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Chitosan-supported Rh complexes were prepared in a stable form to form new catalysts and have
been characterized using elemental analysis, UV-vis, FT-IR, ICP-MS, PXRD, solid state *'P and
BC NMR spectroscopy and TEM. Mononuclear Rh(1) complexes (as models for the hetero-
genized catalysts) were also prepared via the Schiff-base condensation reaction and the crystal
structure of the cyclohexyl iminophosphine Rh(1) complex was elucidated. The chitosan-
supported Rh complexes and mononuclear analogues are active catalysts in the hydroformylation
of 1-octene with optimal reaction conditions realized at 75 °C and 30 bar syngas pressure. Under
these conditions, 1-octene conversion to the desired linear aldehydes was observed and the best
selectivity in this regard was shown by the supported iminophosphine-based rhodium catalyst.
Overall, the supported catalysts showed similar chemo- and regioselectivities in comparison to
their mononuclear counterparts but where more stable, being reused up to four times without loss

of activity and selectivity.

1. Introduction

Hydroformylation has been widely used in industry for the
production of aldehydes from alkenes since its discovery in
1938. An important example is the OXEA process (former
Ruhrchemie/Rhone-Poulenc) which has been producing 8.0 x
10° tons of C4 and C5 aldehydes from propene or butene an-
nually since 1984.! This process employs a Rh/P(C,H,SO;Na),
(TPPTS) catalyst. Aldehydes are the starting material for making
many useful secondary products such as i) alcohols (production
of detergents) and ii) specialty chemicals (which are relevant to
organic synthesis of fragrances and complex natural products).!
In 1995, production capacity reached 6.6 x 10° tons. Over the
past several decades, much effort has been directed toward
the synthesis of highly active and selective catalysts for the
hydroformylation reaction, using different transition metals.
The most commonly used catalysts for this reaction are based
on Rh complexes due to their high activity and selectivity under
milder conditions. It has been established that hydroformylation
activity with regards to metal atom follows the trend: Rh>
CoxPt."4

However, the practical application of homogeneous hydro-
formylation systems in industry has been limited by problems
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associated with separation of the catalyst/product mixture.
Additionally, the process of separation by distillation is energy-
intensive, time consuming and corrosive to equipment.'®

Consequently several approaches have been employed in solv-
ing this problem, such as aqueous biphasic, supported aqueous-
phase, supported liquid-phase, supercritical fluids, ionic liquids
and supported ionic liquid-phase catalysts.'® Despite overcom-
ing the separation challenge, these approaches often result in
metal leaching and low regioselectivity to the aldehyde products.
Alternatively, homogeneous catalysts have been immobilized
on solid supports such as, dendritic scaffolds, polymers, metal
oxides, mesoporous materials and various kinds of carbon.™®
However, these catalysts often suffer the drawbacks of reduced
catalyst activity and irreproducibility.

Recently, researchers have looked to biopolymers as supports
for transition metal catalysts due to their appealing abundance
in nature, renewability, biodegradability and non-toxicity." The
use of several biopolymers like alignate, starch, gelatine, cellulose
and chitosan have been reported in this regard.!* Indeed, these
efforts are leading to more cleaner and sustainable chemistry.

Chitosan (Fig. 1) can be produced by deacetylation of chitin,
which is found in the exoskeleton of crustaceans and the
cell walls of algae.!* Scientists have reported its interesting
antifungal, biopesticidal and anti-cancer properties, as well as
its applications in food and water treatment.'®

This material has shown encouraging potential as a solid
support for the immobilization of transition metal catalysts
owing to its affinity for metal ions and high thermal stability."
The amine groups of chitosan can be easily modified to create
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Table 1 Microanalyses, loadings and yields of compounds (1-4)

Elemental analyses (%) Ligand or Rh loading (mmol g)

Compound C H N C/N EA uv Yield (%0)¢
Chitosan 40.92 6.02 7.85 5.21 2.10° — —
) 44.63 5.92 6.44 6.93 0.12¢ 0.12% 69
2) 46.47 5.89 10.39 4.47 0.15¢ 0.13* 84
3) 39.42 4.12 4.35 9.06 0.14¢ — 85
4) 38.47 491 5.77 8.05 0.09¢ — 94

“ Free NH, (accessible and inaccessible) determined by microanalysis.'**422 ® Determined using UV (absorbance is dependent on conc, solvent and

pH 2). ¢ Determined using ICP-MS. “ Yield by mass.
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Chitosan

Fig. 1 Idealized structures of chitosan.

ligand donor sites for effective and stable metal coordination.
As such, several examples of chitosan-Schiff base catalysts
have been reported including those containing Cu, Pd and
Co." Recently, we reported the preparation of new chitosan-
iminophosphine Pd catalysts for carbon-carbon cross-coupling
reactions.”® The catalysts displayed high activity and yields
that were comparable or better than those obtained using a
similar homogeneous catalyst. As part of our continuing effort to
extend a wide utility of the chitosan-Schiff base ligands, Rh has
been complexed to these immobilized ligands forming the first
examples of chitosan-iminopyridyl and -iminophosphine Rh
complexes. Previously, it has been reported that an unmodified
chitosan-Rh catalyst was used for 1-hexene hydroformylation

ﬁs Aogh . oh

OH

HO
Schiff base
catalysts

(3 and 4)

Acetone

reactions, however no metal leaching and catalyst recyclability
studies were reported.* We now report the preparation, char-
acterization and evaluation in 1-octene hydroformylation using
these new supported catalysts. This work draws upon some of
the principles of green chemistry, such as atom economy and
the use of a biodegradable and non-toxic biopolymer support.
Furthermore, model mononuclear Rh homogeneous catalysts
have been synthesized and characterized to compare their
hydroformylation activity with their heterogenized counterparts.

2. Results and discussion
2.1 Catalyst synthesis and characterization

2.1.1 Heterogenized catalysts. Chitosan-supported Rh
catalysts (3 and 4) were readily prepared by treatment of
chitosan-Schiff base ligands (1 and 2)*** with [RhCI(CO),]..
Thus, a mixture of the corresponding chitosan-Schiff base ligand
(loading value: 0.12 mmol g (1) and 0.13 mmol g (2)) and
an excess amount of [RhCI(CO),], was stirred in dry acetone
at room temperature (Scheme 1). The supported catalysts (3
and 4) were obtained in good yields as stable light-orange

MeOH

AcOH
reflux, 10h

(1 and 2)

[RhCI(CO), ],
RT., 48 h

O = chitosan

Scheme 1 Outline for the preparation of supported Schiff base ligands (1 and 2) and supported catalysts (3 and 4).
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and purple solids respectively. They have been characterized
by microanalysis, FT-IR, UV-vis, solid state *'P and *C NMR
spectroscopy, ICP-MS, PXRD and TEM. Using these methods
the proposed structure of the chitosan Schiff base ligands (1 and
2) 2% and chitosan-supported Rh catalysts (3 and 4) have been
verified to be as described in Scheme 1 with the consideration of
random anchoring.

The partial complexation of Rh to the supported Schiff base
ligands was supported by microanalysis results, which indicated
changes in the percentage of C, H and N when moving from
the supported ligands (1 and 2) to the catalysts (3 and 4)
(Table 1). ICP-MS results confirmed Rh loading values amount-
ing to 0.145 mmol g (3) and 0.092 mmol g (4). These are
slightly higher than those previously reported for analogous
chitosan-supported Pd catalysts, possibly implying that the
biopolymer has a stronger affinity to Rh.?*

IR absorption bands at 1640 cm™ (3) and 1650 cm™ (4)
(1591 cm™ for the pyridyl imine) were observed for the imine
(C=N) vibrations together with terminal carbonyl bands at
1998 cm™ (3) and 2003 cm™ (4). The existence of one carbonyl
band suggests that one isomer is preferred for the supported
molecular Rh complexes (ESI Fig. if).

UV-vis studies conducted on catalysts (3 and 4) as glycerol
mulls revealed absorbance peaks at 319 nm and 348 nm for
3 and 4 respectively. These are in a similar range to those of
their homogenous analogues (see Scheme 2) 322 nm (5) and
342 nm (6) (ESI Fig. iit). These similar though weak absorbances
observed by UV-vis supports the presence of molecular Rh
complexes on the chitosan.>**

o)
CH,Cl,
A H + RT, 12 hrs
NH
zZ ~x 2

-H,0 N
X
ANz7
- |

5a:Z=C, X = PPh,
CH,Cl, 6a:Z=N,X=-

[RhCI(CO),]»

Cl
N

= \Rh/—co
/
N7 X
\ |

X = PPh,
X= -
f

PPh,

z
z

C, X
N, X

5:Z=C,
6:Z=N,
Scheme 2 Outline for the preparation of Schiff base ligands (5a and
6a) and Rh(1) complexes (5 and 6).

TEM is widely used for the elucidation of morphology,
particle size and shape as well as distribution and has proven
very useful in this application.” The particle sizes of catalysts 3
and 4 were observed from TEM images to be spherically shaped
nano-sized particles with sizes in the ranges of 3-7 nm (3) and
4-8 nm (4) (Fig. 2). They are uniformly dispersed across the
biopolymer support and mostly equidistant. Rh particles visible
through TEM imaging may imply intermolecular interactions
of vicinal angstrom sized molecular Rh' sites on the biopolymer
resulting in nanosized particles. Willocq et al. have also seen Pd
and Ru particles of size range 2-6 nm on phosphine modified

Fig.2 TEM images of supported catalysts (a) 3 and (b) 4.

active carbon, in which surface coordination of Pd and Ru
organometallic complexes was achieved through the phosphines
on the active carbon support.?

The crystallinity of the supported catalysts was examined by
powder X-ray diffraction (Fig. 3). No Rh peaks were observed in
the diffractograms of supported catalysts (3 and 4), meaning that
the Rh particles are not composed of single crystallites. However,
specific chitosan peaks (20 = 15° and 25°) were evident on
the diffractograms of both supported catalysts thus displaying
high crystallinity of the chitosan support and that the basic
structure of the chitosan is not hindered during preparation of
the supported catalysts.

(b) 4
s
@3

Intensity (AU)

10 20 30 40 50 60 70 80 90 100 110
2 Theta(deg.)

Fig. 3 Powder X-ray diffraction diagrams of a chitosan-supported Rh
catalyst (a) 3 and (b) 4.

Solid state 3'P NMR spectroscopy of the precursor chitosan-
iminophosphine ligand (1) showed a signal at 6 —18.5 ppm (Fig.
4a). This further indicates that the ligand has been successfully
anchored to the chitosan support as this shift corresponds with
the chemical shift obtained for the soluble ligand (5a) seen
at 6 —13.0 ppm. A peak due to phosphine oxide was also
present at § 35.0 ppm.*™® The dimeric complex [RhCI(CO),],
was reacted with the chitosan-iminophosphine. The solid state
3P NMR spectrum of the resulting supported complex (3)
showed a decrease in intensity of the peak at § —18.5 ppm,
and the appearance of a peak at § 56.6 ppm assigned to the Rh
complex (Fig. 4b). This effect was previously observed in similar
phosphine-Rh complexes attached to a peptide synthesis resin
2¢ and [RhCI(PPh;);] immobilized on phosphinated MCM-41.
These NMR experiments indicated that there are changes in
the chitosan structure upon forming the chitosan-supported
Schiff base ligand (1) and subsequent complex formation. To
this effect, we have reason to believe molecular Rh(I) complexes
do exist on the chitosan support, and it would thus be fair
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Fig. 4 Solid state P NMR spectra of (a) chitosan-iminophosphine
ligand (1) and (b) chitosan-supported Rh complex (3). 3'P one-pulse
experiments were performed on a Bruker AMX 400 spectrometer at
a *'P frequency of 15 kHz at room temperature. Chemical shifts were
referenced to Na,HPO, at 6§ = 0 ppm. Signals arising from side bands
are marked with and an asterisk (*).

to assume the same for the chitosan-supported iminopyridyl
catalyst (4).

The solid state *C NMR spectrum of the chitosan-supported
iminophosphine ligand (1) evidenced successful anchoring of
the iminophosphine ligand by the signal due to the imine
carbon at § = 174.0 ppm as well as a signal for the aromatic
carbons at 6 = 131.0 ppm (ESI Fig. iii(a)). There is a slight
drop in intensity of C, and C, carbons upon complexation of
the Rh (ESI Fig. iii(b)T). This phenomenon strongly suggests
possible spatial interactions of the coordinated complex with
C, and C, of the chitosan backbone. Thus, further evidence of
subtle structural modification of the chitosan can be seen on
proceeding from chitosan-supported iminophosphine ligand (1)
to chitosan-supported Rh complex (3).

2.1.2. Homogeneous catalysts. In addition, mononuclear
analogues of chitosan-supported Rh(I) complexes (5 and 6)
were prepared by the reaction of cyclohexyl-2-(diphenyl-
phosphino)imine and cyclohexyl-2-iminopyridyl ligands (5a
and 6a) with [RhCI(CO,)], in dichloromethane (Scheme 2). The
products were isolated in good yields (84% and 89%) as air
and moisture stable bright orange and purple crystalline solids,
respectively. Complex 5 decomposed without melting at 220 °C
while 6 displayed a melting range of 182-185 °C. These new

complexes (5 and 6) have been characterized by microanalysis,
FT-IR, 'H and *'P NMR spectroscopy, single X-ray diffraction
and mass spectrometry.

Microanalysis results for complexes (5 and 6) were in agree-
ment with the calculated percentage CHN. Strong absorption
bands, assigned to the imine C=N functionality were observed
at 1625 cm™ (5) and 1626 cm™(6) (pyridyl imine occurs at
1609 cm™ in complex (6)).

Evidence for the coordination of the Rh metal center was
seen through a shift from 1628 cm™ in the cyclohexyl-2-
(diphenylphosphino)imine ligand (5a) to 1625 cm™ in complex
(5). Similarly a shift from 1646 cm™ in the cyclohexyl-2-
pyridyimine ligand (6a) to 1626 cm™ in complex (6) was
observed. Single very strong carbonyl (C=O0) absorption bands
at 1993 cm™ and 1995 cm™' suggested one preferred isomer in
complexes (5 and 6) respectively.

NMR spectroscopy supported coordination of the
cyclohexyl-2-(diphenylphosphino)imine ligand (5a) in a
chelating manner to form a Rh(I) complex. This was seen in
the shifting of two resonance signals in the '"H NMR spectra.
The signal due to the methine proton displayed an upfield shift
from 6 8.73 ppm in (5a) to 6 8.27 ppm in the Rh complex
(5). Furthermore, the protons on the carbon adjacent to the
imine nitrogen showed a downfield shift from & 3.03 ppm to
6 4.53 ppm. *'P NMR spectroscopy showed coordination of
phosphorus to Rh when the singlet observed in the cyclohexyl-
2-(diphenylphosphino)imine ligand (5) (6 —13.45 ppm), shifted
further downfield (6 48.20 ppm) and appeared as a doublet
with coupling constant 165 Hz in the spectrum of complex (5).
This is consistent with Rh-P coupling.”® For complex (6), a
shifting of the methine proton resonance from § 8.51 ppm in
(6a) to 6 8.35 ppm in (6) was seen as well as a downfield shift
of the protons on the carbon adjacent to the imine nitrogen
from 6 3.41 ppm to § 4.53 ppm. ESI-mass spectrometry further
confirmed the integrity of the complexes by displaying base
peaks at m/z 502.1 and 318.92 representing the [M-Cl]* ions for
complexes 5 and 6 respectively.

Single crystals of complex (5) were obtained by slow evapora-
tion from dichloromethane : n-hexane.**** An ORTEP drawing
of complex (5) with the corresponding labelling scheme is
shown in Fig. 5 together with selected bond lengths and
angles. The molecular structure shows a 4-coordinate square-
planar geometry around the Rh center, with the terminal
carbonyl group frans to the imine functionality. The geo-
metric parameter around the Rh atom are comparable with
those found in similar complexes [RhCI(PyP)(CO)] (PyP = 1-
(2-diphenylphosphino)ethyl parazole)*® and [RhCI(P-N)(CO)]
(P-N = 2-(diphenylphosphino)propylimine.”® The angle P(1)-
Rh(1)-CI(1) (171.327(1)°) is not the expected 180° indicating
some distortion, possibly imposed by the 6-membered chelate
ring about the Rh atom. This effect is also seen to cause deviation
of the angle N(1)-Rh(1)-P(1) (84.91(4)°) from 90°.

2.2 Catalytic studies

The potential of the chitosan-supported and mononuclear
Rh complexes (3-6) to catalyse the hydroformylation reaction
were evaluated using l-octene as the substrate (eqn (1)). The
conversions of 1-octene were monitored by GC and in general
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Fig. 5 Molecular structure of the mononuclear Rh' iminophosphine
complex (5) showing ellipsoids at the 50% probability level with
hydrogen atoms omitted for clarity. Selected bond lengths (A) and
angles (°): Rh(1)-CI(1) 2.4028(4), Rh(1)-N(1) 2.1318(13), Rh(1)-P(1)
2.2016(4), Rh(1)-C(1) 1.8261(16), N(1)-C(2) 1.2823(19), N(1)-C(21)
1.4927(18), P(1)-Rh(1)-CI(1) 171.327(14), C(1)-Rh(1)-N(1) 178.71(6),
N(1)-Rh(1)-P(1) 84.91(4), C(1)-Rh(1)-P(1) 95.68(5), C(1)-Rh(1)-CI(1)
87.95(5), N(1)-Rh(1)-CI(1) 91.62(4), C(2)-N(1)-C(21) 119.29(13).

products formed at optimal conditions were aldehydes (n :iso)
by hydroformylation as well as some amounts of internal iso-
octenes (cis and trans 2- and 3-octene) by isomerisation. No
hydrogenation products were observed.

CHO
Cat (3-6) 2.87 x 10" mol%) /\/CHO
RTIH +
X (CO:Hy; 1:1) R R
—_—
5-30 bars . v J
R = CgH1s gﬁlvent A major

+
cis & trans iso—octenesj

Y
minor

O

The chitosan supported catalysts (3 and 4) displayed sim-
ilar reaction rates (Fig. 6) and conversions after 8 h. The
mononuclear analogues also exhibited similar reaction rates and
conversions with all catalysts displaying steady increase patterns.

100 4
90 -
80 -
70 A —+—Cat4
60 - —=—Cat3
50 -
40 - Cat5
30 Cat6
20 A
10 -

0r : - - ‘ )
0 2 4 6 8 10
Time (hrs)

Conversion (%)

Fig. 6 Percentage conversion of 1-octene over 8 h using catalysts (3-6),
data collected at 75 °C and 30 bar. (Average error estimate: (3) =+0.12;
(4)=%0.11;(5) =% 0.17 and (6) =% 0.10).

The supported catalysts (3 and 4) displayed low to no activity
over the first 2 h indicative of an induction period required
to ensure diffusion of the syngas into the solvent followed by
accessing the Rh sites on the chitosan. In contrast to that, the
mononuclear analogues showed a higher catalytic rate over the
first 4 h. Similar differences in the rate of conversion between
homogeneous and catalysts supported on SBA-15 have been
reported.”™

2.2.1 Effectofpressure. At 7T =75°Cand syngas pressure=
5 bar, hydroformylation of 1-octene gave poor conversions
to predominantly iso-octenes (Fig. 7 and Table 2, entries 1-
4). Upon increasing the syngas pressure to 10 bar, higher
conversions of 1-octene were afforded, though more iso-octenes
were formed here too (Table 2, entries 5-8). Good conversions
of 1-octene to the desired linear aldehyde product was therefore
seen at 30 bar and 75 °C using catalysts (3-6) (vide infra, Fig.
8b and 9a). The supported catalysts show swelling in aqueous
ethanol solvent (1 : 1 ratio) however poor activity was observed
due to low solubility of the long hydrocarbon chain of the
l-octene substrate in aqueous medium. Hydroformylation of
shorter chain a-olefins may yield better results.?

100 +
90
80 -
70 -
60
50 -
40 -
30 A
20 A
10 1
0_

mCat3
DCat4
BCat
OCat 6

Conversion (%)

%
E

5 10

Pressure (bars)

Fig.7 Percentage conversion of 1-octene over 8 h using catalysts (3-6)
at 75 °C. (Average error estimate: (3) =% 0.11; (4) =+ 0.12; (5) =+ 0.16
and (6)=%0.11).

2.2.2 Effect of temperature. Hydroformylation of 1-octene
was carried out at various temperatures using catalysts (3-6) (7=
55,75and 95 °C, Syngas pressure =30 bar) (Fig. 8a—c). Reactions
carried out at 55 °C saw very low conversions of 1-octene to iso-
octenes exclusively with pyridylimine-based catalysts (4 and 6),
while iminophosphine-based catalysts (3 and 5) formed almost
equal amounts of aldehydes and iso-octenes. At 95 °C, high
conversions of 1-octene were observed to initially iso-octenes
(monitored by GC) which were converted to aldehydes over
time (8 h). Thus at this temperature, more branched aldehydes
are formed via hydroformylation of iso-octenes (Fig. 9b). The
optimal temperature at which good conversion (TOF = 261-
111 and TON = 2088 (3)) to desired linear aldehydes was
found to be 75 °C. At this temperature iminophosphine-based
catalysts (3 and 5) exhibited superior selectivity for nonanal than
their pyridylimine-based counterparts, reiterating reports that
bulky aryl phosphine ligands influences regioselectivity (Fig.
9a-b).7*® Additionally, at 7 = 75 °C and syngas pressure = 30
bar the supported catalysts (3 and 4) showed almost similar
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Table 2 Data for the hydroformylation of 1-octene at different pressures, after 8 h*

Entry Cat. Syngas press. (bar) % Conversion % Aldehyde % iso-octenes n:iso TOF (h™")?
1 3 5 57 10 90 43:57° 26

2 4 5 42 0 100 — 0

3 5 5 55 4 96 62:38¢ 10

4 6 5 53 2 98 64:36° 5

5 3 10 81 28 72 45:55° 75

6 4 10 75 5 95 70:30° 13

7 5 10 64 30 70 48:52¢ 78

8 6 10 67 25 75 52:48¢ 65

@ Reactions carried out with (CO: H,) (1: 1) at 75 °C in xylene (10 ml) with 6.37 mmol of 1-octene and 2.87 x 10~ mmol Rh catalyst (loading = 0.145
(3); 0.092 (4) mmol g') (Error estimate: (3) =+ 0.10; (4) =+ 0.13; (5) =% 0.16 and (6) =% 0.12). GC conversions obtained using n-decane as an internal
standard in relation to authentic standard iso-octenes and aldehydes. ® Regioselectivity calculated at 2 h.  Regioselectivity calculated at 4 h.  TOF =
(mol product/mol cat.) x h™'.

100

8853388

10
0

(a) 9

55°C -

| ™% iso-octenes 40
% aldehydes 30
T 20
10
T O T 15} 0
3 4 5 6

Catalyst

80 -
70 -
60
50 -
40 -
30 -
20
10 -
0 - T
3 4

Catalyst

_I - I

Catalyst

(c)

95°C
™ % iso-octenes

H % aldehydes

(b)

75°C
™ % iso-octenes
W % aldehydes

Fig. 8 Effect of temperature on chemoselectivity in hydroformylation of 1-octene using catalysts (3-6) at (a) 55 °C, (b) 75 °C and (d) °C.*™ (Average
error estimate: (3) =+ 0.10; (4) =% 0.12; (5) =+ 0.15 and (6) =+ 0.13).
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Fig. 9 Effect of temperature on regioselectivity in hydroformylation of 1-octene using catalysts (3-6) at (a) 75 °C and (b) 95 °C.?’® (Average error
estimate: (3) =+ 0.10; (4)==%0.11; (5) =+ 0.14 and (6) =+ 0.11).
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chemo- and regioselectivities implying that the biopolymer
backbone has no impact on selectivity during hydroformylation
(vide infra).

2.2.3 Chemo- and regioselectivities. For the established
optimal conditions (7" = 75 °C, Syngas pressure = 30 bar), the
catalysts showed moderate to high (for catalyst (3)) chemose-
lectivity for aldehyde products (52-95%) with some amounts
of iso-octenes (Fig. 8b). Thus, in forming aldehyde products,
these reactions are in line with the green chemistry principle
of atom economy. Overall, catalysts (3—6) favoured formation
of iso-octenes at low temperature (55 °C) and pressures (5 and
10 bar) as has been previously reported. When compared to
[Rh(CO),(acac)] under similar conditions the current catalyst
(3-6) show better regioselectivity.®*

In general, the catalysts (3—6) showed regioselectivity toward
linear aldehydes (nonanal) at optimal conditions, with the
iminophosphine-based catalysts (3 and 5) displaying supe-
rior selectivity for nonanal (70 and 72% respectively) than
iminopyridyl-based catalysts (4 and 6) (57 and 68% respectively).
Formation of branched aldehydes via preformed iso-octenes was
mostly favoured at syngas pressure =10 bar, 7=75°C and syngas
pressure = 30 bar, T=95 °C. These observations can in future be
exploited in the formation of chiral aldehydes, which are highly
sought after in the pharmaceutical industry.?®¢ Furthermore,
the n:iso ratio of aldehydes obtained with supported catalysts
(3 and 4) was similar to when mononuclear analogues (5 and
6) were employed effectively proving that the inherent chirality
of the biopolymer support does not influence the catalytic
behaviour around the active Rh centres. However, the support
does play a crucial stabilizing role in catalyst (3) allowing for
this catalyst to be recycled and reused (up to four times) while
mononuclear analogues (5 and 6) decomposed to black species
during reaction (vide infra). The chemo- and regioselectivity
and activity displayed by the iminophosphine-based supported
and mononuclear catalysts (3 and 5) compete well with related
Rh supported and mononuclear catalysts in literature operated
under higher conditions of temperature and pressure (ranging
from: 80-175 °C and 50-90 bar).”

2.2.4 Rh leaching tests. A hot filtration test, whereby the
supported catalysts (3 and 4) were filtered oftf 2 h into the reaction
and the filtrates taken back to reaction did not stop catalytic con-
version of 1-octene (Fig. 10). Notably, the filtrates did not show
further hydroformylation of 1-octene under otherwise identical
experimental conditions. Thus, 0.02% (in catalyst (3)) and 0.05%

100

90 1
~ 80 A
R® 70 —4—Cat 3 present
E gg 1 . —#—Cat4 present
£ 40 /',/ Cat3 filtered
>
£ 30 A / Cat4 filtered
(8}

\

T T T T 1

0 2 4 6 8 10
Time (hrs)
Fig. 10 Effect of removing supported Rh catalysts (3 and 4) from

reaction (hot filtration test, (catalyst (3 and 4) removed after 2 h).
(Average error estimate: (3) =+0.12; (4) =+ 0.11).

(in catalyst (4)) of Rh leached into solution, as determined
by ICP-MS, and this minimally catalyses isomerisation.** This
implies that chitosan-supported Rh complexes are the true active
catalysts for the hydroformylation reaction, while a combination
of Rh complexes and colloidal particles are responsible for
isomerisation.*

2.2.5 Catalyst reusability. The supported catalyst (3) was
recycled four times with consistent conversion of 1-octene (75—
79%) to mainly aldehydes.’'* Catalyst deactivation may be due
to sintering as was seen in similar Pd catalysts.”* Notably,
chemo- and regio- selectivity was maintained throughout the
cycles (average n:iso = 70:30). Catalyst (4) gave poor con-
version (4%) on the second cycle indicative of the inferior
stability of this catalyst compared to the iminophosphine-
based catalyst (3). The iminophosphine-based catalysts exhibit
slightly better activity in general. This may be attributed to
the bulky phosphine ligand imposing a more favourable bite
angle for the substrate (1-octene) or the formation of a more
stable active species based on hard and soft acid and base
principles.*’

3. Experimental
3.1 Materials and instrumentation

Low molecular weight chitosan (Cat. No. 44,886-9, deacety-
lation 75-85%, average molecular weight of < 6000 units),
analytical grade cyclohexyl amine, 2-pyridine carboxalde-
hyde and 2(diphenylphosphino) benzaldehyde were purchased
from Sigma Aldrich and used as received. All solvents
were obtained commercially and distilled under N, prior
to use. Methanol, ethanol, dichloromethane and acetone
were dried over calcium hydride. RhCl;-3H,0 was ob-
tained from Johnson Matthey. [RhCI(CO),],* and chitosan-
Schiff base ligands**® were prepared according to literature
procedures.

UV-vis spectra were obtained at ambient temperature using a
Varian Cary 50 Conc. UV-vis spectrophotometer as glycerol
mulls. Powder X-ray diffraction (PXRD) data was collected
on a Bruker D8 Advanced diffractometer (Co-Ko-radiation,
A = 1.78897 A). IR spectra were recorded in KBr disks on
a Perkin—Elmer Spectrum One FT-IR spectrometer. Melting
points were determined using a Kofler hot stage microscope
(Riechart Thermover). Elemental analyses were conducted with
a Thermo Flash 1112 Series CHNS-O Analyzer. Electrospray
Tonisation (ESI) mass spectrometry was carried out on a Waters
API Quattro Micro triple quadrupole mass spectrometer in
the positive-ion mode. Electron Impact mass spectrometry
was conducted on a JEOL GCMATE II mass spectrometer.
Inductively coupled plasma-mass spectrometry was obtained
using a Perkin—Elmer Elan600 quadrupole ICP-MS with a Cetax
LSX-200 UV laser module. TEM imaging was done on a JEOL
1200EXII CRYO TEM. Catalysis products were analysed using
a Varian 3900 GC. 'H and *'P NMR spectra were recorded
on a Varian XR400 MHz spectrometer using tetramethylsilane
(TMS) as the internal standard (for 'H) and H;PO, as the
external standard (for *'P).
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3.2. General procedure for the synthesis of chitosan-Schiff base
Rh(I) catalysts (3 and 4)

The appropriate chitosan-Schiff base ligand was stirred with
[RhCI(CO),],, in acetone at room temperature over 48 h. After
the reaction, the supported Schiff base catalysts were collected
by filtration, “conditioned” by refluxing in ethanol for 10 h
in order to remove unreacted Rh, washed with distilled water,
ethanol and acetone (50 ml each), and then dried under vacuum
at 60 °C for 8 h.

3.2.1. Preparation of chitosan-2-(diphenylphosphino)imine-
Rh  catalyst (3). Chitosan-2-(diphenylphosphino)imine
(350 mg, 0.035 mmol) was treated with a solution of
[RhCI(CO,)], (40 mg, 0.105 mmol) in dry acetone (30 ml) at
room temperature. After 48 h the product was obtained by
filtration, “conditioned” by refluxing in ethanol for 10 h and
washed thoroughly with water, ethanol and acetone (50 ml
each) respectively. The light orange solid was then dried under
vacuum at 60 °C for 8 h. Yield, (299 mg, 85%). FT-IR (KBr)
Vma/cm™: 3434 (s) (OH), (m) 2913 (C-H), 2003 (s) (C=0),
1640 (s) (C=N), 1575 (m) (aromatic C=C), (br, s) 1154-1071
(pyranose), (s) 895 (aromatic C—H). Elemental Analysis: Found
C,40.47; H, 4.62; N, 4.35. ICP-MS: (Rh, mmol g): 0.145

3.2.2. Preparation of chitosan-2-pyridylimine-Rh catalyst (4).
Chitosan-2-pyridylimine (500 mg, 0.025 mmol) was treated with
a solution of [RhCIl(CO,)], (29 mg, 0.075 mmol) in dry acetone
(40 ml) at room temperature. After 48 h the product was obtained
by filtration, “conditioned” by refluxing in ethanol for 10 h and
washed thoroughly with water, ethanol and acetone (50 ml each)
respectively. The purple solid was then dried under vacuum at
60°Cfor 8 h. Yield, (488 mg, 94%). FT-IR (KBr) v,,,,/cm™: 3435
(s) (OH), (m) 2917 (C-H), 1998 (s) (C=0), 1650 (s) (C=N),
1591 (m) (pyr. C=N), 1570 (m) (aromatic C=C), (br, s) 1152~
1070 (pyranose), (s) 776 (aromatic C-H). Elemental Analysis:
Found C, 46.47; H, 591; N, 5.77. ICP-MS: (Rh, mmol g)
0.092

3.3. Preparation of cyclohexyl-2-(diphenylphosphino)imine
ligand (5a)

Cyclohexyl amine (211 mg, 2.13 mmol) in CH,Cl, (25 ml) was
treated with 2-(diphenylphosphino) benzaldehyde (493 mg, 1.70
mmol) over 12 h at room temperature. After 12 h anhydrous
magnesium sulfate was transferred to the stirred solution and
the mixture was filtered, the solvent was removed by rotary
evaporation to give a light yellow solid for compound (5a),
which was dried under vacuum for 2 h. Yield, (630 mg, 92%).
mp.: 98-99 °C. FT-IR (KBr) v,,,/cm™: 2923 (s) (C-H), 1628
(s) (C=N), 1584 (m) (aromatic C=C), 695 (s) (aromatic C—
H). é4 (400 MHz; DMSO-d¢, Me,Si) 8.73 (1H, d, imine,
‘Jeu = 4.4 Hz), 7.86 (1H, m, Ar), 7.21-7.66 (12H, br m,
Ar), 6.77 (1H, m, Ar), 3.03 (1H, t, HCN=), 0.99-1.78 (10H,
br m, CH,). 6, (121 MHz;, DMSO-d¢; H;PO,) —13.01 (s).
Elemental analysis: Found C, 79.33; H, 7.06; N, 2.13 C,sH,xNP
requires: C, 80.84; H, 7.06, N, 3.77. EI-MS: m/z 370.7, (M-H*,
100%).

3.4. Preparation of cyclohexyl-2-(diphenylphosphino)imine
rhodium(1) complex (5)

[RhCI(CO,)], (78 mg, 0.202 mmol) in CH,Cl, (20 ml) was added
to a solution of cyclohexyl-2(diphenylphosphino)imine ligand
(5a) (150 mg, 0.404 mmol) in CH,Cl, (15 ml) and this stirred at
room temperature. After 4 h, the solvent was removed by rotary
evaporation to afford a bright orange solid which was purified
by column chromatography as follows: a solution of the crude
product in CH,Cl, (10 ml) was passed through a silica packed
column and eluted with ethyl acetate. The product associated
with the bright orange band was collected, the solvent removed
by rotary evaporation and the bright orange crystalline solid
product (5) was isolated and dried under vacuum for 3 h. Single
crystals of complex (5) were obtained by slow evaporation from
CH,Cl, : n-hexane (1 : 1) Yield, (178 mg, 82%). mp., decomposes
without melting at the onset of 220 °C. FT-IR (KBr) v,,,,/cm™:
2930 (s) (C-H), 1993 (vs) (C=0), 1625 (s) (C=N), 1563 (m)
(aromatic C=C), 696 (s) (aromatic C-H). dy (400 MHz; DMSO-
ds, Me,Si) 8.27 (1H, s imine), 7.87 (1H, m, Ar), 7.36-7.71 (12H,
br m, Ar), 6.83 (1H, m, Ar), 4.53 (1H, t, 1H, HCN =), 0.98-1.97
(10H, br m, CH,). 6, (121 MHz; DMSO-d,; H;PO,) 48.20 (d,
'Jrwe = 165 Hz). Elemental analysis: Found C, 58.69; H, 4.94;
N, 2.39, C,cH,Cl,NOPRAh. requires: C, 58.06; H, 4.87, N, 2.60.
EI-MS: m/z 502.1, (M-CI*, 99%).

3.5. Preparation of cyclohexyl-2-pyridylimine ligand (6a)

Cyclohexyl amine (2.0 g, 20.17 mmol) in CH,Cl, (35 ml) was
reacted with 2-pyridinecarboxaldehyde (1.72 g, 16.08 mmol)
over 12 h at room temperature. After 12 h anhydrous magnesium
sulphate was transferred to the stirred solution and the mixture
was filtered, the solvent was removed by rotary evaporation
to give a viscous yellow oil for compound (6a), which was
dried under vacuum for 2 h. Yield, (2.2 g, 73%). FT-IR (KBr)
Vmax/cm™: 2910 (s) (C-H), 1646 (s) (C=N), 1609 (m) (pyr.
C=N), 1566 (m) (aromatic C=C), 744 (s) (aromatic C-H). Jy
(400 MHz; DMSO-d¢, Me,Si) 8.58 (1H, m, Ar), 8.51 (1H, s,
imine), 7.90 (1H, t, *Jyy = 7.7 Hz Ar), 7.70 (1H, m, Ar), 7.48
(IH, m, Ar), 3.41 (1H, m, HCN =), 1.02-1.88 (br m, 10H, CH,).
Elemental analysis: Found C, 76.24; H, 8.22, N, 14.07 C1,H (N,
requires: C, 76.55; H, 8.34, N, 14.28. ESI-MS: m/z 180.02, (M-
8H*, 100%).

3.6. Preparation of cyclohexyl-2-pyridylimine rhodium(r)
complex (6)

[RhCI(CO,)], (200 mg, 0.516 mmol) in CH,Cl, (15 ml) was
added to a solution of cyclohexyl-2-pyridylimine ligand (6a)
(186 mg, 1.030 mmol) in CH,Cl, (20 ml) and this stirred at
room temperature. After 4 h, the solvent was removed by rotary
evaporation to afford a purple solid of complex (6) which
was dried under vacuum for 3 h. Yield, (250 mg, 89%). mp.:
182-185 °C. FT-IR (KBr) v, /cm™: 2935 (s) (C-H), 1626 (s)
(C=N), 1597 (m) (pyr. C=N), 1566 (m) (aromatic C=C),
778 (s) (aromatic C-H). &y (400 MHz; DMSO-d,, Me,Si):
8.89 (1H, m, Ar), 8.35 (IH, s, imine), 8.25 (1H, t, °J = 7.6
Hz Ar), 8.00 (1H, m, Ar), 7.68 (1H, m, Ar), 4.01 (IH, m,
HCN=), 0.99-1.86 (10H, br m, 10H, CH,) Elemental analysis:
Found C, 44.61; H, 4.25; N, 7.17. C;;H,,CIN,ORh requires:
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C, 44.03; H, 4.55, N, 7.90, ESI-MS: m/z 318.92, (M-CI*,
98%).

3.7 General hydroformylation procedure

Hydroformylation reactions were conducted in a 90 ml stainless
steel autoclave. The autoclave was charged with xylene (10 ml),
I-octene (715 mg, 6.37 mmol), n-decane internal standard (180
mg, 1.26 mmol) and one of the Rh catalysts (3, 4, 5 or 6) (2.87
x 107 mmol, substrate: Rh ratio = 2276 : 1). The autoclave was
flushed three times with syngas (CO:H,, 1:1 ratio) followed
by pressurizing and heating to the desired syngas pressure and
temperature respectively. Samples were taken every 2 h and
analysed using gas chromatography (GC). The products were
confirmed in relation to authentic iso-octenes and aldehydes.

4. Conclusions

Two new supported-Rh(I) catalysts based on a sustainable,
biodegradable and non-toxic biopolymer support have been
successfully prepared in a stable form. They were characterized
using several techniques including elemental analysis, UV-vis,
FT-IR, ICP-MS, *'P and “C solid state NMR spectroscopy,
TEM and PXRD. Model mononuclear model Rh(I) complexes
of the chitosan-supported catalyst were also prepared and
characterized using 'H and P NMR, UV-vis and FT-IR
spectroscopy, mass spectrometry, elemental analysis and single
X-ray crystallography.

All the catalysts were active in the hydroformylation of 1-
octene under mild conditions with negligible amounts of Rh
leaching into the solution. The activity as well as regio- and
chemo-selectivity was affected by factors such as temperature
and syngas pressure and under optimal conditions of 75 °C
and 30 bar, good selectivity for nonanal was seen for both
the supported and mononuclear catalysts. Iminophosphine-
based catalyst (3) showed the best activity, chemoselectivity,
regioselectivity as well as recyclability and can therefore be
singled out for further development.
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