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1,10-Phenanthroline-based periodic mesoporous
organosilica: from its synthesis to its application in
the cobalt-catalyzed alkyne hydrosilylationt
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1,10-Phenanthroline (Phen) is a typical ligand for metal complexation and various metal/Phen complexes
have been applied as a catalyst in several organic transformations. This study reports the synthesis of
a Phen-based periodic mesoporous organosilica (Phen-PMO) with the Phen moieties being directly
incorporated into the organosilica framework. The Phen-PMO precursor, 3,8-bis|(triisopropoxysilyl)
methyl]-1,10-phenanthroline (1a), was prepared via the Kumada—-Tamao—-Corriu cross-coupling of 3,8-
dibromo-1,10-phenanthroline and [(triisopropoxysilyllmethyllmagnesium chloride. The co-condensation
of 1la and 1,2-bis(triethoxysilyllethane in the presence of P123 as the template surfactant afforded Phen-
PMO 3 with an ordered 2-D hexagonal mesoporous structure as confirmed by nitrogen adsorption/
desorption measurements, X-ray diffraction, and transition electron microscopy. Co(OAc), was
immobilized on Phen-PMO 3, and the obtained complex showed good catalytic activity for the
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Introduction

In 1999, periodic mesoporous organosilica (PMO) materials
were developed independently by three groups, Inagaki, Ozin,
and Stein."” Since then, these materials have been attracting
attention as organic/inorganic hybrid materials owing to their
ordered mesoporous structures.* In particular, PMOs are
promising candidates in catalysis, where they are used as solid
ligands to immobilize active metal complexes in the meso-
pores.> While the direct incorporation of pre-formed metal
complexes into organosilica frameworks during the synthesis of
PMOs has been already reported,” PMOs can act as versatile
solid ligands by (a) the direct incorporation of a coordination
site into the organosilica framework followed by complexa-
tion,”® or (b) the post-functionalization of PMOs by grafting
a metal complex/a coordination site via the surface silanol
groups or functional groups integrated into the organosilica
framework.”

In the direct incorporation approach, 2,2"-bipyridine-based
periodic mesoporous organosilica (BPy-PMO), prepared from
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hydrosilylation reaction of phenylacetylene with phenylsilane.

a 5,5 -bis(triisopropoxysilyl)-2,2"-bipyridine precursor, has been
the most widely developed solid ligand for an array of metal
complexes.”*® The immobilized complexes obtained by this
approach have been employed as catalysts for various organic
transformations and photocatalytic reactions. Furthermore, the
synthesis of BPy-PMO analogs that fine-tune the catalytic
activity and/or impart new reactivity have been reported,"
which can further enhance the potential of PMOs in catalysis.

1,10-Phenanthroline (Phen) has a coordination geometry
similar to 2,2"-bipyridine because both have two sp> nitrogen
atoms and can form five-membered chelates upon their coor-
dination with a metal center.'* The C2-C2’ bond of 2,2"-bipyr-
idine can rotate freely, whereas Phen possesses a more rigid
planar geometry because of the additional -HC=CH- bridge.
Therefore, the two sp nitrogen atoms of Phen are juxtaposed to
readily form a chelate. Furthermore, the additional bridge
extends its 7-conjugated system. Consequently, Phen and 2,2
bipyridine sometimes exhibit different catalytic activities when
applied as ligands for metal complexes.*

Several Phen-PMOs, in which the Phen moieties have been
directly incorporated into the organosilica framework, have
been previously reported (Fig. 1a).** In these precursors, tri-
alkoxysilyl groups are connected to the Phen moiety at the 5,6 or
5 position(s) through a conformationally flexible propylene
linker with a urea or urethane function. This study reports the
synthesis and characterization of a novel class of Phen-PMOs, in
which the trialkoxysilyl group was linked to Phen at the 3,8
positions via a less flexible methylene linker (Fig. 1b). The
immobilization of Co(OAc), on the as-synthesized Phen-PMO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Phen-PMO precursors in (a) previous works and (b) this work.

and its preliminary application as an immobilized catalyst for
alkyne hydrosilylation are also investigated.

Results and discussion
Synthesis of the Phen-PMO precursor

Although Phen derivative 2 bearing trialkoxysilyl groups directly
at the 3,8 positions is a possible precursor for Phen-PMOs,
precursor 2 might decompose by proto-desilylation during the
preparation of PMOs, especially under acidic conditions
(Fig. 2).** The extended w-conjugated system of 1,10-phenan-
throline would promote protonation on the ipso-carbon atom by
stabilizing the corresponding c-complex, thus resulting in
proto-desilylation. Consequently, Phen derivative 1 incorpo-
rating trialkoxysilylmethyl groups at the 3,8 positions was
synthesized as a Phen-PMO precursor. Since the trialkoxysilyl
group is attached to the Phen moiety through an sp® carbon
atom, the proto-desilylation reaction was not expected to
proceed.

A straightforward route for the synthesis of Phen-PMO
precursor 1 is via the cross-coupling of 3,8-halo-1,10-
phenanthroline and a [(trialkoxysilyl)methyl]metal reagent.
However, the Phen moiety exhibits a potent coordination ability
with the metal center, so its coordination to transition metal

Si(OR)
7 N/ \ :
(RO)5Si —N N= Csp®-Si bond
1 more robust
(RO)gSi 7 N/ N\ Si(OR)g
=N =
2 ™~ Csp?-Si bond

possible decomposition
(proto-desilylation)

Fig. 2 Comparison of Phen-PMO precursor candidates 1 and 2.
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catalysts for the desired cross-coupling should be avoided.
Therefore, the Kumada-Tamao—-Corriu cross-coupling, a robust
C-C bond formation reaction, was employed for the synthesis of
Phen-PMO precursor 1 (Scheme 1). The Kumada-Tamao-Corriu
cross-coupling of the commercially available 3,8-dibromo-1,10-
phenanthroline and [(triisopropoxysilyl)methyl|magnesium
chloride,*® prepared from (chloromethyl)triisopropoxysilane
and magnesium powder in THF, was carried out in the presence
of Ni(dppp)Cl, (6 mol%) at 140 °C in an autoclave with a PTFE
inner vessel. Consequently, 3,8-bis[(triisopropoxysilyl)methyl]-
1,10-phenanthroline (1a) was isolated in a moderate but
acceptable yield (41%) (Table 1, entry 1). High temperatures
were essential for the desired cross-coupling reaction to
proceed. Under reflux conditions (THF: bp 66 °C) and in
a standard glassware, only a trace amount of 1a was detected
(entry 2). Performing the reaction in an autoclave at 90 °C
afforded 1a in a slightly lower yield (entry 3). The yield
decreased in the presence of dppe ligand having a narrower bite
angle and dppf with a wider bite angle than dppp (entries 4 and
5).

Synthesis and characterization of Phen-PMO

The synthesis of Phen-PMO using 1a as the sole precursor did
not afford any mesoporous materials. Consequently, the co-
condensation of 1a and 1,2-bis(triethoxysilyl)ethane (BTEE)
was investigated in the presence of three template surfactants:
C,,TMAC], polyoxyethylene(10) stearyl ether (Brij76), and
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(-
ethylene glycol) (P123). The co-condensation in the presence of
C,,TMACI as an ionic template surfactant under basic condi-
tions resulted in the partial cleavage of the Si-C bonds of the
precursor, as indicated by the detection of peaks corresponding
to the Q units around —100 ppm in the *°Si dipolar decoupling/
magic-angle spinning (DD/MAS) NMR spectroscopy (Fig. S1t).
In the presence of Brij76 as a nonionic surfactant template
under acidic conditions, the Si-C bond cleavage was sufficiently
suppressed (Fig. S2t), and the formation of a mesoporous
structure was confirmed by the nitrogen (N,) adsorption/
desorption analysis which exhibited a typical type IV isotherm
(Fig. S3t). However, transmission electron microscopy (TEM)

Cl
(iPrO)3Si
l Mg, THF
72 VA . MgC!
Br— s (iPrO)Si
N N
6 mol% Ni(dppp)Cl,
THF, 140 °C, 17 h
(autoclave)
Si(OiPr)3
7 N\ N\
(iPrO)3Si —N N=—

1a
41% isolated yield

Scheme 1 Synthesis of Phen-PMO precursor 1la.
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Table 1 Optimization of nickel/diphosphine catalysts and reaction
temperature

Entry Cat. T (°C) Yield” (%)
1 Ni(dppp)Cl, 140 56 (41)°
2¢ Ni(dppp)Cl, 66 (reflux) Trace

3 Ni(dppp)Cl, 90 53

4 Ni(dppe)Cl, 140 46

5 Ni(dppf)Cl, 140 46

? Determined by 'H NMR analysis using mesitylene as internal
standard. ? Isolated yield. © Reaction was carried out in a glassware.

images revealed that the obtained Phen-PMO had a disordered
structure (Fig. S47). An ordered 2-D hexagonal mesoporous
material, Phen-PMO 3, was obtained when the co-condensation
was performed in the presence of P123 and KCl under acidic
conditions (Scheme 2).

The incorporation of the Phen unit of 1a and the ethylene
unit of BTEE into Phen-PMO 3 was confirmed by the **C cross-
polarization (CP)/MAS NMR spectroscopy (Fig. S5f). Further-
more, the *>°Si CP/MAS NMR spectrum of 3 showed peaks cor-
responding to the 7% and 7° units in the —50 to —70 ppm range
(Fig. S6t). Moreover, significant peaks corresponding to the Q
units around —100 ppm were not observed, thus indicating that
the Si—C bonds of the precursors were maintained in Phen-PMO
3. The amount of Phen units introduced into Phen-PMO 3 was
0.75 mmol g~ as calculated from the nitrogen content (2.1%)
determined by elemental analysis. The N, adsorption/
desorption analysis showed a type IV isotherm with hysteresis
in the relative pressure (P/P,) range from 0.65 to 0.75, which
indicated the formation of a mesoporous structure (Fig. 3). The
Brunauer-Emmett-Teller surface area (Sggr) and pore diameter
(dgju) were 607 m*> g ' and 8.2 nm, respectively. The X-ray
diffraction (XRD) analysis of Phen-PMO 3 showed a sharp
peak at 26 = 0.86° (d = 10.3 nm) with two diffraction peaks at 26
=1.48° (d = 6.00 nm) and 1.72° (d = 5.60 nm), corresponding to
the 2-D hexagonal lattice (a, = 12.0 nm) (Fig. 4). The absence of
a peak at the medium scattering angles indicated that the

S0P, Si(OEt)q
7 N/ \ N
(PrO),Si =N N= (E10)Si
1a BTEE
1) P123, KCl, conc.HCIH,O
45 °C, 24 h, then 100 °C, 24 h
2) 2 M HCV/ELOH, RT, overnight
HO =~
\S-’O\‘Si N N\
. T \
4 HO \ OH
i Si—e
.// \\\T /
HO Si/o\sf OH d
. I
Phen-PMO 3 ' '\/\./Sl—o/ Jor

Scheme 2 Synthesis of Phen-PMO 3.
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Fig. 3 N, adsorption/desorption isotherm of Phen-PMO 3 (closed
symbols: adsorption; open symbols: desorption).

organosilica wall constructed by the co-condensation of Phen-
PMO precursor la and BTEE was amorphous, unlike the
crystal-like BPy-PMO and PEPy-PMO in which the organic units
are regularly arranged in the pore wall (PEPy = pyr-
idinylethynylpyridine).”*” The thickness of the pore wall was
3.8 nm calculated by subtracting the pore diameter (dpyy) from
the lattice constant (a,). The TEM images of Phen-PMO 3
confirmed the formation of a 2-D hexagonal mesoscopically
ordered structure (Fig. 5a) and uniform 1-D channels much
longer than 100 nm (Fig. 5b). The channel size was in the 8-
10 nm range, which was consistent with that obtained by N,
adsorption isotherm (8.2 nm).

Immobilization of Co(OAc), on Phen-PMO and its application
in alkyne hydrosilylation

In order to examine the potential of Phen-PMO 3 as a solid
ligand to immobilize metal complexes, the immobilization of
Co(OAc), onto Phen-PMO 3 was investigated (Scheme 3). The
immobilization was achieved by simply mixing Co(OAc), and
Phen-PMO 3 in EtOH at 60 °C at an initial molar ratio of 1/2 (Co/
Phen units) to obtain Co(OAc),@Phen-PMO 4. The immobilized
Co content was 0.21 mmol g~' determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), thus
indicating that approximately 30% of Phen units introduced

80000 -
0.86° (d = 10.3 nm)
60000 -
(72}
Q
o
2 40000 -
2
Q o —_
Z 50000 - 1.48° (d = 6.00 nm)
/1720 (d = 5.60 nm)
0 : : . . .

0 2 4 6 8 10
26/ degree (Cu-Ka)

Fig. 4 XRD pattern of Phen-PMO 3.
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Fig. 5 TEM images (a) and (b) of Phen-PMO 3.
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: HO SI/O\Sf OH &
Y i . 1
Phen-PMO3 i\/\.’SI‘O/i OH
Co(OAc),
EtOH, 60 °C

Co(OAc),@Phen-PMO 4

Scheme 3 Synthesis of Co(OAc),@Phen-PMO 4.

into Phen-PMO 3 was coordinated with Co. Due to the thickness
and amorphous nature of the organosilica walls, Phen-PMO 3
could contain less accessible and even inaccessible Phen
moieties.

The catalytic performance of Co(OAc),@Phen-PMO 4 was
preliminary investigated in the hydrosilylation reaction of
phenylacetylene with phenylsilane (Scheme 4)."® In the presence
of a catalytic amount of Co(OAc),@Phen-PMO 4 (0.5 mol%/Co),
phenylacetylene underwent the hydrosilylation to give the cor-
responding alkenylsilanes, a-isomer 5a and B-trans-isomer 52/,
in 65% yield and at a 3:1 ratio (see also Table S17). The intro-
duction of an electron-donating methoxy group at the para-
position did not affect the yield but slightly improved the
regioselectivity. The reaction of a phenylacetylene derivative

_— H Co(OAc),@Phen-PMO 4
. (0.5 mol%/Co)
+ PhSiHg
THF, 100°C, 2 h
X
SiH,Ph
X _SiHPh
+ /©/\/
X X
5 5
(o isomer) (B-trans isomer)

X=H: 65% yield (5a:5a’ = 3:1)
X = MeO: 64% yield (5b:5b’ = 4:1)
X =CFj3: 44% yield (5¢:5¢’ = 3:1)

Scheme 4 Hydrosilylation of phenylacetylene derivatives catalyzed by
Co(OAc),@Phen-PMO 4.
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with an electron-withdrawing trifluoromethyl group resulted in
a lower yield of 44%. The reaction did not proceed with
Co(OAc), in the absence of any external ligands under the
studied conditions, whereas a homogeneous counterpart,
a combination of Co(OAc), and 1,10-phenanthroline, afforded
the alkenylsilanes 5a and 5a’ with a 10: 1 ratio in 53% yield. It
was thus assumed that the cobalt species which coordinated to
the Phen moieties was the active catalyst. Although the detailed
reaction mechanism and the structure of the active species are
still unclear, the mesopore wall in which the Phen moieties are
embedded would affect the regioselectivity. Since ligands can
control the regioselectivity in cobalt-catalyzed hydrosilylation of
terminal alkynes," Co(OAc),@Phen-PMO 4 which has the
unique steric hindrance around the Phen moieties showed the
different regioselectivity from the combination of Co(OAc), and
1,10-phenanthroline. Although we attempted catalyst recycle
experiments, the Co(OAc),@Phen-PMO 4 recovered by filtration
under a N, atmosphere after the first hydrosilylation cycle of
phenylacetylene with phenylsilane showed diminished yield of
5% in the second hydrosilylation cycle.

Experimental
General information

All experiments were performed under nitrogen atmosphere
using either the Schlenk technique or a glove box. All chemicals
were purchased from Kanto Chemical Co., Inc., FUJIFILM Wako
Chemicals, Sigma-Aldrich, or Tokyo Chemical Industry (TCI),
and used as received without further purification. 3,8-Dibromo-
1,10-phenanthroline was prepared according to a previously re-
ported procedure.* Silica gel column chromatography was per-
formed on a Yamazen AI-580 Single Channel Automated Flash
Chromatography System. 'H, "*C{'H} and *°Si{'"H} NMR spectra
were recorded on a Bruker AVANCE III HD NMR spectrometer
(*H NMR at 600 MHz; "*C{"H} NMR at 151 MHz; *°Si{'H} NMR at
119 MHz). *C CP/MAS NMR and *°Si CP/MAS NMR measure-
ments were performed using a 4 mm diameter ZrO, rotor at
a sample spinning frequency of 8 kHz using a Bruker AVANCE II
NMR spectrometer (**C CP/MAS NMR at 100.6 MHz; >°Si CP/MAS
NMR at 79.49 MHz). ICP-AES was performed on a Hitachi High-
Tech PS3520VDDII in the Toray Research Center, Inc. Nitrogen
adsorption/desorption isotherms were measured using a Micro-
tracBEL BELSORP MAX-II instrument. BET surface areas were
calculated from the linear sections of the BET plots (P/P, = 0.1-
0.2). Pore-size distributions were calculated from adsorption
branch using the Barrett-Joyner-Halenda (BJH) method. XRD
patterns were recorded on a Rigaku RINT-TTR diffractometer
under Cu Ko radiation (50 kv, 300 mA). TEM images were ob-
tained on a JEOL JEM-2100F operating at 200 kV.

Preparation of [(triisopropoxysilyl)methylmagnesium

chloride

(iPrO);SiCH,CI (3.18 g, 12.5 mmol) was dissolved in THF (18.1
mL). Mg powder (332 mg, 13.7 mmol) was placed in a two-
necked flask (50 mL) to which the THF solution of (iPrO);-
SiCH,Cl (9.4 mL) was added dropwise under continuous

RSC Adv, 2023, 13, 7828-7833 | 7831
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stirring. 3 drops of dibromoethane were then added to the
mixture, and the flask was heated to 80 °C. The remaining THF
solution of (iPrO);SiCH,Cl was added dropwise over 10 min.
The mixture was then stirred at room temperature for 4 h. The
resulting solution of (iPrO);SiCH,MgCl was used in the cross-
coupling reaction without further purification.

Preparation of 3,8-bis[(triisopropoxysilyl)methyl]-1,10-
phenanthroline (1a)

3,8-Dibromo-1,10-phenanthroline (1.49 g, 4.4 mmol) and a stir-
ring bar were placed in an autoclave (125 mL) with a PTFE inner
vessel and Ni(dppp)Cl, (138 mg, 6 mol%) and THF (50 mL) were
gradually added. A THF solution of (iPrO);SiCH,MgCl (12.5
mmol) was added dropwise over 3 min under continuous stirring.
The autoclave was sealed and stirred at room temperature for 1 h,
and then heated to 140 °C. After 17 h, the mixture was cooled to
room temperature and then quenched with water. The mixture
was extracted with CHCI; and the organic layer was washed with
brine and dried over Na,SO,. The solvents were removed by rotary
evaporator. The crude product was dissolved in n-hexane and
stirred for 15 min. The mixture was filtered through a Celite pad
and the solvent was removed by rotary evaporator. The crude
product was purified by silica gel column chromatography (n-
hexane/AcOEt) to give the Phen-PMO precursor, 3,8-bis
[(triisopropoxysilyl)methyl]-1,10-phenanthroline (1a), as a pale-
yellow solid (1.11 g, 41%). 'H NMR (600 MHz, CDCl,): 6 9.00 (d,
J=2.1Hz, 2H), 8.00 (d, ] = 2.1 Hz, 2H), 7.65 (s, 2H), 4.21 (sept, ] =
6.1 Hz, 6H), 2.36 (s, 4H), 1.15 ppm (d, / = 6.1 Hz, 36H). "*C{'H}
NMR (151 MHz, CDCL,): 6 151.9, 143.9, 134.8, 133.4, 127.9, 126.2,
65.7, 25.7, 19.6 ppm. *°Si{'H} NMR (119 MHz, CDCL):
6 —56.5 ppm. Anal. calcd for C;,Hs5,N,06Si,: C, 62.30; H, 8.50; N,
4.54. Found: C, 62.30; H, 8.90; N, 4.50.

Preparation of Phen-PMO 3

To a screw-capped vial (110 mL) equipped with a stirring bar,
P123 (0.811 g), KCI (5.17 g), distilled water (28.5 mL), and
concentrated hydrochloric acid (4.05 mL) were added under
ambient conditions, and the vial was sealed. The mixture was
cooled to 0 °C and allowed to stand until the surfactant was
completely dissolved. The mixture was then heated to 45 °C and
stirred for 30 min. An ethanol solution (1.0 mL) of Phen-PMO
precursor 1a (384 mg, 0.623 mmol) and 1,2-bis(triethoxysilyl)
ethane (1.25 g, 3.52 mmol) was added to the mixture at 45 °C
and the resulting mixture was stirred at 45 °C for 1 day. The
mixture was then heated to 100 °C and allowed to stand for 1
day. After cooling to room temperature, a pale pink precipitate
was collected by filtration, washed with water, and dried under
vacuum at 50 °C. The precipitate was then suspended in
a solution of 2 M HCI (2.8 mL)/EtOH (100 mL) and then stirred
overnight at room temperature. The precipitate was collected by
filtration, washed with water and ethanol, and dried under
vacuum at 50 °C to give Phen-PMO 3 (667 mg).

Immobilization of Co(OAc), on Phen-PMO 3

Phen-PMO 3 (201 mg) was charged in a three-neck flask (50 mL)
equipped with a mechanical stirring system. After drying Phen-
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PMO 3 in vacuum at 60 °C for 2 h, dehydrated EtOH (25 mL) was
added, and the solution was stirred for 1 h. A solution of
Co(OAc), (53 mg, 0.3 mmol) in EtOH (20 mL) was then added
dropwise for 30 min with stirring. After the addition, the slurry
was stirred at room temperature for 2 h and then at 60 °C for
16 h. After cooling to room temperature, the slurry was filtered
through a PTFE membrane and then washed with dehydrated
EtOH. The obtained solid was finally dried under vacuum to
give Co(OAc),@Phen-PMO 4 (178 mg).

Hydrosilylation of phenylacetylene

Co(OAc),@Phen-PMO 4 (11 mg, 2.4 pmol/Co), THF (1 mL),
phenylacetylene (51 mg, 0.5 mmol), and PhSiH; (68 mg, 0.6
mmol) were gradually added in a screw-caped vial (10 mL). After
the mixture was stirred at 100 °C for 2 h, mesitylene was added
as an internal standard at room temperature. The product yield
was determined by 'H NMR analysis.

Conclusions

This study reported the synthesis of Phen-PMO 3, in which the
Phen moieties were bridged to the organosilica framework
through a methylene linker, through the co-condensation of
3,8-bis[(triisopropoxysilyl)methyl]-1,10-phenanthroline (1a) and
1,2-bis(triethoxysilyl)ethane in the presence of P123 as the
template surfactant under acidic conditions. Phen-PMO 3 had
an ordered 2-D hexagonal mesoporous structure as confirmed
by the nitrogen adsorption/desorption analysis, XRD, and TEM
results. Co(OAc), was immobilized on Phen-PMO 3 to afford an
immobilized complex, Co(OAc),@Phen-PMO 4, which exhibited
good catalytic activity for the alkyne hydrosilylation reaction.
The application of Phen-PMO 3 as a solid ligand for other metal
complexes is under investigation. The results of this study
reveal the great potential of Phen-PMO 3 in catalysis.
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