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A versatile heterogeneous photocatalysis protocol was
developed by using ruthenium bipyridyl tethered porous
organosilica (Ru-POS). The versatility of the Ru-POS catalyst in
organo-photocatalysis was explored by (i)
aromatization of Hantzsch ester, (ii) reductive dehalogenation

oxidative

of alkyl halides, and (iii) functional group interconversion (FGI)
of alcohols to alkyl halides.

Visible light induced organic transformation was found to be an
attractive way to initiate organic reactions,1 since low absorbance
of organic compounds in visible region could minimize the
possibility of unwanted side reactions often associated with the use
of high-energy UV Iight.2 Recent advances in single electron transfer
photoredox catalysis by employing catalytic amount of metal
complexes such as [Ru(bpy)sCl,] (bpy = bipyridine) has been proven
to be an efficient tool in organic transformation over conventional
organic synthesis.3 The use of [Ru(bpy)g]2+ complex in photoredox
catalysis is advantageous because of its high stability in the reaction
medium such as in acidic and basic conditions, strong absorption in
visible region (Anax = 452 nm in water), long lived triplet excited
state, and most importantly its capability of readily undergoing
oxidative and reductive quenching cycle in accordance with the
reaction demand.* Therefore, [Ru(bpy)g]2+ mediated photosynthetic
organic transformations have been found to be an rapidly growing
field.>® Apart from abovementioned advantages, however, there is
a serious discrepancy associated with the [Ru(bpy)3]2+ complex, i.e.,
its solubility in common organic solvents along with water makes
the complex an excellent homogeneous catalyst, but the catalyst
recovery is a demanding task. To address the issue associated with
the catalyst recovery, various physicochemical immobilization
techniques have been adopted using different types of matrices.
Such a physicochemical immobilization sometimes results in an
uneven distribution of the catalyst as well as the catalyst leaching,
which are major drawbacks to ultimately reduce the catalytic
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activity of designed heterogeneous catalyst with respect to itc
homogeneous analogue.

Recent advancements have demonstrated that developing
organically functionalized porous silica materials’ for '
immobilization of metal complexes is a promising approach to sol »
the abovementioned problems, since the ligands of the metal
complexes remain covalently linked to the silica matrices. Hig 1
surface area, tunable pore size distribution, as well as high thermal,
hydrothermal, and mechanical stability of porous materials mc. .
them an appropriate host matrix for grafting a wide range r
catalytically active species. Keeping all these points in mind, hereit
we report a versatile, durable and reusable heterogeneous
photocatalyst based on ruthenium bipyridyl tethered porot s
organosilica (Ru-POS), where the [Ru(bpy)3]2+ complex was grafted
in situ with porous silica matrices to obtain highly unifor a
distribution of the complex with high surface area of 620 mz/g.
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Scheme 1. Schematic representation for the synthesis of Ru-POS.

The silane modified bipyridyl ligand 1 was synthesized by e
condensation of triethoxy(3-isocyanatopropyl)silane with [. 2'-
bipyridine]-4,4'-diyldimethanol. The complex 2 was then
synthesized according to the standard procedure by using >
equivalent of ligand 1 and 1 equivalent of ruthenium trichloric
(RuCl3) in the presence of sodium hypophosphite (1.5 equivalent)
ethanol (EtOH) under refluxing condition for 3h. Finally, Ru-POS wa-
synthesized by the co-condensation of complex 2 with tetraeth !
orthosilicate as the silica source and cetyltrimethylammonium
bromide (CTAB) as the structure-directing template (Scheme 1).
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Surfactant extracted Ru-POS was fully characterized using
inductive coupled plasma mass spectrometry (ICP-MS), nitrogen
adsorption/desorption measurements, high resolution transmission
electron microscopy (HRTEM), field emission scanning electron
microscopy  (FE-SEM), Fourier transform infrared (FT-IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), B¢ solid
state cross-polarization magic angle spinning (CPMAS) NMR and 2g;
solid state NMR spectroscopy. HRTEM image (Figure 1a) of Ru-POS
indicates that the pores having diameters of 3-4 nm are
homogeneously distributed throughout the sample. In a similar
manner, the pore channels can be observed in parallel direction to
the 110 reflection plane of Ru-POS (Figure S1 in ESI). Furthermore,
fast Fourier transform (FFT) diffractogram of Ru-POS (inset of Figure
1a) reveals a two-dimensional hexagonal porous channel pattern.
The dark black spots (Figure 1a) could be attributed to the Ru(bpy);
complexes at the surface as well as in the porous channels, since
the frameworks were formed based on the coordination of nitrogen
atoms from bipyridine rings with Ru. Such uniformly distributed fine
Ru complex nanoclusters are responsible for high catalytic activity
of Ru-POS. The pore diameter observed from the HRTEM images
was found to be in good agreement with the pore size obtained
from the N, adsorption/desorption data (Figure S2 in ESI). Pore size
distribution was calculated by employing Barrett-Joyner-Halenda
(BJH) method (inset of Figure S2 in ESI), which shows tetramodal
porosity at 3.82 nm, 3.64 nm, 3.37, and 3.08 nm nm. The existence
of pores with tetramodal distribution could be due to the large Ru-
bipyridyl complex between the repeating units. Pore volume of this
material is 0.77 ccg’l, which is large enough for encapsulating a
large number of organic molecules to carry out catalytic reactions.
The calculated Brunauer—-Emmett-Teller (BET) surface area of Ru-
POS is 620 ng'l. The large hysteresis in high pressure region is
attributed to the existence of non-uniform mesopores throughout
the materials. The ICP-MS analysis reveals that the Ru content of
the catalyst is 0.0495 mmol/g.

XPS is an indispensable tool to evaluate the oxidation state of
Ru chelated to the bipyridyl units in Ru-POS. The XPS spectrum of
Ru-POS is displayed in Figure 1b and Figure S3 (ESI). The C1s-Ru3d
core level XPS spectrum shows two binding energy (BE) peaks
centered at 281.3 eV and 285.5 eV, respectively. The first peak is
well resolved and can be assigned to the BE of Ru3d5/2. As the
second peak is associated with the contribution by Cls as well as
Ru3d3/2, the peak at 285.5 eV was deconvoluted and can be
assigned to the existence of Ru in +2 oxidation state.® In addition,
the intensity ratio of Ru3d5/2 to Ru3d3/2 was calculated to be 1.48.
Solid state *C CPMAS NMR spectrum (Figure 1c) of Ru-POS exhibits
characteristic peaks for the organic ligands integrated within Ru-
POS. The SEM elemental mapping images (Figure 1d-i) clearly
validate the homogenous distribution of C, O, N, Si and Ru elements
throughout the material. Energy dispersive X-Ray (EDX) pattern
indicates the presence of Ru in Ru-POS (Figure S4 in ESI).

After successful synthesis and characterization of Ru-POS, we
intended to explore it as a versatile heterogeneous photoredox
catalyst. Thus, catalytic activity of Ru-POS was tested for three
different sets of organic transformations as described below.
Dihydropyridine (DHP) derivatives commonly known as Hantzsch
esters (HE) were found to be attractive candidates in medicinal
chemistry owing to their uses in the treatment of cardiovascular
diseases.>™® The DHP derivatives can be synthesized via three
component Hantzsch reaction. There are several reports regarding
the synthesis of DHP derivatives, mostly focusing on the
optimization of the reaction conditions to obtain DHP derivatives in
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high yield and high purity. There are also some rgpEKts. Whsine
catalytic oxidation mediated dehydrogénatiohl0&f/CDHP3GG7E
investigated9C and the as-produced hydrogen was further employe:*
in several organic transformations.>**!! To explore the catahti~
activity of the Ru-POS catalyst towards the reductive quenching = f
[Ru(bpy)3]2+ mediated organic transformation as a flexible metho.,,
oxidative elimination of hydrogen from HE to obtain correspondir ,
highly substituted pyridine derivatives was tested in this work. Bot.
usual (path A)12 and unusual (path B)m HEs were synthesize !
(Schemes S2-S5 in ESI) followed by dehydrogenation in tt >
presence of Ru-POS in acetonitrile suspension under atmospheri~
oxygen (Table 1), leading to corresponding pyridine derivatives.

(c) Aliphatic Carbon

Carbonyl & Aromatic
Carbon

Intensity (au)
Intensity (au)

292 290 288 286 284 282 280 500 180 160 140 120 100 80 60 40 20 0 -2
Binding Energ Chemical Shift (ppm)
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= 1
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Figure 1. Characterization of Ru-POS: (a) HRTEM image of surfactant extract. 4
Ru-POS, (b) XPS spectra of Ru-POS, (c) solid state C CPMAS NMR spectrum _.
Ru-POS, (d) SEM image of Ru-POS, (e-i) SEM X-ray elemental mapping of Ru-PC~
showing the presence of constituting elements: (e) nitrogen (N), (f) rutheniu 2

(Ru), (g) carbon (C), (h) oxygen (0), and (i) silicon (Si).
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Table 1. Synthesis of various 2-arylpyridines and 4-arylpyridines from their
corresponding DHP derivatives by following the optimized photocatalytic
conditions.’

COEt COEt
Me A At Ru-POS )OI\/(L)L Ru-POS  Me A Ar
N_~ hv> 400 nm ArCHO+ OEt hv>400mm _ L N
COEL  cHyeN NH4OAc CHyeN  EtO2
3a-d Me Path A Path B 4a-d Me
Aldehyde Product (3) Product (4) Yield(%) TOF(h™)
_CHO COE 90 (3a) 454
| Me (AL 92 (4a) 464
& |
N
EtO,C~ Y
Me al
CHO CO.E
Me 89(3b) 449
al | A 94 (4b) 474
N
EtO,C7 Y
Me
OMe CO.E OMe
CHO Ve 2 89(3c) 449
/©/ | a 89 (4c) 449
MeO EtO,C N
NO Me NO
2 2
cHO COE 90 (3d) 454
Me Me 90 (4d) 454
| N
O:N Et0,C 7 Y
Me

“ DHP (1 mmol) and Ru-POS (20 mg) in 10 mL acetonitrile under light irradiation
for 2h

It was observed that both usual and unusual HEs underwent
efficient photocatalytic oxidative hydrogen elimination in the
presence of atmospheric oxygen. The atmospheric oxygen forms
superoxide radical ion (0"") under photolytic conditions, which is
the active oxidizing agent responsible for the abstraction of proton
from HEs to afford corresponding highly substituted pyridine
derivatives'® in high yields and high turnover frequency (TOF > 449).
By employing the optimized reaction conditions, the oxidative
aromatization of HE to yield the pyridine derivative 4a was carried
out again to demonstrate the durability and recyclability of Ru-POS
in ten successive catalytic cycles. The reused Ru-POS catalyst after
10th catalytic cycle was characterized employing HRTEM (Figure
S1d in ESI), XPS (Figure S3d in ESI), B¢ cP MAS NMR (Figure S6 in
ESI), and FT-IR (Figure S7 in ESI) techniques, indicating that the
integrity of the Ru-POS catalyst was well preserved even after 10
catalytic cycles. The catalyst was recovered in a constant rate after
each catalytic cycle without a significant loss of catalytic activity
(Figure S9 in ESI). In addition, leaching test was performed to
demonstrate heterogeneous nature of the catalyst. No leaching of
Ru from Ru-POS took place during the course of the catalytic
reaction. The Ru content in reused Ru-POS after 10th catalytic cycle
was examined employing ICP-MS technique, showing a comparable
amount of 0.0480 mmol/g.

To establish the versatility of the newly designed Ru-POS in
organic synthesis, after successful demonstration of oxidative
dehydrogenation induced aromatization of HE, we applied the same
catalyst in reductive quenching mediated dehalogenation of alkyl
halides to obtain corresponding alkanes, where HE was employed
as the hydrogen source under photoredox catalytic reaction
conditions. Stephenson and co-workers validated that Ru(bpy)g,2+
could serve as an useful photoredox catalyst to carry out the
abovementioned reductive dehalogenation of alkyl halides.* By
following the standard protocol from homogeneous catalysis,
heterogeneous photoredox catalytic transformation of alkyl halides

This journal is © The Royal Society of Chemistry 20xx
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to alkanes was carried out, where Ru-POS was used in, Y, NzdimgLine
formamide (DMF) suspension. Alkyl halide®GintD dieth > isopiop/F
amine (iPrNEtz) were dissolved in DMF, and the reaction mixtur

was irradiated using 25W compact fluorescent lamp (CFL) for 2k t~
afford the corresponding alkanes in excellent yields with high TC*
of > 419 (Table 2) as quantified by gas chromatography (G,
analysis of the reaction mixture. The product identification wr .,
demonstrated by gas chromatography—mass spectrometry (GCMS).

Table 2. Reductive dehalogenation of various alkyl halides to produ e
corresponding alkanes under the optimized photocatalytic conditions.”

Me
EtO,C
. _ 7 NH Ru-POS N
ARTX + PINEt + by NP e hes 400mm ATRTTH
CO.Et DMF Sa-e
Entry  Alkyl halide Product Yield (%) TOF (h )
1 ‘ 7 Ccl H 92 (5a) 4
=
HO -~ ~_"H 94 (sb) 474
2 HO \/\O/\/Cl [e)
A Br H
3 \ 83 (5c¢) 419
P

Br H
4 93 (5d) 469
Br H
(0]

0}
5 Br\)LO/\ H\)]\O/\

? Ar/RCH,X (1 mmol), diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3, -
dicarboxylate (1.2 mmol), ‘ProNEt (2 mmol), and Ru-POS (20 mg) in 10 mL dry
DMF under light irradiation for 3h

93 (5e) 469

Functional group interconversion (FGI) of alcohols tu
corresponding alkyl halides is one of the most widely explore 4
reaction in synthetic organic chemistry, and thereby numerou.
methodologies have been developed using various harsh reagents
like thionyl chloride and phosphorous halides. The Appel react n.
in which the combination of triphenylphosphine (PPhs) and an
electrophilic halogen source such as CCly, CBr4 or |, is used to obtain
the desired conversion of alcohols to corresponding alkyl halides, -
so far the mildest reaction in this category, although the process *
known for producing stoichiometric waste by-product ¢
triphenylphosphine oxide. Recently, Stephenson and co-workers
demonstrated a greener approach of converting alcohols >
corresponding alkyl halides, where CBr, or CHI; was used as tt =
halogen source and Ru[bpy]Cl, was employed as a homogeneot.
photoredox catalyst.13 Herein, to test the versatile catalytic activit
of the Ru-POS catalyst towards oxidative quenching mediated FGI ¢ *
alcohols to alkyl halides, we introduced a heterogenecus
photoredox catalytic protocol using Ru-POS as the catalyst, in w ich
Ru(bpy)32+ underwent an oxidative quenching cycle (oxidat.
potential13 of [Ru(bpy)3]3+ = 1.27 V vs saturated calomel electrocd-
(SCE)) in the presence of polyhalomethane such as CBry (Ey
-0.30 V vs SCE) and CHI;3 (E;;; = —0.49 V vs SCE). To evaluate tt.»
catalytic activity of the newly designed Ru-POS in visible light
induced oxidative FGI of alcohols to alkyl halides, we carried o ¢
heterogeneous photoredox catalytic reactions, where the alcoho.
and halogen (CBr, or CHI3) sources were dissolved in DMF followe .
by the addition of Ru-POS in DMF suspension. The reaction mix
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was irradiated using 25 W CFL for 5h to obtain the corresponding
alkyl halides in 60-70% yields. When adding external halogen source
such as NaBr and Nal for corresponding bromination and iodination,
the reactions could be completed within 3h in high yield (Table 3),
which are in accordance with the results obtained by Stephenson
and co-workers.”

Table 3. Oxidative halogenation of alcohols to produce corresponding alkyl
halides under the optimized photo-catalytic conditions.”

JR\' Ru-POS /'T\' ( )
- 6a-e (alkyl bromide
R on T CBra/CHIa hy>g000m RTUBII 75, (alkyl iodide)
CHZCN
Entry Alcohol Product Yield(%) TOF (h')
-~ 89 (6a) 299
Ph" B
1 Ph~ " OH '
Ph” 92 (7a) 309
[ e 85 (6b) 286
2 [~/ oH
[ 82 (7b) 276
Me F BT 90 (6¢) 303
OH 10
3 Me Kb Me (4! 91 (7c) 306
Me
93 (6d
Me Me ~ “Br (6d) 313
4 P Me 91 (7d) 306
Me OH
Me)\l
88 (6
5 o = B (6e) 296
& /\| 76 (Te) 255

“ Alcohol (1 mmol), CBr,/CHI3 (2 mmol), NaBr/Nal (2 mmol), and Ru-POS (20 mg)
in 10 mL dry DMF under light irradiation for 3h or 5h

In summary, we have successfully incorporated [Ru(bpy)3]2+
within porous organosilica as a versatile heterogeneous photoredox
catalyst. The Ru-POS catalyst has been employed for three different
catalytic organic transformations. The catalyst has been exploited
both for reductive and oxidative quenching mediated catalytic
reactions to afford desired products in excellent yields. The newly
developed catalyst was found to be durable and reusable, and no
pre-activation was required to recover its catalytic activities. The
present work exhibits an approach for developing Ru-based
heterogeneous catalysts.

This work is supported by the National Research Foundation
(NRF), Prime Minister’s Office, Singapore under its NRF Fellowship
(NRF2009NRF-RF001-015), and Campus for Research Excellence and
Technological Enterprise (CREATE) Programme-Singapore Peking
University Research Centre for a Sustainable Low-Carbon Future, as
well as the NTU-A*Star Silicon Technologies Centre of Excellence
under program grant No. 112 351 0003. A.B. thanks DST, New Delhi
and S.M. thanks CSIR, New Delhi for the financial support.

Notes and references

1. (a) K. Zeitler, Angew. Chem. Int. Ed., 2009, 48, 9785-9789; (b) T.
P. Yoon, M. A. Ischay and J. Du, Nature Chem., 2010, 2, 527-532;
(c) J. M. R. Narayanam and C. R. J. Stephenson, Chem. Soc. Rev.,
2011, 40, 102-113; (d) D. M. Schultz and T. P. Yoon, Science,
2014, 343, 1239176.

2.(a) N. Hoffmann, Chem. Rev., 2008, 108, 1052-1103; (b) M.
Fagnoni, D. Dondi, D. Ravelli and A. Albini, Chem. Rev., 2007, 107,
2725-2756.

4| J. Name., 2012, 00, 1-3

Page 4 of 5

3. (a) D. A. Nicewicz and D. W. C. MacMillan, Science, 20083225 4
80; (b) M. A. Ischay, M. E. Anzovino, J. DO@nHOT.OBOXGGH, U3 &7 F
Chem. Soc., 2008, 130, 12886—-12887; (c) D. A. Nagib, M. E. Sco*
and D. W. C. MacMillan, J. Am. Chem. Soc., 2009, 131, 10875—
10877; (d) J. Du and T. P. Yoon, J. Am. Chem. Soc., 2009, 137,
14604-14605; (e) J. M. R. Narayanam, J. W. Tucker and C. R. ..
Stephenson, J. Am. Chem. Soc., 2009, 131, 8756-8757; (f) J. V.
Tucker, J. M. R. Narayanam, S.W. Krabbe and C. R. J. Stephensoi .,
Org. Lett., 2010, 12, 368-371; (g) J. W. Tucker, J. D. Nguyen, J. M
R. Narayanam, S. W. Krabbe and C. R. J. Stephenson, Cher
Commun., 2010, 46, 4985-4987; (h) L. Furst, B. S. Matsuura, J. M
R. Narayanam, J. W. Tucker and C. R. J. Stephenson, Org. Lett.,
2010, 12, 3104-3107; (i) A. G. Condie, J. C. Gonzalez—Gomez and
C. R. J. Stephenson, J. Am. Chem. Soc., 2010, 132, 1464-1465;
E. P. Farney and T. P. Yoon, Angew. Chem. Int. Ed., 2014, 53, 7¢ _
-797.

4. (a) V. Balzani and A. Juris, Coord. Chem. Rev., 2001, 211, 97-11. -
(b) P. Ceroni, G. Bergamini and V. Balzani, Angew. Chem. Int. =
2009, 48, 8516—8518.

5. X.-Z. Shu, M. Zhang, Y. He, H. Frei and F. D. Toste, J. Am. Ct
Soc., 2014, 136, 5844-5847.

6. (a) W. Kawai and S. Yamamura, J. Membrane Sci., 1982, 12, 107—
117; (b) J. Hou, N. Gan, F. Hu, L. Zheng, Y. Cao and T. Li, Int. .
Electrochem. Sci., 2011, 6, 2845—-2858.

7. (a) J. Mondal, S. Sreejith, P. Borah and Y. Zhao, ACS Sustainab’.
Chem. Eng., 2014, 2, 934-941; (b) Y. Yamamoto, H. Takeda, .
Yui, Y. Ueda, K. Koike, S. Inagaki and O. Ishitani, Chem. Sci., 201
5, 639-648, (c) T. Yui, H. Takeda, Y. Ueda, K. Sekizawa, K. Koike, S
Inagaki and O. Ishitani, ACS Appl. Mater. Interfaces, 2014,
1992-1998; (d) H. Takeda, M. Ohashi, Y. Goto, T. Ohsuna, T. Taiu
and S. Inagaki, Chem. Eur. J., 2014, 20, 1-8; (e) M. Waki, *.
Maegawa, K. Hara, Y. Goto, S. Shirai, Y. Yamada, N. Mizoshita, .
Tani, W.-J. Chun, S. Muratsugu, M. Tada, A. Fukuoka and -.
Inagaki, . Am. Chem. Soc., 2014, 136, 4003—-4011; (f) M. Waki, |
Mizoshita, T. Tani and S. Inagaki, Angew. Chem. Int. Ed., 2011, 5¢
11667-11671; (g) B. Karimi, D. Elhamifar, J. H. Clark and A.
Hunt, Chem. Eur. J., 2010, 16, 8047-8053; (h) B. Karimi, D.
Elhamifar, O. Yari, M. Khorasani, H. Vali, J. H. Clark and A. J. H .,
Chem. Eur., J. 2012, 18, 13520-13530; (i) D. Elhamifar, B. Karim,
J. Rastegar and M. H. Banakar, Chem. Cat. Chem., 2013, 5, 2218
2224, (j) D. Elhamifar and A. Shabani, Chem. Eur. J., 2014, 20
3212-3217, (k) D. Elhamifar, F. Hosseinpoor, B. Karimi and .
Hajati, Microporous Mesoporous Mater., 2015, 204, 269-275.

8. C. Agnes, J.-C Arnault, F. Omnes, B. Jousselme, M. Billon, G.
Bidand and P. Mailley, Phys. Chem. Chem. Phys., 2009, 1 ,
11647-11654.

9. X. Jia, L. Yu, C. Huo, Y. Wang, J. Liu and X. Wang, Tetrahedrc
Lett., 2014, 55, 264-266.

10. R. Ananthakrishnan and S. Gazi, Catal. Sci. Technol., 2012,
1463-1471.

11. M.-H. Larraufie, R. Pellet, L. Fensterbank, J.-P. Goddarc E.
Lacote, M. Malacria and C. Ollivier, Angew. Chem. Int. Ed., 20 "1
50, 1-5,

12. A. Debache, W. Ghalem, R. Boulcina, A. Belfaitah, S. Rhouati ar. 1
B. Carboni, Tetrahedron Lett., 2009, 50, 5248-5250.

13. C. Dai, J. M. R. Narayanam and C. R. J. Stephenson, Natui _
Chem., 2011, 3, 140-145.

This journal is © The Royal Society of Chemistry 20xx


http://dx.doi.org/10.1039/c5cc03067f

Published on 22 May 2015. Downloaded by University of Aberdeen on 22/05/2015 10:18:30.

Journal Name

TOC Figure
Reductive i N © S ’
quenching, ArCHO,NH,OAc _N or N__
hv N e EtO,C’ CO,Et
u[bPy]s**/ CH;COCH,CO,Et Me e

.
)\x + IPINEL, R

R’
Hantzsch Ester R

TN
RulbPy],* RulbPYl2*
Oxidative
quenching,

Ru[bPy]s2** Green catalytic approach

R

N ol
)R\ + CBry/CHl3 RJ\@
R”OH

R'
r
R’

Ruthenium bipyridyl tethered mesoporous organosilica (Ru-POS)
was developed as a versatile heterogeneous photoredox catalyst in

several organic transformations.
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