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Abstract

Heterogenization of catalytically important homogeus catalysts on solid supports has become an
expanding area of research. PNN and PONOP ruthepincer complexes were immobilized on a
silica poly(allylamine) composite, BP-1 by a tweystMannich reaction. The complexes on BP-1
were characterized by solid state NMR, FT-IR, elet@leanalysis, and metal digestion studies.
Model, solution experiments were carried out tedatne the site of electrophilic substitution oe th
pyridine ring of the pincer complexes and reveaelstitution in both theneta- andpara-position.
The catalytic reactivity of immobilized (PNN)RuH(Q@CO) and (PONOP)RuH(CI)(CO) on BP-1
was studied for the dehydrogenative coupling oblabts to esters with the liberation of,.H
Moderate to good ester yields were realized witth bimmobilized systems without using the base
required for the homogeneous reaction and alsbamptesence of KOH. The homogeneous model
reactions required a base for alcohol formatiore @mine functionality on BP-1 served as the base
to generate the active pincer catalyst on the BRrfiace. Both immobilized catalysts were recycled
for multiple alcohol reaction cycles. Four-step ttohexperiments were carried out using an alcohol
and both immobilized systems. The results revetlledheterogeneity of the alcohol catalysis by both
BP-1-Ru-PNN and BP-1-Ru-PONOP systems. This studydpened a new catalytic methodology
for reactions where base is required for catalysivation, by using a solid support with basic

functionality.
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1.1 Introduction

Immobilization of transition metal catalystsn a suitable solid surface has received
significant attention in recent years. Though hgereous systems provide remarkable activity
and selectivity in catalytic reaction processesyténcounter very challenging issues in terms of
separation of the products from the catalyst amddatalyst lifetime [1]. The heterogenization of
homogeneous catalysts could help overcome thesenhproblems and extend the use of
relatively expensive catalysts in various chemitahsformations [2]. Thus, immobilization
chemistry constitutes a promising direction in theea of small molecule catalysis [3,4].
Immobilization facilitates easy product separatig@tovery of relatively expensive catalysts by
simple filtration, for reuse multiple catalytic dgs [3-11]. Though many synthetic techniques
have been reported and utilized for immobilizat@minmolecular organometallic catalysts on
various support materials, the immobilization byaent attachment of metal-ligand complexes
on a suitable inorganic solid support appears tadheebest way of recycling homogeneous
catalysts [11-14].

We have focused on metal pincer complexes duedio Wide range of applications in
various catalytic reactions [15-17]. Though a wideiety of pincer ligands and their complexes
are now accessible and have been shown to worlkrgselfective catalysts, they are relatively
expensive and their syntheses involves multiple pimatted steps [18-20]. We and others have
reported that direct immobilization of the preasblm pincer is the best method for
immobilizing pincer ligands on surfaces [15, 21Téd have been several reports recently on the
immobilization of pincer metal complexes on varidyses of solid supports, including inorganic
materials (alumina, silica), dendrimers, and funwdlized organic polymers [22-24]. Silica
materials have been shown to be very suitable seligports for immobilization of
organometallic pincer catalysts [25]. Pozo etraported the immobilization of (NHC)NN-
pincer complexes on the mesoporous silica, MCMi\1 covalent binding of the pincers via
pendant alkoxysilane groups [14]. Platinum andgolidim NCN pincers, [§H3(2,6-CHNMe,),]
functionalized with para-ethynyl-groups were imniizled on azido-functionalized silica
materials for C-C coupling reactions using “clickhemistry [26]. Palladium PCP pincer
complexes were tethered to polymer and silica sappbrough amide or ether linkages and
applied in the Heck reaction between iodobenzertk rebutylacrylate [27]. Brookhart et al.

reported the immobilization of PCP and POCOP indipincer complexes for transfer
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dehydrogenation of alkanes on different types didssupports using three approaches: 1)
covalent attachment of phenoxide functionalizediumn pincers to a Merrifield's resin with the
chlorobenzyl moieties; 2) covalent bonding of eh pincers with a pendant alkoxysilane
groups to silica; 3) adsorption of iridium pincexntaining basic functional groups @+Al,03
through a Lewis acid/Lewis base interaction [28]oldnan et al. demonstrated the
immobilization of bis-phosphinite-tert-butyl-irrigin pincer complexes on-Al,O3; by two
methods: 1) covalent attachment of trimethoxyssybstituted iridium pincers with hydroxyl-
functionalized AJOs;; 2) binding of para-functionalized POCOP iridium pincers to a
coordinately-unsaturated surface site in @ [29]. The dihydride pincer complex
[IrH,(POCOP)] was also anchored on a mesoporous silidace (SBA-15) by reaction of
hydride with surface silanol groups and were thiglized as a heterogeneous catalyst for alkene
hydrogenation reactions [30]. Pd(ll)-SCS pincer pteres were covalently immobilized on
porous silica, poly(norborene) and cross-linked riifietd’s resin supports by C.W. Jones et al.
and applied in the Heck reaction [31-32]. G. varefoet al. reported the anchoring of PCP and
SCS palladium pincer complexes on ordered mesoposdica through a carbamate linkage
between para-trialkoxysilane-functionalized palladium pincersida silica using a grafting
process, and then utilized the supported catalyst€-C bond formation reactions [25].
However, there is very limited information on hegenization of PNN and PONOP ruthenium
pincer complexes. In homogeneous reaction systehi, pincer complexes have been shown to
act as excellent catalysts in many chemical transitons such as dehydrogenative coupling of
alcohols to esters [33], hydrogenation of esteraltmhols [34], and amide formation from
amines and alcohols [34]. Milstein showed thataatalytic activity of PNN pincer complexes
requires a base to generate active catalyst complex deprotonation of the pincer arm [33-35].
More recently, an Fe-PNP complex has been showadoce CQ to formate at low pressures
and also requires a base [36]. The PNP pincer)3#2t6-(iPrP))NCsHs, has been shown to be
a highly efficient catalyst for the reduction of €0 formate and requires a 10% aqueous KOH
solution [37]. Similarly, the nickel PONOP pinc&tiH(2,6-(iPLPO))NCsH3), has been shown
to be an effective hydrosilation catalyst in thegance of an aqueous base [18]. There are other
reaction types, including aldol-type condensatiafith electrophiles, which require base using
PCP and POCOP frameworks [38]. Thus, there isge lelass of pincer-catalyzed reactions that
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require a base and would benefit from the elimoratf the basic co-reagents by using a surface
that could provide the required base.

In the present study, we utilize a silica polyamgwmposite, BP-1, which provides
amine functionality on its surface that could astaasuitable base to generate the active PNN
catalytic species upon binding or attachment ofe¢heomplexes on the compaosite surface. The
silica polyamine composites (SPC) were developedtlie selective capture of metal and
nonmetal ions and have been produced commerc@ilynfiustrial applications in the recovery
and removal of transition metals, precious metatsl mercury from diverse waste streams and

mining leaches (Scheme 1) [39-42].
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Scheme 1Synthesis of silica polyamine composites

SPC are organic-inorganic hybrid materials withhhggprosity and the matrix rigidity of
amorphous silica [40]. They have polyamine chetatagents covalently bound to the silane
layers at multiple points that provide additiontdhility for the composites. In heterogeneous
catalytic systems, the type and nature of the salport is critical for obtaining the selectivity
and performance of homogeneous catalysts [43-4d¢eRkly, we reported the application of
rhodium, palladium and ruthenium salts immobilized the SPC surface for selective
hydrogenation of olefins and the selective oxidatad phenol to catechol [45]. In addition,
various metal PONOP pincer complexes as well asrigssof luminescent diimine ruthenium
complexes have been successfully immobilized on BRI5]. The surfaces of silica polyamine
composites could control molecular access to theesites of the catalysts in heterogeneous

systems in a different way than simple oxide orygiyrene supports. For example, the
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unmodified amines offer the opportunity to act ase co-catalysts and permit tuning of the
surface pH (Zeta potential).

This paper reports a study of immobilized PNN a@NB®P pincer complexes of Ru on a silica
polyamine composite, BP-1, in the dehydrogenatweptng of alcohols to give esters in the

absence of a base and with KOH.

2. Experimental
2.1. General methods and materials

The SPC, referred to as BP-1 (1.5 mmol Nig)s synthesized using poly(allylamine) (MW
= 11-15 Kg, Nitobo Buseki, Japan) (Scheme 1) [3P-#Be ligands, (PONOP) [2,6-bis(tk¥t-
butylphosphinito)pyridine] and PNN [{2-(dert-butylphosphinomethyl)-6-(di-
ethylaminomethyl)}pyridine], and the pincer compex (PONOP)RuH(CI)(CO)and
(PNN)RuUH(CI)(CO) were synthesized by previouslyam@d procedures [33,46,48olvents
used were reagent grade. Tetrahydrofuran and t)&de were distilled from benzophenone
ketyl and methylene chloride and acetonitrile wealistilled from calcium hydride. 2,6-
Dihydroxy pyridine hydrochloride (Sigma Aldrich) @n(PPh)sRuH(CI)(CO) were purchased
from Strem Chemicals, USA. Elemental analysis (C,NJ P and CI) were performed by
Galbraith Laboratories, Inc, Knoxville, Tennesse&A. Solid-state CPMAS and solutidfiC
and*'P NMR were obtained on a Varian NMR Systems 500 Mpiectrometer at 125 and 206
MHz respectively, with spinning speeds of 7-10Klde the solid state experimentéC and®*'P
chemical shifts are reported relative to externaframethylsilane and phosphoric acid
respectively. Some solid state NMR spectra weterted also on a Jeol ECZR 600 instrument
operating at 600.17, 150,91 and 242.95 MHz fbr, °C and *P nuclei, respectively,
respectively. The samples were packed in a cyliatiB.2 mm diameter zirconia rotors rotor and

spun at 20 kHz. All data were collected at ambpgnbe temperatures. All CPMAS experiments
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employed the Ramp-Amplitude Cross-Polarization @uequenced 90° pulse = 3.05:s,
contact time = 1.5 ms, relaxation delay 0.2 s) vile Two Pulse Phase Modulatidhi
decoupling with an rf field of 75 kHz during thecaisition period.*H, **C and®'P chemical
shifts were referenced with the resonance of giy@fC methylene signal at 43.86 ppm) and
85% phosphoric acid®{P signal ats = 0 ppm) as external standards. Infrared speceee w
recorded as KBr pellets on a Thermo-Nicolet 633IRBpectrometer. Loading of the metals on
BP-1was determined by digesting the composite ssenpith a mixture of concentrated HCI and
HNO; (6:1) [7] and the metal concentration in the digeas determined by Atomic Absorption
(AA Spectrometer S Series, Thermo-electronic Capon, USA). All reactions were carried
out under a dry nitrogen or argon atmosphere ustiaugdard Schlenk techniques. In the catalytic
reactions, the formation of esters and aldehyd®s filcohols were determined by GC-MS with
xylene as internal standard using an HP 5 columaroAgilent 6890N GC-MS system. Electron
Microscopy images were obtained orHaachi H-7100.The results of all alcohol conversions
were checked and verified by running the approprsandard solutions of the corresponding
alcohols by GC-MS. The results were also crossiadtkdy running the standard solutions of
the corresponding esters as well. The reactionse weonitored by GC-MS throughout the
reaction period, which was determined by the timmesd by Milstein [33] for the related
homogeneous reactions.
2.2 Immobilization of (PNN)RuH(CI)(CO) on SPC-BP-1

(PNN)RuUH(CI)(CO) was immobilized on BP-1 byvweo-step Mannich reaction [15]. 5g of
BP-1 (containing 1.6 mmol N/g) was mixed with ageat solution of 25 mL aqueous HCHO
(38%, 345 mmol) and 0.5 mL glacial acetic acid 4M,.8.74 mmol) in a 250 mL flask equipped

with an overhead stirrer. The suspension was dtiioe 3—4 hours at room temperature yielding
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the surface-bound imine intermediate. The resultagposite was filtered and then washed
several times with 95% ethanol, and then dried umdeuum overnight (yield: 5.19 g). 500 mg
(0.885 mmol) of (PNN)RuH(CI)(CO) [32] and 25 mL distilled 1,4-dioxane were added to 59
of dried imine intermediate in a three-necked rotattom flask equipped with an overhead
stirrer and a condenser. The mixture was degassegflied vacuum (30 mmHg). The reaction
mixture was refluxed overnight with stirring undés. The composite product was then filtered
and washed four times with 1,4-dioxane, four timath acetone, and four times with GEl,
and then dried overnight under high vacuum yield80 g of BP-1-(PNN)RuH(CI)(CO)1)
product. Elemental analysis: C 12.74%, H 2.95%, .84%, P 0.11%, Cl| 2.30%. Solid-state
CPMAS *C NMR, & (ppm): 162.4 (pyridine), 33.5 (GHpolyamine), 56.7 (ethyl), 23.7eft-
butyl), 15.1 tert-butyl), 6.0 (Si-CH). CPMAS®!P NMR,§ (ppm): 49.5. IR spectra (KBr pellet):
1948 cm-1 (s)\ CO).

2.3 Immobilization of (PONOP)RuUH(CI)(CO) on SPC-BP1[15]
500 mg (0.885 mmol) of (PONOP)RuUH(CI)(CO) J|4thd 25 mL of distiled THF were

added to 5g of dried imine intermediate in a thmeeked round bottom flask equipped with an
overhead stirrer and a condenser. The mixture wgassed by applied vacuum (30 mmHg). The
temperature of the mixture was raised to 70°C &edréaction mixture was refluxed overnight
with stirring under N. The composite product was then filtered and wa$ber times with THF
and four times with CkCl, and then dried overnight under high vacuum yigjdit34 g of BP-
1(PONOP)RuUH(CIH(CO) 3) product. Elemental analysis: C 12.57 %, H 2.7%%2.42%, P
0.189%, Cl 0.27%. Solid-state CPMASC NMR, & (ppm): 163.5 (pyridine), 48.5 (GH
polyamine), 33.8 (tert-butyl), 23.%eft-butyl), -5.9 (Si-CH). CPMAS *P NMR, & (ppm):

58.1.IR spectra (KBr pellet): 1952 &nts) (v CO).
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2.4 Experimental procedure for model solution reetion between (PNN)RuH(CI)(CO)
and n-butyl amine
200 pL (2 mmol) of n-butyl amine was adde®®0 uL (38%, 2 mmol) of HCHO solution.

20 pL (0.35 mmol) of glacial acetic acid (17.4 Masvadded and the reaction mixture was
stirred overnight at room temperature under The resulting imine intermediate was extracted
with distilled CHCI, and then anhydrous B8O, was added to remove any tracgH Solvent
was then removed by rotary evaporation and theymtoglas dried under high vacuum. 0.9 g (2
mmol) of (PNN)RuH(CO)CI was combined with the driedne intermediate in 10 mL distilled
THF. The reaction was carried out at 66°C for 24ireaunder M Solvent was removed by
rotary evaporation and the resulting product washe&d with pentane and @El,.The product
(PNN)RuUH(CI)(CO)-n-butyl amine3j was purified by column chromatography elutinghntite
mixture of THF and hexane and then dried under keytuum (yield: 0.72g, 1.26 mmol, 63%).
3P NMR (Acetone-g): & 89.79 (s), 90.36 (s), and 96.97 (81 NMR (Acetone-g) (three
isomers) § ppm): 0.77 (tJy-n= 4.0 Hz, 3H, El3), 0.80 (t,Jy.n= 8.0 Hz, 3H, El3), 6 1.56 (t,Jx-
4= 8.0 Hz, 3H, Els), & 1.35 (t,Jun= 4.0 Hz, 3H, El3),5 3.06 (t,Ji.= 8.0 Hz, 3H, El3), 3.48
(m, 1H, N(GHHMe)y), 3.31(m, 1H, N(EIHMe),), 1.22 (sextetd.u= 8.1 Hz, 2H, El,), 1.74 (s,
18H, P-C(®H3)3), 5.05 (s, 2H, Ey), 4.74 (s, br, 1H, NH), 7.97 (s, 2H,m-pyridine, para-
isomer),7.58 (ddJy.n= 4.0 Hz, 2H, pyridinemeta-isomer),1.42 (pentls.n= 8.1 Hz, 2H, El,),
3.59 (d,Ju.n= 12.0 Hz, 2H, ©,), -15.43 (d, & = 28Hz, 1H, Ru-H). IR (ATR): 1931 ¢
(s)(vCO), 2016 crit(s) WRu—H).
(235'-3 Experimental procedure for the deprotonatiorof (PNN)RuH(CI)(CO)-n-butyl amine

58 mg (0.1 mmol) d@ was dissolved in THF (5mL). 11.2 mg (0.1 mmol)kd'Bu was

added at -31°C and the mixture was stirred for dréiand then filtered. The volume of the deep-
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red filtrate was reduced to 0.5 mL under vacuum &malL pentane was added to precipitate the
brown-red product. The product was then separatddaashed three times with 2 mL pentane
and dried under vacuum to yield (PNN-)RuH(CO)-nybaimine @) (37 mg, 0.07 mmol, 69%).
%P NMR (Acetone-g): & 97.07 (s), 109.73 (s), and 109.78 {8).NMR (5 ppm) (Acetone-g)
(three isomers): 0.78 (@.1= 4.0 Hz, 3H, El3), 3.07 (t,J4.1= 4.0 Hz, 3H, El3), 4.17 (t,In.v=

8.0 Hz, 3H, ®3), 1.22 (sextetJyn= 8.0 Hz, 2H, E,), 0.78 (sextetJyn= 4.0 Hz, 2H,
CHy),1.56 (M, 1H, N(EBIHMe),), 2.12(m, 1H, N(EIHMe),),1.96 (s, 2H, €,),1.67(s, 2H, El.),
1.92 (vt,Jp.1= 4.0 Hz, 9H, P-C(6l3)s), 1.93 (Vt,Jp.y= 4.0 Hz, 9H, P-C(B3)3), 5.27 (s, 1H, =
CHP), 5.27 (s, br, 1H, M),7.57 (dd,Jy.»= 8.0 Hz, 2H, pyridinemeta-isomer), -16.6 (d,p}4 =

16Hz, 1H, Ru-H). IR (ATR): 1929cih(s) (v CO), 2041crit(m) (v Ru-H).

2.6 Experimental procedure for the catalytic dehgirogenative coupling of 1-hexanol using
4 in the absence of solvent and with toluen
Complex4 (0.01 mmol) was dissolved in 1-hexanol (10 mmal)ai small round bottom

flask, equipped with a condenser. The solution aeated at 157°C under an argon flow for 56
hours. Conversion of 1-hexanol was measured ardift time intervals by GC-MS. 1-Hexanol
conversion to hexylhexanoate: 28% (after 2.5 haifirseaction), and 66% (after 56 hours of
reaction). In the presence of solvent, the reacti@s carried out following exactly same
procedure except for the addition of 2 mL driediéwle. The results (1-hexanol conversion) are:

23 % (after 2.5 hours of reaction), and 59% (éB&hours of reaction)

2.7 Experimental procedures for alcohol dehydrogertave coupling reactions catalyzed by
1 in the absence of a base and with KOH
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200 mg ofL (0.007 mmol) was placed in a small round-bottoaskl 21 mmol of alcohol
was added. In the case of 1-hexanol, 400 mg (OrBdwl) of 1 was added to 35 mmol of
alcohol. An applied vacuum degassed the mixtufée mixture was then heated with slow
stirring under an inert atmosphere of argon. Thactten mixture was cooled to room
temperature and the composite catalyst was sepabgtéltration. The resulting liquid product
mixture was analyzed by GC-MS. Total alcohol cosier and reaction conditions for each
alcohol used are summarized in Table 1.

2.8 Experimental procedures for catalytic dehydrgenative coupling of alcohols
to esters by (PONOP)RuUH(CI)(CO) in solutio

12 mg of (PONOP)RuH(CI)(CO) (0.02 mmol) vdaced in a small round-bottom flask. 20
mmol of alcohol was added. The mixture was degabgeah applied vacuum and then heated
with slow stirring under at inert atmosphere ofargThe reaction mixture was cooled to room
temperature. The liquid product mixture was analyzg GC-MS. Total alcohol conversion and
reaction conditions for each alcohol are summariaéichble 2.

2.9 Experimental procedures for dehydrogenative cquling of alcohols catalyzed by 2 in the
absence of base and with KOH
200 mg of (0.007 mmol catalyst on BP-1) was placed in a knoaind-bottom flask. 21

mmol of alcohol was added. In the case of 1-hexat@d mg of2 was added into 35 mmol of
alcohol. The mixture was degassed by applied vaclihe mixture was then heated with slow
stirring under an atmosphere of argon. The reactioure was cooled to room temperature and
the composite catalyst was separated by filtratioime resulting liquid product mixture was
analyzed by GC-MS using an HP 5 column on an Agit&9®0N GC-MS system. Total alcohol

conversion and reaction conditions for each alcan®lsummarized in Table 3.
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2.10 Reaction protocols for 1-heptanol catalysis Wi 1 in dichlorobenzene in the absence of
base and with KOH
200 mgl (0.007 mmol) and 21 mmol of 1-heptanol were mikeé small round-bottom

flask. 2 mL dichlorobenzene was added. The mixtuas degassed by applied vacuum. The
mixture was then refluxed with slow stirring undar inert atmosphere of argon for 48 hours.
The reaction mixture was cooled to room temperafline liquid product mixture and catalyst
were separated by filtration. Formation of heptplia@oate and 1-heptanal was determined by
GC-MS. Total 1-heptanol conversion: 33%. heptylthapate: 32%. 1-heptanal: 1%. Exactly
the same procedure was followed for the reactiai wase where 0.007 mmol of KOH was
added to the reactant mixture. The results wernetytieeptanoate: 38%. 1-heptanal: 2%

2.11 Reaction protocols for 1-heptanol catalysisith 2 in dichlorobenzene in the absence
of a base and with KOH
200 m@ (0.007 mmol Ru-PONOP on BP-1) and 21 mmol of 1tévep were mixed in a

small round-bottom flask. 2 mL of 1,2-dichlorobeneenvas added. The mixture was degassed
by applied vacuum. The mixture was then refluxethvglow stirring under an atmosphere of
argon for 48 hours. The reaction mixture was coatedoom temperature. The liquid product
mixture and catalyst were separated by filtratibhe formation of heptylheptanoate and 1-
heptanal was determined GC-MS. Total 1-heptanovemmon: 30%, heptylheptanoate 29% and
1-heptanal 1%. The same procedure was followedhforeaction with base where 0.007 mmol
of KOH was added to the reactant mixture. 1-Hepdaotdl conversion were: 36%, heptyl-

heptanoate 33 % and 1-heptanal 3%)

2.12 Experimental procedure for the cycle studiesf@lcohol dehydrogenative coupling with
1.
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2.12.1 Reaction protocols for conversion of alcols to the corresponding esters and
hydrogen by the solid-liquid method (Slow stirringthe mixture of catalyst and alcoha).
In the solid-liquid method, alcoholsdaBP-1-Ru-PNN 1) mixtures were stirred slowly

with a small magnetic stir bar under an atmosploérargon. Temperature and other reaction
conditions were described in Table 1 & 4. Whenrdaetion was stopped, the composite catalyst
and liquid product mixture was separated by filtratand then the catalyst was washed with
acetone, toluene, and @&, and dried under high vacuum. The liquid-producktores were
analyzed by GC-MS. The driedwas used for the next cycle and the overall procedvas
repeated. Yields and conversion of alcohols toesponding esters in each of the successive

cycles are given in Table 4.

2.12.2 Reaction protocols for the dehydrogenativeoupling of alcohols using the solid-
vapor method (passing the alcohol vapor over the yst bed).

In the solid-vapor method, the requiesdount of composite catalyst (as mentioned in
Table 1 and section 2.7) was placed on a glasdittetd with 14/20 male and female ground
glass joint. The frit was then equipped with a $m@ind bottom flask on the bottom containing
the appropriate amount of alcohol (section 2.7)water condenser was placed on the top of the
frit. The whole system was then degassed by appiédium. Alcohol vapor was created by
heating the round bottom flask. The alcohol vapmrdensed after passing through catalyst bed,
and then back to the round bottom flask, throughdhtalyst bed. After the reaction was over,
the system was cooled to room temperature and fgparatus was disassembled. The liquid
product mixture was collected and then analyze®8yMS. The composite catalyst was washed
with acetone, toluene, and @El, and dried under high vacuum. The dried compositalyst
was used for next cycle and the overall proceduas vepeated. Yields and conversion of
alcohols to corresponding esters are given in tilaleT4-5. Solid-state CPMASC NMR data
and FT-IR data on BP-1-Ru-PNN)(after catalysis are given in Table 1S. The resolt
elemental analysis and metal digestion study orllB®+PNN () after catalysis are shown in
Table 2S.
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2.13 Experimental procedures for cycle study in atthol dehydrogenative coupling with 2

The procedures for cycle study in alcolefytirogenation reaction withwere the same as
those described in the section 2.12. Reaction tiondi and catalyst to alcohol ratios were
mentioned in the section 2.9 and Table 3. Yield$ eonversion of alcohols to corresponding
esters are given in the Table 5. Solid-st&8CPMAS NMR data and FT-IR data on BP-1-Ru-
PONOP after catalysis are given in Table 3S. Thilte of elemental analysis and metal
digestion study on BP-1-Ru-PONOP after catalysessaiown in Table 4S.

2.14.1 Experimental procedure for the control expegments with 1-hexanol and 1 in the
absence of base
400 mg oft (0.014 mmol) was placed in a small round-bottéask. 35 mmol of 1-

hexanol was added. The flask was equipped withral@wser. The mixture was degassed by
applied vacuum. Then the following steps were done:

Step 1. The mixture of 1-hexanol ahdavas stirred slowly for 4-5 hours under an atmosploé
argon. 100puL of the resultant liquid was collecéed diluted with toluene and analyzed by GC-
MS. Yield (1-hexanol conversion): 0%.

Step 2. The mixture was stirred and heated ovetr{@pbout 15-16 hours) at 157°C under the
flow of argon. The mixture was then cooled to rommperature. 100pL of the resultant liquid
was taken and diluted with toluene and the analyme@®C-MS. Yield (1-hexanol conversion):
30%.

Step 3: The resultant mixture of 1-hexanol arfdom step 2 was stirred with heating at 157°C
under the flow of argon for an additional 4 houfbe reaction mixture was cooled to room
temperature and the liquid product mixture was pd from the solid catalyst. 100uL of the
liquid mixture was diluted with toluene and analy4z®y GC-MS. Yield (1-hexanol conversion):

4%.
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Step 4: The resultant liquid product mixture ohégi from step 3 was separated from the
catalyst and placed in a small round bottom flagligped with a condenser and degassed by
applied vacuum. In the absence of the catalysyag stirred and heated at 157°C under an
atmosphere of argon overnight (about 15-16 houtsjkas then cooled to room temperature and
analyzed by GC-MS. Yield (1-hexanol conversionR%:-

2.14.2 Experimental procedure for the control expgment with 1-hexanol and
1 in the presence of KOH
400 mg of (0.014 mmol) and 0.014 mmol of KOH were mixed ianaall round-bottom

flask. 35 mmol of 1-hexanol was added. The mixtwes degassed by applied vacuum. Then
steps 1 to 4 as described in section 2.14.1 weeated. Conversion of 1-hexanol in each of the
steps was determined by using GC-MS. The resuttasifollows: Step 1: No conversion; Step

2:36% ; Step 3: 7% and Step 4: 3%.

2.15.1 Experimental procedure for the control expament between 1-hexanol and 2 in the
absence of a base
400 mg oP (0.014 mmol Ru-PONOP on BP-1) and 35 mmol of lamex were mixed in a

small round-bottom flask. The mixture was degadsgdapplied vacuum. Then the reactions
were conducted following steps 1 to 4 describedeiction 2.14.1. Conversion of 1-hexanol to
hexyl hexanoate in each of the steps was determiyedsing GC-MS. Yields: Stepl: No
conversion; Step 2: 25% ; Step 3: 4% and Step’4: 2

2.15.2 Experimental procedure for the control exgriment with 1-hexanol and 2 in the
presence of KOH

400 mg of Ru-PONOP-BP-2) ((0.014 mmol Ru-PONOP on BP-1) and 0.014 mmol of
KOH were mixed in a small round-bottom flask. 35 ahof 1-Hexanol was added. The mixture
was degassed by applied vacuum. Then the reaatvens carried out following steps 1 to 4

described in section 2.14.1. Conversion of 1-hekmhexyl hexanoate in each of the steps was
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determined by using GC-MS. Yields: Stepl: No cosim; Step 2: 29%; Step 3: 6% and Step

4: 3%

3. Results and discussion

3.1 Immobilization and catalytic study with (PNN)RuUH(CI)(CO) on BP-1 (1)
(PNN)RuUH(CI)(CO) pincer complex was immokelizon the BP-1 surfaces following a two-

step Mannich reaction reported recently for (PONRPJ(CI)(CO) [15]. In the case of the

symmetrical (PONOP)RuH(CI)(CO) two regio-isomerg g@ossible and this was verified by

model studies in solution (Scheme 2). In the cdg®NN)RuH(CI)(CO) three regio-isomers are

possible but solid state data shows resonancebrozal to resolve them and so solution model

studies were undertaken to confirm thislé¢ infra) (Scheme 2).

The loading of the complex on BP-1 was confirmed dofid-state NMR, FT-IR,
elemental analysis, and metal digestion data. dSutite CPMASC spectra of the tethered
complex showed resonanceséat62.4 ppm for the pyridine carbons, 23.7 ppm téot-butyl
carbons, and 56.7 ppm for the carbons from the gtioyps in the complex, which were similar
to the resonances observed for the complex inisalyB3]. In additon CPMAS'P NMR
spectra displayed a single resonance &9.5 ppm indicating the successful loading of the
complex on BP-1 surfaces.

The imine-functionalized BP-1 intermediathowed a characteristig-y at~ 1662 cm™*
which was not observed in the spectra of pristine BPhE fresence of an amine stretch at 1635
cm™ shows that not all the amine groups have beenestet/ to imine groups (Scheme 2) (15).
Upon combination with the corresponding pincer claxgs this resonance should have
disappeared if all imine groups on BP-1 interadhwhe pincers. In fact, a small decrease in

intensity of this resonance was realized afterrtieal pincer complexes were attached to the
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BP-1, which indicates the relatively low loadingtbé complexes on the composite surface. The
carbonyl group in the (PNN)RuH(CO)(CI) complex skeaw CO stretch at 1948 chin the FT-

IR spectra evidence that the heterogenization efdbmplex on the composite, BP-1. Upon
immobilization, a large shift in CO frequency oktbomplex was realized in comparison to the
solution phase (1901 ¢h[33], which is likely due to changes in electroeiavironment and
ring substitution of the complex on BP-1 [15]. Samishifts of the CO frequency were also
noticed in our previous study with the (PONOP)RuUB(@O) pincer complex on BP-1 [15].

The FT-IR spectra of the product, (PNN)RuH(CI)(Q®hutyl amine 8), obtained from
the model solution study between (PNN)RuH(CI)(C@H an-butyl amine, displayed a CO
stretching frequency at 1931 ¢rfvide infra)indicating that attachment of an alkyl chairthe
pyridine ring of the complex dramatically affecteetelectronic environment of the complex,
resulting in the large shift of the CO stretchimgguency [49]. Loading of the complex was
found to be 0.038 mmol/g BP-1 based on the meggdgtion study. The % P analysis from
elemental analysis data provided the loading ofctiraplex, 0.035 mmol/g BP-1, in reasonable
agreement with the results of the metal digestitndys confirming the presence of

(PNN)RUH(CI)(CO) on BP-1.

co \
gu_ s, ‘Bu P——Ru—N.

—Ruz—P~ Bu, TO\CI 5, B | SPCHE| T B g _cl, ? ‘B!
tBy” v, | B \ S R’ H,C. N N /
Bu | H P—RuU—p{ B u ? CH —Ruz—FP-y

oN_ 0 Bui 7] T‘B HICH" Et | AN E'/T U, e
o _N_ 0 N M H,C_ _N_ CHs
| N co % RN
co B Cl et
N | B | \ | |

CH, ) | /B P——Ru— 7
| d w T e LW e i s e
NH S WY | H,C CH: HaC, CH. HN

tBu <

& ‘Bu R
-~ Ry~ u
Bu u - u l 2
NH K NH VAl ? N, d /
2 HN—CH, N, o 1 2 N/ AN HN N
NH, @ NH, N | NH,.
/
/
PNN HoN
N HeN PONOP N HN HN TN T HN
- -

1,4-dioxane
10-12 h

cHy  GHs CHy  CHs GHs §Ha
~0-5-0d-0—8-0-g—0— THF reflux\10-12 h —0-8"0—&-0—gi-0-g—0—

o © o o o O o 1S o
:

Scheme 2Immobilization of (PNN)RuH(CI)(CO) and (PONOP)R{Z)(CO) on BP-1 [15].

—o-sl,\—o\si-o—swo—s.»o—

16 |Page



The impact of immobilization of the PNN and PONORtah pincer complexes on surface area,
structure and porosity of the silica polyamine cosife, BP-1 was assumed to be very
negligible particularly considering the extent o&adling of the pincers (~0.04 mmol complex /g
BP-1) [15]. Our previous study on covalent tethgrfi luminescent Ru complexes on BP-1 with
similar loading did not show any measurable chaofjghe porosity and structure of the
composite surface [7,15].

The catalytic reactivity ol in the dehydrogenative coupling of alcohols to the
corresponding esters with the liberation hydrogeas when investigatedhe reactions were
carried out with three primary alcohol systems:ekdnol, 1-heptanol, and benzyl alcohol, and a
secondary alcohol, 2-octanol. All reactions uslngere conducted in the absence of a base and
then with the addition of 1 eq. KOH. The resultg@veompared with the homogeneous systems
reported by Milstein et al. [33]. The catalystaiwohol ratio used in the reaction system was
0.007:21 (equivalent to 0.01:30) except in the a#dsk-hexanol, where 0.014 mmol of catalyst
was used with 35 mmol of alcohol (equivalent ra@d)2:50) (Table 1). In all reactions a large
excess alcohol was used to accommodate the sdkdiysta in comparison to the catalyst-to-
alcohol ratios previously reported for the homogersereaction system (0.1 mmol catalyst : 10
mmol alcohol) [33]. Alcohol catalysis with produced the corresponding esters and hydrogen.
However, in some cases, aldehydes were also foatoed with major ester products (Table 1).

Reaction of 1-hexanol withwith 0.04 mol% catalyst at 157°C for 56 hours heslin the
formation of hexylhexanoate, hydrogen, and a tefcg-hexanal with an overall conversion of
50%. When KOH (equivalent to Ru-PNN) was used,regidd increased to 62% (Table 1).

Homogeneous reaction with the 0.1 mol% of the saatalyst investigated by Milstein et al.
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reported the conversion at 91 to 95% after 24 houtke presence of KOH, following similar
reaction conditions [33].

Heterogeneous catalysis of 1-heptanol @i@8 mol%21 showed a total of 52% conversion
with 51% of heptylheptanoate and 1% 1-heptanal whemreaction was carried out at 176°C for
48 hours under argon. However, with KOH (1 equiral® Ru-PNN), conversion improved to
64% (62 % heptylheptanoate and 2% 1-heptanal)l€Tap Similarly, heating a mixture of
benzyl alcohol with 0.03 mol% at 178°C for 60 hours, gave benzylbenzoate anddbeehyde
in 38% and 10 % yields (Table 1). With the additadriKOH (equivalent to Ru) total conversion
increased to 55%, with 43% benzylbenzoate and 1@fzdddehyde whereas the homogeneous

reaction system with 0.1 mol% Ru-PNN provided a 988td with only 1% benzaldeyde [33].

Table 1: Conversion of alcohol to corresponding esterskamtogen with immobilized
(PNN)RuUH(CI)(CO) on BP-1)(in the absence of a base and with KOH

Alcohol Base Catalyst | Reactior | Reactior Total alcoho conversiol Turnover
(mmol) | Alcohol Temp Time (%) frequency
ratio (°C) (Hours) (Hour™)
(mmol)
1-Hexano - 0.02/5( 157 56 50 (49% Hexyl hexanoal 22
and 0.5% 1-Hexanal)
0.0z 0.02/5( 157 56 62 (61% Hexyl hexanoa 28
and 0.8% 1-Hexanal)
1-Heptano - 0.C1/3C 176 48 52 (51% Heptyl heptanoa 33
and 1% 1-Heptanal)
0.01 0.C1/3C 176 48 64 (62% Heptyl heptanoa 40
and 2% 1-Heptanal)
Benzyl - 0.€1/3C 17¢€ 6C 48 (38% Benzyl benzos 24
alcohol and 10% Benzaldehyde)
0.01 0.C1/3C 17¢ 6C 55 (43% Benzyl benzoz 28
and 12% Benzaldehyde)
2-octana - 0.€1/3C 17€ 48 53% z-octanon 33
0.01 0.€1/3C 17¢€ 48 58% Z-octanon 36

with the homogeneous reactions [33].

The percentage of benzaldehyde was observed tobitehggher withl in comparison

The seconddephol 2-octanol, yielded only 2-
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octanone, and hydrogen with a conversion of 53% wtheated with 0.03 mol% at 178°C for
48 hours under argon. When 1 eq. KOH was use®-tietanone the yield increased to 58%. 2-
Octanone was also the only product formed in thradgeneous reaction [33].

No reaction occurred in the homogeneous reactidwdsn (PNN)RuH(CIl)(CO) and
alcohols when there was no base present [33]. ¥&&alvith 1 produced esters and; lih the
absence of a base as well as with KOH (Table 1pwé¥er, a longer reaction period was
required and lower yields were realized in all sasgh 1 in comparison to the homogeneous
reactions. The homogeneous systems used 0.1modeadyst, whereas in the present study, 0.03
mole % of immobilized catalyst was utilized andaagkr excess of alcohol was used in each
case. Lower catalyst concentration would definitaffect the alcohol conversion rate in the
heterogeneous systems reported here.

The moderate to good yields of esterd H reported herein in the absence of KOH
provides evidence that the amine functionality lve BP-1 surface served as the required base to
deprotonate the pincer arm (-€igroup) of (PNN)RuH(CI)(CO) and formed deprotonated
dearomatized active catalyst, [[PNN)RuH(CO)] on BRPScheme 3). Though an amine is a
weaker base than KOH, the higher temperature aridcguconfinement make the deprotonation
more favorable [48].Both the original and dearomatized Ru-PNN compes@uld be present
on BP-1 after immobilization. We are unable to difgnthe approximate proportion of
deprotonated/dearomatized active catalyst relatitee original complex [(PNN)RuH(CI)(CO)]
present on BP-1 after immobilization. FT-IR andidaltate NMR spectra did not provide much
information about the differences in the resonareaeen the two forms of the complexes on

BP-1.
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Scheme 3 Deprotonation of the pincer arm (-gigroup) in (PNN)RuH(CI)(CO) by amines on
the BP-1 surface

However, better conversion of alcohols was obsemedl four cases when the catalytic
reactions were conducted in the presence of KOhiwindicates that all loaded or immobilized
Ru-PNN molecules might not be deprotonated by tiitase amines. Application of KOH likely
results in the generation of more dearomatized INJRUH(CO)] complex on BP-1, and thus

enhanced the catalytic conversion of alcohols teres

3.2 Model solution reaction between (PNN)RuH(CI)(O) and n-butyl amine and a
catalytic study with the deprotonated form ofthe product
Determination of the actual position of tlebstitution in the pyridine moiety of

(PNN)RuUH(CI)(CO) upon immobilization on the BP-Irfeice was relatively difficult due to the
poor resolution of the solid-state NMR data. Substin at the meta-position would be
preferable on electronic grounds, whilara-substitution might be expected on steric grounds.
To clarify this point, two-step model solution réens was carried out between
(PNN)RuUH(CI)(CO) and n-butyl amine following a prewsly reported procedure [15]. Analyses

of the product witti*P NMR spectroscopy showed three resonancé8a197, 90.36, and 96.97
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ppm (Figure 1), which indicates the formation c# thixture of three isomers. The resonance at
8 96.97 ppm could be for thmara-isomer. Twometa-isomers showed resonances &9.97 and
90.36 ppm with almost equal integration. The re&intensity of the resonances suggested the
formation of about 84%neta-isomers (42% each) and 168ra-isomer. The FT-IR spectrum of
the isomeric product mixture showed a carbonyitaftrat 1931 ci, which was higher by 30
cm® than the original complex (1901&)[33]. This indicates that the CO stretching freoey
for the (PNN)RuUH(CI)(CO) is very sensitive to sutgion on the pyridine ring [15]. There is
ample evidence in the literature that substituemtsthe pincer ring can significantly affect
infrared stretching frequencies on pincer catalfg® These results rationalized the appearance
of the CO stretching frequency at 1948 tapon immobilization of (PNN)RuH(CI)(CO) on BP-
1, which was much higher than that of the origioaiplex (1901ci) before loading. The
environment on the surface must also affect thes€@€ching frequency in the FT-IR in addition
to the observed substituent effects [15].

/\/\NH2 + Hopo _Clcalacetcacd A~ _CH,

RT, overnight

¢ co & cl

'Bu ! CO Ft [ € co E 4 €l co FEt
Y \ / / Bu Bu Bu.
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Overall yield: 63%

Scheme 4Model solution reaction between (PNN)RuH(CI)(Gd n-butylamine
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Figure 1: 3P NMR spectrum of the isomer3) {n CD.Cl, formed from the reaction of n-
butylamine with (PNN)RuH(CI)(CO)

Chemical treatment of comp@xvith KO'Bu following the procedure reported for
the original pincer complex, (PNN)RuH(CI)(CO) [3®koduced the deprotonated active pincer
complex (PNN-)RuH(CO)-n-butyl amind)(Scheme 5).3'P NMR showed three resonances at
8 97.07 (s), 109.73 (s), and 109.78 (s), which iatdid the deprotonation of all three isomerd of
(Figure 2). The resonance @B7.07 is assigned to a deprotonagpada-isomer. The other two
overlapping resonances&fl09.73 (s) and 109.78 (s), are assigned tonata-isomers (Figure
2). FT-IR spectra of the deprotonated product slotlie CO stretching frequency at 1929°cm
which was not much different than before deprotomat{1931 crif). Very similar carbonyl
stretching frequency differences were observed WRN)RuH(CI)(CO) before (1901 cm-1)
and after deprotonation (1889 ¢jireported by David Milstein et al. [33].
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Scheme 5Formation of dearomatized active catalyst (PNNHRCO)-n-butyl amine4)
by reaction of (PNN)RuH(CI)(G&butyl amine 8) with KO'Bu
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Figure 2: P NMR spectrum of the isomeric products it CD,Cl, formed from the
deprotonation of (PNN)RuH(CI)(CO)-n-butylamir® by KO'Bu

1-Hexanol catalysis with 0.1 mol% of (PNN-)RuH(C@Jputyl amine 4) at 157°C
under an argon flow yielded only 28% product afes hours. However, the dearomatized
complex reported by Milstein et. al (PNN)RuH(COnder similar reaction conditions gave 91%
conversion after 2.5 hours [33]. When the reactias continued for 56 hours, total conversion
was found to be 66% with 65% hexyl hexanoate aB#hQL-hexanal. In the presence of toluene,
the reaction in4 yielded only 23% after 2.5 hours. The same reactioth 0.1 mol%
dearomatized (PNN)RuH(CO) provided 99% conversibri-bexanol to hexyl hexanoate in
toluene after 6 hours [33]. These results indicdigt introduction of an n-butyl amine
substituent on the pyridine ring of (PNN)RuH(CIl)(C@ecreases its catalytic reactivity. This
decrease could be due to steric hindrances obtigen-butyl chain or electronic effects from the

increased electron donating ability amino-alkyl the coordination equilibria between the
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alcohol and the dearomatized complex. There amnaeikamples in the literature on how the
substituents in the pincer complex structure affleeir catalytic reactivity [36, 50].

3.3 Catalytic study of(PONOP)RuH(CI)(CO) in dehydrogenative coupling of &ohols
to esters and hydrogen

The (PONOP)RuUH(CI)(CO) pincer complex wasmiobilized on BP-1 following a
previously reported procedure (Scheme 2) [15]. Bhomany PONOP metal complexes have
been reported in the literature, to date, thereehbgen no reports of catalysis with the
(PONOP)RuUH(CI)(CO) pincer complex system [48,50,84sed on the solution behavior of
this complex it was suggested that it might not dbable enough under catalytic reaction
conditions [46]. However, its analogue, (PNN)RuH(CD), has shown catalytic reactivity in a
variety of chemical transformations [33,52-59]. light of this, we decided to investigate the
catalytic reactivity of (PONOP)RuH(CI)(CO) in thelydrogenative coupling of alcohols under
both homogeneous and heterogeneous conditions.

In both the homogeneous reaction and immobilize@Brl the (PONOP)RuH(CI)(CO)
displayed catalytic reactivity toward the dehydnoge/e coupling of alcohols moderate yields
[60]. The results of alcohol catalysis by (PONOPYRDI)(CO) are presented in Tables 2 and 3.
No alcohol conversion was realized in the abserica lbase irrespective of the alcohol used
(Table 2). However, when the reactions were coratligt the presence of KOH equivalent to
R(PONOP)RuUH(CI)(CO), all alcohols produced the esponding esters and hydrogen, which
suggested that a base is required to generatetiae aatalyst from (PONOP)RuH(CI)(CO) in
alcohol dehydrogenative coupling reactions. Thargbal reaction of 1-hexanol with 0.1 mol%
(PONOP)RUH(CI)(CO) for 36 hours at 157°C under arggelded 61% hexylhexanoate.
Similarly, 1-heptanol was catalyzed by 0.1 mol% KRDP)RuH(CI)(CO) for 24 hours at 176°C

under argon and produced 67% heptylheptanoate,-B&ptanal, and hydrogen with a turnover
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frequency of 58 fi. Benzyl alcohol reacting with Ru-PONOP at 178°@emargon, with the
same alcohol-to-catalyst ratio resulted in the faron of benzylbenzoate, benzaldehyde, and
hydrogen with an overall conversion of 66%. 2-@otayielded only 2-octanone in 65% vyield
under the same conditions.

Table 2 Dehydrogenative coupling of alcohols (PONOP)RU@O) in solution in the
absence of a base and with KOH.

Alcohol Base Catalyst | Reactior| Reactior Total alcoho conversiol Turnover
(mmol) | Alcohol Temp Time (%) frequency
ratio (°C) (Hours) (Hour™)
(mmol)
1-Hexano - 0.C1/10 157 36 0 -
0.01 0.C1/10 157 36 61 (60% Hexyl hexanoa 17
and 0.5% 1-Hexanal)
1-Heptano - 0.C1/10 176 24 0 -
0.01 0.C1/10 176 24 69 (67% Heptyl heptanoa 28
and 2% 1-Heptanal)
Benzyl - 0.C1/10 17¢ 24 0 -
alcohol 0.01 | 0.C1/10 17¢ 24 66 (62% Benzyl benzos 27
and 4% Benzaldehyde)
2-octana - 0.Cc1/10 17¢ 24 0 -
0.01 0.C1/10 17¢ 24 65% Zz-octanon 28

1-Heptanol catalysis with 0.01 mol% Ru-PONOP-n-bwggnine (obtained from the
reaction between (PONOP)RuUH(CI)(CO) and n-butyl reemj15]), in the presence of KOH
(equivalent to Ru) at 176°C under argon yielded 42%bversion of 1-heptanol after 24 hours,
and continuation of the reaction up to 48 hoursilted in 54% 1-heptanol conversion to
heptylheptanoate. The introduction of an alkyl $@bsnt in the structure of Ru-PONOP
decreased its catalytic activity, as for the PNNec§0]. A similar reaction between Ru-
PONOP-n-butyl amine and 1-heptanol in the abseh¢&d did not result in the formation of
any esters indicating that amine functionality le h-butyl substituent was not involved in the

catalytic reaction.
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The catalytic study of (PONOP)RuH(CCon BP-1 2) in dehydrogenative
coupling showed similar results to the homogenemastions albeit with lower yields.
When 1-hexanol, was treated w2h(0.02 mol%) at 157°C for 56 hours under argon, @d%o
of hexylhexanoate was observed. Addition 1 eq. @fHKincreased the conversion to 36%.
Repetition of the reaction with more catalyst (0rfd1%) improved the alcohol conversion to
43% without base and 47% when KOH was used (Tapl®©®er alcohols gave similar yields
with catalyst2. 1-Heptanol treated with 0.03 mol%at 176°C for 48 hours under argon, gave an
overall conversion of 55% with a turnover frequenof 46 K' (Table 3). With KOH (1
equivalent to Ru), 60% conversion of 1-heptanol whserved. Benzyl alcohol reacted in a
similar way, with2. Using a 1:30 ratio of catalyst to alcohol at IZ&mder argon for 60 hours
gave 49% conversion with 38% benzyl benzoate, 1Eir&ldehyde, and H Like the 1-
heptanol catalysis, an increase in reaction yie&s wealized upon addition of 1 eq. of KOH
(Table 3). 2-Octanol gave only 2-octanone andnt#8% yield upon reaction with 0.03 mol%
of 2 at 175°C for 48 hours, with a turnover frequen¢y38 H'. The addition of 1 eq. KOH

increased the ketone yield to 54%.
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Table 3 Dehydrogenative Coupling within the absence of base and with KOH

Alcohol Base Catalyst | Reactior| Reactior Total alcoho conversiol Turnover
(mmol) | Alcohol Temp Time (%) frequency
ratio (°C) (Hours) (Hour™)
(mmol)
1-Hexano - 0.C2/5C 157 56 43 (42% Hexyl hexanoa 19
and 0.6% 1-Hexanal)
0.01 0.C2/5C 157 56 47 (46% Hexyl hexanoa 21
and 0.7% 1-Hexanal)
1-Heptano - 0.€1/3C 176 48 55 (52% Heptyl heptanoa 34
and 3% 1-Heptanal)
0.01 0.€1/3C 176 48 60 (56% Heptyl heptanoa 38
and 4% 1-Heptanal)
Benzyl - 0.€1/3C 17¢ 60 49 (38% Benzyl benzos 25
alcohol and 11% Benzaldehyde)
0.01 0.€1/3C 17¢ 60 56 (42% Benzyl benzoe 28
and 14% Benzaldehyde)
2-octano - 0.€1/3C 17¢ 48 48% Z-octanon 3C
0.01 0.€1/3C 17¢ 48 54% Z-octanon 34

The observed catalysis with (PONOP)RuH(CI)(CO) anmhust proceed by a different
mechanism than the PNN analdlje propose here a mechanism for the homogeneoalysiat
with (PONOP)RuH(CI)(CO) and witB, which is depicted in Scheme 6 and is based owdrnlk
of Milstein et. al., who studied the solution chetry of this complex (46). In the first step,
dehydrohalogenation of (PONOP)RuH(CI)(CO) occursthwia base and generates a
Ru(0)PONOP complex which functions as the activalgst in the reaction. This complex was
isolated by Milstein et. al. and was reported tovieey reactive and unstable (46). Alcohol
molecules then combine with Ru(O)PONOP in the seécstep and form a Ru(ll)-hydride
complex (Scheme 6). The next step is the formatioan aldehyde accompanied by formation
of a ruthenium dihydride complex, which subsequentlehydrogenates to regenerate
Ru(0)PONOP. The dihydride was also isolated by teiits (46). As with the PNN the aldehyde
compound reacts with another alcohol molecule &dythe hemiacetal intermediate, which,

followed by a second cycle, produces esters weHiberation of hydrogen. The four-coordinate
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Ru(0)PONOP and dihydride-Ru(ll)PONOP complexes megbin the literature were 'Pf)s
complexes instead of 'Bli); [46]. As with 1, we hypothesize that the amine functionality cm th

BP-1 surface is the base that gives the activéysatad (Scheme 6) [46,57].

Active catalyst
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Scheme 6 A plausible mechanism for dehydrogenative cogpbtihalcohols to esters
catalyzed (PONOP)RuH(CI)(CO) ar

It is not clear whether all immi®d (PONOP)RuH(CI)(CO) was converted to the
active catalytic species, Ru(0)complex, by the @sion the BP-1 surface during the loading of
the complex on BP-1 or upon heating. As fgrFT-IR data was not very informative for

elucidating the relative proportions of the oridinamplex and the Ru(0) species on BP-1, since

only onev CO stretch was observed in the spectra for thalncatbonyl group. Our previous

report on model solution experiments between Ru-©@MNnd n-butyl amine indicated that the
carbonyl stretching frequencies for the Ru-PONOmRmaund could be shifted significantly by

the attachment of a group to the pyridine ring nyief the complex [15]. In fact, upon
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immobilization of Ru-PONOP on BP-1, the metal carjdastretching frequency was found to be
shifted by about 20 cth[15]. However, we rationalized that there might be considerable
differences between the CO stretching frequenciehe original (PONOP)RuH(CI)(CO) and
the dehydrohalogenated active catalyst-(PONOP)Ru(GO® BP-1 surfaces based on our
previous results with the BP-1-Ru-PNN) ystem. Solid state CPMASC and*'P NMR data
were not very helpful in figuring out the relativatio of both species on BP-1because of the

broadness of the resonances.

3.4 Effect of solvents on the heterogeneous catadlysf alcohols with immobilized
(PNN)RuUH(CI)(CO) and (PONOP)RuH(CI)(CO) on BR1

Reactions of 1-hexanol with bdtrand2 in refluxing toluene under argon for 56 hours did
not yield any esters using the same catalyst tstsatle ratios reported for the homogeneous
reaction (33). Addition of base to these heterogaaeeactions in refluxing toluene also resulted
in no product formation, indicating that the heggoeous reaction requires higher temperatures
However, when the 1-heptanol reaction was carrigdaath 1 under reflux in the presence of 2
mL of dichlorobenzene, using a catalyst-to-alcatatio of 0.01:30 for 48 hours, under argon,
33% heptylheptanoate was formed. In the presendeegf. KOH the reaction yield increased to
40%. The presence of solvent would be expected doredse reaction rates in these

heterogeneous (Table 3) [59-61].

3.5 Cycle study of dehydrogenative coupling of altwls by 1 and 2 using solid-liquid and
solid-vapor methods reaction configurations
The major advantage of heterogeneous c@adythe facile recycling of important catalysts,

offering the opportunity to reuse the catalystsnultiple cycles of reaction. In the case of the
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SPC based catalysfisand 2 stirring of the reaction mixtures at elevated termapures could
degrade the catalyst particles. It was therefordgeicto conduct the reactions by passing vapor
over a bed of catalyst particles and to comparegmerconversion with the solid-liquid stirred
configuration over multiple cycles. No base wasdusethe cycle study and the substrate to
catalyst ratios and reaction times were kept theeséor both methods. Figure 3 depicts the
reaction configuration for solid-liquid and solidwor methodsThe cycle studies were carried
out with three alcohols: 1-hexanol, 1-heptanol aedzyl alcohol. Conversions of alcohols in
each of the cycles accompanied with turnover fraquewith both1l and?2 are presented in
Tables 4 and 5.

The immobilized catalysts were characterized aféalytic reaction cycles by solid-state
NMR (Figures 1s -11s). The amount of the complaxai@ing on BP-1 after catalysis was
estimated by metal digestion studies as well ameheal analysis of the resulting composite

catalysts. The results are shown in the Tables8%a.

suspended particles
with stirring

Figure 3. Schematic diagram for alcohol catalysis with 8wdid-Liquid (left) and the Solid-
Vapor (right) methods.
Catalystl exhibited catalytic reactivity in the dehydrogewatcoupling of alcohols up to

five cycles, wherea® showed activity up to four catalytic cycles. Inetliirst cycle, the
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conversion of alcohols to the corresponding estexs similar by both solid-liquid and solid-
vapor methods, irrespective of the alcohol andlysttaised. On going from cycle 1 to 5 in the
case ofl and 1 to 4 in the case 8f alcohol conversion decreased considerably in bedhtion
configurations (Tables 4 & 5). The percentageseaaréase in alcohol conversions varied from
cycle to cycle with both immobilized systems irresfive of the alcohols and methods used
(Tables 4 & 5). However, the solid-vapor methodveba relatively better alcohol conversion in
comparison to the solid-liquid method after thetficycle. This is likely due to the suggested
particle degradation mentioned above. The declieasster yields from cycle 1 to 5 with BP-1-
Ru-PNN and cycle 1 to 4 with BP-1-Ru-PONOP usinthbuethods indicated that the catalysts
leached off the BP-1 surface in each of the reaatiles irrespective of the alcohols used. This
was also evidenced by the loading of Ru-PNN andPRXNOP observed on the resulting
composites 1) and @) after catalysis (Tables 5s & 6s). The reactioeldd were drastically
decreased between cycles 3 to 4 (with do#imd2) and 4 to 5 (withl) in comparison to cycles 1
to 2 and 2 to 3 (Tables 4, 5, 5s & 6s). Appareadtalyst leaching increased in the later cycles.
There was very good agreement betweernrdduction of alcohol conversions and the
corresponding loss of the catalyst from BP-1 in $bhecessive cycles for all three alcohols by
both the solid-liquid and solid-vapor methods, vihierther indicates the leaching of the catalyst
from the BP-1 surface during reactions. Turnovegdiencies for alcohol catalysis on BP-1 were
found to vary from cycle to cycle and were considy lower than those observed in
homogeneous reactions [33]. The decrease in alammlersion between two successive cycles
was relatively lower in the 1-hexanol reaction canggl to 1-heptanol and benzyl alcohol, which
implies the relatively lower leaching of the complsith the lower boiling point of 1-hexanol

(Tables 4 and 5). This is also supported by thiaéri¢pading of the complex found after the fifth
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cycle with 1-hexanol in the solid-vapor method, ethiwas 0.015 mmol complex/gm BP-1
(Table 5s).

Table 4: Cycle study on dehydrogenative coupling catalysib 1 using the solid-liquid (SL)
and solid-vapor (SV) methods

Cycle Alcohol Reaction | Reaction Reaction Alcohol Decrease in alcoho| Turnover
configuration time temperature | conversion| conversion between frequency

(Hours) (°C) (%) cycles (%) (Hour?)

Cycle 1 Solid-Liquid 56 157 50 - 22

Solid-Vapor 56 Alcohol vapor 51 - 23
Cycle 2 Solid-Liquid 56 157 42 16 19

Solid-Vapor 56 Alcohol vapor 47 8 21
1-Hexanol [ Cycle 3 | Solid-Liquid 56 157 34 19 15
Solid-Vapor 56 Alcohol vapor 41 12 18
Cycle 4 Solid-Liquid 56 157 25 26 11
Solid-Vapor 56 Alcohol vapor 36 12 16

Cycle 5 Solid-Liquid 56 157 13 48 6
Solid-Vapor 56 Alcohol vapor 26 28 12

Cycle 1 Solid-Liquid 48 176 52 - 33

Solid-Vapor 48 Alcohol vapor 50 - 31
Cycle 2 Solid-Liquid 48 176 35 32 22
1-Heptanol Solid-Vapor 48 Alcohol vapol 42 16 26
Cycle 3 Solid-Liquid 48 176 21 40 13
Solid-Vapor 48 Alcohol vapor 33 21 21

Cycle 4 Solid-Liquid 48 176 10 52 6
Solid-Vapor 48 Alcohol vapor 22 33 14

Cycle 5 Solid-Liquid 48 176 5 50 3

Solid-Vapor 48 Alcohol vapor 13 40 8

Cycle 1 Solid-Liquid 60 178 48 - 24

Solid-Vapor 60 Alcohol vapor 52 - 26

Cycle 2 Solid-Liquid 60 178 32 33 16
Solid-Vapor 60 Alcohol vapor 43 17 22

Benzyl Cycle 3 | Solid-Liquid 60 178 18 43 9
alcohol Solid-Vapor 60 Alcohol vapot 34 21 17
Cycle 4 Solid-Liquid 60 178 10 44 5
Solid-Vapor 60 Alcohol vapor 21 38 11

Cycle 5 Solid-Liquid 60 178 5 50 3

Solid-Vapor 60 Alcohol vapor 12 42 6

Catalyst to alcohol ratio: 01:30 except in 1-hexamoere the ratio was 0.02:50.

Catalystsl and2 lost their catalytic activity in each cycle by bahethods, which was
evidenced by the reduction of alcohol conversiogeoted in the corresponding catalytic cycles
(Tables 4, 5). In some cases, the reduction irhalocconversion between two successive

reaction cycles was relatively lower than the cgponding loss or degradation of the catalyst on
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the BP-1 surface as estimated from Ru analysisl¢$dis & 6s). This could be due to the
formation of more deprotonated Ru-PNN species ol BiPthe repeated cycles of catalysis.

All of the data reported here indicates that (P®WRUH(CI)(CO) complex is
comparatively less stable than (PNN)RuH(CI)(CO)the catalytic reactions and decomposes
faster.

FT-IR spectra of the resulting casife, 1 after catalysis showed a metal carbonyl
stretch at 1944 cih which was very similar to that observed in thigioal immobilized catalyst
before catalysis (1948 ¢t This confirmed the presence of Ru-PNN on BPigratatalysis.
However, IR data from cycles 3 to 5 were not vefpimative because of the low abundance of
the complex on BP-1. A good correlation was alsdized between the results of phosphorus
and Ru-analysis of the resulting composite aftéalgsis, which gives further evidence of the
existence of Ru-PNN and Ru-PONOP on BP-1 afterlysasa Slightly higher percentages of
carbon and hydrogen were observed in the elemantdysis of BP-1-Ru-PNN1j and BP-1-
Ru-PONOP 2) catalysts after catalysis in comparison to thalsgerved before catalysis, which
could be due to the unreacted alcohols and/or ptoelsters remaining on the composite after
washing. Solid-staté>C NMR spectra ofL after catalysis displayed expected resonances for
pyridine carbons at 162.5 and for théert-butyl and ethyl carbons of the complex&2.1 and
62.3 ppm respectively which were very similar togh observed for the complex on BP-1 before
catalysis. This suggested that the Ru-PNN compégwmamed intact on BP-1 after catalysis.
However, the relative intensity of resonances desge in the CPMA$’C NMR spectra of the
resulting composite going from cycle 1 to 3 (Figu@S, 10S, 11S). This demonstrated the

gradual leaching of the complex from the BP-1 swgfaafter each cycle of the reaction,
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consistent with the relative decrease of the alc@ooversions noticed from cycle to cycle
(Tables 4 and 5s).

FT-IR spectra oR after catalysis showed the expected metal carbairgdtching
frequency at 1956 cfh which was similar to that observed before cataly$952 crif) [15],
confirming the presence of the complex on BP-1raf&talysis. However, after cycles 3 and 4,

FT-IR spectra were not very informative since ¥heO stretch was too weak because of the low

abundance of the complex on the resulting compsiteere was no Ru content found on the
resulting composit@ with the solid-liquid method after thé"4atalytic cycle, which showed
that the loaded Ru-PONOP completely decompose@amhkd off with the repeated catalytic
cycles (Table 5 and 6s).

In the solid vapor experiments, only the surfacénasactivate catalyst, no KOH was
used. The vapor reaching the reactive zone indh@-gapor experiments must be very close to
the boiling point of the alcohol under vigorouslugfconditions. After passing through the glass
frit on, which the catalyst sits, the vapor condsnand must be at an undetermined lower
temperature when it passes through the frit aghiis. not possible to determine if the condensed

vapor contributes to the catalytic process.
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Table 5 Cycle study on alcohol catalysis Busing the solid-liquid (SL) and solid-vapor (SV)

methods
Cycle Alcohol Reaction | Reaction Reaction Alcohol Decrease in alcoho| Turnover
configuration time temperature | conversion| conversion between frequency
(Hours) (°C) (%) cycles (%) (Hour?)
Cycle 1 Solid-Liquid 56 157 43 - 22
Solid-Vapor 56 Alcohol vapol 41 - 23
Cycle 2 Solid-Liquid 56 157 32 16 19
Solid-Vapor 56 Alcohol vapor 35 8 21
1-Hexanol [ Cycle 3 | Solid-Liquid 56 157 20 19 15
Solid-Vapor 56 Alcohol vapor 26 12 18
Cycle 4 Solid-Liquid 56 157 10 26 11
Solid-Vapor 56 Alcohol vapol 16 12 16
Cycle 1 Solid-Liquid 48 176 55 - 33
Solid-Vapor 48 Alcohol vapor 51 - 31
Cycle 2 Solid-Liquid 48 176 37 32 22
1-Heptanol Solid-Vapor 48 Alcohol vapol 42 16 26
Cycle 3 Solid-Liquid 48 176 20 40 13
Solid-Vapor 48 Alcohol vapor 27 21 21
Cycle 4 Solid-Liquid 48 176 7 52 6
Solid-Vapor 48 Alcohol vapor 14 33 14
Cycle 1 Solid-Liquid 60 178 49 - 24
Solid-Vapor 60 Alcohol vapor 47 - 26
Cycle 2 Solid-Liquid 60 178 28 33 16
Solid-Vapor 60 Alcohol vapor 35 17 22
Benzyl Cycle 3 | Solid-Liquid 60 178 16 43 9
alcohol Solid-Vapor 60 Alcohol vapol 24 21 17
Cycle 4 Solid-Liquid 60 178 4 44 5
Solid-Vapor 60 Alcohol vapor 12 38 11

Catalyst to alcohol ratio: 01:30 except in 1-hexamoere the ratio was 0.02:50.

Solid-state CPMAS>C NMR spectra o after catalysis showed the expected resonances for
pyridine carbons ai 163.3 and the resonance ftert-butyl carbons appeared &225.3, which
were very similar to those observed for the imnmined Ru-PONOP before catalysis (Figures 2S
& 6S) [15]. This suggests that some of the compktained its structure on BP-1 even after
catalysis. In addition, solid state CPMA® NMR spectra displayed a resonancé 0.3 ppm
which was very close to that observed for BP-1-RANPP @) (6 58 ppm) before catalysis. This
further confirmed the presence of Ru-PONOP on Bftdr catalysis. In addition, a secote

resonance was observedsaf2 ppm and suggested the presence of Ru(0)PON@PBIeo on
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BP-1 (Figure 5S). However, the intensity of theoremces in the solid-state CPMA®E NMR
decreased from cycles 1 to cycle 3, which can béuated to the leaching of the Ru-PONOP
from the BP-1 surfaces as the composite catalystre@ycled for multiple runs of the reactions
(Figures 6S, 7S & 8S).

3.6 Control experiments between 1-hexanol and immdlzed pincer complexes on BP-1

It was quite clear that the decreases attren yields in the multiple cycles of catalytic
reactions with 1-hexanol, 1-heptanol, and benzyolal were due to the leaching or
decomposition of catalysts from the BP-1 surfadé®se observations led to a major concern:
whether the alcohol catalysis occurring on BP-Xam@s was truly heterogeneous in nature or
whether the complexes leached off the BP-1 surfacts solution at the beginning of the
reactions and then performed catalysis. Therel@ af controversy regarding heterogeneous
catalytic processes on a solid surface with imnmodxl catalysts, particularly when leaching or
decrease of catalyst performance were observegpemated reaction cycles [31-32, 63-64]. In the
present catalytic study, we considered two possédsl! (i) immobilized catalyst remained on the
BP-1 surfaces during catalysis and performed alccéialysis on the surfaces, then leached off
or decomposed at the end of the catalytic reactiamg (i) immobilized catalysts leached from
the BP-1 surfaces at the beginning of the catatgéctions and mixed with reactant alcohols and
the catalysis was then accomplished in the solytimese. To clarify these possibilities and to
better understand the catalytic processes occumwimghe BP-1 surface with immobilized
catalysts, control experiments were carried outgid¢rhexanol in the absence of a base and with
the addition of 1 eq. of KOH.

The control experiments involved fateps. In the first step, the mixture of 1-hexanol

and 1 was stirred at room temperature under argon férhdurs. The resulting liquid mixture
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was tested by GC-MS. No conversion of alcohol whseoved in this step, showing that
catalysis on did not occur at room temperaturestép 2, 1-hexanol arfdwere heated at 157°C
under argon for about 16 hours. A 30% yield of yleexanoate was realized. Thus high
reaction temperatures are required for dehydrogenattalysis withl. In step 3, the resultant
reactant mixture from step 2 was heated furthé5afC for about 3-4 hours, and an additional
4% conversion of 1-hexanol was found. This resulidated that some active catalyst was still
present. After step 3, the liquid mixture was safett froml. Then the resultant liquid mixture
was heated at 157°C for 15 hours under argon inabsence ofl. GC-MS analysis on the
product mixture from step 4 showed only 2-3% cosizr, which clearly showed that leached
Ru-PNN complexes were not active catalysts, otrerweionsiderable conversion of 1-hexanol
should have been realized at this stage. Theserimges do not prove that the catalysis is
strictly heterogeneous in nature but does confirat keached complex is not the active catalyst.
There are two possible scenarios: 1) catalysisrscon the surface but the catalytically active
complex decomposes after a few turnovers; 2) Atgivecatalyst leaches from the surface,
performs catalysis in solution and then decompasies a few turnovers. When the same control
experiment was carried out in the presence of lvatpnt of KOH, following steps 1 to 4,
similar results were observed in each of the steept the formation of relatively more ester
yield (36%) in step 2 compared to that reportedvabdhat the bulk of catalysis occurs in the
first 25-30 hours is consistent with the idea timatnobilized complex is the launch point for
catalysis. The most compelling argument for tkishie correlation between conversion and the
amount of catalyst remaining on the surface ancbafse the apparent activation of catalyst on

the amine surface. These same control experingawes similar results when conducted with
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4. Conclusions

(PNN)RUH(CI)(CO) and (PONOP)RuUH(CI)(CO) panc complexes were covalently
immobilized on BP-1. The presence of the complexBB&Al was confirmed by characterization
with the standard spectroscopic techniques, FTsiftid-state NMR, elemental analysis, and
metal digestion. The model solution experimentswvbeth (PNN)RuH(CI)(CO) and n-butyl
amine showed the formation of botheta- and para- isomers, indicating the position of the
electrophilic substitution at the pyridine ring thie pincer complexes during loading on BP-1.
The pincer arms of the mixture of products were roemated with KGBu generating
dearomatized-Ru-PNN-n-butyl amine as the activalgsit complex. Dehydrogenative coupling
catalysis with this complex gave lower alcohol cersion in comparison with the original
deprotonated catalyst (PNN)RuH(CO) demonstratingt tbubstitution on the pyridine ring
decreases catalytic performance of the Ru-PNN picaaplex [50].

Dehydrogenative coupling of four alcohols wasestigated withl and2 and all gave
moderate dehydrogenative coupling yields excepsdomendary alcohol, 2-octanol, even without
added base, a strict requirement for the analogoasgeneous reaction [33]. This suggests that
surface-bound amine functionality on BP-1 functiassa base to generate active pincer catalytic
complex on the BP-1 surface. Yields were lower tatfalysis worked at lower substrate to
catalyst ratios (0.03%) than in the homogeneouesyswhere 0.1 mol % catalyst was used.

The (PONOP)RuUH(CIH(CO) pincer complex exhibited abgtc reactivity toward
dehydrogenative coupling of alcohols to estersatihhomogeneous reactions and with the SPC
immobilized complexes. As for the PNN system noeatldase was required with the latter. A
mechanism was proposed for alcohol dehydrogenatigeupling reactions by

(PONOP)RuUH(CI)(CO), which involved the generatioh Ru(0) complex that reacted with
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alcohol, and then catalysis proceeded with the &ion of a ruthenium dihydride complex
(Scheme 6). Both of these proposed intermediateplas were actually isolated by Milstein
et. al. (46) Overall, the catalytic performancgONOP)RuH(CI)(CO) was not as good as the
(PNN)RuUH(CI)(CO).

Both immobilized Ru-PNN and Ru-PONOP bats on BP-1 were reused for multiple
cycles in dehydrogenative coupling reactions. @std showed activity for up to five catalytic
cycles, wherea2 survived up to the fourth cycle of catalysis. Betterformance was realized in
these cycles when a vapor-solid reaction systemusad as this avoided particle degradation
during stirring.

Both catalysts showed a good correlation betweendiécease in yield from cycle to
cycle and the amount of catalyst leached from tméase. A series of control experiments
showed that leached catalyst is not active. Téesllus to the conclude that activation of the
catalysts by surface amines occurs heterogeneanslythen catalysis occurs on the surface or
after the activated catalyst leaches from the sarfaith decomposition occurring after a few
turnovers in either case. Based on all the amalyaind spectroscopic data we can exclude the
possibility of Ru nanopatrticles as the active gattal SEM images before and after binding of
the complexes to the SPC showed no significantgdgmim morphology of the particles (Figure
12S).

For these systems to become useful, catalysis rbestachieved at much lower
temperatures to avoid leaching/decomposition. efiglatalyst loading must be achieved for this
to become a reality. This study does demonstrate golyamines could prove very important

surfaces for activating catalysts that require iasgenerate the catalytically active speciesn |
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addition, the homogeneous model studies demonglratenpact of ring substitution on catalytic
activity and carbonyl stretching frequencies.
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Highlights for:

Dehydrogenative Coupling of Alcohols to Esters on Silica Polyamine Composite by
Immobilized PNN and PONOP Pincer Complexes of Rutheum

by
Md Abdul Goni and Edward Rosenberg
Department of Chemistry and Biochemistry, Universiy of Montana, Missoula MT
59812
and
Roberto Gobetto and Michele Chierotti
Dipartimento di Chimica IFM, Universita di Torino, via P. Giuria 7, 10125,Turin,

Italy

1. Two Ru pincer complexes have been immobilized on a silica polyamine
composite and are shown to be active catalysts for dehydrogenative coupling
of alcohols.

2. The amine surface provides the required base needed to activate the
complexes for the catalysis.

3. Model reactions studied in solution show the regiochemistry of electrophilic
aromatic substitution with both para-and meta isomers being formed.

4. Catlyst leaching proved to be a problem but conversions could be obtained
up to 5 cycles.



