtaining a conversion below
10% (Fig. S57).

These results support the role of the Na' cations in the
faujasite sodalite cages during the halex reaction. Indeed, the
Na" cations in sodalite cages are the most difficult to
exchange by other cations, thus, the catalytic activity of Li",
K" and Cs' exchanged zeolites could came from the residual
Na' cations in sodalite cages. This hypothesis is supported by
the fact that Li* exchanged faujasite still shows some catalytic
activity despite being an acid and not a basic or neutral
material (see Table 1). Indeed, Table 4 shows that NaY has
twice the initial rate of NaX despite having half of the total
Na" cations. This enhanced catalytic activity for NaY with
respect to NaX can be explained by the relatively higher wt%
amount of Na' sodalite cations with respect to the total Na*
cations in the zeolite, since most of the Na™ cations of NaX
are localized in the supercage.'® Since Na-mordenite has a
total Na value of 8 and Na-X has a total Na value of 88, we
repeated the reaction with Na-mordenite but adding ten
times more of zeolite; however, the result was still very poor
(17% conversion).

To further confirm the catalytic role of the cations
associated with sodalite cages in faujasites NaY and NaX,
zeolites KX and CsX were treated at 250 °C under vacuum in
order to force the exchange between sodalite Na“ and bulkier
K" and Cs" cations.*®

This more aggressive exchange procedure allows the
bigger K" and Cs" cations to come into the sodalite cages and
move some Na' cations to the supercages and channels.

Table 4 Comparison of the initial rate with the total amount of Na in the zeolite and in the sodalite cages

Run Zeolite Si/Al Total Na Na in sodalite (%) Initial rate (%/min) Conversion (%)

14 Mordenite 7.6 8 0 0.0053 (0.0061) 5.0 (17.3)
NagAlgSi gOo6-nH,O

2 NaX 1.2 88 4/88 = 0.05 0.265 97.1
NaggAlggSi1040354

3 Nay 2.6 53 4/53 = 0.08 0.557 99.4
Nas3Al535i1350384

“ 10 times more zeolite.

2312 | Catal Sci. Technol, 2023, 13, 2308-2316
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Fig. 3A shows that these zeolites exchanged with K" and Cs"
lost significant catalytic activity for the halex reaction, which
strongly supports the key role of Na* cations associated with
sodalite cages during the catalytic halex reaction. Powder
X-ray diffraction (PXRD) measurements confirm the integrity
of the zeolites after the exchange procedures.

Fig. 3B shows the X-ray photoelectron spectrometry (XPS)
analysis of the NaX zeolite after reaction with iodobutane 2 at
130 °C. The splitting of the Na 1s and 2s (Fig. S6t) bands in
two peaks after reaction can be clearly seen, in an ~3:1 ratio,
which correlates well with the corresponding splitting of the
I 3d signal. A 2:3 ratio is found in NaY, in accordance with
the double amount of Na' cations associated with the
sodalite cages (Fig. S7,f note the half relative intensities
compared to NaX since half of the total Na' cations are
present in NaY). Thus, the relative signal areas are coherent
with the formation of Nal adducts in the sodalite cages
(smaller peaks) and also in the rest of the zeolite sites (higher
peaks), for both NaX and NaY. Thermogravimetry (TG)
analysis of the Na faujasites reacted with organohalide 2
shows the formation of two different types of Nal adducts
along the whole zeolite structure, in an ~3:1 ratio for NaX
(Fig. S81) and an ~1.5:1 ratio for NaY (Fig. S9t), with the
more tightly bound I atoms (desorbing at higher
temperature) in a lower ratio. TG releases volatile products,
which indicates that the butyl moiety in 2 is not retained in
the zeolite after treatment at 130 °C (see below). The
formation of I, was not observed.”® These results confirm
that inorganic iodides are the only form of I in the treated
zeolites.

The PXRD measurements of the Na faujasites reacted with
different amounts of organohalide 2 (Fig. S107) show that the
intensity of the reflection associated with the extra-sodalite
Na' cations in the entrance of the supercages, with the
smaller angle (20 ~ 6°), is nearly unaltered at lower amounts
of 2 but decreases as the amount of iodide increases, which
strongly supports that the sodalite Na* cations are the first to
be iodinated and, after that, the rest of the Na* cations in the
zeolite. The same decrease in the small angle reflection was
found for NaX (Fig. S11f). Although low angle diffraction
peaks in zeolites are easily influenced by several factors,
these results are in good agreement with the higher iodide
stabilization® and slightly more basicity of Na sites in
sodalite cages,'® which may trigger the R-I bond breaking.

Fig. 3C also shows the *’Na solid-state magic angle
spinning nuclear magnetic resonance (**Na SS-MAS NMR)
measurements of zeolite NaX before and after adsorbing and
reacting Bul 2. The main signal of the bare zeolite, at ~-7
ppm, can be assigned to sodalite Na* cations,>* and it can be
seen that the main Na signal after inclusion of 2 in the
zeolite appears at —1.5 ppm, which is compatible with the
formation of Na*-I" pairs.>* Indeed, this signal is still clearly
visible after reaction, which strongly supports the formation
of Na'-T" pairs with the Na" cation in sodalite cages, after the
release of the carbonaceous moiety of 2. The corresponding
C SS-MAS NMR of adsorbed Bul 2 in NaX after reaction

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Top and middle: Elemental analysis by X-ray energy dispersive
spectroscopy (EDS) in aberration-corrected high-angle-annular-dark-
field scanning transmission electron microscopy (AC-HAADF-STEM) of
a NaX sample after reacting with Bul 2 at 130 °C. Bottom: AC-HAADF-
STEM image and the corresponding integrated differential phase
contrast (iDPC) image of the zeolite channels.

shows the disappearance of the butyl fragment from the
zeolite cages (Fig. S127).

At this point, another commercially available large pore
3D zeolite such as H-beta zeolite (Si/Al ~ 17), with similar
channel dimensions to zeolite Y but without sodalite cages,
was also tested in the reaction. The result obtained (see entry
13 in Table 1 above) showed a similar catalytic activity to NaY
(99% conversion, 85% selectivity towards 4), which indicates
that different mechanisms can be operative depending on
the zeolite used and the counteraction present. Na-beta
zeolite was also prepared and tested showing a very similar
conversion but less selectivity towards dihalogenated
compound 4 (see entry 14 in Table 1 above) and, following a
trend, K-beta zeolite performed the reaction with a bit lower
conversion and even lower selectivity (entry 15). These results
may reflect a shift towards more acid zeolites in beta with
respect to Y, to achieve the optimum electronic density for
the catalytic reaction.

In order to visually confirm the presence of I' within the
zeolite, aberration corrected-scanning transmission electron
microscopy (AC-STEM) measurements of the NaX zeolite
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reacted with 2 were performed (Fig. S13t). Fig. 4 shows the
elemental mapping from chemical analysis by X-ray energy
dispersive spectroscopy (EDS), where iodide can be seen to be
homogeneously distributed along the zeolite structure (Fig.
S141). By means of AC-HAADF-STEM images coupled with
the corresponding integrated differential phase contrast
(ibPC-STEM) images, shown in Fig. 4, it is confirmed that
iodine is atomically distributed within the zeolite without any
evidence of agglomeration. It is worth noting here that the
contrast in the iDPC images is roughly proportional to the
atomic number Z instead of its square (as it is in HAADF-
STEM mode), which drastically improves the capability in the
light-element imaging visualization. By comparing both types
of images, we can confirm the good atomic dispersion of
iodine in the zeolite structure. Thus, according to the
sensitivity of the HAADF technique to form images based on
the —Z contrast, the homogeneity in contrasts observed, and
the high atomic number of iodine compared to the other
elements of the zeolite, these images together confirm the
homogeneous dispersion of iodides in the zeolite NaX
structure.

A) Mo~ NaX(mg) Me._~. + Nal-NaX } 1 (excess) I/M/\Br
2 180 °C 1-butene * HNa)x 6

(Only product found 3 (100%)

in the gas phase)

B Zeolite NaX (with I)
) —— Zeolite NaX
Zeolite NaX

140

120 4

100

% T
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20 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (1/cm)

Na-X (10 mg)
c Me I+ B TN No conversion
) N ' 130°C, 24 h
1 (1 mmol) 6a (10 equiv.)
(As above)
1(1 mmol) + Br/w 6b (10 equiv.) No conversion
L oR!
R'X! St A
Na™ |10y w20 X2 4 R2X! jasi
A X+ X2y — R'X7 + R°X" + Na-faujasite
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Na-faujasite = -------mmm e

Fig. 5 Evidence and proposed reaction mechanism for the Na
faujasite-catalyzed halex reaction. A) Assessment of the products in
the reaction of 2 with NaX, previously dehydrated under vacuum at
300 °C. B) Corresponding Fourier-transform infrared (FT-IR) spectrum
of NaX after reaction. C) Radical clock experiments. D) Proposed
reaction mechanism.
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With all the above results in hand, it can be concluded
that the halex reaction catalyzed by faujasite zeolites occurs
after formation of Na'~I" pairs, probably with the Na" cations
in sodalite cages. The reaction cannot take place inside the
sodalite cage but only the iodine atom can (potentially) come
inside this very small cage, and that the reaction must occur
in the surroundings of the sodalite cage, which include the
supercage and the 12MR ring openings. The catalytic sites for
the alumina samples and beta zeolites remain unknown at
this point, and they will be studied in due course in order to
design, for instance, one-pot halex/acid-catalyzed organic
reactions.

2.5 Reaction mechanism in catalytic Na-faujasites

The fate of the butyl moiety in 2 after reaction with NaX,
dehydrated under vacuum at 300 °C to remove most of the
water adsorbed, was also studied by gas chromatography
coupled to mass spectrometry (GC-MS). Fig. 5A shows that
the only product observed in the reaction atmosphere is
1-butene, corresponding to the dehydrohalogenation
reaction, and any butane or carbon-carbon coupling
products are not observed. This result implies that the Na
zeolite should be protonated after reaction, with the H atoms
released by the butyl group, and Fig. 5B shows the Fourier-
transform infrared (FT-IR) spectrum of the Na zeolite after
reaction, where the formation of additional silanol groups
can be easily assessed by the appearance of a new broad
band at ~3400 cm™'. These results support heterolytic
scission of the R-I bond, with the butyl group remaining as a
zeolite-stabilized carbocation (zeolite-O "Bu)*®* to rapidly
generate the expected alkene product.

Fig. 5A also shows that the intermediate NaX zeolite after
reaction with 2, containing the Nal adducts, reacts
quantitatively with dibromide 1 to give the halex product 3,
which strongly supports that the first step of the halex
reaction is the observed breaking of the R-X bond, i.e. in 2,
and that the so-formed NaX adducts and zeolite-OR species
are truly intermediates of the halex reaction. The
intermediate Nal-NaX solid is stable to hexane washing and
vacuum dryness, which illustrates the robustness of the Nal
zeolite adduct. Of course, the formation of alkenes, HX and
silanol groups does not occur when a second organohalide is
present in the reaction to exchange with the corresponding
halide, since the halide exchange process is favoured. Thus,
at this point, we studied the nature of the R-X bond breaking
within the zeolite. The lack of I, formation during reaction
indicates that halogen radicals are not formed;*' however,
since radical cations are easily stabilized within zeolites as
carbocations,>* radical clock molecules were used to
completely discard a radical mechanism. Fig. 5C shows that
probe molecules 6a and b do not react under optimized
reaction conditions, nor the double bond in 6a is
halogenated, which discards the formation of halogen
radicals.>® Competitive experiments with primary, secondary
and tertiary alkyl halides show that the order of reactivity is

This journal is © The Royal Society of Chemistry 2023
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basically that expected for a nucleophilic substitution (iodide
> bromide > chloride compounds, primary > secondary >
tertiary compounds) but not exactly the same (Fig. S15,f
primary and secondary iodide and bromide > chloride and
tertiary compounds), which supports the heterolytic scission
of the R-X bond by the nucleophilic oxygen atoms on the
internal zeolite surface. Calculation of the reaction enthalpy
(AH™) and entropy (AS™) values in the transition state of the
NaY-catalyzed halex reaction, using initial rates at different
temperatures and the approximation of the Eyring-Polanyi
equation (Fig. S167), gives AH” = 79.8 k] mol " and AS™ =
-20.7 J K", respectively. The entropic contribution in the
transition state to the reaction feasibility confirms the
positive effect of the molecular confinement provided by the
zeolite, which significantly decreases the energy required to
overcome the transition state of the reaction.”® Not only the
zeolite structure but also its ionic strength can play a role
during reaction,”” since the ionic pair O "Na is able to
manage the different chemical events of the halex
reaction,>®?® regardless of the presence of water or any
solvent.>®

Fig. 5D shows the proposed mechanism for the Na
faujasite-catalyzed reaction, where two different R'X' and
R®X? bonds are heterolytically broken and the corresponding
carbocation and halide fragments are stabilized by the ionic
environment of the faujasite, mainly by the sodalite cages,
then rearranging to the new organohalide products R'X>
and R*X'. The order of activity is typical for a bimolecular
nuclear substitution (SN,) but the heterolytic R-X bond

cleavage induced by the =zeolite could stabilize the
carbocation (typical for a monomolecular nuclear
substitution, SN;, mechanism). Moreover, the cyclic

compounds do not work well, which favours the SN;
mechanism. It seems that a balance electronics/sterics is in
play here, which makes sense considering the confined
nature of the catalytic site. As an initial conclusion, we can
suggest that the confined nature of the zeolites' catalytic
sites inclines to the mechanism in favour of the SN;
mechanism (electronics) but apparently it would seem that
an SN, mechanism is in play because tertiary substrates are
very impeded to react.

Conclusions

Commercially available, simple aluminosilicates such as Na
faujasite (NaX and NaY) and H-beta zeolites catalyze the
halogen exchange reaction between two different R-X
molecules if R = alkyl, but not if R = aryl. The reaction
protocol may be amenable for high-scale implementation
since it does not require additives or solvents, employs just
3.5 wt% of solid catalyst either in batch or in flow, and
proceeds to give two new organohalogenated products in
good yields with different boiling points, thus distillable. The
NaY zeolite catalyst can be reused up to five times in batch or
used in flow for 6 h without apparent degradation, to give
>800 product-to-catalyst (wt%) productivity. Mechanistic

This journal is © The Royal Society of Chemistry 2023
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studies unveil the key role of the zeolite oxygen atoms and
sodium sodalite cages in Na faujasites, to trigger the
heterolytic scission of the R-X bond and generate
intermediate alkoxy and halide species, respectively, within
the zeolite framework. The mechanism for alumina and beta
zeolite catalysts remains unknown and should be studied.
Non-structured aluminosilicates are also active. These results
show a route to exchange organic halides without the
intervention of radicals®® and open new avenues for the use
of (sodium) zeolites as catalysts for organic reactions.
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