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Heterogeneous	  Ru(III)	  oxidation	  catalysts	  via	  ‘click’	  bidentate	  
ligands	  on	  a	  Periodic	  Mesoporous	  Organosilica	  support	  
Sander	  Clericka,	  Els	  De	  Cancka,	  Kevin	  Hendrickxa,b,	  Veronique	  Van	  Speybroeckb	  and	  Pascal	  Van	  Der	  
Voorta	  

A	  100%	  monoallyl	   ring-‐type	  Periodic	  Mesoporous	  Organosilica	   (PMO)	   is	  prepared	  as	  a	  novel,	  versatile	  and	  exceptionally	  
stable	   catalytic	   support	   with	   a	   high	   internal	   surface	   area	   and	   5.0	   nm	   pores.	   Thiol-‐ene	   ‘click’	   chemistry	   allows	  
straightforward	   attachment	   of	   bifunctional	   thiols	   (-‐NH2,	   -‐OH,	   -‐SH)	  which,	   exploiting	   the	   thioether	   functionality	   formed,	  
give	  rise	  to	  ‘solid’	  bidentate	  ligands.	  [Ru(acac)2(CH3CN)2]PF6	  is	  attached	  and	  complex	  formation	  on	  the	  solid	  is	  studied	  via	  
Density	   Functional	   Theory.	   All	   resulting	   solid	   catalysts	   show	   high	   activity	   and	   selectivity	   in	   alcohol	   oxidation	   reactions	  
performed	   in	   green	   conditions	   (25°C/	   water).	   The	   PMO	   catalysts	   do	   not	   leach	   Ru	   during	   reaction	   and	   are	   thus	   easily	  
recuperated	   and	   re-‐used	   for	   several	   runs.	   Furthermore,	   oxidation	   of	   poorly	   water-‐soluble	   (±)-‐menthol	   illustrates	   the	  
benefits	  of	  using	  hydrophobic	  PMOs	  as	  catalytic	  supports.	  

Introduction	  
The	   use	   of	   selective	   catalysts	   and	   easy	   recycling	   thereof,	  
preferably	   with	   full	   recovery,	   is	   a	   major	   trend	   in	   green	  
chemistry.	   Heterogenization	   of	   the	   active	   site	   on	   a	   solid	  
support	   is	   an	   elegant	   method,	   often	   explored	   nowadays,	   to	  
obtain	   a	   catalyst	   that	   can	   be	   easily	   separated	   from	   the	  
medium	   by	   filtration.	   Herein,	   it	   is	   of	   paramount	   importance	  
that	  the	  active	  site	  does	  not	  leach	  during	  catalysis.	  Discovered	  
in	  1999,	  Periodic	  Mesoporous	  Organosilicas	  (PMOs)	  belong	  to	  
the	  most	  novel	  and	  advanced	  porous	  silica	  materials.1-‐3	  These	  
hybrid	   silicas	   are	   promising	   support	   materials	   as	   they	   bear	  
covalently	  bound	  organic	   functionalities	   (e.g.	  organocatalysts,	  
ligands)	   embedded	   in	   the	   pore	   walls	   of	   the	   silsesquioxane	  
framework,	  which	  overcomes	   leaching	   issues	   as	   compared	   to	  
classical	   silanol	   functionalization	   methods.4	   Furthermore,	  
PMOs	   have	   ordered	   mesopores,	   a	   high	   degree	   of	  
hydrophobicity	   and	   a	   high	   surface	   area,	  which	   contributes	   to	  
improved	  mass	  transfer	  of	  organics,	  hydrolytic	  stability	  and	  the	  
amount	   of	   accessible	   functional	   groups.	   Following	   these	  
properties,	   the	   applications	   of	   PMOs	   are	   not	   limited	   to	  
catalysis,	   as	   they	   are	   also	   regularly	   employed	   in	   adsorption,	  
controlled	   drug	   release,	   chromatography	   and	   as	   low-‐k	  
materials.5-‐7	  
In	   general,	   PMOs	   are	   synthesized	   by	   condensation	   of	   a	  
silsesquioxane	   precursor	   (RO)3-‐Si-‐Rf-‐Si-‐(OR)3,	   with	   OR	   a	  

hydrolysable	  group	  and	  Rf	  the	  bridging	  organic	  functionality	  of	  
interest,	   around	   a	   structure	   directing	   template.	   An	   extensive	  
amount	   of	   Rf-‐groups	   have	   been	   used,	   however	   different	  
synthesis	   conditions	   are	   required	   as	   each	   functionality	  
interacts	   differently	   with	   the	   reaction	   medium.	   Also,	   larger	  
groups	  need	  to	  be	  co-‐condensed	  or	  “diluted”	  with	  small,	  non-‐
interacting	  precursors	  (e.g.	  bis(triethoxysilyl)ethane,	  -‐benzene)	  
or	   tetraethylorthosilicate	   (TEOS)	   to	  ensure	  structural	   stability.	  
Finally,	  fixation	  of	  Rf	  in	  between	  two	  Si-‐framework	  atoms	  was	  
described	  to	  induce	  faulty	  orientation	  and	  conformation	  of	  the	  
bridged	  organic	  functionality,	  which	  is	  especially	  undesired	  for	  
bidentate	  and	  chiral	  ligands.8	  
Given	  its	  modularity,	  ‘click’-‐chemistry9	  is	  a	  very	  useful	  tool	  for	  
attaching	   chelating	   agents	   via	   one	   single	   covalent	   bond	   to	   a	  
support	   material,	   thus	   allowing	   free	   rotation	   of	   the	   ligand.	  
Such	  covalent	  attachment	  is	  inherently	  more	  stable	  (in	  water)	  
than	   conventional	   but	   leach-‐prone	   grafting	   of	   a	   trialkoxy-‐
organosilane,	   (RO)3SiRf,	   onto	   free	   silanol	   groups	   of	  
mesoporous	  silicas	  (MPS)	  or	  PMOs.	  Moreover,	  ‘click’	  chemistry	  
yields	  a	  more	  homogeneous	  distribution	  of	  the	  functionalities	  
within	   the	   porous	   scaffolds,	   resulting	   in	   augmented	   catalytic	  
activity.10,11	   Specially	   designed	   alkyn-‐	   or	   azide	   organosilicas,	  
either	  PMOs	  or	  MPSs	  co-‐condensed	  with	   (RO)3Si(CH2)3N3,	  can	  
easily	   be	   transformed	   by	   Cu(I)	   catalyzed	   azyde-‐alkyne	  
cycloaddition	   (CuAAC),	   into	  a	  desired	   functionality,	  e.g.,	  dyes,	  
adsorbent	  moieties	  or	  catalysts.10-‐14	  
Another	  option	  is	  the	  use	  of	  thiol-‐ene	  ‘click’	  chemistry15,	  which	  
can	  be	  performed	   solely	   in	  water	  at	   room	   temperature	  using	  
an	  appropriate	  UV-‐active	  radical	   initiator	  (as	  compared	  to	  the	  
water/THF	  mixture	  used	  in	  CuAAC).	  Thiol-‐ene	  chemistry	  is	  both	  
readily	   performed	   on	   ethenylene-‐bridged	   organosilica	  
precursors	   in	   solution16	   as	   on	   condensed	   materials	   having	  
accessible	   thiol	   groups.	   The	   latter	   ‘post-‐modification’	   was	  

Page 1 of 11 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
5 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 N

ew
 Y

or
k 

U
ni

ve
rs

ity
 o

n 
26

/0
8/

20
16

 0
7:

25
:4

2.
 

View Article Online
DOI: 10.1039/C6GC01494A

http://dx.doi.org/10.1039/c6gc01494a


ARTICLE	   Journal	  Name	  

2 	  |	  J.	  Name.,	  2012,	  00,	  1-‐3	   This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	  

Please	  do	  not	  adjust	  margins	  

Please	  do	  not	  adjust	  margins	  

shown	   in	   the	  attachment	  of	  catalytically	  active	  chiral	  quinine,	  
proline	   or	   vanadyl-‐Salen	   complexes	   on	   3-‐mercaptopropyl	  
functionalized	   SBA-‐1517-‐19,	   in	   the	   modification	   of	   a	   thiol	  
bearing	   PMO	   with	   Rose	   Bengal20,	   in	   organosilane	   coatings21	  
and	  in	  the	  attachment	  of	  organosilica	  nanoparticles	  on	  glass.22	  
Only	   recently,	   our	   group	   has	   modified	   ethenylene-‐bridged	  
PMOs23	   by	   thiol-‐ene	   reactions	   for	   the	   first	   time.	   Such	   PMOs,	  
clicked	  with	   cysteine	   and	   cysteamine,	  were	   successfully	   used	  
in	   the	   aldol	   condensation	   of	   4-‐nitrobenzaldehyde	   and	  
acetone.24	  
In	   2015,	  we	   developed	   an	   allyl-‐functionalized	   interconnected	  
[CH2Si]3	   ring-‐type	  PMO	   (Fig.	   1)	  with	   spherical	  morphology	   via	  
spray-‐drying	   and	   applied	   it	   as	   a	   HPLC	   packing	   after	   thiol-‐ene	  
modification	   of	   the	   allyl	   groups	   with	   a	   C18-‐chain.25	   We	   also	  
showed	   its	   exceptional	   hydrolytic	   stability	   (>pH	   12	   and	  
>150°C),	   in	   analogy	   with	   similar	   ring-‐structured	   PMOs.26,27	   In	  
order	   to	   develop	   this	   ultra-‐stable	   material	   into	   a	   catalytic	  
support	  a	  different	  synthesis	  approach	   is	  required	  to	   improve	  
the	   pore	   morphology.	   Furthermore,	   the	   ‘dangling’	   allyl	  
moieties	   of	   this	   material	   are	   easily	   accessible	   for	   post-‐
modification.	   To	   our	   knowledge,	   there	   are	   no	   reports	  
exploiting	   the	   thioether	   functionality	   inherently	   created	   by	   a	  
thiol-‐ene	   ‘click’	   reaction,	   although	   the	   sulphur	   atom	   is	  
generally	  known	  to	  interact	  strongly	  with	  late	  transition	  metals	  
e.g.	  Ru,	  Rh,	  Pd.	  	  
The	  main	  focus	  of	  alcohol	  oxidation	  reactions	  using	  ruthenium,	  
either	  homo-‐	  or	  heterogeneously,	  lies	  on	  the	  usage	  of	  O2	  or	  air	  
as	  green	  oxidants.28-‐35	  Unfortunately,	   in	  almost	  all	  reports	  the	  
reaction	  is	  performed	  at	  elevated	  temperatures,	   in	  toluene	  or	  
a	   halogenated	   solvent	   (e.g.	   trifluorotoluene)	   and	   often	   a	   co-‐
oxidant	   is	   used.	   High	   yields	   are	   witnessed	   for	   aromatic	  
substrates	  in	  which	  the	  oxidation	  is	  driven	  by	  expansion	  of	  the	  
aromatic	   system	   (e.g.	   oxidation	   of	   benzylalcohol	   to	  
benzaldehyde).	   Switching	   to	   non-‐aromatic	   substrates,	   the	  
yield,	   however,	   becomes	   moderate.	   Catalytic	   systems	   have	  
been	  described	  where	  this	  Ru-‐oxidation	  is	  performed	  in	  water	  
and	  at	  room	  temperature.36	  The	  trade-‐off	  is	  that	  periodic	  acid,	  
H5IO6	   is	  used	  as	   sacrificial	  oxidant.	  However,	   this	   cheap,	  non-‐
toxic	  oxidant	  is	  safe	  and	  easy	  to	  handle	  and	  can	  be	  recovered	  
via	   electrochemistry	   in	   a	   separate	   process	   similar	   to	   its	  
industrial	   preparation.	   In	   the	   same	   report,	  
[Ru(CH3CN)2(acac)2]PF6	   is	   heterogenized	   on	   MPS	   via	   an	   NH2-‐
group	   and	  used	   for	   the	   selective	   oxidation	  of	   alcohols.	  Many	  
substrates	   are	   investigated,	   but	   leaching	   and	   recycling	   tests	  
are	  not	  considered.	  
Here,	  we	  present	  the	  hydrothermal	  synthesis	  of	  a	  novel	  100%	  
monoallyl	   ring-‐type	   PMO	   (mAR)	   optimized	   for	   catalytic	  

applications.	  The	  allyl	  groups	  are	  one-‐step	  post-‐modified	  with	  
reagents	   of	   the	   form	   HS-‐(CH2)2-‐X,	   with	   X	   =	   NH2,	   OH,	   SH,	   to	  
obtain	  a	  heterogeneous	  bidentate	  ligand	  in	  a	  green	  and	  facile	  
manner	   (Fig.	   1).	   A	   Ru(III)-‐complex	   is	   anchored	   onto	   these	  
chelating	   ligands	   inside	   the	   PMO	   pores.	   	   The	   resulting	   well-‐
defined	   heterogeneous	   Ru-‐catalyst	   is	   then	   tested	   in	   the	  
oxidation	   of	   carefully	   selected	   alcohols	   in	   water	   at	   room	  
temperature	  and	  a	  recycling	  and	  catalyst-‐leaching	  assessment	  
is	  performed.	  

Experimental	  
Following	   chemicals	   were	   used	   as	   received:	   1,1,3,3,5,5-‐
hexaethoxytrisilacyclohexane	   (HETSCH,	   95%,	   ABCR),	   tBuLi	  
(1,7M	   in	   pentane,	   Sigma-‐Aldrich),	   allylbromide	   (99%,	   Sigma-‐
Aldrich),	   Pluronic	   P123	   (Mn	   =	   5800,	   Sigma-‐Aldrich),	   KCl	  
(≥99.5%,	   Carl	   Roth),	   HCl	   (37%,	   Carl	   Roth),	   2-‐hydroxy-‐4’-‐(2-‐
hydroxyethoxy)-‐2-‐methylpropiophenone	   (Irgacure	   2959,	   98%,	  
Sigma-‐Aldrich),	   2-‐aminoethanethiol	   (>95%,	   TCI	   Europe),	   2-‐
mercaptoethanol	   (99%,	   Acros),	   1,2-‐ethanedithiol	   (≥98%,	  
Sigma-‐Aldrich),	   Ruthenium(III)acetylacetonate	   (99%,	   STREM),	  
acetonitrile	   (anhydrous,	   99.8%,	   Sigma-‐Aldrich),	   H2SO4	   (96%,	  
Carl	   Roth),	   n-‐pentane	   (≥99%,	   Carl	   Roth),	   CH2Cl2	   (≥99.5%,	   Carl	  
Roth)	   toluene	   (anhydrous,	   99.8%,	   Sigma-‐Aldrich),	   ammonium	  
hexafluorophosphate	   (99%,	   STREM),	   H5IO6	   (99%,	   ABCR),	  
benzylalcohol	   (99-‐100.5%,	   Sigma-‐Aldrich),	   cyclohexanol	   (99%,	  
Sigma-‐Aldrich),	  (±)-‐menthol	  (>98%,	  TCI	  Europe).	  	  

Synthesis	  of	  2-‐allyl-‐1,1,3,3,5,5-‐hexaethoxytrisilacyclohexane	  
(AHETSCH)	  

In	   a	  procedure	   adapted	   from	   Ide	  et	   al.25,	   10	  ml	  of	  HETSCH	   is	  
dissolved	  in	  30	  ml	  of	  anhydrous	  THF	  under	  Ar.	  This	  solution	  is	  
heavily	   stirred	   at	   -‐78.5°C;	   1	   eq.	   of	   t-‐BuLi	   is	   added	   dropwise	  
over	  30	  min	  and	  the	  mixture	   is	  stirred	  for	  another	  30	  min.	  By	  
means	  of	  a	  CO2	  cooled	  syringe,	   the	  HETSCH	  solution	   is	  added	  
over	  30	  min	  to	  a	  separate	  flask	  containing	  2.2	  ml	  allylbromide	  
(1.07	  eq.)	   in	  20	  ml	  of	  anhydrous	  THF,	   cooled	   to	   -‐78.5°C.	   	  The	  
reaction	   is	   left	   to	   stir	   overnight	   with	   temperature	   gradually	  
increasing	  to	  room	  temperature.	  The	  resulting	  yellow	  solution	  
is	   subsequently	   washed	   with	   25	   ml	   of	   a	   0.2	   m%	   NaHCO3	  
solution	  and	  2x50	  ml	  of	  water.	  Thereafter,	  the	  THF-‐fraction	   is	  
recuperated	   and	   the	   solvents	   are	   evaporated	   under	   reduced	  
pressure	  until	  a	  faint	  yellow	  oil	  is	  obtained	  (Yield	  GC:	  AHETSCH:	  
52%;	   HETSCH:	   48%;	   trace	   impurity	   of	   THF	   adduct).	   Further	  
purification	   is	   performed	   via	   column	   chromatography	   (silica,	  
hexane:ethylacetate	   20:1).	   Finally,	   AHETSCH	   is	   obtained	   as	   a	  
colorless	  oil.	  

Fig.	  1:	  Schematic	  representation	  of	  the	  thiol-‐ene	  ‘click’	  post-‐modification	  and	  anchoring	  of	  [Ru(acac)2(CH3CN)2]PF6	  onto	  the	  ‘solid’	  bidentate	  thioether	  ligands.
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1H	   NMR	   (300	  MHz,	   CDCl3,	   Fig.	   S1)	   δ	   =	   6.01	   (ddt,	   J=17.0,	   9.9,	  
7.0,	  1H,	  CH2CH=CH2),	  5.00	  (ddd,	  J=17.0,	  3.6,	  1.4,	  1H,	  CH=CH2),	  
4.87	   (ddt,	   J=10.0,	  2.1,	  1.0,	  1H,	  CH=CH2),	  3.85	  –	  3.71	   (m,	  12H,	  
OCH2),	   2.41	   –	   2.32	   (m,	   2H,	   CHCH2CH=CH2),	   1.26	   –	   1.16	   (m,	  
18H,	  OCH2CH3),	  0.38	  (t,	  J=6.4,	  1H,	  CH(Si)2(CH2CH=CH2)),	  0.20	  
–	  0.02(m,	  4H,	  SiCH2Si).	  13C	  NMR	  (400	  MHz,	  CDCl3,	  Fig.	  S2)	  δ	  =	  
141.38	  (CH2CH=CH2),	  113.45	  (CH=CH2),	  58.40	  -‐	  58.23	  -‐	  58.21	  -‐	  
58.11	   (OCH2),	   28.03	   (CHCH2CH=CH2),	   18.41	   -‐	   18.37	  
(OCH2CH3),	  14.22	  (CH(Si)2(CH2CH=CH2)),	  -‐1.44	  (SiCH2Si).  
Hydrothermal	  synthesis	  of	  mono-‐allyl	  ring-‐PMO	  (mAR) 
In	   a	   50	   ml	   flask,	   a	   mixture	   is	   made	   with	   molar	   composition	  
AHETSCH:H2O:P123:HCl:KCl	   1:500:0.0517:8.62:23.5.	   First,	  
0.375	   g	   of	   Pluronic	   P123	   is	   dissolved	   in	   11.25	   ml	   H2O.	  
Subsequently,	  0.9	  ml	  of	  HCl	   (37%)	  and	  2.19	  g	  of	  KCl	   is	   added	  
and	  the	  solution	  is	  stirred	  (800	  RPM)	  until	  a	  clear	  blue	  solution	  
is	   obtained.	  Under	   continued	   stirring,	   the	   reaction	  mixture	   is	  
heated	   to	   45°C	   after	   which	   0.5625	   g	   AHETSCH	   is	   added	   at	  
once.	  3	  h	  later,	  stirring	  is	  switched	  off	  and	  the	  temperature	  is	  
raised	  to	  95°C	  in	  order	  to	  promote	  further	  condensation	  of	  the	  
AHETSCH	  precursor	  for	  24	  h	  (‘ageing’	  step).	  A	  white	  precipitate	  
is	   filtered	   off	   and	  washed	  with	   3	   x	   25	  ml	  H2O	   and	   3	   x	   25	  ml	  
acetone.	  The	  template	  (P123)	  is	  removed	  during	  a	  6	  h	  Soxhlet	  
extraction	   in	   acetone	   and	   afterwards,	   the	   powder	   is	   dried	  
overnight	  at	  120°C	  under	  vacuum.	  The	  amount	  of	  allyl	  groups	  
is	   determined	   gravimetrically	   by	   bromination	   of	   the	   double	  
bonds.37	  

‘Click’	  post-‐modification	  of	  mAR	  to	  mAR-‐SX	  (X	  =	  NH2,	  OH,	  SH)	  

The	  accessible	   allyl	   groups	   in	   the	  pores	  of	  mAR	   react	  with	  2-‐
aminoethanethiol,	   2-‐mercaptoethanol	   or	   1,2-‐ethanedithiol	   to	  
obtain	   solid	   bidentate	   ligands,	   i.e.,	   an	   amine-‐	   (mAR-‐SNH2),	  
hydroxyl-‐	   (mAR-‐SOH)	   or	   thiol-‐	   (mAR-‐SSH)	   functionalized	  
thioether,	   respectively.	   In	   a	   general	   procedure,	   3	   eq.	   of	   thiol	  
per	  double	  bond	  are	  mixed	  with	  0.75	  eq.	  of	  Irgacure	  2959	  in	  20	  
ml	  of	  H2O	  and	  flushed	  with	  Ar.	  0.5	  g	  of	  mAR	  is	  added	  and	  the	  
suspension	  is	  stirred	  at	  room	  temperature	  in	  a	  home-‐made	  UV	  
reactor	   (λ	   =	  360	  nm)	   for	  1h.	   The	  products	   are	   filtered	  as	  off-‐
white	  powders	  and	  resuspended	  in	  H2O	  at	  reflux	  temperature	  
to	  remove	  any	  leftover	  reagents.	  Finally	  the	  powders	  are	  dried	  
at	   110°C	   for	   24	   h	   and	   loading	   is	   determined	   via	   CHNS	  
elemental	  analysis.	  

Synthesis	  of	  [Ru(acac)2(CH3CN)2]PF6	  and	  anchoring	  onto	  mAR-‐SX	  

As	   adapted	   from	   literature38,	   [Ru(acac)2(CH3CN)2]PF6	   is	  
prepared	   by	   dissolving	   1	   g	   of	   Ru(acac)3	   in	   100	   ml	   of	   a	   1.5%	  
H2SO4	   solution	   in	   anhydrous	   acetonitrile	   and	   stirring	   this	   at	  
room	   temperature	   until	   the	   red	   solution	   turns	   deep	   blue	  
(approx.	   5	   h).	   Next,	   90%	   of	   the	   solution	   is	   evaporated	   and	  
cooled	   to	   0°C.	   NH4PF6	   (0.409	   g,	   1.5	   eq.)	   in	   10	   ml	   of	   H2O	   is	  
added	   under	   stirring	   and	   the	   solution	   is	   left	   to	   stand	   for	   30	  
min.	   [Ru(acac)2(CH3CN)2]PF6	   (85%)	   is	   obtained	   as	   a	   blue	  
precipitate	  which	  is	  filtered,	  washed	  (2	  x	  10	  ml	  of	  ice	  water,	  2	  x	  
10	  ml	  of	  pentane)	  and	  dried	  for	  24	  h	  under	  vacuum.	  
Subsequently,	   [Ru(acac)2(CH3CN)2]PF6	   is	   heterogenized	   by	  
stirring	  mAR-‐SX	  with	  0.5	  eq.	  of	  complex	   	  per	  bidentate	   ligand	  
in	   toluene	   (100	  ml/g	  mAR-‐SX)	   for	  24	  h	  at	   room	   temperature.	  

The	   solids	   (mAR-‐SX-‐Ru)	  are	  obtained	  as	  purple	  powders	  after	  
filtration,	   washing	   with	   minimal	   amounts	   of	   CH2Cl2	   and	  
vacuum	  drying	  overnight	  at	  30°C.	  	  

Catalytic	  procedure	  for	  the	  oxidation	  of	  alcohols	  

1	  mmol	  of	  substrate	  (benzylalcohol,	  cyclohexanol,	  (±)-‐menthol)	  
is	   weighed	   off	   in	   a	   15	   ml	   reactor;	   10	   ml	   of	   H2O	   and	   the	  
supported	   catalyst	   (0.06	   mol%	   Ru)	   are	   added,	   together	   with	  
0.1	  g	  of	  toluene	  as	  a	  standard	  with	  similar	  low	  solubility	  as	  the	  
analytes	  in	  water.	  An	  extraction	  efficiency	  factor	  is	  determined	  
for	   all	   analytes	   to	   compensate	   for	   extraction	   losses.	   To	   start	  
the	   reaction,	   1.1	   eq.	   of	   H5IO6	   is	   added	  while	   stirring	   and	   the	  
reaction	   is	   kept	   at	   25°C	   for	   3	   h.	   Then,	   the	   solid	   catalyst	   is	  
filtered	  off	  and	   the	   filtrate	   is	  extracted	  3	   times	  with	  25	  ml	  of	  
diethylether.	  Finally,	  the	  samples	  are	  analysed	  by	  means	  of	  gas	  
chromatography.	   For	   recycling	   tests,	   the	   catalyst	   is	   washed	  
with	   H2O	   and	   acetone	   and	   dried	   at	   30°C	   overnight.	   Catalytic	  
profiles	  are	  constructed	  by	  taking	  1	  ml	  aliquots	  at	  set	  times.	  To	  
test	   the	  heterogeneity	  of	   the	   catalyst,	   the	   solid	   is	   filtered	  off	  
(0.45	   µm	  membrane)	   after	   10	   min	   of	   reaction	   time	   and	   the	  
catalytic	   activity	   of	   the	   filtrate	   is	   further	   evaluated	   (hot	  
filtration	  test).	  	  

Characterization	  and	  analysis	  
1H	  NMR	  spectra	  of	  AHETSCH	  are	  recorded	  in	  CDCl3	  on	  a	  Bruker	  
300	   MHz	   AVANCE	   spectrometer	   with	   chemical	   shifts	   (δ)	  
expressed	  in	  ppm	  relative	  to	  a	  tetramethylsilane	  standard.	  13C	  
NMR	   was	   performed	   on	   a	   Bruker	   Avance	   III	   400	   MHz	  
spectrometer.	   X-‐ray	  powder	  diffraction	   (XRPD)	  patterns	  of	   all	  
mAR-‐PMOs	  are	  recorded	  on	  a	  Thermo	  Scientific	  ARL	  X’TRA	  X-‐
ray	  diffractometer	  using	  Cu	  Kα	  radiation	  of	  40	  kV	  and	  30	  mA.	  A	  
Micromeretics	  Tristar	  II	  is	  used	  for	  N2-‐sorption	  experiments	  at	  
77	   K	   to	   obtain	   the	   internal	   surface	   area	   (SBET)	   and	   pore	   size	  
distribution	   (dp,BJH)	   making	   use	   of	   the	   BET	   and	   BJH	   theory,	  
respectively.	   Diffuse	   Reflectance	   Infrared	   Fourier	   Transform	  
Spectroscopy	   (DRIFTS)	   is	   performed	   using	   a	   Thermo	   Nicolett	  
6700	   FT-‐IR	   spectrometer	   equipped	   with	   a	   Greasby-‐Specac	  
diffuse	   reflectance	  cell,	  modified	   to	  measure	   samples	  at	  20	  –	  
300°C	  under	  vacuum.	  For	  CHNS	  elemental	  analysis,	  a	  Thermo	  
Flash	   200	   elemental	   analyser	   is	   used	   with	   V2O5	   as	   catalyst.	  
Transmission	  electron	  microscopy	  (TEM)	  images	  are	  taken	  on	  a	  
JEOL	   JEM	   2200-‐FS	   TEM	   and	   scanning	   electron	   microscopy	  
(SEM)	  images	  on	  a	  JEOL	  JSM	  7600F	  FEG	  SEM.	  Ru	  loadings	  (Kα)	  
are	   determined	   by	   X-‐ray	   fluorescence	   (XRF)	   on	   a	   Rigaku	  NEX	  
CG	   with	   an	   Al	   source	   and	   compared	   to	   Sr-‐Kα	   as	   internal	  
standard.	   All	   catalytic	   tests	   are	   analyzed	   with	   an	   ultrafast	  
TRACE	   GC	   (Thermo,	   Interscience)	   equipped	   with	   a	   flame	  
ionisation	   detector	   and	   a	   5%	   diphenyl	   /	   95%	   poly-‐
dimethylsiloxane	  column	  (10	  m	  x	  0.10	  mm)	  using	  He	  as	  carrier	  
gas	  at	  0.8	  mL/min.	  

Computational	  Methodology	  

All	   calculations	   are	   performed	   within	   the	   Gaussian09	   (G09)	  
package39	  using	  Density	   Functional	   Theory	   (DFT).	   Calculations	  
are	   performed	   using	   the	   B3LYP40,41	   and	   OPBE42-‐45	   functionals	  
and	   a	   Def2-‐TZVP	   polarized	   split-‐valence	   triple-‐ζ	   basis	   set.46,47	  
Dispersion	   corrections	   are	   added	   using	   Grimme’s	   DFT-‐D3	  
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version48	   with	   Becke-‐Johnson	   damping.49	   The	   coefficients	   for	  
the	   OPBE	   calculations	   are	   taken	   from	   Goerigk	   et	   al.50	   (S8	   =	  
3.3816,	  a1	  =	  0.5512	  and	  a2	  =	  2.9444)	  and	  defined	  manually	  in	  
the	   Gaussian	   program.	   Furthermore,	   a	   correction	   energy	   for	  
the	  Basis	  Set	  Superposition	  Error	  (BSSE)	  is	  calculated	  using	  the	  
Boys	  and	  Bernardi	  Counterpoise	  correction.51	  

Results	  and	  Discussion	  

mAR-‐PMO	  as	  a	  stable	  and	  multifunctional	  catalytic	  support	  

	  The	  synthesis	  and	  work-‐up	  of	  AHETSCH	  as	  the	  PMO-‐precursor	  
is	   successfully	   optimized,	   yielding	   a	   pure	   compound	   and	   no	  
longer	  a	  mixture	  of	  mono-‐,	  bis-‐	  and	   trisallylated	  HETSCH	   (Fig.	  
S3)	  as	  described	  before.25	  The	  importance	  of	  this	  purification	  is	  
seen	   in	   the	  X-‐Ray	  diffractograms	   (Fig.	   2)	   of	  mAR	  and	  a	  PMO,	  
denoted	   mixAR,	   synthesized	   in	   the	   same	   conditions	   as	   mAR	  
but	   using	   the	   unpurified	   precursor	   mixture.	   For	   mAR,	   an	  
intense	   (100)	   reflection	   peak	   is	   distinguished,	   together	   with	  
less	   intense	   second	   order	   (110)	   and	   (200)	   peaks,	   which	   are	  
indicative	   for	   the	   2D	   hexagonal	   (P6mm)	   ordered	   pore	  
structure	   of	   the	   material.	   The	   diffractogram	   of	   mixAR	   is	  
however	  lacking	  the	  second	  order	  peaks,	  indicating	  the	  loss	  of	  
long-‐range	  ordering.	  These	  results	  are	  clearly	  confirmed	  in	  the	  
TEM	  images	  of	  both	  materials	  (Fig.	  2)	  where	  ordering	  is	  found	  
throughout	   the	  entire	   rod-‐shaped	  mAR	  particles	   (SEM	   image:	  
Fig.	  S4).	  The	  mixAR-‐PMO	  only	  shows	  patches	  of	  ordered	  pores	  
with	   variable	   alignment.	   The	   major	   enhancement	   of	   pore	  

ordering	   for	   mAR	   is	   ascribed	   to	   a	   more	   uniform	   rate	   of	  
hydrolysis	   and	   condensation	   of	   purified	   AHETSCH.	  	  	  
Approximately	   the	   same	   unit	   cell	   parameter	   (a0)	   for	   mAR	   is	  
seen	  in	  the	  images	  as	  calculated	  via	  XRD	  (Table	  1).	  	  	  
In	  terms	  of	  porosity	  similar	  differences	  are	  also	  observed.	  N2-‐
sorption	   experiments	   (Fig.	   3)	   show	   type	   IV	   isotherms	   with	  
sharp	   H1	   hysteresis	   for	   mAR,	   typical	   for	   highly	   ordered	  
mesoporous	  materials	  with	   uniform	   cylindrical	   pores	   (SBA-‐15	  
like).	  mAR	  shows	  a	  high	  internal	  surface	  area	  (SBET	  =	  	  536	  m

2/g)	  
with	   5.0	   nm	   pores	   (dp,BJH)	   in	   accordance	   with	   TEM	   images.	  
Comparable	   results	   are	   obtained	   for	  mixAR	   (SBET	   =	   472	  m

2/g,	  
dp,BJH	  =	  5.1	  nm)	  but	  the	  pore	  size	  distribution	  is	  broadened	  and	  
increased	   macroporosity,	   attributed	   to	   irregular,	   disordered	  
areas,	   is	   witnessed.	   Given	   that	   the	   slightest	   disorder	   of	  
mesopores	  already	  has	  a	  significant	  impact	  on	  the	  diffusion	  of	  
molecules	   within	   these	   pores52,	   results	   of	   this	   structural	  
assessment	   clearly	   indicate	   the	   superior	   quality	   of	  mAR	   as	   a	  
catalytic	  support.	  	  
	  Furthermore,	  we	  have	  tested	  the	  hydrolytic	  stability	  of	  mAR-‐
PMOs	  by	  stirring	  the	  material	  in	  a	  1M	  HCl	  solution	  and	  a	  0.1M	  
NaOH	  solution	  at	  room	  temperature.	  XRD	  and	  N2	  sorption	  (Fig.	  
S5,	   Table	   S1)	   show	   no	   structural	   change	   for	   the	   acid	   treated	  
samples.	   Also,	   the	   material	   remains	   unaffected	   after	   3h	   in	  
strong	   basic	  medium.	  Only	   after	   24h	   at	   pH	   13	  mAR	   starts	   to	  
show	  the	  first	  signs	  of	  deterioration,	  indicated	  by	  a	  small	  drop	  
in	   surface	   area	   and	   pore	   size.	   This	   exceptional	   hydrolytic	  
stability	   compared	   to	  other	   silicas	  makes	  mAR	  highly	   suitable	  

Table	  1:	  Structural	  properties	  of	  the	  synthesized	  PMO	  materials.	  

	   mAR	   mAR-‐SNH2	   mAR-‐SNH2-‐Ru	   mAR-‐SOH	   mAR-‐SOH-‐Ru	   mAR-‐SSH	   mAR-‐SSH-‐Ru	  
SBET

a	  (m2/g)	   536	   400	   271	   343	   309	   304	   208	  
Vp

b(ml/g)	   0.48	   0.45	   0.32	   0.44	   0.39	   0.46	   0.28	  
dp,BJH

c(nm)	   5.0	   5.1	   4.8	   5.0	   5.0	   5.1	   5.1	  
a0

d
	  	  (nm)	   12.1	   12.1	   12.0	   12.0	   11.9	   11.9	   11.8	  

a	  Specific	  surface	  area	  determined	  via	  Brunauer-‐Emmett-‐Teller	  theory.	  b	  Pore	  volume	  determined	  from	  adsorption	  branch	  at	  P/PO	  =	  0.99.	  
c	  Pore	  size	  calculated	  from	  

desorption	  branch	  following	  Barrett-‐Joyner-‐Halenda	  theory.	  d	  XRD	  unit	  cell	  parameter	  (a0	  =	  2d100/	  √3)	  for	  P6mm	  2D	  hexagonal	  ordering.	  

Fig.	  3:	  N2-‐sorption	  isotherms	  of	  mAR	  and	  mixAR.	  Inset:	  BJH	  pore	  size	  distribution	  
plot	  of	  mAR.

5

50 nm 

100 nm 

4.9 nm 

11.0 nm 

20 nm 

mAR 

mAR 

mixAR 

Fig.	  2:	  XRD	  diffractograms	  of	  the	  100%	  monoallyl	  PMO	  (mAR,	  top)	  and	  the	  mixed	  
precursor	  PMO	  (mixAR,	  bottom).	  TEM	  images	  confirm	  the	  ordered	  pore	  geometry	  
of	  mAR.	  
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for	   reactions	   requiring	   extreme	   pH	   in	   water.	   The	  
hydrophobicity	   of	   mAR	   not	   only	   explains	   its	   stability	   as	   we	  
experienced	   before25,26,	   but	   might	   also	   enhance	   mass	  
transport	   of	   organics	   towards	   the	   catalytic	   support	   in	   water	  
(see	  catalytic	  tests).	  

	  ‘Click’	  post-‐modification	  of	  the	  allyl	  functional	  handles	  

The	   allyl	   groups	   of	   mAR	   are	   readily	   transformed	   into	   any	  
organic	   functionality	  of	   interest	  via	  thiol-‐ene	   ‘click’	  chemistry.	  
The	   amount	   of	   accessible	   double	   bonds	   is	   gravimetrically	  
estimated	   at	   2.4	   mmol/g	   by	   performing	   a	   gas-‐phase	  
bromination	   reaction.	   The	   functional	   loading	   of	   the	   resulting	  
materials	  (CHNS)	  after	  ‘click’	  reaction	  with	  2-‐aminoethanethiol	  
(mAR-‐SNH2),	   2-‐mercaptoethanol	   (mAR-‐SOH)	   and	   1,2-‐
ethanedithiol	   (mAR-‐SSH,	   after	   reduction	   of	   possible	   disulfide	  
bridges)	  on	  mAR	  is	  found	  in	  Table	  2.	  Treatment	  of	  1h	  in	  the	  UV	  
reactor	   already	   leads	   to	   high	   functional	   loading	   (ca.	   1.7	  
mmol/g)	   for	   mAR-‐SOH	   and	   mAR-‐SSH.	   No	   further	   increase	   of	  
functionality	  is	  observed	  for	  a	  reaction	  time	  of	  3h	  or	  even	  24h.	  	  
The	   ‘click’	   reaction	  of	  2-‐aminoethanethiol	   is	   shown	  to	  be	   less	  

effective	  (0.73	  mmol/g).	  For	  all	  post-‐modification	  steps,	  a	  drop	  
in	   SBET	   is	   observed	   as	   a	   result	   of	   the	   mass	   increase	   of	   the	  
material	   and	   the	   decoration	   of	   the	   pore	   walls	   with	   the	  
functionalities	   (Table	   1).	   Furthermore,	   no	   structural	  
degradation	   is	   observed	   in	   the	   XRD	   diffractograms	   after	  
functionalization.	  (Fig.	  S6)	  
The	  infrared	  spectrum	  (DRIFTS)	  of	  mAR	  is	  given	  in	  Fig.	  4.	  Next	  
to	  C-‐H	  and	  2	  Si-‐O-‐Si	  stretch	  vibrations,	  in	  the	  region	  2950-‐2800	  
cm-‐1,	  1200-‐1000	  cm-‐1	  and	  800	  cm-‐1,	  respectively.	  Distinct	  peaks	  
show	  up	  at	  3070,	  1640	  and	  890	  cm-‐1	   testimonial	   for	  the	  allyl-‐
groups	   (olefin	   C-‐H	   stretch,	   C=C	   stretch	   and	   olefin	   C-‐H	   out	   of	  
plane	   deformation).	   Vibrations	   in	   the	   1475-‐1280	   cm-‐1	   region	  
are	   typical	   for	   the	  modified	   ring	   structure.	   After	   bromination	  
reaction	   (mAR-‐Br2),	   it	   is	   clear	   that	   all	   C=C	   vibrations	   (1640	  	  
cm-‐1)	   have	   disappeared	   (Fig.	   4,	   zoom),	   implying	   that	   Br2	   gas,	  
due	  to	  its	  small	  size,	  reacts	  with	  allyl	  groups	  in	  the	  micropores	  
and/or	  penetrates	  inside	  the	  pore	  walls.	  This	  makes	  us	  believe	  
that	   the	   gas-‐phase	   bromination	   reaction	   overestimates	   the	  
amount	  of	  reachable	  double	  bonds	  inside	  the	  material.	  During	  
the	  functionalization	  process	  in	  water,	  the	  thiols	  cannot	  reach	  
all	  of	  these	  allyl	  groups,	  indictated	  by	  the	  persisting	  C=C	  peaks	  
in	  the	  IR	  spectrum.	  In	  accordance	  with	  a	  lower	  loading	  (CHNS),	  
a	   less	   drastic	   decrease	   is	   observed	   for	   mAR-‐SNH2,	   however,	  
the	   primary	   amine	   gives	   rise	   to	   the	   appearance	   of	   new	  
vibration	   peaks	   at	   1607	   and	   1502	   cm-‐1	   (NH2	   bend	   and	   C-‐N	  
stretch).	   O-‐H	   stretches	   (mAR-‐SOH)	   are	   not	   observed	   due	   to	  
overlap	   with	   residual	   adsorbed	   water.	   S-‐H	   vibrations	   (mAR-‐
SSH)	   are	   distinguished	   at	   2570	   cm-‐1	   in	   the	   RAMAN	   spectrum	  
(Fig.	  S7).	  
Table	   2	   also	   shows	   the	   amount	   of	   [Ru(acac)2(CH3CN)2]PF6	  
anchored	  onto	   the	  bidentate	   ligands	   created	  on	   the	   PMO.	   In	  
mAR-‐SNH2,	  Ru	  is	  attached	  to	  up	  to	  27%	  of	  the	  SNH2	  ligands.	  In	  
DRIFTS,	  the	  characteristic	  peaks	  of	  [Ru(acac)2(CH3CN)2]PF6,	  e.g.	  
acac	   carbonyl	   stretches	   at	   1544	   and	   1523	   cm-‐1,	   are	  
superimposed	  on	  the	  mAR-‐SNH2	  spectrum	  to	  form	  mAR-‐SNH2-‐
Ru	   (Fig.	   5).	   Given	   the	  meticulous	  washing	   step,	   this	   indicates	  
that	   anchoring	   of	   the	   Ru-‐complex	   is	   successful.	   As	   a	   10	   fold	  
less	   Ru	   gets	   anchored	   to	   the	   SOH	   and	   SSH	   ligands,	   the	   Ru-‐
complex	   peaks	   can	   no	   longer	   be	   identified.	   After	   anchoring,	  
the	  PF6	  counter	  ion	  remains	  present	  as	  confirmed	  by	  XRF.	  
Unfortunately,	  DRIFTS	  does	  not	  provide	  sufficient	  evidence	  of	  
the	   exact	   complex	   formation	   once	   the	   Ru-‐complex	   is	  
heterogenized.	   Furthermore,	   other	   techniques	   (e.g.	   XPS)	  
proved	  insufficient	  because	  of	  the	  low	  Ru	  loading	  compared	  to	  
the	   PMO	   matrix.	   Therefore,	   we	   conducted	   a	   computational	  
study	   on	   a	   simplified	   ligand—Ru(III)	   model	   to	   explain	   the	  
nature	  of	  complex	  formation.	  	  

Computational	  study	  of	  complex	  formation	  

Table	  2:	  Functional	  loading	  after	  ‘click’	  post-‐modification	  and	  Ru	  anchoring.	  

	   mAR-‐SNH2-‐Ru	   mAR-‐SOH-‐Ru	   mAR-‐SSH-‐Ru	  
Lig.a	  (mmol/g)	   0.73	   1.70	   1.72	  
Rub	  (mmol/g)	   0.204	   0.049	   0.040	  

%c	   27	   2.9	   2.3	  
a	  Ligand	  loading	  determined	  from	  S-‐content	  in	  CHNS	  elemental	  analysis.	  b	  Ru	  
loading	  determined	  via	  XRF.	  c	  Amount	  of	  ligands	  functionalized	  with	  Ru(III).	  

Fig.	  4:	  DRIFT	  spectrum	  of	  mAR.	  Inset:	  Zoom	  of	  the	  region	  of	  interest	  for	  reaction	  
on	  the	  allyl	  groups.	  	  

Fig.	  5:	  DRIFT	  spectrum	  of	  the	  homogeneous	  [Ru(acac)2(CH3CN)2]PF6	  complex,	  mAR,	  
mAR-‐SNH2	  and	  mAR-‐SNH2-‐Ru.	  	  
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To	   study	   the	   complexation	   process	   of	   the	   Ru	   catalyst	   to	   the	  
PMO	   anchored	   ligands,	   a	   simplified	   model	   system	   is	  
constructed	   (Fig.	   6).	   This	   model	   comprises	   the	   Ru	   centre,	  
surrounded	   by	   two	   acac	   groups	   and	   the	   ligand	   of	   interest,	  
terminated	  by	  a	  methyl	  group.	  We	  assume	  that	  the	  large	  pore	  
diameter	   of	   5	   nm	   gives	   a	   large	   curvature	   and	   hence	   limited	  
interactions	   with	   the	   pore	   wall	   are	   expected.	   Therefore,	   the	  
PMO	  environment	   is	   neglected	  during	   the	   calculations.24	   This	  
simple	   model	   system	   allows	   us	   to	   investigate	   whether	   the	  
complexation	   to	   the	   ligand	   is	   thermodynamically	   favoured,	  
compared	   to	   the	   original	   [Ru(acac)2(CH3CN)2]

+	   complex,	   and	  
hence	  corroborate	  that	  the	  complex	  is	  anchored	  to	  the	  PMO.	   
Open	  shell	  transition	  metal	  systems	  are	  notoriously	  difficult	  for	  
DFT	   methods	   to	   predict	   correct	   spin	   states	   and	   geometries.	  
Recent	  studies	  have	  shown	  that	  the	  OPBE	  functional	  performs	  
very	  well	   for	   transition	  metal	   complexes.53,54	   For	   comparison,	  
B3LYP	  calculations	  are	  also	  performed,	  since	  this	  widely	  tested	  
functional	  still	  proves	  to	  be	  very	  robust	  for	  organic	  systems.55	  
More	  details	  on	  the	  computational	  method	  can	  be	  found	  in	  SI.	  
Both	   functionals	   gave	   the	   same	   qualitative	   understanding	   of	  
the	  system	  and	  predict	  complexation	  energies	   that	  are	   in	   the	  
same	   range.	   The	   calculations	   (Fig.	   6	   and	   Table	   S2)	   show	   that	  
the	   bidentate	   linkers	   can	   effectively	   bind	   the	   complex	   with	  
large	  interaction	  strength	  for	  every	  type	  of	  ligand.	  	  
In	   conclusion,	   theoretical	   calculations	   support	   that	   the	  
complex	   formation	   with	   the	   bidentate	   ligand	   is	  
thermodynamically	   favourable	   compared	   to	   the	   starting	  
complex.	   Furthermore,	   the	   amine	   ligand	   has	   the	   strongest	  
interaction	  with	  the	  Ru	  complex,	  which	  supports	  the	  higher	  Ru	  
loading	   of	   mAR-‐SNH2-‐Ru.	   In	   order	   to	   have	   a	   more	   physically	  
correct	   point	   of	   view,	  we	   compared	   the	   anchored	   ruthenium	  
to	   the	   original	   complex	   as	   a	   reference	   system,	   which	   is	  
schematically	  represented	  in	  Fig.	  6.	  Here,	  we	  first	  calculate	  the	  
energy	   cost	   to	   ‘remove’	   both	   acetonitrile	   groups	   and	   the	  
consecutive	  stabilization	  caused	  by	  the	  recomplexation	  to	  the	  
new	   ligand,	   representative	   for	   the	   actual	   experimental	  
exchange	   process.	   Using	   this	   approach,	   we	   find	   that	   the	  
anchoring	  to	  the	  new	  ligand	  is	  thermodynamically	  favoured	  by	  
2	  -‐	  22	  kcal/mol	  depending	  on	  the	  ligand	  (an	  order	  of	  NH2	  >	  SH	  
>	  OH	  is	  found).	  	  

Catalytic	  alcohol	  oxidation	  in	  water	  

For	  catalytic	  tests,	  we	  retained	  three	  different	  materials:	  mAR-‐
SOH-‐Ru,	  mAR-‐SSH-‐Ru	  with	  relatively	  low	  Ru	  loading	  and	  mAR-‐
NH2-‐Ru	   with	   a	   relatively	   high	   Ru	   loading.	   Although	   the	   pore	  

walls	   of	   these	   PMOs	   are	   relatively	   hydrophobic,	   all	   catalysts	  
are	   homogeneously	   dispersed	   in	   water	   courtesy	   of	   the	  
remaining	   silanol	   groups.	   In	   our	   initial	   experiments,	   we	  
performed	   the	   oxidation	   of	   benzylalcohol,	   as	   this	   is	   the	  
substrate	  of	  choice	  in	  many	  reports	  on	  Ru	  catalyzed	  oxidation	  
reactions35-‐36.	  However,	  in	  our	  system,	  we	  already	  observe	  full	  
conversion	  of	  benzylalcohol	  to	  benzaldehyde	  without	  addition	  
of	   a	   Ru-‐catalyst	   (blank	   reaction).	   We	   assume	   that	  
benzylalcohol	   and	   similar	   substrates	   are	   easily	   oxidized	   as	  
expansion	   of	   the	   π-‐system	   pushes	   the	   reaction	   towards	   full	  
conversion.	  	  
Therefore,	   we	   selected	   cyclohexanol	   as	   non-‐aromatic	  
substrate,	   which	   does	   not	   benefit	   from	   conjugation	   after	  
oxidation.	   Catalytic	   results	   are	   represented	   in	   Table	   3.	   All	  
considered	   Ru-‐catalysts	   show	   full	   conversion	   of	   cyclohexanol	  
after	   180	   min,	   whereas	   for	   the	   blank	   reaction	   only	   12%	   is	  
observed.	  This	  reaction	   is	  roughly	  four	  times	  faster	  compared	  
to	  [Ru(acac)2(CH3CN)2]PF6	  anchored	  on	  an	  aminopropyl	  grafted	  
silica36,	   which	   nicely	   illustrates	   the	   enhanced	   diffusion	   of	  
organics	   in	   water	   towards	   the	   hydrophobic	   PMO	   materials.	  
The	   results,	   however,	   show	   a	   discrepancy	   between	  
[Ru(acac)2(CH3CN)2]PF6	  and	  the	  solid	  PMO	  catalysts	  in	  terms	  of	  
selectivity.	  A	  similar	   loss	   in	  selectivity	   is	  seen	   if	  homogeneous	  
Ru(acac)3	  is	  used	  as	  catalyst.	  Here,	  a	  vacant	  reaction	  site	  must	  
be	  created	  by	  the	  expulsion	  of	  an	  acac-‐ligand,	  which	  causes	  a	  
tendency	   for	   overoxidation	   (by-‐products	  were	   determined	   as	  
cyclohexenone	   and	   hydroquinone).	   Overreaction	   does	   not	  
occur	   when	   the	   weakly	   bound	   CH3CN	   ligands	   of	  	  
[Ru(acac)2(CH3CN)2]PF6	   are	   removed.	   This	   fact	   thus	   suggests	  

Table	  3:	  Oxidation	  of	  cyclohexanol	  

Entry	   Catalyst	  
Ru	  

(mol%)	  
Conv.a	  
(%)	  

Yielda	  

(%)	  
1	   [Ru(acac)2(CH3CN)2]PF6	   5	   >99	   >99	  
2	   Ru(acac)3	   2.5	   93	   88	  
3	   mAR-‐SNH2-‐Ru	   0.06	   >99	   95	  
4	   mAR-‐SOH-‐Ru	   >99	   81	  
5	   mAR-‐SSH-‐Ru	   >99	   80	  
6	   Blank	   0	   12	   12	  

aGC-‐determined	  with	  toluene	  as	  internal	  standard	  

Fig.	  6:	  Computational	  model	  with	  two	  fragments	  indicated.	  Total	  charge	  of	  the	  system	  is	  +1	  and	  it	  has	  a	  doublet	  spin	  state

3 h 
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that	   Ru	   is	   indeed	   anchored	   to	   mAR-‐SX	   by	   exchange	   of	   the	  
weak	   acetonitrile	   ligands	   corroborating	   with	   the	   assumption	  
made	  in	  the	  computational	  study.	  	  
Next,	  we	  constructed	  reaction	  profiles	  for	  mAR-‐SOH-‐Ru,	  mAR-‐
SSH-‐Ru	  and	  mAR-‐SNH2-‐Ru	  and	  performed	   ‘hot-‐filtration’	   tests	  
(Fig.	   7)	   to	   determine	   whether	   the	   catalysis	   takes	   place	  
exclusively	  on	  the	  PMO	  surface.	  Given	  the	  reaction	  profiles	  of	  
mAR-‐SOH-‐Ru	   and	  mAR-‐SSH-‐Ru,	   the	  optimum	   reaction	   time	   is	  
40	   min	   with	   a	   high	   TOF10min	   of	   1.53	   s

-‐1	   and	   1.47	   s-‐1,	  
respectively.	   At	   this	   optimum,	   all	   cyclohexanol	   is	   selectively	  
oxidized	   into	   cyclohexanone	   and	   only	   thereafter	   further	  
oxidation	   products	   are	   formed	   as	   a	   result	   of	   continuing	   β-‐
elimination	   reactions.56	   The	   dashed	   line	   in	   Fig.	   7	   shows	   the	  
reaction	   profile	   during	   the	   hot	   filtration	   (HF)	   test.	   For	   both	  
materials,	  separation	  of	  the	  catalyst	  from	  the	  reaction	  mixture	  
occurred	  after	  10	  min.	  No	  further	  reaction	  is	  witnessed	  in	  the	  
filtrates	   but	   the	   blank	   reaction.	   This,	   combined	  with	   the	   fact	  
that	  no	  leaching	  of	  Ru	  was	  observed	  in	  the	  filtrate	  at	  ppm	  level	  
(XRF)	  shows	  that	  the	  reaction	  occurs	  on	  the	  pore	  surface	  of	  the	  
PMO	   and	   that	   we	   have	   developed	   non-‐leaching,	   fully	  
heterogeneous	   and	   recyclable	   catalysts.	   The	   latter	   statement	  
is	  demonstrated	  in	  Fig.	  8,	  where	  catalyst-‐recycling	  experiments	  
for	   mAR-‐SOH-‐Ru	   show	   a	   similar	   activity	   for	   3	   consecutive	  
catalytic	  runs	  of	  180	  min,	  without	  loss	  of	  structural	  ordering	  of	  
the	   support	   (Fig.	   S8).	   The	   total	   reactant	   conversion	   is	   similar	  
for	   all	   runs.	   However,	   as	   seen	   in	   the	   reaction	   profiles,	   the	  
occurring	   reaction	   is	   sequential	   (-‐ol	   à	   -‐one	   à	  
enone/hydroquinone).	   Therefore,	   the	   lower	   yield	   of	  
cyclohexanone	   in	  Run	  1	  and	  3	   is	  accompanied	  by	  an	   increase	  
of	   the	   overoxidation	   products.	   We	   believe	   that	   this	   slight	  
variability	  in	  the	  yield	  of	  cyclohexanone	  is	  due	  to	  small	  changes	  
in	  the	  kinetics	  of	  the	  reaction	  that	  could	  be	  caused	  by	  external	  
factors. 
However,	   when	   immersing	   mAR-‐SNH2-‐Ru	   in	   the	   reaction	  
medium	   and	   filtering	   off	   the	   catalyst	   after	   10	   min,	   we	  
observed	   further	   reaction	   in	   the	   filtrate.	   The	   conversion	   of	  
cyclohexanol	   in	  the	  filtrate	  increased	  from	  35%	  at	  the	  time	  of	  
filtration	   to	   83%,	   significantly	   more	   than	   expected	   for	   the	  

blank	  reaction.	  This	  indicates	  that	  the	  Ru-‐complex	  is	  detached	  
from	  the	  support	  and	  partially	  leaches	  into	  the	  medium,	  where	  
it	   can	   no	   longer	   be	   recovered.	   Via	   XRF,	   the	   Ru-‐leaching	   is	  
determined	   at	   30%	   after	   3	   catalytic	   runs.	   To	   ensure	   this	  
leaching	   is	   not	   loading	   related,	   we	   prepared	   a	  mAR-‐SNH2-‐Ru	  
sample	   for	  which	   the	   anchoring	  was	   executed	   in	   acetone,	   to	  
obtain	   a	   catalyst	   with	   similar	   Ru-‐loading	   (0.037	   mmol/g)	   to	  
mAR-‐SOH-‐Ru	   and	   mAR-‐SSH-‐Ru.	   Again,	   the	   hot	   filtration	   test	  
was	  unsuccessful.	  The	  very	  different	  behaviour	  of	  mAR-‐SNH2-‐
Ru	   can	   be	   explained	   by	   taking	   into	   account	   the	   reaction	  
medium.	  H5IO6	  not	  only	  acts	  as	  the	  oxidant,	  it	  can	  also	  readily	  
protonate	  the	  NH2-‐group	  of	  the	  ligand,	  whereas	  –OH	  and	  –SH	  
remain	  unaltered.	  	  
This	   is	   confirmed	   in	   our	   computational	   study.	   The	   acidic	  
environment	   created	   by	   the	   periodic	   acid	   (pKa	   3.29)	   is	  
sufficiently	  strong	  to	  protonate	  the	  amine	  group	  of	  the	  ligand	  
(approx.	   pKa	   10).	   This	   leads	   to	   a	   subsequent	   change	   in	   the	  
conformation	   of	   the	   complex	   as	   is	   shown	   in	   Fig.	   9.	   The	   now	  
positively	  charged	  amine	  group	  turns	  away	  from	  the	  Ru	  centre,	  
and	  only	  a	  weak	   interaction	  of	   the	  sulphur	   lone	  pair	   (about	  6	  
kcal/mol)	  remains,	  not	  sufficient	  to	  retain	  the	  complex	  in	  that	  
position.	  
The	   hydroxyl	   group	   (approx.	   pKa	   -‐2)	   and	   the	   thiol	   group	  
(approx.	   pKa	   -‐7)	   of	   the	   other	   ligand	   chains	   cannot	   be	  
protonated	  in	  this	  reaction	  environment	  and	  therefore	  stay	  in	  
the	  same	  conformation.	  These	   results	  explain	  why	   ruthenium	  
leaching	   is	   only	   observed	   for	   the	   amine-‐based	   ligand,	  
notwithstanding	   that	   this	   ligand	   has	   the	   strongest	   affinity	   to	  
bind	  the	  ruthenium	  complex.	  

Fig.	  7:	  Reaction	  profiles	  of	  mAR-‐SOH-‐Ru	  (top)	  and	  mAR-‐SSH-‐Ru	  (bottom).	  A	  hot	  
filtration	  test	  (HF)	  is	  performed	  with	  filtration	  at	  t	  =	  10	  min	  (dashed).	  	  

Fig.	  8:	  Catalyst	  recycling	  experiment	  for	  mAR-‐SOH-‐Ru,	  with	  conversion	  of	  
cycyclohexanol	  (dark	  grey),	  yield	  of	  cyclohexanone	  (grey)	  and	  formation	  of	  the	  
byproducts,	  cyclohexenone	  and	  hydroquinone	  (white)

Fig.	  9:	  	  In	  an	  acidic	  environment,	  the	  amine	  group	  can	  be	  easily	  protonated.	  The	  
remaining	  S—Ru	  interaction	  is	  rather	  weak	  and	  as	  a	  consequence,	  the	  complex	  
leaches	  out.	  
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As	  a	  control	  experiment,	  we	  prepared	  an	  aminopropyl	  grafted	  
SBA-‐15	   and	   subsequently	   anchored	   [Ru(acac)2(CH3CN)2]PF6	  
(details	  in	  SI).	  For	  this	  catalyst,	  the	  Ru	  is	  no	  more	  stabilized	  by	  
the	  sulphur	  atom	  after	  protonation	  of	  the	  amine	  group.	  Here,	  
up	   to	   50%	  of	   Ru	   is	   leached	   after	   1	   catalytic	   run,	  whereas	   for	  
mAR-‐SNH2-‐Ru	   30%	   of	   Ru	   leaching	   is	   observed	   after	   3	   runs.	  
These	   results	   prove	   that	   the	   amine	   group	   indeed	   causes	  
leaching	  by	  protonation	   in	   the	  acidic	  medium.	  Also,	   the	  small	  
stabilizing	   effect	   of	   the	   lone	   sulphur	   atom	   is	  witnessed	   given	  
the	  less	  pronounced	  leaching	  for	  mAR-‐SNH2-‐Ru.	  

Mechanistic	  insights	  

In	  Fig.	  10,	  a	  mechanism	  for	  this	  catalytic	  oxidation	  is	  proposed.	  
In	  our	  system	  at	  25°C,	   the	  acidity	  of	  H5IO6	   is	  needed	  to	  expel	  
an	   acac-‐ligand	   and	   to	   create	   vacant	   Ru-‐sites	   as	   indicated	   by	  
the	   catalytic	   activity	   of	   Ru(acac)3.	   Furthermore,	   we	   did	   not	  
observe	  conversion	  if	  NaIO4	  is	  used	  as	  neutral	  oxidant	  at	  room	  
temperature,	   demonstrating	   that	   the	   acidity	   is	   decisive	   for	  
catalytic	   activity.	   	   It	   is	   generally	   accepted	   that	   alcohols	  
undergo	   β-‐elimination	   in	   the	   presence	   of	   late	   transition	  
metals,	   which	   is	   often	   regarded	   as	   the	   rate-‐determining	  
step.28,30,57,58	   Here,	   the	   resulting	   Ru-‐H2	   is	   readily	   oxidized	   by	  
the	   periodate	   anion.	   Although	   the	   latter	   is	   consumed	   during	  
reaction,	   electrochemical	   regeneration	   is	   straightforward.	   By-‐
products	   of	   the	   cyclohexanol	   oxidation,	   cyclohexenone	   and	  
hydroquinone,	   are	   the	   result	   of	   extended	   β-‐elimination.	   This	  
side-‐reaction	   is	   far	   less	   favourable	  as	   these	  products	  are	  only	  
formed	  after	  full	  conversion	  to	  cyclohexanone.	  We	  believe	  the	  
selectivity	  of	  the	  reaction	  arises	  from	  selective	  coordination	  of	  
cyclohexanol	   to	   vacant	   Ru	   sites	   followed	   by	   ß-‐elimination.	  
Given	   the	   reaction	   profile,	   cyclohexanone,	   the	   reaction	  
product,	  must	   only	   be	   able	   to	   coordinate	   to	   the	   vacant	   sites	  
after	  all	  cyclohexanol	  is	  consumed	  to	  yield	  cyclohexenone.	  
Finally,	  we	  attempted	  cyclohexanol	  oxidation	  with	  either	  H2O2	  
or	  O2	  as	  the	  oxidant	  at	  low	  pH	  to	  promote	  the	  removal	  of	  the	  
acac	  group.	  No	  conversion	  of	  the	  substrate	  was	  observed	  after	  
180	   min.	   This	   results	   from	   the	   lower	   oxidation	   potential	   of	  
H2O2	   and	   O2	   compared	   to	   H5IO6,	   which	   is	   insufficient	   to	  
regenerate	  the	  active	  Ru(III)-‐species.	  
Arguably,	   in	  all	  performed	  catalytic	  reactions,	  H5IO6	  is	  used	  as	  
a	   sacrificial	   oxidant.	   However,	   after	   filtration	   of	   the	   Ru	  
catalysts	  and	   subsequent	  extraction	  of	   the	   reaction	  products,	  
only	   an	   aqueous	   phase	   containing	  HIO3	   remains.	   In	   potential	  
applications,	   this	   latter	   can	   be	   reconverted	   into	   a	   H5IO6	  

solution	   within	   the	   same	   medium	   via	   an	   electrochemical	  
procedure	  in	  a	  separate	  cycle.	  This,	  combined	  with	  the	  catalyst	  
recycling,	   the	   use	   of	   water	   as	   a	   solvent	   and	   performing	   the	  
reaction	   at	   room	   temperature,	   provides	   a	   sustainable	  
alternative	   to	   current	   aerobic	   oxidation	   reactions	   at	   elevated	  
temperature	  in	  organic	  solvents.	  

Oxidation	  of	  poorly	  water-‐soluble	  alcohols	  

As	  a	   final	   experiment,	  we	   selected	   (±)-‐menthol	   as	   a	   sterically	  
hindered,	  poorly	  water-‐soluble	  substrate.	  Such	  substrates	  are	  
notoriously	   hard	   to	   oxidize	   in	   water/RT	   and	   no	   selective,	  
complete	   conversion	   is	   reported	   even	   after	   reaction	   for	  
>12h.31,36	   Albeit	   the	   poor	   solubility	   of	   (±)-‐menthol	   in	   water,	  	  
we	  obtain	   full	   conversion	  after	  6	  hours,	  with	  >99%	  selectivity	  
towards	  menthone	  with	  our	  PMO	  catalyst	  (mAR-‐SOH-‐Ru)	  (Fig.	  
11).	   This	   remarkable	   behaviour	   must	   be	   attributed	   to	   the	  
properties	   of	   the	   mAR-‐PMO	   support.	   Sequential	  
hydrophobic/hydrophilic	   ‘zones’	   in	   the	   PMO	   material,	  
originating	   from	   the	   organic	   bridges	   and	   siloxane/silanol	  
functionalities,	   create	   an	   ideal	   reaction	   environment	   for	   the	  
reaction	  of	  hydrophobic	  molecules	   in	  water.24,	   59-‐63	  Therefore,	  
reactants	   are	   locally	   enriched	   and/or	   reaction	   products	   are	  
repelled	   which,	   combined	   with	   an	   ordered	   pore	   structure,	  
results	  in	  high	  catalytic	  activity	  (TOF30min	  =	  0.54	  s

-‐1).	  No	  further	  
β-‐elimination	   products	   are	   found,	   which	   implies	   that	   steric	  
hindrance	   of	   the	   isopropyl	   and	   methyl	   groups	   prevent	  
overreaction.	  

Conclusion	  
We	   have	   developed	   a	   novel	   and	   exceptionally	   stable	   100%	  
monoallyl	   ring-‐type	   PMO	   (mAR)	   of	   which	   structure	   and	  
porosity	  (536	  cm2/g,	  5.0	  nm	  pores)	  are	  optimized	  to	  serve	  as	  a	  
catalytic	   support	  material.	   Via	   thiol-‐ene	   ‘click’	   chemistry,	   the	  
allyl	  groups	  protruding	  in	  the	  pores	  are	  transformed	  into	  three	  
distinct	   bidentate	   thioether	   ligands	   (SNH2,	   SOH,	   SSH).	  
Experiments	   and	   theoretical	   calculations	   confirm	   the	  
heterogenization	  of	  a	  Ru(III)-‐complex	  onto	  these	  solid	  ligands.	  
Although	  protonation	  of	  the	  amine	  group	  in	  the	  acidic	  catalytic	  
medium	   causes	   leaching	   for	  mAR-‐SNH2-‐Ru,	  mAR-‐SOH-‐Ru	   and	  
mAR-‐SSH-‐Ru	   are	   successfully	   applied	   as	   selective,	   truly	  
heterogeneous	   catalysts	   in	   the	   oxidation	   of	   cyclohexanol	   in	  
water	   at	   25°C.	   Moreover,	   the	   hydrophobic/hydrophilic	  
reaction	  environment	  and	  ordered	  pores	  of	   the	  mAR-‐support	  

Fig.	  10:	  Schematic	  mechanism	  of	  H5IO6	  heterogeneous	  cyclohexanol	  
oxidation.	  X	  =	  OH,	  SH	  coming	  from	  mAR.	  

Fig.	  11:	  Reaction	  profile	  for	  (±)menthol	  oxidation	  with	  mAR-‐SOH-‐Ru	  as	  catalyst.	  
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enable	   high	   catalytic	   activity	   for	   a	   poorly	   water-‐soluble	   and	  
sterically	  very	  challenging	  substrate	  such	  as	  (±)-‐menthol.	  	  
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