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This Letter describes the use of alkene-terminated polyisobutylene (PIB) as a support for oxidizing agents.
Two oxidizing agents, an ionically immobilized PIB-bound perruthenate oxidation catalyst and a PIB-
bound 2-iodoxybenzoic acid (IBX) oxidizing reagent, were studied. A perruthenate catalyst ionically
bound to PIB was prepared by binding the perruthenate anion to PIB that contained either a terminal
tetraalkylammonium or an imidazolium salt. The PIB supported ammonium and imidazolium perruthen-
ate were both selectively soluble in heptane and effective in the oxidation of alcohols. While these PIB-
bound perruthenate catalysts could be readily separated from products, recycling was less successful. A
PIB bound 2-iodoxybenzoic (IBX) oxidizing agent was coupled to a PIB support with an ester bond. It was
highly soluble in nonpolar and moderately polar organic solvents. By taking advantage of PIB’s heptane
solubility, the spent IBX reagent could be easily separated from products by a liquid/liquid heptane/ace-
tonitrile biphasic separation. The recovered IBX reagent could then be regenerated and used in multiple
cycles for oxidation of both primary and secondary alcohols.

� 2016 Elsevier Ltd. All rights reserved.
Introduction

Alkene-terminated polyisobutylene is a commercially available,
nontoxic, and inexpensive nonpolar polymer that is soluble in sol-
vents such as hexane, heptane, dichloromethane, and tetrahydro-
furan. Several groups have shown that this alkene-terminated
polyisobutylene (PIB) can be modified and used as a polymer sup-
port for precious catalysts such as Hoveyda–Grubbs catalysts,1

polyoxometalates,2 photoredox catalysts,3,4 and cross-coupling
catalysts.5 This highly soluble support makes otherwise insoluble
catalysts soluble,6 and allows catalytic reactions using PIB sup-
ported catalysts to be conducted under homogeneous conditions.
These supports also facilitate the isolation and recovery of catalysts
by simple phase separation in liquid/liquid biphasic separations
after a reaction using heptane and a polar solvent since it is hep-
tane soluble while most polar products are not heptane soluble.
Here we describe our initial studies using PIB ligands as polymer
supports for recyclable reagents using PIB as a support for two
common reagents used for oxidation of alcohols. These two oxidiz-
ing agents were tetra-n-propylammonium perruthenate (TPAP) as
a catalyst with N-methylmorpholine-N-oxide as the penultimate
oxidant and a stoichiometric oxidizing agent, the ester of 2-
iodobenzoic acid (IBX).

A variety of heterogeneous oxidizing agents including catalytic
oxidants and stoichiometric have been studied in the past as a
solution to the problems of using toxic or expensive conventional
oxidants.7 For example, while TPAP can be used catalytically as a
mild agent to oxidize alcohols to aldehydes or ketones,8 Ru is an
expensive metal. While Ru in these cases is used catalytically by
incorporating another oxidant like N-methylmorpholine-N-oxide
or molecular oxygen as the penultimate oxidant, there is value in
attempting to recycle this transition metal oxidant.7 Prior reports
have described using both crosslinked polystyrene resins as poly-
mer supports and inorganic or inorganic-hybrid supports to
recover and recycle this Ru oxidant using either NMO or oxygen
as the penultimate oxidant.9–11

Hypervalent iodine agents too are established oxidants with
broad utility in synthetic organic chemistry.12 There are many
examples of such hypervalent iodine oxidizing agents. One of the
most common versions of this reagent is 2-iodoxybenzoic acid
(IBX) or derivatives like the ester in Figure 1. IBX is a highly effi-
cient and mild oxidant for oxidation of primary or secondary alco-
hols. Although IBX has valuable properties, its application in
organic synthesis can be limited due to its insolubility. For exam-
ple, while IBX is soluble in polar aprotic solvents like DMSO, it is
relatively insoluble in many common organic solvents. Structural
modifications of IBX have also been described to address this solu-
bility issue. For example, Zhdankin et al. described IBX esters and
IBX amides that are both stable and soluble in polar organic
solvents.13

Another issue with IBX is that this reagent is most often used
stoichiometrically. Thus, recycling of this reagent in an efficient
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Figure 1. Analogs of IBX including polymer supported analogs.
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Figure 2. Synthesis of a PIB-bound tetraalkylammonium perruthenate oxidation
catalyst.

versusheptane

MeCN

heptane

MeCN

TPAP

PIB-bound RuO4
-

Figure 3. Phase solubility of TPAP and PIB-bound perruthenate.

Table 1
Catalytic activity of PIB-bound tetraalkylammonium perruthenate in the oxidation of
1-phenylethanol to form acetophenone

Solvent Time (h) Temperature (�C) Conversiona (%)

DCM 12 25 Cycle 1: 91
Cycle 2: 69

Heptane 12 80 Cycle 1: 93
Cycle 2: 73

a The conversion of substrate to product was measured using 1H NMR
spectroscopy.
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and simple manner would be desirable. Prior studies have empha-
sized the use of a variety of insoluble supports for this purpose.14

These previous studies have reported the use of both inorganic
supports like silica gel15 and organic polymer supports like cross-
linked polystyrene.16,17 These studies that immobilized IBX oxi-
dants were precedented by earlier work by the Moss group who
also immobilized iodosobenzoate reagents on polystyrene. These
reagents are catalysts for phosphate ester hydrolyses and oxidize
readily oxidizable substrates.18 These insoluble polymer supported
oxidants facilitate workup and separation of spent oxidant and
product. In some cases recycling of the spent oxidant is also possi-
ble. Soluble polymer supported IBX oxidants too have been
reported. The Janda group also described the synthesis of soluble
polystyrene supported IBX analogs that were shown to be more
efficient at oxidizing alcohols than an analogous macroporous
insoluble polystyrene supported IBX.19 While these soluble oxi-
dants had some advantages and while they too could be separated
from products, the separation process involves solvent precipita-
tion and requires excess solvent.

The work here explores a different approach to immobilizing
and recycling TPAP and IBX oxidizing agents that use soluble poly-
mers. It relies on the phase selective solubility of PIB phase anchors
after an oxidation process to separate either of these oxidizing
agents from products using a liquid/liquid biphasic separation. As
we show below, it is straightforward to synthesize both perruthen-
ate oxidants and IBX ester oxidizing agents. We further show that
these soluble polymer bound perruthenate and IBX ester oxidants
are competent for alcohol oxidation and that they can be separated
easily from products. Although recycling the PIB bound perruthen-
ate catalyst was not completely successful, we were able to sepa-
rate spent PIB-bound IBX esters from products efficiently and
were also able to show that it is possible to both readily regenerate
and reuse this spent oxidant.

Results and discussion

Past work by the Bergbreiter group has shown that commer-
cially available alkene-terminated polyisobutylene oligomers with
Mn values from 1000 to 2300 Da can be converted into a variety of
ligands or catalysts with applications in organic synthesis.20 The
solubility that PIB groups confer on their reactive terminal func-
tionality allows these PIB bound species to both be nonpolar phase
anchored species in separations after reactions and highly soluble
catalysts for reactions with substrates that can be readily con-
ducted under homogeneous conditions. Inspired by these prior
examples, we have explored the potential for these same soluble
hydrocarbon oligomer supports as solubilizing and recycling han-
dles for two common oxidizing agents—catalytic tetraalkylammo-
nium perruthenate oxidants and stoichiometric hypervalent iodine
oxidants.

We initially examined PIB-bound perruthenate complexes as
potential recyclable catalytic oxidants. Using a series of established
transformations, alkene-terminated PIB was converted into a hep-
tane soluble PIB oligomer with a terminal tetraalkylammonium
iodide functional group.2 Then an ion exchange reaction of this
PIB-bound ammonium iodide with tetra-n-propylammonium per-
ruthenate (TPAP) was used to form N,N-diethyl,N-methyl,N-poly-
isobutylammonium perruthenate 2 as shown in Figure 2. This
ion-exchange reaction was carried out in dichloromethane (DCM)
as a solvent. We presumed a 1:1 equilibrium mixture of 1 and 2
formed when the reaction was carried out with an equal amount
of TPAP and 1. The PIB-bound perruthenate 2 so formed was
expected to be phase selectively soluble in heptane versus a polar
solvent. This premise was easily tested visually because 2 is highly
colored. As shown in Figure 3, 2 is indeed phase selectively soluble
in heptane versus acetonitrile. This solubility contrasted with that
of TPAP which is phase selectively soluble in acetonitrile under the
same conditions.

To probe the utility of this heptane soluble TPAP analog as an
oxidizing agent, we explored oxidation of 1-phenylethanol to form
acetophenone. The PIB-bound perruthenate 2 was found to be
competent as an oxidation catalyst using NMO as the penultimate
oxidant as shown in Table 1. At room temperature in DCM in the
presence of molecular sieves, the reaction proceeded to 91% con-
version based on 1H NMR spectroscopy in 12 h. Oxidation of 1-phe-
nylethanol was also successful in heptane though it required
elevated temperature (80 �C) to effect a similar 93% conversion of
alcohol to ketone. In the first case, the DCM solvent was removed
under reduced pressure. The residue from that reaction was then
dissolved in heptane and that solution was extracted with acetoni-
trile to form an acetonitrile solution of the product ketone and a
heptane solution of 2. In the case of the reaction carried out in hep-
tane, the product was simply extracted with acetonitrile from a
heptane solution of 2. Recycling was then explored. However,
attempts to recycle the recovered heptane solution of 2 were only
modestly successful. A second cycle using the recovered 2 led to
only ca. 70% conversion of 1-phenylethanol to acetophenone. Sim-
ilar problems of diminished yields in recycling of polystyrene sup-
ported TPAP had been noted previously.9,21 In our experiments, we
also noted formation of traces of an insoluble material at the inter-
face of the heptane/acetonitrile phases in the biphasic product sep-
aration after an oxidation, leading us to believe that some
decomposition of 2 occurred.



Table 3
Conversions in oxidation of benzyl alcohol with 10 at 25 �C

10 (equiv) Solvent Promoter Time (h) Conversiona (%)

2.38 DCM None 24 4
2.26 Heptane None 24 33
1.76 DCM 1 equiv TFA 24 30
2.42 Heptane 1 equiv TFA 24 94
1.67 Heptane None 1 100b

1 Heptane 1.0 equiv <0.5 97
BF3�OEt2
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Decomposition of the PIB ammonium salt that occurred by a
base-induced elimination reaction involving the ammonium salt
could explain decomposition of 2. We briefly explored an alterna-
tive a tetraalkylammonium salt binding group by preparing a PIB-
bound N-methylimidazolium salt as shown in Figure 4. In this syn-
thesis, NaH was used to promote reaction of the imidazole with the
PIB-bound primary alkyl bromide 3 to form the PIB-bound imida-
zole 4. This PIB-bound imidazole 4 was then allowed to react with
iodomethane to form a PIB-bound N-methylimidazolium iodide 5.
Finally using the same procedure above (Fig. 2), this PIB-bound N-
methylimidazolium salt 5was converted to form the tetraalkylam-
monium perruthenate 6 by an ion-exchange reaction.

To explore the utility and recyclability of 6 as a catalytic oxi-
dant, 10 mol % of 6 was used to oxidize benzyl alcohol using
NMO as the penultimate oxidant. The results are shown in Table 2.
However, while this PIB-bound N-methylimida-zolium perruthen-
ate catalyst too worked well in cycle 1, it like 2 had activity that
decreased to ca. 63% in cycle 2 in either heptane or DCM.

Since the PIB-bound perruthenate complexes 2 and 6 like those
described by Ley9,21 gave lower conversions in cycle 2, we pro-
ceeded to examine hypervalent iodine oxidants that have been
immobilized by others on insoluble supports and successfully recy-
cled. The synthesis of these PIB-bound IBX analogs was readily
accomplished as shown in Figure 4. Alkene-terminated PIB oligo-
mers were subjected to a hydroboration-oxidation reaction to gen-
erate the PIB supported alcohol 8 which was esterified to form the
PIB supported ester 9 using 2-iodobenzoic acid with DCC and
DMAP. After purification by column chromatography, the PIB sup-
ported ester 9 was oxidized using tetrabutylammonium oxone
(TBA-Ox) and MeSO3H in DCM to form the desired PIB supported
IBX ester 10. In this chemistry, the oxidant, TBA-Ox, was prepared
by a procedure described by Borhan and co-workers22 and its
oxidative activity (82%) was measured by iodometric titration
before its use in formation of 10. The conversion of PIB-supported
ester to PIB supported IBX ester was determined by using 1H NMR
spectroscopy looking at the ratio of the diastereotopic –CH2O– sig-
nal of 9 at 4.33 ppm and the signal for the same group in 10 at
4.03 ppm. The average conversion of 9 to 10 in six different reac-
tions was 87% and ranged from 81% to 94%. The solution of the
PIB supported IBX ester so formed was then directly used in oxida-
tion reactions without isolation of 10.
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Figure 4. Synthesis of a N-methylimidazolium perruthenate.

Table 2
Catalytic activity of PIB-bound imidazolium perruthenate 6 in oxidation of benzyl
alcohol to form benzaldehyde

Solvent Time (h) Temperature (�C) Conversiona (%)

DCM 3 25 �C, 3 h Cycle 1: 98
Cycle 2. 65

Heptane 12 80 �C, 12 h Cycle 1: 86
Cycle 2: 61

a The conversion of substrate to product was measured using 1H NMR
spectroscopy.
We first looked at the oxidation of benzyl alcohol to benzalde-
hyde to determine the effectiveness of 10 as an oxidizing agent and
to determine the best reaction conditions (Table 3) measuring the
extent of oxidation of benzyl alcohol to benzaldehyde by 1H NMR
spectroscopy. These studies showed that the oxidation reaction
did not proceed well unless acid promoters such as trifluoroacetic
acid (TFA) or boron trifluoride etherate were added. The efficiency
of acid promoters like boron trifluoride etherate has also been
noted in oxidations with the low molecular weight IBX.13 Interest-
ingly, we also observed an unexpected solvent effect in that the
oxidation of benzyl alcohol worked better in heptane than in
DCM, the typical solvent used for IBX oxidants. While both promot-
ers facilitated the conversion of benzyl alcohol to benzaldehyde,
TFA was judged less desirable for two reasons. First, with 10 as
the oxidizing agent using TFA as a promoter, the reaction time with
TFA was significantly longer than the time required for this same
reaction with a crosslinked polystyrene supported IBX ester. Sec-
ond, when we used TFA we also observed the formation of a small
amount of a white precipitate during the reaction. We could not
identify what this precipitate was as it was insoluble in CDCl3,
d6-DMSO, and d-benzene. Since this problem was not seen with
oxidations that used boron trifluoride etherate as a promoter and
since the reactions with boron trifluoride etherate led to near
quantitative conversions of benzyl alcohol to benzaldehyde in less
than 30 min, we focused our attention on reactions with this acid
promoter.

Given success with benzyl alcohol oxidation, the scope of this
PIB supported IBX ester 10 as an oxidation reagent with BF3�OEt2
as promoter and heptane as the solvent was tested using a collec-
tion of other substrates. Table 4 shows that the PIB-bound oxidiz-
1.64 CDCl3 1.4 equiv 0.2 91
BF3�OEt2

a The conversion of substrate to product was measured using 1H NMR
spectroscopy.

b This reaction was carried out at 80 �C.

Table 4
Survey of substrate scope of oxidation reactions using 10

Substrates Products Conversiona (%)

OH O

H
100

OH
O2N

O
O2N

H
100

OH
MeO

O
MeO

H
>94

OH O
>96

OH O 100

OH O 100

a The conversion of substrate to product was measured using 1H NMR
spectroscopy.



Table 5
Conversions for alcohol oxidations in five recycles of the PIB-bound IBX ester 10a

R-OH
R H

O
or

R

O2 equiv. PIB-IBX ester 10
BF3

.OEt2, heptane
20 min, 25 oC

Substrates Cycle 1 (%) Cycle 2 (%) Cycle 3 (%) Cycle 4 (%) Cycle 5 (%)

OH
>94 >99 >99 >99 80

OH >99 >98 100 >92 100

a The conversion of substrate to product was measured using 1H NMR spectroscopy.

H
17

OH

CO2H

I
DCC, DMAP, DCM

H
17

O

O I

TBA-Oxone

MeSO3H
H

17
O

O I
OO

8

9

H
17

1. BH3
.SMe2, C6

2. H2O2, NaOH, 
EtOH

10

7

DCM

Figure 5. Synthesis of PIB supported IBX ester.
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ing agent 10 efficiently oxidizes a variety of different types of alco-
hols with conversions ranging from 95% to 100%.

While the PIB-IBX ester oxidant 10 is effective as a stoichiomet-
ric reagent, our original goal was to recycle oxidation catalysts or
reagents. While this did not work as well as hoped with 2 or 6,
recycling spent 10 was successful. A key advantage was that unre-
acted or spent 10 could be easily separated from products since PIB
is a phase selectively heptane soluble phase anchor. This coupled
with the fact that product ketones and aldehydes produced in
the oxidation reaction are likely more soluble in acetonitrile than
heptane suggested that spent 10 could be separated from products
and reoxidized. That proved to be correct.

Experiments that reused a heptane solution of benzyl alcohol as
a substrate for an oxidation using 10 used 2 equiv of 10 as an oxi-
dant and separated the benzaldehyde product from spent 10 using
an acetonitrile extractions, relying on the phase selective solubility
of the benzaldehyde product in acetonitrile and the phase selective
solubility of unreacted and spent 10 in heptane. These recycling
experiments were carried out with both benzyl alcohol and 1-phe-
nyl-2-propanol. The PIB-IBX ester 10was found to be recyclable up
to 5 times as shown in Table 5. After a biphasic separation, the hep-
tane solution of the spent PIB oxidant was not generally isolated
but was simply reoxidized using TBA-Ox as described in Figure 5.
However, if desired, the spent oxidant could be isolated and ana-
lyzed by 1H NMR spectroscopy. In cases where that analysis was
carried out, the PIB bound aryl ester present after the oxidation
was a mixture of 9, unreacted 10, and the PIB ester of the iodosyl
aryl iodide which was not active for alcohol oxidation under our
conditions.

Conclusions

The results above show that PIB-bound versions of TPAP and
IBX are both competent oxidants for oxidations of alcohols to
ketones and aldehydes. However, while TPAP can be used catalyt-
ically with NMO as a penultimate oxidant, recycling of a per-
ruthenate catalyst ionically immobilized on PIB was only
modestly successful. TPAP-catalyzed oxidations were also slower
in heptane solvents. Oxidations with a recyclable PIB-bound IBX
were more successful. In the case of PIB-IBX, the PIB-bound hyper-
valent iodine oxidant was highly soluble in a solvents like heptane,
toluene, methylene chloride, THF, and chloroform solvents. It was
competent for oxidations of a variety of primary and secondary
alcohols in the presence of BF3-etherate as a Lewis acid promoter
and the reaction was unexpectedly faster in heptane than in
DCM. The spent oxidant also could be reused after an oxidation
for as many as five times. This suggests that PIB may be generally
useful in recycling other stoichiometric reagents. The observation
that PIB-IBX was more reactive in heptane than in DCM is in our
opinion also interesting as it suggests that reactions in heptane
or other saturated hydrocarbon solvents might merit more atten-
tion especially if a readily available alkane soluble PIB phase
anchor can be designed to make reagents and/or substrates use-
fully heptane soluble.
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