CHAPTER - 3
RESULTS & DISCUSSION

PART -1 (OXIDATION)




In this chapter, the results of characterization and catalytic activity of metal
complexes supported on poly(styrene-divinylbenzene) is described. These polymer
supported metal complexes have been examined as catalysts in the epoxidation/oxidation

of alkenes, atkanes & alcohols. The chapter includes the results and discussion of :

3.1 Polymer supported Mn(Il) amino acid complexes
3.2 Polymer supported Ru(IIl) amino acid complexés
3.3 Polymer supported Cu(Il) amino acid complexes
3.4 Mechanism of oxidation/epoxidation

3.5 Asymmetric epoxidation

3.6 References
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3.1. Poly(styrene-divinylbenzene) supported Mn(ll) amino acid éomplexes

The anchoring of an amino acid on to cross-linked chloromethylated poly(styrene-
divinylbenzene) and the loading of manganese on to this liganded polymer was carried
out as per the sequences shown in Scheme 3.1.1. The three catalysts studied are
designated as under:

Mn A = 8% Poly(S-DVB)L-val Mn(II) complex
Mn B = 6% Poly(S-DVB)L-val Mn(Il) complex

Mn C = 8% Poly(S-DVB)L-ph ala Mn(II) complex

Anchoring of «-Amino acid
The direct attachment of an amino acid res@due to chloromethylated poly(styrene-
divinylbenzene) resin has previously been accomplished by employing one of the
following routes.
(i) Substitution of chlorine by iodine on the chloromethylated polymer followed by
reaction with an g-amino acid [1].
(if) Reaction of amino acid with cross-linked chloromethylated styrene-divinyl benzene
co-polymer in presence of sodium iodide and a base such as tertiary amine [2].
(iii) Reaction of chlorosulfonated polystyrene with sodium salt of amino acid [3,4].
Moderate yields were claimed in case of reaction with chlorosulfonated
polystyrene [method (iii)] and low yields were noted with .nethods (i) & (ii).
In the present work initial attempts to react the amino acid with chloromethylated
poly (S-DVB) in aqueous as well as in methanolic solution including reflux conditions

proved unsuccessful. After several screening experiments, the reaction of amino acid and
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the resin in presence of pyridine as a base showed encouraging result as it is known to
work well in both aqueous as well as in organic solvents [5]. Using slightly more than
molar excess of amino acid and pyridine reproducible grafting on the resin could be
achieved (Table 3.1.1.). Analysis for nitrogen after ligand attachment gave values of
2.56%, 2.46% and 2.34% respectively for Mn A, Mn B & Mn C. These correspond to
1.83 mmol and 1.76 mmol of L-valine anchored per gram of Mn A & Mn B and 1.67
mmol of L-phenyl alanine anchored per gram of Mn C. It is well known that in non-
aqueous solvents and with excess pyridine quaternization of pendant benzylic rests in
chloromethylated styrene-divinyl benzene readily occurs [6,7] which was confirmed by a
dummy experiment in our case too. However, the reaction of amino acid and a
stoichiometric amount of pyridine is feasible only in aqueous medium leading to the
desired mode of grafting. Quaternization does not take place under these conditions. In
these latter conditions pyridine facilitates the attachment through the amine end by
eliminating HCl as pyridine-hydrochloride salt. Use of pyridine as a base for such
displacement reactions is well documented [S]. In another control experiment pyridine
was allowed to react with the polymeric support in the absence of amino acid under
identical conditions. After the usual work up analysis of the resin treated with pyridine
did not show any nitrogen. This indicates that there is no side reaction taking place in
presence of pyridine and the observed nitrogen percent in the amino acid grafied resin
entirely comes from the anchored amino acid fragment. This was further confirmed by
estimation of the free carboxylic groups on the resin which was found to be equivalent to

the amino acid loaded. These details are given in the experimental section.
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In yet another related experiment efforts for N-functionalization of amino acid
using K,CO; in aqueous methanolic solution as described in a previous report was not
effective in our case [8]. Further, indirect verification of mode of linkage was arrived at
by reacting benzy! chloride with valine giving N-bgznzyl valine (mp. 255°C) [8,9] which
supports that ligand attachment on polymer occurs from the amine end. The probability
of C-alkylation [10] of amino acid under these conditions is thus overruled. The overall

synthetic protocol is depicted in Scheme 3.1.1.

Complex formation

The reaction of Mn(Il) acetate with polymer anchored amino acid was conducted
in the pH range of 4.3 — 4.5. A maximum Mn loading of up to 1.7 % was obtained
(Table 3.1.1.). It is known that all amino acids undergo two reversible proton ionization

steps, viz.

R pH 2-3 R pH ~9 R

- - |
HO,C-CH-NH, ====0,C-CH-NH," ====" 0,C-CH-NH,

Consequently depending on the solution pH, amino acid can coordinate to metal ion
through either or both of amino (NH;) or carboxy! (CO; ) groups. Moreover, the order of
stability constants for transition metal ions follows the Irving-Williams series [11]. Thus,
for the divalent Mn®* ion with excess amino acid present as employed in our case, it is
expected that the formation of a chelate such as Mn(amino acid), may be favoured [12].

Based on pka values Gillard et.al reported similar (N,O) chelation for different amino

acid complexes at lower pH range [13].
\
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Catalyst characterization

Some of the important physical properties of these catalysts have been measured
and the data compiled in Table 3.1.2. Mn B has a slightly higher surface area and larger
pore volume than Mn A & Mn C. Metal loading on Mn B with 6% cross-link (Mn 1.7%
/gm resin) was slightly higher than in Mn A & Mn C with 8% cross-link (Mn 1.0% &
0.96% / gm resin respectively) (Table 3.1.1.). This result can partly be explained taking
into account the fact that with a higher degree of cross-linking (as in Mn A & Mn C) the
polymer network consists of dense and relatively larger number of inaccessible domains
leading to lower capacity for metal uptake. The results of swelling behavior (Table
3.1.3.) indicate that swellability was higher in polar solvents than in non-polar aliphatic

and aromatic hydrocarbon solvents.

In order to ascertain the attachment of amino acid and the metal on the polymer
support IR spectra were recorded separately in mid (4000-400cm™) and far IR (600-
30cm™) regions at different stages of synthesis. The sharp C-Cl peak (due to —CH,ClI
group) at 1261 em” in the starting polymer was practically absent or seen as a weak band
after introduction of valine on the support. A strong band at 3423 cm™ in poly (S-DVB)-
[L-valine is assigned to —-NH (sec. amine) vibration. Medigm intensity band due té) C-N
stretching appears at 1090 cm™ both in the supported ligand and the catalysts. A slight
shift in the -NH str. band (~12 em™) in supported Mn complex indicates the coordination

of ‘N’ of amino acid to the metal [14]. Representative IR spectra of polymer support and

catalyst are shown in Fig. 3.1.1. The characteristic absorptions due to Vusym COO” str. and

Vsym COO™ str. of carboxylic group are seen at 1639 cm™ and 1487 cm™ respectively in

the ligand as well as in supported Mn catalysts. As the bands due to acetate ion (OAc)

48



also appear i the same region (1600 — 1450 cm™) there is a possibility of some overlap

of these bands. Very weak bands in the far IR region (350 — 325 cm™) may be due to v

Mn-N and v Mn-O vibrations.

Representative diffuse reflectance spectra (650 — 300 nm) of Mn A and Mn B
showed a broad band around 380 nm on a rising tail. No other d-d transitions were
observed in the visible region (Fig. 3.1.2). Mononuclear Mn(II) complexes (d° ion)
usually show little or no absorption in the visible region [15,16]. As shown in Scheme
3.1.1 (structures I & Il) the predominant species on the rigid polymer matrix will have
bidentate amino acid coordinated to Mn(II) to form a stable poly-Mn(amino acid),
complex. The other possibility of octahedral configuration though remote, can be

visualized by assuming coordination through the two acetate ions.

Scanning electron micrographs (SEM) at various stages of preparation of the
polymer supported L-valine and the manganese complexes were recorded to understand
morphological changes occurring on the surface of the polymer. Scanning was done at
50-100 p range across the length of the polymer beads. Comparison of images taken at a
magnification of ~3x10° showed that the smooth spherical surface of the starting poly (S-
DVB) (Fig. 3.1.3a) is distinctly altered, exhibiting uneven contours on the top layer upon
anchoring of the amino acid (Fig. 3.1.3b). After metal incorporation, randomly oriented
dark depositions on the outer surface of the resin were seen (Fig. 3.1.3¢). A rough

estimate showed that the width of deposit varies from 1.0-7.5p.

A single step degradation peak in the TG was observed for the virgin polymer in

the 410-440°C temperature range. On the other hand all the three Mn - supported
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catalysts degrade at considerably lower temperatures (Tablc 3.1.4.). The variation in
cross-linking in Mn A, Mn C and Mn B however, does not show much deviation in their
thermal stabilities as seen from the wt.loss which was around 22-23% at 360-365°C.
Some weight loss was also observed at ~100°C due to loosely bound surface moisture or
volatiles on the surface of catalysts. These features are depicted in Fig. 3.1.4. The early
decomposition profile implies either dissociation of covalently bound amino acid ligand
moieties or a partial scission of polymeric chain. However, due to hazards associated
with hydroperoxides in oxidation reactions, the working temperatures were deliberately

kept below 70°C.

The X-band EPR spectrum of Mn A recorded in the solid state at room
temperature show broad signals and the experimentally calculated ‘g’ value of 2.0278 is
indicative of the presence of mononuclear Mn(Il) complex [17]. The unsymmetrical six
line hyperfine signals centered at g = 2 is associated with the I = 5/2 nuclear spin of >’Mn.

Due to the irregular feature of resonance signals (Fig. 3.1.5) the hyperfine coupling
constant “Mn was computed by averaging over all 6 lines and is equal to ~110 G. These

are of the same order as found for other mononuclear high spin Mn** complexes [18,19].

Catalytic evaluation

The ability of the polymer bound Mn(Il)-L-valine complexes to catalyze organic
reactions was explored by conducting a systematic study on epoxidation of olefins.
Substrates such as styrene, norbornylene, cis-cyclooctene and cyclohexene were
subjected to catalytic epoxidation using Mn A and Mn B in presence of TBHP as the
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discussed in section 3.5. Blank experiments revealed that no reaction occurred in the™"=

absence of either the catalyst or the oxidant. The results of oxidation carried out at two
different temperatures are compiled in Table 3.1.5. All compounds undergo epoxidation
in presence of the two Mn supported catalysts and in some cases very high selectivities
were obtained. In order to verify whether the catalysts operate in a truly heterogeneous
manner a simple experiment was performed by keeping the catalyst in contact with the
solvent and stirred for 24 h reaction period; the catalyst filtered off and the filtrate
examined for any residual catalytic activity. Only trace amount of oxidation product
(vield: 0.1% -0.3%) was detected indicating clearly that the observed reactivity was due
to the metal complex bound to the polymer support. A second and a more conclusive
evidence for heterogeneity was arrived at by following a recent probe suggested by
Sheldon [20]. The reaction of styrene with one of the catalyst (Mn A) was carried out at
43°C as described in the experimental part. After 3 h the reaction was deliberately
intercepted and the catalyst quickly separated by filtering at the same temperature.
Analysis of the reaction mixture at this point showed a conversion of 9.2%. Stirring was
continued for a total of 24h and analysis at the end of this period (without the catalyst)
showed only a marginal increase in conversion (11.7 %). In contrast, the result of

reaction performed for 24h in presence of the catalyst indicated around 38% overall

conversion (Table 3.1.5.).

As a further extension of this probe another set of reaction was performed for 3h
without the substrate at 45°C, the catalyst quickly filtered off and then the substrate added
to the filtrate. Stirring was continued for 24h and analysis of reaction mixture showed
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only ~2.2% conversion. All the above diagnostic tests unambiguously point to the fact
that the catalyst behave in a truly heterogeneous manner. Though our results show minor
leaching, more importantly, the metal species leached into the filtrate is not responsible

for the observed catalytic activity.

Epoxidation of styrene results in multiple product formation namely epoxide,
benzaldehyde and acetophenone. In this reaction, interestingly aldehyde is the major
product rather than the epoxide regardless of the variation in reaction conditions.
Expectedly overall yields were higher at 45°C than at 28°C. Formation of benzaldehyde
(sel. 86%) as the major product suggests that the reaction with hydroperoxide proceeds
beyond the epoxide stage resulting in the oxidative cleavage of styrene [21]. In order to
eliminate the possibility whether Mn(ll) itself takes part in the rearrangement of
intermediate epoxide to PhCHO, a blank experime“nt was conducted using styrene oxide
as the substrate. No PhCHO was found thus corroborating our conclusion that the
primary product of styrene oxidation is benzaldehyde. Both norbornylene and cis-
cyclooctene selectively gave corresponding epoxides, the reaction being more facile with
the bicyclic olefin (yield = 30%) than the monocyclic olefin (yield = 9%). Contrary to
this, in case of cyclohexene only traces of epoxide was formed though the yields are
higher (yield = 45%). However, the reaction in this case is nonselective leading to the
formation of products of allylic oxidation. In the examples discussed above Mn A
showed higher activity compared to Mn B. A detailed st,udy was thus undertaken with
this catalyst to understand the effect of operating conditions on the epoxidation of styrene
and norbornylene as model substrates. The extent of epoxidation observed at different
temperatures and catalyst concentrations are presented in Table 3.1.6. As can be inferrcd
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from the Table reaction at 45°C are much more rapid than at 28°C at similar levels of
catalyst concentrations. Amongst the different solvents studied comparable activity is
observed for acetonitrile and methylene chloride. The reason for poor reactivity in
methanol is not clear. With regard to the effect of nature of oxidant on epoxidation it was
found that TBHP and CHP (Cumene hydro peroxide) were most effective. Practically no

oxidation takes place with either molecular oxygen or hydrogen peroxide.

That the activity of the supported catalysts is limited only to the surface bound
complex was confirmed by carrying out a dummy experiment at room temperature (28°C)
with very finely powdered sample of Mn A and norbornylene as substrate. The TON was
20. This matches with the TON of 22 obtained while using the non-powdered beads at the

same temperature (Ref. Table 3.1.5.).

For a proper understanding of the efficacy of the present polymer supported Mn
catalysts vis-a-vis its homogeneous counterpart namely Mn(L-valine), complex, direct
comparison of catalytic activities under optimized reaction conditions is desirable. In the
absence of relevant data on oxidations of olefin using homogeneous amino acid-metal
catalysts, an attempt was made to generate in situ (without isolation) a simple L-valine
complex of Mn(ll) by mixing the ligand and the metal acetate in 1:2 molar ratio in an
aqueous solution at a pH of ~4.1. After a reaction period of 24 h an aliquot of the solution
corresponding to a Mn concentration equal to that employed in the supported catalyst
was taken up for subsequent epoxidation of styrene and norbornylene in presence of
TBHP under identical conditions (45°C). The yields were slightly higher than for the
supported catalysts (Table 3.1.5.) and were found to be 63.0% and 43.6% respectively.
A plausible reason for slower rate of reaction exhibited by both the polymer bound
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catalysts Mn A and Mn B may be due to the slower rate of diffusion of olefins into the

polymer matrix at the sites where active catalytic species are located [22].

A prel'iminary kinetic study on the epoxidation of styrene and norbornylene in
presence of TBHP at 28°C was investigated up to about 30 h by analyzing aliquots of
reaction mixture at regular intervals of time. In Fig. 3.1.6 is shown a plot of olefin
conversions vs. reaction time under a fixed oxidant concentration. With both substrates,
the conversions increase almost linearly up to about 15 h. The reaction becomes sluggish

thereafter but continues even after 24 h.
Catalyst recycling

One of the main objectives of supporting a homogeneous metal complex on to a
polymer support is to enhance the life of the resulting catalyst. We have made a
preliminary study of the recycling efficiency of Mn A using styrene and norbornylene as
model substrates. The catalyst was separated from the reaction mixture after each
experiment by filtration, washed with solvent and dried carefully before using it in the
subsequent run. These results are shown in Table 3.1.7. It can be inferred that the
catalyst can be recycled at least about four times. However, there is a progressive loss of
activity accompanied by diminished yields. Estimation of Mn present in the recycled
catalyst after four cycles revealed a lowering in Mn content by about 30-35% tﬁan that
present at the start of the first cycle. Partial lowering of % Mn can be due to minor loss of
catalyst during recovery after every run. As already described the “hot filtration” test (p.
51) showed that the leached Mn species is inactive for epoxidation. The activity profile

for four successive cycles is depicted in Fig. 3.1.7.
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Scheme 3.1.1. Synthesis of poly(S-DVB) supported amino acid Mn(II) complex.
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Table 3.1.1. Analytical data of Polymer Support, Ligand and Mn-anchored catalysts

Compound C% H% Cl% N% Mn%
8%Poly(S-DVB)CH,Cl 70.38 5.77 17.56 - -
6%Poly(S-DVB)CHCI 76.26 636  16.14 - -
8%Poly(S-DVB)-L-val 60.15 5.00 9.47 2.56 -
6%Poly(S-DVB)-L-val 63.28 5.44 9.48 247 -
8%Poly(S-DVB)-L-ph ala 62.19 5.59 9.82 2.34 -
Mn A A 59.87 5.15 n.d. 2.60 1.00
Mn B 61.54 5.41 n.d. 2.71 1.74
Mn C 61.86 5.93 ‘n.d. 2.37 0.96

n.d. = not determined.

Table 3.1.2. Physical properties of Mn-supported Poly(S-DVB) catalysts

Sample Surface Area Bulk Density Pore volume
(m’g") (g om™) (em’g")
8%Poly(S-DVB)CH,CI 32.7 0.44 0.20
6%Poly(S-DVB)CH,CI 383 0.38 0.29
Mn A 21.9 0.51 0.10
Mn B . 33.7 0.45 0.19
Mn C 23.7 0.51 0.12
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Table 3.1.3. Swelling data in different solvents (mol %)

Solvent 8% Poly 6% Poly Mn A Mn B MnC
(S-DVB)CH,Cl  (S-DVB)CH,CI

Acetonitrile 1.9 2.0 14 1.8 1.5
Benzene 1.1 1.1 0.8 0.9 0.8
Dichloromethane 1.5 1.8 1.0 1.4 1.1
Ethanol 1.7 1.9 1.4 1.6 1.4
n-Heptane 0.6 0.6 0.4 0.5 0.4
I;/Iethanol 2.7 2.8 24 24 23
Tetrahydrofuran 1.4 1.5 1.0 1.2 0.9
Toluene 1.1 1.1 0.7 0.8 0.7

Table 3.1.4. TG data of polymeric supports and anchored Mn(II) catalysts

Compound Degr. Temp.(°C) ‘ Wt. loss (%)
8%Poly(S-DVB)CH,ClI 440 21.0
6%Poly(S-DVB)CH,CI 410 21.0
Mn A 119 2.0

360 22.0
Mn B 102 1.4

365 23.0
Mn C 110 1.8

362 22.8

57



Table 3.1.5. Catalytic oxidation with Mn A and Mn B

Catalyst® Substrate® Temp.  Yield Products/ TON*
CC) (%) Selectivity (wt. %)

Epoxide PhCHO PhCOM

Mn A 28 20.4 7.0 86.4 6.6 38

Mn A  Styrene 45 38.2 19.9 76.5 3.5 71
Mn B 28 342 9.2 82.1 8.7 34
Mn B 45 53.0 12.7 87.3 trace 54
Mn A 28 1.1 100.0 22
Mn A  Norbornylene 45 30.6 100.0 60
Mn B 28 10.6 100.0 11
Mn B 45 20.2 100.0 23
Mn A 28 7.3 100.0 15
Mn A  cis-cyclooctene 45 9.1 100.0 19
Mn B 43 14.0 100.0 15
- oxi I~ -0l -Qne
Mn A 28 43.6 Trace 31,5 483 200 838
Mn A Cyclohexene 45 45.4 Trace 28.1 45.5 26.3 93
Mn B 45 39.6 0.4 293 39.0 302 44

*=(.15 g ;"= 5.0 mmol ; °=yield based on starting material ; ¢ =Turnover number = mmol
products/mmol Mn ; 1-one = cyclohexene-1-one ; 1-ol = cyclohexene-1-ol ; Cy-one =
cyclohexanone; solvent = acetonitrile.
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Table 3.1.6. Epoxidation of styrene & norbornylene by Mn A under different
reaction conditions

Parameters Catalyst Temp. Solvent® Oxidant TON®
wt. (g) (°C) (20 ml)

0.15 45 CH;CN  TBHP 41 (19)
Temp.? 0.15 28 CH;CN  TBHP 24 (6)

0.15 8-10 CH;CN  TBHP Trace (1)

0.10 45 CHCN TBHP 70 (60)
Catalyst conc.” 0.15 45 CHCN TBHP 71 (59)

0.20 45 CH;CN  TBHP 69 (54)

0.15 28 CH,CN TBHP 38 (23)
Solvent ® 0.15 28 CHCl, TBHP 36 (26

0.15 28 CH,OH TBHP 06 (1)

0.15 28 CH;CN H,0, 01 (0)
Oxidant ° 0.15 28 CHiCN o)) 05 (0)

0.15 28 CH;CN CHP 14 (204)

® = reaction time = 8 h; ® = reaction time = 24 h; = 20 ml; ¢ = values in parentheses
are for norbornylene; substrate conc. = 5.0 mmol.
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Table 3.1.7. Recycling study of Mn A"

Yield (%)°
Cycle no. styrene norbornylene
1 374 30.1
2 34.0 24.2
3 22.0 18.8
4 17.6 15.0

* Conditions: 150 mg catalyst; 10.0 mmol TBHP; 20 ml acetonitrile ; 45°C; 24 h.
® Yield based on starting material; 5.0 mmol olefins.
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Fig. 3.1.1 FT-IR spectra of support, liganded polymer and catalyst.
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Fig. 3.1.2 Diffuse reflectance spectra of catalysts
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Fig. 3.1.3 Scanning electron micrographs
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Fig. 3.1.5 ESR spectra of Mn A.
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3.2. Poly(styrene-divinylbenzene) supported Ru(lll) amino acid complexes

The following three ruthenium catalysts were prepared as per the sequence shown

in Scheme 3.2.1.

Ru A = 8% Poly(S-DVB)L-val Ru(III) complex
Ru B = 6% Poly(S-DVB)L-val Ru(IIl) complex

Ru C = 8% Poly(S-DVB)L-~ph ala Ru(lIl) complex

Complex formation

The reaction of hydrated ruthenium(IIl) chloride with polymer anchored amino
acid was conducted in the pH range of 2.4 — 2.5. A maximum Ru loading of 1.7% / gm
resin  was obtained (Table 3.2.1.). For the trivalent Ru*" ion, the formation of
[Ru{amino acia)2C13]C1 type of chelate may be favoured and the possible structure is

depicted in Scheme 3.2.1.

Catalyst characterization

Some of the important physical properties of these catalysts have been measured
and the data compiled in Table 3.2.2, Ru B has a slightly higher surface area and larger
pore volume than Ru A & Ru C. The metal loading on Ru A & Ru C (Ru 1.7% &
1.65% /gm resin ) were slightly higher than in Ru B (Ru 1.3% /gm resin ) (Table 3.2.1.).
The results of swelling behavior again indicate that swellability increased in polar

solvents than in non-polar aliphatic and aromatic hydrocarbon solvents (Table 3.2.3.).
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Representative IR spectra of polymer supports and catalysts are shown in Fig.
3.2.1(a & b). As discussed in the previous section the amino acid coordinates to Ru
through N(amino) and O(carboxylate) groups in the anchored complexes. Weak intensity

bands in the far IR region at ~300-310 cm™ and 440-460 cm™ have been assigned to v

Ru-Cl and v Ru-N/O vibrations [23,24].

The diffuse reflectance spectra (200-700 nm)hof Ru A and Ru B exhibit two

strong absorption bands at 350 nm and 400 nm respectively with reference to BaSO,

standard (Fig. 3.2.2). These are assigned to 70 — ty; charge transfer bands as has been

observed for many mono-nuclear Ru(lll) compounds [23-26]. No other spin allowed d-d
transitions were observed in the visible region. Based on the structural feature of six
coordinate complexes derived from RuCl; and bidentate ligands, for e.g. [Ru(en),Cl;]ClI
(en = NHy(CH2):NH,) or [Ru(bipy),CL]JCl (bipy = 2,2’-bipyridyl), jt is possible to
envisage similar octahedral stereochemistry for the present L-valine complexes
represented as [Poly(L-val);RuCl;]Cl (Scheme 3.2.1). Conductance measurements in
solution have been used for confirming the 1:1 electrolytic nature of homogeneous
complexes [24]. However, as no simple and reliable measurement techniques are
available to ascertain this property of metal complex on a rigid polymeric surface, the
structure postulated for the present Ru(lll) complexes shown in Scheme 3.2.1 needs
further confirmation. Complexes of Co(lll} & Ru(Ill) with nitrogen ligands have been
anchored to polyvinyl pyridine support to form compounds formulated as [(PVP)-
Co(eny)CIICL or [(PVP)-Ru(bipy).CL]JCl [27,28] which indirectly support the Oy

geometry depicted in Scheme 3.2.1 for our complexes.
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Scanning electron micrographs (SEM) of ruthenium catalysts were recorded as
described in the section 3.1. Comparison of images taken at a magnification of ~3x10°
again showed that the smooth and flat surface of the starting poly (S-DVB) (Fig. 3.2.3a)
is distinctly altered, exhibiting considerable roughening of the top layer upon anchoring
of the amino acid (Fig. 3.2.3b). After metal incorporation, randomly oriented dark

depositions on the external surface of the resin were seen (Fig. 3.2.3¢).

The TG analysis showed that the polymer supported ruthenium catalysts degrade
at considerably lower temperatures (Table 3.2.4.) than the unsupported polymer. The
variation in cross-linking in these cases also, does not show much deviation in their
thermal stabilities as found from the wt. loss (~21% at 350-370°C). Similarly, as in the
case of Mn catalysts, a small weight loss (~2%) at ~110°C was also observed for the Ru

catalysts. Representative TG are depicted in Fig. 3.2.4.

The X-band EPR spectrum of one of the catalyst Ru A, recorded in the solid state
at room temperature displays broad signals as shown in Fig. 3.2.5. (spectrometer settings:
micro wave frequency 9.5 MHz; microwave power 10.0 mw; modulation amplitude 2G;
gain 1.25 x 10*). The spectra can be interpreted assuming an éxial symmetry for an
isolated S = % low spin (‘czg)5 Ru(Il) ion using the Spin-Hamiltonian suggested by Drago
et. al [29]. The broadening of signals with increase in temperature is on account of the
effects of large spin-orbit coupling constant (&) for Ru(IIl). As the temperature is raised
the orbital angular momentum on the metal probably couple with the electron spin
leading to extremely short relaxation times accompanied by broad EPR lines. The
spectrum of Ru A is characterized by two resonances in the g; region (g, = 2.91) which

are split into two components with the g, resonance observed at 2.26. No hyperfine
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splitting is noticed at this temperature. Interestingly, the spectral features have been
ascribed by some workers to the presence of mixed valent Ru (III)/(I) species for dimeric
ruthenium complexes [23,29-31]. The ESR spectra of high- spin Ru** (4d %) ion would be
difficult to observe and is not consistent with the spectrum in this study. Similarly low
spin Ru*? (4d® Yion would be ESR silent. Therefore, it seems unlikely that the observed
spectral feature in our case can be due to the simultaneous existence of Ru in two

different oxidation states on a rigid polymeric support.

Catalytic evaluation

Polymer bound Ru(Ill)-L-valine complexes Ru A & Ru B were examined as
catalysts in the epoxidation of various olefinic substrates and oxidation of alkanes in the
presence of TBHP as the terminal oxidant. (Ru C was evaluated in asymmetric
epoxidation which is described in section 3.5). Blénk experiments revealed that no
reaction occurred in the absence of either the catalyst or the oxidant. The results of
epoxidation/oxidation carried out at two different temperatures are compiled in Table
3.2.5. All substrates undergo epoxidation/oxidation in presence of the Ru supported
catalysts and in some cases very high selectivities are obtained. As in the case of Mn-
catalysts styrene epoxidation resulted in multiple product formation. Expectedly overall
yields are higher at 45°C than at 28°C. Formation of benzaldehyde (sel. 67%) as the
major product suggests that the reaction with hydroperoxide proceeds from an
independent oxidative cleavage pathway [21]. Norbornylene and cis-cyclooctene
selectively yield corresponding epoxides (yield = 42% & 13% respectively). In case of

cyclohexene only traces of epoxide were detected. The overall yields however, are very
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high (vield = 65%) and product of allylic oxidation were observed. Toluene oxidation
results in selective formation of benzaldehyde whereas in case of cyclohexane both

cyclohexanol! and cyclohexanone were obtained (Table 3.2.5.).

In order to verify whether the catalysts operate in a truly heterogeneous manner,
the probe suggested by Sheldon et. al. [20] was applied to our system. ‘Hot filtration’
test as described in section 3.1 indicated heferogeneous nature of the polymer supported

Ru-amino acid complexes.

The influence of reaction condition on catalytic activity was studied using Ru A.
The results are presented in Table 3.2.6. As can be inferred from the Table reaction at
45°C are much more facile than at 28°C at similar leyels of catalyst concentrations. The
réactivity pattern for different solvents follows the order CH;0H < CH,Cl; < CH;CN.
With regard to the nature of oxidants, it was found that only TBHP was effective in all
runs. Practically no oxidation takes place with either molecular oxygen (at room
temperature a; well as under drastic conditions: 45°C, 200psi Oz, 6 h ) or hydrogen
peroxide.

In situ generated homogeneous complex of RuCl; and L-valine (reacted in 1:2
molar ratio) gave slightly higher yields (60.2% & 48.4% ) for epoxidatioﬁ qf styrene and

norbornylene respectively than for Ru A & Ru B (52.8% & 42.7%) under identical

conditions.

A brief kinetic study on the epoxidation of styrene and norbornylene in presence
of TBHP at 28°C was investigated up to about 30 h by analyzing aliquots of reaction

mixture at regular intervals of time. In Fig. 3.2.6 is shown a plot of olefin conversions vs.
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reaction time under a fixed oxidant concentration. Reaction rates are apparently higher

with styrene than with norbornylene.

Catalyst recycling

The purpose of heterogenizing a homogeneous metal complex by anchoring to a
pelymer support is to evaluate its potential for practical applications. The recycling
efficiency of Ru A was examined using styrene and norbornylene as substrates. These
results are shown in Table 3.2.7. It was found that the yields diminished with successive
recycling step. Estimation of Ru present in the recycled catalyst after four cycles gave a
value of 0.82% Ru indicating some leaching of metal from the support. However, the
solution containing the leached metal is inactive for catalysis as was confirmed by the
“hot filtration” test described in the earlier section. The activity profile for four successive
cycles is depicted in Fig. 3.2.7. Comparison of DRS of recycled catalyst with the fresh
Ru A (Fig. 3.2.8) revealed the absence of charge transfer band at 375 nm while a single
peak at ~ 350 nm was observed. No new band due to high valent Ru could be seen in the
region. Generally, Ru"'= 0 species ( recognized as the active intermediates in catalytic
oxidations ) have been identified by characteristic absorptions in the visible region
typically between 500-600 nm [32]. However, it was not possible to ascertain the nature

of active species on the surface of the support from the observed spectral feature of

recycled catalyst Ru A,
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Scheme 3.2.1. Synthesis of poly(S-DVB) supported amino acid Ru(IIT) complex.
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Table 3.2.1. Analytical data of Polymer Support, Ligand and Ru-anchored catalysts

Compound C% H% Cl% N% Ru%
8%Poly(S-DVB)CH,CI 70.38 5.77 17.56 - -
6%Poly(S-DVB)CH,Cl 76.26 6.36 16.14 - -
8%Poly(S-DVB)-Lval 60.15 5.00 9.47 2.56 -
6%Poly(S-DVB)-Lval 63.28 5.44 9.48 247 -
8%Poly(S-DVB)-L-ph ala 62.19 5.59 9.82 2.34 -
Ru A 57.23 4.79 n.d. 2.61 1.71
RuB . 59.90 5.23 n.d. 2.70 1.30
RuC 59.83 5.42 n.d. 233 1.65

n.d. = not determined

Table 3.2.2. Physical properties of Ru-supported Poly(S-DVB) catalysts

Sample Surface Area Bulk Density Pore volume
(m’g") (g em™) (em’g™)

8%Poly(S-DVB)CH,Cl 32.7 0.44 0.20

6%Poly(S-DVB)CH,Cl 38.3 0.38 0.29

Ru A 23.5 0.51 0.14

RuB 36.9 0.46 0.18

RuC 27.8 0.52 0.16
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Table 3.2.3. Swelling data of Ru A, Ru B and Ru C in different solvents (mol %)

Solvent 8% Poly 8% Poly Ru A RuB RuC
(S-DVB)CH;Cl  (S-DVB)CH,CI

Acetonitrile 1.9 2.0 1.6 1.6 1.6
Benzene 1.1 1.1 0.8 0.9 0.9
Dichloromethane 1.5 1.8 1.3 1.3 1.2
Ethanol 1.7 1.9 1.6 1.6 1.5
n-Heptane 0.6 0.6 0.5 0.6 0.5
Methanol 2.7 2.8 22 2.3 2.3
Tetrahydrofuran 14 1.5 1.0 0.9 0.9
Toluene 1.1 1.1 0.8 0.8 0.7
Table 3.2.4. TG data of polymeric supports and anchored Ru(IlI) catalysts
Compound Degr. Temp.(°C) Wt. loss (%)
8%Poly(S-DVB)CH,CI 440 21.0
6%Poly(S-DVB)CH,ClI 410 21.0
Ru A m 2.4

370 21.2
RuB 110 2.0

350 21.0
RuC 106 2.0

368 21.8
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Table 3.2.5. Catalytic oxidation with Ru A and Ru B

Catalyst® Substrate Temp. Yield Products/ TON®
°C) (%) Selectivity (wt. %)
Epoxide PhCHQ PhCOMe
RuA 28 40.4 21.2 67.2 11.0 80
RuA  Styrene 45 52.8 375 49.3 13.2 105
RuB 28 41.8 14.7 70.1 14.7 109
Ru B 45 53.8 23.8 57.5 18.7 141
Ru A 28 30.7 100.0 61
Ru A  Norbornylene 45 42.7 100.0 84
RuB 28 24.4 100.0 65
RuB 45 40.0 100.0 106
Ru A 28 6.0 100.0 13
Ru A  cis-cyclooctene 45 7.8 100.0 16
Ru B 45 13.0 100.0 34
Epoxide 1l-one 1-ol Cy-one
RuA 28 38.1  Trace 360 315 320 78
RuA  Cyclohexene 45 53.9  Trace 228 264 508 111
RuB 45 65.2 2.55 369 254  35.1 169
PhCHO
Ru A 28 7.1 100.0 4
RuA  Toluene® 45 10.3 100.0 6
RuB 28 6.8 100.0 5
RuB 45 10.1 100.0 8
Cy-one Cy-ol Cy-0l/Cy-one

Ru A 28 18.2 79.6 20.5 0.26 11
RuA  Cyclohexane® 45 293 707 29.3 0.40 17
RuB 28 178  85.6 14.4 0.20 14
RuB 45 290 717 28.3 0.38 23

a=0.15 g; b=>5.0 mmol ; c = yield based on starting material ; d =Turnover number =
mmol products/mmol Ru ; I-one = cyclohexene-1-one ; 1-0l = cyclohexene-1-ol ; Cy-one

= cyclohexanone; e = (0.2 g cat. & 2.0 mmol substrate), solvent = acetonitrile.

77



Table 3.2.6. Epoxidation of styrene & norbornylene by Ru A under different
reaction conditions

Catalyst Temp. Solvent® Oxidant  TON®
wt.(g)  (°C)

0.15 45 CHiCN TBHP 65 (38)
Temp.* 0.15 28 CH;CN  TBHP 41 (26)

0.15 8-10 CH;CN TBHP 18 (21)

0.10 45 CH;CN TBHP 110 (83)
Catalyst conc.” 0.15 45 CH;CN TBHP 105 (84)

0.20 45 CH3CN  TBHP 100 (74)

0.15 28 CH:CN TBHP 80 (65)
Solvent ® 0.15 28 CH,Cl, TBHP 53 (62)

0.15 28 CH;OH TBHP 31 (8)

0.15 28 CH:CN  H,0, 03 (0)
Oxidant ® 0.15 28 CHiCN 0O, 0.5 (0)

0.15 28 CH;CN CHP 18 (164)

a = reaction time = 8 h; b = reaction time = 24 h; ¢ =20ml; d = values in parentheses
are for norbornylene; substrate conc. = 5.0 mmol.
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Table 3.2.7. Recycling study of Ru A*

Yield (%)°
Cycle no. styrene norbornylene
1 494 40.5
2 38.0 322
3 26.6 23.5
4 18.8 19.4

* Conditions: 150 mg cat.; 5.0mmol olefin; 10.0 mmol TBHP; 20 ml CH3CN; 45°C; 24 h.
® Yield based on starting material.
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(a) P(S-DVB)CH2Cl <<~ (b) 8% P(S-DVB) LVal

(c)Ru A

Fig. 3.2.3 Scanning electron micrographs
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3.3. Poly(styrene-divinylbenzene) supported Cu(ll) amino acid complexes

The copper catalysts studied in this section are designated as under:

Cu A = 8% Poly(S-DVB)L-val Cu(Il) complex
Cu B = 6% Poly(S-DVB)L-val Cu(Il) complex

Cu C = 8% Poly(S-DVB)L-ph ala Cu(II) complex

Complex formation

Reaction of copper acetate with polymer anchored amino acid was conducted in
the pH range of 3.5 — 3.6. A maximum Cu loading of up to 3.59% /gm resin was obtained
(Table 3.3.1.). For the bivalent Cu** ion, the formation of [Cu(amino acid)] or
[Cu(amino acid),(OAc);] type of chelate can be expected. The probable structure of

complex is shown in Scheme 3.3.1.

Characterization of supported catalysts

Some of the key physical properties of Cu catalysts have been compiled in Table
3.3.2. Cu B has a slightly higher surface area and larger pore volume than Cu A & Cu C.
The metal loading on Cu A & Cu C with 8% cross-link (Cu 3.50% & 3.10% / gm resin )
was marginally lower than in Cu B with 6% cross-link (Cu 3.59% / gm resin ) (Table
3.3.1.). There is a noticeable decrease in surface area of the suisports by 19-33% after
metal loading indicating possible blocking of pores on the external surface of polymer

after complexation. Similar results have been reported for other surface modificd
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polymeric catalysts [33,34]. The results of swelling behavior indicate that swellability
increased in polar solvents than in non-polar aliphatic and aromatic hydrocarbon solvents.
All supported Cu catalysts showed lower swelling in polar as well as non polar solvents

compared to the support (Table 3.3.3.).

Representative IR spectra of polymer supports and catalysts are shown in Fig.
3.3.1. Weak bands in the far IR region (~ 410 - 350cm™) car. be assigned to v Cu-N and v
Cu-O vibrations [35]. The location of different peaks and the corresponding shifts follow

similar trend as described earlier for Mn & Ru catalysts.

The diffuse reflectance spectra (200-800 nm) of Cu A and Cu B display nearly
identical features with two strong absorption bands in the uv region at ~310 nm and ~370
nm (ligand to metal charge transfer bands) and very weak & broad band in the visible
region at 570 nm with reference to the BaSOy standard (Fig. 3.3.2). Absorption spectrum
of Cu-proteins show characteristic LMCT bands in the region of 250 nm and a relatively
broad band around 620 nm [36,37]. These values are consistent with a N,O; co-
ordination (square planar) environment around the central Cu®* ion. The possibility of
octahedral co-ordination though remote, can be visualized by assuming monodentate co-
ordination of acetate ions to yield [Cu(amino acid);(OAc),] type complex. The current
evidence, however, appears to favour a predominantly planar configuration. Both these

structural possibilities (1 & II) are illustrated in Scheme 3.3.1.

The morphological changes occurring on the surface of catalyst before and after
anchoring are evident as indicated by their scanning electron micrographs (Fig. 3.3.3a —

3.3.3¢). After metal incorporation the complex appears to be irregularly dispersed along
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the external surface of the resin.

The TG data for Cu A and Cu B are summarized in Table 3.3.4. and
representative thermograms reproduced in Fig. 3.3.4. Similar conclusion regarding the
thermal stability of Cu A & Cu B can be drawn as discussed in the earlier section for Mn

Ru catalysts.

The X-band EPR spectrum of one of the catalyst Cu A recorded in the solid state
at 297°K temperature showed signals characteristic of axial symmetry. Due to the
irregular feature of resonance lines (Fig. 3.3.5) Ay value was computed by averaging

g

over all 3 lines and is equal to ~167 G. The experimentally calculated "L and g“ values

correspond to 2.10 and 2.31 which are of the same order as found in mononuclear Cu*

amino acid complexes [36,38].

Catalytic evaluation

The results of oxidation carried out with Cu A and Cu B are compiled in Table
3.3.5. The substrates employed in oxidation reactions were styrene, benzyl alcohol and
cyclohexanol. High selectivity were generally noted in case of alcohols. The ‘hot
filtration test > [20] ( 45°C ) showed a residual activity of ~2.9% for the filtrate after 24 h
where as the original catalyst gave an overall conversion of 70% after the same period
clearly indicating that the Cu-catalyst behave in a truly hele;'ogeneou.s~ manner. Though
our results showed minor leaching of Cu into the solution, the metal species leached into

the filtrate are inactive and are not responsible for the observed catalytic activity.
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Formation of benzaldehyde (sel. ~56%) as the major product during styrene
epoxidation again suggests that the reaction with TBHP leads to oxidative cleavage of
styrene[21]. Benzylalcohol and cyclohexanol are selectively converted to the
corresponding aldehyde and ketone with both Cu A & Cu B. Weckhuysen et.al [36]
reported that oxidation of benzyl alcohol with Cu(amino acid), loaded on Zeolite support
yield benzoic acid in addition to PhCHO in roughly 1:2 ratio. In our case the overall mass
balance based on GC data indicate that >94% of the converted product corresponds to
PhCHO. This difference in reactivity is attributed to the dissimilar nature of the supports
employed for anchoring of Cu(Il)-amino acid complexes as also to the predominantly
acidic character of Zeolite structure. In all the examples discussed above Cu A displayed
better activity compared to Cu B. A detailed study was undertaken with these two
catalysts to understand the influence of reaction conditions on the oxidation of benzyl
alcohol as a model substrate. The extent of oxidation observed at different temperatures
and catalyst concentrations are presented in Tables 3.3.5. - 3.3.6. As can be inferred
from the Table, increase in reaction temperature is accompanied by a marked
improvement in yields at similar levels of catalyst concentrations. For instance, raising
the reaction temperature from ambient (28°C) to 45°C results in more than two fold
increase in yields with all substrates. Amongst the different solvents studied activity is
maximum for acetonitrile followed by methylene chloride and methanol. With regard to
the oxidants both TBHP and CHP were effective but low activity was observed with

molecular oxygen or hydrogen peroxide.

A comparative oxidation test with homogeneous catalyst (generated in solution by

mixing Cu(Il) salt & L-valine in 1:2 mole
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ratio) was carried out with benzyl alcohol in presence of TBHP under identical condition.
The overall yields were generally lower (24.4%) than for th= supported catalysts (Table
3.3.5.). Interestingly, nearly similar yields (26.2%) were observed when 1:1 (Cu : L-

valine) homogeneous complex was employed in the reaction.

The UV-Vis solution spectra of both 1:1 and 1:2 in situ generated homogeneous
Cu-L-valine complexes are blue in colour and exhibit a single d-d absorption band in the
visible region at ~735 nm (Fig 3.3.6). The spectral features are distinctly different
compared to the DRS of the polymer supported catalysts Cu A and Cu B. LMCT bands

are not observed in the spectra of the homogeneous catalysts.

A preliminary kinetic study on the oxidation of benzyl alcohol in presence of
TBHP at 28°C was investigated with Cu A and Cu B up to 24 h by analyzing aliquots of
reaction mixture at regular intervals of time. In Fig. 3.3.7 is shown a plot of alcohol
conversion vs. reaction time under a fixed oxidant concentration. With both the catalysts

the conversions increase almost linearly up to about 16 h but slows down thereafter.

Catalyst recycling

The recycling efficiency of Cu A and Cu B in the oxidation of benzyl 2lcohol
was investigated. These results are compiled in Table 3.3.7. The catalyst was recycled
four times without noticeable loss in activity. This trend is shown in Fig. 3.3.8. The DRS
of recycled catalysts after the first cycle (Cu A-1) and fourth cycle (Cu A-4) were similar

(Fig 3.3.2).
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Scheme 3.3.1. Synthesis of poly(S-DVB) supported amino acid Cu(Il) complex.

93



Table 3.3.1. Analytical data of Polymer Support, Ligand and Cu-anchored catalysts

Compound C% H% Cl% N% Cu%
8%Poly(S-DVB)CH,CI 70.38 5.77 17.56 - -
6%Poly(S-DVB)CH,Cl 76.26 6.36 16.14 - --
8%Poly(S-DVB)-L-val 60.15 5.00 9.47 2.56 -
6%Poly(S-DVB)-L-val 63.28 5.44 9.48 2.47 -~
8%Poly(S-DVB)-L-ph ala 62.19 5.59 9.82 2.34 -~
CuA 58.46 5.06 n.d. 2.46 3.50
CuB 60.48 5.16 n.d. 241 3.59
CuC 61.22 5.93 n.d. 2.37 3.10

n.d. = not determined

Table 3.3.2. Physical properties of Poly( S-DVB) supported Cu catalysts

Sample Surface Area Blilk Density Pore volume
(m’g") (g em?) (em’g™)

8%Poly(S-DVB)CH,Cl 32.7 0.44 0.20

6%Poly(S-DVB)CH,ClI 383 0.38 0.29

Cu A 21.6 0.51 0.16

CuB 30.6 0.45 0.19

CuC 28.1 0.50 0.17
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Table 3.3.3. Swelling study (mol %)

Solvent 8% Poly 6% Poly CuA CuB CuC
(S-DVB)CH,Cl  (S-DVB)CH,CI

Acetonitrile 1.9 20 14 1.5 1.5
Benzene 1.1 1.1 0.8 0.8 0.8
Dichloromethane 1.5 1.8 12 14 1.2
Ethanol 1.7 1.9 1.5 1.6 1.7
n-Heptane 0.6 0.6 04 0.5 0.5
Methanol 27 2.8 22 2.5 2.2
Tetrahydrofuran 1.4 1.5 1.0 1.0 0.9
Toluene 1.1 1.1 0.8 0.9 0.8
Table 3.3.4. TG data of polymeric supports and anchored Cu(Il) catalysts
Compound Degr. Temp.(°C) Wt. loss (%)
8%Poly(S-DVB)CH,Cl 440 21.0
6%Poly(S-DVB)CH,Cl 410 21.0
CuA 111 2.2

370 23.0
CuB 112 : 1.8

372 20.0
CuC 108 2.1

366 20.8
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Table 3.3.5. Catalytic oxidation with Cu A and Cu B

Catalyst® Substrate® Temp. Yield (%)° Products/
O Selectivity (wt. %)

epoxide PhCHO PhCOMe

CuA 28 28.6 9.6 81.1 9.3
CuA  Styrene 45 60.6 228 56.4 20.8
CuB 28 19.2 16.0 56.4 27.1
CuB 45 51.2 20.5 56.2 232
CuA 28 30.8 94.7
CuA  Benzyl alcohol 45 72.0 93.8
CuB 28 30.0 94.4
CuB 45 70.0 93.6

cyclohexanone

CuA 28 12.8 100.0
Cu A  Cyclohexanol 45 24.6 100.0
CuB 28 11.2 100.0
CuB 45 25.4 100.0

a=0.10g; b= 5.0 mmol ; ¢ = yield based on starting material.
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Table 3.3.6. Oxidation of benzyl alcohol using Cu A & Cu B under different
reaction conditions,

Parameter Catalyst Oxidant Solvent Yield (%)
wt. (g)
0.05 TBHP CH;CN 22,0 (22.4)°
Catalyst conc. 0.10 TBHP CH3CN 30.8 (30.0)
0.15 TBHP CH;CN 38.8 (39.6)
0.10 TBHP  CH;CN 30.8 (30.0)
Oxidant 0.10 H,0; CH3CN 10.8 ( 5.8)
0.10 0, gas® CH;CN 6.8 ( 6.4)
0.10 CHP CH,CN 37.0 (37.6)
0.10 TBHP CHsCN 30.8 (30.0)
Solvent 0.10 TBHP CH,Cl, 18.8 (19.6)
0.10 TBHP CH;0H 156 ( 9.4)

Temp. 28°C; 24 h; a = yield based on starting material; b = values in parentheses
are for Cu B ; ¢ =200psi O,; Substrate = 5.0 mmol.
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Table 3.3.7. Catalyst recycling in the oxidation of benzyl alcohol using TBHP"

Yield (%)°
Cycle no. CuA CuB
1 71.6 70.4
2 66.8 65.3
3 62.6 62.0
4 60.7 : 60.2

a = Reaction conditions: 100 mg catalyst; 7.5 mmol TBHP; solvent = acetonitrile (20 ml);
45°C; 24 h; substrate=5.0 mmol; b = Yield based on starting benzy! alcohol.
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(a) P(S-DVB)CH2C1 (b) 8% P(S-DVB) LVal

(c) CuA

Fig. 3.3.3 Scanning electron micrographs
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3.4. Mechanism of oxidation/epoxidation

It has now been well recognized that the metal catalyzed oxidation/epoxidation of
alkanes/alkenes in presence of alkyl hydroperoxides can proceed via two distinctly
different mechanisms; one involving a high valent metal oxo/peroxo species and the other
involving free radical intermediates [39]. The two pathways are shown in Scheme 3.4.1.
In order to gain some insight into the nature of the reaction catalyzed by these supported
metal complexes a series of experiments were carried out using a free radical trap, 2,6-di-
tert butyi-4-methyl phenol (BHT) and CCls in the epoxidation of styrene and
norbornylene by Mn A & Ru A, oxidation of cyclohexane by Ru A , benzyl alcohol &
cyclohexane using Cu A & Cu B. 1t is known tI:‘at BHT scavenges peroxy free radicals
suppressing the yield of epoxide by radical autoxidation process (reaction proceed via
free radical pathway) [40]. These results are summarized in Table 3.4.1. BHT (25 and

50 equivalents) was added to the reaction mixture prior to addition of TBHP.

Polymer supported Mn catalysts

There is a substantial lowering of the yields of oxidation products in case of Mn
A. In further test for free radical intermediates, experiments were conducted in presence
of excess CCls. Analysis showed a lowering in yields for styrene (from 20.4% to 18.0 %)
and norbornylene (from 11.1% to 2.5%) with 25 equivalent of BHT as well as with 50
equivalent of BHT (from 20.4% to 2.2% for styrene , from 11.1% to O for norbornene).
The observed product pattern in all these cases allow us to rationalize the results by
assuming a mechanism involving predominantly free radicals in oxidation reaction

catalyzed by Mn A [41,42].
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Polymer supported Ru catalysts

In the oxidation reaction catalyzed by Ru A overall yield was only marginally
reduced from 20.2% to 18.9% with 25 equivalent of BHT with styrene but a significant
reduction by 42% (i.e. 30.7% to 17.7%) was observed for norbornylene. At higher
concentrations of BHT (50 equiv.) yields were lowered by 32% for styrene but complete
inhibition of products was found in case of the bicyclic olefins. As mentioned earlier in
section 3.1., no oxidation was qbserved in presence of pure O, gas, indicating its non-
involvement in the reaction. In subsequent tests for free radicals, experiments were
conducted with CCly. Analysis showed partial reduction in yields for styrene as well as
norbornylene but no other free radical induced side products viz. cyclohexyl chloride or
bicyclohexyl were detected [42]. Results obtained in the oxidation reaction of
cyclohexane again indicated marginal reduction in yields by 8.8% with 25 equivalent of
BHT in the reaction with cyclohexane and at higher concentrations of BHT (50 equiv.)
yields were reduced by 23.1%.

Based on these mechanistic probes it is possible to predict that the major route for
the formation of different products is vie a heterolytic cleavage of peroxide bond.
Nevertheless, the partial sur.;pression of reaction by radical traps even under high
concentration points to the existence of free radicals. Such dual mechanistic pathways
i.e. one proceeding in a heterolytic manner (via Ru(VI) or Ru(IV) oxo species) and the
other by radical auto oxidation process essentially leading to the same products has also

been suggested by earlier workers [42-46].
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Polymer supported Cu catalysts

From the results compiled in Table 3.4.1. it is evident that there is no substantial
drop in the yields of oxidation products in the reaction catalyzed by Cu A & Cu B in
presence of BHT (50 equivalent) and CCls. These results allow us to envisage that the
major route for the formation of different products is via a heterolytic cleavage of
peroxide bond. Nevertheless, ‘further study is essential to unambiguously prove the

involvement of metal in higher oxidation state in these systems.
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Table 3.4.1. Effect of free radical trap on oxidation®

Catalyst Substrate Additive  Additive : Yield (%)
Catalyst Yield (%) without
(mole ratio) additive
Mn A Styrene BHT 25 18.0 204
Mn A Styrene BHT 50 22 20.4
Mn A Styrene CCly Excess 19.0 204
Mn A Norbornylene BHT 25 Trace 11.1
Mn A Norbornylene BHT 50 nil 11.1
Mn A " Norbornylene CCl Excess 5.7 11.1
Ru A Styrene BHT 25 37.8 40.4
Ru A Styrene BHT 50 27.4 40.4
Ru A Styrene CCly Excess 28.4 40.4
Ru A Norbornylene BHT 25 17.7 30.7
RuA Norbornylene BHT 50 nil 30.7
RuA Norbornylene CCly Excess 9.0 30.7
Ru A Cyclohexane BHT 25 16.6 18.2
RuA Cyclohexane BHT 50 14.3 18.2
RuA Cyclohexane CCly Excess 14.0 18.2
Cu A Benzyl alcohol BHT 50 26.4 30.8
CuB Benzyl alcohol BHT 50 26.4 30.0
CuA Cyclohexanol BHT 50 12.8 12.8
CuB Cyclohexanol BHT 50 10.8 11.2

a = temp. 28 °C; solvent = CH3CN (20 ml); oxidant = TBHP; time = 24 h;
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(a) Homolytic cleavage :

Poly -LnRu** + #BuOOH — Poly -LnRu*" + #BuOO’ + H'

Poly -LnRu** + -BuOOH — Poly -LnRu** + £-BuO + HO"

Catalyst
2 +-BuOOH ————p +BuOO + BuO + H;0

2 t-BuO0O e 20-BUO" + Oy

‘OH

+-BuQO-
O ’ + t-BuO-

(b) Heterolytic cleavage :

t-BuOOH + Poly-LnRu® — Poly-LnRu%*=0 + t-BuOH

OH

Poly-LnRu%*=0 + O —— + Poly-LnRu3*

Scheme 3.4.1. Proposed mechanism of oxidation.
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3.5. Asymmetric epoxidation of unfuctionalized aliphatic olefins by
polymer supported amino acid metal complexes

Supported Mn(I1) & Ru(Ill) catalysts:

l-octene (1-Cg) was initially subjected to asymmetric epoxidation with all the
catalysts (Mn A-Mn C; Ru A-Ru C) in presence of m-chloro perbenzoic acid (m-CPBA)
(Table 3.5.1.). Generally, high conversions (92-98%) were obtained in the temperature
range 6°C — 40°C. Selective epoxide formation was observed irrespective of the nature of
the metal complex. Expectedly , in the absence of the catalyst m-CPBA reacts with the
substrate in a non-catalytic way under similar conditions giving only the racemic product.
This means that the observed -enantio-selectivity is due to the involvement of supported
metal complex in the catalytic runs. The results obtained indicate that Mn(II}-amino acid
complexes Mn A-Mn C exhibit higher enantiomeric induction ( % ee : 20-38, entry 1-9)
compared to Ru(llI)-amino acid complexes Ru A-Ru C (% e¢e : 8-17, entry 10-18). To
our surprise lower temperature lead to lower % ee for all catalysts.

To determine the steric effects on selectivity as well as %ee a series of aliphatic
olefins such as I-hexene (1-Cg), 2-methyl-1-pentene (2ZMP1), 4-methyl-1-pentene
(4MP1) were examined using Mn C and Ru C catalysts ot room temperature. Though
excellent conversions were observed for all substrates (Table 3.5.2., entry 1-8) with Mn
C & Ru C lower %ee and selectivity to the epoxide were observed with Ru C. The
reactivity pattern with either catalyst followed the order 4MPI<2MPI1=1-Cs<1-C;.
Optimum %ee were obtained at room temperature and remained unaffected up to about

40°C (entry 2,3,5,6; Table 3.5.1.).
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In order to understand the efficacy of the present polymer supported Mn C
catalyst vis-a-vis its homogeneous counterpart namely Mn(L-phenyl alanine), an attempt
was made to generate in situ (without isolation) a simple L-phenyl alanine complex of
Mn(ll) by mixing the ligand and the metal acetate in 1:2 molar ratio in an aqueous
solution at a pH of ~4.1. After a reaction period of 24 h an aliquot of the solution
corresponding to a Mn concentration equal to that employed in the supported catalyst was
taken up for subsequent asymmetric epoxidation reaction with 1-octene in presence of m-
CPBA under identical conditions. The % ee was nearly comparable (36% at 25°C) with
that for the supported catalyst (38%).

Recycling experiments were conducted using 1-octene as a model substrate with
Mn C and Ru C. Even after four catalytic cycies high conversions (93-97%, Table

3.5.6.) were obtained, though the enantioselectivity was slightly lowered under these

conditions.

Mechanistic aspects

By far the most important advances in the aS)‘fmmetric epoxidation of olefins have
focused on metalloporphyrin catalysts (N4 ligand) [47,48] and subsequently metallo-salen
catalysts (N0, ligand) [49-51]. Yet another type of chiral epoxidation catalyst having
N;0; core structure is the B-ketoiminato complexes reported by Mukaiyama [52]. In our
complexes the o -amino acid behave as an * N,O,’ donor ligand by forming a chelate
with Mn(II) or Ru(IIl) ions though the ring size will essentially be sinaller than in Schiff

base or B-ketoiminato complexes. While the metallo-salens are known to induce very

high enantioselectivity in asymmetric epoxidation of unfuctionalized olefins such as
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styrene and its derivatives they have so far not been effective for simple olefins like 1-
octene. The reason for poor activity of Schiff base metal complexes towards terminal
olefins is not clearly understood. Amino acid complexes employed in the present work
adopt a more or less planar stereochemistry around the central metal as in case of Schiff
bases but may have an advantage over the latter complexes in incorporating stereogenic
centers much closer to the metal (Fig. 3.5.1). This feature may facilitate the mode of
oxygen transfer from the catalytically active oxo-metal species to terminal olefins such as
l-octene or 1-hexene. The stereo selective formation of products can be explained using
simplified Groves — Jacobsen type of mechanism [53] involving concerted as well as a
stepwise (via carbocation/radical) pathway (Scheme 3.5.1). The initially formed oxo-
complex (4) reacts with l-octene to form reactive intermediates (B) or (C) which
rearranges to a C-O bond forming transition state (D). Finally through a concerted step
the desired epoxide is obtained. If the intermediate (D) were to produce the epoxide
directly and the starting catalyst back, one would expect 100% enantio induction.
However, this is not the case as found by our experiments. These results indicate that a
concurrent pathway exists in which interaction between the cafalyst and olefin in
presence of m-CPBA leads to a racemic product probably by auto oxidation or through
the well known homolytic cleavage by peroxy radicals [54].

Branched olefins such as 2MP1 and 4MP1 epoxidize with considerably reduced
%ee (Table 3.5.2., entry 3,4,7,8) compared to straight chain olefins l-octene and 1-
hexene (entry 1,2,5,6). It is by now accepted that in the case of metal-salen complexes
electron donating substituents on the ligand led to higher level of asymmetric induction

[55] for terminal olefins with aryl groups at low temperature using m-CPBA and a donor.
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Scheme 3.5.1 Mechanism for asymmetric epoxidation.
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In the present polymer supported amino acid complexes at lower temperatures diffusion
limitation of substrate appear to contribute to the lowering of %ee. Nevertheless at 25°C,
the observed enantioselectivity with Mn C is by far the highest achieved so far with non-
Schiff base polymer anchored catalysts [56,57]. Interestingly both L-valine and L-phenyl
alanine supported complexes show similar reactivity pattern. The activity is however,
much pronounced for Mn(II) than for Ru(lll). We perceive that though salen and amino
acid complexeé may have certain structural similarities as far as coordination geometry is
concerned, there is a é‘tarked difference in the reactivity of the two types of ligands and
their oxidation behaviour.

Apart from the catalyst structure and the nature of active species another critical
factor which determines enantioseletivity is the structure of substrate olefin and its
trajectory of approach towards the catalyst. As already discussed earlier with regard to
the catalyst structure the amino acid complexes can be assumed to be similar to the planar

Schiff-base Mn complex core (Fig. 3.5.1).

Fig. 3.5.1 Structure of Mn C and chiral Mn-Schiff base.
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Following interaction with m-CPBA, two electron oxidation leads to high valent oxo-
species (Scheme 3.5.1). The incoming olefin can attack the metal-oxo bond in one of
three possible directions, viz. side-on, inclined (along the Mn-N bond axis) or in a

perpendicular (to Mn-N,O; plane) trajectory (Scheme 3.5.2).

path a

olefin ._%....

pathec
favourable

\

Scheme 3.5.2 Possible olefin trajectory to the Mn-oxo bond.

Orientation of the olefin along pathway a and b is expected to result in greater
steric repulsion due to smaller size of the amino acid chelate as compared to the Schiff-
base complexes[58,59]. Though there is not enough available information on steric
effects imposed by the substrate on coordination geometry of Schifi base complexes, our

results can best be rationalized using pathway ¢ which is in tunc with the model
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suggested by Houk and co-workers [60] wherein the enar.tioselection was viewed as
being provided by the chiral environment set up by transmission through the salen ligand
of the effect of stereogenic carbons. Thus the observed %ee for 1-alkenes in our case
though moderate, would be difficult to explain by pathway a or b. Indirect evidence in
support of pathway ¢ of olefin approach was obtained in the asymmetric epoxidation of
styrene with Mn C. To our surprise only about 6% ee was observed under identical
conditions. The bulky aryl substituent may pose steric constraints compared to the
straight chain 1-alkenes leading to the observed differences in enantioselectivity. This
also holds true for substituted 1-alkenes like 2-methyl-1-pentene and 4-methyl-1-pentene.
Likewise structural differences between Mn C (four coordinate) and Ru C (hexa
coordinate) can possibly account for the lowering in %ee during epoxidation with the
latter catalyst. Further work is necessary to gain better insight into the mechanism of this

reaction.
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Table 3.5.1. Enantioselective epoxidation of 1-octene catalyzed by polymer
supported Mn & Ru complexes

Entry Catalyst Temp. Convn.(%) Epoxide e.e.(%)*
Q) selectivity (%)
i Mn A 6 97 93 21
2 25 97 91 38
40 98 91 36
4 Mn B 6 97 93 22
25 98 92 37
6 40 98 91 36
7 MnC 6 96 92 21
8 25 97 92 37
9 40 97 91 35
10 Ru A 6 92 82 10
11 25 93 79 18
12 40 92 80 17
13 RuB 6 93 82 8
14 25 92 80 16
15 40 92 79 16
16 RuC 6 93 81 8
17 25 94 78 17
i8 40 93 78 16

? Determined by GC using Chiraldex ATA capillary column.
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Table 3.5.2. Asymmetric epoxidation of terminal olefins at 25°C

Entry  Catalyst Substrate Convn. Epoxide e.e.(%)°
(%) selectivity (%)

] Mn C 1-octene 97 91 38

2 1-hexene 98 94 26

3 2-methyl-1-pentene 98 94 24

4 4-methyl-1-pentene 97 91 20

5 RuC 1-octene 93 79 16

6 I-hexene 96 83 18

7 2-methyl-1-pentene 96 80 17

8

4-methyl-1-pentene 94 76 12

Table 3.5.3. Recycling studies on Mn C & Ru C in asymmetric epoxidation
of 1-octene

Catalyst Cycle no. Convn.(%) Epoxide e.e.(%)
selectivity (%)
Mn C 1 97 91 38
2 96 92 37
3 97 91 32
4 96 90 27
RuC 1 94 79 17
2 94 81 ‘ 16
3 92 80 14
4 93 78 11




Supported Cu(Il) catalysts:

Catalysts Cu A - Cu C were initially screened for asymmetric epoxidation of
I-octene in presence of m-CPBA at various temperatures in methylene dichloride as
solvent (Table 3.5.4.). In our experiments irrespective of the type of optically active
amino acid, very high conversions (94-98%) and epoxide selectivity (90-94%) were
obtained with all the Cu-catalysts within the temperature range of 6°C-40°C (entry 1-8,
Table 3.54.). As in the case of Mn & Ru catalysts the enantioselectivity was
considerably reduced at lower temperature (entry 1,4,7). Aliphatic olefins such as 1-
hexene (1-C¢), 2-methyl-1-pentene (2MP1) and 4-methyl-1-pentene (4MP1) were
epoxidized at room temperature using Cu C. Results in Table 3.5.5. again indicated
excellent conversions and selectivity. The reactivity pat’tern with this catalyst also
followed the order 4MP1<2MP1=1-C¢<1-C;s. Neither the cross-link density of the
polymer back bone (6% & 8%) nor the nature of amino acid (L-valine or L-phenyl
alanine) had any major influence on the enantioselectivity.

Recycling experiments with Cu A (Table 3.5.5.)) indicated no change in
conversion (96-98%) after 3 cycles while enantioselectivity decreased with successive

recycling step.
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Table 3.5.4. Enantioselective epoxidation of 1-octene catalyzed by polymer

supported Cu complexes

Entry Catalyst Temp. Convn.(%) Epoxide e.e.(%)’
°C) selectivity (%)
) CuA 6 96 94 17
2 25 98 94 32
3 40 98 92 30
4 CuB 6 96 93 18
5 25 98 92 30
6 40 98 92 29
7 CuC 6 94 94 16
8 25 97 92 32
9 40 98 92 29

® Determined by GC using Chiraldex ATA capillary column.
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Table 3.5.5. Asymmetric epoxidation of terminal olefins with Cu C at 25°C

Entry Substrate Convn. Epoxide e.e.(%)*
(%) selectivity (%)
1 1-octene 98 94 32
2 1-hexene 97 93 26
3 2-methyl-1-pentene 98 94 22
4 4-methyl-1-pentene 96 90 18

Table 3.5.6. Recycling of Cu C in asymmetric epoxidation of 1-octene at 25°C

Cycle no. Convn.(%) Epoxide e.e.(%)
selectivity (%)
1 98 94 32
2 98 92 30
3 96 91 27
4 97 90 22
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