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f copper complexes with (1,10-
phenanthrolinyl)phosphonates on titania supports
for sustainable catalysis†

Alexander Mitrofanov, ab Stéphane Brandès, a Frédéric Herbst, c

Séverinne Rigolet, d Alla Bessmertnykh-Lemeune *a and Irina Beletskaya *b

Different strategies for the immobilization of copper complexes with 1,10-phenanthroline (phen) using

the phosphonate anchoring group were investigated to prepare robust and porous heterogeneous

catalysts. Homoleptic and heteroleptic copper(I) complexes with phen bearing the bis(trimethylsiloxy)

phosphoryl anchoring group (Pphen-Si) at different positions of the phen backbone were prepared

and covalently incorporated into titania (TiO2) xerogels by using the sol–gel process or grafted onto

the surface of mesoporous TiO2 (SBET ¼ 650 m2 g�1). Copper(I) bis(Pphen-Si) complexes were the only

complexes that were successfully anchored onto the TiO2 surface because the heterogenization was

often accompanied by the undesirable dissociation of copper complexes. Hybrid materials based on

copper(I) chelates with one phen ligand were obtained following a two-step procedure involving the

immobilization of Pphen-Si chelators and their successive complexation with copper(I) ions. Porous

material, Cu/6b/SM/A, displaying a BET surface area of 243 m2 g�1 and bearing 0.57 mmol g�1 of the

complex was synthesized according to this approach. Excellent catalytic performance of the reusable

Cu/6b/SM/A material in the Sonogashira-type coupling and the Huisgen 1,3-dipolar cycloaddition was

also demonstrated. This solid represents the first example of mesoporous TiO2-supported transition

metal catalysts.
Introduction

Copper catalysts could replace precious metal complexes in
many industrial processes involved in pharmaceutical, dye and
polymer productions.1–3 This is of major importance in view of
societal concerns relating to environmental and sustainable
chemistry. In the last two decades, signicant improvements in
homogeneous Cu-catalysed C–C4–7 and C–Het (Het¼ O, S, Se, N,
P)6,8 cross-coupling reactions, additions to unsaturated C–C
bonds,9 Huisgen 1,3-dipolar cycloaddition,10 and other organic
transformations2,9,11–15 were reported. Homogeneous catalysts
are well suited for increasing the reaction scope and ne tuning
the reaction rate and its selectivity. However, the separation of
organic products from toxic copper compounds are particularly
troublesome16,17 due to the exceptional coordination properties
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16–12235
of this metal, which avidly bind a huge range of organic mole-
cules containing oxygen and nitrogen donor sites. To solve this
problem and recover the catalyst, several strategies were
explored. It was reported that copper nanoparticles and copper-
modied dendrimers can occasionally replace homogeneous
catalysts.18,19 However, their use in industrial processes is also
hampered by the difficult purication of products from cata-
lysts. Consequently, copper nanoparticles, salts and oxides were
immobilized onto insoluble supports, either organic (poly-
styrene,20,21 polyaniline22 and cellulose23) or inorganic
(zeolites,24 hydrotalcite,25,26 hydroapatites,27 uorapatites,28

silica,20,29,30 alumina31–34 and others35–38). In these materials,
copper ions or nanoparticles are weakly bonded to the solid
supports bearing hydroxy, sulfonate or amine coordinating
sites. These catalysts benet from a spatial separation of cata-
lytic species and can be easily recovered, but their stability is
quite low. As a result, copper leaching is observed that leads to
metal contamination of products and decrease in the catalytic
activity of the recovered solids.

Another promising approach to robust catalytic materials is
a direct immobilization of relevant copper complexes onto solid
supports such as silicas,21,39–41 zeolites,42 metal–organic frame-
works (MOFs)43 or graphene.44 For instance, heterogenized
copper N,N- and N,O-chelates (Cu/L) were applied as catalysts in
Huisgen cycloaddition,21,41,45 Mannich three-component
This journal is © The Royal Society of Chemistry 2017
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coupling reaction,46 Sonogashira-type coupling,47 Ullmann-type
arylation of amines,48 oxidative carbonylation of methanol39 and
other organic transformations. Surprisingly, catalyst leaching is
difficult to control even for these materials. As a result, it is still
a common industrial practice to avoid, whenever possible, the
use of copper catalysts, in particular during the later steps of the
synthesis of complex molecules in pharmaceutical and agro-
chemical industries. There is thus a need to develop more
efficient immobilization strategies for the heterogenization of
copper chelates.

The choice of the solid support is a key point for efficient
catalyst immobilization. Inorganic supports offer various
inherent advantages over organic and biopolymer supports.
They are insoluble in common organic solvents and water, do
not swell, and display high structural, thermal, mechanical and
chemical stability. The rigid structure of these supports allows
for a spatial separation of catalytic centres. Recent investiga-
tions of hybrid organic–inorganic materials based on phos-
phonates revealed that metal oxides or polymeric phosphonate
networks can be used as a solid support for heterogenization of
transition metal complexes.49–52 Among them, TiO2 is particu-
larly interesting because the resulting molecular materials are
cost-effective and display exceptional thermal and chemical
stability stemming from the robustness of Ti–O(P) and P–C
bonds. Several strategies are currently available for immobili-
zation of phosphonates onto TiO2 supports including sol–gel
(SG) processes and surface modication (SM) reactions.53–55
Scheme 1 Schematic representation of the immobilization of copper com
and the SM reaction (routes B and D).

This journal is © The Royal Society of Chemistry 2017
Examples of TiO2-supported transition metal catalysts are still
limited to a few reports. Immobilization of palladium
complexes with phosphine ligands bearing phosphonate
anchoring groups on TiO2 matrices was carefully studied but all
obtained materials were inefficient in the Sonogashira coupling
reaction.56 Ru(II) and Ir(I) complexes with bipyridine were
incorporated into TiO2 matrices in order to prepare heteroge-
neous catalysts for reduction of aromatic and unsaturated
ketones.53,57 Under appropriate conditions, these solids cata-
lysed heterogeneous hydrogenation with practically useful
chemoselectivity. A titania-supported Co(I) complex prepared by
using the SGmethod was found to be an efficient catalyst for the
hydroformylation of alkenes in contrast to a relevant homoge-
neous complex.58 It has to be noted that all reported hybrid
materials based on titania were non-porous and displayed low
specic surface areas (<100 m2 g�1). This is a serious drawback
for their catalytic performance.

In the present work, we report the heterogenization of
copper complexes with phen ligands bearing the phosphonate
anchoring group using titania matrices. This approach to the
immobilization of copper catalysts combines several potential
advantages including the thermodynamic stability of copper
chelates with phen ligands, their catalytic efficiency and versa-
tility, the strong covalent linkage of phosphonates to TiO2

networks and excellent mechanical, thermal and chemical
properties of titania, which is widely used in industry as
a support for inorganic catalysts. In particular, we were
plexes with phen ligands according to the SG process (routes A and C)

J. Mater. Chem. A, 2017, 5, 12216–12235 | 12217
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Fig. 1 Structures of Pphen ligands and Cu/Pphen complexes.
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interested to control the porosity of the materials and prepare
cost-effective solid catalysts with surface characteristics that are
relatively close to those of mesoporous materials commonly
used as heterogenized catalysts such as functionalized ordered
silicas. In this regard, the immobilization of phen ligands
functionalized by the phosphonate group (Pphen) and their
copper(I) complexes (Cu/Pphen) was investigated in detail. First,
Pphen/SG and Cu/Pphen/SG materials were prepared by react-
ing Pphen ligands or their complexes with titanium isoprop-
oxide (Ti(OiPr)4) according to the SG process (Scheme 1, routes
A and C, Fig. 1). Alternatively, these ligands and complexes were
graed onto the surface of mesoporous titanium oxide (SBET ¼
650 m2 g�1) yielding Pphen/SM and Cu/Pphen/SM materials
(Scheme 1, routes B and D, Fig. 1). Moreover, the complexation
of copper ions with Pphen/SM solids was explored to prepare
heterogenized chelates. The structural characteristics of hybrid
materials and the integrity of the immobilized molecules were
investigated by different physicochemical methods, including
elemental analysis, infrared (FTIR) spectroscopy, nitrogen
sorption isotherms, EDX spectrometry, scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and solid-state NMR. Finally, the catalytic performance of the
most porous material Cu/6b/SM/A was examined in the
Sonogashira-type and Huisgen cycloaddition reactions. These
studies demonstrated that Cu/6b/SM/A is stable in the presence
of strong bases like triethylamine and cesium carbonate and
12218 | J. Mater. Chem. A, 2017, 5, 12216–12235
efficient as a catalyst for both reactions. This solid catalyst can
be readily recovered and reused up to 10 times without loss of
activity. To the best of our knowledge, this is the rst example of
mesoporous titania-supported transition metal catalysts.
Experimental

Unless otherwise noted, all chemicals and starting materials were
obtained commercially from Acros® or Aldrich® and used
without further purication. The complex Cu(PPh3)3Br,59 3,8-
dibromo-1,10-phenanthroline,60 2-chloro-9-(4-methoxyphenyl)-
1,10-phenanthroline,61 4-(diethoxyphosphoryl)phenylboronic acid
pinacol ester62 and 4-(diethoxyphosphorylphenyl)-40-phenyl-
boronic acid pinacol ester62 were prepared according to literature
methods. Mesoporous TiO2 was synthesized from Ti(OiPr)4 by the
sol–gel process in the presence of a limited amount of water (20
equiv.) in THF (see the ESI†).63 The empirical formula of hydrated
TiO2 ((TiOx(OH)4�2x)$m(H2O)$n(iPrOH), x ¼ 1.6–1.8; m ¼ 0.1–0.4;
n¼ 0.1–0.2) was calculated based on the elemental analysis of the
xerogel dried at 80 �C under reduced pressure for 12 h.

Phenanthrolinylphosphonates 6a, 7a and 9a,64 heteroleptic
copper(I) complexes Cu(Pphen)(PPh3)Br (1a–3a)65 and the
homoleptic complex [Cu(Pphen)2]PF6 (4a)65 were obtained
according to our previous reports.

Analytical thin-layer chromatography (TLC) was carried out
using Merck silica gel 60 plates (precoated sheets, 0.2 mm thick,
This journal is © The Royal Society of Chemistry 2017
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with the uorescence indicator F254). Column chromatography
purication was carried out on silica gel (silica 60, 63–200 mm,
Aldrich) and neutral alumina (aluminium oxide 90, 63–200 mm,
Merck). Centrifugation was performed at 6000 rpm for 5 min.
Catalytic reactions were carried out using Carousel 12 Plus
equipment for parallel synthesis (Radleys).

1H, 31P and 13C NMR spectra were acquired either on
a Bruker Avance III 500 MHz or a Bruker Avance III Nanobay 300
MHz spectrometer. Chemical shis are expressed in parts per
million (ppm) and referenced to residual non-deuterated
solvent signals.66,67 The coupling constants are expressed in
units of frequency (Hz). The unambiguous assignment of
signals in 1H and 13C NMR spectra was performed using
gradient-enhanced COSY, HMQC and NOESY correlation
experiments. MALDI-TOF mass-spectra were obtained on
a Bruker Ultraex II LRF 2000 mass-spectrometer in positive ion
mode with a dithranol matrix. Microanalyses (CHN) were per-
formed on a Thermo Finnigan Flash 1112 analyser. Cu, P and Ti
elemental analyses were performed with inductively coupled
plasma optical emission spectrometers ICP-OES (DUO) ICAP
7400. FTIR spectra were registered on FT-IR Nexus (Nicolet) and
Bruker Vector 22 spectrophotometers. Micro-ATR accessory
(Pike) was used in order to obtain FTIR spectra of polycrystalline
solid complexes. Thermogravimetric (TGA) measurements were
performed on a Netzsch STA 409 PC Luxx analyser. Samples
were purged in an N2 (30 mL min�1)/O2 (10 mL min�1) stream
during analysis and heated to 1000 �C in alumina crucibles with
a heating rate of 10 K min�1. Powder X-ray diffraction experi-
ments were performed on an Empyrean diffractometer from the
PANalytical company in the range 3� < 2q < 50�. Uncrushed
samples (few milligrams) were placed between two Mylar sheets
and the analysis was performed in transmission mode using
a focusing X-ray mirror equipped with xed divergent and anti-
scattering slits (aperture 0.5�) and 0.02 rad Soller slits. Data
collection was performed with a copper anticathode X-ray tube
(Cu Ka1¼ 1.54060 Å/Cu Ka2¼ 1.54443 Å) and with a X'Celerator
detector equipped with an anti-scattering slit of 5 mm. Accurate
mass measurements (HRMS) were recorded on a Thermo LTQ
Orbitrap XL apparatus equipped with an electrospray ionisation
(ESI) source. Nitrogen adsorption–desorption isotherms were
measured with a Micromeritics ASAP 2010 or 2020 analyser at
77 K with samples outgassed at 393 K under reduced pressure
(10�5 torr) for at least 6 h. Specic surface areas were calculated
by the BET method.68 Mesopore characterizations were per-
formed by the Barrett–Joyner–Halenda method.69 Diffuse
reectance spectra were recorded in the solid state at room
temperature on an Agilent Carry 5000 UV-Vis-NIR spectrometer.
Continuous wave (CW) EPR spectra of solid samples were
recorded on a Bruker ELEXSYS 500. The instrument was
equipped with a 4122 SHQE/0405 X-band resonant cavity
operating at 9.43 GHz, a X-band high power dual gun-oscillator
bridge, and a quartz cryostat cooled at 100 K with a stream of
nitrogen. The temperature was regulated with an ER 4131VT
accessory. All apparatus as well as the data acquisition were
controlled using Xepr soware. The magnetic eld was swept
from 250 to 360 mT through 2048 points. Spectra were recorded
at 6 mW power, 100 kHz frequency modulation, 0.5 mT
This journal is © The Royal Society of Chemistry 2017
modulation amplitude, 10 ms time constant and 40 ms
conversion time. The 31P solid-state NMR experiment was per-
formed at room temperature on a Bruker Avance II 400 spec-
trometer operating at B0 ¼ 9.4 T equipped with a Bruker double
channel 4 mm probe at a Larmor frequency of 161.99 MHz. The
spectrum was recorded with a p/2 pulse duration of 3.5 ms and
a recycling delay of 60 s at a spinning frequency of 14 kHz. 31P
spin lattice relaxation times (T1) were measured with the
saturation-recovery pulse sequence. The 31P spectrum was
referenced to H3PO4 (85% in water). Deconvolutions of the
spectrum were performed using Dmt soware (http://
nmr.cemhti.cnrs-orleans.fr/dmt/) with Gaussian/Lorentzian
functions. Field-emission scanning electron microscopy
(FESEM) was realized using a JEOL JSM 7600F instrument
located in the ARCEN analysis centre of the University of
Bourgogne (Dijon). Images were obtained using GentleBeam-
High SEM mode. Transmission electron microscopy (TEM)
analyses were conducted using a JEOL JEM-2100F microscope
operating at 200 kV and located in the ARCEN analysis centre of
the University of Bourgogne (Dijon). EDX spectrometry in STEM
and TEM mode was used for chemical mapping and qualitative
elemental analysis using a Bruker XFlash Detector 5030 spec-
trometer tted on the JEM-2100F microscope.

All measurements except SEM and TEM imaging and solid
state NMR were performed at the “Pôle Chimie Moléculaire”,
the technological platform for chemical analysis and molecular
synthesis (http://www.wpcm.fr) which relies on the Institute of
Molecular Chemistry of University of Burgundy and
Welience™, a Burgundy University private subsidiary.
Synthesis of (1,10-phenanthrolinyl)phosphonates and
complex 5a

Diethyl (4-(9-(4-methoxyphenyl)-1,10-phenanthrolin-2-yl)
phenyl)phosphonate (8a). A mixture of 2-chloro-9-(4-
methoxyphenyl)-1,10-phenanthroline (160 mg, 0.5 mmol), 4-
(diethoxyphosphoryl)phenylboronic acid pinacol ester (187 mg,
0.55 mmol), Pd(dppf)Cl2 (20.4 mg, 0.025 mmol) and Cs2CO3

(815 mg, 2.5 mmol) in dioxane was stirred for 3 h at reux under
Ar. The mixture was ltered and concentrated under reduced
pressure. The residue was puried by column chromatography
on silica gel (eluent CH2Cl2/MeOH (0–1% MeOH in CH2Cl2)).
Beige solid. Yield 70% (174 mg). nmax/cm

�1 2982 (CH), 2937
(CH), 2905 (CH), 1602, 1587, 1578, 1544, 1488, 1441, 1421, 1392,
1362, 1300, 1246 (P]O), 1174, 1133, 1113, 1095, 1016 (POC),
958 (POC), 891, 837, 792, 780, 746. dH (300 MHz, CDCl3, 300 K)
1.38 (t, 3JH,H 7.1, 6H, Me), 3.95 (s, 3H, OMe), 4.19 (m, 4H, CH2),
7.14 (d, 3JH,H 8.8, 2H, m-H), 7.79 (AB-system, JAB 8.7, 2H, 5,6-H),
8.06 (dd, 3J H,P 13.0,

3JH,H 8.3, 2H, m-H), 8.13 (d, 3JH,H 8.7, 1H, 8-
H), 8.18 (d, 3JH,H 8.7, 1H, 3-H), 8.30 (d, 3JH,H 8.7, 1H, 7-H), 8.37
(d, 3JH,H 8.7, 1H, 4-H), 8.45 (d, 3JH,H 8.8, 2H, o-H), 8.57 (dd, 3JH,H

8.3, 4JH,P 3.9, 2H, o-H). dC (125 MHz, CDCl3, 300 K) 16.4 (d, 3JC,P
6, 2C, Me), 55.4 (1C, OMe), 62.2 (d, 2JC,P 5, 2C, OCH2), 114.3 (2C,
m-C), 119.6 (1C, 8-C), 120.0 (1C, 3-C), 125.4 (1C, 6-C), 126.7 (1C,
5-C), 127.5 (1C, 4a or 6a-C), 127.7 (d, 3JC,P 15, 2C, o-C), 128.3 (1C,
4a or 6a-C), 128.8 (d, 1JC,P 187, 1C, ipso-C), 129.0 (2C, o-C), 132.0
(1C, p-C), 132.4 (d, 2JC,P 10, 2C, m-C), 136.8 (1C, 7-C), 137.1 (1C,
J. Mater. Chem. A, 2017, 5, 12216–12235 | 12219
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4-C), 143.4 (d, 4JC,P 3, 1C, p-C), 146.0 (1C, 10a or 10b-C), 146.1
(1C, 10a or 10b-C), 155.3 (1C, 2 or 9-C), 156.4 (1C, 2 or 9-C), 161.0
(1C, p-C). dP (121 MHz, CDCl3, 300 K) 18.82. HRMS (ESI): m/z:
found: 521.1586; calc. for C29H27N2NaO4P ([M + Na]+): 521.1601.

Tetraethyl ((1,10-phenanthrolin-3,8-diyl)bis(4,1-phenylene))
bis(phosphonate) (10a). A mixture of 3,8-dibromo-1,10-
phenanthroline (169 mg, 0.5 mmol), 4-(diethoxyphosphoryl)
phenylboronic acid pinacol ester (425 mg, 1.25 mmol),
Pd(OAc)2 (11.2 mg, 0.05 mmol), PPh3 (40 mg, 0.15 mmol) and
Cs2CO3 (815 mg, 2.5 mmol) in dioxane (4 mL) was stirred at
reux for 40 h under Ar. The reaction mixture was cooled to
room temperature and ltered. The ltrate was concentrated
under reduced pressure and the residue was puried by
column chromatography on silica gel (eluent – CH2Cl2). White
solid. Yield 52% (155 mg). nmax/cm

�1 2983 (CH), 1603, 1556,
1475, 1432, 1392, 1365, 1244 (P]O), 1163, 1132, 1099, 1042,
1014 (POC), 959 (POC), 937, 838, 815, 793, 762, 731. dH (300
MHz, CDCl3, 300 K) 1.34 (t, 3JH,H 7.1, 12H, Me), 4.15 (m, 8H,
CH2), 7.86 (dd, 3JH,H 8.3, 4JH,P 3.8, 2H, o-H), 7.90 (s, 2H, 5,6-H),
7.98 (dd, 3JH,P 13.0, 3JH,H 8.3, 2H, m-H), 8.42 (d, 4JH,H 2.3, 2H,
4,7-H), 9.42 (d, 4JH,H 2.3, 2H, 2,9-H). dC (125 MHz, CDCl3, 300
K) 16.4 (d, 3JC,P 6 Hz, 4C, Me), 62.3 (d, 2JC,P 5, 4C, OCH2), 127.35
(2C, 5,6-C), 127.6 (d, 3JC,P 13, 4C, o-C), 129.2 (d, 1JC,P 187, 2C,
ipso-C), 129.3 (2C, 4a,6a-C), 132.7 (d, 2JC,P 10, 4C, m-C), 133.9
(2C, 4,7-C), 134.9 (2C, 3,8-C), 141.4 (d, 4JC,P 3, 2C, p-C), 145.5
(2C, 10a,10b-C) 149.4 (2C, 2,9-C). dP (121 MHz, CDCl3, 300 K)
18.14. HRMS (ESI): m/z found: 605.1944; calc. for C32H34N2-
NaO6P2 ([M + H]+): 605.1965.

Tetraethyl ((1,10-phenanthrolin-3,8-diyl)bis([1,10-biphenyl]-
4,40-diyl)bis(phosphonate) (11a). Amixture of 3,8-dibromo-1,10-
phenanthroline (169 mg, 0.5 mmol), 4-((diethoxyphosphoryl)
phenyl)-40-phenylboronic acid pinacol ester (520 mg, 1.25
mmol), Pd(OAc)2 (11.2 mg, 0.05 mmol), PPh3 (40 mg, 0.15
mmol) and Cs2CO3 (815 mg, 2.5 mmol) in dioxane (4 mL) was
stirred at reux for 24 h under Ar. The reaction mixture was
cooled and ltered. The ltrate was concentrated under reduced
pressure. The residue was puried by column chromatography
on silica gel (eluent – CH2Cl2). White solid. Yield 76% (226 mg).
nmax/cm

�1 2985 (CH), 1601, 1493, 1476, 1434, 1388, 1367, 1236
(P]O), 1162, 1132, 1050, 1017 (POC), 939, 917, 848, 822, 780,
733, 695. dH (300 MHz, CDCl3, 300 K) 1.34 (t,

3JH,H 7.1, 12H, Me),
4.15 (m, 8H, CH2), 7.72–7.94 (m, 18H), 8.42 (d, 4JH,H 2.3, 2H, 4,7-
H), 9.46 (d, 4JH,H 2.3, 2H, 2,9-H). dC (125MHz, CDCl3, 300 K) 16.4
(d, 3JC,P 6, 4C, Me), 62.2 (d, 2JC,P 5.3, 4C, OCH2), 126.9 (2C, 5,6-C),
127.19 (d, 3JC,P 9, 4C, o-C), 127.75 (d, 1JC,P 187, 2C, ipso-C), 128.1
(d, 3JC,P 9, 8C, m,o-C), 129.33 (2C, 4a,6a-C), 132.5 (d, 2JC,P 9, 4C,
m-C), 133.3 (2C, 4,7-C), 135.1 (2C, 3,8-C), 137.3 (2C, Ar-C), 140.0
(2C, Ar-C), 144.2 (d, 4JC,P 3, 2C, p-C), 145.3 (2C, 10a,10b-C), 149.4
(2C, 2,9-C). dP (121 MHz, CDCl3, 300 K) 18.70. HRMS (ESI) m/z:
found: 779.2388; calc. for C44H42N2NaO6P2 ([M + H]+): 779.2410.

[Cu(8a)2]PF6 (5a). Phosphonate 8a (125 mg, 0.25 mmol) was
dissolved in dichloromethane (5 mL) under Ar. A solution of
[Cu(CH3CN)4]PF6 (46.6 mg, 0.125 mmol) in CH2Cl2 (10 mL) was
prepared under Ar and then added with a syringe to the stirred
solution of the ligand. The reaction mixture was stirred at room
temperature for 10 min, and then concentrated under reduced
pressure. The solid residue was dissolved in CH2Cl2 (2 mL) and
12220 | J. Mater. Chem. A, 2017, 5, 12216–12235
the solution was layered with diethyl ether (10 mL). The
precipitate was collected by ltration and then dried under
vacuum. Brown crystals. Yield 80% (110 mg). nmax/cm

�1 2982
(CH), 2906 (CH), 1605, 1552, 1545, 1490, 1422, 1391, 1358, 1322,
1303, 1247 (P]O), 1175, 1134, 1110, 1042, 1014 (POC), 959
(POC), 904, 867, 834, 782, 750, 722. dH (500 MHz, CD2Cl2, 300 K)
1.26 (t, 3JH,H 7.1, 12H, Me), 3.45 (s, 6H, OMe), 3.95 (m, 8H, CH2),
5.99 (d, 3JH,H 8.4, 4H, m-H), 7.04 (dd, 3JH,P 12.6,

3JH,H 8.0, 4H, m-
H), 7.31 (d, 3JH,H 8.4, 4H, o-H), 7.62 (dd, 3JH,H 8.0, 4JH,P 2.4, 4H, o-
H), 7.85 (d, 3JH,H 8.3, 2H), 7.93 (d, 3JH,H 8.3, 2H), 8.06 (s, 4H),
8.48 (d, 3JH,H 8.3, 2H), 8.59 (d, 3JH,H 8.3, 2H). dP (121 MHz,
CD2Cl2, 300 K) 18.81. HRMS (ESI):m/z found 1059.2703; calc. for
C58H54CuN4O8P2: ([M � PF6]

+) 1059.2707.
General procedure for the preparation of silyl phosphonate

esters 6b–11b. To a 0.1 M solution of diethyl phosphonate esters
6a–11a in dry dichloromethane TMSBr (6 equiv. for each
diethoxyphosphoryl group) was added under Ar and the
resulting mixture was stirred at room temperature until
a complete conversion of diethyl esters as indicated by 1H NMR
spectroscopy (24–48 h). Evaporation of volatiles under reduced
pressure afforded silyl phosphonate esters 6b–11b in quantita-
tive yield. The compounds were introduced in the next step
without additional purication.

Bis(trimethylsilyl) ((1,10-phenanthrolin-3-yl)phosphonate)
(6b). dH (300 MHz, CDCl3, 300 K) 0.25 (s, 18H, Me), 7.65 (dd,
3JH,H 8.1, 3JH,H 4.3, 1H, 8-H), 7.82 (d, 3JH,H 9.2 Hz, 1H, 6-H), 7.85
(d, 3JH,H 9.2, 1H, 5-H), 8.26 (dd, 3JH,H 8.1, 4JH,H 1.7, 1H, 7-H), 8.68
(dd, 3JH,P 15.2, 4JH,H 2.0, 1H, 4-H), 9.17 (dd, 3JH,H 4.3, 4JH,H 1.7,
1H, 9-H), 9.33 (dd, 3JH,P 5.4, 4JH,H 2.0, 1H, 9-H). dP (121 MHz,
CDCl3, 300 K) �3.61.

(1,10-Phenanthrolin-3-yl)phosphonic acid (6c). To a solution
of 6a (79.1 mg, 0.25 mmol) in dry CH2Cl2 (2.5 mL) TMSBr (198
mL, 1.5 mmol) was added under Ar and the resulting mixture
was stirred at room temperature until a complete conversion of
the diethyl ester as indicated by 1H NMR spectroscopy (24 h).
Then MeOH (100 mL) was added and the reaction mixture was
ltered. The precipitate was washed with MeOH (1 mL � 2),
CH2Cl2 (1 mL) and dried under reduced pressure. White solid.
Yield 98% (63.7 mg). Found C 55.27, H 3.35, N 10.98. Calc. for
C12H9N2O3P: C 55.39; H 3.49; N 10.77%. dH (300 MHz, CD3OD,
300 K) 8.35–8.45 (m, 3H, 5,6,8-H), 9.09 (d, 3JHP 14.5, 1H, 4-H),
9.31–9.37 (br. m, 2H, 7,9-H), 9.50 (d, 3JHP 5.5, 1H, 2-H). dP (300
MHz, CD3OD, 300 K) 12.16.
Immobilization of copper complexes Cu/Pphen

General procedure for the preparation of Cu/Pphen/SG
xerogels. Silyl phosphonate ester 6b or 9b was dissolved in THF
and treated with solid Cu(PPh3)3Br at room temperature for
30 min to obtain complexes 1b or 3b, respectively. Then a 0.8 M
solution of Ti(OiPr)4 in THF was added to yield a transparent
coloured solution. Aer stirring the resulting mixture for 40 min,
water diluted by THF (5 M solution) was added dropwise to this
solution. A rapid formation of gels or precipitates was observed.
The reaction mixture was kept without stirring for 48 h at room
temperature. The precipitate was collected by ltration, washed
with THF, methanol and diethyl ether and dried under reduced
This journal is © The Royal Society of Chemistry 2017
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pressure (2 mmHg) at 80 �C for 24 h. The amounts of reagents
and solvents employed for the preparation of complexes 1b and
3b and in the sol–gel process, and yields of Cu/Ppen/SG xerogels
are summarized in Table S1.† Elemental analyses of xerogels Cu/
Ppen/SG are reported in Tables S2 and S3.†

Complex Cu(6b)(PPh3)Br (1b) is sensitive to moisture and
was characterized by 1H and 31P spectroscopy in a crudemixture
obtained aer evaporation of volatiles. This mixture contains
the complex 1b and PPh3.

Cu(6b)(PPh3)Br (1b). dH (300 MHz, CDCl3, 300 K) 0.21 (s,
18H, Me), 7.19 (m, 9H, m,p-H), 7.29 (m, 6H, o-H), 7.82 (br s, 1H,
8-H), 8.05 (br. d, 3JH,H 8.8, 1H, 6-H), 8.18 (br. d, 3JH,H 8.8, 1H, 5-
H), 8.65 (br s, 1H, 7-H), 8.75 (br s, 1H, 4-H), 8.80 (br s, 1H, 9-H),
9.15 (br s, 1H, 2-H). dP (121 MHz, CDCl3, 300 K) �4.67 (br s).

General procedure for the surface modication of meso-
porous titanium oxide. Silyl phosphonate esters 6b–8b were
dissolved in CH2Cl2 and treated with solid Cu(PPh3)3Br or
[Cu(CH3CN)4]PF6 at room temperature for 30 min under Ar to
prepare complexes 1b, 2b, 4b or 5b. Aer the reaction was
completed, a transparent coloured solution was cannulated into
a ask containing TiO2 under Ar. The suspension was stirred for 2
days at room temperature. The solid was collected by ltration,
washed with THF, methanol and ether and dried for 24 h at 80 �C
under reduced pressure (2 mmHg). The amounts of reagents and
solvents used for the preparation of complexes and the sol–gel
process for graing are reported in Table S4.† Elemental analyses
of solids Cu/Pphen/SM are summarized in Tables S5 and S6.†

Immobilization of ligands PPhen-Si

General procedure for the preparation of Pphen/SG xerogels.
Silyl phosphonate ester 6b or 9b–11b was dissolved in THF. A
0.8 M solution of Ti(OiPr)4 in THF was added to this solution
and the reaction mixture was stirred for 40 min. Then water
diluted by THF (5 M solution) was added dropwise to this
solution. A rapid formation of gels or precipitates was observed.
Then the reaction mixture was kept without stirring for 48 h at
room temperature. The precipitate was collected by ltration,
washed with THF, methanol and diethyl ether and dried under
reduced pressure (2 mmHg) at 80 �C for 24 h. The amount of
reagents and solvents used for the sol–gel process and yields of
xerogels Pphen/SG are reported in Table S7.† Elemental anal-
yses of solids Pphen/SG are presented in Table S8.†

Surface modication of mesoporous TiO2 by chelate 6b. Silyl
phosphonate diester 6b prepared from phosphonate 6a
(316 mg, 1 mmol) was dissolved in CH2Cl2 (20 mL) under Ar. A
transparent uncoloured solution was cannulated into a ask
containing hydrated titanium oxide (10 mmol) under Ar. The
suspension was stirred for 48 h at room temperature. The solid
(959 mg) was collected by ltration, washed with THF, MeOH
and ether and dried for 24 h at 80 �C under reduced pressure (2
mmHg). The elemental analysis of solid 6b/SM is reported in
Tables S7 and S8.†

Complex formation with graed ligand 6b

A solution of Cu(PPh3)3Br or [Cu(CH3CN)4]PF6 in CH2Cl2 was
added to the material 6b/SM placed into a Schlenk tube under
This journal is © The Royal Society of Chemistry 2017
Ar. The suspension was stirred for 24 h at room temperature.
The brown solids were collected by centrifugation, washed with
CH2Cl2, MeOH and diethyl ether and dried under reduced
pressure (2 mmHg) for 24 h at 80 �C.

The amounts of reagents and yields of materials Cu/6b/SM
are reported in Table S9.† Elemental analyses of Cu/6b/SM are
summarized in Tables S10 and S11.†
Catalytic reactions

General procedure for Sonogashira-type coupling. An 8 mL
glass vial was charged with the alkyne (0.75 mmol), aryl iodide
(0.5 mmol), Cs2CO3 (325.8 mg, 1 mmol), Cu/6b/SM/A (43 mg, 5
mol%, calculated on the graed complex), PPh3 (13.1 mg, 10
mol%) and toluene (2 mL) under Ar. The vial was closed with
a Teon cap and the reaction mixture was stirred at reux for
16 h. Aer cooling to room temperature, the organic phase was
separated by centrifugation, and the solid catalyst was washed
with toluene (2 mL) and MeOH (5 mL � 2). The combined
toluene phases were evaporated to dryness under reduced
pressure. The crude products were analysed by 1H NMR spec-
troscopy. Mesitylene was used as an internal standard. The
spectral data of coupling products were in good agreement with
the literature data.70–75 The results are summarized in Table 5
(entries 2, 7–16) and Scheme 6.

Recycling of Cu/6b/SM/A in the reaction of phenylacetylene
with p-iodoanisole was carried out. Aer washing with toluene
and MeOH, the catalyst was dried under reduced pressure for
3 h and used in the next reaction cycle as reported above for the
freshly prepared Cu/6b/SM/A. The results are summarized in
Table 5 (entries 3–6).

A hot ltration test was performed for the reaction of phe-
nylacetylene with p-iodoanisole (Table 5, entry 2). Aer 1 h of
heating, half of the reaction mixture was taken with a syringe
equipped with an Acrodisc® syringe lter with a Supor®
membrane (pore size 10 mm) and transferred into an 8 mL
glass vial under Ar. The vial was charged with Cs2CO3 (163 mg,
0.5 mmol) and PPh3 (6.6 mg, 10 mol%). Then both reaction
mixtures were stirred at reux for an additional 12 h and
monitored by 1H NMR spectroscopy. The results are shown in
Fig. S40.†

The reaction of phenylacetylene with p-iodoanisole (Table 5,
entry 2) was also performed using materials 3b/SG/20 and 3b/
SG/10 as catalysts. Thematerial loading was calculated based on
the copper content to obtain 5mol% of graed complex. In both
cases, complete conversion of aryl halide was not achieved even
aer 72 h of reux.

To compare the catalytic activity of materials 1b/SM and 2b/
SM, the reaction of phenylacetylene with p-iodoanisole (Table 5,
entry 2) was performed in the presence of catalysts containing 5
mol% of graed ligands. The conversion of aryl halide was 99 and
60%, respectively, aer 72 h of heating. The catalytic properties of
materials 4b/SM and 5b/SMwith respect to this reaction were also
investigated using 5mol% of graed catalysts. For bothmaterials,
no coupling products were obtained aer 16 h of reux.

General procedure for Huisgen cycloaddition. An 8 mL glass
vial was charged with the alkyne (0.25 mmol), azide (0.25
J. Mater. Chem. A, 2017, 5, 12216–12235 | 12221
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mmol), triethylamine (34.7 mL, 0.25 mmol), Cu/6b/SM/A
(4.3 mg, 1 mol%, calculated on the graed complex) and fresh
distilled THF (1 mL) under Ar. The vial was closed with
a Teon cap and the reaction mixture was stirred at 60 �C for
3 h. Aer cooling to room temperature, the organic phase was
separated by centrifugation, and the solid catalyst was washed
with THF (1 mL) and methanol (1 mL � 2), and separated by
centrifugation. The combined THF phases were evaporated to
dryness under reduced pressure. The crude products were
analysed by using 1H NMR spectroscopy. Mesitylene was
added as an internal standard. The spectral data of the ob-
tained products were in good agreement with the literature
data.76–80 The product yields are presented in Table 6.

A hot ltration test was performed for the reaction of phe-
nylacetylene with p-nitrobenzyl azide (Table 6, entry 1). Aer 1 h
of heating, half of the reaction mixture was taken with a syringe
equipped with an Acrodisc® syringe lter with a Supor®
membrane (pore size 10 mm) and introduced into an 8 mL glass
vial under Ar. Then both reaction mixtures were stirred at reux
for an additional 2 h and monitored by 1H NMR spectroscopy.
The results are shown in Fig. S41.†

Recycling of Cu/6b/SM/A in the reaction of phenylacetylene
with p-nitrobenzyl azide (Table 6, entry 1) was carried out. Aer
washing, the catalyst was separated by centrifugation and dried
under reduced pressure for 3 h and used in the next reaction
cycle as reported above for the freshly prepared Cu/6b/SM/A.
The product yields in 10 consecutive catalytic reactions are
shown in Fig. 6.
Results and discussion
Preparation of heterogenized catalysts

Synthesis of copper(I) complexes bearing phosphonate
anchoring groups. Recently, we reported the synthesis of air and
moisture stable copper(I) complexes with (diethoxyphosphoryl)
Scheme 2 Synthesis of molecular building blocks for the preparation o
complexes 1b–5b.

12222 | J. Mater. Chem. A, 2017, 5, 12216–12235
phenanthroline and triphenylphosphine ligands (1a–3a) which
catalyzed C–C and C–Het (Het ¼ N, P) cross-coupling reac-
tions.64,65,81 These complexes could also be useful for the prep-
aration of heterogeneous catalysts if the diethoxyphosphoryl
substituent could be transformed into more reactive phos-
phonic acid or bis(trimethylsiloxy)phosphoryl groups (Scheme
1).53,82,83

Generally, the reaction of dialkyl phosphonic acid esters with
TMSBr affords trimethylsilyl (TMS) diesters in high yields under
mild conditions. However, when a solution of complex 1a was
reacted with TMSBr in CH2Cl2 at room temperature a compli-
cated mixture of products was obtained according to 31P NMR
analysis. Therefore, we decided to introduce the phosphorus
anchoring group before the insertion of copper ions into
chelators 6–11 (Scheme 2).

First, phosphonic acid 6c was chosen as a model ligand. This
compound was prepared in high yield (98%) by the treatment of
diester 6a with TMSBr followed by addition of MeOH. The acid
6cwas stable in air but hardly soluble in any organic solvent and
aqueous media. All our attempts to prepare copper complexes
by reacting this ditopic chelator with tris(triphenylphosphine)
copper(I) bromide (Cu(PPh3)3Br) or tetrakis(acetonitrile)cop-
per(I) hexauorophosphate ([Cu(CH3CN)4]PF6) were unsuccess-
ful, probably due to a low selectivity of the complexation
reaction under the studied experimental conditions.

Next, bis(TMS) (1,10-phenanthrolinyl)phosphonic acid
esters 6b–9b were prepared by reacting compounds 6a–9a with
TMSBr in dichloromethane at room temperature and moni-
tored by 1H NMR spectroscopy. These moisture sensitive
compounds were obtained in quantitative yields and intro-
duced in the next step without additional purication. Thus,
aer the reaction of 6a, 7a and 9a with TMSBr proceeded to
completion, the volatiles were evaporated to dryness and the
residue was reacted with Cu(PPh3)3Br in CH2Cl2 to prepare
heteroleptic complexes 1b–3b. Alternatively, ligands 6b and 8b
f hybrid materials: silyl esters 6b–11b, phosphonic acid 6c and copper

This journal is © The Royal Society of Chemistry 2017
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were treated with [Cu(CH3CN)4]PF6 to yield homoleptic
bis(phenanthroline) copper(I) complexes 4b and 5b, respec-
tively. The progress of complexation was monitored by 31P NMR
spectroscopy using the difference in the chemical shi of the
phosphorus nuclei of ligands 6b–9b and corresponding
complexes 1b–5b (Dd 1–2 ppm). Aer the full consumption of
chelators, the volatiles were evaporated and the residues were
introduced in the SG process (route A, Scheme 1) or anchored
onto the mesoporous titania support prepared by us recently63

(route B, Scheme 1).
Preparation of xerogels from copper(I) complexes 1b and 3b

(route A, Scheme 1). The rst series of materials has been
prepared from heteroleptic complexes 1b and 3b and Ti(OiPr)4
according to the two-step SG process54,84 as shown in Scheme 3.
This one-pot co-condensation route provides a homogeneous
distribution of functional groups within the hybrid solid.
Copper complexes 1b and 3b were reacted with an excess of
Ti(OiPr)4 in THF to form titanium phosphonates (step I).
Subsequently, the hydrolysis, condensation and co-
condensation reactions (step II) were initiated by a dropwise
addition of water diluted by THF to form a polymeric titania
Scheme 3 Representative reactions involved in the preparation of hybri

This journal is © The Royal Society of Chemistry 2017
network containing covalently linked copper complexes. A gel
which was formed immediately was aged at room temperature
for two additional days. Then the solid was ltered, washed and
dried at 80 �C under reduced pressure for 24 h.

Five different materials Cu/1b/SG/n (n¼ 3, 10) and Cu/3b/SG/
n (n¼ 3, 10, 20) were prepared by varying the Ti : Cu molar ratio
from 3 to 20 as indicated in Table 1 (see also the ESI, Table S1†).
The xerogels were rst characterized by elemental analysis,
inductively coupled plasma optical emission spectroscopy (ICP-
OES), thermogravimetric (TG) analysis, nitrogen adsorption–
desorption at 77 K and FTIR spectroscopy. The molar ratios of
components used for the material preparation, the chemical
composition of xerogels and the calculated Brunauer–Emmett–
Teller (BET) surface area are summarized in Table 1. Additional
data on the material composition and their surface properties
are presented in Tables S2, S3 and S12.† The formulae of
materials were derived from the contents of six elements (C, H,
N, P, Ti, Cu) assuming the presence of adsorbed water and
isopropyl alcohol molecules that is obvious for xerogel samples.
As seen in Table 1, the Pphen : TiO2 molar ratio in the materials
was close to that of the starting compounds used in the
d xerogels Cu/Pphen/SG.

J. Mater. Chem. A, 2017, 5, 12216–12235 | 12223
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reactions. In contrast, the content of copper atoms in all ve Cu/
Pphen/SG solids was lower than the expected values. These data
indicated that complexes 1b and 3b partially dissociated during
the SG process. The successful incorporation of PPhen ligands
in Cu/Pphen/SG xerogels was further conrmed by the analysis
of ltrates obtained aer the washing step. Combined liquid
phases were evaporated to dryness and analysed by 31P and 1H
NMR spectroscopies. The absence of signal sets corresponding
to phen derivatives indicated that the incorporation of Pphen
into the xerogels was quantitative. Thus, the resulting hybrid
materials contain the Pphen and Cu(Pphen)(PPh3)Br moieties
linked to titania networks.

The presence of adsorbed water and isopropanol molecules
in xerogels 1b/SG/n and 3b/SG/n was conrmed by TG analysis.
In general, thermal patterns were similar for all studied
samples. As an example, the TG curve of xerogel 3b/SG/20 is
shown in Fig. S22.† A progressive weight loss between 70 and
530 �C was observed. Accordingly, the separation of the initial
loss of adsorbed solvents and the subsequent calcination of
organic components was unclear. This thermal behaviour is
a typical feature of titania xerogels in which solvent molecules
are strongly chemisorbed on the titania surface.85–87 Neverthe-
less, semiquantitative consideration of thermal data indicated
that the loss of the initial weight for all samples was about 10–
15% when the temperature was increased up to 200–250 �C,
which was about a half of maximal percentages of adsorbed
solvents calculated from the chemical composition of the solids
(Table 1). This difference can be explained by the presence of
residual non-hydrolysed isopropoxy groups (iPrO–Ti) and non-
condensed hydroxy groups (HO–Ti). These moieties are
involved in the thermal reactions (condensation and decom-
position) only when the temperature rises above 250 �C.

To prove the structure of organic moieties embedded into
xerogels 1b/SG/n and 3b/SG/n, and their covalent link to the
titania support, FTIR spectra of the solids were recorded (Fig. 2,
S23 and S24†). Roughly, the spectra of all hybrid solids were
remarkably similar in appearance. In Fig. 2, the FTIR spectrum
of 3b/SG/3 is compared to those of the relevant ligand 9a and
the heteroleptic copper complex 3a.

Bands having the greatest intensities are located between
900 and 1260 cm�1 and associated with vibrations of the het-
eroaromatic moiety and its phosphonate substituent.88–90

Notably, the shape of the 3b/SG/3 spectrum in this region is
signicantly different from those of ligand 9a and complex 3a
that points to the covalent bonding of the phosphonate group to
the titania matrix. In particular, a strong broad band in the 950–
1150 cm�1 region observed for the material 3b/SG/3 is
commonly associated with metal–O–P stretching vibrations.91,92

Moreover, characteristic vibrations of the phen heterocycle are
also observed in two frequency regions, namely 700–900 and
1350–1600 cm�1 in all three spectra. Despite the overlapping of
Pphen and PPh3 vibration bands, the latter can be identied
owing to the presence of a relatively strong band at 1430 cm�1

typical of the vibration of the phenyl ring directly attached to
a phosphorus atom and amedium band at 690 cm�1.93 The O–H
stretching bands at 3500–3700 cm�1, associated with Ti–OH
groups and adsorbed water, and weak bands in the 2900–3100
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FTIR spectra of 9a (A), 3a (B) and 3b/SG/3 (C).
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cm�1 region, characteristic of the aromatic and aliphatic C–H
bonds, are also present in the spectrum of 3b/SG/3.

It has to be noted that stretching vibrations of the phos-
phonate group in the 950–1250 cm�1 region were commonly
used for disclosing the binding mode of phosphonate mole-
cules to a titania network.83,91,92 However, recently Blockhuys
et al. have demonstrated that FTIR spectroscopy is not well
suited for the investigation of the bonding mode in hybrid
materials because P–O and P]O stretches also depend on
hydrogen bonding.94 For solids 1b/SG/n and 3b/SG/n, this
analysis is even more complicated due to the overlapping of
these stretches with vibrations of the heterocyclic moiety. For
example, a weak band at approximately 1250 cm�1 can be
assigned to the vibration of the uncoordinated P]O group or
the heteroaromatic fragment.

Powder X-ray diffraction measurements indicate that all
materials are non-crystalline.

The porosity of xerogels 1b/SG/n and 3b/SG/n was examined
by nitrogen adsorption–desorption at 77 K. Interestingly, BET
surface areas were dependent on the number of phosphonate
groups in phen ligands and the amount of Ti(OiPr)4 employed
for the incorporation of complexes. Solids 1b/SG/3 and 1b/SG/
10 containing monophosphonate residues were non-porous.
This journal is © The Royal Society of Chemistry 2017
The material 3b/SG/20 prepared from the copper complex
with (phen)diphosphonate 3b and 20 equiv. of Ti(OiPr)4
exhibited micro- and mesoporosity and a remarkable specic
surface area (BET surface area of 270 m2 g�1). However, in
a series of xerogels 3b/SG/20–3b/SG/3, this value dropped
drastically (Tables 1 and S12†) with the decrease of titania
percentage, which is a serious drawback for their applications
in catalysis.

To increase the porosity of hybrid materials and the content
of copper ions, another strategy of immobilization was inves-
tigated. The complexes were graed onto a surface of pre-
formed TiO2.

Surface modication of TiO2 by copper(I) complexes (route
B, Scheme 1). Recently we have reported the preparation of non-
ordered mesoporous titania, which exhibited a remarkable
specic surface area of 580–650m2 g�1 and pore volumes of 0.5–
1.2 cm3 g�1.63 This cost-effective hydrated TiO2 is readily avail-
able by a template-free SG process and promising for the
preparation of heterogeneous catalysts. A surface modication
of TiO2 by phosphonates is shown in Scheme 4. Silyl phos-
phonate diesters are reacted with a preformed titania support
bearing reactive hydroxy groups. Accordingly, water is no more
needed for the immobilization and the SM reaction can be
performed in all organic solvents in which the targeted
complexes can be dissolved. Copper complexes 1b and 2b are
readily soluble in chlorinated solvents and we chose the weakly
coordinating CH2Cl2 as a reaction medium to prevent the
dissociation of copper complexes.

Complexes 1b and 2b smoothly reacted with TiO2 powders in
CH2Cl2 at room temperature. Hybrid solids Cu/Pphen/SM were
ltered aer 48 h of stirring, dried at 80 �C under reduced
pressure and examined by elemental and ICP-OES analyses
(Tables 2 and S4–S6†).

The Ti : N and Ti : P molar ratios indicated quantitative
graing of Pphen ligands. Surprisingly, Cu : Pphen molar ratio
was low in both materials as it was previously observed for Cu/
Ppen/SG xerogels. Thus, once again the resulting hybrid mate-
rials contain Pphen and Cu(Pphen)(PPh3)Br moieties linked to
the titania support. These results can be explained by the
kinetic lability of heteroleptic copper complexes (Scheme 5). In
fact, according to 1H and 31P NMR studies of chelates 1 and 2
only one major species exists in CDCl3 solution for each of these
complexes (Fig. S1–S4, S16 and S17†). In these mononuclear
species, phenmoieties are coordinated to copper centres by two
nitrogen atoms and a rapid exchange of Pphen ligands is highly
probable.65 For example, line broadening in the room temper-
ature 1H NMR spectrum of complex 1b could be caused by the
ligand exchange (Fig. S16†). The immobilization of the Pphen
ligand which could be present in solution in a low concentra-
tion should proceed more rapidly than the incorporation of the
bulky heteroleptic complex Cu/Pphen. Accordingly, the
complexation equilibrium could be moved to the non-
coordinated ligand that should provide for the formation of
a material modied by free chelator moieties.

To check this hypothesis, kinetically more stable65 homo-
leptic complexes 4b and 5b were graed onto the TiO2 surface
(Table 2). As evidenced by Cu : Ti, Cu : P, and Cu : N molar
J. Mater. Chem. A, 2017, 5, 12216–12235 | 12225
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Scheme 4 Schematic representation of grafting of copper(I) complexes with Pphen-Si ligands onto a titania support.

Scheme 5 Schematic representation of the grafting of Cu/Pphen
complexes on the titania support.
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ratios obtained for these materials (Table S6†), the immobili-
zation was successful in both cases. FTIR spectra of solids 4b/
SM and 5b/SM shown in Fig. S25 and S26† corroborated the
proposed molecular structures of the materials.

The porosity of Cu/Pphen/SM materials was studied by N2

sorption measurements (Tables 2 and S12†). The shapes of all
isotherms were similar and resembled that of the non-modied
titania support. In contrast, BET surface areas of hybrid mate-
rials were smaller compared to that of the as-synthesized TiO2.
This indicates the successful graing of complexes onto
a surface of mesopores.

Being unable to overcome the dissociation of heteroleptic
copper complexes, we have turned to a stepwise strategy for the
preparation of heterogeneous catalysts. This method involves
12226 | J. Mater. Chem. A, 2017, 5, 12216–12235
the incorporation of free Pphen ligands into a titania support
followed by their complexation with copper ions.

Immobilization of Pphen-Si ligands followed by the inser-
tion of copper ions (routes C and D, Scheme 1). The rst series
of materials have been prepared according to the SG process as
described above for copper complexes, with the only difference
that Pphen-Si chelators were used as molecular precursors
(Schemes 1 and 3). Materials 6b/SG and 9b/SG were character-
ized by elemental analysis, ICP-OES, and nitrogen adsorption–
desorption at 77 K (Tables 3, S7 and S8,† entries 1 and 2). As
seen from these data, Ti : N and Ti : P molar ratios are very close
to theoretical values. However, both solids display a pretty low
BET surface area of 215 and 160 m2 g�1, respectively. Our
attempt to increase the xerogel porosity by using bulkier ligands
in which the phen moiety and phosphonate substituents were
separated by phenyl spacers (compounds 10b and 11b, Fig. 1)
achieved only a partial success (Table 3, entries 3 and 4). The
BET surface areas of xerogels 10b/SG and 11b/SG were 270 and
300m2 g�1, respectively, even when Ti(OiPr)4 was used in a large
excess (20 equiv.).

Next, silyl phosphonate 1b was graed onto the surface of
TiO2 in CH2Cl2 at room temperature as described above for
copper complexes. As expected, the reaction proceeds quanti-
tatively yielding a porous hybrid material 6b/SM which was rst
characterized by elemental analysis (Tables S7 and S8†), EDX
spectrometry, FTIR (Fig. S31†) and 31P MAS NMR spectros-
copies. In particular, the 31P MAS NMR spectrum shows a broad
signal typical of non-ordered solids based on titania at about
5 ppm (Fig. 3). The 31P chemical shis in amorphous titania
phosphates were reported between �21 and �4 ppm.95 Thus,
cleavage of the C–P bond was not observed under these exper-
imental conditions and phosphorus atoms in the material are
This journal is © The Royal Society of Chemistry 2017
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bonded to the phen scaffold and the three oxygen atoms.
Phosphorus signals of layered titanium phosphonates are
obviously observed at �4 ppm as sharp signals95 that do not
match with our spectrum. These data indicate that phen
moieties are separated from one another on the titania surface.
The experimental spectrum of 6b/SM was deconvoluted as
shown in Fig. 3. According to this analysis, the experimentally
observed signal is a superposition of three sharp resonances
originating from non-equivalent phosphorus sites. Based on the
relative positions of the three signals in 31PMAS NMR spectra of
titania-supported phenylphosphonic acid,83,94,96 the major
signal (d 4.8 ppm, 80%) was attributed to the phosphonate
group that exhibited a tridentate binding mode and the other
two signals were assigned to mono- (d �2.7 ppm) and bidentate
(d 7.2 ppm) phosphonate groups.

Interestingly, qualitative EDX-STEM analysis of this material
indicated the presence of Br along with the other expected
elements (Fig. S34 and S35†). We have assumed that the phen
ligand was partially protonated by traces of hydrobromic acid
when it was reacted with TMSBr.

Nitrogen adsorption–desorption isotherms of solid 6b/SM
and the bare TiO2 support are presented in Fig. 4A and pore size
distributions for these materials are shown in Fig. 4B. The
features of the two isotherms are very similar. They demonstrate
a gradual increase in the adsorbed nitrogen volume as a func-
tion of the relative pressure making a hysteresis loop. The
morphology of the curves can be considered as a combination
of type II and type IV isotherms that are typical of non-ordered
porous solids containing both mesopores and macropores with
a large distribution of the pore size. The BET surface area was
lowered from 650 to 366m2 g�1 aer graing the ligand 6b. This
surface modication has also caused a signicant decrease in
the amount of small mesopores in TiO2 (Fig. 4B).

As can be seen from Tables 3 and S12,† the porosity of the
material 6b/SM was superior to those of hybrid materials
Pphen/SG prepared by the SG method. In addition, in this
material, chelator moieties are located on the titania surface
and more accessible for reactant molecules than in Pphen/SG
materials in which the ligands are buried inside the solids.
Thus, 6b/SM material was chosen for the preparation of the
heterogeneous catalyst. The insertion of copper ions was per-
formed by stirring this solid with various copper(I) complexes in
CH2Cl2 at room temperature (Table 4). The chelation was
sluggish due to the strong steric hindrance induced by the solid
support and/or the partial protonation of the titania-supported
phen ligand. First, solid 6b/SM was reacted with 1.1 equiv. of
Cu(PPh3)3Br which we previously used to prepare related Pphen
complexes 1–3 under homogeneous conditions. According to
the elemental analysis and ICP-OES data for the resulting
materials, Cu : Pphenmolar ratio was only 0.16 (entry 1). When
Cu(PPh3)3Br amount was increased up to 2.6 equiv., complex-
ation of 29% of the graed ligand was achieved (entry 2).
Fortunately, [Cu(MeCN)4]PF6 complex bearing less bulky
ligands was more reactive and gave the target material Cu/6b/
SM/A (entry 3). The empirical formula of this material was
derived from its elemental analysis (Tables S10 and S11†). In
addition, the presence of uorine in the powder was conrmed
J. Mater. Chem. A, 2017, 5, 12216–12235 | 12227
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Table 3 Chemical composition and surface properties of xerogels Pphen/SG

Entry
Material
Pphen/SG

Pphen : Ti(OiPr)4
molar ratio in the
synthesis Chemical composition of the material

Pphen : TiO2 molar
ratio in the solida SBET [m2 g�1]

1 6b/SG 1 : 10 (C12H7N2O2P)(TiO2)9.2(H2O)12(C3H7OH)1.9 1 : 9.2 215
2 9b/SG 1 : 10 (C12H6N2O4P2)(TiO2)10(H2O)19.5(C3H7OH)1.2 1 : 10 160
3 10b/SG 1 : 20 (C24H14N2O4P2)(TiO2)17.9(H2O)27(C3H7OH)3.5 1 : 17.9 270
4 11b/SG 1 : 20 (C36H22N2O4P2)(TiO2)18.8(H2O)37(C3H7OH)0.9 1 : 18.8 300

a The molar ratio was calculated from the P, N, and Ti content determined by elemental analysis and ICP-OES.

Fig. 3 Experimental (blue) and simulated (red) 31P MAS NMR spectrum of the material 6b/SM. The stars indicate spinning sidebands.
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by EDX-TEM analysis (Fig. S36†). It has to be also noted that
bromine was not found in the studied sample. These data are in
agreement with our hypothesis that the titania-supported phen
ligand is partially protonated in the material 6b/SM. Accord-
ingly, the bromide anion is no more present in the solid aer
the complexation reaction.

The nitrogen adsorption–desorption isotherm of Cu/6b/SM/
A at 77 K is presented in Fig. 4A and compared with those of the
bare titania support and starting material 6b/SM. Upon the
Fig. 4 Nitrogen adsorption–desorption studies: isotherms for as-synthe
(A); pore size distribution (BJH calculations) for as-synthesized TiO2 (bla

12228 | J. Mater. Chem. A, 2017, 5, 12216–12235
stepwise derivatization of TiO2, no change in the shape of
isotherms was observed, whereas a marked decrease in the BET
surface area (from 650 to 243 m2 g�1, Table S12†) and pore
volume (from 1.36 to 0.55 cm3 g�1, Table S12†) was noted,
which is consistent with the presence of a signicant amount of
graed complex on the surface.

The morphology of solids 6b/SM and Cu/6b/SM/A was
studied by SEM and TEM microphotographies and compared
with that of the bare TiO2 support. SEM images are shown in
sized hydrated TiO2 (black), solid 6b/SM (red) and Cu/6b/SM/A (blue)
ck), 6b/SM (red) and Cu/6b/SM/A (blue) (B).

This journal is © The Royal Society of Chemistry 2017
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Table 4 Insertion of copper(I) ions into the material 6b/SM

Entry Solid
Copper complex
(equiv. of graed 6b)

Cu : 6b
molar ratioa

SBET
[m2 g�1]

1 Cu/6b/SM/P1 Cu(PPh3)3Br (1.1) 0.16 : 1 ndb

2 Cu/6b/SM/P2 Cu(PPh3)3Br (2.6) 0.29 : 1 ndb

3 Cu/6b/SM/A Cu(MeCN)4PF6 (2.6) 1 : 1 243

a The molar ratio was calculated from the Cu, P, and N content
determined by elemental analysis and ICP-OES. b Not determined.
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Fig. 5. As-synthesized hydrated TiO2 is composed of strongly
aggregated nanoparticles displaying a similar shape and quite
narrow distribution of the grain size. As seen in Fig. 5, graing
of the Pphen ligand (material 6b/SM) and the subsequent
insertion of copper(I) ions (material Cu/6b/SM/A) do not have
any inuence on the morphology of solids. TEM images of 6b/
SM and Cu/6b/SM/A are shown in Fig. S33.† The mesoporous
nanospheroids with a diameter ranging from 5 to 20 nm are
irregularly distributed in the space and separated by large
widths of hundreds of nanometers. The calculated external
specic surface area of non-aggregated anatase nanoparticles of
this size is in the range of 75–300 m2 g�1 that evidences the
presence of interior mesopores in at least bare TiO2 (SBET ¼ 650
m2 g�1). This morphology perfectly ts the catalytic application
providing the accessibility of catalytic sites and mass transfer of
reagents and products through large channels separating the
nanoparticles. Powder X-ray measurements demonstrate that
these samples are non-crystalline (Fig. S37†).

All Cu/Pphen/SG and Cu/Pphen/SM materials except 5b/SM
change their brown colour to green-blue aer exposure to air for
Fig. 5 SEM microphotographs of bare hydrated TiO2 (A), solid 6b/SM (B
series were obtained from powders deposited on a silicon wafer as ethan
by the dispersion of the materials on a conductive carbon tape and carb

This journal is © The Royal Society of Chemistry 2017
a few weeks. Oxidation of copper(I) ions was assumed and
proved by EPR spectroscopy and diffuse reectance spectros-
copy. As a representative example, the EPR spectrum of Cu/6b/
SM/A stored in air is presented in Fig. S38.† The spectrum
recorded in X-band frequencies at 100 K shows a broad line in
the region of 2500–3600 G due to an intermolecular spin
exchange caused by spin coupling between paramagnetic cop-
per(II) centres located in close proximity. As a result, the
anisotropic gi values cannot be determined by simulation
experiments due to the broad linewidth that precluded any
studies of a copper ion environment in the solid state. We also
observed a very large and weak band in the region of 700–
950 nm in the diffuse reectance spectrum of Cu/6b/SM/A due
to d–d electron transitions in copper(II) complexes.97,98 However,
the weak intensity of this band and its broadness also excluded
any conclusions on the copper(II) ion environment (Fig. S39†).
Catalytic reactions

Sonogashira coupling. The catalytic cross-coupling reaction
of aryl halides with terminal acetylenes is a well-known and
useful method in organic synthesis which is frequently
employed for the synthesis of biologically active molecules,
heterocycles, natural products, or polymers.99,100 Commonly,
this reaction is performed in anhydrous solvents in the pres-
ence of tertiary amines, palladium catalysts and with copper
salts as co-catalysts. Palladium-free conditions were also widely
explored99,101–103 but heterogenized copper complexes are still
limited by a few examples.47,104–107

In the preliminary experiment, a model reaction of p-
iodoanisole with phenylacetylene in toluene at 110 �C was
) and the material Cu/6b/SM/A (C). Upper microphotographs of each
ol suspensions. Bottom images were observed using samples prepared
on coating (8 nm).
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Table 5 Reaction of alkynes with aryl iodides catalysed by Cu/6b/SM/Aa

Entry Alkyne Aryl halide Product Yieldb [%]

1c 27d

2 (1st cycle) 99
3 (2nd cycle) 98
4 (3rd cycle) 99
5 (4th cycle) 99
6 (5th cycle) 99

7 99

8 99

9 99

10 99

11 99

12 99

13 99

14 99

15 99

16 99

a Reaction conditions: 0.75 mmol of the alkyne, 0.5 mmol of the aryl halide, 1 mmol of Cs2CO3, 5 mol% Cu/6b/SM/A (calculated on the graed
complex) and 10 mol% of PPh3 were reuxed in toluene (2 mL) under Ar. b The yield was determined by 1H NMR spectroscopy of the crude
product. c The reaction was performed without PPh3.

d 77% conversion of the aryl halide was observed aer 72 h.
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performed in the presence of cesium carbonate and 5 mol% of
Cu/6b/SM/A (Table 5, entry 1). The reaction proceeded slowly
yielding the product of C–C coupling in 27 and 77% yield aer
16 and 72 h, respectively. When 10mol% of PPh3 was added, the
reaction afforded the target product 12 in 98% yield aer 16 h of
reux. The reaction performed in the dark proceeds as well as in
the daylight. This indicates that no photocatalytic process was
observed under the studied conditions. To determine whether
a non-supported copper catalyst could catalyse the reaction,
a hot ltration test was performed (Fig. S40†). The ltered
solution didn't show any catalytic activity that testied
a heterogeneous catalytic process. The positive role of PPh3 in
this heterogeneous reaction can stem from its inuence on the
12230 | J. Mater. Chem. A, 2017, 5, 12216–12235
structure of intermediate complexes involved in the catalytic
cycle or its ability to reduce inactive Cu(II) complexes to cop-
per(I) chelates.108

To prove that graed phenanthroline complexes are true
catalytic centres and clarify the role of the phen ligand, titania-
supported Cu(MeCN)4PF6 was prepared by the impregnation of
TiO2 powder in CH2Cl2 solution of this complex at room
temperature. This material and non-modied titanium support
didn't promote the studied reaction indicating that titania-
supported Cu/Pphen complexes are involved in the catalytic cycle.

Next, the reaction scope was explored. Coupling products 12
were obtained in near-quantitative yield starting from aryl
halides with electron-donating or electron-withdrawing groups
This journal is © The Royal Society of Chemistry 2017
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Scheme 6 Cascade reactions of iodides 13 and 14 with
phenylacetylene.
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including sterically bulky o-isomers. Phenylacetylene can also
be replaced by different aliphatic or aromatic alkynes without
any loss of selectivity and product yield (entries 11–16).

Aer the reaction proceeds to completion, the catalyst can be
recovered by centrifugation, washing with MeOH and subse-
quent drying at 80 �C under reduced pressure. The catalytic
performance of the recovered solid was explored in the reaction
of p-iodoanisole with phenylacetylene. The catalyst was reused
in ve consecutive cycles retaining completely the selectivity
and the product yield (entries 2–6). The recycled solids were also
introduced in the reactions with different aryl iodides (entries
7–10) and showed the same catalytic efficiency as the catalyst
Cu/6b/SM/A. When o-iodophenol (13) or o-iodo(triuoroacetyl)
aniline (14) was reacted with phenylacetylene, cascade catalytic
reactions involving Sonogashira coupling and the addition of
N–H or O–H bonds to the triple bond are observed to yield
benzofuran 15 and indole 16 (Scheme 6). The cyclization
products were obtained in quantitative yield.
Table 6 Huisgen cycloaddition catalysed by Cu/6b/SM/Aa

Entry Alkyne, R1 Azide

1c H

2 H

3 H

4 H

5 Me

6 tBu

7 CO2Me

8 CN

a Reaction conditions: 0.25 mmol of the alkyne, 0.25 mmol of the azide,
complex) in THF (1 mL) at 60 �C under Ar. b Isolated yields. c The rea
graed complex) for 1 h.

This journal is © The Royal Society of Chemistry 2017
It's worth noting that materials 3b/SG/10, 3b/SG/20, 1b/SM
and 2b/SM based on copper complexes with one phen ligand
also catalyse the reaction of phenylacetylene with p-iodoanisole.
However, they are less convenient in practice due to a smaller
number of catalytic centres as compared to Cu/6b/SM/A. In
contrast, 4b/SM and 5b/SM prepared by graing bis(Pphen)
copper complexes 4b and 5b were inactive like their counter-
parts 4a and 5a, respectively, which were studied under homo-
geneous conditions. These results are in accordance with
previous reports81 and can be explained by the slow dissociation
kinetics of copper complexes bearing two phen ligands.

Huisgen 1,3-dipolar cycloaddition. Copper-catalysed alkyne–
azide cycloaddition is a novel synthesis paradigm having
a remarkable practical and ecological impact and widely
employed in the synthesis of many functional molecules
including pharmaceuticals, dyes, sensors, and bio-
conjugates.109–116 This reaction allows delivery of sophisticated
molecules or libraries of substituted 1,2,3-triazoles due to its
selectivity, excellent functional compatibility, reliability and
simplicity of experimental conditions. However, the separation
of targeted molecules from resting copper by-products is still
challenging and has a primordial importance for further
development of this synthesis method.33,35,41,117–120 In this
regard, we have explored the alkyne–azide cycloaddition in the
presence of the material Cu/6b/SM/A (Table 6). First, the reac-
tion conditions were optimized using the reaction of phenyl-
acetylene with p-nitrobenzyl azide as a model reaction. The
Product Yieldb [%]

99

99

99

95

99

99

96

92

0.25 mmol of NEt3, 1 mol% of Cu/6b/SM/A (calculated on the graed
ction was performed with 5 mol% of Cu/6b/SM/A (calculated on the
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solvent was found to be a key parameter inuencing the reac-
tion rate. The cycloaddition product was not detected when the
reaction was carried out in toluene or dichloromethane. Polar
coordinating solvents like THF or DMF were required to obtain
a complete conversion to 1,2,3-triazole, and in THF the reaction
was rapid. When it was performed at 60 �C in the presence of
triethylamine and 5 mol% of Cu/6b/SM/A, the product was
isolated in near-quantitative yield aer 1 h of stirring (Table 6,
entry 1). Complete conversion was also achieved employing 1
mol% of the catalyst although the reaction time should be
increased up to 3 h (entry 2). It is worth noting that the reaction
was not observed under the studied conditions without the
catalyst and in the presence of the non-modied TiO2 powder. A
hot ltration test revealed that the cycloaddition proceeds as
a heterogeneous process even when performed in the coordi-
nating THF solvent and in the presence of triethylamine, which
is a strong ligand for copper ions (Fig. S41†).

The reaction was successful and proceeded without complica-
tions with azides bearing benzyl and even alkyl residues (entries
3–5). The aromatic alkynes gave high yields of click products
independent of whether electron-donor or electron-withdrawing
substituents were present in the aromatic ring (entries 5–8).

Catalyst recovery and rening was straightforward. Aer
completion of the reaction, the catalyst was isolated by centri-
fugation, washed with THF and introduced in the next cycle. Ten
consecutive reactions of phenylacetylene with p-nitrobenzyl azide
Fig. 6 Recycling of Cu/6b/SM/A in the Huisgen cycloaddition of
phenylacetylene with p-nitrobenzyl azide (Table 6, entry 1).

Fig. 7 SEMmicrophotographs of solidCu/6b/SM/A (A), and the recycled
samples prepared by the dispersion of the materials on a conductive ca

12232 | J. Mater. Chem. A, 2017, 5, 12216–12235
were carried out giving the target 1,2,3-triazole in comparable
yields (90–98%) (Fig. 6). The content of resting copper derivatives
in the nal products was determined by using the ICP-OES
technique. The average value of copper content was found to
be 48 ppm and 15 ppm for the Sonogashira coupling (Table 5,
entry 2) and the Huisgen cycloaddition (Table 6, entry 1) reac-
tions, respectively, which is among the lowest values reported for
heterogeneous copper catalysts.23,121–127

The morphology of recovered catalysts was also investigated
by using SEMmicrophotography of the solid recovered aer the
Sonogashira-type coupling performed in toluene in the pres-
ence of PPh3 and the strong Cs2CO3 base. As seen in Fig. 7, the
morphology of Cu/6b/SM/A remains intact aer completion of
the reaction and the powder is composed of uniform agglom-
erates of primary nanoparticles.
Conclusions

In the present work, different strategies for the covalent
immobilization of copper complexes with phen ligands func-
tionalized by phosphonate groups (Pphen) were systematically
explored. The reported SG methods for the preparation of
titania-supported transition metal complexes were compared
with the SM of hydrated mesoporous titania that we have
synthesized recently. The resulting hybrid materials were
characterized as both bulk solids and at the molecular level by
using different physicochemical methods including elemental
analysis, infrared spectroscopy, nitrogen sorption isotherms,
and SEM microphotography.

Immobilization of labile heteroleptic copper(I) complexes with
Pphen ligands is accompanied by a partial removal of metal ions
whatever experimental procedure was used for the covalent
linkage of these complexes to TiO2 supports. This drawback can
be overcome by using the stepwise method involving the
immobilization of Pphen-Si ligands and their consecutive
complexation with copper(I) ions. The most porous material Cu/
6b/SM/A in which the Pphen ligand is linked to the surface by
a single phosphonate group located at the 3-position of the
phenanthroline backbone and coordinated to copper(I) ions was
prepared by the post-synthesis modication of hydrated meso-
porous TiO2 (SBET ¼ 650 m2 g�1). This material exhibits a BET
catalyst after Sonogashira coupling (B). The images were obtained using
rbon tape and carbon coating (8 nm).

This journal is © The Royal Society of Chemistry 2017
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surface area of 246 m2 g�1, contains 0.57 mmol of the graed
complex per gram of the solid and benets from the high thermal
and chemical robustness, nanosized morphology, mesoporosity
and spatial separation of catalytic sites.

The excellent catalytic performance of Cu/6b/SM/A in the
Sonogashira-type coupling and Huisgen 1,3-dipolar cycloaddition
was also demonstrated. Fairly low catalyst loading, simple
recovery and reuse of the solid were achieved in both studied
reactions proceeding through principally different reaction path-
ways. This catalytic versatility of the copper catalyst is highly
desirable for sustainable chemistry but still rarely reported owing
to the challenge in the preparation of robust catalysts applicable
for a wide range of experimental conditions. Our ongoing work
focuses on the screening of catalytic reactions promoted byCu/6b/
SM/A. This work also paves the way towards cost-effective het-
erogenized transition metal catalysts prepared by graing of
metal complexes decorated by phosphonate anchoring groups
onto the surface of mesoporous TiO2 that we have prepared
recently by the non-templating sol–gel process.
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