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Abstract

Two efficient catalyst based on CuAl and CoAl layered double hydroxidesl) supported on graphene oxide (GO) for the
carbon-carbon coupling (Classic Ullmann Homocoupling Reaction) aoeteep The pure and hybrid materials were synthesised
by direct precipitation of the LDH nanoparticles onto GO, followedalghemical, structural and physical characterization by
electron microscopy, X-ray diffractiofXRD), thermogravimetric analysigTGA), surface area measurements, X-ray
photoelectron spectroscopy (XPS) and temperature programmed reduction ThER3O-supported and unsupported CuAl-
LDH and CoAIl-LDH hybrids were tested over the Classic Ullman Homocoupleartion of iodobenzene. In the current study
CuAl- and CoAl-LDHs have shown excellent yields (91% and 98%pemtively) at very short reaction times (25 min). GO
provides a light-weight, charge complementanyltwo-dimensional material that interacts effectively with the 2D LDHSs, in turn
enhancing the stability of LDH. As a result, the recyclabilityhaf heterogeneous catalyst systems is greatly enhanced. After 5
re-use cycles, the catalytic activity of the LDH/GO hybrid is up torzs higher than for the unsupported LDH.

Keywords: Layered double hydroxide(s); graphine oxidltnann Homocouplig Reaction.

1. Introduction

LDH-based materials display great potential as heterogeneous catalyst due to Hailityegiven by the
possibility of incorporation of various catalytically-active transition metalispde.g., Cu, Co, Fe, Ni, V, Rh), the
strong alkaline nature and an easy separation of the products IfL{34rticular, LDHs have been intensively
investigated in recent years as catalysts and catalyst suppoBkifdmany aspects, such as organic synthesis,
(photo) degradation of organic wastes, greenhouse gas control emissténpaoduction[6-13].

However, the catalytic activity of LDHs is always limited by their tendencggmregate and poor mechanical
properties. Various methods have been explored to overcome these prehkdmes the combination of LDH with
carbon nanofibers1f] armd carbon nanotubesl$-20], as previously studied in our grougl]. Among the
nanocarbons, the 2D geometry of graphene oxide (GO) is obvicusigatible with the layered structure of LDHs
and there is also a charge compatibility between the positively charged LDitgatively charged GO. The large



size of GO sheets compared to LDH platelets implies that it may be possiblentarf open network with large
pores allowing access of the reactants to the active LDH sites which is Helpfiaé high rate conversion of the
reactants 5. When combining LDH with GQthe heat and mass transfers during a reaction can be greatly
improved.As previously observed in our gro(®2] GO can also offer the mechanical strength that allows arbette
stability of the catalyst under operation conditions, as well as facilitate the reemerguse of the catalyst. In this
regard, there is one previous study that combines LDH and GO as hetetsgara¢alyst and probes the
enhancement of the catalytic activity mainly attributed to the higher metal simpand smaller size of deposited
nanoparticlesq3].

Among the catalytic reactions currently under study, the productibiaigfi compounds have gained importance
in the last decade2f-31]. The molecules containing this framework have shown actagtpss a wide range of
therapeutic applications, which include antifungal, anti-inflammatory, antirheumatiditumor, and
antihypertensive agent874]. The main method for the synthesis of biaryls is the Classic Ullriammocoupling
Reaction B3] based on the transition metal-catalyzed cross-coupling reaction stagingvilo discrete aromatic
halide entities and stoichiometric amounts of organometallic reageigsally copper B0, 3439]. In principle,
this reaction requires harsh reaction conditions, such as large excésmnolsphigh temperatures (>200 °C) and at
least stoichiometric amounts of copper, which result in the production eswable chemical wasté(]. Besides
most of the Cu based catalysts need an extra base and/or requiredotignrtimes41, 44. As an alternative
palladium, gold and nickel based catalysts have been introddige], However, the metal catalyst together with
the required ligands are expensive (Pd and Au) or even toxic (Nijalamee, they require an additional reducing
agent, thus limiting their relevance for industrial applications.

Hence, it is of great practical interest to develop an efficient, inexpensive hstdidbgeneous catalyst that can
catlyse the Ullmann coupling of aryls to biaryls in the absence of bageshort reactioriime for a desirable
product yield, which can be easily separated and reused in the reactoa sienes. Some attempts using different
Cu catalysts systems have been repord&d 47 and although the reaction yields can be high, unfortunately hours
long completion times make the process impracticable. In an attempt to sthertezaction timgour group has
previously reported48] microwave induced organic reaction enhancement over the Cldlsiann Reaction to
give biphenyl groups using Cu-Al LDH and reached a conversi®i%f at 120°C with a reaction completion time
of 12 min. From a practical point of view, the aim in this work isreppre catalysts that reach high yields in short
completion time just applying temperature and avoiding any extra featuateas the use of microwaves.

As an alternative to the classic copper-based Ullmann catalyst systems, cobaltiDEsethterials are also
investigated. Cobalt has been extensively used for cross coupling meaatibonly a handful of homocoupling
reactions with good selectivity have been reported and all of them wdistitsted benzylic Grignard reageri$]|
It was not until 45 years later when Gosmini described good yields imtimation of unsymmetrical biaryls first
[50, 5] and symmetrical biaryls latebP] both catalysed by cobalt in combination with manganese dust as rgducin
agent. When substituting phenyl groups by an electron withdgagrioup yields of up to 84% have been reported.
However, the product of this reaction is a substituted biaryl. Wheningirthe Classic Ullmann Reaction of
homocoupling of iodobenzene to give the unsubstituted biaryl, the desoBf] scaffold of many therapeutic
molecules 32] and our main focus here, the reported yield reached only 32 %.tRaé&mgelin et al. $3] showed
yields of up to 86 % using substituted benzylic Grignard reagents @opgre unsubstitued biaryls with reaction
completion times as short as 30 min; yet the experimental procedure rexjpiuege of synthetic air as oxidant.
Some other attempts have been published by Yu €84lgjving yields up to 81% using bromobenzene, Grignard
reagents and atmospheric oxygen as oxidant but the reported comptetiaf 8 hours is still long from a practical
point of view.

In order to improve further the catalyst and motivated by the atargomed findings, in this study LDH
materials were supported on Graphene Oxide (GO). Two hybrid materialsiffétierd LDH compositions were
prepared, CuAl LDH/GO and CoAl LDH/GO, by in situ coprecipitation of L&iio GO, in aqueous solution. The
hybrids were fully characterised and their catalytic efficiency over the Cldisian Reaction was studied.

2. Experimental

2.1. Materials. Aluminium nitrate nonahydrate (Al(B)9H-0), Copper nitrate trihydrate (Cu(N@3H20),
Cobalt chloride hexahydrate (Ce&HO), Aluminium chloride hexahydrate (Al€bH.O), and urea were
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purchased from Sigma-Aldrich and used without further purification. N&@bGO; were purchased from AnalaR.
Graphene oxide solution (10 mg rjLwas purchased from ACSMaterial and used without further processing.

2.2 Synthesis. Cu-Al LDHs (Cu:Al ratio 2:1) were synthesised by cagitation at constant pH (pH=103§].
The reaction was carried out within an autotitrator system (Mettler Toleddritisor) in order to monitor and
adjust pH. Using a syringe pump, an aqueous metal salt solution (28.6.M Cu(NQ)2*3H,O and 0.33 M
AI(NO3)3*9H,0) was slowly added into an aqueous reservoir (100 mL, 0.01 M Npl@H2) at 50°C at 25 mL}
using the overhead stirrer of the autoclave to ensure efficient faistgmin aqueous base solution (1 M NaOH, 1
M NaxCOs) was simultaneously added through the autotitrator to maintain a copbtanit10. The resulting blue
suspension was aged at 50°C for 20 h under stirring. The produéittarasl using polycarbonate membranes (pore
size 400 nm) and washed with HPLC water several times until the finabqdthed 7. The precipitate was dried
overnight at 80 °C. For the synthesis of the CuAl-LDH/GO hybfisninal LDH:GO ratio 20:1jhas been used,
proven to be the optimal ratio in previous studies in our group &2aqueous GO dispersion (10 mL, 10 mginL
was added to the initial aqueous reservoir, and the pH readjusted to e 2o-precipitation, aging and washing
procedures were carried out as described above.

CoAl LDHs (Co:Al ratio 2:1) were synthesised via a urea-mediated co-precipitapiproach 5]. A dilute
metal salt solution containing urea (400 mL; 10 mM GegE,0, 5mM AICk+*6H20 and 35 mM urea) was refluxed
in nitrogen atmosphere at 97 °C under continuous magnetic stirring foouts. The resulting pink precipitate was
filtered, washed with HPLC water and ethanol several times until the final pH,veasl dried overnight at 30°C.
For the synthesis of the CoAIl-LDH / GO hybrids (nominal LDH:GO ratid R@&n aqueous GO dispersion (2.5 mL,
10 mg mL') was added to the metal salt solution, while the rest of the synthesis shidigvarocedures remained
the same.

2.3. Catalytic test. The catalyst (0.25 g), iodobenzene (2.0 mamal) DMSO (4.0 mL) were mixed in a three
necked round bottomed flask. The reaction mixture was heated at iti@°thermostatic oil-bath for the required
time to complete the reaction as monitored by TLC. The progress oéalston was monitored by thin layer
chromatography (TLC) for every 5 min (eluent; petroleum ether: cldor)f After the completion of the reaction,
the reaction mixture was cooled to room temperature and the catalygma@sed by filtration, washed with CHCI
and the solvent was evaporated under reduced pressure to obtain the product.

2.4. Material Characterisation. X-ray diffraction (XRD) measurdmeavere performed using a PAnalytical
X’Pert Pro Multi Purpose Diffractometer (Cu Ka radiation) in reflection mode at room temperature, between 5° to
80°. Scanning electron microscopy (SEM) images were taken using GemtnFE&ZSEM. Transmission electron
microscopy (TEM) images were taken by a JOEL 2010, operating at 200hievinogravimetric analysis (TGA)
was carried out using a PerkinElmer Pyris 1 Thermogravimetric Aealyhe samples (10 £ 1 mg ) were first dried
at 100°C for 60 min under Aand then heated from 100°C to 850 °C at 10 °C'niimair (20 mL mint). For
Brunauer-Emmett-Teller (BET) measurements, samples (100 e1g) pve-dried overnight under N2 at 40°C prior
to the measurements; lddsorption and desorption isotherms were measured at 77 K using anbfitics TriStar
3000 apparatus. Surface areas were calculated according to the BET equaianedopore volume and the
mesopore size distribution were calculated from the desorption branch of gierstcsotherm via Barnett-Joyner-
Halendar (BJH) analysis. XPS spectra of powdered graphite sampleseaeréed using a Thermo Scientifc K-
Alpha instrument using focused (400 mm spot) monochromatiKcAtadiation at a pass energy of 40 eV. The
binding energies were referenced to the C 1s peak of adventitious earB84.8 eV. Temperature programmed
reduction (TPR) was carried out, using a Micrometrics AUTOCHEM 2920 appaftior to the analysis, the
untreated samples (20-40 mg) were preconditioned at 110°C forus hmder helium. Subsequently, the
atmosphere was switched to 10%ikl Argon (50 mL.mirt) and the sample was heated up to 900°C at 10°C.min
The gases evolved were monitored via a thermal conductivity detector.eintoravoid interference, formed water
was condensed in an iso-propanol bath (-40°C), located betiveesainple and the detector. All melting points of
the products were measured on a Gallenkamp melting point apparatus amd¢arected. The infrared spectra
were recorded in KBr disks on Shimadzu FTIR 8101 PC infraredrspbotometers. The NMR spectra were
recorded on a Var-ian Mercury VX-300 NMR spectrometer.1H spectra weratr300 MHz in CDGl Chemical
shifts were related to that of the solvent. 84S analysis was carried out using Shimadzu, GCM-SQP2010S



equipped with a direct insertion probe (DIP) was used to acquire thespestsa of extracted volatile organic
compounds and detected in the electron impact mod®&) by the application of 70 eV as the ionization energy.

3. Results and Discussion

Electron microscopy (Figure 1 and Figure 2) was carried out to investigat@orphology of the synthesised
LDH catalysts.

100 nm

_

Fig. 2. SEM images of pure and GO-containing LDH cataly(a) Cu-Al LDH/GO; (b) Co-Al LDH; (c) Co-Al LDHGO.

Both TEM and SEM showed CuAl-LDH particles with latepalrticle sizes of several 100 nanometers
(Figure 1a) while the individual CoAl-LDH particles earconsiderably larger, with lateral particle
dimensions of up to 8 um (Figure 2b). SEM imaging (Figure 2) clearly showed that the individual CuAl-

and CoAIl-LDH patrticles cluster together into largggeegates while TEM confirmed the crystallinity and
typical hexagonal, platelet-like shape of the individGaAl- and CoAl-LDH nanoparticles. For the GO-
supported CuAl-LDH and CoAl-LDH materials (Figures 2adac), SEM indicated similar individual
particle sizes as observed for the pure LDH catalysts. &S EM fails to visualize any indication for GO
in the hybrids, suggesting the presence of well-exfai&® sheets, fully covered by LDH patrticles. It is
worth noting however that the packing of the individhaekagonal LDH particles within CoAl-LDH/GO
sample (Figure 2c) appeared relatively loose and rarmompared to the dense and aligned packing in the
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pure CoAl-LDH particles (Figure 2b), suggesting the pneseof GO in the interstitial spaces of the hybrid
material.

TGA under oxidative conditions was carried out to aomfthe presence of GO in the hybrid materials
(Figure 3). All LDH samples exhibited two distinct gés of weight loss upon temperature increase, the
first stage (around 240°C) related to the loss of atyshater while the second stage (at 650°C for CuAl-
LDH and at 300° for CoAl-LDH) related to the releaseimtercalated anions. The actual GO weight
percentage in the sample can be estimated from the €&dues. The smaller TGA residue weight of the
hybrid materials, compared to pure LDH parent materi@dbarly indicate the presence of combustible
nanocarbons in the hybrid catalystss applied in previous publications [22], a simple rafanixture
analysis of the residue allows the estimation of the aardontent for both CuAl-LDH/GO and CoAl-
LDH/GO (Table 1). In both samples a carbon content ofiaBowt% has been calculatethis slightly
lower carbon loading compared to the nominal GO weigdtdtibn (5 wt%) is consistent with the loss of
highly-oxidized, polyaromatic GO debris removed unither basic conditions of the materials synthesis and
washing.
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Fig. 3. TGA profiles (in air) of pure and GO-contaipi@uAl LDH and CoAl LDH.

XRD spectroscopy of the pure and hybrid catalyst powders (Figucernfirmed the crystallinity and crystal
structure of the catalyst systems on the macroscopic scale. All cateiyegns showed reflections typical for LDH
structures with no phase impurities apparent. Minor differences itiatidrgy of the double-hydroxide layers in the
CuAl LDHs and CoAl LDHs give rise to different overall crystallographic symnwtteading to the formation of
hexagonal and rhombohedral hydrotalcite-like structures, respectb@lylih the hybrid catalysts, no diffraction
features related to GO are observed due to the small loading fraction of @Ixtite disorder, and its high degree
of exfoliation. Scherrer analysis of the LDH refieas at around 26=12° indicate apparent crystal sizes in the c-
direction (stacking direction of the LDH sheets) of around 43 nnthisiCoAl-LDH but only 19 nm for the CuAl-
LDH (Table 1). For the hybrid LDH/GO catalysts, the crystal domain sizes dualiyrunchanged (Table 1),
suggesting that the presence of small amounts of GO during catalygesignhas no significant impact on
crystallinity.
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Fig. 4 XRD patterns of pure and GO-containing LDH cataly&sCu-Al LDH and Cu-Al LDH / GO; (b) Co-Al LDH an@o-Al LDH / GO.

Table 1. Materials characterisation data of the plre bnd hybrid LDH/GO catalysts.

Sample TGA (GO BET (e, Nitrogen XRD (doos,
content, wt%) n.grl) adsor ption nm)
measurements

(VMeSQ Cmsgr

Cu-Al LDH 0 28.0 0.25 18.3
Cu-Al LDH /GO 3 44.3 0.25 19.5
Co-Al LDH 0 9.9 0.10 43.8
Co-AILDH / GO 3 16.9 0.09 40.1

Liquid nitrogen adsorption measurements were conducted to investigatexthiral properties of the pure and GO-
containing LDH catalyst. All adsorption isotherms exhibited Type IV shgypécal for mesoporous adsorbents,
consistent with previous reports on GO-supported nanocarbons. pEuifics surface area of CuAl-LDH is

significantly larger than the one of the CoAIl-LDH (Table 1), consistatht the differences in particle size observed
by electron microscopy (Figure 2). Further, the BET data indicate consideraldasies in specific surface area
(about 100%) for both CuAl- and CoAl-LDH upon incorporationooly 3wt% GO (Table 1). While the total

mesopore volumes remain unchanged upon GO incorporation (Table fpréhsize distributions show a clear new
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population of small pores (around 2-3 nm, Figure 5) in both QDAK/GO and CoAI-LD/GO, potentially due to
small interstitial spaces created by the presence of GO nanosheets betwégumalnddH nanoparticles.
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t//w

f Cu-AlLDH

Pore Volume [a.u.]

T J Ll T T
0 20 40 60 80 100 120 140 160
Pore Diameter [nm]

Fig. 5 Mesopore size distributions for pure and GO-contgin@u-Al and Co-Al LDHs, as derived from liquid nitrogerysisorption
measurements.

The elemental composition of the catalysts in the bulk and on the eus@s probed by electron dispersive
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS), respecBeth methods confirmed the
absence of sodium (a potential impurity from the catalyst synttiedisnight affect catalyst performance). For the
CoAl-LDH catalysts, the Co:Al ratio on the surface and in the bukkfeand to be close to the nominal ratio of 2:1
as expected from the stoichiometry employed during synthesis. HightiesofPS of the Co region exhibited the
typical signature of Co (II) with no indication of other cobalt speciesti®ICuAl-LDHs, the molar Cu:Al ratio
probed by EDS is close to the stoichiometric ratio 2:1. Determinatioreafl&mental surface composition by XPS
was not attempted for these systems as the significant overlap Gtithad Al XPS peaks makes quantification
unreliable. However, high resolution XPS of the Cu 2p peaks showgpibal profile for Cu (I1). Deconvolution of
the Cu2ps2photoelectron peak into two component9a3 eVand934eV respectively has been used to distinguish
between separated, individual Cu (ll) centres and clustered Cu (lllespeespectivelyj48]. Following this
approach, copper is nearly exclusively (>90%) present as clustered spetties DH materials produced. Both
metals(ll):Al (I1) ratio and high-resolution XPS profile show no sificant changes upon incorporation of GO for
both Cu-Al and Co-Al LDH catalyst systems (ESI, Figure S1, S2, TaljleThé&se observation suggests that the

presence of small concentrations of GO during LDH synthesis has niicsigt impact on the chemical
composition of the materials.
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In order to test the reducibility of the materials, an important charactdoisperformance in Ullmann coupling,
temperature programmed reduction (TPR) measurementgAm Were conducted. The resulting TPR profiles were
comparable to literature reports on TPR of copper and cobalt containing matesipéstively.

The pure CuAl LDH catalyst showed a two-component reduction peakuatca2®5°C, typical for the reduction of
C?*. It is noteworthy that no significant reduction events were obsetvnperatures higher than 300°C, typical
for the reduction of CuO clusters, suggesting that aif Species are well-incorporated into the brucite lattice of the
LDH structure. The CuAl-LDH/GO catalyst exhibited an onset of reductiontdt&fC earlier than the pure parent
LDH. This earlier onset suggests slightly easier reduction, potentially rétatiee improved site accessibility in the
LDH/GO hybrids, discussed above. The pure and hybrid CoAl-LDH catapstsed broad reduction profiles at
considerably higher temperatures (400-600°C), consistent with literatweasrem the HTPR characteristics of
cobalt-containing materialg57]. For the CoAI-LDH/GO sample, a clear additional reduction peak at a lower
temperature of around 325°C was observed, indicating again easietiordyf the GO-containing hybrid catalyst.
The origin of this early reduction event is not clear, but could also be asdogititémproved site accessibility.
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The condensation of iodobenzene to biphenyl (Scheme 1) was chobermasdel reaction for the catalytic study of
our CuAl LDH and CoAl LDH catalysts, due to its significancefganic synthesis3p]. All the catalysts showed
substantial activity in short time (25 min), and a catalytic activity wittend in the order CuAl LDH> CoAIl LDH>
CuAl LDH/GO > CoAl LDH/GO with respective reaction yields of 91, 88,88] 68%. Therefore, the best isolated
biphenyl yields were achieved by Cu containing LDH catalysts. As a c@mopathe catalytic activity of our
catalyst and other Cu and Co catalysts reported in the literature ov&atiséic Ullmann Homocoupling Reaction to
give unsubstituted biphenyls have been collected in Table 2.

Scheme 1: The classic Ullmann reaction for homocouplingdobenzene catalysed by Cu- and Co-containingl IcBtalysts systems.

(o )



Table 2. Catalytic Yield of the biphenyl in the harnapling of halo-benzene, Classic Ullmann ReactiohéBe 1).

Benz mmol of  mmol
ene halo- of Cu o . o Yield
Entry substi Cat. benzene or Co Addition time T (°C) (%) Ref.
tution
Copper catalyst
1 I Commercial Cu 0.4 0.6 5h 200 43 [47]
2 I Cul-P(Ety 10 20 Lithium 24 h 85 66 [58]
naphthalide
3 I Silica supported 2 0.2 KF (base) 20h 130 93 [37]
Cu
4 I Sonochemically 0.4 0.6 5h 200 88 [47]
synthesised Cu
5 I CuMgAILDH 2 * Microwave 12min 120 91 [48]
6 I CuAl LDH 2 0.1H 25min 110 91 This
work
7 I CuAILDH/GO 2 0.14 25min 110 83 This
work
Cobalt catalyst
8 Cl CoBr, 1.5 0.5 Manganese 7 h 50 32 [52]
dust
(reducing
agent)
9 Br CoCb 1 0.05  Grignard 3h RT 81 [54]
reagents
and
atmospheri
C oxygen
10 MgCl CoCk 4 0.2 Synthetic  30min 0 86 [53]
air purge
11 I CoAILDH 2 0.1 25min 110 88 This
work
12 | CoAILDH/GO 2 0.1M1 25min 110 68 This
work

* molarity data not available

[1] estimated by inductively coupled plasma atomic emission spectrod&RHAES)

It is of particular interest the catalytic performance shown by thel CBM catalyst. As shown in Table 2, the
catalytic yield for the homocoupling of iodobenzene is higher thawribereported in the literature (entries 9, 10
and 11 in Table 2). As mentioned in the introduction, there are less teganiples that show good yield (up to
65%) on homocoupling reactions using Co catalysts and thoss werle developed back in 1964. Recently, yields
of up to 84% have been reporté?] for the same reaction using CoBuut the substitution of phenyl groups by an
electron withdrawing group was required resulting in the correspgralibstituted biphenyl. When using halo-
benzenes the only reported vyield falls down to 32% (entry 8 in Talded®only shows better performance when
using Grignard reagents (entry 9 in Table 2). Therefore, the unpréeedgelds we report here (88%) open new
horizons over the use of Co catalyst for Classic Ullmann ReactioesreHttion completion time has been also
reduced considerably to 25 min. Comparable yield and completion time grghomin in entry 10 but however, the
proposed reaction system requires a synthetic air purge and 0°C afdrthés less practicable if compared with

the one proposed in the current study.
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The unsupported CuAl LDH synthesised here (entry 6, Table 2)sshagh conversion values (91%) but most
importantly, the reaction completion time has been reduced by a factor spésifically from 5 h to 25 min if we
compare it with related works in literature (entry 4 in Table 2). Silica suppoojguer catalyst have shown yields
of the same order of magnitude (entry 3 in Table 2). Howevergttation reported in this work is performed in the
absence of base and the reaction completion time is forty times shoréed Ithé reaction was completed in a very
short reaction time and with a high yield using a conventional meibhaah alternative to previous work in our
group using microwaves (entry 5 in Table 2§][

Cu and Co particle size can play an important role in the catalytic pcéisitreported by Gedanken [41]. As
observed previously in our grolip2] the precipitation of LDH onto graphene oxide leads to a smaller particle size
if compared with the unsupported LDH due to a nucleation effect. The cammawpper (entry 1, Table 2) has
been reported to have a particle size between 500 and 600 nm and4shéwsonversion of iodobenzene to
biphenyl. However, at the same experimental conditions, using sonochemiegdbred copper (entry 4, Table 2)
with particle size between 50-70 nm, the same authors show a conwdraloout 88 %. The LDH platelets shown
in the SEM and TEM pictures (Figures 1 and 2) have a lateral dimension ofl@@d 8 um respectively for the
Cu and Co LDH. XRD has shown also smaller crystal domain for theL@Athan for the CoAILDH hybrid. The
particle size difference is reflected directly in a higher surface area shpwre lCUAILDH with a consequent
higher exposition of the active sites to the reactants, and therefovengthigher catalytic activity if compared with
the CoAILDH. The finding supports the relation between particle size and catatyiidty; smaller particles
provides a large amount of exposed active reaction centres improvingtéhgic performance of the LDH itself.
When introducing graphene oxide, the catalytic activity of the hylsittswer in both catalyst, Cu and Co LDHs.
Although the surface area of the dry hybrid is high (Table &gnintroducing the hybrich DMSO for the catalytic
test, a restacking of the GO layers can be provoked. The restacking of thge®can reduce the accessibility of
the reactants to the active sites of the supported LDH. The same beh#dobeen observed previously in our
group.[22]

Nevertheless, the GO plays a critical role in the stability of the catalyst over reyseyiliés; highly sought
characteristic for industrial applications. The reusability of all the investigattedysts was determined over five
reaction cycles under optimized reaction conditions (Figure 8). It isrsHomm these results that after five
regeneration cycles the G@pported catalysts have better catalytic activity/selectivity and product’s yield than the
unsupported samples. It is remarkable the small loss of catalytic actieitydafeaction cycles when the LDHs are
supported on GO. The same behaviour has been observed prewiausiygroup[22] proving that the GO gives the
mechanical stability to stand the temperature switch during the cycleartlaufar the stability of unsupported
LDH is greatly improved by the addition of 3wt% of GO; after 5 cyclesctialytic activity is about 1.4 times
higher for the CuAl LDH/GO hybrid than for the pure LDH and ne&lfimes higher for the Gd LDH/GO
hybrid. In other words, the reaction yield of the byphenyl synth®si&€O supported Cu and Co catalysts drops
slightly to approximately 70% of its initial value after the fifth cycle. &hility studies over the same classic
Ullmann reaction using other catalytic systems usually shows thattadtéfth cycle, the yield decreases to 40 % of
its initial value f6]. This significant result emphasizes the potential of LDH/GO hybid$aining low amounts of
GO for catalytic applications. In this case, the mechanical properties of GO ptheidgability to the hybrid.
Moreover, the ease of separation and recovery of the catalyst leads to arltawert of metal leached in the desired
products, and makes possible the reuse of the catalyst for many cyadleduadtion.
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Fig 8. The catalytic properties of the investigated catalysts. Reaction conditidobenzengl) (2.00 mmol),
catalyst (0.25 g), DMSO (4 mL), reaction temperature;@10Isolated yields of biphenyl.

4. Conclusions

Biaryl compounds are an important class of “building blocks” widely employed in polymer industries and
pharmaceutical areas. Ullmann Classic Reaction is since #@Qltje main route to fabrication of unsubstituted
biaryls. The Ullmann reaction was originally developed as a C—C coupling between aromatic halides induced by a
transition metal. However, there are a series of drawbacks that makes dfienreadustrially impractical. We
report the synthesis and characterisation of CuAl layered doublexigelr(LDHs) and CoAl LDHs as new
heterogeneous catalyst for the synthesis of biaryls by carboorcadupling (Classic Ullmann Reaction). The
CUAILDH and CoAILDH catalysts showed to be efficient, inexpensive satittrbgeneous catalysts that can
catalyse the Ullmann coupling of aryls to biaryls in the absentasd, using practical reaction conditions, with
short reaction times (25 min) and with a high yield. Indeed the @utaiields are among the highest reported for
the same reaction using Cu and Co based catalysts (yields of 91% #nfb88u and Co, respectively). The better
performance can be related to the smaller particle size measured by tremsemsisscanning electron microscopy
and therefore higher surface area, hence providing a large amounbséeéxztive reaction centres. The integration
of high surface area 2D (graphene oxide GO) allows the disperslddrbover the surface due to geometric and
charge compatibility between GO and LDH. However, GO’s poor network forming ability impacts in its overall
catalytic activity. In the future, approaches to maintain an open GOustag a support are likely to be beneficial,
for example, by combinations of GO with materials such as carbanuises[59] that provide an open framework
structure. The resulting hybrid will provide a combination of active serfax network formation. However, the
mechanical properties of GO allows an enhancement of the stability cdtdlgst that can be separated and reused
in the reaction several times with a loss of activity as low as 70 i% wifitial value after 5 cycles. Moreover, this
class of supported reagents can facilitate both the isolation and recycliregaaftaétyst by filtration, thus providing
environmentally cleaner processes. Finally, LDH/GO hybrid structures ang tikkbe relevant to a wide variety of
applications, including C&sorption[22] and supercapacitofsQ].
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