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ABSTRACT: For fine chemical synthesis, immobilized catalysts
offer little advantage if they produce a product mixture that must be
separated. Selective isomerization of terminal olefins is achieved by
heterogenized bifunctional catalysts. Outstanding and consistent
(E)-selectivity (>99%) even in cases where (E) and (Z) isomers are
of comparable stability, combined with modest catalyst loadings (1
to 2 mol %), set these catalysts apart from previously reported

(Filter to get all (E)-products) Me©
Ao J—

systems. Ease of catalyst removal and high geometric selectivity

avoid tedious purifications.

he advantages of using supported reagents or catalysts in

synthesis and discovery methodologies have been
summarized." Our search of the literature on heterogeneous
or heterogenized” alkene isomerization catalysts revealed a lack
of highly selective systems. Some heterogeneous alkene
isomerization systems use strong acid®™*" or base?®" catalytic
sites while others use metal centers for transformations. The
literature systems elther suffer from forming mixtures of
positional isomers®™" (in thermodynamlc ratios) and/or
mixtures of geometric isomers.”> Among these, perhaps the
best system is reported by Ley et al. in the concise and elegant
synthesis of the natural product carpanone, where a polymer-
supported form of Felkin’s iridium catalyst gave (E)-olefin
selectivity up to >98%. However, several other cases gave only
50% (E)-selectivity and required an ~40 mol % catalytic
loading and 24 h reaction time at room temperature. Moreover,
prior activation of the catalyst with hydrogen was required and
small amounts of an alkane from hydrogenation of an alkene
appeared.™ It is important to note that when a direct
comparison was made in one case, this promising polymer-
supported system was reported to be less (E)-selective than the
related homogeneous catalyst.™ In contrast, here we report a
catalyst which is universally (E)-selective even with challenging
substrates, which works at reasonable (1—2 mol %) loadings
and even with neat substrates.

Previously reported homogeneous catalyst 1 (Scheme 1)
isomerizes many alkenes to (E)-internal alkene products with
low loading and temperatures (2—S mol %, 25—70 °C).* The
pendant base is proposed to activate allylic protons during
isomerization. Moreover, in the presence of deuterium oxide, 1
can achieve H/D exchange at the allylic positions accessible
during isomerization.®

Here we report two related immobilized forms of catalyst 1,
using a polystyrene polymer (Merrifield resin®) that has been
adopted for numerous organic reactions to facilitate product
purification and catalyst recovery. Catalysts can be immobilized
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Scheme 1. Synthesis of Immobilized Catalysts
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on other insoluble materials such as activated carbon,’
zeolites,**" metal oxides,*** mesoporous silica nanoparticles,***
and insoluble polymer resins;®”’ here Merrifield resin offered a
straightforward approach to our catalyst design (Scheme 1).
The point of attachment to the resin was chosen as N1 on the
pendant base, which is proposed on the basis of X-ray
diffraction studies'® to be away from the catalyst active site.
Compared to their homogeneous counterparts, in general,
heterogeneous catalysts are harder to characterlze and suffer
from slower diffusion rates and lower activity.” In order to
explore the effects of having the active site further away from
the resin matrix with possibly improved substrate and product
transport rates,"" in addition to PS-1 a second version of the
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catalyst (PSL-1) featuring a tether of five atoms was also
envisioned.

Catalysts were built on Merrifield resin stepwise'” by
displacement of the chloride by the sodium salt of 4-(tert-
butyl)-1H-imidazole (for PS-1) or the alkoxide needed for
PSL-1, followed by installation of phosphine functionality using
BuLi, then iPr,PCl, and finally complexation employing
[CpRu(CH,CN);]PF4 as a precursor. The polymer was
extensively washed at each step, and composition of the
polymer was determined by elemental analysis via nitrogen
percent weight.

Moreover, *'P NMR data for PS-2 show a single peak at
—18.7 ppm, which is in agreement with data for the solution-
phase imidazolylphosphine (—18.5 ppm in acetone-d,). After
addition of [CpRu(CH;CN);]PF4 and drying, the absence of
the peak at —18.7 ppm confirmed that the complexation was
complete, and the chemical shift of 41.5 ppm (along with a
sharp septet at —142.9 ppm for PF,~) was consistent with the
presence of PS-1. The ligands in PSL-1 and PS-1 appear to be
the first polymer-supported imidazolylphosphines, and their
synthesis on the resin is more straightforward than that for
related pyridylphosphines,"® which may pave the way to more
widespread applications.

Isomerization of alkene substrates was achieved at low
(usually 1—2 mol %) catalyst loadings in acetone as solvent,
either at room temperature or at 70 °C. At room temperature,
reactions were performed in vials with Teflon-lined caps that
were placed on a nutator in order to produce mixing without
mechanical degradation of the polymer beads. Reactions at
elevated temperatures were conducted in resealable J. Young
NMR tubes without mechanical mixing of any kind; further
optimization of the mixing technique during heating could be
expected to lead to even better results. The performance of
heterogenized catalysts PS-1 and PSL-1 was compared with
that of soluble catalyst 1 by subjecting substrates to similar
conditions and observing the progress of isomerization by 'H
NMR spectroscopy.

Isomerization of 4-allyl anisole, eugenol, and diallyl ether was
achieved at room temperature (Table 1). In each case the
performances of PS-1 and PSL-1 were comparable, where both
catalysts retained the very high stereoselectivity of solution
phase catalyst 1 to yield (E)-isomers. PS-1 outperformed PSL-
1 with substrates that either require multiple bond movements
or are sterically more challenging. Products 2, 3, 6, 8, and 9
(Scheme 2) are especially noteworthy, because within limits of
NMR detection (estimated 0.5% to 2%'*), none of the (Z)-
isomers were seen, which should eliminate the need for tedious
separation of closely related alkene isomers by chromatography.
Products 3 and 6 show the ability to make single geometric
isomers of enol ethers, which in many cases have comparable
thermodynamic stability’>*™ and could be sensitive to
chromatographic separation techniques. Significantly, results
with PS-1 and PSL-1 stand apart from previous work on enol
ethers: with careful monitoring of reactions to prevent
significant E—Z equilibration, solution-phase Felkin catalysts
can in some cases give high (E)-selectivity,'*® but the reported
polymer-supported version generally gives approximately equal
amounts of (E)- and (Z)-products.® Finally, (E,E)-2,4-
hexadiene (4) is a high value chemlcal that is challenging to
produce in high yield and selectivity;' here 4 is formed in
higher yleld that with 1, which generates unidentified products
besides 4.*
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Table 1. Products Formed and Reaction Conditions”

product tem,
formed catalyst  mol % I; time % yield
2 PS-1 2 25 20 min 96
PSL-1 2 25 20 min 99
1 2 25 10 min 99
3 PS-1 2 25 30 min 97
PSL-1 2 25 30 min 96
1 2 25 4 min >99
4 PS-1 2 70 7h 94
PSL-1 2 70 7h 98
1° s 70 1h 77
S PS-1 2 70 48 h 91
PSL-1 2 70 72 h 84
1 2 70 1h 98
6 PS-1 2 25 Sh 97
PSL-1 2 25 Sh 99
1° 2 25 40 min 96
7 PS-1 2 70 2h 91
PSL-1 2 70 1h 90
1 2 70 1h 97
8 PS-1 2 (19 70 1h(5h% 78 (909
PSL-1 2 (1) 70 23h (5h%) 82 (99°)
1 2 25 4S min 92
9 PS-1 1 25 4S min 98
PSL-1 1 25 52 min 94
1 1 25 4 min 99

Unless otherwise specified all reactions were run in acetone-ds.
PReaction conditions and yields from ref 4a. “Reaction run in neat
substrate.

Scheme 2. General Isomerization Reaction and Products
Formed in This Paper
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Significantly, our experience with PS-1 and PSL-1 is that
reactions left up to >10 to 100 times longer than the time
needed for complete positional isomerization did not show the
appearance of a detectable (Z)-isomer, resulting in attractive
operational simplicity because of the low risk of the separation
problems resulting from overisomerization.

Solvent-free reactions can lead to new environmentally
benign procedures that save resources and energy, reducing the
burden of organic solvent disposal, and also handling costs by
simplifying the experimental procedure and workup technique,
saving costs during industrial production.'” Our attempt to
circumvent using organic solvents lead to the observation of
reversal of the relative performances of PS-1 and PSL-1, though
both were effective (Scheme 3). Under neat conditions, PSL-1

N
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isomerizes 4-penten-2-ol, eugenol, and 2-allylcyclohexanone in

a shorter time than does PS-1.

Scheme 3. Isomerizations under Neat Conditions
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Alkenyl aromatics, such as 4-allylanisole, eugenol, and their
isomers, are used in a wide range of flavoring, cosmetic,
fragrance, and pharmaceutical applications. Isoeugenol is
extracted from natural sources or traditionally generated from
eugenol by isomerization using a stoichiometric excess of KOH
in alcoholic solutions at high temperature (200 °C).'®
Recycling and recovery studies were carried out with PS-1
isomerization of eugenol to (E)-isoeugenol because of
commercial interest in obtaining the product free of the (Z)-
isomer, as well as free of metal residues. The ruthenium content
of combined filtrates and washes of each cycle was determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES) analy51s The conversion during each of the five
cycles is near quantitative, and in total, only ~1.3% of the initial
Ru loading is lost. The higher leaching at the first cycle (0.7%)
suggests the presence of more loosely held ruthenium species,
perhaps deposited in the pores of the polymer. In order to
reduce metal contamination further, pretreatment of the
polymer-supported catalysts was performed. On a 2-g scale
isomerization of eugenol, prior to use PS-1 was washed with
acetone (2 mL X 3). ICP-OES analysis of the washes showed
that ~0.3% Ru was leached whereas the product, isoeugenol,
did not contain a detectable amount (estimated limit <0.5
ppm) of Ru in the isolated product (1.93 g, 96% yield after
distillation).

To further highlight the advantages of an immobilized alkene
isomerization catalyst, isomerization and metathesis have been
performed sequentially (Scheme 4). Stilbenoids, especially
resveratrol, have received attention due to their potential value
in cancer preventlon and therapy,”® and they are accessible by
metathesis.”* 4-Allylanisole and tert-butyldimethylsilyl-pro-
tected eugenol were isomerized with PS-1. After filtration,
isomerized alkenes were subjected to metathesis with a silica-
supported second generation Hoveyda Grubbs catalyst which
was prepared according to literature.”’ Metathesis products
were isolated in 73.5% and 87% yield, respectively.

In summary, one unique feature of this work is that the very
high selectivity for formation of only (E)-isomers is completely
retained on heterogenization. In general, for many substrates both
PS-1 and PSL-1 show a lower but still very useful rate of
isomerization compared to that of 1, which is a fast catalyst,
particularly for linear or unhindered alkenes. Increased
selectivity and hence product yield was observed for hexadiene
using PS-1 or PSL-1. PSL-1 outperforms PS-1 under neat
conditions. The difference in activity may be attributed to easier
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Scheme 4. Sequential Isomerization and Metathesis®

R2 = R2 N
D/\/(a) PS-1 j@/\
—_— =
R'O R'O

R2 /_\NM
MesN es
RO (b) Silica-supported ©s Y
nd gen. Cli Ry=
Hoveyda-Grubbs | CI™”
metathesis catalyst o)
+R'=Me, R%=H P
88 % by NMR,
74 % isolated 4
-Rl=H, R2= OTMS OR

>99 % by NMR, R2

87 % isolated

“(a) 2 mol % PS-1, acetone-d,, 2 h, rt. (b) 1.0—3.1 mol % SiO,-
supported Hoveyda—Grubbs catalyst, hexanes, 2—14 h, 60—70 °C.

access to the PSL-1 active site provided by the longer tethering,
or to its ability to swell faster with substrates containing
functionalities with oxygen. The rate or selecthlty of catalysts
can be improved”> or more commonly'®® degraded upon
immobilization; the outstanding feature of this work is that high
E-selectivity is retained, which is important for avoiding
subsequent tedious product purifications and retaining the
utility of a supported catalyst. Overall, 1 is successfully
heterogenized as PS-1 and PSL-1; the selectivity of the catalyst
is fully retained with very low metal leaching from the insoluble
support. Ongoing work seeks to create faster heterogeneous
bifunctional catalysts for a variety of applications, using novel
heterogenized imidazolylphosphines.
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